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Abstract: The excessive depletion of groundwater resources and significant climate change have
exerted immense pressure on global groundwater reserves. Owing to the rising global demand
for drinking water, as well as its use in agriculture and industry, there is an increasing need to
evaluate the capacity and effectiveness of underground water reservoirs (aquifers). Recently, GIS
has gained significant attention for groundwater exploration because of its ability to provide rapid
and comprehensive information about resources for further development. This study aims to assess
and map the groundwater potential of a large basin located in the southern region of Saudi Arabia.
Techniques such as GIS and AHP were employed in this study. To perform the delineation for the
groundwater potential zones (GWPZ), seven thematic layers were prepared and analyzed. These
layers include geology, slope, land use, lineament densities, soil characteristics, drainage density,
and rainfall. These variables were carefully considered and examined to identify and categorize
areas based on their respective groundwater potentials. The assigned weights to each class in the
thematic maps were determined using the well-known analytic hierarchy process (AHP) method.
This methodology considered the characteristics of each class and their capacity to influence water
potential. The results’ precision was verified by cross-referencing it with existing information about
the area’s potential for groundwater. The resulting GWPZ map was classified into the following five
categories: very low, low, moderate, high, and very high. The study revealed that approximately
42.56% of the basin is classified as having a high GWPZ. The low and moderate potential zones cover
36.12% and 19.55% of the area, respectively. Very low and very high potential zones were found only
in a limited number of areas within the basin. This study holds global importance as it addresses
the pressing challenge of depleting groundwater resources. With rising demands for drinking water,
agriculture, and industry worldwide, the effective evaluation and management of underground
water reservoirs are crucial. By utilizing GIS and AHP techniques, this study provides a valuable
assessment and the mapping of groundwater potential in a large basin in southern Saudi Arabia.
Its findings and methodology can serve as a model for other regions, supporting sustainable water
resource management globally.

Keywords: water resource management; hydrological unsustainability; remote sensing; Najran;
alluvial aquifers
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1. Introduction

Groundwater (GW) is a crucial and precious resource retained within subsurface geo-
logical formations in Earth’s crustal zone [1]. Its availability supports domestic, industrial,
agricultural, and other forms of development. However, this limited resource is severely
strained by the increasing demand for water to meet human needs and technological
advancements. Several natural and anthropogenic factors impact the occurrence and distri-
bution of GW. Regions experiencing significant population growth and industrialization,
particularly those in the tropics and subtropics, often face GW-related challenges. In arid
countries such as Saudi Arabia, surface water may not always be readily available for
various uses, leading to a heavy reliance on GW for daily needs [2]. Due to water scarcity,
GW resources in Saudi Arabia are being heavily utilized; it is reported that 37% of extracted
GW is used for domestic and more than 82% for irrigation purposes [3]. The main deep
groundwater aquifer in Saudi Arabia is being depleted at an alarming rate, with studies
indicating that approximately 92 to 97% of irrigated land in the eight regions of the country
rely on this non-renewable source of water [4].

It is important to note that groundwater exploration techniques in arid and semi-arid
regions have benefits and limitations. Traditional methods, such as geophysical surveys,
offer non-invasive data collection for groundwater potential but require skilled personnel
and may involve high costs and misinterpretations. Drilling provides direct access to the
subsurface and reliable data but is invasive, expensive, time-consuming, and may have
environmental impacts, with limited spatial coverage. Hydrogeological investigations help
assess groundwater resources and hydrogeological processes, but they require extensive
fieldwork and may face inaccuracies and challenges in predicting complex processes. In
contrast, the integrated approach using remote sensing, GIS, and the analytical hierarchy
process (AHP) overcomes some of these limitations, offering a more efficient and accurate
assessment of groundwater potential zones [5,6]. Alternatively, geospatial tools offer a
swift and cost-efficient approach for generating and modeling crucial data for different
geoscience applications [6]. The literature demonstrates that researchers have employed
various techniques in GW exploration to map potential zones. These methods include
frequency–ratio models [7], decision-making tools [6,8], weights-of-evidence [9], logistic
regression [10], evidential belief functions [11], and certainty factors [12]. Furthermore,
other advanced techniques, such as machine learning algorithms, including but not limited
to decision trees [13], deep learning models [14], and random forest (RF) [15], have been
utilized to achieve the exploration and mapping of potential GW zones [16].

