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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 used later when required to satisfy the crops requirements. It is believed that 
rainwater harvesting will be one of the solutions to overcome water shortages 
problem in Iraq.

This work includes four parts dealing with macro rainwater harvesting 
modeling. The study area includes selected sites at three Governorates located 
north of Iraq (Erbil, Sulaymaniyah, and Nineveh). In part one of the work, three 
selected sites at south, north and east of Sinjar district (Nineveh Governorate) were 
used. The slope of the study area at Sinjar district is less than 5%. The technique 
was first applied on southern Sinjar Mountain. Linear programming technique was 
adopted to optimize the irrigated area of barley crop for irrigation scenario of 
supplemental irrigation (SI) 100% of full irrigation requirements. Two scenarios of 
reservoir 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 main basin 
were operated as one system. Both scenarios gave encouraging results. Scenario 
two however, was relatively better. The technique was applied again on the 
northern and eastern Sinjar Mountain area but with different catchments area and 
scenarios of irrigation (supplemental irrigation (SI) 100%, deficit irrigation (DI) 
50%, and deficit irrigation (DI) 25% of full irrigation requirements). Wheat crop 
was considered as the main crop grown in the area. A linear programming 
technique was adopted to optimize the irrigated area for the above three scenarios 
of irrigation. The results of the three scenarios used indicated that, using deficit 
irrigation (DI) of 50% can be more beneficial than SI of 100% and DI of 25% of 
full irrigation requirements.  

Part two of the work includes application of Macro RWH technique at 
mountain areas in Northeastern part of Iraq. In these areas, all selected basins   
having slope more than 5 % and located at the rain-fed farms of Kurdistan region 
of Iraq, Erbil and Sulaymaniyah Governorates. The annual rainfall is greater than 
what was available at Nineveh Governorate.   

Part three of the work focused about the ability of Macro RWH technique to 
support wheat crop yield production in dry rain-fed farms at north Sinjar district, 
north west of Iraq, using wheat crop yield-water relationship that conducted by 
International Center for Agricultural Research in the Dry Areas (ICARDA). Three 
scenarios of supplemental irrigation (100%, 75% and 50%) of full irrigation 
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requirements with, various rainfall conditions were used, two types of wheat (bread 
and durum) were considered. 

Part four of the work focused on climatic change and future prospects for 
Macro RWH technique. 

  Box-Jenkins methodology for time series analysis and forecasting (ARIMA 
model) was used to study future rainfall for 4 main rainfall stations surrounding 
Sinjar area in order to forecast expected rainfall for the period 2012-2016. Future 
rainfall depths were forecasted with adoption of a confidence level of 95%. The 
future rainfall was employed for RWH technique. This part also includes a review 
of the impact of climatic change on countries of the Middle East and North Africa 
(MENA region). The climatic model CGCM3.1 (T47) 2 was used to explain the 
changes in the average temperatures and rainfall on MENA region with special 
emphases on Iraq. 

Long term future seasonal rainfall during the period 2020-2099 at east Sinjar 
(Nineveh Governorate) showed a clear negative trend reflecting the reduction in 
total seasonal rainfall amount. For these future rainfall depths, the maximum, 
minimum and average harvested runoff volumes were estimated. The comparison 
of the runoff results between future and historical recorded rainfall for the same 
study area was carried out to show the future validity of rainwater harvesting.  

In order to estimate the amount of runoff that can be harvested from a given 
catchment area at eastern Sinjar, an attempt was made to provide set of charts that 
are easy to be used in order to estimate the equivalent harvested runoff depth (mm) 
for different selected rainfall depths under different hydraulic conditions for the 
catchment area. 

Macro rainwater harvesting (RWH) technique had been tested for future 
rainfall data that predicted by two emission scenarios of climatic change (A2 and 
B2) for the period 2020-2099 at Nineveh and Sulaymaniyah Governorates north of 
Iraq. 

The results of the four parts of the thesis reflect useful values for RWH and 
its influence to increase the irrigated area and then the crop yield in the studied 
region when combined with an effective system like supplemental irrigation. 

Rain-fed land in the studied areas requires effective technique in terms of 
saving significant runoff water for irrigation purposes and this might be achieved 
by rain-water harvesting (RWH) technique. 

STRUCTURE OF THE THESIS 
This study had been carried out at Lulea University of Technology, 

Department of Civil, Environmental and Natural Resources Engineering, Lulea, 
Sweden. The present work structured in six chapters, and can be pursued as 
follows:  
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In chapter 1,  Background about history of the use of rainwater harvesting 
(RWH), Definition of the problem, Definition and goals of  
(RWH), Classification of RWH method, Components and 
parameters of Macro RWH, Strategy to be adopted to increase 
water productivity, Characteristic of the MENA region, Aims of 
study, Methodology. 

In chapter 2,   Water Resources in Iraq, Introduction, Present conditions of water 
resources in Iraq, Irrigation practices in Iraq, Main Rivers of Iraq, 
Impact of GAP on Iraqi water resources, Groundwater, Present 
conditions of groundwater in Iraq, Exploitable resources and 
groundwater use. 

In chapter 3,    Background information, Rainfall-Runoff Relationship, RWH for 
Micro and Macro Catchments Area, Supplemental Irrigation for 
rain-fed farms.   

In chapter 4,     Application of RWH in Iraq, Study Areas, Nineveh Governorate, 
Erbil Governorate, Sulaymaniyah Governorate, Watershed 
Modeling System (WMS), Simulation Models Used, Land use 
land cover (LULC) of study areas, SCS-CN method, 
Supplemental Irrigation (SI) Model, The Optimization Model, 
Runoff Model Evaluations, Model Applications for the selected 
study area, Southern Sinjar Mountain, Northern and Eastern Sinjar 
Mountain, Erbil and Sulaymaniyah Governorates, Time series 
analysis and forecasting future rainfall, Estimating RWH 
considering emission scenarios of climatic changes 

In chapter 5, Results and Discussion, Macro RWH for study areas for low relief 
areas, Macro RWH for high relief areas, Macro RWH for 
supporting Wheat yield at semi-arid region, Future Prospects for 
Macro RWH technique. 

In chapter 6,   Summaries for the overall conclusions based on the results. 

EXTENDED THESIS
This thesis has been covered by time period of four years that included 

twelve published papers in different journals distributed on four parts of the 
subjects of the thesis. In order to identify among these twelve papers, it was added 
a letter near the year of publication of each paper.  
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Part one: 
Part one of the thesis represents Macro RWH for study areas having slope 

less than 5 % that covered by three published papers in different Journals as 
follows: 
Paper 1:
Al-Ansari,  N., Ezz-Aldeen, M., Knutsson, S., and Zakaria, S., (2013a). Water 
Harvesting and Reservoir Optimization in Selected Areas of South Sinjar 
Mountain, Iraq. American Society of Civil Engineers (ASCE), J. Hydrologic 
Engineering, ASCE / J. Hydrol. Eng. 18:1607-1616.  
Paper 2: 
Zakaria, S., Al-Ansari, N., Knutsson, S., and Ezz-Aldeen, M., (2012a). Rain Water 
Harvesting and Supplemental Irrigation at Northern Sinjar Mountain, Iraq. Journal 
of Purity, Utility Reaction and Environment Vol.1 No.3, 121-141, May. 
Paper 3: 
Zakaria, S., Al-Ansari, N., Knutsson, S., and Ezz-Aldeen, M., (2012b). Rain Water 
Harvesting At Eastern Sinjar Mountain, Iraq. Journal of Geoscience Research, Vol. 
3, Issue 2, pp.-100-108.  

Part two: 
 Part two of the thesis represents Macro RWH for study areas having slope 

more than 5 % that covered by three published papers in different Journals as 
follows: 
Paper 4: 
Zakaria, S., Al-Ansari, N., Mustafa, Y. T., Knutsson, S., Ahmad, P. S. and 
Ghafour, B. D., (2013a). Rainwater Harvesting at Koysinjaq (Koya), Kurdistan 
Region, Iraq. Journal of Earth Sciences and Geotechnical Engineering, Vol. 3, No. 
4, 25-46. 
Paper 5: 
Zakaria, S., Al-Ansari, N. Mustafa, Y. T., Alshibli, M. D. J.   
and Knutsson, S,. (2013b). Macro Rain Water Harvesting Network to Estimate 
Annual Runoff at Koysinjaq (Koya) District, Kurdistan Region of Iraq. J. 
Engineering, 5, 956-966. 
Paper 6: 
Zakaria, S.,  Mustafa, Y.,T.,  Mohammed, D.,A., Ali, S., S., Al-Ansari, N., and 
Knutsson, S., (2013c). Estimation of annual harvested runoff at Sulaymaniyah 
Governorate, Kurdistan region of Iraq. Natural Science Vol.5, No.12, 1272-1283. 
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Part three: 
Part three of the thesis represents Macro RWH for supporting wheat yield at 

semi-arid region that covered by one published paper as follows: 

Paper 7: 
Zakaria, S., Al-Ansari, N., and Knutsson, S., (2013d). Wheat yield scenarios for 
rainwater harvesting at Northern Sinjar Mountain, Iraq. Journal of Natural Science, 
Vol.5, No.10, 1057-1068. 
Part four: 

Part four of the thesis represents future prospects for Macro RWH technique 
that covered by five published paper in different Journals as follows: 
Paper 8: 
Zakaria, S., Al-Ansari, N., Knutsson, S., and Al-Badrany, TH. (2012c). ARIMA 
Models for weekly rainfall in the semi-arid Sinjar District at Iraq. Journal of Earth 
Sciences and Geotechnical Engineering, Vol.2, No. 3, 25-55. 
Paper 9:  
Zakaria, S., Al-Ansari, N., and Knutsson, S., (2013e). Rainwater Harvesting Using 
Recorded and Hypothetical Rainfall Data Scenarios. Journal of Earth Sciences and 
Geotechnical Engineering, vol. 3, no. 2, 21-42. 
Paper 10: 
Zakaria, S., Al-Ansari, N., and Knutsson, S., (2013f). Historical and Future 
Climatic change Scenarios for Temperature and Rainfall for Iraq. Journal of Civil 
Engineering and Architecture, Vol. 7, No. 12, 1574-1594. 
Paper 11: 
Zakaria, S., Al-Ansari, N., and Knutsson, S., (2013g). Future Prospects for Macro 
Rainwater Harvesting (RWH) technique in Northwest Iraq.  (Accepted) Journal of 
Earth Sciences and Geotechnical Engineering. 
Paper 12: 
Al-Ansari, N., Abdellatif, M., Zakaria, S., Mustafa, Y.,T., and Knutsson, S., 
(2014c). Future Prospects for Macro Rainwater Harvesting (RWH) technique in 
north east Iraq.  (submitted)  Journal of water resources and protection.  

This thesis is the first of its kind in both of Iraq and Sweden, considering the 
size subject of rain water harvesting (RWH) and the important links with other 
subjects that RWH related with. The subject of the RWH had been linked to the 
supplemental irrigation; in addition, the effect of the sloped area on RWH also 
taken into account. Then the link had been extended to include the wheat yield 
based on supporting RWH. The subjects of the thesis did not overlook the climatic 
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change, the impact of climate change on RWH by employing rainfall data that 
predicted by other researchers based on emission scenarios (A2 & B2) of climate 
change for future period 2020-2099, as well as the thesis, involved, the forecasting 
rainfall data for the near future (2012-2016).
Part one of the thesis includes three papers. First paper was delayed a lot in 
publication process which lasted three years to be published later on. However this 
paper deals with RWH at south Sinjar (Nineveh Governorate) considering two 
kinds of reservoirs operation with adoption of supplemental irrigation of 100% of 
full irrigation requirements. Then it had been dispensed reservoirs operation 
scenarios and focused on multiple levels of supplemental irrigation (100%, 75% 
and 50 %) of full irrigation requirements in the second paper that studied north of 
Sinjar. Same procedures were followed in the third published paper, at east of 
Sinjar, but it has been increased the number of used rainfall stations in order to get 
a better representation of the average rainfall for the study area with the adoption 
of the previous three scenarios for supplemental irrigation. Second part of the 
thesis, includes three papers that, covered RWH at mountain areas (Erbil and 
Sulaymaniyah Governorates) to explain the effect of the sloped area on RWH. 
Each paper used a different study area in location and size. Third part of the thesis, 
includes just one paper that can be described as unique among other papers, where 
the yield of the two kinds of wheat crop had been estimated based on supporting of 
the RWH, considering three supplemental irrigation scenarios (100%, 50% and 75 
%) of full irrigation requirements. Fourth part of the thesis, includes five papers, 
the first investigates forecasting rainfall data for near future (2012-2016), the 
second employed these rainfall data for RWH, the third was a review of climatic 
change at Arab countries and focused on historical and future climatic change 
scenarios for temperature and rainfall for Iraq. The fourth and fifth papers 
investigated future prospects for macro RWH technique for the future period 2020-
2099 at northwest and northeast Iraq respectively. In the fourth paper just one 
predicted rainfall data set was used that based on emission scenario (A2), while 
with the fifth paper two predicted rainfall data sets were considered that based on 
emission scenarios (A2) and (B2).  
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1. Introduction 

1.1 History of the use of rainwater harvesting (RWH)  
 Early civilizations used rainwater harvesting (RWH) in different parts of the 

world especially in areas where surface water is not available. Among the oldest 
RWH schemes are those found in the Jordanian Badia region (Alkhaddar et al., 
2003; Al-Ansari et al., 2012 a, b; and 2013b).  The goal of RWH was to overcome 
the problems of water scarcity and minimize the impact of low annual rainfall by 
storing rainwater then to be used later for agricultural purposes, human’s daily use 
and watering livestock. 

The historical remains that had been discovered in different parts of the 
world (e.g. hydraulic structure, channels and tanks) represented clear evidence of 
the use of water harvesting systems during ancient times. Furthermore the oldest 
structures of water harvesting system are found in the Edom Mountains in southern 
Jordan show that, the simplest components of water harvesting are 9000 years old. 
Other structures were found in southern Mesopotamia (Iraq) about 4500 BC 
(Bruins et al., 1986; Prinz, 1996). Some of the schemes are still operating and there 
are others that show very sophisticated design (Al-Ansari et al., 2012 a, b; and 
2013b).   

 
1.2 Definition of the problem 

Iraq is facing water crises due to several factors. These factors can be 
referred to as internal and external factors. The first include increasing water 
demand, high population growth rate, low annual rainfall (that range from 154 to 
216 mm/year), miss management and planning of the water resources (Al-Ansari, 
1998 & 2013; Al-Ansari et al., 1981; Al-Ansari and Knutsson, 2011; and FAO, 
2008). The external factors may be more complicated which include, the effect of 
global warming, and water policies of neighboring countries where huge dams 
were built on the upper parts of the Tigris and Euphrates Rivers in Syria and 
Turkey that lead to reduction the flow rate of both rivers inside of Iraq (Al-Ansari, 
1998, 2013; Al-Ansari and Knutsson, 2011). However existing supplies simply 
cannot meet the growing demand for water; as a result, Iraq import most of its 
food. On other hands the above factors produced negative impact on crop yield 
especially wheat. For example some countries of MENA region like Turkey, Iran, 
Iraq, Syria and Saudi Arabia, produce about 95 percent of the wheat in West Asia. 
The crop yield largely fluctuates where it ranges between 0.7 ton/ha (Iraq) to 4.5 
ton/ha (Saudi Arabia), due to highly erratic rainfall that causes substantial 
fluctuations in crop yield (FAO, 2002). In Iraq, the production of wheat does not 
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constitute more than one-third of the required supply quantities of this crop 
annually (Agriculture Statistical Atlas of Iraq, 2011).  

Rainfall is highly fluctuating at MENA region (Oweis and Hachum, 2006). 
Therefore, rain-fed land in this region requires effective technique in terms of 
saving significant runoff water for irrigation purposes and this might be achieved 
by rain-water harvesting (RWH) technique (Zakaria et al., 2013d). Furthermore, 
water shortages cannot be objectively analyzed nor adequately addressed without a 
thorough consideration of the main overwhelming consumer of water across the 
region, i.e. agricultural (Al-Ansari et al. 2012b; Al-Ansari, 2013; Sadik, and 
Barghouti 1994). 

Recent research indicates that Iraq will face more challenges in the future, 
where the water shortages problem is becoming more serious with time (United 
Nations, 2010; Hamdy, 2013; Al-Ansari, 2013) and Tigris and Euphrates River are 
expected to be dry in 2040 (United Nations, 2010). The expected discharge in the 
year 2025 of Tigris and Euphrates Rivers will be tremendously decreased (UNDP, 
2011). 

To overcome these problems in Iraq, there is a great need for prudent 
management of water resources and the adaptation of non- conventional techniques 
to augment water resources (Al-Ansari, 2013) in order to save water for different 
purposes this might be greatly satisfied by applying RWH. 

1.3 Definition and goals of rainwater harvesting (RWH)  
There is no specific definition of water harvesting (Reij et al., 1988). Water 

harvesting technique is known with different names in different regions of the 
world, this has led to a wide range of definitions and classifications (Nasr, 1999).   
The first definition for water harvesting was given by Geddes 1950’s as ‘The 
collection and storage of any farm waters, either runoff or creek flow, for irrigation 
use’ (Boers, 1994). 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. Finkel and Finkel, (1986) defined RWH 
as “the collection of runoff and its use for the irrigation of crops, pastures and 
trees, and for livestock consumption". Critchley (1991) defined water harvesting as 
the collection of runoff for productive use. Oweis, (2004) defined it as the 
concentration of rainwater through runoff into smaller target areas for beneficial 
use. 

RWH had proven to be an effective technique in different regions of the 
world achieving a new water source that can be used for several purposes. Macro 
catchment RWH gave good results at different parts of the world and led to satisfy 
the following goals: 
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- Generate a new source of water for a region that the water is not readily 
available. 

- Making best use of available water and enhance water sources. 
- Reduce the risk of drought. 
- Increase crop yield. 
- Recharge groundwater aquifers. 
- Minimize the impact of drought and water shortage problems. 

RWH was successfully used in various semi-arid regions especially within the 
MENA region (Al-Ansari et al., 2013b). 
 
1.4 Classification of RWH method  

Oweis et al., (2012) summarized the classification of RWH method as follow:
The common used system for classification of RWH method is based on the 
size of the catchment area as Micro- catchment and Macro- catchment. 
Micro-catchment can be divided into: 

- Water harvesting for animal. 
- Roof top water harvesting 
- On-farm system  

There are several types of on-farm micro-catchment systems. They are:    
- inter-row water harvesting 
- Negarim 
- Meskat 
- Contour bench terraces 
- Small pits 
- Contour bunds and ridges 
- Semicircular and trapezoidal bunds 
- Eyebrow terraces 
- Rectangular bunds 
- Vallerani-type micro-catchments 

Macro-catchment can be subdivided in two parts, based on the nature of the 
catchment and the way the runoff reaches the target as: 

- Long-slope system which include: 
Hillside conduit systems. 
Limans. 
Large semicircular or trapezoidal bunds. 
Cultivated tanks/reservoirs and hafairs 
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- Floodwater system which include:  
Wadi-bed  
Off-wadi-bed 

 
1.5 Components and parameters of Macro RWH 

The main components of RWH systems, for agricultural purposes, consist of 
the following: 

- Catchment area in order to collect the harvested runoff that occurred due 
to rainfall storms.  

- Harvesting dam with suitable reservoir to store the harvested runoff. 
- Effective supplemental irrigation system. 
- Channels, if any. 

 
The most important factors that control water harvesting techniques are the 

local conditions and different practices of local farmers (Boers and Ben-Asher, 
1982).  

Most of RWH techniques focus on capturing more water (Rockstrom et al. 
2010). For Macro RWH however, it is to capture rainfall that falls outside the 
farmland (Oweis and Hachum, 2001). Effective management of RWH becomes 
more interesting phase of water resources management strategies in most countries 
that are suffering from the problem of water scarcity. 
In any region that needs to apply rainwater harvesting technique, the dominant 
parameters work together in order to satisfy the goals of rainwater harvesting. 
Tauer and Prinz (1992) specified the most important parameters to be taken into 
consideration in practicing water harvesting as: 

- Rainfall distribution, rainfall intensity.  
- Runoff characteristics of the catchment.  
- Water storage capacity of the reservoirs.  
- Agricultural crops.  
- Available technologies and socio-economic conditions. 

Concerning the size and slope of the catchment area for RWH system, Hatibu and 
Mahoo, (1999), indicated that, Macro RWH is a system that involves the collection 
of runoff from large areas that are ranging from 0.1 to thousands of hectares with 
slopes ranging from 5-50%. The proportion of runoff captured per unit area of 
catchment ranges from 10 to 50 % of annual rainfall (Oweis et al, 2012) 

Application of RWH increases the water use efficiency, for example, Mzirai 
and Tumbo, (2010), concluded that the crop yield in semi-arid areas can be 
increased by using RWH systems. They noticed that water use efficiency can be 
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increased up to more than 20 kg ha-1 mm-1 compared to a rain-fed system where 
water use-efficiency can hardly reach 3 kg ha-1 mm-1.  
 
1.6 Strategy to be adopted to increase water productivity 

For developing countries in MENA region, such as Iraq, where most of its 
area is dry land, the goal should be considered a good strategy adopted to increase 
water productivity in order to save a good amount of water for different purposes.   
Furthermore, to describe water productivity, two important terms are used. The 
first is physical productivity that is defined as the ratio of the amount of 
agricultural output to the amount of water used. The second is economic 
productivity. This is defined as the value derived per unit of water used. However, 
in dry-land, one of the important methods to reduce water demand is by improving 
the water productivity. This is to be achieved by increasing the ratio of net benefits 
from agriculture, forestry and fisheries to the amount of water needed (IWMI, 
2007). This can be satisfied by several techniques and methods that can be used in 
order to improve water productivity including rainwater harvesting, drip and 
sprinkler irrigation using supplemental and/or deficit irrigation in addition to more 
efficient storage, delivery and application of water, soil water conservation and 
tillage practices and better synchrony of water and inorganic and organic nutrient 
supplies (Richard et al. 2007). Some International Researchers especially, 
International Centre for Agricultural Research in the Dry Areas (ICARDA) are 
focusing on combining supplemental irrigation and rainwater harvesting (RWH) as   
one method to enhanced water productivity in dry land (Richard et al. 2007).    

In order to guarantee food and water security in dry land, some factors 
should be taken into consideration, especially, deficits factors (limited data and 
information) for each of water, knowledge and investment for development of 
agricultural research in addition yield gap (Keating et al. 2010). 

This strategy can be summarized by maximizing the yield per unit of water 
used and not the yield per unit of land. This will lead to more production of food 
using less amount of 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). 

1.7 Characteristic of the MENA region 
Iraq is part of the Middle East and North Africa (MENA region). Dry areas 

form 95% of the total areas in countries of the MENA region (Oweis, et. al., 1999). 
Low rainfall affects the agricultural activities in these areas. Rainfall in this region 
is characterized by a low value and uneven distribution. The overall annual average 
of rainfall does not exceed 166 mm (Al-Ansari, 1998). The potential 
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evapotranspiration in the arid and a semi-arid region is much greater than 
precipitation. FAO (1987) identified the depth of annual rainfall on the arid and 
semi-arid regions to range between 0-300 mm and 300-600 mm, respectively.  

Most of the agricultural areas of MENA are rain-fed, where rainfall is the 
principal source of water for rain-fed crops. But the rainfall is not sufficient to 
support economic crop yield during rainy seasons without irrigation (Oweis, and 
Hachum 2004), where the total quantity of rainfall is less than seasonal crop water 
requirements especially wheat and barley, which lead to some stages of soil-
moisture shortages giving a very low result of crop yield (Oweis and Hachum, 
2003). Agricultural land in the MENA region is characterized by low organic 
material of soil, high soil salinity and poor vegetation. These characteristics are the 
conditions of most pastures. The limited economic agricultural production is due to 
water scarcity (Nasr, 1999, Oweis and Hachum, 2006).  Rain-fed land is very 
important part of the world where two-thirds of global food production is provided 
by this land which represents about 80% of the world’s agricultural land with 
higher risks due to water limitation (Falkenmark et al. 2001). 

MENA region strongly requires supplemental irrigation (SI) processes at 
rain-fed farm in order to minimize the impact of low rainfall. The most important 
role of SI 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 is necessary to acquire a combination of 
rainwater with SI. In other words, the mechanism of the 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, 1997).  

Oweis, (1997) defined SI as “the addition of small amounts of water to 
essentially rain-fed crops during times when the rainfall fails to provide sufficient 
moisture for normal plant growth, in order to improve and stabilize yields”. The 
irrigation level varies in its values which are less than the full water requirements 
of the crop and this is referred to as Deficit Irrigation (DI). 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). 

1.8 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 in Iraq. This can be 
accomplished by finding effective results in terms of saving significant runoff 
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water to maximize the irrigated area and increase the yield of important crop like 
wheat by adopting a strategy of increase water productivity. This was achieved by 
using water harvesting modeling as follows: 

To test the study areas ability for the rainwater harvesting technique.  The study 
areas include selected sites at three Governorates located north of Iraq as 
follows: Erbil, Sulaymaniyah (slope more than 5%), and Nineveh (slope less 
than 5%). Three sites were selected within Nineveh Governorate at south, north 
and east of Sinjar district.  
To estimate the annual volume of runoff for individual selected sites. 
To maximize the irrigated area based on supplemental Irrigation (SI) 100% of 
full irrigation requirements with two scenarios of reservoirs operation (southern 
Sinjar district). Then to analyze and compare the results of the reservoirs 
operation scenarios to identify the best scenarios that give maximum irrigated 
area. 
To maximize the irrigated area based on supplemental (SI) and deficit irrigation 
(DI) scenarios as follow: SI 100%, DI 50%, and DI 25%, of full irrigation 
requirements at selected sites of Nineveh Governorate, northern and eastern 
Sinjar district. Then to analyze and compare the results of the three 
supplemental irrigation scenarios of full irrigation requirements to identify the 
best scenarios that give the maximum irrigated area.  
To test the ability of the rainwater harvesting technique to support the crop 
yield of wheat (bread and durum) in dry rain-fed farms at north Sinjar district, 
under the three scenarios of SI 100%, DI 50%, and DI 25%, of full irrigation 
requirements.  
To provide the decision makers and farmers of east Sinjar area with an idea 
about future rainfall events using time series analysis and forecasting (AREMA 
model). 
To test the validity of short future period use of Macro RWH technique based 
on employing future rainfall data that resulted by time series analysis and 
forecasting. 
To review the most important impacts of climate change on the Arab States 
region in general and Iraq in particular and its effect on rainfall. 
To employ future rainfall (that estimated under long term effect of the climate 
change concept) for rainwater harvesting technique to ensure the validity of the 
use of RWH in the studied area. This will support the planning and 
management of both water resources and agriculture. 



8

To provide the study area of east of Sinjar district by a set of charts that helps in 
estimating a daily runoff under dry, wet and normal conditions for rainfall 
depths that ranged between 15 to 55 mm. 
 

 1.9 Methodology 
In order to accomplish the above mentioned aims, the following approaches 

were adopted: 
1- Several tools were used, Digital Elevation Model (DEM) was considered to 

select the best site of the 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 taking in the 
consideration minimum dam dimension. 

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 study periods.  

3- Data for land use were obtained for the individual selected basins based on the 
map of land use-land cover for Nineveh governorate produced by Remote 
Sensing Center, University of Mosul for Sinjar district at Nineveh Governorate.   
The land use-land cover map for Erbil and Sulaymaniyah Governorates were 
derived from satellite imagery, Landsat 8, provided by the National Aeronautics 
and Space Administration (NASA). The image has 11 bands with a 30 m spatial 
resolution. It is registered using the Universal Transverse Mercator (UTM) 
Projection Zone 38 North with a World Geodetic System (WGS) 84 datum.    

4- Curve Number (CN) values were estimated for each considered catchment area 
depending on the land use-land cover map 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 for Sinjar district at Nineveh 
Governorate. For Erbil and Sulaymaniyah Governorates location, the CN was 
adjusted for the slope using Williams’ formula, in addition to calibrate CN 
values for AMC. 
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5- The runoff model was calibrated using actual rainfall and runoff measurements 
given by Khidir (1999) for the studied area of Sinjar district at Nineveh 
Governorate. 

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

7- Several scenarios were used. For southern Sinjar area, two scenarios of 
reservoirs operation were considered for each main basin: a) each reservoir was 
operated as a separate unit; b) all reservoirs in the main basin were operated as 
one system both scenario runs for SI of 100% of full irrigation requirements. 
For northern and eastern Sinjar area, three irrigation scenarios were considered 
as a ratio of full irrigation requirements: SI 100%, DI 50%, and 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 outlet of the basin was impounded in the reservoir. The infiltration loss 
through the bottom of the reservoirs was neglected. 

 b- For southern Sinjar district at Nineveh Governorate, 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 of the relationships 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 Introduction 
A quick review of the water resources in Iraq helps to provide a better 

understanding of the extent of the water shortage problem in 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 is 435,052 square kilometers, which is topographically covers the 
alluvial plain, mountainous, desert   and undulating regions. The population of Iraq 
is about 20.4million during 1995 and is estimated to be 30 million now.
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. It 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.

2.2 Present conditions of water resources 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 (Iraq) plan 
(Figure 2.1). Both rivers rise in Turkey. 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 are poor water management policies within Iraq. 
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, 2005and 2013, Al-Ansari and Knutsson, 2011, Sadik and 
Barghouti, 1994). All urban areas in Iraq are supplied with drinking water while 
only 54% of rural areas are supplied with water. Tigris water 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% (Al-Ansari, 2013). After the Gulf war the situation 
became much worse in both water and sanitation sectors (Al-Ansari and Knutsson, 
2011, Al-Ansari, 2013).
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Figure2.1: Map of the Tigris and Euphrates Rivers’ basin. 
(Source: http://freeiraqivoice.com). 

 

2.3 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, Al-Ansari, 2013). 

In Iraq, there are 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. Only 50% of Tigris River flow 
is controlled outside Iraq.  
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2.4 Main Rivers of Iraq 

2.4.1 Tigris River  
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 
473000 km2 at three countries (Turkey, Syria and Iraq). The drainage area of the 
Tigris River is about 253000 km2 inside of Iraq. Tigris River enters Iraq at Fiesh 
Khabur village with mean annual flow up to 64 m3 /sec and it increases at Razuk to 
413 m3 /sec. Then five tributaries join the main river.  They are: Khabur (68 m3 
/sec), Greater Zab (418 m³ /sec), Lesser Zab (227 m3 /sec), Al-Udhaim (25.5 
m3/sec), and Diyala River (182 m3/ sec). No additional tributaries join the Tigris 
south of Baghdad city. 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. This implies 
that the river discharge had been decreased by 15%, (Al-Ansari and Knutsson, 
2011). This is due to the fact that dams are built on the headwaters of the river in 
Turkey.  

2.4.2 Euphrates River  
Two tributaries, Murad Su and Karah Su, join together inside Turkey 

forming the Euphrates River. The total length of Euphrates River is about 2781 
km. The drainage area of the Euphrates River is about 444000 km2, of which 
177000 km2 falls inside Iraq. Along the course of the River in the middle and 
southern parts of Iraq, there exist a number of irrigation projects that 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. Euphrates enters Hamar 
marsh forming two main channels within the marsh. One joins the River Tigris at 
Qurna forming Shatt Al-Arab River and the other joins Shatt Al-Arab River 
directly at Karmat Ali. The mean flow rate of Euphrates River at Hit and Haditha 
cities was 967 m3 /sec till 1972 and decreased to 553 m3 /sec after 1985. This 
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implies that 43% of the Euphrates flow had been reduced (Al-Ansari and 
Knutsson, 2011). 

2.4.3 Shatt al-Arab River  
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 is about 192 
km and drains an area of 80.8 thousand km2. Shatt Al-Arab River has an annual 
discharge at Fao city of 1116 m3 /sec. In the last two decades, there were two main 
tributaries (Suwaib and Karun) providing Shatt al-Arab with water coming from 
Iran, at present the water of these tributaries is halted by the water projects of Iran. 
This led to a tremendous decrease of the discharge of the river.  

2.5 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 which is 
equivalent three times more than the overall water storage of Iraq and Syrian 
reservoirs (Al-Ansari, 2013 and Al-Ansari and Knutsson, 2011). 

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. Several dams 
were built on tributaries of Tigris River like Darbandikhan and Hemrin on Diyala 
River with reservoir storage capacity of 2.8 and 2.4 km3 respectively, Dohuk dam 
(0.475 km3) on Robardo tributary, Al-Udhaim dam (1.5 km3) on Al-Udhaim 
tributary, Al-Mosul dam (11.11 km3) on Tigris River, Haditha dam (almost of no 
use today) on Euphrates River with reservoir capacity of 8.28 km3. Three more 
dams are under construction. They are Bakhma (17.0 km3) on Tigris and Badoush 
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dam (10.0 km3) on Greater Zab Rivers, and Al-Baghdadi dam (0.499 km3) on 
Euphrates River.  

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 as a consequence, Iraq is suffering. 

2.6 Impact GAP project on Iraqi water resources  
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). The 
flow of the Euphrates River at Syria was 21 km3 /year before 1990 and it dropped 
recently to 12 km3 /year in 2000 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, inside turkey, 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).  

Al-Ansari and Knutsson (2011) explained the effect of GAP project on the water 
resources of Iraq that can be summarized as follows: 

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. 
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Social Consequences 
Fishermen and farmers will leave their land and move to big cities. This will 
weaken the economy and Iraq will be forced to import its food. 

Hydrological and Industrial Consequences  
It is expected that the 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 the industrial activities that depend on water. The most negative effect   
will be on the hydroelectric stations where it will stop working due to low 
water head such as Haditha dam, the same situation will be noticed at Mosul 
dam and Sammarah barrage once Ilisu dam is in operation.   

2.7 Groundwater  

2.7.1 Present conditions of groundwater in Iraq 
In Iraq, the agricultural practices are restricted to a narrow strip along Tigris 

and Euphrates 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. 
Hydrogeological studies indicate that there are 14 main aquifer groups available in 
Iraq with 5 hydrological units (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 the 
rivers banks are characterized by better well yields (30 l/s). 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. 
 

2.7.2 Exploitable Resources and Groundwater Use 
Alsam et al., (1990) estimated the ground water resources in Iraq (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. 
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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 

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. Table 2.2 indicate that the total amount of 
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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 that can 
be used for irrigation and watering livestock 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 is about 1.54 ×109 m3/year. Figure 2.2 summarizes the salinity 
zones and ground water quantities.  
 

` 

Figure 2.2: 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. Background information  
RWH is one of the methods that can ensure availability of water for the 

crops. By this technique, the excess rainwater (runoff) is stored in small reservoirs 
of different sizes to be supplied later when required to satisfy the crops 
requirements. 

3.1 Rainfall-Runoff Relationship 
The rainfall-runoff relationship of watershed have been studied with 

different approaches such as water balance, agricultural non-point source, 
kinematic wave storm runoff, and Soil Conservation Service Curve Number (SCS-
CN). However, SCS-CN method has advantages over other mentioned methods 
(Kadam, et al., 2012). 

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. Computer models 
were used in some of the work (e.g. Shinde et al., 2004; Kularathna, 2009). Others   
used the Geographic Information System (GIS) to prepare input data for the 
models used for RWH (Al-Daghastani, 2010). Soil Conservation Service method 
(SCS) was used by some to provide input data for the technique they were using 
(e.g. Abdurahman, 2009; Al-Zubi et al., 2010).  

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.   

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 
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concluded that the applied model is applicable to estimate the surface runoff in arid 
region.  

Haji (2010) applied a mathematical model to estimate the excess rainfall 
based on Phi index (  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. 

3.2 RWH for Micro and Macro Catchment Area. 
RWH systems had proven to be an effective technique in different regions to 

achieve new water source that can be used for several purposes making best use of 
available water resources, as well as using harvested water to recharge 
groundwater aquifers (Prinz, 1996). It can only increase the availability of 
rainwater to the user but not its amount (Anschütz  et al., 2003). There are good 
literature reviews of RWH, especially micro rainwater harvesting. Boers and Ben-
Asher (1982) reviewed some 170 articles published between 1970 and 1980 
concerning Micro catchment water harvesting of small-scale catchments (area less 
than 1000 m2) and its potential application for crop production. 

There are only few experiments implemented in the macro catchment RWH 
systems (Mzirai and Tumbo, 2010).  Macro catchment RWH systems gave good 
results at different parts of the world and led to an increase in crop yield (Bakari et 
al., 1998; Gowing et al. 1999; Mzirai and Tumbo, 2010). Furthermore, studies by 
some researchers (e.g. Bruins et al., 1986; Fox and Rockstrom, 2003; Hatibu et al., 
2003; Motsi et al., 2004; Barron and Okwach, 2005; Liu et al., 2005) that were   
conducted in different parts of Africa indicated that rainwater harvesting is 
working to reduce the risk of drought and increase of agricultural production. For 
the above studies RWH generates a new source of water where water is not readily 
available (Adekalu et al., 2009). 

Some researchers studied the performance of different kinds of RWH 
systems; they concluded that they had good results to augment the crop yield 
(Bakari et al., 1998; Gowing et al., 1999; Rwehumbiza et al., 1999; Hatibu et al., 
1999; Rockstrom et al., 2002). 

Nasri et al., 2004 studied traditional macro-catchment water harvesting 
system of Tabias, in Tunisia. They conclude that: this system minimized flood 
risks by decreasing the local surface runoff that was collected from hill slope, 
which lead to reduce soil erosion hazards. The harvested water that was stored 
behind the Tabias requires not more than three days to supply (by infiltration) the 
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soil water storage to allow planting vegetables during the following months. Even 
deep soil water storage will be utilized by the roots of fruit trees.  

Adekalu et al., 2009 studied both macro and micro catchment’s runoff 
harvesting. They stated that using supplemental irrigation with harvested runoff 
water give benefits of reducing the impacts of dry periods to the half, that lead to 
increase the yield.  

3.3 Supplemental Irrigation for rain-fed farms 
Several researchers considered supplemental irrigation (SI) to maximize the 

benefit of crop yield at rain-fed farms. For example the 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 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). 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., 2003). 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 
(Oweis and Hachum, 2003).    

In Iraq, most of the studies that were held did not pay enough attention to 
examine the provision of irrigation water depending on rainwater. 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. Application of Macro RWH in Iraq

4.1 Study Areas 
In order to discover the suitability of using RWH technique in Iraq, three 

areas were selected at three Governorates (Nineveh, Erbil, and Sulaymaniyah).  
The selected study areas were chosen due to the fact that, they are semi-dry 

and the topography is suitable to apply the required technique. In addition the 
required other variables that needed to apply RWH technique were available 
(Gupta, et. al. 1997). The selection of harvested dams’ locations are to be carefully 
considered (Stephens, 2010) Therefore, the locations of the dams and 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 losses and insure the required storage was obtained; the ratio 
of surface area to storage volume was kept to a minimum.   

4.1.1 Nineveh Governorates 
At Nineveh Governorate northwest of Iraq, Sinjar District was first chosen. 

Three sites were selected south, north and east of Sinjar Mountain (Figure 4.1). 
This area is usually planted with wheat and barley during the winter season. The 
rainy season extends during November–May with average annual of 300 mm. The 
soil of Sinjar area has low organic content and consists of sandy loam, silty loam 
and silty clay loam at south and north of Sinjar District and silt clay and silt clay 
loam for east the District (Rasheed, 1994; Adary, 2002).  

At southern Sinjar Mountain, two main basins were selected (A and B). The 
first with area about 3475 km2, average basin slope is about 2.16 % and basin level 
is 365.7 (m.a.s.l.), with four sub-basins. The area of the second main basin area is 
about 5490km2, basin slope is 1.48 % and basin level is 292 (m.a.s.l.), with three 
sub-basins, for more details see Al-Ansari et al., (2013a).  

At northern Sinjar Mountain, six basins were selected, their area 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 more details see Zakaria et al., 
(2012a).  
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Figure 4.1: Map of Iraq with enlarge Sinjar area show that study location of north, south, and east 

Sinjar at Nineveh Governorate northwest of Iraq.  
(source http://www.lonelyplanet.com/maps/middle-east/iraq/, and google map). 
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Third location was east of Sinjar Mountain. In this area four basins were 
selected, their areas ranged between 63.32 to 154.25 km2 and average basins slope 
between 0.8% to 1.2%, mean basin elevation between 343 to 455 (m), for more 
details see Zakaria et al., (2012b).  

Barley crop was chosen for the study conducted at southern Sinjar Mountain 
while wheat was considered for the other locations. 

4.1.2 Erbil Governorate 
Koysinjaq (Koya) district (Figure 4.2) is located within Erbil Governorate 

northeast of Iraq, with about 39484 of population. Geographically, Koysinjaq is a 
mountainous area. Two studies were carried out for Koysinjaq districts. In the first, 
four basins located at south east of Koysinjaq districts were selected to discover the 
area suitability for RWH technique. The area of the four basins ranged between 
32.41 to 81.45 km2 and average basins slope between 6.1% to 9.8%, mean basin 
elevation between 551 to 617 (m a.s.l.). After the success of the first attempt, a 
second attempt was carried out.  In this, 22 basins were selected to evaluate the 
total runoff that can be harvested. The curve number was calibrated for antecedent 
moisture conditions (AMC) and then for the slope. This was done due to the effect 
of the AMC and basins slope on the curve number values and consequently on 
runoff volumes. The area of 22 basins ranged between 3.34 to 111.63 km2 and 
average basins slope was between 6 % to 28%, and the  mean basin elevation were 
between 361 to 913 (m a.s.l.).  

 
 
 
 
 
 
 
 
 
 

Figure 4.2: Location of Koysinjaq area according to the Erbil city at Kurdistan region of Iraq, 
(source: flickr.com and Googol map). 
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For Koya district, the soil texture in the mountainous regions is sandy clay, 
loam silt or loam clay sand, with an average depth of 130 cm. The soils texture of 
the plain regions consists of loam clay sand, loam silt and silt clay, with an average 
depth of 140 cm. (Buringh, 1960; Mohammed, 2013). The annual rainfall depth for 
the studied records (2002-2011) was varying between 433 to 989 mm. for more 
details see Zakaria et al., (2013a and b). 

 4.1.3 Sulaymaniyah Governorate 
Sulaymaniyah Governorate (Figure 4.3) is Located in northeastern Iraq. The 

selected study area at Sulaymaniyah consists of five separated basins with total 
area of 176.79 km2. Their area ranged between 7.35 to 98.08 km2 and average 
basins slope between 6.8 % to 28.3%, mean basin elevation between 855 to 1211 
(m a.s.l.). These basins are located about 7 km North West of Sulaymaniyah city. 
According to Buringh (1960) the soil of the study area is of three main types (37, 
38, and 39). Buringh classified the soil types 37 as great soil group of Chestnut 
soils and the soil type is silty clay, having a dark brown color, friable surface soil, 
usually with 1-4% of organic matter and less than 9 % lime. Šimák (2009) 
indicated that the last two soil types can be identified as C, and D of the 
Hydrologic Soil Group according to the United States Department of Agriculture 
Natural Resources Conservation Service, for more details see Zakaria et al., 
(2013c). For more detailed description of agricultural land use refers to Soil 
Conservation Service, 1972, chap.9, where curve numbers had been tabulated for 
four hydrological soil group (A, B, C and D). 

4.2 Watershed Modeling System (WMS)  
The main purpose of the Watershed Modeling System (WMS) is to set up 
mathematical watershed hydrologic models for engineering purposes (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. It has a 
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  
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Figure 4.3: (a) Iraq map, (b) Location of Sulaymaniyah Governorate, (c) selected basins of study 

area, (source: zakaria et al. 2013c). 

inside standard models (e.g.  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 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 that are based 
on the SCS runoff curve number (CN). It can model flow diversion and provides 
travel time and peak flow output that can be used to develop release rates.  

In view of these reasons, this model was used in this research to estimate 
runoff volume for the selected catchments area and study period. 
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4.3 Simulation Models Used 
 The determination of runoff volume was achieved by applying the WMS for 

selected basins and a linear programming technique for a mathematical computer 
model was adopted to maximize the irrigated area of crop. In addition, irrigation 
water requirements on daily bases during the planting season were estimated, 
depending on total runoff volume that was collected within the reservoirs at the 
outlet of the 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 suitable sections for 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.  

4.3.1 Land use land cover (LULC)   
At Nineveh Governorate, the land use for the selected basins was obtained 

based on the map produced by Remote Sensing Center, University of Mosul (Al-
Daghastani, 2008). For Erbil and Sulaymaniyah Governorates, the land use was 
derived from satellite imagery, Landsat 8, provided by the National Aeronautics 
and Space Administration (NASA). The images were acquired on 8th and 15th of 
June, 2013 which have 11 bands with a 30 m spatial resolution. They are registered 
using the Universal Transverse Mercator (UTM) Projection Zone 38 North with a 
World Geodetic System (WGS) 84 datum.  

4.3.2 SCS-CN 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 Soil Conservation Service – curve number (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).  
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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   five 
days. Dry condition will be achieved 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 be achieved if the total five days rainfall depth is greater than 53 and 
28 mm for growing and dormant season respectively. The tabulated CN is equal to 
CNII (Chow et al., 1988).  

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

II

II
I CN

CNCN
*058.010

*2.4
                                                                               Eq. (5) 

And  

II

II
III CN

CNCN
*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), and 

(Chow, 1988, chap. 5). 
IIICN : is the curve number for wet condition. 

Williams, 1995 developed an equation to adjust the curve number for different 
slopes (Neitsch, 2005; ASCE/EWRI Curve Number Hydrology Task Committee, 
2009) as follows: 

*
3

)(
][ IIIII

SLPII
CNCN

CN IICNSLp)]*86.13exp(*21[ Eq. (7)

     Where:   
[CNII ]SLP = the curve number for average condition adjusted for the slope. 
SLP = the average fraction slope of the basin. 
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CN method depends on one main coefficient which is CN that 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 it was 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 
indicated that the model predicted the runoff volume with model efficiency of 98% 
for rainfall depth not less than 12.75 mm and they concluded that it can be applied 
to predict runoff hydrograph for ungauged  watershed. 

4.3.3 Supplemental Irrigation (SI) Model   
Using MAT LAB 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. The depth 
of the root zone was calculated by the equation that was developed by Borg and 
Grimes, 1986 as quoted by Gregory (2006).   

4.3.4   Optimization Model 
A linear programming computer model technique (based on MAT LAB 

software) had 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.  

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. 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 the main basin were operated as one 
system. In this case, the area of the land that can be irrigated will be equal to the 
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summation of the irrigated area that can be irrigated with water of the individual 
reservoir.  

4.4 Runoff Model Evaluations 
In order to apply the runoff model in the study area, it was calibrated using 

observed data from a watershed in the same area with known rainfall and runoff 
(Al-Ansari et al., 2013a). The selected watershed had an area of 53.8 km2, an 
average basin slope of 7.2%, a basin length of 17.7 km, and a maximum basin 
elevation 554.1 m.a.s.l. 

The data used in the calibration were three runoff hydrographs which were 
observed for three single storms for the rainy season 1991–1992 (Rafik ,1993, as 
quoted 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 4.4 (a), (b) and (c) show the observed and simulated hydrographs for the 
three storms considered.  
 

 

 

 

 

 

 

 

 

 

Figure 4.4 (a): Observed (measured) and simulated hydrograph for storm-I 
 (source Al-Ansari et al., 2013a). 
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Figure 4.4 (b): Observed (measured) and simulated hydrograph for storm-II  
(source Al-Ansari et al., 2013a). 

Figure 4.4 (c): Observed (measured) and simulated hydrograph for storm-III  
(source Al-Ansari et al., 2013a). 
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The results of the simulated hydrograph were evaluated based on model 
efficiency and t-tests for both flow rate and total runoff volume for each storm. 
Table 4.1 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 79.9, 95.4, and 72.3% for Storms I, II, and III, 
respectively. The paired t-test values were less than the tabulated: t-value = 0.18, 
p-value = 0.863, and degrees of freedom (DOF) = 12 for Storm I; t-value =1.52, p-
value =0.159, and DOF=10 for Storm II; and t-value= 0.70, p-value= 0.50, and 
DOF =12 for Storm III which indicates that there was no significant differences 
between the measured and simulated flow rate for the different hydrographs.  

There was no significant difference between the measured and simulated 
runoff volumes due to the acceptable agreements between measured and simulated 
flow rate for the different hydrographs based on model efficiency and t-test 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 
preceding evaluation. 

 
Table 4.1: The rainfall storm data and the values of considered criteria for flow rate 

hydrograph (source Al-Ansari et al., 2013a). 

Storm
number Rainfall depth mm. 

Duration
hr.

Flow rate evaluation 

t-test 
Model 
Efficiency 

I 24 4 -0.18 79.9 

II 25 7 1.52 95.4 

III 23 3 0.70 72.3 

 

4.5 Model Applications for the selected areas 
After selecting the proposed reservoirs sites, the WMS was applied in the 

first stage for each selected reservoir location for each basin to estimate the runoff 
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volume for each single rainfall storm for the considered study period. 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. 

4.5.1 Southern Sinjar Mountain 
The accumulative equivalent runoff for each selected reservoir location of 

the considered period was estimated for the study period 1990-2009, the season 
2002–2003 was neglected 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 maximize the irrigation area for each selected reservoir 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 an individual storage 
system. The upstream reservoir’s outflow was considered as an inflow for the 
downstream reservoir in addition to runoff volume from the watershed in between 
the two reservoirs. Infiltration loss for the spill flow in between the successive 
reservoirs was not included due to its insignificant contribution, especially when 
the flow occurred in wet days and the streambed was already saturated after days 
of continuous rain. Additionally, the evaporation was neglected due to low 
temperatures, the high relative humidity during wet days, and the limited flow 
surface area.  The length of barley growing season was about 180 days. Therefore, 
for each reservoir, the number of constraints was equal to the season length for 
each equation, while the number of variables was about 362. 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 total irrigated 
area. In this case, the number of constraints was the same as in case one times the 
number of reservoir operated as one system. This work had been documented by 
Al-Ansari et al. (2013a). 

4.5.2 Northern and Eastern Sinjar Mountain 
Same procedures that were used at southern Sinjar Mountain were followed 

but with some differences as follows: WMS was applied for each single rainfall 
storm for the selected basins to find out the runoff as a volume of water which can 



33

be collected and stored in the reservoirs for the study period 1990-2009.  The 
growth season in the studied area is normally about six months (170 days). 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, 
considering wheat crop. The optimization model was applied 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, considering the selected reservoirs were operated 
as an individual storage system, This work had been documented by Zakaria et al. 
(2012a, and 2013d) for the north sinjar and Zakaria et al. (2012b and e) for east 
Sinjar. 

4.5.3 Erbil and Sulaymaniyah Governorates 
For the study areas at Erbil and Sulaymaniyah Governorates, only the runoff 

model was applied using WMS to estimate the runoff for the considered period for 
the selected basins having slope more than 5%. This work had been documented 
by Zakaria et al., (2013a and b) at Erbil Governorate, and Zakaria et al., (2013c) at 
Sulaymaniyah Governorate. 

4.6 Time series analysis and forecasting future rainfall 
In order to estimate future rainfall depth, Box-Jenkins methodology had 

been used at eastern Sinjar Mountain to build Autoregressive Integrated Moving 
Average (ARIMA) models for weekly rainfall data from four rainfall stations: 
Sinjar, Mosul, Rabeaa and Talafar at North West of Iraq for the period 1990-2011. 
Four ARIMA models were developed for the above stations .These models were 
used to forecast the weekly rainfall data for the up-coming 5 years (2012 to 2016). 
The results provided the necessary short term future rainfall data and the 
opportunity to study the hydraulic events that may occur in future, such as runoff 
and rainwater harvesting. This work had been documented by Zakaria et al., 
(2012c). 

The forecasted rainfall data, of the study Zakaria et al., (2012c), were 
employed to estimate the runoff for near future period (2012-2016) by applying 
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Macro RWH technique. This work had been documented by Zakaria et al., 
(2013e). 

4.7 Estimating RWH considering emission scenarios of climatic changes 
The world is facing a big challenge of climatic change, mainly due to 

increasing concentrations of GHGs (greenhouse gases) in the atmosphere. Iraq is 
part of developing countries of Middle East and North Africa (MENA) region that 
is more affected than other countries by climatic change in addition the problem of 
water scarcity. The impact of climatic change is associated with large uncertainties.  

The climatic model CGCM3.1 (T47) 2 was used to explain the changes in 
average temperatures and the rainfall on the MENA region with special emphases 
on Iraq. Historical records (1900-2009) and future (2020-2099) were studied and 
compared; each period was divided to four sub-periods of thirty years in order to 
explain the change in temperature and rainfall. This work had been documented by 
Zakaria et al., (2013f).  

Predicted rainfall data can support to give some idea about future prospects 
of the status of rainfall to estimate the hydraulic events such as runoff in the 
studied area. 

Furthermore, long term future perspective of Macro rainwater harvesting 
(RWH) technique at eastern Sinjar district (Nineveh Governorate) and  
Sulaymaniyah Governorate for the period 2020-2099 were tested using the future 
rainfall that estimated by Al-Ansari et al. (2014a and b). These future rainfall 
depths are based on global climatic projections and their scenarios, using the 
HadCM3 Global Climate Model (GCM), Scenario A2 and B2. This work had been 
documented by Zakaria et al., (2013g) at Nineveh Governorate and Al-Ansari et 
al., (2014c) at Sulaymaniyah Governorate. 

