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Abstract

:

It might be difficult to find possible groundwater reservoir zones, especially in arid or hilly regions. In the twenty-first century, remotely sensed satellite imagery may present a new opportunity to locate surface and subsurface water resources more quickly and affordably. In order to identify groundwater potential zones, the current study was conducted in Central Saudi Arabia, southwest of Riyadh. The present analysis employed a multi-criteria approach that relies on remote sensing and geographic information systems. The variables employed in this technique include geology, rainfall, elevation, slope, aspect, hillshade, drainage density, lineaments density, and Land Use/Land Cover (LULC). The Analytical Hierarchical Process (AHP) was used for assigning weights to the parameters, and the corresponding significance of each parameter’s several classes for groundwater potentiality. Different groundwater potential zones were identified by the study: very high (16.8%), high (30%), medium (26.7%), low (18.6%), and very low (7.9%). Only two of the observation wells were located in the “medium” potential zone, but the other ten wells were observed in the “very high and high” potential zones, according to the validation survey. Consequently, the results may demonstrate that the current approach, which combines improved conceptualization with AHP to define and map groundwater potential zones, has a greater chance of producing accurate results and can be used to reduce the threat of drought in broader arid regions.
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1. Introduction


Water access is essential for socioeconomic growth. Freshwater availability has historically served as a crucial indication of human prosperity and is important for achieving sustainable development objectives. However, in recent years, there has been a widespread worsening of water availability due to rapid population growth, high water requirements for construction, industrialization, and irrigation. Furthermore, freshwater availability has declined due to global climate change in many areas, including developing nations, especially in arid and semi-arid regions [1,2].



The primary supply of freshwater for a variety of applications is groundwater [3,4]. Prior research found that 26% of the world’s sustainable freshwater sources come from groundwater [5]. Approximately 50% of the world’s water requirements for residential use come from groundwater, which serves as the main source of water for industry, households, and agriculture, according to other studies [6,7]. In the majority of African communities, particularly those in dry and semi-arid regions, groundwater is one of the most valuable natural resources. Roughly 20% of the water utilized for agriculture, 40% for industry, and 50% for potable consumption comes from groundwater supplies [8]. Consequently, it is necessary to investigate these priceless resources for those who frequently have no other possibilities. Thus, it is critical to have a thorough grasp of groundwater systems over location and time. Groundwater reserves are subject to significant fluctuations in availability within short timeframes. This also holds true when research shows that groundwater resources are still not sufficiently investigated to satisfy the community’s high demands [9]. Groundwater fills the pore spaces, cavities, and joints in the soil that are found inside rocks and geologic strata. The occurrence and infiltration of groundwater in rocks is determined by the hydraulic conductivity of the materials due to their lithologic properties such as porosity, permeability, and fluid transport via geologic structures [10,11,12]. Consequently, the two standard approaches for locating groundwater are drilling and geoelectric observation, both of which are quite costly and time-consuming.



As numerous studies have demonstrated, aquifer recharge zones are currently identified globally using the integration of remote sensing (RS) and geographic information system (GIS) techniques [13,14,15,16]. By considering similarities with the research region, these studies successfully identify the most advantageous locations for aquifer recharge [17,18,19,20,21,22,23,24,25,26,27,28]. A variety of characteristics have been used to define global potential zones, including rainfall, topography, lithology, geomorphology, slope, drainage pattern, and lineaments. Multi-criteria evaluation (MCE) is a widely utilized technique that is frequently used to assess various criteria together, and the results of this methodology offer persuasive proof of the aquifer’s state [29,30,31,32,33,34].



