

  water-16-00194




water-16-00194







Water 2024, 16(2), 194; doi:10.3390/w16020194




Article



Mapping Groundwater Potential (GWP) in the Al-Ahsa Oasis, Eastern Saudi Arabia Using Data-Driven GIS Techniques



Abdalhaleem Hassaballa 1,2,* and Abdelrahim Salih 3





1



Department of Natural Resources, Faculty of Agriculture, King Faisal University, Al-Ahsa P.O. Box 420, Saudi Arabia






2



Agricultural and Biological Engineering Department, Faculty of Engineering, University of Khartoum, Khartoum 11111, Sudan






3



Department of Geography, Faculty of Arts, King Faisal University, Al-Ahsa P.O. Box 420, Saudi Arabia









*



Correspondence: ahassaballa@kfu.edu.sa; Tel.:+966-549522886







Citation: Hassaballa, A.; Salih, A. Mapping Groundwater Potential (GWP) in the Al-Ahsa Oasis, Eastern Saudi Arabia Using Data-Driven GIS Techniques. Water 2024, 16, 194. https://doi.org/10.3390/w16020194



Academic Editor: Cesar Andrade



Received: 10 December 2023 / Revised: 31 December 2023 / Accepted: 3 January 2024 / Published: 5 January 2024



Abstract

:

Searching for new sources of water is becoming one of the most important aspects of scientific research, especially in areas prone to drought, like Saudi Arabia. The study aim was to delineate groundwater potential zones within the Oasis of Al-Ahsa, in Saudi Arabia’s eastern region, and to identify the optimum factors that control the availability of groundwater zones. This was achieved through examining the effect of ten environmental variables on groundwater recharge, namely: slope, topographic wetness index (TWI), land cover (LC), elevation, lineament density (Ld), drainage density (Dd), rainfall, geology, and soil texture. The variables were prepared from a variety of data sources, including spatial data (i.e., DEM and Landsat-8 image), in addition to other complementing data sources for appropriate parameters extraction. Two weighted overlay methods were used, namely the simple additive weight (SAW) as well as the optimum index factor (OIF) in order to categorize the optimal set of parameters for computing GWP and identifying its zones. Two GWP maps were obtained and validated through comparison with the locations of existing wells at GWP zones. The study findings have assured the cogency of the SAW map, where it was found that nearly 45–48% of the resultant zones were characterized as in the “moderate” class, whereas around 21–37% of the entire zones area were classified within the “high” class. The soil texture parameter was determined as being the most influencing parameter for GWP mapping followed by the “geology” parameter; however, the “lineament density” (Ld) was the least important factor. Furthermore, the OIF method has facilitated the identification of the optimal parameter combination for delineating groundwater potential (GWP) zones, which included “Ld”, “land cover”, and “TWI”. The study findings and methodology can serve as a potential model for other similar regions, supporting sustainable water resource management locally as well as globally.
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1. Introduction


In arid regions where rainfall barely reaches 200 mm per year, indirect recharge becomes the lifeline for aquifers. Direct recharge from meager rainfall is simply too limited to be reliable [1]. This translates to a limited replenishment of such vital water reservoirs. Shallow alluvial aquifers hold an insufficient portion of the stored groundwater, while the vast majority resides within the sedimentary aquifers of local and regional scales. This valuable resource, however, is non-renewable fossil water; its age reflects ancient hydrological eras, ranging from approximately 10,000 to 32,000 years [2,3].



The Kingdom of Saudi Arabia (KSA) confronts a difficult challenge as its arid climate and limited renewable freshwater resources face a persistent surge in demand driven by rapid population growth, urbanization, and expanding industrial activities. This stark disparity between supply and demand necessitates a paradigm shift in water management strategies to ensure sustainable utilization and long-term resource security [4]. So, groundwater resources in Saudi Arabia are primarily located within the extensive, highly permeable aquifers occupying sedimentary basins in the north and east. Conversely, the Precambrian crystalline rocks of the Arabian Shield host groundwater in a fractured rock system [2,3]. The Arabian Shelf, encompassing roughly 67% of KSA (approximately 1.49 M squared kilometers), hosts these deep sedimentary aquifers, which are primarily composed of limestone and sandstone. These stratified formations, overlying the basement rock formation of the Arabian Shield, serve as reservoirs for groundwater within over 20 distinct principal and secondary aquifers [3]. The estimated age of this groundwater largely falls within the range of 10–32 thousand years. While the total groundwater table to 300 m depth underneath the ground surface is estimated at 2.185 billion cubic meters, the annual recharge stands at a mere 2762 million cubic meters [5].



In fact, Saudi Arabia’s agricultural sector has undergone a massive expansion driven by extensive irrigation infrastructure [6]. This exponential growth, however, has entailed a significant voracious need for water. The 1980s witnessed a staggering surge in agricultural water demand, boosting from an estimated 2 billion cubic meters per annum in 1980 to a colossal 7.43 billion by 1985 [7]. This limitless consumption continued unabated, nearly doubling once again within the following year. By 1987, agriculture claimed a dominant 90% of the Kingdom’s total water demand with wheat alone gulping down 37% of the agricultural sector’s share [8]. This persistent consumption has established a challenging reality that groundwater levels across the land are dropping. The volumes extracted for irrigation far exceed the natural renewal rates, leading to a continuous depletion of aquifers [3,7,9]. This unsustainable exploitation endangered the long-term viability of agriculture itself, threatening to render once fertile lands arid and abandoned.



Groundwater Potentials


GWP signifies the estimated probability of a place to gather this vital resource. This estimation arises from precisely modeling the interaction between relevant physiographic variables (e.g., topography, geology) and key hydrologic parameters like subsurface runoff, infiltrations, as well as surface water ponds’ capacity [10,11]. This complex interaction is analyzed by geospatial capabilities like remote sensing (RS) along with GIS. These powerful tools offer a cost-effective and time-efficient approach to assessing and managing this vital resource [12]. Scholars have efficaciously utilized diverse spatio-hydrogeological products derived thematically from RS data to evaluate groundwater potential across various environments [13,14,15,16]. Patterns of Ld are just a few examples of such valuable hydrogeological indices. However, achieving a truly reliable and precise groundwater potential model necessitates the integration of all relevant factors that contribute to groundwater occurrence. This underscores the inherent complexity of predicting groundwater potential, as it encompasses a vast array of possible options and demands the evaluation of multiple interrelated elements [17]. Within this context, the SAW model plays a pivotal role in delineating zones of groundwater recharge based on assigning weights to the various environmental variables, effectively bridging the gap between qualitative and quantitative data. This elegant fusion of OIF and SAW allows navigating the intricate landscape of groundwater potential with unparalleled precision.



