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Abstract: Groundwater and harvested rainwater represent the only conventional freshwater resources
in the United Arab Emirates (UAE). Groundwater resources in Wadi Al Bih, UAE, are sustainable due
to the low exploitation rate for domestic and agricultural purposes. Thus, the groundwater depletion
in this area is far less than in other parts of the country. The Wadi Al Bih area is very important
for achieving water security in UAE. Therefore, the possible measures of increasing groundwater
recharge (e.g., managed aquifer recharge (MAR) methods) are investigated in this paper. The available
water resource data were collected, reviewed, validated, and stored in a GIS database. Then, a GIS-
based water budget model (WBM) was developed to evaluate the available groundwater resources in
Wadi Al Bih and recharge sources. The analyses showed that only 49% of the accumulated rainwater
behind the dam is recharging the underlying aquifer. Due to the absence of any direct recharge
techniques, the remaining 51% is lost by direct evaporation (15%), and as soil moisture increases in the
unsaturated zone (36%), it will subsequently evaporate or percolate depending on the precipitation
pattern and air temperature. The results of the WBM indicated that the freshwater resources were
decreasing at an alarming rate of approximately thirty-five million cubic meters (MCM) per year until
2019. The groundwater storage and salinity were governed by the rates and patterns of precipitation.
For example, the recharge resulting from the two consecutive maximum monthly precipitation events
in December 2019 and January 2020 has significantly increased the fresh groundwater reserve and
slightly retreated the saline/brackish water toward the shoreline. Moreover, a Mann–Kendall trend
analysis was conducted to assess the influence of precipitation, temperature, and evaporation on
groundwater recharge. The outcomes suggested that climate variables had a significant effect on
groundwater supplies. The mitigation measures include revising groundwater withdrawal rates
based on the annual recharge and enhancing recharge using different MAR techniques and dam
operation plans.

Keywords: groundwater storage and recharge; climate change impact; water budget model; climate
change; Wadi Al Bih; United Arab Emirates

1. Introduction

United Arab Emirates (UAE) has limited conventional renewable water resources. The
rampant increase in groundwater exploitation has caused a decline in the groundwater
levels of the Quaternary aquifers. The groundwater depletion problem is aggravated by
the prevailing drought conditions and climate change [1]. Several recharge dams were
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constructed in the main to augment the groundwater recharge of the upper aquifer. The
local groundwater recharge is reflected through the water table rise in nearby observation
wells. However, as the floodwater is detained, the sediments settle down, causing the
pore spaces to clog in the upper layers of the reservoir subsurface. While the deposition of
silts and sediments on the reservoir bottom leads to a reduction in infiltration rates and
storage volumes, it also contributes to the increase in evaporation rates. Recent studies
indicated that due to the clogging problem, only 7–49% of the accumulated surface water
in the ponding areas behind dams in the UAE reaches the target aquifer depending on
the physiographic conditions and precipitation pattern [2,3]. Before the construction of a
desalination plant in 1998, groundwater abstraction was the only source of freshwater for
domestic use in the city of Ras Al Khaimah, UAE. Fresh groundwater resources in the Wadi
Al Bih catchment (Figure 1) are still used for the partial domestic supply of the city and
continue to represent the source of water security for the city and its surrounding suburbs.
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Figure 1. Location map of the Wadi Al Bih area showing the catchment, drainage pattern, fracture–
fracture and fracture–drainage intersections, dams, farms, water budget model grid, and recharge
percentage from rain for each grid cell.

Climate change will have adverse impacts on water resource availability, agricultural
production, precipitation patterns, human health, and biodiversity [4,5]. The impacts
on water resources include an increase in crop irrigation requirements and a decrease
in groundwater recharge. In the long term, there might be a decline in groundwater
recharge; however, extensive rainfall variability could cause regular and protracted periods
of low or high-water levels. Climate change affects not only groundwater quantity but
also groundwater quality. A review paper on regional atmospheric and water modeling
qualitative research [6] indicated that summer and winter temperatures in the UAE might
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increase up to 2 ◦C to 3 ◦C, and agricultural water use may increase due to the resulting
increase in evaporation in the UAE [3,7,8].

Under climate change, sea level rise may lead to saltwater intrusion into coastal
aquifers, affecting groundwater quality in the western part of the Wadi outlet area. Once
the saltwater has intruded into the fresh groundwater water system, it is difficult to remedy
groundwater.

Planning is going on by water authorities in the UAE to mitigate the negative impacts
of climate change in many ways. This includes the improvement of the dam’s management
in the country and introducing the possible managed aquifer recharge methods to minimize
the evaporation component as much as possible to increase the recharge percentage from
the accumulated water behind dams and increase rainfall events by cloud seeding. With
this goal in mind, the present study aims to:

1. Develop a local-scale GIS-based groundwater budget model (GWBM) for the Wadi Al
Bih area to determine the available groundwater resources;

2. Estimate the other sources of groundwater recharge, such as internal flow and
return flow;

3. Determine the influence of rainfall, temperature, and potential evaporation on total
groundwater storage in the Wadi Al Bih area.

