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Abstract

Global groundwater resources have been threatened by both climate change and anthropogenic activities. Both factors could
lead to groundwater depletion that might seriously threaten the living environment and food security. As one of the world’s
most water-stressed countries, Saudi Arabia has experienced long-term groundwater depletion due to excessive groundwater
abstraction to meet the irrigation water demand. Moreover, rainfall and groundwater recharge are considered extremely low in
most places in the Kingdom. Hence, a comprehensive assessment of groundwater risk in Saudi Arabia is necessary to avoid a
worse scenario. The main objective of this study is to use the composite index to evaluate the groundwater risk in the Arabian
Basin in Saudi Arabia. To achieve the objective, multiple variables, such as groundwater storage variations, groundwater
reserves, total cropland area, and cropland expansion were integrated. The integration between physical hydrogeological
assessment and anthropogenic factors is assumed to be a comprehensive risk measurement. Based on the final score, results
demonstrated that Jouf and Najran could be classified as high-risk (17/100) and low-risk areas (71/100), respectively. The
groundwater risk status was affected mainly by anthropogenic factors. Results of this study could serve as a diagnostic tool

for decision-makers to prioritize and develop sustainable schemes, especially in high-risk areas.

Keywords Groundwater - Multicriteria decision-making - Composite index

1 Background

Groundwater is a fundamental resource that contributes to
maintaining ecosystem function, achieving food security, and
supporting economic growth. Since it represents approxi-
mately more than 90% of the world’s available freshwater
resources, groundwater can be regarded as a key element in
achieving sustainable development goal 6 (SDG-6) which
has the objective to ensure the availability and sustainable
management of water resources. The objective of SDG-6
can only be achieved through proper management and policy
that uses precautionary approaches and appropriate attention.
During the last few years, numerous works have been carried
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out to help stakeholders achieve various targets addressed in
SDG-6, such as conserving water quality [1, 2], efficiency of
water use [2, 3], and integrated water resources management
at all levels [2, 4].

Despite its critical role, recent studies show that the sus-
tainability of global groundwater resources has been threat-
ened by climate change and anthropogenic activities [5-9].
Due to increasing surface water fluctuation under climate
change, groundwater demand is expected to grow. More-
over, with the current trend of climate change (continuously
increasing atmospheric CO;), returning to paleoclimatic
conditions such as the Cretaceous period is possible [10].
In addition to climate change, population growth would
increase groundwater abstraction and use, particularly for
irrigation purposes, resulting in anthropogenic stress on
water supplies. Without active and sustainable management
of groundwater resources, the factors mentioned above might
threaten natural ecosystem function and human livelihoods.

Assessing groundwater risk status could serve as a pre-
liminary step for decision-makers as part of the sustainable
management of groundwater resources. Groundwater risk
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can be defined as a probability of an entity experiencing
a deleterious water-related event caused by either natural
conditions (e.g., hydrogeology of a specific basin), anthro-
pogenic activities, or both [I11]. Due to this definition,
the groundwater risk status could serve as the basis of
decision-making to ensure groundwater sustainability. The
term groundwater risk should not be used interchangeably
with water scarcity and groundwater stress. While water
scarcity refers to volumetric availability, groundwater stress
represents the ability of the system to satisfy the water
demand of human and ecological sectors. Together, both
scarcity and stress might inform the understanding of risk
due to basin or natural conditions [11].

The existing developed water indicators to facilitate
assessing the behavior of groundwater systems have focused
primarily on scarcity and stress conditions. These devel-
oped water indicators range from simple to sophisticated
approaches, such as Falkenmark index [12], water poverty
index [13], green—blue water scarcity [14], and cumulative
abstraction-to-demand ratio [15]. A sophisticated approach
typically incorporates more water indicators, like soil mois-
ture and environmental flow requirement [16]. In addition,
several index-based water indicators also existed, for instance
DRASTIC [17], GOD [18], SINTACS [19], and PI [20].
Despite being recognized as a suitable tool to assess ground-
water system, index-based water indicator has lacuna in the
form of subjective weighting and rating [21, 22]. Moreover,
unlike previous water indicators, DRASTIC, GOD, SIN-
TACS, and PI mainly focus on qualitative measurement of
deleterious event such as groundwater contamination.

To date, the number of water indexes measuring risk is still
limited [23]. Comprehensive risk assessment might require
the involvement of anthropogenic parameters as a source of
risk could come from both natural and human activities. The
inclusion of anthropogenic factors in the water index has
been demonstrated by prior studies, mainly for qualitative
assessment [22, 24, 25].

The groundwater risk index (GRI) is one of the tech-
niques based on a composite index to evaluate groundwater
risk by integrating hydrogeological data and anthropogenic
parameters at a regional scale [23]. The composite index has
been increasingly used as it can summarize multidimensional
issues and provides the big picture for numerous fields, such
as environment, economy, and society [26]. The variable of
the proposed index involves groundwater storage changes,
groundwater reserves, the governance level, food security,
and groundwater extraction cost. The robustness of selected
indicators, choice of normalization, and aggregation method
of GRI have been tested through sensitivity analysis and pro-
vide reliable results [27]. In addition, the structural flexibility
of GRI (equal weighting and linear additive aggregation)
will allow other users to modify its index components that
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represent the distinctive characteristic of groundwater sus-
tainability in semi- to hyper-arid regions [23].

In arid environments, groundwater serves as a main
water source to supply water demand; therefore, this lim-
ited resource should be evaluated against all possible risk
factors. This study adopts and modifies GRI to measure the
groundwater risk within the Arabian Basin of Saudi Arabia.
Groundwater quantity is known as the major concern in arid
regions; moreover, the availability of these data is more abun-
dant and accessible than qualitative data [28]; thereby, this
study intends to focus on quantity factor.

The application of GRI at a national scale might require
some modifications on its variables, particularly anthro-
pogenic parameters since the original anthropogenic datasets
(governance level and food security) are usually provided at a
national scale that leads to homogenization of spatial dimen-
sions. Therefore, by considering that the biggest consumer
of groundwater in Saudi Arabia is irrigated agriculture prac-
tices, this study replaced governance level, food security, and
extraction cost with total cropland area and its expansion.
The expectation of this study is to highlight the areas that
are at critical risk of groundwater storage and guide the local
authorities to develop better management to sustain the lim-
ited water resources in Saudi Arabia.

