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Abstract: Human activity has led to a rise in the demand for water, prompting Saudi Arabia to search
for alternative groundwater supplies. Wadi As-Sirhan is one area that has experienced extensive
agricultural growth and the severe over-exploitation of its groundwater resources. The groundwater
drawn from the wadi should be continuously monitored to determine the best management options
for groundwater resources and economic growth. The most recent Gravity Recovery and Climate
Experiment (GRACE) mission and outputs of land surface models were combined to estimate the
depletion rate of the groundwater of the Wadi As-Sirhan drainage basin in the northern region of
Saudi Arabia throughout the period of April 2002-December 2021. The findings are: (1) the average
GRACE-derived terrestrial water storage variation (ATWS) was calculated at —13.82 & 0.24 mm/yr;
(2) the soil moisture storage variation was averaged at +0.008 £ 0.004 mm/yr; (3) the GRACE-derived
groundwater depletion rate was estimated at —13.81 & 0.24 mm/yr; (4) the annual precipitation data
over the Wadi As-Sirhan was averaged at 60 mm/yr; (5) The wadi has a minimal recharge rate of
+2.31 & 0.24 mm/yr, which may partially compensate for a portion of the groundwater withdrawal;
(6) the sediment thickness shows an increase from 0 m at the southern igneous and volcanic rocks
to more than 3000 m close to the Saudi-Jordanian border; (7) The wadi’s eastern, southern, and
western portions are the sources of its tributaries, which ultimately drain into its northwestern
portion; (8) change detection from the Landsat photos reveals considerable agricultural expansions
over recent decades. The integrated method is useful for analyzing changes to groundwater resources
in large groundwater reservoirs and developing environmentally appropriate management programs
for these resources.
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1. Introduction

The Wadi As-Sirhan drainage basin is located in the northwest of Saudi Arabia, about
1000 km north of Jeddah. It is located between 26.25° and 31.77° N latitude, and 37° and
41° E longitude (Figure 1). It includes Saudi Arabia’s western border with the Hashemite
Kingdom of Jordan.

Some of the world’s largest sand and gravel deserts may be found in northern Saudi
Arabia [1], but due to advances in agricultural technology, their appearance has altered [1].
Even as recently as 1986, the Wadi As-Sirhan area saw almost no cultivation. However, the
Saudi government has been consistently investing oil sector income in agricultural fields
for the previous 26 years. Wheat, fruits, and vegetables are among the crops that thrive in
this region [1].

For the purpose of crop irrigation in the fields, water is pumped up from a subter-
ranean aquifer. The Al-Disi aquifer is mostly buried beneath the Saudi Arabian desert,
although a small portion of it can be found in the northwest corner of Jordan.
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Figure 1. Showing the study area’s geology.

Groundwater aquifers are tapped to supply irrigation systems for the farms. Center-
pivot agriculture rotates the water source around a central point in a circular field [1].
Better water and fertilizer management are only two of the advantages this method offers
over conventional surface irrigation. This type of “precise agriculture” is crucial in places
where evaporation wastes a lot of water. A reduction in evaporative losses can be achieved
through more precise water management applications [1].

People have been taking groundwater out of the Wadi As-Sirhan region since 1986,
changing it, and the groundwater storage is always going down [2]. Because geophysical
methods have recently become more advanced, it is now possible to monitor groundwater
depletion over a large area.

The Gravity Recovery and Climate Experiment (GRACE) satellite mission can detect
fluctuations in mass caused by changes in the amount of terrestrial water storage (ATWS)
stored on land. To study the dynamic changes in Earth’s mass over space and time, the
mission was started in March 2002 by NASA and the German Aerospace Center (GFZ) to
detect and quantify changes in the Earth’s gravity. The GRACE-extracted terrestrial water
storage (ATWS) consists of several components, such as soil moisture and groundwater.

NASA and GFZ launched the GRACE Follow-On (GRACE-FO) mission as a continu-
ation of the GRACE mission [3]. This mission came after the first GRACE project, which
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went around the Earth from 2002 to 2017. It builds on what its predecessor did well and
tests new technology that makes measurements much more accurate.

