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Abstract: In Abu Dhabi, one of the most arid regions in the world, in recent decades, desalinated
water has been identified as a prime solution in solving the water demand issues. In this study, a
three-dimensional coupled density-dependent flow and solute transport model was set up in order to
study the effect of the artificial recharge using desalinated water and the influence of nonconventional
water with a salt concentration in the range 0.1–2 g/L The results confirm that this region demands
the adoption of a more rational use of irrigation water or additional usage of desalinated water
and recycled water together with optimizing groundwater pumping at locations that are vulnerable
to further quality degradation and depletion. The long-term storage of desalinated freshwater
with a maximum radial distance of 653 m in the dune surface is ensured with the formation of the
transition zone, and change in the groundwater head up to 5 km. The maximum recovery obtained by
immediate recovery is 70%. The study expresses the long-term feasibility of desalinated freshwater
storage and the need for further management practices in quantifying the contribution of desalinated
and recycled water for agriculture activities which might have improved groundwater quality and
increased hydraulic head at some locations.

Keywords: desalinated water; recycled water; agriculture activities; aquifer storage and recovery
(ASR); Abu Dhabi

1. Introduction

Groundwater is declared as a major component for the development of any country [1,2].
In arid climatic zones, inflow to the aquifer by precipitation recharge is very limited and
the available freshwater resources are synthetically impacted by climate and anthropogenic
activities particularly by overexploitation of groundwater [3]. Thus climate change, land
use change, and population growth are posing a variety of threats to aquifers in arid regions
thereby impacting both water quantity and quality.

In Abu Dhabi, to support the domestic and industrial activities, and especially to
increase the green GDP, groundwater from this bowl of sedimentary formation has been
heavily exploited for the past five decades [4–6]. The development of this region has
been very rapid since the 1970s when oil extraction began and groundwater was the
most reliable source of water supply for all the development activities [7]. An increased
volume of groundwater pumping in the successive years had reshaped the native resources
of groundwater. The volume of groundwater of desirable quality is diminished vastly,
and several shallow wells and springs became dry due to the decline in groundwater
head [8–12].

In recent decades, the exposure of surficial aquifer to natural and anthropogenic
impacts such as overpumping, limited rainfall, increased evaporation, use of fertilizers,
waterlogging, leakage of water and oil from the pipelines, urban sewage, higher rate
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of evaporation, leachate of salts from the soil profile has worsened the quality of the
freshwater resource by making it more saline [13–22].

The use of groundwater management practices is an immediate need to protect the
freshwater resources in this region and by which the sustainability of the aquifer could be
enhanced for future use.

In general, the sustainable management of aquifer is achieved either by reducing
the groundwater extraction below the volume of recharge or by enhancing the ground-
water recharge by natural and/or artificial means against the volume of groundwater
requirement [23]. In both cases, improving the quality of groundwater or avoiding further
deterioration of groundwater quality is targeted as the main concern. The methods and
benefits of management practices are site-specific and based on several hydrological and
hydrogeological factors [24]. Aquifer response to the recharge sources, long-term behavior
of the aquifer, suitability, and benefits of techniques to be adopted, water demand, and un-
certainties in different paths are likely to be the deciding factors of management practices.

In the case of recharge enhancement, dam construction across the river channel is
widely employed in countries with plenty of availability of surface water resources. In Abu
Dhabi and the adjacent arid region, the feasibility and success rate of dams in recharge
enhancement is good only to a particular extent because of scanty rainfall and evaporation
that cause non-perennial behavior of rivers and ponds. The fulfillment of water demand
and aquifer management is of national importance for this rapidly developing region. Abu
Dhabi tends to depend on nonconventional water resources like desalination of seawa-
ter and brackish groundwater, and recycling of wastewater for the purpose of domestic,
agriculture, and industrial development. Gradual replacement of nonconventional water
has been helping to reduce groundwater pumping. Presently, domestic pumping is com-
pletely stopped. However, only 36% of water demand is managed by nonconventional
sources [25]. The agriculture sector, a dominant consumer of groundwater is pumping
groundwater at several folds higher than the annual renewable volume. It is expected that
desalinated water contribution to the agriculture sector will help to reduce the volume of
groundwater pumping. Also, to avoid failure in the water supply during any emergency
situation, the subsurface storage, which is the world’s largest artificial recharge, was started
in the year 2015 using Strategic Aquifer Storage and Recovery (SASR) structure at the dune
surface. The efficiency was investigated by a pilot study during the years 2003–2004 and
2008–2014 and by developing a small-scale model [26,27]. A recent review by Parimalaren-
ganayaki (2020) [28] on the efficiency of various artificial recharge methods in arid regions
reported that the subsurface storage at a suitable aquifer medium is beneficial because of
the neglected effect of evaporation. Presently, the first cycle of recharge with a volume of
21.8 MCM (million cubic meter) was completed in the year 2017.

Besides having subsurface storage, an increased contribution of nonconventional
water to domestic, agriculture, and industrial sector, etc., the aquifer shows a wide range of
decline in the groundwater head by a maximum of 93 m as because of unsafe yield and at
the same time, an increase in the groundwater head by a maximum of 60 m is also noticed
in selective locations due to the mixed action of management practices such as reduced
pumping, recharge of groundwater by infiltration of water from nonconventional sources
into the aquifer through agriculture and gardening activities [5,29]. UNESCO (2015) [29]
reported that to increase sustainable use of nonconventional water, there is an urgent need
to reconsider the management approach to reduce irrational water use in all the sectors.

Some researchers have analyzed the feasibility, cost-effectivity, and performances of
applying ASR for the storage of surplus water in aquifers.

Sathish et al. (2018) [5] investigated the performance of two existing groundwater
artificial recharge sites and a new ASR location to ensure a stable water supply in Abu
Dhabi, UAE using the MODFLOW simulator model. The results showed that even with
100% recovery, the groundwater level does not reach the initial level during the aquifer
balancing period.
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Other similar studies with the same objectives have been conducted by [30,31] in
almost all of which strategies for ASR such as surface recharge of the aquifer, withdrawal
reduction, and increasing irrigation efficiency were introduced.

Khezri (2010) [32] has evaluated the efficiency of the ASR system in the Liwa area,
UAE under various operational schemes.