2 Materials and Methods
2.1 Study Area

The Arabian basin of Saudi Arabia is characterized by low
annual precipitation, limited renewable groundwater storage,
and the presence of deep aquifers [29]. The delineation of
the Arabian Basin is provided by World-wide Hydrogeologi-
cal Mapping and Assessment Programme (WHYMAP). This
basin encompasses several provinces in Saudi Arabia, such
as Jauf, Tabuk, Northern Border, Hail, Qassim, Riyadh, East-
ern, and Najran provinces (Fig. 1). This basin is the home of
several large primary aquifers that supply daily water demand
for various sectors across the Kingdom.

2.2 Groundwater Reserves

Groundwater is considered as the main water source in arid
regions such as Saudi Arabia. A number of primary aquifers
in Saudi Arabia that are considered as good aquifers provid-
ing adequate water supply involve Saq, Wajid, Tabuk, Minjur,
Wasia-Biyadh, Umm er Radhuma, Dammam, and Neogene
aquifers [30]. These primary sedimentary aquifers lie within
the Arabian Basin and covering two-thirds of Saudi Arabia.
The aforementioned aquifers were used to estimate ground-
water storage capacity in the study area.
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Fig. 1 Location of the study area
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Geometry (area and aquifer thickness) and hydrogeo-
logical features of aquifer (specific yield and storativity)
are the two main factors of groundwater storage calcu-
lation. In this study, groundwater storage was estimated
differently based on the type of aquifer: unconfined and con-
fined aquifers. The following equation was used to calculate
groundwater storages of unconfined and confined aquifers,
respectively:

Vo= Ay x H xSy (1

Ve=Acx Hx S 2)

where V is groundwater reserves of unconfined aquifer, A,
is extent of unconfined aquifer, H is aquifer thickness, Sy is
specific yield, V. is groundwater reserves of confined aquifer,
A, isextent of confined aquifer, and S is storativity. The extent
of both confined and unconfined aquifers, aquifer thickness,
specific yield, and storativity were obtained from existing
literatures [30—34]. In particular, the thickness of each aquifer
was estimated based on the average values across the range
of thickness estimates derived from various literatures (Table

D).
2.3 Groundwater Storage Changes
Traditionally, groundwater resource variations have been

monitored using the availability of local well measurement
data. However, it is difficult to monitor at a large scale

Table 1 Range of the thickness of each aquifer derived from various
literatures

Aquifer Thickness Range (m)
Tabuk 200-500

Saq 400-928

Wajid 200-900

Minjur 185-400
Wasia-Biyadh 600

UER 300-700

Dammam 90-130

Neogene 20-200

where the gauged measurements are limited. To overcome
these issues, satellite-based observations could be incorpo-
rated due to its recent improvement. Since it was launched
in 2002, NASA’s Gravity Recovery and Climate Experiment
(GRACE) has been widely applied for numerous groundwa-
ter studies. GRACE offers unprecedented techniques to make
direct observation of water stored variations above and below
the earth surface, including snow, surface water, soil mois-
ture, and groundwater at global, regional, and basin scales
[35]. This approach has been widely used due to some advan-
tages, such as long duration, wide coverage, free to public,
and most importantly providing valuable insight for regions
where ground-based observations are inaccessible.

The groundwater storage variations can be assessed by
removing the contribution of soil moisture (SM), snow water
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equivalent (SWE), and surface water (SW) from terrestrial
water storage (TWS) change quantified by GRACE. The
effect of SW is negligible due to the fact that Saudi Arabia is
located in an arid environment with lack of perennial rivers.
The same condition is applied for SWE as well. Therefore,
for the context of this study area, the relationship between
groundwater (GW), TWS and SM can be expressed from
Eq. (1)

AGW = ATWS—ASM 3)

TWS in this study was calculated using the mass con-
centration block (mascon) solution released by the Center
of Space Research at The University of Texas at San Austin
(CSR UT-TEXAS) with a resolution of 0.5 x 0.5 from Jan-
uary 2010 to December 2020 and can be downloaded from
https://www?2.csr.utexas.edu/grace/ [36, 37]. This solution
reduces the effect of leakage and measurement errors and
does not require scaling factor to restore the possible signal
losses during postprocessing. The monthly TWS anomalies
were generated after constructing the baseline from 2004 to
2009. The missing dataset due to battery problem of GRACE
satellite was computed by performing simple linear interpo-
lation.

SM variations in this study were simulated from land sur-
face model (LSM) developed by Global Land Data Assimila-
tion System (GLDAS). GLDAS utilizes ground measurement
and space-based observation to model global land surface
states and fluxes in near real-time [38]. Three different LSM
from Noah, Variable Infiltration Capacity (VIC), and catch-
ment land surface model (CLSM) were utilized to avoid any
bias coming from one model solely. The averaged value from
different simulations of SM is assumed to represent a real-
istic model due to the limitation of the in situ dataset in the
study area. In order to make it consistent with GRACE TWS
anomalies, the simulated SM was converted into anoma-
lies by subtracting monthly average of the same baseline as
GRACE from observed value in each month.

2.4 Cultivated Area and its Expansion

In arid regions, the extent of cultivated area is strongly asso-
ciated with groundwater variability since their water demand
is mainly supplied by fossil water. It should be noted that land
use is one of factors that can affect the dynamic of freshwater
resources in a short period [39-41]. Therefore, this variable
should be considered as a possible risk factor for groundwater
sustainability.