GIS and remote sensing (RS) have the potential to be employed for groundwater investigation, as well as for regional predictions [35,36]. Big geographical data may be aggregated and analyzed to forecast and find new water sources by using GIS-based technology and/or data-driven methodologies [37,38]. Several research projects have demonstrated the practicality of combining GIS and RS to locate possible groundwater resource locations [35,39,40,41]. Several researchers have adopted and used a variety of methods for identifying groundwater potential zones (GWPZ), including the logistic regression model [42], random forest model [43], and frequency ratio [28,44]. The GIS and RS-based analytical hierarchy process (AHP) is considered a simple, effective, reliable, and cost-effective approach in this case [45,46,47]. Saaty (1977) gave the first explanation of AHP [48]. The intended outcomes are obtained by the AHP technique, which reduces complex results to a set of paired data [49]. It is commonly acknowledged that AHP is a very powerful method for assessing output reliability, reducing bias, and applying it in an innovative setting [50]. In order to evaluate aquifer potential and identify recharge zones, it is imperative that prior parameters, including rainfall, geology, geomorphology, slope, lineament density, and drainage density, be integrated into the weight overlay model. This comprehensive method uses the AHP to compute weightage, allowing for a more accurate evaluation of the aquifer’s prospects as well as the identification of areas with notable recharging capability. Numerous investigations have been conducted worldwide to determine the groundwater potential zones using GIS and RS for the evaluation of groundwater resources in the Maknassy basin, Tunisia [51], Ghana [52], Burdur, Turkey [53], Egypt [54,55], Saudi Arabia [56], Kurdistan region, Iran [57], West Bengal, India [58], Eritrea [59], Uganda [60], Kenya [61], Huay Sai area, Thailand [62], and China [63].



The arid environment of the Kingdom of Saudi Arabia (KSA) makes renewable water resources scarce [64]. These limited water supplies and growing unpredictability brought on by climate change present significant problems for water management in the KSA. Another negative impact of using underground water from aquifers is the depletion of resources which have taken decades to recover again because the current annual rainfall has no direct effect [65,66]. The nation receives an estimated 158.47 billion m3 of rainwater yearly [67]. According to the previous studies, the largest single alluvial reservoir in the KSA has an overall capacity of 84 billion m3 [68,69,70]. Over the past two decades, about 254.5 billion m3 of groundwater has been utilized from Saudi Arabia’s aquifers to satisfy the needs of the country’s expanding agricultural industry [67]. However, over the past 20 years, only 41.04 billion m3 of water has been recharged into the deep aquifers [67]. The KSA’s main supply of drinkable and agricultural water comes from groundwater [71,72]. Of the country’s water requirement, 80% is met by the 17 billion m3/year of groundwater extracted in the KSA over the previous thirty years [71,72,73]. The KSA developed a plan to reduce the amount of water needed for agriculture by using modern irrigation techniques in order to adhere to the water preservation strategy [74]. The amount of water utilized for agriculture has decreased by 2.5% on average each year as a result of this strategy. It is essential to assess groundwater potential zones for agricultural expansion due to the limitations on the supply of water and the potential for growing the cultivated area.



Therefore, this study used a wide range of modern RS and GIS tools for broad investigation with the goal of identifying the groundwater promising zones and the most suitable spots for groundwater recharge. In the current study, the most effective groundwater recharge potentiality zones were predicted by processing and combining data from numerous satellite images, involving Shuttle Radar Topography Mission (STRM) and Landsat imagery. Utilizing GIS spatial analysis, several layers including topography, geology, soil, slope drainage density, LULC, and lineament maps were combined. The optimal groundwater recharge spots are successfully determined by this method. Water management in the research area is greatly aided by the findings from potential zone maps’ classification into five zones, ranging from extremely high to very low groundwater recharge potential zones, using the GIS reclassification tool. The accuracy of the resultant map, which displays several neglected groundwater-capable places, is verified using drill wells. The groundwater potential zone (GWPZ) map can be used by developers and other stakeholders to direct future development. It is a crucial input for the use of sustainable agriculture in the interim. This study aims to map the distribution of shallow aquifers that facilitate industrial development, agriculture, and human settlement. This is accomplished by identifying locations in the Saudi Arabian province of SW Riyadh where aquifer recharge takes place, thoroughly evaluating the parameters that influence aquifers, and, in the end, creating a GWPZ map using MCE methodologies.




