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ARTICLE INFO ABSTRACT

Keywords: The Gulf Cooperation Council (GCC) countries include Bahrain, Kuwait, Saudi Arabia, Sultanate
GCC countries of Oman, Qatar, and United Arab Emirates. The GCC countries are located in an arid region. They
water resources have limited renewable water resources due to scarcity of rainfall. This paper provides the most
management recent and accurate quantitative and qualitative assessment of available water resources and
sustainability

demands in the GCC countries. The annual renewable surface water, desalinated capacity,
wastewater treatment capacity, and per capita water consumption in the GCC countries are
assessed. The possible impacts of climate change are discussed. The annual renewable surface
water, desalinated capacity, and wastewater treatment capacity in the GCC countries are esti-
mated as 4.14, 26.4, and 10.07 billion m3, respectively. The average per capita water con-
sumption is around 550 1/d. The GCC countries have high water footprints. Although tertiary
treated, the reuse of treated wastewater is limited and constrained to the development of forests
and green areas. Water demand trends reveal the need for the implementation of sustainable
water management programs. Emerging solutions include imposing a new tariff system,
improving irrigation efficiency, controlling agricultural water consumption, developing innova-
tive desalination and treatment technologies, maximizing treated wastewater utilization and
rainwater harvesting, eliminating leakage in networks, and considering virtual water concepts in
the water budget and planning.

climate change

1. Introduction

The development and prosperity of nations depend on the availability of water with the required quantity and quality to meet the
demands of the different sectors [1]. The spatial and temporal distribution of world water resources is dependent on the climate and
topography of the region. The proper assessment of the total quantity and quality of conventional and nonconventional water re-
sources and consumption rates are important for integrated water resources planning and management.

Despite the lack of renewable water resources, the Gulf Cooperation Council (GCC) countries (Fig. 1), including Bahrain, Kuwait,
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Saudi Arabia, Sultanate of Oman, Qatar, and United Arab Emirates, have witnessed rapid economic and social developments over the
last few decades. The economic prosperity of the region is supported by the oil industry and huge reserves of crude oil and gas [2].
However, during the last few years, significant attention has been devoted to the development of renewable and clean energy. Through
economic diversification, the GCC countries are becoming less dependent on oil and gas industry. Table 1 presents a snapshot of the
population, GDP real growth and Human Development Index (HDI).

The rapid population growth and socioeconomic developments in the GCC countries have been associated with a tremendous
increase in water demands. However, the lack of renewable (conventional) water resources may impede ambitious developmental
plans. Water-related challenges in GCC countries include extended drought periods, extreme events, development of vast green areas
in cities and residential areas, increase in living standards, depletion of aquifers, seawater intrusion in coastal aquifers, climate change
and temperature increase, high use of fossil fuel in desalination plants, and limited utilization of treated wastewater [2].

Currently, treated wastewater is squandered rather than fully utilized. The domestic water supply is highly dependent on desa-
lination of seawater. Most of the GCC countries subsidize the water sector, and hence, consumers pay far less than the actual cost of
water production. Groundwater pumping for irrigation is not adequately monitored or controlled.

To understand and address water scarcity problems in the GCC countries, a full exploration and an accurate assessment of the
available resources are needed. In this paper, the most recent information and data related to conventional and nonconventional water
resource availability, utilization and challenges in GCC countries are discussed and analyzed. The main characteristics of groundwater
systems and shared water resources are presented. The changes in rainfall patterns, groundwater recharge and possible impacts of
climate changes are discussed. The impacts of virtual water and climate change are outlined, and measures to address water sus-
tainability are presented.

2. Literature review

Due to scarcity of data, limited research on water resources management and sustainability in the GCC counties have been pub-
lished. Sharma [4] provided a qualitative and quantitative assessment of available freshwater resources in Saudi Arabia and their
optimal use. The study elaborated that water demand prediction should be analyzed based on intelligent and multi-criterial optimi-
zation and suggested a framework to allocate water resources based on future changing scenarios. Alshehri and Abdelrahman [5]
utilized electrical resistivity tomography to survey the availability of groundwater resources in Madinah area, Saudi Arabia. A reliable
water bearing formations in the alluvial sediments was found. They elaborated that local communities can be supported by adequate
freshwater resources from local resources. Alrwis et al. [6] demonstrated the adverse effects of water scarcity on the agricultural sector
in Saudi Arabia by developing various economic indicators. They provided various policy recommendations including termination of
virtual water exports and development of a viable framework for economic accounting of water. Alkhudiri et al. [7] showed an
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Fig. 1. Geographical location of the GCC countries (database, National Water and Energy Center, UAE University).
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Table 1

Growth indicators in GCC countries, [3].
Indicator UAE Saudi Arabia Oman Bahrain Kuwait Qatar
Population (million) 9.9 34 4.61 1.5 4.5 2.87
Growth Rate (%) 1.5 1.6 1.96 2.08 1.27 1.55
GDP real growth rate” (%) 1.7 0.3 -1.6 1.8 0.4 0.8
Human development index (HDI) 0.84 0.847 0.796 0.824 0.8 0.856

@ Based on the records of World Bank Data for annual change in 2020.

increasing trend in production and utilization of treated wastewater in Saudi Arabia which is expected to rise by 4% until 2050. They
also revealed an annual increase of 3% in the industrial water demand and elaborated that more focus should be given to properly treat
and use the wastewater for industrial uses. Chandrashekharam [8] focused on developing alternative resources for freshwater such as
desalination and elaborated that the geothermal sources can be used to run desalination plants and produce freshwater.

UAE relies heavily on desalination and groundwater resources to secure its freshwater needs. As such, the viability of various
desalination processes and techniques were investigated and critically analyzed [9-14]. Groundwater resources in UAE were evaluated
qualitative and quantitative by Refs. [15-17]. They concluded that the groundwater resources are depleting rapidly due to over
exploitation and lack of recharge [18-21]. mapped the potential groundwater zones in different parts and provided an assessment for
the groundwater resources in UAE. Alzaabi and Mezher [22] reviewed the strategies related to water, energy, and food nexus for UAE.
The consensus among several stakeholders in the nexus was assessed to evaluate the policies related to each sector of the nexus. Owing
to the extreme rainfall events in the country, the applicability of remote sensing precipitation products over UAE to better understand
the rainfall regime [23,24].

Oman is mainly relying on groundwater resources to secure its fresh water demands for agriculture and domestic purposes. The
water supply is supplemented by desalination plants commissioned in the certain municipalities and villages [25]. Asker et al. [26]
studied the groundwater in the coastal aquifers of Oman and pointed out various salinity sources that could potentially deteriorate the
quality of the groundwater. Barghash [27] presented a low-cost natural treatment method for domestic wastewater to be further used
in urbanized plantation and gardening purposes. An evaluation of past and present water resources management strategies was
conducted by Ref. [28] while considering the effects of climate change, water stress, population growth and developmental activities.
various efficient techniques have been proposed by other researchers to enhance the desalination productivity of existing desalination
plants in Oman [29-31].

Al-Huwaishel et al. [32] studied the likelihood of developing an underground aquifer by using treated wastewater while main-
taining various injection/pumping scenarios and thereby analyzing the pumped water quality in Dammam aquifer of Kuwait. Al-Sulaili
et al. [33] assessed the fresh water use in Kuwait under various meteorological factors and proposed near-future consumption sce-
narios. Baalousha and Baalousha et al. [34,35] developed groundwater vulnerability maps using advanced techniques and studied
different groundwater protection and management scenarios.

A number of researchers [36-38] studied the groundwater resources in Qatar with a focus on managed aquifer recharge and
groundwater depletion. The anthropogenic stress was analyzed considering the energy food nexus under changing climate conditions.
Haji et al. [39] proposed a framework for energy water food nexus grid based on computational modeling to enhance the food security
in Qatar. Analytical Hierarchy Process (AHP) was used to include GIS modeling and optimization algorithms to model the
energy-water-food nexus in a spatial and temporal domain.

Bahrain has witnessed a sharp decline in groundwater levels and quality during last decade due to excessive abstraction. Kadhem
and Zubairi [40] proposed optimum locations for managed aquifer recharge in Bahrain to replenish the dwindling groundwater re-
sources. The main purpose of the study was to harvest the excess rainwater that could have been lost otherwise. The water cycle of
Bahrain in terms of sanitation, drinking water, water scarcity, water related ecosystems and water management, was recently
monitored by Ref. [41]. The study outlined several reasons hindering the achievement of efficient water management in the country
and offered potential solutions. Mutawa et al. [42] developed a benchmark system to assess the effectiveness of wastewater sector in
Bahrain. The factors included wastewater collection, treatment, and subsequent discharge of sewage treatment plants. Bani [43]
investigated different crop water management practices and identified optimum approach for crop production in Bahrain.