Hussain et al. (2016) [33] developed and calibrated a three-dimensional density-
dependent model on the Wadi Ham aquifer in the UAE to study the transient responses of
SWI over 10-year planning to repeated cycles of artificial recharge, storage, and recovery
using an additional set of wells defined in the model. The results show that ASR is a
reliable method in controlling SWI in coastal aquifer systems besides its conventional role
in subsurface water banking.

Studying the aquifer at a regional scale using various hydrogeological components
with applicable external stress will be useful for a policymaker. In this way, the zone in
which the agriculture field demands more or reduced water supply from the nonconven-
tional source could be identified. Understanding the behavior of the regional groundwater
flow system along with the salinity distribution is significantly important to identify the
mixing of less saline nonconventional water to high saline ambient groundwater which is
widely happening in the Abu Dhabi region.

The present study aims at investigating the long-term artificial storage of surplus
desalinated water in the unconfined aquifer and the response of groundwater salinity
at agriculture fields by introducing the nonconventional water into agriculture fields at
various scales and degrees of salinity. The study is intended to answer the impacts of
(i) reported volume of groundwater pumping (ii) gradual reduction in the groundwater
pumping assumed by entering of nonconventional water into the agriculture sector (iii)
concentration of groundwater salinity at a selective rate of pumping (iv) mixing of less
saline nonconventional water to high saline native groundwater at SASR location and its
long term efficiency of storage. The difference in the spatial and vertical concentration of
solute might causes variation in the density of the fluid and thus it is necessary to take into
account the effect of density as well while simulating artificial recharge and mixing of less
saline water into the high saline groundwater aquifer. A coupled density-dependent flow
and solute transport model is developed in the present study to enhance the groundwater
management practices in the Abu Dhabi aquifer at a regional scale.

2. Materials
2.1. Geology and Hydrogeology of the Study Area

Abu Dhabi is classified among arid (Köppen–Geiger climate classification) and hyper-
arid region [1] located between Persian sea and Hajar Mountain chains. The natural
renewable water resource per capita is reduced to 16 m3year−1 [34]. The climate was wetter
in the past during the year 5500 BP when the rainfall was reported as 200 ± 50 mm [35].

The study area is located around the Southern part of the Persian Gulf (Figure 1). The
area is characterized by arid conditions and experiences a tropical hot and dry climate,
having a maximum daily temperature of 50 ◦C during summer (June–August) and a
minimum daily temperature of 17 ◦C during winter (December–February) (IPCC 2007).
The humidity varies between 25% in the eastern part and 90% in the coastal boundary.
The annual pan evaporation ranges between 3400 mmyr−1 and 4400 mmyr−1 [36,37] and
evapotranspiration is 62.05 mmyr−1 [38].
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The elevation varies from 0 m above mean sea level (AMSL) at the coastal boundary
to 1163 m AMSL at the Jabal Hafit Mountain located at the eastern sector. The spatial
variation in the annual mean precipitation is highly variable from the western to the eastern
part from 50 mmyr−1 to 100 mmyr−1 respectively and 80% of the precipitation occurs
during winter [39,40]. The maximum elevated precipitation values in the east are due to
the presence of Hajar Mountain bordering the eastern boundary at different distances. The
Jabal Haift Mountain is an anticlinal outcrop falling within the area of study and oriented
towards the N–S direction which is parallel to Hajar Mountain.

The Piedmont plain occupies a large portion of the eastern part and is characterized by
twelve non-perennial Wadies which drain water from Hajar Mountain during the period of
rainfall. The central part of the area is occupied by linear and traverse dunes of varying size
and height and is predominantly made up of sand and gravel. The maximum elevation of
the dune is 259 m and occupies the central part of the area. Besides the sand dunes on the
Southern side, several inland silty deposits are present.

The Abu Dhabi region is constituted of three major landforms of sedimentary origin
namely Piedmont in the east, dune surface in the central part, and coastal flats. The whole
study area was formed by the action of continental uplift and sequence of sedimentary
deposits of various ages. The geological units are originated from a series of episodes
of marine transgressions in various ages. Later on, the surface of the marine sediments
was eroded and altered by fluvial dynamics and alluvial deposits in the east and north-
west sectors. Presently, the top geological layer is composed of sand, gravel, silt, clay,
conglomerate, evaporites, marl, mudstone, limestone, and chert with an average thickness
of 50 m in the eastern part and 60 m in the western part.

The eastern part of the top layer is followed by upper fars of 900 m thick composed of
mudstone. The upper fars and portion of the top layer in the western part is underlined
by lower fars composed of evaporites having a thickness from 160 m to 200 m. The
lower fars, a low conductive formation, act as a confining unit that forms the base of the
aquifer. The depth of bedrock is not delineated. The anticlinal outcrop falling in the eastern
part is composed of a weathered calcareous formation and evaporates. There are several
discontinuous outcrops at various heights trending towards the N–S direction with the
same composition.

Abu Dhabi aquifer is a typical transboundary aquifer shared by Saudi Arabia in the
south and south-west and by Oman in the east. Dense settlements and industrial activities
are available along the coastal region but the coastal aquifer has nil freshwater as opposite
to the coastal aquifers in many other countries which are having plenty of freshwater in the
coastal region [25]. The surficial aquifer consists of sand, gravel, silt, clay, conglomerate,
evaporites, marl, mudstone, limestone, and chert. The upper fars and lower fars are
composed of mudstone and evaporites respectively. The groundwater is withdrawn from
the surficial aquifer and upper fars. Many wells in the eastern part penetrate both the
surficial aquifer and upper fars for water supply. In some places, the surficial aquifer
thickness is nil, and groundwater is directly served from the upper fars. Similarly, in the
western part, the upper fars is absent and the surficial aquifer is directly followed by lower
fars. The values of thickness and horizon of these three geological units can be found from
the data published by [39,41].

