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Abstract

The drought effects on Iraq, and specifically on the Kurdistan region, is on the rise due to the
climate change. Management of the water resources has become necessary to solve this problem.
The aim of this study is to identify suitable zones for rainwater harvesting in Erbil governorate,
Iraqi Kurdistan Region, by using Geographic Information System (GIS) and Multi Criteria
Evaluation (MCE) as a tool for decision support. Multi criteria evaluation is carried out in
Geographic Information System to help the decision makers in determining suitable zones for
rainwater harvesting. The criteria which were taken into account for multi criteria evaluation are;
soil texture, slope, rainfall data (2000-2011), land use/cover and drainage network. The soil
conservation service model was used to estimate the runoff depth. Land use/cover was extracted
from LANDSAT satellite imagery (2006) by using remote sensing technique (Idrisi software).
An analytic hierarchy process (AHP) method was used to estimate the weight for each criterion.
The weighted linear combination method was used to incorporate the criteria weight in the multi
criteria evaluation operation. The multi criteria evaluation is supporting determination of suitable
areas for rainwater harvesting, and suitable zones to construct small and medium dam sites. The
total suitable area for water harvesting is 36% of the study area, where 14% represents moderate
suitability while 33% indicate very low suitability. Macro catchment is significant in the
selection of suitable areas for rainwater harvesting. A contour line map and the drainage
network, represented as a Triangulare Irregular Network (TIN), were used to suggest six sites for
small and intermediate dams. The total water capacity of these dams is about 165 million cubic

meters.

Keywords: geographic information system, remote sensing, multi criteria evaluation, analytic

hierarchy process and macro catchment rainwater harvesting.
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1 Introduction

Rainwater harvesting is the process of collection and storage of rainfall by runoff for different
purposes such as agriculture, livestock, domestic use, industry and ground water recharge
(Mzirai 2010) as well as commercial use, institutional use and flood control (Roebuck 2007).

The flowchart below demonstrates the fundamental process of rainwater harvesting.

Rainfall <| Production of runoff from Water storage Water use
event catchment surface in reservoir

Flowchart illustrating the fundamental rainwater harvesting processes (Roebuck 2007).

The system of rainwater harvesting depends on the catchment area in which the runoff is
generated, and utilization area or receiving area, which is the area where the runoff is used

(Mzirai 2010). Rainwater Harvesting can be divided into two classes:

e Micro catchment which means that the rainfall is conserved where it falls, and can use
water stored directly in the field or utilization area. The properties of this system consist
of small semi-circle pits, strip catchment tillage, semi-circle bunds, contour bunds and
meskat-type systems (Girma 2007). The area of a micro catchment is less than 1000 m”

(Zakaria et al 2012).

e Macro catchment involves harvesting of water from a basin area ranging from 0.1
hectare to several thousands of hectares. Macro catchment may be located near or far
from the Utilization area (Girma 2007). This system is implemented with intermediate
water storage outside the utilization area. The slope of a macro catchment area is ranging
from 5 to 50%. This system needs storage structure and transfer infrastructure such as
channels, natural streams and gullies to convert the water storage in the utilization area

(Zakaria et al 2012).

The two presented above are systems are suitable in arid and semi-arid regions where the rainfall
has an intermittent character (Boers 1994). Rainwater harvesting is dependant on a reliable
sources such as seasonal rainfall or permanent rivers, and is converted via a network of channels

to the cropped fields, or for other purposes (Zakaria et al 2012).
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Gathering rainwater could be significantly improved by applying a specific technique such as
macro rainwater harvesting. Applying a system of macro catchment will augment the agricultural
production, especially when it is integrated with an irrigation system such as supplementary
irrigation or deficit irrigation. This method indicates that during critical stages of crop growth a
limited amount of irrigation for the rain-fed agriculture, which leads to improve the crop
productivity and management of water resources, can be added (Zakaria et al 2012). The macro
catchment runoff harvesting with supplemental irrigation will increase the agricultural
production twice even if supplementary irrigation is not used during dry spells (Adekalu et al

2009).

The amount of rainfall has decreased in recent year in the Iraqi Kurdistan region (Heshmati
2009). Therefore, it is necessary to search for systems storing the water from the rainfall and
permanent streams runoff to be used as supplemental irrigation in the dry spells. Normally
agriculture is fed-rain in the region. Because of this, farmers have left agriculture in the dry
season, especially at the end of spring and summer. There are some studies indicating that using
harvested runoff water with supplemental irrigation could lead to an increase in the agricultural

production of a factor two (Zakaria et al 2012).

Power deficit is another problem in the region, so storage of water will help in energy production
to meet the needs of electricity, especially in the summer. In addition, stored water can be
utilized for drinking and livestock and as a result of this, reducing the immigration from the
villages to cities or other places due to the lack of water over the year. After several years of
drought, floods due to heavy rainfall happened in the Iraqi Kurdistan region in January 2013.
Rainfall then exceeded its normally average levels compared to the previous ten years. It is thus
necessary to able to store water to avoid flooding and instead use the access water in the dry

spells.

All above-mentioned reasons lead us to use macro catchment for rainwater harvesting, by
constructions of dams and reservoirs to save runoff water for a long time. The Kurdistan
Government Region has plans to build several dams in different places (small and medium sizes)

to develop the agriculture sector in the region by using the stored water during the dry spells.



1.1  Potential agriculture

The agricultural sector is vital to boost the economy in many countries. Agriculture has potential
to be an active contributor to the economy of the Kurdistan region (UNDP 2010). Agriculture is
the second most important source of economy after the oil because of the suitable climate and
soil, in combination with the richness and variety of water resources such as groundwater, rivers

and springs.

There are two types of agriculture crops in Iraqi Kurdistan: (I) cereals which mostly depend on
the rain-fed water, and (II) vegetables, fruits and legumes which mostly are irrigated (Heshmati
2009). The total area of Iraqi Kurdistan is about 80,000 square kilometers. Arable land is about
72.3%. 1t is divided into 34.5% cropland, 15.5% forests, 20% natural rangeland, and 2.3%
orchards. The remaining land is non-arable. Most areas of the Kurdistan region lie where rainfall
is guaranteed or semi-guaranteed (UNDP 2010). Agriculture mainly depends on rain-fed
irrigation. About 90% of land is rain-fed agriculture (Bakleh 2006). The main crops produced are
wheat, tobacco, barley, fruit and cotton. The wheat produced is about 50%, barley 40%, cotton
30%, fruit 50% and tobacco 98% of the total production of Iraq, with large ability to boost
production in all areas (USAID 2008).

1.2  Water resources

The water resources in Kurdistan are characterized by the existence of many rivers, streams,
springs, and ground water sources. In addition, there are lakes and reservoirs such as Dokan,

Derbandikhan, and Dohuk. The most important water resource is however rainfall and snow.

Generally, the climate varies from cold and snow in the winter to warm and dry in the summer.
The climatic is semi-arid. Precipitation occurs from October to May, reducing from NE to SW.
Figure 1 illustrates the precipitation in northern Iraq. Average annual rainfall starts from 250 mm
in the south of the Erbil area to more than 1200 mm in the high mountains bordering Iran in the

northeast and Turkey in the north (Omer 2011).
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Figure 1 - Precipitation in northern Iraq.
From: Omer 2011

Surface water resources consist of rivers and streams. About 40% of the surface water comes
from outside the Kurdistan region. The major rivers are Greater Zab, Lesser Zab, Khabur, Sirwan
and Awa Spi (See Figure 2). All of these tributaries flow into the river Tigris in Iraq. River Tigris

is located in the south of the Kurdistan region (UNDP 2011).

Greater Zab tributary is the main tributary of the Tigris, and passes through Erbil Governorate
and then flows into the Tigris. The Greater Zab comes from the Wan Lake in Turkey. It enters
Iraq (Kurdistan region) at Al-Amadieh city. The length of Greater Zab is 392 km. Furthermore,
there are five sub-tributaries that flow into Greater Zab (Shamezenan, Row Kochek, Rawandous,
Bastourah and Khazir). The annual discharge rate of Greater Zab is 4.190 MCM (Million Cubic
Meters), while the annual flow rate of the Tigris River at Mosul city is 17.173 MCM (Heshmati

2009).

Lesser Zab tributary passes through the Sulaimanyah governorate. It is an international river
between Iraq and Iran. Lesser Zab originates from mountains in Iran. The river enters the border
of Iraq (Kurdistan region) at the Bedrazhour region. It is the main river that provides the major
water source to Dukan Dam in Sulaimanyah Governorate. The length of Lesser river is 400 km,
and its catchment area is around 22,250 km?. The annual discharge rate of Lesser zab is 7.07

MCM (Heshmati 2009).



Khabur tributary is also an international river, between Iraq and Turkey. It enters Kurdistan at
Zakho district in Dohuk governorate. It originates from the high mountains on the border of Iraq
and Turkey. The length of Khabur is 160 km and its catchment area is about 6,268 km”. The
annual discharge rate of Khabur tributary is 2.10 MCM (Heshmati 2009).

Sirwan tributary originates from Iran and has a length of 385 km in the Kurdistan region. Its
catchment area is approximately 17,850 km?. 70% of this area is located in Iran and only 30% is
in Kurdistan. The annual discharge of Sirwan river is 5.86 BCM (Billion Cubic Meters) which is
13.5% of the Tigris river discharge.