2. The Study Area


The study area was located in the geographical region of Al-Riyadh in central Saudi Arabia, roughly 150 km southwest of the country’s capital, Riyadh (Figure 1a). Figure 1b shows the location of the wells. It has a surface area of 2340 km2, and its elevation varies in altitude, starting at 645 m above sea level downstream of the region (the eastern part) to about 1277 m at the highest point of the watershed (the western section) (Figure 1c).



Saudi Arabia’s terrain is mostly made up of harsh desert regions with hot temperatures. The research region exhibits a very warm climate, especially from May to September when monthly mean temperatures can reach above 30 °C (Figure 2a). In the KSA, the annual average precipitation ranges from 50 to 100 mm [75]. Riyadh and the Red Sea coast have the highest rates of rainfall in January, March, and April (Figure 2b). At Riyadh, the daily evaporation maximum in the summer may exceed 18.5 mm/day, with an average yearly evaporation of 2900 mm [75].



Geological and Hydrogeological Setting


Tectonically, the Arabian Plate is where the KSA is located. Rocks that have undergone Late Precambrian metamorphism, both volcanic and volcano-sedimentary, comprise its composition [75]. The regional split of the plate is composed of two geological regimes: the Arabian Platform and the Arabian Shield. The Arabian Shield basements’ tilt is the reason for this strata’s eastern dip towards the Arabian Gulf [75]. The following characteristics make up the subsurface geology of the study area (Figure 3) [75]:




	
Rocks that are colluvial, alluvial, aeolian, and superficial. In the western section, quaternary sediments comprise an unconfined aquifer, while in the eastern region, they constitute a confined aquifer.



	
The Ash Shiqqah of the Permian Khuff Formation, which is made of shale and large conglomerates. There are fossilized marl, dolomite, sandstone, and gypsum in the upper part. A less significant discontinuous aquifer is the Khuff Formation.



	
Saq Sandstone, which is Cambrian to Ordovician in age. It depicts a regional aquifer system. The Saq Sandstone is above and frequently dipping east.



	
The Precambrian basement’s Arabian shield complex.








In addition to the subsurface geology, Figure 4 shows the surface geological map of the study area. Hydrogeologically, the Saq Sandstone is the main sedimentary aquifer system in the research area. It is a large aquifer that covers a large area in the region and holds a substantial quantity of groundwater (approximately 280 billion m3) [75]. Groundwater yields vary widely, typically from 50 to 100 L/s [75]. Except in cases when significant drops in water levels have caused a reversal of the groundwater hydraulic gradient, the natural flow direction of groundwater is northeast [75]. Precipitation, catchments downstream, and vertical infiltration from surface water systems replenish the Saq Sandstone. However, aquifer discharge occurs locally due to throughflow and irrigation bores in local production.





3. Materials and Methods


The present research used remote sensing imagery in conjunction with existing geological, hydrological, and other data to define possible recharge areas for water resources. Using a GIS-based technique, eleven significant thematic maps such as geology, elevation, slope, aspect, hill shade, flow direction, stream order, drainage density, lineaments, lineaments density, and NDVI were combined (Figure 5). Remote sensing images were processed using ENVI v5.3 and ArcGIS v10.8 software. During the field investigation, information about groundwater was acquired, including groundwater well locations, the abundance and distribution of irrigated crops, and flow discharge.



In order to assess the topographical features, one of the Digital Elevation Models (DEMs) employed in this study was the Shuttle Radar Topography Mission (SRTM) data (30 m cell size). NASA provided SRTM DEM data (1 arc second). The Deterministic eight-neighbor (8D) technique was used to automatically generate a drainage system [78]. Then, using a GIS tool, this was transformed into a drainage density map. Furthermore, the fill-difference method was used to figure out the depressions to identify areas of water accumulation [79].