Remote sensing and GIS have been recognized as powerful tools for the rapid estima-
tion of natural resources, especially compared to other traditional approaches [17,18]. These
techniques can be utilized for the efficient exploration of GW resources before investing in
more expensive and time-consuming surveying methods. The scientific literature reveals
that remote sensing and GIS tools have been generally utilized for mapping GW potential
zones in different regions of the world, and numerous studies have confirmed the efficacy
of these approaches. For instance, Derdour et al. [19] mapped the potential zones of GW
in the Chott-El-Gharbi watershed (Algerian–Moroccan border) using integrated remote
sensing and GIS techniques. They incorporated lineament, geology, precipitation, GW level,
drainage density, slope, land use, and elevation data. They found good GW potential in
the central part of the investigated region, whereas the bare plains had moderate to poor
GW potential. Rather et al. [20] coupled remote sensing techniques with GIS and AHP to
map zones of potential GW within the watershed boundaries of the Jhelum Basin, India.
The study utilized seven datasets of lineaments, geology, soil, slope, geomorphology, land
use, and drainage density to detect potential GW zones. The findings revealed that certain
areas within the Pohru watershed exhibit high GW potential, which can be utilized for
domestic and irrigation purposes. Petrick et al. [21] assessed GW potential in Penang Island
in Malaysia. This study integrates GIS, remote sensing, geology, and hydrological data
with AHP to analyze potential GW zones. The study demonstrates that combining remote
sensing, GIS, fieldwork, and models can effectively map GW zones. Muniraj et al. [22] used
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remote sensing, a geographical information system (GIS), and analytic hierarchy process
(AHP) techniques to identify groundwater potential zones in the Tirunelveli District, India.
They integrated various thematic layers, including geomorphology, geology, lineament
density, and drainage density, to create a potential groundwater map. Elewa et al. [23]
used Enhanced Thematic Mapper Plus (ETM+) images, a geographic information system
(GIS), a watershed modeling system (WMS), and weighted spatial probability modeling
(WSPM) to identify the groundwater potential areas in the Sinai Peninsula, Egypt. They
found that these techniques effectively delineate groundwater zones with low effort and
short time. Abuzied, S. M. [24], utilized an integrated approach of remote sensing, GIS,
and machine learning algorithms to map groundwater potential zones in the Wadi Watir
watershed, Egypt. He used various thematic layers, including geology, geomorphology,
soil, and climate data, as input variables for the models.

Exploring and identifying potential GW resources in regions characterized by com-
plex geological composition and limited porous sedimentary succession, particularly in
basement complexes, is challenging [25]. Developing cost-effective techniques for detecting
and mapping these potential GW zones strongly motivates research and development.
With the increasing demand for freshwater resources, the accurate and efficient delineation
of the potential zones of GW in such regions can play a vital role in addressing water
scarcity and meeting the growing water demands of society. Moreover, it can help support
achieving sustainability development goals worldwide. The current study aims to explore
the occurrence of GW in the Habawnah basin basement complex situated in the southern
region of Saudi Arabia using remote sensing, GIS, and analytical hierarchy process (AHP)
techniques. Overall, incorporating AHP into this study enhanced the accuracy and relia-
bility of assessing groundwater potential in the large basin. By combining GIS and AHP
techniques, the study introduced an innovative approach to sustainable water resource
management and decision-making in the face of the rising demand for water for drinking,
agriculture, and industry in the region.

2. Area of Study and Methods
2.1. Study Area

The study area is located in the southern part of Saudi Arabia’s Najran region, covering
longitudes 43◦20′ to 44◦40′ and latitudes 17◦30′′ to 18◦20′ (Figure 1). The Habawnah Basin,
located in the Najran region of southern Saudi Arabia, is a relatively small basin with an
area of approximately 4930 square kilometers. The basin is characterized by a complex
geological structure, with sedimentary and metamorphic rocks overlying a basement of
crystalline rocks. The basin is also home to the Habawnah Mountain, a prominent feature in
the region. The Habawnah Basin is an important source of groundwater for the surrounding
communities, which rely on it for agricultural and domestic purposes. However, the basin
is facing challenges related to groundwater depletion, overuse, and contamination, which
could have significant consequences for agriculture, public health, and economic activity
in the region. The geology of the Habawnah Basin is characterized by complex geological
structures [26]. The Najran region is distinguished by a notable drainage system, including
Wadi Najran and Wadi Habawnah, which run towards the east and empty into the desert
of Ar Rub Al Khali [27].