For same study area of east Sinjar an attempt had been made in order to 
provide charts for the study area that can help in estimating daily runoff under dry, 
wet and normal conditions for rainfall depths that ranged between 15 to 55 mm. 
This work had been documented by Zakaria et al., (2013g). 

Table 4.2 give details about the main components of the work including 
input data, models used, output, their relationship with RWH that deal with in this 
thesis, in addition the hints about published papers. 
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Table 4.2 : Details about the main components of the work. 

Input Data Model Output Data 
   

Land use land 
cover

Watershed Modeling System 
(WMS)

Runoff Results 

Rainfall
Soil

Runoff Model Evaluations
Simulation Models 

Supplemental Irrigation Model  Irrigation water demand 
Optimization Model Maximum irrigated area 

Model applications for basins slope less than 5% Published Papers
Nineveh 

Governorates 
Southern Sinjar Mountain Al-Ansari et al. (2013a).
Northern Sinjar Mountain Zakaria et al. (2012a).
Eastern Sinjar Mountain Zakaria et al. (2012b).

Model applications  for basins slope more than 5% published papers 
Erbil Governorates Zakaria et al. (2013a). 

Zakaria et al. (2013b).
Sulaymaniyah Governorates Zakaria et al. (2013c).

 
 Wheat yield scenarios for rainwater harvesting Zakaria et al. (2013d). 

Forecasting future rainfall data Zakaria et al. (2012c). 
RWH using forecasting future rainfall data Zakaria et al. (2013e).

Historical and Future Climatic change Scenarios Zakaria et al. (2013f). 
Future Prospects for Macro RWH Zakaria et al. (2013g). 

Al-Ansari et al. (2014c). 
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5. Results and Discussion 

 5.1 Macro RWH for low relief areas 
In this part RWH was applied on areas having low relief i.e. low slope (less 

than 5%). It is covered by three published papers in different Journals: 
Paper 1:  
Al-Ansari,  N., Ezz-Aldeen, M., Knutsson, S., and Zakaria, S., (2013a). Water 
Harvesting and Reservoir Optimization in Selected Areas of South Sinjar 
Mountain, Iraq. American Society of Civil Engineers (ASCE), J. Hydrologic 
Engineering, ASCE / J. Hydrol. Eng. 18:1607-1616.  
Paper 2: 
Zakaria, S., Al-Ansari, N., Knutsson, S., and Ezz-Aldeen, M., (2012a). Rain Water 
Harvesting and Supplemental Irrigation at Northern Sinjar Mountain, Iraq. Journal 
of Purity, Utility Reaction and Environment Vol.1 No.3, 121-141, May. 
Paper 3: 
Zakaria, S., Al-Ansari, N., Knutsson, S., and Ezz-Aldeen, M., (2012b). Rain Water 
Harvesting At Eastern Sinjar Mountain, Iraq. Journal of Geoscience Research, Vol. 
3, Issue 2, pp.-100-108.  
  

The main aim of the above three papers is to investigate ability of the area 
for Macro RWH technique at Sinjar district, Nineveh Governorate northwest of 
Iraq.  The work was divided into three papers due to the nature and size of the area   
(Sinjar). In each paper different scenarios of the operation of the reservoirs were 
used, In addition, irrigation scenarios, area of the basins and their number as 
catchments areas were different also. 

The common conditions among the above papers are that, all selected basins 
of study areas having slope less than 5 % and located at the rain-fed farms of Sinjar 
district, Nineveh Governorate, northwest of Iraq. This area is characterized by 
semi-arid climate and relatively low annual rainfall of about 300 mm which is the 
main water resource in the area. In view of this fact, the annual crop yield (such as 
wheat and barley) highly fluctuates according to the amount of rain in each season.  

 The results showed that there were significant quantities of runoff, which 
could be stored in the suggested reservoirs sites. The equivalent runoff at southern 
Sinjar, (Al-Ansari et al., 2013a), could be up to 68.7 mm. Consequently, based on 
rainfall and resulting runoff values, the runoff coefficients were 0% for dry years 
and 16.6% for wet years. It should be noted that the basin having the maximum CN 
value contributed the maximum runoff relative to the other sub-basins.  

At northern Sinjar, (Zakaria et al., 2012a), the volumes of storage runoff 
produced from maximum rainfall (478.1 mm) that occurred during season (1995-
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1996) were 17.3, 7.7, 6.1, 2.8, 3.5, and 5.0 (106 m3) for the basin number 1 to basin 
6 respectively.  
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 (106 m3) respectively. 

At eastern of Sinjar, (Zakaria et al., 2012b), the minimum and maximum 
harvested runoff for the entire four basins together reached up to 118.41(106 m3) 
(season of 1999-2000) and 28187.61(106 m3) (season of 2000-2001) respectively.  

 The most influential factors for the RWH technique 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. 

Looking at the rainfall records and the results, the good amount of runoff 
that was harvested can be attributed to:  
1. Existence of heavy rainfall storm within short time intervals produced suitable 

amount of harvested runoff. 
2. Weakly rainfall storms in between the heavy rainfall storms prevented ground 

surface to be dry. 
3. The above two points helped to maintain antecedent moisture conditions (AMC) 

at high value.  
4. The high value of (AMC) helps to produce high value of CN during increasing 

its value from dry and normal values to its wet value.  
5. Wet values for CN will strongly support rainfall especially weakly rainfall 

storms to produce more runoff amounts. 
6.   All the above points will work together to reduce the losses of rain water by 

infiltration process through the ground surface and lead to the accumulation of 
runoff volume on the ground surface of the basins then directed toward the 
reservoirs by gravity. 

In order to employ the above runoff amounts in the process of supplemental 
irrigation, the optimization technique was used to maximize irrigated crop area 
considering three different irrigation scenarios i.e. supplemental irrigation of 
100%, deficit irrigation of 50% and 25% of crop water requirement satisfaction 
respectively for the rain-fed farms of Sinjar area. The results can be summarized as 
follow:   

 In Scenario one of the reservoirs operation, the reservoirs were operated 
individually using SI of 100% crop water requirement satisfaction for barley crop.   
The maximum total irrigated area was about 45970 ha and the total average values 
were 8230 ha for basin A. For basin B however, the maximum total irrigated area 
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for all the reservoirs was 58007 ha, while the total average value was 10740 ha 
(Al-Ansari et al., 2013a), for south of Sinjar location. 

At northern Sinjar, the results of total irrigated areas of wheat crop for all six 
basins, together, ranged 14.5-3663.7 ha for the scenario of 100% SI, 33.0-39827.1 
ha for the scenario of 50% of DI and 20.1-7314.0 ha for the scenario of 25% of DI. 
There was an average increase in 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% (Zakaria et al., 2012a).  

 At eastern Sinjar, The results of total irrigated areas of wheat crop for all 
four basins, together, ranged 18.66-2646.27 ha, for the scenario of 100% SI, 58.86-
41303.13 ha for the scenario of 50% of DI and 27.80-9543.98 ha for the scenario 
of 25% of DI. There was an average increase in irrigated area reached up to 74% 
when using the scenario of 25% DI, instead of the scenario of 100% SI. While   
using scenario of 50% of DI it reached up to 334% (Zakaria et al., 2012b).  

The results of the three scenarios used indicated that scenario of 50% of DI 
can be more beneficial than the other scenarios (100% SI, and 25% of DI). 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 
the reduction of irrigation water. Regardless of this fact, reduction of wheat grain 
yield per unite area will be compensated by increasing the total irrigated area. 

Finally for the special case applied only at southern Sinjar, i.e. scenario 2 of 
the reservoirs operation strategy, where all the reservoirs in each main basin (A 
and B) were operated as a single system for each year considered. This meant that 
the objective function was to maximize the sum of the irrigated area (barley crop) 
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 the irrigated area for Scenario 1 
for all years. The maximum and average irrigated area for Basin A was 46,147 and 
9,380 ha, respectively, with a maximum increase in irrigated area of 59.3% and an 
average increase in irrigation area of 11%; while for Basin B the maximum and 
average irrigated area was 58,170 and 11,740 ha, respectively, with a maximum 
increase in irrigation area of 28.5% and an average increase in irrigation area of 
4.4% (Al-Ansari et al., 2013a). 

 

5.2 Macro RWH for high relief areas 
In this part, RWH was applied on areas having relatively high relief i.e. the 

slope is greater than 5%. It is covered by three published papers in different 
Journals: 
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Paper 4: 
Zakaria, S., Al-Ansari, N., Mustafa, Y. T., Knutsson, S., Ahmad, P. S. and 
Ghafour, B. D., (2013a). Rainwater Harvesting at Koysinjaq (Koya), Kurdistan 
Region, Iraq. Journal of Earth Sciences and Geotechnical Engineering, Vol. 3, No. 
4, 25-46. 
Paper 5: 
Zakaria, S., Al-Ansari, N. Mustafa, Y. T., Alshibli, M. D. J.   
and Knutsson, S,. (2013b). Macro Rain Water Harvesting Network to Estimate 
Annual Runoff at Koysinjaq (Koya) District, Kurdistan Region of Iraq. J. 
Engineering, 5, 956-966. 
Paper 6: 
Zakaria, S.,  Mustafa, Y.,T.,  Mohammed, D.,A., Ali, S., S., Al-Ansari, N., and 
Knutsson, S., (2013c). Estimation of annual harvested runoff at Sulaymaniyah 
Governorate, Kurdistan region of Iraq. Natural Science Vol.5, No.12, 1272-1283. 

 The common conditions among all selected basins is that, their slope is 
more than 5 % and located at the rain-fed farms of Kurdistan region of Iraq, Erbil 
and Sulaymaniyah Governorates northeast of Iraq. The annual rainfall is relatively 
greater than its values at Sinjar area at Nineveh Governorate, northwest of Iraq.  

  Koysinjaq (Koya) District, at Erbil Governorate of Kurdistan region of Iraq 
has limited water resources and is rapidly developing. The area might face a big 
problem of water shortage due to its limited water resources in addition to the lack 
of good planning and management of the water resources.   

The first work done at Koysinjaq (Koya) area, (Zakaria et al., 2013a), was 
exploratory research to discover the capability of the area for rainwater harvesting. 
Thus four basins with total area of 228.96 km2 were selected as a catchment area of 
average slope ranged between 6.1-9.8 % to estimate the volumes of harvested 
runoff. The results showed that, the application of Macro RWH can provide a new 
source of water. The annual volume of water that can be harvested from all 
selected basins ranged 14.83 to 80.77 (*106 m3) for the study period (2002-2011). 
This indicates that the technique of Macro RWH can be considered to provide a 
new source of water to the area and then to minimize the water shortages problem. 
The result of the starting work conducted at Koysinjaq area related to Macro RWH 
technique enhanced further applications of the technique within the area. For this 
reason, twenty-two basins, (Zakaria et al., 2013b), were identified as the catchment 
area for the application of RWH technique (Figure 5.1). Two consecutive 
adjustments for the curve number were considered. The first was for the antecedent 
moisture condition (AMC) and the second was for the slope. These adjustments 
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increased the total resultant harvested runoff up to 79.402 × 106 m3. The average 
percentage of increase of harvested runoff volume reached 9.28%. This implies 
that water allocation is of the order of 2000 cubic meter per capita per year. This 
quantity of water will definitely help to develop the area. Figure 5.2 shows that 
annual harvested runoff for the twenty-two selected basins at Koysinjaq districts, 
considering the adjustment CN for the slope. 

The results indicated that there was an increase in harvested runoff volume 
due to the adjustment of CN for the slope. The maximum, minimum, and average 
percentage of increase of harvested runoff volume reached 20.81%, 1.92%, and 
9.28% respectively. This indicates that Koya district has the ability to produce 
good amount of annual volume of runoff as shown in figure 5-2.  

 Sulaymaniyah Governorate of Kurdistan Region of Iraq was the second of 
mountain area that tested for the use of RWH (Zakaria et al., 2013c). The study 
area consists of five separated basins with total area of 176.79 km2, located about 7 
km North West of Sulaymaniyah city. Rainfall records for the period 2002-2012 
were studied and an average season 2010-2011 was selected to test the efficiency 
of RWH technique. The results showed that the harvested runoff volume ranged 
from 0.01 × 106 to 3.53 × 106 m3 in that year (Figure 5.3).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.1: LULC map for Koya districts with twenty-two selected basins  
for rainwater harvesting, (source Zakaria et al., 2013b). 
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Figure 5.3: Total annual runoff of the season 2010-2011 for all five basins at Sulaymaniyah 
governorate of Kurdistan Region of Iraq, (source Zakaria et al., 2013c). 
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The total annual harvested runoff reached about 10.76 × 106 m3. These 
quantities can contribute in solving the problem of water shortage within the 
region. It was also noticed that the depth of rainfall alone was not an effective 
factor. There are other factors that influenced the quantity of the harvested water 
such as: the size of the catchment area, its slope, antecedent moisture conditions 
(AMC), and the curve number value (CN). 

5.3 Macro RWH for supporting wheat yield at semi-arid region.  
Part three of the thesis includes enhanced and modified results of the 

previous papers (Parts 1 & 2) in order to estimate wheat grains which are an 
important part of food security of Iraq country. 

This part of the work represented a new challenge to link the above work of 
RWH with one of successful models that examined the wheat yield at surrounding 
area considering rain-fed farms of semi-arid region. However, the result of this 
work was published in: 
Paper 7: 
Zakaria, S., Al-Ansari, N., and Knutsson, S., (2013d). Wheat yield scenarios for 
rainwater harvesting at Northern Sinjar Mountain, Iraq. Journal of Natural Science, 
Vol.5, No.10, 1057-1068. 

The main objective of this part of the work is to test rainwater harvesting 
technique for wheat crop yield production in dry rain-fed farms at north Sinjar 
district, northwest of Iraq, using wheat crop yield-water relationship that was 
conducted by International Center for Agricultural Research in the Dry Areas 
(ICARDA). Three scenarios of supplemental irrigation (100%, 75% and 50%) of 
full irrigation requirements with, various rainfall conditions were used. 
Furthermore two types of wheat (bread and durum) were considered. 

Sinjar rainfall is very similar to that recorded by ICARDA at Tel Hadya 
research farm at Syria. The results showed that, for the study area at north Sinjar, 
(Zakaria et al., 2013d), all six basins had identical characteristics. In such a case, 
for the rainy season, the influential factors are type, size and slope of the catchment 
area, curve number value, antecedent moisture conditions, the distribution and 
amount of the rainfall. These factors act together to produce the amount of runoff 
that is directed by gravity and stored in all individual six reservoirs according to 
their capacity. Then, other factors like the reservoirs size and the evaporation 
losses from its surface area will affect the storage of harvested water. By using 
WMS, it was possible to estimate the daily water volume of the harvested runoff 
that was accumulated in the reservoirs along the seasons (Figure 5.4), and then to 
be used later for supplemental irrigation processes.   
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The total volume of harvested runoff for all basins together reached up to 
42.4, 0.60, 10.9, 11.7 (106 m3) during the four selected seasons (1995-1996, 1996-
1997, 1998-1999, and 2001-2002) respectively. The above results of estimating the 
total runoff volume indicates that the runoff volume can be considered for 
irrigation practices and especially for supplemental irrigation. 

The actual irrigation demand under full irrigation condition (scenario S1) for 
bread wheat reached up to 358.6, 452.6, 661.0, and, 382.0 mm. With scenario S2 it 
reached 222.51, 305.70, 477.73, and 237.66 mm  while, with scenario S3 it reached 
115.83, 159.70, 294.37, and 104.11  mm , for the wet, average, dry, and additional 
seasons respectively. These results show that SI of scenario S3 (50% of full 
irrigation requirement) can save more water than scenarios S1 or S2. 

The results indicated that, (bread wheat for example), for scenario S1 the 
total irrigated area from all six reservoirs reached 1257.11, 1192.45, 10.89, and 
1522.62 ha for the selected seasons respectively, while for scenario S2 it reached 
up to 1949.60, 1693.14, 15.01, and 2375.45 ha respectively. For scenario S3 it 
reached up to 3668.01, 3066.11, 24.18, and 5163.70 ha respectively.    

ICARDA model was applied for Sinjar area. The wheat yield per unit area 
for each wheat type was tested for two cases. The first was that the wheat crop 
depending on total water (rain + irrigation) that represents supplemental irrigation 
condition. The second was that the wheat crop depending on the rain water alone 
(rain-fed condition). These two cases gave four yield scenarios for each type of 
wheat. Three of them were for supplemental irrigation condition and one scenario 
for rain-fed condition (Tables 5-1 and 5-2). 

The results showed that, the grain yield of wheat per unit area (scenario Y4) 
under rain-fed condition for the selected seasons reached up to 5.29, 2.54, 0.0, and 
1.46 t/ha for bread wheat respectively (Table 5-1), and for durum wheat, it reached 
up to 4.93, 2.19, 0.0, and 1.18 t/ha (Table 5-2), which is always less than the grain 
yield of wheat per unit area under supplemental irrigation condition.  

Rapid assessment of scenario Y4 for bread and durum showed that these 
results were within the range of grain yield of wheat crop, under rain-fed 
conditions, except dry season which is less than 200 mm of rainfall depth. 
According to ICARDA, under rain-fed conditions (irrigation water = 0), grain yield 
of both bread and durum wheat increase from 1.2 to 4 - 5 t/ha when rainfall 
increased from 250 to 450 mm.  
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Figure 5.4: Harvested runoff at North Sinjar with total rainfall depth for the selected 

seasons, (source Zakaria et al., 2013d). 

The results of grain yield of bread and durum wheat per unit area for yield 
scenario Y1 was 5.75 to 6.38 and 5.89 to 6.64 t/ha with full irrigation requirement 
respectively. For yield of scenario Y2 it was 5.47 to 6.41 and 5.89 to 6.64 t/ha with 
75 % of full irrigation requirements respectively. With 50 % of full irrigation 
requirements, the yield of scenario Y3 was 3.60 to 6.22 and 3.96 to 6.30 t/ha for 
bread and durum wheat during the four selected seasons respectively.  

Thus, coupling the results of the Optimization Model (irrigated area) and the 
results of the wheat grain yield per unit area, for the three irrigation scenarios (S1, 
S2, and S3), helps to find the grain yield of wheat crop from irrigated area from 
each reservoir for the four selected seasons as shown in Figure 5-5 for bread wheat 
and in Figure 5-6 for durum wheat.  

By taking the summation of grain yield,   the total grain yield of wheat crop 
(bread and durum) can be obtained from the irrigated area by all six reservoirs 
together. The yield of scenario Y1 gave 7223, 7457, 68 and 9712 ton for bread 
wheat, and for durum wheat it gave 5939, 6130, 56 and 8035 ton. The yield of 
scenario Y2 gave 12504, 10658,  94 and 12999 ton for bread wheat, and for durum 
wheat gives 9859, 8913, 87, and 10906 ton. The yield scenario Y3 gave 22806, 
15783, 105 and 18603 ton for bread wheat.  
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Table 5.1: Grain yield of bread wheat per unit area under supplemental irrigation and 
rainfall conditions, (source Zakaria et.al., 2013d). 

 Yield (t/ha) 

Irrigation Scenario S1 S2 S3 Without Irrigation 

 Supplemental Irrigation Condition Rain-fed Condition 

Season Y1 Y2 Y3 Y4 

1995-1996 5.75 6.41 6.22 5.29 

1996-1997 6.25 6.29 5.15 2.54 

1998-1999 6.20 6.19 4.31 0.00 

2001-2002 6.38 5.47 3.60 1.46 

Table 5.2: Grain yield of durum wheat per unit area under supplemental irrigation and 
rainfall conditions, (source Zakaria et.al., 2013d). 

 Yield (t/ha) 

Irrigation Scenario S1 S2 S3 Without Irrigation 

 Supplemental Irrigation Condition Rain-fed Condition 

Season Y1 Y2 Y3 Y4 

1995-1996 5.89 6.64 6.30 4.93 

1996-1997 6.41 6.54 5.38 2.19 

1998-1999 6.25 6.52 4.79 0.00 

2001-2002 6.64 5.89 3.96 1.18 
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Figure 5.5: Grain yield for bread wheat, (source Zakaria et al., 2013d). 

Figure 5.6: Grain yield for durum wheat, (source Zakaria et al., 2013d). 
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And for durum wheat it gave 17396, 12478, 103, and 14238 ton for the four 
selected seasons (1995-1996, 1996-1997, 1998-1999 and 2001-2002) respectively.  

The comparison for the total wheat grain yield among the three of 
supplemental irrigation scenarios (S1, S2, and S3) showed that scenario S3 gave 
always maximum total wheat grain yield for all the selected seasons and for both 
bread and durum wheat, and this is due to mainly two reasons.  Firstly, since the 
yield is a function of water that reach the crop, then using supplemental irrigation 
level of 50% of full irrigation requirements leads to reduce the yield per unit area, 
but in the same time, this level of irrigation works to save maximum irrigation 
water that is distributed over a larger area which leads to maximize the total 
irrigated area. Secondly, the overall increase in irrigated area had become the 
dominant factor, which covered the lack of yield per unit area, which led to 
maximize the overall yield of wheat grain for the irrigated area. 

5.4 Future Prospects for Macro RWH technique. 
 Having encouraging results after the application of RWH technique in the 

three Governorates (Nineveh, Erbil, and Sulaymaniyah), it was very important to 
see if future rainfall is good enough to apply the technique. This is due to the fact 
that plenty of recent research suggested that the region will experience decrease in 
annual rainfall (Al-Ansari and Baban, 2005; Al-Ansari et.al., 1999 and 2006). This 
will affect the agricultural life and water supply (Medany, 2008). In addition, this 
situation will extend all over the Middle East due to the fact that most of the 
agricultural areas of the region are rain-fed (Oweis and Hachum, 2004) and 
decreases groundwater recharge which is already depleting (Voss et.al., 2013). 
However, the results of this part of the work were published in:  
Paper 8: 
Zakaria, S., Al-Ansari, N., Knutsson, S., and Al-Badrany, TH. (2012c). ARIMA 
Models for weekly rainfall in the semi-arid Sinjar District at Iraq. Journal of Earth 
Sciences and Geotechnical Engineering, Vol.2, No. 3, 25-55. 
Paper 9:  
Zakaria, S., Al-Ansari, N., and Knutsson, S., (2013e). Rainwater Harvesting Using 
Recorded and Hypothetical Rainfall Data Scenarios. Journal of Earth Sciences and 
Geotechnical Engineering, vol. 3, no. 2, 21-42. 
Paper 10: 
Zakaria, S., Al-Ansari, N., and Knutsson, S., (2013f). Historical and Future 
Climatic change Scenarios for Temperature and Rainfall for Iraq. Journal of Civil 
Engineering and Architecture, Vol. 7, No. 12, 1574-1594. 
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Paper 11: 
Zakaria, S., Al-Ansari, N., and Knutsson, S., (2013g). Future Prospects for Macro 
Rainwater Harvesting (RWH) technique in Northwest Iraq.  (Accepted) Journal of 
Earth Sciences and Geotechnical Engineering. 
Paper 12: 
Al-Ansari, N., Abdellatif, M., Zakaria, S., Mustafa, Y.,T., and Knutsson, S., 
(2014c). Future Prospects for Macro Rainwater Harvesting (RWH) technique in 
north east Iraq.  (submitted)  Journal of water resources and protection.  

Most of the local farmers at dry area such as Sinjar district depend on their 
expertise of extrapolating the rainfall of coming seasons by evaluating previous 
seasons, which is not enough to give them a good indicator about future rainfall 
events. Such data (rainfall forecasting) is to provide an alert in advance about 
future rainfall and runoff events for contributing to minimize possible losses that 
occur for rain-fed agriculture. There should be an integrated agriculture water 
management system, in order to put these techniques into practice. Decision 
makers and farmers should have an idea about future rainfall events in the area so 
that they can take other measures (e.g. using groundwater) to overcome the water 
shortage caused by low rainfall. Then, it is possible to estimate the amount of 
water available and required water that could be applied for the rain-fed farms of 
wheat crop in the Sinjar District (for example) to overcome the problem of water 
scarcity during dry seasons. 

The first attempt was to find out the validity of RWH in the few coming 
years. This was achieved using forecasted rainfall data for the period 2012-2016. 
However, Box-Jenkins methodology for time series analysis and forecasting was 
used (Zakaria et al., 2012c) to build Autoregressive Integrated Moving Average 
(ARIMA) models for weekly rainfall data from four rainfall stations in the North 
West of Iraq: Sinjar, Mosul, Rabeaa and Talafar for the period 1990-2011. Four 
ARIMA models were developed for the above stations as follow: (3,0,2)x(2,1,1)30, 
(1,0,1)x(1,1,3)30, (1,1,2)x(3,0,1)30 and (1,1,1)x(0,0,1)30 respectively. The 
performance of the resulting successful ARIMA models was evaluated by using 
the data for the year 2011 through graphical comparison between the forecast and 
actually recorded data. Future rainfall depths were forecasted with adoption of a 
confidence level of 95%. The forecasted rainfall data showed very good agreement 
with the actual recorded data. This gave an increasing confidence of the selected 
ARIMA models.  

The results revealed that the Box-Jenkins (ARIMA) model methodology 
could be used as an appropriate tool to forecast the weekly rainfall in semi-arid 
region like northwest of Iraq for the up-coming 5 years (2012-2016).  
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The results achieved for rainfall forecasting will help to estimate hydraulic 
events such as runoff. Then water harvesting techniques can be used in planning 
the agricultural activities in that region. Future rainfall forecasting plays an 
important role as an indicator that reflects what might happen in the future. 
 Macro Rainwater Harvesting (RWH) under recorded and forecasting rainfall 
scenarios helps to overcome the water shortage problem. Another test was carried 
out on eastern Sinjar District using same four basins of previous work (Zakaria et 
al., 2013e). An average irrigated area 955.3 ha was calculated using RWH 
technique for the period 1990-2011 for east Sinjar district. This area was used as a 
benchmark to find out water requirements to grow wheat in wet (S1) dry (S2), and 
average (S3) years. To achieve this goal, rainfall records for the above period was 
used to find out the wettest, average and driest years. Furthermore, rain forecasted 
data for the period 2012-2016 were also used in the same manner (S4 wet, S5 dry, 
and S6 average).   

The results showed that the annual runoff reached up to 16.06, 0.18, and 
2.30 million cubic meters using actual rainfall records during maximum, minimum, 
and average rainfall seasons of the period 1990-2011. Using scenarios of 
hypothetical rainfall data for the period 2012-2016 the above values reach up to 
4.43, 2.18, and 3.49 million cubic meters. The runoff volume represent 
considerable water amount for supplemental irrigation.  

Each of scenarios S1 and S4 gave total irrigated area larger than a total 
specified average irrigated area that reached up to 2646.27 and 1179.8 ha 
respectively. During the above scenarios, the surplus water from (rain + irrigation) 
had been used to achieve a significant increase in irrigated areas, the percent of the 
increase in the irrigated area reached up to 177% and 23.5% for scenarios S1 and 
S4 respectively. The total irrigated areas under each of scenarios S2 and S5 were 
always less than the total average of an irrigated area that reached up to 18.67 and 
600.3 ha respectively. The total irrigated areas for the above scenarios should be 
increased by 936.63 and 355 ha respectively, and they will need an additional 
amount of water, which had been estimated that it reached up to 5.26 and 1.16 
million cubic meters for scenario S2 and S5 respectively in order to satisfy the 
specified average irrigated area. The total irrigated areas under both of scenarios 
S3 and S6 are less than the total average of an irrigated area where it reached up to 
554.75 and 910.3 ha respectively. The total irrigated areas should be increased by 
400.55 and 45.0 ha, and they will need additional amount of water, which had been 
estimated to be 1.01 and 0.13 million cubic meters for scenario S3 and S6 
respectively in order to satisfy the specified average irrigated area. Farmers can use 
sprinkler irrigation to save water and if some more water is required then the only 
option they have is the use of groundwater.  
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The amount of water releases from the four reservoirs was estimated to 
check if it can be used for recharging ground water aquifers during both scenarios 
using actual rainfall records and hypothetical rainfall data. The annual volume of 
water release for scenarios S1 and S4 reached up to 12.23 and 2.56 million cubic 
meters respectively. Due to lack of rainwater during dry scenarios S2 and S5 all 
harvested runoff were stored in the reservoirs and have no water release. While for 
both scenarios, S3 and S6 there were limited amount of water release reached up to 
0.14 and 0.95 million cubic meters respectively. 

Recent research suggests that, climate change is going to affect the Middle 
East. The area contains hyper-arid, arid and semi-arid zones (WRI, 2002). It had 
been concluded by many researchers that the arid and semi-arid regions are highly 
vulnerable to climate change (e.g. IPCC, 2007). The expectations suggest that the 
region will suffer from higher temperatures and intense heat waves affecting 
inhabitants and crop yields, and will also affect marine ecosystems and fisheries. 
Less but more intense rainfall, coupled with higher temperatures, will likely cause 
more droughts and greater flooding, sea level rise, more intense cyclones and new 
areas exposed to dengue, malaria, and other vector and waterborne diseases. Al-
Ansari and Baban (2005) and Al-Ansari et al., (1999 and 2006), indicated that 
future rainfall forecast is decreasing with time in neighboring country Jordan. The 
drought will affect the agricultural life and water supply (Medany, 2008). This is 
due to the fact that most of the agricultural areas of the region are rain-fed (Oweis 
and Hachum, 2004) and decreases groundwater recharge which is already 
depleting (Voss et al., 2013).  

The climatic model CGCM3.1 (T47) 2 was used to explain the changes in 
average temperatures and the rainfall on MENA region (Middle East and North 
Africa) with special emphases on Iraq (Zakaria et al., 2013f). 

The results showed that the average monthly temperature for the four 
historical periods fluctuated between the lowest and highest value as follows: 9.2-
32.9, 10.3-32.7, 9.3-32.8 and 8.6-33.9 (ºC). The rainfall for the historical periods 
kept on the same distribution during the past 109 years, and fluctuated between the 
lowest and highest value of 21.3 mm and 37.6 mm with an average that reached up 
to 26.51 mm. For the future period, the maximum average monthly temperature 
reached up to 37.41 (ºC) during June and minimum average monthly temperature 
reached up to 4.24 (ºC) during January. The average monthly temperature 
fluctuated giving a clear impression that the future portends a higher temperature. 
The average monthly rainfall, for the future period, fluctuated between the lowest 
and highest value of 12.91 mm and 20.63 mm with an average that reached 16.84 
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mm which represent a reduction percentage of about 36.47% relative to the 
historical record of rainfall for the same months. 

Higher temperatures and less rainfall will make the MENA countries more 
arid. These changes will have a series of effects, particularly on agriculture 
especially in rain-fed areas, energy, food security, and contribute to malnutrition, 
famine and starvation. Immediate actions should be taken in order to strengthen the 
adaptive capacity and reduce the vulnerability of sensitive sectors and systems to 
climatic change. 

Most recent studies conclude that wide adaptation is required to reduce 
vulnerability to climatic change; a large array of mitigation options is projected to 
be available at least by 2030.   The temperature of the world has increased and will 
continue to increase over the coming decades coupled with a decrease in rainfall as 
shown by CGCM3.1 (T47)2 model. MENA countries must adopt a unified position 
to confront the challenge of climatic change and work with the international 
community in order to reduce the impact of climatic change. 

Al-Ansari et al., (2014 a&b) provided daily rainfall data for Sinjar and 
Sulaymaniyah areas. These data were based on the use of two emission scenarios 
(A2 & B2) used by the Intergovernmental Panel on Climate Change. These data 
were used to evaluate the future validity of applying RWH. The data given by Al-
Ansari et al., (2014 a) for the period 2020-2099 showed a clear negative trend 
reflecting the reduction in total seasonal rainfall amount (Figure 5.7).    

  The storyline of scenario A2 describes a very heterogeneous world. This 
theme is self-reliance and preservation of local identities. Fertility patterns across 
regions converge very slowly, which results in continuously increasing population. 
Economic development is primarily regionally oriented and per capita economic 
growth and technological change more fragmented and slower than other 
storylines. 

RWH was applied at Nineveh Governorate (Sinjar district) using selected 
years of the future rainfall (2020-2099) record. For each decade the year close to 
the average trend was selected. The results showed that the maximum, minimum 
and average harvested runoff volumes reached   28.5, 7.61, and 13.9 million cubic 
meters that may occur during the seasons 2055-2056, 2046-2047, and 2065-2066 
respectively. The comparison of the runoff results (Table 5.3) between future and 
historical recorded rainfall for the same study area showed that, first the average 
annual rainfall depth for the study period 1990-2009 was 325mm, while for the 
future period 2020-2099 was  212.3 mm.  
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Fig 5.7: Average annual rainfall for A2 scenario at Sinjar district  

(source Al-Ansari et al., 2014a).  

 
Table 5.3: Future and historical annual rainfall depth for the selected seasons with total 

harvested runoff from the four basins, (source Zakaria et al., 2013g). 
No. 

 
Season 

 
Annual  Rainfall  

(mm)
harvested Runoff 

*106 (m3)
Notes 

Future period 2020-2099
1 2025-2026 256.5 25.08  
2 2033-2034 227.5 08.45  
3 2046-2047 219.3 07.61 Min. Runoff 
4 2055-2056 223.9 28.50 Max. Runoff 
5 2065-2066 220.7 13.90 Aver. Runoff 
6 2071-2072 208.8 08.16  
7 2081-2082 203.6 17.99  
8 2090-2091 193.9 07.85  

Historical recorded period 1990-2009
1 1999-2000 182.0 0.12 Min. Runoff 
2 2000-2001 415.9 28.19 Max. Runoff 
3 1990-2009 325.0 12.52 Aver. Runoff 
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This is in agreement with the impact of climatic change of reduction in 
future rainfall on MENA region countries such as Iraq. The total annual runoff 
volume for all the catchment area (1990-2009), ranged from 0.12 to 28.19 million 
cubic meters, and the average annual runoff volume was about 12.52 million cubic 
meters.  Results for the future rainfall, by all the catchment area for the future 
selected seasons ranged from 7.61 to 28.5 million cubic meters. The calculated 
average annual runoff volume may reach 14.6 million cubic meters and the nearest 
amount for this value is that satisfied in 2065-2066 of 13.9 million cubic meters. It 
seems that there is not that much change in maximum runoff amount between 
historical recorded and future rainfall data. This might be due to a kind of 
equilibrium between decrease in the total amount of the seasonal rainfall depths 
and an increase in individual rain storms depths. In general, the individual future 
rain storms that produce runoff have increased in its rainfall depth and decreased in 
number of occurrence. 
To get an idea about the amount of runoff that can be harvested from a given 
catchment area at eastern Sinjar, an attempt was made to provide a set of charts 
that is easy to use (Figures 5.8A, B and C). These charts include the selected 
rainfall depth (x-axis) that ranged from 15 to 55 mm and several values of the 
selected curve number (CN) that ranged from 76 to 82, 86 to 92, and 60 to 68 for 
normal, wet and dry condition respectively. The y-axis represents the resultant 
equivalent harvested runoff depth (mm). However, the chosen values of the 
selected rainfall depths and curve numbers were based on, the studied and 
extrapolated results of previous research of rain water harvesting that had been 
carried out at east of Sinjar area.  
Once the size of the catchment area, rainfall depth and the curve numbers for the 
catchment area are known, then a certain chart of the specific case can be used 
(Normal, Wet and Dry condition). The intersection values of rainfall depth (on x-
axis) with suitable curve number will provide the corresponding value for the 
equivalent harvested runoff depth on y-axis. In order to find the runoff volume, one 
should multiply the equivalent runoff depth by the size of the catchment area 
taking in the consideration the system units. 
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Figure 5.8A: Equivalent Runoff Depth- Rainfall Depth relationship for Normal condition. 

 
Figure 5.8B: Equivalent Runoff Depth- Rainfall Depth relationship for wet condition. 
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Figure 5.8C: Equivalent Runoff Depth- Rainfall Depth relationship for dry condition, 

(source Zakaria et al., 2013g). 
 
 

It should be noted that not all rainfall depths may produce runoff. Nevertheless low 
rainfall depth will not produce runoff unless high value of curve number is 
available for the certain case especially with dry condition; even with some cases 
of normal condition of low curve number. However Tables (5.4, 5.5, and 5.6) 
explain the equivalent runoff limitation for the rainfall depth.  
 
 

Table 5.4: Equivalent Normal Runoff Depth (mm), (source Zakaria et al., 2013g). 
Rain depth

(mm) CN=76 CN=77 CN=78 CN=79 CN=80 CN=81 CN=82
15 0.00 0.00 0.01 0.03 0.08 0.16 0.26
20 0.17 0.27 0.39 0.54 0.74 0.96 1.21
25 0.88 1.10 1.36 1.64 2.04 2.41 2.82
30 2.06 2.42 2.80 3.23 3.84 4.36 4.94
35 3.56 4.03 4.55 5.11 5.93 6.60 7.32
55 12.66 13.63 14.65 15.71 17.49 18.70 19.97
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Table 5.5: Equivalent Wet Runoff Depth (mm), (source Zakaria et al., 2013g). 

Rain depth (mm) CN=86 CN=87 CN=88 CN=89 CN=90 CN=91 CN=92
15 0.94 1.21 1.52 1.89 2.32 2.83 3.42
20 2.52 2.98 3.49 4.08 4.74 5.48 6.32
25 4.77 5.42 6.14 6.93 7.80 8.77 9.85
30 7.47 8.30 9.21 10.19 11.26 12.43 13.71
35 10.37 11.36 12.43 13.58 14.81 16.15 17.59
55 24.69 26.22 27.83 29.51 31.28 33.14 35.09

 
 

Table 5.6: Equivalent Dry Runoff Depth (mm), (source Zakaria et al., 2013g). 
Rain depth

(mm) CN=60 CN=61 CN=62 CN=63 CN=64 CN=65 CN=66 CN=67 CN=68
15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
30 0.00 0.00 0.00 0.00 0.01 0.05 0.11 0.19 0.29
35 0.01 0.03 0.08 0.16 0.26 0.38 0.53 0.71 0.91
55 2.32 2.71 3.14 3.60 4.08 4.61 5.16 5.75 6.37

 
 
Regardless of the causes of climate change, it occurred and will continue with 
several impacts that reflect dire consequences affecting all components of life. 
A further complication is that these changes are associated with water scarcity. 
Macro RWH technique had been tested for future rainfall data that was predicted 
by two emission scenarios of climatic change (A2 and B2) for the period 2020-
2099 at Sulaymaniyah Governorate north east of Iraq (Al-Ansari et al., 2014c).  
The emission scenarios of climatic change (A2 and B2) represent different criteria 
for the same model of climatic change that can predict rainfall data; certainly 
different input gives different output. Therefore the identification seasons 
(maximum, average, and minimum) will not match under both scenarios. 
The identified rainstorms for each selected season (maximum, average, and 
minimum) for both scenarios A2 and B2 may give total future harvested runoff as 
represented in Figure 5.9. 
The results showed that, the total runoff that can be harvested for the maximum 
seasons 2020-2021 (under scenario A2) and 2046-2047 (under scenario B2) 
reached 21.19 and 13.62 million cubic meters respectively, indicating that, for the 
maximum conditions, the predicted future rainfall with emission scenario A2 
produced more harvested runoff than scenario B2. 
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Figure 5.9: Total future harvested runoff with scenario A2 and B2 for the selected seasons, 
(source Zakaria et al., 2014). 
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The total runoff that might be harvested for the average seasons 2057-2058 (under 
scenario A2) and 2027-2028 (under B2) reached 4.96 and 6.11 million cubic 
meters respectively, indicating that, for the average conditions, the predicted future 
rainfall with emission scenario A2 produced less harvested runoff than scenario 
B2. The total runoff that might be harvested for the minimum seasons 2090-2091 
(under scenario A2) and 2081-2082 (under scenario B2) reached 0.5 and 0.31 
million cubic meters respectively, indicating that, for the minimum conditions, the 
predicted future rainfall with emission scenario A2 produced more harvested 
runoff than scenario B2. 
The comparison of average runoff for two periods (future and historical) can be 
estimated considering no change in curve number values and time period. 
The results showed that the volume of total average harvested runoff for the 
historical period was 10.72 million cubic meters that was distributed on the five 
selected reservoirs as shown in Figure 5.10. The percentage of average decrease in 
average total harvested runoff between historical and future period of scenario A2 
is 53.73 % and for scenario B2 is 43.0%, which is an important indicator about 
what might happen in future hydraulic events taking into consideration the impact 
of climatic change which is associated with large uncertainties. 
 

Figure 5.10: Total average harvested runoff for the period 2002-2012,  
(source Zakaria et al., 2013c). 
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6. Conclusions 
Iraq is suffering water shortage problems. Applying Macro RWH will help 

to minimize the water shortage. RWH technique had been tested for the study areas 
at three Governorates (Erbil, Sulaymaniyah, and Nineveh) located north of Iraq to 
see the capability of the area to harvest rainwater. WMS was applied using daily 
rainfall data for the considered periods.

1. The results of estimating the runoff volume at southern, northern and eastern 
Sinjar district (Nineveh Governorate) showed that there was a significant 
amount of yearly runoff over the studied period that can be utilized for 
supplemental irrigation to maintain and increase the irrigated area of various 
winter crops.  

2. At southern Sinjar district, both scenarios used gave encouraging results for 
maximizing irrigated area but scenario two (all reservoirs within the basin 
were operated as one system) provided better results considering just one 
case of supplemental irrigation of 100% of full irrigation requirement in both 
scenarios.  

3. The results for the three supplemental irrigation scenarios used at northern 
and eastern Sinjar district indicated that using 50% deficit irrigation can be 
more beneficial than 100% SI and 25% of DI.  

4. The results of estimating the runoff volume at mountain area of Erbil 
Governorate using the average annual rainfall showed that a minimum of 
79.402 × 106 cubic meters of water can be harvested annually. This suggests 
that the allocation per capita per year will be about 2000 cubic meters. This 
will definitely help to develop the agricultural and industrial activities in the 
area.  

5. The results at Erbil Governorate (Koya) indicated that there was an increase 
in harvested runoff volume due to the adjustment of CN for the slope. The 
maximum, minimum, and average percentage of increase of harvested runoff 
volume reached 20.81%, 1.92%, and 9.28% respectively. The results showed 
that Koya district has the ability to produce good amount of annual volume 
of runoff.   

6. At Sulaymaniyah Governorate, RWH technique was tested to see its ability 
to help in overcoming the problem of drought. The total annual harvested 
runoff reached about 10.76 × 106 m3. These quantities can contribute in 
solving the problem of water shortage within the region. 
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7. Sinjar area north of Iraq is a typical rain-fed farm area. The results of 
investigating grain wheat yield indicated that, using rainwater harvesting 
technique gives total volume of harvested runoff that can be considered for 
irrigation practices, that reached up to 42.4, 25.1, 0.60, 10.9 (106 m3) during 
1995-1996, 1996- 1997, 1998-1999, and 2001-2002, respectively. The 
results show that, the supplemental irrigation scenario S3 (50% of full 
irrigation requirement) can save more water than scenarios S1 or S2 (100% 
and 75% of full irrigation requirement). The yield scenario Y3 (under 50% 
of full irrigation requirement) gave, 105 to 22,806 (ton) for bread wheat, and 
for durum wheat gives, 103 to 17,396 (ton). Scenario Y3 always gave the 
maximum total wheat grain yield for all the selected seasons compared to 
Y1, Y2, (the yields scenarios given by supplemental irrigation scenarios S1, 
S2 respectively). The results showed that bread wheat can satisfy a larger 
irrigated area and grain yield than durum. 

8. Box-Jenkins (ARIMA model) methodology could be used as an appropriate 
tool to forecast the weekly rainfall in semi-arid regions. The results achieved 
for rainfall forecasting will help to estimate hydraulic events such as runoff, 
then water harvesting techniques can be used in planning the agricultural 
activities in that region.  

9. Using scenarios of hypothetical rainfall data that were obtained by Box-
Jenkins (ARIMA model) methodology for the future period (2012-2016), the 
results show that the annual runoff reached up to 4.43, 2.18, and 3.49 million 
cubic meters for wet, dry and average years respectively. The runoff volume 
represents a considerable water amount for supplemental irrigation.  

10.Most recent studies conclude that wide adaptation is required to reduce 
vulnerability to climatic change. The goal should be a clean technology to 
reduce emissions in MENA region. Higher temperatures and less rainfall 
will make the MENA countries more arid. These changes will have a series 
of effects, particularly on the agriculture especially in rain-fed areas, energy, 
and food. A wide range of strategic policy measures will be required for 
adaptation, it is important to focus on modernization of methods for 
agricultural sector as well as enhancing food security, expansions in 
manufacturing and service industries in rural areas. 

11.Predictions of rainfall trends in the Middle East and Iraq in particular, 
suggest a decrease in rainfall due to climate change. The validity of RWH 
was investigated using predicted rainfall data in Sinjar area. The results 
showed that the maximum, minimum and average harvested future runoff 
volumes reached about 28.5, 7.61, and 13.9 million cubic meters that may 
occur during the seasons 2055-2056, 2046-2047, and 2065-2066 
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respectively. The comparison of the runoff results between future and 
historical recorded rainfall for the same study area showed that, first the 
average annual rainfall depth for the study period 1990-2009 was about 
325mm, while for the future period 2020-2099 was about 212.3 mm and this 
is in agreement with the impact of climatic change on the reduction of future 
rainfall within the MENA region. The total annual runoff volume for all the 
catchment area (1990-2009), ranged from 0.12 to 28.19 million cubic 
meters, and the average annual runoff volume was about 12.52 million cubic 
meters.  Results for the future rainfall, by all the catchment areas for the 
future selected seasons ranged from 7.61 to 28.5 million cubic meters, and 
the calculated average annual runoff volume reached 14.6 million cubic 
meters and the nearest amount for this value is satisfied in 2065-2066 of 
13.9 million cubic meters. It seems there is not that much change in the 
maximum runoff amount between historical recorded   and   future rainfall 
data. This might be due to a kind of equilibrium between decrease in total 
amount of the seasonal rainfall depths and increase in individual rain storms 
depths. In general, the individual future rain storm that produces runoff has 
increased in its rainfall depth and decreased in number of occurrence. 

12.An attempt was made to provide eastern Sinjar district with a set of charts 
that are easy to use in order to estimate the equivalent harvested runoff depth 
(mm) for different selected rainfall depths under different hydraulic 
conditions for the catchment area at eastern Sinjar district. 

13.Macro rainwater harvesting (RWH) technique had been tested for future 
rainfall data that predicted by two emission scenarios of climatic change (A2 
and B2) for the period 2020-2099 at Sulaymaniyah Governorate north east 
of Iraq, the results show that for maximum conditions, the predicted future 
rainfall with emission scenario A2 produced more harvested runoff than 
with scenario B2. And for average conditions, the predicted future rainfall 
with emission scenario A2 produced less harvested runoff than scenario B2. 
For minimum conditions, the predicted future rainfall with emission scenario 
A2 produced more harvested runoff than scenario B2. The percentage of 
average decrease in average total harvested runoff between historical and 
future period of scenario A2 is 53.73 % and for scenario B2 is 43.0%, which 
is an important indicator about what may happen in hydraulic future events 
taking into consideration the impact of climatic change is associated with 
large uncertainties. 
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Water Harvesting and Reservoir Optimization in Selected
Areas of South Sinjar Mountain, Iraq
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Abstract: Iraq is experiencing water-resource shortages which are expected to become more severe in the future. It is believed that rainwater
harvesting will be one of the solutions to overcome this problem. In this paper, rainwater harvest modeling techniques were applied to the
Sinjar area of northwest Iraq for agricultural purposes. A watershed modeling system (WMS) and linear programming (LP) optimization
techniques were applied to maximize the irrigated area, which could be supplied by each selected reservoir for the period 1990–2009.
This technique proved to be efficient for solving large-scale water supply problems with multiple parameters and constraints, including
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 within the basin were operated as one system. Both scenarios gave encouraging
results but Scenario 2 provided better results. DOI: 10.1061/(ASCE)HE.1943-5584.0000712. © 2013 American Society of Civil Engineers.

CE Database subject headings: Water resources; Iraq; Optimization; Irrigation; Reservoirs.

Author keywords: Water harvesting; Optimization technique; Iraq; Sinjar; Supplementary irrigation.

Introduction

Water shortages in the Middle East are increasing due to the in-
crease in water demand and limited water resources of the region.
Iraq heavily depends on the rivers Tigris and Euphrates for its water
resources. It was considered as a rich country in water resources
until the 1970s. After that time the situation deteriorated due in part
to hydrological conditions but also to the increasing effect of neigh-
boring countries in controlling the quantities of water entering Iraq
from the Tigris and Euphrates Rivers (Al-Ansari and Knutsson
2011). At the present time, agricultural activities are limited to a
narrow belt along the Tigris and Euphrates and their tributaries.
In view of the present water-resource conditions, other options need
to be considered to minimize the gap between water supply and
demand. In Iraq, more than 80% of its water resources are
consumed for agricultural activities. Nonconventional methods
or techniques are recommended to be used in this context to
augment water availability (Al-Ansari 1998).

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

crop requirements. Chow et al. (1988) defined the excess rainfall,
or effective rainfall, as the rainfall that is neither infiltrated into the
soil nor retained on the land surface.

Several researchers have studied the selection of suitable sites
for reservoirs, their size, and type for rainwater-harvesting
techniques to be used to suit diverse goals such as water supply,
limited power generation, and supplementary irrigation. Some
researchers have used extensive computational models in their
work. For example, Shinde et al. (2004) applied the REsource
ALlocation Model (REALM) which is a generalized simulation
modeling tool used to develop water allocation strategies together
with an optimization model (OPTIMISIR) for water-resource
planning to assist in identifying optimum annual operations.
Kularathna (2009) developed a multireservoir model for Water
Harvesting and Supplementary Irrigation System for Cascaded
reservoirs in a watershed (WH-SIS-CAD). Other researchers have
used remote sensing-based Landsat7 imagery to recognize the
major and minor land-form characteristics in the Ninevah Gover-
norate of northern Iraq in order to identify suitable sites for water
harvesting (Al-Daghastani 2008, 2010). The Soil Conservation
Service (SCS) method for estimating surface runoff was devel-
oped by the U.S. Department of Agriculture and was used to
estimate the water-harvesting potential from surface runoff for
a microdam irrigation project in Ethiopia (Abdurahman 2009).
Saber et al. (2009) proposed and applied a physically-based dis-
tributed hydrological model, based on the Natural Resource
Conservation Service (NRCS) method, to estimate excess rainfall.
This method (NRCS), which is based on curve number (CN), is a
quick and efficient way to estimate surface runoff for ungauged
watersheds (Patil et al. 2008). The model of Saber et al.
(2009) was applied to the Wadi Al Khoud in Oman (catchment
area 1,875 km2), to the Wadi Ghat in Saudi Arabia (catchment
area 650 km2), and to Wadi Assiut in Egypt (catchment area
7,109 km2). The authors concluded that the model was applicable
for estimating surface runoff in arid regions.

Harshi et al. (2010) developed a spatially explicit analytical
model referred to as geographical water management potential
to optimize the location for implementing a comprehensive and
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effective strategy for water management. They also used the SCS
and geographical information system (GIS) to provide input data
for their work.

Khidir (1999) presented a deterministic conceptual nonlinear
model to predict a runoff hydrograph for a single storm in northern
Iraq based on the SCS method to estimate the excess rainfall depth.
The model consists of three main parts. The first part is for estimat-
ing runoff based on the Percentage (or SCS) method. The second
and third parts of the model route the flow as 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 model efficiency [as presented by Nash and Sutcliffe
(1970) and as quoted by Krause et al. (2005)] lay between 0.95 and
0.48, indicating the suitability of the model in estimating the
runoff hydrograph for ungauged watersheds. Haji (2010) applied a
mathematical model to estimate the excess rainfall based on the phi
index (Φ index) method and NRCS method. The model was applied
to watersheds in northern Iraq. The results showed that the model
efficiency ranged between 0.96 and 0.72, and indicated that the
NRCS method could be applied to estimate runoff 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 con-
sidered to determine some properties (drainage area, characteristic
length, and subbasin slope) of the Koycegiz Lake-Dalyan Lagoon
watershed in the southwest of Turkey to be used as input for hydro-
logical and diffuse pollution modeling. Their results indicated
that the model was useful and could be reliable for developing
watershed management strategies. Other researchers have used the
model in different parts of the world where it has proved to be
successful (Owens 1998; Nelson et al. 1999; Abu Sharkh 2009;
Snobol et al. 2001).

The work presented in this paper uses the WMS system based
on the SCSmethod. It was applied to estimate the runoff volume for
each storm event for the period 1990–2009 in the study area (note
that 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. A linear
programming optimization technique was subsequently applied
to maximize the irrigated area, which could be supplied from pro-
posed storage dams in suitable selected sites based on available
storage capacity for each reservoir and runoff storage volume.

Study Area

The area of study is located on the southern flank of the Sinjar
Mountain in northwestern Iraq. This mountain extends 70 km from
the Ninevah 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 1,400 m above sealevel (masl). Some of
the beds are fractured but are filled with fine-grained sediments.
This area is usually planted with wheat and barley during the winter
season. The average annual rainfall, obtained from three meteoro-
logical stations (Sinjar, Telaafar, and Baaj) [Fig. 1(b)] is about
320 mm for the last 20 years. For the period considered, the maxi-
mum total annual rainfall depth was 502 mm and the minimum
total rainfall depth was 102 mm. This depth is of a nonuniform
temporal distribution and the total effective depth is insufficient
for average yields of wheat and barley in some years. The required
rainfall for cereal crops is of the order of 300–600 mm=year
(Oweis et al. 1999).