Awa Spy tributary stems from the Kurdistan region. The annual water flow of Awa Spy is 790
MCM with a catchment area and length of 1,100 km” and 230 km respectively. It flows into
Tigris at Blad city in Tkrit governorate (Heshmati 2009).
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Figure 2 - The rivers and lakes in the Iraqi-Kurdistan region
From: DNSFPA 2008
The Kurdistan region of Iraq is famous for springs. There are many springs supplying fresh
water. The sources of springs are groundwater and sub-surface water, which depend on the rain
and snowfall. Therefore increase in rain and snow will increase the water flow in the springs.
The majority of the springs are located in three governorates of Kurdistan region, namely Erbil,

Sulaimanyh and Duhok (Heshmati 2009).



1.3 Drought

Many countries in the Middle East are suffering from drought conditions. These countries are
e.g. Iraq, Turkey, Iran and Syria because of decreasing rainfall (UNDP 2011). Lack of water
storage and irrigation water shortage impact the agricultural sector. Additionaly, the increased
water consumption by the industrial and domestics sector has exaggerate the drought condition.
Figure 3 illustrates a comparison between available water resources in the year 2000 and 2010 in
different Middle East countries. The available water resources have reduced in some countries,

especially in Iraq and Syria (UNDP 2011).
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Figure 3 - Available water resources in the Middle East 2000 — 2010
From : UNDP 2011

Since 2007, Iraq has announced a drought condition mainly because of reduced precipitation in
the past years. Another reason is that Iran, Syria and Turkey have constructed a lot of dams on
the tributaries which flow into Iraq. For example, Turkey has planned to implement the project
of Southeast Anatolia (Giineydogu Anadolu Projesi, GAP), which is a construction of 22 Dams
along the Euphrates and Tigris rivers (Jongerden 2010). The project has started by the
construction of the Ataturk dam on the Euphrates river which started in 1992. The dam lake
capacity is estimated to 70 billion cubic meter. In 2007, Turkey started to implement the second
dam of the GAP project (Ilisu Dam) on the Tigris river, and the size of storage is estimated 11.4
billion cubic meters. Upon completion of all projects of GAP, Turkey can control 80% of the

water flow in the Euphrates and Tigris rivers (Yasiri 2007).

The agriculture sector has been retreating in production since 2002. A food and agriculture
organization (FAO) report showed that the input of agriculture has decreased from around 9% in

the year 2002 to 4% in the year 2009. Crop coverage throughout Iraq has decreased around 40%
6



between 2002 to 2009 (IAU 2010). This decline in production is mainly explained by insufficient
rainfall in the past years due to changing climate conditions. The lack of rainfall has scared the
farmers and they are not ready to take risks in farming. This problem is found on the plain
southern part of the Kurdistan region, which represent the fertile lands with a high agriculture

potential (Heshmati 2009).

The arable area in Erbil Governorate is 6262.8 square kilometer, but only 4039.7 square
kilometer of it were cultivated in 2006, mainly because of decreasing amount of rainfall in that
year. Figure 6 indicates the average of rain and snowfall in the Iraqi Kurdistan region. Most of
the arable land, which depends on the rain-fed water has to change to the irrigation system in

order to set a guaranteed level of harvest at the end of the cropping season (Heshmati 2009).

Iraqi Kurdistan Region is suffering from climate change (UNDP 2011). During the previous
years up to 2007, Iraqi Kurdistan has received half of its normal precipitation (UNDP 2011). The
decreased rainfall rate has affected the agriculture sector and water resources. Ground water table
and river flow are decreasing and springs are drying. Drought has resulted in decrease in the
number of springs. There were around 683 springs in the Kurdistan region. Only 380 springs
were still active and used in 2004, and 166 of these were still being used in summer 2009

(UNESCO 2009).

In Erbil Governorate, the average annual rainfall from 1941 to 1970 was 425mm (Fadhil 2010).
However, recent precipitation data from 2007-2008 indicate a rainfall reduction of about 70% as
compared to this value. Figure 4 shows the total rainfall of year 2007 and 2008 in comparison

with average values from 1941 to 1970 in different districts of Erbil (Fadhil 2010).
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Figure 4 - Comparison of rainfall between 1941-1970 and 2007-2008.
From: Fadhil 2010.



1.4  Objective

Considering the problems of drought in the Erbil Governerate, Iraq, the overall aim of a study is
to find suitable areas for rainwater harvesting. Moreover, there are some specific aims that were

considered:

1- Estimate rainwater harvesting potential, and generate a suitability map for rainwater

harvesting, in Erbil Governorate, Iraq.
2- Identify suitable sites for water reservoirs through location of small and medium dams.

3- Compute the characteristics of the suitable sites including storage capacity, height and

length of the Dams.

1.5 Previous studies

There are many studies about water resources and water harvesting in the world. In this section,

some of the previous studies about water harvesting are presented.

Oweis et al. (2006) developed a water harvesting strategy in dry environments of West Asia and
North Africa. This study focused on the limited resource for improved agricultural production by
water productivity in dry and semi-dry areas. Most of the rainwater is lost by evaporation in drier
environmentals, and therefore the productivity of the rainwater is extremely low. Improving the
agriculture sector in these areas depend on the concentration of rainwater through runoff to the
crops. In addition, the study found that over 50% of the lost water could be stored at a very little
cost. Ketsela (2007) displayed the problem of dry spells in the central Rift Valley in Ethiopia.
The study used a GIS based suitability model to create suitability maps by integrating different
factors through Multi Criteria Evaluation (MCE). Micro catchments were used to identify

suitable areas for water harvesting.

Munyao (2010) conducted a study using freely available remote sensing products and GIS to
determine rainwater harvesting sites in Unguja Island, which is the main Island of Zanzibar
(Tanzania). Micro and Macro catchments were used to make maps of rainwater harvesting

suitability and identify several possible impoundment sites by combining remote sensing data,

8



GIS and hydrological modeling with the analytic hierarchy process using Multi Criteria
Evaluation (MCE).

Mzirai et al. (2010) made a test of the effect of macro catchments on the agricultural production
at the Chome-Makanya catchment in the Pangani basin in Tanzania. They stated that using
harvesting runoff water as supplemental irrigation in the dry period increased yield production
by more than 120% compared to crops that received rain-fed water only. Weerasinghe et al.
(2011) developed a spatial analysis model named Geographic Water Management Potential
(GWMP) to identify suitable locations for applying water supply management. The Geographic
Water Management Potential model in two different study areas; Nile catchment (Egypt) and the
Sao-Francisco catchment (Brazil), which have different geographic locations and climatic
conditions. The model outcomes were validated versus field data. The correlation between the
locations of existing regional reservoirs and dams were found to be 83% by using the
Geographic Water Management Potential model. The result of the Geographic Water
Management Potential model indicates that it can be used to determine potential sites for

rainwater harvesting in a given catchment area.

Zakaria et al. (2012) studied macro-catchment water harvesting systems in Iraq. This study
indicated problems of water storage at the Northern Sinjar mountain. Six macro catchments were
selected. The watershed modeling system (WMS) was applied to estimate the rainwater
harvesting through the runoff surface. The purpose of rainwater harvesting is supplemental

irrigation in the region.

1.6  Study area

Kurdistan Region is located in the north of Iraq. The total number of inhabitants is 4.8 million
people. The governorates of the Iraqi Kurdistan region are similar in geology, hydrology and
climate conditions. The area consists of mountainous lands, uphill and fertile plains (UNDP
2010). The main landscape in the north and northeast of the Kurdistan region is the Zagros
mountains. The highest peak in the Zagros mountains is 3600 m above sea level (ASL). Snow
covers high altitudes in the winter. The agricultural area is around 34%, while grasses and forests
are the major land cover of the region. The area is characterized by an anticline/syncline system.

The south of the region is the plains of the Tigris river. The land of Kurdistan region is the best



in Iraq for agricultural production (Fadhil 2010). Figure 5 shows the study area (Erbil

Governorate) in the Kurdistan region in northern Iraq.

Figure 5 - Location of the study area

Erbil is one of the governorates of the Kurdistan region. The location of Erbil governorate is
between latitudes 35° 30" and 37° 15 N, and longitudes 43° 22" and 45° 05 E. The Erbil border
extends to Iran in the East and to Turkey in the north. The city Erbil is the capital of the

Kurdistan region

;Fhe plains in the south of Erbil governorate are important parts of the agricultural production.
Erbil governorate is located between the two rivers known as the Greater Zab in the west and the
Lesser zab in the east (Kahraman 2004). The area of the governorate is around 15074 km?. Tt
consists of seven districts (Erbil, Makhmur, Koisnjaq, Shaglawa, Choman, Soran and Merqasur)
(IAU 2011). In Erbil Governorate 41% of the area is arable land and 59% is non-arable land.
93% of agricultural crops depend on rainfall and only 7% of the land is irrigated (Fadhil 2010).

1.7  Climate

The climate of the Kurdistan region is comprised of cool snowy winters and warm dry summers.
The plains in the south have semi-arid climate conditions. Usually precipitation starts in October
and ends in May (Fadhil 2010). Erbil governorate climate can be classified into two main
categories:
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1. Mediterranean climate region: this is in the north and northeast of Erbil governorate.
This region is characterized by abundant rains between 600 and 800 mm per year.

2. Warm climate region of steppes: This region is located in the south and south-west of
Erbil governorate. The average temperature is approximately 18 C°. Rainfall changes
over the year. Rainy days are low in this region compared to the Mediterranean climate
region. The rainfall is less than 500 mm per year, and therefore the winter agriculture is at

risk of drought (Kahraman 2004).