2. Materials and Methods
2.1. Site Description
2.1.1. Location

Wadi Al Bih is one of the large valleys in the northern emirates of the UAE. It consti-
tutes a vast network of valleys having a land area of 470.58 km2 (Figure 1). The catchment
area of Wadi Al Bih is divided into a) the UAE part (172.32 km2) and b) the Oman part
(298.26 km2). The alluvial fan area is 60.52 km2, which lies totally within the UAE. The
maximum elevation in Wadi Al Bih is 2087 m above mean sea level (AMSL). Burairat is at a
minimum elevation (65 AMSL) and is located close to the outlet. The catchment has very
little vegetation, and the topography is very rugged, having steep slopes (average gradient
is 1:250).

Geologic structures usually govern the well-developed drainage net of the Wadi Al-
Bih. The hydrologic evaluation reveals a higher degree of flash flood hazards despite the
moderate nature of the Wadi Al Bih drainage. The Al Bih dam was constructed in 1983
and is situated at an elevation of 110 m above mean sea level. The length, height, and total
capacity of the dam are 160 m, 18 m, and 7.8 MCM, respectively. The total capacity of the
dam has been increased to 10 MCM by drilling one deep pond (300 m × 300 m × 25 m)
in the main dam reservoir area. The dam has largely contributed to minimizing the
flashfloods and enhancing the potential of groundwater recharge in the surrounding areas.
The accumulated volume of surface water behind the dam is a function of the precipitation
volume and pattern.

The average total annual precipitation in the period 1980–2015 ranged from 110–150 mm
(Figure 2a). While in an average wet year, such as the water year 2019–2020, it ranged from
140–350 mm/year (Figure 2b). In that year and in almost the whole area, the total annual
precipitation was 2–3-fold its average value. The amount of rain that can fall in a single storm
may exceed the total rainfall of a dry year (e.g., 35.80 mm in 1984). The Abu Dhabi Global
Environmental Data Initiative (AGEDI) (2015) also documented that under climate change,
rain events will be more intense but with longer dry spells. This may be due to the influence
of warming in the air [9]. Warm air holds more moisture and, as a result, more evaporation
and vapor condensation. Thus, when a rain event occurs, it will be more extreme due to
added moisture [10].
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2.1.2. Geological Setting

The geology of Wadi Al Bih infers that Permian Early Triassic dolomites and dolomitic
limestones of the Russ al Jibal Group are predominant around Wadi Al Bih (Figure 3). The
existing drilling data of nine monitoring water wells was exploited to illustrate various
subsurface geologic cross-sections (an example is shown in Figure 4). In addition to the
available drilling information, several geoelectric cross-sections based on the results of
geophysical data from time-domain electromagnetic (TDEM) and earth resistivity imaging
surveys [11,12] were also used to approximate subsurface stratigraphy in the area where
no drilling information was available. The alluvial cover generally differs in thickness
but most of the time exceeds 80 m and is comprised of two units. Loose superficial Wadi
gravels make up the upper unit and have thicknesses ranging from 15 to 20 m (yellow color
in Figure 3). The lower unit is comprised of debris in size varying from gravel to boulder
and is partly cemented by calcite and silica (orange color in Figure 3). The depth of this
base layer ranges from 80 to 160 m below ground level over the Wadi Al Bih area (orange
color in Figure 4). This layer can be considered a transition zone between the base sequence
of the alluvial gravels and the weathered top surface of the limestone basement (Figure 4).
The sediments in the Russ al Jibal Group were accumulated on the Arabian continental
margin and can be classified into the following (Figure 4).

• Ghail Formation (blue color in Figure 4): The age is Triassic. The environment of
deposition is thought to be in the tidal zone, conforming to dolomite deposition in
the present-day sabkhas in the Emirates. The formation consists of a thick fractured
dolomitized limestone and represents the upper layer of the deep aquifer.

• Hagil Formation (light green color in Figure 4): The Hagil Formation agreeably overlies
the Bih formations having lithology of light-colored, fine-grained argillaceous.
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• Limestone with shale separations and sporadic shale beds, dolomitized limestone, and
slight oolitic limestones. This formation age ranges from the late Permian to the Early
Triassic. From the structural point of view, the eastward-dipping dolomite close to the
main dams constitutes some eastern limb portions of the anticline, which plummets to
the south [11,13].

• Bih Formation (light brown color in Figure 4): Age-wise, the Bih Formation is Permian
and has a thickness ranging between 200 m and 650 m [11,12].
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2.1.3. Hydrogeological Setting

The existence of rounded fragments and fracture zones in the caliper logs of some
wells (e.g., Well-RK-6) is considered an indication of the presence of karst features in the
Bih Formation. Lithological logs (e.g., RK-6) reveal that the carbonate sequence contains
groundwater underlying the dry alluvial gravels. Therefore, the upper part of the Bih
Formation, along with the overlying Hagil Formation, represents the most important
groundwater aquifer in the area, and its potential depends on the degree of karstification
(Figure 4). The thickness of the Wadi gravel and the weathered zone of limestone is
approximately 150 m. This means that the depth of the limestone bottom surface is
approximately 150 m from the ground surface in the area between the two dams. It is also
observed from the cross-sections that the limestone basement conforms with the surface
topography. Based on the above interpretation, the aquifer system in the Wadi Al Bih
Dam area can be divided into two subunits, namely, gravels and the underlying weathered
and karstified limestone, which have relatively good groundwater potential (Figure 5).
The gravel layer can be sub-divided into recent gravels (silty and sand gravel with some
cobbles), young gravels (silty sandy gravels with plenty of cobbles and boulders, and old
gravels, which are silty sandy gravels with many cobbles and boulders that are weathered
and cemented. The hydraulic conductivity values of the unconsolidated recent and young
gravels tend to be very high, typically 0.86 to 86 m/day, and a specific yield of 0.15–0.22 [12].
Hydraulic conductivity of the old gravels with evidence of cementation where its value
ranges between 0.0086 m/d and 0.086 m/d. In the uncemented gravels, the primary
porosity is very high. Where the gravels start to become slightly cemented, fissures may
occur, and these fissures could be important.
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2.2. Data Collection