The global land use and land cover dataset (LULC) named
the Climate Change Initiative Land Cover (CCI-LC) dataset
developed by the European Space Agency (ESA) was used to
estimate the cultivated area and its expansion over the study
period (2010-2020). ESA CCI-LC was launched to provide
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land cover datasets for the climate modeling community.
This product has a spatial resolution of 300 m covering a
one-year interval from 1992 to 2020 [42]. The ESA CCI-
LC dataset was pre-processed for radiometric, geometric,
and atmospheric corrections. In this dataset, land covers are
classified separately using a combination of supervised and
unsupervised methods from the Medium Resolution Imag-
ing Spectrometer (MERIS). The capability of ESA CCI-LC
to monitor cropland areas accurately has been demonstrated
by prior studies [43—45]

2.5 Groundwater Risk Index

The risk of groundwater resources in the study area was
determined by integrating groundwater storage change,
groundwater reserves, cultivated area, and its expansion over
the study period into a final composite index (Fig. 2). The
list of all datasets used in this study is depicted in Table
2. In order to integrate aforementioned variables, a min—max
transformation was performed to normalize data as described
in equation below:

Xio_100 = % x 100 )

where Xig.100 is normalized value, while X;, Xmax and Xmin
represent the original, the maximum, and the minimum
values of each indicator, respectively. Each parameter is
assumed to have the same influence for calculating GRI,;
hence, equal weighting is applied during the aggregation step
in this study. Assigning the relative importance to parameter
that determine measured phenomenon is considered diffi-
cult and subjective bias [27]. Moreover, subjective weighting
schemes could make it difficult for those who have diverse
backgrounds to reach a consensus [46]. The aggregation of
each input variable into a final composite index was per-
formed using a simple additive arithmetic mean.

2.6 Sensitivity Analysis

The choice of individual indicators for the index might rely
on subjective judgments. Therefore, their selections would
not be free from any criticism. The robustness of the devel-
oped index can be evaluated using sensitivity analysis. In
this study, the sensitivity test was conducted to assess the
influence of individual input parameters on the index through
the inclusion/exclusion of each indicator following Milewski
et al. [27]. Then, the difference of region ranks between
the original and modified GRI (after the exclusion of input
parameter) can be explored through equation below:

Arank; = rankoriginal,r — ranKexclude q.r 5)
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Fig.2 Primary steps involved in
creating the groundwater risk

index Existing Literatures
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Table 2 List of all datasets used
in this study Datasets Temporal Spatial resolution  Sources
resolution
GRACE-RLO05-Mascon Monthly 05°x%x05° https://www?2.csr.utexas.
edu/grace/

GLDAS-NOAH v2.1 Monthly 0.25° x 0.25° https://disc.gsfc.nasa.gov/

GLDAS-CLSM v2.1 Monthly 1° x 1°

GLDAS-VIC v2.1 Monthly 1°x1°

ESA CCI-LC Yearly 300 m https://www.esa-landco

Geometry and hydrogeological
data of primary aquifers

ver-cci.org/
[30-34]

where Arank; represents rank change of region 1, rankoriginal,r
is the original rank of region, rankexclude g,r denotes the mod-
ified GRI after implementing sensitivity test.

3 Results and Discussion
3.1 State of Groundwater Storage

The estimated groundwater storage for each region within the
Arabian basin is summarized by Fig. 3. Qassim is classified
as the area with the least storage, while the highest groundwa-
ter reserve is estimated in Riyadh. Compared to other areas,
Riyadh has more major productive aquifers, ranging from
Saq, Wajid, Minjur, and Wasia-Biyadh [30, 31], therefore it
is not surprising that this region has the biggest estimated
groundwater reserves. In particular, the groundwater stor-
age in Riyadh accounted for 36% of the total groundwater
reserves in the study area. Qassim, Hail, and Tabuk have the
same two major aquifers: Saq and Tabuk aquifers. However,
among them, Qassim has the smallest area; hence, this factor
contributes to Qassim’s least groundwater reserves. Gener-
ally, Qassim, Hail, Jouf, and Northern Border have smaller

groundwater storage capacities than Riyadh, Najran, Tabuk,
and Eastern Province. The number of productive aquifers
and total area of each region are not the only variables con-
tributing to the volume of groundwater storage. For instance,
Najran has only one productive aquifer (Wajid aquifer).
Moreover, its total area is smaller than Eastern Province,
Jouf, or Northern Border. However, Najran’s groundwater
reserves are estimated as the second highest throughout the
study area. This is due to the higher specific yield value of
Wajid aquifer than other aquifers.

Assessing the validity of estimated groundwater reserves
is quite difficult due to the lack of in situ data in the study area.
Hence, the uncertainty in groundwater storage calculation
cannot be avoided. The adopted approach used to estimate
groundwater storage is based on the assumption that the
entire sediment column is saturated by water. Thus, it might
lead to over-calculation of groundwater storage. The limit
of acceptable saturated sediment thickness and the use of
specific yield instead of effective porosity were introduced
by previous studies to constrain the volume of groundwater
storage [46, 47].

Despite those limitations, the groundwater storage capac-
ity estimated by this study is still smaller than those by
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Fig. 3 Estimated groundwater reserves within the study area

Lezzaik and Milewski [46] and Richey et al. [47]. Several
factors contribute to this discrepancy. First, this study used
aquifer geometries and their hydrogeological features based
on available hydrogeological reports and data to calculate
groundwater reserves, while Lezzaik and Milewski [46] used
the global gridded dataset consisting by depth of water table,
sediment thickness, effective porosity, and lithology. Second,
Richey et al. [47] used specific yield that represents storage
coefficient of unconfined aquifer to calculate groundwater
reserves. In this study, storage coefficients of both confined
and unconfined aquifers were incorporated since the extent
of these two types of aquifers was already determined. The
value of storage coefficient of confined aquifers generally is
smaller than unconfined aquifers. Therefore, this approach
led to smaller estimates of groundwater storage capacity.

