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• GRACE is able to capture the massive
groundwater depletion, resulting from
the intensive agricultural practices from
2002 to 2011 in the UAE.

• The decomposed GRACE timeseries
showed a better agreement with in-situ
data than the seasonal trend.

• The downscaled 0.5° grids showed similar
terrestrial water storage trend variation
with the native 3-degree grid.

• GRACE for recharge estimation in the arid
regions can be used to support the
decision-making process.
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The intensive agricultural expansion and rapid urban development in Abu Dhabi Emirate, United Arab Emirates (UAE)
have resulted in a major decline in local and regional groundwater levels. By using the latest release (RL06) of Gravity
Recovery and Climate Experiment (GRACE) satellite measurements and Global Land Data Assimilation System
(GLDAS) products, the groundwater storage change was computed and compared with the time series of in-situ mon-
itoring wells over the period of 2010–2016. The RL06 GRACE products from Jet Propulsion Laboratory (JPL), Univer-
sity of Texas Center for Space Research (CSR), German Research Center for Geosciences (GFZ), and JPL mass
concentrations (MASCON) were assessed and have shown satisfactory agreements with the monitoring wells. The
JPL MASCON reflected the in-situ groundwater storage change better than the other GRACE products (R = 0.5, lag
=1 month, RMSE = 13 mm). The groundwater recharge is estimated for the study area and compared with the in-
situ recharge method that considers multi recharge components from the rainfall, irrigation return flow and internal
fluxes. The results show that the agreements between in-situ and GRACE-derived recharge estimates are highly agree-
able (e.g., R2 = 0.91, RMSE = 1.5 Mm3 to 7.8 Mm3, and Nash-Sutcliff Efficiency = 0.7). Using the Mann-Kendall
trend test and Sen's slope, the analyses of policies, number of wells, and farm areal expansion with groundwater
time series derived from GRACE helped to validate GRACE and emphasize the importance of regulations for sustain-
able development of groundwater resources. The impacts of subsidy cuts after 2010 can be captured from the
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Fig. 1. The
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GRACE data in the eastern region of Abu Dhabi Emirate. The linear trend of groundwater storage anomaly obtained
from GRACE over the period from 2003 to 2010 is −6.36 ± 0.6 mm/year while it showed a decline trend of
−1.2± 0.6 mm/year after the subsidy cut. The proposed approach has a potential application for estimating ground-
water recharge in other arid regions where in-situ monitoring wells are limited or absent.
1. Introduction

Rapid economic development and high rates of population growth have
increased the demand for freshwater resources globally (An et al., 2021;
Abbott et al., 2019) and severely caused groundwater depletion in many
aquifers with an alarming rate (Rateb et al., 2020; Long et al., 2016;
Rodell et al., 2018; Madani et al., 2016; Alsharhan and Rizk, 2020a;
Shamsudduha and Taylor, 2020). More than half of the of the annual fresh-
water consumption worldwide is sourced from groundwater resources for
various purposes such as agriculture, industry, and domestic use (Margat
and Van der Gun, 2013; Taylor et al., 2022). In arid and semi-arid regions,
about 60 % of the exploited groundwater is nonrenewable (World-Bank,
2017) where millions of groundwater wells are vulnerable to dry if the
groundwater level declines by few meters (Jasechko and Perrone, 2021).
Therefore, the intense depletion of groundwater resources and the limited
water availability attracted scientists to seek sustainable solutions to
manage groundwater resources for arid regions (Davijani et al., 2016;
Yu et al., 2019; Ghorbal et al., 2021).

The eastern region of Abu Dhabi Emirate, the United Arab Emirates
(UAE) is in an arid region with minimal renewable freshwater resources.
The unconfined surficial aquifer (known as Quaternary aquifer), is a
transboundary aquifer shared between the UAE, Saudi Arabia, and Sultan-
ate of Oman, and it is the major source of groundwater in this region. This
aquifer is currently facing dramatic groundwater depletion and saltwater
intrusion owing to overexploitation and the prevailing drought conditions
(EAD, 2018). To reduce food imports in the UAE, the agriculture sector un-
derwent a significant expansion in the eastern region of Abu Dhabi Emirate
study area with monitoring wells,
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during the 1990s, which caused several cones of depression in the Quater-
nary aquifer in the farm areas, as shown in Fig. 1. Consequently, the
groundwater levels declined by >60 m relative to the steady state level in
1969 (Atlas, 2013; Alsharhan and Rizk, 2020b). According to the recent
study by Sherif et al. (2021), the groundwater renewability in this region
is only 40 % (i.e.,1.2 km3 out of the 3 km3 annual extraction rate). To pre-
serve groundwater resources and set sustainable groundwatermanagement
policies, detailed knowledge of changes in groundwater storage and
the condition of the aquifer system is required (Dennehy et al., 2015).
However, the lack of groundwater data hinders water managers from
quantitively evaluating the effectiveness of water management solutions
(White et al., 2016).

Many studies were conducted on quantifying the changes in groundwa-
ter storage and simulating aquifer dynamics in the UAE. Sherif et al. (2018)
used the potential recharge method which is based on an empirical method
involving multiple parameters, to estimate the recharge component from
rainwater percolation to the Quaternary aquifer in the UAE. However, the
internal flux, an important recharge component in the eastern region,
along the border with Oman, was not considered in their estimation. The
wadi (valley) recharge near the basins in Oman Mountains travels through
bedrock fractures towards the UAE border where it discharges into fan
deposits or piedmonts (Woodward andMenges, 1992). By using the numer-
ical runoff-infiltration model and water-balance model for 17 basins in
Oman Mountains, the annual internal flow recharge in the Al Ain area
from Oman Mountains was estimated to be approximately 55 Mm3

(Osterkamp et al., 1995). The United States Geological Survey (USGS)
modelled the regional pre-development groundwater flow system in the
farms, planted forests, and GRACE grids.
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eastern region of Abu Dhabi Emirate and applied different recharge model
scenarios for model assessments (Eggleston et al., 2018), and obtained a
similar internal flow recharge rate. Sathish et al. (2018) developed a
groundwater flow model for the Quaternary aquifer in Abu Dhabi Emirate
and their results indicated that subsurface groundwater flow from Oman
mountains was the largest recharge contributor. Sherif et al. (2021) devel-
oped a water budget model using a statistical approach to estimate the
changes in groundwater storage in the Quaternary aquifer. These different
approaches improved our understanding of the groundwater resources of
Quaternary aquifer in the UAE.

The integration of in-situ data with remote sensing data can help on
expanding the knowledge of hydrological cycle (Rodell et al., 2015).
The Gravity Recovery and Climate Experiment (GRACE) satellites,
launched in 2002, have provided an alternative solution to estimate terres-
trial water storage (TWS) (Tapley et al., 2004). The GRACE mission is to
calculate the TWS components including groundwater storage, surface
water storage, soil moisture storage, and snow water storage (Rodell and
Famiglietti, 2001; Tapley et al., 2004; Shamsudduha et al., 2012). The
subtraction of other TWS components from GRACE can result in an anom-
aly that represents groundwater storage. Those TWS components (e.g., soil
moisture, surface water and, snow water) can be estimated using the land
surface models (LSMs) run by the NASA's Global Land Data Assimilation
System (GLDAS).

Generally, quantifying groundwater recharge requires to collect in-situ
data with a detailed knowledge of field hydrologic parameters (Chen
et al., 2016; Fu et al., 2019) and anthropogenic practices (Han et al.,
2017). However, there is no study in the UAE that incorporated the
NASA's GRACE satellites datawith in-situ hydrogeological analysis to quan-
tify groundwater recharge of the Quaternary aquifer (Ghebreyesus et al.,
2016; Gonzalez et al., 2016; Hussein et al., 2021; Lezzaik and Milewski,
2018; Wehbe and Temimi, 2021; Wehbe et al., 2018), although multiple
studies have quantified groundwater storage change, depletion rate and
recharge rate using GRACE in the Arabian Peninsula (Mohamed and
Abdelrahman, 2022; Fallatah, 2020; Fallatah et al., 2017; Saber et al.,
2017; Seraphin et al., 2022; Moore and Fisher, 2012; Yassin et al., 2019).
Derived from GRACE, the groundwater storage anomaly has showed a
good replication with in-situ groundwater in multiple regions (Brookfield
et al., 2018; Hu et al., 2019; Moore and Fisher, 2012; Strassberg et al.,
2007; Scanlon et al., 2012; Neves et al., 2020; Rodell et al., 2004; Richey
et al., 2015). This motivated us to use GRACE for quantifying groundwater
recharge of the Quaternary aquifer.