Rain and snow in Kurdistan are changing from year to year since precipitation depends on the
geographical location and climatic conditions of the region. Changing amount of precipitation
has impacted the water levels in the rivers and springs. In recent years, the amount of
precipitation has decreased, which has resulted in lack of irrigation water required for
agriculture. Figure 6 shows the change precipitation in the governorates of Kurdistan for the

period 2000 to 2006 (Heshmati 2009).

6000

5000

4000 A

M Erbil
3000 - -
B Sulaimanyah
2000 - ——
Dohuk
O = T T T T T

2000-2001 2001-2002 2002-2003 2003-2004 2004-2005 2005-2006
years

average rainfall mm

Figure 6 - Rain and snowfall 2000-2006
From: Heshmati 2009.

The annual temperature is gradually changing over the region. It decreases from south and south-
west to north and north-east while the precipitation increases in this direction. There is an inverse
relationship between temperature and elevation in the governorate. Table 1 illustrates the

difference between temperature and elevation at some stations.
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Station Elevation (HASL) m Aver;ie;ft‘gr’?éf‘)m n Averafflfrigp(eéi‘;ure n
Rawndus 1008 1.6 27.8
Salahaddin 1088 3.9 30.7
Erbil 414 7.9 32.6
Makhmur 270 8.7 354

Table 1 - Average temperature and elevation of stations
from north to south in Erbil governorate (HASL: Height above mean sea level) . From: Kahraman, 200.

January is the coldest month of the year. The average temperature is 1.6, 3.9, 7.9 and 8.7°C for
the Rawndus, Salahaddin, Erbil and Makhmur stations respectively. The temperature decreases
in high mountain areas such as the Rawndus station, while it increases in undulating and plain

zones such as the Makhmur station.

July is the hottest month of the year. The average temperature is 27.8 and 35.4°C for the
Rawndus and Makhmur stations respectively. The climate of the study area tends to be
continental because there are no large water bodies in the region. This climate affects directly or
indirectly the other weather elements such as atmospheric pressure that control the system,
speed, direction and quality of wind. It also effects the evaporation and limits crop production

(Kahraman, 2004).

1.8  Soil

Soil is one of the important resources in achieving food security through direct association with
agricultural production. The depth of the soil is changing over the study area. The soil in the
mountain areas, which are located in the north and northeast, is shallow. The soil in the
mountains has been created from the original rocks and it has a low potential for agriculture, but

it is rich in the natural rangeland (Kahraman 2004).

The valley and plain area, which is located in the south of study area has favorable conditions of
soil for agriculture as it consists of chestnut soils, dark brown soils and black soils. It is some of
the best soils for agriculture because of great depth and good texture. It is also rich in organic
matter. The semi-mountainous areas and most plains are covered with red soil and brown soil

structure (Kahraman 2004). Figure 7 explains the soil type of the study area.
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Figure 7 - Soil map of Iraq
The soil texture of the study area (Buringh 1960)

Soil texture and color are different in the plain and the mountain regions. The texture of soils in

the plain regions consists of loam clay sand, loam silt and silt clay, with an average depth of 140

cm. Color of soil varies between light yellow to dark brown. The texture of the soil in the

mountainous regions is sandy clay, loam silt or loam clay sand, with an average depth of 130 cm.

The soil color is between brown and dark brown. Figure 7 shows a soil map of Iraq focusing on

the study area (Erbil Governorate) in the north of Iraq.
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2 Data and Methodology

The result of this study depends on the different types of data which were collected from
different sources. The data obtained to determine suitable areas for rainwater harvesting are:
Digital Elevation Model (DEM), Climate data, Soil map, Satellite Imagery (Landsat 7 ETM+)

and the main roads of the region.

2.1 Data

1. Digital Elevation Model (DEM) was obtained from the United State
Geological Survey (USGS) website (http://gdex.cr.usgs.gov/gdex/). The

DEM has 30 m resolution. The format of data is raster data. The datum of
the data is WGS-84.

2. Climate data were provided by the Ministry of agriculture and water
resources of the Kurdistan Region Government, Iraq. The rainfall data is
monthly from 2000 to 2011. There are 19 climatological stations in the

study area.

3. The soil map of the Iraqi Kurdistan region is obtained from the Ministry of
Agriculture and Water resources of the Kurdistan Region Government, Iraq.
The soil map was prepared by the FAO coordinate the office in Erbil city,
2001. The soil map describes texture, depth and color of the soil in the
region. The data type of this map is raster format JPG. The scale of the
original paper map is 1:1,000,000.

4. Satellite Imagery (Landsat 7 ETM+) was downloaded from Earth Science
Data Interface (ESDI) (http://glcfapp.glcf.umd.edu:8080/esdi/index.jsp).

The image was taken by the satellite on 19 of May 2006. The resolution of
the six bands, including bands number 1 to 5 and band number 7, as raster
layers is 30 m. These data are used to describe the land use of the study area.

The geo-reference of the satellite image is WGS_84 Datum project 38N.
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5. The main roads of the region with Geographic Coordinate System WGS_84
are stored in a vector layer. It was downloaded from the below website:

(http://www.diva-gis.org/gData).

2.2 Preparing Data and Modeling

Referring to previous studies, five criteria were chosen for determination of suitable areas for
water harvesting, i.e. runoff, slope, drainage, soil texture and land use or land cover

(Mkiramwinyi 2007).

2.2.1 Digital Elevation Model (DEM)

The hydrological parameters flow accumulation stream network and slope were derived from the
Digital Elevation Model with 30 m resolution. A GIS package (ArcGIS 10) was used to extract
the hydrological parameters. Before using the DEM to estimate any parameters, all sinks were
removed in order to keep continuity of flow to the catchment outlet. Figure 8 illustrates the
Digital Elevation Model after filling sinks.
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Figure 8 - Digital Elevation Model of the study area
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To extract the flow accumulation and drainage pattern the following steps were carried out:

1.

Flow direction assigns each cell’s direction where water flows to. It determines the cell’s
direction by using the deterministic 8 model to identify the flow direction of the central
cell to its neighboring cells (Moghadas 2009). Each cell will get a unique number based
on its direction. There are eight feasible flow directions determined by unique numbers;
East = 1; Southeast = 2; South = 4; Southwest = 8; West = 16; Northwest = 32; North =
64; Northeast = 128” (CNOAA 2011).

Flow accumulation is estimated from the flow direction grid, indicating how many
upstream cells that flow (gives water) to each cell. The flow accumulation function is

necessary for drainage definition.

Defining a threshold for drainage flow accumulation by determining the cell, with values
more than the threshold was used to identify streams in the study area. The given

threshold is compared with the value of each cell in the flow accumulation estimation.

Strahler classification is used to assign a numeric order to link a drainage network. After
classifying the network drainage it can be converted into a vector layer. Figure 9 shows
the distribution of streams in the study area. Drainage network is necessary to select the

site of the dam, and also to compute the basin area of the dam using flow accumulation.
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Figure 9 — Drainage (streams) of the study area resulted from flow accumulation
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The drainage network in the north of the study area is deeper and dense more than in the south

because the north is more undulating, mountainous , which give that area more diverse runoff.

2.2.2 Analysis of rainfall distribution from rain gauges network

The rainfall stations in the Erbil governorate are scattered all over the study area, which will
give a suitable distribution to estimate the distributed rainfall. Rainfall point measurements

represent monthly values within the period 2000 to 2011.

Interpolation was used to estimate rainfall for areas not having rainfall point measurements.
Nineteen rainfall stations are used to interpolate the rainfall for the area. Figure 10 shows the

location of the rainfall station in the Erbil governorate.
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Figure 10 - Distribution of meteorological rainfall stations in the study area.

Kriging is a common method of interpolation (geostatistical interpolation technique), which is
used to estimate values at unmeasured locations (Longley 2011). Optimal interpolation of

kriging depends on the possibility to estimate values based on observed z values of neighboring
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data points, weighted according to spatial covariance values (Bohling 2005). The method is
based on both the distance and the geographic orientation of known data points when estimating
values in unknown areas (Vertical Mapper Guide 2009). The general formula for Kriging

interpolation is:

Z(s)= 2, NZ(s) (1)

where :

Z(s)) is the measured value at the i" site.

M is an unknown weight for the measured value at the i" site.
n is the number of measured values.

Z(So) is the predicted value.

The weights of measured values do not only depend on the distance between the measured points
and the prediction location. However, the weights depend on the overall-spatial arrangement of
the measured points within the Kriging interpolation (ArcGIS Desktop 9.3 help 2009). Kriging
uses different weighting functions depending on the distance, and directions to the sample points.
Kriging must estimate every possible distance weighting function before starting the
interpolation. This process can be done by generating an experimental semivariogram of the data
set, and select the mathematical model that gives the best fit of points in the semivariogram. The
model offers a smooth, continuous function for identifying suitable weights for increasingly
distant data points. The geostatistical analyst toolbars in ArcGIS 9.3 were used to interpolate the

rainfall data set. Figure 11 illustrates the interpolated rainfall.
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Figure 11 - Spatial distribution of average yearly rainfall in the study area

There is variation in the amount of rainfall. The proportion of rainfall in the northern part of the
study area, characterized by high elevation, is twice the southern part. The maximum amount of
rainfall in the northern part is about 1275 mm/year, and the minimum value is about 575
mm/year, while the maximum amount in southern part is about 612 mm/year, and the minimum

value is about 206 mm/year.

