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Abstract 

Groundwater is an essential resource in arid and semi-arid regions, where water scarcity and droughts are 

common. The Quetta region of Pakistan is one such area that requires effective groundwater recharge zone 

mapping to manage groundwater resources adequately. This study aimed to delineate groundwater recharge 

zones using analytical hierarchy process (AHP), fuzzy-AHP, and frequency ratio (FR) models. Additionally, it 

aimed to compare the effectiveness of these models in groundwater recharge potential zone mapping. To 

achieve the objectives, nine groundwater influencing factors were considered: geology, soil types, lineament 

density, elevation, slope, topographic wetness index, drainage density, land use land cover, and rainfall. 

Thematic maps for all these factors were generated using satellite and conventional data in the ArcGIS 

environment. All thematic layers were combined using AHP model-l (Weighed overlay), AHP model-ll 

(Weighted sum), fuzzy-AHP overlay, and FR-based model using ArcGIS. The findings revealed that 15% and 

39% of the study area have high recharge potentials according to AHP-based model-l and model-ll, 

respectively. The FAHP model demarcated 43% of the area as high recharge zones, while the FR model 

demarcated 42% as high recharge zones. The majority of high groundwater recharge areas were found in the 

central part of the study area, while the southern part was demarcated as a moderate recharge zone. The 

eastern and western parts were demarcated as low recharge potential zones. To validate the accuracy of the 

models, the study used receiver operating characteristic (ROC) validation curves. The ROC curves revealed 

that AHP model-ll had the highest accuracy (AUC=89%), followed by the FAHP model (AUC=88%), AHP 

model-l (AUC=84%), and FR (AUC=81%). In conclusion, the AHP model-ll was more effective in recharge 

zone demarcation than the FAHP and FR models in the current study. The results of this study can benefit 

decision-makers in groundwater resource management and future planning in land use for urban extension, 

particularly in water-scarce regions of the country. 
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1. Introduction 

Water is a very critical source of life indeed. 

Certainly, population evolution, aging 

infrastructure, climate change, and an upsurge in 

strict water quality standards are the main aspects 

that evidence it [1] and [2]. Despite its importance, 

water is a poorly managed natural resource on the 

earth's planet  [3].  Groundwater (GW) is a type of 

water present in subsurface fractured lithological 

formations and soil pores [4].  In both developed and 

developing countries worldwide, GW has emerged 

as a vital and reliable source of water for both urban 

and rural areas [5].  GW is the foremost source of 

water for irrigation and agricultural activities 

worldwide. It is worth noting that more than 60% of 

agricultural practices are dependent on GW [6]. 

Pakistan ranks fourth in the world in terms of the 

amount of GW extracted for irrigation purposes. 

Only 27% of the entire agriculture area is irrigated 

by surface water supplies, while the remaining 73% 

depends on GW either directly or indirectly. 

Presently, around 1.2 million private tube wells 

abstracting GW in the country, having an annual 

abstraction rate of around 65 billion cubic meters 

[7].  
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Baluchistan province is situated in an arid to semi-

arid climatic zone of Pakistan. In this area, the 

source of surface water is non-perennial, which 

means that GW is the only dependable source for 

municipal, industrial, and agricultural usage [8][9] 

and [10].  Agriculture is the key pillar of the 

economy of about 85% population of the province 

[11].  The province was hit by numerous severe 

droughts in history, which had a radical influence on 

livelihoods and its economy and destroyed around 

80% of its fruit orchids  [12]. Over 40% of the 

population of the province resides in the Pishin 

basin, with most living in and around the Quetta 

region (study area). Over the course of the last 

decade, the population of the Quetta region has 

experienced a significant increase from 1.02 million 

to 1.8 million individuals. The escalation of 

population density has been observed to correlate 

with a subsequent surge in the demand for 

agricultural and industrial water, ultimately leading 

to an exacerbation of water scarcity in the study 

area. This phenomenon highlights a significant 

challenge that needs to be addressed, as it poses a 

serious threat to the sustainable management of 

water resources [13]. 

Research reveals that if the watersheds are not 

managed in an integrated sustainable way, led to a 

diminution of natural resources i.e., water, 

vegetation, soil fertility, flora and fauna, etc. [14].  

Understanding the scenario of GW resources is 

crucial for ensuring sustainable development in a 

region [1]. The GW recharge potential mapping and 

delineation is among the most important and prior 

stages in GW resources management and planning 

[15]. The utilization of geospatial technologies is 

essential for the successful exploration of 

groundwater and the effective management of 

watersheds. These innovative technologies enable 

the measurement, analysis, and visualization of 

geospatial data, thus facilitating the identification of 

water resources and the monitoring of hydrological 

processes. As such, geospatial technologies play a 

crucial role in the evaluation and management of 

water resources, aiding decision-makers in making 

informed and effective decisions that ensure 

sustainable water use. Geospatial technologies are 

more efficient and cost-effective alternative to 

traditional methods. They allow for quicker 

completion of tasks, while also reducing overall 

costs [4][16] and [17]. GIS coupled with multi 

criteria decision analysis(MCDA) covers a large 

area in a short period to map and identify GW 

recharge potential zones [18].  Several researchers 

around the globe [18][19][20][21][22][23][24][25] 

[26][27][28][29][30] and [31] have applied GIS and 

RS based techniques for identification of GW 

recharge potential zones. They used GIS-based 

models like the Analytical hierarchy process (AHP), 

Fuzzy logic, Frequency ratio (FR), Multi-criteria 

decision analysis, Shannon's Entropy (SE), etc.  

A truly little geospatial technology-based 

approach has been adopted at country level as well 

as in the study area. This study employs geospatial 

technology for delineation of GW recharge potential 

zones in the Quetta region of Pakistan. In current 

study we will utilize remote sensing (RS) and 

geographic information system (GIS) along with the 

analytical hierarchy process (AHP), fuzzy-AHP, and 

frequency ratio (FR) models for GW recharge 

mapping in a drought-porn region. Mapping GW 

recharge potential zones will assist decision-makers 

in GW resource management and future land use 

planning. In drought-prone regions where the GW 

table is relatively deep, ensuring a consistent supply 

of clean water has been a significant challenge. This 

study will also help in the installation of future 

dug/tube wells or boreholes in the study area which 

can minimize the cost and effort of hydrogeological 

investigation. 

 

2. Materials and Methods 

2.1 Study Area Description 

Baluchistan is the largest province of Pakistan that 

spreads over an area of about 347,000 km². 