3.2 Trend of GRACE Observations

The spatial variability of yearly groundwater storage changes
derived by GRACE-GLDAS in the study area during
2010-2020 is displayed by Fig. 4. This map was developed
by solving Eq. (1) and representing the change of groundwa-
ter storage relative to the GRACE baseline (2004-2009). In
general, all regions exhibited a declining trend in groundwa-
ter storage over the study period. The significant groundwater
depletion was certainly more pronounced in the northwestern
part of the Arabian basin, particularly Jouf and Hail, while
the southern, eastern, and northeastern parts showed lower
groundwater changes. This finding is in line with results from
earlier studies conducted in the same area [48, 49], proving
the feasibility of this study’s result despite the lack of ground-
based observation for validation. Moreover, this assumption
is supported by a number of studies reporting the high corre-
lation coefficient of GRACE product with field monitoring
data [50-52].
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These results indicate that freshwater withdrawal for irri-
gation purposes is the dominant factor driving groundwater
variations in this area. Most irrigated agriculture is dis-
tributed in areas where higher groundwater depletion was
observed. Meanwhile, the southern, eastern, and northeast-
ern parts of the study area are dominated by bare land (desert)
with minimum anthropogenic activities. Hence, no wonder
these regions have lower groundwater depletion compared to
northwestern areas. This assumption is supported by agricul-
tural production being the biggest groundwater consumer in
the Kingdom as shown in Table 3.

3.3 Cropland Area and its Expansion

The cropland area of each region was determined for the
period of 2020 while the rate of cropland expansion from
2010 to 2020 was estimated by using the linear least square
regression method (Fig. 5). According to ESA CCI-LC’s
results, Riyadh and Najran are regarded as the regions with
the largest and smallest total cropland areas with total area
of 655,589 ha and 2356 ha, respectively.

Since 2010, four regions, including Tabuk, Jouf, Hail, and
Riyadh showed an increasing trend of cropland expansion.
Among them, Jouf has the biggest expansion with a rate of
1086 ha/year, followed by Hail, Riyadh, and Tabuk. The rate
of cropland expansion in Jouf is three times higher than in
Hail and Riyadh. After the implementation of the Eighth
Development Plan 2005-2009 by the government to suspend
agricultural expansion, no clear alternative crops were pre-
sented to the farmers to replace wheat, hence, alfalfa, and
other fodder crops began to be planted [53]. Consequently,
cropland areas increased significantly since alfalfa was one
of the most developed crops from 2010 [54]. Despite showing
an increasing trend, the rate of cropland expansion started to
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Table 3 Water consumption by sector in Saudi Arabia (million m?) obtained from Ministry of Environment, Water and Agriculture Statistical Book

2021
Sectors Year

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Municipal 2284 2423 2527 2731 2874 3025 3129 3150 3392 3493 3629
Industrial 753 800 843 890 930 977 1015 1000 1400 1400 1680
Agricultural 14,410 15,970 17,514 18,639 19,612 20,831 19,789 19,200 21,200 10,500 8500

decrease from 2018 in these regions as a result of new regula-
tionin 2018 to stop the cultivation of alfalfa [55]. Meanwhile,
the cropland areas in Eastern Province, Qassim, and Northern
Border have declined during the same period with rates of —
205 ha/year, — 199 ha/year, and — 2 ha/year, respectively.
The declining trend of cropland in these areas could be a con-
sequence of the implementation of the Eighth Development
Plan 2005-2009.

On the other hand, the development of cropland area in
Najran derived from ESA CCI-LC remains constant over
the study period. This can be explained as ESA CCI-LC is
known for having a spatial resolution of 300 m, which could
be too coarse in detecting small-scale changes in agricultural
development in Najran. Additionally, most cropland areas
in Najran are located within the Arabian Shield, in particu-
lar along the valley surrounded by the basement rocks [56],
while the focus area of this study is limited to the sedimentary

basin; hence, those areas were excluded from ESA CCI-LC
observation. The area and expansion rate of cropland in the
Arabian basin are summarized in Table 4.

3.4 Groundwater Risk in the Arabian Basin

The relative groundwater risk in the Arabian basin within
the time span of 2010-2020 was evaluated using modi-
fied GRI based on hydrogeology and anthropogenic parame-
ters. Figure 6 illustrates the final composite index and spatial
pattern of relative groundwater risk across the Arabian Basin.
The integration between these parameters can be consid-
ered as an integrated approach to determine how risky one
area is compared to other areas. Hence, modified GRI devel-
oped in this study could help the decision-maker to prioritize
groundwater resource management in high-risk areas. Low
and high-risk areas were classified based on score on a 0—100

@ Springer
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Fig.5 Time series of cropland expansion along with their linear regression obtained by ESA CCI-LC from 2010 to 2020

Table 4 Cropland area and rate of change between 2010 and 2020 observed by CCI-LC

Regions

Tabuk Jouf Hail Qassim Riyadh Eastern Northern Border Najran
Total area (ha) 102,214 417,330 396,956 363,376 655,589 148,596 7207 2356
Rate of expansion (ha/year) 80 1086 317 — 199 298 — 205 -2 0

scale and ranking of region. A higher index score denotes a
lower risk area. For example, the lower groundwater risk area
in this study is represented by a higher score on a 0—100 scale
and higher ranks out of 8 regions.

The index utilized in this study indicated that Jouf and
Hail are regarded as the most risk regions compared to
other areas with a score of 17/100 and 31/100, respectively.
Some estimated parameters are responsible for their low
scores. First, Jouf was observed as the area with the high-
est cropland expansion over the study period with a rate of
1086 ha/year, followed by Hail at a rate of 317 ha/year. These
cropland expansions can be largely attributed to the con-
tinually increasing irrigation water demand. Subsequently,
both regions have the largest groundwater depletion observed
by GRACE throughout the study area. Besides groundwater
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depletion, agricultural sprawls occurred in Jouf have been
reported to trigger several land-deformation features such as
sinkholes, fissures, and subsidences [57, 58]. The last param-
eter contributing to their low scores is the total cropland area.
According to ESA CCI-LC dataset, Jouf and Hail are classi-
fied as the second and third-largest cropland areas in KSA,
respectively. As irrigation activities are the largest groundwa-
ter consumer in the Kingdom, without active water resources
management, the groundwater system in Jouf and Hail surely
will be exacerbated in the future.