Wadi Habawnah is a prominent wadi or dry riverbed located in the southern part of
Saudi Arabia. The wadi runs for approximately 150 km, from the Asir Mountains in the
west to the desert of Ar Rub’ al-Khali in the east. The wadi is also home to several natural
springs, which provide a source of fresh water in an otherwise arid region.
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Figure 1. Location and map of Habawnah Basin.

The city of Najran, located along Wadi Najran, serves as the region’s primary admin-
istrative and commercial hub. The city of Najran, located along Wadi Najran, acts as the
region’s main administrative and commercial hub. In the eastern part of the Najran region,
wind-borne deposits exist, which originate from the Ar Rub’ al-Khali desert and enclose
the area [28]. The elevation in the Najran region varies between approximately 1089.3 m
to 2747.62 m above the mean sea level. The region’s rugged topography features a deeply
dissected plateau (Figure 2).

Sustainability 2023, 15, x FOR PEER REVIEW 5 of 21 
 

 
Figure 2. Elevation map (DEM) of the studied basin. 

2.2. Methodology 
Geospatial methods were employed in this study to determine the potential zones 

for groundwater in the Habawnah Basin. A knowledge-based factor analysis approach 
was utilized to analyze seven information layers: geology, slope, land use, lineament 
density, soil characteristics, drainage density, and rainfall. The remote sensing data of the 
Najran basin were processed and analyzed using ArcGIS 10.7 software for pre-processing. 
The basin boundary was delineated using the Shuttle Radar Topographic Mission (30 m 
resolution SRTM) data supported by the WMS software.  

Initially, the land use (LU) types were acquired from the Global Land Cover dataset 
(https://lcviewer.vito.be/, accessed on April 2023) with a resolution of 100 m. These initial 
classifications were then refined via comparison with aerial photographs to ensure 
accuracy and improve quality. Soil type information was sourced from 
(www.openlandmap.org, accessed on April 2023) at a spatial resolution of 250 m. The 
geology map was obtained from the Saudi Geological Survey. The remaining thematic 
layers were extracted from DEM. The observed well information was obtained from the 
Ministry of Environment, Water, and Agriculture (MEWA). All layers were projected 
based on the UTM-WGS 84, Zone 38 North coordinate system. 

Thematic maps were rasterized and recategorized on a scale of 1 to 5. Theme classes 
were divided depending on the aquifer’s potential, which ranged from very low to very 
high. We used weighted overlay analysis to integrate the resulting raster maps, creating 
the GWPZ map. The resulting GWPZ map was categorized into five classes that range 
from very low to very high. Figure 3 shows the approach utilized in this study. Thematic 
layers were constructed using spatial analysis tools in ArcGIS software, specifically the 
interpolation method and weighted overlay analysis. The inverse distance weighted 
(IDW) procedure was used for interpolation. These layers were used to assess the aquifer 
potential. The following shows the step-by-step clarification of the methodology used in 
the study: 
• Data Preparation: Seven thematic layers were prepared for analysis. These layers 

included geology, slope, land use, lineament densities, soil characteristics, drainage 
density, and rainfall. Each layer provides information relevant to groundwater 
potential assessment. 

Figure 2. Elevation map (DEM) of the studied basin.



Sustainability 2023, 15, 10075 5 of 19

2.2. Methodology

Geospatial methods were employed in this study to determine the potential zones
for groundwater in the Habawnah Basin. A knowledge-based factor analysis approach
was utilized to analyze seven information layers: geology, slope, land use, lineament
density, soil characteristics, drainage density, and rainfall. The remote sensing data of the
Najran basin were processed and analyzed using ArcGIS 10.7 software for pre-processing.
The basin boundary was delineated using the Shuttle Radar Topographic Mission (30 m
resolution SRTM) data supported by the WMS software.

Initially, the land use (LU) types were acquired from the Global Land Cover dataset
(https://lcviewer.vito.be/, accessed on 1 April 2023) with a resolution of 100 m. These
initial classifications were then refined via comparison with aerial photographs to ensure
accuracy and improve quality. Soil type information was sourced from (www.openlandmap.
org, accessed on 1 April 2023) at a spatial resolution of 250 m. The geology map was
obtained from the Saudi Geological Survey. The remaining thematic layers were extracted
from DEM. The observed well information was obtained from the Ministry of Environment,
Water, and Agriculture (MEWA). All layers were projected based on the UTM-WGS 84,
Zone 38 North coordinate system.