Geographically, it constitutes about 43% of the total 

area of the country. Hydrologically, Baluchistan is 

divided into 18 river basins, namely, Dasht, Gaj, 

Gawadar, Hab, Hamun-e-Lora, Hingol, Hmun-e-

Mashkhel, Kachiplain, Kadnai, Kaha, Kand, 

Kundar, Mula, Nari, Pishin, Porali, Rakhshan, and 

Zhob. The Study area of Quetta region is a part of 

the Pishin River Basin, extends between Latitude 

from 29º45′00′′ to 30º30′00′′, Longitude from 

66º45′00 to 67º20′00 (shown in Figure 1).   

The topography of the study area is varied and 

includes elongated mountain ridges, depressions, 

and small plains. The height of the sub-basin 

gradually rises as you move towards the northeast of 

Quetta Valley. This is where the Zarghoon Range is 

located, forming the highest peak in the area at 

3,519 meters above mean sea level (amsl). In 

Zargoon, the streams flow through gorges with 

extremely steep slopes. The Takatu Range of 3,401 

amsl is exposed in the north, the Chiltan Range is 

3,261 amsl exposed in the west and the Murder 

Ghar is 3,134 amsl exposed to the east of the study 

area. The central part is somehow flat and gently 

sloping toward the south along the drainage pattern. 

The average topographic elevation of the study area 

is 1,650 amsl. 
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Figure 1: Location map of (a) World (b) Pakistan and (c) Quetta Region 

 

2.2 Data Acquisition Sources and Preparation of 

Thematic Maps 

The acquisition of data is the most critical step in 

research. The selection of influencing factors is a 

key stage in GW recharge studies [32] and [33].  In 

the current study influencing factors were 

considered based on its importance to the GW 

recharge and extensive literature review. Thematic 

maps were constructed from satellite and 

conventional data by using ArcMap 10.8. A Digital 

Elevation Model (DEM) with a 30m resolution was 

downloaded from the open topography website 

(https://portal.opentopography.org/) and was further 

employed to generate thematic maps, such as slope, 

elevation, TWI, drainage density. Detail of each 

thematic layer is discussed in following sections. 
 

2.2.1 Geology 

Geology signifies the physical makeup of rocks 

including their mineral compositions, grain size 

arrangement, etc. [34]. The type of rock has a 

significant impact on how groundwater moves 

because it determines the flow mechanisms and 

infiltration [35] and [36].  In the current study 

geological map (1:250000 scale) was collected from 

a geological survey of Pakistan, and was rectified 

and digitized by using ArcGIS-10.8. Ultimately, the 

thematic map was transformed from vector to raster 

format prior to assigning weights and ranks (Figure 

2(a)). 

 

2.2.2 Lineament Density (LD) 

Lineaments provided valuable details on the 

underground geology and physical characteristics 

like fractures, faults, and joints. Lineaments express 

local and regional tectonic behavior; and also act as 

reservoirs and channels for hydrocarbons and 

mineral deposits [37]. The lineament map of the 

study area was generated using the Landsat-8 

(Thematic Mapper and Operational Land Imager) 

satellite image processed with PCI Geomatica 

Software in PCI Geomatica, the image was imported 

and improved using the "Enhancements" tool. 

Subsequently, the Lineament Extraction algorithm 

from the Algorithm Librarian under Tools was 

applied. The resulting map was then imported into 

ArcGIS, and the lineament density was calculated 

using the Spatial Analyst Tools > Density > Line 

Density option (Figure 2(b)).  
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Figure 2: Thematic/factors maps 

(a) Geology (b) Lineament density (c) Soil type (d) Slope (e) TWI (f) Drainage density 

(continue next page) 
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Figure 2: Thematic/factors maps  

(g) Elevation (h) LULC (i) Rainfall (continue from previous page) 

 

2.2.3 Soil types  

The infiltration process is greatly influenced by the 

texture of the soil, which makes soil one of the main 

influencing factors in GW recharge studies [38]. 

The soil map was downloaded from 

International Soil Reference and Information Centre 

(ISRIC) website (https://www.isric.org/). The study 

area comprised seven types of soil namely; 

calcisols, combisols, fluvisols, gypsisols, leptosols, 

luvisols, and regosols (Figure 2(c)). 

 

2.2.4 Slope 

The slope represents the angle between the tangent 

plane and the horizontal plane at any given point 

[39].The slope plays a crucial role in determining 

the flow formation process and infiltration rate [40]. 

Many of researchers reported an inverse relation 

between slope and infiltration rate [41][42] and [43].  

Gentle slope areas have a high infiltration rate, so 

more suitable for GW recharge and vice versa [44].  

 

 

The slope map of the study area was generated from 

DEM using the "Spatial Analysis Tools" in ArcGIS 

10.8 (Figure 2(d)). The study area includes steep 

areas, with high slopes found in the northern and 

eastern sections due to the mountainous terrain, 

making slope a key factor in the current study. 

 

2.2.5 Topographic Wetness Index (TWI) 

TWI describes how topography affects hydrologic 

processes. It relates to GW flow movement and its 

retentions in subsurface zones [45]. TWI is 

computed as Equation 1: 

 

ln
tan( )

TWI




 
=  

 
 

Equation 1 

 

Where, α denotes Specific contributing area and   β 

denotes Topographic slope of the area. 
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The areas with higher topographic wetness index 

(TWI) values are more suitable for GW recharge, as 

they indicate higher GW potential zones [46] and 

[47]. This is in contrast to areas with lower TWI 

values [48]. To achieve this, in ArcMap, we first 

projected the digital elevation model (DEM) to 

WGS84/UTM Zone 42 N. Then, we followed a 

series of steps including filling the DEM, 

determining the flow direction and accumulation, 

calculating the slope in degrees, calculating the 

radiance of slope, and scaling the flow 

accumulation. Finally, we determined the TWI 

using the natural logarithm of the scaled flow 

accumulation divided by the tangent of the slope 

(Figure 2(e)).  

 

2.2.6 Drainage Density (DD) 

Drainage density represents spatial distribution of 

the streams length per unit area [49][50] and [51]. 