Having a large groundwater reserve is not a guarantee to
be classified as a region with a high index score. This applies
to Riyadh which has the largest groundwater storage capac-
ity, yet this region is still categorized as the third risk region
with an index score of 36/100. Irrigated agricultural areas
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and their expansion is believed to be the determining fac-
tor of Riyadh’s low score. Riyadh is known as the biggest
cropland area throughout the Arabian Basin, accounting for
31% of the total cultivated area in the study area. More-
over, Riyadh has experienced cropland expansion with a rate
of 298 ha/year which consequently puts Riyadh on a low
score. These revealed that groundwater reserves indetermi-
nate groundwater risk.

On the other hand, Najran and Eastern Province are clas-
sified as low-risk regions with scores of 71/100 and 67/100,
respectively. Najran is known as the region with the small-
est total cropland area within the Arabian Basin, whereas
Eastern Province is regarded as the area with the highest
cropland reduction since 2010. These factors have implica-
tions for their groundwater storage variabilities. Both regions
have the smallest rate of groundwater depletion compared to
other areas over the study period. Besides them, Northern
Border, with a 66/100 score, can be considered the low-risk
area, as the difference between Northern Border and the two
previous high-score regions is small. Northern Border is cat-
egorized as the second region with the smallest total cropland
area after Najran. Besides that, this region also experienced
cropland reduction over the study period.

3.5 Indicator Sensitivity Analysis

Results of the sensitivity test associated with the input param-
eters selection are depicted in Table 4. It is notable that most
regions exhibited no to little shift, ranging from one to two
positions, in their ranking structure after the exclusion of
each individual indicator (Table 5). Regions classified with
high scores, such as Najran, Eastern Province, and Northern
Border, consistently ranked similarly within the four-upper

group with the different combinations of input indicators.
This applies as well to Jouf, Hail, and Qassim who remained
stable within the four-lower position.

The index sensitivity is largely influenced by groundwater
storage changes, followed by total cropland area and cropland
expansion with average rank changes of 1, 0.75, and 0.75,
respectively, while groundwater reserves do not affect the
index sensitivity. Overall, the values of average rank changes
of individual input parameters indicate the robustness of the
indicators selection since it did not alter the ranking structure
significantly.

4 Conclusions

The modified GRI used in this study can be a valuable
preliminary approach for decision-makers to observe the
most risk area based on estimated parameters. This index
was developed by considering all possible variables related
to groundwater risk. Instead of focusing solely on hydro-
geological variables, the modified GRI incorporates both
hydrogeological data and anthropogenic factors. Integration
of these data could offer a better understanding of the ground-
water system’s status. To date, there is still no consensus on
which anthropogenic variables should be involved since these
factors could vary for different regions. This is because each
entity might interpret the term risk differently. The robustness
of variable selection utilized in this study was proven through
sensitivity test. Therefore, it could help local authorities to
prioritize implementing sustainable groundwater manage-
ment schemes in high-risk areas.

In this study, the relatively high-risk area is observed in
Jouf, while Najran is classified as the least-risk area. Jouf’s
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Table 5 Sensitivity analysis through inclusion/exclusion of individual indicators

Regions Original Index Excl GWC Excl GWR Excl CA Excl CE
Score Rank Score Rank Score Rank Score Rank Score Rank

Najran 71 1 66 2(—=1) 90 1 61 2(—1) 67 1
Eastern Province 67 2 62 4(—=2) 86 2 63 1+1) 55 3(—-1)
Northern Border 66 3 68 1(+2) 80 3 55 3 59 2+ 1)
Tabuk 56 4 65 3+ 1) 64 4 47 5(=1) 46 4
Qassim 44 5 49 5 58 5 45 6(—1) 26 6(—1)
Riyadh 36 6 25 T7(—1) 43 6 48 4(+2) 28 51
Hail 31 7 34 6(+1) 40 7 28 7 22 8(—1
Jouf 17 8 15 8 20 8 11 8 23 T7+1)

GWC, GWR, CA, and CE denote groundwater storage change, groundwater reserves, total cropland area and cropland expansion, respectively

low score is mainly caused by rapid rate of groundwater
withdrawal, large cropland area, and high rate of irrigated
agriculture expansion. It turns out that having high ground-
water storage capacity is not a guarantee to be classified as a
relatively small-risk area, as happened to Riyadh. The insen-
sitivity of groundwater reserves to groundwater risk was also
revealed through sensitivity analysis. Overall, the groundwa-
ter risk status is largely affected by groundwater abstraction,
followed by total cropland area and cropland expansion. It
means that anthropogenic factors such as groundwater with-
drawal and agricultural development should be taken into
consideration by local authorities to maintain groundwater
sustainability in this arid environment, particularly in areas
with low scores such as Jouf and Hail. In these areas, more
efficient irrigation methods such as drip and subsurface irri-
gation should be widely applied to reduce water losses due
to evaporation and deep percolation. Another initiative is the
use of treated wastewater which not only reduces ground-
water extraction but can also improve soil fertility. Last, this
study showed that recent advances in remote sensing have
enabled valuable contributions for understanding groundwa-
ter systems.

Acknowledgements Authors would like to acknowledge all support
from the Interdisciplinary Research Center for Membranes and Water
Security, King Fahd University of Petroleum and Minerals.

Funding This research was funded by the Deanship of Research Over-
sight and Coordination (DROC) at King Fahd University of Petroleum
& Minerals (KFUPM) under the Interdisciplinary Research Center for
Membranes and Water Security [Grant Number: INMW2113].

Declarations

Conflicts of interest The authors declare no conflict of interest.