3. Geography and geology

The Arabian Peninsula (AP) covers an area of approximately 2.4 million km2. Except for some mountainous regions or areas in the
vicinity of coastlines, arid conditions prevail. Saudi Arabia is the largest country in the AP, with an area of 2.15 million km?
(approximately 85% of the peninsula) and a population of 34 million (Table 1). The topography of Saudi Arabia ranges from
mountains, scattered saltpans, valleys, sandy and rocky deserts and coastal areas [2]. The lowest land elevation is at sea level near the
Red Sea and the Arabian Gulf, and the highest elevation point is approximately 3000 m (Jabal Sawda). The Sarawat Mountains,
recognized as rain-fed highlands, cover the western and southwestern parts of the country. The interior desert land is composed of the
Najd Plateau (Brown et al., 1989).

The Sultanate of Oman is located in the southeast of the AP, with a total area of 0.309 million km? and a population of 4.61 million.
The largest part of the country is composed of sand with limestone mountains rising to an average of 2100 m and deeply separated by
wadis [44]. The highest elevation point is almost 3000 m above mean sea level (Jabel Shams). The Ummer Radhuma Dammam aquifer



M. Sherif et al. Heliyon 9 (2023) 20543

(south) system extends from northern Iraq to the southern coast of the AP over a distance of 2200 km. The aquifer system in this area
comprises three Paleogene, i.e., the Rus, the Dammam and the Paleocene-Eocene formations in which Rus is least important. The
central part of the aquifer stretches a 400 km-wide structural platform that extends into Qatar, Bahrain and Saudi Arabia [45]. A major
portion of Ummer Radhuma aquifer is in the western low plateau areas, whereas in the eastern side, it becomes more complex when the
Dammam formation is isolated by the Neogene-Quaternary units in the Rus Formation [46].

The United Arab Emirates (UAE) has an area of 83,600 km? and a population of 9.90 million. Most of the area of the UAE is desert
and is predominantly composed of an aeolian landform system. The northern part is mountainous, and its highest peak is 1934 m above
sea level (Jabel Jais). The main aquifers in the UAE include the limestone aquifer, located in the northern and eastern parts of the
country, the gravel aquifers toward eastern mountain, the fractured ophiolite rocks in the east, and the sand dunes in the south and
west [1].

Kuwait has a total area of 17,818 km? and a population of 4.5 million. It is located in southwest Asia bordering the Arabian Gulf
between Saudi Arabia and Iraq. The northeastern part of the AP is characterized by four major systems of aquifers: including (1) the
Palaeozoic-Triassic System, (2) the Cretaceous System, (3) the Eocene System, and (4) the Neogene-Quaternary System. The last two
aquifers contain useable water, while the other deeper aquifers have connate water. Thus, the principle aquifer system in Kuwait
consists of the Kuwait Group and the Dammam Formation of the Hasa Group [47].

Qatar is located in the northeastern side of the Arabian Gulf, forming a small peninsula with a land area of 11,610 km? and a
population of 2.87 million [3]. There are two main aquifers in Qatar. The Rus aquifer is in the northern part of the country and is
composed of chalky limestone, and the Abu Samara aquifer in the southern part of the country, which consists of granular limestone
rocks [48].

Bahrain comprises many low-lying islands and is the smallest country in the AP. The population of the country increased rapidly
from 0.55 million in 2000 to almost 1.5 million in 2018 [3]. The land area amplified by almost 12% from 695 km? in 2000 [2] to
approximately 780 km? in 2018 through coastal reclamation to meet the increasing demographic demands. The geological map of the
AP is given in Fig. 2.

4. Water resources in GCC countries

The availability and sustainability of freshwater resources in GCC countries have always been a challenge due to scarcity of rainfall,
limited renewability of groundwater resources, high evaporation rates, and wasteful use of water. Renewable water resources,
including aflaj water systems, springs, and ponding areas of dams, are present in small amounts. Active aflaj and springs are becoming
rare due to a lack of recharge and excessive pumping. Limited amounts of fresh groundwater are encountered in shallow and deep
aquifers. Nonconventional water resources, such as desalinated water and treated wastewater, have been introduced to bridge the gap
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Fig. 2. Geological map of the Arabian Peninsula (database, National Water and Energy Center, UAE University).
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between renewable resources and water demands. The most up-to-date information on available water resources in the GCC countries,
consumption rates, and future opportunities is provided hereafter.

4.1. Surface water

Surface water is a scarce and nonperennial entity in all GCC countries due to geographical location and topography. Saudi Arabia
has the highest annual renewable water resources of 2.4 km?, followed by Oman and UAE, with values of 1.4 and 0.15 km?,
respectively. Renewable surface water is mostly absent in other GCC countries, i.e., Kuwait, Bahrain and Qatar [49]. The average
annual rainfall varies between 70 and 130 mm except in the vicinity of the Gulf of Oman, the eastern shore, and the coastal zone along
the Red Sea in southwestern Saudi Arabia, where the orographic rainfall may reach 500 mm/year. The region is dominated by an
extremely hot climate, low rainfall frequency and high evaporation rate (greater than 3000 mm/year). In the southern parts of the AP,
including the UAE, Oman and Saudi Arabia, surface water runoff is generated in low-lying areas due to scattered heavy rainfall events
in winter and summer seasons [1,49].

The spatiotemporal distribution of hydroclimatic variables, such as the mean annual rainfall and temperature, represent the key
parameters of regional water resource management and planning. The AP experiences a diverse spatial and temporal distribution of
rainfall, with most areas receiving annual rainfall in only a few months and with no rainfall otherwise. Occasionally, the rainfall is only
encountered in a few days in the form of intense bursts of rain over a short duration. Fig. 3 provides the average annual temporal
distribution of rainfall and temperature over the last 30 years in the GCC countries.

The total annual precipitation volume in GCC countries varies significantly from one year to another. This variation has been more
pronounced during the last two decades. For example, in 2008, the total annual precipitation volume was 115 billion m® (BCM). In
2013, the total volume of annual precipitation was estimated as 249 BCM, and in 2017, it was estimated as 172 BCM [50].

The highest rainfall in UAE is encountered in February and March. Spatially, the least rainfall is observed in the desert foreland,
whereas the highest rainfall is recorded in the mountains and east coast regions. The highest temperature is observed in July and
August. Bahrain, Kuwait and Qatar receive their major rainfall shares during January and December. The rainfall in the Sultanate of
Oman is mostly encountered within the period March to June. The highest rainfall in Saudi Arabia is observed in March and April. In
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Fig. 3. Average annual variation in rainfall and temperature in GCC countries from 1991 to 2018 (source: [3]).



Table 2
Available surface water resources in the GCC countries.
Area Km®?  Mean annual rainfall mm/y ~ Total dams’ capacity MCM  Annual renewable surface water Km®>  Total annual renewable water resources Km®  Annual renewable water per capita m®
Country
UAE 83600 78 61.07 0.1 0.15 15.2
Saudi Arabia 2149160 59 1004.06 2.2 2.4 70.6
Oman 309501 125 88.4 1.1 1.4 303.7
Kuwait 17818 121 0 0 0.02 4.7
Bahrain 652 83 0 0 0.116 77.33
Qatar 11610 74 0 0 0.05 17.42

Source [3,53]:
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general, the southwestern areas of the AP receive the highest rainfall, while the northeastern and northwestern areas receive limited
rainfall [51]. The highest temperature of the AP is reported during July and August, while the lowest temperature is encountered in
January.

Considering the average annual precipitation, Saudi Arabia and Oman have the highest volumes of precipitation estimated at 126.8
and 38.7 BCM, respectively. UAE has an average precipitation volume of 6.5 BCM. Kuwait, Qatar, and Bahrain receive small amounts
of precipitation volumes of 2.15, 0.9, and 0.054 BCM, respectively. Donat et al. [52] conducted a regional analysis of climatic extremes
in the Middle East and showed a strong interannual variability in precipitation.

Due to rapid population growth, expansion in agriculture and industrial activities, and increase in living standards, the water
demands in the GCC countries continued to increase. Despite the lack of renewable water resources, the per capita water consumption
is approximately 200 m>/year [9,49]. Oman has the highest renewable per capita freshwater (303.7 m>/year), while Kuwait, UAE and
Qatar have the lowest per capita renewable freshwater resources (Table 2). Fig. 4 provides the per capita water consumption in the
GCC countries compared to other developed countries. Saudi Arabia, Oman and the UAE have the highest water consumption, mainly
due to agricultural activities, followed by Bahrain, Qatar and Kuwait.