Our approach can be described with the following three steps: (1) We
compare the monthly timeseries of groundwater monitoring wells over
the period 2010–2016withGRACE; (2)We estimate groundwater recharge
rate for the period from 2011 to 2013 using the in-situ data and compare
the results with groundwater recharge derived from GRACE; (3) We corre-
late between the number of farms, the number of working wells, and
GRACE groundwater storage change.

The estimation of groundwater recharge is challenging due to the water
balance system's complexity and the high cost of installingmonitoringwells
(Li et al., 2019; Lin et al., 2019). The incorporation of multiple recharge
approaches in the estimation of groundwater recharge can help tominimize
the uncertainties caused by various validity assumptions made in the
recharge estimation method (Walker et al., 2019). The study employs two
approaches to estimate groundwater recharge usingmultiple recharge com-
ponents, including rainfall percolation, irrigation return flow and fluxes.
These two approaches are derived from in-situ and remote sensing data,
respectively. Although it is generally recommended to use the GRACE prod-
ucts for regional scales (>100,000 km2), some recent studies have showed
satisfactory results, in which GRACE was applied with a smaller scale or
partial grid (Hachborn et al., 2017; Liesch and Ohmer, 2016; Neves et al.,
2020; Ramjeawon et al., 2022). Therefore, the specific objectives of this
study are as follows:

• To examine the agreement of groundwater storage change obtained from
GRACE and in situ monitoring wells;
3

• To assess the capability of GRACE on the detection of groundwater stor-
age changes for small scale arid areas;

• To validate the capability of GRACE in estimating groundwater recharge
by comparing with the in-situ recharge estimation method;

• To investigate potential causes of sudden changes in GRACE-based
groundwater storage anomalies and see whether or not they are related
to the former water/agriculture policy changes.

2. Study area

The study area is in the eastern part of the Abu Dhabi Emirate,
UAE, which has an area of 11,487 km2 as shown in Fig. 1. In this area,
there are 377 groundwater monitoring wells with complete lithologic
logs and drilling information, including aquifer geometry and
hydrogeological properties, which are available for further analyses.
Meanwhile, the region is well covered by the GRACE data product. As
indicated in Fig. 2, six GRACE grids are selected to cover the study
area. These grids are resampled to 0.5° × 0.5° grid resolution but have
a native resolution of 3° × 3°. The six grids covering the study area
are downscaled from the same 3° grid resolution. For simplicity, the
magnitude of GRACE cells 4 and 5 are summed together based on
their areal proportions and is presented as cell 4 in the estimation. For
GRACE cells 1, 3, 4 and 6, their groundwater activities including ab-
straction and development are mainly in the UAE side, although they
are transboundary (Izady et al., 2017). Therefore, cropping these grids
within UAE would not affect the recharge estimation.

Based on the Koppen climate classification system, the UAE has a
tropical and subtropical desert climate with low rainfall, high tempera-
ture, and high evaporation rate (Komuscu, 2017). The eastern region of
Abu Dhabi Emirate has a mean annual rainfall that varies between
35 mm and 137 mm (Fig. 3c) depending on the location and topogra-
phy, and the average annual potential evaporation rate ranges from
2000 mm to 3000 mm (Alsharhan et al., 2001; NCMS, 2021). This spa-
tial variability in rainfall can mainly be ascribed to the topographic ef-
fect where mountainous area forces the airflow to uplift and trap
moisture (Niranjan Kumar and Ouarda, 2014). Thus, the station records
near mountainous areas show higher rainfall than those in the desert
area.

To define the catchment boundary and identify the recharge zone, dis-
charge zone, and water divide in the study area (Condon and Maxwell,
2015), the digital elevation model was downloaded from the Shuttle
Radar Topography Mission (SRTM) website (available at https://srtm.csi.
cgiar.org) (Farr et al., 2007). The Oman Mountains, which are located to
the east of the study area, act as a water divide with an elevation range
from 1000 m to 3000 m above mean sea level (AMSL). Within the study
area, the topographic elevation ranges from <50 m to 400 m AMSL, except
for Jabel Hafeet, which is 1000 AMSL (Fig. 3a).

Groundwater accumulation andmovement is controlled by the phys-
iographic setting in the study area. The Al Ain area lies near the western
base of Oman Mountains about 110 km southeast of the Arabian Gulf
coast. Based on the hydraulic head map recorded in 2010 (Fig. 3b),
the general groundwater flow direction is from east to west. The cone
of depression appears near farm areas due to the intensive abstraction
(Fig. 3b).

Details related to the aquifers can be found in IWACO (1986), NDC
and USGS (1996). The potential geological aquifers are alluvial
deposits, Holocene sabkha, Holocene sand and gravel, aeolian sand
dunes, desert plain deposits, and limestones (Fig. 3b). The unsaturated
zone consists of fine sands, sandstone, and gravel (ADSWIS, 2020).
The Quaternary aquifer underlain by Fars formation (Miocene age) contains
deposits of materials with low permeability such as siltstones, mudstones
and evaporites (Imes and Wood, 2007). The saturated thickness is
100 m on the east along the border with Oman and thins to 25 m thick-
ness towards the west. Field measurements indicate that the depth to
groundwater ranges from 20 m to >100 m (below ground level)
(ADSWIS, 2020).

https://srtm.csi.cgiar.org
https://srtm.csi.cgiar.org


Fig. 2. The study area with the six GRACE grid cells.
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3. Datasets

3.1. In-situ data

The in-situ data include the drilling information of 377 wells, subsur-
face hydrogeological cross-sections, aquifer test parameters, saturated
thickness, rainfall data and historical water table of the study area. The col-
lected data, from different water authorities (e.g. Environmental Agency of
Abu Dhabi and NationalWater and Energy Centre) aswell as published and
nonpublished reports (Alsharhan and Rizk, 2020b; NDC and USGS, 1996;
IWACO, 1986), were reviewed, validated, and stored in a GIS database as
listed in Table 1. Rainfall data from 30 gauge stations located across the
study area were collected from the National Centre of Meteorology and
Seismology (NCMS), UAE.

3.2. GRACE data

The GRACEmission has twin satellites orbiting behind each other at an
approximate distance of 200 km (Rodell and Famiglietti, 2001; Tapley
4

et al., 2004). This distance between them can change due to gravitational
variations, but the changes are so small that a precise microwave ranging
system is required to detect them. The GRACE data can be used to create
average gravity field maps on a monthly basis. The gravity field signal
varies whenever there is a mass change due to a change in TWS (Rodell
and Famiglietti, 2001). The first GRACE mission was ended in October
2017 due to a battery issue. The GRACE Follow-On (GRACE-FO) mission
was launched in April 2018 to continue the same function of GRACE.