It also provides data to the monthly global high-resolution models of the Earth’s grav-
itational field that were initiated during the GRACE mission. The GRACE and GRACE-FO
Science Data System receives monthly gravity solutions from the Jet Propulsion Laboratory
(JPL), the NASA Goddard Space Flight Center (GSFC), and the University of Texas at
Austin, Center for Space Research (CSR). GRACE data has been extensively utilized for
analyzing aquifer storage variations and monitoring the time-varying mass distribution on
Earth, as well as addressing previously unresolvable hydrogeological and climatological
questions (e.g., [4-56]).

Ref. [57] figured out how fast the water in the Saq aquifer is being used up and what is
causing this. In addition to depletion rates, [42] calculated the rate at which the Saq aquifer
is being recharged. Ref. [39] have conducted integrated geophysical and remote sensing
studies to examine land deformational features over the Lower Mega Aquifer System in
northern and central Saudi Arabia and estimated the groundwater depletion rates during
the period of April 2002-March 2016.

Sound management options for groundwater resources and the economic develop-
ment of arid and semiarid areas such as the Wadi As-Sirhan region require an understand-
ing of the hydrogeologic settings of groundwater aquifers as well as the recharge and
discharge rates of these systems [58]. Aquifer systems’ recharge, discharge, and depletion
rates have been evaluated using a wide range of physical, chemical, and mathematical
approaches [59-62]. The limited availability of datasets necessary for the execution of these
methodologies, as well as the substantial time and resources needed to acquire them, make
their results sometimes questionable and make it difficult to apply them on regional levels.
Therefore, we have used GRACE data with the results of the Global Land Data Assimilation
System (GLDAS) model to estimate changes in the Wadi As-Sirhan Basin’s groundwater
storage (AGWS) and the controlling factors. Wadi As-Sirhan must address the excessive
exploitation of groundwater and the lowering groundwater table. These challenges require
more attention.

The remainder of the article is structured as shown below. Important characteristics
of the study region are shown in Section 2. The data type and sources and the method-
ology suggested in the study are provided in Section 3. The findings and discussions
of the study’s many analyses are presented in Section 4. Finally, Section 5 offers the
concluding observations.

2. Geology and Hydrogeology

The Wadi As-Sirhan region is located in the west-central region of the Sirhan-Turayf
basin in the northwestern region of the kingdom, close to the border with Jordan (Figure 1).
It is composed of Devonian sandstone, lower tertiary sedimentary rocks of the Turayf
group, Tertiary and Quaternary basalt, and unconsolidated sedimentary deposits [63].
The major structural element of the region is the Wadi As-Sirhan graben (WASG). The
Sirhan-Turayf Basin is a shallow area of sediments that goes west and north into Iraq and
Jordan. The sedimentary rocks and surface sediments range in age from Cambrian to
recent and are approximately 2300 m thick [64]. The Hail Arch, a large anticlinal feature
on the basin’s eastern edge, may serve as a dividing line between the sedimentary facies
of the Arabian Gulf and the Mediterranean Basin [64]. The WASG complex is bordered
to the west by the Al Busayta fault and to the east by the Al Khalad—Al Misma faults and
Wadi As-Sirhan. Clearly evident in both satellite and aerial images are lineaments that go
northwest to northeast. Those on the western edge are likely associated with the WASG’s
movement, whereas those on the eastern edge may be associated with uplift and other
structural movements along the Hail Arch. The vast lava field in the center of the Sirhan-
Turayf Basin, the majority of which is seen on the map, was formed during the Tertiary and
Quaternary epochs of volcanism. The main part of the study area is a structural depression
formed by the WASG complex. It is surrounded by moderate highlands. The WASG is
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thought to have been created by forces of tension caused by the Red Sea tearing apart.
Phosphorite, limestone uranium, opaline clay stone, lignite, oil, and gas are all possible
resources in the Wadi As-Sirhan region [63]. The Mega Aquifer System (MAS) spans the
Arabian Shelf across the countries of Saudi Arabia, the United Arab Emirates, Yemen, Qatar,
Jordan, Oman, and Kuwait and represents the region’s most important aquifers. Paleozoic
sandstone sediments, marine Mesozoic carbonates, Cenozoic carbonate formations of
Paleogene age, and Neogene sediments and volcanics constitute the primary aquifers of
the MAS [65]. The MAS is essentially represented by two groups, with the Hith anhydrite
sediments acting as a boundary between the two: the Lower Mega Aquifer System that
consists of the Saq, Tabuk, Wajid, Minjur, Tawil, and Dhruma formations, and the Upper
Mega Aquifer System (UMAS), which disappears in northern and northwestern regions of
Arabia, that consists of the Biyadh, Aruma, Wasia, Rus, Umm Er Radhuma, and Dammam
formations. The LMAS in the Wadi As-Sirhan region consists of the Saq (the major aquifer,
but it is deep and undeveloped) and the overlying Tawil, Tabuk, Jubah, and Jauf, and the
Secondary-Tertiary—Quaternary complex (SQT) as aquifers of local productivity [39,66].