Globally, researchers have been actively progressing to precisely explore and delineate the groundwater potential zones from spatial tools. However, the factors influencing these zones are always as diverse as the landscapes themselves [18,19,20,21,22]. Some solely relied on lineament analysis, while others considered other factors including geology, land use, intensity of rainfall, geomorphology, drainage density, soil texture, as well as slope. This necessitates a region-specific approach, as the results are demonstrably variable due to diverse geo-environmental circumstances [19,20,21,22].



GWP assessments have traditionally been carried out over the arid natures of the Middle East and India, typically incorporating separate layers, with at least one for each of the following: recharge from precipitation, infiltration driven by topography, and storage potential based on geological data [23,24,25,26]. For instance, a study conducted by El-Mahmoudi et al. [4] aimed to investigate the underlying aquifer systems within the King Faisal University (KFU) campus in the Eastern Region of Saudi Arabia by employing a multifaceted approach to identify zones of high groundwater potential and guide the strategic placement of wells. Their methodology seamlessly integrates data and techniques from diverse disciplines, including geophysical, remote sensing, hydrogeological, and GIS analyses. Additionally, significant contributions to the field of GWP research have come from researchers in the Middle Eastern areas of UAE and Oman with a focus on numerous investigations [27,28,29,30,31].



However, in spite of the considerable amount of literature on groundwater potential mapping and assessment, there are still important gaps in this information. No study, to our knowledge, has examined and assessed the groundwater potential zones of recharge in the Al-Ahsa Oasis. Most studies, which have conducted in the study area, have been made on groundwater quality; ours was focused on mapping prospect zones for groundwater recharge. Moreover, no study yet has exclusively encompassed 11 independent spatially driven data to model potential groundwater hotspots, nor have they been applied for studying the GWP within the aquifers of the Eastern Regions of Saudi Arabia. Thus, this study aimed to (1) conduct groundwater spatial predictor by mapping GWP zones combining geospatial technologies with GWP models to provide comprehensive insights into groundwater resources, and (2) recognize the optimal parameters leading to groundwater prospect zones by means of a correlation medium as well as OIF. The findings of this study will provide valuable insights to local authorities (e.g., Saudi Irrigation Organization), farmers, interested researchers, investing bodies, and agricultural companies within the surrounding areas, in addition to decision makers in establishing groundwater management and assessment strategies within the study region.





2. Materials and Methods


2.1. Study Area


The Al-Ahsa district is situated at approximately 25°–26° N latitude and longitude of 49.30°–50.20° E and is situated roughly 160 km inland from the Arabian Gulf with an area of approximately 3484 km2 (Figure 1). Within this area, Al-Ahsa Oasis exists, which is a prominent example of a natural oasis, ranking among the largest in the world [4]. The oasis’s groundwater supply originates from a complex aquifer system, comprising the Aruma aquifer (AR), Umm Er-Radhuma (UE), Dammam complex (DC) as well as the Neogene complex (Nc) aquifers. In recent decades, the oasis has witnessed a surge in water demand, which was primarily driven by rapid economic growth. This demand has witnessed a notable acceleration post-1975 with groundwater accounting for a substantial portion of the oasis’s water usage. Consequently, groundwater levels have undergone a significant decline, leading to the drying up of renowned springs within the oasis. To meet the escalating demand, the drilling of deeper wells has become necessary. However, this approach was accompanied by a potential deterioration in groundwater quality due to the intrusion of deeper saline groundwater [32].



The aquifer system within the study area exhibits a partially interconnected structure. The UE and DC aquifers are disconnected by the Rus formation, which comprises marls and limestones. The Rus formation usually reacts as an aquitard, forming a barrier between the two aquifers. However, there are instances where it transforms into a combined aquifer, particularly in zones that are characterized by fissured carbonates [4]. The inferior portion of AR strata, predominantly composed of clay along with shale, also serves as an aquitard, preventing hydraulic connection between the aquifer system and the underlying Wasia aquifer. For a graphical outline of the aquifer system for the study area, we refer the readership to the study conducted by Al Tokhais and Rausch [32].



The primary groundwater flow direction within the system of the area’s aquifers is from the western region to the Arabian Gulf. The intricate network of secondary openings within the aquifer system, consisting of joints, fractures, and bedding-plane openings, facilitates groundwater flow with dissolution processes playing a significant role in enhancing their hydraulic conductivity.




2.2. Data Acquisition and Preprocessing


Table 1 shows the processed data for this research and their relative sources aiming to prepare the required work parameters. Eleven causative parameters of groundwater recharge/availability were prepared, containing elevation, slope, curvature, lineament density (Ld), geology, lithology, drainage density (Dd), soil texture, rainfall, land use, and geomorphology. These parameters were selected based on the literature recommendations [33,34,35]. All data were preprocessed using QGIS v 3.18 (open source) software, ILWIS v 3.4 GIS software, and ENVI v 4.8 software. Landsat-8 (OLI) image was carefully preprocessed for atmospheric and radiometric corrections, using SCP’s dark object subtraction method [36] and the “Semi-Automatic Classification Plugin” (SCP) [37,38]. The “gain” and “offset” obtainable from image’s metadata files were applied to obtain a “top-of-atmospheric” (TOA) reflectance. To classify the processed image and obtain the land cover (LC) classes, according to Anderson’s classification Level 1 scheme [39], a maximum likelihood classification algorithm was used. The final map contained six classes, namely: dates palm, cropland, bare land, urban/built-up, natural vegetation, and water bodies. The map accuracy was assessed using the method described previously in Congalton and Green [40] with an overall accuracy of 0.913 and kappa coefficient of 0.778, which is reasonably adequate for the conducted work.



One arc-second “Digital Elevation Model” (DEM) data, with a spatial resolution of 30 m, was utilized in order to extract the hydrological parameters in terms of slope, curvature, TWI, drainage density (Dd), and elevation (m). DEM was freely obtained as a product of the “Shuttle Radar Topographic Mission version 3.0” (SRTMGL1). The applied 1-degree tiles raster scene was downloaded by making use of the Earth Explorer platform (https://earthexplorer.usgs.gov/, accessed on 23 October 2023). In order to enhance the DEM and obtain accurate results, local depressions (sinks) were removed by utilizing the fill tool of ILWIS v 3.4 software program; then, the DEM was further improved using optimization operation. Accordingly, the network of the drainage system was delineated upon computing the flow direction using the 8D neighboring pixels algorithm. Then, the flow accumulation was determined using the hydro-processing tool of DEM. The concrete drainage network was proposed by means of a threshold of >450 pixels (i.e., 0.405 km2).