The operational land imager (OLI) and thermal infrared sensor (TIRS) are carried by Landsat 8, which was launched on 11 February 2013. The wavelength ranges considered in the study are shortwave infrared and visible and near-infrared. Image processing and enhancement techniques were used for a Landsat-8 OLI scene (path 166/row 44) that was acquired on 5 February 2023. Bands 1, 2, 3, 4, 5, and 7 were merged with a spatial resolution of 30 m and projected to WGS-84, UTM Zone 38 N. The vegetation cover that can be identified utilizing groundwater resources was shown by using data from Landsat 5 and 8. Consequently, we evaluated the vegetation areas by using the visible infrared bands and computed the normalized difference vegetation index (NDVI) by using the following equation for displaying the vegetation areas [80].


NDVI = (NIR band − Red band)/(NIR band 5 + Red band)











For the purpose of this study’s NDVI change detection, we employed not only Landsat OLI but also a Landsat-5 scene (path 166/row 43), which was obtained on 25 August 2000 (bands 7, 4, and 2 in R, G, and B, respectively). A LULC map was also produced from the landsat-8 OLI scene using a supervised classification method to identify the surface features within the study area. Using the maximum likelihood classifier (MLC) for parametric input data and field investigation, the resulting map is categorized into four classes based on supervised classification.



By integrating RS and GIS data applying the weighted overlay approach, the potential of groundwater resources was figured out. Proof of groundwater conditions was provided for every theme layer, including DEM, rainfall, geology, drainage density, slope, topography, soil, lineaments, flow accumulation, and flow direction maps. The rank of each layer—which is obtained by dividing the whole number of the layer rankings by the rank of each map—was converted to generate the GIS layer. The process of dividing each class’s rank by the combined values of all the layer classes yields the capability values (CVi). The groundwater potential zone map is created by multiplying these capability values by the relevant layer weight in each theme map. Following that, the potential occurrences are combined in a linear combination equation with the aid of the Raster Calculator tool. The steps provided are followed to complete the integration procedure.


GWP = ∑ CVi × Wi



(1)




where GWP = groundwater potential, CVi = capability value (weight of inter-map class), Wi = map weight.



Research on the integration of geographic information systems (GIS), remote sensing (RS), and GPS has grown popular in the fields of groundwater hydrology and environmental monitoring. Recent developments in RS, GIS, and GPS, and higher-level processing will make it easier to produce and handle a variety of data in a fast and economical manner. The use of RS and GIS, the necessity of integration models, hydrological modeling, and the outcome are all covered in this flowchart (Figure 5). We will be more capable of managing large data volumes and transferring knowledge about rapidly depleting societal resources if these issues have been resolved on a philosophical and technical level.




4. Results and Discussion


4.1. Topographical Parameters


Slope, aspect, and hillshade are examples of topographical factors that were extracted to achieve the target of the study.



4.1.1. Slope


Slope analysis is crucial for determining the best places for water infiltration since sites with low slopes have limited surface runoff and high percolating rates, whereas higher slopes encourage runoff and quick drainage of water [81]. According to the slope map, places with high slopes were found in the upstream section, particularly at the level of the basement in the center of the study area, whereas areas with low slopes were found in the downstream on the eastern side (Figure 6a). Runoff flows from the western side to the eastern side, and therefore the eastern side is generally more susceptible to groundwater recharge.




4.1.2. Aspect


The physical characteristics of soil structure, curved materials, and possible groundwater zones are all controlled by aspect, which reflects the vegetation, moisture retention, and inclination of rock bedding [82]. The present study reveals that the groundwater potential is positively weighted in the central and eastern regions of the study area, while the western portion of the study exhibits a negatively weighted groundwater potential zone map due to its more severe slope and gradient values (Figure 6b).