The primary data were collected from several authorities, organizations, and previous
studies [11,12,14,15]. The geological maps of the Northern Emirates, 8 lithological logs of
wells with a maximum total drilled depth of 200 m below the ground surface, available
subsurface geological sections, and several newly constructed subsurface geological cross-
sections were validated before storage in a GIS database to facilitate spatial and temporal
analysis using the groundwater budget model as input. In addition, several hydrogeo-
logical and geophysical investigations were conducted in the Wadi Al Bih area [11,12,14].
These studies have documented detailed data on geoelectrical cross-sections, geophysical
and lithological logs, sub-surface geological cross-sections, types of the aquifer and their
geometric settings, water-table elevation records, and pumping tests. Ten monitoring wells
are available with all the lithological logs and drilling details. These wells cover the majority
of the Wadi Al Bih area (green squares in Figure 5), and all of them have been constantly
used to examine water table elevations (an example is shown in Figure 6) and groundwater
quality since 1988. Climate change affects the groundwater system in many ways [16]. In
hydrological cycle terminology, climate change affects soil infiltration, percolation, deep
percolation, and, thus, groundwater storage. The increase in evaporation due to higher
temperatures also limits recharge. Thus, to assess the effect of these major variables, such
as rainfall, temperature, and potential evaporation (due to the non-availability of in situ
evaporation data), we obtained the potential evaporation data from [17] and the rainfall
and temperature data from the National Climate Meteorology (NCM), UAE rain gauge
network. NCM gauges measure rainfall electronically with a threshold of 0.2 mm. The
groundwater recharge estimation was performed based on a water budget model approach.
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Figure 6. Water table fluctuations in monitoring well (BIH-1) to variations in the total monthly
precipitation.

The updated and validated water resource data for Wadi Al Bih were saved in a GIS
database. The database includes thematic layers for each parameter (e.g., topographic
elevation (m, AMSL); average annual total precipitation (mm); water table elevation (m,
AMSL); water table depth (m, AMSL); Sy (%); hydraulic conductivity, K (m/d); aquifer
base elevation (m, AMSL); soil type; land use; water infrastructure; geological units and
structure; groundwater potentiality; aquifer type; total dissolved solids (TDS) of 1969, 2005,
2015, and 2020 (mg/l); etc.). Considering the spatial location, all the layers were merged
into a distinct layer with a single table of attributes (each parameter having one column).
Supplementary features were incorporated for saturated thickness and groundwater stor-
age (in 1969, 2005, 2010, 2015, and 2020) to calculate the groundwater storage of each water
type (fresh/brackish/saline) for the study area. The above process was accomplished using
the querying modules of the Geomorphological Information System (GIS) environment.
This thematic layer helped to produce a raster map of each parameter for the Wadi Al
Bih area.

2.3. Variogram Testing

The UAE part of Wadi Al Bih was divided into a grid of equal squares with an area of
1 km2 (Figure 1). The Kriging technique with the appropriate variogram models was used
to assign the values of aquifer base elevation, water table elevation, and saturated thickness
(in 1969, 2005, 2010, and 2015), safe yield (sy), and groundwater salinity for 1969, 2005, 2015,
and 2020 (Figure 7) for each of the 229 grid cells (Figure 1). Sy for the Quaternary aquifer
in the study area was calculated from the pumping test experiments for nine wells. An
exact/approximate interpolator was implemented by the gridding techniques based on the
goals of the study. A suitable variogram model was selected to fit the Kriging method to the
observed data (Figure 1). This step was done to avoid the under or over-estimation of the
parameters at any cell by utilizing suitable control points (e.g., constant salinity points in
the Arabian Gulf). The variogram testing and stochastic modeling process were repetitively
used with each parameter to prevent the requirement for sensitivity analysis.
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2.4. Water Budget Model

A GIS-based water budget model (WBM) was developed to estimate the total water
storage using Equation (1). This was primarily to evaluate the status of groundwater
resources and recharge sources in the Wadi Al Bih area to provide a quick decision on
the future impacts of changes on these groundwater resources and to determine feasible
managed aquifer recharge (MAR) techniques to increase the current dam efficiency (49%).
Groundwater storage at each grid cell is calculated as follows:

GWVi,j = Speci f ic Yield o f celli,j × Areai,j × Saturated thicknessi,j (1)
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where GWVi,j is the groundwater storage in grid cell (i, j) for which the aquifer storativity
and saturated thickness are predetermined and stored in the GIS database. Groundwater
storage in the Quaternary aquifer (GWV) in the Wadi Al Bih area is equal to ∑i ∑j GWV(i,j).