For reliability, the delineated drainage network was assessed using a sharp image obtained from the Google-Earth Pro platform, as described previously [41], and a satisfactory result was obtained.



The wells location was pending to a vectorization process using table operations (Table to Point Map), and then the coordinate system of the points was transformed into the “projected coordinate system” (WGS 1984 UTM) zone 39N so as to correspond to the rest of the data applied.




2.3. Applied Physiographic Variables


Selecting the right variables for GIS analysis in groundwater potential assessment demands a delicate balance between relevance, data accessibility, and context. Each variable, like slope, TWI, land cover, elevation, and even rainfall, plays a unique role in influencing the infiltration, storage, and movement of water within the ground. However, the choice of which variables to prioritize depends on several factors. Reliable and high-quality data with appropriate spatial resolution are crucial for meaningful analysis. Additionally, the influence of each variable can vary based on the local geology, climate, and topography as well as the scale and specific research questions of your study. Analytical methods like multi-criteria evaluation or weighted overlay might also impose specific requirements on variable selection. To truly unlock the potential of GIS in this realm, careful variable selection must consider both individual relevance and its integration within a broader analytical framework. Remember, factors like evapotranspiration, soil depth, and even anthropogenic influences can play a crucial role in the complete picture. Ultimately, effective groundwater potential assessment hinges on this meticulous selection, combined with data cleaning, spatial analysis, and validation through field data and expert knowledge.



Eleven key drivers of groundwater occurrence were subjected to cross-correlation analysis and then spatially superimposed upon well locations to facilitate the exploration of potential underlying associations. The applied parameters, which are presented in Figure 2a–k, can be explained as follows:



2.3.1. Surface Elevation


Elevation exerts a significant influence on groundwater potential mapping (Figure 2a), demonstrating an inverse relationship with groundwater reserves [42,43]. So, areas with lower elevations tend to have higher groundwater potential compared to areas with higher elevations. This is because lower elevations allow for more infiltration of water into the ground, which replenishes groundwater supplies. In contrast, higher elevations promote surface runoff, which reduces the amount of water that can infiltrate into the ground.




2.3.2. Surface Slope


Slope shows a substantial control on the infiltration of groundwater (Figure 2b), thereby serving as an indicator for groundwater prospectively. Gentle slopes promote slow surface runoff, allowing ample time for rainwater infiltration. Conversely, steeper slopes facilitate rapid runoff, minimizing the settling time and consequently reducing infiltration [44].



Despite its crucial role in the flow and storing of groundwater, surface slope is regularly disregarded particularly in regions with low topographic relief [45].




2.3.3. Surface Curvature


Surface curvature (Figure 2c), the measure of how much a surface bends or curves, also plays a significant role in determining groundwater potential. It influences the flow of water across the landscape and the amount of infiltration that can occur. Convex areas, which curve outward like domes or hills, tend to have lower groundwater potential. Water tends to flow away from these areas, reducing the amount of infiltration that can occur. Concave areas, which curve inward like bowls or valleys, generally have higher groundwater potential. Water tends to flow toward and accumulate in these areas, increasing the likelihood of infiltration and groundwater replenishment.




2.3.4. Land Cover


Land cover imposes a noteworthy effect on groundwater recharge by modulating infiltration rates and influencing the overall water budget. This factor encompasses diverse elements such as soil types, distribution of settlements, and vegetation cover (Figure 2d), all of which can be effectively interpreted through satellite imagery and dedicated land cover maps. Comprehending LC patterns is crucial for quantifying the water budget, as it directly affects evapotranspiration, runoff generation, and ultimately, the recharge of groundwater [46]. Leduc et al. [47] demonstrated this connection by quantifying the influence of LC and vegetation changes on the recharge of groundwater through observed fluctuations in groundwater levels.




2.3.5. Lithology


Lithology has noticeable effects on the existence as well as circulation of groundwater (Figure 2e). Shaban et al. [48] demonstrated that the rock kind that exists at the surface of the soil substantially influences groundwater recharge. Furthermore, groundwater recharge is affected by lithology by governing the percolating surface water [49].




2.3.6. Lineaments Density (Ld)


A lineament is a linear landscape feature expressing underlying geological structures, such as faults, which are primarily revealed through remote sensing (RS) analysis of fractures or structures (Figure 2f). While both satellite and aerial imagery can capture lineaments, their in situ interpretations may differ. O’Leary et al. [50] defined lineaments as the easy or multifaceted lined appearances of geological features like cracks, faults, cleavages, and numerous discontinuity surfaces, arranged linearly or with slight curvature, as detectable by RS.



Lineament-length density (Ld) (L-1), representing the overall extent of lineaments per an area, can be defined as following [51]:


    L   d   =     ∑  i = 1   i = n      L   i       A    



(1)




where     ∑  i = 1   i = n      L   i       indicates the lineament’s ultimate length (L), while A represents the unit area (L2).



A high value of Ld represents a maximum porosity, hence, it indicates spots with degrees of great recharge potentials of groundwater.




2.3.7. Soil Texture


The nature of the soil plays a pivotal role in determining groundwater storage capacity, as soil properties dictate the area’s permeability [43]. Soil properties exert a significant influence on the interplay between runoff and infiltration rates, ultimately controlling the degree of permeability, which governs an area’s groundwater potential [52]. Notably, soil texture serves as a medium influencing groundwater vulnerability (Figure 2g), which is a crucial parameter in determining intrinsic vulnerability.




2.3.8. Geomorphology


The geomorphology of an area might comprise diverse landforms as well as tectonic structures, many of which possess advantageous characteristics for groundwater existence [44]. These units are classified based on their groundwater potential and have been delineated from remote sensing data (Figure 2h).




2.3.9. Topographic Wetness Index (TWI)


TWI provides spatial insights into saturated zones within the watershed (Figure 2i). This index quantifies the influence of topography on water accumulation within a region [53]. Consequently, areas with steeper slopes and higher elevations tend to exhibit greater runoff, leading to reduced water accumulation potential. Conversely, low-lying areas demonstrate a higher potential for topographic wetness, meaning they are more likely to accumulate water. For TWI extraction, slope degrees in addition to the maps of flow accumulation were used as input factors according to Beven and Kirk’s equation [54]:


  T W I = l n   α / t a n β    



(2)




where α represents the local upslope area draining through a certain point per unit contour length, and tan β represents the slope’s angle for the specified pixel.