Drainage density is one of the key factors in 

assessing and distribution of GW potentials over an 

area [52][53] and [54]. It describe the occurrence 

and flow pattern of water under the surface [50] and 

[55]. The DD has an inverse relationship with the 

permeability[56]. DD and surface runoff have a 

direct relationship with each other. In regions with 

low DD, infiltration is greater compared to regions 

with high DD[57] and good sources of high GW 

recharge [58]. The DD value is computed from the 

following as Equation 2 [59]: 

 

1

1 n

ii
DD S

A =
=   

Equation 2 

 

Where, Si denotes the drainage length, i is the 

darinage order and A is the unit area in km². 

 

The Stream Network was generated using 

"Hydrology Tool" in ArcMap. The following steps 

were taken: Fill DEM => Flow Direction => Flow 

Accumulation => Stream Order => Stream to 

Feature => Line density (Figure 2(f)). The flow 

accumulation threshold dependent on area size. In 

current study flow accumulation was taken “flow 

accumulation > 5000” using map algebra.   

 

2.2.7Elevation 

Altitude is a crucial factor in GW recharge as it 

triggers water flow under gravity [33] and [60]. 

Studies have indicated that the transfer of water 

from higher to lower altitudes is more pronounced 

in mountainous regions due to their elevated levels. 

Moreover, it has been established that flat surfaces 

are more effective in recharging water sources as 

compared to inclined surfaces and high-altitude 

regions [44]. The study area consists mostly of 

mountainous regions with steep altitudes, leading 

altitude to be a critical factor that impacts 

groundwater recharge in the study (Figure 2(g)).  

 

2.2.8 Land Use Land Cover (LULC) 

The Land Use and Land Cover (LULC) is a crucial 

factor in determining appropriate locations for GW 

recharge [61]. For the purposes of our current study, 

we utilized a LULC map that was conveniently 

available for download from the Living Atlas by 

Esri. The exact website that we obtained the map 

from can be found at https://livingatlas.arc gis.com/. 

The study area having six classes; waterbody, trees, 

cropland, builtup, barenland and rangeland (Figure 

2(h)). 

 

2.2.9 Rainfall 

The characteristics of rainfall affect infiltration, 

runoff, and GW recharge [62] and [63]. The study 

has obtained rainfall data from the department of 

irrigation, Balochistan. The data covers the last 30 

years (1980 to 2010), and the average rainfall data 

from multi-rain gauge stations were interpolated 

using the “Spatial Analyst Tools” > Interpolation > 

IDW. This process produced a rainfall contour map 

that was used to extract the rainfall map for the 

study area by applying the "Spatial Analyst Tool" > 

Extraction > Extract by Mask (Figure 2(i)). 

 

2.3 Methodological Overview 

The current study utilizes a multi-parameter dataset 

consisting of geology, lineament density, drainage 

density, soil type, slope, elevation, TWI, average 

rainfall, and LULC to identify GW recharge 

potential zones. The study employs three models -

AHP, FAHP, and FR - to delineate these zones, 

providing a comprehensive understanding of the 

factors that contribute to GW recharge potential in 

the area. The methodological framework for this 

study is outlined in Figure 3. The mapping of the 

GW recharge zone is divided into four stages, as 

given below: 

  

Stage 1: Data acquisition and database generation: 

In the initial stage, a thorough evaluation was 

conducted to identify nine key factors that impact 

GW recharge zones. Based on this evaluation, a 

comprehensive geospatial database was created, 

which forms the foundation for further analysis. 

 

Stage 2: Preprocessing and the generation of 

thematic maps: The second stage included 

preprocessing of all acquired data and generating 

thematic maps from satellite and conventional data 

using the ArcGIS environment.  
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Stage 3: Weight assignment and reclassification of 

thematic layers: In the third stage of analysis, three 

models were employed to assign weights to 

different thematic maps based on their importance 

to GW recharge. These maps were then divided into 

three distinct classes, which corresponded to high, 

moderate, and low recharge zones. To produce final 

maps of GW recharge potential, various techniques 

such as AHP-Weighted overlay, AHP-Weighted 

sum, fuzzy-AHP overlay, and FR-based models 

were used in ArcGIS. By merging all the layers, the 

final maps were created.  

 
 

Stage 4: Results validation: In the fourth and final 

stage, the results were validated to ensure their 

accuracy. This was done through the use of receiver 

operating characteristics (ROC) curves for each of 

the models. An area under the receiver operating 

characteristic (AUC) curve was generated to 

visually represent the correlation between the 

accumulated percentage of water wells and the 

delineation of different groundwater potential 

recharge zones. Additionally, the electrical 

conductivity (EC) of wells was also used for cross-

validation. The final results have been verified using 

these methods. 

 
 

Figure 3: Methodological flowchart of the current study 
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3. Results and Discussions 

3.1 AHP Model-Based Weight Assignment 

Thomas Saaty developed the Analytic Hierarchy 

Process (AHP) at the Wharton School of Business in 

1980. It offers decision-makers a method to analyze 

and address intricate issues within a hierarchical 

framework. It clearly displays the relationships 

among goals, objectives, sub-objectives, and 

alternatives [30]. The AHP method was used in 

ArcGIS to determine the Normalized Principal 

Eigenvector (NPEV) or Percent Weight in the 

weighted overlay Analysis. The process involves 

entering contributing criteria based on their 

importance in mapping GW recharge zones. Factors 

are given scores between 1-9,indicating their 

relative importance in pairwise comparisons [64]. A 

pairwise comparison matrix (PCM) was constructed 

based on saaty scale and expert opinion (shown in 

Table 1). 

Where, GE represents geology, ST represents 

soil type, SL represents slope, LULC represents 

land use/land cover, LD denotes lineament density, 

EL denotes elevation, DD denotes drainage density, 

TWI represents topographic wetness index and RF 

represents rainfall. Once the Pairwise comparison 

matrix was created, normalized weights (Wn) were 

computed (Table 2) in the following manner 

Equation 3 [65]: 
 

 

1

n

n Nf

nn

GM
W

GM
=

=


 

Equation 3 

 

Where, GMn designates the geometric mean of nth 

rows elements. 

 

Finally Normalized weights (wₙ) were verified using 

consistency ratio matrix [64]. A Consistency Ratio 

(CR) is the ratio of the Consistency Index (CI) to the 

Random Consistency Index. (RI). The value of CI 

for GW potential and recharge zone parameters 

investigated in this study was calculated as Equation 

4.  

max

1

n
CI

n

 −
=

−
 

Equation 4 

 

Where, n represents the quantity of criteria and 

λmax stands for the Principal Eigenvalue value 

(Ratio of weight sum to the criteria weight) obtained 

from consistency ratio matrix (Table 4). The 

Random index (RI) was derived from Table 3  of 

[64], which depends on number of criteria (n) 

adopted in the study. The CR value is utilized to 

evaluate the consistency of the matrix. The CR 

value must be determined less than 0.1 [64] and 

[66]. If the value of CR is less than or equal to 

0.1(10%), the inconsistency is acceptable.  
 