Drainage divides were identified on the basis of topography—
two main basins were chosen and a number of suitable sites were
selected as reservoirs for rainwater harvesting [Figs. 1(c and d)].

Fig. 1. (a) Location of study area in Iraq; (b) location of gauging stations; (c) watershed area of Basin A; (d) watershed area of Basin B
(© 2013 Google, © 2013 Cnes/Spot Image, © 2013 Basarsoft, U.S. Department of State Geographer)
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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), to minimize
evaporation loses (the ratio of surface area to storage volume was
kept to a minimum), and to safeguard the required storage. Details
of the subbasins upstream of the selected reservoirs are given in
Table 1. The first basin area (A) is about 3,476 km2, basin slope
is about 2.16%, and basin level is 365.7 masl. The area of the sec-
ond main basin area (B) is about 5,485 km2, basin slope is 1.48%,
and basin level is 292 masl.

Sandy loam, silty loam, and silty-clay loam are the soil textures
of the studied area (Rasheed et al. 1994). As far as the land use is
concerned, it is usually used for winter crops, mixed crops, and
pasture and seasonal grass (Fig. 2).

Simulation Models Used

The simulation model consisted of a number of steps and submo-
dels in a series of processes with the outputs of one model forming
the main input for subsequent submodels. In the first step, a digital
elevation model (DEM) was used to select the most 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 models were applied to view the sections of suitable dam
sites, which were chosen on the higher order streams. Then, sites
with a reasonable dam length (0.63–1.8 km including saddle
length) and minimum ratio of surface area to storage volume, with
sufficient storage capacity that can store the expected runoff were
selected. The WMS model used DEM data for the region in order
to delineate catchment areas (Environmental Modeling Research
Laboratory 2004) to divide the main basins into a number of
subbasins and to route water through the stream network.

The WMS is an efficient tool that enables hydrologists and
water-resource engineers to route the rainfall runoff through
GIS-based models more efficiently than other conventional model-
ing methods (Nelson et al. 1999).

Runoff Model

For the selected dam sites, daily rainfall data were used to estimate
the runoff hydrograph for each single storm based on WMS. The
runoff hydrograph was the major input to the selected reservoir
sites. The runoff model was based on SCS, the CN method (Chow
et al. 1988). This method was selected due to its suitability for ap-
plication in the studied area and the precision in results obtained
elsewhere (Khidir 1999; Haji 2010). It also has a number of
advantages and disadvantages (Ponce and Hawkins 1996). The
advantages of the method are that it is simple and predictable to
estimate the direct runoff from storm rainfall depth. Moreover, it
is based on one parameter, which varies only with soil class, land
use and antecedent moisture conditions (AMCs), and it is widely
acceptable in the United States and other countries. The main dis-
advantages of this method are that it was originally developed for
agricultural areas and then extended to be applied to urban areas
and it does not account for preexisting base flow when estimating
the effect of additional runoff. Finally, the method is very sensitive
to CN values for the areas having low CNs and/or low rainfall.

Disadvantages were noted by Ponce and Hawkins (1996) relat-
ing to this method but they are inapplicable to the studied area. The
studied area is agricultural and there is no base flow. Furthermore,
the CN in the region is greater than 76 and the effective rainfall is
more than 14 mm. Melesse et al. (2003) estimated the runoff based
on the NRCS CN method and compared these estimates with
observed values. The results indicated that the model predicted
the runoff volume with a model efficiency of 98% for a rainfall

Table 1. Details of the Subbasins Upstream the Selected Reservoirs

Subbasin data

Basin A Basin B

Subbasin 1 Subbasin 2 Subbasin 3 Subbasin 4 Subbasin 1 Subbasin 2 Subbasin 3

Area (km2) 378 1,141 1,133 824 4,108 854 523
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

Fig. 2. Land-use maps for Basins A and B
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depth of 12.7 mm or more and concluded that it could be applied to
predict runoff hydrographs for ungauged watersheds.

The land-use data (as a digital map) and soil type were used to
identify the CN for each subbasin. Then based on percent of area
for each subarea, the weighted average CN was estimated as input
in the runoff model. The CN considered for each storm was cali-
brated on the basis of AMCs for dry, average, and wet periods.

Identifying the AMCs was based on the total antecedent rainfall
depth for 5 consecutive days, which were identified in the daily
rainfall data for the region. The tabulated CN is equal to CNII
for average conditions and is modified for dry and wet conditions
by the following equations (Chow et al. 1988):

CNI ¼
4.2 × CNII

10 − 0.058 × CNII
ð1Þ

and

CNIII ¼
23 × CNII

10þ 0.13 × CNII
ð2Þ

in which CNI = curve number for dry conditions; and CNIII = curve
number for wet conditions.

Supplemental Irrigation Model

In this model, the irrigation water requirement was identified for
each day of the growing season depending on crop water require-
ments, the available rainfall depth, and soil moisture content. The
soil-available water depends on plant root depth, soil type, and
allowable percent of soil water 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:

Rdi ¼ Rdmax½0.5þ 0.5 sinð3.03ii − 1.47Þ� ð3Þ
in which Rdi = actual root depth at time ii (mm); Rdmax =
maximum root depth (mm); and ii = relative time elapsed between
planting and maturity.

The available water soil storage of the soil (AWSC) (mm=mm)
was identified on the basis of soil type. Then, for each time interval
which was considered here as 1 day, the total soil water storage
(SWSi) (mm) at time i was estimated by the following equation:

SWSi ¼ Rdi × AWSC ð4Þ

The maximum soil water deficit MSEDi (mm) at time i was
estimated by the following equation:

MSEDi ¼ SWSi × AC% ð5Þ

The available water soil storage of the soil (AWSC) and the per-
cent of availability of water storage (AC%) were taken from data
supplied by the Ministry of Agriculture, Food and Fisheries (2002).

The required irrigation depth (RIDi) for each time interval i was
estimated by the following equation:

RIDi ¼ CUi −MSEDi for CUi > MSEDi ð6Þ
in which CUi = consumptive use for the considered crop at interval
i (mm).

The irrigation water requirement was equal to zero if the crop
requirement was less than the maximum soil water deficit (MSEDi)
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 MATLAB software.

Optimization Model

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

MaxðBÞ ¼
Xn

i¼1

C × Ai ð7Þ

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
is considered any number gives the same results); Ai = planting
area that can be supplied by irrigation water requirements for res-
ervoir i (m2); and n = number of reservoirs operated as one system
and equals to 1 in Scenario 1 of operation.

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

Si;jþ1 ¼ Si;ji þ RUNi;j þ
Xnr

k¼1

OUTk;j

− RIDj · A − EVi;j − OUTi;j ð8Þ

where Si;j = storage volume at reservoir i at the beginning of time
interval j (m3); Si;jþ1 = storage volume at reservoir i at the end of
time interval j (m3); RUNi;j = runoff volume enters to reservoir i
for the time interval j (m3); OUTk;j = outflow (spillage) volume
from the number of reservoirs nr that are located upstream of
reservoir i for the time interval j (m3); EVi;j = volume of evapo-
ration loss from reservoir i for the time interval j (m3); and
OUTi;j = spillage volume of water from reservoir i for the time
interval j (m3).

The preceding equation was applied for each reservoir and
the number of these constraints was equal to the number of time
intervals multiplied by 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:

Si;j ≤ Smaxi ð9Þ

where Smaxi = maximum allowable storage capacity of the
reservoir i (based on topography of reservoir sites and valley
depth) (m3).

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

Si;j ≥ Smini ð10Þ

This type of constraint [Eqs. (9) and (10)] was applied for each
reservoir at each time interval.

Runoff Model Evaluations

In order to apply the runoff model in the study area, it was cali-
brated using observed data from a watershed in the same area with
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Fig. 3. (a) Observed (measured) and simulated hydrograph for Storm I; (b) observed (measured) and simulated hydrograph for Storm II; (c) observed
(measured) and simulated hydrograph for Storm III

JOURNAL OF HYDROLOGIC ENGINEERING © ASCE / DECEMBER 2013 / 1611

J. Hydrol. Eng. 2013.18:1607-1616.

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

LU
LE

A
 U

N
IV

ER
SI

TY
 O

F 
TE

C
H

N
O

LO
G

Y
 o

n 
02

/1
9/

14
. C

op
yr

ig
ht

 A
SC

E.
 F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

rig
ht

s r
es

er
ve

d.



known rainfall and runoff. The selected watershed had an area
of 53.8 km2, an average basin slope of 7.2%, a basin length of
17.7 km, and a maximum basin elevation 554.1 masl.

Three runoff hydrographs were observed for three single storms
for the rainy season 1991–1992 [Rafik (1993) as quoted 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 hydro-
graph and volume. The soil properties and land-use maps for the
considered evaluation area will be discussed later. Figs. 3(a–c)
show the observed and simulated hydrographs for the three storms
considered. The results of the simulated hydrograph were evaluated
based on model efficiency and t-tests 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—79.9, 95.4, and 72.3% for Storms I, II,
and III, respectively. The paired t-test values were less than the
tabulated: t-value ¼ −0.18, p-value ¼ 0.863, and degrees of free-
dom ðDOFÞ ¼ 12 for Storm I; t-value ¼ 1.52, p-value ¼ 0.159,
and DOF ¼ 10 for Storm II; and t-value ¼ 0.70, p-value ¼ 0.50,
and DOF ¼ 12 for Storm III which indicates that there was no
significant differences between the measured and simulated flow
rate for the different hydrographs. There was no significant differ-
ence between the measured and simulated runoff volumes due
to the acceptable agreements between measured and simulated
flow rate for the different hydrographs based on model efficiency
and t-test 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
preceding evaluation.

Model Applications

After selecting the proposed reservoir 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 cumulative equivalent runoff for each
selected reservoir location for the considered period was drawn in

Figs. 4(a and b), with annual rainfall for Basins A and B, respec-
tively. The second model was then 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
maximize the irrigation area for each selected reservoir with full
irrigation requirements. The optimization model was operated in
two scenarios. In Scenario 1, for each subbasin area, the selected
reservoirs were operated as individual storage systems. The up-
stream reservoir’s outflow was considered as an inflow for the
downstream reservoir in addition to runoff volume from the water-
shed in between the two reservoirs. Infiltration loss for the spill
flow in between the successive reservoirs was not included due
to its insignificant contribution, especially when the flow occurred
in wet days and the streambed was already saturated after days of
continuous rain. Additionally, the evaporation was neglected due
to low temperatures, the high relative humidity during wet days,
and the limited flow surface area.

The length of growing season was about 180 days. Therefore for
each reservoir, the number of constraints [Eqs. (8–10)] was 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 Figs. 5(a and b).

In the second scenario, the reservoirs of each basin were oper-
ated as a single system with limited storage for each one and the
objective function was to maximize the total irrigated area. In this
case, the number of constraints was the same as in case one times
the number of reservoirs operated as one system. The resultant ir-
rigated area for each reservoir and for the total of all reservoirs in
one system is shown in Figs. 6(a and b). Reservoir sedimentation
was considered minimal due to the fact that the area is wholly
covered with limestone.

Results and Discussion

The daily rainfall data for the period 1990–2009 for Sinjar,
Telaafar, and Baaj stations in northwest Iraq showed that the aver-
age total rainfall depth was 320 mm. 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 techniques can be used in this area to over-
come these difficulties. The results for the runoff model showed
that there was a significant quantity of runoff, which could be
stored in the suggested reservoir sites. Figs. 4(a and b) showed that
the equivalent runoff could be up to 68.7 mm. Consequently, based
on rainfall and resulting runoff values, the runoff coefficients were
0% for dry years and 16.6% for wet years. This coefficient varies
among subbasins based on the differences in basin characteristics.
The runoff volume or coefficient also varied significantly from
season to season, even though the total rainfall was similar. The
equivalent runoff depth of subbasins within Basin A was in
descending order. They are Subbasins 3, 4, 2, and 1 for all the years
considered as shown in Fig. 4(a). This was due to the effect of the

Table 2. Rainfall Storm Data and Values of Considered Evaluation Criteria
for Flow Rate Hydrograph

Storm
number

Rainfall
depth (mm)

Duration
(h)

Flow rate evaluation

t-test
Model

efficiency (%)

I 24 4 −0.18 79.9
II 25 7 1.52 95.4
III 23 3 0.70 72.3

Table 3. Properties of Selected Reservoirs in Basins A and B

Reservoir properties

Basin A Basin B

Reservoir 1 Reservoir 2 Reservoir 3 Reservoir 4 Reservoir 1 Reservoir 2 Reservoir 3

Maximum 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 1.8a 0.93 0.90 1.68a 1.35a

aThe length including a saddle dam.
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CN. This value changed with AMCs. It should be noted that the
basin having the maximum CN value contributed the maximum
runoff relative to the other subbasins. Also for Basin B, the
equivalent runoff depth for Subbasin 1 was greater than for
Subbasin 2, which in turn was greater than that of Subbasin 3
for all years considered as shown in Fig. 4(b) for the same reason
previously noted.

In Scenario 1, the reservoirs were operated individually and the
resultant maximum irrigated area for Basin A was 12,725, 13,661,
14,875, and 4,709 ha for Reservoirs 1, 2, 3, and 4, respectively
[Fig. 5(a)], while the average values were 1,377, 2,656, 3,130,
and 1,067 ha for the four reservoirs, respectively. The maximum
total irrigated area was about 45,970 ha and the total average values
were 8,230 ha. For Basin B, the maximum irrigated area for each
reservoir was 3,805, 4,648, and 49,554 ha [Fig. 5(b)], while the
average values were 1,300, 1,580, and 7,860 ha for Reservoirs
1, 2, and 3, respectively. The maximum total irrigated area for

all the reservoirs in Watershed B was 58,007 ha, while the total
average value was 10,740 ha.

The resultant irrigation areas in Figs. 5(a and b) for Basins A
and B, respectively, were usually greater for the largest reservoirs
having maximum storage capacity, such as Reservoir 1 in Basin B.
The smaller reservoirs having no high-percent difference in size
(e.g., Reservoirs 2 and 3 in Basins A and B, the difference in
storage capacity was 9.2 and 17.4%, respectively) showed little
increase or decrease in irrigation area. In the preceding cases,
the average differences in irrigation area were 17.9 and 17.7% for
Reservoirs 2 and 3 in Basins A and B, respectively.

This increase or decrease in irrigation area was due to the fact
that the resulting area does not depend only on reservoir size (stor-
age volume), but also on the equivalent runoff depth, watershed
area for that basin, and the effect of evaporation losses, which de-
pends on reservoir surface area. In addition to the previous factors,
the distribution of runoff volume within the rainy season also has

Fig. 4. (a) Accumulated yearly rainfall on Basin Awith equivalent runoff depth for Reservoirs 1, 2, 3, and 4 for studied period; (b) accumulated yearly
rainfall on Basin B with equivalent runoff depth for Reservoirs 1, 2, and 3 for studied period
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an effect on the resulting size of the irrigated area. The effect is
attributed to the fact that the rainstorms might be concentrated
in short successive periods which will fill the reservoir and
start spilling over or may be distributed through the season with
minimum spill losses.

In Scenario 2 of the operation strategy, all the reservoirs in both
basins (A and B) were operated as a single system for each year
considered. This meant that the objective function was to maximize
the sum of the 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 the irrigated area for Scenario
1 for all years [Figs. 6(a and b)]. The maximum and average
irrigated area for Basin A was 46,147 and 9,380 ha, respectively,
with a maximum increase in irrigated area of 59.3% and an average
increase in irrigation area of 11%; while for Basin B the maximum
and average irrigated area was 58,170 and 11,740 ha, respectively,
with a maximum increase in irrigation area of 28.5% and an
average increase in irrigation area of 4.4%.

In the second scenario of operation, the total irrigated area was
equal to the irrigated area of the downstream reservoir (at the end

of the basin) in most 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 reservoirs that store the water in rainy days
when the runoff was high and could not be stored in the lower res-
ervoir alone. The stored water was released gradually from the
upper reservoirs to the lowest one. This reduces the evaporation
losses, i.e., the water was stored in the reservoir within the system
having minimum values for the 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 1 of operation as separate
reservoirs.

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 between 9.1 to 19.1 mm for different subbasins
over the studied period. This indicates that this runoff volume

Fig. 5. (a) Resultant irrigation area for Reservoirs 1, 2, 3, and 4 of Basin A for studied period (Scenario 1); (b) resultant irrigation area for
Reservoirs 1, 2, and 3 of Basin B for studied period (Scenario 1)
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can be utilized for supplementary irrigation to maintain and in-
crease the yearly yield of various winter crops. The optimization
technique for selected reservoir operation in each main basin
was considered for two scenarios of operation. The reservoirs were
operated as split units in the first one while, in the second, all the
reservoirs in the main basin were operated as a single system.

The results of total maximum irrigated area for Scenario 1 of
the operation were about 45,970 ha for Basin A with an average
value of 8,230 ha for the period considered. The total maximum
and average irrigation areas for Basin B was 58,007 and 10,740 ha,
respectively. In Scenario 2, the total maximum and average irriga-
tion area was 46,147 and 9,380 ha, respectively for Basin A. The
total maximum and average for Basin B was 58,170 and 11,740 ha,
respectively.

There was an increase in irrigated area in Scenario 2 of the op-
eration that reached 11 and 4.4% as average values for Basins A
and B, respectively. The potential for implementation of water

harvesting in this area seems to be very effective and suggests that
larger areas could be used for agricultural practices.

In both cases of operation, the results of the 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 2 is more beneficial.

Notation

The following symbols are used in this paper:
Ai = planting area that can be supplied by irrigation water

requirements for reservoir i (m2);
AC = percent of availability of water storage;

AWSC = available water soil storage of the soil (mm=mm);
B = value of objective function;
C = yearly benefit from each unit of planting area;

Fig. 6. (a) Total irrigation area for Reservoirs 1, 2, 3, and 4 of Basin A for Scenarios 1 and 2; (b) total irrigation areas for Reservoirs 1, 2, 3, and 4 of
Basin B for Scenarios 1 and 2
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CNI = curve number for dry condition;
CNII = curve number for or average condition (tabulated value);
CNIII = curve number for wet condition;
CUi = consumptive use for the considered crop at

interval i (mm);
EVi;j = volume of evaporation loss from reservoir i for the time

interval j (m3);
ii = relative time elapsed between planting and maturity;

MSEDi = maximum soil water deficit at a particular time i (mm);
n = number of reservoirs operated as one system;

OUTi;j = spillage volume of water from reservoir i for the time
interval j (m3);

OUTk;j = outflow (spillage) volume from the number of
reservoirs, nr, that are located upstream of reservoir i
for the time interval j (m3);

Rdi = actual root depth at particular time ii (mm);
Rdmax = maximum root depth (mm);
RIDi = required irrigation depth for each time interval i (mm);

RUNi;j = runoff volume enters to reservoir i for the time interval j
(m3) that are located upstream of reservoir i for the time
interval j (m3);

Si;j = storage volume at reservoir i at the beginning of time
interval j (m3);

Si;jþ1 = storage volume at reservoir i at the end of time interval
j (m3);

Smaxi = maximum allowable storage capacity of the reservoir
i (m3);

Smini = minimum allowable storage capacity of the reservoir
i (m3); and

SWSi = total soil water storage at particular time i (mm).
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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 1000m2) or 
macro-catchment runoff farming (area between 103 – 2×106 m2, (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/m3 and may 
increase to 1.0 kg/m3 i.e. about 300% by improved management and rainfall distribution. The 
results showed that 1 m3 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 



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

126 
 

(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 

(m2) and its CN values and daily rainfall depth (mm). The output was daily runoff (m3). 

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(106m3) 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 
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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
IPPe
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. 



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

128 
 

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
SPPe                                                                                                                     (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
CNS                                                                                                              (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

CNCN
*058.010

*2.4
                                                                                                       (5) 

II

II
III CN

CNCN
*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
*TAWPAWAVW                                                                                                             (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) (m3).

jvS )( =volume of storage at the beginning of time interval (j) (m3).

jnI )( =volume of inflow to the reservoir during the time interval (j) (m3).

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 follow: 

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

In which; 

jRD )( = volume of demand i.e. irrigation water at time interval(j), (m3).;

jVresE )( = volume of evaporation loss from the reservoir (m3).

)( pS = volume of spilled water through time interval (j), (m3).

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, (m3). 

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



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

134 
 

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 (106 m3) 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 (106 m3) 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 *104m2 during the season 
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(1997-1998) at basin (1), while the least irrigated area was 0.3 *104m2  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 *104m2 (2000-2001) at basin (1), and 0.7 *104m2 (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 *104m2 (1997-1998) at basin (1), and 0.4 *104m2 (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 (106 m3)
while the irrigated area was 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 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 (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, (Fig. 7-B and 7-C). 

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) (Fig. 8).  

The results of total irrigated areas of crop for all basins, together, ranged 14.5-3663.7 (104m2)
for the scenario of 100% SI, 33.0-39827.1 (104m2) for the scenario of 50% of DI and 20.1-7314.0
(104m2) 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 (106 m3). 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 (104m2) 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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Abstract- Iraq is facing water shortages and the problem is becoming more serious with time. The main water resources of Iraq (Tigris and
Euphrates Rivers) suffer from severe reduction in their discharges due to construction dams on the both banks of Rivers inside Turkey and 
Syria. Agricultural land had been reduced drastically due to water scarcity. Despite this fact, none of the Iraqi farmers had yet used non-
conventional techniques to augment water resources to overcome water shortage problems such as Rainwater Harvesting (RWH) tech-
nique. 
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, and therefore provide an academic effort as a tool for encourage and decision support for 
RWH in Iraq. 
Macro RWH (large catchment area), was applied at East Sinjar Mountain in Iraq. The estimating volume of harvested runoff ranged (0.11-
28.11)×106 m3 calculated using the Watershed Modeling System (WMS) for the four selected basins together with total area of 435.14 km2

for the study period of (1990-2009). 
The results of estimating runoff volume showed that the runoff volume can be considered for irrigation practices especially in supplementary 
irrigation. 
A linear programming technique was adopted to maximize the irrigated area. Three scenarios of irrigation level were chosen: supplemental 
irrigation (SI) 100% Satisfy full irrigation requirements (S1), deficit irrigation (DI) 50% of full irrigation requirements (S2), and deficit irrigation 
(DI) 25% of full irrigation requirements (S3). The resultant irrigated area ranged between 18-2646 for SI 100%, 58-41303 for DI 50%, and 27
-9543for DI 25% hectares respectively for all four selected basins together. These results reflect useful value of RWH and its influence to 
increase the irrigated area in the studied region. 
Key words- Macro Rainwater Harvesting, WMS, Supplemental Irrigation, Sinjar, Iraq. 
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Introduction 
Several factors can affect agricultural production, but water is the 
most important factor [28]. Iraq's water resources is facing a big 
problem of water shortages, due to shortage of water supply from 
the main two rivers [5]. In addition the geographic location of the 
country in a dry area which is characterized by water scarcity and 
low annual rainfall (154 mm/year) [5] with uneven distribution [13]. 
This rainfall depth is not enough for successful agriculture produc-
tion [26].  

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 [27]. Water productivity is the yield per unit of water 
used [28].  
The most influential factor for improving agricultural production in 
dry areas is the water. Consequently, the strategy that should be 
adopted is represented by maximizing the yield per unit of water 
used and not the yield per unit of land. This will lead to more pro-
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duction of the harvest using less amount of the water. It should be 
mentioned however, that this strategy will take place if all other 
factors of improving agricultural production are taken in considera-
tion [28].  
The productivity of the rainwater can be significantly improved by 
applying a specific technique such as Macro RWH (large 
catchment area), based on availability of a surface reservoir. This 
will increase the water productivity as well as the agricultural land 
especially when RWH is combined with most efficient-proven 
irrigation technologies, such as supplemental irrigation (SI) and 
deficit irrigation (DI).  
Oweis and Hachum (2003) indicated that adding limited amount of 
irrigation water for the rainfed agricultural area during critical stag-
es of crop growth can improve not just the yield but water produc-
tivity as well [27]. 
The potential of enhancing crop production by using rainwater 
harvesting and management of soil fertility is widely cited [21]. 
The selected criteria have important role for the prosperity of the 
water harvesting [25]. It was found that, the conjunctive use of 
rainfall and limited irrigation water will greatly enhances the yields 
and water productivity [26]. 
RWH system gives a prospect for integrating several aspects of 
soil and water movement. Starting with fall of the rain, part of its 
water is directed either to deep percolation into the ground, or 
starts the process of runoff. Surface runoff can be captured into 
reservoirs and may be spilled over or released to lower agricultur-
al area [31]. This integration leads to other factors that impact the 
process of runoff generation in the watershed. The adoption of 
throughfall in the rainfall-runoff analysis within sub-watershed is 
also essential in the planning and management of rainwater har-
vesting [31]. 
The rainfall-runoff relationship of watershed have been studied 
with different approaches such as water balance, agricultural non-
point source, kinematic wave storm runoff, and Soil Conservation 
Service Curve Number (SCS-CN). However, SCS-CN method 
having its advantages over other above mentioned methods [16]. 
Adekalu, et al (2009) tested the impacts of macro and micro 
catchments runoff harvesting [3]. They stated that using harvested 
runoff water with supplemental irrigation which provides twin ben-
efits 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 
[22]. 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 effi-
ciency can hardly reach 3 kg ha-1 mm-1.
Kadam, et al. (2012) investigated a watershed located in semi-arid 
area, in India, using Arc-CN runoff tool, to identify the potential 
locations to create rainwater harvesting components [16]. They 
conclude that the average accuracy of Soil Conservation Service 
Curve Number (SCS-CN) method is about 86.25 %, taking into 
consideration accuracy of rainwater harvesting components. In 
addition, SCS-CN method is effectively proven as a better tech-
nique, which consumes less time, higher accuracy and ability to 
handle extensive data set as well as larger geographical area to 
identify preliminarily rainwater harvesting potential sites. 
Khidir (1999) presented a nonlinear model for runoff hydrograph 
for a single storm in northern Iraq [18]. The goal is to estimate the 

runoff based on Soil Conservation Service method and the routing 
flow in the overland flow and channel. His results indicate that the 
model is capable in estimating the runoff hydrograph for un-
gauged watersheds 
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% [2]. 
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 im-
proved 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 kg/m3 i.e. about 300% by 
improved management and rainfall distribution. The results 
showed that 1 m3 of water applied as SI at the suitable time might 
produce more than 2 kg of wheat grain over that irrigated by rain-
fall only [27].  
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% [32]. 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. 
Haji (2010) had applied her model on watersheds in Northern Iraq 
for estimating excess rainfall based on two methods, the first is 
Phi index (  index) method and the second is Natural Resource 
Conservation Service (NRCS) method [15]. The results of her 
model 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. 
In Iraq, water harvesting techniques are not used yet. It is hoped 
that this study will lead to encourage farmers to use these 
techniques. 
It is believed that rain water harvesting will be one of the solutions 
to overcome water shortages problem in Iraq.

Study Area 
The study area (Eastern Sinjar District) (Fig. 1A) is located within 
Nineveh province in northwest Iraq about 84 km of Mosul center. 
It is surrounded from the north by Al-Jazeera Irrigation Project, at 
the south by some hills with average height up to 100 meters, at 
the west by Sinjar Mountain with its highest peak having an eleva-
tion of 1400 meters (a. s. l.) and the extension Province of Nine-
veh from the east. 
The average annual rainfall obtained from (4) meteorological sta-
tions (Rabiaa, Sinjar, Tal Afar and Mosul) (Fig. 1B) is about 
325mm for the study period 1990-2009 (Fig. 2).  
The rainy season start in November and nearly ends in May. Dur-
ing this season, the excess rain water (runoff) flows in the valleys 
from the hills toward north and east. Maximum monthly evapora-
tion is usually recorded in July and reaches 563.4 mm. The value 
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drops to 57.4 mm in December. Water consumption for the wheat 
crop is ranging from 26.7 mm in December to the 197.6 mm in 
May [7]. 
The main crops in the study area are wheat, barley in additional 
some summer vegetables. 
Buringh (1960) classified Iraq’s soil into eight types, two of which 
represent the soil of the study area [9] (Fig. 3). The first is brown 
soil which covers most of the study area, known as type 35 ac-
cording to the soil map of Iraq, and characterized by pH>7 and 
organic matter of 1-2 % the soil deep > 2 m and consists of silt 
clay and silt clay loam [2]. The second type of soil is lithosolic soils 
in sandstone and gypsum soil type 31 according to the soil map of 
Iraq, which cover the most Upland areas and hills southern study 
area.
Fields observation indicate that, the catchment area of selected 
basins, contains three basic zone cultivated land, pasture land 
with of poor to good condition, and land covered by exposures of 
hard rocks. 
For the selected dams’ locations, and to ensure minimum evapo-
ration, the cross section of the valleys were carefully chosen to 
minimize surface area of their reservoirs. 
The heights and lengths of the dams were taken into considera-
tion to minimize the construction cost of dams. 

Fig. 1- (A) Map of Iraq shows the Sinjar District at North West of 
Iraq, the red spot (Source : lonelyplanet.com). (B) Enlarged Map 
of Sinjar District and the surrounding areas, show the four basins 
of the study area surrounded by four climatic stations Rabiaa, 
Sinjar, Tal Afar and Mosul (red spots) (Source : Google map)

Fig. 2- Mean annual rainfall for the period 1990-2009 in Eastern 
Sinjar District  

Watershed Modeling System (WMS) 
The main purpose of the Watershed Modeling System (WMS) is to 
set up mathematical watershed hydrologic models for engineering 
purpose [23]. WMS has the ability to simulate the rainfall-runoff 
process for different conditions based on inside standard models. 
Large group of researchers used WMS to simulate the rainfall-
runoff process using one of the inside standard models [24,29,34]. 
They used standard computer models of HEC-1. Erturk, et al 
(2006) and Abu Sharkh (2009) used standard computer models of 
Rational Method [1,12]. While Clinton Country Board of Commis-
sioners (CCBC) (1995), Al-Ansari, et al. (2012) and Zakaria, et al. 
(2012) used computer model TR-20 [4,11,35]. This model is wide-
ly used [19]. 
The land use map (Fig. 4), was obtained for the selected basin 
based on the map produced by Remote Sensing Center, Universi-
ty of Mosul [6].  
Runoff was simulated using WMS with computer model TR-20 
depending on the SCS runoff curve number (CN) method. Details 
of the selected basins with reservoirs properties are listed in Table 
1. The input data were total area of individual selected basin (m2)
and its CN values and daily rainfall depth (mm). The output was 
daily runoff (m3).Using the topographic features of the study area, 
four basins (Fig. 4) were selected to be used for calculating the 
runoff.

Table 1- Details of the selected basins with reservoirs properties 

Fig. 3- (A) soil map of Iraq / directorate general of agricultural 
research and projects/ ministry of agricultural/ Baghdad. (B) En-
large map shown soil type of the study area at northwest of Iraq. 
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Details basin No.1 basin No.2 basin No.3 basin No.4 
Curve number (CN)  77 79 78 82
Basin area (km)2 63.32 65.81 151.77 154.25 
Average basin slope % 0.9 0.8 1.1 1.2 
Mean basin elevation (m) 343 455 426 435 
Max. reservoir capacity(106m3) 0.756 0.265 0.872 0.846 
Max. dam length (m)  850 636 904 763 
Max. dam height (m) 2.5 3 4 6
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Fig. 4- (A) The four selected basin at east sinjar. (B) Land use 
map for the four selected basin at east sinjar  

Runoff model  
Daily rainfall data on Eastern Sinjar area had been used to esti-
mate the runoff for each single storm by applying WMS software. 
The considered runoff was based on SCS Curve Number (CN) 
method. CN method is widely used by many researchers [30].  
For the current research, four basins were selected to harvest the 
rainwater in the study area. The curve number values are estimat-
ed 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 35 for growing and 12.7 mm for dormant season. 
Wet condition will be achieved if the total five days rainfall depth is 
greater than 53 mm for growing and 28 mm for dormant season 
respectively [10].  
CN value was modified for dry and wet conditions using the follow-
ing equations: 

    (1) 
and

    (2) 
In which: 

: is the curve number for dry condition. 

: is the tabulated curve number (Soil Conservation Service 
1972, chapter 9, Chow Ven Te, 1988, chap 5). 

: is the curve number for wet condition. 
This method was chosen because it is suitable for application in 
the studied area and gave good results[15,18]. 
Curve Number method depends on 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 was applied in 
many countries of the world [30].  
The disadvantages of CN method are that, it is initially developed 
for agricultural regions before extended to be applied on urban 
regions and runoff should be with negligible base flow when esti-
mating excess rainfall. In addition the method is sensitive to curve 
number value for the areas having low curve number, and/or low 
rainfall depth [30].  
Despite the fact that there are disadvantages on CN method but 
they are inapplicable on the studied area due to its nature 
(agricultural land), there is no base flow according to the runoff 
flow and the curve number is not low in its value (Table 1). 
The runoff model was calibrated using actual rainfall and runoff 
measurements [18]. The details of the calibration process are 
discussed in details by Al-Ansari, et al. (2012) [4]. 

Supplemental Irrigation model 
Using Matlab 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 rain-
fall depth, soil water storage and crop water requirements using 
the following equation: 
  RID = CONUSE - AVW, when CONUSE > AVW (3) 
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 : 

     (4) 
In which: 
PAW = percentage of the available water or percentage of the 
depletion, consider= 50% [20].  
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/mm) 
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: 

     (5) 
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 using equation (6) 
developed by Borg and Grimes (1986) [8] as quoted by Gregory,
(2006) [14]: 

 (6) 
In which: 
DAP = current day after planting. 
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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 irriga-
tion requirements is defined as the 50% and 75% of the total 
amount of water required for the crop consumptive use respec-
tively. 

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

    (7) 
In which:  
ObjFunc. = value of objective function. 
A = irrigated area. 
The objective function is subjected to some constraints, such as 
the volume balance equation, for daily intervals which can be 
expressed as follows: 

    (8) 
In which: 

=storage volume at the end of time interval (j) (m3). 

=volume of storage at the beginning of time interval (j)
(m3).

=volume of inflow to the reservoir during the time interval 
(j) (m3). 

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

The outflow volume  at the time interval (j) can be ex-
pressed as follow: 

   (9) 
In which; 

= volume of demand i.e. irrigation water at time interval(j)
(m3).;

= volume of evaporation loss from the reservoir (m3).

= volume of spilled water through time interval (j) (m3). 
The constraints of storage capacity are:  

j= 1,2,3.… n    (10) 

And  j= 1, 2, 3…. n    (11) 
In which: 

= minimum storage capacity of the reservoir (m3). 

= maximum storage capacity of the reservoir (m3). 

  = number of time intervals.  
 
Model Application  
WMS was applied for each single rainfall storm for the four select-
ed basins to find out the runoff as a volume of water which can be 
collected and stored in the reservoirs. 
The locations of the reservoirs were previously carefully chosen. 
Then, their water is to be used for irrigation process in the study 
area.
Three irrigation scenarios were used assuming supplementary 
irrigation 100% of crop water requirement (S1), and two Deficit 
Irrigation 50 % (S2) and 25 % (S3) 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 almost 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 [33].  
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 irriga-
tion scenarios and the runoff volume that was stored in the reser-
voirs to find out the maximum cropped area (A) for each reservoir 
for a period of 17 agricultural seasons 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 spa-
tial distribution over the season. In such a case, water can be 
stored in the reservoirs and used to irrigate the crop.  
 
Results and Discussion 
Fig. 2 shows the seasonal rainfall for the period of 1990-2009 at 
Eastern Sinjar district 
The annual rainfall during the study period reached 435mm in 
1995-1996 and drop to 150mm in 1998-1999 with mean of 
325mm which reflect the characteristic of arid and semi-arid re-
gion. Such values are insufficient to grow economical crop accord-
ing to Oweis, et al (1999) [26].  
The total calculated volume of harvested runoff (Fig. 7) from all  
the basins was stored in the assumed reservoirs according to their 
capacity (Table 1).  
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 Zakaria S. (2012) [35]. In spite of the fact that 
not all rainfall storms produce runoff, but even with that the weak 
rain storm is very important for estimating the SCS curve number 
where it effect the corresponding value of CN and increase its 
value from dry to wet and this is very important for runoff calcula-
tions.

)(.)( AObjFuncMAX

jtjnjvjv OISS )()()()( 1

1)( jvS

jvS )(

jnI )(

jtO )(

jtO )(

)()()()( pjVresjRjt SEDO

jRD )(

jVresE )(

)( pS

jVS )( MinV

jVS )( MaxV

MinV

MaxV

n

Geoscience Research 
ISSN: 0976-9846 & E-ISSN: 0976-9854, Volume 3, Issue 2, 2012 

Saleh Zakaria, Nadhir Al-Ansari, Mohammad Ezz-Aldeen and Sven Knutsson 



Bioinfo Publications   105 

 

Some season has high rainfall storm, in case of successive and 
sequential matter. In such circumstances the harvested runoff 
may fill the reservoirs, especially if they limited with their capacity, 
so the following runoff event will be of no use in such cases, 
where most of the water will be lost through spillway of the dams. 
Other season has suitable to large volume of rainfall water, but 
not in the right suitable time for irrigation. Such events might take 
place during the second half of the growing season. This means 
that all the harvested runoff of these rainfall events will be of no 
use for irrigation process to the cop.  
The results showed that the most influential factors on the har-
vested runoff volume are the size of the catchment area, the distri-
bution and amount of rainfall, the size of the reservoirs and the 
important effect of CN values.  
For the growing season 1999-2000, due to the rainfall conditions, 
the harvested runoff volume was at its minimum value. According-
ly, that storage in Dam’s reservoir of basin No. 3 was 3.45 x103

m3. While in the season 2000-2001, the rainfall conditions were so 
good that gave maximum harvested runoff volume in Dam No. 4 
that reached up to 11411.0×103 m3. This is also reflecting the fact 
that Dam no. 3 reservoir is the smallest while dam no. 4 is the 
largest in their catchment areas. Accordingly, the minimum and 
maximum harvested runoff for the entire four basins together 
reached up to 118.41×103 m3 (season of 1999-2000) and 
28187.61×103 m3 (season of 2000-2001) respectively.  
The huge volume of water harvested during 2000-2001 can be 
attributed to six interrelated and integrated reasons. The first is 
the heavy rainfall storm within short time intervals produced suita-
ble amount of harvested runoff. Secondly, the weakly rainfall 
storms in between the heavy rainfall storms prevented ground 
surface to be dry. Thirdly the above two points help to maintain 
antecedent moisture conditions (AMC) at high value. Fourthly, that 
high value of (AMC) help to produce high value of CN during in-
creasing its value from dry and normal values to its wet value 
when the accumulate rain water each 5 days exceeds 27.94, and 
53.34mm for dormant, and growing seasons respectively accord-
ing to Chow, et.al. (1988) [10]. Fifthly wet value of CN will strongly 
support rainfall especially weakly rainfall storms to produce more 
runoff amounts. Sixthly all above will work together to reduce the 
losses of rain water by infiltration process through the ground 
surface and lead to the accumulation of runoff volume on the 
ground surface of the basins then directed toward the reservoirs 
by gravity.  
The results show that the maximum volume of harvested runoff 
had been produced during the season of 2000-2001 of annual 
rainfall of 415.5 mm. The volume of harvested runoff that can be 
reached and part of it stored in the reservoir No. 1 through No. 4 
are 3532.3, 4023.7, 9220.6 and 11410.9(×103 m3) respectively, 
where the summation volumes of theses harvested runoff reach 
up to 28187.6×103 m3 representing the maximum annual runoff 
volume from the 4 basins together along the study period. The 
remaining runoff was lost through spillway of dams. These quanti-
ties of water even they are limited in their amount but, can be 
used for the purpose of recharging ground water. Fig. 5 reflects 
the explanation given above. 
The minimum runoff volume had been achieved during the season  
1999-2000, where the annual rainfall was 182 mm. For this value, 
the volume of stored water in the reservoirs was 5.67, 5.67, 3.45, 

and 103.61(×103 m3) respectively as an individual reservoir. The 
total volume of all harvested runoff reach up to 118.41×103 m3

representing the minimum annual runoff volume from the 4 basins 
together along the study period. 

Fig. 5- Rain fall depth and Equivalent Runoff depth for the four 
Basins during the season 2000-2001 

Fig. 6 shows the rainstorms during the season 1999-2000. The 
rainfall events produced only three runoff evidences, on the se-
cond, the twenty-third and on the thirty-ninth day of growing sea-
son of 170 days in its long.. It should be noted that due to weak 
rainfall depth during this season and according to the antecedent 
rainfall depth for the five days, the CN value did not reach its wet 
value which was reflected on the amount of runoff that had been 
produced.

Fig. 6- Rainfall depth and Equivalent Runoff depth for the four 
Basins during the season 1999-2000 

The average annual rainfall as a value may not reflect the reality 
of the harvested runoff events that would result from these aver-
ages annual rainfall, the most important factor that effects the 
situation is the distribution of rainfall and its impact on the value of 
the curve number (CN), in addition to changing its values among 
dry, normal and wet conditions. For example this can be noticed 
during the season of 1995-1996 of maximum annual rainfall depth 
(435.6 mm) along the study period, but this season did not 
achieve the maximum volume of harvested runoff. The same is 
true during the dry season of 1998-1999 of minimum annual rain-
fall depth of 150 mm where did not achieve the minimum volume 
of harvested runoff. 
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The results showed that using the technique of deficit irrigation 
lead to increase the irrigated area. 

Fig. 7- The annual runoff volume for reservoirs, 1, 2, 3 and 4 for 
studied period 

For the scenario of supplemental irrigation (SI) 100% of full irriga-
tion requirements (S1), the maximum irrigated area was 852 hec-
tares during the season (1994-1995) by using the harvested run-
off water that had been stored in reservoir No. 3. While the mini-
mum irrigated area was 1.1 hectares during the season (1998-
1999) by using the harvested runoff water that had been stored in 
reservoir No. 2 (Fig. 8A). 

Fig. 8A- Resultant irrigation area for reservoirs 1, 2, 3, and 4  
for studied period (scenario 1) 

For the scenario of deficit irrigation (DI) 50% of full irrigation re-
quirements (S2), the maximum irrigated area was 15633.91 hec-
tares during the season (1994-1995) using the harvested runoff 
water that had been stored in reservoir No. 3. While the minimum 
irrigated area was 1.52 hectares during the season (1999-2000) 
using the harvested runoff water that had been stored in reservoir 
No. 3 (Fig. 8B). 
In the case of the scenario of deficit irrigation (DI) 25% of full irri-
gation requirements (S3), the results showed that the maximum 
irrigated area was 3080.44 hectares during the season (1994-
1995) using the harvested runoff water that had been stored in 
reservoir No. 4. While the minimum irrigated area was 1.27 
hectares during the season (1999-2000) by using the harvested 
runoff water that had been stored in reservoir No. 3 (Fig. 8C).  

Fig. 8B- Resultant irrigation area for reservoirs 1, 2, 3, and 4  
for studied period (scenario 2) 

Fig. 8C- Resultant irrigation area for reservoirs 1, 2, 3, and 4  
for studied period (scenario 3) 

The application of RWH for the four selected basins east Sinjar 
indicates that the total volume of harvested runoff for all basins for 
the study period that ranged from 118.41×103 m3 (1999-2000) to 
28187.61×103 m3 (2000-2001) (Fig. 9). Using the above 
harvested runoff water for supplemental irrigation scenarios for all 
basins, gave irrigated areas for SI as 18.66-2646.27 (hectares), 
for the scenario S2 the results were 58.86-41303.13 (hectares) 
and 27.80-9543.98 (hectares) for the scenario of S3, where the 
minimum value of irrigated area was achieved during the season 
1998-1999 while the maximum was during the season 1994-1995 
(Fig. 9).  
It should be noted that, maximum rainfall season is not necessari-
ly to produce the maximum runoff season. For east Sinjar District 
the maximum rainfall was during 1995-1996, while the maximum 
runoff was during 1995-1996. The reason for the incompatibility of 
the maximum rainfall season with the maximum runoff season is 
the distribution of rainfall events. 
Generally, The resultant irrigated area (Fig. 8A, 8B and 8C) show 
that using deficit irrigation scenarios of S2 and S3 lead to in-
creased cropped area compared with that when using supple-
mental irrigation scenario of S1 of 100% crop water requirement 
satisfaction.  
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The average percent of increasing in irrigated area using scenario 
S3, instead of scenario S1 reached up to 74%, while for using 
scenario S2 reached up to 334%. The results of the three scenari-
os which were used indicate that scenario S2 can be more benefi-
cial than scenario S1 and S3.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 
the water reduction of irrigation. Despite this fact that, reduction of 
wheat grain yield per unit area will be compensated by increasing 
the total irrigated area. 

Fig. 9- Total irrigation area resulting from the 4 selected basins 
together for scenarios S1, S2, and S3 and the total volume of 
harvested runoff for all basins together for the studied period 

Conclusion  
Iraq is facing a big problem due to the shortages in its water re-
sources. This problem had greatly affected the agricultural activi-
ties and huge areas were converted to desertic areas.  
Iraqi farmers are not using the new techniques such as rainwater 
harvesting that can be suitable for the climate of Iraq to save 
amount of water for irrigation practices which maximize the irrigat-
ed area. 
Application of RWH will provide a new source for water. Therefore 
the technique of Macro RWH has been tested in east of Sinjar, 
Northwest Iraq, to discover the capability of the area for rainwater 
harvesting. 
Daily rainfall data for the period 1990-2009 on East Sinjar area 
had been used in application of WMS. The results show that con-
siderable amount of yearly runoff can be harvested. The volume 
of water that can be harvested for all selected basins east Sinjar, 
ranged 118-28187(×103 m3), during minimum season (1999-
2000) and maximum season (2000-2001). This indicates that the 
runoff volume can be considered for supplemental irrigation prac-
tices. 
To maximize irrigated crop area, linear programming optimization 
technique was used depending on three different irrigation scenar-
ios of crop water requirement satisfaction i.e. supplemental irriga-
tion of 100%, deficit irrigation of 50% and 25% of full irrigation 
requirement respectively. The results indicated that the total mini-
mum irrigated crop area for all basins is about 18, 58 and 27
(hectares) for the three irrigation scenarios respectively for the 
considered period. While the total maximum irrigated crop area for 

all basins is about 2646, 41303 and, 9543 (hectares) for the three 
irrigation scenarios that had been used respectively for the con-
sidered period. 
There was an average increase in irrigated area reach up to 74% 
in the using scenario S3 instead of scenario S1. While for using 
scenario S2, the average increase in irrigated area reach up to 
334%. The results of the three scenarios used indicated that sce-
nario S2 can be more beneficial than scenario S1 and S3. This 
also indicates that rainwater harvesting can reduce the effect of 
water shortage on the country. 
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Abstract
Macro Rainwater Harvesting (RWH) has been tested at Koysinjaq (Koya) District, 
Kurdistan region of Iraq, due to its limited source of water.The studied area consists of 
four basins with total area of 228.96 km2. The estimating volumes of harvested runoff for 
the four selected basins together for the study period (2002-2011) were calculated using 
the Watershed Modeling System (WMS) which is based on Soil Conservation Service 
Curve Number (SCS-CN) method.In this research, a comparison between maximum and 
minimum rainfall seasons was conducted to give better understanding for the events that 
is governing the harvested runoff collection.The results show that, the total harvested 
runoff ranged from14.83 to 80.77(*106 m3) from the four selected basins together. This 
indicates that the technique of Macro RWH can be considered to provide a new source of 
water to contribute to reduce the problem of water scarcity. 

Keywords: Macro Rainwater Harvesting, , Koysinjaq, Kurdistan region, Iraq. 

1  Introduction 
All population gatherings different cities and villages, including those which do not suffer 
from water scarcity, use water balances to guide water management. Thus the water 
balance should include the local natural catchment areas that contribute water to the cities 
and villages, as well as the water downstream of these areas [1].  
On other hand, rainwater harvesting (RWH) is one of the oldest-most recent techniques 
that collect water from natural catchment areas to augment available water for certain area. 
Humans have used RWH about 9000 years ago as a traditional technique [2, 3, 4, and 5] 
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4Lulea University of Technology. 
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in order to supply drinking water for people and livestock as well as the agricultural 
purpose, as far as there is a limited amount of available water. In recent decades, and due 
to water scarcity, different researchers at different part of the world focused on RWH. The 
goal is to establish a new water source. There are several definitions for RWH but the 
shortest and most comprehensive definition is the collection of runoff for its productive 
use [6]. RWH systems have proven to be an effective technique in an arid and semi-arid 
region to achieve new water source that can be used for several purposes [2].  
The most important factors that affect practicing water harvesting are the intensity and 
distribution of rainfall, runoff properties of the catchment area, soil water storage, 
reservoir’s capacity, agricultural crops, available technologies and socio-economic 
conditions [7]. 
The rainfall-runoff relationship of watershed had been studied with different approaches 
such as water balance, agricultural non-point source, kinematic wave storms runoff, and 
Soil Conservation Service Curve Number (SCS-CN). However, SCS-CN method having 
advantages over other methods [8]. 
In general, there are several kinds of RWH system, depending on the size of the 
catchment area, such as micro RWH for small catchment area less than 1000 m2 , and 
macro RWH for large catchment area more than 1000 m2, other kind like traditional 
macro-catchment RWH system (Tabias). The performance of these kinds of RWH 
systems was been studied by [9, 10, 11,12, and 13]. Their goal was to save water for 
agricultural purposes; they concluded that they had good results to augment the crop yield. 
The traditional macro-catchment water harvesting system of Tabias, was been studied by 
[14] in Tunisia. They conclude that, this system minimized flood risks by decreasing the 
local surface runoff that was collected from hill slope, which lead to reduce soil erosion 
hazards. The harvested water that was stored behind the Tabias requires not more than 
three days to supply (by infiltration) the soil water storage to allow planting vegetables 
during the following months. Even deep soil water storage will be utilized by the roots of 
fruit trees.  
Adekalu et al. (2009) [15] studied both macro and micro RWH combined with 
supplemental irrigation that gave good benefits of reducing the impacts of dry periods that 
affect the crop to the half, which lead to the increase the yield.  
Mzirai and Tumbo (2010) [16] concluded that the crop yield in semi-arid areas can be 
increased by using RWH systems; they noticed that water use efficiency can be increased 
up to more than 20 kg ha-1 mm-1 compared to a rain-fed system where water 
use-efficiency can hardly reach 3 kg ha-1 mm-1.
Iraq , Government and people, face a big challenge with  water shortage’s problems due 
to reduction the discharges of Tigris and Euphrates Rivers, effect of climatic changes, i.e. 
rising temperatures, rain retention, in addition to the bad planning and management of the 
water resources. Accordingly, huge farm’s lands were converted to desert areas [4, and 
17]. The water shortages problem is becoming more serious with time [5, and 18]. 
Despite this fact, practically, RWH might be one of the good solutions for this problem.    
Water shortages cannot be objectively analyzed nor adequately addressed without a 
thorough consideration the main overwhelming consumer of water across the region, i.e. 
human, animals, the goals both of agricultural and industrial activities. Certainly the 
agriculture is the largest consumer [3, 5, and 19]. 
In Iraq, number of regions with a specific conditions have a chance to establish a new 
source of water if these regions significantly supported by Macro RWH technique, based 
on availability of a surface reservoir of small earth dam [20, 21, and 22]. Environmental 
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and hydrological conditions indicate, through this work, that the Kurdistan region of Iraq 
is an adequate area for RWH and can play a vital role in the augmenting water for various 
purposes in order to achieve self-sufficiency.  
This required a series of studies of Macro RWH technique for different areas , rainfall and 
time conditions. Such studies include recorded and forecasting rainfall data scenarios 
similar to those conducted on Sinjar District- northwest of Iraq, which is largely similar in 
its environment to Koysinjaq which located in Erbil - Kurdistan region of Iraq. In addition 
Koysinjaq has an advantage in producing more harvested runoff due to environmental, 
hydrological and geographical conditions.   
These series of studies of Macro RWH technique conducted by [20, 21, 22, and 23] aimed 
to study a macro RWH to exploit harvested runoff for supplemental irrigation system in 
order to increase the wheat crop yield of the rain-fed farms by increasing the irrigated area 
under different rainfall conditions and for both recorded and forecasted rainfall depths. 
These researches conducted on south; north and east Sinjar District respectively using 
(NRCS-CN) curve number method with the watershed modeling system (WMS) to 
estimate the direct harvested runoff from an individual rain storm in suggested reservoirs. 
The results indicated that there was a considerable amount of annual harvested runoff. 
The harvested runoff used for supplemental irrigation process was satisfying the increase 
of the irrigated crop area. East Sinjar location has four basins, with catchment’s area of 
63.32, 65.81, 151.7, and 154.2 (km2), the maximum volume of harvested runoff was been 
produced during the season of 2000-2001 of annual rainfall of 415.5 mm. The volume of 
harvested runoff that stored in the reservoir No. 1 through No. 4 were 3.53, 4.02, 9.22 and 
11.41(*106 m3) respectively. The minimum runoff volume had been achieved during the 
season 1999-2000, where the annual rainfall was 182 mm. For this value, the volume of 
stored water in the reservoirs was 0.005, 0.005, 0.003 and 0.10 (*106 m3) respectively 
[21].  
The aim of this research is to test the Macro RWH in Koysinjaq (Koya) District, 
Kurdistan region of Iraq to discover the capability of the region for rainwater harvesting 
in order to save significant runoff water for different purposes then to contribute solving 
the problem of water shortage of Iraq. 

