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Abstract

Water harvesting in Iraq is an old application with limited extent. Western Desert, Jazeera Desert and Eastern Valleys, are the zones were the water harvesting must be employed. Several water harvesting dams in Western Desert had built since 1970s, these dams are intended to provide habitat and recharge of groundwater resources. There is limited opportunity to recharge groundwater in Jazeera area due to existence of gypsum layers. Regarding Eastern Valleys, the experience of building water harvesting dams on the valleys manifested that sediments accumulation is the main obstacle to adapt this solution. Hemrin Hills considered as one of the most intensively eroded areas in Iraq, so, soil conservation and water harvesting development is important. Many small dams were built in mountainous zone in the last two decades, some are important for agriculture expansion, but there is need to evaluate the effects on large dams feeding. North-Eastern parts of Jordan, which has a similar natural conditions of Northern Desert, had present a successful example of water harvesting development.   
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1  Introduction 
[bookmark: OLE_LINK18]Iraqi lands are classified as one of the arid and semi-arid regions, except the northern parts [1]. With an area of desert estimated about half of the country territories and future challenges of water scarcity, it is vital importance to adapt the proper and economically efficient alternatives for water harvesting in Iraq. 

Water harvesting in Iraq is not a new technique, it was conducted since early civilization. Even in Abbasid era, some projects were implemented in the western desert [2]. Some of the existing water harvesting locations were evolved naturally. In the recent history, development of water resources utilization in Iraq started mainly after 1921 when the establishment of Iraqi Kingdom. Later, the most important step was the establishment of Development Board in 1950s which had built some large dams, irrigation projects and barrages. No interest was paid to water harvesting until 1970s, when studies and implementation of several water harvesting dams in the western desert had started. However, the other techniques of water harvesting are not tested yet, and even the research side has no tangible outcomes in term of field data.

2  Natural Conditions

[bookmark: OLE_LINK16][bookmark: OLE_LINK17]Iraq total area is 438 320 km² [3], there are different land features in Iraq; Mountains, Hills, Fluvial planes, desert and water bodies. The land can be distinguished into several zones. Namely, mountainous zone in the north-eastern parts with high and extremely high mountains, where the maximum altitude is 3 550 m a.s.l. [3], and then the low folded zone, which extends from the south-east to north-west below the mountainous zone. Tigris, Tigris Tributaries and Euphrates rivers are flowing through Iraq; most of the main rivers are shared with riparian countries. In the north-east of the country, Jazeera desert which is bordered from the south by Euphrates, Jazeera desert area is 31 226 km2. The eastern and south eastern parts of the country are prevailed by Western desert; this is divided for administrative purposes into; Northern Desert with an area of 101 339 km2 and Southern desert with an area of 76 144 km2 [4]. The most important and historically populated zone is the Mesopotamian Plain, which is surrounded by deserts and low folded zone. “Figure 1” shows the physiography of Iraq.
Rainfall in Iraq is occurred in the winter from December to February, except in the north and northeastern parts, where the rainy season is from November to April. Average annual rainfall is estimated at 216 mm, but ranges from 1 200 mm in the northeast to less than 100 mm over 60 % of the country in the south. Winters are cool to cold, with a day temperature of about 16 °C dropping at night to 2 °C with a possibility of frost. Summers are dry and hot to extremely hot, with a shade temperature of over 43 °C during July and August, yet dropping at night to 26 °C [3].
The rainfall within the mountainous area is 18.3% of the total country rainfall, where the annual rain varies between 500-1200mm, 9.6% of the rainfall in the low folded area, the annual rain varies between 300-500mm, 6% of the rainfall in Jazeera desert, with annual rain of 150-400mm, 23.6% is in Mesopotamia with mean annual rain of 150mm, and 42.5% of the rainfall is in Western Desert with mean annual rain of 100mm or less[2]. The mean annual evaporation in Western Desert is 3200 mm[6], “Figure 2” shows the contours of evaporation in Iraq. Hence, the need to maintain the quality and quantity of water in Western Desert has the highest priority. Many small dams were built in 1970s and 1980s[4][7]. Also, the experience in other countries in MEAN region showed that there are more feasible opportunities to invest in water harvesting[8].
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Figure 1  Physiography of Iraq[5].
3  Overview of Water Harvesting Existence in Iraq   

Water harvesting in Iraq can be founded into two main categories: small water harvesting dams, and natural water harvesting ponds. 
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]3.1  Small Dams for Water Harvesting in Iraq
Small dams in Iraq are in three main regions: 1. Northern Area, 2. Eastern Valleys, 3. Western Desert [10]. Small dams in Northern area are either built to store water for the development of irrigation projects or in the sub-catchments of the main rivers. Developing of irrigation projects in the plains of the mountains was studied carefully; a dam like Duhok dam is a good example; many other dams were planned but not completed yet [7]. Regarding the dams that had been built in the sub-catchments, especially after 2003, there is still controversy about the feasibility of building small dams in the catchments of another major dam. Local authorities, without consulting central government, continues planning and implementing such small dams.
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Figure 2  Evaporation rate contours in Iraq[9].