Several GRACEproducts are available fromdifferent processing centers:
University of Texas Center for Space Research (CSR), German Research
Center for Geosciences (GFZ), the Center National D'etudes Spatiales /
Groupe de Recherches de Géodésie Spatiale (CNES/ GRGS) and Jet Propul-
sion Laboratory (JPL) (Chambers, 2006; Bonsor et al., 2018; Tapley et al.,
2004). GRACE data are available in two forms: spherical harmonics (SH)
data and mass concentration solutions “MASCON” (Scanlon et al., 2016).
In this study, the following four solutions have been used: (1) GRCTellus
Land RL06 release of GRACE data from CSR, JPL and GFZ (available at
https://grace.jpl.nasa.gov/data/get-data/monthly-mass-grids-land/)
(Beaudoing and Rodell, 2020a; Landerer and Swenson, 2012); and (2) the

https://grace.jpl.nasa.gov/data/get-data/monthly-mass-grids-land/


Fig. 3.Hydrological overview of the study area (a) Digital elevationmodel with a resolution of 30m obtained from SRTM; this map showsmountains in the eastern region of
the study area (b) Aquifer type with hydraulic head (2010) for the unconfined aquifer (c) Average annual rainfall (mm) shows the spatial variation of rainfall.
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MASCON solution from JPL Release 06 Version 02 (available at http://
grace.jpl.nasa.gov) (Watkins et al., 2015; Wiese et al., 2018).

The gravity solutions obtained from the threeGRACEprocessing centers
are represented by a normalized spherical harmonic coefficient up to
degree and order 60. The changes in gravity field are caused due to mass
movement of the solid and fluid components of the Earth system. Multiple
steps are required to convert the gravity potential to Earth surface mass
changes. The degree-1 coefficients represent the geocenter motion and
were computed following the methods from Sun et al. (2016) and
Swenson et al. (2006). The glacial isostatic adjustment (GIA) was corrected
using the ICE6G-D model estimates (Peltier et al., 2018) to remove the
signal from the interior Earth mass and translate the mass change from
GRACE as changes in the hydrosphere (AG et al., 2013). The Atmosphere
and Ocean De-aliasing Level 1-B (AOD1B) was used for the atmospheric
and oceanic mass variations correction (Flechtner et al., 2015). The
GRACE RL06 has better accuracy and less noise than the previous version
(Release RL05) due to the improvements in the geophysical models, the
data processing technique and the replacement of the Degree-2 zonal
terms ΔC20 with a satellite laser ranging (SLR) (Cheng and Ries, 2019;
Bettadpur, 2018).

The RL06 solutions obtained from CSR, GFZ and JPL are in a grid form
with a spatial resolution of 1° × 1°. These products are based on the SH
solution. To filter and truncate SH coefficients, an adjustment is needed
through leakage and bias correction (Landerer and Swenson, 2012;
Swenson et al., 2006). However, the adjustment might lead to some leak-
ages and create uncertainties in the SH data. Leakage also occurs near
coastal areas where signal at the land leaks into the ocean (Watkins et al.,
Table 1
Types of the collected data and sources.

Data type Source

Terrestrial Water Storage GRACE RL06 (CSR, JPL, GFZ, and JPL MASCON)

Soil Moisture Noah, VIC and CLM
Groundwater telemetric monitoring wells Environment Agency of Abu Dhabi
Drilling information and specific yield National Drilling Abu Dhabi Emirate- U.S. Geolog
Rainfall National Centre of Meteorology and Seismology,
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2015). Thus, areas near the ocean could sever with leakage which mislead
reading the data. Even though applying the degree 60, destriping and
300 kmGaussianfilters will remove correlated errors in the gravity solutions,
this will also result in removal of energy and real geophysical signal (Cooley
and Landerer, 2019; Swenson andWahr, 2006). Therefore, the provided scal-
ing factor is multiplied for each 1° grid to correct the leakage bias (also called
attenuation effect) and restore the lost signal (Landerer and Swenson, 2012;
Swenson and Wahr, 2006). The scale factors are derived from the modelled
TWS from GLDAS Noah model (Rodell et al., 2004). In other words, leakage
error was computed based on the root mean square difference (RMSD)
between the GLDAS Noah terrestrial water storage estimate and the unfil-
tered terrestrial water storage signal obtained from GRACE. The scale factor
was derived by least-square fitting between the TWS derived from GLDAS
NOAH and the unfiltered GRACE (Landerer and Swenson, 2012).

The JPL MASCON (RL06) solution is defined as an equal-area 3° spheri-
cal cap mass concentration elements with no further postprocessing are
required to remove the correlated error (Watkins et al., 2015; Wiese et al.,
2016). The Coastline Resolution Improvement (CRI) filter and using the
scale factors will help on reducing the leakage across the land and ocean
boundaries (Wiese et al., 2016). The advantage of MASCON's data lies in
the simplicity to discriminate between land and water, whereas the SH
form has higher uncertainties because the signals must be restored and
ocean and leakage affect correction must be applied (Cooley and Landerer,
2019). The downscaling factors from the National Centre for Atmospheric
Research's Community Land Model 4.0 (NCAR CLM 4.0) (Lawrence et al.,
2011) were used to restore the amplitude of terrestrial water storage and
to enhance the spatial resolution from 3° × 3° to 0.5° × 0.5° (Gent et al.,
Spatial resolution Native resolution Time range Temporal Scale

JPL MASCON
(0.5° × 0.5°)

JPL MASCON (3° × 3°) 2003–2019 Monthly

CSR-GFZ-JPL
(1° × 1°)
(1° × 1°) N/A 2003–2019 Monthly
70 wells N/A 2010–2016 Hourly

ical Survey 377 wells N/A 1980–2011 N/A
Abu Dhabi 30 rain stations N/A 2005–2019 Monthly

http://grace.jpl.nasa.gov
http://grace.jpl.nasa.gov
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2011; Landerer and Swenson, 2012). Even though MASCON solutions were
resampled to 0.5° × 0.5° grids, the native resolution of MASCONs are 3° ×
3°. The major difference between spherical harmonic (SH) solutions and
MASCON solutions are the adopted postprocessing technique. The SH solu-
tions remove the noise and restore the signals by applying the destriping and
smoothing filters whereas the MASCON solutions apply constraints derived
from geophysical models (Scanlon et al., 2016).

The missing data due to battery issues were linearly interpolated
(Cooley and Landerer, 2019). The interpolated missing data records from
October 2017 to April 2018 were not accounted in the calculation of
recharge to reduce uncertainty.

3.3. GLDAS hydrological model

The global land data assimilation system (GLDAS) is a land surface
model that incorporates in-situ data and satellite data to simulate compo-
nents of TWS changes (Rodell et al., 2004). There are four land surface
models from GLDAS with different spatial resolutions (e.g., Community
Land Model (CLM), Noah, MOSAIC, and Variable Infiltration Capacity
(VIC)). For this research, the following monthly soil moisture storage data
are used: (1) CLM (version 2.1) (Li et al., 2020), (2) Noah (version 2.1)
(Beaudoing and Rodell, 2020a), and (3) VIC (version 2.1) (Beaudoing and
Rodell, 2020b; Rodell et al., 2004) with spatial resolution of 1° × 1° (avail-
able at https://ldas.gsfc.nasa.gov/gldas/) are used for the groundwater
calculations. The claimed vertical penetrated depth of modelled soil mois-
ture in CLM, Noah and VIC are 3.4 m, 2 m, and 1.9 m, respectively (Bi
et al., 2016) with multiple vertical profiles (Rodell et al., 2004). The three
soil moisture products were averaged to reduce the uncertainties. The
surface water is negligible to account for in the calculation as it is seasonal
and appears during rainfall events for a short period (Sherif et al., 2021).

4. Methods

4.1. Groundwater storage changes derived from GRACE

The isolation of soil moisture (SM) from liquid water equivalent thick-
ness (TWS) derived from GRACE helps with the calculation of groundwater
storage anomaly (GWSA) (Eq.1). In the data products obtained from the
Fig. 4. (a) Terrestrial water storage anomalies from the four GRACEproducts (b) The soil
depths (c) The GWSA calculated for each GRACE product for the comparison with the i
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four GRACE products (Fig. 4a), an averaged baseline from 2004 to 2009
is applied to the anomalies (Cooley and Landerer, 2019). Similarly, an aver-
age baseline is computed and applied for the soil moisture anomaly
(Fig. 4b). Soil moisture data obtained from CLM, Noah and VIC are aver-
aged to consider the different depth of soil profiles. Following Eq.1, the
groundwater storage anomaly is calculated for the four GRACE solutions
as shown in (Fig. 4c)

ΔGWSA Lð Þ ¼ ΔTWS Lð Þ−ΔSM Lð Þ ð1Þ

In previous research, seasonal removal using a temporal filter, such as a
12-month moving average, Butterworth low-pass-filter, and Hodrick Pres-
cott (HP) filter were applied for GRACE and exhibited a better agreement
with in-situ groundwater data than the original GRACE products (Scanlon
et al., 2012; Bhanja et al., 2016; Andrew et al., 2017). The use of temporal
filter removes high frequency noise and seasonal fluctuation, which
reduces errors in the calculation (Scanlon et al., 2012). To de-seasonalize
the groundwater timeseries, the 12-month moving average was applied.