2  Methodology 
Digital Elevation Model (DEM) of Koysinjaq (Koya) district was used with Global 
Mapper model in order to find suitable location for the harvested dams. Topographical 
criterion of harvested dams was investigated where the location should satisfy first, 
crosscut with the final main runoff trajectories of the catchment area. Second minimum 
dams cross section that lead to a minimum ratio of reservoir’s surface area to its storage 
volume in order to minimize the dams constructions cost as well as to minimize the losses 
water by evaporation processes from reservoir’s surface area. Then Watershed modeling 
system (WMS) was used with Koysinjaq’s DEM, its land use, soil type and rainfall data, 
firstly, to figure out the selected basins and their properties then to estimate the runoff 
volumes based on SCS-CN method. The details of land use and curve number will be 
explained later.  
The methodology used for this research is well documented by Zakaria et al. [20, and 21] 
and Al-Ansari et al. [22]. 
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2.1 Study Area 
Koysinjaq (Koya) district (Figure 1)is located within Erbil Governorate in northeast. 
According to Iraqi statistics of 1987, the Koysanjaq population is about 39484 people. 
Koysinjaq (Koya)geographically is a mountainous area with different uphill at the north, 
while at the south and southwest, fertility plain extends to the border of Erbil with Kirkuk 
city, which represents the historical alluvial plain of the Tigris River. The intensive 
farming of wheat and barley are distributed at the plain of Erbil south of Koysinjaq 
(Koya)districts. Accordingly, the average depth of the soil increases from the north to the 
south to reach up to 1.3 meters [24].Koysinjaq (Koya), northeast of Iraq, and Sinjar 
District are characterized by what locally Known by Kahrez which is a subterranean 
aqueducts that collect groundwater by subsurface tunnel to surface canals then the water 
provided to the residential locations and farms. Most kahrezs in Iraq are passing through 
an alluvium of porous, water-bearing beds. The longest kahrez in Iraq is found in Sinjar 
District. Other Kahrezs can be found in the area between Shaqlawa and Koysinjaq in 
addition other locations of Kurdistan region of Iraq [25]. 

Figure 1: Location of Koysinjaq area according to the Erbil city at Kurdistan region of 
Iraq, (source: flickr.com and Googol map) 

Buringh (1960) described the soil of study area (Figure 2) as a brown soil medium  
and shallow phase over Bakhtiary gravel. People at Koysinjaq (Koya) depend on rain and 
groundwater for agriculturalprocesses. 
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Figure 2: Soil map of Erbil Government, (source: Buringh ,1960) 

2.2 Koysinjaq Rainfall 

Figure 3: Annual rainfall depths on Koysinjaq area for the period (2002-2011) 
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Figure 3 shows annual rainfall depths for the period (2002-2011) as provided by 
Koysinjaq (Koya)Meteorological station. Two seasons (2007-2008 and 2008-2009) where 
neglected due to missing data. The rainy season extends from November to May. 
Despite the fact that, annual rainfall depth (433-989) mm varies largely on the study area 
(Koysinjaq (Koya)) during the study period (2002-2011), was above 600 mm apart from 
three seasons (2005-2006, 2006-2007 and 2010-2011) which reached about 433, 452 and 
506 mm respectively. However, according to the historical rainfall record, the average 
annual rainfall depth on Koysinjaq (Koya)area exceeds 650 mm. With this depth of 
rainfall, Koysinjaq (Koya) area cannot be consider as an arid or semi-arid region [26]. 
Four basins were been selected to estimate the runoff during the rainy seasons for the 
study period. For each basin, the runoff is to be collected from the catchment area of the 
basin toward the outlet of the basin where an earth dam is to be located. 

2.3 Land Use/Land Cover 
The Land use/land cover (LULC) map provides information on the types of features 
found on the earth’s surface (land cover) and the human activity that is associated with 
them (land use). It is an important indicator for the calculating the curve number for the 
suitable sites for the catchment is of rainwater harvesting. In this study, the LULC was 
derived from satellite imagery, Landsat 8, that provided by the National Aeronautics and 
Space Administration (NASA).The image was acquired on June 15, 2013 which has 11 
bands with a 30 m spatial resolution. It is registered using the Universal Transverse 
Mercator (UTM) Projection Zone 38 North with a World Geodetic System (WGS) 84 
datum. Moreover, the image is atmospherically corrected using the darkest pixel method 
which is also known as the histogram minimum method. This method provided a 
reasonable correction, at least for cloud-free skies. Figure 4show the following maps:(a) 
Map of Iraq, (b) Location of Erbil governorate,and the area of interest (Koysinjaq) is 
masked up from the image (figure 4 (c)).  
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Figure 4: (a) Map of Iraq. (b) Location of Erbil governorate. (c) Location of study area 
(Koysinjaq) 

Thematic mapping of different LULC classes was achieved through supervised 
classification using a maximum likelihood approach. The training data (sites) for the 
classification purpose were obtained using Google earth and the false color composition 
of three bands 5, 4, 3 (Figure 5).This is achieved due to the lack of the field data 
information. The data processing and classification were conducted using ENVI (V. 4.7, 
ITT Visual Information Solutions Group (ITT VIS), formerly known as Research Systems 
Inc. (RSI), Boulder, CO, USA). Using the study area, the land covers classified into five 
classes (type). They were: building up,vegetation, bare soil, rock, and water (Figure 6). 
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Figure 5: Color composite satellite images (Landsat 8) of the study area 

Figure 6: LULC map for Koysinjaq districts 

The built up area is shown in red color, and blond color refers to the bare soil area, 
including spares grass. The water areas are shown in blue, olive color respectively, while 
green color refers to the vegetation area including trees and grass. The land use data for 
selectedbasins (Figure 7) was usedin order to identify thecurve number for each basin, 
then based on percent of area for each sub-area (build up, vegetation, bare soil, rock, and 
water) the weighted average curve number was estimated to be considered in the runoff 
model. 
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Figure 7: LULC map of the selected four basins area 

2.4 Curve Number
The weighted average CN values for the four basins at Koysinjaq (Koya)District (Table 1) 
were estimated depending on area of specific land use as a percent of total basin area and 
calibrated based on antecedent moisture condition (AMC) for dry, average, and moisture 
conditions for the total antecedent rainfall depth (antecedent five days). 

Table 1 : Curve number (CN) values for the selected Basins at Koysinjaq districts, 
Kurdistan region of Iraq 

Curve Number Condition 
Basins  Normal  Dry Wet

1B 79.95 62.61 90.17
2B 76.63 57.93 88.29
3B 78.68 60.78 89.46
4B 82.78 66.88 91.71

These antecedent rainfall depths were 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. For the Soil Conservation 
Service, 1972 (SCS) method of rainfall abstractions,the tabulated curve number is equal 
to CNII, for average condition and modified for dry and wet conditions, by the following 
equations [27]: 

II

II
I CN

CNCN
*058.010

*2.4

                                          
(1)
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II

II
III CN

CNCN
*13.010

*23

                                           
(2) 

In which: 
CNI= Curve number for dry condition. ; 
CNIII=Curve number for wet condition. 

2.5 Properties of Basins, Reservoirs, and Dams 
Watershed modeling system (WMS) is an efficient tool to estimate runoff for a specific 
catchment area. It has ability to provide the propertiesof the selectedbasins, (area, length, 
elevation and slope),(Table 2) depended on data elevation model (DEM) of the region. 

Table 2: Properties for the selected Basins at Koysinjaq 

Basin  Area (km2) Average Length (km) 

Average
Basin
slope
(m/m) 

Average Elevation (m) 

1B 81.45 12.7 7.70% 580.5
2B 62.76 12.05 6.40% 551.0
3B 32.41 8.7 6.10% 598.0
4B 52.34 10.8 9.80% 617.4

Furthermore, WMS can support the calculation to estimate the properties of the reservoirs 
and dams (Table 3). However, the elevation of dam 3 can support to minimize losing 
water when accrue by converted the harvested water to the nearest reservoir by some 
channel.
The main trajectories of the harvested runoff to the outlet of the selected basins at 
Koysinjaq (Koya)District are some valleys distributed in the study area, and theyare 
characterized by narrow, deep andV-shape. The dimensions of the cross section of these 
valleys give short lengths for the selected dams with a relative increase in their heights. 

Table 3: Properties for the reservoirs and dams at Koysinjaq 

Reservo
ir

Max. surface Area 
(km2)

Max. storage (*106

m3)
Dam height 

(m)

 Dam 
 length 

(m)

Dam 
elevation

(m)

1B 0.401 0.378 6.0 110.0 421.5

2B 0.633 0.685 6.0 233.3 425.5

3B 0.098 0.083 6.0 092.0 470.5

4B 0.330 0.363 6.0 123.6 409.5

However, the predominant factors are the short length which givesa minimum cost when 
constructing these dams. 
For this research, dams of 6 m height were selected, and according to the selected height, 
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the length of the dams, total capacity of the reservoirs as well as their surface areaswere 
estimated (Table 3), the relationship between reservoirs storage capacity and the elevation 
were illustrated in figure (8- a,b,c and d) and then linearization relationship of Surface 
area- Storage capacity of four selected reservoirs(Figure 9). This relationship is very 
important to estimate the loses of the water by the evaporation process (the calculations of 
the losses water from the surface reservoirs are not included in this work).   

Figure 8-a: Storage-Elevation curve for Reservoir No. 1 

Figure 8-b: Storage-Elevation curve for Reservoir No. 2
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Figure 8-c: Storage-Elevation curve for Reservoir No. 3 

Figure 8-d: Storage-Elevation curve for Reservoir No. 4
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Figure 9: Linearization relationship of Surface area- Storage capacity forthe four selected 
reservoirs.

3  Results 
The harvested runoff from the four individual basins that might be stored at the outlet of 
each basin to form reservoirs of different capacities   using an earth dam are shown in 
figure 10 andtable 3. The harvested runoff volumes were calculated using WMS. 

For Reservoir 1;  Y = 0.906x + 0.027
R² = 0.989

For Reservoir2 ; Y= 0.996x - 0.030
R² = 0.99

For Reservoir3 ;Y = 1.205x - 0.008
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R² = 0.946
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Figure 10: harvested runoff volumes in the individual four reservoirs for the study period 
(2002-2011) 

The results showed that, the maximum accumulated harvested runoff reached up to 29.19, 
19.52, 11.01, and 21.04 (*106m3) that was captured from catchment areas of basin No1 to 
No 4 and stored in the reservoir No. 1 to No.4 respectively during maximum rainfall 
season 2003-2004 of total rainfall depth of 989.2 mm.  
While the minimum accumulated harvested runoff reached up to 5.44, 3.29, 1.97, and 
4.14 (*106m3) that was captured from catchment areas of basin No1 to No 4 and stored in 
the reservoir No. 1 to No.4 during the minimum runoff season of 2006-2007.  
It should be noted that, it is not necessarily that the least rainy season produces less 
amount of runoff, as the determining factor in that firstly, is the distribution of rainfall and 
then its quantity. However, Figure 11 shows the maximum total harvested runoff from the 
four basins together that reached up to 80.77 (*106m3) during maximum rainfall season 
2003-2004, while minimum total harvested runoff from the four selected basins together 
reached 14.83 ((*106m3)  during the minimum runoff season of 2006-2007. 
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Figure 11: Total harvested runoff volumes from the four reservoirs for the study period 
(2002-2011) 

Heavy rainfall storm, not less than 12.5 mm for the normal condition, may produce a 
runoff wave that had been directed by gravity and the effect of the basin slop to the outlet 
of the basins to face small earth dams and then to conform reservoirs. 
Rainfall is the most important factor influencing the amount of runoff, especially its 
distribution and amount, in addition, to some other factors that will be mentioned later.For 
better understanding of the mechanics of runoff, a comparison between the maximum 
(989.2 mm) and minimum (433.9 mm) rainfall seasons that occurred during 2003-2004 
and 2005-2006 respectively for the study period of 2002-2011will be shown. Figure 12, 
shows the distribution and amount of the rainfall on the whole catchment area of the four 
basins for the maximum and minimum rainfall seasons (2003-2004 and 2005-2006).  
For all selected rainy seasons, the seasons begin on the first of November. During the 
rainfall season of 2003-2004, there were twenty-six rainfall’s storms that produced runoff,
the first rainfall depth was (25 mm) and last one was (41mm) occurred during 10 and 182 
days after start the rainfall season of 2003-2004. The duration between these rainfall 
storms were ranged from 0 to 44 days, and the maximum rainfall depth was 70.0 mm.  
Wet antecedent moisture condition (AMC) was satisfied during all these rainfall storms, 
except four events of 15, 13, 24 and 19.5 mm of rainfall depth, which are marked in black 
line in Figure 12, where these four events occurred under normal antecedent moisture 
conditions. Other rainfall storms which occurred during season 2003-2004, did not 
produce runoff due to low rainfall depth i.e. less than 12.5 mm. During the rainfall season 
of 2005-2006, there were fifteen rainfall storms that produced runoff. The first was with 
rainfall depth 13.0 mm and the last one with depth of 22.5 mm, all of them had occurred 
between the 22 and 177 days after the start of the rainfall season 2005-2006. The 
durations between these rainfall storms were from 0 to 47 days.  
In summary, the rainfall storms approached each other and moved away from the 
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beginning and the end of the season more than what happened in the season of 2003-2004. 
In addition, during 2005-2006, there was one extra storm for normal condition and three 
days more for the maximum duration of rainfall, and the maximum rainfall depth was 
40.0 mm.Wet antecedent moisture condition (AMC) was satisfied during all these rainfall 
storms, except five events of 13.0, 13.5, 22.0, 20.5 and 23.0 mm of rainfall depth, which 
are marked as black lines in figure 12,where these five events occurred under normal 
antecedent moisture conditions. 
Other rainfall storms which occurred during 2005-2006, did not produce runoff due to 
low rainfall depth.  
Chow, et al. [27], explained the classification of antecedent moisture conditions (AMC) 
for the Soil Conservation Service, 1972 (SCS) method of rainfall abstractions for the 
dormant season according to the total 5 days antecedent rainfall depth as follows: The 
condition of AMC is dry if total 5 days antecedent rainfall depth is less than 0.5 inch 
(12.7 mm), and the condition is normal if total 5 days antecedent rainfall depth ranged 
between 0.5 to 1.1 inch (12.7 to 27.94 mm), while the condition will be wet if the total 5 
days antecedent rainfall depth is more than 1.1 inch (27.94 mm).   
The main factors that affect the harvested runoff volume are the size of the catchment area, 
its type of soil, the distribution and amount of rainfall, the time period between the rain 
storms, curve number (CN) values, the antecedent moisture condition (AMC), the size of 
the reservoirs. It should be noted that, not all rainfall storms produce runoff, the weak 
rainfall storm that does not produce runoff is very important for estimating the SCS curve 
number where it affect the corresponding value of CN and change its value from dry to 
wet and this is very sensitive for runoff calculations. This may be explained by figure 13 
(AMC during the seasons 2003-2004 and 2005-2006), which shows,  through the 
twenty-six rainfall storms that produced runoff during the rainfall season of 2003-2004, 
the antecedent moisture condition (AMC) drop to less than 27.94 mm just four times at 
23.2, 19.0, 24.0, and 19.5 mm.  Accordingly, normal antecedent moisture condition 
(AMC) was satisfied during these four rainfall storms. During the rainfall season of 
2005-2006, the antecedent moisture condition (AMC) drop to less than 27.94 mm just 
five times at 13.0, 24.5, 25.0, 23.5 and 23.0 mm.. Accordingly, normal antecedent 
moisture condition (AMC) was satisfied during these five rainfall storms. Through time 
producing runoff, dry condition didn’t satisfy during seasons 2003-2004 and 2005-2006, 
due to the fact that the rainfall did not stop during these seasons for enough periods to 
satisfy dry condition. 
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Figure 12 : Rainfall distribution for the maximum and minimum rainfall seasons 
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Figure 13: Antecedent Moisture Condition (total 5 days antecedent rainfall depth) during 
the seasons 2003-2004 and 2005-2006 

Dry condition didn’t satisfy during both seasons of 2003-2004 and 2005-2006,that is due 
to the fact that the rainfall did not stop during these seasons for enough period to satisfy 
dry condition. However, for both rainfall seasons 2003-2004 and 2005-2006 the change of 
antecedent moisture conditions (AMC) among dry, normal, and wet will reflect on the 
values of curve number and thus will effect on the runoff volumes and so on for other 
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soil, the distribution and amount of rainfall, the time period between the rain storms, 
curve number (CN) values, the antecedent moisture condition (AMC), and weak rainfall 
storm that does not produce runoff, all these factors participate together to produce the 
amount of runoff as explained in figure 14 that shows runoff behavior during the seasons 
2003-2004 and 2005-2006. 
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Figure 14 : Runoff behavior during the seasons 2003-2004 and 2005-2006
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mm, where with other effective factors produced the above minimum runoff. 
Same events occurred during the season 2005-2006, but with less values due to less 
rainfall depths, where the maximum runoff reached up to 1.598 (*106m3) that was 
harvested from basin number one by the 8th  rainfall storm out of 15 that produced 
runoff which reached 40.0 mm. While the minimum runoff reached up to 0.0177 (*106m3)
that was harvested from basin number three by the 10th rainfall storm that reached 20.5 
mm. These runoff quantities can be employed in various fields, especially for the 
development of cities. 

4  Conclusion 
Koysinjaq (Koya) District, at Kurdistan region of Iraq has limited water resources and is 
rapidly developing. The area might face a big problem of water shortage due to its limited 
water resources in addition to the lack of good planning and management of the water 
resources. Water shortages problem can affect the vocabulary of day life in its various 
forms, agricultural, industrial and then to varying degrees the economic 
activities.Rainwater harvesting is not widely used in Iraq. Such technique can be used to 
save a huge amount of water for various purposes. Therefore, the technique of Macro 
RWH has been tested in Koysinjaq District, to discover the capability of the area for 
rainwater harvesting. The results show that, the application of Macro RWH will provide a 
new source for water. The annual volume of water that can be harvested from all selected 
basins ranged 14.83 to 80.77 (*106 m3) for the study period (2002-2011). This indicates 
that the technique of Macro RWH can be considered to provide a new source of water to 
the area and then to minimize the water shortages problem.  
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ABSTRACT
Macro rainwater harvesting techniques (Macro RWH) are getting more popular to overcome the problem of water scar- 
city in arid and semi-arid areas. Iraq is experiencing serious water shortage problem now despite of the presence of Ti-
gris and Euphrates Rivers. RWH can help to overcome this problem. In this research, RWH was applied in Koya City in 
its districts, North West Iraq. Twenty-two basins were identified as the catchment area for the application of RWH tech- 
nique. Watershed modeling system (WMS), based on Soil Conservation Service-curve number (SCS-CN) method, was 
applied to calculate direct runoff from individual daily rain storm using average annual rainfall records of the area. Two 
consecutive adjustments for the curve number were considered. The first was for the antecedent moisture condition 
(AMC) and the second was for the slope. These adjustments increased the total resultant harvested runoff up to 79.402 
× 106 m3. The average percentage of increase of harvested runoff volume reached 9.28%. This implies that water alloca-
tion is of the order of 2000 cubic meter per capita per year. This quantity of water will definitely help to develop the 
area.

Keywords: Macro Rainwater Harvesting; Koysinjaq; Kurdistan Region; Iraq 

1. Introduction 
The Middle East and North Africa (MENA) region is 
characterized by its arid to semiarid climate where the 
average annual rainfall does not exceed 166 mm [1]. Iraq 
is part of the MENA region and was not facing any water 
shortages till the 1970s. After that, the dams built on the 
upper parts of the Tigris and Euphrates Rivers in Syria 
and Turkey plus the effect of global warming had chang- 
ed the situation [2,3]. In evaluating Iraqi water resources 
issue, the future predictions suggest more shortages [4,5]. 
It is expected that Tigris and Euphrates Rivers will be 
completely dry by 2040 [6]. 

Furthermore rainfall is not sufficient to support eco- 
nomic crop yield during rainy seasons without irrigation. 
The average annual rainfall in Iraq is ranging from 154 to 
216 mm/year [7,8]. It should be mentioned that the rain- 

fall widely varies from north to south and from west to 
east of Iraq, where it reached more than 1000 mm within 
the mountains at the north, 150 mm within the western 
desert to about 200 mm at the eastern part of the country. 
In many regions having limited water resources, includ- 
ing surface or sub-surface water, the available water is no 
longer sufficient to cover the ever increasing water de- 
mand [9]. For this reason, farmers are using groundwa- 
ter in irrigation to cover the shortages due to low rainfall. 
As a consequence, excessive pumping of ground water 
was practiced, which led to falling of water tables in dif- 
ferent parts of the Middle East [10,11]. Thus water scar- 
city will be one of the major challenges facing the world 
during this century [12] and the Middle East in particular 
[13,14]. 

The limitation of water sources, rising water demand 
in addition to mismanagement water resources, in De- 
veloping World, is contributing to the water scarcity *Corresponding author.
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problem [12].  
Water resource management is becoming one of the 

most important economic and social issues in this cen- 
tury [15]. Therefore, the situation requires a new tech- 
nique and method for conservation and judicious water 
[12].  

Some countries of the MENA region had provided al- 
ternative non-traditional water sources, such as rainwater 
harvesting (RWH), to overcome the water scarcity prob- 
lem [16-18].  

In this research, RWH technique is to be used to over- 
come the water shortage problem in Koya area, northeast 
of Iraq. RWH has different definitions [19]. Boers and 
Ben-Asher, (1982) [20] gave a more specific definition 
of RWH with specific details, where they defined RWH 
as “a method for inducing, collecting, storing, and con- 
serving local surface runoff for agriculture in arid and 
semi-arid regions”. They explained that the RWH in- 
cludes several processes which start dealing with the 
catchment area to guarantee the stream runoff flow then 
to direct it by the natural drainages that distributed on the 
catchment area to the target storage location (a surface 
reservoir or a soil profile). Furthermore, they specified 
the aim of this process for agriculture purposes. Finkel 
and Finkel, (1986) [21] defined RWH as “the collection 
of runoff and its use for the irrigation of crops, pastures 
and trees, and for livestock consumption”. Siegert, (1994) 
[22] defined RWH as “the collection of runoff for its 
productive use”.  

Prinz, (2000) [12] summarized six different forms of 
RWH according to the location, function and size of 
catchment area as follows: 1) Roof Top RWH, 2) RWH 
for Animal Consumption, 3) Inter-Row RWH, 4) Mi- 
cro-catchment RWH, 5) Medium-sized Catchment RWH 
and 6) Large Catchment RWH (Macro-catchment).  

For the annual rainfall between 100 and 700 mm, wa- 
ter harvesting might provide new source of water which 
is not readily available or too costly [23]. 

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. By 
this technique, the excess rainwater (runoff) is stored in 
small reservoirs of small dams with different sizes to be 
supplied later when required [24-27]. 

RWH can only increase the availability of rainwater to 
the user but not its amount, certainly by concentrating the 
excess rainwater (runoff) in a limited area which in- 
creases the potential risk of erosion, so suitable measures 
must be taken to prevent soil erosion [28]. 

RWH systems had proven to be an effective technique 
in different regions to achieve new water source that can 
be used for several purposes, furthermore, in comparison 
with pumping water, water harvesting saves energy and 
maintenance costs [23]. 

Macro catchment RWH systems gave good results at 
different parts of the world and led to an increase in crop 
production [29-31]. Furthermore, studies by some re- 
searchers (e.g. Bruins et al., 1986; Fox and Rockstrom, 
2003; Hatibu et al., 2003; Motsi et al., 2004; Barron and 
Okwach, 2005; Liu et al., 2005 [32-37]) were conducted 
in different parts of Africa which indicated that rainwater 
harvesting is working to reduce the risk of drought and 
increase agricultural production. For the above studies, 
RWH generates a new source of water where water is not 
readily available [38]. Hatibu and Mahoo, (1999) [39], 
indicate that Macro RWH is a system that involves the 
collection of runoff from large areas that are ranging 
from 0.1 ha to thousands of hectares with slopes ranging 
from 5% to 50%. This system is used in Tanzania with 
storage of water outside the cropped basin for later use.  

Most of the techniques of water harvesting systems 
focus on capturing more water [40], for Macro RWH, 
however, it is the capture rainfall that falls outside the 
farmland [41]. Effective management of RWH becomes 
more interesting phase of water resources management 
strategies in most countries that are suffering from the 
problem of water scarcity.  

RWH is the use of lost runoff water and it proved to be 
one of the most effective methods to overcome water 
shortages in arid and semi-arid regions [19-22,27,28]. In 
addition, Macro RWH significantly improves the pro- 
ductivity and it increases the availability of rainwater to 
the user and it was proved that this system gave very 
good results [24,29,30]. In view of the above, this me- 
thod was applied in Koya and its districts. 

This research is treating RWH for the whole area that 
is composed of twenty-two selected sites. It is anticipated 
to establish a network of Macro RWH distributed around 
Koya City, Kurdistan region of Iraq in order to estimate 
the annual amount of runoff that could be harvested and 
used. Furthermore, this type of technique and the modi- 
fied curve numbers had been used for the first time in 
this area.  

2. Methodology  
Dams are to be built to harvest the excess rainfall (runoff) 
for a given area. To achieve this goal then it is necessary 
to identify the sites of the dams. This can be done using 
Digital Elevation Model (DEM) of the study area with 
Global Mapper model. Certainly the dam site will be 
located on runoff stream (main trajectory) considering 
minimum dam’s cross section to minimize the construc- 
tions cost. Watershed modeling system (WMS) was used 
with Konya’s DEM. The model was applied using the 
information obtained from land use map, soil type and 
rainfall data, for all individual selected basins. The runoff 
volumes were estimated based on Soil Conservation Ser- 
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vice-curve number (SCS-CN) method. The main steps 
that should be follow can be summarized as follow: 
Identification each of the drainage boundaries of the se- 
lected basins within the study area, the hydrologic soil 
group classification to determine the runoff curve num- 
ber for a given soil kind using the tables of SCS, 1972. 
Then land use map is usually used to identify the curve 
number (CN) values for each selected basin. The time of 
concentration for selected basins is estimated, and the 
daily rainfall depth is to be determined considering single 
rainfall storm on the study area. Then the suitable storm 
type (I, 24-hour Storm) should be chosen. The hydro- 
graph time increments of six minutes or less are to be set, 
and the volumes of runoff for the selected basins are to 
be calculated. 

Furthermore, the SCS curve number method based on 
the relationships between precipitation and runoff ex- 
pressed as:  

20.2
 if  0.2

0.8
p S

Q
P S

p S

S

       (1) 

0  if   0.2Q p             (2) 

1000 10 25.4Q
CN

            (3) 

where: 
Q = the direct runoff or rainfall excess (mm).  
P = the storm rainfall (mm). 
S= the maximum potential soil water retention (mm), 

and CN = the curve number (dimensionless). 
With SCS-CN method, the soil was classified into four 

hydrological soil groups A, B, C and D considering the 
basin wetness index i.e. the antecedent moisture condi- 
tion (AMC) which had been classified into three classes 
AMC I, AMC II and AMC III, representing dry, average 
and wet conditions. In order to specify each class, the 
antecedent rainfall amount of five-day and season cate- 
gory (dormant and growing seasons) were considered. 

For the Soil Conservation Service, 1972 (SCS-CN) 
method, the tabulated curve number is equal to CNII, for 
average (normal) conditions, and modified for dry and 
wet conditions, as explained by Chow [42] through the 
following equations:  
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In which: CNI = Curve number for dry condition.  
CNIII = Curve number for wet condition. 
Williams [43] developed an equation to adjust the 

curve number to a different slope [44,45]: 
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where:  
II SLP

CN  = the curve number for average condition  

adjusted for the slope. 
SLP = the average fraction slope of the basin. 

2.1. Study Area  
Koysinjaq (Koya) is one of the most important districts 
of Erbil Governorate at Kurdistan region of Iraq (Figure 
1), which is witnessing a state of rapid growth and de- 
velopment. According to the Iraqi statistics of 1987 the 
population of Koysanjaq is about 39,484 people.  

Koya districts have a very important geographical lo- 
cation where it connects three provinces of Iraq which 
are Sulaimaniyah, Kirkuk and Erbil. Koya district con- 
sists mainly of five parts which are TaqTaq, Ashti, 
Shoresh, Sktan and Sekrkan. The district is bordered 
from the east and south by lesser Zab River, and from the 
northeast by Hebat Sultan mountain, from the west by 
Bawage Mountain. The mountainous area is located north 
Koysinjaq, while at the south and southwest, a fertility 
plain extends to the border of Erbil with Kirkuk city, 
which represents the historical alluvial plain of the Tigris 
River. Rainwater is the main source for agricultural pro- 
cesses in the area in addition to the ground water.  

The soil texture in the mountainous regions is sandy 
clay, loam silt or loam clay sand, with an average depth 
of 130 cm. While the soils texture of the plain regions 
consists of loam clay sand, loam silt and silt clay, with an 
average depth of 140 cm [46]. Buringh (1960) [47] de- 
scribed the soil of study area (Figure 2) and refer that 
soil color varies between light yellow to dark brown at 
north and between brown and dark brown at the plain 
regions as a shallow phase over Bakhtiary gravel. 

2.2. Koya Rainfall  
Rainfall records at Koya station of the period 2002-2003 
to 2010-2011 were used in this research. Two seasons 
(2007-2008 and 2008-2009) where neglected due to 
missing data. These records show that the rainy season 
extends from November to May. The annual rainfall var- 
ies from one season to the other. The total rainfall 
reached minimum value of 433.9 mm during the season 
2005-2006, while it reached maximum value of 989.2 
mm during the season 2003-2004 (Figure 3).

The average rainfall depth for the study period reached 
650.2 mm which is very close to that of the season 2009- 
2010.  

Figure 4, shows that the fourteen rain storms with ap- 
propriate antecedent moisture as recommended by  
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Figure 1. Map of Iraq (a); Erbil governorate (b); Location of study area (Koya) (c).

Figure 2. Soil map of Erbil Government as described by Buringh 1960, source [48]. 
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Figure 3. Annual rainfall depths on Koya area for the 
period (2002-2011), source [48].

Figure 4. Rainfall depth with corresponding antecedent 
moisture for the season (2009-2010). 
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SCS-CN method for the season 2009-2010.  
The rainfall season 2009-2010 starts at the first of 

November. The season includes fifty-six of daily rain 
storms that were distributed along 210. Fourteen of these 
rainfall storms had produced runoff events. Of these, four 
storms were under average conditions and ten under wet 
conditions. These conditions were specified according to 
the antecedent moisture classes (AMC) for the SCS-CN 
method.  

The study has been focused on the above fourteen rain 
storms that each has exceeded 12.5 mm in depth and 
produced runoff. Sequences were given to the rain storms 
according to the time of occurrence. 

2.3. Land Use/Land Cover 
Figure 5 shows that land use land cover (LULC) map for 
Koya district with twenty-two selected basins for rain- 
water harvesting. LULC map was classified into five 
classes (type) in the study area. They were building up, 
vegetation, bare soil, rock, and water. The basins were 
numbered starting from the far north of Koya city in an 
anticlockwise direction. 

2.4. Curve Number 
The weighted average CN values for twenty-two selected 
basins at Koya District were estimated depending on area 
of specific land use land cover as a percent of total basin 
area and calibrated based on antecedent moisture condi- 

tion (AMC) for dry, average, and wet conditions de- 
pending on the total antecedent rainfall depth of five days 
as formulated by Soil Conservation Service-curve num- 
ber (SCS-CN) method. The properties of the selected 
basins at Koya District were estimated (Table 1).

Then CN values were adjusted for slope using Wil- 
liams [43] formula for each basin (Table 2).

3. Results and Discussion 
Data elevation modeling (DEM) of Koya districts of 
Kurdistan region of Iraq, was used to identify the suitable 
sites of dams in order to harvested the exceed rainwater 
(runoff) from the catchments area. Twenty-two basins 
were selected for rainwater harvesting. 

It should be noted that any basin that was not repre-
senting a continuous hydrological unit was excluded. In 
other word, the runoff should be continuously drained 
within its catchment area to the outlet where the har-
vested dams are located. 

The harvested runoff from the individual selected ba- 
sins can be stored at the outlet of each basin to conform 
individual reservoirs of different capacities using har- 
vested dams. The harvested runoff volumes were esti- 
mated using WMS. 

To simplify the analysis of the harvested runoff, the 
twenty-two selected basins at Koya District were divided 
into four groups of basins according to the geographic- 
location as follows: At the north, group number one in 

Figure 5. LULC map for Koya districts with twenty-two selected basins for rainwater harvesting, source [48].
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Figure 6. Harvested runoff volumes for maximum and minimum rain storms, before and after adjustment Curve Number for 
the slope for the 22 basins.

Table 1. Properties of twenty-two selected basins at Koya districts.

Group Basins Area (Km2 ) Slope (m/m) Length (m) Elevation (m) Basin area ratio  % 

1 30.95 0.15 29095.29 684.3 6.26 

2 15.51 0.14 6771.437 740.7 3.14 

3 37.68 0.28 26771.5 845.8 7.63 

4 111.63 0.19 15822.17 913.8 22.59 

1

5 17.15 0.08 5552.237 740.7 3.47 

6 15.57 0.08 8464.906 554.1 3.15 

7 72.99 0.08 13505.08 426.4 14.77 

8 6.22 0.06 5245.913 361.5 1.26 

9 22.14 0.08 11863.12 436.8 4.48 

10 3.47 0.06 630.3264 367.3 0.70 

11 17.95 0.09 6697.066 407.2 3.63 

12 4.90 0.08 5648.858 413.6 0.99 

2

13 47.40 0.09 9330.842 407.5 9.59 

14 14.12 0.09 7112.508 518.5 2.86 

15 13.13 0.14 6021.934 584.9 2.66 

16 11.53 0.11 5957.011 531.9 2.33 
3

17 4.45 0.08 3552.444 472.4 0.90 

18 3.86 0.09 3534.156 447.4 0.78 

19 22.14 0.12 9910.267 634.3 4.48 

20 4.43 0.10 6418.783 632.8 0.90 

21 13.55 0.12 8739.835 548.9 2.74 

4

22 3.34 0.20 4392.473 711.4 0.68 

cludes the basins 1B, 2B, 3B, 4B, and 5B. Southwest of 
Koya, group number two includes 6B, 7B, 8B, 9B, 10B, 
11B, 12B and 13B. At the middle south of Koya district, 

group number three includes 14B, 15B, 16B, and 17B. At 
the southeast, group number four includes 18B, 19B, 20B, 

1B, and 22B. 2
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Table 2. Curve number (CN) values before and after adjustment for slope for the twenty-two selected basins at Koya districts. 

Before adjustment CN for slope After adjustment CN for slope 

Basins Normal dry wet Normal dry wet 

1 76.0 57.1 87.9 78.97 61.20 89.63 

2 75.9 56.9 87.8 78.73 60.85 89.49 

3 75.1 55.9 87.4 79.03 61.28 89.66 

4 76.0 57.1 87.9 79.40 61.81 89.86 

5 86.5 73.0 93.7 87.32 74.30 94.06 

6 87.0 73.7 93.9 87.78 75.11 94.29 

7 80.7 63.6 90.6 81.82 65.40 91.19 

8 78.4 60.3 89.3 78.87 61.05 89.57 

9 78.5 60.5 89.4 79.74 62.30 90.05 

10 79.6 62.2 90.0 80.05 62.76 90.22 

11 77.1 58.6 88.6 78.73 60.86 89.49 

12 77.1 58.6 88.6 78.40 60.39 89.30 

13 78.0 59.8 89.1 79.57 62.07 89.96 

14 77.7 59.4 88.9 79.29 61.65 89.80 

15 81.1 64.3 90.8 83.40 67.85 92.04 

16 78.4 60.4 89.3 80.45 63.35 90.44 

17 77.5 59.1 88.8 78.78 60.93 89.52 

18 75.4 56.3 87.6 77.13 58.62 88.58 

19 79.1 61.3 89.7 81.29 64.61 90.91 

20 79.1 61.3 89.7 80.87 63.96 90.67 

21 77.9 59.6 89.0 80.20 62.98 90.31 

22 84.0 68.8 92.4 86.45 72.82 93.62 

The area of the twenty-two selected basins ranged 3.34 
- 111.63 km2 and the total area of the selected basins is 
494.11 km2. Basins slope ranged between 6% - 28%, 
their length ranged between 0.63 - 29.09 km, and their 
elevation ranged between 361.5 - 913.8 m (Table 1).

In spite of the fact, that, most of the selected basins are 
small in their areas, but their runoff is of relatively good 
quantity. However, the area is not the only decisive fac- 
tor to control the quantity of runoff, although it is one of 
the important factor to maximize the volume of runoff in 
the basin, but still other factors like CN values (which 
represent the hydraulic conditions of the selected land) 
and the slope are more sensitive to reflect their strong 
impact on the composition of runoff. It is very difficult to 
separate the effect of the variables involved (e.g. area, 
slop and CN) on the produced runoff at a given basin. 
However, these factors in addition to the rainfall pattern 
play an important role together to form the harvested 
runoff. In fact, rainfall has two effects, the first is its 
amount, so as far as there is an increase in rainfall depth 

that will help to increased harvested runoff amount. 
Secondly, by its distribution i.e. when the span time 
(between two subsequent rain storms) increases or de- 
creases.

A comparison of runoff volumes for all sloped basins, 
under same condition, may explain the effect of rainfall 
depth, and basins’ slop. The runoff was always achieved 
in maximum volumes under maximum rain storm (62.0 
mm) and minimum volume under minimum rain storm 
(14.5 mm) also the runoff increased after adjusted CN for 
slope (Figure 6).

It should be noted that, the weak rainfall storm (that 
does not produce runoff) is very important for estimating 
the CN values. The weak rainfall effects directly the an- 
tecedent moisture condition (AMC) and then the corre- 
sponding value of CN and change its value from average 
to wet condition or vice versa and this is very sensitive 
for runoff calculations [48].  

Figures 7 and 8 show the results of harvested runoff 
by all groups of the basins. The harvested runoff volume,  
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Figure 7. Seasonal harvested runoff through fourteen rain storms events for the selected basins. 

without adjusted CN for the slope, reached up to 28.618, 
29.543, 6.421 and 7.005 million cubic meters for the 
group 1 to 4 respectively. With adjusted CN for the slope, 
the harvested runoff reached up to 33.217, 31.388, 7.031, 
and 7.766 million cubic meters for the group 1 to 4 re- 
spectively. The results of total harvested runoff by all 22 
basins were 71.586 and 79.402 million cubic meters be- 
fore and after the adjustment of CN for the slope respec-
tively. Within the selected basins, the maximum har- 
vested runoff achieved at basin 4B were 14.373 and 
16.941 million cubic meters and minimum at basin 18B 
were 0.485 and 0.530 million cubic meters before and 
after the adjustment of CN for the slope respectively.   

Figure 7 shows that the comparison of harvested run- 
off volumes between two cases (before and after) the 
adjustment CN for the slope. The comparison shows that 
the runoff patterns for all fourteen rainstorms that pro- 
duced runoff. 

The results indicate that there was an increase in har- 
vested runoff volume due to the adjustment of CN for the 
slope. The maximum, minimum, and average increase of 
harvested runoff volume reached 20.81%, 1.92%, and 
9.28% respectively. 

Figure 8 shows that the annual harvested runoff con- 
tribution of each basin as a volume with its percentage of 
total harvested runoff volume at total Koya districts con- 
sidering the adjustment of CN for the slope, where the 
maximum harvested runoff was achieved at basin 4B 
(16.941) million cubic meters represented 21.3% of total 
annual harvested runoff volume, while the minimum 
harvested runoff was achieved at basin 18B (0.530) mil- 
lion cubic meters represented 0.7 % of total annual har- 
vested runoff volume. 

The total quantity of water (79.402 million cubic me- 
ters) if harvested will give an annual allocation of about 
2000 cubic meter per capita. In addition, hundreds of 
square kilometers of land can be irrigated using the har 
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Figure 8. Annual harvested runoff that contributed by each 
basin as a volume (×106 m3) with its percentage of total an- 
nual harvested runoff at total Koya districts, considering 
the adjustment CN for the slope.

vested water. 

4. Conclusions 
Koya City and its districts, at Kurdistan region of Iraq, 
are rapidly developing under conditions of limited water 
availability. All future expectations indicate more severe 
shortages in water resources in Iraq. It is believed that 
rain water harvesting technique can help a large extent to 
overcome this situation. The results obtained with water 
harvesting technique using the average annual rainfall 
showed that a minimum of 79.402 × 106 cubic meters of 
water can be harvested annually. This suggests that the 
allocation per capita per year will be about 2000 cubic 
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meters. This will definitely help to develop the agricul- 
tural and industrial activities in the area. 

The results indicated that there was an increase in 
harvested runoff volume due to the adjustment of CN for 
the slope. The maximum, minimum, and average percen- 
tage of increase of harvested runoff volume reached 
20.81%, 1.92%, and 9.28% respectively.  

The results show that Koya district has the ability to 
produce good amount of annual volume of runoff that 
reached, but unfortunately, most of these quantities are 
lost without any benefit. 
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ABSTRACT
Kurdistan Region (KR) of Iraq has suffered from 
the drought period during the seasons 2007- 
2008 and 2008-2009 that affected the human and 
economic activities of the region. Macro rain- 
water harvesting (Macro RWH) is one of the te- 
chniques that can ensure water availability for a 
region having limited water resources. This te- 
chnique is based on Soil Conservation Service- 
Curve Number (SCS-CN) method and the Water- 
shed Modeling System (WMS) was used to esti- 
mate the runoff. Rainfall records of Sulaymani- 
yah area for the period 2002-2012 were studied 
and an average season was selected (2010-2011). 
The results of the application of the WMS model 
showed that about 10.76 million cubic meters 
could be harvested. The results also showed 
that the quantity of the harvested runoff was 
highly affected by rainfall depth, curve number 
values, antecedent moisture conditions (AMC) 
and the area of the basins. 

Keywords: Macro Rainwater Harvesting;  
Sulaymaniyah; Kurdistan Region; Iraq

1. INTRODUCTION 
Iraq is a part of the arid and semi-arid area of the Mid- 

dle East and North Africa (MENA) region. The climate 
of the region is characterized by its fluctuation in rainfall 
and periods of droughts [1]. Recently, Iraq is experienc- 
ing water shortages despite the presence of the Tigris and 
Euphrates Rivers [1-3]. 

During the past few years, north Iraq (especially Kur- 
distan Region) experienced a period of draught. As a re- 
sult, many of the inhabitants left their villages and migra- 
ted to big cities [4]. 

Water scarcity issue is becoming more serious due to 
several factors. Among them is the increasing water de- 
mand, high population rate, effect of global warming, 
plusmiss management and planning of the water resourc- 
es during the last four decades. In addition, water polici- 
es of neighboring countries enforced another burden 
where huge dams were built on the upper parts of the 
Tigris and Euphrates Rivers in Syria and Turkey. And 
this led to the reduction of the flow rate of both rivers in- 
side of Iraq [1-3]. 

Recent research indicates that Iraq will face more chal- 
lenges in future, where the water shortage problem is be- 
coming more serious with time [1,2,5,6], and Tigris and 
Euphrates Rivers are expected to be dry in 2040 [5]. The 
expected discharge in the year 2025 of the two rivers will 
be tremendously decreased [4] (Figure 1).

In view of the above, new judicious techniques, me- 
thods and strategies for water conservation should be 
adopted in the management and planning of water re- 
sources [7]. United Nations [5] stated that “Iraq’s water 
resource management will play a prominent role in con- 
tributing to the country’s efforts to eradicate poverty and 
hunger, reduce child mortality and ensure environmental 
sustainability”. Prinz and Singh [7] indicated that water 
development and management should be based on a par- 
ticipatory approach, involving users, planners and pol- 
icy-makers at all levels. Due to limited water availability 
in the region, the agricultural strategy that should be 
adopted is represented by maximizing the yield per unit  
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Figure 1. Average discharge of Tigris and Euphrates in the year 
2000 and the expected discharge in the year 2025, (source 
UNDP, 2011, [4]). 

of water used and not the yield per unit of land [8] as 
well as the use of non-conventional water resources [2, 
3]. 

1.1. Validity of Rain Water Harvesting 
Practically, rainwater harvesting (RWH) might be one 

of the good solutions for the problem. This technique 
was used since 9000 years ago and some of the old 
schemes are still operating [9-12]. This technique is gain- 
ing popularity recently [13]. Siegert [14] defined RWH 
as “the collection of runoff for its productive use”. Prinz 
[9] indicated that the annual rainfall (100 - 700 mm) of 
low cost water harvesting might give an important new 
water source. The main objective of RWH is to increase 
the availability of water but not its amount. Furthermore, 
water harvesting is based on runoff (the excess rainwater) 
producing and runoff receiving areas (natural catchment 
areas) [9]. The factors such as amount of rainfall and its 
distribution, land topography, soil type and soil depth, 
and local socio-economic may represented the main fac- 
tors that affect the water harvesting [15,16]. 

There are good literature reviews of RWH, especially 
micro rainwater harvesting. Boers [17] reviewed some 
170 articles published between 1970 and 1980 concern- 
ing Micro catchment water harvesting of small-scale ca- 
tchments (area less than 1000 m2) and its potential appli- 
cation for crop production. Another type of harvesting 
rainwater is Macro RWH which is more effective to aug- 
ment water from large catchment area (many square kilo- 
meters with slope ranged between 5% - 50%) [9]. In this 
technique, dams are constructed and water from harvest- 
ed runoff (the excess rainwater) is stored in surface res- 
ervoir in order to be supplied later when required [18-22]. 
The potential of RWH is widely cited [23]. The subse- 
quent studies indifferent parts of the world had explained 
that RWH systems had proven to be an effective techni- 
que achieving a new water source that can be used for se- 
veral purposes, led to an increase in crop production [24- 

26], and reduced the risk of drought [27-29]. The rain- 
water harvesting has the ability to ensure availability of 
water for the region [30] as well. The effective manage- 
ment of RWH becomes more interesting phase of water 
resource management strategies in most countries that 
are suffering from the problem of water scarcity [31]. 

Soil Conservation Service Curve Number (SCS-CN) is 
one of the important approaches that help to study the 
rainfall-runoff relationship of watershed. The main pur- 
pose for this method is to determine direct runoff from 
individual daily rainfall storm and it is widely used by 
many researchers [32]. Saber et al. [33] were among the 
researchers who have studied the runoff of watershed 
within Arabic countries using physical distributed hydro- 
logical model and applied it in the selected Wadis based 
on the SCS-CN method. Their purpose was investigating 
the differences of runoff amounts in space and time through 
comparative studies of some important selected basins 
(Wadi Al-Khoud in Oman having an area of 1874.84 
km2, wadiGhat in Saudi Arabia having an area of 649.55 
km2, and WadiAssiut in Egypt having an area of 7109 
km2). They concluded that the applied model is applica- 
ble to estimate the surface runoff in arid region. Al-Zubi 
et al. [34] carried out their research in a semi-arid area of 
WadiMuheriwir which is located in the Eastern part of 
Jordan. They estimated the runoff by applying the SCS- 
CN method using available rainfall data for the period 
1976-2006. They concluded that the curve number for 
WadiMuheriwir is about 80, the average runoff is about 
0.063 million cubic meters, and the rainwater harvesting 
technique is suitable for agricultural activities in Wadi- 
Muheriwir. 

1.2. Application of RWH in Iraq 
Other studies that conducted inside Iraq, such as Ši- 

mák [35] adopted SCS-CN method to estimate the basin 
runoff in order to estimate design flood wave character- 
istics for the basin of AshiBaram (Qutabian) dam. The 
dam site is under planning, located between Chwarta and 
Baneh towns, in Iraq on the border with Iran. The project 
aims to develop eastern part of Sulaymaniyah Governo- 
rate by creating a reservoir for irrigation purpose. The 
drainage area is estimated to be 1340.7 km2. The whole 
area is a part of massive mountain range Zargos which 
extends all over the north eastern part of Iraq. Thus, Ši- 
mák [35] adjusted the curve number values for the slope 
using Williams’ formula [36] (for more details see [37, 
38]). Mohammed [39] investigated water harvesting in 
Erbil Governorate, Kurdistan region of Iraq using geo- 
graphic information system and remote sensing in order 
to detect the suitable sites for RWH. He concluded that 
SCS-CN method was applied using mean annual rainfall 
of the period (2000-2011) in Erbil area to estimate the 
runoff depth. The results showed that there was a signi- 
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ficant amount of annual runoff which could be harvested. 
The minimum and maximum runoff depth was about 103 
and 1000 mm at north and south Erbil area respectively. 

Zakaria et al. [18,19] studied Macro RWH technique 
based on SCS-CN method, in North West Iraq. Two stu- 
dies were carried out at north and east Sinjar Mountain 
respectively for the period 1990-2009. The areas are cha- 
racterizes by semi-arid climate. The results indicated that 
there was a significant amount of yearly runoff (0.6 - 
42.4) (106 m3) for the study period at north Sinjar. Imple- 
mentation of Macro RWH in the Northern and Eastern 
Sinjar District gave encouraging results leading to an in- 
crease of irrigated area. 

Zakaria et al. [21] investigated the potential of RWH 
and its ability to support the wheat yield (bread and du- 
rum) under various rainfall conditions in the rain-fed of 
same Northern Sinjar District (Iraq) for the study period 
1990-2009 using three supplemental irrigation (SI) sce- 
narios (100%, 75%, and 50% of full irrigation require- 
ment). They concluded that using rainwater harvesting 
technique gave total volume of harvested runoff that can 
be considered for irrigation practices, which reached up 
to 42.4, 25.1, 0.60, 10.9 (106 m3) during 1995-1996, 
1996-1997, 1998-1999, and 2001-2002, respectively.  

Zakaria et al. [30] and Al-Ansari et al. [40] investigat- 
ed rainwater harvesting at north east of Iraq, in Koysin- 
jaq (Koya), Erbil Governorate. The study aimed to disco- 
ver the potential of the area for rainwater harvesting. The 
results showed that the application of Macro RWH would 
provide a new source for water. The annual volume of 
water that can be harvested from all selected basins rang- 
ed from 14.83 to 80.77 (×106 m3) for the study period 
(2002-2011).  

Zakaria et al. [31] identified twenty two basins around 
Koya, Erbil Governorateat north east of Iraq, as the ca- 
tchment area for the application of RWH technique in 
order to evaluate the total runoff from whole Koya area 
that may be harvested instead of being lost to the near 
area. Two consecutive adjustments for the curve number 
were considered. The first was for the antecedent mois- 
ture condition (AMC) and the second was for the slope. 
These adjustments increased the total resultant harvested 
runoff up to 79.402 × 106 m3.

In view of the good results of RWH, it was considered 
in this research to provide a new source of water for Su- 
laymaniyah city.  

2. METHODOLOGY 
Watershed modeling system (WMS) was used to find 

out the quantity of rainfall that can be harvested in Su-
laymaniyah area. To apply the model, then the sites of 
the dams that will capture the runoff in different catch-
ments were identified. This was achieved using the Digi-
tal Elevation Model (DEM) of the study area with Global 

Mapper model. In the site selection process, minimum 
dam’s cross section were considered to minimize the 
constructions cost. The next step was finding the curve 
numbers (CN) values for normal, dry and wet conditions 
based on the information obtained from land use map, 
soil type and the selected basins. WMS with Sulaymani-
yah’s DEM was applied using CN values, and daily rain- 
fall data, for all individual selected basins. The runoff vo- 
lumes were estimated based on SCS-CN method. The 
time of concentration for selected basins was estimated, 
considering single rainfall storm on the study area. Then 
the suitable storm type (I, 24-hour Storm) was used. The 
hydrograph time increment of 0.1 was set with WMS, 
and the volumes of runoff for the selected basins were 
calculated.

Furthermore, the main formula for SCS-CN method as 
described by the Soil Conservation Service, 1972 for the 
relationships between precipitation and runoff is express- 
ed as:  

20.2
0.8

if  0.2
p S

Q
P S

P S           (1) 

if  20 0. SQ P                   (2) 

1000 10 25.4Q
CN

              (3) 

where: 
Q = the direct runoff or rainfall excess (mm). 
P = the storm rainfall (mm). 
S = the maximum potential soil water retention (mm).  
CN = the curve number (dimensionless). 

With SCS-CN method, the soil was classified into four 
hydrological soil groups A, B, C and D considering the 
basin wetness index i.e. the antecedent moisture condi- 
tion (AMC) which had been classified into three classes 
AMC I, AMC II and AMC III, representing dry, normal 
(average) and wet conditions. In order to specify each 
class, the antecedent rainfall amount of five-day and sea- 
son category (dormant) were considered. 

For the Soil Conservation Service, 1972 (SCS-CN) 
method, the tabulated curve number is equal to CNII, for 
normal (average) conditions, and modified for dry and 
wet conditions, as explained by Chow et al. [41] through 
the following equations: 

4.2
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II
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            (4) 

In which: 
CNI = Curve number for dry condition.  
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             (5) 

In which: 
CNIII = Curve number for wet condition. 
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Williams [36] developed an equation to adjust the 
curve number to a different slope [37,38]: 

3
1 2 exp 13.86

III II
II SLP

II

CN CN
CN

SLp CN
      (6) 

the soil of the study area is of three main types (37, 38, 
and 39) as shown in Figure 3. Simak [35] indicated that 
the last two soil types can be identified as C, and D of 
the Hydrologic Soil Group according to the United States 
Department of Agriculture Natural Resources Conserva- 
tion Service (Conservation Engineering Division 1986). 
Buringh [42] classified the soil types 37 as great Soil 
group of Chestnut soils and the soil type is silty clay, 
having a dark brown color, friable surface soil, usually 
with 1% - 4% of organic matter and less than 9% lime. 
The properties of the selected basins at Sulaymaniyah 
Governorate were estimated (Table 1).

where: 
[CNII]SLP = the curve number for average condition ad-
justed for the slope. 
SLP = the average fraction slope of the basin. 