Thematic maps were rasterized and recategorized on a scale of 1 to 5. Theme classes
were divided depending on the aquifer’s potential, which ranged from very low to very
high. We used weighted overlay analysis to integrate the resulting raster maps, creating
the GWPZ map. The resulting GWPZ map was categorized into five classes that range
from very low to very high. Figure 3 shows the approach utilized in this study. Thematic
layers were constructed using spatial analysis tools in ArcGIS software, specifically the
interpolation method and weighted overlay analysis. The inverse distance weighted (IDW)
procedure was used for interpolation. These layers were used to assess the aquifer potential.
The following shows the step-by-step clarification of the methodology used in the study:

• Data Preparation: Seven thematic layers were prepared for analysis. These layers
included geology, slope, land use, lineament densities, soil characteristics, drainage
density, and rainfall. Each layer provides information relevant to groundwater poten-
tial assessment.

• Variable Examination: The variables in each thematic layer were carefully considered
and examined. This step involved analyzing the characteristics and attributes of each
variable to understand their influence on groundwater potential.

• Weight Assignment: The analytic hierarchy process (AHP) method was employed
to assign weights to each class within the thematic maps. The AHP method is a
well-known decision-making technique that helps determine the relative importance
or influence of different factors. In this study, the characteristics of each class and its
capacity to influence water potential were taken into account when assigning weights.

• Delineation of groundwater potential zones (GWPZ): Using the assigned weights, the
study performed the delineation of groundwater potential zones. This step involved
classifying and categorizing areas within the study basin based on their respective
groundwater potentials. The precise delineation aimed to provide a comprehensive
understanding of the distribution and extent of groundwater potential.

• Result Validation: To ensure the precision of the results, the generated GWPZ map was
cross-referenced with existing information about the area’s potential for groundwater.
This validation process helped verify the accuracy of the delineated zones.

2.3. Analytical Hierarchical Process (AHP)

AHP is a generally recognized and commonly utilized GIS-based method for delineat-
ing GWPZ by considering multiple criteria [29–31]. This method facilitated the integration
of various thematic layers, with seven distinct layers considered in this study. These layers
are essential to understanding the storage and flow of water in an area. The relationships
between these influencing factors were assigned to weights based on their impact on the
occurrence of groundwater and expert opinions [32]. Parameters with higher weights

https://lcviewer.vito.be/
www.openlandmap.org
www.openlandmap.org
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indicated a greater influence, whereas those with lower weights had a lesser impact on
the groundwater potential. The assignment of weights was accomplished by utilizing a
pairwise comparison matrix within the analytic hierarchy process (AHP) framework, as
shown in Table 1.
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The parameters were assigned ranks based on a combination of field survey experi-
ences, stakeholder consultations, expert opinion surveys, and references to the existing
literature [33,34]. Because mountains dominate the study area, geology was assigned the
highest weight. On the other hand, rainfall was assigned a relatively low weight owing to
variations between the western mountainous region, which receives ample rainfall, and the
eastern desert area, resulting in a flow of rainfall from west to east due to the steep slope’s
effect. Accordingly, assigning a high weight to rainfall would negatively impact the results.

Following the assigned weights to the respective parameters, the sub-variables were
ranked individually, following the approach described by Yammani [35] and Asadi et al. [36].
The maximum value characterized the highest potential for groundwater, whereas the
lowest potential was indicated by the minimum value. The subclasses within each thematic
layer underwent reclassification using a GIS platform’s natural break classification method
to allocate suitable weights. The subcategories were assessed and assigned ranks ranging
from 0 to 5, denoting their respective levels of influence on groundwater development.
Table 2 provides an overview of the assigned ranks and weights for the thematic layers.
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Table 1. Construction of a normalized pairwise comparison matrix with seven layers for the zoning
of groundwater potential using AHP.

Thematic
Layer Geology Lineament

Density Slope LULC Soil Type Drainage
Density Rainfall Weight

Geology 7 6 5 4 3 2 1 0.3857

Lineament
density 7/2 6/2 5/2 4/2 3/2 2/2 1/2 0.19

Slope 7/3 6/3 5/3 4/6 3/3 2/3 1/3 0.12

LULC 7/4 6/4 5/4 4/4 3/4 2/4 1/4 0.1

Soil type 7/5 6/5 5/5 4/5 3/5 2/5 1/5 0.08

Drainage
density 7/6 6/6 5/6 4/6 3/6 2/6 1/6 0.066

Rainfall 7/7 6/7 5/7 4/7 3/7 2/7 1/7 0.064

Table 2. Weights assigned to groundwater control parameters in the Habawnah Basin.