3. Data and Methods

Most of the GRACE information used in this research comes from the mascon (mass
concentration) solutions, which have higher spatial resolution and less inaccuracy than
the raw GRACE data alone while still capturing all of the signals that GRACE detected.
When working with the mascon solutions, spectral de-striping and smoothing filtering are
unnecessary. In addition, no scaling technique is necessary [3,67-69].

The monthly gravity field fluctuations are provided by JPL mascon data, RL06, v. 1,
with a 0.5° x 0.5° grid. A portion of these mass change signals that span coasts also
comprise signals from the ocean and the land. The entire mascon solution underwent
post-processing with the Coastal Resolution Improvement filter to identify land and ocean
masses from mascons that traverse coastlines [3]. When compared to the RLO5 version, the
grid used by the CSR mascon products in Release 06, v. 01 and a 0.25° x 0.25° grid [69,70]
is different. We used GSFC, RL06 v1.0 mas-con data, which were calculated for each
0.5 equal-area square mascon, in addition to the JPL and CSR mascon datasets.

The temporal variations in GRACE-derived ATWS data are derived over the specified
area using the three different GRACE solutions. We used the linear interpolation method
to fill in the missing monthly data (gap-filled time series). A trend and a seasonal term
were simultaneously fitted to each ATWS time series, which allowed us to extract the
secular trend. This procedure then estimates the errors that come along with the derived
trend values.

Lacking or having inadequate data from ground-based stations in the research area
throughout the study period, estimates of soil moisture (ASMS) are derived from the
GLDAS model [4]. The ATWS was broken down into its primary parts using these results
based on the following equation. This is because the GRACE has not been updated to
properly identify the various ATWS components. Land surface models such as GLDAS
use data from around the world with information from satellites and the ground to create
the most accurate possible simulations for climate studies [4,71]. The VIC, NOAH, and
CLM versions of the NSAS GLDAS were used in this research. The same time frame as
the GRACE data was covered by the monthly data, which have a spatial resolution of
one degree.

ATWS = AGWS + ASMS 1)

Due to the absence of precipitation records from ground stations, we constructed
a monthly time series of rainfall and annual average precipitation (AAP) from Tropical
Rainfall Measuring Mission (TRMM) satellite data. The AAP rate was determined by
arithmetically averaging the monthly rainfall data for a year. In this study, we used it to
learn more about how precipitation affected the AGWS over the course of the experiment’s
time frame. Figure 2 illustrates the methods of the study.
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Figure 2. The methodological framework of the study.

4. Result and Discussion

In this work, we take a broad look at the groundwater possibilities of Wadi As-Sirhan in
the northwestern region of Saudi Arabia by integrating GRACE and GLDAS satellite data.

4.1. Average Annual Precipitation

In Figure 3a, the monthly precipitation rate is plotted, with greater values between
October and April and decreasing values between May and September. Higher values of
approximately 116 mm can be observed in the northeastern part of the wadi from the AAP
map (Figure 3b), whereas lower values can be seen up to 30 mm in the southwestern parts.
According to Figure 3¢, an annual rainfall time series, 2018 had the highest rate (105 mm),
whereas 2004, 2007, 2011, 2012, 2016, and 2017 had the lowest rate (<40 mm). The AAP
rate was estimated to be 60 mm for the study region throughout the period (2002-2019),
reflecting that the study region is dry.
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Figure 3. (a) Monthly average rainfall (mm), (b) the AAP (mm), and (c) the AAP times series
calculated using TRMM data for the study region.
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4.2. Temporal Variations in ATWS

Figure 4 illustrates the spatial distribution of the secular ATWS trends calculated from
CSR and GFCF solutions from 2002 to 2021. Figure 4 indicates that the ATWS trend shows
higher negative values varying between —20.5 and —22.9 mm/yr along the mainstream
and the southeastern part of the wadi using CSR and GFCF datasets, respectively. The
ATWS trend values are increasing towards the northeast and southwest directions reaching
values varying between —5.5 and —4.5 mm/yr.