Table 1: Analytic hierarchy process pairwise compression matrix (PCM) 
 

PCM GE ST SL LULC LD EL TWI DD RF 

GE 1 1 2 3 3 3 5 5 5 

ST 1 1 1 2 3 3 5 5 5 

SL 0.50 1 1 2 3 3 4 5 5 

LULC 0.33 0.50 0.50 1 2 3 5 5 4 

LD 0.33 0.33 0.33 0.50 1 1 3 4 2 

EL 0.33 0.33 0.33 0.33 1 1 3 3 3 

TWI 0.20 0.20 0.25 0.20 0.33 0.33 1 1 1 

DD 0.20 0.20 0.20 0.20 0.25 0.33 1 1 1 

RF 0.20 0.20 0.20 0.25 0.50 0.33 1 1 1 

Sum 4.10 4.77 5.82 9.48 14.08 15.00 28.00 30.00 27.00 

 

Table 2: Normalized relative weight (Wn), and Normalized Principal Eigen Vector (NPEV) 
 

NPCM GE ST SL LULC LD EL TWI DD RF 
Eigen 

Vector 

NPEV 

(%) 

GE 0.244 0.210 0.344 0.316 0.213 0.200 0.179 0.167 0.185 0.229 22.9 

ST 0.244 0.210 0.172 0.211 0.213 0.200 0.179 0.167 0.185 0.198 19.8 

SL 0.122 0.210 0.172 0.211 0.213 0.200 0.143 0.167 0.185 0.180 18.0 

LULC 0.081 0.105 0.086 0.105 0.142 0.200 0.179 0.167 0.148 0.135 13.5 

LD 0.081 0.070 0.057 0.053 0.071 0.067 0.107 0.133 0.074 0.079 7.9 

EL 0.081 0.070 0.057 0.035 0.071 0.067 0.107 0.100 0.111 0.078 7.8 

TWI 0.049 0.042 0.043 0.021 0.024 0.022 0.036 0.033 0.037 0.034 3.4 

DD 0.049 0.042 0.034 0.021 0.018 0.022 0.036 0.033 0.037 0.032 3.2 

RF 0.049 0.042 0.034 0.026 0.036 0.022 0.036 0.033 0.037 0.035 3.5 

Sum 1 1 1 1 1 1 1 1 1  100.0 
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Table 3: Random Index (RI) value related to the number of criteria (n) [64] 
 

n 1 2 3 4 5 6 7 8 9 10 

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 

 

Table 4: Consistency ratio matrix 
 

Matrix GE ST SL LULC LD EL TWI DD RF Weight λmax 

GE 0.229 0.198 0.361 0.404 0.238 0.233 0.170 0.162 0.175 2.170 9.494 

ST 0.229 0.198 0.180 0.270 0.238 0.233 0.170 0.162 0.175 1.855 9.380 

SL 0.114 0.198 0.180 0.270 0.238 0.233 0.136 0.162 0.175 1.707 9.469 

LULC 0.076 0.099 0.090 0.135 0.159 0.233 0.170 0.162 0.140 1.265 9.383 

LD 0.076 0.066 0.060 0.067 0.079 0.078 0.102 0.130 0.070 0.729 9.194 

EL 0.076 0.066 0.060 0.045 0.079 0.078 0.102 0.097 0.105 0.709 9.120 

TWI 0.046 0.040 0.045 0.027 0.026 0.026 0.034 0.032 0.035 0.311 9.130 

DD 0.046 0.040 0.036 0.027 0.020 0.026 0.034 0.032 0.035 0.296 9.103 

RF 0.046 0.040 0.036 0.034 0.040 0.026 0.034 0.032 0.035 0.322 9.196 

 

Table 5: Thematic layer rank and weight in terms of GW recharge perspective 
 

Thematic Layer Features Classes GWR Perspective Rank Assigned 
Weight 

(%) 

Geology 

Tg/ KJm/ TKu/ Tk/ Tkg/ Tn/Js Low 1 

23 QTu/Jc Moderate 2 

Qay/Qao High 3 

Soil Type 

Gypsisols/ Regosols Low 1 

20 Luvisol/ Combisols Moderate 2 

Calcisols/ Fluvisols/ Leptosols High 3 

 

Slope (degree)  

29.88 - 75.45 Low 1 

18 10.35 - 29.88 Moderate 2 

0-10.35 High 3 

LULC 
Built Up/ Bare land/ Rangland Low 1 

13 
Waterbodies/ Trees/ CropLand High 3 

Lineament Density 

0 - 0.308 Low 1 

8 0.308 - 0.696 Moderate 2 

0.696 - 1.571 High 3 

Elevation (m) 

488.93 - 3569.53 Low 1 

8 1987.789 - 2488.9 Moderate 2 

1572.776 - 1987.7 High 3 

TWI 

2.1459 - 6.384 Low 1 

3 6.384 - 9.715 Moderate 2 

9.715 - 21.523 High 3 

Drainage Density 

(km/km²) 

0.560 - 1.429 Low 1 

3 0.196 - 0.560 Moderate 2 

0 - 0.196 High 3 

Rainfall (mm) 

167.392 - 209.207 Low 1 

4 209.207 - 237.360 Moderate 2 

237.360 - 272.965 High 3 

 

However, if the CR value is higher than 0.1(10%), 

then the comparison judgment must be re-evaluated. 

In the present study the λmax value obtained is 

9.274 (from Table 4) and RI is 1.45 (from Table 3). 

The value of CR=0.023 < 0.10, which suggest that 

the inconsistency is acceptable for these 9 

parameters under consideration in current study. 

Before applying weighted overlay analysis, the 

ranks were assigned to each factor of all thematic 

layers, and the weight was assigned according to 

their relative importance to GW recharge potential 

(Table 5) using the Analytic Hierarchical Process 

(AHP) technique [67]. After assigning weights to all 

thematic layers, ranks/scale values from 1 to 3 were 

given for the sub variable of every thematic layer, in 

line with their importance for GW recharge 

potential occurrence. According to this study, 1 

represents less vital (low recharge zones), and 3 

represents more vital (high recharge) for GW 

recharge potential zoning. Final weighted overlay 

was calculated (shown in Figure 5(a)). In weighted 

sum, all classified thematic were multiplied with 
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their corresponding weights and sum in the 

"weighted sum" tool in overlay analysis (shown in 

Figure 5(b)). 