[bookmark: OLE_LINK12][bookmark: OLE_LINK13]

Eastern Valleys is the area restricted between Tigris River, Iraq-Iran border; Diyala River Irrigated lands and Hawizeh Marshes.  Several mutual valleys are between Iraq and Iran. The main valleys are (Nafit, Harran, Hizzam, Talha, Shourshen, Badra, Teeb, Dewerej)[11]. These valleys are distinguished with a relatively high sediment load, due to the erodibility of soil, difference in altitudes and the frequency of the intensity of rainstorms. Several dams were built after 2003, but most of them suffering from the accumulation of sediments in the reservoirs. These dams are: 
1.	Qazaniyah Dam: it is located on the Harran Valley. It is a 6.5 meter-high weir dam; lake capacity is 0.9 million cubic meters. The dam commissioned in 2007. Further, the dam suffers from the accumulation of sedimentation. 
2.	Mandalay Dam: it is located on the Harran Valley. It is an earth fill dam with clay core, 14 m high and 1 316 m long. The capacity of the lake is 3.63 million cubic meters, there is a 250-metre long spillway with discharge of 1 725 m3/s. Dam reservoir is almost full with sediments. "Figure 3" shows a general view of Mandaly Dam Reservoir filled with sediments.
3.	Shihabi Dam: it is located on Shihabi Valley. Dimensions are 275 m long and 9 m high. It includes a 160 meter long spillway. The capacity of the lake is 0.8 million cubic meters. Also, the dam is filled with sediments.
4.	Dewerej Dam: the dam is located on the Dewerej Valley. The dam is a concrete weir with other retention dam made from Gabions. It is 510 m long and 9.5 m high. The capacity of the reservoir is 1.87 million cubic meters. It was completed in 2015.
5.	Badra Dam: it is located on Badra Valley. It is a concrete weir of 3 m high and 800 meters long.[7][10]
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Figure 3  General view of Mandaly Dam Reservoir filled with sediments[12].
[bookmark: OLE_LINK11]Western Desert is the most important in terms of need for water resources and providing habitat for man and animals. Many dams were built before 2003, unfortunately, the instable security caused to stop any more projects. The existing water harvesting dams are:
1. Husub Dam: the dam is located on Husub Valley. The length of the dam is 1050 m and its height is 11 m. The size of the reservoir is 4.2 million cubic meters. Dam was completed in 2005. 
2. Horan 2 Dam: it is located Horan Valley. The dam is 650 m long and 14 m high and has a storage capacity of 4.9 million cubic meters. 
3. Rutbah Dam: it is located in the Northern desert. It is 848 meters long earth fill dam, and the height is 19m. Reservoir capacity of 32 million cubic meters. The dam was completed in 1981. 
4. Al-Ubailah Dam: It is a 500 meter long earth fill dam; the height is 11.5m. Reservoir storage capacity of 4 million cubic meters. It was completed in 1973. 
5. Al-Aghri Dam: It is a 525 meter long earth fill dam, the height is 11 m. Reservoir capacity is 6 million cubic meters. The dam completed in 1974. 
6. Hussainiyah Dam: It is a 512 meter long earth fill dam; height is 13.25m. The dam has a storage capacity of 6 million cubic meters. The dam completed in 1976. 
7. Shibaijah Dam: It is a 720 meter long earth fill dam; height is 10.5m. The storage capacity of 8 million cubic meters. It was completed in 1977. 
8. Rahaliyah Dam: It is a 440 meter long earth fill dam; height is 13 m. Dam storage capacity is 4 million cubic meters. It was completed in 1982. 
9. Um Al-Tarfat Dam: It is a 990 meter long earth fill dam; height is 11.6 m. The storage capacity is 7 million cubic meters. Dam was completed in 1982. 
10. Surry Dam: It is a 570 meter long earth fill dam; height is 5 m. The dam has a storage capacity of 0.3 million cubic meters. Dam was completed in 1976. 
11. Abyadh Dam: It is a 448 meter long earth fill dam; height is 20 m. Dam capacity is 25 million cubic meters. It was completed in 2002.[7][10]