4.2. Comparisons between in situ and GRACE derived groundwater storage

Telemetry groundwater level data are obtained from the Environment
Agency of Abu Dhabi to estimate the groundwater storage (GWS) changes
for the comparison with groundwater storage change derived from
GRACE. The retrieved groundwater monitoring wells have well screens
penetrated in the surficial unconfined aquifer (Quaternary aquifer). To
estimate the amount of water change within the aquifer, the specific yield
is taken into account in the calculation. The specific yield represents the
volume of water that a rock can retain in an unconfined aquifer. The
specific yield data was provided for the chosen wells in the study area.
The specific yield values varied from 0.01 to 0.3 depending on the soil type.

For the analysis, it is required to have a temporally continuous data;
therefore, among the 70 telemetric monitoring wells, 40 wells were satisfy-
ing over the periods 2010 to 2016. The chosen wells have an hourly record.
To match with GRACE temporal resolution, the data was aggregated from
hourly to monthly. It has been observed that telemetric wells have gaps in
the data due to the signal loss and battery issues. To reduce the uncertainty,
the gap in the data was not interpolated nor taken into the calculation. The
moisture from three land surfacemodels (CLM, Noah, and VIC) with different profile
n-situ groundwater storage change.

https://ldas.gsfc.nasa.gov/gldas/
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hydraulic heads for these wells varied spatially which indicate the hetero-
geneity of the aquifer. To compare groundwater storage change, the in
situ groundwater level data was converted to groundwater storage change
following Eq.2 (Todd and Mays, 2005; Bhanja et al., 2017; Bhanja et al.,
2018; Hachborn et al., 2017; Swenson et al., 2006; Sun et al., 2010).

ΔGroundwater Level ¼ Δh� Sy ð2Þ

where Δh represents the hydraulic head change at different time and Sy is
the specific yield of the unconfined aquifer. A comparison of the in situ
GWS data with the detrended and seasonal trend of GWS-GRACE data is
conducted to investigate the optimum GRACE product among the four
GRACE processing centers. The Pearson's correlation and RMSE are used
to validate the GRACE products that can reflect the in situ GWS changes.
The autocorrelation is applied to detect if there is a lag between the two
datasets. The annual seasonal trend was additionally assessed to detect
the seasonality of the data over the chosen period (2010–2016). The
GRACE product, which has the best match with the in-situ monitoring
wells, is used for computing the groundwater recharge rate that could
achieve the second objective of this study.

4.3. Multi recharge components estimation

Groundwater recharge (GWR) is known as water from rainfall or from
surface water that percolates through the unsaturated zone and reaches
the water table (Meinzer, 1923). In this paper, the GWR is defined to
account for multiple recharge components, including rainfall, irrigation
return flow, and groundwater flux. Methods proposed here will help to es-
timate the GWR in addition to its validation derived from the GRACE and
GLDAS data. The period from 2011 to 2013 is selected for GWR due to
the data availability during this period. The rainfall recharge is calculated
using an empirical method, which is discussed in detail in Section 4.4.
The Eq.3 below relates the multiple recharge components that were consid-
ered in the in-situ GWR:

GWR ¼ Recharge from rain percolationþ ΔFluxesþ Irrigation Return Flow ð3Þ

The GWR values derived from GRACE and the 12-month moving average
applied to GRACE data were calculated by adding all the increased magni-
tudes within the selected years. The increase in the GRACE GWSA indicates
the contribution of waterfluxes to the aquifer. The accuracy of seasonal and
de-seasonalized trends were investigated. The Eq.4 was used to calculate
annual GRACE GWR volume, and the result was compared with the in-
situ GWR (rainfall, internal flux, and irrigation return flow) result.

GRACE GWR L3
� � ¼ Groundwater Increase Lð Þ � Area L2

� � ð4Þ

4.4. Potential rainfall recharge from in situ data

The integration of multiple thematic layers to estimate groundwater
potential recharge zones using GIS has been applied effectively in many
regions (Kaliraj et al., 2013; Panda et al., 2021; Selvam et al., 2014). An
empirical method using geospatial techniques has been used to examine
the relationship between rainfall and recharge with the integration of sev-
eral thematic layers in the UAE (Sherif et al., 2018). The results obtained
using the empirical equation for a 1 km2 cell were compared with and val-
idated against the Water Table Fluctuation Method (WTF) recharge results.
The WTF method is based on the rises in groundwater level after a rainfall
event (Meinzer, 1923). An empirical method similar to that used by Sherif
et al. (2018) was used for the study area herein to estimate the recharge
from rainfall (Eq.5).

Geopotential maps were created for the following parameters: land use,
soil types, drainage intersection, geology, and ground surface slope. The
maximum recharge condition was recorded in a reservoir with a recharge
percentage of 28 % whereas the maximum recharge percentage in the
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rest of the study area was reported at 20 % (MOEW and IAEA, 2005).
Thus, the 8 % difference was attributed as an augmentation factor distrib-
uted to the four different parameters (Eq.6).

The study areawas divided into 11,481 grid cells ranging from 1 km2 to
1.64 km2, by using the Kriging method (Delhomme, 1978) to interpolate
the data spatially. Before applying the Kriging interpolation to the data,
the best fit variogram was developed and also cross validated.

Ri ¼ Ii
Imax

RPmax

� �
þ Cf ið Þ

� �
0:00001PiAi ð5Þ

Cf ið Þ ¼ DI ið Þ þ GS ið Þ þMFL ið Þ þ LU ið Þ ð6Þ

Ri: potential recharge volume for each cell (m3)A: Cell area (1km2)Ii: Infil-
tration rate-millimeter /hour (mm/h)Imax: Maximum infiltration rate
(mm/h)PRmax: Maximum percentage recharge 20 % alluvial gravels and
0 % for infrastructurePi: Average annual rainfall rate at cell I (mm)Cf(i):
Augmentation coefficient percentage of the cell [0 %–8 %]DI(i): Drainage
intersection and geological structureGS(i): Ground surface slopeMFL(i):
Major fault line and fractureLU(i): Land use.

4.5. Groundwater fluxes from Oman

The recharge from the Oman hydrologic basins into the study area was
categorized into four types, namely Piedmont, Wadi, Gap, and Mountain
front recharge. Wadi recharge occurs below the mountain gaps, whereas
the other types of recharges occur above the gap. Details of these recharge
values can be found in (Osterkamp et al., 1995). By using runoff simulation
and water balance model techniques, Osterkamp et al. (1995) estimated a
total recharge of 55 Mm3 per year from 17 hydrologic basins in Oman to
UAE. The recharge estimates obtained by Osterkamp et al. (1995) were
considered as the base scenario in the predevelopment groundwater flow
model relative to the other scenarios in the groundwater flow modeling
study conducted by Eggleston et al. (2018). In Oman, along the border
near Al Ain city, by using numerical modeling techniques, Izady et al.
(2017) estimated the average annual GWR volume as 32.79 Mm3

outflowing from Oman towards Al Ain city from six hydrologic basins.
Groundwater as an internal flux moves towards the UAE through the
Wadi (valley) as a transmission loss below mountain gaps. Therefore, the
Wadi paths were traced to identify the contribution of internal flux to
each GRACE cell (Fig. 5).