 

3.2 FAHP Model-Based Weight Assignment 

The Fuzzy-Analytic Hierarchy Process (FAHP) is a 

decision-making model that combines the AHP 

method with fuzzy logic theory. This hybrid model 

is designed to handle uncertainty and vagueness in 

the decision-making process. In simpler terms, 

fuzzy logic theory is used to apply the theory of 

fuzzy sets in decision-making [68]. The fuzzy set 

theory is a mathematical framework for dealing with 

uncertainty and vagueness in data by allowing 

partial membership in a set [69]. Fuzzy set values 

range from 0 to 1, indicating gradual class transition 

[70]. Fuzzy-AHP was used to upgrade the AHP 

analysis by introducing fuzzy weight. The analysis 

involved two stages. The first stage included 

calculating the weights of the thematic layers. This 

was achieved by constructing pairwise-comparison 

matrices for each the criterion in the decision 

process and then upgrading them using triangular 

fuzzy numbers (TFNs). The TFNs are represented 

by l (lowest possible value), m (most likely possible 

value), and u (highest possible value) (shown 

in Tables 6 and 7). In the second step the geometric 

mean and the fuzzy weights for the thematic layers 

were calculated by employing Buckley’s geometric 

mean Equations (5 and 6) [71]: 

 

( )
1/

1 2 ...
n

i i i inR a a a=     

Equation 5 

 

( )
1

1 2 ...i i nW R R R R
−

=      

Equation 6 

Where Ri denotes the geometric mean values of 

criterion i to each criterion and ain is fuzzy 

comparisons value of criterion i to criterion 

n; Wi denotes the fuzzy weight of the ith criterion 

[70]. 

 

The Fuzzy weights were later standardized in order 

to determine the weight of each criteria utilizing 

Equation 7 [72]: 
 

1

i

i n

ii

M
N

M
=

=


 

Equation 7 

 

Where Mi=(lwi+mwi+uwi)/3, Ni=1, i=1,2….n and 

lwi , mwi , uwi represents the lower, middle, and 

upper values of the fuzzy weights of the ith 

criterion, respectively. 

 

In the second phase of the analysis, fuzzy 

membership values were allocated to each thematic 

layer. The ArcGIS platform was utilized to assign 

the fuzzy membership values by employing the 

linear transformation function. The fuzzy linear 

transformation is a frequently utilized technique in 

research related to GW recharge [73]. After the 

linear transformation of classified maps, normalized 

fuzzy weights were multiplied with each thematic 

map using a raster calculator in the spatial analyst 

tool. Finally, fuzzy overlay was employed to get the 

final GW recharge zones map. The Final map was 

reclassified into three GW recharge potential zones 

viz. high, moderate, and low recharge zones (shown 

in Figure 5(c)).  

 

 

Table 6: Fuzzy pairwise comparison matrices (FPCM) 
 

F
P

C
M

 

GE ST SL LULC LD EL TWI DD RF 

G
E

 

(1,1,1) (1,1,1) (1,2,3) (2,3,4) (2,3,4) (2,3,4) (4,5,6) (4,5,6) (4,5,6) 

S
T

 

(1,1,1) (1,1,1) (1,1,1) (1,2,3) (2,3,4) (2,3,4) (4,5,6) (4,5,6) (4,5,6) 

S
L

 

(0.33,0.50,1.00) (1,1,1) (1,1,1) (1,2,3) (2,3,4) (2,3,4) (3,4,5) (4,5,6) (4,5,6) 

L
U

L
C

 

(0.25,0.33,0.50) (0.33,0.50,1.00) (0.33,0.50,1.00) (1,1,1) (1,2,3) (2,3,4) (4,5,6) (4,5,6) (3,4,5) 

L
D

 

(0.25,0.33,0.50) (0.25,0.33,0.50) (0.25,0.33,0.50) (0.33,0.50,1.00) (1,1,1) (1,1,1) (2,3,4) (3,4,5) (1,2,3) 

E
L

 

(0.25,0.33,0.50) (0.25,0.33,0.50) (0.25,0.33,0.50) (0.25,0.33,0.50) (1,1,1) (1,1,1) (2,3,4) (2,3,4) (2,3,4) 

T
W

I 

(0.17,0.20,0.25) (0.17,0.20,0.25) (0.20,0.25,0.33) (0.17,0.20,0.25) (0.25,0.33,0.50) (0.25,0.33,0.50) (1,1,1) (1,1,1) (1,1,1) 

D
D

 

(0.17,0.20,0.25) (0.17,0.20,0.25) (0.17,0.20,0.25) (0.17,0.20,0.25) (0.20,0.25,0.33) (0.25,0.33,0.50) (1,1,1) (1,1,1) (1,1,1) 

R
F

 

(0.17,0.20,0.25) (0.17,0.20,0.25) (0.17,0.20,0.25) (0.20,0.25,0.33) (0.33,0.50,1.00) (0.25,0.33,0.50) (1,1,1) (1,1,1) (1,1,1) 
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Table 7: Fuzzy-geometric mean (Ri), fuzzy-weight (Wi), and normalized weight (Ni) of each criterion 
 

 Fuzzy Geometric Mean 

(Ri) 

Mi Fuzzy Weight 

(Wi) 