The recharge of groundwater occurs significantly in the eastern part where rainfall is
comparatively higher than the central and western part and is the driving force of the flow
vector. Therefore the regional flow of groundwater is from the eastern part where recharge
occurs into the coastal boundary. Moreover, recharge by lateral subsurface and drainage
transmission loss (loss of surface runoff) occurs from the Hajar Mountain in Oman [42,43].
Thermal springs at the valley of Jabal Hafit Mountain introduce deeper groundwater into
the surficial aquifer at the rate of 2.5 × 106 m3yr−1 [44]. A wetland ecology near the coastal
boundary is maintained by an artificial supply of recycled water from TSE at the rate of
8000 m3d−1 during winter to 22,000 m3d−1 during summer [45].



Water 2021, 13, 2853 6 of 23

The top layer thickness is declining towards the coastal part and is dominated by the
Sabkha formation. The word ‘sabkha’ describes a topographically flat area composed of
variable mixtures of silt, sand, or clay with an overlying crust of salt. From the geological
point of view, sabkha is commonly associated with flat topographic areas near the coast that
have specific mineralogical characteristics like algal and dolomitic crusts underlain by a
layer of anhydrite (CaSO4). Halite crusts (NaCl) could also occur extensively on the surface,
but these are relatively thin crusts that redissolve after winter precipitation events. This
mineralogical sequence characterizes only the top layer of the coastal sabkhas. This less
conductive formation is bordering the coastal strip at several ranges of distance (2–20 km)
from NE to SE. The lower intertidal-to-shallow subtidal zone of the coastal sabkha of Abu
Dhabi area is dominated by carbonate sands, which locally experience early cementation
to form giant polygons [46]. A typical stratigraphic section is reported in [47].

The Sabkha formation at the inland has a considerable thickness and covers the sand
of the surficial aquifer. Due to its low hydraulic conductivity, the Sabkha formation acts as
a confining/semiconfining unit and reduces the discharge of groundwater into the sea [39].
However, seepage of water occurs from the deeper high conductive zone. As a result,
the surface is capped with evaporates that constitutes a typical source of salinity in the
groundwater. The inland Sabkha dominantly occurs in the SW part of the study, a leeward
side of the Barchan sand dune.

Detailed hydrogeological investigations conducted by the National Drilling Company
(NDC), Groundwater Assessment Project (GWA) U.S. Geological Survey [4,48] reported
that the hydraulic conductivity varies between 2.74 × 10−8 md−1 in the sabkha formations
to 266 md−1 in calcareous formation. The lowest value of hydraulic conductivity reported
by [48] for the less conductive Sabkha in the coast is between 0.06 to 7.5 md−1.

Additionally, heterogeneity and anisotropy are also common factors that make a
huge difference in the horizontal and vertical hydraulic conductivity. A huge contrast
in the hydraulic conductivity between the surficial aquifer and the confining unit allows
significant flow of groundwater predominantly in the horizontal direction rather than the
vertical direction. Along the coastal region, due to lower hydraulic conductivity in the
sabkha, the ratio of anisotropy between horizontal and vertical flow is higher than the rest
of the area.

The specific yield is 0.25 (-) in the central part and 0.31 which is the highest value in
the calcareous outcrops.

The groundwater head varies from 400 m AMSL easterly (Al Ain) to 0 m AMSL at the
coastal boundary which allows the regional flow of groundwater from east to the coastal
boundary. The groundwater table at the dune surface was 128 m but reduced to 100 m now
because of natural and anthropogenic impacts. The fluctuation of the groundwater table
varies from 0.15 m in the western part to 1.5 m in the eastern part due to a considerable
quantity of rainfall (up to 108 mmyr−1).

In the eastern area of the Abu Dhabi region, values of groundwater salinity less than
1 gL−1 are detected due to higher renewability of groundwater by means of recharge
from rainfall and from Hajar Mountain Chains. Also, groundwater in the dune surface
(central part) shows a concentration of salinity equivalent to 1 gL−1 which is declared as a
non-renewable resource formed in ancient times when the climate was wet. Presently, the
study area is left with a considerable quantity of freshwater lens of palaeo-origin in the
dune surface and a considerable quantity of freshwater in the Piedmont region (eastern
part) with a possible chance of replenishment from the Hajar Mountain. The freshwater
originated by rainfall and by runoff from the Hajar Mountain and Jabal Hafit forms the
freshwater zone on top of dense saline groundwater in the saturated medium.

In some other areas of the Abu Dhabi region, shallow groundwater head, seepage of
groundwater from the deeper aquifer, and higher rate of evaporation causes accumulation
of salts on the ground surface and dissolving of the same to the groundwater occurs
simultaneously.
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As a result, the salinity (a concentration of total dissolved solids) of groundwater
in the Sabkha region is reported up to 150 gL−1 which is more than three times higher
than the salinity of seawater in the Persian Gulf (42 gL−1) and several times higher than
the salinity of groundwater from the deeper aquifer (83 gL−1) (Stanford and Wood 2001).
Moving to the inland: dune surface and piedmont region, the availability of groundwater
under desirable quality is less than 2.97% [38].

From the literature, it is also reported that the salinity of groundwater from the surficial
aquifer is higher than the salinity of groundwater from the deepest formation along the
coast and waterlogged areas [48]. It is reported that the freshwater is already replaced by
brackish water in several parts and continuation of groundwater pumping at the present
rate will turn this regional aquifer completely brackish and saline in the near future [4,38].

2.2. Strategic Aquifer Storage and Recovery Potential

The rate of success in subsurface storage and recovery is depending on several collec-
tive factors: aquifer setup, flow velocity, operational setup, ambient groundwater salinity,
potentiometric surface, density, and rock water interaction [49–51].

The present study is the case of an unconfined aquifer and so the thickness, shape,
and size of the injected water is defined by the density and smoothness of groundwater
gradient. The chances of external influence to injected water and loss of recovery may be
high because of the absence of any physical and potentiometric control likely in confined
aquifers. However, the aquifer is in the dune surface holding a freshwater lens of palaeo
origin which is one of the promising factors for the site suitability to store a freshwater of
nonconventional origin. The pilot study conducted by Schlumberger Water Services (2011),
forward and reversed chemical models developed by [27] confirmed that the recovery
range could be between 60–88%. Especially in the latter study, it was also reported the
occurrence of native groundwater mixing during the period of storage. The results of the
large-scale flow model highlighted that the groundwater head did not return to its original
position even after a 100% of recovery because of the effect of regional influence [5]. Hence,
the scale of regional groundwater mixing with stored water bodies is one of the deciding
factors in the rate of SASR success.