More details about the methodology used for this re-
search are well documented by [18,19,22,31]. 

2.2. Sulaymaniyah Climate 
2.1. Study Area Average monthly climatic elements for the study pe- 

riod (2002-2012) for Sulaymaniyah city are tabulated in 
Table 2 as obtained from Sulaymaniyah meteorological 
station.

Sulaymaniyah is the biggest Governorate of Kurdistan 
Region of Iraq, located north east of Iraq on a border 
with Iran of geographic coordinate Latitude and Longi-
tude 35 33 40  N and 45 26 14  E respectively. It con-
tains ten districts. The elevation of Sulaymaniyah center 
is about 830 m above sea level. Four Iraqi Governorates 
border Sulaymaniyah from the north, west, and south 
which are Erbil, At-Ta’mim, Slahad-Din and Diyala (Fi- 
gure 2).  

The geographic location of Sulaymaniyah Governorate 
imposed a dry and warm summer for the period June, 
July, and August, with temperature of 31.5 ( C) as an 
average summer temperatures for the studied period. The 
city is usually windy during winter and there are spills of 
snow falling sometimes. This season extends from De- 
cember till February. However, the temperature in the 
winter season is about 7.6 ( C). The average relative hu- 
midity for summer and winter are 25.5% and 65.6% re- 
spectively, while the evaporation reached 329.5 (mm) in 
summer and 53 (mm) in winter where the average wind 
speed in winter 1.2 (m/sec) and little bit more in summer 
(1.8 m/sec). Sunshine duration reaches 5.1 and 10.6 (hr) 
in winter and summer respectively. Rainfall season starts  

Sulaymaniyah Governorate is witnessing a state of 
rapid growth and development where it represents the 
cultural capital of Kurdistan Region of Iraq. The popula- 
tion of Sulaymaniyah is about 723,170 people.  

The study area consist of five separated basins with 
total area of 176.79 (km2), located about 7 (km) North 
West of Sulaymaniyah city. According to Buringh [42]  

Figure 2. Map of Iraq with enlarge view of the ten districts of Sulaymaniyah governorate. 
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Figure 3. Soil map of Sulaymaniyah governorate with boundaries of study area, source: [42]. 

Table 1. Properties of the selected basins at Sulaymaniyah governorate. 

UTM Coordinate 
Basin Basin Slop  

(m/m) 
Basin Area  

(Km2)
Time of Concentration 

(hr) 
Length
(km) 

Elevation
(m) E N 

1 0.2837 98.08 2.14 18.137 1179 534704 3944815 

2 0.251 13.87 1.02 7.988 1211 528567 3942854 

3 0.1848 7.35 0.61 4.858 1098 530133 3942576 

4 0.2202 25.83 1.3 12.131 1182 525903 3940711 

5 0.0688 31.66 1.54 8.587 855 522711 3939177 

Table 2. Average monthly values of the climatic elementsat Sulaymaniyah station for the study period 2002-2012.  

Month Temperature ( C) Humidity (%) Evaporation (mm) Wind (m/sec) Sunshine (hr) Rainfall (mm) 

Oct. 22.3 43.8 141.6 1.10 7.1 38.22 

Nov. 14 57.2 72.6 0.90 6.3 63.50 

Dec. 8.4 61.2 51.4 1.10 5.3 81.80 

Jan. 6.5 70.3 53.4 1.20 5.2 124.40 

Feb. 7.8 65.4 54.1 1.20 4.8 125.10 

Mar. 12.8 54.9 97.1 1.60 5.7 88.10 

Apr. 17.3 55.1 132.8 1.30 6.4 95.19 

May 24.0 41.6 226.4 1.50 8.3 37.89 

June 29.6 26.4 312.4 2.00 10.2 0.57 

July 31.8 25.2 352.6 1.80 10.6 0.00 

Au.g 33.2 24.9 323.9 1.50 10.9 0.02 

Sep. 28 28.4 234.7 1.30 9.9 1.26 

in October at Sulaymaniyah with light rainfall storms 
and it intensifies during November and continues till 
May. During the studied rainfall records the driest season 
was recorded in 2008-2009 of 328 mm and the maximum 

rainfall depth was in 2003-2004 of 848 mm. The season 
2010-2011 represent the average rainy season of 548.8 
mm. Figure 4 shows annual rainfall depths for the study 
period. 
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Figure 4. Annual rainfall depths of Sulaymaniyah area for the period (2002-2012). 

2.3. Land Use/Land Cover 
The Land use/land cover (LULC) map of Sulaymani- 

yah Governorate (Figure 5) was derived from satellite 
imagery, Landsat 8 that has 11 bands with a 30 m spatial 
resolution. Three Landsat images; acquired in 08 June 
2013, were used to cover the study area. These images 
were geometrically and atmospherically corrected. Then, 
these images were mosaicked and the study area (Sulay- 
maniyah) masked up from the mosaicked image. Thema- 
tic mapping of different LULC classes was achieved 
through supervised classification using a maximum like- 
lihood approach. For more procedure details of creating 
the LULC map see previous work [30]. 

2.4. Curve Number 
The weighted average CN values for five selected ba- 

sins were estimated depending on area of specific land 
use land cover as a percent of total basin area and cali- 
brated based on AMC for dry, normal (average), and wet 
conditions depending on the total antecedent rainfall 
depth of five days as formulated by SCS-CN method. 
Then CN values were adjusted for slope using Williams’ 
formula [36] for each basin (Table 3).

3. RESULTS AND DISCUSSION 
In order to simulate the average runoff events in the 

catchment area of five basins with total area of 176.79 
Km2 the season 2010-2011 was selected with total rain- 
fall depth 548.8 mm which represent the average rainy 
seasons during the study period 2002-2012. Rainfall 
depths of the season were ranging from 0.1 to 50.9 mm. 
The total rainy days were 66 (Figure 6). These rainy 
days extended along 212 days (length of season 2010- 
2011). During the first forty days, the total rainfall depth 
was 1 mm that accorded during the 2nd day of the season. 

After that, during the 2nd forty days rain began with fluc- 
tuating intensities where the rainfall depth ranged be- 
tween 0.2 - 29 mm. It should be noted that, at the best, it 
didn’t rain continuously more than three days. After 80 
days, it was continuously raining for five consecutive 
days, but with low intensity, where the total rainfall 
depth during these five days was just 12.3 mm. Then 
after 120 days of the rainy season, rainfall started con- 
tinuously for four days. Total rainfall depth reached 48.6 
mm. One hundred and sixty days later, rainfall reached 
111.1 mm in four continuously days and come back after 
five days to continue for another five continuous days 
with total depth of 63.8 mm. In the remaining period, till 
the end of the season, the rainfall subsided with total 
rainfall depth of 0.2 mm. 

To apply the Soil Conservation Service-Curve Number 
(SCS-CN) method, it should be noted that antecedent 
moisture conditions (AMC) is considered dry if total five 
days antecedent rainfall depths is less than 0.5 inch (12.7 
mm), and the condition is normal if total five days ante-
cedent rainfall depths ranged between 0.5 to 1.1 inch 
(12.7 to 27.94 mm). The condition will be considered wet 
if the total five days antecedent rainfall depths is more 
than 1.1 inch (27.94 mm) [41]. 

In this research, sixteen rain storms were considered in 
the season 2010-2011 that may produce runoff. They 
were classified according to the AMC as follow: five of 
them to place where the basins were under dry condition, 
another four occurred where normal conditions dominat- 
ed the basins, the other seven occurred when the basins 
were under wet condition.  

The distribution of the rainfall events were as follow: 
On 12th Dec, 2010 (which is the 42nd day of start of the 
season), a rain storm reached 21 mm; during the same 
day, the value of summation rainfall depths for the last 
five days or antecedent moisture conditions (AMC) was  
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Figure 5. Land use/land cover map of Sulaymaniyah governorate (on left), with enlarge view of study area. 
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Figure 6. Daily rainfall of the season 2010-2011 with antecedent moisture conditions (AMC). 

Table 3. Curve number (CN) values before and after adjustment for slope for the selected basins.

Values of CN Adjustment CN values for slope 
Basin CN-Normal 

(CNII)
CN-Dry

(CNI)
CN-Wet 
(CNIII)

CN-Normal 
(CNII)

CN-Dry
(CNI)

CN-Wet 
(CNIII)

1 76.3 75.5 88.1 80.1 62.8 90.2 
2 80.1 62.8 90.3 83.3 67.7 92.0 
3 79.1 61.4 89.7 82.1 65.8 91.3 
4 80.4 63.3 90.4 83.4 67.9 92.0 
5 76 57.1 87.9 76.9 58.3 88.5 
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11.2 mm which implies that the curve number (CN) was 
under dry conditions. For such conditions, this rain storm 
did not produce any runoff. The 2nd rainstorm, occurred 
on the 43rd day, with depth of 9.8 mm, but the basins 
were under wet condition, where AMC was 32.2 mm and 
the storm was capable of producing runoff. Other rainfall 
events occurred on 76th, 90th, 91st, and 92nd days of the 
beginning of the season. The rain depths were 29.3, 38.6, 
18.7 and 11.3 mm and their AMC were 8.7, 11.9, 50.5 
and 66 mm respectively. 

This implies that the CN was considered as dry and 
normal for the first two rain storms respectively and wet 
for the last two events. Taking the depth of rain into con-
sideration, the first rain storm produced runoff for all the 
basins except basin No. 5 (this will be explained later). 
On the 113th and127th days of starting season, two rain 
storms took place having rain depths of 20.2, and 14.2 
mm, where dry conditions dominated the basins and 
AMC reached 4.8, and 3.9 mm respectively. These two 
rain storms didn’t produce any runoff. On 128th and 159th

days of starting season, two rain storms occurred with 
rain depth of 25.6 and 14.7 mm with normal AMC (14.2, 
and 16.1) mm, their runoff reached the outlet of the ba-
sins where the harvest reservoir are located. On 171st

days of starting season, another rain storm occurred with 
rain depth of 50.9 mm and produced runoff under dry 
conditions, where its AMC was 0.0 mm. Other three rain 
storms that produced runoff occurred on the following 
days 172nd, 173rd, and 177th of starting season that they 
reached 17.4, 39.2, and 22.8 mm of rain depth. All of 
them under wet conditions where AMC were 50.9, 68.3, 
and 60.2 mm. On 181st, and 182nd day of starting season, 
the final two rain storms occurred on 30th April, and 1st

May, 2011 with rainfall depths of 39.2 and 16.6 mm re-
spectively. Their AMC were 24.7 and 63.9 mm under 
normal and wet condition respectively. 

The rainy season 2010-2011 is a typical season for the 
application of macro rainwater harvesting technique. In 
spite the fact that, the total rainfall depth reached 548 
mm, the rainfall distribution extremely reflects the char-
acteristics of the semi-arid region of small rainfall depths 
that was spread through the season with frequent period 
of fluctuation, and interruption some of the storms oc-
curred in a very close period over four to five consecu-
tively days which reduced and limited the ability of agri- 
cultural crop fields to benefit from the rainwater. The dis- 
tribution of rainfall throughout the season of 2010-2011, 
showed that only few rain storms had produced runoff, 
the quantities of runoff water will be lost and can’t be us- 
ed unless there is a reservoir to harvest the water of the 
storms. In such a case, the water can be used later. Thus 
Rainwater harvesting technique can be used in this area 
to overcome these difficulties. WMS was applied for each 
single rainfall storm for the five selected basins to find 

out the volume of water produced by the runoff that can 
be collected and stored in reservoirs. These reservoirs 
were previously carefully chosen. 

The results showed that there were thirteen successful 
runoff events that had produced by thirteen rain storms 
along the season 2010-2011 in addition other three rain 
storms didn’t produced runoff (Figures 7 and 8). Thus, 
among these thirteen runoff events, the minimum total 
harvested runoff volume from the total catchment areas 
of the five basins was 0.01 × 106 m3. This was produced 
by rain storm of 29.3 mm which took place on 15th Janu-
ary, 2011 with 76th day of starting the season (Figure 9).
The above harvested runoff volume were distributed as 
follows: 123.3, 4193.8, 863.4, 8511.0 and 0.0 (m3) that 
were captured from catchment areas of basin No.1 to No. 
5 and stored in the reservoir No. 1 to No. 5 respectively. 

All five basins have identical characteristics, and in 
such a case, the most influential factors that affect the 
harvested runoff volume were the size of the catchment 
area, its slope, antecedent moisture conditions, and the 
curve number value. These factors work together to pro-
duce a certain runoff. However, combination of some 
conditions within the basin such as its area is large and 
the slope is low, then for small rainfall depth and low an- 
tecedent moisture conditions there will be no runoff. This 
was exactly the case at basin No. 5 under the above rain 
storm, where the runoff was zero due to the large area 
(31.66 Km2), relative to other basins, and low slope 
(6.8%) (Table 1) in addition to the low AMC (8.7 mm) 
(Figure 6) where the rainfall was completely stopped 
through three previous days. In such a case, infiltration is 
enhanced in addition to the effect of low value of CN add 
to the above factors then the result, certainly will be zero 
runoff where the runoff is very sensitive for CN value 
which reflect the hydrologic condition of the catchment 
area.

It should be noted that basin No. 5 has the smallest 
value of curve number (Table 3), due to having maxi- 
mum area of crop, and minimum area of rock relative to 
the other basins in addition to some area of forest all that 
lead to a minimum curve number (76.9 and 88.5 for nor- 
mal and wet conditions respectively).  

The results indicated that rainfall depth is not the only 
influential factors in RWH. As an example, the two rain 
storms, the first on 20th April, 2011 (171st day of starting 
the season was) had rainfall depth of 50.9 mm and pro- 
duced 0.50 × 106 m3 of runoff (Figure 9), the second 
storm on 22nd April, 2011 (173rd day of starting the sea- 
son) had rainfall depth of 39.8 mm and produced 3.53 × 
106 m3 of runoff (Figure 9). The higher rain depth storm 
(50.9 mm) didn’t produce larger runoff volume relative 
to the smaller rain depth storm (39.8 mm). This is beliv- 
ed to be due to the fact that the value of antecedent mois- 
ture conditions were equal to zero with the higher rain 
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Figure 7. Daily runoff of the season 2010-2011 for basins 1B and 2B. 

depth storm and this made the curve number to be in dry 
condition value which produce less volume amount of 
runoff, while the AMC was equal 68.3 mm with the 
smaller rain depth storm and this made the curve number 
to be in wet condition value which produce more volume 
of runoff. 

The weak rainfall storms are very important for esti-
mating the CN values, even if they didn’t produce runoff. 
That is because they will keep antecedent moisture con-
ditions in high value and prevent CN to fall to dry values. 
In the previous example, it was dry for seven continuous 
days where the antecedent moisture condition was zero 
before the start of the rain storm having the rain depth of 
(50.9 mm). 

As mentioned above, the maximum total harvested 
runoff volume by the total catchment areas of the five 
basins was 3.53 × 106 m3 (Figure 9). This was produced 
by the rain storm of 39.8 mm depth of rain. The harvest- 
ed runoff volume was captured by basins No. 1 to No. 5 
as follow: 1928796.0, 312317.6, 157145.6, 580969.9 and 
546925.8 (m3) respectively.  

Again, the results indicated that, the influential factors 
(area, slope, CN, and the AMC) can work together in a 

different direction to produce maximum runoff volume 
(1928796.0 m3) that was satisfied in basin No. 1 by the 
above rain storm (Figure 7). This can be explained the 
existence of high value of antecedent moisture conditions 
(68.3 mm) that led to wet the ground surface of the basin 
which reduced the ability of infiltration. Furthermore, 
when the catchment area has a relatively high slope 
(28.37%) then that will lead to decrease the opportunity 
time of infiltration, and produces more water for runoff. 
In addition to the above, the high wet curve number va- 
lue of 90.2 also played an important role in the increase 
of the runoff volume in that basin. 

The total harvested water in the selected basins (1 to 5) 
was 5.73, 1.07, 0.51, 2.0 and 1.41 million cubic meters 
respectively. Figures 7 and 8 show the distribution of the 
above runoff according to the rainfall events. The total 
annual harvested runoff by all the catchment area of the 
five basins ranged from 0.01 to 3.53 million cubic meters. 
Thus the total annual harvested runoff reached about 
10.76 million cubic meters (Figure 9). The results show- 
ed that there was an effective quantity of annual runoff 
that can be stored in the suggested reservoirs sites which 
an be used for different purposes. Thus the imple-  c
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Figure 8. Daily runoff of the season 2010-2011 for basins 3B, 4B and 5B. 

mentation of Macro RWH in the Northern Iraq, Sulay- 
maniyah Governorate gave encouraging results that can 
effectively contribute in solving the problem of water 
shortage. 

4. CONCLUSIONS 
Kurdistan Region (KR) of Iraq including Sulaymani-

yah governorate had suffered from the drought period 
during the seasons 2007-2008 and 2008-2009 that affect- 
ed the human and economic activities of the region. 

Rainwater harvesting technique was tested to see its abil- 
ity to help in overcoming such problem. Rainfall records 
representing the period 2002-2012 were studied and an 
average season (2010-2011) was selected to test the effi- 
ciency of RWH Technique. 

The results showed that the harvested runoff volume 
ranged from 0.01 × 106 to 3.53 × 106 m3 in that year. 
Thus the total annual harvested runoff reached about 
10.76 × 106 m3. These quantities can contribute in solv- 
ing the problem of water shortage within the region. 
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Figure 9. Total annual runoff of the season 2010-2011 for all five basins. 

It was also noticed that the depth of rainfall alone was 
not an effective factor. There are other factors that influ- 
ence the quantity of the harvested water such as: the size 
of the catchment area, its slope, antecedent moisture con- 
ditions (AMC), and the curve number value (CN). 
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ABSTRACT
Iraq is part of West Asia and North Africa (WANA) 
region. The area is known as dry land, famous 
with gap of crop yield as a result of the water 
shortage problem. Six basins with total catch- 
ment area of 614.19 km2 at rain-fed of Northern 
Sinjar District (Iraq) had been chosen to inves- 
tigate both of the potential of rainwater harves- 
ting (RWH) and three supplemental irrigation (SI) 
scenarios S1, S2, and S3 (100%, 75%, and 50% 
of full irrigation requirement) to support the wheat 
yield (bread and durum) under various rainfall 
conditions for the study period 1990-2009. The 
results indicated that, the total volume of har- 
vested runoff can be considered for irrigation 
practices, that reached up to 42.4, 25.1, 0.6, 10.9 
(× 106 m3) during 1995-1996, 1996-1997, 1998-1999, 
and 2001-2002, respectively. The total irrigated 
area ranged between 10.9 - 5163.7 and 8.8 - 
3595.7 (ha) for bread and durum wheat crop for 
the four selected seasons respectively. The yield 
scenarios for supplemental irrigation condition 
Y1, Y2, and Y3 give 68 - 9712, 94 - 12,999, and 
105 - 22,806 Ton for bread wheat, and for durum 
wheat give 56 - 8035, 87 - 10,906, and 103 - 17,396 
Ton. 

Keywords: Rainwater Harvesting; Supplemental 
Irrigation; Wheat Yield; Sinjar; Iraq

1. INTRODUCTION 
Dry land covers 95% of the total area of West Asia 

and North Africa (WANA region), where Iraq is located. 
Climate of the area is of Mediterranean-type. It is char- 
acterized by cold and rainy winters and temperate dry 
summers, with low rainfall amounts and limited renew- 
able water resources in additional to summer drought  

period [1]. Two-thirds of global food production is pro- 
vided by rain-fed land that represents about 80% of the 
world’s agricultural land, certainly with higher risks in 
rain-fed agriculture due to water limitation [2].  

In rain-fed land, rainfall is the principal source of wa- 
ter for rain-fed crops. In semi arid region rainfall is not 
enough for economic crop growth therefore supplemen- 
tary irrigation is used when rainfall fails to satisfy suit- 
able soil moisture conditions for the crop [3], in case there 
isn’t available water for irrigation processes.  

The amount of irrigation water through these process- 
es cannot alone support economic crop production. Fur- 
thermore, the scheduling as well as water quantity for 
supplemental irrigation (SI) cannot be determined in ad- 
vance due to uncertainty of rainfall [4]. 

At WANA region, the rainfall is widely fluctuating [5]. 
Therefore, rain-fed land in this region requires effective 
technique in terms of saving significant runoff water for 
irrigation purposes and this might be achieved by rain-
water harvesting (RWH) technique. 

Some researchers [6,7] have mentioned that there is no 
specific definition that is generally accepted to illustrate 
RWH, and others gave wide range for RWH definition 
with specific details, where they defined RWH as “a me- 
thod for inducing, collecting, storing, and conserving lo- 
cal surface runoff for agriculture in arid and semi-arid re- 
gions” [8,9]. It is believed that the work cited by Boers 
[9] comprehensively defines RWH. RWH can also be de- 
fined as “the collection of runoff and its use for the irri- 
gation of crops, pastures and trees, and for livestock con- 
sumption” [10]. The simplest definition that covers RWH 
content might be “the collection of runoff for its produc- 
tive use” as given by Siegert, [11], who well documented 
some basic principles for planning, design and monitor- 
ing water harvesting for improved agricultural produc- 
tion.

Prinz [6] summarized six different forms of RWH ac- 
cording to the location, function and size of catchment 
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area as follow: (1) Roof Top RWH, (2) RWH for Animal 
Consumption, (3) Inter-Row RWH, (4) Micro-catchment 
RWH, (5) Medium-sized Catchment RWH and (6) Large 
Catchment RWH (Macro-catchment). 

As the result of the inability to take advantage of the 
groundwater and rivers in dry areas, the common pur- 
pose of above types of RWH is to generate a new water 
source for the region to ensure continuous access to the 
water for human, different kind of crops, and animals. 

Thus, the productivity of the rainwater can be signifi- 
cantly improved by applying a specific technique such as 
Macro RWH, based on availability of a surface reservoir. 
By this technique the excess rainwater (runoff) is stored 
in small reservoirs of small earth dams with different siz- 
es to be supplied later when required to satisfy the crops 
requirements. 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) [12-14]. 

RWH had been practiced in dry land that has annual 
rainfall of 100 - 300 mm, where it is not enough for crops 
growth to balance potential evapotranspiration (ET) of 
crops [1].  

There are three important technologies to improve wa- 
ter productivity and the management of scarce water re- 
sources: first, supplemental irrigation (SI), second, water 
harvesting (WH), third, improving crop water productiv- 
ity, such as improved germplasm, fertility and cultural 
practices [5]. 

There are several factors affecting the crop yield, and 
the water quantity and nutrients are the most important 
[4].  

One of the primary ways to enhance rain-fed agricul- 
tural production is to make more effective use of the 
rainfall, i.e. using water harvesting. It increases the vol- 
ume of water per unit cropped area, reduces dry effect 
and increases the productivity of rainwater [15]. 

There is inconsistency in agricultural production in 
arid and semi-arid region that has a fluctuated agricultu- 
ral process as the result of fluctuation in rainfall. 

As a result, developing countries are, internally, food 
insecure due to a complex interaction between climatic 
and human factors. Although dry lands are experiencing 
significant challenges, their productivity can be increased, 
and it can produce enough food to sustain livelihoods 
[16].  

For the period of 2015-2030, it was estimated that 80 
percent of the required increase in food production (yield 
increases) had to come from higher cropping intensities 
[17].  

In order to guarantee food and water security in dry 
land, some factors should be taken into consideration, es- 
pecially, deficits factors for each of water, knowledge 
and investment for development of agricultural research, 

in addition to yield gap [18]. 
Some countries of WANA region like Turkey, Iran, 

Iraq, Syria and Saudi Arabia, produce about 95 percent 
of the wheat in West Asia, the production largely fluctu- 
ates where wheat yield ranges between 0.7 tones/ha (Iraq) 
to 4.5 tones/ha (Saudi Arabia), due to highly erratic rain- 
fall causes substantial fluctuations in crop yield [19]. 

In Iraq, the production of wheat does not constitute 
more than one-third of the required supply quantities of 
this crop annually [20]. Adary et al., 2002 [21], investi- 
gate wheat yield under supplemental irrigation (SI) in 
Iraq. They stated that, both yield and water productivity 
increased using SI in conjunction with rainfall, by using 
only 68 mm of irrigation water for rain fed wheat, and 
the yield increased in one season from 2.16 T/ha to 4.61 
T/ha i.e. more than 100%.  

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% [22].  

In Iraq, the production and consumption of wheat crop 
are not equally distributed across the country. The major 
wheat quantities, that are available for consumption, come 
from outside Iraq.  

Iraqi Central Statistics office of Ministry Planning [20] 
studied the wheat yield in Iraq for the period 2002-2010 
and concluded that, in some years there is a substantial 
decrease in the yield in rain-fed land, mainly, because of 
the limited rainfall through these years. This requires a 
commensurate agricultural policy and affecting produc- 
tion data, works toward the expansion of artificial wells 
in addition to the development and establishment of new 
irrigation projects, and uses of some techniques that will 
contribute to the formation of new water sources such as 
RWH. 

The main objective of this research is to test rainwater 
harvesting technique for wheat crop yield production in 
dry rain-fed farms at Sinjar district, north west of Iraq, 
using wheat crop yield-water relationship that conducted 
by International Center for Agricultural Research in the 
Dry Areas (ICARDA) [23]. Three scenarios of supple- 
mental irrigation (100%, 75% and 50%) of full irrigation 
requirements with, various rainfall conditions were used. 
Furthermore two types of wheat (bread and durum) were 
considered. 

2. STUDY AREA  
Northern Sinjar District (Figure 1) is located within 

Nineveh province in northwest Iraq, near the internatio- 
nal Iraq-Syria borders. Sinjar district is characterized by 
its semi-arid climate, where rainfall totals are low with 
an uneven distribution. Rain water is the main source for 
agricultural practices in Sinjar area. The average annual 
rainfall is about 286.7 mm for the study period 1990- 
2009 which is not sufficient to maintain crops growth. 
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Table 1 shows seasonal fluctuation rainfall depths on 
study area for the period (1990-2009). In addition, the 
rainfall distribution also varies widely. 

Sinjar and the surrounding land are famous for the cul- 
tivation of wheat and barley. Bread wheat (Triticumaes-
tivum L.) is the main crop while durum wheat (Triticum-
turgidum L.) is of less attention. 

The rainy season extends from November to May. 
during this season, the runoff water flows in the valleys 
from Sinjar Mountain toward north to the Iraqi and Syr- 
ian border. Maximum monthly evaporation is usually re- 
corded in July 563.4 mm and it drops to 57.4 mm in De- 
cember [24]. The soil in the study area has low organic 
content and consists of sandy loam, silty loam and silty 
clay loam [25]. 

3. METHODOLOGY 
The methodology used for this research is well docu- 

mented by [13,14,26], which can be summarized as dis- 
cussed below. A catchment area of six basins with a total 
area of 614.19 km2 has been selected to estimate the har- 
vested runoff for four rainfall seasons at rain-fed farm of 
Northern Sinjar district in order to support and to es- 
timate the amount of two types of wheat yield (bread and 
durum). The runoff estimation depends on the Land use 
map for the six selected basins (Figure 2).  

The seasons 1995-1996, 1996-1997, and 1998-1999  

were selected based on the level of total rainfall depths 
that reached maximum (478.1), average (307.6) and mi- 
nimum (110.1) rainfall depths (mm) along the study pe- 
riod (1990-2009) respectively. In addition the season 
2001-2002 of rainfall depth (257.5) mm was also select- 
ed in order to include another rainfall depth within the 
range 200 - 300 (mm).  

Table 2 shows the monthly rainfall depth along the 
wheat season growth on North Sinjar through the select- 
ed seasons. 

Runoff volumes were estimated from individual daily 
rainfall storms, that fall on the six basins, using Water- 
shed Modeling System (WMS) based upon the Soil Con- 
servation Service runoff curve number method (SCS-CN) 
(now is Natural Resource Conservation Service or NRCS). 
These harvested runoff volumes where accumulated and 
stored in individual six reservoirs located at the outlet of 
the basins and their water is to be used later for supple- 
mental irrigation (SI) to irrigate the wheat crop. The cal- 
culation of wheat yield was conducted in two phases in 
the first, the harvested water was used to irrigate the crop 
of bread wheat and the second was to use the same water 
to irrigate durum wheat crop. It should be noted that, in 
order to ensure suitable initial moisture contain of the 
soil farm, the start date of wheat growing season of 210 
days of long begins when the rainfall on the Sinjar’s 
farm reaches a proper depth (10 ± 2 mm).  

Figure 1. The study area of Northern Sinjar District (source google map). 

Table 1. Seasonal rainfall depths on study area (North Sinjar) for the period 1990-2009. 

Season 90 - 91 91 - 92 92 - 93 93 - 94 94 - 95 95 - 96 96 - 97 97 - 98 98 - 99 

Rainfall (mm)  260.4 360.8 261.3 390.9 377.3 478.1 306.2 256.8 110.1 

Season 99 - 00 00 - 01 01 - 02 03 - 04 04 - 05 05 - 06 06 - 07 08 - 09  

Rainfall (mm)  151.4 429.3 257.5 254.9 256.8 307.6 243.6 136.3  
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Figure 2. Land use map for the six basins for Northern Sinjar District (source [13]). 

Table 2. Monthly rainfall (mm) on North Sinjar through the selected seasons. 

Season Dec. Jan. Feb. Mar. Apr. May. Total Rainfall Notes 

1995-1996 0.0 229.4 80.8 122.2 23.6 22.1 478.1 Max. Season 

1996-1997 159.8 17 64.6 47.7 14.1 3.0 306.2 Average season 

1998-1999 3.2 29.7 35.9 24.1 17.2 0.0 110.1 Min. season 

2001-2002 51.0 34.6 10.3 109.6 49.2 2.8 478.1 Additional season 

The irrigation water requirements of SI can be esti- 
mated by Supplemental Irrigation model using computer 
model (based on MATLAB software). The estimation is 
based on rainfall depth, soil water storage and crop water 
requirements. Three irrigation scenarios S1 (100%), S2 
(75%), and S3 (50%) of full irrigation requirements were 
selected to be used in order to show the effect and the 
benefit of supplemental irrigation for reducing the amount 
of water required for irrigation. 

A linear programming computer model technique (The 
Optimization Model) has been used to optimize crop area 
that could be irrigated by the above supplemental irriga- 
tion levels which give three scenarios of crop yield (Y1, 
Y2, and Y3) respectively under supplemental irrigation 
condition.

Wheat crop could be produced in the rain-fed farm de- 
pending on rain water alone without irrigation process 
which represent scenario Y4. 

Wheat crop was selected as the main crop for Sinjar 
district. The wheat yield per unit area can be estimated 
using yield relation with total applied water, that conduc- 
ted by researchers of International Center for Agricultu- 
ral Research in the Dry Areas (ICARDA) [23].  

The total grain of wheat yield can be estimated con- 
sidering the irrigated area under three level of supple- 

mental irrigation (100%, 75%, and 50%) of full irrigation 
requirements. 

4. BACKGROUND OF YIELD RELATION 
WITH TOTAL APPLIED WATER 

Zhang and Oweis (1999) [23], analyzed the experi- 
ments results of supplemental irrigation (SI) that carried 
out in Syria to evaluate water-yield relations for bread 
wheat (Triticumaestivum L.) and durum wheat (Triticum-
turgidum L.), the time span where covered ten years of 
experiments. The sow date was before mid-December. 
They developed quadratic crop production functions with 
the total applied water (rainfall + irrigation water) in or- 
der to estimate the levels of irrigation water for maximi- 
zing yield, net profit and levels to which the crops could 
be under irrigated without reducing income below that 
which would be earned for full SI under limited water re- 
sources. For the above SI experiments, irrigation water 
was applied using different irrigation system (a line-source 
sprinkler system, basin irrigation, and a drip irrigation 
system). The maximum water applied was the summa- 
tion of the rainfall and irrigation water. Different level of 
Irrigation water was used. The minimum water applied 
was the rain-fed treatments without irrigation, in this 
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case it possible to evaluate the crop yield under rainfall 
condition alone without irrigation. It was concluded that 
the SI scenarios for maximizing the profit under limited 
water resource conditions or for a targeted yield of 4 - 5 
t/ha were recommended for sustainable utilization of wa- 
ter resources and higher water-use efficiency [23]. 

For the rain-fed farm there are two important condi- 
tions:

The first is under rain-fed conditions, the evapotrans- 
piration (ET) ranged 200 to 460 mm for both bread and 
durum wheat, depending on the seasonal rainfall depth. 
The corresponding grain yield ranged from 0.35 to 4 t/ha 
for bread wheat and 0.6 to 5 t/ha for durum wheat.  

The second is under SI conditions, ET ranged from 
300 to 600 mm, depending on the combined amount of 
water (rainfall + irrigation) with corresponding grain yield 
ranged from 2.3 to 7.5 t/ha for bread wheat, and ET rang- 
ed from 300 to 650 mm, and grain yield ranged from 3.6 
to 8.4 t/ha for durum wheat.  

Grain yield linearly increased with increasing rainfall 
and irrigation (P + W) up to 450 mm during the growing 
season. The increase in grain yield per unit of P + W gra- 
dually decreased when P + W was above 450 mm. This 
response of yield to P + W can be described using a qua- 
dratic equation as follows [23]: 

2
0 1 2Y W b b P W b P W      (1) 

where Y is grain yield (t/ha), W is the irrigation water 
(mm), P is the precipitation (mm) during the growing 
season. b0 = ( 6.4335), b1 = (0.0378) and b2 = 
(0.00002778) represent the regression coefficients. A 
highly significant polynomial relationship existed between 
grain yield and the total applied water (R2 0.84), with a 
minimum requirement of 203 mm water for initial grain 
yield. The highest grain yield required 680 and 750 mm 
with corresponding yields of 6.42 and 6.65 t/ha for the 
bread and durum wheat respectively. 

5. RESULTS AND DISCUSSION 
Sinjar rainfall is very similar to that recorded by 

ICARDA at Tel Hadya research farm at Syria, Quick 
comparison between rainfall of Tel Hadya and Sinjar 
shows that both rainfalls are low, fluctuate with time and 
are of an uneven distribution. Although the study period 
at Sinjar (17 seasons) is longer than that adopted by 
ICARDA (10 seasons for the period 1985-1996, with  

average rainfall depth of 332 mm) but Sinjar rainfall de- 
creased less than 200 mm three times during dry seasons 
(1998-1999, 1999-2000 and, 2008-2009). Table 3 shows 
the start and end date seasons of wheat crop for the se- 
lected seasons at North Sinjar area. 

For the study area, all six basins have identical char- 
acteristics. In such a case, for the rainy season, the influ- 
ential factors (type, size and slope of the catchment area, 
curve number value, antecedent moisture conditions, dis- 
tribution and amount of the rainfall) act together to pro- 
duce amount of runoff that directed by gravity and stored 
in an individual six reservoirs according to their capacity, 
then other factors like the reservoirs size and the evapo- 
ration losses from its surface area will affect the storage 
of harvested water. According to the above and by using 
WMS that is based on curve number method, it’s possi- 
ble to estimate the daily water volume of the harvested 
runoff that was accumulated in the reservoirs along the 
seasons (Figure 3). This harvested runoff water that was 
stored in an individual six reservoirs can be used later for 
supplemental irrigation processes.  

The maximum annual harvested runoff volumes that 
reached the reservoir no. 1 to no. 6 are 17.25, 7.68, 6.11, 
2.84, 3.46 and 5.0 (106 m3) respectively during the wet 
season (1995-1996). While the minimum annual harvest- 
ed runoff volumes that reached the reservoir no. 1to no. 6 
are 0.34, 0.12, 0.03, 0.04, 0.03 and 0.01 (106 m3) respec- 
tively during the dry season (1998-1999). 

The total volume of harvested runoff for all basins to- 
gether reached up to 42.4, 0.60, 10.9, 11.7 (106 m3) dur- 
ing the four selected seasons (1995-1996, 1996-1997, 
1998-1999, and 2001-2002) respectively. The above re- 
sults of estimating the total runoff volume indicates that 
the runoff volume can be considered for irrigation prac- 
tices and especially for supplemental irrigation. 

Tables 4 and 5 show the results of applying Supple- 
mental Irrigation model that give actual irrigation de- 
mand for bread and durum crops at North Sinjar with 
three supplemental Irrigation scenarios (S1, S2, and S3) 
through the selected seasons. Certainly, reduction of total 
seasonal rainfall depth will increase the required actual 
irrigation demand in order to compensate soil moisture 
lack due to limited rain water. Such cases can be diag- 
nosed through the selected seasons, for example, under 
full irrigation condition (scenario S1) the actual irrigation 
demand reached up to 358.6, 452.6, 661.0 and, 382.0 mm 
for the wet, average, dry, and additional seasons res- 

Table 3. Start and end dates season of wheat crop at North Sinjar. 

Season 1995-1996 1996-1997 1998-1999 2001-2002

Season start date 13/12/1995 06/12/1996 30/12/1998 02/12/2001

Season end date 09/07/1996 03/07/1997 27/07/1999 29/06/2002
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Figure 3. Harvested runoff at North Sinjar with total rainfall depth for the selected seasons. 

Table 4. Monthly actual Irrigation demand (mm) for bread wheat crop during the selected irrigation scenarios. 

Actual irrigation demand (mm) 

Year Scenario Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Total 

 S1 0.00 0.00 6.22 0.24 89.43 170.9 69.57 22.14 358.60 

95-96 S2 0.00 0.00 0.00 0.00 31.01 122.7 52.18 16.61 222.51 

S3 0.00 0.00 0.00 0.00 0.00 69.98 34.79 11.07 115.83 

S1 8.89 14.37 35.96 33.76 116.1 163.8 72.39 7.38 452.66 

96-97 S2 5.73 6.04 23.57 4.87 83.55 122.1 54.29 5.54 305.70 

S3 2.72 0.00 9.72 0.00 26.98 80.40 36.20 3.69 159.70 

S1 0.00 24.30 38.70 89.50 109.1 197.4 135.5 66.42 661.09 

98-99 S2 0.00 16.41 23.08 63.40 75.25 148.1 101.6 49.82 477.73 

S3 0.00 8.52 7.46 37.46 41.21 98.73 67.79 33.21 294.37 

S1 7.04 11.03 43.49 55.96 46.18 146.9 71.34 - 382.01 

2001 S2 3.82 3.23 25.43 41.17 8.26 102.2 53.51 - 237.66 

2002 S3 0.76 0.00 6.01 26.38 0.00 35.28 35.67 - 104.11 

pectively. The aim should be to minimize the volume of 
these actual irrigation demands in order to achieve two 
important goals: 

The first is to reduce the total cost and the second is to 
make the limited amount of available water could be ade- 
quate enough to irrigate largest agricultural area. 

Using different levels of SI will satisfy most of the 
goals and help to minimize the total applied irrigation 
water to the farm by finding the minimum level of SI that 
maximize the irrigated area.  

As an example, for the selected seasons, the total ac- 
tual irrigation demand with scenario S2 reached 222.51, 

305.70, 477.73, and 237.66 (mm) while, with scenario 
S3 it reached 115.83, 159.70, 294.37, and 104.11 (mm), 
for the wet, average, dry, and additional seasons respec- 
tively. These results show that supplemental irrigation of 
scenario S3 (50% of full irrigation requirement) can save 
more water than scenarios S1 or S2, but this is require to 
be tested for crop yield production (as will be shown 
later) to be sure that scenario S3 give best result also 
according to crop yield. In general the characteristics of 
both crops (bread and durum) are similar, where both 
belong to the same crop quality (wheat) but durum wheat 
crop need more water during the growing season, where  



S. Zakaria et al. / Natural Science 5 (2013) 1057-1068

Copyright © 2013 SciRes.                                                                    OPEN ACCESS

1063

the increase of irrigation water for the durum ranged 
between 39 to 125 (mm) for the four selected seasons. 
Similar results were given by Zhang and Oweis [23].  

Although the reduction of irrigation level will lead to 
reduce the yield per unit area, the real benefit will be due 
to the increase in agricultural irrigated area. This can be 
explained by the results of the Optimization Model (Ta- 
bles 6 and 7) which show that the irrigated area for 
wheat (bread and durum) in hectare for individual reser- 

voirs for the three selected irrigation scenarios during the 
selected seasons and the total irrigated area for each sce- 
nario. 

The results indicate that, (in case of bread wheat for 
example, Table 5), for the four selected seasons of 1995- 
1996 (wet), 1996-1997 (average), 1998-1999 (dry), and 
2001-2002 (additional season) and for full irrigation re- 
quirement (scenario S1) the total irrigated area from all 
six reservoirs reached 1257.11, 1192.45, 10.89, and 

Table 5. Monthly actual Irrigation demand (mm) for durum wheat crop during the selected irrigation scenarios. 

Actual irrigation demand (mm) 

Year Scenario Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Total 

 S1 0.00 0.00 12.77 18.38 126.5 196.7 84.26 30.68 469.3 

95-96 S2 0.00 0.00 0.00 0.00 68.56 142.0 63.20 23.01 296.8 

S3 0.00 0.00 0.00 0.00 10.01 87.34 42.13 15.34 154.8 

S1 8.89 15.22 42.41 66.49 139.4 186.3 90.52 10.61 559.8 

96-97 S2 5.73 6.68 28.41 27.00 101.0 139.0 67.89 7.96 383.7 

S3 2.72 0.00 13.09 0.00 53.39 91.67 45.26 5.31 211.4 

S1 0.00 24.31 41.19 109.2 143.0 228.3 154.9 85.52 786.5 

98-99 S2 0.00 16.42 24.95 78.21 100.6 171.2 116.1 64.14 571.8 

S3 0.00 8.52 8.71 47.18 58.31 114.1 77.46 42.76 357.1 

S1 7.04 11.87 56.07 71.34 79.95 167.7 91.31 - 485.3 

2001 S2 3.82 3.86 34.86 52.71 29.30 122.1 68.48 - 315.1 

2002 S3 0.76 0.00 12.27 34.07 0.00 57.37 45.66 - 150.1 

Table 6. Irrigated area (hectare) for bread wheat by six reservoirs for the three irrigation scenarios S1, S2 and S3 for the selected 
seasons.

Irrigated area (hectare) 

Seasons Scenario Res. 1 Res. 2 Res. 3 Res. 4 Res. 5 Res. 6 Total 

S1 572.47 135.85 104.16 270.29 63.78 110.56 1257.11 

S2 891.79 210.00 160.24 419.50 98.73 169.34 1949.60 1995-1996 

S3 1676.59 392.15 301.07 795.80 185.74 316.66 3668.01 

S1 554.58 133.38 96.07 245.90 59.48 103.04 1192.45 

S2 777.84 186.24 138.97 355.59 85.65 148.84 1693.14 1996-1997-

S3 1407.23 335.53 251.60 647.92 155.20 268.63 3066.11 

S1 2.33 0.62 0.26 4.64 3.03 1.53E-06 10.89 

S2 3.21 0.86 0.36 6.41 4.18 1.08E-05 15.01 1998-1999-

S3 5.17 1.38 0.57 10.34 6.72 4.59E-06 24.18 

S1 820.44 225.58 146.51 119.41 98.12 112.56 1522.62 

S2 1306.08 320.23 229.48 191.43 148.09 180.14 2375.45 2001-2002-

S3 2852.82 678.92 509.73 414.76 318.42 389.05 5163.70 
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Table 7. Irrigated area (hectare) for durum wheat by six reservoirs for the three irrigation scenarios S1, S2 and S3 for the selected 
seasons.

Irrigated area (hectare) 

Seasons Scenario Res. 1 Res. 2 Res. 3 Res. 4 Res. 5 Res. 6 Total 

S1 460.80 109.20 83.14 215.85 51.12 88.20 1008.32 

S2 673.94 159.75 123.02 320.29 75.29 131.53 1483.83 1995-1996-

S3 1262.67 295.91 226.78 597.73 139.86 238.85 2761.80 

S1 443.24 108.11 77.23 197.56 47.81 82.87 956.83 

S2 633.30 151.63 109.88 281.68 68.04 117.76 1362.30 1996-1997-

S3 1065.75 254.51 190.45 489.22 117.44 203.60 2320.97 

S1 2.33 0.62 0.26 3.33 2.34 1.33E-06 8.88 

S2 3.21 0.86 0.36 5.35 3.49 9.57E-06 13.27 1998-1999-

S3 5.17 1.38 0.57 8.53 5.54 3.73E-06 21.19 

S1 658.64 176.25 113.24 95.62 75.72 90.10 1209.55 

S2 1009.84 260.79 176.88 147.34 118.60 138.65 1852.10 2001-2002-

S3 1983.84 472.79 352.36 292.09 220.48 274.15 3595.72 

1522.62 ha respectively, while for scenario S2 it reached 
up to 1949.60, 1693.14, 15.01, and 2375.45 ha respec- 
tively. For scenario S3 it reached up to 3668.01, 3066.11, 
24.18, and 5163.70 ha respectively.  

The effect of combining both rainfall and SI will re- 
duce the applied irrigation water to the wheat crop (bread 
and durum) that leads to make more water available for 
extra land along the seasonal growth of wheat crop in 
certain necessary amount and distribution of water. The 
SI processes minimize the water stress of the crop and 
compensates the lack of soil moisture that may accrued 
as a result of inadequate amount and distribution of rain 
water. Other benefit of SI processes is that during the late 
stages of crop growth, where the rainfall stop, SI proc- 
esses is very necessary to reduce water stress which is 
very important to achieve stable yields [23]. 

Although the prime affecting factor is rain water, the 
results indicates that reduction of supplemental irrigation 
levels leads to increase the irrigated area by using har- 
vested runoff water for SI processes. 

Increasing the area of agricultural land is a primary 
goal that leads to satisfy the increase of wheat yield. In 
order to evaluate the wheat yield, it should be consider, 
the total water applied (rainfall + irrigation water) to the 
crop, using wheat crop yield-water use relationship of 
International Center for Agricultural Research in the Dry 
Areas (ICARDA) [23] as follows: 

In this research, the wheat yield is investigated for 
both bread and durum wheat, using yield relation with 
total applied water conducted by ICARDA considering 
the irrigated area under three level of SI (100%, 75%, 
and 50%) of full irrigation requirements. 

The wheat yield per unit area for each wheat type was 
tested for two cases. The first is that the wheat crop de- 
pending on total water (rain + irrigation) that represents 
supplemental irrigation condition. The second is that the 
wheat crop depending on the rain water alone (rain-fed 
condition). These two cases give four yield scenarios for 
each type of wheat, three of them for supplemental irri- 
gation condition and one scenario for rain-fed condition 
(Tables 8 and 9). 

The results show that, the grain yield of wheat per unit 
area (scenario Y4) under rain-fed condition for the se- 
lected seasons reached up to 5.29, 2.54, 0.0, and 1.46 
(t/ha) for bread wheat respectively (Table 8), and for du- 
rum wheat, reached up to 4.93, 2.19, 0.0, and 1.18 (t/ha) 
(Table 9), which is always less than the grain yield of 
wheat per unit area under supplemental irrigation condi- 
tion.  

Rapid assessment of the scenario Y4 for bread and du- 
rum shows that these results are within the range of grain 
yield of wheat crop, under rain-fed conditions, except 
dry season which is under 200 mm of rainfall depth. 

According to ICARDA, under rain-fed conditions (ir- 
rigation water = 0), grain yield of both bread and durum 
wheat increase from 1.2 to 4 - 5 t/ha when rainfall in- 
creased from 250 to 450 mm. 

The wheat yield of bread and durum for wet season 
seem convincing as a result of availability of rainwater 
that reaches up to 478.4 mm during the wet season 
(1995-1996). Although the conditions of the wet season 
gave good results for wheat yield but the rain water that 
reached the crop during this season cannot be guaranteed 
during other seasons. On the other hand, the wheat grain 
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Table 8. Grain yield of bread wheat per unit area under supplemental irrigation and rainfall conditions. 

Yield (t/ha)

Irrigation scenario S1 S2 S3 Without irrigation 

Supplemental irrigation condition Rain-fed condition

Season Y1 Y2 Y3 Y4 

1995-1996 5.75 6.41 6.22 5.29 

1996-1997 6.25 6.29 5.15 2.54 

1998-1999 6.20 6.19 4.31 0.00 

2001-2002 6.38 5.47 3.60 1.46 

Table 9. Grain yield of durum wheat per unit area under supplemental irrigation and rainfall conditions. 

Yield (t/ha)

Irrigation scenario S1 S2 S3 Without irrigation 

Supplemental irrigation condition Rain-fed condition

Season Y1 Y2 Y3 Y4 

1995-1996 5.89 6.64 6.30 4.93 

1996-1997 6.41 6.54 5.38 2.19 

1998-1999 6.25 6.52 4.79 0.00 

2001-2002 6.64 5.89 3.96 1.18 

yield per unit area dropped to zero for the dry season, 
this is due to the fact that the total amount of rainfall 
didn’t exceed the threshold for the first gain of grain 
yield, where the considerable threshold for the first gain 
of grain yield is about 200 mm. This value is similar to 
the threshold for the first gain yield increment for winter 
wheat in the US Southern Plains [23,27]. As well as the 
rainfall depth during dry season (110.1 mm) also did not 
produce enough runoff, in addition, these amount of 
rainfall alone is not enough for growth wheat crop. In the 
same time, grain yield of bread and durum wheat per unit 
area for the average and additional seasons didn’t reach 
the maximum limit of wheat grain yield per unit area (4 - 
5 t/ha).This gives an indicator that , there is a chance to 
increase the grain yield if other water source is available. 
The average and additional seasons represent the pre-
vailing situation in rain-fed areas of Sinjar district. 

Accordingly, the dependence on rainfall only in the 
arid rain-fed farms as a water source for the crops will 
always give a low crop yield as a result of the fluctuating 
of the rainfall. In order to increase the crop yield in rain- 
fed farms it should be supplemental the rainfall by irriga- 
tion water [28]. To achieve this, rainwater harvesting 
technique is to be used to ensure water availability.  

Crop yield per unit area is a function of the total 
amount of water that reaches the crop. The yield can be 
improved by increase the total amount of water. Thus, 

using supplemental irrigation with different irrigation 
level can enhance the crop yield in the rain-fed farms and 
helps to find out the minimum amount of applied irriga- 
tion water that gives maximum crop yield. 

For the selected seasons, the rainfall was 478.1, 110.1, 
257.5, 307.6 (mm) respectively , the use of supplemental 
irrigation scenario S2 instead of S1 increases grain yield 
per unit area for the seasons 1995-1996 and 1996-1997 
by 11.48%, 0.64%, and it decreased for the seasons 
1998-1999 and 2001-2002 by 0.16% and 14.26% for 
bread wheat. For durum wheat, the grain yield per unit 
area increased for the seasons 1995-1996, 1996-1997 and 
1998-1999 by 12.73%, 2.03%, 4.32%, and decreased for 
the season 2001-2002 by 11.3%.  

While the use of supplemental irrigation scenario S3 
instead of S1 leads to increase the yield per unit area for 
the season 1995-1996 by 8.17%, and decreased for other 
seasons by 17.60%, 30.48%, and 43.57% respectively for 
bread wheat. For durum wheat, the yield per unit area 
had been increased for the seasons 1995-1996 by 6.96%, 
and decreased for other seasons by 16.07%, 23.36%, and 
40.36% respectively. 

The reasons of the increased or decreased yield per 
unit area can be explained as follow: 

In general, reduction of the total amount of applied 
water to the crop leads to decrease the yield per unit area. 
This is true for linear relation, but it was found that the 
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grain yield linearly increase with increasing the summa- 
tion of rain and the irrigation water up to 450 mm during 
the growing season [23]. When the summation of water 
was above 600 mm, grain yield showed a plateau. Grain 
yield finally approached the maximum because either 
rain or irrigation water was left in the soil profile or per- 
colated into deeper layers at high levels of water applica- 
tion. The increase in grain yield per unit of water sum- 
mation gradually decreased when this summation was 
above 450 mm.  

The three selected supplemental irrigation (S1, S2, and 
S3) that used harvested runoff water contributed to en- 
hanced wheat yield (Tables 8 and 9). The results of grain 
yield of bread and durum wheat per unit area for yield 
scenario Y1 was 5.75 to 6.38 and 5.89 to 6.64 (t/ha) with 

full irrigation requirement respectively. For yield scena- 
rio Y2 it was 5.47 to 6.41 and 5.89 to 6.64 (t/ha) with 75% 
of full irrigation requirements respectively. With 50% of 
full irrigation requirements, the yield scenario Y3 was 
3.60 to 6.22 and 3.96 to 6.30 (t/ha) for bread and durum 
wheat during the four selected seasons respectively. 

Thus, coupling the results of the Optimization Model 
(irrigated area, Tables 6 and 7) and the results of the 
wheat grain yield per unit area (Tables 8 and 9), for the 
three irrigation scenarios (S1, S2, and S3), helps to find 
the grain yield of wheat crop from irrigated area from 
each reservoir for the four selected seasons as shown in 
Figure 4 for bread wheat and in Figure 5 for durum 
wheat.

By taking the summation of grain yield, it could be 

Figure 4. Grain yield for bread wheat for the irrigated area by the three irrigation level (100%, 75%, 
and 50%) of crop irrigation requirement for the selected seasons. 