4.1.3. Hillshade


Hillshade refers to a grayscale representation of the surface that uses the sun’s relative position to determine how the relevant surface is colored. This feature uses azimuth and altitude data to define the sun’s path. ArcGIS software 10.8’s spatial analysis tool was used to extract the hillshade map. In the study area, the hillshade value varies from 0 to 180 (Figure 6c). Interpreting the entire basin area’s steep terrain and surface topography depends heavily on this map.





4.2. Hydrological Parameters


4.2.1. Flow Direction


The network of streams was identified using a flow direction map, which depicts the movement of water along a surface that continually flows in the steepest downward direction. The river flows from the central to the eastern and northeastern regions, as shown by the flow direction map (Figure 7a). The relative proximity of the channel structure is indicated by the flow direction. Permeability factor and stream/flow direction are the opposite. More runoff in the direction of greatest flow indicates less water penetration below the surface (Table 1), and conversely [82].




4.2.2. Drainage Density


Furthermore, one of the main factors influencing the existence of groundwater in a particular basin is the drainage density [83]. It is calculated by dividing a basin’s total area by the sum of all of its drainages [84]. Therefore, higher surface water runoff is accelerated by increased drainage density, but slower drainage density permits water to migrate more slowly and finally percolate into the ground surface [85,86]. Thus, the automatically generated stream networks in the study region were extracted, and the stream order was defined into six classes as a result (Figure 7b).



The uneven distribution of high to extremely high drainage densities in the northern, eastern, and southern regions of the study area suggests a limited groundwater potential. The medium to extremely low drainage densities in the remaining areas essentially encourage groundwater accumulation. The estimated drainage density in this investigation indicated a well-connected drainage system with extremely low to very high density, with values that varied from 7.8 to 228.3 lengths per unit area (Figure 7c). The Saaty model was utilized to rank and reclassify the drainage density categories based on their impact on groundwater supply. In comparison to low density drainage zones, which were rated higher with an average of 50%, high drainage density areas received a rating relatively lower, of 3%. According to investigations conducted in the coastal aquifer of eastern India, it was decided to impose a lower groundwater impact on an area with higher drainage density and larger effects on the lower drainage density [87].




4.2.3. Lineament


Lineaments on the surface of the Earth represent subsurface geological structures, including faults, fractures, and cracks with no visible fracture movement [88]. Because of their ability to allow groundwater distribution, they enhance secondary porosity, which makes them useful for locating possible groundwater regions [89]. A high-lineament density area may have significant groundwater potential (Table 1). Essential information on surface and subsurface fracture systems is provided by lineaments, which could influence groundwater flow and accumulation [88]. This has been used to distribute groundwater resources and find potential sites for runoff water accumulation [79]. Promising areas for groundwater potential are indicated by higher lineament density, which also represent permeability zones [88]. ArcGIS’s Spatial Analyst was used to digitize the lineaments (Figure 8a) of the basin from Landsat-8 and SRTM data and create a lineament density map. Five classes which represent 54.3, 13.8, 13.3, 12.3, and 6.16% of the lineament density map, respectively, are identified on the map (Figure 8b).





4.3. NDVI


One commonly utilized variable to assess groundwater potential zones is the NDVI [90] that represents the coverage and density of the vegetation. Landsat images (Figure 9a,b) were used to create the NDVI maps. The NDVI values range from −1 to 1. Higher NDVI values indicate extensive vegetation. To figure out how the vegetation cover has changed between 2000 and 2023, the research area’s NDVI result maps were extracted. The findings demonstrate that the vegetation cover expanded from 6 km2 to 30 km2 during a period of 23 years (Figure 9c,d). Generally, groundwater resources in the study area were used as a water source for vegetation in this period.




4.4. LULC


The data were combined with a Landsat-8 OLI image for 2023, which helped classify land use and land cover (LULC). During field investigations, sample collections were gathered to generate reflectance values, or spectral signatures, for the supervised classification process, which determined the contents of the clusters, such as hard rocks, vegetation, wadi deposits, and sedimentary rocks. According to Figure 10, there are four primary classes in the LULC map. For roughly 40% of the overall area, there exist both hard rocks and sedimentary rocks. However, wadi deposits and vegetation cover make up 1.3% and 18.4% of the entire region, respectively. Using a confusion matrix with the ARCGIS program 10.8, the output map displays a 94% accuracy assessment rate.