2.3. Non-Conventional Water in Agriculture Field

With limited freshwater availability, green GDP can be generated mostly by approach-
ing salt tolerant crops. The largest volume of outflow and inflow to the aquifer occurs
because of agriculture activities and irrigation return flow at 39 agriculture fields (Figure 1)
that are using 41341 active wells in the year 2019. The total area of agricultural land and
number of active wells shows slight variation year by year among each location and total
area is always higher in the east and northeast part. The volume of groundwater pumping,
yearly contribution of water from nonconventional sources and yearly area of agricultural
land reported by the Statistical Centre of Abu Dhabi (SCAD) [40] is used for the estimation
of groundwater pumping and irrigation return flow (Rir) per each km2 of agriculture land
(Table 1). The volume of irrigation return flow is purely based on the method of irrigation
followed by particular concern and estimated using

Rir = (1 − EcEa)Qir (1)

where Qir is gross irrigation water demand (m3 yr−1) known from the contribution of
groundwater and nonconventional water; Ec and Ea are coefficients of conveyance loss
and application loss respectively.
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Table 1. Estimation rate of groundwater pumping and irrigation return flow (Rir) [40].

Year Total Area of
Green Field (km2)

Total Pumping
Rate (MCMYr−1)

Nonconventional
Water

(MCMYr−1)

Gross Irrigation
Water Demand

(Qir) (MCMYr−1)

Irrigation Return
Flow Rir

(MCMYr−1)

2000 620 2185 114 2299 333.355
2001 695 2451 117 2571 372.36
2002 708 2501 118 2620 379.755
2003 719 2541 120 2663 385.845
2004 719 2542 123 2668 386.425
2005 740 2860 125 2987 432.825
2006 720 2730 132 2869 414.99
2007 704 2657 144 2813 406.145
2008 732 2569 160 2745 395.705
2009 738 2450 175 2640 380.625
2010 748 2267 159 2410 351.77
2011 705 2495 165 2666 385.7
2012 737 2587 196 2814 403.535
2013 753 2665 211 2876 417.02
2014 750 2626 248 2874 416.73
2015 750 2562 349 2911 422.095
2016 750 2634 378 3012 436.74
2017 750 2657 384 3041 440.945
2018 750 2646 401 3047 441.815
2019 750 2645 419 3064 444.28

The method of irrigation followed by Abu Dhabi is a micro irrigation system (92%
of green GDP) reason that the conveyance loss and application loss is minimal. Average
groundwater pumping as per the size of the agriculture field estimated from the rate of
groundwater pumping given by SCAD is 3.29 MCMYr−1 per km2 in the north and Pied-
mont area and 3.95 MCMYr−1 per km2 in the sand dune and sabkha region. The irrigation
return flow using nationwide coefficients of conveyance loss (0.95) and application loss
(0.9) in Equation (1) is 14.5% of gross agriculture water demand as shown in Table 1.

As the volume of nonconventional water is increasing year by year, the contribution in
terms of irrigation return flow is also increased considerably year by year and continuing
as a major source of aquifer recharge than any other kind of inflow to the aquifer. However,
detection of the rate of groundwater extraction is not significant due to increased area of
agriculture activities. The groundwater pumping for the activities other than agriculture
are domestic (only in the east), industrial, and feed to brackish desalination plants located
inland (SW) are limited to 59 MCMYr−1. The excess water demand in the prior two sectors
are contributed by nonconventional water since the past decade. It is necessary to predict
the groundwater using the current trend of groundwater extraction and the contribution of
nonconventional water to see the influence of present groundwater management practices.

3. Methods
3.1. Numerical Code

SEAWAT [52,53], a finite difference numerical code is used in this study to simulate
the variable density groundwater flow and solute transport. The principal formulation
of variable density flow (VDF) in SEAWAT is similar to MODFLOW [53] that simulates
groundwater flow using a constant density. And the solute transport is compiled by
integrated MT3DMS [54] using aquifer transport properties, head, and reference fluid
density defined by solute species. The salinity concentration (gL−1) is used as solute species
for the reference fluid density calculation by run engine and slope value (DRHODC) is
estimated using the concentration of salinity in the Persian sea and freshwater.
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3.2. Model Geometry

A finite difference mesh in SEAWAT was used to discretize the mainland of Abu
Dhabi. The model domain covers an area of 67,340 km2. In order to have a reasonable
computational cost, it is discretized by a regularly spaced grid of 154 columns and 92 rows
with cell size of 9 km2. After the model calibration, a grid refinement with cell size of 0.09
km2 at the SASR site has been made in order to simulate the pond recharge.

The topographic elevation is extracted from SRTM DEM with a resolution of 90 m
which is accurate enough for the grid size used in the model domain. Vertically, the
model consists of three geological units namely: surficial aquifer, upper fars, and lower
fars. The collective thickness of three geological unities varies from 155 m in the coastal
boundary to 1163 m in the eastern part. A nine-layer model is developed in which the top
four layers represent the surficial aquifer and upper fars. The saturated thickness of the
surficial aquifer and upper fars is equally distributed among the four layers for successful
convergence during groundwater pumping. The thickness of layers varies from 0.1 m at
the coast to 306 m at Jabal Hafit Mountain. In the lower fars less conductive evaporites are
present from layers five to nine.