2.2.3 Land Cover/ Land Use

Land cover was extracted from Satellite Imagery (Landsat 7 ETM+) registered 19 May 2006
with a spatial resolution of 30 meters. Idrisi 15 Andes (Clark Lab 2006) was used to derive the
land cover. A different land cover/land use classes were applied through supervised
classification. Combination of three bands as false color composite image with the reference map
and Google map were used to define training sites. A training site is an example of an
information class, such as built up, farmland, grass and forest. The training site characterization
was used to create signatures for each information class. The maximum likelihood algorithm was
used to classify land cover using the mean, variances and covariance data from the signature to

estimate which class each pixel belongs to (Idrisi Andes 2006).
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Figure 12 - Land cover of the study area

Five types of land cover were found in the study area: bare soil, built up, water, farmland and
grass with open forest (see Figure 12). Land cover is an important criterion when selecting
suitable areas for water harvesting. On the other hand, land cover can be used to estimate the
runoff depth by using the Soil Conservation Service Model (Moges 2004). Description of land
cover to estimate the runoff depth will be further discussed in Section 2.2.6. The vegetation plays
a significant role on the infiltration capacity of the soil. The amount of runoff lost to interception
on leaves and stacks of vegetation which depends on the growth stage and the type of vegetation.
Interception values of vegetation land cover are between 1 and 4 mm (Moges 2004). For
example, dense grass cover has a bigger storage capacity than a cereal crop. Organic matter and
the root system in the soil increase the soil porosity, thus leading to increased infiltration of the
soil. Dense vegetation cover causes slow runoff, particularly on gentle slopes where the surface
flow takes more time to infiltrate into the soil. Consequently, the runoff on bare land is more

than on an area covered by vegetation (Moges 2004).
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2.2.4 Soil map

The reconnaissance soil of the three northern governorates, soil map of Kurdistan Region, was
saved in raster format (JPG). ArcGIS 9.3 was used to geo-reference the soil map and then
converted to vector data, which here 15 classes were distinguished (see Figure 13). However,
only 9 classes were found in the Erbil governorate .Lithosolic soils in sand and gypsum, shallow
to moderate deep, gravel to very gravelly and lime-rich silt loam characteristics were found in
the area which are represented by the code number 2 and 5 in the Figure 13. The zones 1 and 4
represent brown soils, medium and shallow phase over Bakhtiary gravel, lime rich non gravel
and gravel silt clay with surface cracks. The zone 3 refers to brown soils, medium and shallow
phase over Bakhtiary gravel, lime-rich non gravel, silt loam. The zone 13 represents chestnut
soils, stony and sloping phases, shallow to moderate deep with variable texture and gravel
content frequent badland areas, on exposed clay stone. The zone 12 represents rough broken and
stony land, shallow to moderate deep, loamy to clay soils with variable gravel and stone content.
The zones 11 and 15 represent rough mountainous land, shallow loamy with variable stone

content, rock outcrops (Buringh 1960).
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Figure 13 - Soil types in the study area
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2.2.5 Slope

The slope is generated from a topographic ratio, which represents the ratio of the elevation
difference between two points divided by the horizontal straight distance between the two points
(Winnaar 2007). The slope is derived from the Digital Elevation Model (DEM), and classified
into 5 slope percentage classes according to the FAO slope classification (Winnaar 2007). Table

2 shows the classification of slope in five zones.

No. Slope class Slope %
1 Flat <2
2 Undulating 2-8
3 Rolling 8-15
4 Hilly 15-30
5 Mountainous >30

Table 2 - Slope classification
From: Winnaar 2007.

Slope steepness is a very important factor for assigning and implementing rainwater harvesting.
Mountainous areas that have high rainfall are considered as suitable areas high generate runoff
(Winnaar 2007). Figure 14 illustrates the slope of the study area according to FAO. The study
area has gentle slopes on the southwest part while the north and northeast have steep slopes and

deep valleys.
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Figure 14 - Slope classification map of Erbil governorate
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2.2.6 Soil Conservation Service - Curve Number model

Estimation of runoff depth is an important component for determination of suitable areas for
rainwater harvesting. The runoff depth is used to assess the potential water supply during a
runoff event (Melesse et al 2002). Soil Conservation Service and Curve Number (SCS) modeling
was used to estimate the runoff depth in the study area. Remote Sensing was used to derive the
land cover map. ArcGIS 9.3 was used to interpolate the rainfall data and digitizing the soil map
of the study area. The output of the Soil Conversation Service model has been used to extract the
depth of the runoff from the rainfall for water harvesting planning (Gupta 1997). The equation of

the Soil Conservation Service model can be expressed as below (Maidment 1993):

_ (P-Ig)?

Q= (P-I)+S

(2)

where:

Q = runoff depth (mm)

P = rainfall (mm)

S = potential maximum retention after runoff starts ( mm)

I, = initial abstraction ( mm)

Initial abstraction includes all losses before runoff starts, infiltration, evaporation and water

intercepted by vegetation. (Melesse et al 2002) was assigned I, =0.2S by analyzing the data of

rainfall for many small agriculture basins. Therefore, referring to equation 2, the Soil

Conservation Service equation can be expressed as:
_ (P-0.258)? 3

(P+0.8S)

Potential maximum retention (S) can be calculated by the Curve Number (CN) as below

(Melesse et al 2002):
_ 25400

S =22 —254 @)

The soil conservation service (SCS) model depends on the runoff Curve Number (CN). Curve
Number is estimated via the effect of soil and land cover on the rainfall runoff processes. The

range of the Curve Number (CN) is between 1 (100% rainfall infiltration) and 100, Lower values
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of the Curve Number indicate lower runoff, while higher values of Curve Number refer to higher

values of runoff (Melesse et al 2002).

2.2.7 Estimating Curve Number

Curve Number is used to characterize the runoff properties for a certain soil and land cover/land
use. The soil conservation service runoff equation uses the curve number value as input
parameter (HydroCAD 1986). Curve Number is estimated per pixel for the study area, via the
land cover map and soil map that was reclassified into Hydrologic Soil Groups and hydrologic
condition (see Table 3 below). Infiltration depends on the soil property which effects the relation
between rainfall and runoff. The Soil Conservation Service Model divides all soils into four
Hydrologic Soil Groups according to the United State Geology Survey (USGS) land use and land
cover classification system (A, B, C and D) (Maidment 1993). The classification of soil to
hydrologic soil group depends on infiltration rates and the soil texture composition (Melesse et al
2002). Table 3 defines the Hydrologic Soil Groups, based on the USGS classification system.

Only classes B,C and D were found in the study area.

Soil Group Runoff Description Soil texture

Low runoff potential because of high infiltration Sand, loamy sand and sandy

A
rates. loam

Moderately infiltration rates leading to a

B moderately runoff potential Silty loam and loam

C ngh / rpoderate runoff potential because of slow Sandy clay loam
infiltration rates

D High runoff potential with very low infiltration Clay loam, silty clay loam, sandy
rates clay, silty clay, and clay

Table 3 - Soil groups and corresponding soil texture.
From: (Maidment 1993)

Table 3 can be used to find the hydrologic soil groups of the study area depending on the soil

type (see Section 2.2.4). Figure 15 illustrates the Hydrologic Soil Groups in the study area.
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Figure 15 - Classified soil map into hydrologic soil groups (B, C, D) in the study area

The high runoff potential is present in the north of the study area because this area is a stony
landscape with low infiltration and steep slopes. The soil texture is clay stone or silt clay to clay.
A moderate runoff potential occurs in the southern of the study area because the landforms in
this region are fluctuating between undulating and plain terrain. The soil texture is silt loam to

loam.

Hydrologic condition refers to the effect of the land cover, and represents the surface conditions
in the basin in relation to infiltration and runoff (Munyao 2010). The land cover that is presented
in Figure 12 can be used together with a map of hydrologic soil group in ArcGIS to match the
hydrologic soil group with the land cover (see Appendix 1). Table 4, extracted from appendix 2,

presents the values of curve number based on the USGS classification system (A, B, C, and D).

Hydrologic Soil Group
Land cover A B C D
Bare Soil 77 86 91 94
Built up 61 75 83 87
Water 100 100 100 100
Farmland 72 81 88 91
Grass and open forest 43 65 76 82

Table 4 - Runoff curve number for combinations of different land cover and hydrological soil groups
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The curve numbers were thus generated using the United State Geology Survey (USGS) land
cover and Hydrologic Soil Group classification system (Maidment 1993). The curve number value
for each hydrologic soil group and corresponding land cover class are presented in Table 4
(Ebrahimian 2012). A high value of the Curve Number (such as 94) refers to an area that has a
high runoff potential and low infiltration. A low value of the Curve Number (such as 43)
indicates an area that has a low runoff potential and high infiltration. In Figure 16 the Runoff

Curve Number for the study area is presented.
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Figure 16 - Curve number map for the study area

2.2.8 Evaluation Runoff depth

After generating the curve number map, the next step was to compute the values of the
maximum potential retention (S) which indicate the initial abstraction of rainfall via vegetation
and soil. By using Equation 4, the value of S for each pixel was calculated. Runoff depth was

then estimated by applying Equation 3. Figure 17 shows runoff depth in the study area.
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2.3 Evaluation of rainwater harvesting sites

All factors do not have the same importance for determination of potential rainwater harvesting
areas. Therefore different weights were identified for the different factors. Site suitability for
rainwater depends on the determination of the best site from a set of potential sites by analyzing
all the characteristics of the candidate sites. Pairwise comparison was used to estimate the
weights of criteria, known as the Analytical Hierarchy Process (AHP). This method follows the
Multi Criteria Evaluation (Drobne et al 2009). The analytical hierarchy process selects the best
rainwater sites by using the Multi Criteria Evaluation module (Al-Harbi 2001). The ArcGIS
environmental has good tools to support planning and decision making to choose and select

suitable areas.