Normalized Weight 

(Ni) l m u 

GE 2.00 2.66 3.26 0.134 0.228 0.365 0.242 0.217 

ST 1.85 2.36 2.79 0.124 0.202 0.312 0.213 0.191 

SL 1.59 2.13 2.74 0.107 0.182 0.306 0.198 0.178 

LULC 1.12 1.54 2.17 0.075 0.132 0.243 0.150 0.135 

LD 0.68 0.91 1.25 0.045 0.078 0.140 0.088 0.079 

EL 0.68 0.89 1.17 0.045 0.075 0.130 0.084 0.075 

TWI 0.34 0.39 0.48 0.022 0.033 0.053 0.036 0.033 

DD 0.32 0.37 0.44 0.112 0.031 0.049 0.064 0.058 

RF 0.35 0.41 0.52 0.023 0.035 0.057 0.038 0.035 
 

Table 8: Frequency ratio values for each thematic layer and its classes 
 

Thematic Layers 
Assigned  

Rank 

Number of Pixels  

in Domain 

Percentage of  

Domain 

Number of  

Wells 

Percentage of  

Wells 
FR 

GE 

1 248,378 11.98 5 6.67 0.56 

2 821,228 39.61 4 5.33 0.45 

3 1,003,759 48.41 66 88.00 7.35 

LD 

1 1,119,729 53.96 63 84.00 1.56 

2 682,608 32.90 11 14.67 0.27 

3 272,740 13.14 1 1.33 0.02 

DD 

1 256,820 12.39 15 20.00 1.61 

2 675,677 32.59 22 29.33 2.37 

3 1,140,980 55.03 38 50.67 4.09 

RF 

1 615,263 29.68 28 37.33 1.26 

2 941,832 45.43 47 62.67 2.11 

3 516,018 24.89 0 00.00 0.00 

ST 

1 369,915 17.84 11 14.67 0.82 

2 7,726 0.37 0 0.00 0.00 

3 1,696,393 81.79 64 85.33 1.04 

SL 

1 209,427 10.18 4 5.33 0.52 

2 425,130 20.67 1 1.33 0.13 

3 1,422,180 69.15 70 93.33 9.17 

TWI 

1 736,991 35.83 12 16.00 0.45 

2 802,555 39.02 9 12.00 0.31 

3 517,191 25.15 54 72.00 2.86 

EL 

1 219,230 10.57 1 1.33 0.13 

2 795,597 38.37 1 1.33 0.13 

3 1,058,650 51.06 73 97.33 9.21 

LULC 
1 2,040,414 98.42 75 100.00 1.02 

3 32,831 1.58 0 0.00 0.00 

 

3.3 FR Model-Based Weight Assignment 

The FR model is a statistical model that can be used 

to assess the relationship between independent and 

dependent variables in geospatial analysis. This 

model is bi-variate and provides a convenient way 

to define the probability of this relationship. 

Additionally, the FR model can be applied to multi-

classified maps, making it a versatile tool for 

geospatial analysis [74]. Many researchers have 

successfully applied FR models for GW recharge 

mapping [65][75][76][77] and [78]. The structural 

composition of the FR model relies heavily on the 

correlations and observed relationships between 

each groundwater conditioning factor and the 

distribution of well locations. The FR value 

attributed to each class of groundwater-related 

factors can be effectively expressed via the 

utilization of Equation 8: 

WT
FR

GM
=  

Equation 8 
 

Where W denotes the count of pixels with GW wells 

and G represent the total number of GW wells 

within the study area. M represents the number of 

pixels within the class area of the factor, while T 

represents the total count of pixels within the study 

area. In a given pixel, GW recharge potential can be 

determined according to the Equation 9 [79]: 
 

1

n

ii
GRPZ FR

=
=  

Equation 9 
 

Where GRPZ represents the GW recharge potentials 

zones and FRi is the FR value of each factor. In 

comparison to AHP and FAHP, in FR technique, the 
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weight to each class is not assigned on the bases of 

properties of the influencing factors but given on the 

bases of spatial occurrence of the wells in each 

class. Similarly, the FR is calculated for all the 

conditioning factors (Table  8). Finally, the GW 

recharge zones map has been created by using raster 

calculator in ArcGIS environment (shown in Figure 

5(d)) 

 

3.4 Thematic Layers Reclassification According to 

GW Rechargeability 

3.4.1 Geology and reclassified geology layer   

Lithology refers to the physical characteristics of 

rocks, including mineral composition and grain size 

[34]. Lithology controls the infiltration and flow 

processes of GW [35] and [36]. The study area is 

mostly covered by young alluvium (Qay), which 

makes up 46% of the area, followed by Chiltan 

formation (Jc) at 29.8%, Urak formation (QTu) at 

8%, old alluvium (Qao) at 5.2%, Ghazij formation 

(Tg) at 4.5%, Shirinab formation (Js) at 2.4%, 

kirthar formation (Tk) at 1.4%, Tertiary and 

cretaceous (Tku) at 1.3%, Monal jahal formation 

(Kjm) at 1% and Nasai formation (Tn) at 0.2%. The 

major lithologies exposed in wide areas are 

limestone, conglomerates, and sandstone. Geology 

was reclassified into three recharge potential classes 

based on permeability and porosity: low 

(Tg/KJm/TKu/Tk/Tkg/Tn/Js), moderate (QTu/Jc), 

and high (Qay/Qao) (Figure 4(a)). 

 

3.4.2 Lineament density and reclassified lineament 

density layer 

Lineaments are critical geological features that act 

as reservoirs and conduits for minerals and 

hydrocarbons and reveal local and regional tectonic 

behavior [37]. The Chaman Fault's tectonic 

movements have caused the formation of various 

folding, faulting, fractures and joint systems in the 

limestone formations of the area. These fractured 

zones and joint systems show promise for the 

occurrence and movement of GW. The lineaments 

may lead to the development of secondary porosity 

and permeability in rocks  [34] and [39]. Therefore, 

high lineament density areas are likely to have 

significant potentials for GW recharge. First 

Lineaments density map was classified using natural 

breaks (Jenks) into three classes and then 

reclassified lineaments according to GW recharge 

zoning i.e. Low (0-0.308), moderate (0.308-0.696), 

and high (0.696 - 1.571) (Figure 4(b)). 

 

 

3.4.3 Soil types and reclassified soil types layer 

The area under study consists of seven distinct soil 

types: Calcisols, cambisols, fluvisols, gypsisols, 

leptosols, luvisols, and regosols. Calcisols are the 

most prevalent soil type, covering 1347.64km² of 

the study area. Regosols cover nearly 300km², while 

leptosols cover 88.36 km², cambisols cover 5.5 km², 

fluvisols cover 3 km², gypsisols cover 0.65km², and 

luvisols cover an area of 0.1 km². 

(https://soilgrids.org/). The classification of the soils 

was revised based on their grain size and the 

proportion of sand, clay, and silt in them. 

(https://www.isric.org/). Coarse-grained soils are 

known for their ability to infiltrate water at a high 

rate and are given high recharge potential values 

[80] and [81]. The reclassified soil type map shows 

leptosols, fluvisol, and calcisol characterize the high 

recharge areas because they are coarse-grained and 

have high sand contents [82]. Moderate value is 

assigned to cambisols and luvisols due to their 

ability to hold water well and good internal drainage 

[83]. Regosols and gypsisol have mostly high clay 

and fine texture [83], therefore assigned low 

recharge potentiality (Figure 4(c)). 