Many dams have been constructed across the main wadis in the GCC countries for surface water harvesting, groundwater recharge
and protection from the hazards of flash floods. The storage capacity of all dams in the GCC countries is 1.155 BCM. A total of 302
detention and retention dams with a storage capacity of 1.004 BCM were built in Saudi Arabia [54]. In Oman, a total of 146 dams were
constructed with a storage capacity of 0.088 BCM. The UAE has 130 dams with a storage capacity of 0.06 BCM [55].

4.2. Groundwater resources

Groundwater constitutes the primary source of natural water in the GCC countries. Renewable groundwater is encountered in
shallow aquifers where the recharge is encountered through the alluvial deposits along the flood plains of drainage basins as well as
main wadi channels. The total water storage in the shallow aquifers of the GCC countries, in addition to Yemen, is estimated as 131
BCM, while the average annual recharge is on the order of 3.5 BCM [56]. These shallow aquifers represent vital sources of portable
water supply in urban and rural areas, primarily in Oman and Saudi Arabia. However, they are threatened by various anthropogenic
activities (agriculture, industrial and domestic).

Non-renewable fossil groundwater is stored in sedimentary deep aquifers; mostly encountered in Saudi Arabia and Oman, with a
small extent in other GCC countries. The fossil groundwater was formed during the rainy Pleistocene and Pliocene geological periods.
The water storage in the deep aquifers is on the order of 2175 BCM, and the annual recharge that might be encountered through
outcropping areas is approximately 2.7 BCM. The water quality in deep aquifers varies from one allocation to another and might be
suitable for agricultural purposes [57].

The overexploitation of groundwater resources in the GCC countries to meet the surface water deficiency has caused a significant
decline in groundwater levels, abandonment of production wells, dryness of springs, and acceleration of seawater intrusion into coastal
aquifers. In 2013, the total pumping of groundwater resources in Saudi Arabia reached 22.65 BCM. In UAE and Oman, the total
groundwater pumping during the same year was on the order of 2.013 and 1.30 BCM, respectively. The accumulative pumping from
the other three GCC countries, including Kuwait, Bahrain and Qatar, was less than 0.65 BCM. The green desert policy and self-
sufficiency in food products were associated with overexploitation of groundwater resources. Such policies have adversely affected
the sustainability of groundwater resources in the region. Recently, Saudi Arabia considered corrective actions to preserve fossil
groundwater resources by abandoning its 30-year program in the food self-sufficiency program after exhausting four-fifths of its deep
fossil water.

4.2.1. Shared groundwater resources in GCC countries

Shared aquifers play an important role in water resource planning and management. Unlike surface water systems, aquifers are
three-dimensional underground reservoirs with large storage capacities. Aquifers do not have visible linear features like surface water
systems [58]. The proper understanding of groundwater systems requires a wide spectrum of geological information, including
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Fig. 4. A comparison of water consumption m>/capita/year in GCC countries compared with other developed nations [53].
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lithostratigraphy, geological structures and many other hydrogeological parameters. As a result, the transboundary groundwater flow
is often unknown and not well defined. This situation is also applicable in the AP, where limited information is available on
groundwater systems and pumping and recharge events [59].

Arid environment, scarce rainfall, high evaporation rates and absence of surface water resources are among the main challenges in
the region. As such, the GCC countries are becoming more dependent on groundwater resources and the desalination of seawater [52].
Therefore, quantitative estimates of the temporal and spatial variability of groundwater storage can be useful in maintaining socio-
economic development and managing the limited water resources [60]. Table 3 provides basic information related to transboundary
aquifers (TBA) in GCC countries.

The Umm er Radhuma-Dammam (URD) is one of the largest TBA in the AP, extending into eight Arabian countries for 2200 km
from northern Iraq to the southern coast of the AP. The aquifer is divided into three subsections (northern, central and southern). The
URD agquifer consists of three Paleogene formations (the Dammam, the Rus and the Umm er Radhuma), which are spreading across the
six GCC countries, Yemen and Iraq [63]. The southern part of the URD, covering an area of (797,987) km?, is mainly replenished by
Hadhramaut-Dhofar and from the Oman Mountains [64]. Sultan et al. [61] reported that Al-Rub al Khali groundwater basin has a
recharge rate of 6-16 mm/year. The average annual abstraction volume varies between 7.7 and 45 MCM. The general distribution of
salinity indicates that aquifers are being used as a potential source of freshwater in Oman and UAE.

The central portion of the URD covers an area of 345,213 km? (approximately 23% aquifer area), forming a wide structural
platform extending from the Najd Plateau to Qatar, Bahrain and Saudi Arabia. It represents the only source of groundwater in Bahrain
and Qatar. The average annual recharge of the central zone of the URD is 5.9 mm/yr [65]. Excessive groundwater extractions of 97, 91
and 608 MCM/yr from Bahrain, Qatar and Saudi Arabia have rendered the groundwater resources in this aquifer vulnerable to sali-
nization. The major part of the Northern URD lies in Iraq, Kuwait and Saudi Arabia, covering an area of (297,943) km? where the
average annual groundwater abstraction varies between 45 and 90 MCM. Excessive pumping from the central and northern parts of the
URD caused a significant deterioration of its groundwater quality.

Saudi Arabia and Jordan’s transboundary aquifer, known as the Saq aquifer, is located in the northern part of the AP, covering an
area of 560,000 km?, of which 15% of its area (82000 km?) lies in Jordan with a storage reserve of 4-10 BCM. Eighty-five percent of its
area (478,000 km?) is located in Saudi Arabia with a water storage of 740 BCM [46]. The Saq aquifer system is composed of thick
consecutive layers of Cambrian sandstone that overlie the crystalline basement rocks of red sea hills [66]. The water quality in the Saq
aquifer is generally good and suitable for agricultural purposes, with total dissolved solids within the range 1000-1200 mg/1

Table 3
Transboundary groundwater aquifers in GCC countries. Source [46,61,62].
Riparian Average Annual Aquifer Storage Rock type Water Quality TDS Water Use

Aquifer Characteristics Countries Abstraction MCM Volume BCM (mg/1)

(Countrywise) (Countrywise)

Umm er Radhuma- Iraq, 45 N/A Fractured Fresh to Hypersaline Agriculture
Dammam Aquifer Kuwait, 90 /karstic Industrial 'and
System (North) Saudi NA Domestic

Arabia

Umm er Radhuma- Bahrain 97 90 limestone and Mostly Fresh to Agricultural
Dammam Aquifer Qatar 91 2.5 dolomite, with Hypersaline in Irrigational Use
System (Center) Saudi 608 235 some Coastal areas Domestic and

Arabia Evaporites Industrial

Umm er Radhuma- Oman, 45 180-1100 (For Fractured Fresh to hypersaline Agriculture,
Dammam Aquifer Saudi NA Najd Area) /karstic Domestic and
System (South) Arabia, oil injection

UAE, 7.7
Yemen NA

Neogene Aquifer System Iraq, 370 1.26 Sand and Gravel Brackish to Mainly

(South-East), Kuwait, 88 NA Hypersaline Agriculture
Saudi NA NA
Arabia

Tawil-Quaternary Aquifer ~ Jordan, 100 Total 22 Basalt, alluvium Fresh to Saline Irrigation

System Saudi 3500 limestone
Arabia

Wasia-Biyadh-Aruma Iraq, 30-35 NA Calcareous or Fresh to slightly Domestic and
Aquifer System Saudi 200-300 500 argillaceous brackish Irrigation
(North) Arabia

Wasia-Biyadh-Aruma Saudi Unknown, 500 [Total] Siltstones Fresh Desert Nomads
Aquifer System Arabia, sandstones
(South) Yemen Very limited

Saq-Ram Aquifer System Jordan, 90 4-10 Sandstones Mostly Fresh Mainly
(West) Saudi >1000 740 Agriculture

Arabia

Wajid Aquifer System Saudi 2260 30-225 Sandstones Fresh to slightly Agriculture,
Arabia 4-6 brackish Industrial and
Yemen 100 Municipal




M. Sherif et al. Heliyon 9 (2023) 20543

dominated by calcium (Ca2+) and bicarbonate (HCO3-). Annually, Saudi Arabia and Jordan abstract around 1000 and 90 MCM,
respectively. The Wajid aquifer system is located at the crystalline edge of the Arabian Shield covering an area of 307,000 km? in Saudi
Arabia, while its remaining area of 146,000 km? is in Yemen. The groundwater abstraction in Saudi Arabia is 2260 MCM/yr, whereas
the abstraction in Sadad’s plain of Yemen is on the order of 100 MCM/yr [67]. The water quality of this aquifer varies between fresh
and slightly brackish. The groundwater quality in the Wajid aquifer of Yemen is still good.