2.3.10. Rainfall


Precipitation constitutes the primary natural source of groundwater recharge (Figure 2j), instantly influencing the rate of infiltration [43]. Rainfall directly dictates the volume of water infiltrating the soil and percolating into the aquifer system. The intensity and duration of rainfall events also play a noticeable role.




2.3.11. Drainage Density (Dd)


The drainage pattern serves as a window into both surface and subsurface characteristics. Drainage density, measured in km/km2, indicates the proximity of channels and reflects the surface material’s permeability [44]. Higher densities correspond to greater runoff, suggesting limited infiltration. Conversely, lower densities imply reduced runoff and higher potential for recharge, making them indicative potential groundwater zones (Figure 2k). The drainage-length density (Dd) introduced by Greenbaum [51] signifies the entire stream channels length per unit area and is calculated as follows:


    D   d   =     ∑  i = 1   i = n      S   i       A    



(3)




where     ∑  i = 1   i = n      S   i       indicates the drainage ultimate length (L), while A represents the unit area (L2).     D   d     is corresponding to groundwater recharge: an area having a higher     D   d     has the potential to have higher levels of recharge. Some researches combined lineaments along with drainage in order to deduce zones of groundwater potentials [48].



Rating and weights were assigned for all model parameters and their significant classes, as shown in Table 2. The ranks and weights assigned to each parameter and class were in the range of 1–10 showing their comparative significance (Figure 3).





2.4. Methods


2.4.1. GWP Map


Upon assigning equal weight to all parameters (cf: Table 2 and Figure 3), an SAW approach, which is a quantitative index-overlay method [33], was used to establish the GWP map. The SAW examines the effect of parameters through a linear function (combination) and then computes the overall GWP according to the following equation:


  G W P   I n d e x =   C   r , w   +   D   r , w   +   E   r , w   +   G   r , w   +   L i   r , w   +   L   r , w   +   R   r , w   +   S l   r , w   +   S   r , w   +   T   r , w    



(4)




where C, D, E, G, Li, L, R, Sl, S, and T are the ten parameters used to compute the GWP map, while r and w are subscripts indicating ratings and weights, respectively. The approach was chosen considering many concerns. SAW applies an enormous quantity of variables in order to calculate the GWP index, which guarantees the optimum results. It is based on numerical ratings and weight globally applied, which makes this approach appropriate for generating a regional GWP map. In addition, datasets required for the approach’s parameters are obtainable in the right format. To analyze the data implemented in the GWP index and generate a GWP map, we used the “Integrated Land and Water Information System” (ILWIS 3.4) software.




2.4.2. Potential GWP Map


Numerous GWP factors are spatially invariable, which implies that their contribution to the overall GWP disparity is very weak, and this may influence the consistency of the calculated index. Therefore, in this section, we addressed this concern by suggesting an approach oriented to determine the optimum arrangement of three GWP factors that could precisely produce the highest amount of information to generate a potential GWP index for the best depiction (at most) of the actual situation of groundwater availability and recharge in the study site. For this, we used the OIF along with the correlation matrix of the statistical package available at the ILWIS 3.4 software [55]. Originally, OIF was an arithmetical index established to select the best combination of bands (RGB, 3 layers max) of satellite images exhibiting minimal redundancy and maximizing information content [55].


  O F I =     S t d   i   +   S t d   j   +   S t d   k         C o r r   i , j     +     C o r r   i , k     +     C o r r   j , k        



(5)




where Stdi,j,k represents the standard deviations for each of the 3 valued parameters, and Corri,j,k represents the rated parameters correlation.



We used the correlation matrix operation [55] in order to calculate the correlation coefficients between the used GWP parameters. Two steps were followed to compute the correlation coefficients: initially, a matrix of covariance combining the entire GWP parameters was established, then secondly, the covariance matrix components were standardized through applying Equation (6).


    C o r r   b 1 , b 2   =     C o v a r   b 1 , b 2        V a r   b 1   ×   V a r   b 2       



(6)




where     C o v a r   b 1 , b 2     represents the calculated covariance for the two parameters (layers 1 and 2), and     V a r   b 1 , b 2     represents the variance within the 1st and 2nd parameters. Thus, we assumed that the majority of the GWP factors were spatially constant and interrelated with little contribution to the variance in the potential groundwater recharge in the study site.




2.4.3. Accuracy Assessment of the GWP Maps


Aiming to validate the obtained GWP maps, the available groundwater wells (vectors file) and frequency ratio approach were used in order to spatially link the wells to the classes of GWP map so as to calculate the frequency (density) of wells allocation inside every class. To achieve so, well sites were primary rasterized, and then the acquired GWP maps were utilized to overlay the rasterized ones. In this operation (i.e., overlay analysis), both maps’ pixels were combined at the identical positions. Thus, the results were documented and tabulated with as a cross-table [55]. From the obtained cross-table, pixels (points) within each GWP class were obtained by using a table aggregation function. The GWP maps were considered valid when approximately 50 percent of the well sites were located to the “moderate” and “high” GWP maps classes. In other words, when 50 percent of the historical points (wells) occurs on the “moderate”, “high”, or both GWP maps classes, it mean that the groundwater index is accurate and yields satisfactory results. Figure 4 shows the flowchart of the adopted methodology for GWP mapping.






3. Results


Two dissimilar maps for GWP were generated: the SAW map (Figure 5a) and the potential GWP map (Figure 5b). Hence, a proportional analysis was carried out between the acquired maps for the approach results’ validation and confirming the spatial distribution of GWP zones, as they connected to the used parameters.



3.1. GWP Mapping Methods Performance


For more consistency, it was essential to authenticate the acquired GWP maps. Accordingly, the first step followed for producing the GWP map was to assess its fitness and dependability through utilizing a validation approach. Figure 6a,b shows the well’s frequency ratio (wells density), calculated through the “cross-overlay analysis” process, that has arisen within every GWP class within every GWP map. Both maps demonstrated a moderate level of agreement with the delineated GWP zones, exceeding the specified threshold by a significant margin. Moreover, over 50% of the ‘good’ points fell within the moderate GWP zone, further corroborating this observation. In terms of concordance for the ‘moderate’ GWP class, both maps yielded acceptable results. The GWP map showed a 66% correspondence with the moderate zone (Figure 6a), while the potential GWP map exhibited a 51% correspondence (Figure 6b).