@ Springer

References

1. Alexakis, D.E.: Linking DPSIR model and water quality indices to
achieve sustainable development goals in groundwater resources.
Hydrology 8(2), 96 (2021). https://doi.org/10.3390/hydrology802
0090

2. Kumar, P.; Thakur, P.K.; Bansod, B.K.S.; Debnath, S.K.: Ground-
water: aregional resource and a regional governance. Environ. Dev.
Sustain. 20(3), 1133-1151 (2018). https://doi.org/10.1007/s10668-
017-9931-y

3. Fehri, R.; Khlifi, S.; Vanclooster, M.: Disaggregating SDG-6 water
stress indicator at different spatial and temporal scales in Tunisia.
Sci. Total. Environ. 694, 133766 (2019). https://doi.org/10.1016/j.
scitotenv.2019.133766

4. Fraser,C.M.; Kalin, R.M.; Kanjaye, M.; Uka, Z.: A national border-
based assessment of Malawi’s transboundary aquifer units: towards
achieving sustainable development goal 6.5.2. J. Hydrol. Reg. Stud.
31, 100726 (2020). https://doi.org/10.1016/j.ejrh.2020.100726

5. Felfelani, F.; Wada, Y.; Longuevergne, L.; Pokhrel, Y.N.: Natural
and human-induced terrestrial water storage change: a global analy-
sis using hydrological models and GRACE. J. Hydrol. (Amst) 553,
105-118 (2017). https://doi.org/10.1016/j.jhydrol.2017.07.048

6. Huang, Y., et al.: Estimation of human-induced changes in terres-
trial water storage through integration of GRACE satellite detection
and hydrological modeling: a case study of the Yangtze River basin.
Water Resour. Res. 51(10), 8494-8516 (2015). https://doi.org/10.
1002/2015WR016923

7. Ashraf, B., et al.: Quantifying anthropogenic stress on groundwater
resources. Sci. Rep. 7(1), 12910 (2017). https://doi.org/10.1038/s4
1598-017-12877-4

8. Hamed, Y.; Hadji, R.; Redhaounia, B.; Zighmi, K.; Baali, F;
El Gayar, A.: Climate impact on surface and groundwater in
North Africa: a global synthesis of findings and recommendations.
EuroMediterr. J. Environ. Integr. 3(1), 1-15 (2018). https://doi.org/
10.1007/s41207-018-0067-8

9. Hamed, Y.; Houda, B.; Ahmed, M.; Hadji, R.; Ncibi, K.: North

Western Sahara aquifer system hydrothermal and petroleum reser-

voirs dynamics: a comprehensive overview. Arab. J. Geosci. 16(4),

247 (2023). https://doi.org/10.1007/s12517-023-11324-1

Hamed, Y.; Al-Gamal, S.A.; Ali, W.; Nahid, A.; Ben Dhia, H.:

Palaeoenvironments of the continental intercalaire fossil from the

late cretaceous (Barremian-Albian) in North Africa: a case study of

southern Tunisia. Arab. J. Geosci. 7(3), 1165-1177 (2014). https://
doi.org/10.1007/s12517-012-0804-2

10.


https://doi.org/10.3390/hydrology8020090
https://doi.org/10.1007/s10668-017-9931-y
https://doi.org/10.1016/j.scitotenv.2019.133766
https://doi.org/10.1016/j.ejrh.2020.100726
https://doi.org/10.1016/j.jhydrol.2017.07.048
https://doi.org/10.1002/2015WR016923
https://doi.org/10.1038/s41598-017-12877-4
https://doi.org/10.1007/s41207-018-0067-8
https://doi.org/10.1007/s12517-023-11324-1
https://doi.org/10.1007/s12517-012-0804-2

Arabian Journal for Science and Engineering (2024) 49:945-956

955

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

. The CEO Water Mandate: Driving harmonization of water stress,

scarcity, and risk terminology. (2014)

Falkenmark, M.; Lundqvist, J.; Widstrand, C.: Macro-scale water
scarcity requires micro-scale approaches: aspects of vulnerability
in semi-arid development. Nat. Resour. Forum (1989). https://doi.
org/10.1111/j.1477-8947.1989.tb00348.x

. Sullivan, C.: Calculating a water poverty index. World Dev.

30(7), 1195-1210 (2002). https://doi.org/10.1016/S0305-750X (02
)00035-9

Rockstrom, J.; Falkenmark, M.; Karlberg, L.; Hoff, H.; Rost, S.;
Gerten, D.: Future water availability for global food production:
the potential of green water for increasing resilience to global
change. Water Resour. Res. (2009). https://doi.org/10.1029/2007
WRO006767

. Hanasaki, N., et al.: An integrated model for the assessment

of global water resources-part 2: applications and assessments.
Hydrol. Earth Syst. Sci. 12(4), 1027-1037 (2008). https://doi.org/
10.5194/hess-12-1027-2008

Liu, J., et al.: Water scarcity assessments in the past, present,
and future. Earth’s Future 5(6), 545-559 (2017). https://doi.org/
10.1002/2016EF000518

Aller, L.; Bennett, T.; Lehr, J.H.; Petty, R.J.: DRASTIC: a standard-
ized system for evaluating groundwater pollution potential using
hydrogeologic settings. (1985)

Foster, S.: Fundamental concepts in aquifer vulnerability, pollution
risk and protection strategy, 38 (1987)

Civita, M.; De Maio, M.: Assessing and mapping groundwater
vulnerability to contamination: the Italian ‘combined’ approach.
Geofis. Int. 43(4), 513-532 (2004). https://doi.org/10.22201/igeof.
00167169p.2004.43.4.776

Goldscheider, N.; Klute, M.; Sturm, S.; Hotzl, H.: The PI method-
a GIS-based approach to mapping groundwater vulnerability with
special consideration of karst aquifers. Zeitschrift fur Angewandte
Geologie 46(3), 157-166 (2000)

Sharma, R.; Kumar, P.; Bhaumik, S.; Thakur, P.: Optimization of
weights and ratings of DRASTIC model parameters by using multi-
criteria decision analysis techniques. Arab. J. Geosci. 15(10), 1007
(2022). https://doi.org/10.1007/s12517-022-10034-4

Kumar, P.; Thakur, PK.; Bansod, B.K.; Debnath, S.K.: Multi-
criteria evaluation of hydro-geological and anthropogenic parame-
ters for the groundwater vulnerability assessment. Environ. Monit.
Assess. 189(11), 1-24 (2017). https://doi.org/10.1007/s10661-
017-6267-x

Lezzaik, K.; Milewski, A.; Mullen, J.: The groundwater risk index:
development and application in the Middle East and North Africa
region. Sci. Total. Environ. 628, 1149—-1164 (2018). https://doi.org/
10.1016/j.scitotenv.2018.02.066