Figure 5. Grain yield for durum wheat for the irrigated area by the three irrigation level (100%, 
75%, and 50%) of crop irrigation requirement for the selected seasons. 
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obtained the total grain yield of wheat crop (bread and 
durum) from irrigated area by all six reservoirs together 
thus:  

The yield scenario Y1 gives 7223, 7457, 68 and 9712 
Ton for bread wheat, and for durum wheat gives 5939, 
6130, 56 and 8035 Ton. The yield scenario Y2 gives 
12,504, 10,658, 94 and 12,999 Ton for bread wheat, and 
for durum wheat gives 9859, 8913, 87, and 10,906 Ton. 
The yield scenario Y3 gives 22,806, 15,783, 105 and 
18,603 Ton for bread wheat, and for durum wheat gives 
17,396, 12,478, 103, and 14,238 Ton for the four se-
lected seasons (1995-1996, 1996-1997, 1998-1999 and 
2001-2002) respectively.  

The comparison for the total wheat grain yield among 
the three of supplemental irrigation scenarios (S1, S2, 
and S3) showed that scenario S3 gave always maximum 
total wheat grain yield for all the selected seasons and for 
both bread and durum wheat, and this is due to mainly 
two reasons as discussed below:  

First, since the yield is a function of water that reach 
the crop, then using supplemental irrigation level of 50% 
of full irrigation requirements leads to reduce the yield 
per unit area, but in the same time, this level of irrigation 
works to save maximum of irrigation water and distrib- 
uted over a larger area which leads to maximize the total 
irrigated area.  

Second, the overall increase in irrigated area has be- 
come the dominant factor, which covered the lack of 
yield per unit area, which led to maximize the overall 
yield of wheat grain for irrigated area. 

6. CONCLUSION 
Sinjar area north of Iraq is a typical rain-fed farm. The 

results indicated that, using rainwater harvesting tech- 
nique gives total volume of harvested runoff that can be 
considered for irrigation practices, that reached up to 
42.4, 25.1, 0.60, 10.9 (106 m3) during 1995-1996, 1996- 
1997, 1998-1999, and 2001-2002, respectively. 

The results show that, the supplemental irrigation sce- 
nario S3 (50% of full irrigation requirement) can save 
more water than scenarios S1 or S2 (100% and 75% of 
full irrigation requirement).  

The yield scenario Y3 (under 50% of full irrigation re- 
quirement) gives, 105 to 22,806 (Ton) for bread wheat, 
and for durum wheat gives, 103 to 17,396 (Ton). Sce-
nario Y3 always gives the maximum total wheat grain 
yield for all the selected seasons compared to Y1, Y2, 
(the yields scenarios given by supplemental irrigation 
scenarios S1, S2 respectively). 

The results showed that bread wheat can satisfy larger 
irrigated area and grain yield than durum. 
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Abstract 

Time series analysis and forecasting is an important tool which can be used to 

improve water resources management. Iraq is facing a severe water shortage 

problem. The use of rainwater harvesting is one of the techniques to overcome this 

problem. To put this into practice, it is of prime importance to forecast future 

rainfall events on a weekly basis. 

Box-Jenkins methodology has been used in this research to build Autoregressive 

Integrated Moving Average (ARIMA) models for weekly rainfall data from four 

rainfall stations in the North West of Iraq: Sinjar, Mosul, Rabeaa and Talafar for 

the period 1990-2011. Four ARIMA models were developed for the above stations 

as follow: (3,0,2)x(2,1,1)30, (1,0,1)x(1,1,3)30, (1,1,2)x(3,0,1)30 and (1,1,1)x(0,0,1)30 

respectively. The performance of the resulting successful ARIMA models were 

evaluated using the data year (2011).These models were used to forecast the 

weekly rainfall data for the up-coming years (2012 to 2016). The results supported 

previous work that had been carried out on the same area recommending the use 

of water harvesting in agricultural practices. 
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1 Introduction  
Iraq is facing a serious water shortage problem [1]. This implies the need to use 

new techniques to overcome this problem. Among these methods is the water 

harvesting technique. The Sinjar area was chosen to evaluate the possibility of 

using this technique [2; 3; and 4]. To ensure optimal use of the technique, decision 

makers and farmers require prediction of the future rainfall expected in their 

locality. 

There are several methods dealing with time series forecasting, the most relevant 

is Box-Jenkins methodology which used in this study. It is discussed in several 

publications [e.g. 5; 6; 7; 8; and 9].  

Chiew et al., [10] conducted a comparison of six rainfall-runoff modeling 

approaches to simulate daily, monthly and annual flows in eight unregulated 

catchments in Australia. They concluded that a time-series approach can provide 

adequate estimates of monthly and annual yields in the water resources of the 

catchments.

Kuo and Sun, [11] employed an intervention model for a 10 day average of stream 

flow forecast and synthesis which was investigated to deal with the extraordinary 

phenomena caused by typhoons and other serious abnormalities of the weather of 

the Tanshui River basin in Taiwan. 

Langu, [12] used time series analysis to detect changes in rainfall and runoff 

patterns to search for significant changes in the components of a number of 

rainfall time series. 

Al-Ansari et.al [13, 14] and Al-Ansari and Baban [15], examined the rainfall 

record of all the Jordanian Badia stations, for the period 1967-1998 to determine 

periodicity and interrelations between stations using power spectral, harmonic 

analysis, and correlation coefficient techniques. They used an ARIMA model to 

forecast rainfall trends in individual stations up to 2020. Their results showed that 

the rainfall intensity has been decreasing with time for most of the stations. 
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Al-Hajji, [16] used an ARIMA model to forecast time series of monthly rainfall. 

His results show good sequence of correlation and suitable ARIMA models for the 

monthly rainfall time series for nine rainfall stations in the north of Iraq. 

 Al-Dabbagh, [17] used two time series in order to represent and forecast the data 

using ARIMA methodology. The first was the inflow series to the three reservoirs 

dams (Mosul, Dokan, and Derbendikhan) in the north of Iraq. The second was a 

rainfall series for rain falling on the above reservoirs. The results showed that a 

seasonal ARIMA model is suitable to describe the monthly rainfall and inflow 

series to the three reservoirs.   

Weesakul and Lowanichchai [18] used both of ARMA and ARIMA models to fit 

the time series of annual rainfall during 1951 to 1990 at 3l rainfall stations in 

Thailand. They concluded that the ARIMA model is more suitable to predict 

inter-annual variation of annual rainfall.  

Somvanshi et al. [19] made a comparative study of rainfall behaviour as obtained 

by ARIMA and the artificial neural network (ANN) techniques, using mean 

annual rainfall data from year 1901 to 2003 in India. Their research established 

that the ANN method should be favored as an appropriate forecasting tool to 

model and predict annual rainfall rathar than that using an ARIMA model. 

The ARIMA model has been used by various authors to forecast rainfall and other 

meteorological variables [20, 21, 22, 23 and 24].  

Previous work carried out on the Sinjar area [2, 3 and 4] indicated that water 

harvesting techniques can be successfully used in this area. In order to put these 

techniques into practice, decision makers and farmers should have an idea about 

likely future rainfall events in the area. 

ARIMA models, included in this research, could be harnessed with management 

of water resources by estimating future amounts of runoff to be obtained from 

weekly forecasting rainfall. These weekly runoff data can support supplemental 

irrigation for the rain-fed farms of wheat crop in the Sinjar district to overcome the 

problem of water scarcity.  
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It will also lead to an increase of the efficiency of the irrigation process and 

consequently the crop yield.   

2 Study Area and Rainfall Data 

The rainfall stations of Sinjar, Mosul, Rabeaa and Talafar are located within the 

vicinity of the Sinjar district in the North West of Iraq (Fig.1). The data were 

provided by Iraqi Meteorological and Seismology Organization for the period 

1990-2011, assuming no missing data for all stations except the Talafar station, 

where data for several years was missing, the inverse distance method [25] was 

used to estimate the missing data. 

Sinjar district is characterized by its semi-arid climate, where rainfall totals are 

low and there is an uneven distribution. The rainy season extends from November 

to May [4].  

Rainfall on weekly basis of these 4 rainfall stations has been used to develop the 

ARIMA models. The mean weekly rainfall for the above stations was as follow: 

10.2, 11.3, 9.9, and 10.3 (mm) respectively for the period 1990-2011.     

The data of these stations, fluctuate greatly with wide variation where its value 

may ranged between zero to maximum value (more than 100 mm) in addition the 

maximum value rarely repeated, so it is not easy to find suitable ARIMA models 

to represent them unless enough trials have been applied. The complexity may be 

increased due to using weekly period to represent a seasonal period (S). 

In general there are about 30 rainy weeks every year for the Sinjar district, which 

represent the S term in the general form of ARIMA model of (p,d,q)x(P,D,Q)S.

Seasonal differencing was applied on all the time series from the 4 stations after 

taking a log transformation function, and then applying ARIMA models using 

Minitab software Release 14.1, the ARIMA model describes the seasonal 

differencing time series. 
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Fig. 1: (A) Map of Iraq shows the Sinjar District, (source: lonelyplanet.com). 

 (B) Meteorological stations: Rabeaa, Sinjar, Talafar and Mosul, (source: 

Google map).
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The time series was divided into three periods: 

The first period, from 1990 to 2010, where the data were used to analyze the 

characteristics of the rainfall and selecting the most appropriate rainfall forecast 

models. The second period, is the final year, 2011, that was used for evaluating the 

performance of the selected models. The third period, the selected model was used 

to forecast rainfall time series for the up-coming 5 years (2012-2016).  

3 ARIMA Model  

The multiplicative ARIMA model, as a short term, stands for Autoregressive 

Integrated Moving Average. 

The acronyms AR (p) is known for an Autoregressive model of order (p), and 

represented by: 

p

j
ttjt xx

1
1         (1) 

Where x = observation at time=t, =jth autoregressive parameter. 

t =independent random variable represent the error term at time t,  

1tx = time series at the time (t-1), p= order of autoregressive process. 

The acronyms MA (q) is known for a moving average model of the order q and is 

represented by:  

q

j
tjttx

0
1                                            (2) 

Where: =jth moving average parameter, q= order of moving average process. 

The combination between AR (p) and MA (q) models is called the ARMA (p, q) 

model, and is represented by: 
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q

j
tj

p

j
tjt xx

0
1

1
1                                       (3) 

To achieve stationary case in the time series, it may be differenced ARMA model 

for d times to obtain ARIMA (p,d,q), similarly an ARMA model may be seasonal 

differenced for D times to obtain seasonal ARIMA (P,D,Q)S  for S seasonal 

period. So when they are coupled together that will give ARIMA (p,d,q)x(P,D,Q)S

The regular difference is written as  

t
d xB)1(                                                       (4) 

B=backward operator, d=the non-seasonal order of differences. 

The seasonal difference of order D with period S is written as   

t
DS xB )1(                                                     (5) 

In general, the differencing operation may be done several times but in practice 

only one or two differencing operation are used [8]. 

 Box and Jenkins, generalized the above model and obtained the multiplicative 

Autoregressive Integrated Moving Average where the general form is {seasonal 

ARIMA (p,d,q) x (P,D,Q)s } which is written as: 

t
DSPS

P
SS xBBBB )1)(...1( 2

21

t
QS

Q
SS BBB )...1( 2

21 (6)

The residuals t  are in turn is represented by an ARIMA (p,d,q) model  
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t
dp

p BBBB )1)(.....1( 2
21

t
q

qBBB ).....1( 2
21                              (7) 

The general multiplicative ARIMA (p,d,q) x (P,D,Q)S model is obtained by 

solving Eq.7 for t  and replacing in Eq.6 as: 

t
S

t
dDSS BBxBBBB )()()1()1)(()(  (8)

4 Box-Jenkins ARIMA Model, Methodology 

In 1976, Box and Jenkins, give a methodology (Fig. 2) in time series analysis to 

find the best fit of time series to past values in order to make future forecasts.  

The methodology consists of four steps: 

1) Model identification. 2) Estimation of model parameters. 3) Diagnostic 

checking for the identified model appropriateness for modeling and 4) Application 

of the model (i.e. forecasting). 

The most important analytical tools used with time series analysis and forecasting 

are the Autocorrelation Function (ACF) and the Partial Autocorrelation Function 

(PACF). They measure the statistical relationships between observations in a 

single data series. Using ACF gives big advantage of measuring the amount of 

linear dependence between observations in a time series that are separated by a lag 

k. The PACF plot is used to decide how many auto regressive terms are necessary 

to expose one or more of the time lags where high correlations appear, seasonality 

of the series, trend either in the mean level or in the variance of the series [7]. 
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Fig. 2: Outline of Box-Jenkins methodology.

In order to identify the model (step 1), ACF and PACF have to be estimated. They 

are used not only to help guess the form of the model, but also to obtain 

approximate estimates of the parameters [26]. 

As identifying a tentative model is completed. The next step is to estimate the 

parameters in the model (step 2) using maximum likelihood estimation. Finding 

the parameters that maximize the probability of observations is main goal of 

maximum likelihood. 

The next, is checking on the adequacy of the model for the series (step 3). The 

assumption is the residual is a white noise process and that the process is 

stationary and independent.  

Model diagnostic checking is accomplished, in this work, through careful analysis 

of the residual series, the histogram of the residual, sample correlation and a 

diagnosis test [27].  

Ljung-Box, Q-test, is used to check the assumptions of model residuals and could 

be written as: 

h

k

k

kn
rnnQ

1

2

)2(                                            (9)
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Where:  

h= the maximum lag being considered, n=the number of observations in the series 

and rk =the autocorrelation at lag k.  

The statistic Q has a chi-square ( x 2) distribution with degrees of freedom (h-m) 

where m is the number of parameters in the model which has been fitted to the 

data, the chi square value has been compared with the tabulated values; in order to 

evaluate the valid model otherwise the model will be rejected. 

For successful models, it should be noted that a model with the less number of 

variables gives the best forecasting results, i.e. for a time series having more than 

one successful ARIMA model, in this case it should be consider the model with 

less variables (number of AR and/or MA), this is achieved by using Akaike's 

Information Criterion (AIC) [28], in order to select the best ARIMA model among 

successful models. The smallest value of AIC should be chosen.  

Akaike's Information Criterion (AIC) may be written as:  

AIC = 2 loge (L) + 2(p + q + P + Q + C)                             (10) 

Where:    

L= Maximum likelihood, p= non-seasonal Autoregressive order,  

q= non-seasonal Moving average order, P= seasonal Autoregressive order,   

Q= seasonal Moving average order, C= constant of the model.

5 Results and Discussion 
The data of Sinjar station was chosen as a sample of calculations. The first step in 

the application of the methodology is to cheek whether the time series (weekly 

rainfall) is stationary and has seasonality. 

The weekly rainfall data (Fig. 3) shows that there is a seasonal cycle of the series 

and it is not stationary. The plots of ACF and PACF of the original data (Fig. 4) 

show also that the rainfall data is not stationary, where both ACF and PACF have 
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significant values at different lags.  

Fig. 3: Weekly rainfall data for Sinjar station for the period (1990-2011). 

A stationary time series has a constant mean and has no trend over time. However 

it could satisfy stationary in variance by having log transformation and satisfy 

stationary in the mean by having differencing of the original data in order to fit an 

ARIMA model.  

Seasonal trend could be removed by having seasonal differencing (D) through 

subtracting the current observation from the previous thirtieth observation, as 

described before that rainfall in Sinjar district, it nearly extend for 30 weeks 

annually. In general the seasonality in a time series is a regular pattern of changes 

that repeats over time periods (S). 
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Fig. 4: ACF and PACF for original Sinjar weekly rainfall data. 
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However, if differenced transformation is applied only once to a series, that means  

data has been "first differenced" (D=1). This process essentially eliminates the 

trend for a time series growing at a fairly constant rate. If it is growing at an 

increasing rate, the same procedure (difference the data) can be applied again, then 

the data would be "second differenced" (D=2). If a trend is present in the data, 

then non-seasonal (regular) differencing (d) is required. 

The weekly rainfall data, of Sinjar station, required to have a first seasonal 

difference of the original data in order to have stationary series. Then, the ACF 

and PACF for the differenced series should be tested to check stationary.  

From all of the above, an ARIMA model of (p, 0, q) x (P, 1, Q)30 could be 

identified.

In the Box-Jenkins methodology, the estimated model will be depending on the 

ACF and PACF (Fig. 5). After ARIMA model was identified, the p, q, P and Q 

parameters need to be identified for Sinjar weekly rainfall time series. 

The data were tested to check the constraction of the ARIMA model by selecting 

the required order of the D that making the series stationary, as well as specifying 

the necessary order of the p,P,q and Q to adequately represent the time series 

model.      

It should be noted that, even if the ARIMA model has been correctly identified 

and gives good results, this will not mean that it is the only model that can be 

considered where most documentations of time series dealing with ARIMA 

models [7, 8 and 26] indicated that other ARIMA models with values of AR 

and/or  MA less than same parameters of the considered ARIMA (for the 

seasonal or nonseasonal varaibels) might be available. In this case these models 

should be identified and tested. Then apply AIC to select the best ARIMA model.   

After selecting the most appropriate model (step 1), it was found that ARIMA 

model (3,0,2)x(2,1,1)30 is among several models that passed all statistic tests 

required in the Box-Jenkins methodology. 

The model parameters are estimated (step 2) using Minitab software.  
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Fig. 5: ACF and PACF after taking difference and Log  

of Sinjar rainfall data. 
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Table 1 shows the estimated Parameters for the successful Sinjar ARIMA model 

(3,0,2)x(2,1,1)30.

Table 1: ARIMA Coefficients for Sinjar model (3, 0, 2)x(2, 1, 1)30.

No. Type Coefficients Probability 

1 AR   1 0.9672 0.001 

2 AR   2 -0.6016 0.009 

3 AR   3 0.1638 0.014 

4 SAR  30 -0.7191 0.000 

5 SAR  60 -0.4307 0.000 

6 MA   1 0.8013 0.004 

7 MA   2 -0.5505 0.004 

8 SMA  30 0.8676 0.000 

Not: AR and MA represent non-seasonal coefficients and  

SAR and SMA represent seasonal coefficients. 

The residuals from the fitted model are examined for the adequacy (step 3). This is 

done by testing the residual ACF and PACF plots that shows all the 

autocorrelation and partial autocorrelations of the residuals at different lags are 

within the 95 % confidence limits. 

Table 2 shows the Ljung-Box Q-test of the residuals for the successful Sinjar 

ARIMA model (3,0,2)x(2,1,1)30 .This model appears to fit the Sinjar data. 

Only the model with no significant residuals should be considered to indicate that 

the model is adequate to represent the considered time series. Figure 6 shows the 

residual ACF and PACF plots.  

Figure 7 represents four graphical measures for the adequacy of the model.  
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Table 2: Ljung-Box Q test of the residuals for Sinjar  

ARIMA model (3, 0, 2)x(2, 1, 1)30.

No. Details     Values 

1. Lag 12 24 36 48 

2 Chi-Square 6.1 22.9 34.5 48.5

3 Degree of Freedom 4.0 16.0 28.0 40.0

4 Probability –Value 0.189 0.116 0.185 0.168

The first measure is the normal probability plot of the residuals (top-left of Fig.7) 

which is good as required for an adequate model and most of the residuals are on 

the straight line.  

The second measure for adequacy of model is the histogram of the residuals 

(bottom-left of Fig.7) which shows good normality of the residuals.  

The third measure is the plot of residuals against fitted values (top-right of fig.7).  

The variance of the error terms must be constant, and they must have a mean of 

zero. If this is not the case, the model may not be valid.  

To check these assumptions, the plot (Fig. 7 top-right) of the residuals versus 

fitted values of the Sinjar ARIMA model (302)x(211)30, showed that the errors 

have constant variance, with the residuals scattered randomly around zero. If, for 

example, the residuals decrease or increase with the fitted values in a pattern , then 

that means the errors may not have constant variance. The points on the plot (same 

figure) appear to be randomly scattered around zero, indicating that the error terms 

have a mean of zero which is reasonable. The vertical width of the scatter doesn't 

appear to increase or decrease across the fitted values, this suggests that the 

variance in the error terms is constant.
The fourth measure is the plot of residuals against fitted order of the data 

(bottom-right of fig.7). 
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Fig. 6: ACF and PACF of residuals of Sinjar ARIMA model (302)x(211)30 .
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Fig .7: Residual plots of Sinjar ARIMA model (3,0,2)x(2,1,1)30 .

In this plot the data does not follow any symmetric pattern with the run order 

value. It shows almost randon behaviour of residuals with the increasing run order 

which indicates that the model is a good fit.    

Almost all of the residuals are within acceptable limits which indicate the 

adequacy of the recommended model. 

Although some other ARIMA models have been applied on the Sinjar data such as  

(0,0,1)x(3,1,1)30
, (1,0,0)x(3,1,1)30 and (0,0,3)x(1,1,1)30 that pass the probability 

and Ljung-Box Q-tests but they still contain little residuals which might not be 

significant and occur at late or delayed lag (60). These were not considered as the 

successful models. On the basis of the above, the selected ARIMA 

(3,0,2)x(2,1,1)30 model is adequate to represent the Sinjar data and could be used 

to forecast the future rainfall data. After finding a valid model, weekly rainfall 

depth for the Sinjar station is forecast (step 4).  
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The performance of the Sinjar ARIMA model (3,0,2)x(2,1,1)30 is evaluated by 

forecasting the data for the year 2011. Both the forecasted and real weekly rainfall 

depth of the Sinjar station for the year 2011 were fitted on the same plot to 

indicate the model adequacy, performance and comparison purposes (Fig. 8). 

Fig. 8: Real and forecasting Sinjar rainfall depth for the year 2011. 

The similarity and matching between the forecasted and real rainfall depth were 

good. The above comparison increases confidence with the ARIMA 

(3,0,2)x(2,1,1)30 to represent the rainfall data at Sinjar station and can be use for 

forecasting the future rainfall data. Fig. 9 shows the forecasting rainfall depth for 

the years 2012-2016 using ARIMA (3,0,2)x(2,1,1)30. 

The same procedures of the Box-Jenkins methodology were followed for the other 

three stations (Mosul, Rabeaa and Talafar) to forecast future rainfall.  
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Fig. 9: Sinjar forecast rainfall depth for the years 2012-2016  

using ARIMA (3,0,2)x(2,1,1)30.

For all three stations, it was found that some ARIMA models passed all the 

statistical tests required in the Box-Jenkins methodology without significant 

residuals for ACF and PACF plots. These models are the following. 

For Mosul data the ARIMA model (1,0,1)x(1,1,3)30 , for Rabeaa data the ARIMA 

model (1,1,1)x(3,0,1)30 and for Talafar data the ARIMA model (1,1,1)x(0,0,1)30.

Table 3 shows the ARIMA coefficients for the above models. 

Table 4 shows the results of the Ljung-Box Q-test of the residuals for the ARIMA 

models according to the stations.  

The selected ARIMA models for the three stations (Mosul, Rabeaa and Talafar) 

have the smallest values of AIC (Table 5) among other successful ARIMA models. 

Thus, these models can represent rainfall data and can be used with confidence to 

forecast future rainfall data. 
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Table 3: ARIMA Coefficients for the selected models  

according to the stations. 

No. Type Coefficients Probability 

Mosul station ARIMA model (101) (113)30

1 AR   1 0.6085 0.000 

2 SAR  30 -0.9061 0.000 

3 MA   1 0.4513 0.012 

4 SMA  30 -0.6892 0.000 

5 SMA  60 0.6137 0.000 

6 SMA  90 -0.4534 0.000 

Rabeaa station ARIMA model (112) (301)30

1 AR   1 -0.5882 0.000 

2 SAR  30 -0.4542 0.000 

3 SAR  60 -0.4280 0.000 

4 SAR  90 -0.3972 0.000 

5 MA   1 0.3057 0.020 

6 MA   2 0.6353 0.000 

7 SMA  30 0.5569 0.000 

Talafar station ARIMA model (111) (001)30

1 AR   1 0.1305 0.004 

2 MA   1 0.9540 0.000 

3 SMA  30 0.9007 0.000 
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Table 4: Ljung-Box Q test of the residuals for the ARIMA models  

according to the stations 

No. Details Location and Model 

Mosul station ARIMA model (1,0,1) x (1,1,3)30 

1 Lag 12 24 36 48

2 Chi-Square 9.9 26.8 36.2 44.4

3 DF 6 18 30 42

4 P-Value 0.129 0.083 0.201 0.370

Rabeaa station ARIMA model (1,1,2) x (3,0,1)30

1 Lag 12 24 36 48

2 Chi-Square 10.6 27.4 36.9 54.4

3 DF 5 17 29  41

4 P-Value 0.061 0.052 0.148 0.078

Talafar station ARIMA model (1,1,1) x (0,0,1)30

1 Lag 12 24 36 48

2 Chi-Square 9.6 26.1 34.3 50.4

3 DF 9 21 33  45

4 P-Value 0.386 0.203 0.406 0.268

Table 5: Akaike's Information Criterion (AIC) values for the successful 

ARIMA models according to the stations. 

No. Station Model          AIC Value 

1 Sinjar (3,0,2)x (2,1,1)30 17.44 

2 Mosul (1,0,1)x(1,1,3)30 13.03 

3 Rabeaa (1,1,2)x(3,0,1)30 16.31 

4 Talafar (1,1,1)x(0,0,1)30 8.3 
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Figures 10,13 and 16 show the four graphical measures for the adequacy of the 

selected ARIMA models for the three stations (Mosul, Rabeaa and Talafar) 

respectivly. The normal probability plots of the residuals show that most of the 

residuals are on the straight line having a good histograms shape. Follow-up the 

plots of residuals vs. fitted values and order of the data respectively, show that the 

errors have constant variance, the points on the plot appear to be randomly 

scattered around zero. 

Almost all of the residuals are within acceptable limits which indicate the 

adequacy of the recommended models.   

The performance of ARIMA models for the above three stations are evaluated by 

forecasting the data for the year 2011 to indicate the models adequacy, 

performance and comparison purposes (figures 11, 14 and 17). 

Figures 12, 15 and 18 show forecast rainfall depth for the years 2012-2016 for 

three stations data Mosul, Rabeaa and Talafar, respectively. 

Fig. 10: Residual plots of Mosul ARIMA model (1,0,1)x(1,1,3)30. 
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Fig. 11: Real and forecasting Mosul rainfall depth for the year 2011. 

Fig. 12: Mosul forecast rainfall depth for the years 2012-2016 using

RIMA(1,0,1)x(1,1,3)30.
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Fig. 13: Residual plots of Rabeaa ARIMA model (1,1,2)x(3,0,1)30 .

Fig. 14: Real and forecasting Rabeaa rainfall depth for the year 2011. 
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Fig. 15: Rabeaa forecast rainfall depth for the years 2012-2016  

using RIMA(1,1,2)x(3,0,1)30.

Fig. 16: The residual plots of Talafar ARIMA model (1,1,1)x(0,0,1)30 .
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Fig. 17: Real and forecasting Talafar rainfall depth for the year 2011. 

Fig. 18: Talafar forecast rainfall depth for the years 2012-2016 using 

RIMA(1,1,1)x(0,0,1)30.
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6 Conclusions 
The weekly rainfall record in the Sinjar semi-arid region has been studied using 

the Box-Jenkins (ARIMA) model methodology. A weekly rainfall record spanning 

the period of 1990-2011 for four stations (Sinjar, Mosul, Rabeaa and Talafar) at 

Sinjar district of North Western Iraq has been used to develop and test the models.  

The performance of the resulting successful ARIMA models was evaluated by 

using the data for the year 2011 through graphical comparison between the 

forecast and actually recorded data. The forecasted rainfall data showed very good 

agreement with the actual recorded data. This gave an increasing confidence of the 

selected ARIMA models.  

The study reveals that the Box-Jenkins (ARIMA) model methodology could be 

used as an appropriate tool to forecast the weekly rainfall in semi-arid region like 

North West of Iraq for the up-coming 5 years (2012-2016). 

The results achieved for rainfall forecasting will help to estimate hydraulic events 

such as runoff, then water harvesting techniques can be used in planning the 

agricultural activities in that region. Predicted excess rain can be stored in 

reservoirs and used in a later stage. 

The modeling techniques demonstrated in this contribution can help farmers in the 

area to enlarge the areas of land to be cultivated using supplemental irrigation. 
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Abstract 
Macro Rainwater Harvesting (RWH) under recorded and forecasting rainfall scenarios 
helps to overcome the water shortage problem.  
Eastern Sinjar District-Iraq had been investigated for the potential of RWH with a 
catchment area of four basins. Three recorded rainfall scenarios (S1, S2, and S3) were 
diagnosed representing seasons of the maximum, minimum and average weekly rainfall 
events for the period 1990-2011. Forecasting the rainfall depths for the same catchment 
area were estimated depending on Box-Jenkins methodology to build Autoregressive 
Integrated Moving Average (ARIMA) models for weekly rainfall data for the period 
2012-2016. Three forecasting rainfall scenarios (S4, S5, and S6) were diagnosed to 
represent the seasons of the maximum, minimum and average weekly forecasting rainfall 
events. The results of these scenarios were compared with an average area to be irrigated 
obtained from the results of 19 years record. The results indicated that in wet years RWH 
technique with supplemental irrigation help to give total irrigated area larger than a total 
specified average irrigated area. In average and dry years, the amounts of the additional 
needed water were estimated to irrigate the total areas that should be increase in order to 
satisfy the specified average irrigated area.  

Keywords: Rainwater Harvesting, rainfall Forecasting, Sinjar District, Iraq. 

1  Introduction  
Rainwater harvesting (RWH) is defined as a method for inducing, collecting, storing, and 
conserving local surface runoff for an agricultural purpose in arid and semi-arid regions 
[1]. The most important factors that effect in practicing water harvesting  are the 
distribution and intensity of the rainfall, the runoff properties of the catchment area, soil 
water storage, reservoir’s capacity, the agricultural crops, available technologies and 
socio-economic conditions [2].  

1Lulea University of Technology, Lulea, Sweden. 
2Lulea University of Technology, Lulea, Sweden. 
3Lulea University of Technology, Lulea, Sweden.  



22                            Saleh Zakaria, Nadhir Al-Ansari and Sven Knutsson

The aim of the RWH system is supplying a new source of water to the region. The main 
components of RWH systems for agricultural purposes in dry areas consist of the 
catchment area in order to collect the resulting runoff from rainfall storms, an earth dam 
with reservoir to store the harvested runoff, and effective irrigation system like 
supplemental.  
Water harvesting systems have proven to be an effective technique in an arid and 
semi-arid region to achieve the most important goals of increasing crop yields and 
reducing cropping risk, making best use of available water resources, as well as using 
harvested water to recharge groundwater aquifers [3].  
Despite the urgent need for RWH in Iraq, it has not been used so far [4].
There are only few experiments implemented in the macro catchment RWH systems [5]. 
For example, the experiments of Bakari et al. [6] and Gowing et al. [7] implemented in 
macro catchment RWH systems using typical research station, where most conditions 
were been under control by the researchers. 
Some researchers studied the performance of different kind of RWH systems, they 
concluded that they had good results to augment the crop yield [6, 7, 8, 9, and 10]. 
Nasri et al. [11] studied traditional macro-catchment water harvesting system of Tabias, in 
Tunisia. They conclude that: this system minimized flood risks by decreasing the local 
surface runoff that was collected from hill slope, which lead to reduce soil erosion 
hazards. The harvested water that was stored behind the Tabias requires not more than 
three days to supply (by infiltration) the soil water storage to allow planting vegetables 
during the following months. Even deep soil water storage will be utilized by the roots of 
fruit trees. 
Adekalu et al. [12] studied both macro and micro catchment’s runoff harvesting. They 
stated that using supplemental irrigation with harvested runoff water give benefits of 
reducing the impacts of dry periods to the half, that lead to the increase the yield. Mzirai 
and Tumbo [5] concluded that the crop yield in semi-arid areas can be increased by using 
RWH systems; they noticed that water use efficiency can be increased up to more than 20 
kg ha-1 mm-1 compared to a rain-fed system where water use-efficiency can hardly reach 3 
kg ha-1 mm-1.
A number of researchers have gone farther in the studying rainfall events where they 
studied forecasting rainfall to get some information that may help to be employed to 
service the society.  
Number of researchers [e.g.13,14,15,16,17,18,19,20,21,22,23,24,25,26] studied the 
performance of Box-Jenkins (ARIMA) model methodology, and they developed ARIMA 
models in order to forecasting rainfall in their study areas. They conclude that 
Box-Jenkins methodology is an effective way for represent and forecast rainfall data. 
It should be noted that, these forecasting rainfall data, are not guaranteed, but it 
significantly contributes to give an idea about the future rainfall that led to reduce the risk 
of adventure and avoid losing money in case of planted rain-fed farms during dry seasons, 
and the most important; it gives an early warning in the events of dry seasons that might 
take place in near future. 
Iraq is part of West Asia and North Africa (WANA). Most of the agricultural area of 
WANA is rain-fed [27]. The rainfall in this region is characterized by a low amount with 
uneven distribution, the total quantity of rainfall is less than seasonal crop water 
requirements especially wheat and barley, which lead to some stages of soil-moisture 
shortages giving a very low result of crop yield [28]. 
Most of Iraqi agricultural lands are suffering from water shortage’s problems due to 
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reduction the discharges of Tigris and Euphrates Rivers, effect of climatic changes, rising 
temperatures, rain retention, in addition to the bad planning and management of the water 
resources. Accordingly, huge farm’s lands were converted to desert areas [29, 30]. 
Agriculture is the largest overwhelming consumer of water across the region [31] and 
therefore, the water shortages cannot be objectively analyzed nor adequately addressed 
without a thorough consideration of agriculture in the region [32]. RWH can save a good 
amount of water used for agricultural purposes, and the excess can even be used for 
artificial recharge of groundwater aquifers. This can minimize the water shortage 
problems in Iraq.  
Research on water harvesting conducted by Al-Ansari et al. [33] and Zakaria et al. [4, 34], 
aimed to study a macro RWH to exploit harvested runoff for supplemental irrigation 
system in order to increase the wheat crop yield of the rain-fed farms by increasing the 
irrigated area. 
These researches conducted on south; east and north Sinjar District respectively using 
(NRCS-CN) curve number method with Watershed Modeling System (WMS) to estimate 
direct harvested runoff from an individual rain storm which is stored in the reservoir. The 
harvested runoff volume was used in supplemental irrigation processes. The results 
indicated that there was a considerable amount of annual runoff. This reflects that the 
volume of harvested runoff can be used for supplemental irrigation process to increase the 
annual crop yield.  
At east and north Sinjar District, three scenarios of supplemental irrigation were been 
used, one scenario of 100% of total irrigation requirement, and two scenarios of Deficit 
Irrigation (DI) (50% and 25% of total irrigation requirement) respectively, that lead to 
increase the irrigated area. The results showed that using the DI of 50% of total irrigation 
requirement can be more beneficial than other scenarios. All the reservoirs were operated 
as split units.  
In southern Sinjar District, the topography of the area gives the possibility to use two 
scenarios of reservoir’s operation. In the first, the reservoirs were operated as a split unit; 
while in the second, all reservoirs that located in one main basin were operated as one 
system.  
The second scenario offers the possibility to move the water from the reservoir located 
upstream to a downstream reservoir in order to provide a space for storing new harvested 
runoff into the upstream reservoir, and to compensate for the reduced amount of water 
storage that may take place in downstream reservoir due to increasing water demand.  
The results indicated that using the second scenario increased the irrigated area. The 
results are encouraging and in certain occasions, there was a surplus of water, which can 
be used for recharging the aquifers. 
Most research mentioned throughout this study has relied on the historical recorded 
rainfall data, the mostly alone, in exploring the study of rain water harvest without 
considering future rainfall events.  
Studies of rainfall forecasting help in planning agricultural water management that may 
lead to the best use of water resources by giving an idea expected for the coming seasons 
and provide some possible scenarios of future rainfall. It might give some indications 
about the intensity of rain-fed cultivation. 
Box-Jenkins (ARIMA) methodology can be used as an appropriate tool to forecast weekly 
rainfall in a semi-arid region like eastern Sinjar District at Iraq for up-coming 5 years 
[35]. 
In this research, recorded and hypothetical rainfall data used to evaluate the quantity of 
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water that can be harvested and used for agricultural purposes. The former highlights past 
events while the latter will give an idea about expected events. This work will contribute 
to solve water shortages in Iraq.  

2  Methodology 
2.1 Study Area
Eastern Sinjar District (Fig. 1-A) is located within Nineveh province in northwest Iraq 
about 84 km of Mosul center. The region is famous for the cultivation of rain-fed crops 
such as wheat and barley. 
Sinjar district is characterized by semi-arid climate, where rainfall totals are low with an 
uneven distribution. The rainy season extends from November to May.  
Table 1 shows annual rainfall depths for the period (1990-2011) as provided by Iraqi 
Meteorological and Seismology Organization, obtained from four meteorological stations 
(Rabeaa, Sinjar, Talafar and Mosul) (Fig. 1-B). 
The maximum, minimum and average rainfall seasons occurred during 1994-1995, 
1998-1999 and 2005-2006 and reach up to 426.4, 150.3 and 293.6 mm of rainfall depth 
respectively. 
The soil is 2 m deep and contains 1-2% organic material, and it is of silt clay to silt clay 
loam type. In addition there are other layers of sandstone and gypsum soil that cover most 
of the upland areas and hills southern the studied area [36]. 
Four basins (Fig.1-D) have been selected to estimate the runoff during the rainy season 
for two periods. The first period extends from 1990 to 2011. The second (2012 to 2016) 
represent near future. The catchment area of the selected basins contains three basic zones 
as follows cultivated, pasture, and land covered by exposures of hard rocks. For each 
basin, the runoff is to be collected from the catchment area of the basin toward its outlet 
where a reservoir of an earth dam is located. 
The methodology used for this research is well documented by Al-Ansari et al. [33] and 
Zakaria et al. [4 and 34], which can be summarized as discussed below. 

2.2 Scenarios Using Actual Rainfall Records 
Three recorded rainfall scenarios (S1, S2, and S3) for the period (1990-2011) were 
analyzed to select the maximum, minimum and average weekly rainfall seasons under the 
condition that the maximum weekly rainfall distribution is most of the season lead to 
maximize the irrigated area under the crops. The maximum total rainfall depth (scenario 
S1) reached 426.4 mm (1994-1995) while the minimum (scenario S2) reached 150.3 mm 
(1998-1999). The average total rainfall depth (scenario S3) reached 293.6 mm 
(2005-2006). Fig 2 shows the weekly rainfall events of the above scenarios along 24 
weeks. This period represents the wheat season growth for Sinjar District-Iraq region. 
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Figure 1: (A) Map of Iraq (source: lonelyplanet.com), (B) Meteorological stations in the 
study area (source: Google map), (C) Basins Land use map, (D) Selected basin at east 

Sinjar
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Table 1: Annual rainfall depths on study area for the period (1990-2011) 
       Season Rainfall depth (mm) 

1990-1991 314.6 
1991-1992 406.2 
1992-1993 422.2 
1993-1994 421.9 
1994-1995 426.4 
1995-1996 435.5 
1996-1997 384.1 
1997-1998 322.2 
1998-1999 150.3
1999-2000 181.9
2000-2001 415.9
2001-2002 359.8
2003-2004 221.1
2004-2005 310.4 
2005-2006 293.6
2006-2007 268.8
2008-2009 203.5
2009-2010 291.3
2010-2011 282.6

Figure 2: Rainfall Events through three selected weekly recorded  
rainfall Scenarios (S1, S2 and S3)
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2.3 Watershed Modeling System and Runoff Estimation 
Watershed Modeling System (WMS) is an efficient tool to estimate runoff for a specific 
catchment area. In this work the land use map for the study area (Fig. 1-C) it was obtained 
for the four selected basins based on the map produced by Remote Sensing Center, 
University of Mosul [37]. For each single rainfall storm the runoff volume was estimated 
using TR-20 of WMS model based upon the runoff curve number method (NRCS-CN). 

2.4 Supplemental Irrigation Model  
Using MATLAB software (R 2008 a), the irrigation water requirements of supplemental 
irrigation (SI) of 100% crop water requirement satisfaction for the wheat crop can be 
estimated. The estimation is based on rainfall depth, soil water storage and crop water 
requirements. 

2.5 Optimization Model  
A linear programming computer model technique had been used with MATLAB software 
to optimize crop area that could be irrigated by SI of 100% crop water requirement 
satisfaction. For a given rainfall scenario, the objective function is to maximize the total 
cropped area, which could be irrigated using the harvested runoff water that has been 
collected and stored in the individual reservoir for each basin.  

2.6 Scenarios Using Hypothetical Data 
Box-Jenkins methodology used to build Autoregressive Integrated Moving Average 
(ARIMA) models for weekly rainfall data from four rainfall stations: Sinjar, Mosul, 
Rabeaa and Talafar located around Sinjar District-Iraq for the period 1990-2011. ARIMA 
model was developed for each of the above stations in order to forecast rainfall during the 
period 2012-2016 then averaged over the study area. Future rainfall depths were 
forecasted with adoption of a confidence level of 95%. The results of forecasting rainfall 
data showed that the maximum (S4), minimum (S5) and average (S6) annual rainfall was 
233.9 mm (2015-2016), 198.4 mm (2013-2014) and 210.2 mm (2011-2012) respectively.  

2.7 Water Release  
For the four selected basins, the total volume of harvested runoff through any rainfall 
scenarios could be stored in the individual reservoirs that are available at the outlet of 
each basin.  
Emphasis will be placed on these amounts of excess water that can be released for the 
purpose of employing them to recharge ground water. 
The volume of the water release will be equal to zero if the reservoir is not filled 
completely with water during the rainfall season. While those filled to its maximum 
capacity, the water release can be estimated for the recorded and forecasted rainfall 
scenarios by the following formula: 

iiiii VRUNVRESVIRRSEVAPVSVWR 1                          (1) 
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Where: 
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3  Model Application  
The study area had been investigated, and four basins were selected as a specific 
catchment area to harvest the runoff that was produced from rainfall and could be stored 
in the reservoir. Studying the recorded rainfall during the period 1990-2011 helps to 
analyze rainfall seasons to diagnose three rainfall scenarios, represent the maximum (S1), 
minimum (S2) and the average (S3) of total falling depth of rainfall during this period. 
The WMS was applied in the first phase of the work to estimate runoff volume for each 
selected basin for each single rainfall storm for the study period. 
The average rainfall data in the study area were obtained from Rabeaa, Sinjar, Talafar and 
Mosul stations that are located within the vicinity of Sinjar District. 
The second phase of work is to apply SI model to estimate the irrigation water 
requirements of the wheat crop for the considered period. The growth season of the wheat 
crop in the study area is almost about six months (170 days). Finally the optimization 
model was applied to maximize the irrigated area using the storage of harvesting runoff 
for each reservoir with full irrigation requirements. The amount of water released from 
these reservoirs was estimated also.  

4  Results and Discussion 
4.1 Scenarios Using Actual Rainfall Records 
The total volumes of harvested runoff through scenarios S1 (94-95), S2 (98-99) and S3 
(2005-2006) from the four selected basins were stored in individual reservoirs. When the 
volume of harvested runoff exceeded the maximum capacity of any reservoir, the water 
will be released through the spillway. Figure 3 shows the volume of harvested runoff in 
the reservoirs.1 through 4 from the four selected basins during the scenarios (S1, S2 and 
S3). Thus the total harvested water in all the reservoirs during scenarios S1, S2, and S3 
reach up to 16.06, 0.18, and 2.30 million cubic meters respectively. The main factors that 
affect the harvested runoff volume are the size of the catchment area, its type of soil, the 
distribution and amount of rainfall, The time period between the rain storms, curve 
number (CN) values, the antecedent moisture condition (AMC), the size of the reservoirs 
[4]. 
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Figure 3: Annual runoff of the recorded rainfall scenarios (S1, S2 and S3) 

Despite that Sinjar District is famous with rain-fed crop, especially wheat and has the 
most suitable agricultural conditions, but it lacks a water resource. Therefore, the rain 
water harvesting is an important part of its agricultural water management. Harvested 
rainfall can solve part of the problem in that area and if groundwater is used in periods of 
no rain then the crops can be maintained for the whole season. 
Irrespective to the water resource there should be a good strategy for agricultural water 
management by using an efficient and reliable irrigation system, such as SI in order to 
supplement the limited rainfall to the equivalent value of the crop water requirements to 
maximize the irrigated area and then the crop yield.  
Figure 4 shows that the resultant irrigated area by combination of SI (full irrigation 
requirement) and each of the rainfall scenarios S1, S2, and S3. Where the harvested 
runoff that stored in the individual reservoirs was used by irrigation process. 
For scenarios S1, S2, and S3 the summation maximum, minimum, and averaged irrigated 
area from the four reservoirs reached up to 2646.27, 18.66, and 554.75 hectares 
respectively. 
Certainly water availability is the main factor affecting the increase or decrease of the 
irrigated area when other factors are stable. 
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Figure 4: Resultant Irrigated Area by combination of Supplemental Irrigation and each of 
rainfall scenarios S1, S2, and S3 

Table 2 shows the results of previous study at eastern Sinjar [4]. This table gives the 
calculated areas during the period 1990- 2009.  
The irrigated area of the seasons 1996-1997, 2008-2009 and 1992-1993 are selected to 
represent the average irrigated area for reservoir 1, both reservoirs 2 and 3, and reservoir 4 
respectively, as the closest average irrigated area to the calculated one. The irrigated area 
reached up to 229.51, 91.24, 243.14 and 391.41 ha for the reservoirs 1, 2, 3 and 4 for the 
above season respectively.    
In order to explore the wheat crop yield at eastern Sinjar, these average areas will be used 
to evaluate the results of irrigated area at Sinjar rain-fed with a combination of SI (full 
irrigation requirements) with different rainfall scenarios.  

Table 2: Irrigated area by the water of the four reservoirs for the period 1990-2009 with 
satisfaction of 100% of irrigation water requirement 

Irrigated Area by the four reservoirs (hectares)  

Season   reservoir1 reservoir2 reservoir3  reservoir4 

90-91  98.40  59.81  213.66  215.96 
91-92  34.10  64.46  63.90  443.73
92-93  313.19  114.17  390.58  391.41
93-94  130.65  231.54  380.90  1205.40 
94-95  706.28  252.31  852.05  835.63
95-96  148.33  57.34  203.20  220.33
96-97  229.51  85.00  294.90  297.59
97-98  126.02  76.29  64.54  449.59
98-99  4.49   1.15   6.53   6.50 
99-2000 5.46   2.17   0.18   18.61 
2000-2001 314.90  114.34  391.53  393.12 
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2001-2002 470.37  170.63  582.88  590.02 
2003-2004 26.96  40.81  78.62  184.12
2004-2005 61.94  31.10  30.22  380.53
2005-2006 30.02  70.77  102.38  351.58
2006-2007 513.85  197.86  641.28  729.29
2008-2009 88.90  91.24  243.14  315.79
Summation 3303.39  1661.01  4540.49  7029.21 

Average 194.32  97.71  267.09  413.48 

It should be noted that scenario S1 always gives an irrigated area larger than specified 
average irrigated area for all reservoirs. The irrigated areas under both of scenarios S2 and 
S3 are always less than the average of the irrigated area for all reservoirs. The main cause 
of a bove results is a direct reflection of the important effect of the water availability by 
both of rain and irrigation water under scenario S1 and the limited availability of the 
water with both scenarios S2 and S3. 
Thus, the scenario S1 is guaranteed to achieve more than the specified average of the 
irrigated area while both scenarios S2 and S3 are not. Therefore, in such cases of 
scenarios S2 and S3, the farmer has to provide an additional source of water to the 
rain-fed farm in order to increase the irrigated area to achieve the same revenue of the 
average of the irrigated area to maintain a constant level of crop yield. Farmers can use 
sprinkler irrigation to save water and if some more water is required then the only option 
they have at such a rain-fed farm is the use of groundwater. Table 3 shows the details of 
actual demand of irrigation water for the above three scenarios for all reservoirs. 

Table 3: Actual demand for the irrigated area by reservoirs 1, 2, 3 and 4  
during the rainfall scenarios S1, S2, and S3  

Actual demand for the irrigated area by the four reservoirs (mm) 

Scenario  reservoir 1 reservoir 2 reservoir 3 reservoir 4 

S1  103.65  112.27  112.27  113.91
S2  558.65  563.39  563.39  563.39 
S3  252.66  250.94  252.66  252.70 

The volume of groundwater (additional amounts of water) to be used to increased an 
irrigated area can be estimated by multiplying the actual water demand of SI during a 
certain scenario by the increased irrigated area.  
The results of SI model that had been used for this research showed that the actual 
demand of irrigation water, for example, for reservoir 1 during rainfall scenarios S1, S2 
and S3 are 103.6, 558.6 and 252.6 mm respectively. 
Table 4 shows the results of the Optimization Model to maximize an irrigated area for the 
three selected rainfall scenarios (S1, S2 and S3) and the average irrigated area during the 
study period 1990-2009 with area that has to be increased (for scenarios S2 and S3) to 
reach the average irrigated area in order to ensure the same level of crop yield of the 
average irrigated area for the study period.  
Thus for all reservoirs, the total increases in the areas reached up to 936.63 and 400.55 ha 
for the scenario S2 and S3 respectively.  
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Table 4: Irrigated area for scenarios S1, S2, and S3, the average irrigated area, and the 
area to be increased for scenarios S2, and S3  

Irrigated Area by the four reservoirs (hectares)  

details  reservoir 1 reservoir 2 reservoir 3 reservoir 4 

Scenario S1  706.28  252.31  852.05  835.63 
Scenario S2  004.49  001.15  006.53  006.5 
Scenario S3 030.02  070.77  102.38  351.58

Average irrigated area 229.51 091.24 243.14 391.41
Increased Area for S2 225.02 090.09 236.61 384.91
Increased Area for S3 199.49 020.47 140.76 039.83

Depending on the above results (SI model and Optimization model), the total volumes of 
SI water (Table 5) that is required to irrigate the area for all scenarios as well as for the 
additional areas during scenarios S2 and S3 can be obtained by multiply the actual water 
demand of SI during a certain scenario by its irrigated area. For example, the water 
volumes of SI will be 732059.22, 25083.38, and 75848.53 to satisfy an irrigated area of 
706.28, 4.49 and 30.02 ha respectively. 
Thus, the total ground water needed to irrigate the increased areas during scenarios S2 
and S3, reaches up to 5.26 and 1.01 million cubic meters that represent the summation of 
the volume of irrigation water from all reservoirs to overcome the area shortage during 
scenarios S2 and S3 respectively.  
It should be noted that not all the amount of harvested runoff water had been stored in the 
reservoirs. In fact, parts of harvested runoff water were lost by the spillway as a water 
release. Table 6 shows the annual volume of water release from the four spillways of the 
reservoirs during rainfall scenarios S1, S2, and S3. 

Table 5: Volumes of irrigation water from the four reservoirs and the volume of irrigation 
water for area to be increased for S2 and S3 

Volumes of irrigation water from the four reservoirs (m^3) 

details       reservoir 1 reservoir 2 reservoir 3 reservoir4 

Scenario S1 732059.22       283268.43 956596.53      951866.13 
Scenario S2 25083.38 6478.98 36789.36 36620.35
Scenario S3 75848.53 177590.23 258673.30      888442.66
V for S2 1257074.2       507558.0 1333037.0      2168544.4
V for S3 504031.4 51367.4 355644.2 100650.4
V for S2 =Volume of irrigation water for area to be increased for S2 

V for S3 =Volume of irrigation water for area to be increased for S3 
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Table 6: The annual volume of water release from the four spillways of the reservoirs 
during the rainfall scenarios S1, S2, and S3 

The annual volume of water release from four reservoirs (m^3) 

Scenario  reservoir 1 reservoir 2 reservoir 3 reservoir 4 

S1  960765  1793234  4092970  5387645
S2  0.0 0.0   0.0   0.0
S3  0.0 20523 0.0   124556 

The total annual amount of water release that escaped from the four reservoirs during the 
wet season 1994-1995 (scenario S1) reached up to 12234614 m3 while it reached up to 
145079 m3 for the season 2005-2006 (scenario S3). No water was released in scenario S2 
due to the low amount of rainfall. These quantities of water release could be employed to 
recharge groundwater’s aquifer.