The Neogene aquifer system (south-east) covers an area of 179,370 km? [66]. The average annual rainfall is 100 mm/yr, while in
some areas, the rainfall exceeds 200 mm/yr, causing floods in Wadi al Batin. The average annual abstractions from Kuwait and Saudi
Arabia are on the order of 88 and 378 MCM, respectively. The water quality in the Neogene aquifer is generally brackish to saline with
notable lateral and vertical variations. The groundwater salinity increases vertically along the different lithological units as well as
horizontally along the flow direction [46]. The Tawil Quaternary aquifer system lies between Jordan and Saudi Arabia and covers an
area of 56,039 km?.

The Wasia-Biyadh-Aruma aquifer, the largest sand dune aquifer in the world, is situated in the southwestern part of the Rub’al Khali
depression, where sand dunes reach hundreds of meters in high stretches toward the Saudi-Yemen border. The water quality of the
aquifer is fresh with a TDS within the range of 400-800 mg/1. The northern part, located in Iraq and Saudi Arabia, covers an area of
103,778 km? with calcareous or argillaceous deposits. The water in the northern part of the aquifer is brackish and is used for irrigating
date palms [68].

4.2.2. Seawater intrusion

Seawater intrusion in the coastal aquifers represents a major challenge in the GCC countries. Alshehri et al. [69] collected
groundwater samples from 115 boreholes and dug wells to document the influence of seawater intrusion and heavy metals contam-
ination on the groundwater quality of Al Qunfudhah region along the Red Sea coast, Saudi Arabia. They concluded that dissolution,
gypsum, halite, fluorite, silicates, agricultural activities and seawater intrusion were the key issues affecting groundwater quality and
chemistry in this area. Alfaifi et al. [70] examined the level of saline water intrusion in the Ad-Darb region of southwestern Saudi
Arabia by utilizing an integrated approach of geochemical and geophysical techniques. The base ion exchange, linear mixing, and
seawater intrusion were identified as the main factors influencing the groundwater chemistry in this area. The seawater intrusion was
mostly encountered in the unconsolidated Quaternary zone.

Kacimov et al. [71] studied the seawater intrusion in the shallow alluvial aquifer in the Bathinah area of Oman, experimentally,
analytically, and numerically. The water table was proved to have a trough caused by intensive pumping from the fresh groundwater
zone and evaporation from the saline phreatic surface. The seawater intrusion extended several kilometres inland. Resistivity traverses
perpendicular to the shoreline indicated no fresh groundwater recharge into the sea. Shamas [72] investigated the seawater intrusion
in the Salalah coastal aquifer of Oman. He reported that under the prevailing conditions, the groundwater levels in Salalah area would
drop significantly allowing for the inland advancement of seawater. Ahmed and Askeri [73] studied the seawater intrusion impact on
the groundwater quality of the northwest coast of Oman. The seawater intrusion was reported to extend inland up to 8 km from Oman’s
coast.

Sherif et al. [74] used MODFLOW to study the seawater intrusion in Fujairah Emirate, United Arab Emirates. Due to the significant
increase of the groundwater pumping from Kalbha well field and the lack of natural replenishment from rainfall, groundwater levels
have declined causing an intrusion of seawater in the coastal aquifer of Wadi Ham. As a result, many pumping wells in the coastal zone
have been terminated and a number of farms have been abandoned. Sowe et al. [75] developed a 3D finite element model to
investigate the possibility of pumping of brackish water from the costal aquifer of Wadi Ham to mitigate the seawater intrusion. The
results indicated that the seawater intrusion might be halted by pumping brackish water.

Baalousha [34] investigated the optimum location, design and maximum yield of beach wells in Qatar using sweater intrusion
model (SWI2), coupled with MODFLOW. It was found that a maximum pumping of 1600 m®/day/km? of brackish water, with a total
dissolved solid of less than 10,000 mg/l, would result in an obvious change in the saline-groundwater interface after 20 years of
continuous pumping. The pumping of the brackish water has moved the interface downward. The pumped water can be used for
reverse osmosis desalination plants.

The seawater intrusion from the Arabian Gulf as well as brackish/saline intrusion from underlaying groundwater zones pose a
challenge for groundwater management in Bahrain. A significant net inflow of the seawater from the Arabian Gulf to the Khobar zone
has been observed. Vast low-lying areas in the vicinity of the shoreline would be lost under the conditions of seawater level rise due to
climate change extrapolating the seawater intrusion problem.

4.2.3. Managed aquifer recharge

Managed aquifer recharge (MAR) is the on-purpose recharge of water to aquifers for subsequent recovery or for environmental
benefit. It is a key tool for regional water management, providing water supply resiliency and helping balance out the seasonal and
periodic decreases in water availability with increasing demands. Parimalarenganayaki [76] presented a comprehensive review of the
MAR techniques in the GCC Countries. Seven techniques were reported including dams, aquifer storage and recovery (ASR), aquifer
storage transfer and recovery (ASTR), ponds, soil aquifer treatment (SAT), rooftop rainwater harvesting, and Karez/Ain system.

Many recharge dams were constructed in Saudi Arabia, UAE and Oman. Recharge dams are not common in Bahrain, Kuwait, and
Qatar due to the relatively flat topography of those countries. The major disadvantages of recharge from dams in the GCC countries are
high evaporation rates and siltation. The efficiency of recharge from dams was investigated by Ref. [77] and was found to vary
significantly from one dam to another based soil type, accumulation of clay and slit layers, soil moisture and subsurface geology. The
recharge efficiency can be improved by the use of injection wells.
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Aquifer Storage and Recovery (ASR) has also been practiced in the GCC Countries to store water in aquifers and restore it when
needed. Dawoud [78] reported that two recharge schemes using injection wells and infiltration basins were used for injecting desa-
linated water into the shallow groundwater system in Abu Dhabi. The recovery efficiency ranged between 85% and 90%. The lateral
migration of the boundary of the freshwater plume was in the order of 0.2 m/d after 250 days of constant recharge. Khezri [79]
indicated that for the large-scale ASR system in Liwa area, UAE, high efficiency can be achieved with multiple cycles of injection and
recovery. Stuyfzand et al. [80] investigated the hydrogeological and hydrogeochemical stratification of the target aquifer in Liwa area
and the changes in the water quality of the injected desalinated seawater. The pilot observations and modelling results indicated that
under one of the investigated scenarios, the recovered water quality satisfied the drinking water quality standard with a recovery rate
of up to 85%.

Missimer et al. [81] indicated that ASR systems are feasible only to meet peak day demands and short-term operation needs. The
treated wastewater has been used as a sources water for ASR in the alluvial aquifer of western Wadi Qidayd in Saudi Arabia [82].
reported that the use of MAR for treatment and reuse of treated wastewater represents a feasible method to minimize the cost to supply
safe drinking and irrigation water to rural areas in arid regions.

Alrukaibi and McKinney [83] indicated that efficiency of ASR systems would increase if the storage period (time between injection
and recovery) is reduced. In Kabd area, Kuwait, the ASR operation involved 9 months of injection followed by 3 months of recovery
with a rate of 100,000 m%/ day from 8 ASR wells with an efficiency of 77.42%. Through a pilot project in Sulaibiya area, Kuwait, a total
of 16,790 m®> of tertiary treated wastewater was injected through an open basin. The quality of the water has improved except for
nitrate content [84]. Another study in Bahrain [59] reported that proper attention should be given to health, environmental,
ecological, and social issues before using treated sewage effluent as a water source for MAR application.

El-Rawy et al. [63] investigated the hydrological and economic feasibility MAR using treated wastewater (TWW). MODFLOW was
used to simulate different MAR scenarios and assess their efficiency in mitigating the seawater intrusion in the coastal aquifer of
Jamma, Oman [85]. studied the effects of MAR using TWW in Al-Khawd coastal aquifer. The results showed that the relocation of
pumping wells, better management of irrigation wells, and implementation MAR using TWW, the abstracted water for drinking
purposes could be doubled.

4.3. Desalination

The desalination technology was introduced in the GCC countries in the mid-fifties of the last century. It gained popularity to
encounter water shortages, achieve less reliance on dwindling groundwater resources and meet qualitative water requirements for
domestic and industrial purposes [86]. The GCC countries are using multistage flash distillation (MSF) and multi-effect distillation
(MED) technologies. A portion of the available fossil fuel is consumed by power desalination plants. Recently, reverse osmosis (RO), as
well as other more advanced technologies, have been implemented. The dependence on desalination water continued to grow during
the last two decades. Fig. 5 shows the annual capacity and production volume of desalinated water in GCC countries from 2007 to
2019. A gradual increase in both the capacity and production can be realized until 2016, with a sharp upsurge in 2017. Saudi Arabia

Total Capacity (MCM/YT)
450000
400000
350000

3,000.00

S

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

2

®Bahrain wKSA  » Kuwait ~Oman = Qatar wUAE

3,000.00

Total Production (MCM/Yr)
2,500.00
2,000.00

1,500.00 .