Thematic Layer Factors Weight (%) Rank

Geology

Igneous extrusive rocks

39

1

Sedimentary surficial deposits 5

Sedimentary rocks 5

Igneous intrusive rocks 1

Metamorphic rocks 4

Polylithologic rocks 4

Igneous rocks (plugs) 1

Lineament density

1

19

5

2 4

3 3

4 2

5 1

Slope

0–5.49

12

5

5.5–14.8 4

14.9–26.1 3

26.2–39.4 2

39.5–82.3 1

LULC

Water

10

3

Rangeland 2

Flooded vegetation 2

Crops 4

Built area 1

Bare land 1
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Table 2. Cont.

Thematic Layer Factors Weight (%) Rank

Soil type

Clay loam

8

1

Loam 1

Loamy sand 3

Sand 3

Sandy clay loam 5

Sandy loam 5

Drainage density

1

7

1

2 2

3 3

4 4

5 5

Rainfall

52–63

5

1

64–74 2

75–85 3

86–96 4

97–110 5

3. Results and Discussion
3.1. Thematic Layers
3.1.1. Geology

The existence and distribution of groundwater are highly impacted by local geology
(surface and subsurface geology). The geology map provided information about the
subsurface geological formations in the study area. The geology map helped us to identify
the presence of igneous rocks, which can limit groundwater availability, as well as other
geological characteristics that influence groundwater storage and recharge. The complex
and heterogeneous geology of the Habawnah Basin presented challenges in identifying
consistent patterns in groundwater potential across the region. Different geological units
of the research region were delineated using the Saudi Geological Survey’s published
geological map [37] (Figure 4). The study area is located along the southern contact
between the Arabian Shield and the Arabian Platform. It is within the Asir basement
terrane, east of the Nabtah fault zone, in the western part of the Ar Rub’ al-Khali basin [38].
The Wajid sandstone sequence, a Paleozoic sandstone, overlies the basement terrane in the
study area. The geological map of the study area, as depicted in Figure 4, was created using
three quadrangles’ maps: Najran, Wadi Baysh, and Bi’r Idamah. The geology of the study
area is classified into five major lithological families: igneous extrusive and intrusive rock,
metamorphic rocks, polylithological rocks, sedimentary rocks, and surficial deposits. The
intrusive rock complex consists of pyroclastic and volcaniclastic rocks, including crystal-
lithic tuff and epiclastic sedimentary rocks. The intrusive igneous rock consists mainly of
diorite, granite, gabbro, and granite-syenite suites. The main lithology of the metamorphic
complex is gneiss suite, tonalite, and granodiorite gneiss. The metasedimentary and
metavolcanic rocks formed the polylithological unit in the study area. The sedimentary
rock is represented by Wajid sandstone layers in the eastern sector of the investigated
region. The surficial deposits group consists of alluvium, colluvium, terrace gravel, gravel-
plain deposits, and eolian sand. The extrusive igneous rock occupies the southwestern
part of the study area, with small batches in the eastern part. The intrusive facies of the
complex igneous crop are in the middle part of the study area, east of the extrusive rocks.
The metamorphic rock facies cover a lower percentage of the study area than igneous or
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sedimentary rocks. The metasedimentary and metavolcanic rocks of the polylithological
group formed two NEE–SWW belts in the western part of the study area. The sedimentary
rock (mainly sandstone) and sedimentary surficial deposits covered the eastern half of
the study area. However, sedimentary rock filled certain subbasins and topographic
depressions in the western part of the study area.
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3.1.2. Lineament Density

Lineament analysis provides an insight into the presence of water leakage through
faults, fractures, and joints. The presence of joints, fractures, fault systems, and rock weath-
ering was observed in the study area, which primarily consists of hard rocks. The clustering
of lineaments is significant because it can indicate areas with a greater quantities, longer
lengths, and wider widths of fractures. These lineaments serve as conduits and promote
more effective fracture connectivity, which can lead to increased aquifer replenishment [39].