2.5. Groundwater Recharge Estimation

Numerous techniques, including the Water Table Fluctuation Method (WTF), the
Potential Method, and numerical methods, can be used to estimate recharge depending
on the data that are available and the site conditions. However, choosing one of these
techniques over another is not always easy, so it is advised to use several techniques to
lower uncertainty. In unconfined aquifers, for instance, WTF is frequently used to describe
short-term water level rises caused by recharge water entering the water table following
each storm [3,18–20]. The safe yield value (Sy) and water table measurements’ precision
determine how accurate the estimate will be. The interpretation of pumping test data for
nine wells in the Wadi Al Bih area led to the calculation of Sy for the Quaternary aquifer [21].
The WTF method was employed in this investigation because the rate of precipitation was
sufficient to cause measurable changes in the height of the water table. The safe yield value
(Sy) was assigned to each grid cell utilizing the most advanced statistical software and
procedures, including variogram testing, in order to determine the recharge depth (hi). The
potential recharge % at each grid cell was calculated using an Analytical Hierarchy Process
(AHP) based on the lithology type, land use, geological features, and augmentation factor.

2.5.1. Water Table Fluctuation Method

Estimation of recharge rates is usually accomplished by considering groundwater
level-based techniques. This can be ascribed to the richness of existing groundwater level
data and the ease of approximating recharge values from temporal or spatial patterns
of groundwater levels. The WTF method is best applied for unconfined aquifers experi-
encing short-term water-level rises following each storm [18,19,22]. The WTF method is
primarily based on the assumption that an increase in groundwater levels in unconfined
aquifers is mainly because of recharge water reaching the water table [18,19,22]. Recharge is
calculated as:

R = Sy

(
dh
dt

)
= Sy

(
∆h
∆t

)
(2)

where Sy depicts the specific yield, water table height [L] is denoted by h, and t is time.
Moon et al. (2004) recommended a revised WTF technique to approximate groundwater
recharge by the following equation [23]:

Recharge f actor =
(

h1 + h2 + ......hn

P1 + P2 + ......Pn

)
; Sy =

(
∑ ∆hi

∑ Pi

)
(3)

where ∆hi is the water level rise for each time interval and Pi is the rainfall at each
time interval.

2.5.2. Potential Method

The current pressure on groundwater resources has indicated the need to accurately
estimate recharge to measure the sustainability of groundwater use in the Wadi Al Bih
area. Gross recharge is the amount of water that goes through the root zone and reaches
the water table plane, while the percentage of groundwater recharge that is not subject to
evapotranspiration is referred to as net recharge. The 1-D SVAT Model WAVES is commonly
used to simulate unsaturated zone water transport at various control points that include
the precipitation gradient across the area [20,24]. The potential recharge method is based on
applying the Analytical Hierarchy Process (AHP) for a reliable and feasible evaluation of
groundwater recharge potential [20,24]. Principally, the easiest method to estimate potential
(gross) recharge R is:

R = 0.01IpP (4)
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where IP indicates the percentage of infiltration (integers from 0–100) and P is the mean
yearly rainfall rate in millimeters. Equation (4) was slightly modified by [20,24] according
to the UAE environment and the limited database as follows:

Ri =

[(
Ii

Imax
RPmax

)
+ C f

]
× 0.00001Pi Ai (5)

C f = DIGS + GSS + LI + LU (6)

where Ri depicts the potential recharge volume (m3) for ith cell with an area Ai (1 km2).
While RPmax denotes the maximum reported natural recharge percentage, Pi is the mean
yearly rainfall rate at cell i (mm), Ii is the infiltration rate at ith cell, and Imax is the highest
infiltration rate registered for UAE in mm/hr. Cf constitutes the summation of the con-
tributions of the coefficients set, namely, ground surface slope (GSS), geological structure
(DIGS), land use (LU), and lithology and soil type (LI). Geo-potential maps were delineated
for mean annual rainfall, infiltration rate, soil types, and land use. Parameter values in
Equations (4) and (5) were assigned by using these raster maps.

2.5.3. Estimation of Return Flow from Irrigation

The irrigation return flow Rir is calculated to form the following empirical
relationship by [25,26].

Rir = (1 − EcEa)Qir (7)

where Qir indicates the gross irrigation water demand (cubic meters per year) known from
groundwater abstraction. The coefficients Ec (0.95) and Ea (0.9) are UAE conveyance and
application efficiencies, respectively [25]. After applying Ec and Ea, the equation becomes
Rir = 0.145 × Qir. Few studies reported a similar percentage of irrigation return flow to
the applied irrigation volume of approximately 15% [3,27]. However, a better estimation
of irrigation return flow can be made by using weighing lysimeters to determine the ‘net’
infiltration from irrigation and the amount of evaporation between irrigations.

2.6. Effect of Climate-Related Variables on Total Groundwater Storage

In hydrological cycle terminology, climate variables affect soil infiltration and, thus,
groundwater recharge. The increase in evaporation due to higher temperatures also limits
recharge [28,29]. To understand the effect of rainfall, evaporation, and temperature on
total groundwater storage, we applied the Mann–Kendall test [30]. The Mann–Kendall
test statistic is robust when dealing with time series with missing values and nonnormally
distributed data [31].