4.6. Groundwater fluxes in the UAE

For each GRACE grid cell, the Darcian approach was used to estimate
the outflow and inflow (Hubbert, 1957). To estimate groundwater outflows
towards the Arabian gulf, the analytical solution obtained from the Darcy's
approach was applied in northern Emirates (IWACO, 1986). The results
from (IWACO, 1986) by using Darcy's method (Eq.7) are similar to the out-
flow volumes calculated using the infrared thermal imagery method
(Lavalin INC, 1980). Therefore, Darcy's method is applicable for estimating
(1-D) regional longitudinal scale.

Q ¼ KA
∂h
∂l

ð7Þ

Q=Groundwater Flow (L3/ T)K=Hydraulic Conductivity (L/T)A=Area
of the flow (L2)∂h= Hydraulic head change (L)∂l=The distance between
the two measured wells (L).

The aquifer parameters used in the 1-D calculation following Darcy's
equation such as aquifer saturated thickness and hydraulic conductivities
were averaged for the generated 1 km2 grid cell in the GIS database
(Fig. 6). The Quaternary aquifer characterized as a heterogenous aquifer
where the hydraulic conductivity varies spatially (Fig. 6a). The hydraulic
conductivity was estimated for the transmissivity and saturated thickness
from the pumping test performed in the study area (NDC and USGS,
1996). To overcome the problem of heterogeneity, the weighted average



Fig. 5. The basins and wadis channels in Oman Mountains where the major wadis are clearly shown.
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of hydraulic conductivity was calculated for each GRACE cell along the
flow direction (Table S1). All data were gridded and fit to the variogram
model after testing for the 11,481 grid cells. In this research, based on the
hydraulic head values, we assumed that groundwater regionally travels in
one dimension from the east to the west towards the Arabian gulf. The
estimated fluxes for each cell were estimated using Eq.7.

4.7. Irrigation return flow

The agricultural area is categorized into flood irrigated and drip irri-
gated systems. The irrigation return flow is defined as “the excess of irriga-
tion water that is not evapotranspirated or evacuated by direct surface
drainage, and which finally returns to an aquifer” (Dewandel et al.,
2008). The irrigation return flow was calculated empirically following the
method outlined in PIK (2007) and the ratio is 14.5 % (Sathish et al.,
2018). In arid region, by using numerical, tracers and experimental
methods, the irrigation return flow for the flood irrigated system was esti-
mated around 13 % (Naghedifar et al., 2018), 15 % (Jafari et al., 2019)
and 15.2% (Ebrahimi et al., 2016). Thus, the irrigation returnflow percent-
age used in the calculation is 14 %.
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The Department of Forestry in the UAE initiated the greening program
to grow domestic trees that tolerate the arid region climate. The drip irriga-
tion system is mainly used for the forestry where water would not infiltrate
beyond the root zone due to the high evapotranspiration (Yakirevich et al.,
2013). The annual irrigation rate for the forestry was estimated to be
(2300) m3/ha (NDC and USGS, 1996). Therefore, the forestry area was
subtracted from the total agricultural area that was not accounted for in
the return flow calculation (Fig. 7). The major crop grown in the region is
palm tree and the irrigation rate per hectare (1 ha= 100 palm trees) varies
in the region due to the lack of knowledge of farmers to the required irriga-
tion amount (Alomran et al., 2019). Thus, for simplicity, the irrigation rate
used for the irrigation return flow calculation is averaged from multiple
papers, which is 13,700 m3/ha (Al-Muaini et al., 2019; Alomran et al.,
2019; Al Tenaiji et al., 2021).

4.8. Trend analysis

The seasonalMann-Kendall trend test (M-K test), which has beenwidely
used for hydrometeorological time series (Hamed, 2008; Shi et al., 2010),
was applied for trend analysis. This method was firstly proposed by Mann



Fig. 6. Hydraulic parameters (a) Hydraulic conductivity (m/day) (b) Saturated thickness (m) used for the flow calculation following Darcy's equation.
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(1945) and furtherly investigated by Kendall (1955). The M-K test and Sen
(1968) Slope estimator were used to estimate the significance and trend
magnitude, respectively. This nonparametric test neglects the restriction
of normal distribution condition and was, therefore, applied to detect the
trend and any changes in its magnitude for the GRACE GWSA. The trend
detection contributed to an examination of the impacts of groundwater
policies and subsidies on the GRACEGWSA. The analyses were investigated
to assess the monthly trends over two periods: (a) period 1 (2003−2010);
and (b) period 2 (2010–2016). The secular trend of GRACE GWSA was
calculated by fitting a linear trend to the timeseries. The errors associated
with the trend was estimated at a confidence interval of 95 %.

5. Results

5.1. Comparisons between GWSA derived from GRACE and in situ groundwater
storage

The performance of different GRACE products is assessed by comparing
themwith the in situ GWS. The comparison between the in situ and GRACE
products is shown in Fig. 8. The decomposed trends of GRACE and in situ
monitoring wells showed better agreement than the seasonal trends. The
GRACE RL06 products performed poorer in the study area compared to
the JPL MASCON (Table 2). The 1-month lag showed better correlations
for the 4 GRACE products. This lag is attributed to the hydrological param-
eters such as depth to water and the infiltration rate of the soil. Based on
previous studies, a 1-month time lag has been observed in the areas with
thick unsaturated zones (Wang et al., 2020; Brookfield et al., 2018). The
JPL Mascon showed the highest correlation (Pearson correlation, r = 0.5,
p value <0.05) among the four GRACE products. The RMSE for all the
GRACE products were within a close range (RMSE = 11.8 mm to
18.9 mm), but JPL MASCON has the smallest RMSE. This complies with
previous research, in which JPL performs better than the other GRACE
products in different regions.

Averaging the monthly data was another approach to detect the season-
ality. Among the 4 GRACE products, JPL mascon showed also the best
seasonality performance (r = 0.8, p < 0.05). Thus, among the different
GRACE solutions, JPLMascon was chosen for the recharge rate calculation.
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5.2. Potential rainfall recharge method

The computed groundwater recharge from rainfall is shown in Fig. 9c
and summarized in Table S2. Based on these results, the annual rainfall
and total annual recharge showed consistent spatial pattern (Fig. 9a and
Fig. 9c). The highest groundwater recharge is shown in cell 1 due to the
high annual rainfall received in that cell. Even though cells 4 and 6 have
high infiltration rates (Fig. 9b), the groundwater recharge rates in these
cells are the lowest. The applied empirical method related multiple param-
eters such as land use, soil types, drainage intersection, geology, ground
surface slope and annual rainfall. Among these parameters, it is concluded
that the amount of rainfall is a major controlling factor to recharge ground-
water other than the infiltration rate. Similarly, Imes and Wood (2007)
concluded that recharge is neglected near the sand dunes due to the high
thickness of the sand dunes where water evaporates before reaching
groundwater table. By using the water table fluctuation method, Shi et al.
(2015) concluded that in New SouthWales, Australia, the major factor con-
trolling groundwater recharge following water table fluctuation method is
the amount of rainfall instead of other factor such as depth towater table or
groundwater level. The result from the potential recharge method (PRM)
showed that the amount of rainfall is a major factor to determine the occur-
rence of groundwater recharge which corresponds with the previous stud-
ies (Imes and Wood, 2007; Shi et al., 2015). The results obtained using
the PRM (Table S2) are incorporated into the in-situ recharge calculation
method by using Eq.3. The uncertainties associated from the potential
recharge method come from the interpolation method applied to generate
the maps. The cross validation of the variogram model reduces the uncer-
tainties associated with these parameters.
5.3. Groundwater fluxes

The groundwater fluxes were calculated using two methods. Along the
border, the groundwater fluxes traveling from Oman below and above the
gaps were estimated by tracing each wadi path and identifying the GRACE
cell to which it contributes, as described by Osterkamp et al. (1995)
(Table 3 and Table S3). In Al Ain city (cell 3), the recharge rate due to



Fig. 7. Registered farms in the study area in 2011.
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groundwater fluxes is the highest among the other cells due to the exis-
tence of wadi channels from the major basins from the mountains to
the cell (basins 10, 11 and 12). The lowest recharge rate due to groundwa-
ter fluxes from Oman basins to the study area was recorded in cell 6
because of the large distance between the mountains and the cell and a
limited number of wadi channels.