Geological maps and satellite images were used to identify and analyze the lineaments.
The information obtained from these sources is critical for understanding fracture systems
at both the surface and subsurface levels, which directly affects the aquifer’s storage
capacity [40]. A classification system was used to divide the lineament density into five
classes, ranging from very low to very high (Figure 5). Regions with lineament densities
varying from high to very high have a great potential for aquifer replenishment, storage,
and leakage. The lineament density map was reclassified into five classes representing
different potentials, from very low to very high lineament density, as illustrated in Table 2
and Figure 5.

3.1.3. Slope

The slope of the terrain is a crucial characteristic that indicates the degree of inclination
of the land surface. It provides important information about regional geological and
geodynamic processes. Additionally, the slope affects the infiltration rate and surface
runoff [41]. Areas with larger slopes tend to have a smaller recharge, due to the quick water
flow during rainfall, resulting in decreased infiltration. As a result, water does not remain
in the area long enough to replenish the saturated zone [42]. A slope map was created from
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the 30 m DEM, using the spatial analysis tool in the ArcGIS10.7 environment. The slope
map of the Habawnah Basin is depicted in Figure 6, where high weights are assigned to
smooth and gentle slopes, and low weights are assigned to steep and very steep slopes.
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3.1.4. Land Use (LU)

Land use (LU) classification provides crucial information about infiltration, soil mois-
ture, surface water, groundwater, and groundwater requirements [43,44]. In the Habawnah
Basin, various land use categories exist, such as rangeland, flooded vegetation, built-up
areas, agricultural land, and bare land. The LU types were downloaded from the Global
Land Cover (https://lcviewer.vito.be/, accessed on 1 April 2023) at a 100 m resolution, then
adjusted after comparing the field information and aerial photographs using ArcGIS10.7.
The predominant land use class in the area is rangeland, followed by bare land and built-up
areas. Some land use classes, such as agricultural lands, contain a significantly higher
amounts of water than built areas and bare land [45,46]. The LU agricultural land classes
were given a high weight owing to their high water content. In contrast, built areas, bare
land, and rangeland were assigned a low weight owing to their low water content. Figure 7
illustrates the LU map of the Habawnah Basin. Rangeland enclosed 79.9% of the basin,
followed by bare land (15.4%), built area (4.4%), flooded vegetation (0.17%), crops (0.14%),
and water (0.01%). The LULC map provided information about the different types of land
uses and land covers in the study area. By analyzing this map, the areas where specific land
uses might influence groundwater availability and recharge can be identified. For example,
agricultural areas with high water consumption crops or urban areas with extensive imper-
vious surfaces could affect groundwater infiltration and recharge rates. The LULC map
helped in understanding the relationship between land use practices and groundwater
potential.
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3.1.5. Soil Type

Soil type is important in determining the quantity of water that can penetrate under-
ground formations, ultimately affecting groundwater replenishment [41,44]. Estimating
the infiltration rate largely takes into account the soil’s texture and hydraulic characteristics.
Soil type was downloaded from (www.openlandmap.org, accessed on 1 April 2023) at
a spatial resolution of 250 m. The final soil type map was developed for the Makkah
watershed using ArcGIS10.7. Figure 8 shows a soil map of the Habawnah Basin. Sandy

https://lcviewer.vito.be/
www.openlandmap.org
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loam covers 44.9% of the basin, followed by loamy sand (26.7%), sand (21.3%), sandy clay
loam (6.2%), loam (0.87%), and clay loam (0.01%) (Table 3).
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Table 3. The soil classification and the corresponding area coverage percentages.

Texture Covered Area (%)

Sandy loam 44.9

Loamy sand 26.7

Sand 21.3

Sandy clay loam 6.2

Loam 0.87

Clay loam 0.01

3.1.6. Drainage Density

The density of a drainage network is a critical factor in determining the availability
and contamination of groundwater [47]. The lithology of an area affects the drainage
network and provides valuable information on the infiltration rate. Identifying potential
groundwater zones relies significantly on drainage density, as it is inversely related to
permeability. The total length of rivers within a drainage basin is divided by the total
basin area to determine drainage density [43]. Groundwater resources have less potential
when there is minimal water infiltration into the earth due to excessive drainage density. A
low drainage density implies lower runoff and a greater potential for infiltration, affecting
groundwater potential. The drainage density map was extracted from the 30 m DEM using
the spatial analysis tool in the ArcGIS10.7 environment. A significant weight was assigned
to a low drainage density to classify an area based on its groundwater potential, whereas a
lower weight was allocated to a high drainage density. A map of drainage density for the
Habawnah Basin is shown in Figure 9.
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3.1.7. Rainfall