2.7. Water Security

There is no single worldwide definition for ‘water security’. In general, the water
scarcity/water security index (WSI) is defined to express how much available water is
taken up by the demand [32,33]. The commonly used water scarcity index (WSI) is de-
fined as the ratio of total water withdrawal (including both surface water and renewable
groundwater use for agriculture and livestock) to water availability (including aquifers
recharge) and considering environmental flow requirements [34]. In the calculation of
environmental performance indicators, in 2010, the UNDEP and Yale University used the
following procedure developed by (United Nations, 1997; Vorosmarty et al., 2000) [35,36]
for calculating the water scarcity index for each country (EPI 2010):

1. Calculation of the fraction of freshwater withdrawal from the renewable water available
(not including desalinated water or treated wastewater) using the following equation:

Freswater f raction =
Freshwater withdrawal

Renewable water available
(8)

The target for the fraction above is 0.4, based on expert judgment.



Water 2022, 14, 3448 12 of 23

2. Calculation of water overuse, derived by subtracting the target use fraction of 0.4
from the freshwater fraction.

Water overuse = Freshwater fraction − 0.4

3. Calculation of the overuse weight as a fraction of freshwater withdrawal from the
total water withdrawals.

Weight =
Freshwater withdrawal

Freshwater withdrawal + Desalinated water + treated wastewaster
(9)

4. Calculation of weighted overuse (final WSI indicator) as a product of water overuse
and overuse weight.

WSI = Water overuse * Weight (10)

However, several authors (e.g., Wada et al. 2011, Wada et al. 2014, Gain et al. 2016
to cite just a few) [34,36–38] modified Equation (10) to include common factors such as
availability, accessibility, affordability, quality, and safety.

WSIi =

(
Ww,i

Aw,i − Ew,i

)
(11)

where Ww,i is the water withdrawal, Aw,i is the water availability, and Ew,i is the envi-
ronmental flow requirement. Considering these key aspects and the absence of perennial
surface water resources in UAE as an arid country, ‘water security can be defined as the
conditions in which enough water resources (conventional and non-conventional) are
available and accessible of adequate quality. Due to the absence of environmental flow
requirements in UAE, they were not considered in the WSI calculation, and its term was
eliminated from the denominator of Equation (11). Additionally, due to the absence or
incompleteness of monthly data, the stress is evaluated annually, considering only the
annual variability in water withdrawal, availability, and quality using Equation (12).

WSIi =

(
Ww,i

Aw,i

)
(12)

With the water budget net with a one-kilometer interval, the stress was calculated
differently depending on the land use. For example, in agricultural areas (the most water-
stressed areas in UAE), the denominator of Equation (12) was changed three times. The
available water resources were set to equal to the renewable conventional water resources
only, renewable conventional water resources plus the available fossil groundwater re-
sources with TDS up to 5000 mg/l, and finally, renewable conventional water resources
plus the available fossil groundwater resources with TDS up to 10,000 mg/l to assess
groundwater depletion [39].

In the above equations, nonrenewable or fossil groundwater and non-conventional
water resources (e.g., desalinated and treated wastewater) have not been considered in
WSI. Therefore, the water scarcity indicator was further developed to account for spatially
explicit desalination uses and treated wastewater reuses [32,33,39], and Equation (12) can
be modified as follows:

WSIi =

(
DTnet i − (DSWi + NRGWi)

SFWAi

)
(13)

where DTneti is the net total water demand from all the sectors (it is the sum of livestock,
irrigation, industrial, and domestic water demand), DSW is the desalinated water use,
NRGW is the fossil groundwater abstraction, and SFWA is the surface freshwater availabil-
ity. Since there is no perennial surface water in UAE and, thus, in Wadi Al Bih, the term
SFWAi in the denominator was replaced by the total recharge from all sources.
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3. Results and Discussion
3.1. Status of Groundwater Resources

The function of water availability in Wadi Al Bih includes the two main components
of surface water and groundwater. The assigned salinity (Figure 7), the saturated thickness
(m) in 1969, 2005, 2015, and 2020 and Sy (%) for each grid cell (Figure 1) were entered into
Equation (1) to estimate groundwater storage at that cell in 1969, 2005, 2015, and 2020 and
its water type. GIS techniques were used to calculate this for the 229 grid cells (Figure 1).