 

3.4.4 Slope and reclassified slope layer 

Slope has an inverse relation between infiltration 

rates [41] [42] and [43]. The areas with gentle 

slopes have high infiltration rate, so more  suitable 

to GW recharge and vice versa [40] and [44]. In the 

mountainous region high slope is the main 

impediment in GW recharge whereas low slopes are 

favorable for GW recharge. Accordingly slope map 

was reclassified using natural breaks (Jenks) into 

three classes and then reclassified according to GW 

rechargeability; Low (2.145- 6.384), moderate 

(6.384 - 9.715), and high (9.715 - 21.523) GW 

recharge zones (Figure 4(d)). 

 

3.4.5 TWI and reclassified TWI layer 

TWI describes the impact of topography on 

hydrologic processes. It relates GW flow movement 

and its retentions in subsurface zones [45].There is a 

positive correlation between TWI and GW recharge 

potentials. Higher TWI values shows a higher GW 

potential zones so areas with higher TWI are more 

suitable for GW recharge as compared to area with 

low TWI values [46][47] and [48]. TWI map was 

classified using natural breaks (Jenks) into three 

classes then reclassified according to GW 

rechargeability; Low (2.145 - 6.384), moderate 

(6.384 - 9.715), and high (9.715 - 21.523) GW 

recharge zone (Figure 4(e)). 
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(a)      (b) 

 

   
(c)      (d) 

 

   
(e)      (f) 

 

Figure 4: Reclassified layers 

(a) Geology (b) Lineament density (c) Soil type (d) Slope (e) TWI (f) Drainage density 

(continue next page) 
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(g)      (h) 
 

 
(i) 

 

Figure 4: Reclassified layers  

(g) Elevation (h) LULC and (i) Rainfall 

(continue from previous page) 

 

3.4.6 Drainage density & reclassified drainage 

density layer 

The Drainage density is a crucial factor in the 

assessment and distribution of GW potentials in an 

area [52] [53] and [54]. In terms of GW recharge, 

low drainage density implies more infiltration [57] 

and good sources of high GW recharge potentials 

[58]. Accordingly, Low drainage density areas were 

given more importance than high drainage density 

areas, as illustrated in Figure 4(f). The drainage 

density map has been classified using natural breaks 

(Jenks) into three classes, then reclassified 

according to GW rechargeability; as low (0.560 - 

1.429), moderate (0.196 - 0.560) and high (0 - 

0.196), recharge zones. 

 

 

3.4.7 Elevation and reclassified elevation layer 

The study area comprised of mountainous regions 

having high elevations. Based on GW 

rechargeability, elevation has been classified using 

natural breaks (Jenks) into three classes, then 

reclassified according to GW rechargeability; Low 

(488.93 - 3569.53), moderate (1987.789 - 2488.9), 

and high (1572.776 - 1987.7). The recharge 

potential of flat surfaces is greater than that of 

inclined surfaces and higher elevations, resulting in 

a higher rank being assigned to lower elevations 

[44] (Figure 4(g)). 

 

3.4.8 LULC and reclassified LULC layer 

The LULC is an important indicator that helps in 

identifying suitable locations for GW (GW) 

recharge [61]. LULC comprised of areal distribution 
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of vegetation cover, cropland and residential or built 

up. The study area has six classes; waterbody, trees, 

cropland, builtup, barenland and rangeland (Figure 

2(h). According to GW recharge perspective the 

LULC has been classified into two classes [50] and 

[84] (Figure 4(h)). The vegetation cover, waterbody 

and cropland assigned high weight as it has high 

GW inflation [85], while builtup, barenland and 

rangeland assigned low weight because of having 

high run-off and low infiltration rate [86]. 

 

3.4.9 Rainfall and reclassified rainfall layer 

The study area falls in semiarid-arid region 

receiving average rainfall of 180-250mm/annul. The 

province is affected by two different meteorological 

systems (Western disturbances and Monsoon). In 

extreme cases oceanic currents and monsoon 

currents originating from the Arabian Sea can also 

reach southern part of the watershed and cause 

significant rainfall. In the north Western 

disturbances are the major cause of rainfall. Western 

disturbances are predominant in northern areas and 

high rainfalls occur. Monsoon is predominant more 

in southern parts. The generated rainfall map has 

been reclassified using natural breaks (Jenks) into 

three classes then reclassified according to GW 

rechargeability; low (167.392 - 209.207), moderate 

(209.207 - 237.360) and high (237.360 - 272.965), 

recharge potential zones (Figure 4(i)). 

 

3.5 Final GW Recharge Potential Zones Mapping in 

ArcGIS Environment 

Prior to the overlay analysis, all thematic layers 

underwent projection using WGS84/UTM Zone 42 

N datum coordinate system. This was carried out to 

ensure a uniform resolution of 29*29m for optimal 

utilization within the ArcGIS environment. The GW 

recharge maps were created by overlaying all 

reclassified thematic layers (Geology, Soil type, 

Slope, LULC, Elevation, Lineament density, 

Drainage density, TWI, Rainfall) in the ArcGIS 

environment, as illustrated in Figure 4(a)-(i). To 

determine the final weight for each thematic layer, 

we used the analytical hierarchy process (AHP), 

integrated Fuzzy analytical hierarchy process 

(FAHP), and Frequency ratio models, which are 

outlined in Tables 5, 6, 7 and 8. The resulting maps 

were then divided into three descriptive zones based 

on the recharge zone, namely "Low," "Moderate," 

and "High," each represented by distinct colors, as 

shown in Figures 5(a)-(d). 

Table 9 displays the statistical and spatial 

distribution of each model (Figure 5(a)-(d)). The 

results of the AHP model-l show that 1449 km² 

(84%) of the study area falls under the moderate 

GW recharge zone, 254 km² (15%) falls under the 

high recharge zone, and 19 km² (1%) falls under the 

low recharge zone. On the other hand, the AHP 

model-ll indicates that 321 km² (19%) of the area 

falls under the low recharge zone, 721 km² (42%) 

falls under the moderate zone, and 680 km² (39%) 

falls under the high recharge zone. Similarly, the 

FAHP model reveals that 269 km² (16%) of the 

region falls under the low zone, 718 km² (42%) falls 

under the moderate zone, and 736 km² (43%) falls 

under the high recharge zone. Finally, the FR model 

statistics show that 391 km² (23%) of the area falls 

under the low zone, 610 km² (35%) falls under the 

moderate zone, and 721 km² (42%) of the study area 

falls under the high recharge zone. 