The ‘high’ GWP class demonstrated acceptable levels of agreement for both maps. As shown in Figure 6a, 29% of points on the GWP map coincided with the ‘high’ zone compared to approximately 15% for the potential GWP map (Figure 6b). The overall performance of both maps is noteworthy with 95% of points falling within the moderate and high GWP zones, while only 5% reside in the very poor and poor zones (Figure 6a). For the potential GWP map (Figure 6b), about 66% are positioned within the ‘moderate’ and ‘high’ areas. In contrast, only 34% of the points are situated in the very poor and poor zones. Additionally, the analysis revealed that the frequency ratio (density) within the study area exhibited variations between the moderate and high zones.




3.2. Distribution of GWP Zones


Five groundwater zones were identified in the study site, including ‘very low’, ‘low’, ‘moderate’, ‘high’, and ‘very high’ (cf. Figure 5a,b). A visual representation of the spatial distribution of these zones is provided in Figure 7a,b. The bars of Figure 7a,b show significant differences between the original GWP and the potential GWP zones. Both maps have highlighted the “moderate” and “high” GWP zones as dominant in the study site. Furthermore, the two models have indicated that nearly 50% of the studied site was characterized by “moderate” zones with an area of approximately 48% (1637.93 km2) for the original GWP map and 45% (1547.3 km2) for the potential GWP map. By referring to Figure 5a, the “moderate” zone is concentrated in the three main parts: the southern, eastern, and western areas of the study location. Whereas, according to Figure 5b, it is noticed mostly in the northern study location. The main directions of the stream network at the study site follow the above-defined directions, where they discharge into existing lakes located at the north and east of the study site [56]. Overall, the ‘low’ and ‘very low’ zones accounted for only 6% of the total area, according to Figure 5a, and for 34% of the total area, according to Figure 5b.



According to the OIF results, the potential GWP was calculated based on three factors, namely Dd, LC, and TWI. As these parameters had the lowest correlation and the highest amount of standard deviation, generally, they have revealed a different form of spatial disparities of groundwater recharge in the area. As expected, the original GWP revealed more spatial variability than the potential GWP (STD = 28.35 and 0.74, respectively). It is important to emphasize that the proposed GWP methodology is appropriate for assessing the relative potential for groundwater resources within the study area rather than the potential (absolute) GWP index.




3.3. The Significance and Relative Contribution of Parameters Concerning GWP and Potential GWP


In this study, eleven parameters were used. However, one factor, i.e., geomorphology, was excluded from the analysis because of its significant correlation with the land cover factor (r > 0.80). The mean (average) values of the used parameters varied considerably (cf. Table 3). The analysis revealed that the soil texture parameter exhibited the largest mean value of 8.92, which was followed by the geology variable with a mean value of 8.77. Compared to these two, both elevation and TWI had moderate mean values of 7.4 and 7, respectively. Notably, Ld, land cover, Dd, and lithology exhibited lower mean values ranging between 3 and 6.



It was found that some of the rated parameters were highly variable compared to the others. For instance, Ld, lithology, curvature, and Dd, the CV % values have ranged between 39 and 60 (Table 1), which were found to be highly variable parameters. On the other hand, slope, elevation, land cover, and TWI parameters were moderately varying (CV % ranged between 22 and 32). The least variable parameters were geology (CV % is 11) and soil texture (CV % is 15). In this context, it worth stating that the highly variable parameter indicates the least contribution to the variability of GWP, while the least variable parameter indicates the high contribution to the variability of GWP across the study site.



Table 4 shows a summary of the statistically significant correlation coefficients that resulted from the carried statistical analysis among all rated parameters. We found a strong positive statistical correlation between the slope and TWI (r = 0.66) and the Ld and rainfall (r = 0.46). On the other hand, a strong negative correlation was observed among six parameters, including Dd and elevation (r = −0.54), curvature and TWI (r = −0.52), and geology and rainfall (r = −0.45). However, regarding the correlation between Dd–Ld and geology–soil texture, a slightly positive relationship was observed (r = 0.18, and 0.12, respectively), while, Dd–soil texture and geology–Ld have exhibited a slightly negative relationship (r = −0.22, and −0.27, respectively). The least correlation was found in correspondence to many parameters, including curvature–Dd (r = 0.01), curvature–Ld (r = 0.00), curvature–rainfall (r = 0.01), slope–soil texture (r = 0.01), and LC–rainfall (r = 0.02) (Table 2). However, we considered the used parameters as statistically independent from each other.





4. Discussion


The applied SAW and OIF models, throughout the study, have emerged as a powerful tool for groundwater potential assessment, offering several advantages over traditional methods. One key strength of SAW is its simplicity. This has allowed explicitly prioritizing factors influencing the groundwater potential, which included elevation, slope, curvature, land cover, lithology, lineament density, soil texture, geomorphology, TWI, rainfall, and DD. The generated map delineated groundwater potential zones within the study area, offering valuable insights for optimizing groundwater resource planning and management. This was in line with study findings achieved by Hamdani and Baali [35] on groundwater potential using Rs and GIS. Their analysis showed that only 3.88% of their study site has exhibited ‘very good’ groundwater potential (GWP). Additionally, 17.22% and 20.20% have possessed ‘good’ and ‘moderate’ GWP, respectively. However, a strong spatial association has emerged between GWP and land cover. In another similar study by Hussein et al. [57], their findings have confirmed that applying RS and GIS, coupled with “multi-criteria decision analysis” (MCDA), has produced powerful instruments for the spatiotemporal monitoring and assessment of groundwater resource potential zones. However, a confirmative study conducted by Hasanuzzaman et al. [58] has also assured that the implemented AHP approach has yielded a robust classification of GWP zones into five distinct categories (VG, G, M, P, VP) with high and acceptable accuracy metrics. Furthermore, the analysis has identified the geomorphology, slope, rainfall, and elevation as primary drivers of GWP zones distribution, overshadowing the influence of LC, vegetation cover, and other parameters.



4.1. Evaluation of the Applied Methods


For the current study, the spatial distribution of groundwater availability (recharge) zones was mapped based on two indices, namely: SAW and OIF for the Oasis of Al-Ahsa region (cf. Figure 5a,b). For reliability, we evaluated the produced maps by using frequency ratio. The consistency of the two approaches with historical evidence, depicted in Figure 6a,b, supports their accuracy and reliability. While the evaluation results suggest that the original GWP zones within the SAW map may exhibit slightly superior performance compared to the potential GWI, with 66% and 51% of historical points exceeding the assumed threshold (≥50%), respectively, the overall findings indicate the suitability of both approaches for investigating the likelihood of groundwater recharge (availability) within the study area.