3.2. Groundwater Storage

The Wadi Al Bih region is usually dry during the whole year; however, it can expe-
rience surface water runoff during rainy days. The recorded accumulated water behind
the dam is variable over the years depending on the precipitation amount and patterns
(Figure 8). The accumulated water volume in a single day ranged from zero in the dry year
to 23.8 MCM in the wet years (e.g., 1 January 2020). The annual accumulated volume of
rainwater behind the dam ranged from 3 MCM in 1982 to 23.8 MCM in 2020. The overall
rainfall is projected to increase over much of the UAE and the Hajar Mountains [21,25,27].
An increase of 25% from the current amount is expected for portions of Ras Al Khaimah
emirate, including Wadi Al Bih [1,9]. The groundwater budget calculations (Table 1) re-
vealed that the total water recharge to the system during the period 2015–2020 was about
84 MCM (44:internal flux below the mountain gap and 40 MCM from direct percolation of
rainwater). The direct recharge from the ponding area was 27.4 MCM which is 49% [40] of
the accumulated water behind the dam in this period (56.45 MCM) and 67% of the total
recharge from rain (40 MCM) in the same period. The results from the potential recharging
technique showed that the percentage of recharge from rain ranges from less than 5% up-
stream to 20% in the dam area, with an average of 13%, which is consistent with the value
from the WTF approach (Figure 9). The evaporation loss from the storage in the ponding
area is generally in the order of 15% or less of the total storage in the ponding area. This is
mainly attributed to the low evaporation rate during the main flood season (5–8 mm/d),
December through April [2]. The remaining 36% of the water storage is mostly held in the
unsaturated zone causing a significant increase in the soil moisture content and subsequent
recharge or evaporation depending on the precipitation pattern and temperature in the
other months of the year. The efficiency of the dam calculated as the ratio between the total
recharge from the ponding area and the total storage during a specified period is around
49% based on the recharge from rainwater percolation and the subsequent recharge from
the water held in the unsaturated zone [3]. Sherif et al. 2022 reported that recharge under
the ponding area is around 70% of the total recharge from rain in the whole area [40]. Thus,
recharge from rain in the ponding area in the period 2015–2020 is about 28 MCM which
indicate that at least 17% of 53% of the water storage held in the unsaturated zone was
contributed as addition recharge and thus dam efficiency was 49% not 32%. Under climate
change, the evaporation percentage is projected to increase, and therefore, the optimum
MAR and/or direct use of this volume of surface water is needed for this area.

Table 1. Groundwater reserves in the Quaternary aquifer as determined from the GWBM (MCM) for
1969, 2005, 2015, and 2020.

WHO Water Type Salinity (mg/L) 1969 * 2005 2015 2020

Fresh (MCM) (<1500) 2009 402 322 406
Brackish (MCM) (>1500–20,000) 2124 2326 1847 1965

Saline (MCM) (>20,000–65,000) nil 541 876 438
Brine (MCM) (>65,000) nil nil nil nil
Total (MCM) 4133 3269 3045 2809

* 1969 is the baseline of the steady-state condition.
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The obtained results from the WBM (Tables 1 and 2) indicate that despite the major
decrease in the abstraction rate for domestic use after the construction of the desalination
plant in 1998 in Ras Al Khaimah, freshwater groundwater resources are still decreasing
at an alarming rate of 11 MCM/year in the normal rainy years. However, this deficit will
decrease to 6.5 after ceasing groundwater extraction for domestic use in the year 2026.
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Table 2. Estimated inflow and outflow volumes in the Wadi Al Bih catchment (UAE part) with and
without the alluvial fan area for the average wet year.

Discharge (MCM/yr.) UAE Part of the
Catchment +Alluvial Fan UAE Part of the Catchment Only

Outflow

Irrigation abstraction 14.4 1.35

Domestic and industrial abstraction 4.5 (was 12 before 1998)
(Going to be ceased in 2026) 4.5

Evaporation from inland sabkhas 1 0

Groundwater flows across boundaries and toward the sea 1.5 1.5

Subtotal Discharge (MCM/yr.) 21.4 7.35

Input

Inflow (MCM/yr.)

Recharge from rain with dam augmentation
(Recharge from the rain without dam augmentation)

8.6
(5.6)

5.13
(3.3)

Inflow across Oman Mountain, above and below mountain
gaps using Darcy’s Law 8.8 8.8

Groundwater-fed irrigation return flow 2.1 0.196

Subtotal recharge (with dam augmentation) in MCM/yr.
Subtotal recharge (without dam augmentation) in MCM/yr.

19.5
16.5

14.126
12.296

Due to the heavy rainwater in two consecutive months (December 2019 and January 2020),
the volumes of fresh and slightly brackish water increased and exceeded their volumes in 2005
(Table 1). Groundwater quality has also improved substantially (Figure 7). This indicates the
mixing extent between saline seawater intruding from the west and freshwater resources
from the east in the alluvial fan area (Burairat area). The total irrigation volume within
the UAE part of the Wadi Al Bih catchment is 1.353 MCM/year. Thus, the return flow
is approximately 202,983 m3/year. However, if the farms in the alluvial fan are also
considered, then the total irrigation would be 14.4 MCM/yr, and the return flow would be
approximately 2.16 MCM/year (Table 2).

The Hajar aquifer extends northward and southward from Wadi Al Bih and crops out
in an area of approximately 640 km2. The northern part of the aquifer contains brackish
groundwater at a relatively shallow depth. The average thickness of the freshwater layer in
this area is approximately 150 m. In the southern part, the thickness of the freshwater layer
is approximately 300 m [11]. The storage in the northern portion area (370 km2) is estimated
at 6,000 MCM, and in the southern portion area (270 km2) at 8,000 MCM. Hence, the total
amount of groundwater stored is estimated at 14,000 MCM, and the annual recharge is
approximately 10 MCM per year [3,11,12]. In our calculations, an effective porosity range
of 10–20% was applied in the groundwater storage calculations based on [11]).