1,000.00 | ‘

500.00
‘,_m.I|||||||‘|||I|||I|I|I|I|I

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

= Bahrain  w KSA » Kuwait ~Oman =Qatar =UAE

Fig. 5. Desalination capacity and production in the GCC countries, 2007-2019, in MCM [3,87]. [[,87] [1[3,871[].
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and the UAE have the highest desalination capacities, followed by Kuwait, Qatar, Bahrain, and Oman. Data for some countries are not
available for 2019.

The GCC countries have the highest water desalination capacity at the global level. The net desalination capacity of the GCC
countries amounts to approximately 26.4 MCM/day. The majority of the desalination plants are installed in Saudi Arabia (35%) and
the UAE (33%) [87]. Fig. 5 further reveals that approximately 10% of the global production of desalination water is in Saudi Arabia,
fulfilling 50% of the country’s water demands. UAE is also focusing on increasing the capacity of its desalination plants. For instance,
the Taweelah plant in Abu Dhabi (to be completed in 2022) will have a capacity of approximately 9.08 MCM per day and will
constitute the world’s largest reverse osmosis plant [88].

In terms of consumption, 87% of the water consumption in Qatar is supported by desalination water, followed by Saudi Arabia
50%, UAE 42%, Bahrain 36%, and Oman 27%. In addition, Oman is increasing its desalination capacity by 5% per year, with 86% of
the country’s domestic water being produced by desalination plants. Oman’s desalination capacity is expected to increase steadily to
reach 600 MCM/year in the next decade [89]. All GCC countries have made significant investments to upgrade existing desalination
plants and establish new mega plants to meet the rising water demands in the different sectors. The distribution of the water con-
sumption in the different sectors is provided in Table 4.

The desalinated water is dominantly used in the municipal sector except in Qatar and Bahrain, where consumption is biased toward
industrial use (Table 4). Individually, the GCC countries aligned their water requirements according to local demands. For instance, the
consumption of desalinated water in the military sector of KSA and UAE is relatively high. Overall, the municipal, industrial and tourist
sectors consume more than 90% of the desalinated water in the GCC countries.

Desalination technologies are based on two main processes, i.e., thermal and membrane. Thermal-based multistage distillation
technology is particularly preferred in GCC countries for two main reasons. First, it integrates water and power generation using
residual heat from power plants, which greatly improves the economics of desalination. Second, it does not require costly water
treatment processes that are needed for membrane-based technologies (reverse osmosis). In addition, proper maintenance and
refurbishment can double the life of MSF plants [91]. The second energy-efficient thermal-based technology, especially used for
small-scale plants in the GCC region, is known as multiple effect distillation combined with thermal vapor compression (MED). Saudi
Arabia and the UAE have the largest production of desalinated water (1.1856 and 1.0858 MCM/day, respectively) by MED. However,
with rising population and economic growth, Saudi Arabia and UAE are investing in large-scale RO plants. In the last ten years, a clear
shift in adopting membrane-based desalination technology has been observed in the Middle East.

Hybrid desalination technology (HDT), merging thermal and membrane technologies, has been recently introduced in the GCC
countries. The HDT is cost-effective and has the potential to dominate. The Ras Al-Khair plant in Saudi Arabia, with a capacity of 1.036
million m3/day, is the largest plant in the world. It uses both thermal multistage flash (MSF) and reverse osmosis (RO) technologies
[92]. The Fujairah-2 desalination plant is a hybrid plant with a capacity of 591,000 m®/day, encompassing 450,000 m>/day thermal
production, 136,500 m3/day RO facility and a 2000 MW power plant. Hybrid MED-RO helps to match seasonal water and power
demands [92]. Other examples include the Umm Al Houl plant in Qatar with a production of 60 MIGD from RO and 76 MIGD from MSF
systems [93] and Al-Jubail and Yanbu cogeneration plants in Saudi Arabia [94]. Currently, Saudi Arabia has the highest capacity for
desalination (5.654 MCM/day) using RO, followed by UAE and Kuwait, Table 5.

Desalination plants entail considerable ecological and environmental impacts due to the release of the rejected water to oceans and
emission of greenhouse gases. The urban air quality of GCC countries is showing signs of rising levels of pollution. Significant amounts
of heavy metals are observed in the vicinity of fossil fuel-operated desalination plants. The high salinity and temperature of the
discharged brine lower the dissolved oxygen concentration in seawater, which can adversely influence neighbouring ecosystems.
Furthermore, the high concentration of chlorine in brine can add toxic substances that have a substantial impact on both aquatic flora
and fauna [96].

The use of renewable energy in desalination, especially solar energy, is very promising due to its abundant availability in the GCC
region. Masdar’s Renewable Energy Desalination Pilot Program in the Ghantoot area, Abu Dhabi, is expected to accelerate the
commercialization of renewable energy desalination systems. The project achieved energy efficiency improvements of up to 75% as
compared to thermal desalination plants in UAE. The major challenge in commercializing large-scale plants is reducing the depen-
dence on grid power as back-up when there is insufficient solar energy. In 2018, King Abdullah Economic City (KAEC) initiated the
development of a solar desalination plant with a capacity of 30,000 m%/day, expandable to 60,000 m®/day. In 2019, the Kuwait
Institute for Scientific Research (KISR), Kuwait, initiated a project to launch desalination plants using solar energy in northern Kuwait
Bay. The Dubai Electricity and Water Authority (DEWA), UAE, has set an ambitious target to make a major shift toward the solar
energy desalination plants by 2030. The GCC countries are expected to exceed the global target of 20% of new desalination plants

Table 4

Distribution trends of desalinated water consumption by sector (MCM/day) in Gulf countries [90].
Countary UAE Oman Saudi Arabia Kuwait Bahrain Qatar
Muncipal 2.691 0.374 2.159 0.946 0.159 0.570
Industary 2.142 0.223 1.959 0.705 0.377 0.789
Power 0.110 0.020 0.100 0.056 0.020 0.044
Miltary 0.165 0.000 0.201 0.037 0.000 0.000
Tourist 0.330 0.033 0.402 0.056 0.066 0.073
Irrigation 0.055 0.007 0.201 0.037 0.040 0.044
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Table 5

GCC desalination capacities” (MCM/day) and breakdown per technology.
Country Total Capacity MSF MED RO Other
UAE 8.9 6.0698 1.0858 1.7266 0.0178
Saudi Arabia 11.4 4.28 1.1856 5.6544 0.2736
Oman 1.1 0.3993 0.0836 0.6149 0.0022
Kuwait 2.6 1.8902 0.0026 0.7046 0
Bahrain 0.6 0.1014 0.2772 0.2214 0
Qatar 1.8 1.2492 0.3582 0.1764 0.0144
Total 26.4 13.9899 2.993 9.0983 0.308

2 Source [95].

powered by renewable energy by 2025.

4.4. Treated wastewater in GCC countries

The capacity and production of wastewater treatment plants in the GCC countries are provided in Fig. 6. Some data are missing for
2018-2019, and hence, a downfall in the overall annual production in recent years is observed. Treated wastewater in the GCC is also
linked to the total capacity and production of desalinated water. Saudi Arabia has the highest production of treated wastewater among
the GCC countries [49,50]. UAE has a steady increase in its production capacity. The treatment of wastewater depends on numerous
factors, including geography, population density in cities, and location of treatment facilities. For instance, the collection of domestic
and industrial wastewater from densely populated areas would be more feasible and cost effective than that from low density and
sparsely populated cities.

The produced wastewater contains harmful substances, such as heavy metals, bacteria, a range of pathogens, and viruses that
deplete oxygen levels in marine ecosystems and cause the accumulation of nitrous oxide and the emission of methane. Eutrophication
is also a common phenomenon along the Kuwaiti shorelines, which is frequently expanding and causing the red tide phenomena that
are repeatedly observed along the coasts of GCC countries [98,99]. The red tide phenomenon is also occurring in Oman Sea and is
spreading with higher frequency toward the Arabian Gulf as well as the western coast of UAE [100]. The use of treated wastewater is
becoming indispensable for all GCC countries, given the cost of the production of desalinated water and the adverse impacts of
desalination plants on the environment as well as the current rapid depletion of groundwater resources.