38°0E 38°0E 40°0E
h

TWS (l:lmlyr)

0
[] studyarea  emm———— Study area
km -20.54 -4.46 -22.85

TWS (cmlyr)

Figure 4. Monthly TWS estimates from April 2002 to December 2021, produced from CSR (a) and
GFCF (b) data, are displayed on a map with a color-coded secular TWS trend (mm/yr—1).

Using GRACE estimates of ATWS for the research area, Figure 5 shows the monthly
fluctuations in storage anomalies. Higher negative ATWS trend values, assessed at
—12.32 £ 0.36, —13.3 £+ 0.019, and —15.84 £ 0.31 mm/yr (Table 1) using CSR, JPL, and
GFCF mascon solutions, respectively, for the study region over the studied period. The
averaging of the three ATWS solutions for Wadi As-Sirhan during that period yielded a
value of —13.82 + 0.24 mm/yr (Table 1; Figure 5).
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Figure 5. Monthly ATWS time series of the three mascon solutions and their averaging for the
study area.
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Table 1. ATWS parts (mm/yr~!) for the entire study region with a confidence level of 95%.

Component (mm) Entire Period

CSR —12.32 £ 0.36

GRACE total JPL —13.3 +0.019
(ATWS) GSFC —15.84 +0.31
AVG —13.82 £ 0.24
ASMS +0.008 + 0.004

AGWS —13.81 £ 0.24

Groundwater withdrawal —16.12 £ 0.0

Recharge +2.31 £0.24

AAP 60.0

4.3. Temporal Variations in ASMS

Given the low precipitation rates over the study area, the GLDAS-derived ASMS
exhibits a very minor upward trend throughout the investigated period. The estimated
ASMS trend from the three GLDAS versions (VIC, CLM, Noah) for the study period is
+0.008 £ 0.004 mm/yr (Table 1; Figure 6). Additionally, depicted in Figure 6 is the spatial
distribution of the SMS trend across the research area.

12 —SMS

I OO OE A LI NTOT OO ADLD IS NND
I S AN I I AT S AL
& & & & & & & o & & &

o o g o o o o o o o o o o o o o o o o s

Date (Month-Year)

0 50
[ studyarca e
km X +0.028

Figure 6. Spatiotemporal distribution and the monthly time series of the SMS trend for the entire
study area.

4.4. Temporal Variations in AGWS

As was previously mentioned, GRACE is unable to tell the difference between abnor-
malities caused by various ATWS partitions (i.e., soil moisture, surface water, groundwater).
Thus, the ATWS portions of the GLDAS model were used to estimate the non-groundwater
components represented by ASMS changes.

By deducting the GLDAS-extracted ASMS storage from the GRACE-extracted ATWS,
the AGWS was calculated using Equation (1). Similar to the ATWS, the AGWS (Figure 7)
demonstrates greater values between October and April and lower values between May
and September. CSR, JPL, and GFCF each provide estimates for the rate of change in GWS,
with their averaging rate of —13.81 £ 0.24 mm/yr (Table 1; Figure 7).
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Figure 7. Monthly series and secular AGWS trends for the entire study area.