Comparing these findings with previously published literature reveals extensive support for the efficacy of the SAW method as an effective index for mapping groundwater potential. For instance, Abrams et al. [33] demonstrated the effectiveness of the SAW index in GWP mapping by successfully employing it to delineate GWP zones in the northern United Arab Emirates and Oman, achieving an overall accuracy of 98%. This study further concluded that the SAW model outperforms AHP (Analytical Hierarchy Process) and PFR (Probability Frequency Ratio) in terms of delineating GWP zones. Additionally, they emphasized the enhanced reliability of knowledge-based methods compared to SAW and AHP models for GWP mapping in data-scarce regions.



However, it should be mentioned that for a model to be reliable and yield satisfactory results, the used parameters need to be statistically independent. Here, to test the independence of all rated factors, the coefficient of variation (CV %) was used. As shown in Table 3, four parameters were highly variable, including Ld, lithology, curvature, and Dd (CV % ranged between 39 and 60). This implies a direct proportional relationship between GWP and these factors. Conversely, the low variability of a parameter signifies its minimal influence on the overall variation of groundwater potential within the study area. Notably, using fewer input factors can often lead to highly reliable results and potentially even enhanced accuracy. However, it is crucial to acknowledge the potential impact of subjective selection of parameters, including their assigned ratings and weights, on the GWP’s performance, as highlighted by Napolitano and Fabbri [59].




4.2. GWP Maps—Distribution of Groundwater Zones


The application of the proposed methodology resulted in the delineation of five distinct groundwater prospect zones within the study area: ‘very low’, ‘low’, ‘moderate’, ‘high’, and ‘very high’. However, the two obtained GWP maps clearly showed the dominance of the ‘moderate’ as well as ‘high’ GWP zones in the study area. The ‘moderate’ GWP class accounted for 48% (1637.93 km2) and 45% (1547.26 km2) of the area, according to the original and potential groundwater prospect maps, respectively, whereas, the ‘high’ GWP class accounted for 37% (1274.97 km2) and 21% (738.49 km2), according to the potential GWP map. These zones were located generally at the eastern and southern portions of the Oasis area (cf: Figure 5a,b). This pattern is mainly governed by the dominance of loamy sand and sandy loam soil texture, low altitude (<214 MSL), bare/agricultural lands, and low-to-medium rainfall. Moreover, by referring to Figure 2a, this part of the study site is characterized by low elevation and gentle slope, which makes the water progress relatively slower, thus having a better chance of infiltrating downward and recharging the subsurface strata. These results agree with those of Al Tokhais and Rausch [32] and Magesh et al. [60], indicating that the type of soil, elevation, and slope degree play a pivotal role in groundwater recharge. On the other hand, the upper northwestern and northeastern parts of the study site were characterized as having ‘very poor’ (accounting for 0.18 km2 (0.01%) and 428.54 km2 (12%) according to the original and potential maps, respectively) groundwater potential, which lowers the chance of groundwater recharge. According to the lineament density map (Figure 2f) and drainage density map (Figure 2k), these parts were characterized by a high density of lineament (>0.98) and drainage (>0.0003) and high rainfall (>4.58 mm). However, contradicting results (disagreement) have been conveyed by Magesh et al. [60] and Ghanim et al. [61]: they argued that lineament density and drainage density contribute well to the groundwater recharge through infiltration.




4.3. Optimum Factors for Delineating GWP Zones


The statistical analysis presented in Table 3 reveals that parameters such as Dd, LULC, and TWI have played a dominant role in shaping the spatial distribution of groundwater potential depicted in Figure 5a,b. This is evidenced by their high mean rank values. Therefore, these three factors were used to construct the OIF model and generate the potential GWP map. While all three parameters contributed to the delineation of groundwater prospect zones, soil texture exhibited the most significant influence, as demonstrated by its high mean rank value of 8.92. This further corroborates findings reported by Kabeto et al. [62] in their study. Although Ld was included in the analysis, it demonstrated a minimal impact on the mapping and assessment of groundwater prospects. Geology and slope degrees emerged as the second and third most significant parameters with respective mean importance values of 8.77 and 8.35. A similar result was found by Hamdani and Baali [35], who argued that lithology (mean important equal 6.05), TWI (mean important equal 7), and elevation (mean important equal 7.4) have reasonably clarified the spatial distribution of the groundwater prospect in their study site.



Taking into consideration the inclusion of surface elevation, many other researchers have assured the rationality of surface elevation and its role as being an important factor influencing groundwater potential. For example, a study by Kabeto et al. [62] found that elevation was among the most significant elements affecting groundwater potential in the West Arsi Zone of Ethiopia. Another study by Hasanuzzaman et al. [58] found that elevation was one of the main features manipulating groundwater potential in the Chota Nagpur Plateau of India. In addition, a study by Mulyadi et al. [63] found that elevation was a valuable factor that influenced groundwater potential in the Walahi Watershed of Ethiopia.



The analysis of correlations between the employed parameters, as presented in Table 4, reveals a significant association between land cover and geomorphology parameters with a coefficient exceeding 0.80. Therefore, it was necessary to remove one of them; accordingly, the geomorphology (named geomorphon in Figure 2h) was excluded from the analysis. It was found that the slope degrees and TWI parameters were meaningfully in correspondence with a correlation coefficient of 0.66. We can explain this high correlation by the fact that both TWI and slope degrees quantify the influence of topography on water accumulation, so despite the high correlation observed between the two parameters, suggesting the potential for redundancy, this correlation was deemed advantageous and unlikely to impact the GWP calculation and mapping process. Additionally, a moderate correlation of 0.46 was observed between Ld and rainfall. We can attribute this correlation to the natural relationship between the two parameters in any part of the Earth’s surface, where lineaments, often characterized by fractures and faults in the bedrock, can act as preferential pathways for water flow. This can lead to increased surface runoff during rainfall events, reducing the amount of water available for infiltration and groundwater recharge [64]. The elevation was slightly associated with the geology factor (r = 25). Overall, here, we virtually considered the used parameters independent due to their ineffective association. Accordingly, we consider all these effective parameters for groundwater prospect mapping and assessment. Drawing upon the insights gained from the correlation analysis summarized in Table 4, an optimal index factor (OIF) was formulated by incorporating only three parameters: Ld, LULC, and TWI. These parameters were chosen based on their combined properties of high standard deviation and low correlation, suggesting their minimal redundancy and significant individual contribution to the overall GWP calculation. This finding highlights the effectiveness of this specific combination of parameters for constructing a statistically robust and reliable groundwater prospect index that is capable of accurately mapping and assessing groundwater availability zones within the study site.