3.3. Boundary Conditions

A set of boundary conditions were implemented based on the physical nature of
the aquifer, flow vectors, and salinity gradient across the model domain (Figure 2). The
aquifer is a transboundary aquifer with one well-defined physical boundary on the coast.
The recharge occurs on the eastern side and discharge occurs on all the remaining N, S,
and S–W sides acting as outflow face based on groundwater elevation difference between
inside and outside of the model domain. A zero-level constant head boundary condition is
assumed along the coastal boundary. For the rest of the sides, a Constant Head condition
in the east and General Head condition along N, S, and S–W is used with respective
values of groundwater head at each cell. The rainfall recharge is estimated using known
groundwater fluctuation against the total volume of rainfall at selective locations. The
estimated precipitation recharge of 2% at the dune surface and 5% at the Piedmont and
northern part of the dune surface, and evapotranspiration at the rate of 62.05 mmyr−1 with
the extinction depth of 2 m are assigned using RCH and EVT packages [5]. Due to nil
infiltration and the absence of groundwater fluctuation, rainfall recharge is not applicable
at Sabkha. Groundwater exploitation is represented in the model using well (municipality
wells) and multi-node well (MNW) (agriculture wells) packages.
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3.4. Model Parameters

Several soil tests and pumping tests were conducted as part of the GWRP project
between the years 1988 and 1995 at more than a hundred locations [4]. The aquifer
properties were extracted from the above report published by [4,38]. In a particular way,
the hydraulic conductivity assigned in the top four layers ranges from 2.74 × 10−8 md−1

to 266 md−1. The maximum hydraulic conductivity value is assigned in the calcareous
outcrops in the eastern part of the model domain. The specific yield varies from 0.019
to 0.31 (-). The highest value is assigned for the calcareous outcrops in the east followed
by 0.25 (-) in the sand dunes. Where confined conditions occur, the storativity is given
between 1 × 10−5 (-) in the western part and a maximum of 0.007 (-)in the eastern part.
The presence of anisotropy has been taken into account in that the horizontal conductivity
is significantly higher than the vertical conductivity. The anisotropy is calibrated as 0.1, 0.3,
and 0.5 in the eastern part, dune surface, and coastal sabkha of the first four layers and 0.1
is assigned in the deeper five layers.

The rate of evaporation was set to 1.7 × 10−4 md−1 with an extinction depth of
2 m. A recharge factor and its hydrodynamic response is considered. The fluctuation of
groundwater table up to 1.5 m is assigned for the annual cycle along half of the northern
boundary and the fluctuation of 0.15 m is assigned for the annual cycle along S and S–W
using general head condition with the same value of conductance. Due to the nature of the
rainfall recharge and drainage transmission loss from the Hajar Mountain chain, a recharge
boundary condition using multi-node wells is assigned with a high range of variation of
593 m3d−1 to 1410 m3d−1 in the N–E to 40 m3d−1 in the center part of the eastern boundary.
The bottom five layers from 5 to 9 were assigned with no flow boundary as a representation
of low hydraulic conductive formation. The model was simulated with the given rate of
groundwater pumping.

Due to the presence of a freshwater lens of palaeo-origin in the dune surface, the source
sink package was activated to introduce the solute boundary condition. Using constant
head boundary condition (CHD), the salinity of 42 (gL−1) is assigned along the coast of Abu
Dhabi which is the reported salinity in the Persian sea. Groundwater recharge by areal and
lateral means is assumed as freshwater and 1.0 gL−1 salinity is introduced for four layers
at the top. By considering the formation time of deeper layers and the recent increase in
the concentration of salinity in the Persian Gulf, the universally accepted seawater salinity
concentration of 35 gL−1 is assigned for the rest of the deeper layers. The slope value in the
variable density package is site-specific. Hence, the value of 0.7523 substitutes the default
value of 0.7143 owing to increased concentration of salinity in the Persian sea.

The advection, dispersivity, and molecular diffusion are activated simultaneously for
the given mass transport under the calculated density variation. The schemes of advection
strongly impact the process of mass transport simulation. A third-order total variation
diminishing (TVD) numerical scheme is used in advection processes [55].

In order to obtain the best match between spatially observed and simulated values
of salinity, several attempts were made by adjusting the solute transport properties. By
keeping the constant value of slope between seawater and freshwater, parameters such as
longitudinal dispersivity and vertical transverse dispersivity are adjusted to 2500 m and
750 m. The molecular diffusion is fixed as 10−5 m2d−1. The attempt was made without
affecting the calibrated groundwater flow parameters.

3.5. Model Calibration

The distribution of groundwater head and salinity measured at 68 monitoring wells
during January 2000 is used for the purpose of calibration.

The coupled flow and transport model is simulated using monthly stress periods,
with daily time steps and 0.5 day transport steps, and the simulated heads and salinity
were compared with observed groundwater head and salinity until a quasi-steady-state
condition occurs. In order words, as long as the flow and mass budget for the whole
domain remains almost constant over time.
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The final estimated aquifer parameters are obtained by targeting the least difference
between the observed and simulated groundwater head. The calibrated groundwater head
from known well points is obtained with R2 value of 0.98 (Figure 3a). The comparison of
relative salinity obtained from the variable density flow model with hydrodynamic stresses
confirms that the developed model is responding well in order to represent the existing
condition of the aquifer under given hydrodynamic stresses (Figure 3b).
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The spatial distribution of salinity obeys the morphology of the regional aquifer. The
model simulates the formation of the freshwater lens in the dune surface, high saline
groundwater in the flat and shallow groundwater areas, and salinity concentration that
trending from freshwater concentration to high saline concentration in the eastern part
as an effect of recharge from Hajar mountain (Figure 4). The localized changes in the
groundwater flow, upconing of deep saline water, and density stratification of groundwater
are also noticed in the calibrated model.
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After successful calibration of groundwater head and salinity distribution under quasi-
steady-state conditions, the simulation was extended to calibrate the model under transient
conditions for the period of 6 years from January 2000 to December 2005 (Figure 5).
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Figure 5. Transient calibration of groundwater head at well No. 63.

Table 2 shows the final calibrated and estimated parameters derived from quasi-
steady-state and transient calibration.

Table 2. Calibrated flow and solute transport parameters.