4.5. Anthropogenic Activities

The US Geological Survey studied Landsat datasets that included many time periods
of satellite imagery and has shown the changes in the land use/land cover caused by
anthropogenic activities (Figure 8 [2,72]). The 1986 Landsat image of the arid Wadi As-
Sirhan region reveals almost no evidence of agriculture. In subsequent images, an increasing
number of green spots appear in the desert. Each green dot represents an agricultural field
irrigated by a center-pivot system. Water is piped from a subterranean aquifer to irrigate
the fruit, vegetable, and wheat crops. The underground reservoir, called Al Sag in Saudi
Arabia, extends into Jordan, where it is named Al-Disi. It is a fossil transboundary aquifer
containing water that was collected between 10,000 and 30,000 years ago, with minimal
present-day recharging. It represents a portion of the western section of the Sag-Ram
Aquifer System. Extending on the ground from the northern part of Saudi Arabia into
the southern part of Jordan is the Sag-Ram Aquifer System (West). It is currently being
mined in locations ranging from Saudi Arabia’s Tabuk Plain to Jordan’s Wadi Rum, an area
known as the Tabuk-Mudawwara-Disi area in this Inventory. The agricultural sector is
largely responsible for the dramatic increase in groundwater extraction in the Tabuk area,
which went from around 29 mem/yr in the year 1983 to 1050-1700 mcm/yr in the year
2004. The water table dropping showed that the overexploitation was unsustainable. The
water level in the Wadi As-Sirhan basin fell by 50 m during the period of 20022015 [39],
with an average groundwater withdrawal rate of 1.7 km3/yr. Therefore, without regulating
extraction on both sides of the Saudi/Jordanian border, the resource could be depleted
before it is fully exploited. In addition, extensive groundwater extraction caused by crop
irrigation and agricultural growth increases the salinity of groundwater and irrigated soils.
Increases in salinity are detrimental to soil structure, aggregate stability, and infiltration.
Consequently, additional water and fertilizer must be introduced to the system, resulting
in an increase in production costs and pressure on the system. The root development is
restricted by clay particles with low permeability that swell and spread in response to the
salt content of irrigation water. Therefore, less water can permeate the entire soil profile,
resulting in waterlogging and perhaps increasing erosion. This puts additional pressure
on the system, which in turn threatens the sustainability of linked livelihoods as well
as the durability and productivity of crop production in this region. In addition, future
climate change forecasts based on temperature and precipitation observations may lead to
a reduction in soil recharge and infiltration.
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Figure 8. Images depicting the area’s land use and land cover from 1986 to 2022 [72].
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It may pose a concern to human health and has a possible long-term negative influence
on groundwater quality.

4.6. Recharge Rate

The main factors influencing the fluctuations in AGWS throughout the study period
are agricultural development and heavy groundwater over-exploitation. For the Wadi
As-Sirhan Basin, the groundwater withdrawal varied between 1.4 and 2 km/yr during the
study period of 2002-2015 [39]. By applying the maximum groundwater withdrawal rate
of 2 km3/yr for the entire period (2.0 km?/yr; —16.12 mm/yr). The minimal recharge rate
has been estimated using the following Equation (2).

Rp = AGWS + (Qn + Qa) ()

where Ry, is the natural recharge, Q,, is the natural discharge, and Q, is the artificial discharge.

The Ry, rate (Table 1) was estimated during the study period to be +2.31 & 0.24 mm/yr
by the addition of the average artificial discharge rate (—16.12 & 0.0 mm/yr) to its AGWS
trend (—13.81 £ 0.24 mm/yr). As a result of the lowering water table, Q,, is extremely small
and negligible.

Our estimated recharge value of the Wadi As-Sirhan Basin is slightly similar to that
reported by [66], where they expected that 5% or 30 mcm of the total annual precipitation of
600 mcm/yr could feed the shallow aquifer systems and be considered as a natural recharge.
Calculating the average modern recharge rate, reflecting that the groundwater resources of
the wadi have limited renewability, which is consistent with that estimated for the annual
recharge rate of +2.31 &= 0.24 mm/yr during the study period using the GRACE datasets.
This is also confirmed by the Carbon-14 and Tritium measurements, indicating that Wadi
As-Sirhan’s shallow deposits are receiving a modern recharge [66]. The Wadi As-Sirhan
Basin’s groundwater is an integral part of the groundwater system that originated in the
Sakaka and Azraq regions. The groundwater of the Wadi As-Sirhan Basin and the Tabuk
area to the southwest exhibit a strikingly similar isotopic signature, providing further
evidence for the groundwater’s origin in the southern part of the continent [66].