4.5. Groundwater Potential Zones


Prior to the integration of the thematic layers via the weighted overlay approach, consistency ratios were established for every thematic level and its subclasses. The results demonstrated the validity and reasonable consistency of the judgment matrices used in this investigation. As a result, the reclassified theme layers were integrated by utilizing the weighted overlay strategy, which depends on their weight, to create the groundwater potential map. The study region was classified, using the natural breaks/Jenks technique in the GIS platform, into five groups (i.e., very low, low, moderate, high, and very high groundwater potential zones) based on the values of the pixels (Figure 11). The majority filter in the GIS platform was used for additional processing of the map in order to reduce the pixel speckling.



The delineated map revealed discernible variations in the groundwater potential of the studied area. While areas of the district with subsurface hard rock are extremely vulnerable to a groundwater problem, approximately 7.9% of the region’s distribution has very low groundwater potential. Regarding the possibility for groundwater, the map further designates 18.6% of the zone as semi-critical. However, it was discovered that there were still moderate, high, and very high groundwater potential zones in around 26.7%, 30%, and 16.8% of the study area, respectively. Because of the greater availability of runoff water and good groundwater recharge, a substantial potential for groundwater was found in several areas of the province along the flooded areas of the main rivers. As depicted in Figure 11, the southern and eastern regions of the examined basin have the highest concentration of streams, lineaments, and geological fractures, making them the most favorable locations for future drilling. These outcomes agree with the previous research [91,92].



The research also included measurable cross-validation maps of groundwater prospect zones based on receiver operating characteristics (ROC). For a number of the variable’s cut-off themes, the ROC display a true positive rate against an untrue positive rate; each concept on the path represents a sensitivity pair in relation to a threshold. Conversely, the area under the curve (AUC) determines the degree to which a factor can distinguish between the two sets of data. AUC values between 0.5 and 0.6 indicate poor forecast accuracy. Additionally, according to previous research [36,93], the 0.6–0.7, 0.7–0.8, 0.8–0.9, and 0.9–1 levels suggest very good, average, excellent, and good forecast accuracy, respectively. The AUC of the potential area map was 0.85, indicating that the results of the AHP approach were confirmed for good predictions. Thus, the current work reached a significantly higher accuracy rate with the largest number of appropriate theme maps by utilizing the AHP approach [94,95,96].



The identified potential zones can offer crucial methods for choosing new well regions in order to remove vigorous water resource management from the watershed zones. The application of a groundwater harvesting method may benefit from this result. Seeing the work’s boundaries, creative potential, and limitations is fascinating. Although this study chose eleven theme layers, more accurate findings may have been obtained by including other data, such as hydro-geological and geomorphology maps (geomorphology and water level). The use of groundwater, water management, limited abstraction, sophisticated water framework, water awareness, alternative cropping techniques, and the conservation of home and industrial water are the main focuses of sustainable strategies. Long-term water management would benefit from the extraction of non-polluted groundwater. Because of the chosen methodology, the analysis has certain theoretical restrictions. AHP is additionally capable of suppressing errors. Groundwater zone rules are often significantly impacted by the volume of supply for agriculture and the amount of drinking water consumed; these issues were not included in this study. Nevertheless, the findings are precise and reasonable given the factors in the analysis method and prediction. The river basin’s groundwater management can be improved with the use of the AHP data.