The existing observation wells in the karstified limestone aquifer are very rare, and
thus, water level and electrical conductivity readings are insufficient to build consistent
potentiometric surfaces or to delineate groundwater salinity maps for this aquifer. It can
be deduced that the Hajar aquifer in the UAE part of the catchment almost returned to
steady-state conditions in January 2020 due to the heavy rainwater in the two consecutive
months. The water table rise in some of the wells exceeded 15 m between February 2019
and February 2020 (Figure 6). Agricultural groundwater extraction in the alluvial fan area
(13 MCM) far exceeds the recharge rate (3 MCM). The inputs and outputs of the upper
aquifer in the alluvial fan and the UAE part of the Wadi Al Bih catchment are summarized
in Table 2.

The estimated recharge percentage by the potential method ranges from 5% to 20%
(only in the dam pond; Figure 1), with an average of 13%, which is a good match with the
range obtained by the WTF method (an example is shown in Figure 9), with an average of
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11.8%. However, all the monitoring wells are in the Wadi course, while potential methods
cover the whole catchment area in Wadi Al Bih.

3.3. Effect of Climate Variables on Groundwater Storage under a Changing Climate

The effect of climate variables (rainfall, temperature, and potential evaporation) on
estimated groundwater storage using groundwater levels was identified by applying the
Mann–Kendall trend test from 2003 to 2020. The trend of each variable for groundwater
recharge is presented in Figure 10. The results showed a significant increase in temperature
and rainfall (Z values 1.85 and 1.97) and a nonsignificant positive in evaporation (Z value
0.98) over the study area. The total groundwater storage showed a Z value (−2.12),
which was statistically significant at the 0.05 level (two-sided). From 2016 to 2017, rainfall
showed an upward trend, and total groundwater storage also slightly increased, while
evaporation and temperature were on the upward side, which agrees with the water budget
calculations (Table 1). This indicated that precipitation patterns directly influenced the
total groundwater storage, and climate change might have a positive impact on the water
resources of this area.

During the analysis, we also found a nonsignificant positive trend in the total mean
rainfall and an increasing trend in temperature over the study area. Some previous studies
(e.g., AGEDI, 2015a, b) [1,9] also documented the same scenario. In that study, overall,
rainfall is projected to increase over much of UAE and Hajar Mountain, including the
study area. An increase of 50–100% from the current amount is expected for portions of
Dubai, Sharjah, and northern Abu Dhabi. The downward trend of total accumulative
groundwater storage indicated that although rainfall is high compared to the previous
year in 2016–2017, storage is on the decline side. This might indicate that the groundwater
extraction rate was high, which showed that the use of groundwater was not sustainable
in the study area. Sherif et al. (2022) also found that the exploitation rate is high in
the Wadi Al Bih area, which leads to a negative water balance which agrees with the
results of the water budget model (Table 2) [40]. Therefore, adaptation is necessary for
groundwater resources. Second, under a changing climate, groundwater sustainability
can be secured by taking some important measures on the demand and supply sides in
Wadi Al Bih. For example, groundwater withdrawals could be revised by considering
the accurate calculation of renewable resources. Enhancing groundwater recharge by soil
management can be used as an adaptation measure on the supply side as well. Likewise,
the demand side can be managed by enhancing recharge measures considering rainfall
variations under climate change, improving irrigation methods, enhancing water use
efficiency, and metering groundwater abstractions. Furthermore, MAR needs much greater
attention because of different and uneven episodes of rainfall due to climate change.
Under rising temperatures, groundwater demand for human consumption and irrigated
agriculture may certainly increase, which could hasten the depletion rate of aquifer reserves.
Thus, groundwater management systems need effective management and high priority for
climate change adaptation.

3.4. Water Security

According to the UAE water conservation policy and UAE water strategy (2017), the
limited groundwater abstraction for domestic use (currently 6 MCM/yr) will be ceased
starting in 2026. Additionally, it is observed that there has been a remarkable increase in
precipitation starting from the year 2017. For example, the total annual average precipitation
in the water year 2019–2020 in Wadi Al Bih is more than two folds of its historical average
(120 mm/yr.). The recharge to the Quaternary aquifer in that year was estimated using the
potential method and the GWBM model developed by Sherif et al. 2018 (Figure 11) [26].
The total estimated recharge from the rain was estimated at a value of 8.8 MCM, and this
is almost double the current groundwater abstraction for domestic use in Wadi Al Bih.
Freshwater resources in this area have been playing an important role in the water security
of Ras Al Khaimah emirate and will continue to if properly managed. Ensuring water
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security is one of the United Nations’ seventeen sustainable development goals (SDGs).
Water security is rooted not only in the physical availability of freshwater resources relative
to water demand but also in social and economic factors [38].
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The results of the WBM were used with the blue water scarcity index (WSI) equation
(Equation (11)) to construct the water scarcity map shown in Figure 12. The available water
resources were set to only equal the recharge of the Quaternary aquifer from all sources
(direct rainwater percolation, horizontal flux from Oman mountains, and return flow from
all sources, whether irrigation or network leakage). In the locations of agricultural activities,
groundwater abstraction ranges from 4 to 7 folds of groundwater recharge even in a wet
year such as 2019/2020 (purple and red colors in Figure 12). In these areas, groundwater
replenishment ranges from less than 1% to 20% (brown and purple areas in Figure 13).
Under the business-as-usual scenario, the remaining lifespan of the depleting groundwater
resources is less than 25 years in the farm’s area (Figure 14). In this water-stressed area,
irrigation must rely on fossil groundwater of salinity up to 5,000 mg/l. The blue water
scarcity index map with the consideration of non-conventional water resources [32] is
shown in Figure 15. Additionally, the alluvial fan area (except the urban area) is suffering
from one degree or another of water stress. The comparison of Figures 12 and 15 for the
blue water scarcity index (WSI) with and without the consideration of non-conventional
water resources indicates that the settlement and urban areas have high water security or
very low water stress.