Treated wastewater is primarily used for irrigation, roadside landscaping, the development of parks, green areas, and fodder crops.
There are approximately 300 plants installed in the GCC countries [49], and the majority of plants include secondary and tertiary
treatments. Some plants in Kuwait are using ultrafiltration (UF) membranes and reverse osmosis (RO) water purification facilities to
treat domestic wastewater with a capacity of 0.5 MCM/day [101].
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A total of 97 sewage treatment plants, with a capacity of 1970 MCM/yr, are installed in Saudi Arabia, and other plants are under
construction [97]. The overall reuse of treated wastewater at the country level is 43% [102]. reported that the reuse of treated
wastewater can save up to 29% of the total industrial water withdrawals. The capacity of wastewater treatment plants in UAE is
approximately 840 MCM/yr with an overall treatment volume of 653 MCM/yr (Fig. 6(c)). The majority of plants in UAE are run and
owned by the Water and Electricity Authority of Abu Dhabi [3]The UAE is the leading country in the GCC region in privatization of the
water and energy sector [98].

Kuwait was the first country to introduce wastewater treatment plants in the Middle East in the 1950s. The plants’ treatment
quality has shifted from secondary to tertiary processes. Currently, Kuwait is using advanced RO technology (Al-Sulaibiya plant) to
treat water to attain potable water quality. The wastewater treatment capacity of Kuwait is 300 MCM/yr while the volume of treated
wastewater reaches around 250 MCM/yr, Fig. 6(b and c). The “Zero Release” project was launched by the Ministry of Public Works in
Kuwait, aiming to reuse all treated wastewater [98]. In Oman, around 67% of the total wastewater treatment capacity is utilized on
annual basis while the government plans to double the capacity of the treatment plants by 2030 [87].

Bahrain installed 11 aeration-based wastewater treatment plants with an overall capacity of 135MCM/yr. The treated wastewater
is used in agriculture, landscaping and sand washing. The overall capacity of wastewater treatment plants in Qatar is around 100
MCM/yr. The produced water is used in landscaping, crop irrigation and to recharge the limestone aquifer.

Although GCC countries are utilizing wastewater treatment technologies effectively, the use of treated wastewater is limited to
agriculture, landscaping, feed, aquifer injection, and certain industries [54]. The major hurdles for the development and usage of
treated wastewater include social acceptance, psychological aspects, unavailability of necessary infrastructure for redistribution of
treated effluent, and religious issues. Options for the use of treated wastewater in the GCC countries include toilet flushing, air con-
ditioning, recreational purposes, fountains, fire extinguishing and some highly water-intensive industries, such as boiler feeding and
cooling [103]. Currently, huge volumes of treated and untreated wastewater are disposed into the sea. Major efforts are needed to raise
awareness among the public about the acceptance and safety of the use of treated wastewater. Farming communities may also need to
be encouraged to utilize sewage sludge instead of artificial manure, as it does not have harmful impacts on crops. Water distribution
costs can be significantly reduced by creating multiple sector-based decentralized treatment plants to treat and reuse the wastewater
where it is generated.

4.5. Virtual water

The term virtual water is defined as the total amount of water that is used to produce imported or exported products. Importing
countries usually have water scarcity and lack rain-fed systems, whereas exporting countries usually have abundant rainfall and
surface water systems [104]. The net virtual water traded is estimated by multiplying the unit water consumption of products by the
annual volume of crops or livestock imported based on a trade matrix [105]. Agricultural and industrial water demands can be
minimized through virtual water trades. For example, in 2000, Egypt’s maize imports saved approximately 2.7 BCM of water [106]. In
the GCC countries, water security is partially addressed through importing water-intensive agricultural and industrial products.
Although groundwater is heavily used to reduce dependence on foreign food items, the GCC countries marked the highest net im-
porters of virtual water.

Fig. 7 illustrates the total virtual water imports and water dependency ratio of individual GCC countries. A country’s water de-
pendency (defined as the ratio between external water footprint and total water footprint) represents an important factor in countries
water resources management. A higher value of water dependency (on a scale of 100) indicates a high dependence on the water
resources of other countries [107]. Fig. 7 shows that Saudi Arabia and UAE have the highest net imports of virtual water, with annual
net values of 17.1 and 11.95 BCM, respectively. However, Bahrain and Kuwait have the highest water dependency among the GCC
countries. The problem is further confounded by the fact that the internal water footprints are met largely through energy-intensive
desalination and non-renewable groundwater. The demand for water in the GCC countries is increasing, with a proliferation of in-
vestment in supply capacity to meet the growing demands.
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[109] elaborated that the cost of the long-distance water transfer would be in the range of 0.83 US$ per cubic meter and may reach
up to 2.35 US$ when sustainability considerations are considered. On the other hand, the cost of seawater desalination has dropped
from 5.5 US$ in 1979 to less than 0.55 US$ in 1999 using the RO technology. Therefore, while the concept of virtual water through
importing high water consumption crops, the concept of long-distance water transfer (import water from other countries) might not be
feasible.

5. Impacts of climate change

The GCC countries have a fragile desert environment. They hold 49.6% and 29.1% of the global oil and natural gas reserves,
respectively. The success of climate mitigation and adaptation plans in the GCC countries is dependent on their ability to shift toward
renewable clean energy sources such as solar and wind. The rapid increase in population and notable improvements in living standards
have imposed additional demands for water and energy, specifically during summer seasons. Significant subsidies on water and energy
consumption are provided. As a result, it is estimated that GCC countries are emitting CO2 higher than the average per capita in the
world. This includes other industries and transportation emissions and is not limited to desalination [110]. Table 6 provides the current
and historical trends of GHG emissions in the Arabian Gulf region. Saudi Arabia is ranked highest among the GCC countries in GHG
emissions, with 660 million tons/year (Mt/year), followed by the UAE and Qatar, with 260 (Mt/year) and 250 (Mt/year), respectively.
It is estimated that GHG emissions in the GCC countries increased by 121% from 1994 to 2005. The highest emissions have been
observed in the industrial sector, with approximately 174% resulting from energy generation. Internationally, the three main sources
of GHG emissions include industries, transportation and electricity and water generation. The contribution of each to the total
emissions varies from one country to another.

Global climate change simulation models exhibited significant average warming trends in the GCC countries, with an increase of
0.81 °C per decade in UAE, 0.57 °C in Kuwait, 0.65 °C in Qatar, and 1.03 °C in Oman, considering the period from 1960 to 2010. In
addition, an overall decrease in total annual precipitation of approximately 19.1 mm was observed in the AP during the same period
[112]. An increase in warm days and a decrease in cold days and nights were also observed throughout the entire peninsula during the
period 1960-2003 [113]. A study on heat wave extremes in GCC countries indicated that the intensity of these waves might reach
beyond human survival by 2070 if no mitigation measures are implemented [114]. Similarly, the IPCC fifth assessment report indi-
cated that coastal areas might be subjected to land submergence due to sea level rise [112].

Climate change may cause adverse impacts on water resources in the GCC countries. The expected environmental impacts would
lead to groundwater depletion and salinization. For example, the Dammam aquifer (a shared aquifer by all GCC countries) might be
depleted due to the expected reduction in rainfall and recharge and the increase in groundwater pumping. This raises concerns
regarding the sustainability of groundwater resources in GCC countries [115]. As such, the desalination of seawater and brackish
groundwater resources and the reuse of treated wastewater represent a feasible alternative to meet the increasing water demands
under the conditions of climate change. On the other hand, the discharged brine water of the desalination plants has adverse impacts
on the environment. It lowers the dissolved oxygen concentration and endangers the coral reef, fish spices and other marine life [116].

The increase in temperature due to climate change will lead to water losses and high evaporation. However, there is a high un-
certainty regarding the magnitude of future changes in rainfall [117]. reported that climate models are projecting hotter, drier and less
predictable climate, resulting in a drop-in water run-off by 20-23% in most MENA regions by 2050, mostly due to rising temperature
and lower precipitation. Predictions reported that under the conditions of climate change, the overall groundwater recharge is ex-
pected to reduce by 5%-15%, but there is a high level of uncertainty associated with these values [57] The effects of climate change on
groundwater include, a long-term decline in groundwater storage, increased frequency and severity of groundwater droughts,
mobilization of pollutants due to seasonally high rainfall events, and saline water intrusion in coastal aquifers due to seawater level rise
and recharge reduction.

The global shift toward renewable energy resources and low carbon economy provides opportunities for GCC countries to seek new
economic positions by investing in the clean energy market [118]. Although fossil fuels still represent the main driver for the
development, there is a clear shift toward the use of solar, nuclear and other sources of energy that minimize the emission of
greenhouse gases. The GCC countries are committed to the Paris Agreement, and there is growing interest in studying the status of
climate change in the region and its possible impacts. The governments of the GCC countries implemented a number of measures for
assessment, mitigation and adaptation of the impacts of climate change.