4.6. Field Validation


Field observations were used to validate the groundwater recharge potential map of the research area. To verify the combined results of RS and GIS, we collected data on the current wells (Table 2). The primary objectives of the field trip were to locate the wells and measure the depth and salinity of the water. Other information included soil type, topography, and surface geology (Figure 12a,b). These wells were drilled into the extremely high and high potential zones in the central and eastern parts of the region. The wells were between 43 and 150 m deep (Figure 12c,d). The bottoms of these wells laid close to silt and clay beds, which act as barriers to deeper water infiltration. The salinity of groundwater varies from 1970 to 6600 mg/L. The groundwater’s chemical makeup and suitability for irrigation were determined by a thorough investigation that we carried out before in previous work. Groundwater samples are appropriate for irrigation, according to the results [97]. The primary constituents of the surface soil sequence are gravel, sand, and silty sand. Consequently, the central and Eastern regions of the studied area (Figure 11) have been developed by local farmers, who irrigate many crops (Figure 12e,f) with good-quality groundwater. In addition, it was observed that groundwater is used for farming, and the majority of the wells in the research area have groundwater levels between 40 and 60 m deep. This demonstrates that rainfall, particularly during periods of precipitation, clearly replenishes the groundwater reservoir. This development aligns with the high potential area shown in the GW recharge potential map (Figure 11).





5. Conclusions


For sustainable development in arid and hyper-arid regions, groundwater is especially crucial as a water source. RS and GIS techniques are efficiently used to reveal, assess, and monitor exploratory data for water resources in different climatic conditions. RS and GIS techniques were used to study the SW Riyadh area in central Saudi Arabia. The primary objective was to locate possible recharge and groundwater potential zones. The geology, geomorphic, climatic, and hydrological characteristics are represented by twelve GIS conceptual layers that we combined in this instance. The lithology, elevation, slope, aspect, hillshade, drainage pattern, drainage density, NDVI, and lineament density are these different layers. Using an AHP overlay model based on geographic information systems, they were processed, normalized, and integrated.



The findings show the areas with potential for groundwater, which are divided into five categories: very high, high, moderate, low, and very low. These together represent 16.8, 30, 26.7, 18.6, and 7.9% of the total area. The model demonstrated good performance, as tested by field observation and the AUC (0.85). The locations that show promise are those that use artificial abstraction to supply groundwater. Overall, the GWPZ that is produced utilizing RS and GIS is very beneficial to decision makers and sustainability considerations. Additionally, this strategy can be used regionally and in locations with similar circumstances.
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Figure 1. (a) Map showing the location of the study area in Saudi Arabia’s boundary (b) Recent landsat-8 image showing the locations of wells (c) Digital Elevation Model of the study area. 
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Figure 2. (a) The monthly temperature and (b) The monthly rainfall of the study area during 2023 [76]. 
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Figure 3. 3D subsurface stratigraphic units around the study area [75]. 
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Figure 4. Geological map of the study area [77]. 
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Figure 5. The flow chart illustrates the used methodology in the research. 
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Figure 6. Topographical maps including: (a) Slope, (b) Aspect and (c) Hillshade. 
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Figure 7. Hydrological maps including: (a) Flow direction, (b) stream orders and (c) Stream density. 






Figure 7. Hydrological maps including: (a) Flow direction, (b) stream orders and (c) Stream density.



[image: Hydrology 11 00038 g007]







[image: Hydrology 11 00038 g008] 





Figure 8. (a) The extracted lineament map (b) The lineament density map. 
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Figure 9. The temporal satellite images including: (a) Landsat-5 image for 2000 and (b) Landsat-8 image for 2023, (c) NDVI map for 2000, and (d) NDVI map for 2023. 
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Figure 10. LULC map of the study area. 
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Figure 11. Groundwater potential recharge zones using AHP model and field data. 
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Figure 12. Field images showing: (a,b) The different geological and geomorphological units, (c,d) Water level observation from wells and (e,f) An example of farms in the study area. 
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Table 1. Layer map weights and their rank for groundwater recharge potential zones.
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Factor

	
Weight

	
Category

	
Rank






	
Lineament Density (km/km2)

	

	

	