4.7. Sediment Thickness

Sediment thickness data were made available for download from the NOAA National
Geophysical Data Center [73]. Figure 9 illustrates that the sediment thickness in the
southern half of the research area increases from about 0.0 m at the southern Pre-Cambrian
and Quaternary Tertiary volcanic outcrops to about 3000 m at its northern downstream,
close to the Jordanian/Saudi border. This higher sediment thickness across the northern
part of the country might indicate the higher groundwater reserves in the Wadi. The
graben complex with a higher vertical displacement of up to 1500 m accounts for the
larger sediment thickness in the wadi’s central region [39,66], delimited by significant
faults from the east and west. The Wadi As-Sirhan Basin is made up of depressions that
are filled with sediments that range in age from the Devonian to the Neogene, including
Quaternary basalt, alluvial sediments, gravels, and silt and clay that have been evaporite
mineral-cemented [63].
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Figure 9. Thickness of the sedimentary cover (m).

4.8. Stream Networks

Figure 10 displays an ETOPO1 Global Relief Model-generated map of the study area’s
topography. Significant relief, from 850 to 1500 m, may be found in the southern and
southeastern parts. Near to the Jordanian border in the north, the region’s relief moderates
to less than 500 m. Streams originate at the eastern, southern, and western parts of the
wadi, and they ultimately drain into the northwestern part at its downstream. Assuming a
very low precipitation rate in the south and west (Figure 3b), low surface runoff rates result
in streams with low density. Consequently, the rate of recharge is minimal. Surface and
groundwater flow in the southwest direction from the eastern basalt plateau and in the
northeast direction from the limestone plateau. Once collected, the groundwater follows the
northwest-trending main wadi stream across the Saudi/Jordanian border [66]. As may be
seen in Figure 10, the Wadi As-Sirhan region has a stream order of fifth. The highest stream
frequencies can be seen in first-order streams, and they gradually decrease with increasing
stream orders [74]. The surface water might be carried away to the north; however, it may
partially infiltrate into the underground aquifer through the permeable sand and gravel of
the surface layer.
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Figure 10. The DEM'’s elevation map of the ground’s surface. Additionally depicted are the region’s
tributary systems.

4.9. Comparison with Conventional Approaches

Insufficient groundwater data can hamper resource management [75-78]. This is
particularly true when longer time periods are necessary to evaluate an aquifer’s sustain-
ability [79]. Installing a network of monitoring wells and routinely recording, storing, and
evaluating water levels and quality data over long periods is time-consuming and resource-
intensive [79]. Common causes of inadequate aquifer management are due to the paucity
of data and a lack of understanding of the effects of groundwater decrease [9,78,80,81].
In addition, data collection is hindered in many places of the world by a lack of ground
stations, gaps in time, and restricted data interchange due to societal and political con-
straints [82]. Conventional approaches such as physical and chemical methods as well as
modeling techniques are difficult to implement on a regional scale, and their findings are
sometimes questionable due to the lack of datasets needed for their application and the
substantial effort and resources necessary to collect them [36]. Utilizing recent satellite data
for remote sensing monitoring could be a solution to these limitations. In addition, it fre-
quently provides free datasets that can be used to carefully monitor hydrological variations
in inaccessible locations, and for other geothermal studies and crustal structures [83,84], as
well as for mineral investigations [85] and subsurface geology [86] with integrated airborne
geophysical data.
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5. Conclusions

Based on the satellite rainfall datasets, the Wadi As-Sirhan region is receiving a low
annual precipitation rate estimated at 60 mm/yr. Therefore, the surface water resources are
limited. GRACE and outputs of the GLDAS model have shown that the water resources of
the wadi were subjected to groundwater depletion during the period of 2002-2021, due to
the heavy groundwater withdrawal activities (—16.12 mm/yr) and agricultural develop-
ment during the last 20 years. Large commercial farms using center-pivot irrigation systems
have been rapidly expanding, as shown in Landsat images, and this has led to a severe
overdraft of fresh groundwater from the Saudi (upstream) part of the system. For Wadi
As-Sirhan, GRACE estimates the AGWS to be decreasing at a rate of —13.81 & 0.24 mm/yr.
The NW-trending faults that bound the Wadi As-Sirhan graben influence the groundwater
and help groundwater flow in a northwesterly direction. The minor recent recharge rate,
estimated at +2.31 & 0.24 mm/y for the wadji, could not compensate for the heavy ground-
water withdrawal. Groundwater extraction for agricultural purposes needs to be strictly
governed. Under a bilateral agreement, it is also necessary to track the rate of abstraction
as well as the level and quality of the groundwater in both countries.
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