The UAE established its green economy strategy for a sustainable future in 2012 [118]. The Emirate of Abu Dhabi aims to add 7% of

Table 6

Trends of GHG Emissions (million ton/year) in GCC Countries.
Year UAE Saudi Arabia Oman Kuwait Bahrain Qatar
1990 70 190 15 46 14 60
1995 91 260 19 57 18 76
2000 110 290 27 78 24 100
2005 160 370 33 110 30 150
2010 210 520 52 130 39 200
2016 260 660 76 159 47.1 250

Source [111]:
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renewable energy in the system as a part of Integrated Energy Strategy 2030. A huge nuclear power plant with four reactors has been
installed in the Baraka area, Abu Dhabi. The Plant’s four APR1400 design nuclear reactors will supply up to 25% of the UAE’s
electricity needs once fully operational. Saudi Arabia has taken measures to minimize the impacts of climate change on water
availability by using a high-efficiency irrigation system in 66% of the country’s irrigated areas and encouraging farmers to use treated
wastewater as an alternative source for groundwater [119]. A number of desalination plants are operated using solar energy [120].

The Government of Bahrain implemented certain measures to reduce the adverse impacts of climate change by following Kyoto
Protocol, 2006, and the Statute of IRENA (the International Renewable Energy Agency). A National Authority has been established to
use clean energy sources in future water projects. Kuwait has recently witnessed substantial growth in water and energy demands and
is considered the world’s third largest emitter of CO5 [91]. The Kuwaiti Government has ratified the Kyoto Protocol 2006 and Paris
Agreement to minimize the impacts of climate change. Mitigation and adaptation measures are considered, and renewable energy has
been integrated into water-energy sectors. A comprehensive framework for socioeconomic sustainability was also prepared [121]. The
2035 vision of Kuwait indicates that 15% of energy sources should come from renewable energies by 2030 [122].

The Omani government prepared the National Water Resource Master Plan considering the impacts of climate change to meet
rising water demands. Regulations have been set to achieve conservation and sustainable utilization of water and energy resources
[123]. Although Qatar has doubled its desalinated water production since 2005, the country is still facing challenges in satisfying its
demands. The increase of water and energy demands, under the influence of climate change, has a negative impact on country’s
economy. A number of studies have suggested utilizing concentrated solar power systems (CSP) and photovoltaic (PV) systems as
renewable energy resources due to their suitable meteorological conditions [124,125].

6. Water resources challenges in the GCC countries

The annual natural water deficit in the GCC countries is estimated as 20 BCM. This deficit in the water budget is bridged by
overexploitation of groundwater resources, installation of expensive desalination plants for municipal uses, and limited reuse of
treated wastewater in the agricultural sector [126]. The Key challenges pertaining to water resources of GCC countries include.

1. The scarcity of water resources continues to increase over time due to population growth, agricultural practices, and general
aridity.

2. Inefficient use of water in the domestic and agriculture sectors (high per capita water use, leakage from the distribution network,
wasteful use in agriculture and archaic irrigation methods).

3. Rampant overuse of the groundwater resources leads to quality deterioration and introduce a variety of negative effects on

ecosystems.

. Negative impacts of climate change on already stressed water resources under the prevailing of extreme weather conditions

. Acceleration of seawater intrusion in coastal aquifers due to excessive pumping.

. Lack of groundwater recharge due to scarcity of rainfall and clogging of recharge ponds.

. Leakage of contaminants from various industrial and domestic sources.

N O U A

Considering above, it is concluded that the main water resources challenges are the scarcity of rainfall associated with the absence
of surface water resources as well as the overuse of the non-renewable groundwater resources. Despite such limitations, the per capita
use of water in the GCC countries is relatively high as compared to other countries in humid areas. These sustained problems have
ramifications on the socioeconomic progress of the GCC countries and place a significant financial strain along with a detrimental
effect on the environment. If the current groundwater pumping continues, its quality will deteriorate, and it might not be suitable for
the different uses.

Most GCC countries depend heavily on non-renewable fossil groundwater, and the challenge of "sustainability" of non-renewable
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Fig. 8. GCC Water demand Forecast 2011-2050 km3/year [127].
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resources requires special attention. Currently, the water challenges in the GCC countries are commonly addressed through the
management of the supply side rather than demand side. Another key problem is that, despite the GCC countries’ current and projected
reliance on desalination to supply residential and drinking water, desalination is considered an imported technology, with limited
effort to develop these technologies within the region.

7. Future assessment and management for the year 2050

The future water demands of the GCC countries, based on current trends and projections, are shown in Fig. 8 [127]. Water shortages
are expected to increase as a result of the increased demands and limited renewable supplies. Water resources from groundwater,
desalination plants, and reclaimed wastewater are insufficient to meet the expected demands. The expected increase in domestic and
industrial needs during the next 30 years necessitates the construction of additional desalination and wastewater treatment plants.

The water supply limitations and the increase in the water demands in all countries of the AP require the implementation and
enhancement of water management practices and investment in efficient low-cost water desalination and wastewater treatment
technologies [128]. The efficient management of water resources in GCC countries may include, among others, supply and demand
management, surface water harvesting, augmentation of groundwater recharge, treatment and full utilization of wastewater,
strengthening institutional arrangements and capacity building, and integrated plans to formulate and implement water policies and
strategies. The feasibility of the implementation of improvements and studies related to cost-benefit analysis vary significantly from
one country to another based on the specificity of each country, including local hydrology and hydrogeology, topography, water
consumption per sector, available infrastructure, desalination and wastewater treatment plants, level of current government subsidies
and others.

To meet the anticipated future water shortages, the GCC countries need to address three major challenges that will ultimately lead
to sustainability. These challenges include optimum management of current and future water demands, strengthening the institutional
framework, and increasing the water supply. A possible framework to address the future water challenges in the GCC includes the
following.

7.1. Regulation of tariff structure

The regulations of water and wastewater tariffs represent a critical element in water demand management. The GCC governments
are currently providing high subsidies for delivery and consumption of water and specifically for domestic and agricultural uses.
Excessive water consumption by different users has a negative impact on water conservation and management policies. Therefore,
appropriate water and wastewater tariffs may need to be imposed gradually to allow for the recovery of a major portion of investment
while providing affordable water to all citizens. Fig. 9 shows the relationship between gross domestic product (GDP) and water tariffs
in GCC countries and other developed nations.

7.2. Behavioural change

Extensive awareness campaigns and programs for different water users need to be implemented to prompt the behavioral change of
consumers to value the water and avoid the wasteful use of potable water. Drinking and desalination water should not be used for other
purposes, such as irrigation of backyards and care washing, where less quality water might be used.

Although several GCC ministries and water authorities have initiated such awareness activities, including advertisements, media
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campaigns, water days, and in some cases the distribution of efficient water fixtures, the outcomes are still not satisfactory. Educational
programs at the different levels in schools and universities may need to be revised to include materials related to water resource
conservation and sustainability. Incentives may need to be provided to promote water conservation practices.

7.3. Water use efficiency in agriculture

The agriculture sector in the GCC countries consumes more than 80% of the total available water resources, with highest con-
sumption in Saudi Arabia, United Arab Emirates and Oman. In the meantime, the contribution of the agriculture sector to the economy
is rather limited except for Saudi Arabia, in which the gross domestic product (GDP) contribution from the agricultural and fishery
sector exceeded 17 billion $US in 2017. During the last two decades of the twentieth century, Saudi Arabia allowed the agriculture
sector to consume large volumes of fossil groundwater to achieve food security. Vast areas were cultivated with wheat and other high-
water demand crops. This has resulted in the depletion of major non-renewable groundwater reservoirs in Saudi Arabia. The water use
efficiency in the agriculture sector is relatively low compared to other parts of the world due to extreme climatic conditions, high
evaporation rates and less availability of monitoring practices in irrigation systems. Therefore, the GCC countries are currently
focusing on reducing irrigation consumption by using efficient, precise, and smart irrigation systems for water conservation, sub-
surface irrigation and the use of soil additives to improve the soil characteristics. Fig. 10 provides the percentage of water consumption
in the agriculture, domestic, and industrial sectors.

Recently, several GCC countries started to implement strict regulations to reduce water consumption in the agriculture sector. For
instance, the Saudi Food Authority banned the cultivation of wheat in 2016 to conserve non-renewable groundwater resources. Abu
Dhabi Food Control Authority, UAE, decided to replace rhodes grass with more water-efficient crops, such as buffelgrass. Several GCC
countries are moving toward virtual water trade, i.e., acquiring agricultural lands in developing countries to conserve their own
limited water resources. Table 7 provides land investment initiatives of GCC countries.

7.4. Supply side management

Supply-side management involves maximizing the usage of all available renewable water resources by constructing dams across the
main wadis for water harvesting, flood prevention, and domestic and agricultural uses. Dams are also used for recharging groundwater
resources if there is no direct use of the collected water after rainfall events. It is also important to identify communities and sectors
whose water demands remain steady throughout the year and to build treated wastewater plants near such areas to reduce trans-
portation costs.