Parameter Value Unit

Horizontal hydraulic conductivity 2.74 × 10−8 to 266 md−1

Vertical hydraulic conductivity 2.74 × 10−9 to 27 md−1

Porosity 0.001–0.4 (-)

Specific yield 0.0009–0.32 (-)

Storativity 1 × 10−4–7 × 10−3 (-)

Longitudinal dispersivity 2500 m

Horizontal transverse dispersivity 750 m

Vertical transverse dispersivity 750 m

Effective molecular diffusion 1 × 10−5 md−1

Density of groundwater at deeper aquifer 1.025 kgm−3

Density of groundwater at surficial aquifer 1.000 kgm−3

Density of seawater at Persian gulf 1.028 kgm−3

Density/conc.slope 0.7523 (kgm−3)

To represent the transboundary conditions of the aquifer, the budgeting of flow across
the border of Saudi Arabia (S and S–W) and Dubai Emirate (N) (Table 3) is achieved
by using the conductance value of 2.32 m2d−1 and 3.45 m2d−1. The volume of coastal
discharge into the Persian sea is obtained as 0.58 million cubic meter (MCM) for the year
2017, a 0.67% to evapotranspiration and 1.5% of eastern recharge assigned in the model
domain. The volume of discharge is several times less than eastern recharge because of
the flat coastal groundwater head and less conductive formation. Compared to the model
developed by Eggleston et al. (2020), the coastal discharge and evapotranspiration were
increased due to the bigger size of model domain in this case. Additionally, the 2% to 5%
of rainfall used as recharge was calculated by the method of groundwater fluctuation and
it is higher than the percentage of rainfall used by [38].
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Table 3. Comparison of reported and simulated water budget components in the year 2017 [25,43].

Sl.No. Component Actual Volume
(MCMYr−1)

Calibrated Volume
(MCMYr−1)

1 Outflow towards S and S–W 3.00 3.00

2 Outflow towards North 16.00 16.00

3 Evapotranspiration 88.00 86.53

4 Transboundary recharge from east 38.50 38.50

3.6. Implementation of SASR Structure

The SASR site is located at the central part of the dune surface (Figure 1). The elevation
of groundwater head is 100 m AMSL with 44.5 m unsaturated zone above the groundwater
head top. The concentration of salinity is 1.5 gL−1 and a steep concentration gradient
towards all the directions may compensate for the absence of physical control. The SASR
site has three infiltration ponds of 2600 m2 size facing at the angle of 90 degrees each one
resembling a shape of an equilateral triangle. The infiltration pond serves a better rate of
recharge with nil forced convection. To implement the pond recharge in the model domain,
the grid size at the SASR site is redistributed at all the layers and net recharge is assigned in
the appropriate grid to a size of 0.09 km2. The recharge was introduced from May 2015 at
the rate of 26,500 m3d−1 and continued to the following 27 months. The threshold salinity
concentration of source water was planned to maintain less than 0.25 gL−1. The quality
of desalinated water in the year 2014 is given in Table 4 and shows that the salinity is not
beyond 0.25 gL−1.

Table 4. Desalinated water quality in the year 2014 [27].

Parameter EC
(µS/cm)

Temperature
(◦C)

Salinity
(gL−1)

TDS
(gL−1) pH Ca

(gL−1)
Mg

(gL−1)
Na

(gL−1)
K

(gL−1)
HCO3
(gL−1)

Cl
(gL−1)

SO4
(gL−1)

Desalinated
water
quality

123 35 0.08 0.25 8.1 0.0202 0.0004 0.0041 0.0001 0.066 0.005 0.001

Drinking
water
standard

1600 1 1.50 7–
9.2 0.080 0.0300 0.1500 0.0120 >0.060 0.250 0.250

4. Result and Discussion
4.1. Impact and Efficiency of SASR Structure
4.1.1. Storage Simulations

The simulation at the given rate of recharge results in a groundwater head increase
by a maximum of 36.96 m at the end of 27 months (823 days). Similarly, the concentration
of salinity is reduced to 0.44 gL−1 from the ambient groundwater salinity of 1.5 gL−1

(Figure 6).
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Figure 6. Numerical results during the period of recharge (from May 2015) and long-term storage
(up to 2050). (a) Elevation of groundwater head; (b) concentration of salinity (gL−1).

The regional influence in the groundwater head is noticed up to a distance of 5 km
on all the sides symmetrically due to the presence of flat and gentle topography and
groundwater gradient. Given the same recharge, the freshwater lens is also symmetrically
formed with a radial distance (r) of 556.2 m at the end of 27 months (Figure 7). The area of
freshwater lens is less than the area of regional increase in the groundwater head because
of density contrast and formation of a transition zone between the freshwater and ambient
groundwater. Keeping the storage undisturbed, a steep decline in the groundwater head
is noticed for a short period of time (38 days) after the recharge cutoff. It is followed by a
moderate and nil decline in the groundwater head.
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Figure 7. Formation of freshwater lens during the period of recharge and long-term storage.

The elevated groundwater head lasts up to a period of 6642 days (July 2033) that
reaches the groundwater head at the initial stage. In the case of groundwater salinity, the
increase in the concentration after the recharge cutoff is not prominent. The maximum
increase in the concentration of salinity is in second order (0.08 gL−1) up to the end of
the year 2050. During the period of storage, the radial spreading of the freshwater lens
is observed from the initial radial distance (r) of 556.2 m to 610.3 m, 621.7 m, 630.2 m,
638.7 m, 647.3 m, 650.1 m, and 653 m at the maximum during 0, 1, 5, 10, 20 and 33 years of
storage (Figure 7). The observed spreading of the freshwater lens is varying from 54.1 m
per annum during the first year of storage to 0.58 m per annum after fifteen years of storage.
The spreading has become absent after twenty years of storage when it reaches the radial
distance (r) of 653 m from the recharge pond. It is the same lasting period of elevated
groundwater head. The thickness of the transition zone is increasing when the duration
of storage increases. The transition zone with the salinity concentration of 1.8 gL−1 is
increased from 152.6 m to 220.9 m at the maximum.

4.1.2. Recovery Simulations

By approaching several ranges of recovery (Figure 8) using net discharge from the total
area of 0.81 km2 that includes the enclosing peripheral grids where recharge is assigned,
70% of recovery is obtained at the maximum with the drawdown of 46.7 m from the
ambient groundwater head.
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Figure 8. Numerical results at various rates of recovery. Fluctuation of groundwater head (a);
concentration of salinity (b).