	
0–0.01

	
27.6

	
Very Low

	
1




	
0.11–0.3

	
Low

	
2




	
0.31–0.5

	
Moderate

	
3




	
0.51–0.7

	
High

	
4




	
0.71–1.1

	
Very High

	
5




	
Slope

	

	

	




	
0–2

	
12.3

	
Very High

	
5




	
2.1–5

	
High

	
4




	
5.1–10

	
Moderate

	
3




	
10.1–18

	
Low

	
2




	
18.1–49.4

	
Very Low

	
1




	
Topography

	

	

	




	
645–733

	
8.7

	
Very High

	
5




	
733–815

	
High

	
4




	
815–899

	
Moderate

	
3




	
899–960

	
Low

	
2




	
960–1277

	
Very Low

	
1




	
Soil

	

	

	




	
Sandy soil and gravel

	
8.3

	
Very High

	
4




	
Alluvial

	
High

	
3




	
Sandstone with limestone

	
Moderate

	
2




	
Hard rock

	
Low

	
1




	
Flow Direction

	

	

	




	
<2

	
5.2

	
Very High

	
5




	
2–8.

	

	
High

	
4




	
8–32

	

	
Moderate

	
3




	
32–64

	

	
Low

	
2




	
>64

	

	
Very Low

	
1




	
Flow Accumulation

	

	

	




	
<2

	
5.7

	
Very High

	
5




	
2–3

	

	
High

	
4




	
3–5

	

	
Moderate

	
3




	
5–6

	

	
Low

	
2




	
>6

	

	
Very Low

	
1




	
LULC

	

	

	




	
Vegetation

	
9.6

	
Moderate

	
2




	
Hard rocks

	

	
Low

	
1




	
Wadi deposits

	

	
Very High

	
4




	
Sedimentary rocks

	

	
High

	
3




	
Drainage Density (km/km2)

	

	

	




	
7.8–51.8

	
8.9

	
Very High

	
5




	
51.81–95.93

	

	
High

	
4




	
95.93–140.06

	

	
Moderate

	
3




	
140.06–184.18

	

	
Low

	
2




	
184.18–228.31

	

	
Very Low

	
1




	
Rainfall (mm/Year)

	

	

	




	
<20

	
13.6

	
Very Low

	
1




	
20–60

	

	
Low

	
2




	
60–90

	

	
Moderate

	
3




	
90–130

	

	
High

	
4




	
>130

	

	
Very High

	
5











 





Table 2. Wells dataset during the field validation.






Table 2. Wells dataset during the field validation.





	
X

	
Y

	
Elevation

(m)

	
TDS

	
W.L

	
Well Age




	
(mg/L)

	
(m)

	
(Years)






	
534,413.00 m E

	
2,665,349.00 m N

	
770

	
4405

	
110

	
14




	
533,274.00 m E

	
2,665,531.00 m N

	
777

	
4510

	
100

	
13




	
532,506.00 m E

	
2,664,425.00 m N

	
782

	
3720

	
150

	
12–15




	
514,308.00 m E

	
2,659,802.00 m N

	
822.5

	
3620

	
60

	
3




	
512,494.00 m E

	
2,657,740.00 m N

	
832.7

	
3290

	
60

	
3




	
511,331.00 m E

	
2,653,835.00 m N

	
871.8

	
2510

	
60

	
40




	
508,984.00 m E

	
2,657,588.00 m N

	
835.2

	
2520

	
60

	
7




	
506,704.00 m E

	
2,656,193.00 m N

	
862.1

	
5610

	
--

	
--




	
506,528.00 m E

	
2,659,460.00 m N

	
850.6

	
6180

	
57

	
more than 20




	
502,644.00 m E

	
2,661,355.00 m N

	
860.7

	
3370

	
43

	
more than 35




	
500,481.00 m E

	
2,662,234.00 m N

	
877.2

	
1970

	
50

	
1




	
500,206.00 m E

	
2,661,665.00 m N

	
878.3

	
6600

	
45

	
25–30
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