Wastewater treatment plants (WWTPs) would be most efficient if large volumes of wastewater are collected from relatively small
areas and the treated wastewater is reused in the same areas. A good example for efficient WWTPs can be seen in Dubai, UAE, where
approximately 95% of the collected wastewater is treated and reused in the city. The other supply side management is related to
minimizing the losses from water distribution networks. During the last decade, major projects have been implemented in the GCC
countries to rehabilitate and upgrade water distribution systems. Monitoring devices have been installed to detect any leakage from
water networks. This has significantly reduced the water losses.

Managed aquifer recharge (MAR) technology and its derivatives Soil Aquifer Treatment (SAT) and Aquifer Storage and Recovery
(ASR) represent a new technique for supply side management [63,73,82]. A number of GCC countries started to investigate the use of
MAR/SAT/ASR to improve water supply management and sustainability, including small- and large-scale flood capture and banking
(MAR and ASR), tertiary wastewater treatment through SAT, and banking of desalination water in brackish aquifers (ASR).

The UAE has one of the world’s largest operational ASR facilities, which is located in the Liwa area, Abu Dhabi Emirate. The surplus
of desalinated water is infiltrated into the aquifer system through subsurface pipes to eliminate evaporation losses. The project aims to
recover freshwater with a total dissolved solids (TDS) of approximately 400 ppm from more than 300 wells. It represents a benchmark
for water management in desert regions and is set to redefine ASR international standards.
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Table 7
GCC land investment in other countries for agriculture purposes [129].
Investor Host Countries Crops Grown Area (Ha)
Countries
UAE Romania, Pakistan, Indonesia, Tanzania, Potato, citrus, fodder, rice, sugarcane, alfalfa, cereals, cotton, 188,27,39
Ghana, Sudan, Namibia, Egypt, Algeria, Morocco sunflower, peanuts and sorghum
Saudi Arabia Philippine, Mali, Russia, Sudan, Pakistan, Zambia, Wheat, soybean, poultry items, mango, vegetables, banana, rice, 1,713,357
Argentina, Nigeria and Ethiopia fodder and pineapple
Oman Philippine Rice N/A
Bahrain Philippine Rice and Banana N/A
Kuwait Philippine, Cambodia and Load Rice and maize N/A
Qatar Australia, Sudan, India, Pakistan, Brazil Vietnam, Ghana, Poultry items, meat, wheat, barley, rice, cereals and citrus 642,630
Cambodia

7.5. Research and development

Research activities contribute to availability and sustainability of water resources. In the 1970s, when desalinated technology was
introduced at the commercial scale, the cost of producing one cubic meter was US$ 5.5 compared to the current cost of less than US$ 1.
However, further research is needed to reduce the energy consumption in desalination plants and solve problems related to membrane
clogging. The use of renewable energy in desalination will resolve problems related to high emission of greenhouse gases from
desalination plants. Significant research is currently in progress to improve the efficiency and reduce the cost of desalination plants
incorporating hybrid systems and using solar energy. On the other hand, the current research and developments in treated wastewater
technologies for municipal use and irrigation offer great opportunities to reduce the burden on other water resources. Similarly, the use
of geothermal and solar energy will help reduce the cost of desalination and water treatment, and hence, nonconventional water
resources will most likely become more dominant in the GCC countries during the coming two decades. Other ongoing innovative
research includes cloud seeding to enhance rainfall and water harvesting from atmosphere.

7.6. Potential economic, social and political Constraints

A number of economic, social and political limitations might hinder the proposed framework and initiatives to resolve water re-
sources challenges in the GCC Countries. The cost of producing freshwater through desalination is high as compared to other con-
ventional water resources and in some cases may have undesirable environmental impacts in relation to disposal of brine water.
Surface water harvesting would also require construction of huge dams and infrastructure and would require high investments,
operational and maintenance cost. In addition, due to the flat nature of vast areas in the GCC Countries. Due to the lack of natural
recharge, fresh groundwater resources might also be encountered hundreds of meters below the ground surface. In addition, the
groundwater in coastal aquifers is subjected to seawater intrusion problem and possible deterioration due to climate change impacts.

The rapid population growth and the remarkable increase of foreign professionals and skilled labours continue to exert pressure on
the limited available freshwater resources. High living standards and the excessive use of water to develop vast areas of green zone in
the major cities and housing compounds may continue to pose a challenge for water conservation plans. In most GCC countries, the
water is heavily subsidized by governments and the consumers pay less than half of its actual cost. Increasing the water tariffs might
not be easily acceptable by the population.

The GCC Countries share the same aquifers and both surface and groundwater resources are transboundary in nature. However,
water policies, regulations and price differ significantly from one country to another. In most cases, relevant water data, including
groundwater levels and quality, groundwater pumping, aquifers characteristics and hydrological properties, rainfall intensities and
durations, and others, are not fully shared among the water authorities in the different countries and hence hindering the proper
planning and management of the water resources. Overall, a unified vision and approach might be needed to address water resources
management and sustainability in the GCC Countries.

8. Conclusions

This paper provides a comprehensive review and assessment of water resources availability and demands of the different sectors in
the GCC countries. The AP covers an area of 2.8 million km?, with Saudi Arabia occupying 85% of this area. Based on the 2020 records,
the population of the GCC countries was estimated at 57.38 million. Freshwater availability constitutes the main challenge to the
sustainability of current economic prosperity. Various factors contribute to the limited availability of water resources, including
scarcity and randomness of rainfall, limited natural recharge of aquifers, population growth, increase of living standards, increase of
industrial water demands, wasteful use of water in the agriculture sector, and climate change.

The total renewable surface water resources in the GCC countries are estimated at 3.95 km?, including 2.4 km? in Saudi Arabia, 1.4
km? in Sultanate of Oman, and 0.15 km® in UAE. The three countries have 578 dams with a total capacity of 1.155 BCM. The total
surface water resources in Bahrain, Kuwait and Qatar is mostly insignificant (less than 0.075 km?>). Due to the flat topography, the
three countries have no dams.

The total storage of potable groundwater resources in the shallow aquifers of GCC countries and Yemen is estimated to be 131 BCM;
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however, the annual recharge is on the order of 3.5 BCM. The water storage in the deep aquifers of the GCC countries (mostly in Saudi
Arabia and the Sultanate of Oman) is estimated at 2175 BCM with a possible annual recharge through outcropping areas of 2.7 BCM.
Groundwater resources in deep aquifers are overexploited and are subjected to quality deterioration. The aquifers of the GCC countries
are, in most cases, transboundary and represent shared resources.

Thermal, membrane and hybrid desalination technologies are used in GCC countries. The total capacity of the desalination plants in
the GCC countries is 26.4 million m®/day, of which Saudi Arabia and the UAE contribute approximately 20 million m®/day. Desali-
nated water is mostly used for municipal, industrial and tourist activities, while limited amounts are used for power generation,
military and irrigation activities. The GCC countries produce approximately 4000 MCM of wastewater per year, while the total ca-
pacity of treatment plants is on the order of 3675 MCM/y. Although tertiary treated, significant amounts of treated wastewater are
disposed to the sea. Saudi Arabia and the UAE have the highest net imports of virtual water in the GCC countries, while Kuwait and
Bahrain have the highest dependency on virtual water. Limiting the cultivation of water-intensive crops and increasing imported crops
and livestock would help achieve water sustainability in the region.

Due to high dependency on fossil fuel, the emission of greenhouse gases has increased significantly during the last few decades. This
has been associated with an increase in temperature and a decrease in annual precipitation. Low land coastal zones might be subjected
to submergence due to sea level rise. However, the current shift toward renewable energy and low carbon industry provides feasible
mitigations for undesirable impacts of climate change.

The water demands in the GCC countries will continue to increase. To meet the anticipated water challenges, the current water and
wastewater tariffs may need to be reviewed to ensure the recovery of investments on the long term. Water losses from networks should
be eliminated. Extensive awareness campaigns and educational programs need to be initiated to promote behavioural changes to
eliminate wasteful use of water. The agriculture sector consumes more than 80% of the available water in the GCC countries, and hence
water conservation in the agriculture sector has the highest priority. The use of efficient, precise and smart irrigation systems will help
achieve water conservation and sustainability.

Enhancing water harvesting and groundwater recharge from rainfall events will contribute to water availability in the region.
Implementation of managed aquifer recharge projects, where the excess of rainfall, desalination, and treated water can be stored and
recovered during drought periods, may need to be considered at a larger scale. Further research is needed to reduce energy con-
sumption in desalination plants and increase the use of solar, nuclear, and geothermal energy in desalination and water treatment
plants.
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