2.3.1 Selection criteria

Determination of the criteria is based on the availability of data for the study area. In this study
the runoff, land cover, slope, drainage network, soil type and the roads were used. The criteria of
runoff depth at each pixel is highly important in determining which area that has more rain water

compared to other areas. Runoff depth at each pixel has been estimated by using the Soil
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Conservation Service (SCS) model, which is explained in the methodology part (see Section
2.2.6) of this study. Runoff depth varies between 102 to 1200 mm per year. Referring to previous
studies, the depth of runoff should not be less than 300 mm per year in order to determine

suitable areas for rainwater harvesting (Tsiko 2011).

Different slope classes effect runoff volume and infiltration, and therefore the rainwater
harvesting is highly based on the type of slope (Munyao 2010). The amount of runoff increase
with slope. Hence, slope can be used to identify the suitability of a rainwater harvesting system
for a macro catchment area (Tombo 2007). The Food and Agriculture Organization (FAO) has
classified slope into 5 classes based on percentage, i.e. less than 2 % is flat, 2 — 8 % is
undulating, 8-15 % is rolling, 15 — 30 % is hilly, and more than 30 % is mountainous. The slope
of rainwater harvesting in a macro catchment should not be less than 2 %, and not more than

30% (Munyao 2010).

The water harvesting system also depends on drainage density. High drainage density in an area
with suitable rainfall leads to higher runoff. Drainage density is also important in determining
suitable sites for storage or dam structures. Table 5 explains the classification of the catchment

area based on the Sardar Sarovar Dam Project in India.

Term Area km’
Catchment 30000-40000
Sub-Catchment 7000-8000
Watershed 800-1000
Sub-Watershed 150-300
Macro-Watershed 30-50
Micro-Watershed 5-10

Table 5 - Classification of catchment area
From: Sardar Sarovar Project

Soil texture is important for rainwater harvesting because it identifies uptake infiltration rate and
storage of water in the soil (Tumbo 2007). In this study five classes of soil texture are applied,
fine soil, fine / medium, medium, medium / coarse, and the last one is coarse soil. These classes
are based on size and spacing of soil particles, which identify the flow of water. Fine soils have
high percentage of silt and clay particles, resulting in a very high water holding capacity, while
coarse soils such as sand or loamy sands have large pore spaces, and thus have a high infiltration

rate. Fine and medium soils are better than coarse and medium coarse soils for rainwater
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harvesting (Tumbo 2007). Table 6 demonstrates the suitability of soil texture for rainwater

harvesting.
Optimally Highly Moderately Marginally Not
suitable suitable suitable suitable suitable
. . Sandy clay loam
Soil texture | Clay Silty clay Sandy clay & sandy loam Other class

Table 6 - Suitability level of soil texture
From: Tumbo 2007

41 % of the study area is plain and used for agriculture (mainly in the south). The northern part
consists of undulated and mountainous regions containing grasslands, bare soils and open forests.
The rainfall in the northern part of the study area is higher than in the southern part. Hence, the
cultivated lands were avoided and we only focused on the undulating and mountainous areas to
find suitable sites for water harvesting. The main roads of the study area were used as a criterion
due to the geomorphology of the area. Since the dominant part of the area, particularly the
northern part, is covered with Rocky Mountains and the roads play a vital role in terms of
accessibility to the region, any changes of the road network affect the socio-economic aspects of

the area. Boolean operations were assigned to select the areas around the roads.

2.3.2 Multi attribute decision analysis

In GIS, multi criteria decision analysis is considered as a process to combine and convert spatial
data into decisions. The procedure of Multi Criteria Decision Making (MCDM) consists of rules
to define a relationship between the input and output data. There are two important restrictions
for spatial multi criteria decision analysis methods: firstly, the GIS possibilities of data
acquisition, storage, retrieval, manipulation and analysis. Secondly, the multi criteria decision

making method’s has capability to combine the geographical data (Drobne et al 2009).

There are different methods to combine the decision criteria in the multi criteria decision
analysis. In this study, a Weighted Linear Combination (WLC) is used. This weighted linear

combination is employed to calculate the sum of the weighted criteria.

To execute the Weighted Linear Combination method, an analytic hierarchy process is used,
known as pairwise comparison. The weighted linear combination is executed in two steps within

the GIS environment: firstly, the weights associated with criteria map’s layers are determined.
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Secondly; the priority for all hierarchical levels including the level representing alternatives are

combined (Drobne et al 2009).

2.3.3 Weighted linear combination (WLC)

The weighted linear combination works on the concept of weighted averages. The decision
maker identifies weights of relative importance directly to each criterion. The weighting is done
by multiplying the weight of the factor by its standardized membership value as shown in
Equations 5. This method can be implemented by using the spatial analysis toolbar’s in the

ArcGIS environment. The weighted linear combination is based on the following equation:

S=ZW1.X1 S

where
S is suitable area.

w; is weight of criteria i.

x;jis the membership value of criteria i.

When applying boolean constraints, Equation 5 is modified by multiplying the suitability area
computed from different criteria by the product of constraints. For example, in this study the

constrain was the road layer, then Equation 6 applied:

S=ZW1 Xi.HCj (6)

where

C; is the criteria score of the constraint j (Drobne et al 2009).

2.3.4 Standardization of criteria weights

The criteria were calculated from different scales, and therefore it is necessary to convert the
criteria to a standardized scale before applying Equation 5 (Ronad 2006). The standardized
criteria membership values are calculated by using the minimum and maximum values as scaling

points. As shown in the equation below:
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Ri — Rpmj

Xj = [ﬁ] * SR (7
Rmax - Rmin

where R; is the raw score of factor i, Ry, i the minimum score, R« 1S the maximum score, and

SR is the range or raw score (Ronad 2006).

By using the Equation 7, it is possible to re-organize the values of criteria from different scales to
the unified scale. This fuzzy set membership function uses the range between 0 to 1 for real
number scale or 0 to 255 for byte scale. The high values of the fuzzy set membership function

represent very appropriate values for decision-making (Drobne et al 2009).

2.3.5 Selecting criteria weights

The information about the relative importance of criteria is very important for decision makers.
Multi criteria decision making contains factors of varying importance. Multi criteria decision
making is based on the weight of each factor making the determination of weight a main step in
defining the decision maker’s preferences (Drobne et al 2009). A multi criteria evaluation (MCE)
module is used for selecting criteria weights. The multi criteria evaluation (MCE) module used is
embedded in the integrated land and water information system (ILWIS, ITC-software). Land and
water information system is integrated by Geographic Information System (GIS) and Remote
Sensing (RS) software. There are three options available in the integrated land and water
information system - multi criteria evaluation module for selecting criteria weights; the direct

method, pairwise comparison or rank ordering (Munyao 2010).

In this study, pairwise comparison, known as the Analytic Hierarchy Process (AHP), was used.
This method was developed by Saaty (1977). The pairwise comparison method includes the
comparison of each factor against every other factors in pairs (Ronad 2006). The weights of
criteria in Saaty’s technique are computed by applying the main eigenvector of the square
reciprocal matrix of pairwise comparisons between the two factors (Drobne et al 2009). The
pairwise comparison compares two criteria to determine which criterion is more important than
an other for a given objective. Table 7 explains the rating between two criteria on a 9-point

continuous scale (Girma 2007).
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.IntenSIty of Definition
importance

1 Equal importance

2 Equal to moderate importance

3 Moderate importance

4 Moderate to strong importance

5 Strong importance

6 Strong to very strong importance

7 Very strong importance

8 Very to extremely strong importance

9 Extreme importance

Table 7 - The scale of pairwise comparison
From: Drobne et al 2009

To fill the matrix in Table 8 below, one needs to put values from the pairwise comparison in the

lower left diagonal of the matrix (Gray color). The cells in the upper right diagonal of the matrix

(Green color) are the inverse values of the lower left triangle. This method needs to use principal

eigenvector of a pairwise comparison matrix to compute the best-fit set of the weights, which is

explained below:

I- Calculate the summation of values in each column of the pairwise comparison matrix (see
Table 8).

2- Divide each cell in the matrix by it is column total (see Table 9).

Runoff Depth Slope Soil texture Drainage Land use
Runoff Depth 1 2 3 4 5
Slope 0.5 1 2 3 4
Soil texture 0.33 0.5 2 3
Drainage 0.25 0.33 0.5 1 2
Land use 0.2 0.25 0.333 0.5 1
Summation 2.28 4.08 6.83 10.5 15

Table 8 - The summation of values in each column
From: Mkiramwinyi 2007

From the resulting in the Table 9 calculates the average of each row. These averages represent
the relative weights of the criteria. Table 9 shows the result of the pairwise comparison matrix to

calculate the weights of factors.
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Runoff Depth Slope Soil texture Drainage Land use Weight %
Runoff Depth 0.437 0.489 0.439 0.380 0.333 0.42
Slope 0.218 0.244 0.292 0.285 0.266 0.26
Soil texture 0.145 0.122 0.146 0.190 0.2 0.16
Drainage 0.109 0.081 0.073 0.095 0.133 0.10
Land use 0.087 0.061 0.048 0.047 0.066 0.06

Table 9 - Pairwise comparison matrix for macro catchment areas

2.3.6 Estimating consistency of pairwise comparison

The precision of pairwise comparison is evaluated by the calculation of the Consistency Ratio
(CR). The consistency ratio is used to estimate the relative weightings of each criterion. The
consistency ratio is the ratio between the Consistency Index (CI) and the Random Index (RI). If
the result of the consistency ratio is less than 10 % the comparison between the factors is
acceptable. Otherwise, the consistency ratio allows for re-evaluation of comparisons.