Water 2022, 14, 3448 19 of 23 
 

 

 

Figure 12. Map of the adjusted blue water scarcity index (WSI) in the wet year 2019–2020. 

 

Figure 13. Map of the replenishment ratio (%) in the wet year 2019–2020. 

Figure 12. Map of the adjusted blue water scarcity index (WSI) in the wet year 2019–2020.



Water 2022, 14, 3448 19 of 23

Water 2022, 14, 3448 19 of 23 
 

 

 

Figure 12. Map of the adjusted blue water scarcity index (WSI) in the wet year 2019–2020. 

 

Figure 13. Map of the replenishment ratio (%) in the wet year 2019–2020. Figure 13. Map of the replenishment ratio (%) in the wet year 2019–2020.

Water 2022, 14, 3448 20 of 23 
 

 

 

Figure 14. Map of the remaining lifespan (years) based on the quantity and quality of the available 

groundwater in the year 2020. 

 

Figure 15. The adjusted blue water scarcity index map with the consideration of non–conventional 

water resources. 

4. Conclusions 

The Wadi Al Bih is unique in the UAE, as its groundwater depletion problem is not 

as intensive as that in other agricultural areas (e.g., Al Ain. Al Dhaid). The area is blessed 

with fresh groundwater resources and a substantial amount of recharge. Although the 

Hajar aquifer is currently under transient conditions, it is still feasible to return the aquifer 

to near steady-state condition after ceasing groundwater abstraction for domestic use in 

Figure 14. Map of the remaining lifespan (years) based on the quantity and quality of the available
groundwater in the year 2020.



Water 2022, 14, 3448 20 of 23

Water 2022, 14, 3448 20 of 23 
 

 

 

Figure 14. Map of the remaining lifespan (years) based on the quantity and quality of the available 

groundwater in the year 2020. 

 

Figure 15. The adjusted blue water scarcity index map with the consideration of non–conventional 

water resources. 

4. Conclusions 

The Wadi Al Bih is unique in the UAE, as its groundwater depletion problem is not 

as intensive as that in other agricultural areas (e.g., Al Ain. Al Dhaid). The area is blessed 

with fresh groundwater resources and a substantial amount of recharge. Although the 

Hajar aquifer is currently under transient conditions, it is still feasible to return the aquifer 

to near steady-state condition after ceasing groundwater abstraction for domestic use in 

Figure 15. The adjusted blue water scarcity index map with the consideration of non–conventional
water resources.

4. Conclusions

The Wadi Al Bih is unique in the UAE, as its groundwater depletion problem is not
as intensive as that in other agricultural areas (e.g., Al Ain. Al Dhaid). The area is blessed
with fresh groundwater resources and a substantial amount of recharge. Although the
Hajar aquifer is currently under transient conditions, it is still feasible to return the aquifer
to near steady-state condition after ceasing groundwater abstraction for domestic use
in 2026, with adequate water resource management, particularly in the catchment area.
Thus, the possible measures of increasing groundwater recharge (e.g., managed aquifer
recharge (MAR) methods) were investigated. A GIS-based water budget model (WBM) was
employed to evaluate the available groundwater resources in Wadi Al Bih and recharge
sources. The analyses showed that only 49% of the accumulated rainwater behind the dam
is recharging the underlying aquifer. The results of the WBM indicate the fast response of
the aquifer to water percolation from rain, indicating that there is much room for increased
recharge using the intentional recharge methods. Results also suggested that groundwater
storage and salinity were governed by the rates and patterns of precipitation. For example,
the recharge resulting from the two consecutive maximum monthly precipitation events in
December 2019 and January 2020 has significantly increased the fresh groundwater reserve
and slightly retreated the saline/brackish water toward the shoreline. The Mann–Kendall
trend analysis showed that the influence of climate variables had a significant effect on
groundwater supplies.

An adaptation plan should be made to minimize the severe impact of evaporation
under changing climate on total groundwater storage. The developed plan should also
mitigate the predicted increase in precipitation patterns and more extreme weather events
caused by climate change, which can lead to flash floods that directly affect the regional
infrastructure. In addition to minimizing the risk of aquifer depletion during long periods
of groundwater droughts, adaptation should also be made to indirect climate change
impacts, such as the intensification of human activities and land-use changes, increasing
the demand for groundwater.
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A complete management and maintenance plan is recommended for the dam to
improve the recharge rate by developing means of maintaining a better percolation rate
and preventing any overflows and flooding due to high flash rainstorms by considering
different dam operation alternatives. The estimation of groundwater recharge of 8 MCM
in the wet year of 2019–2020, which is almost 3-fold of its value in the average rainy year,
indicates the managed aquifer recharge can successfully be used to improve the water
security index in the farm areas which are not far from the dam area.
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