Secunda, S.; Collin, M.L.; Melloul, A.J.: Groundwater vulnerabil-
ity assessment using a composite model combining DRASTIC with
extensive agricultural land use in Israel’s Sharon region. J. Environ.
Manag. 54(1), 39-57 (1998). https://doi.org/10.1006/jema.1998.
0221

Malakootian, M.; Nozari, M.: GIS-based DRASTIC and composite
DRASTIC indices for assessing groundwater vulnerability in the
Baghin aquifer, Kerman, Iran. Nat. Hazards Earth Syst. Sci. 20(8),
2351-2363 (2020). https://doi.org/10.5194/nhess-20-2351-2020
Saisana, M.; Saltelli, A.; Tarantola, S.: Uncertainty and sensitivity
analysis techniques as tools for the quality assessment of composite
indicators. J. R. Stat. Soc. Ser. A Stat. Soc. 168(2), 307-323 (2005).
https://doi.org/10.1111/j.1467-985X.2005.00350.x

Milewski, A.; Lezzaik, K.; Rotz, R.: Sensitivity analysis of the
groundwater risk index in the Middle East and North Africa region.
Environ. Process. 7(1), 53-71 (2020). https://doi.org/10.1007/s4
0710-019-00421-7

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Wang, S.; Liu, H.; Yu, Y.; Zhao, W.; Yang, Q.; Liu, J.: Evaluation
of groundwater sustainability in the arid Hexi Corridor of North-
western China, using GRACE, GLDAS and measured groundwater
data products. Sci. Total. Environ. 705, 135829 (2020). https://doi.
org/10.1016/j.scitotenv.2019.135829

Odhiambo, G.O.: Water scarcity in the Arabian Peninsula and
socio-economic implications. Appl Water Sci 7(5), 2479-2492
(2017). https://doi.org/10.1007/s13201-016-0440-1

Ministry of Agriculture and Water, Water Atlas of Saudi Arabia.
Riyadh: Saudi Arabian Printing Company Ltd, (1984)
UN-ESCWA and BGR: Inventory of shared water resources in
Western Asia. (2013). https://doi.org/10.18356/48e4072c-en
Edgel, H.: Geological frame work of Saudi arabia groundwa-
ter resources. J. King Abdulaziz Univ.-Earth Sci. 3(1), 267-286
(1990). https://doi.org/10.4197/Ear.3-1.23

Al-Jallal, I.: Hydrogeology of the minjur aquifer system in the
Riyadh region, Saudi Arabia. Western Michigan University, Michi-
gan (1979)

Edgell, H.S.: Aquifers of Saudi Arabia and their geological frame-
work. Arab. J. Sci. Eng. 22(1C), 3-31 (1997)

Tapley, B.D.; Bettadpur, S.; Ries, J.C.; Thompson, P.F.; Watkins,
M.M.: GRACE measurements of mass variability in the earth sys-
tem. Science 305(5683), 2004 (1979). https://doi.org/10.1126/scie
nce.1099192

Save, H.; Bettadpur, S.; Tapley, B.D.: High-resolution CSR
GRACE RLO0O5 mascons. J. Geophys. Res. Solid Earth 121(10),
7547-7569 (2016). https://doi.org/10.1002/2016JB013007

Save, H.: CSR GRACE and GRACE-FO RL06 Mascon Solutions
v02

Rodell, M., et al.: The global land data assimilation system. Bull.
Am. Meteorol. Soc. 85(3), 381-394 (2004). https://doi.org/10.
1175/BAMS-85-3-381

Scanlon, B.R.; Reedy, R.C.; Stonestrom, D.A.; Prudic, D.E;
Dennehy, K.F.: Impact of land use and land cover change on
groundwater recharge and quality in the southwestern US. Glob.
Chang. Biol. 11(10), 1577-1593 (2005). https://doi.org/10.1111/j.
1365-2486.2005.01026.x

Farjad, B.; Pooyandeh, M.; Gupta, A.; Motamedi, M.; Marceau, D.:
Modelling interactions between land use, climate, and hydrology
along with stakeholders’ negotiation for water resources manage-
ment. Sustainability 9(11), 2022 (2017). https://doi.org/10.3390/
su9112022

Lei, C.; Wagner, P.D.; Fohrer, N.: Influences of land use changes on
the dynamics of water quantity and quality in the German lowland
catchment of the Stor. Hydrol. Earth Syst. Sci. 26(9), 2561-2582
(2022). https://doi.org/10.5194/hess-26-2561-2022
ESA-European Space Agency: CCI land cover product user guide
version 2.4 (2014)

Pérez-Hoyos, A.; Rembold, F.; Kerdiles, H.; Gallego, J.: Compari-
son of global land cover datasets for cropland monitoring. Remote
Sens. 9(11), 1118 (2017). https://doi.org/10.3390/rs9111118

Liu, X., etal.: Comparison of country-level cropland areas between
ESA-CCI land cover maps and FAOSTAT data. Int. J. Remote
Sens. 39(20), 6631-6645 (2018). https://doi.org/10.1080/0143
1161.2018.1465613

Tan, M.L., et al.: Improvement of the ESA CCI Land cover maps
for water balance analysis in tropical regions: a case study in the
Muda River Basin, Malaysia. J. Hydrol. Reg. Stud. 36, 100837
(2021). https://doi.org/10.1016/j.ejrh.2021.100837

Lezzaik, K.; Milewski, A.: A quantitative assessment of ground-
water resources in the Middle East and North Africa region.
Hydrogeol. J. 26(1), 251-266 (2018). https://doi.org/10.1007/s1
0040-017-1646-5

Richey, A.S.; Thomas, B.F.; Lo, M.H.; Famiglietti, J.S.; Swenson,
S.; Rodell, M.: Uncertainty in global groundwater storage estimates