_a

CR =
RI

®)

We can find the Random Index (RI) from the specific table prepared by Saaty (1977), depending
on the order of the matrix. Five criteria were used in this study, and therefore the value of

random index is 1.12. Table 10 shows the values of the random index according to the number of

criteria.
Number of criteria 2 3 4 5 6 7 8
Random Index 0.00 0.58 0.90 1.12 1.24 1.32 1.41

Table 10 - Random index for different number of criteria
From: Drobne et al 2009

The consistency Index (CI) can be calculated by the following steps:

Multiply the weight of the first criterion (runoff depth = 0.42) in the Table 9 by the total of the
first column of the original pairwise comparison matrix which is equal to 2.28 in the Table 8.
Then multiply the weight of the second criterion (slope) by the total of the second column of the
original pairwise comparison matrix. Repeat this procedure for all weight criteria. Finally, the
summation of these values gives the consistency vector (A = 5.09), which is used to compute the

consistency index according to equation 9.
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where
A is the value of the consistency vector, and

n is the number of criteria.

The value of the consistency index from the above process is 0.022. The consistency ratio of this
study is 2 %, which is less than 10%, so the comparison between the factors is acceptable.

Refer to the consistency ratio of the criteria weights which was acceptable, the next step is to
assign the fuzzy logic which concept to give all sites a value representing its degree of stability
in order to find the suitability weights of the rainwater harvesting through using the weight linear

combination method (Equation 5).

After estimating the suitable sites for rainwater harvesting, a boolean intersection operation was
used to remove all areas that roads pass through by using a buffer of 250 meters. Then all cell
values plus surroundings of the road were set to zero, while other cell values of the raster were
set to one within the study area. The road layer (buffer) was multiplied by the layer of rainwater

harvesting suitability by using Equation 6.
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3 Result and discussion

3.1 Rainfall analysis
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Figure 18 - Average of monthly rainfall in the study area 2000 — 2011

The climate of the study area changes between the Mediterranean climate region and the warm
climate region of the steppes. This type of the climate is characterized by wet and dry periods
(Kahraman 2009). The average rainfall per month for the 11-year period shows that the wet
season begins in October and ends in May. The dry season occurs from June to September.
Figure 18 illustrates the average rainfall per month during the period 2000 - 2011. The main
rainfall season, from December to April, contributes 77% of the total mean annual runoff. The
short rainfall season, May to June and September to December, contribute 23% of the mean
annual runoff volume while during the dry rainfall season is July and August, the amount of

rainfall is almost zero.

Comparison of the mean monthly rainfall measured by 19 gauges in the study area were made on
a yearly basis. Figure 19 shows the variation of the mean rainfall between different years. The
mean annual rainfall was around 590 (mm/year). The amount of rainfall fluctuates from year to
year during the 11 years. The minimum average annual rainfall was 290 mm and 450 mm in
2007-2008 and 2008-2009 respectively, while the maximum average annual rainfall was 740 mm
and 730 mm in 2002-2003 and 2003-2004 respectively. The amount of mean annual rainfall in
2007-2008 was not enough to meet crop needs. The quantity of average annual rainfall to grow

economical crop is in the order of 300-600 mm per year (Zakaria et al 2012).

35



Rainfall average mm per year

800
700

600
500 -
400 +
300 -
200 -
100 -

O .

$»

Rainfall mm

N S > © A ® o o S
S & F & & & & & & O
A% v v A% be) A% v A% % % %
g & ¢ ¢ & & ¢ ¢© F &
A DN SIS I DS SIS SIS S o

Figure 19 - Comparison of the mean annual rainfall for 19 stations 2000-2011

A significant relationship exists between the elevation of the climatological station and the
average annual rainfall. A linear relationship between rainfall and the elevation was found. The
equation of the relationship can be expressed as
y =0.6953x + 80.32 (10)

where x is the elevation, and y is the annual mean rainfall. The coefficient of determination (R?)
value is more than 80%. The best-fit trend line shows that rainfall in the study area increases by
nearly 70 mm/year per 100 m extra height. Figure 20 shows the relationship between the altitude
and mean annual rainfall recorded by the 19 stations in the study area. The lowest elevation of a
climatological station is 230 m, which is located in the south of the study area. The highest
elevation of a climatological station is 1273 m which is located in the north of the study area.

The elevation clearly effects the amount of rainfall.

Relationship between rainfall and altitude
1400.00 . y =0.6953x + 80.32
1200.00 R?=0.8199
1000.00
800.00 *
E 600.00 ”/,
E 400.00
£ 200.00
&~ 0.00 . : , ¢ Rainfallmm
0 500 1000 1500
Elevation m

Figure 20 - The relationship between rainfall and altitude in the study area

36



When dividing the study area into two regions (south west and north east); the elevation of the
first region was set to less than 520 m, and the elevation of the second region was set to more
than 520 m. The stations Koisnjaq, Soran, Harir, Rawandus, Khalifan, Salahaddin, Sidakan,
Shqlaua, Choman and Mergasor were receiving 73% of the total annual mean rainfall 2000-
2011, and are all located in the elevation zone above 520 m. The stations Guer, Khabat,
Makhmur, Taqtaq, Dibaga, Qushtapa, Ainkaua, Erbil and Bnaslawa were receiving 27% of the
total annual mean rainfall. These stations are located in the zone with an elevation less than 520
m. The main cultivated areas in the study area are located on the region with less than 520 m
elevation, with the range of 200 mm to 500 mm of annual mean rainfall. This area needs
supplementary irrigation for increasing the crop yields, and mitigate interseasonal crop failures.
Comparison of the rainfall patterns between low and high elevation climatological stations
strongly indicate that the mean annual rainfall in the upper elevation zone is higher than in the

lower elevation zone.

The soil conservation service model was used to estimate the runoff to generate the runoff depth
map from rainfall distribution in the study area, as mentioned in Section 2.2.8. The map of runoff
depth (see Figure 17) has been classified into two zones, moderate and high runoff potential.
About 41 % of the study area has a moderate runoff potential, while a high runoff zone covers an

area of 59 %.

3.2  Rainwater harvesting potential map

The multi-layer merging of runoff depth, slope, land cover/land use, soil texture, drainage
network, and road (buffer) gave suitability units for determining rainwater-harvesting sites.
Criterion layers were integrated in ArcGIS by using Multi Criteria Evaluation (Weight
Linear Combination) in the model builder. A suitability rainwater-harvesting map was
developed, displaying the potential locations for water harvesting in Erbil governorate (see

Figure 21).

The multi-criteria evaluation analysis has helped in determining general suitability areas for
rainwater harvesting. Five comparable units were indicating potential sites for water
harvesting, namely; high suitability, medium high suitability zone, moderate suitability, low

suitability and very low suitability. The no suitable zone was represented by restricting areas
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(built up layer). Figures 21 and 22 show potential sites for rainwater harvesting and the

percentage of area covered by different suitability zones for water harvesting.
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Figure 21 - Rainwater harvesting potential map for the study area
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Figure 22 - Percentage of area covered by different rainwater harvesting suitability
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Most of the northern part of the study area was determined as being suitable for water harvesting.
The northern zone is clearly concentrated in the area with steep slopes and dense hydrological
network. The major areas that are determined as suitable zones for water harvesting are located
above 520 m in elevation, and on slopes steeper than 15 percent. The major areas that are
identified as low and very low suitability zones are located in the southern part of the study area.
These zones are located below 520 m in elevation, and on slopes lower than 8 percent. The zones
determined as low and very low suitability for water harvesting were more strongly influenced
by the runoff depth and slope than by other criteria. The potential sites map for water harvesting
shows that the suitable and high suitability areas cover about 5400 square km. The area of low
and very low suitability zones is about 7500 square km, while the moderate suitability area was

only 2100 square km.

3.3 Sites proposed for small and medium dams

Based on the rainwater harvesting potential layer as well as the drainage network layer, the
contour line layer and the Triangulated Irregular Network (TIN) layer with Digital Elevation
Model (DEM) were used to suggest the type of structures to be built at the various locations
identified. Possible dam locations were chosen based on estimates of the available runoff that
could be stored in the dams. The proposed structures are small and medium dams in the study
area. Location of Dams was selected by using the rainwater harvesting potential layer with
drainage network and the contour line layer, 5 meter interval. The volume and height of dams
were computed from triangulated irregular network by using the tools of ArcGIS software. The
length of Dams was calculated from the profile of the dam, which extracted from the digital
elevation model by using the tools of ArcGIS software. Figure 23 shows the number and

locations of small and medium dams proposed in the study area.

The check dams should be on the drainage network. The drainage was derived from the digital
elevation model, as mentioned in Section 2.2.1. Figure 9 indicates to the drainage network in the
study area. Drainage was classified according to the Strahler Ordering. The northern part of the
study area is mainly hilly and mountainous with deep drainage networking compared to the
southern part, which is plain or has gentle slopes with depthless drainage network. Seven orders
of drainage network were extracted from the digital elevation model. Location of the Dam 2 is

situated on 4™ order of drainage. Location of the Dam 3, Dam 5 and Dam 6 are situated on 5t
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order of the drainage while location of Dam 4 and Dam 1 (Figure 23) are situated on 6™ and 7"
order of drainage respectively. The preferred sites for these dams are located where drainage is
narrow to get a minimum cost for the structures. The location of the dams should be designed to
control the water over a monsoon. A location of a dams may be situated in the nearness of
habitation. Water stored in the dams could be used for irrigation of surrounding lands, or could
be transferred to the southern part of the study area by the drainage network, providing

supplemental irrigation during the dry spells.