After the period of recovery, it is noticed that the salinity is increasing up to 2.41 gL−1

which is higher than the ambient groundwater salinity of 1.5 gL−1. The recovery of salinity
to preoperational conditions is not achieved until the end of the year 2050 in this case. The
salinity is under permissible limit during the period of recovery but the drawdown of
46.7 m allows upconing of deeper groundwater and lateral mixing of native groundwater
from the periphery of the recovery zone. It is understood that an increase in the salinity
after the period of recovery may end up with the permanent loss of preexisting freshwater
zone in the site. Additionally, it will enhance the formation of the thicker transition zone
and reduce the efficiency of successive cycles of storage and recovery. The model simulation
with 50% of recovery allows drawdown of 26.7 m from the ambient groundwater head and
leaves the post-recovery salinity equivalent to ambient groundwater salinity. In the case of
70% recovery, in addition to monitoring the concentration of salinity during the period of
recovery, maintaining the groundwater head near the level of ambient groundwater head
will be recommended. The mixing of ambient groundwater salinity can be minimized in
this way. It is also possible to minimize the drawdown using extended area of recovery
and uneven rate of recovery from the lower rate at the outer to higher rate at the center of
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the pond. This investigation in detail is supposed to be carried out using more data and
development of density model at a local scale.

4.2. Impact of Non-Conventional Water in Agriculture Field

The model simulation from the year 2021 to 2050 with appropriate recharge, evapora-
tion, current rate of groundwater pumping at each sector, and irrigation return flow per
each km2 of agriculture field predicts both the increasing and decreasing trend of ground-
water head and concentration of salinity. The predicted change in the groundwater head
and concentration of salinity is less significant in the majority of wells located in the sand
dune area. In the north of sand dune area and piedmont region (eastern part), the overall
groundwater quality is improved by detection in the concentration of salinity by 0.260 gL−1,

and groundwater head is increased by 0.69 m on average. The maximum increase in the
groundwater head is noticed at well no. 54 by 5.16 m with detection in the concentration
of salinity by 0.28 gL−1 (Figure 9a). It is followed by 3.84 m and 2.77 m increase in the
groundwater head at well no. 60 and 49. The dilution of salinity concentration noticed in
these locations is 0.51 gL−1 and 0.63 gL−1. The increase in the groundwater head at various
magnitudes with an improvement in the groundwater quality confirms the recovery of
groundwater head caused by the contribution of nonconventional water and irrigation
return flow. The decline in the groundwater head with quality deterioration is predicted
at some of the locations where it demands reduction in the groundwater pumping and
additional contribution of nonconventional water. The maximum decline in the groundwa-
ter head is noticed at well no 50 which is present in the area of groundwater depression.
The zone of groundwater depression was previously developed due to the pumping of
groundwater for many decades in the agriculture fields at Remah, Bedafare, and adjoining
areas. At the present rate of groundwater pumping, a further decline in the groundwater
head by 6.71 m is noticed with the deterioration of groundwater quality by 0.86 gL−1. Next,
the groundwater head decline of 6.48 m is noticed in well no. 58 and 59 which are located
around the agriculture field, Al Hayer. The water derived from the hot spring located in
the valley of Jabal Hafit is improving groundwater head in the adjacent areas. The impact
of hot water spring is noticed up to well no. 62 located at a distance of 18 km. It shows
an increase in the groundwater head by 0.35 m with an improvement in the groundwater
salinity by 0.45 m (Figure 9e). The improvement of groundwater head is high as 12.07 m
with improvement in the concentration of groundwater salinity by 0.09 gL−1 is measured
in the model grid adjacent to the hot water spring (Figure 9f). In the sand dune area, the
concentration of salinity is increased by 0.260 gL−1 on average and the groundwater head
remains unchanged in most of the wells and gives an average change of −0.025 m. The
maximum predicted changes in the groundwater head is varying from −2.44 m to 1 m and
changes in the concentration of salinity between 0.03 and −1.62 gL−1 in the well no. 11
and 40. The well with quality deterioration is present at the northern downstream side of
the agriculture field at Liwa. Along the coastal region, the groundwater is reaching the
ground surface with a maximum increase in the salinity by 1 gL−1 in the northern coast.
Increasing the contribution of nonconventional water to agriculture activities may lead
to a further increase in the area of groundwater seepage. Other locations that are having
groundwater heads close to the ground surface are downstream of the hot spring and at
well no. 47. The reported volume of subsurface flow from Wadi Dank and barrier effect
ahead towards flow direction due to the presence of groundwater mound at dune surface
may be responsible for an increase in the groundwater head at well no. 47.
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Figure 9. Predicted change in groundwater head and concentration of salinity from the year 2021 to 2050 using the current
rate of groundwater pumping and irrigation return flow in correspondence of: (a) Well No. 54; (b) Well No. 60; (c) Well No.
49; (d) Well No. 59; (e) Well No. 62; (f) Adjacent grid to hotspring; (g) Wll No. 11; (h)Well No. 40.

The present rate of nonconventional water and irrigation return flow serves mainly to
avoid over-pumping of groundwater and considerable recovery of groundwater at some
locations. However, it is also obvious that the concentration of irrigation return flow may
vary from place to place due to the consumption of fertilizers, pesticides, interaction with
root zone and soil matrix in the agriculture field. The model simulation using the same
volume of irrigation return flow at each location with several ranges of concentration shows
a considerable increase in the concentration of groundwater in the north and Piedmont
region by a maximum of 0.1 gL−1 under maximum simulated concentration of 2 gL−1

(Table 5). In the sand dune area, the predicted change is in fourth order and considered
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as nil. It is due to fewer and sparse agriculture activities on the dune surface. There is
nil change in the predicted groundwater head in all the attempts with several ranges of
concentration. Even the changes predicted in the north and Piedmont region are also very
limited due to less volume of irrigation return flow than the total volume of groundwater
pumping in comparison.

Table 5. Impact of irrigation return flow concentration and an additional contribution of nonconven-
tional water.