As for the other method to calculate groundwater fluxes in the study
area, the analytical solution obtained using the 1-D Darcian solution was
applied. Hydraulic conductivity and saturated thickness maps exhibited a
spatial variability because of the heterogenous geology of the aquifer and
the intensive groundwater withdrawals near agricultural areas (Fig. 6).
The groundwater fluxes rates traveling out of the cells were the highest in
cell 3 owing to the high hydraulic conductivity and hydraulic gradient
(Table S1and Table S4). Cell 4 had the lowest hydraulic conductivity, and
a low hydraulic gradient; therefore, it had the least fluxes traveling out-
ward. A cone of depression (Fig. 6b) was found in cells 1, 2, 3, and 5,
which is due to the intense agricultural withdrawals. Table S3 and
Table S4 summarize the groundwater fluxes and these results were input
in Eq.3.
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5.4. Irrigation return flow

The final component in the recharge calculation following Eq.3 is the
irrigation return flow. Most of the registered farms are in cells 2 and 5
(Fig. 7 and Table 4). The irrigation return flow percentage calculated
using the method proposed by PIK (2007) was 14.5 %, which is consistent
with the results of other studies conducted in arid regions (Naghedifar
et al., 2018; Jafari et al., 2019; Ebrahimi et al., 2016). The irrigation return
flow percentage used in this study is 14 %. Irrigation return flow mainly
occurred in cells 2 and 4 (Table 4). In the absence of smart meters to calcu-
late the abstraction rate for each farm, it is challenging to calculate the
irrigation rate. Given that palm tree is the major crop grown in the region,
one can obtain an estimate based on the irrigation rate per hectare for palm
which is 13,700 m3/ ha. The irrigation return flow listed in Table 4 was
used for the recharge calculations by following Eq.3. For simplicity, in
this study, one can reasonably assume a constant irrigation rate to roughly
estimate the irrigation return flow. The uncertainty caused by assuming a
constant irrigation rate and irrigation return flow percentage should be
investigated further to account for the spatial variability. This task requires



Fig. 8. (a) The timeseries calculated from different GRACE products for the study area compared with the in situ GWS; (b) The decomposed trends for the monthly data
obtained from GRACE and in situ.

Table 2
Comparison of the decomposed trend (12-month moving average) obtained from
the four GRACE products with the in situ GWS.

Data R (Lag = 0) R (Lag = 1) RMSE

CSR RL06 <0.3 <0.3 16.7 mm
JPL RL06 0.4 0.5 18.9 mm
GFZ RL06 0.3 0.4 12.7 mm
JPL MASCON RL06 0.5 0.5 11.8 mm
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an extensive analysis in terms of numerical modeling of the unsaturated
zone and data collection from agencies. The uncertainties associated with
calculating the irrigation return flow could vary for the study area due to
the absence of smart meters in agricultural wells to estimate the pumping
rate. The irrigation volume could vary yearly and the pumping patterns
for individual farms could vary as well. Given that the pumping rate was
obtained from multiple studies, the uncertainties associated with pumping
rate falls within the confidence level of +− 500 m3/ha and the irrigation
return flow percentage is very minimum to consider (±0.4 %).



Fig. 9. Spatial distribution of (a) Annual rainfall (mm/year) (b) Infiltration rate (mm/h) (c) Annual recharge (m3/km2) calculated using PRM.
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5.5. Recharge estimation from all in-situ recharge components

The results obtained using the in-situ recharge approach relate several
recharge components and provide valuable insights into the study area
(Table 5). Rainfall recharge does not contribute substantially to the
recharge for cells 4 and 6, but internal flow and irrigation return flow are
themajor recharge sources. Cell 2 has the highest proportion of agricultural
area; therefore, it is expected to have the highest recharge rate due to irri-
gation return flow. This understanding of the hydrogeological features
and agricultural practices within the study area helped to calculate
recharge values. Knowledge of the recharge values and sources for each
GRACE cell is important for validating the GRACE and GLDAS data, and
for sustainable water resources management.

5.6. Groundwater recharge from GRACE

The recharge estimation derived from GRACE is averaged for the years
2011, 2012 and 2013 to ensure a match with the period considered in the
in-situ recharge estimation approach. The GWSA of the five downscaled
cells show similar trend variations, but there exist differences in the
amplitude (Fig. 10a and Fig. 10b). These small changes in amplitude are
ascribed to local recharge or discharge in a cell. Even though the study
area (11,487 km2) is small scale in view of the recommended footprint of
GRACE (~100,00 km2), the groundwater recharge in the five cells exhib-
ited spatial variability. The gap between GRACE and GRACE FO is shown
clearly in Fig. 10a, but it was not used in the calculation. GRACE and
GLDASwere able to capture the timing of rainfall events (Fig. 10c). Ground-
water rechargewas the highest in cell 1 whereas cells 4 and 6 have the least
Table 3
List of GRACE cells for which the recharge value was estimated as
an internal flux from the basin.

GRACE Cell No Hydrologic Basin No

1 1-2-3-4-5-6-7-8-9
3 10-11-12
4 13-14-15
6 16-17
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groundwater recharge (Table 6). The groundwater recharge estimates
in Table 6 were compared with the in-situ recharge results in Table 5 to
examine the accuracy of GRACE.

5.7. Comparison between in-situ and GRACE groundwater recharge

The results obtained from the in-situ recharge approach were compared
with the groundwater recharge values obtained from GRACE data. The
seasonal trend did not show good agreement with the in-situ recharge
estimation method (R2= 0.43, RMSE ranges from 47 to 79Mm3), whereas
the de-seasonalized timeseries performed using the 12-monthmoving aver-
age exhibited better agreement (R2 = 0.91, RMSE = 1.5 to 7.8 Mm3)
(Table 7). Additional matrixes have been used to evaluate the accuracy of
GRACE product against in situ data. The following matrixes have been ap-
plied to the calculation: Nash-Sutcliffe efficiency (NSE) (Nash and Sutcliffe,
1970), Percent bias (PBIAS) and RMSE-observation standard deviation
ratio (RSR). The NSE is 0.7, which is within the acceptable level of perfor-
mance. The PBIAS is 4.5 % indicating an underestimation bias of the de-
seasonalized GRACE product, whereas the RSR is 0.5 Mm3. These different
matrixes helped on evaluating the performance of GRACE on estimating
groundwater recharge rate. These results are remarkably validating the
GRACE JPL MASCON and GLDAS products. The main purpose of using
these two approaches to estimate groundwater recharge is to reduce the
uncertainty of each method.

GLDAS soilmoisture has limitation to detect soil moisture penetrated up
to 3.4 m depth. The depth to groundwater in the study area varied from
20 m to 140 m (ADSWIS, 2020). This scenario implies that a large volume
of soil moisture may not be within the coverage of GLDAS (below 3.4 m
Table 4
Irrigation return flow based on a 14 % return flow rate.

Cell ID number Farm area (ha) Irrigation rate per year (Mm3) Return flow (Mm3)

1 5812 79.6 11.1
2 10,741 147 20.58
3 4167 57 7.99
4 10,389 142 19.8
6 786 10.7 1.5

Note: Palm is the major crop grown and the irrigation rate is 13,700 m3/ha.