Rainfall is essential to the hydrological cycle as the primary water supply and greatly
impacts groundwater in a specific area. When compared to other products in Saudi Arabia,
the IMERG product demonstrated excellent performance [48]. The IMERG dataset was
obtained from the Precipitation Measurement Missions (PMM) website (http://pmm.nasa.
gov/data-access/downloads/gpm, accessed on 1 April 2023) for this study. The IMERG
dataset has a spatial resolution of 0.1◦ × 0.1◦ and a temporal resolution of 30 min. Rainfall
data were imported into ArcGIS as point data and used to generate a rainfall map. Annual
rainfall varied between 39.8 mm and 107.1 mm. The inverse distance weighted (IDW) tech-
nique was applied for mapping as it has been found to yield satisfactory outcomes [49,50].
Figure 10 shows the categorization of the rainfall map, which was rescaled to a spatial
resolution of 10 square meters and classified using the natural break classification approach
into five subclasses (Jenks).

3.2. Groundwater Potential Zone (GWPZ)

Groundwater availability, as a renewable resource, has been greatly reduced over the
last few decades due to unbalanced development and human activities. A comprehensive
understanding of the potential of groundwater is essential to ensure sustainable planning
and development in any area. This information is crucial for implementing actions to
enhance groundwater recharge. In the Habawnah Basin, groundwater is found in both
unconfined and confined aquifers, primarily in sedimentary surficial deposits, sedimentary
rocks, and metamorphic rocks. Groundwater availability varies both spatially and tempo-
rally, necessitating detailed and accurate resource assessment. Various factors, including
geology, slope, land use (LU), lineament density, soil characteristics, drainage density, and
rainfall, were considered in the assessment. The weighted overlay technique was used
to generate a groundwater potential zones map in the Habawnah Basin, categorized as
having very low (3.64 km2), low (2750.1 km2), moderate (1488.44 km2), high (3240.17 km2),
and very high (130.72 km2) potential (Figure 11). These zones are dispersed throughout the
basin, where the highland regions have a higher concentration of extremely low and low

http://pmm.nasa.gov/data-access/downloads/gpm
http://pmm.nasa.gov/data-access/downloads/gpm
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groundwater potential zones. Moderate potential zones are generally found in the mid-
lands and lowlands with a high drainage density. High potential zones are located in the
midland and lowland areas and are characterized by high infiltration potential. Lowland
areas are primarily characterized by the presence of very high potential groundwater zones.
The presence of low- and very low-potential zones can be attributed to factors such as the
presence of igneous rocks, steep slopes, and high drainage density.
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Figure 11 shows that groundwater buildup is concentrated in fault-bounded depres-
sions and wadis in different locations within the study area, primarily in the eastern area.
The presence of inferred faults contributes to groundwater accumulation, leading to an
increased water table and significant potential for groundwater resources. Similar findings
have been reported for the Arabian–Nubian Shield region [51–53].

The findings of this study align with previous investigations on groundwater flow in
the Habawnah Basin, indicating flow routes typically in the eastern direction towards the
desert. The study also validated potential groundwater zones by comparing them with
data from observational wells. Of the 28 wells analyzed, one fell within a low potential
zone, seven within moderate potential zones, and two within very high potential zones,
while the majority of the wells (18) were located in high potential zones. Among these wells,
27 align with the Habawnah Basin’s categories for groundwater potential zone alignment,
except for one that does not fully match due to its proximity to densely populated areas or
intensive agricultural activity. This well is situated on mountainous terrain. Although the
data of the observation wells include the water elevation depth for each, it cannot be used
for validation because it is not located in the same aquifer. This was because the study area
had several aquifers (confined and unconfined). The study concludes that AHP techniques
and GIS used to delineate groundwater potential zones are valuable tools for basin-level
planning and development in arid and semiarid regions.

The present study successfully employed a combination of the analytic hierarchy
process (AHP) and geographic information system (GIS) techniques to identify and classify
potential groundwater zones within the Habawnah Basin in southern Saudi Arabia. This
approach is consistent with previous studies that have utilized remote sensing, GIS, and
AHP techniques to map groundwater potential zones in arid regions [54]. Similar to the
current study, these previous studies have also integrated various thematic layers, such as
geology, geomorphology, soil characteristics, drainage density, and rainfall data, to develop
groundwater potential maps [55].