Concentration
of Irrigation
Return Flow
(gL−1)

Predicted Change in Groundwater
Head (m)

Predicted Change in Concentration
of Groundwater (gL−1)

North and
Piedmont
Region

Sand Dune
Area

North and
Piedmont
Region

Sand Dune
Area

0.1 −6.71 to 5.16 −2.45 to 1 −0.63 to 0.86 −0.03 to 1.63

0.5 −6.71 to 5.16 −2.45 to 1 −0.63 to 0.89 −0.03 to 1.63

1 −6.71 to 5.16 −2.45 to 1 −0.63 to 0.92 −0.03 to 1.63

2 −6.71 to 5.16 −2.45 to 1 −0.63 to 0.96 −0.03 to 1.63

Addon volume
of nonconven-
tional water to
irrigation water
demand

Predicted change in groundwater
head (m)

Predicted change in concentration
of groundwater (gL−1)

North and
Piedmont
region

Sand dune area
North and
Piedmont
region

Sand dune area

1% Yr−1 −6.62 to 5.19 −2.24 to 1.05 −0.63 to 0.86 −0.05 to 1.60

2% Yr−1 −6.44 to 5.22 −2.17 to 1.07 −0.64 to 0.82 −0.07 to 1.58

3% Yr−1 −5.55 to 5.35 −1.73 to 1.12 −0.71 to 0.76 −0.1 to 1.52

The estimated contribution of nonconventional sources is increased from 5% in the
year 2000 to 13.6% in the recent year (2019). Further increase in the volume of contribution
might be possible in the coming years. The model simulated with an additional contribution
of nonconventional water at the rate of 1% of the total volume of groundwater pumping per
annum to 3% of the total volume of groundwater pumping per annum at each agriculture
field results in an increase in the groundwater head by a maximum of 5.35 m in the north
and piedmont region and 1.12 m in the sand dune area (Table 5). The concentration of
salinity is reduced by a maximum of 0.71 gL−1 and 0.1 gL−1 respectively.

Potential and Limitation of the Regional Model

The conducted numerical simulation at a regional scale tested the practicability of
the use of desalinated and recycled water as a strategy to improve the water budget and
water quality of the Abu Dhabi surficial aquifer. Despite the apparent simplicity of the
application of the SASR and non-conventional water for Agricultural Water Management
Strategies, the complexity of site-specific hydrogeological conditions and the processes
involving various spatial and temporal scales may affect the success and failure of the
interventions.

The regional model is used for a prior selection and evaluation of a potential site
for the application of SASR and non-conventional water for Agricultural Water Manage-
ment Strategies. Therefore, the proposed methodology represents a first approach to the
problem where important features such as clogging, geochemical processes, and aquifer
heterogeneities at local scale have not been considered. Besides, the implemented model
represents a valuable tool for a preliminary assessment, strongly recommended prior to
pilot field experiments. Once the promising site has been screened and evaluated, fur-
ther field investigations and more complex models at a local scale are needed in order to
evaluate the feasibility of aquifer recharge interventions.
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For a better assessment of Aquifer Storage and Recovery Feasibility, the proposed
regional model could be combined with a groundwater quality and land use evaluation by
means of advanced geostatistical techniques in order to determine the ASR suitability and
its applicability to regional water management.

A combination of criteria among hydrogeologic properties, operational considerations,
and regulatory influences established by the user’s purpose for ASR will determine an
ASR suitability index (SI) together with a set of potential ASR well locations, based on the
assumption of maximizing ASR effectiveness while minimizing any impacts.

A further step forward could be to develop ASR site scoring systems to qualitatively
assess both regional and local suitability of ASR, which will take into account the spatial
variability at a local scale.

This will also provide current limitations and/or potential benefits of developing ASR
systems at the local scale with the aim of assisting local water managers in developing
strategies for long-term water supply planning.

5. Conclusions

A regional-scale coupled flow and solute transport model of the Abu Dhabi aquifer
is successfully developed using reported values of inflow and outflow. In this case study,
irrigation return flow is playing a major source of aquifer recharge. The use of nonconven-
tional water contributions such as desalinated and recycled water for agriculture activities
are inducing recovery of groundwater heads at selective locations. The average recovery of
groundwater head and groundwater salinity is 0.69 m and 0.26 gL−1 in the north of the
sand dune and Piedmont region. The maximum occurrence of changes in the groundwater
head is noticed as 6.71 m to 5.15 m and 0.63 gL−1 to 0.86 gL−1 in the north of the sand dune
area and Piedmont region. In the dune surface, the predicted change is negligible while
the maximum decline of groundwater head is noticed up to 2.45 m in the downstream
side of the agriculture field at Liwa. The groundwater decline in the north of sand dune
and Piedmont region is predicted at Al Hayer, Remah, and Bedafare. Along the coastal
region, an increase in the salinity is noticed by a maximum of 1 gL−1 in the north. The
water discharge from the hot spring increases groundwater head in the adjacent area by
12.07 m with a considerable dilution of groundwater salinity.

The model simulation using estimated irrigation return flow with increased concentra-
tion of salinity up to 2 gL−1 predicts a considerable deterioration of groundwater quality
on average. Further increased nonconventional water from 1 to 3% per year to agriculture
field induces recovery of groundwater head by a maximum of 5.35 m with a reduction in
the salinity concentration by a maximum of 0.71 gL−1.

The investigation of long-term nonconventional water storage using SASR structure
confirms prior feasibility of long-term storage in correspondence of the paleo freshwater
lens. In addition to monitoring the groundwater salinity, it is also recommended to avoid
maximum drawdown from the static groundwater head during the period of recovery.

The present study confirms the prior feasibility of long-term freshwater storage at the
SASR site and the need for additonal contribution from nonconventional water at selective
locations. The study also recommends rational use of nonconventional water especially in
the coastal region, downstream of hot springs and Wadi Dank.

Aquifer Storage and Recovery is of increasing importance to water resources man-
agement. ASR can be used to buffer against drought and climate changes, as well as to
provide water to meet demand growth, by making use of excess surface water supplies
and recycled waters.

This study can assist water-resource managers and decision-makers in identifying
opportunities to utilize ASR as a water management strategy to achieve a long-term
sustainable use of groundwater.

The approach presented in this paper can be adopted as a method in the management
of the water resource by which mitigations interventions could be simulated and then
implemented on both water quality and quantity. The simulation of different scenarios of
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interventions will permit to identify promising sites where field investigation and pilot
test together with numerical simulation at local scale will permit to estimate the long term
feasibility of aquifer recharge and its protection to seawater intrusion.

The proposed approach could also be applied to further studies aimed at mitigating
groundwater quality degradation and hydraulic head depletion by using other sources of
water like rainwater and therefore reducing the runoff to the sea. This could help relevant
policy and decision-makers in adopting strategic actions to ensure a long-term supply of
clean water.
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