4.2 Scenarios Using Hypothetical Rainfall Data 
Future rainfall forecasting plays an important role as an indicator that reflects what might 
happen in the future, regarding to rain and runoff. Farmers at dry regions such as Sinjar 
District will never go to risk with their money by cultivating their rain-fed farms if they 
know in advance that they might face extremely dry season where the total rainfall depths 
are not enough to produce an economic crop yield. Financial losses can be avoided during 
dry seasons in case of the presence of an irrigation system to compensate for the deficit of 
rainwater. Most of the local farmers at Sinjar district depend on their expertise of 
extrapolating the rainfall of coming seasons by evaluating previous seasons, which is not 
enough to give them a good indicator about future rainfall events. 
An attempt was been made to study rainfall forecasting at Sinjar district in order to 
provide an alert in advance about future rainfall and runoff events for contributing to 
minimize possible losses that occur for rain-fed agriculture. There should be an integrated 
agriculture water management system, in order to put these techniques into practice. 
Decision makers and farmers should have an idea about future rainfall events in the area 
so that they can take other measures (e.g. using groundwater) to overcome the water 
shortage caused by low rainfall. 
In previous work [35], using the Box-Jenkins methodology, four Autoregressive 
Integrated Moving Average (ARIMA) models were achieved for forecasting near future 
weekly rainfall for upcoming 5 years (2012-2016) at the Sinjar district rainfall stations, 
depending on weekly rainfall data (Fig. 5). 
The future average rainfall depths (Fig. 6) could be harnessed for agricultural water 
management, by estimating future amounts of harvested runoff into reservoirs. Then, it is 
possible to estimate the amount of water available and required water that could be 
applied for the rain-fed farms of wheat crop in the Sinjar District to overcome the 
problem of water scarcity during dry seasons. Using the forecasted data, three rainfall 
scenarios can be obtained that represent the maximum rainfall season (S4) with total 
rainfall of 233.9 mm that may occur during 2015-2016, minimum rainfall season (S5) of 
198.4 mm, that may occur during 2013-2014, and the average rainfall season (S6) of 
210.0 mm, that may occur during 2011-2012. Fig. 7 shows the weekly events of these 
scenarios.   
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Figure 5 : Annual forecasting Rainfall for the four selected stations 

Figure 6: Average rainfall forecasting on the 4 basins for the up-coming 5 years 
(2012-2016) 

Quick study and comparison between scenarios using actual rainfall records (S1 through 
S3) with scenarios using forecasted rainfall data (S4 through S6) may summarize the 
following important points:  
The total depths of the future rainfall are relatively low compared to the total depths 
recorded rainfall. Considering the change with rainfall depths, the behavior of rainfall acts 
to distribute its depth with some pattern were rarely repeated its maximum values along 
the season. For example, if the maximum depth is 35 mm for a certain rainfall season, 
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then it’s rarely to find this depth more than once in the certain season. Considering the 
minimum amount of rainfall recommended for the NRCS-CN method that is not less than 
12.75 mm [38]. Some rainfall depths of both recorded and forecasted scenarios exceed the 
minimum rainfall depth that produces runoff by a number of times, while it is less taking 
place during forecasted rainfall scenarios. It should be noted that the weekly rainfall 
depths of the scenarios S1 through S3 are based on accumulated daily rainfall depths, and 
all results are calculated daily and viewed on a weekly. While the rainfall depths of the 
forecasting scenarios S4 through S6 represents direct forecasting as weekly events. The 
maximum period of the rainfall depths for the weekly forecasting scenarios (in order to 
take place) is along seven days and this will produce a minimum harvested runoff and/or 
no runoff will be produced if the rainfall depth is less than 12.75mm. Maximum runoff 
volume will be achieved when their rainfall depths occur in one day, and this was been 
adopted in this study.  
Fig. 8 shows the future runoff volumes that could be harvested for the up-coming 5 years 
(2012-2016).  
The harvested runoff reached a maximum value of 2.1 million cubic meters at the 
reservoir 4 which is achieved through scenario S4 during the year 2015-2016. This 
scenario also satisfies the maximum total harvested runoff volume that has been collected 
from the four reservoirs that reached up to 4.43 million cubic meters.

Figure 7: Rainfall events through three diagnosed weekly forecasting rainfall Scenarios 
(S4, S5 and S6). 

On other hand, the harvested runoff reached a minimum value of 0.2 million cubic meters 
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at the reservoir 1 which is achieved through scenario S5 (2013-2014), this scenario also 
produces the minimum total harvested runoff volume and reached up to 2.18 million 
cubic meters. The average scenario (S6) produced total harvested runoff of 3.49 million 
cubic meters. 
Same main factors (that were discussed with a scenario S1 through S3) play the same role 
and effect to maximize or minimize the harvested runoff volume.  

Figure 8: Runoff volumes for the up-coming 5 years (2012-2016). 

These runoff volumes give new water resource for the dry region that can be achieved 
using RWH technique. In order to maximize the benefit of these limited amounts of 
harvested runoff water for agricultural purpose, SI should be used to provide the irrigation 
water to the rain-fed. 
The results of Optimization Model (Fig. 9) show that the resultant irrigated area by a 
combination of SI and each of the rainfall scenarios S4 through S6.  
For the forecasting scenarios, the results showed that the maximum irrigated area reached 
446.09 hectares achieved by using water of reservoir 3 during the forecasting rainfall 
scenario (S4). The summation of the irrigated area of this scenario reached up to 1179.66 
hectares, which are the maximum irrigated area between the forecasting scenarios. 
Scenario S5 produces total minimum irrigated area reach up to 600.29 hectares. While the 
average irrigated area achieved during scenario S6 and reached up to 910.37 hectares. 
In order to assess the total irrigated area to satisfy a constant level of producing wheat 
crop yield, the same criteria that were been used with scenarios S1 through S3 of average 
irrigated area (229.51, 91.24, 243.14 and 391.41 hectares for the reservoirs 1, 2, 3 and 4 
respectively) will be used with scenarios S4 through S6.  
Thus, table 7 shows the results of the Optimization Model for the future study period 
which explains the values of irrigated areas that could be estimated by the individual 
water of the four reservoirs. Same table also shows the area that should be increased to 
ensure the same level of crop yield according to the criteria of the average irrigated area.  
The required total water volumes of SI can be estimated as a result of multiplying the 
irrigated areas by the actual water demand of SI (the results of SI Model). 
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As it is expected, the depth of the actual water demand of SI increased in dry seasons 
while it is less in amount during wet season.  
Thus in dry season, the water volume of SI for crop such as wheat in rain-fed farm will be 
larger than its amount during wet seasons. 
This is due to the fact that the amount of limited rainwater that reaches the crop in the dry 
season is always less than the crop water requirements and supplemental irrigation would 
complete the water shortage to the limit of crop water requirement. However, in the 
rain-fed farms, must complete the depth of rainfall to the equivalent value of crop water 
requirement by SI process in order to achieve successful economic agricultural for a crop 
yield. 

Figure 9: Irrigated area under combination both of supplemental irrigation and individual 
rainfall scenario of (S4, S5 and S6). 

Table 7: Irrigated areas and the areas to be increased for the future study period. 
Irrigated Area (ha.) 

   2011- 2012- 2013- 2014- 2015- 
The details  2012  2013  2014  2015  2016 

reservoir 1 85.2  47.4  55.2  96.8  160.7
reservoir 2 113.2 85.6  69.7  128.8 130.5
reservoir 3 294.6 177.6 151.6 320.3 446.1
reservoir 4 417.3 360.6 323.8 438.5 442.5
Area to be increased (ha.)
reservoir 1 144.3 182.1 174.3 132.7 68.9
reservoir 2 not need 5.7  21.5  not need  not need
reservoir 3 not need 65.5  91.6  not need  not need 
reservoir 4 not need 30.9  67.6  not need  not need 
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This is should be applied as the depth of rainfall is less than crop water requirement. 
Table 8 explains the required total water volumes for the irrigated area and the area to be 
increased.  

Table 8: The volumes of irrigation water (m^3) by the four reservoirs for the future study 
period. 

Volumes of irrigation water (m^3) 
   2011- 2012- 2013- 2014- 2015- 

The details  2012  2013  2014  2015  2016 

reservoir 1 250181 155059 180428 302687 366683
reservoir 2 333030 280531 228229 404082 299282
reservoir 3 865624 581530 495662 1002850 1020684
reservoir 4 1232084 1187917 1065389 1385794 1024161

s of irrigation water for area to be increased 
reservoir 1 423514 595576 569348 414679 157173
reservoir 2 not need 18588 70531 not need  not need
reservoir 3 not need 214558 299503 not need  not need 
reservoir 4 not need 101675 222455 not need  not need

Table 9 shows the annual volume of water release from the four spillways of the 
reservoirs during forecasting rainfall scenarios for the period 2012-2016. 
The volume of a water release from the reservoir is the result of water balance process 
between the maximum storage capacity of the reservoir, the availability of the harvested 
runoff volume, the evaporated water amount from the surface of the reservoir, and the 
amount of irrigation water requirements for SI. These releases can be used to recharge 
ground water aquifers in the area.  
The volume of water release from the reservoir 1 equal zero for all the period of 
2012-2016 since the produced volume of runoff is less than the maximum capacity of the 
reservoir 1 as well as the catchment area of the basin 1 is small when compared to the 
catchment area of basins 3 or 4, thus all the amount of harvested runoff from the 
catchment area of the basin 1 is stored in reservoir 1.  
For reservoirs 2 and 3 the individual water release is more available over the wet seasons. 
With the exception of the dry season, the water release from reservoir 4 is always 
available due to the effects of the large catchment area of basin 4 that can collect enough 
amount of runoff in addition the big value of its curve number comparing with other 
basins. The annual summations of water release ranged from zero during the season 
2012-2013 and 2013-2014 and reached its maximum value (1,280,908.62) m3 through the 
scenario S4 (2015-2016). The best function for these amounts of water release is to 
recharge the ground water aquifer, although, they are not of high quantity. 
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Table 9: Annual water release that excess the reservoirs capacity during forecasting 
rainfall scenarios for the period 2012-2016.   

The annual volume of water release from four reservoirs (m^3) 

Season   reservoir 1  reservoir 2  reservoir 3  reservoir 4 

2011-2012  0.0   71994  0.0   406461
2012-2013  0.0   0.0   0.0   0.0 
2013-2014  0.0   0.0   0.0  0.0 
2014-2015  0.0   50030 0.0   362361 
2015-2016  0.0   235772 108789 936346

5  Conclusion 
In this research, an average irrigated area (955.3 ha) was calculated using RWH technique 
for the period 1990-2011 for east Sinjar district. This area was used as a benchmark to 
find out water requirements to grow wheat in wet (S1) average (S2), and dry (S3) years. 
To achieve this goal, rainfall records for the period above was used to find out the wettest, 
average and driest years. Furthermore, rain forecasted data for the period 2012-2016 were 
also used in the same manner (S4 wet, S5 average and S6 dry). 
The results show that the annual runoff reach up to 16.06, 0.18, and 2.30 million cubic 
meters using actual rainfall records during maximum, minimum, and average rainfall 
seasons of the period 1990-2011. Using scenarios of hypothetical rainfall data for the 
period 2012-2016 the above values reach up to 4.43, 0.20, and 3.49 million cubic meters. 
The runoff volume represent considerable water amount for supplemental irrigation. 
Each of scenarios S1 and S4 give total irrigated area larger than a total specified average 
irrigated area that reached up to 2646.27 and 1179.8 ha respectively. During the above 
scenarios, the surplus water from (rain + irrigation) have been used to achieve a 
significant increase in irrigated areas, the percent of the increase in an irrigated area 
reached up to 177% and 23.5% for scenarios S1 and S4 respectively. The total irrigated 
areas under each of scenarios S2 and S5 are always less than the total average of an 
irrigated area that reached up to 18.67 and 600.3 ha respectively. The total irrigated areas 
for the above scenarios should be increase by 936.63 and 355 ha respectively, and they 
will need an additional amount of water, which had been estimated that reached up to 
5.26 and 1.16 million cubic meters for scenario S2 and S5 respectively in order to satisfy 
the specified average irrigated area. The total irrigated areas under both of scenarios S3 
and S6 are less than the total average of an irrigated area that reached up to 554.75 and 
910.3 ha respectively. The total irrigated areas should be increased by 400.55 and 45.0 ha, 
and they will need additional amount of water, which had been estimated that it reached 
up to 1.01 and 0.13 million cubic meters for scenario S3 and S6 respectively in order to 
satisfy the specified average irrigated area. Farmers can use sprinkler irrigation to save 
water and if some more water is required then the only option they have is the use of 
groundwater. 
The amount of water releases from the four reservoirs was been estimated to check their 
amounts for recharging ground water aquifers during both scenarios using actual rainfall 
records and hypothetical rainfall data. The annual volume of water release for scenarios 
S1 and S4 reached up to 12.23 and 2.56 million cubic meters respectively. Due to lack of 
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rainwater during dry scenarios S2 and S5 all harvested runoff were stored in the reservoirs 
and have no water release. While for both scenarios, S3 and S6 there were limited amount 
of water release reached up to 0.14 and 0.95 million cubic meters respectively. 
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Abstract: The world is facing a big challenge of climatic change, mainly due to increasing concentrations of GHGs (greenhouse gases) 
in the atmosphere. Many researches indicated that the climate change occurred disproportionately on developing countries such as
MENA (Middle East and North Africa) countries. The climatic model CGCM3.1 (T47) 2 is used in this research to explain the changes
in average temperatures and the rainfall on the MENA region with special emphases on Iraq. Historical records (1900-2009) and future 
(2020-2099) were studied and compared; each period was divided to four sub-periods of thirty years. The results showed that the
average monthly temperature for the four historical periods fluctuated between the lowest and highest value as follows: 9.2-32.9,
10.3-32.7, 9.3-32.8 and 8.6-33.9 (ºC). The rainfall for historical periods kept on the same distribution during the past 109 years, and 
fluctuated between the lowest and highest value of 21.3 mm and 37.6 mm with an average that reached up to 26.51 mm. For the future 
period, the maximum average monthly temperature reached up to 37.41 (oC) during June and minimum average monthly temperature 
reached up to 4.24 (ºC) during January. The average monthly temperature fluctuated giving a clear impression that the future portends 
a higher temperature. The average monthly rainfall, for the future period, fluctuated between the lowest and highest value of 12.91 mm 
and 20.63 mm with an average that reached 16.84 mm which represent a reduction percentage of about 36.47% relative to the historical 
record of rainfall for the same months. 

Key words: Climatic change, MENA, climatic model CGCM3.1(T47) 2, Iraq. 

1. Introduction

Climatic change is the biggest challenge facing the 
world. The change in the climatic system is mainly due 
to the increase in the concentration of GHGs 
(greenhouse gases) in the atmosphere. It is believed 
that the human activities are responsible for the 
increase of GHGs concentrations since the industrial 
revolution due to burning of fossil fuels like coal, oil 
and natural gas as an energy source. 

The impact of climatic change may lead the world to 
face a serious risk of dust storms, droughts, floods and 
others events which may contribute to food shortages 
that inevitably will affect the sustainability of the 
communities, and their development. 

Climatic change can cause significant impacts on 
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water resources and the hydrological cycle, where the 
change of the temperature and precipitation will affect 
the evapotranspiration process. Both, quality and 
quantity of the runoff component will suffer some 
changes which will lead to a significant effect on 
sectors like agriculture, industry and urban 
development [1]. 

The prevailing scientific convictions indicated that 
the global climate is changing due to human activities 
that are affecting three main factors: greenhouse gases, 
aerosols and land surface changes [2]. 

IPCC (intergovernmental panel on climatic change), 
in 2001 [3] defined the climatic change as “refers to a 
statistically significant variation in either the mean 
state of the climate or in its variability, persisting for an 
extended period (decades). Climatic change may be 
due to natural internal processes or external forcing or 
to persistent anthropogenic changes in the composition 
of the atmosphere or in land use”. United Nations 
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Framework Convention on Climatic Change in 1992 
[4], defined the climatic change as “a change of climate 
which is attributed directly or indirectly to human 
activity that alters the composition of the global 
atmosphere and which is in addition to natural climatic 
variability observed over comparable time periods”.  

IPCC [5] reported that: the increased in mean annual 
global surface temperature, reached 0.74 oC ± 0.18 oC, 
most of the warming resulting from human activities 
that increase greenhouse gas in the atmosphere. 
According to the SRES (Special Report on Emission 
Scenarios) for greenhouse gas, the projections of the 
temperature at the end of the 21st century range from 
1.1 oC to 6.4 oC, compared to end-20th century [6, 7]. 

IPCC [5] observed that there are different impacts on 
the physical and biological systems due to climatic 
change. The effect of changes in the global average 
temperature on global, regional and local levels such  
as: ecosystem health, food production, species 
distributions and phonology, human health, sea levels, 
precipitation and river runoff, drought, average and 
extreme changes in temperature and wind patterns. The 
impacts are, however, associated with large 
uncertainties. Recently, two main methods (adaptation 
and mitigation) followed concerning climatic changes.  

The first is reducing greenhouse gas emissions, and 
the second is the adjustment in natural or human 
systems in response to actual or expected climatic 
stimuli [5]. 

Although the international community had identified 
the problem of climatic change, it did not succeed to 
limit the reasons that are leading to the continuation of 
climatic change especially the emission of greenhouse 
gases [8]. It is expected that the world will continue to 
face increase of the temperature that can reach up to 
more than 3 degrees Celsius by the end of this century, 
where the concentration of carbon dioxide has risen 
from 299.7 ppm (parts per million) in 1910 to 393.9 
ppm in March 2012 [9]. 

The present work based on global climatic 
projections and scenarios inspired by national reports 
includes a review of the impact of climatic change on 
MENA (Middle East and North Africa) region, then it 
focuses on Iraq through the distribution of average 
monthly temperature and rainfall by historical 
(1990-2009) and future (2020-2100) scenarios 
according to the climatic change concept using the 
results of the Canadian model CGCM3.1(T47), 
Scenario A2. 

2. Study Area 

The MENA region consists of 25 countries covering 
an area of 14 million km2 and 358 million inhabitants 
[10, 11]. The MENA land (Fig. 1) extends from the 
Atlantic Ocean in the west to the Arabian Sea in the 
east, and from the Mediterranean Sea in the north to the 
(Africa Horn) and the Indian Ocean in the southeast. 
Almost all of the MENA countries are located in

Fig. 1  Map of the MENA countries [14].  
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semi-arid and arid regions that are highly vulnerable to 
climatic change [12]. The annual rainfall at MENA 
countries is about 2,282 billion m3, while the annual 
surface water is about 205 billion m3 and the annual 
groundwater is about 35 billion m3 [13]. 

The annual rainfall distribution varies where 52% of 
the MENA countries receive an average of less than 
100 mm, while 15% receives between 100 mm to 300 
mm and 18% receives more than 300 mm. Some 
countries like Lebanon, Syria and North African 
countries and southern Sudan receive annual rainfall 
about 1,500 mm. 

MENA countries depend on agriculture and oil for 
their economy, therefore they are vulnerable to any 
climatic variations, as well as any mitigation policy 
aimed at reducing oil. 

Iraq is one of the MENA countries located south 
west Asian, surrounded by Iran to the east, Turkey to 
the north, Syria and Jordan to the west, Saudi Arabia 
and Kuwait to the south, and the Gulf to the south-east.  

Iraq extends between latitudes 29o5' and 37o22' north, 
and between longitudes 38o45' and 48o45' east. 

The area of Iraq is about 435,052 km2. The total 
population of Iraq is about 20.4 million (1995), of 
which 25% in rural areas. Average population density 
is estimated to be 47 inhabitants/km2 (it is about 5 
inhabitants/km2, in the desert at the western part     
of the country) to more than 170 inhabitants/km2     

in the Babylon province, in the center of the country 
[15]. 

Topographically, Iraq can be divided in four parts: 
• Mesopotamian plain: Alluvial plain occupies a 

quarter of the area of Iraq or equivalent to 132,500 
km2;

• Desert plateau: Located in the west of Iraq and 
occupies about less than half the size of Iraq or 168,552 
km2;

• Mountainous region: Mountainous region is 
located the northern and the north-eastern part of Iraq 
and covers about 92,000 km2;

• Undulating region: A transition zone between the 

low-lying Mesopotamian plain in the south and the 
high mountains in the far north and the north-eastern 
Iraq and covers 67,000 km2.

Iraq lies within the northern temperate zone, but the 
climatic is continental and subtropical. Winters are 
usually cool to cold, with an average daily temperature 
that might reach 16 oC dropping at night to 2 oC.
Summers are dry and hot to extremely hot, with a shade 
temperature of over 43 oC during July and August, yet 
dropping at night to 26 oC [11]. The rainfall is tracking 
the climate of Mediterranean Sea. Fig. 2 shows 
Precipitation Map of Iraq, most of the rainfall falls 
during winter, spring and autumn. The rainfall is 
non-existent in the summer. Average annual rainfall is 
154 mm, and it ranges from less than 100 mm over 60 % 
of the country in the south up to 1,200 mm in the 
north-east [11, 16]. According to the rainfall 
classification of FAO documentation that was 
published in 2003 [17], Iraq can be divided into four 
agro-ecological zones as follow: (1) Summers prevail 
zone located at the northern governorates of Iraq; (2) 
Steppes zone has winter rainfall of 200-400 mm 
annually. This zone has extremely hot summer and 
cold winter, and covers the area located between the 
Mediterranean zone and the desert zone; (3) The desert 
zone having extreme summer temperatures and less 
than 200 mm of rainfall annually, and covers the area 
located between north of Baghdad to the Saudi Arabian 
and Jordanian borders; (4) The irrigated area, that 
extend between the Tigris and Euphrates Rivers, from 
north of Baghdad to Basra in the south [17, 19].  

Three type of wind below on Iraq. The first is the 
northwest wind which blows during all seasons of the 
year. In winter, the wind is usually dry cold. While in 
the summer, it is smooth and leads to reduce the high 
temperatures. The second type of winds is the eastern 
or northeastern wind that below in winter and is 
accompanied by cold biting and clear sky. Third type 
of wind is the southeast wind that is relatively    
warm and moist and brings rainy clouds    
sometimes.  
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Table 1  Impacts of sea level rise: Middle East and North Africa region [34].  

Details 1 m 2 m 3 m 4 m 5 m 
Area (total = 10,050,556 km2)
Impacted area 24,654 33,864 43,727 53,615 63,120 
Percent of total area 0.25 0.34 0.44 0.53 0.63 
Population (total = 259,396,000) 
Impacted population 8,307,472 10,912,744 13,684,993 16,454,655 19,439,678 
Percent of total population 3.20 4.21 5.28 6.34 7.49 
Urban extent (total = 190,030 km2)
Impacted area 3,679 5,037 6,529 7,951 9,384 
Percent of total area 1.94 2.65 3.44 4.18 4.94 
Agricultural extent (total = 354,294 km2)
Impacted area 4,086 6,031 8,007 9,819 11,451 
Percent of total area 1.15 1.70 2.26 2.77 3.23 
Wetlands area (total = 342,185 km2)
Impacted area 11,361 14,758 18,224 21,417 24,277 
Percent of total area 3.32 4.31 5.33 6.26 7.09 

3.4 The Impact of Freshwater Sources 

IPCC [5] stated that the global temperature could be 
increased by 3 oC by the 2050s, if socio-economic 
development continues to follow existing trends. One 
of the negative impacts of increased temperature is that 
it will modify the precipitation patterns leading to 
extreme events which will affect the availability of 
water resources particularly in tropical and 
Mediterranean areas [36, 37]. In most of the MENA 
countries the water demand had exceeded the available 
water resources which adversely affect the social and 
economic development [38]. 

Most of the MENA water resources are 
characterized by low and limited amount. Fig. 10 
shows that MENA countries can be divided into three 
categories. The first includes Iraq, Sudan and Egypt 
which have annual water resources of 75, 65 and 58 
billion m3/year, respectively. The second includes 
Algeria, Lebanon, Mauritania, Morocco, Somalia, 
Syria, Tunisia and Yemen with total water resources of 
5-30 billion m3/year. The remainder has water 
resources of less than 5 billion m3/year.

Total annual groundwater resources in the MENA 
region are about 35 billion m3 [2, 13]. 

The combination of the climatic change impact and 
rapid trends of population growth, FAO projections 

indicated that Algeria, Egypt, Morocco, Syria and 
Tunisia are expected to experience severe water 
shortages by 2050, and only Iraq is expected to be in a 
relatively better situation [31].  

It should be mentioned however that Iraq is recently 
suffering from reduction in the flow rates of the Tigris 
and Euphrates Rivers due to building of huge dams in 
Turkey and Syria [11, 16]. However, the water demand 
is rapidly increasing for all the MENA countries while 
water supply is decreasing. 

Climatic change is projected to increase the salinity 
levels of ground water as a result of increased 
temperature. Furthermore, due to climatic change 
conditions the watersheds may face serious soil erosion 
and desertification [21]. 

Recent studies conclude that there are many negative 
impacts of climatic change on freshwater systems 
represented by increases in temperature, evaporation, 
sea level and precipitation variability [7]. 

The current studies projected that, by the end of the 
21st century, the flow of rivers located high latitude is to 
be increased while it will be decreasing in the Middle 
East, Europe and Central America. However, the 
magnitude of these changes is highly uncertain [40]. 

3.5 The Impact of Increasing Drought 

Drought is one of the big problems facing the MENA 
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Fig. 11  A thick dust moving from southwest of Iraq passing Saudi Arabia and then the Red Sea to reach Egypt, 
MODIS-Aqua images, May 2005 [33].  

3.7 The Impact on Human Life 

High temperature adversely affect human life mainly 
due to changes in geographical ranges of disease 
vectors like mosquitoes, waterborne pathogens, water 
quality, air quality and food availability and quality. 
Higher CO2 concentrations and fiercer and more
frequent sand storms in desert areas will increase 
allergic reactions and pulmonary diseases all over the 
region [5].  

Elasha [13] summarized the projected climatic 
change impacts on the MENA region depending on the 
IPCC assessment and related technical papers, by 
dividing the MENA region into three parts: MENA, 
Sub-Saharan Countries (Djibouti, Somalia, and Sudan) 
and States of the GCC (Gulf Cooperation Council) as 
follows:

The mean temperatures of MENA region is 
projected to increase 3 oC to 5 oC while the 
precipitation is to decrease about 20% [5], which lead 
to reduction in water runoff by 20% to 30% in most of 
MENA region by 2050 [37], and thus the influence 
moves to water supply that might be reduced by 10% or 

greater by 2050. The weather events will include more 
droughts and floods. Mediterranean sea water level is 
predicted to rise between 30 cm and 1 m by the end of 
the century causing flooding of coastal areas along the 
Nile Delta [5]. 

Warmer temperatures and more variable rainfall are 
predicted by climatic models in Sub-Saharan Countries 
(Djibouti, Somalia and Sudan) which may lead to more 
rapid desertification, droughts, food shortages and 
famines. On the other hand, the human health will be 
affected by warmer climate, some disease will be more 
active like malaria, yellow fever, dengue fever and 
other vector-borne. Freshwater deficit problem will 
worsen.

Rising both of temperature and sea level will affect 
the states of the GCC (Gulf Cooperation Council) 
region as follows: increase the salinity of underground 
water, more land degradation will occur, biodiversity 
on land and in the Gulf will be affected, as well as 
coastlines and marine life severely and could impact 
desalination plants that are the source of water for the 
GCC region [13].
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4. Adaptation and Mitigation for Climatic 
Change 

The IPCC [29] defines adaptation as any 
“adjustment in natural or human systems in response to 
actual or expected climatic stimuli or their effects, 
which moderates harm or exploits beneficial 
opportunities”.

Vulnerability is defined by the IPCC [5], as “degree 
to which a system is susceptible to, or unable to cope 
with, adverse effects of climatic change, including 
climatic variability and extremes”. 

There is a wide range of adaptation that is available 
and possible to be followed by the world nations in 
order to reduce vulnerability to climatic change.  

Part of these adaptation options that can be 
implemented in some sectors at low cost, and/or with 
high benefit-cost ratios, sectors like water, agriculture, 
infrastructure/settlement (including coastal zones), 
human health, tourism, transport and energy. There is 
high agreement and much evidence of substantial 
economic potential for the mitigation of global GHG 
emissions over the coming decades that could offset 
the projected growth of global emissions or reduce 
emissions below current levels [5]. 

MENA countries will have to play their role 
according to the mitigation efforts within international 
action, they can adopt development of clean energy 
technologies, specifically solar, wind and hydro. As an 
example of projects in MENA countries that serve the 
climatic change mitigation efforts topic like in Egypt 
wind energy, the introduction of CNG (compressed 
natural gas) as a transport fuel, the solar power projects, 
in Palestine, Tunisia, Morocco and Algeria. In the UAE, 
the massive forestation program, zero-carbon city in 
Abu Dhabi, in Algeria, the pioneering carbon  
capture. 

However, the current capacities and actions are 
inadequate, most of the above are partially projects that 
need support by MENA governments in a unified plan 
to be circulated to various MENA countries. 

5. Background of Climatic model 
CGCM3.1(T47)2

There are several GCMs (global climatic models) as 
a research tool, to simulate the climatic change [5]. 
These GCMs have been developed by different 
research groups and organizations over the years. The 
output of all has been made available through the IPCC 
and its data distribution centre. 

SRES (special report on emissions scenarios) is a 
report by the IPCC (2000), which contains six models 
dealing with climatic changes. The models contain 
different scenarios (A1FI, A1B, A1T, A2, B1 and B2). 
The SRES scenarios were used in the third and fourth 
assessment IPCC reports, they known as (TAR) and 
(AR4), where published in 2001 and 2007 respectively. 
IPCC did not provide any diagnosis about which 
scenario is better or more accurate for the future 
emission guess. 

The emissions scenario that are used in this work is 
(A2) which is a case of rapid and successful economic 
development, in which regional average income per 
capita converge current distinctions between “poor” 
and “rich” countries eventually dissolve. The A2 
scenarios are of a more divided world than other 
scenarios and characterized by: 1/A world of 
independently operating, self-reliant nations, 
2/continuously increasing population and 3/regionally 
oriented economic development. 

The dataset was produced by the CRU (CLIMATIC 
RESEARCH UNIT) of UEA (University of East 
Anglia), and reformatted by IWMI (International 
Water Management Institute) [24]. 

CRU prepared a dataset of mean monthly surface 
data (for 1901-2002) over global land areas, for a range 
of variables: precipitation and wet-day frequency, 
mean, maximum and minimum temperature and 
diurnal temperature range, vapor pressure, percent 
cloud cover and ground-frost frequency. 

The time periods for the historical scenarios in the 
CGCM3.1(T47)2 model are across the following 
periods: 1900-1930, 1930-1960, 1960-1990 and 
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1990-2009. While the time periods for the future 
scenarios are across the following periods: 2020-2039, 
2040-2059, 2060-2079 and 2080-2099. 

The main description of the model is as follows: 
• Model ID: cccma_cgcm3_1, Originating 

Group(s): Canadian Centre for Climatic Modeling & 
Analysis, Country: Canada, CMIP3 ID: CGCM3.1 
(T47)2, Primary Reference: Flato and Boer, 2001; 

• The model CGCM3.1 (T47) with A2 scenario was 
chosen in order to simulate the average monthly 
temperature and rainfall on Iraq for the historical 
period 1900-2009, and for mean projected temperature 
and rainfall till the period 2099.  

6. Discussion 

The historical period covered 1900-2009, was 
divided to four sub-periods as follow: first 1900-1930, 
second 1930-1960, third 1960-1990 and fourth 
1990-2009. The future period covered (2020-2099), 
was also divided into four sub-periods as follow: first 
2020-2039, second 2040-2059, third 2060-2079 and 
fourth 2080-2099. 

6.1 Historical Temperature Change (1900-2009) 

Fig. 12 shows the change of average monthly 
temperature for the four above periods on Iraq. A 

simple comparison for the temperature data indicates 
that the average monthly temperature for the four 
periods fluctuated between the lowest and highest 
value as follows: 9.2-32.9, 10.3-32.7, 9.3-32.8 and 
8.6-33.9 (oC) within the four periods, respectively.

The first period represents the temperature 
benchmark for all periods, the comparison for the first 
and second period indicates that the average monthly 
temperature for the following six months January, 
April, July, September, October and December during 
the second sub-period increased. For these months, the 
average monthly temperature tend to increase by 0.8, 
0.4, 0.4, 0.5, 1.2 and 1.1 (oC), respectively. Only two 
consecutive months had been increased in temperature 
(September and October), while in August and May 
there was no increase in temperature. During the 
remaining four months, i.e., February, March, June and 
November the temperature was decreasing by a range 
of 0.4-1.3 (oC).

The comparison for the first and third sub-periods 
shows that, the third sub-period has increased in 
temperature just in five months (January April, August, 
October and December) by 1.8, 2.1, 0.2, 1.0 and 0.1 
(oC), respectively. No consecutive months had been 
increased in temperature in third  sub-period.  

What distinguishes the comparison of the first and 

Fig. 12  Change of average monthly temperature for the period 1900-2009 in Iraq.  
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fourth sub-periods is that the increase in temperature 
has taken place during consecutive months starting in 
April and continues until the end of the October with an 
increase in temperature which reached up to 1.2, 1.2, 
1.0, 0.3, 0.4, 0.7 and 1.4 for these months, respectively. 
It seems that the distribution of increase in temperature 
differed and took new trend sequentially through these 
months.   

Fig. 13 shows the average monthly temperature over 
the period 1900-2009, where maximum average 
monthly  temperature  reached  up  to 32.93 (oC) 
during June and minimum average monthly 
temperature reached up to 9.35 (oC) during December. 

6.2 Historical Rainfall Change (1900-2009) 

Fig. 14 shows the change of average monthly rainfall 
for the four sub-periods 1990-2009 on Iraq. In general, 
the rainfall kept on the same distribution during the 
past 109 years, with decline index of amount. A simple 
comparison for the rainfall data (Fig. 14) for the four 
periods shows that during January-March (first three 
months of the year) for the four above-mentioned 
sub-periods, the average monthly of rainfall fluctuated 
between the lowest and highest value of 21.3 mm and 
37.6 mm with an average that reached up to      
26.51 mm.  

Fig. 13  Average monthly temperature over 109 years (1900-2009). 

Fig. 14  The change of average monthly rainfall for the period 1990-2009 in Iraq.  
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During April, the rainfall starts to decrease where 
April represent mid spring season of low rainfall in Iraq. 
For this month, the lowest and highest value of the 
average monthly rainfall fluctuate between 6.0 mm
and 14.8 mm representing a clear indication of 
severe rainfall decrease. For the period May till August, 
the average monthly rainfall fluctuates between 0.4-1.2 
mm with average that reached up 0.82 mm. During the 
last four months of the year (September to December), 
the rainfall increased, starting from September, which 
is the end of the dry season (summer), by low average 
monthly rainfall that was ranging from 5.6 mm to 9.9 
mm. The average monthly rainfall begin to increase 
starting from October to reach its climax in December, 
and on the whole, the average monthly of rainfall 
during October to December fluctuate between the 
lowest and highest value of (11.3-39.5) mm 
respectively with an average that reached 25.66 mm.  

Fig. 15 shows average monthly rainfall over 109 
year. Rainfall fluctuated between the lowest and 
highest values of 0.45 mm (June) and 35.4 mm 
(December) respectively. These rainfall values for Iraq 
do not satisfy the requirements of successful economic 
cultivation of winter crops such as wheat and barley in 
the rain-fed farms according to FAO classification. 

6.3 Future Temperature Change (2020-2099)

Fig. 16 shows the change of average monthly 
temperature for the future sub-periods of 2020-2039, 
2040-2059, 2060-2079 and 2080-2099 in Iraq. The 
months January, April, July and October represent 
mid-seasons for winter, spring, summer and autumn 
respectively in Iraq. A comparison for the temperatures 
during the mid-seasons during the four sub-periods 
shows that the difference in temperature between the 
second and first periods reached up to 0.94, 1.86, 1.4 
and 0.96 (oC) which gives an indication that the reason 
of reduction in temperature during movement from 
first to second sub-period. The values of difference in 
temperature increased during the comparison between 

third and first sub-periods that reached up 1.97, 2.93, 
2.9 and 2.27 (oC). The maximum difference in 
temperature appeared during the comparison between 
fourth and first sub-periods that reached up to 3.26, 
4.28, 4.51 and 4.1 (oC).

Giving a clear impression that the future portends a 
higher temperature, certainly the reflection of that will 
be on the overall facilities of environment.  

Fig. 17 shows the future average monthly 
temperature over the period 2020-2099, where the 
maximum average monthly temperature reached up to 
37.41 (oC) during June and minimum average  
monthly temperature reached up to 4.24 (oC) during 
January.

6.4 Future Rainfall Change (2020-2099)

Fig. 18 shows the change of average monthly rainfall 
for the future sub-periods of 2020-2039, 2040-2059, 
2060-2079 and 2080-2099 in Iraq.     
During January-March for the four sub-periods, the 
average monthly of rainfall fluctuated between the 
lowest and highest value of 12.91 mm and 20.63 mm 
with an average that reached 16.84 mm which 
represent a reduction percentage of about 36.47% 
relative to the historical record of rainfall for the same 
months. During the month of April, the rainfall 
increased in amount, the lowest and highest value of 
the average monthly rainfall fluctuates between 18.26 
mm and 27.44 mm with average of 22.25 mm while 
was 9.85 mm in the historical records. 

For the May till August, the average monthly rainfall 
fluctuates between 0.05-26.92 mm with average that 
reached 6.84 mm, representing a significant increase 
compared with its value for the historical record (0.82 
mm).  

During the last four months of the year 
(September-December), the average monthly rainfall 
(0.13-0.81 mm) significantly decreased relative to the 
historical period of record (5.6-9.6 mm). 

The average monthly rainfall begin to increase starting 
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Fig. 15  Average monthly rainfall over 109 year (1900-2009). 

Fig. 16  The change of average monthly temperature for the period 2020-2099 in Iraq. 

Fig. 17  Future average monthly temperature for the period 2020-2099.  
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Fig. 18  The change of average monthly rainfall for the period 2020-2099 in Iraq. 

from October to reach its climax in December 
(4.16-23.80 mm) with average that reaches up to 16.13 
mm representing significant decrease compared with 
the historical period record (25.66 mm). 

Fig. 19 shows that the average monthly rainfall over 
the years 2020-2099 is fluctuated from 0.55 mm 
(September) to 22.59 mm (December), that indicate a 
clear further limitation of future rainfall on Iraq.  

6.5 The Average Temperature and Rainfall in Iraq 

Fig. 20 shows the distribution of average 
temperature for each of considered period over the 
period 1900-2099. 

The annual temperatures reached 21.62, 21.73, 

21.58 and 21.61 (oC) for the historical sub-periods of 
the 1900-1930, 1930-1960, 1960-1990 and 1990-2009, 
respectively. For the future sub-periods of 2020-2039, 
2040-2059, 2060-2079 and 2080-2099, it reached 
18.94, 20.24, 21.39 and 22.85 (oC), respectively. 

A comparison between these values shows that the 
increase of annual temperature was limited during the 
historical period 1900-2009, but it was relatively more 
significant during the future period 2020-2099. In 
general, the above is in agreement with the global 
worming that most models considered including the 
used model of CGCM3.1 (T47). 

Fig. 21 shows that an increase and decrease of 
average annual rainfall, over both the historical and

Fig. 19  Average monthly rainfall for the period 2020-2099 in Iraq. 
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four sub-periods reached 24.45, 16.37 and then 
increased by 0.72 mm, respectively. The percentage of 
reduction reached up to 13.93%, 10.83% and then 
increased by 0.53%. In general, the average annual 
rainfall tends to reduce its values. 

7. Conclusions 

Most recent studies conclude that wide adaptation is 
required to reduce vulnerability to climatic change, a 
large array of mitigation options is projected to be 
available at least by 2030. 

Developing the scientific ability in different fields 
related to climatic change should be a top priority, 
ensuring political and financial support for the 
implementation of adaptation strategies. Increasing 
public awareness is very important about the impacts 
of climatic change on the environment and human 
health. The goal should be a clean technology to reduce 
emissions MENA region. 

Higher temperatures and less rainfall will make the 
MENA countries more arid. These changes will have a 
series of effects, particularly on agriculture especially 
in rain-fed areas, energy, food security and contribute 
to malnutrition, famine and starvation.  

Immediate actions should be taken in order to 
strengthen the adaptive capacity and reduce the 
vulnerability of sensitive sectors and systems to 
climatic change. 

A wide of strategic policy measures will be required 
for adaptation, it is important to focus on 
modernization of methods for agricultural sector as 
well as enhance food security, expansions in 
manufacturing and service industries in rural areas.

The temperature of the world has increased and will 
continue to increase over the coming decades coupled 
with a decrease in rainfall as shown by CGCM3.1 (T47) 
model.  

MENA countries must adopt a unified position to 
confront the challenge of climatic change and work 
with the international community in order to reduce the 
impact of climatic change. 
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Abstract 

Rainfall data is part of the main components in the hydrological cycle and firmly 

associated with almost all aspect of climate. Previous research indicated that 

Macro rainwater harvesting techniques (RWH) can be implemented successfully 

in Sinjar area northwest Iraq. Recently, prediction of rainfall trends in the Middle 

East and Iraq in particular suggest a decrease in rainfall due to climate change. 

This raises the question about the future validity of RWH in the area. 

In this research, the validity of RWH was investigated using predicted rainfall data 

in Sinjar area. Eight seasons were selected representing different decades that start 

2020 to 2099. The results showed that the maximum, minimum and average 

harvested future runoff volumes reached about 28.5, 7.61, and 13.9 million cubic 

meters, that may occurred during the seasons 2055-2056, 2046-2047, and 

2065-2066 respectively. The resultant harvested runoff volumes produced by four 

selected basins at Eastern Sinjar as a catchment area with total area of 435.15 km2.

In the second part, an attempt had been made to provide the study area by a set of 
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charts that can help in estimating daily runoff under dry, wet and normal 

conditions for rainfall depths that ranged between 15 to 55 mm.  

Keywords: Macro rainwater harvesting; rainfall prediction; Sinjar; Iraq.     

1.0 Introduction   
The countries in the Middle East and North Africa (MENA Region), including 

Iraq, have an arid climate and are projected to become considerably hotter and 

drier as results of climatic change. According to the Intergovernmental Panel on 

Climate Change (IPCC) 4th assessment report, estimates an increase in 

temperature in MENA Region of about 4 degrees by 2100[1].   

The negative impacts associated with climate change are extensive, and in 

conjunction with global warming there is a crisis of water scarcity. Recently,   

water scarcity issue is becoming more serious due to several factors. In Iraq these 

factors can be classified as internal and external factors. The former include 

increasing water demand, high population rate, miss management and planning of 

the water resources. The external factors are more complicated which involves the 

effect of global warming in addition, to the water policies of neighboring countries 

enforced which add another burden where huge dams were built on the upper parts 

of the Tigris and Euphrates Rivers in Syria and Turkey that led to the reduction of 

the flow rate of both rivers inside of Iraq [2, 3, and 4]. However existing supplies 

simply cannot meet the growing demand for water; as a result, Iraq import most of 

its food. Iraq is expected to face more challenges in future, where the water 

shortages problem is becoming more serious with time [3,5, and 6] and Tigris and 

Euphrates River are expected to be dry in 2040 [5]. The expected discharge in the 

year 2025 of Tigris and Euphrates Rivers will be tremendously decreased [7]. 

Climatic change is the biggest challenge facing the world. To overcome this 

challenge requires understanding the processes that effect different components of 

the climate as well as the hydrological cycle. Understanding the physical 

processes plus the advances in modeling, make it increasingly reliable regional 
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climate change projections available for many regions of the world. 

Atmosphere-Ocean General Circulation Models (AOGCMs) represents the 

foundation for projections while downscaling techniques now provide valuable 

additional details [8].  

The increase in the concentration of greenhouse gases (GHGs) in the atmosphere 

is the main reason lead to the change in the climatic system as results of human 

activities (burning of fossil fuels like coal, oil, and natural gas as an energy 

source), in addition  to aerosols, and land surface changes [9]. 

1.1 Impacts of climatic change
IPCC [1] observed that there are different impacts on the physical and biological 

systems due to climatic change including regional and local levels such as: 

ecosystem health, food production, species distributions and phonology, human 

health, sea levels, precipitation and river runoff, drought, average and extreme 

changes in temperature and wind patterns. The impacts are, however, associated 

with large uncertainties. Developing countries, such as Iraq for example, are more 

affected by climatic change. IPCC [1] highlighted that, the negative impacts 

associated with climate change are extensive and its effects on developing 

countries are relatively more than it is on other countries. World Bank [10] noted 

that, despite global initiatives to tackle climate change, the rate of climate change 

had increased during the twentieth century. 

Dry-lands occupy over 40 % of the global terrestrial area that is inhabited by more 

than 2 billion of the most low-income populations in the world [11]. Climate 

change has large effects on the hydrological cycles in dry-lands with less total 

rainfall, drier soils but with increased risks of floods from increased frequency and 

intensity of storm events [1]. Furthermore, some studies indicated that, the 

negative impact of climatic change in MENA Region will include decrease of 

precipitation in high percentage terms than other regions, in addition to a water 

runoff reduction of 20-30 % by mid-century [12]. Sandstrom [13] noted that 



4     Future Prospects for Macro Rainwater Harvesting Technique at Northwest Iraq 

certain percentage reduction in rainfall amount in semi-arid areas showed a 

proportionately greater reduction on groundwater recharge. Mulholland [14] 

indicated that the rate at which water scarcity in the MENA region is becoming 

worse where per capita renewable fresh water in the region fell from 4000 m3 per 

year (1950) to 1100 m3 in 2010. There are several other impacts of climate change 

and climate variability on dry land agro-ecosystems which include reductions in 

crop yields and minimize pastures, difficulties in determining timings of sowing 

and harvesting, reduced availability of water, reduction of biodiversity of key crop 

species through habitat change and loss [15]. 

A number of studies had addressed the issue of climate change but the connections 

among climate change, land degradation and loss of biodiversity are viewed in 

high attention. The matter needs a complete framework and approaches to satisfy 

solving common problems [11]. These converging viewpoints lead to an increased 

focus on sustainable land, water management and development [8].  

1.2 Strategy to be adopted to increase water productivity
Developing countries in MENA region possess large areas of dry lands. The water 

is the important factor that limits the crop yield in these lands, therefore the goal to 

be considered as a good strategy is to adopt increase water productivity in order to 

save enough water for different purposes (agricultural, industrial consumption and 

daily us[16, 17, and 18]. There are two important terms that are used to describe 

water productivity. The first is the physical productivity that is defined as the ratio 

of the amount of agricultural output to the amount of water used. The second is the 

economic productivity which is defined as the value derived per unit of water used 

[15]. However, in dry land, one of the important methods to reduce water demand 

is by improving the water productivity by increasing the ratio of net benefits from 

agriculture, forestry and fisheries to the amount of water needed to achieve those 

benefits [19]. Certainly this should be supported by several techniques and 

methods that can be used in order to improve water productivity including 
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rainwater harvesting (RWH), drip and sprinkler irrigation using supplemental 

and/or deficit irrigation in addition to more efficient storage, delivery and 

application of water, soil water conservation and tillage practices and better 

synchrony of water and inorganic and organic nutrient supplies [15]. Moreover, 

FAO defined Conservation Agriculture (CA) as, agriculture that maintains and 

improves crop yields and resilience against drought while maintaining the 

biological functioning of the soil [20]. Dumanski et al. [21] defined CA as, the 

integration of natural resources management with sustainable and economic 

agricultural production. Indeed FAO focus on CA research can be considered as a 

base for sustainable production intensification which is appropriate to climate 

change adaptation and mitigation [2]. FAO [23] mentioned that daily and 

inter-annual variation in precipitation are most crucial for rain-fed and runoff for 

irrigated production. The variability in rainfall intensity and duration makes the 

performance of agricultural systems in relation to long-term climate trends very 

difficult to anticipate. It should be noted that the rain-fed sector occupies about 

80% of the world’s cultivated land and produces about 60% of the world’s cereal 

grains [19]. Richard et al. [15] noted that different sectors are to be embraced in 

the strategies for adaptation to climate change and this require collaboration 

amongst multiple stakeholders, ranging from resource managers to policy makers.   

RWH technique can provide a new source of water to the region which had been 

proven to be an effective technique in arid and semi-arid regions to achieve the 

most important goals of increasing crop yields and reducing cropping risk, in 

addition using harvested water to recharge groundwater aquifers, making best use 

of available water resources [24].   

1.3 Climate models and emission scenarios 
IPCC [25] in Special Report on Emissions Scenarios (SRES) used climate models 

that include future scenarios of greenhouse gases and aerosols as input to make a 

suite of projected future climate changes that illustrates the possibilities that could 
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lie ahead. Four different narrative storylines had been described as: A1, A2, B1 

and B2. The A1 contain three groups A1FI, A1T, and A1B depending on their 

technological emphasis of fossil intensive, non-fossil energy sources and a balance 

across all sources respectively. These storylines describe the relationships between 

the forces driving emissions and their evolution and to add context for the scenario 

quantification. Each storylines described the cases of economic growth, global 

population, efficient technologies, and major underlying of the cases. The A2 

storyline and scenario family describes a very heterogeneous world. This theme is 

self-reliance and preservation of local identities. Fertility patterns across regions 

converge very slowly, which results in continuously increasing population. 

Economic development is primarily regionally oriented and per capita economic 

growth and technological change more fragmented and slower than other 

storylines.

IPCC [25] describes each storyline and scenario family as follows:  

“• The A1 storyline and scenario family describes the following:

1- A future world of very rapid economic growth.  

2- Global population that peaks in mid-century and declines thereafter.  

3- The rapid introduction of new and more efficient technologies.  

4- Major underlying themes are convergence among regions.  

5- Capacity building and increased cultural and social interactions.  

6- A substantial reduction in regional differences in per capita income.  

7- The three A1 groups are distinguished by their technological emphasis:  

a- Fossil intensive (A1FI) 

b- Non-fossil energy sources (A1T) 

c- A balance across all sources (A1B).  

where balanced is defined as not relying too heavily on one particular 

energy source, on the assumption that similar improvement rates apply to all 

energy supply and end use technologies. 

• The A2 storyline and scenario family describes the following:
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1- A very heterogeneous world.  

2- The underlying theme is self-reliance and preservation of local identities. 

3-  Fertility patterns across regions converge very slowly, which results in 

continuously increasing global population.  

4- Economic development is primarily regionally oriented and per capita 

economic growth and technological change is more fragmented and slower 

than in other storylines. 

• The B1 storyline and scenario family describes the following: 

1- A convergent world with the same global population that peaks in 

midcentury and declines thereafter, as in the A1 storyline, but with rapid 

changes in economic structures toward a service and information economy. 

2- Reductions in material intensity and the introduction of clean and 

resource-efficient technologies.  

3- The emphasis is on global solutions to economic, social, and environmental 

sustainability, including improved equity, but without additional climate 

initiatives. 

• The B2 storyline and scenario family describes the following: 

1- A world in which the emphasis is on local solutions to economic, social, and 

environmental sustainability. It is a world with continuously increasing 

global population at a rate lower than A2,  

2- Intermediate levels of economic development are less rapid and more 

diverse technological change than in the B1 and A1 storylines.  

3- While the scenario is also oriented toward environmental protection and 

social equity, it focuses on local and regional levels.” 

Al-Ansari, et al. [26] indicated that global Climate Models (GCMs) are important 

tools to predict large scale climate variations at seasonal and inter annual scales, 

but they are usually not successful in reproducing higher order statistics and 

extreme values. Furthermore, they cannot be adapted for impact-oriented 

applications at regional scale because of their relatively coarse resolution of 



8     Future Prospects for Macro Rainwater Harvesting Technique at Northwest Iraq 

typically several hundred kilometers [27].For bridging the gap between the scale 

of GCMs and required resolution for practical applications, downscaling provides 

climate change information at a suitable spatial scale from the GCM data. 

Studies of future rainfall help in planning of the agricultural water management 

that may lead to the best use of water resources by giving an idea about expected 

rainfall for the coming seasons and provides some possible scenarios of future 

rainfall. It might give some indications about the intensity of rain-fed cultivation 

[28].

1.4 Aim of the study
The present work contains two parts; the first is an attempt to test the ability of the 

future rainfall (2020-2099) for the Macro rainwater harvesting (RWH) technique 

at eastern Sinjar district, Iraq. The future rainfall was estimated by Al-Ansari et al. 

[26] that was based on global climatic projections and their scenarios, using the 

HadCM3 Global Climate Model (GCM), Scenario A2.  

In the second part, an attempt has made in order to provide the study area by a set 

of chart that help in estimating a daily runoff under dry, wet and normal 

conditions for rainfall depths that ranged between 15 to 55 mm. 

2.0 Methodology 

2.1 Study Area
Eastern Sinjar District was chosen in order to test the area ability for RWH 

technique [28, and 29]. The District is characterized by semi-arid climate located 

within Nineveh Governorate, northwest Iraq (Figure 1). Sinjar land is famous for 

the cultivation of rain-fed crops such as wheat and barley. The rainfall totals are 

relatively low with an uneven distribution that extends from November to May. 
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Figure 1: (A) Map of Iraq, (B) location of the study area, (C) Basins Land use 

map, (D) Selected four basins at east Sinjar, source: [29]. 
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The average annual rainfall for the past twenty years is 320 mm [29]. The soil of 

study area is 2 m deep and contains 1-2% organic material of silt clay to silt clay 

loam [30]. Four basins with total area of 435.15 km2 were chosen as a catchments 

area for the application of RWH technique. For more details please see previous 

work [28, and 29]. 

2.2 Hypothetical Rainfall Data
The rainfall data that was used in this work had been diverted by Al-Ansari et al. 

[26]. They used HadCM3 Global Climate Model (GCM) with grid resolution of 

2.50x3.750 in order to provide future climate scenarios for the periods 2020-2099. 

Both the A2 and B2 emission scenarios were employed. Definitely the climate 

projections are related to emission uncertainty, therefore the Intergovernmental 

Panel on Climate Change used different climate scenarios that defined by 

Nakicenovic et al. (the IPCC Working Group III, 2000) [25] to account for the 

uncertainty of future anthropogenic carbon emissions.  

In this work, only future rainfall of A2 scenario was used. The future average 

annual rainfall for A2 scenario was graphically represented (Figure 2).  

Figure 2: Average annual rainfall for A2 scenario. Linear trend indicate that 

there is a significant downward trend [26]. 
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Figure 2 shows that the linear trend indicate that there is a significant downward 

trend reflecting decrease in total seasonal rainfall depth with time. The period of 

2020-2099 was divided into eight sub periods each one of them representing ten 

seasons. Then in each sub-period, the nearest season to the general trend was 

chosen (Table 1) to study future expected harvested runoff. 