While previous groundwater potential studies in the arid Middle East employed various methods, from the familiar simple additive weight (SAW) and more nuanced techniques like Probability Frequency Ratios (PFRs) and the Analytical Hierarchy Process [33], this research breaks new ground by introducing the Optimum Index Factor (OIF) to the region. This innovative approach goes beyond existing models, offering a fresh perspective on understanding groundwater resources. Notably, researchers have also explored machine learning techniques like Classification and Regression Trees (CART) for precise mapping [65] and data-driven approaches that integrate diverse datasets, including Gravity Recovery and Climate Experiment (GRACE) data, aeromagnetic data, and electrical resistivity data [66]. By pioneering the application of OIF in the region, this research adds a valuable tool to the arsenal of groundwater potential assessment methods, contributing to sustainable water management in the Middle East.





5. Conclusions


As groundwater recharge is crucial for sustainable water management, in this study, SAW and OIF models, supported by GIS and RS techniques, were considered for identifying potential sites for groundwater recharge by applying spatially explicit analysis allowing for the integration of diverse spatial datasets. This was achieved to offer a comprehensive understanding of the factors influencing recharge potential and the identification of suitable areas based on user-defined criteria. Decision support tools along with weighted overlay analysis were applied to prioritize the potential recharge sites based on different criteria and preferences.



	
The study findings have confirmed the fact that the used models, especially the SAW, can facilitate the selection of zones that offer the best potential for maximizing recharge and achieving desired outcomes. However, the study results can be summarized specifically in the following points:



	
The findings presented in this study indicate that the SAW model offers superior performance compared to the OIF index for groundwater prospect mapping, providing greater accuracy in delineating groundwater potential zones.



	
The generated GWP maps revealed that approximately 45–48% of the total land area falls within the ‘moderate’ GWP zone, which is primarily concentrated in the eastern, southern, and western portions of the study site. Notably, the high GWP zone occupies 21–37% of the area, with soil texture emerging as the dominant factor influencing groundwater occurrence (mean importance: 8.92) followed by geology (mean importance: 8.77) and slope degrees (mean importance: 8.35).



	
Furthermore, the analysis identified lineament density as the least influential parameter (mean importance: 3.78), which is followed by land cover with a mean importance of 3.92.



	
Based on the results of the OIF model, the study suggests that a combination of only three parameters (Ld, land cover, and TWI) captures the most crucial information regarding groundwater prospect zones within the study area. These parameters were chosen due to their minimal correlation (duplication) and highest combined standard deviation, effectively minimizing redundancy and maximizing individual parameter contribution.






Overall, SAW and OIF-based DSS offer valuable tools for identifying potential sites for groundwater recharge. Their advantages in spatial analysis, decision support, and visualization make them powerful instruments for sustainable water management.



Therefore, in the arid landscape of the Al-Ahsa region, remote sensing and GIS can transform water resource management by unlocking a treasure trove of practical benefits. From pinpointing hidden recharge zones and safeguarding vulnerable aquifers to optimizing irrigation practices and engaging communities in sustainable water use, these technologies offer a powerful toolkit for a water-secure future. Satellite technology can track groundwater depletion and map water quality, guiding extraction strategies and protecting precious resources. GIS maps can inform land-use planning, ensuring development protects recharge zones and strengthens disaster resilience. By unlocking the secrets of the desert landscape, remote sensing and GIS can usher in an era of sustainable water management in Al-Ahsa, fostering agricultural productivity, combating desertification, and empowering communities to become stewards of their vital water resources.



However, it is important to acknowledge the limitations connected to such systems, including the uncertainty raised by the fact that groundwater recharge is a complex process influenced by numerous factors. Thus, this inherent uncertainty needs to be carefully considered when interpreting the results of any GIS model.



In future, studies are needed to confirm these findings and to determine how groundwater potential recharge can be determined in arid regions using geophysics methods. In particular, more efforts are needed to determine the effects of climate change and human activities on groundwater recharge. Moreover, to further understand groundwater potential in arid regions, the utilized model’s ability to incorporate subjective experts’ judgments and handle qualitative data alongside quantitative information when dealing with complex geospatial settings needs careful consideration.
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Figure 1. Location of the study site. 
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Figure 2. Thematic parameters of GWP shown as: (a) elevation (m), (b) slope degrees, (c) curvature, (d) land cover, (e) lithology (geology), (f) lineament density, (g) soil texture, (h) geomorphology, (i) topographic wetness index (TWI), (j) rainfall (mm), and (k) drainage density, respectively. 
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Figure 3. GWP thematic layers’ suitability values based on the assigned ratings and weights, in which (a) elevation (m), (b) slope degrees, (c) curvature, (d) soil texture, (e) drainage density, (f) topographic wetness index (TWI), (g) lineament density, (h) land cover, (i) lithology (geology), (j) rainfall (mm), respectively. 
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Figure 4. A simplified framework for GWP zones mapping. 
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Figure 5. The resultant GWP maps, presented as: GWP (a) and potential GWP map (b) of the study site. The potential GWP map was computed using three of the best combination of bands (Dd, LC, and TWI). 
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Figure 6. GWP map validation using frequency ratio within the GWP zones: (a) GWP map and (b) the potential GWP map (produced using only three parameters containing Dd, LULC, and TWI). 
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Figure 7. The spatial distribution of GWP and potential GWP zones over the study site (a) according to the original GWP index and (b) according to the potential GWP index. 
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Table 1. Data used for extracting the GWP parameters (variables) along with their sources.
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	Type of Data
	Sources
	Structure
	Data Size
	Related Factor Maps (Application)





	Annual rainfall (mean)
	http://pmm.nasa.gov/data access/download/gpm, (accessed on 12 November 2023)
	Digital Raster
	0.1° × 0.1°
	Precipitation



	Geology map
	https://certmapper.cr.usgs.gov/ (accessed on 12 November 2023)
	Digital Vector
	1:2,000,000
	Lineament density



	Landsat-8 (OLI)
	https://earthexplorer.usgs.gov/, (accessed on 1 October 2023)
	Digital Raster
	30 × 30 m
	Land use/cover (LULC) and Geomorphology



	Soil map
	https://www.fao.org/soils-portal/data-hub/, (accessed on 23 August 2023)
	Digital Raster
	30 arc-seconds
	Soil texture



	SRTM–DEM (Digital Elevation Model)
	https://earthexplorer.usgs.gov/, (accessed on 23 October 2023)
	Digital Raster
	30 × 30 m
	Elevation, Slope, Curvature, TWI, and Drainage Density (Dd)