Table 5
Summary of in-situ groundwater recharge calculation considering multiple
components

Cell
ID

Irrigation
return
flow
(Mm3)

Potential
recharge
method
(Mm3)

Internal
flow
(Mm3)

Outflow
(Mm3)

Total In-Situ
Groundwater
Recharge
(Mm3)

1 11.1 13.6 13.2 9.7 28.2
2 20.58 8.2 12.7 3.6 37.9
3 7.99 11.0 19.7 12.7 25.99
4 19.8 1.1 12.3 0.6 32.6
6 1.5 0.2 10.0 0.8 10.9
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depth) and during the isolation of soil moisture fromGRACE, this volume is
considered groundwater. Thus, a time lag was detected between the
groundwater storage anomaly derived from GRACE and in-situ groundwa-
ter measurements in arid regions (Wang et al., 2020). Brookfield et al.
(2018) indicated that the High Plains aquifer has a weaker relationship
with the TWS derived using GRACE data than the overlaying alluvial aqui-
fer due to the deep unsaturated zone in the High Plains aquifer. Similarly,
this is also revealed in cell 2, where near the cone of depression, the
depth to groundwater table is around 140 m and resulted in a higher
RMSE compared to the other cells (Table 7). The depth to water in cell 3
is the lowest compared to the other cells; therefore, it has lower RMSE.
Fig. 10. a) GRACE seasonal groundwater storage anomaly (GWSA); b) 12-Month Movin
and in-situ rainfall.
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This demonstrates the importance of considering the vadose zone in the
calculation when dealing with deep unsaturated zones. Both GRACE and
in-situ recharge calculations could have limitation due to the lack of infor-
mation about the unsaturated zone.

As for groundwater storage derived from GRACE and GLDAS data, the
improvements of satellites to detect soil moisture at depths exceeding the
3.4 m can provide accurate estimates of groundwater recharge in area
with thick unsaturated zone. Soil moisture satellites and land surface
models have been developed rapidly to finer resolution reaching 0.1° or
higher, but the depth remains to about 3.4 m. In terms of in-situ data,
numerical modeling and sensitivity analysis of the saturated and unsatu-
rated zones will deliver superior estimate of the dynamics of water in the
unsaturated zone.

Cell 6 has a large uncertainty (RMSE 7.8 Mm3) which may be a result of
the oil activities in Oman and UAE. Within Cell 6, in Oman, there are Safah
and Lekhwair oil fields (Ali et al., 2017). To extract crude oil, a large vol-
ume of water is pumped from the deep carbonated aquifer. It is estimated
that to produce one barrel of oil, 2–10 barrels of water are produced
(Hagström et al., 2016). The oil produced water is injected into the Oligo
Miocene clastic unit underlying the surficial unconfined aquifer, which
increases the potentiometric head and potentially causes an upward
leakage into the overlying Quaternary aquifer. (NDC and USGS, 1996).
Hence, this large uncertainty is potentially related to the oil production
practices and causes a mass change in cell 6. Similarly, in Sudan, GWSA
g Average of GRACE GWSA; c) Comparison of GRACE TWSA, GLDAS soil moisture



Table 8
The magnitude of the trends estimated over two periods (2003−2011) and
(2011–2019).

Cell
ID

Period 1(2003–2011) Period 2 (2011–2019)

Sen's slope
(mm/year)

Linear trend
(mm/year)

Sen's slope
(mm/year)

Linear trend
(mm/year)

1 −5.61 −8 ± 0.6 −0.9 −0.8 ± 0.6
2 −5.13 −6.3 ± 0.6 −1.6 −1.5 ± 0.6
3 −6.07 −8.1 ± 0.5 −1.7 −1.4 ± 0.5
4 −5.18 −6.2 ± 0.6 −0.5 −0.4 ± 0.5
6 −6.7 −7.9 ± 0.4 −0.3 −0.2 ± 0.4

Table 6
Groundwater recharge estimation using GRACE data.

GRACE Cell
ID No

Area covered
(km2)

Groundwater increase
deseasonalized trend (mm)

Groundwater
recharge Mm3

1 1767 13.7 24.2
2 2826 11.3 31.9
3 1995 12.3 24.5
4–5 3031 10 30.3
6 1868 10 18.7
Total 11,487 57.3 129.7
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derived from GRACE showed an agreement with the oil and water extrac-
tion data (Gido et al., 2020). This will need further investigation to under-
stand the impact of oil field on GRACE anomalies change.

5.8. GRACE groundwater storage trend analysis

Since GRACE data is validated, one can incorporate GRACE products to
evaluate the historical groundwater storage change. A comprehensive anal-
ysis of farm areal changes, GRACE GWSA, number of working wells and
policies was performed to find relationship between these variables. A
significant negative trendwas found for the GRACEGWSAat the 5% signif-
icance level. The estimated groundwater depletion rate from GRACE over
the periods 2003–2019 is −2.43 ± 0.24 mm/year. The depletion rate
was calculated for each GRACE cell to evaluate if cells covering farm
areas will detect the massive depletion rate. (Table 8). Even though field
data shows that cell 6 has low groundwater abstraction compared to the
other cells, GRACE shows a contradictory result by having the highest
decline (−2.9 ± 0.2 mm/year) over the period 2003–2019 which it
could be attributed to the oil activities. The linear trend, Sen's slope and
RMSE indicated the availability of another factor impacting this cell.

In the 1990s, a mass expansion in agriculture backed by huge subsidies
to reduce the emirate's dependency on imports of vegetables and animals'
feeds was announced by the government. Rhodes Grass was the major
crop grown from 2005 to 2010, until the subsidies were ceased in 2010.
In 2012, the cultivation of Rhodes grass declined by 90 %, whereas the
cultivation of alfalfa declined by 75 % compared to the respective levels
in 2010 (Fragaszy and McDonnell, 2016).

Based on the data obtained from the Statistics Center of Abu Dhabi
(SCAD), the area covered by farms increased in the region over the period
(1998–2010) from 277 km2 to 441 km2 (Fig. 11b) (SCAD, 2020). Similarly,
within the study area, between 1998 and 2010, the number of working
wells increased dramatically from 22,400 to 51,000 wells (Fig. 11a) be-
cause of the subsidies for installing groundwater wells and the guaranteed
buyer for products that is the government. The estimated groundwater
depletion rate derived from GRACE is −6.36 ± 0.6 mm/ year over the
period from 2003 to 2011 (Fig. 11c). When the subsidies stopped and
alfalfa cultivation was restricted owing to its high water consumption, in
2010, the number of working wells decreased from 51,000 to 38,000
wells over the period 2010–2015 (SCAD, 2020). This indicated a reduction
in the abstraction rate. Due to subsidies cut and the implementation of a new
groundwater regulation in 2010, the groundwater depletion rate derived
from GRACE after 2010 to 2019 was lower (−1.28 ± 0.6 mm/ year)
Table 7
Recharge results from the in-situ and de-seasonalized GRACE methods.

Cell
ID
no.

In-situ
groundwater
recharge (Mm3)

GRACE
deseasonalized
(Mm3)

RMSE
(Mm3)

GRACE
Seasonal
(Mm3)

RMSE
(Mm3)

1 28.2 24.2 4.2 75.9 47.7
2 37.9 31.9 5.9 117.6 79.7
3 25.9 24.5 1.5 80.5 54.6
4 32.6 30.3 2.2 88.5 55.9
6 10.9 18.7 7.8 76 65.1
Total 135.6 140.8 6.19 438.5 302.9
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(Fig. 11c). This emphasizes the positive impact of the new regulation in the
eastern region of Abu Dhabi Emirate.

Thus, by analyzing GWSA-GRACE timeseries, one can understand how
GRACE was able to detect the large mass change signal, even though the
area was small. GRACE signals have poor spatial resolutions, but in areas
with high abstraction rates and dramatic water changes, the large mass
changes allow the GRACE signals to detect changes even over smaller
areas (Scanlon et al., 2012). Number of wells, annual farm areas change,
government policies and GWSA-GRACE showed an agreement which is
another way to validate the accuracy of GRACE products.

5.9. Uncertainty analysis

The uncertainties associated with GRACE satellites are from:
(a) atmospheric correction; (b) leakage error; and (c) instrumentation
error (Seo et al., 2006),whereas soil moisture data retrieved from
GLDAS are associated with uncertainties due to the model parametriza-
tion, the model algorithm, meteorological forcing data, and the lack of
representing human anthropogenic activities. (Bi et al., 2016). The
scale factors applied to GRACE data reduced the uncertainty from leak-
age error.