3.2  Natural Water Harvesting Ponds
Several natural formations of water harvesting are in the deserts of Iraq, these formations were naturally evolved, most of these were named after local nomenclatures. These formations are:
1. Khabari: these are natural depressions, where some of them are with clay bed, and could store the collected water for 1-2 months. There are 73 Khabari are in Northern Desert and 22 in Southern Desert.
2. Ghidran: small natural depressions of dimensions from 10 to 500 m, and depth from 1 to 5 m, these are formed as trenches inside valleys.
3.  Thighab: like Ghidran but smaller, and formed inside shade.
4. Chaltat: small ponds where water collected from the surrounding hills. The total number of Ghidran, Thighab and Chaltat in Northern Desert is 77, and in Southern Desert is 57.
5. Water Springs: some water springs are in Jazeera Desert, near Tharthar Valley, but it’s not suitable for drinking, used only for agriculture. In Western Desert, there is what is so called springs line which extends for about 500 km in both Northern and Southern deserts. Springs line start from Kubaisa then Rahalia, Ayn Tamr, Khan Al-Rahba, Ameid and reach to the west of Ur of about 50 km. The quality of water is acceptable in the northern parts, but it’s deteriorating after in the middle and southern parts. An Irrigation projects was developed in Ayn Tamr to irrigate 14.8 thousand donums. 5.3 km earth canals were linked with 4 springs. Also, 7 drains were excavated with total length of 24.26 km to cover the project. “Figure 4” shows a view of a spring in Ayn Tamr.
6. Faidhat: natural wide ponds on the path of valleys or at the end of valleys. Water is spreading in Faidhat, the soil of it is loamy soil, these utilized for agriculture. The well-known Faidhat in Northern Desert are (Massad, Sahban, Sanba’a, Ga’ar, Hammir) and in Southern Desert are (Battin, Wagsa, Theib, Gulaib, Urdhumma, Hazma).[4][13]
7. 
[image: ]

Figure 4  A spring in Ayn Tamr[12].

4  Water Harvesting in Low Folded Zone 
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Hemrin Hills among the most intensively eroded areas in Iraq[1]. Also, the area faced slopes collapse due to sever erosion. Slopes lower parts are exposed to differential erosion. This caused the collapse of upper parts. On another hand, weathering play role in collapses[14]. Regardless of that, no initiatives were made to stop the erosion. Certainly, the development of micro water harvesting and soil conservation techniques will reduce sediment accumulation in Hemrin Dam or Adheim Dam, as well as retain soils and enlarge green area in the country. 

[bookmark: OLE_LINK7][bookmark: OLE_LINK8]5  Water Harvesting in Jazeera Desert
Jazeera desert surrounded from the south by Euphrates River, from the East by Tharthar Lake and Tharthar Valley, from the north by Mountains of Sinjar and Sheikh Ibrahim, and from the West by the Syrian-Iraqi borders. 
Water quality of wells in the area almost not suitable for agriculture, it’s affected by the gypsum layers beneath. TDS varies between 3000-1000 p.p.m[4]. Hence, ground water recharge is not suitable in this area. Among the possible, solutions are adopting water spreading techniques to water the top soils or reduce reservoirs bed infiltration rate to reduce the seepage.
Some studies interested in developing the Northern parts of Jazeera Desert, as well Tharthar Valley. Tharthar Lake water qualities are considered low due to evaporation and bed layers solution[15][16]. So, the utilization of the flow in surrounding valleys before entering the lake will protect fresh water from salinity effects. The estimated water income in Tharthar Valley near Hatra during the rainy season of 2012 and 2013 was around 141 million cubic meter. “Figure 5” shows the catchment area of Tharthar Valley upstream of Hatra. 
Sinjar area was also studied by researchers. The average annual rainfall in Sinjar is 320 mm[17]. Analysis for 20 years of the period (1990-2009) revealed that for a selected 6 basins in the north of Sinjar Mountain with total area of 614.19 km2, the annual harvested water varied between 0.6 to 42.4  million cubic meter. While, for the same period and for other 4 selected basins in the eastern of Sinjar Mountain with total area of 435.14 km2, the annual harvested water varied between 0.11 to 28.11 million cubic meter[18][19]. Researches highly recommended to utilize the surrounding basins of Sinjar Mountains for complementary irrigation of wheat as it had been showed a promising results [20].
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Figure 5  Catchment area of Tharthar Valley upstream Hatra[21].
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]6  Water Harvesting in Western Desert
As mentioned, Western Desert is administratively portioned into Northern Desert and Southern Desert. Physically, there are many distinguishing features in the vast area of about 177.5 km2.
Main valleys in Northern Desert are Sawab, Walij, Hawran, Huzzaimi, Ghadaf, Tebil, Abyadh, A’ra’ar, Hammir and Al-Hur. While the main valleys in Southern Desert are Sedair, Husub, Huweimi, Awja, Igrewi, Gharabiya, Kura’, Ghanimi, Khour Ghunaim, Bsaia, Batin and Rahalt Al-Boosh[4]. “Figure 6” shows some of the main valleys in Western Desert. 
[image: ]