 

4. Results Validation with AUC and Well Data 

The Receiver operating characteristic curve (ROC) 

and area under the curve (AUC) are used to predict 

classification accuracy [31] and [87]. Many of the 

researchers [31][65][69][72] and [88] have used 

ROC for validation of their research. In the current 

study, resultant maps of GW recharge potential 

zone, developed by GIS-based models (AHP, 

FAHP, FR) have been validated through the ROC 

curve. The AUC was plotted between the 

accumulated percentage of water wells and different 

GW recharge potential zones. AHP model-l 

(weighted overlay), AHP model-ll (weighted sum), 

FAHP, and FR models showed 84%, 89%, 88%, and 

81% prediction accuracy respectively (Figure 6). 

Since all these results fall in (0.8-0.9) very good 

class [89], hence applications of all models (AHP, 

FAHP, FR) showed very good accuracy in spatial 

prediction of GW recharge zone mapping, but AHP 

model-ll showed more effectiveness than FAHP and 

FR in the current study. 

 

Table 9: Spatial/Areal distribution of GW recharge zone 
 

Models AHP Model-l AHP Model-ll FAHP Model FR Model 

Area (Km²) (%) (Km²) (%) (Km²) (%)  (Km²) (%) 

Low 18.53 1.08 321.09 18.64 268.54 15.59 391.04 22.71 

Moderate 1449.28 84.15 721.31 41.88 717.93 41.69 609.73 35.40 

High 254.40 14.77 679.81 39.47 735.75 42.72 721.45 41.89 
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(a)      (b) 

 

   
 

(c)      (d) 

Figure 5: GW recharge zone maps using 

(a) AHP Model-l(WLC) (b) AHP Model-ll(Wsum) (c) FAHP Model and (d) FR Model 
 

 
Figure 6: Receiver operating characteristics (ROC) curves for AHP, FAHP and FR models 
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Figure 7: Showing validation (agreement/Disagreement) of wells on bases of EC 

For cross-validation electrical Conductivity (EC) of 

well distributed over study was used to verify the 

GW recharge areas. Many researchers [69][72][90] 

and [91] used EC to verify demarcated GW recharge 

zones. The concentration of salt in GW is measured 

by EC, which reflects the level of ionic 

concentration in GW [69]. Based on EC readings, 

GW can be classified into three types. Type-1 GW 

has EC less than 1500 μS/cm and is fresh-water with 

a low concentration of salts. Type-2 GW has EC 

between 1500-3000 μS/cm, indicating a moderate 

concentration of salts. Type-3 GW has EC greater 

than 3000 μS/cm, indicating high salinity [92] and 

[93]. In the current analysis 141 wells data, acquired 

from the Pakistan Council of Research in Water 

Resources (PCRWR) report, were used.EC range 

300-1401 in study area. Based on EC, wells were 

divided into two types viz, type-1(EC<=1000) 

considered as High-moderate GW recharge, and 

type-ll (EC>1000) were considered as low GW 

recharge zones. 

Based on the outcomes of the Analytic 

Hierarchy Process (AHP) model-ll, which exhibited 

a higher accuracy of prediction at 89%, this model 

was employed for cross-validation. The well 

locations studied were divided into three categories 

based on their GW (GW) recharge zones: high, 

moderate, and low. Of the 141 wells surveyed, 119 

wells (84%) were located in high GW recharge 

zones, while 17 wells were in moderate zones and 5 

wells were in low recharge zones (graphically 

presented in Figure 7). it indicates that 98 of the 119 

wells (82%) located in high GW recharge zones are 

in agreement, as well as 13 of the 17 wells (76%) in 

moderate zones, which fall into type-1 wells. 

Among the 5 wells classified as type-ll, 3 (60% 

agreement) are included in this category. Overall, 

our study demonstrates a high level of agreement 

(81%) between electrical conductivity and GW 

recharge. 

 

5. Conclusion  

The study showcases the use of geospatial 

technology to identify GW recharge potentials in the 

Quetta region of Pakistan, which is a semiarid-arid 

area. The study employed AHP, Fuzzy-AHP, and 

FR models to assign weights to influencing factors 

and then reclassified selected thematic maps into 

three classes based on GW recharge zones. Each 

class was assigned weights based on its significance 

to GW recharge, and all layers were combined using 

an AHP-Weighted linear combination, AHP-

Weighted sum, fuzzy-AHP overlay, and FR-based 

models through ArcGIS. The final map  resulted in 
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three distinct GW recharge potential zones viz; high, 

moderate, and low GW recharge zone. The 

following conclusions were derived:  

 

• The maps derived from the various models 

indicate that the central region constitutes the 

high GW recharge area, while the southern 

part is characterized by moderate recharge 

potential. On the other hand, the zones with 

low recharge potential are located in the 

mountains, ridges, and residual hills with 

steeper slopes and higher elevation, where the 

infiltration capacity is reduced due to high 

runoff, leading to a decrease in recharge 

potential.  

• The AHP model-l (weighted overlay), AHP 

model-ll (weighted sum), FAHP model, and 

FR model demarcated 15%, 39%, 43%, and 

42% respectively of an area as high GW 

recharge  

• The validation of GW recharges potential 

zones maps, created with GIS-based models 

(AHP, FAHP, and FR), and was conducted 

using ROC curves. The accuracy of the 

predictions made by the AHP model-l, AHP 

model-ll, FAHP, and FR models were 84%, 

89%, 88%, and 81% respectively. These 

results indicate that the AHP model-ll was the 

most effective model in this study, 

outperforming both the FAHP and FR models. 

 

These documents will provide a firsthand and 

valuable guidance to decision-makers in GW 

resources management and future planning in land 

use for urban extension especially in water scarce 

region. This will also help in implementation of 

future dug/tube wells or boreholes installation in 

study area which can minimize the cost and effort of 

hydrogeological investigation. The study area is 

situated in a remote and mountainous region, which 

poses a challenge for the availability of well data. 

The scarcity of well data, in turn, presents a 

significant obstacle to the development of robust 

GW modeling and validation. 
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