The uncertainty analyses derived from GRACE and GLDAS were per-
formed, and the confidence bounds of monthly TWS and SM are ±
14 mm and ± 11 mm respectively (at the 95 % confidence level) over
the period 2010–2016. The linear regression between the different
GRACE products showed a consistency (R2 = 0.6) except between JPL
MASCON and GFZ (R2= 0.2). The TWS showed similar standard deviation
for the three GRACE RL06 solutions whereas the JPL MASCON has a
standard deviation smaller by a magnitude of 2 (Fig. 12a). This difference
in magnitude is attributed to different processing methods that the
MASCON data adopted.

The range of soil moisture values obtained from CLM, Noah, and VIC is
displayed as a box plot as shown in Fig. 12c. Based on the linear regression,
a consistency appeared between CLM with Noah (R2 = 0.6) and CLMwith
VIC (R2= 0.5), whereas Noah with VIC showed a weak relationship (R2=
0.02). VIC showed a lower standard deviation as compared to CLM and
Noah by a magnitude of 2. Thus, the average value of these three soil mois-
ture products is recommended to reduce the uncertainties.

The uncertainty of GRACE andGLDASwith the in situ GWS is computed
and plotted as a shaded color in Fig. 12d. Additional uncertainty assess-
ments associatedwithGRACE are implemented by considering themultiple
GRACE solutions and comparing them with the in-situ data.

In situ monitoring wells increased the reliability of validating the
GRACE data. The telemetric data can reduce human errors infieldmeasure-
ments, but missing data for certain months will increase the weight of other
wells that have records. The errors associatedwith the chosen specific yield
for each monitoring well could cause uncertainties on computing the GWS
change. A change of ±0.04 for a given specific yield of 0.08 could amplify
the GWS change by 50 %. The specific yield value used in estimating GWS
change was not constant. Instead, we have used a value based on the
nearest pumping test applied from the drilled wells as shown in Fig. 2.
The values of specific yield have a mean of 0.09 with a standard deviation
of 0.05, indicating the heterogeneity of the aquifer.



Fig. 11. Timeseries of GWSAwith the (a) Registered number of wells and (b) Farm area within the region (c) GWSA trendwith two linear trends before and after the subsidy cut.
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To evaluate the impact of subsidy, we have used both the linear trend
and the M-K test. The linear trend was represented with the uncertainty
of least square fitting error. The Sen's slope was also applied to assess if a
disagreement would occur when evaluating the GWS change over the two
periods (2003–2010 and 2010–2019).

6. Discussion

In the UAE, some previous studies have estimated water storage or
groundwater storage by using GRACE (Gonzalez et al., 2016; Ghebreyesus
et al., 2016; Wehbe and Temimi, 2021; Wehbe et al., 2018; Lezzaik and
Milewski, 2018), but none of them applied a detailed hydrological analysis.
It is necessary to comprehensively understand the regional hydrological
cycle and the aquifer characteristics within the basin. For example,
Gonzalez et al. (2016) and Ghebreyesus et al. (2016) neglected groundwa-
ter flows from Oman and assumed that it is minimal to consider, but previ-
ous hydrogeological studies using numerical modeling have estimated that
annually 32–55 Mm3 of groundwater flows towards the eastern region of
UAE from Oman (Izady et al., 2017; Osterkamp, 1995). Some studies com-
pared the GRACE TWS (grid cell resolution 110 km×110 km) with the in-
situ groundwater monitoring wells data at a local scale (1000 km2), which
showed a significant negative trend (Wehbe and Temimi, 2021) and a cor-
relation of 0.53 (Wehbe et al., 2018). In these studies, however, the separa-
tion of surface water and soil moisture from the terrestrial water storage
(TWS) is neglected. The vadose zone plays an important role in the TWS
variability (Rodell and Famiglietti, 2001) and should be taken into account
carefully.

In our research, the groundwater inflow from Oman contributed sub-
stantially to the results obtained using multi-recharge components
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approach. The validation of GRACE data would help water managers to
consider the use of remotely sensed data for evaluating regional groundwa-
ter resources in arid regions, even in the case of a transboundary aquifer,
where data acquisition could be an obstacle. In order to gain an overall
knowledge of the groundwater storage change, GRACE can be used for
the areas where there is a lack of historical groundwater information.
GRACE products cannot replace the in-situ monitoring wells in the regions
with thick unsaturated zones owing to the limited capability of satellites to
detect deep soil moisture and its coarse spatiotemporal resolution.

For smaller areas below the footprint of GRACE (100,000 km2), the
application of GRACE has been validated to estimate groundwater storage
changes (Biancamaria et al., 2019; Ouma et al., 2015; Liesch and Ohmer,
2016; Rahimzadegan and Entezari, 2019; Ramjeawon et al., 2022). The
direct comparison between a single GRACE grid with in situ data has
been used in previous studies (Yin et al., 2020; Neves et al., 2020). In addi-
tion, the GRACE JPLMASCON datawas downscaled to a 0.5°×0.5° spatial
resolution from the original 3° × 3° spatial resolution (Cooley and
Landerer, 2019). Within the study area, even though the temporal pattern
of GWSA derived from GRACE and GLDAS was similar for the 5 cells, it
exhibited different annual amplitude, and this was interpreted as a local
recharge. The partial grids along the national border with Oman exhibited a
similar temporal pattern for those five grids with different annual amplitudes.

Incorporating in-situ soil moisture data in a depth exceeding 3.4 m into
the calculation is another research direction. Further understanding for soil
moisture deeper than 3.4 m could give a better estimation and eventually
will give a better estimation to groundwater.

The results from GRACE indicated that oil production activities have a
major effect on the recharge estimation. Therefore, GRACE could help on
monitoring the impact of oil production on groundwater storage and



Fig. 12.GRACE andGLDAS data over the period 2010–2016plotted as a boxplot for (a) TWSA; (b) GWSA; (c) SMA; (d) the groundwater storage change (black line) estimated
from in situ and the light shaded area representing the uncertainty from GRACE and GLDAS.
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recharge. The deficit between GRACE and the in-situ approach in cell 6
(7.8 Mm3/year) could be attributed to the recharge due to the injection of
oil produced water to this cell. Thus, further investigation on the oil
practices and production data in cell 6 is needed. For our study, due to
the multiple recharge components and its significance value, we were
able to quantify these values remotely using GRACE.

7. Conclusion

Among the four GRACE products, the JPL MASCON has shown satisfac-
tory results when compared with the in-situ monitoring wells. By using the
GRACE and GLDAS products, an approach for computing groundwater re-
charge was developed in this study, which can help to monitor and predict
groundwater resources in the UAE. The results between the in-situ recharge
approach derived from multiple sources (e.g., rainfall, internal flux and
irrigation return flow) and de-seasonalized timeseries using the 12-month
moving average showed strong correlations (e.g., R2 = 0.91, RMSE =
1.5 Mm3 to 7.8 Mm3), while the seasonal trend did not show a good agree-
ment with that from the in-situ recharge estimationmethod (R2=0.43 and
RMSE ranging from 47 Mm3 to 79 Mm3). The errors between the in-situ
method and remote sensing approach can be attributed to some anthropo-
genic practices, such as agricultural expansion and oil productions as they
were clearly noted in the areas with thick unsaturated zones and/or oil
production activities.

In this research, GRACE is validated quantitively and qualitatively for
detecting the horizontal and vertical movements of groundwater. The mas-
sive groundwater volume depletion was captured by GRACE resulting from
16
the intensive agricultural practices from 2002 to 2011. By using the M-K
trend test, Sen's slope and linear trends, the analysis of policies introduced
by the UAE government after 2011 have shown their effectiveness to
preserve groundwater resources. Therefore, the application of GRACE for
recharge estimation in the arid regions can be used to support the
decision-making process.
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