	Wells locations
	Ministry of Environment, Water and Agriculture of Saudi Arabia https://www.mewa.gov.sa/en/Pages/default.aspx, (accessed on 18 November 2023)
	Table with (x, y)
	N/A
	Validation measure










 





Table 2. The parameters’ (variables) classes, ratings, and weights for the GWP mapping index.
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	Serial

Number
	Theme
	Weight
	Normalized Weight
	Class
	Rank
	Normalized Rank





	1
	Elevation (m)
	1
	0.02
	≤118
	10
	0.33



	
	
	
	
	118–166
	8
	0.27



	
	
	
	
	166–214
	6
	0.20



	
	
	
	
	214–262
	4
	0.13



	
	
	
	
	>262
	2
	0.07



	2
	Slope (°)
	2
	0.04
	
	30
	



	
	
	
	
	≤5.96
	10
	0.33



	
	
	
	
	5.96–11.93
	8
	0.27



	
	
	
	
	11.93–17.89
	6
	0.20



	
	
	
	
	17.89–23.86
	4
	0.13



	
	
	
	
	>23.86
	2
	0.07



	3
	Curvature
	3
	0.06
	
	30
	



	
	
	
	
	≤−0.29
	10
	0.33



	
	
	
	
	−0.71
	8
	0.27



	
	
	
	
	0.42–1.12
	6
	0.20



	
	
	
	
	1.12–1.83
	4
	0.13



	
	
	
	
	>1.83
	2
	0.07



	4
	Drainage Density (km/km2)
	4
	0.08
	
	
	



	
	
	
	
	≤0.00018
	10
	0.33



	
	
	
	
	0.00018–0.00027
	8
	0.27



	
	
	
	
	0.00027–0.00035
	6
	0.20



	
	
	
	
	0.00035–0.00044
	4
	0.13



	
	
	
	
	>0.00044
	2
	0.07



	5
	TWI
	8
	0.15
	
	
	



	
	
	
	
	≤10.32
	2
	0.07



	
	
	
	
	10.32–10.99
	4
	0.13



	
	
	
	
	10.99–13.10
	6
	0.20



	
	
	
	
	13.10–17.74
	8
	0.27



	
	
	
	
	>17.74
	10
	0.33



	6
	Lineament Density (km/km2)
	7
	0.13
	
	30
	



	
	
	
	
	≤0.33
	2
	0.07



	
	
	
	
	0.33–0.66
	4
	0.13



	
	
	
	
	0.66–0.98
	6
	0.20



	
	
	
	
	0.98–1.31
	8
	0.27



	
	
	
	
	>1.31
	10
	0.33



	7
	Land Cover
	5
	0.09
	
	
	



	
	
	
	
	Date Palm
	8
	0.2



	
	
	
	
	Crop Land
	10
	0.25



	
	
	
	
	Bare Land
	4
	0.1



	
	
	
	
	Urban Land
	2
	0.05



	
	
	
	
	Natural Vegetation
	6
	0.15



	
	
	
	
	Water Bodies
	10
	0.25



	8
	Geology
	9
	0.17
	
	40
	



	
	
	
	
	Oligocene
	8
	0.44



	
	
	
	
	Quaternary
	10
	0.56



	9
	Rainfall (mm)
	10
	0.19
	
	18
	



	
	
	
	
	≤4.43
	2
	0.07



	
	
	
	
	4.43–4.47
	4
	0.13



	
	
	
	
	4.47–4.52
	6
	0.20



	
	
	
	
	4.52–4.58
	8
	0.27



	
	
	
	
	>4.58
	10
	0.33



	10
	Soil Texture
	4
	0.08
	
	
	



	
	
	
	
	Clay
	2
	0.04



	
	
	
	
	Silty clay loam
	4
	0.09



	
	
	
	
	Silt
	6
	0.13



	
	
	
	
	Silt loam
	6
	0.13



	
	
	
	
	Loam
	10
	0.22



	
	
	
	
	Sandy loam
	10
	0.22



	
	
	
	
	Loamy sand
	8
	0.17










 





Table 3. Summary of the statistical of the parameters used to compute the GWP and potential GWP maps.
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	Parameter
	Mean
	S.D.
	Minimum
	Maximum
	CV%





	Elevation (m)
	7.4
	2.12
	2
	10
	28.7



	Slope (°)
	8.35
	1.81
	2
	10
	21.7



	Curvature
	4.75
	1.86
	2
	10
	39.2



	Dd (km/km2)
	5.33
	2.22
	2
	10
	41.7



	TWI
	7
	2.24
	2
	10
	32



	Ld (km/km2)
	3.78
	2.23
	2
	10
	58.9



	Land cover
	3.92
	1.16
	2
	10
	29.6



	Geology
	8.77
	0.97
	8
	10
	11.1



	Lithology
	6.05
	2.79
	2
	10
	46.1



	Soil Texture
	8.92
	1.38
	2
	10
	15.5







Note: S.D. represents the standard deviation and CV % represents the coefficient of variation.













 





Table 4. Correlation coefficients between the parameters used for GWP mapping.
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	Curvature
	Dd
	Elevation (m)
	Geology/Lithology
	Ld
	Land Cover
	Rainfall
	Slope (°)
	Soil Texture
	TWI





	Curvature
	1.00
	
	
	
	
	
	
	
	
	



	Dd
	0.01
	1.00
	
	
	
	
	
	
	
	



	Elevation (m)
	−0.06
	−0.54 *
	1.00
	
	
	
	
	
	
	



	Geology/lithology
	−0.01
	0.07
	0.25 *
	1.00
	
	
	
	
	
	



	Ld
	0.00
	0.18 *
	0.07
	−0.27 *
	1.00
	
	
	
	
	



	Land cover
	0.01
	0.07
	−0.02
	−0.01
	0.05
	1.00
	
	
	
	



	Rainfall
	0.01
	−0.00
	0.01
	−0.45 *
	0.46 *
	0.02
	1.00
	
	
	



	Slope (°)
	−0.17 *
	−0.08
	0.18 *
	0.06
	−0.02
	−0.01
	−0.08
	1.00
	
	



	Soil texture
	−0.01
	−0.22 *
	0.22 *
	0.12 *
	0.03
	−0.14 *
	−0.02
	0.01
	1.00
	



	TWI
	−0.52 *
	−0.04
	0.12 *
	0.03
	0.00
	−0.02
	−0.03
	0.66 *
	0.01
	1.00







Note: * indicates significant correlation between the two parameters.
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