@ Springer


https://doi.org/10.1111/j.1477-8947.1989.tb00348.x
https://doi.org/10.1016/S0305-750X(02)00035-9
https://doi.org/10.1029/2007WR006767
https://doi.org/10.5194/hess-12-1027-2008
https://doi.org/10.1002/2016EF000518
https://doi.org/10.22201/igeof.00167169p.2004.43.4.776
https://doi.org/10.1007/s12517-022-10034-4
https://doi.org/10.1007/s10661-017-6267-x
https://doi.org/10.1016/j.scitotenv.2018.02.066
https://doi.org/10.1006/jema.1998.0221
https://doi.org/10.5194/nhess-20-2351-2020
https://doi.org/10.1111/j.1467-985X.2005.00350.x
https://doi.org/10.1007/s40710-019-00421-7
https://doi.org/10.1016/j.scitotenv.2019.135829
https://doi.org/10.1007/s13201-016-0440-1
https://doi.org/10.18356/48e4072c-en
https://doi.org/10.4197/Ear.3-1.23
https://doi.org/10.1126/science.1099192
https://doi.org/10.1002/2016JB013007
https://doi.org/10.1175/BAMS-85-3-381
https://doi.org/10.1111/j.1365-2486.2005.01026.x
https://doi.org/10.3390/su9112022
https://doi.org/10.5194/hess-26-2561-2022
https://doi.org/10.3390/rs9111118
https://doi.org/10.1080/01431161.2018.1465613
https://doi.org/10.1016/j.ejrh.2021.100837
https://doi.org/10.1007/s10040-017-1646-5

956

Arabian Journal for Science and Engineering (2024) 49:945-956

48.

49.

50.

51.

52.

53.

in a total groundwater stress framework. Water Resour. Res. 51(7),
5198-5216 (2015). https://doi.org/10.1002/2015WR017351
Fallatah, O.A.; Ahmed, M.; Save, H.; Akanda, A.S.: Quantify-
ing temporal variations in water resources of a vulnerable middle
eastern transboundary aquifer system. Hydrol. Process. 31(23),
40814091 (2017). https://doi.org/10.1002/hyp.11285

Joodaki, G.; Wahr, J.; Swenson, S.: Estimating the human contri-
bution to groundwater depletion in the Middle East, from GRACE
data, land surface models, and well observations. Water Resour.
Res. 50(3),2679-2692 (2014). https://doi.org/10.1002/2013WRO01
4633

Ouyang, W.; Liu, B.; Wu, Y.: Satellite-based estimation of water-
shed groundwater storage dynamics in a freeze-thaw area under
intensive agricultural development. J. Hydrol. (Amst) 537, 96-105
(2016). https://doi.org/10.1016/j.jhydrol.2016.03.034

Chen, H.; Zhang, W.; Nie, N.; Guo, Y.: Long-term groundwater
storage variations estimated in the Songhua River Basin by using
GRACE products, land surface models, and in-situ observations.
Sci. Total. Environ. 649, 372-387 (2019). https://doi.org/10.1016/
j-scitotenv.2018.08.352

Bhanja, S.N.; Mukherjee, A.; Saha, D.; Velicogna, I.; Famiglietti,
J.S.: Validation of GRACE based groundwater storage anomaly
using in-situ groundwater level measurements in India. J. Hydrol.
(Amst) 543, 729-738 (2016). https://doi.org/10.1016/j.jhydrol.
2016.10.042

Kim, A.; van der Beek, H.: A holistic assessment of the water-
for-agriculture dilemma in the Kingdom of Saudi Arabia. CIRS
Occasional Papers, (2018)

@ Springer

54.

55.

56.

57.

58.

Li, T.; Lopez Valencia, O.M.; Johansen, K.; McCabe, M.F.: A ret-
rospective analysis of national-scale agricultural development in
Saudi Arabia from 1990 to 2021. Remote Sens. 15(3), 731 (2023).
https://doi.org/10.3390/rs15030731

Alamri, Y.; Reed, M.R.: Estimating virtual water trade in crops for
Saudi Arabia. Am. J. Water Resour. 7(1), 16-22 (2019). https://
doi.org/10.12691/ajwr-7-1-3

Abd El Aal, A K.; Kamel, M.; Alyami, S.H.: Environmental anal-
ysis of land use and land change of Najran City: GIS and remote
sensing. Arab. J. Sci. Eng. 45(10), 8803-8816 (2020). https://doi.
org/10.1007/s13369-020-04884-x

Youssef, A.M.; Abu Abdullah, M.M.; Pradhan, B.; Gaber, A.F.D.:
Agriculture sprawl assessment using multi-temporal remote sens-
ing images and its environmental impact; Al-Jouf, KSA. Sustain-
ability 11(15), 4177 (2019). https://doi.org/10.3390/sul 1154177
Othman, A., et al.: Use of geophysical and remote sensing data
for assessment of aquifer depletion and related land deformation.
Surv. Geophys. 39(3), 543-566 (2018). https://doi.org/10.1007/s1
0712-017-9458-7

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of such
publishing agreement and applicable law.


https://doi.org/10.1002/2015WR017351
https://doi.org/10.1002/hyp.11285
https://doi.org/10.1002/2013WR014633
https://doi.org/10.1016/j.jhydrol.2016.03.034
https://doi.org/10.1016/j.scitotenv.2018.08.352
https://doi.org/10.1016/j.jhydrol.2016.10.042
https://doi.org/10.3390/rs15030731
https://doi.org/10.12691/ajwr-7-1-3
https://doi.org/10.1007/s13369-020-04884-x
https://doi.org/10.3390/su11154177
https://doi.org/10.1007/s10712-017-9458-7

	Groundwater Risk Assessment in the Arabian Basin of Saudi Arabia Through Multiple Dataset
	Abstract
	1 Background
	2 Materials and Methods
	2.1 Study Area
	2.2 Groundwater Reserves
	2.3 Groundwater Storage Changes
	2.4 Cultivated Area and its Expansion
	2.5 Groundwater Risk Index
	2.6 Sensitivity Analysis

	3 Results and Discussion
	3.1 State of Groundwater Storage
	3.2 Trend of GRACE Observations
	3.3 Cropland Area and its Expansion
	3.4 Groundwater Risk in the Arabian Basin
	3.5 Indicator Sensitivity Analysis

	4 Conclusions
	Acknowledgements
	References