@ siteofDams
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I 795354 - 1006545
1096.545 - 1405.727
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B 2547.455 - 2957 638
0 10 20 30 40 Kilometers B 2057 636 - 267 818
I . B 57 81e- 3578

Figure 23 - Location of small and medium dams (dam 1 to dam 6) in the study area

3.4 Profile of the Dams and the storage of reservoir

The suitability map for rainwater harvesting can be used to find or propose suitable sites for
small and medium dams. The characteristics of the selected Dams including a profile of the

dam, height and length of dams, storage capacity and their basins area, were considered.
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Drainage network and contour lines per 5 m interval were used to find appropriate locations
for the dams. The Triangular Irregular Network layer was used to estimate the storage
capacity of the dam via ArcGIS 10 tools. The size of the dam depends on the storage
capacity and the height of the dam (Robinson 2006). According to Table 11 there are three
types of dams; small dams, medium dams and large dams. In this study only small and
intermediate potential dams for water harvesting have been identified. Table 11 illustrates the

type of dam depending on the size and height of the dam.

Category Storage (m°) Height (meter)
Small Dam < 1,234,000 and > 61,600 <125and>7.5
Intermediate Dam > 1,234,000 and < 61,675,000 >12.5 and < 30.5
Large Dam > 61,675,000 >30.5

Table 11 - Size classification of dams
From: Robinson 2006

The length of the dam as well as the height are derived from the Elevation Digital Model
by using the ArcGIS 10 tools. Figure 24 shows different levels of water that can be stored
in the location of Dam1 and the profile of the dam. It is located at 36° 40’ N, 44° 21” E.

The elevation of the dam is 423 m above sea level.

Dam Storage

% 455 \

450 \
448 - 453 elevation - Volume 1475449 m3 \
443 - 448 olume 10574336 m3 c 445
=}
I 38443 folume 7043560 m3 = \
Il 433 - 438 elevation - Volume 4214695 m3 T
Il <28- 433 elevati lume 1984180 m3 [} \
I 223 - 428 elevation - Volume 426464 m3 435 \
430 \
425 \,
0 20 40 60 80 100
Distance meter

0 375 750 1425 1500 Meters
[ Em—

Figure 24 - The storage capacity of Dam 1 to the left, and profile of Dam 1 to the right

Table 12 shows different height of Dam 1 and storage capacity. The maximum height of Dam 1
is 30 m, and the maximum storage capacity measured from the bed of the drainage to the top of
the dam is 14.7 million cubic meter. According to Table 11, Dam 1 is classified as an

intermediate dam. The area of Dam 1 basin is about 1765 square km.
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Proposed dam Elevation m Dam height m | Dam length m | Storage capacity m

423 0 0 0
428 5 95 426,464
433 10 107 1,984,180

Daml 438 15 130 4,214,695
443 20 140 7,043,560
448 25 155 10,574,336
453 30 163 14,753,449

The second suggested location for Dam 2 is located at 36° 36° N, 44° 31 E (see Figure 23) with

an elevation of 716 m above sea level. Figure 25 illustrates the profile of Dam 2 and the storage

capacity

Table 12 - The elevation of dam 1 and the storage capacity
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Figure 25 - The storage capacity of Dam 2 to the left and profile of Dam 2 to the right

Proposed dam Elevation m Dam height m | Dam length m | Storage capacity m’

716 0 0 0

721 5 88 2,142

726 10 108 10,108,309

Dam 2

731 15 148 24,307,016
736 20 195 39,840,054
741 25 205 56,671,414

The maximum height of the dam 2 is 28 m, and the maximum storage capacity measured from
the bed of the drainage to the top of the dam is around 56 million cubic meter. According to the
Table 11, Dam 2 is classified as an intermediate dam. The area of Dam 2 drainage basin is 125

square km, and the volume of runoff from the catchment of Dam 2 is about 1210 million cubic

meter.

Table 13 - The elevation of Dam 2 and the storage capacity
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The locations of dam do not represent all the possible water harvesting sites, but only te best

locations are selected for analysis purpose. Figure 26 shows Dam 3-Dam 6 possible dam sites in

the study area as well as the dam profiles
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Figure 26 - Profiles and storage capacities of Dam

Dam 3 in Figure 26 is located at 36° 53° N, 44° 19’ E with an elevation of 500 m above sea level.
The maximum water capacity of Dam 3 is around 6 million cubic meters if 30 meter height. The
maximum length of Dam 3 is 128 meter. The catchment area of the Dam 3 is 1198 square
kilometer, while the volume of runoff of this catchment is about 1434 million cubic meter. The

classification of Dam 3 is an intermediate dam.

Dam 4 is situated at 36° 43’ N and 44° 32’ E. The elevation of Dam 4 is 628 m above sea level
with around 83 million cubic meter of storage capacity. The height of Dam 4 is 30 meter, and
the maximum length of Dam 4 is 162 meter. The catchment area is 795 square kilometer, and the
estimate runoff volume of Dam 4 is about 645 million cubic meter. The category of Dam 4 is an

intermediate dam.

Dam 5 and Dam 6 are classified as small dams according to the Table 11. The storage capacity is
1.5 and 3.6 million cubic meters respectively. The maximum height is 15 meters for both dams.
The coordinates of Dam 5 and Dam 6 are 35° 57° N, 44° 36° E and 35° 55’ N, 44° 32’ E
respectively. The length of Dam 5 and Dam 6 are 136 and 112 meter. The runoff volumes of the
catchments are 207 and 169 million cubic meter respectively. Table 14 shows the suitable

locations of the suggested dam sites as well as the storage capacities of the dams.
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Proposed dam Elevation m Dam height m | Dam length m | Storage capacity m’
500 0 0 0
505 5 65 5,912
510 10 84 19,871
Dam 3 515 15 102 41,792
520 20 110 890,073
525 25 122 3,314,344
530 30 128 6,049,408
628 0 0 0
633 5 50 6,588
638 10 80 1,401,849
Dam 4 643 15 100 4,202,604
648 20 120 8,106,470
653 25 156 94,730,321
658 30 162 82,572,147
939 0 0 0
944 5 44 182,802
Dam 5 949 10 106 746,293
954 15 136 1,527,800
342 0 0 0
Dam 6 347 5 50 6,929
352 10 82 982,080
357 15 112 3,613,488

Table 14 - Locations and storage capacities of the proposed dam sites

The location of Dam 1, Dam 2 and Dam 4 were selected in the suitable area for water harvesting
while Dam 3 and Dam 5 are situated in the high suitability area. Only dam 6 is located in the
moderately suitability area. The available data were used to estimate suitable area for water
harvesting in Erbil governorate, and possible dam sites were selected. But there are other criteria,
such as geology and socioeconomy, which were not available to use in this study. In addition, the

spatial distribution of the villages with population.
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4 Conclusions

A multi criteria evaluation model has been used to help decision markers to select suitable zones
for water harvesting in arid and semi-arid areas in Iraqi Kurdistan. GIS supports multi criteria
evaluation combining different types of criteria to obtain the best decision. A complex problem
can then be easier to solve, and the ambiguous judgment can become accurate by using the multi
criteria evaluation. Multi criteria evaluation was useful by using the weighted linear combination

in a consistent way in order to construct a suitability map for rainwater harvesting technologies.

Different kinds of factors were taken into consideration for multi criteria evaluation including;
land cover, soil texture, slope and runoff depth. Land cover was extracted from a LANDSAT
satellite image with 30-meter resolution. The soil map was digitized from the soil map of the
Kurdistan Region Governorate, Iraq. The slope map was derived from the digital elevation
model. In addition, the soil conservation service model was used to estimate the runoff depth in
the study area. The values of these criteria were re-classified into numerical values ranging from

zero to one in order to obtain a unified scale to each layer with a resolution of 30 meter.

Criteria maps were integrated by using the weighted linear combination to obtain a suitability
map consisting of five comparable classes; high suitability, medium high suitability, moderate
suitability, low suitability and very low suitability. A boolean operation of logical AND was used
to determine different zones. A buffer operation was carried out for the road layer and overlaid
with the suitability map for rainwater harvesting, it is excluding the roads from the study. The
suitability map is useful to decision-makers and planners to quickly determine areas that have
rainwater harvesting potential than other areas. For example check dams can be located in these

areas.

The soil conservation service model was applied by using mean annual rainfall for the period
2000 to 2011 in Erbil area to estimate the runoff depth. The analysis of rainfall indicates that a
significant amount of annual runoff depth can be harvested. The result showed that the volume
of runoff depth was greater than the water capacity of the reservoir volumes. These excess
amounts of the water give guarantee to fill the reservoirs in the rainy season. The results also
indicate that there was a large difference between the quantity of runoff in the northern part and
the southern part of the study area. The minimum runoff depth in the south part is about 103 mm,

while the maximum runoff depth is more than 1000 mm, in the northern part of the study area.
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The runoff in the middle and the northern part of the study area very suitable for water
harvesting. The suitability of the north for water harvesting gives a good opportunity to store

water and transfer this water by diversion canals to the southern part of the study area.