Figure 6  Main valleys in Western Desert[22].
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Figure 7  Main drainage basins in Northern Desert[23].
Contrary to Jazeera Desert, Western Desert is more suitable for groundwater recharge. Renewable and non-renewable resources are existing in the major formations. The main formations in Western Desert are: Dibdibba, Euphrates, Dammam, Umm Er Radhumma, Tayarat, Hartha, Rutba, Gaara[24]. Quality of water varies in different aquifers and different depths, but there are many opportunities to use the renewable resources for agriculture. Some farmers who lived near main cities are using today pivot sprinklers to cultivate some crops. “Figure 8” below shows the extension of Umm Er Radhumma aquifer and TDS distribution.
[image: ]

Figure 8  Extensions of Umm Er Radhumma aquifer and TDS distribution[24].

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]7  Discussion 
Water harvesting in Iraq is of a limited extent in the exploitation of the available capacity or adapting the applicable technologies. Many small dams had been built in high folded and low folded zones, especially after 2003; many questions were raised about the effect of these dams on water balance of large dams on Tigris River tributaries. The major issue in these zones is the conservation of soil; remedies may include terraces, check dams, water spreading systems, and drainage improvement. Fine-tuning of dam selections in this area is of vital importance.
Eastern Valleys is another important point of interest; the experience with the existing dams was made useful lessons. Building new water harvesting dams will be risked by sediments accumulation, even the underground dams may confront the same risk, where the fine sediments may clog the pervious layers. There is a high value of uncertainty regarding Eastern Valleys, no enough field data, no enough discharge measurements on valleys, and most of the predictions are based on geodatabase and computer analysis. This can be mirrored to Jazeera and Western Desert also. It’s easily to say that more data are required, and may be the water spreading systems and temporary dams, inflatable dam, are good alternatives.
Jazeera Desert is one of the areas that lack security. This is also applies to Western Desert. The main feature of Jazeera is Tharthar Lake; many of valleys are discharging into the lake. Groundwater quality affected by gypsum layers, hence, spreading water on the top soil is possible and other possible solutions could be greenhouses roof rain water harvesting.
Western Desert water harvesting is not only important to enhance water resources, but it’s important also to improve environment, habitat, and reduces dust storms. One of the successful examples of an area with many similarities which is water harvesting experience in Jordan. Jordan receives average annual precipitation of 100 mm/year; it’s classified as one of the most water poor countries. Many water harvesting applications had been adopted in Jordan. 56% of the country irrigation depending on wells, other majorly depending on the project of King Abdullah Canal. In 2013, there was 250 water harvesting projects and other 112 projects ongoing or planned. The largest capacity of water harvesting in Jordan are in the North-Eastern parts, near Iraq Northern Desert, It’s about 67% of water harvesting production in Jordan. According to data of 2013, the outcomes from water harvesting in Jordan were 110.75 million cubic meter[8]. “Figure 9” shows water harvesting structures distribution in Jordan.
[image: ]

Figure 9  Water harvesting structures distribution in Jordan[8].
Finally, it’s worth mentioning that no specialized institutes are assigned to exploit desert and rural areas or examine water harvesting alternatives, as it was in 1970s. Although, efforts made by researchers, but, the lack of field measurements and experiments is one of the most important obstacles.
8. [bookmark: OLE_LINK2]Conclusions
[bookmark: OLE_LINK1]The average annual rainfall in the Middle East and North Africa does not exceed 166mm/year and for this reason, this area is considered as an arid to a semi-arid region. Iraq is located within the northern part of the Middle East, and it was considered as an exception due to the presence of the Tigris and Euphrates Rivers untill the seventies [25-43]. It is noteworthy to mention that Iraq is the lowest country in the catchment of the two rivers. After the seventies, the flow of the two main rivers started to decrease due to building of dams within the upper parts of the catchments of the two main rivers and their tributaries [25-43] and the effect of climate change [44-72]. For these reasons, Iraq is suffering from water shortage problems. To overcome this problem or minimize its effect, water harvesting techniques can be used. Number of research work to see the validity of such technique was conducted [73-91]. The results obtained from the existing water harvesting schemes and mathematical models indicate that large quantities of water can be harvested. It is believed that excess water harvested can be artificially charged to groundwater aquifers and be used later when required. This requires prudent water resources management planning and implementation. 
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