2.3 Runoff Estimation 
Macro RWH technique was implemented to estimate future runoff for individual 

daily future rainstorm that are based on Soil Conservation Service-curve number 

(SCS-CN) method using Watershed Modeling System (WMS) with Data 

Elevation Model (DEM) of Sinjar area. The curve number was estimated using 

land use map for the study area (Fig. 1-C) which was obtained for the four 

selected basins based on the map produced by Remote Sensing Center, University 

of Mosul [31]. For more details please see previous work [28, and 29]. 

3.0 Results and Discussion 
In spite of the impact of climatic change which is associated with large 

uncertainties, the future seasonal rainfall during the study period 2020-2099 

showed a clear downward trend reflecting the reduction in total seasonal rainfall 

amount. Annual rainfall depth had been decreasing for all selected seasons except 

for the season 2055-2056, which witnessed an increase of several millimeters in 

the seasonal rainfall depth (Table 1). This is in agreement with the future rainfall 

estimation that is based on climatic change for Iraq. It should be noted that, for the 

rain-fed farms such values of rainfall (historical and future forecasted) are 

insufficient to grow economical crop [16]. However using Macro RWH technique 

can support the region where this technique will increase the water availability and 

consequently, the productivity of the rainwater for the rain-fed farm [29].  

Rainfall data is part of the main components in the hydrological cycle and 

intimately linked with almost all aspect of climate. Therefore rainfall data even 
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with uncertainty can support the area to give some idea about future prospects of 

the status of rainfall that can support estimating hydraulic events such as runoff.   

The maximum, minimum and average rainfall depths for the selected rainfall 

seasons were: 256.51, 193.95, and 219.3 mm that may occur during the seasons 

2025-2026, 2091-2092, and 2046-2047 respectively. Definitely not all rain storms 

produce runoff. This is due to the effect of the rainfall amount and distribution i.e. 

the individual rain storm depth and span time between rain storms which produce 

the hydraulic condition of the catchment area. However, each of the above 

selected seasons contains just five rain storms that can produce runoff, their depths 

ranged between 12.5 to 56 mm. Moreover, Table 1 shows that the maximum 

rainfall season didn’t produce maximum runoff volume. Similarly, the minimum 

rainfall season didn’t produce minimum runoff volume. This is due to the effect of 

the rainfall distribution during the seasons. Figure 3 shows the maximum, 

minimum and average harvested runoff volumes that reached 28.5, 7.61, and 13.9 

million cubic meters and might occur during the following seasons : 2055 - 2056 ,   

Table 1: Future and historical annual rainfall depth for the selected seasons 
with total harvested runoff from the four basins. 

No. Season Annual  Rainfall 
(mm) 

harvested Runoff 
 *106 (m3)

Notes

Future period 2020-2099 
1 2025-2026 256.5 25.08 
2 2033-2034 227.5 08.45 
3 2046-2047 219.3 07.61 Min. Runoff 
4 2055-2056 223.9 28.50 Max. Runoff 
5 2065-2066 220.7 13.90 Aver. Runoff 
6 2071-2072 208.8 08.16 
7 2081-2082 203.6 17.99 
8 2090-2091 193.9 07.85 

Historical recorded period 1990-2009 
1 1999-2000 182.0 0.12 Min. Runoff 
2 2000-2001 415.9 28.19 Max. Runoff 
3 1990-2009 325.0 12.52 Aver. Runoff 
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Figure 3: The maximum minimum and average annual harvested runoff 

volume for the selected basins. 
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2046-2047 and 2065-2066 respectively. The first two seasons contains five rain 

storms that produce runoff while the season 2065-2066 contains three rainfall 

storms. High rainfall depth for the individual rain storm (some of them exceeded 

50 mm) proceeded by weak rainfall storms. This will enhanced the hydraulic 

condition of the catchment area and support that the curve number to be in wet 

value, all that leads to contribute to produce the maximum runoff during the 

season 2055-2056, while such events were less during other seasons. 

It should be noted that, the some rain storms (between 13-15 mm) may not 

produce runoff for all selected basins due to the hydraulic condition of some 

basins. This is true for the seasons 2046-2047 (Figure 3), where the rain storms of 

14.3 and 14.0 mm for the 2nd and 3rd rainfall events produced runoff at basin no. 

2 and 4 while they didn’t in basins 1 and 3. This is because the curve number 

values at basins 2 and 4 were higher than their values at basin 1 and 3. Figure 4 

shows the total annual harvested runoff volume that is expected to be produced by 

the four selected basins during the eight selected seasons. 

Figure 4: Total annual harvested runoff volume for the selected seasons. 
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Comparing the results of historical rainfall data (1990-2009) with those expected 

showed that the annual runoff volume for all catchments area of the four basins 

(1990-2009), were ranging from 0.12 to 28.19 million cubic meters (Table 1). 

These values occurred during the seasons 1999-2000, and 2000-2001 respectively, 

and the average annual runoff volume was about 12.52 million cubic meters for 

that period. While for future rainfall, the resultant runoff for all the catchments 

area of the four basins ranged from 7.61 to 28.5 million cubic meters for the future 

selected seasons (Table 1). These values may occur during the rainfall seasons 

2046-2047 and 2055-2056 respectively, and the average annual runoff volume 

may reach about 14.6 million cubic meters for the future selected seasons, and the 

nearest amount for this value is that satisfied in 2065-2066 of 13.9 million cubic 

meters. however its seems there is no dramatic change in maximum runoff values 

between historical recorded rainfall and future rainfall which indicates that the 

rain may has the same ability to produce the maximum runoff due to type of 

equilibrium between the decrease of the total amount of seasonal rainfall and the 

increase the depth of individual rain storms. In general, the individual future rain 

storms that produces runoff has increased its rainfall depth and decreased in 

number of occurrence. Minimum runoff amount for the two periods (historical and 

future expected rainfall) cannot be compared due to not select minimum seasons 

of future rainfall. 

3.1 Runoff charts  
To get an idea about the amount of runoff that can be harvested from a given 

catchment area at eastern Sinjar, an attempted was made to provide a set of charts 

that is easy to be used (Figures 5-A, 5-B and 5-C). These charts include the 

selected rainfall depth (x-axis) that ranged 15-55 (mm) and several values of the 

selected curve number (CN) that ranged 76-82, 86-92, and 60-68 for normal, wet 

and dry condition respectively. The y-axis represents the resultant equivalent 

harvested runoff depth (mm). However, the chosen values of the selected rainfall  
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Figure 5-A: Equivalent Runoff Depth- Rainfall Depth relationship  

for normal condition. 

Figure 5-B: Equivalent Runoff Depth- Rainfall Depth relationship  

for wet condition. 
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Figure 5-C: Equivalent Runoff Depth- Rainfall Depth relationship  

for dry condition. 

depths and curve numbers were based on the studied and extrapolated results of 

previous research of rain water harvesting that had been carried out at east of 

Sinjar area.  

Once the size of the catchment area, rainfall depth and the curve numbers for the 

catchment area are known, then a certain chart of the specific case can be used 

(Normal, Wet and Dry condition). The intersection values of rainfall depth (on 

x-axis) with suitable curve number will provide the corresponding value for the 

equivalent harvested runoff depth on y-axis. In order to find the runoff volume, 

the equivalent runoff depth should be multiplied by the size of the catchment area 

taking into consideration the system units. It should be noted that, not all rainfall 

depths will produce runoff. Nevertheless, low rainfall depth will not produce 

runoff unless high value of curve number is available for this particular case 

especially with dry condition; even with some cases of normal condition of low 
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carve number. However Tables (2, 3, and 4) explain the equivalent runoff 

limitation for the rainfall depth.  

Table 2: Equivalent Normal Runoff Depth (mm). 

Rain depth 
(mm)

CN
76

CN
77

CN
78

CN
79

CN
80

CN
81

CN
82

15 0.00 0.00 0.01 0.03 0.08 0.16 0.26 
20 0.17 0.27 0.39 0.54 0.74 0.96 1.21 
25 0.88 1.10 1.36 1.64 2.04 2.41 2.82 
30 2.06 2.42 2.80 3.23 3.84 4.36 4.94 
35 3.56 4.03 4.55 5.11 5.93 6.60 7.32 
55 12.66 13.63 14.65 15.71 17.49 18.70 19.97 

Table 3: Equivalent Wet Runoff Depth (mm). 

Rain depth 
 (mm) 

CN
86

CN
87

CN
88

CN
89

CN
90

CN
91

CN
92

15 0.94 1.21 1.52 1.89 2.32 2.83 3.42 
20 2.52 2.98 3.49 4.08 4.74 5.48 6.32 
25 4.77 5.42 6.14 6.93 7.80 8.77 9.85 
30 7.47 8.30 9.21 10.19 11.26 12.43 13.71 
35 10.37 11.36 12.43 13.58 14.81 16.15 17.59 
55 24.69 26.22 27.83 29.51 31.28 33.14 35.09 

Table 4: Equivalent Dry Runoff Depth (mm). 

Rain
depth
(mm)

CN
60

CN
61

CN
62

CN
63

CN
64

CN
65

CN
66

CN
67

CN
68

15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

30 0.00 0.00 0.00 0.00 0.01 0.05 0.11 0.19 0.29

35 0.01 0.03 0.08 0.16 0.26 0.38 0.53 0.71 0.91

55 2.32 2.71 3.14 3.60 4.08 4.61 5.16 5.75 6.37
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4.0 Conclusion 

Rainfall data is part of the main components in the hydrological cycle and 

intimately linked with almost all aspect of climate. The future seasonal rainfall 

during the study period 2020-2099 showed a clear negative trend reflecting the 

reduction in total seasonal rainfall amount.   

For the future rainfall (2020-2099), the maximum, minimum and average 

harvested runoff volumes reached about 28.5, 7.61, and 13.9 million cubic meters 

which are supposed to occur during the seasons 2055-2056, 2046-2047, and 

2065-2066 respectively. The comparison of the runoff results between future and 

historical recorded rainfall for the same study area showed that, the average 

annual rainfall depth for the study period 1990-2009 was about 325mm, while for 

the future period 2020-2099 was about 212.3 mm and this is in agreement with the 

impact of climatic change that predicts reduction in rainfall within the MENA 

region countries such as Iraq.   

The total annual runoff volume for all the catchment area (1990-2009), ranged 

from 0.12 to 28.19 million cubic meters, and the average annual runoff volume 

was about 12.52 million cubic meters. Runoff results for the future rainfall, by all 

catchment areas for the future selected seasons ranged from 7.61 to 28.5 million 

cubic meters. The calculate average annual runoff volume may reach about 14.6 

million cubic meters and the nearest amount for this value is that satisfied in 

2065-2066 of 13.9 million cubic meters. It seems that there is not that much 

change in maximum runoff amounts between historical recorded rainfall and 

future rainfall. This might be due to a kind of equilibrium between the decrease in 

the total amount of the seasonal rainfall depths and increase in individual rain 

storms depths. In general, the individual future rain storm that produces runoff has 

increased in its rainfall depth and decreased in number of occurrence. 

An attempted was made to provide people who are interested with runoff of the 

study area with a set of charts that are easy to use in order to estimate the 

equivalent harvested runoff depth (mm) for different selected rainfall depths under 
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different hydraulic conditions for the catchment area at eastern Sinjar district. 

Acknowledgment
The authors would like to thank the Ministry of Higher Education and Scientific 

Research, Baghdad, Iraq; Mosul university, Mosul, Iraq for their support. 

The research presented has been financially supported by Luleå University of 

Technology, Sweden and by “Swedish Hydropower Centre—SVC” established by 

the Swedish Energy Agency, Elforsk and Svenska Kraftnät together with Luleå 

University of Technology, The Royal Institute of Technology, Chalmers 

University of Technology and Uppsala University. Their support is highly 

appreciated.

REFERENCES
[1] IPCC. (The Intergovernmental Panel on Climate Change). Climate change 

2007: The Physical Science Basis. Summary for Policymakers. Contribution 

of Working Group I to the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change. IPPC secretariat, WMO, 

Geneva, Switerland. (2007), 21pp. 

[2] Al-Ansari, N.A., “Water resources in the Arab countries: Problems and 

possible solutions, UNESCO International conf”. (Water: a looming crisis), 

Paris, (1998), pp 367-376. 

[3] Al-Ansari, N.A., Management of Water Resources in Iraq: Perspectives and 

Prognoses, J. Engineering, V.5, 8, (2013), 667-684. 

[4] Al-Ansari, N.A. and Knutsson, S., Toward Prudent management of Water 

Resources in Iraq. J. Advanced Science and Engineering Research, vol. 1,

(2011), 53-67. 

[5] United Nations, “Water Resources Management White Paper,” United 

Nations Assistance Mission for Iraq, United Nations Country Team in Iraq, 

(2010), 20.  



Zakaria, Al-Ansari, Dawood, and Knutsson 21

[6] Hamdy, A., “Water Crisis and Food Security in the Arab World: The Future 

Challenges”, 23 August (2013).  

http://gwpmed.org/files/IWRM-Libya/Atef% 20 Hamdy%20AWC.pdf. 

[7] UNDP, United Nations Development Programmer Iraq, Drought Impact 

Assessment, Recovery and Mitigation Framework and Regional Project 

Design in Kurdistan Region (KR), January (2011).  

http://www.undp.org/content/dam/rbas/report/Drought.pdf 

[8] Christensen, J.H., B. Hewitson, A. Busuioc, A. Chen, X. Gao, I. Held, R. 

Jones, R.K. Kolli, W.-T. Kwon, R. Laprise, V. Magaña Rueda, L. Mearns, 

C.G. Menéndez, J. Räisänen, A. Rinke, A. Sarr and P. Whetton,: Regional 

Climate Projections. In: Climate Change 2007: The Physical Science Basis. 

Contribution of Working Group I to the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change. Cambridge University Press, 

Cambridge, United Kingdom and New York, NY, USA, (2007). 

[9] Medany M., Impact of climate change on Arab countries, Chap. 9, (2008). 

www.afedonline.org/afedreport/english/book9. 

[10] World Bank. World Development Report 2010: Development and Climate 

Change. Washington DC: The World Bank (Overview), (2010). 

[11] Millennium Ecosystem Assessment (MEA), Ecosystems and human 

well-being: Desertification synthesis. World Resources Institute, 

Washington, D.C. (2005), 26pp. 

http://www.unep.org/maweb/documents/document.355.aspx.pdf 

[12] Milly, P.C.D., K.A. Dunne, and A.V. Vecchia. Global pattern of trends in 

streamflow and water availability in a changing climate. Nature 438, (2005), 

347-350.

[13] Sandstrom, K., Modelling the effects of rainfall variability on groundwater 

recharge in semi-arid Tanzania. Nordic Hydrology 26, (1995), 173-176. 

[14] Mulholland, A., Water matters in the MENA region - a background into the 

environmental issues facing governments and corporations, (2011).  



22     Future Prospects for Macro Rainwater Harvesting Technique at Northwest Iraq 

 http://www.cgrforum.com/library/634388738709442500.pdf 

[15] Richard J Thomas, Eddy de Pauw, Manzoor Qadir, Ahmed Amri, Mustapha 

Pala, Amor Yahyaoui, Mustapha El-Bouhssini, Michael Baum, Luis Iñiguez 

and Kamel Shideed. 2007. Increasing the Resilience of Dry-land 

Agro-ecosystems to Climate Change, SAT eJournal December (2007), Vol

4,1, ejournal.icrisat.org. 

[16] Oweis, T., Hachum A., and Kijne J., Water harvesting and supplementary 

irrigation for improved water use efficiency in dry areas. SWIM Paper 7. 

Colombo, Sri Lanka: International Water Management Institute, (1999). 

[17] Oweis, T., Zhang, H., and Pala M. Water Use Efficiency of Rainfed and 

Irrigated Bread Wheat in a Mediterranean Environment, Agronomy journal, 

Vol. 92, march–april (2000), pp 231–238.    

[18] Oweis, T. and Hachum, A. Water harvesting and supplemental irrigation for 

improved water productivity of dry farming systems in West Asia and North 

Africa. Agricultural Water Management, 80, (2006), 57-73.  

[19] IWMI. 2007. Water for food, Water for life: A comprehensive assessment of 

water management in agriculture. D. Molden (ed.). London, Earthscan, and 

Colombo, International Water Management Institute. (2007), 645pp. 

[20] FAO. 2002. Conservation agriculture: case studies in Latin America and 

Africa. FAO Soils bulletin 78, FAO, Rome, Italy, (2002). 

[21] Dumanski, J., Peiretti, R., Benites, J.R., McGarry, D., Pieri, C. The paradigm 

of conservation agriculture. Proc. World Assoc. Soil and Water Conserv. P1, 

(2006), 58-64. 

[22] Kassam, A., and Kueneman, E., Proceedings of a design workshop, Tropical 

Agriculture Association (TAA), 2007: Responding to climate change 

adaptability needs: some crop production-related perspectives of relevance 

to FAO, Newcastle University, UK, Vol. 27, 4, (2007). 

[23] FAO, 2008, climate change, water and food security. Technical background 

document from the expert consultation held on 26 to 28 February (2008) 



Zakaria, Al-Ansari, Dawood, and Knutsson 23

FAO, rome http:www.fao.org/docrep/016/ap526e/ap526e.pdf

[24] Prinz, D., “Water Harvesting: Past and Future.” In: Pereira, L. S. (ed.) 

Sustainability of Irrigated Agriculture. Proceedings, NATO Advanced 

Research Workshop, Vimeiro, 21- 26.03, Balkema, Rotterdam, (1996), 

135-144.

[25] IPCC (The Intergovernmental Panel on Climate Change), Emissions 

Scenarios, Summary for Policymakers, Special Report of IPCC Working 

Group III (2000), 4-5pp. 

[26] Al-Ansari N.A., Abdel latif M., Ali S.S. and Knutsson S., Long Term Effect 

of Climate Change on Rainfall in Northwest Iraq, Sub. Central European 

Journal for Engineering, (2013). 

[27] Von,V and Heckl, A.. Impact of Climate Change on the Water Availability 

in the Near East and the Upper Jordan River Catchment. Phd Thesis, 

University of Augsburg, Germany, (2011). 

[28] Zakaria, S., Al-Ansari, N., and Knutsson, S., Rainwater Harvesting Using 

Recorded and Hypothetical Rainfall Data Scenarios. Journal of Earth 

Sciences and Geotechnical Engineering, Vol. 3, no. 2, , (2013), 21-42. 

[29] Zakaria S., Al-Ansari N.A., Knutsson S. and Ezz-Aldeen M.,“Rain Water 

Harvesting At Eastern Sinjar Mountain, Iraq”, J. Geoscience Research, Vol.

3, Issue 2, (2012), 100-108. 

[30] Adary, A., Hachum, A., Oweis, T., and Pala, M., Wheat Productivity under 

Supplemental Irrigation in Northern Iraq. On-Farm Water Husbandry 

Research Report Series, 2. International Center for Agricultural Research in 

the Dry Areas (ICARDA), Aleppo, Syria, (2002).  

[31] Al-Daghastani H., S., Land use and Land Cover of Nineah Governorate 

Using Remote Sensing Data, Remote Sensing Center, Mosul University, Iraq, 

(2002).



 



Paper No. 12 

Future Prospects 
 for 

 Macro Rainwater Harvesting (RWH) Technique 
 in 

 North East Iraq

Nadhir Al-Ansari; Mawada Abdellatif; Saleh Zakaria; Y.T. Mustafa; and Sven Knutsson 



 



Journal of Water Resource and Protection, 2014, *, ** 
doi:10.4236/jwarp.2014.***** Published Online ** 2014 (http://www.scirp.org/journal/jwarp) 

Copyright © 2014 SciRes.                                                                               JWARP 

Future Prospects for Macro Rainwater Harvesting (RWH)
technique in north east Iraq  

Nadhir Al-Ansari1*, Mawada Abdellatif2, Saleh Zakaria3, Y.T. Mustafa4, Sven Knutsson5

1, 3, 5 Lulea University, Sweden, 2Liverpool JM University, UK, 4University of Zakho, Duhok, Iraq 
3 Dep. of Dams & Water Resources Eng., University of Mosul, Mosul 41002, Iraq
Emails: 3saleh.zakaria@ltu.se, 4Y.T.Mustafa@uoz-krg.org, 5Sven.Knutsson@ltu.se 

Correspondence to: N. A. Al-Ansari (nadhir.alansari@ltu.se) 
 

Received **** 2014 

Copyright © 2014 Nadhir Al-Ansari et al. This is an open access article distributed under the Creative Commons Attribution License, 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. In ac-
cordance of the Creative Commons Attribution License all Copyrights © 2014 are reserved for SCIRP and the owner of the intellec-
tual property Nadhir Al-Ansari et al. All Copyright © 2014 are guarded by law and by SCIRP as a guardian. 

ABSTRACT 

Countries in Middle East and North Africa (MENA region) are considered arid and semi-arid 
areas that are suffering from water scarcity. They are expected to have more water shortages 
problem due to climatic change. Iraq is located in the Middle East covering an area of 433,970 
square kilometers populated by 31 million inhabitants. One of the solutions suggested to 
overcome water scarcity is Rain Water Harvesting (RWH).In this study Macro rainwater 
harvesting technique had been tested for future rainfall data that were predicted by two emis-
sion scenarios of climatic change (A2 and B2) for the period 2020-2099 at Sulaimaniyah Gov-
ernorate north east of Iraq. Future volumes of total runoff that might be harvested for dif-
ferent conditions of maximum, average, and minimum future rainfall seasons under both 
scenarios (A2 and B2) were calculated. The results indicate that the volumes of average har-
vested runoff will be reduced when average rainfall seasons are considered due to the effect of 
climatic change on future rainfall. The reduction reached 53.73 % and 43.0% when scenario 
A2 is for scenario B2 are considered respectively. 

KEYWORDS 

Rain water harvesting, Sulaimaniyah, Iraq 

1. Introduction  
Water resources are very scarce in the Middle East and 
North Africa (MENA region) [1, 2, 3, 4] where the an-
nual rainfall does not exceed 166mm [2] contains hy-
per-arid, arid and semi-arid zones [5]. Twelve of the 
countries in the MENA region have less than 500 m3 of 
renewable water resources per capita available [6-8]. 

Fresh potable water is essential for life, socioeconomic 
development, and political stability in the region [9]. It 
was reported that one cubic meter of water can provide 
drinking water for 1 person for 1 year or the same quan-
tity can produce only 1 kg of food grain when used for 
irrigation in a dry climate [10].  The need for a ration-
alized holistic management of this most vital natural re-
source is paramount in order to attain a sustainable soci-
ety [9]. Agriculture which accounts for about 66% of 
demand, [11] and therefore the water shortage problem 
cannot be objectively analysed nor adequately addressed 

*Corresponding Author  
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without a thorough consideration of agriculture in the 
region [12] for example stated that an approximate 10 % 
transfer of water away from agriculture would produce a 
40 % increase in domestic water supply for Jordan. Pos-
tel [13] argues that water could be saved by importing 
the food/grain rather than diverting precious water to 
agriculture. However, many Middle Eastern countries 
have unrealistic aspirations of food self-sufficiency and 
in it would require a most fundamental change in na-
tional outlook [14]. The extent of the problem is so se-
vere that “the future challenges in meeting the growing 
demands for water are beyond the capabilities of indi-
vidual countries” [12]. Mitigating supply shortfalls could 
be achieved by re-allocation of current agricultural sup-
plies [3]. Several researchers had concluded that arid and 
semi-arid regions, like the MENA region, are highly 
vulnerable to climate change e.g. [15]. It is expected that 
the region will suffer from higher temperatures and in-
tense heat waves affecting inhabitants and crop yields, 
and will also affect marine ecosystems and fisheries. 
Accordingly, less but more intense rainfall, coupled with 
higher temperatures, will likely cause more droughts and 
greater flooding, sea level rise, more intense cyclones 
and new areas exposed to dengue, malaria, and other 
vector and waterborne diseases. Future rainfall forecast 
is decreasing with time in Iraq and Jordan for example 
[9, 16-18]. The drought will affect the agricultural life 
and water supply [19]. This is due to the fact that most of 
the agricultural areas of the MENA region are rain-fed 
[20] and decreases groundwater recharge which is al-
ready depleting [21].      

IPCC [22] in Special Report on Emissions Scenar-
ios (SRES) gave details about climate models including 
the most important future scenarios of greenhouse emis-
sions and aerosols as input to make a suite of projected 
future climate changes that illustrates the possibilities 
that could lie ahead. These scenarios involve different 
narrative storylines had been described as: A1, A2, B1 
and B2. The A1 contain three groups A1FI, A1T, and 
A1B. These scenarios consider several criteria and fac-
tors such as the technological emphasis of fossil inten-
sive, non-fossil energy sources and a balance across all 
sources respectively. A2 and B2 are some example about 
the storyline and scenario family that describes in [22]. 
For A2 storyline and scenario family, a very heteroge-
neous world was considered, the underlying theme was 
self-reliance and preservation of local identities, fertility 
patterns across regions converge very slowly, which re-
sults in continuously increasing global population, eco-
nomic development was primarily regionally oriented 
and per capita economic growth and technological 
change was more fragmented and slower than in other 
storylines. While for B2 storyline and scenario family, a 
world in which the emphasis was on local solutions to 
economic, social, and environmental sustainability was 

considered. It is a world with continuously increasing 
global population at a rate lower than A2; intermediate 
levels of economic development are less rapid and more 
diverse technological change than in the B1 and A1 
storylines, while the scenario is also oriented toward en-
vironmental protection and social equity, it focuses on 
local and regional levels. 

Iraq is one of the countries in the MENA region. It 
covers an area of 433,970 square kilometers populated 
by 31 million inhabitants. Recently, it is suffering from 
water shortage problems [1, 24].Rain water harvesting 
(RWH) was suggested as one of the solutions for the 
water shortage problems in Iraq [25-27]. Due to climate 
change, the precipitation patterns will be modified lead-
ing to extreme events which will affect the availability of 
water resources particularly in tropical and Mediterra-
nean areas [28,29] and this will significantly affect sec-
tors like agriculture, industry and urban development 
[30]. 

Many researchers studied climate impacts explained 
that understanding the potential effects of climate change 
is fundamental for informing both adaptation strategies 
and actions to avoid risky levels of climate change. Re-
cently, there is a great attention given by the interna-
tional community about the variability and trends of pre-
cipitation and their effects on the environment during the 
last century [31, 32]. 

A number of researchers studied the trends and 
variability of precipitation such as [16,17,18,33-40]. 
These studies had two goals, the first was to analyse the 
trends of long term time series of precipitation and the 
second was to analyse precipitation projections for the 
future climate.  

Philandras et al. [41] analysed (long term) trends 
and variability of annual precipitation and annual rain 
days over part of Mediterranean region, the regional 
simulation model (RACMO2.1/KNMI) were used with 
emission scenario A1B. The results showed that statisti-
cally significant negative trends of the annual precipita-
tion totals exist in the majority of Mediterranean regions 
during the period 1901–2009. For the annual number of 
rain days, a clear reduction of 20%, statistically signifi-
cant, founds in meteorological stations of east Mediter-
ranean, while the trends were insignificant for west and 
central Mediterranean. The precipitation is very likely to 
be reduced almost 20% in the period 2071–2100 com-
pared to 1961–1990, under SRES A1B. 

Eugene [42] stated that “Climate data of the last 
century are not the only source for the best information 
available for future planning in the field of agriculture, 
water resources, ecosystems and human health. For cli-
mate science the observations are the main foundation, 
therefore models must now be used to synthesize obser-
vations and project future climate scenarios for deci-
sion-making on long term issues”.     
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Al-Ansari et al. [39,40] studied long term effect of 
climate change on rainfall in northwest and north-eastern 
Iraq respectively. The last study was at Sulaimaniyah 
Governorate, Kurdistan region of Iraq, the results indi-
cated that the average annual rainfall showed a signifi-
cant downward trend for both A2 and B2 scenarios for 
the period 1961-2099. Average monthly rainfall simu-
lated by HadCM3 GCM for A2 and B2 scenarios of 
greenhouse emission for the three future periods com-
pared with the baseline period showed some reduction in 
the monthly rainfall for the 2020s, 2050s and 2080s; 
however 2080s experience largest drop especially during 
April and July months of A2 (51% and 77%) and during 
May and July of B2 (49% and 79%).Generally the pro-
jected rainfall in future varies significantly/slightly 
amongst the three future periods and the emission sce-
nario considered as A2 experience more s reduction rela-
tive to that predicted by scenario B2. 

For the rain-fed areas at Iraq, rainfall is not suffi-
cient to support economic crop yield during rainy sea-
sons without irrigation. The average annual rainfall in 
Iraq is ranging from 154 to 216 mm/year [43, 44]. Prac-
tically, the technique of macro rainwater harvesting 
(RWH) might be one of the good solutions for the water 
shortage problem in Iraq. RWH technique is defined as 
“the collection of runoff for its productive use” [45]. 
Boers and Ben-Asher [46] gave a more specific defini-
tion of RWH with specific details, where they defined 
RWH as “a method for inducing, collecting, storing, and 
conserving local surface runoff for agriculture in arid and 
semi-arid regions”. They explained that the RWH in-
cludes several processes dealing with collecting rain-
water then to direct it to the target storage location (a 
surface reservoir or a soil profile). Furthermore, they 
specified the aim of this process for agriculture purposes. 
The annual rainfall (100–700) mm of low cost water 
harvesting might give an important new water source 
[47]. The main objective of RWH is to increase the 
availability of water but not its amount. The factors such 
as amount of rainfall and its distribution, land topogra-
phy, soil type and soil depth, and local socio-economic 
may represent the main factors that affect water harvest-
ing [47,48]. 

The productivity of the rainwater can be signifi-
cantly improved by applying a specific technique such as 
Macro RWH, based on availability of a surface reservoir. 
By this technique, the excess rainwater (runoff) is stored 
in small reservoirs of small dams with different sizes to 
be supplied later when required [25-27, 49]. RWH sys-
tems had proven to be an effective technique in different 
regions to achieve new water source that can be used for 
several purposes [47]. 

  The present work is to test the future validity of 
Macro rainwater harvesting (RWH) technique at Su-
laimaniyah Governorate ( Figure 1) using daily rainfall 

data generated for  the period (2020-2099) by Al-Ansari 
et al. [38,39]. The data were based on global climatic 
projections and their scenarios, using the HadCM3 
Global Climate Model (GCM), Scenarios A2 and B2.  

2. Methodology
Watershed modeling system (WMS) was used to esti-
mate the harvested runoff at the selected five basins at 
Sulaimaniyah Governorate based on Digital Elevation 
Model (DEM) of the study area. The runoff volumes 
were estimated based on soil conservation service curve 
number (SCS-CN) method. Therefore curve numbers 
(CN) values were estimated for each basin and modified 
for dry and wet conditions based on the information ob-
tained from land use map, soil type and the selected ba-
sins. Then curve numbers (CN) values were modified for 
slope. 

For the Soil Conservation Service, 1972 (SCS-CN) 
method, the tabulated curve number is equal to CNII, for 
normal (average) conditions, and modified for dry and 
wet conditions, as explained by Chow et al. [50] through 
the following equations: 

 

      (1) 

      (2) 
In which: 
CNI = Curve number for dry condition 
CNIII = Curve number for wet condition. 
Williams [33] developed an equation to adjust the curve 
number to a different slope [34 and 35]:  
 

 
   (3)            

                                         
Where: 
[CNII]SLP = the curve number for average 
condition adjusted for the slope. 
SLP = the average fraction slope of the basin. 
The details of the procedure and the calibration 
of the model are well described by [25, 26, 27, 
51]. 

3. Study area  
Previous work [51], investigated Macro RWH technique 
using five basins as a selected catchment area at Su-
laimaniyah Governorate (Figure 1) for recorded rainfall 
data for the period 2002-2012. Table 1 shows the prop-
erties of the selected basins.  
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Figure 1: Map of Iraq and the ten districts of Sulaimaniyah Governorate (source: [36]). 

Table 1: Properties of the selected basins at Sulaimaniyah Governorate source: [36]. 

Basin Basin Slop 
(m/m) 

Basin Area 
(Km2) 

Time of concentra-
tion (hr) 

Length 
(km) 

Elevation 
(m) 

UTM Coordinate 
E N 

1 0.2837 98.08 2.14 18.137 1179 534704 3944815 
2 0.251 13.87 1.02 7.988 1211 528567 3942854 
3 0.1848 7.35 0.61 4.858 1098 530133 3942576 
4 0.2202 25.83 1.3 12.131 1182 525903 3940711 
5 0.0688 31.66 1.54 8.587 855 522711 3939177 

  
For the current work, the same locations were used 

in order to study future macro RWH technique and to 
make suitable comparison between historical and future 
runoff events. The details of study area can be summa-
rized as follows:  

Sulaimaniyah Governorate is located north east of 
Iraq (35°33 40  N and 45°26 14  E) (Figure 1). The 
study area consists of five separated basins with total 
area of 176.79 km2, located about 7 km North West of 
Sulaimaniyah city. 

According to [52], the soil of the study area is of 
three main types (37, 38, and 39) as shown in Figure 2. 
Simak [53] indicated that the last two soil types can be 
identified as C, and D of the Hydrologic Soil Group ac-
cording to the United States Department of Agriculture 
Natural Resources Conservation Service (Conservation 
Engineering Division 1986). Buringh [52] classified the 
soil type 37 as great Soil group of Chestnut soils and the 

soil type is silty clay, having a dark brown color, friable 
surface soil, usually with 1-4% of organic matter and less 
than 9 % lime.  

The geographic location of Sulaimaniyah Gover-
norate imposed a dry and warm summer for the period 
June to August, with temperature of 31.5 °C as average 
temperatures. The city is usually windy during winter. 
This season extends from December till February. The 
temperature during winter is about 7.6 °C. The average 
relative humidity for summer and winter are 25.5% and 
65.6% respectively, while the evaporation reached 329.5 
mm during summer and 53 mm during winter. Average 
wind speed during winter is about 1.2 m/sec and in-
creases a little bit more during summer where it reaches 
1.8 m/sec. Sunshine duration reaches 5.1 and 10.6 hr. 
during winter and summer respectively.  

The rainfall season starts in October at Sulaimani-
yah with light rainfall storms and it intensifies during 
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November and continues till May. Rainfall records for 
the period 2002-2012, showed that, the driest season was 
recorded in 2008-2009 of 328 mm and the maximum 
rainfall depth was in 2003-2004 of 848 mm. The season 
2010-2011 represent the average rainy season (548.8 
mm) for the period 2002-2012. 
The Land use / land cover (LULC) map of Sulaimaniyah 
Governorate (Figure 3) was derived from satellite im-

agery. The weighted average CN values for five selected 
basins were estimated depending on area of specific land 
use land cover as a percent of total basin area and cali-
brated based on AMC for dry, normal (average), and wet 
conditions depending on the total antecedent rainfall 
depth of five days as formulated by SCS-CN method. 

Then CN values were adjusted for slope using Wil-
liams’ formula [54] for each basin (Table 2).  

 
Figure2: Soil map of Sulaimaniyah Governorate with boundaries of study area, source: [36]. 

 
Figure 3: Land use / land cover map of Sulaimaniyah Governorate (on left), with enlarge view of study area, source: [36]. 



N. AL-ANSARI  ET  AL. 

Copyright © 2014 SciRes.                                                                               JWARP 

6 

Table 2: Curve number (CN) values before and after adjustment for slope, source: [36].  

Values of CN Adjustment CN values for slope 

Basin CN-Normal CN-dry CN-wet CN-Normal CN-dry CN-wet 

1 76.3 75.5 88.1 80.1 62.8 90.2 

2 80.1 62.8 90.3 83.3 67.7 92.0 

3 79.1 61.4 89.7 82.1 65.8 91.3 

4 80.4 63.3 90.4 83.4 67.9 92.0 

5 76 57.1 87.9 76.9 58.3 88.5 
 

4. Rainfall data and estimation runoff 
The rainfall data that used in this work had been diverted 
by Al-Ansari et al. [18]. They used HadCM3 Global 
Climate Model (GCM) with grid resolution of 
2.50x3.750 in order to provide future climate scenarios 
for the periods 2020-2099. Both the A2 and B2 emission 
scenarios were employed. Daily rainfall data for projec-
tions are related to emission uncertainty. In this work, 
future rainfall of A2 and B2 scenarios were used in order 
to investigate macro RWH technique and then to esti-
mate future expected harvested runoff for individual 
daily future rainstorms. The estimation runoff was based 
on Soil Conservation Service-curve number (SCS-CN) 
method using Watershed Modelling System (WMS) with 
Data Elevation Model (DEM) of Sulaimaniyah Gover-
norate. 

Future rainfall of scenarios A2 and B2 are graphi-
cally presented in figure 4. The future season of maxi-
mum, minimum and average annual rainfall for both 
scenarios A2 and B2 were identified (Table 3) and then 
each daily rainstorm of theses seasons that might pro-
duce runoff  were identified with their hydraulic condi-
tions of catchment area  (Tables 4-9). 

5. Results and discussion 
IPCC [22] Indicated that “Four qualitative storylines 
yield four sets of scenarios called families which include 
A1 (A1FI, A1B, and A1T), A2, B1, and B2. Altogether 
40 SRES scenarios had been developed by six modelling 
teams. All are equally valid with no assigned probabili-
ties of occurrence”. The impact of climatic change is 
associated with large uncertainties. Predicted rainfall 
data can give some idea about future prospects of the 
status of rainfall. This can help in estimating hydraulic 
events such as runoff [23].Predicted rainfall under both 
scenarios A2 and B2 [40], showed linear trend indicating 
that there is a significant decrease in total seasonal rain-
fall depth with time (Figure 4). 

Using rainfall data for both scenarios the maximum, 
minimum and average rainfall seasons were identified 
(Table 3). Analysing the identified data day by day helps 
to pinpoint the individual rainstorms that may produce 
runoff (Tables 4 to 9). The individual rain storm depth 
and span time between rain storms play important role to 
produce the hydraulic condition (dry, normal, and wet) 
of the catchment area. However, each of the above se-
lected seasons contains some (but not all) rain storms 
that can produce runoff. For example, under scenario A2, 
the maximum rainfall season (2020-2021) includes 24 
individual rainstorms that may produce a runoff, their 
depths ranged between 12.7 to 38 mm. Moreover, the 
associated hydraulic conditions depending on antecedent 
moisture  conditions ( AMC ) were 3, 10 and 11events 
under dry, normal and wet conditions respectively 
Table 3: Selected seasons of future average annual rainfall 

depth for A2 and B2  for the period 2019-2099 [40]. 

Scenario A2 

No. Rainfall depth 
(mm) Season Notes 

1 1018.3 2020-2021 Maximum 
rainfall season 

2 583.8 2057-2058 Average rainfall 
season 

3 302.2 2090-2091 Minimum rain-
fall season 

Scenario B2 

1 936.0 2046-2047 Maximum 
rainfall season 

2 592.7 2027-2028 Average rainfall 
season 

3 407.1 2081-2082 Minimum rain-
fall season 

Identifying the AMC was based on the total ante-
cedent rainfall depth for 5 consecutive days, which were 
identified in the daily rainfall data for scenarios A2 and 
B2 for the study area according to the documentation by 
SCS-CN method and that had explained by [50]. 
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Figure 4: Average annual rainfall for A2 scenario (upper) and B2 scenario (lower)[40].  
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Table 4: Maximum Rain Season 2020-2021 for Scenario 
A2[40]

Day Month Year 
Rainfall 
depth Condition 

5 11 2020 14.8 Dry 
16 11 2020 17.8 Dry 
5 12 2020 19.1 Normal 

11 12 2020 18.2 Normal 
13 12 2020 12.7 Wet 
15 12 2020 21.3 Wet 
16 12 2020 15.7 Wet 
17 12 2020 26.2 Wet 
27 12 2020 30.0 Normal 
28 12 2020 21.0 Wet 
21 1 2021 14.2 Dry 
23 1 2021 20.7 Normal 
26 1 2021 30.7 Wet 
5 2 2021 12.9 Normal 
9 2 2021 21. Normal 

11 2 2021 16.2 Wet 
13 2 2021 30.9 Wet 
2 3 2021 29.8 Normal 

22 3 2021 24.6 Normal 
25 3 2021 33.4 Wet 
26 3 2021 33.1 Wet 
6 4 2021 36.6 Normal 
5 5 2021 19.7 Normal 
7 5 2021 38.6 Wet 

Table 5: Average Rain Season 2057-2058 for Scenario A2. 

Day Month Year Rainfall depth Condition 
18 11 2057 27.2 Dry 
7 12 2057 24.2 Normal 

17 12 2057 16.0 Dry 
19 2 2058 13.4 Normal 
20 2 2058 25.6 Wet 
26 2 2058 28.1 Normal 
30 2 2058 20.2 Wet 
8 3 2058 16.7 Dry 
9 3 2058 30.4 Normal 

20 3 2058 17.4 Dry 
15 5 2058 18.5 Dry 
19 5 2058 32.0 Normal 

 

Table 6: Minimum Rain Season 2090-2091 for Scenario A2. 

Day Month Year 
Rainfall 

depth Condition 

26 12 2090 19.5 Dry 

15 1 2091 27.0 Normal 

2 2 2091 12.6 Dry 

21 2 2091 13.6 Dry 

19 4 2091 14.7 Dry 

Table 7: Maximum Rain Season2046-2047 for Scenario B2.   

Day Month Year 
Rainfall 
depth Condition 

1 11 2046 37.2 Dry 
3 11 2046 39.7 Wet 

18 11 2046 16.8 Dry 
12 12 2046 21.8 Wet 
22 12 2046 19.0 Normal 
1 1 2047 13.6 Normal 
9 1 2047 21.2 Normal 

14 1 2047 14.8 Normal 
15 1 2047 20.8 Normal 
22 1 2047 16.4 Normal 
23 1 2047 20.2 Wet 
26 1 2047 17.3 Wet 
4 2 2047 12.7 Normal 
5 2 2047 15.1 Normal 
6 2 2047 12.9 Wet 
8 2 2047 20.1 Wet 

15 2 2047 27.3 Dry 
21 2 2047 13.6 Dry 
4 3 2047 22.2 Dry 
8 3 2047 39.1 Normal 

13 3 2047 27.7 Wet 
17 3 2047 31.5 Normal 
2 4 2047 15.3 Dry 
9 4 2047 28.3 Dry 

25 4 2047 35.8 Dry 
30 4 2047 26.2 Wet 

 



N. AL-ANSARI  ET  AL. 

Copyright © 2014 SciRes.                                                                               JWARP 

9

Table 8: Average Rain Season 2027-2028 for Scenario B2 

Day Month Year 
Rainfall 
depth Condition 

10 12 2027 38.1 Normal 
24 1 2028 17.3 Normal 
27 1 2028 15.1 Wet 
3 2 2028 26.9 Normal 

11 2 2028 19.1 Normal 
24 2 2028 13.0 Dry 
25 2 2028 16.9 Normal 
27 2 2028 22.3 Wet 
28 2 2028 17.0 Wet 
1 3 2028 27.0 Wet 
7 3 2028 19.2 Dry 

23 3 2028 19.1 Dry 
3 4 2028 14.2 Dry 
5 4 2028 18.6 Normal 

29 4 2028 20.2 Dry 

Table 9: Min. Rain Season 2081-2082 for Scenario B2 

Day Month Year 
Rainfall 

depth Condition 
6 12 2081 15.6 Dry 

23 12 2081 13.0 Normal 
11 1 2082 14.0 Dry 
13 1 2082 17.5 Normal 
24 1 2082 13.0 Dry 
2 4 2082 18.5 Dry 

27 5 2082 19.1 Dry 
29 5 2082 22.0 Normal 

 
Accordingly, the identified rainstorms for each se-

lected season for both scenarios A2 and B2 might give 
runoff results as shown in figures 5 and 6 respectively.  

Moreover, the total future harvested runoff for sce-
narios A2 and B2 for the selected maximum, average, 
and minimum seasons are represented in figures 7. 

The comparison between scenarios A2 and B2 
show that: 
For maximum rainfall seasons (tables 4 and 7), the total 
numbers of rainstorms that can produce runoff were very 
close when comparing both scenarios (24 and 26 rain-
storms might occur in 2020-2021 according to scenarios 
A2 and 2046-2047 for B2 respectively).These rainstorms 
occur with various hydraulic conditions of the catchment 
area (dry, normal, and wet). Thus, 3 rainstorms, with 

depths ranging between 14.2-17.8 mm, might occur with 
dry hydraulic conditions under scenarios A2. They didn’t 
produce any runoff, which reflect the important role of 
low value of the curve number (CN) under dry condi-
tions that reduces the rainstorm ability to produce runoff. 
While for scenario B2, 8 rainstorms were recognized. 
Their depths were ranging between 13.6 to 37.2 mm, 
occurred under dry hydraulic conditions. Some of these 
rainstorms of high depth of rainfall (more than 35 mm) 
had produced runoff while the others did not. All the 
remaining rainstorms with normal and wet conditions, 
for both scenario A2 and B2 produced runoff. 

The maximum rainstorm depth was 38.6 mm for the 
wet condition of scenario A2, which produced runoff of 
3.24 million cubic meters. The water was distributed in 
reservoirs 1 to 5 as follows: 1.77, 0.29, 0.14, 0.54, and 
0.50 million cubic meters respectively.  

For scenario B2 however, the maximum rainstorm 
depth was 39.7 mm for the wet condition which pro-
duced runoff of 3.38 million cubic meters that was dis-
tributed in reservoirs 1 to 5 as follows: 1.85, 0.3, 0.15, 
0.56, and 0.52 million cubic meters respectively. These 
results reflect the effective role of CN value with wet 
conditions to produce a good quantity of harvested run-
off. 

Furthermore, the total runoff that might be har-
vested for the whole maximum season (2020-2021 under 
scenario A2) in all basins reached up to 21.19 million 
cubic meters (Figure 7) which was distributed in reser-
voirs 1 to 5 as follows 11.41, 2.05, 0.99, 3.82, and 2.92 
million cubic meters respectively. For scenario B2, the 
water harvested during the maximum season 
(2046-2047) reached up to 13.62 million cubic meters 
(Figure 7) which was distributed in reservoirs 1 to 5 as 
follows: 7.26, 1.36, 0.64, 2.54 and 1.82 million cubic 
meters respectively. The results showed that the water 
harvested using scenario A2 was more than that of sce-
nario B2 for the season with maximum rainfall expected. 

The differences in the volume of harvested water 
between the two scenarios are due to the differences in 
rainstorms. The total numbers of rainstorms with wet 
conditions under scenario A2 was 11 which are more 
than what occurred under scenario B2 which was 8. It 
should be noted that, the remaining rainstorms of the 
season with normal and wet conditions didn’t satisfy 
equilibrium case. Indeed the numbers of rainstorms with 
wet conditions are not important as much as the total 
rainfall depths. The summation of these 11 rainstorms 
depth (under scenario A2) is 280.3 mm and the summa-
tion of these 8 rainstorms depth (under scenario B2) is 
186.2 mm (Tables 4 and 7). 

The comparison for the average rainfall seasons of 
rainfall under scenarios A2 and B2 (Table 5 and 8), 
showed that there were 12 and 15 events represent total 
numbers of rainstorms that might produce runoff with  
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Figure 5: Future harvested runoff with scenario A2 for the selected season.  
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Figure 6: Future harvested runoff with scenario B2 for the selected season.  
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Figure 7: Total future harvested runoff with scenario A2 and B2 for the selected seasons.  

different hydraulic conditions that may occur during 
2057-2058 and 2027-2028 under scenario A2 and B2 
respectively. For these seasons, all the rainstorms with 
dry conditions didn’t produced runoff under both sce-
narios A2 and B2 due to low rainfall depths in addition 
the effect of dry CN. 

The total runoff that might be harvested from all the 
basins for the average seasons under scenario A2 reached 
up to 4.96 million cubic meters (Figure 7) which was 

distributed in reservoir 1 to 5 as follows 2.63, 0.52, 0.24, 
0.97, and 0.61 million cubic meters respectively. For the 
average season under scenario B2 the harvested water 
volume reached up to 6.11 million cubic meters (Figure 
7) which was distributed in reservoir 1 to 5 as follows 
3.24, 0.63, 0.30, 1.18, and 0.76 million cubic meters re-
spectively. 
For average rainfall scenarios, the scenario A2 produced 
harvested runoff less than scenario B2. This was due to 
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the fact that, scenario A2 had 2 events with wet condition 
of 45.9 mm as a total rainfall depth and 4 events with 
normal condition with total rainfall depth of 97.8 mm. 
This is less relative to scenario B2 that had 4 events with 
wet condition of total rainfall depth of 81.5 mm and 6 
events with normal condition of total rainfall depth of 
137.1 mm.  

The comparison for the minimum rainfall seasons 
under scenarios A2 and B2 (Table 6 and 9), showed that 
there were 5 and 8 rainstorms that may produce runoff 
with just dry and normal hydraulic conditions that may 
occur during 2090-2091 and 2081-2082 under scenario 
A2 and B2 respectively.  

Due to limited number of rainstorms in these sea-
sons, wet condition didn’t achieved.  
For the minimum seasons of rainfall under scenarios A2 
just one event of 27.0 mm of rainfall depth with normal 
condition produced runoff. While under scenarios B2 
there were 3 events of 52.6 mm of total rainfall depth 
with normal condition produced runoff. When all basins 
are considered, the total runoff that might be harvested 
for the minimum rainfall season under scenario A2 
reached up to 0.5 million cubic meters (Figure 7) which 
distributed in reservoir 1 to 5 as follows 0.26, 0.06, 0.03, 
0.11, and 0.05 million cubic meters respectively. For 
scenario B2 however, the volume of harvested water 
reached up to 0.31 million cubic meters (Figure 7) 
which was distributed in reservoir 1 to 5 as follows 0.15, 
0.04, 0.02, 0.08, and 0.02 million cubic meters respec-
tively. 

For minimum rainfall seasons, the water that might 
be harvested using scenario A2 was more than that of 

scenario B2. It should be noted that under both scenarios 
(A2 and B2) just one event with normal condition pro-
duced runoff due to combined effect of low rainfall depth 
and low dry CN values. The rainstorm depth under sce-
nario A2 was 27.0 mm which is greater than that of sce-
nario B2 (22.0 mm). 

Macro RWH technique in the same study area was 
applied using recorded rainfall data for the period 
2002-2012 [51]. In that work, season 2010-2011 repre-
sented the average rainy season of 548.8 mm (Figure 8). 
The comparison of average runoff for the two periods 
(future and historical) can be achieved considering no 
change in curve number values and time period. Future 
forecasted rainfall extends on a period of 79 years (sea-
sons 2020-2099). The results indicated those seasons 
2057-2058 of A2 and 2027-2028 of B2 scenarios are 
very close to the average of the whole record as shown in 
Figure 7 (brown colour). Season 2010-2011; represent 
the average rainfall for the period 2002-2012 (11 years) 
as shown in Figure 8. 

Although there is big difference between the years 
number of future and historical periods, but this kind of 
comparison may highlight the idea about the future of the 
study area and the validity of macro RWH technique 
with risk of uncertainty. 

However, the results showed that the volume of to-
tal average harvested runoff for historical period was 
10.72 million cubic meters, distributed on the reservoirs 
1 to 5 as follows: 5730509.9, 1071155.6, 510044.7, 
2002434.4, and 141184.3 cubic meters.  

 
  

Figure 8: Total average harvested runoff for the period 2002-2012 source: [36]. 
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The comparison of average runoff for the two peri-

ods (future and historical) showed that the quantity of 
runoff for future period of both scenarios A2 and B2 
reached up 4.96 or 6.11 million cubic meters respec-
tively. This is less than that of the historical period that 
reached up 410.72 million cubic meters. This is due to 
the decrease of total average future rainfall, which is in 
agreement with the scenarios of climatic change. How-
ever, the percentage of average decrease in average total 
harvested runoff between historical and future period of 
scenario A2 is 53.73 % and for scenario B2 is 43.0%, 
which is an important indicator about what might happen 
in hydraulic future events taking in to consideration the 
impact of climatic change which is associated with large 
uncertainties. 

6. Conclusions
Regardless of the causes of climate change, the climate 
change might cause dire consequences affecting all life 
components including water scarcity. Forecasted rainfall 
data can help to estimate hydraulic events such as runoff, 
then water harvesting techniques that can be used in fu-
ture planning for agricultural activities in arid and 
semi-arid regions. In this study RWH technique had been 
tested for future rainfall that predicted by two emission 
scenarios of climatic change (A2 and B2).  
The results showed that:  

For maximum rainfall conditions, scenario A2 pro-
duced harvested runoff more than scenario B2 where the 
total runoff that might be harvested for the maximum 
seasons (2020-2021 under scenario A2) and (2046-2047 
under scenario B2) reached 21.19 and 13.62 million cu-
bic meters respectively.  

For average rainfall conditions, scenario A2 pro-
duced harvested runoff less than scenario B2.The total 
runoff that for the average seasons 2057-2058 under 
scenario A2 and 2027-2028 under B2 reached 4.96 and 
6.11 million cubic meters respectively. 

During minimum rainfall conditions, scenario A2 
produced harvested runoff more than scenario B2 where 
the harvested water for scenario A2 (2090-2091) and B2 
(2081-2082) were 0.5 and 0.31 million cubic meters re-
spectively. 

The comparison of average runoff for two periods 
(future and historical) can be estimated considering no 
change in curve number values and time period. 
The results showed that the volume of total average har-
vested runoff for historical period was 10.72 million cu-
bic meters. 

The percentage of average decrease in average total 
harvested runoff between historical and future period of 
scenario A2 was 53.73 % and for scenario B2 was 
43.0%, which is an important indicator about what may 
happen in hydraulic future events taking in to considera-

tion the impact of climatic change is associated with 
large uncertainties. 
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