The distribution of groundwater potential zones in the Habawnah Basin, with very
low to very high zones covering different percentages of the area, aligns with the spatial
variability observed in other studies [23,55]. The accuracy of the groundwater potential
map was validated by comparing it with the locations of existing wells in the study area,
which is a common approach used in previous research [56].

This study shares several limitations with previous research, including the exclusion
of additional thematic layers that could have improved the accuracy of the results [22,55].
The limited availability of data at the geographic scale and the complexity and heterogene-
ity of the Habawnah Basin’s geology make it difficult to identify consistent patterns in
groundwater potential, similar to the challenges faced in other regions.

Despite these limitations, this study provides valuable insights for decision makers
involved in the planning and management of groundwater resources, particularly for urban
and agricultural purposes. The practical significance of this research is highlighted by its
potential applications in improving irrigation systems, increasing agricultural productivity,
and facilitating sustainable water management in urban areas. These findings align with
the goals of previous studies, such as optimizing groundwater resource allocation and
addressing water supply challenges in arid regions [54,55].

4. Conclusions and Recommendations

The primary objective of this study was to identify and classify potential groundwater
zones within the Habawnah Basin, a large mountainous region in southern Saudi Arabia.
A combination of analytic hierarchy process (AHP) and geographic information system
(GIS) techniques was employed to achieve this. This study incorporated seven thematic
layers to assess and define possible groundwater zones, namely geology, slope, land use
(LU), lineament density, soil characteristics, drainage density, and rainfall.

The resulting map divides the Habawnah Basin into five distinct groundwater poten-
tial zones: very high, high, moderate, low, and very low. Zones with very low and low
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groundwater potential were more common in highland areas. In contrast, regions with a
high drainage density in the midlands and lowlands frequently have moderate potential
zones. Typically, places with significant groundwater potential are found in midland and
lowland regions with good infiltration capacity. In contrast, the majority of very high-
potential zones are primarily located in low-lying areas. The occurrence of low- and very
low-potential zones can be attributed to several factors. These include the presence of
igneous rocks, which may limit groundwater availability, as well as high drainage density
and steep slopes, which can affect the ability of groundwater to recharge and be stored in
the area.

The distribution of potential zones of groundwater in the study area is as follows:

• Very low zone: 0.05% of the area;
• Low zone: 36.12% of the area;
• Moderate zone: 19.55% of the area;
• High zone: 42.56% of the area;
• Very high zone: 1.72% of the area.

The groundwater potential zone map’s accuracy was validated by considering the
locations of the existing wells in the study area.

One limitation of the study is that the inclusion of additional thematic layers, such as
aquifer thickness, pre- and post-monsoon groundwater depth, recharge rate, distance to
rivers, and the amount of water utilized for agricultural and household purposes, could
have improved the accuracy of the results. Unfortunately, due to the limited availability of
data at the geographic scale, only a limited number of thematic layers could be considered
in this study. Additionally, anthropogenic activities, such as pumping groundwater for
domestic or agricultural use, might significantly impact groundwater availability and
recharge rates and were not taken into account in this study. These activities may also alter
the subsurface geology, making mapping more challenging. Additionally, the geology of
the Habawnah Basin is complex and heterogeneous, which can lead to significant variations
in groundwater availability across the region. This can make it challenging to identify
consistent patterns in groundwater potential.

Despite these limitations, the application of research findings in improving irrigation
systems, increasing agricultural productivity, and facilitating sustainable water manage-
ment for urban areas underscores the practical significance of this study. Decision makers
can leverage these insights to optimize groundwater resource allocation, enhance agricul-
tural practices, and address water supply challenges in urban settings. Overall, the research
provides valuable guidance to decision makers involved in managing groundwater re-
sources for urban and agricultural purposes, enabling sustainable water management and
supporting regional development.

In summary, this study successfully employed GIS and AHP techniques to assess
and map the groundwater potential of a large basin in southern Saudi Arabia. The results
identified the basin’s high, low, and moderate potential zones. This study highlights
the need for future research to expand the study to other regions, conduct long-term
monitoring, validate the results through field investigations, and integrate socio-economic
factors. These future endeavors would enhance the global understanding of groundwater
potential, support sustainable water resource management, and address the increasing
demand for water in various sectors.
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