The total high suitable and suitable areas are 36%, while the moderately suitable area is 14%.
The remaining part, representing low and very low suitability, is 50%. Application of rainwater
harvesting should be done in connection with a field survey, because the spatial resolution of the
analysis does not guarantee that every site in an area classified as low suitable areas is indeed
low suitable areas. There may be spots of suitable areas for rainwater harvesting. On the other
hand, any location in an area classified as highly suitable does not guarantee that it is highly
suitable because some of these locations may be tourism areas or archaeological areas or

settlement areas or influenced by social factor preventing implementation of hydraulic structures.

This study also showed that integrated geographic information analysis and fuzzy logic are
appropriate in determining suitable zones and candidate sites for locating water reservoirs in the
Erbil governorate, Iraqi Kurdistan Region. The six possible sites for building small and medium

dams were determined by use of geographic information system and multi criteria evaluation.

Map quality depends on the quality and accuracy of the data, including how data were gathered,
processed and produced. High quality data provide more reliable and efficient output. In
addition, the allocation of weights to the different criteria effects the quality of the estimated map
since the identification and allocation of weights to a high degree influence the multicriteria
analysis. In this study weights were selected based on previous studies. However, both the data

quality and the allocation of weights are sources of errors in this study.

People in several parts of the Kurdistan region are suffering from water shortage. Therefore,
application of macro rainwater harvesting will affect them directly to minimize the water crisis in
the region. However, one should not forget the socio-economic aspects of water harvesting. For
this project to be applied in reality, the social and economic factors should be studied more in
detail, and seriously be taken into account due to the complex culture and traditions of people

living in the study area.
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Appendices

Appendix (1) shows the resulting union between the land cover and Hydrolo

gic Soil Group.

rich silt loam to silt clay loam.

Soil type HSG Land Cover

lithosolic soils in sand ston and gypsun,Shallow to moderate deep, gravel to very gravelly lime- .

o . bare soil
rich silt loam to silt clay loam.
lithosolic soils in sand ston and gypsun, Shallow to moderate deep, gravel to very gravelly lime- .

S . built upl
rich silt loam to silt clay loam.
lithosolic soils in sand ston and gypsun, Shallow to moderate deep, gravel to

. Lo . water

very gravelly lime-rich silt loam to silt clay loam.
lithosolic soils in sand ston and gypsun, Shallow to moderate deep, gravel to very gravelly lime- farmland

lithosolic soils in sand ston and gypsun, Shallow to moderate deep, gravel to very gravelly lime-
rich silt loam to silt clay loam.

grass and open forest

lithosolic soils in lime stone, Shallow to moderate deep, gravel to very gravelly lime-rich silt loam

to silt clay loam.

to silt clay loam. bare soil
lithosolic soils in lime stone, Shallow to moderate deep, gravel to very gravelly lime-rich silt loam .

. built upl
to silt clay loam.
lithosolic soils in lime stone, Shallow to moderate deep, gravel to very gravelly lime-rich silt loam water
to silt clay loam.
lithosolic soils in lime stone, Shallow to moderate deep, gravel to very gravelly lime-rich silt loam

farmland

lithosolic soils in lime stone, Shallow to moderate deep, gravel to very gravelly lime-rich silt loam
to silt clay loam.

grass and open forest

brown soils, medium and shallow phase over bakhtiary gravel, lime rich non gravel and gravel silt

clay to clay with surface cracks.

clay to clay with surface cracks. bare soil
brown soils, medium and shallow phase over bakhtiary gravel, lime rich non gravel and gravel silt .

. built upl
clay to clay with surface cracks.
brown soils, medium and shallow phase over bakhtiary gravel, lime rich non gravel and gravel silt

. water
clay to clay with surface cracks.
brown soils, medium and shallow phase over bakhtiary gravel, lime rich non gravel and gravel silt farmland

brown soils, medium and shallow phase over bakhtiary gravel, lime rich non gravel and gravel silt
clay to clay with surface cracks.

grass and open forest

brown soils, medium and shallow phase over bakhtiary gravel, lime rich non gravel and gravel silt

clay to clay with surface cracks.

clay to clay with surface cracks. bare soil
brown soils, medium and shallow phase over bakhtiary gravel, lime rich non gravel and gravel silt .

. built upl
clay to clay with surface cracks.
brown soils, medium and shallow phase over bakhtiary gravel, lime rich non gravel and gravel silt

. water
clay to clay with surface cracks.
brown soils, medium and shallow phase over bakhtiary gravel, lime rich non gravel and gravel silt farmland

brown soils, medium and shallow phase over bakhtiary gravel, lime rich non gravel and gravel silt
clay to clay with surface cracks.

grass and open forest

brown soils, deep phase, lime —rich non gravel , silt loam to silt clay loam. bare soil
brown soils, deep phase, lime —rich non gravel , silt loam to silt clay loam. built upl
brown soils, deep phase, lime —rich non gravel , silt loam to silt clay loam. water

brown soils, deep phase, lime —rich non gravel , silt loam to silt clay loam. farmland

brown soils, deep phase, lime —rich non gravel , silt loam to silt clay loam.

grass and open forest

chestnut soils, shallow, stony and sloping phases, gravel content frequent badland areas, on

exposed clay stone.

bare soil
exposed clay stone.
chestnut soils, shallow, stony and sloping phases, gravel content frequent badland areas, on .

built upl
exposed clay stone.
chestnut soils, shallow, stony and sloping phases, gravel content frequent badland areas, on water
exposed clay stone.
chestnut soils, shallow, stony and sloping phases, gravel content frequent badland areas, on farmland

chestnut soils, shallow, stony and sloping faces, gravel content frequent badland areas,

grass and open forest

rough broken and stony land, loamy to clay soils with variable gravel and stone content.

g|g|o | | [ ool | 1o |6 (o | | | | (O |W |W |W (W W |W |W |w (W |W

bare soil
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rough broken and stony land, loamy to clay soils with variable gravel and stone content. built upl
rough broken and stony land, loamy to clay soils with variable gravel and stone content. water
rough broken and stony land, loamy to clay soils with variable gravel and stone content. farmland

rough broken and stony land, loamy to clay soils with variable gravel and stone content.

grass and open forest

rough mountaious land, loamy to clayey soils with variable stone content, Rock outcrops.

bare soil

rough mountaious land, loamy to clayey soils with variable stone content, Rock outcrops. built upl
rough mountaious land, loamy to clayey soils with variable stone content, Rock outcrops. water
rough mountaious land, loamy to clayey soils with variable stone content, Rock outcrops. farmland

rough mountaious land, loamy to clayey soils with variable stone content, Rock outcrops.

grass and open forest

rough mountainous land, alpine phase, loamy to clayey soils with variable stone content,

bare soil

rough mountainous land, alpine phase, loamy to clayey soils with variable stone content, built upl
rough mountainous land, alpine phase, loamy to clayey soils with variable stone content, water
rough mountainous land, alpine phase, loamy to clayey soils with variable stone content, farmland

rough mountainous land, alpine phase, loamy to clayey soils with variable stone content,

vl lv] lv] lv] lv] lv] iv] lv] lv] lv] lv] lv] lv] lw}

grass and open forest

Appeddix (2) Table of runoff Curve Number (CN) (Munyao 2010).

Description of Land Use Hydrologic Soil Group
A B C D

Paved parking lots, roofs, driveways 98 98 98 98
Streets and Roads:
Paved with curbs and storm sewers 98 98 98 98
Gravel 76 85 89 91
Dirt 72 82 87 89

Cultivated (Agricultural Crop) Land*:
'Without conservation treatment (no terraces) 72 81 88 91
'With conservation treatment (terraces, contours) 62 71 78 81
Pasture or Range Land:
Poor (<50% ground cover or heavily grazed) 68 79 86 89
Good (50-75% ground cover; not heavily grazed) 39 61 74 80
Meadow (grass, no grazing, mowed for hay) 30 58 71 78
Brush (good, >75% ground cover) 30 48 65 73
IWoods and Forests:
Poor (small trees/brush destroyed by over- grazing or burning) 45 66 77 83
Fair (grazing but not burned; some brush) 36 60 73 79
Good (no grazing; brush covers ground) 30 55 70 77
Open Spaces (lawns, parks, golf courses, cemeteries, etc.):
Fair (grass covers 50-75% of area) 49 69 79 84
Good (grass covers >75% of area) 39 61 74 80
Industrial Districts (72% impervious) 81 88 91 93
Residential Areas:
1/8 Acre lots, about 65% impervious 77 85 90 92
1/4 Acre lots, about 38% impervious 61 75 83 87
1/2 Acre lots, about 25% impervious 54 70 80 85
1 Acre lots, about 20% impervious 51 68 79 84
Bare soil 77 86 91 94
Water 100 100 100 100
'Woods- Grass combination 43 65 78 82
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Appendix 3 the average of rainfall per year

Id Station Name Rainfall mm altitude meter
1 Makhmur 237.5 263
2 Dibaga 249 332
3 Qushtapa 311 372
4 Guer 208 230
5 Bnaslawa 350.7 502
6 Erbil 381 404
7 Ainkaua 399.96 397
8 Khabat 304 245
9 Taqtaq 321.58 329
10 Koisnjaq 612.4 593
11 Shqlaua 782.56 1108
12 Salahaddin 575.45 1035
13 Harir 571.6 724
14 Khalifan 710.8 839
15 Rawandus 699.58 785
16 Soran 645.4 684
17 Choman 723 1135
18 Sidakan 743.8 1085
19 Mergasor 1275.1 1273
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