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Abstract  

The demand for groundwater resource estimation has increased radically attributed to 

the growing population and rapid urbanization. To analyze the groundwater scenario 
the present study aims to delineate the groundwater potential zones (GWPZ’s) using 
the integrated remote sensing (RS) and Geographic Information System (GIS) based 
approach and AHP/ANP model in Western Himalaya. For the groundwater 
potentiality analysis, the thematic layers that were selected for the preparation of 
GWPZ map include lithology, Topographic Wetness Index (TWI), Topographic 
Position Index (TPI), slope, drainage density, lineament density, land use land cover 

and rainfall. The final output GWPZ map can be categorized as high (39.57%), 
moderate (16.23%), low (31.91%), and very low (12.29%). In light of the growing 
demand for groundwater, the estimated area under good groundwater capacity 
appears to be inadequate. As a result, the state government in general, as well as the 
water resources and planning departments, must develop appropriate strategies to 
combat the impending water scarcity. To relieve pressure on groundwater resources, 
the study recommends increasing the use of surface water from the sub-regional basin. 
With the applicability of remote sensing and GIS technology coupled the integration of 

AHP/ANP model the comprehensive groundwater prospecting is achieved and 
groundwater as quintessential resource can be harnessed and utilized as anthropogenic 
stresses and changing climate has accentuated the demands for water consumption. 
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1 INTRODUCTION 
 

In the current times with the burgeoning need for 

groundwater is augmenting in drinking, domestic and 

agricultural activities has amplified significance of 
groundwater as sustainable water resource radically with 

its low pollution imprints and also acting as climate 

change buffer. Globally groundwater use has influenced 

‘environmentally critical stream flow’ in more than 15% 

of streams, and could affect most of them by 2050 (de 

Graaf et al., 2019). Groundwater contributing around 

34% of the total annual water supply is a vital and 

dynamic natural fresh water resource (Shekhar and 

Pandey, 2015) supporting bio-physical, ecological and 

human health environments. Significant population of 

India relies on groundwater sources for consumption 

(drinking and domestic purposes), with 90% of rural 

population and nearly 30% of urban populace resulting 

in over exploitation in some regions (Parthasarathy and 

Deka, 2019). India’s annual groundwater withdrawal 
rate is estimated to be 251 km3 (Gun, 2012). 

Groundwater caters to nearly 85% of rural, 65% of 

irrigation and 50% of urban drinking water/industrial 

needs in the India (India Water Portal, 2019). Water 

scarcity affects approximately 0.6 billion people in the 

country having high water stress caused by a lack of 

freshwater, with almost three-quarters of households 

lacking access to potable water (NITI Aayog, 2018) . 

India will become a water-stress zone by 2025, and then 

a water-scarce zone by 2050, unless stringent steps are 

taken (World Bank, 2005). However, its availability is 

limited because groundwater is mostly an 
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‘invisible resource’ on the earth’s surface as it is found 

in complex subsurface formations, with fluctuating 

signals of flow. Groundwater being a quintessential 

resource in both the developed and developing nations 

having varied hydro-meteorological regimes also caters 

to a large populace worldwide as around one-third 
population consumes groundwater for drinking purposes 

(Arkoprovo et al., 2012).  

Globally groundwater has emerged as primary 

source with more than 65% of agricultural activities 

depending upon it as a source for irrigation (World 

Bank, 2012). Extreme levels of intensification with 

respect to groundwater development in certain regions 

of India lacking appropriate groundwater management 

regimes has resulted in its over-abstraction thus leading 

to a decreasing trend in groundwater levels (Srivastava 

et al., 2012; CGWB, 2016). The availability of 

groundwater estimated for India is 399 billion/m3 
(MOWR, 2009). Consequently, there is a pressing 

requirement for mapping the areas having prospects of 

holding significant groundwater resources for 

sustainable use. Groundwater potential study includes 

the delineation and outlining of areas or expanses which 

have the markers of being prospective aquifers for the 

specified area. The aquifer productivity, though, relies 

on the geomorphology and topographical configurations 

prevalent in certain region with structural and 

lithological agents that directs the flow of groundwater, 

groundwater yielding zones and hydrogeological 
conditions. There should be an equilibrium mechanism 

in hydrogeological systems of piedmont and areas with 

mountainous terrain both at the regional and local scales 

which is largely directed by the flow regimes from the 

upstream areas to recharge the valley aquifers 

(Cremonesi et al., 2008). The specificity in the regions 

having relatively sparse vegetation and higher rate of 

gradient in slopes usually reflects the scarcity of water 

leading to a very low rate of groundwater discharge in 

the aquifers. Therefore, this demands an all-inclusive 

evaluation for groundwater assessment and potential 

analysis of the region.  

Globally, numerous studies employing geological 

and hydrogeological studies have used range of 

conventional techniques for assessment of groundwater 

source regions ( Oh et al., 2011; Mohammadi-Behzad et 

al., 2018) and have taken the aid of geo-physical and 

reconnaissance (Edet and Okereke, 2002; Layade et al., 

2017) techniques having highly drawn out, time-

consuming, and expensive considerations. On the other 

hand remote sensing based approach using the multi-

temporal spatial datasets has proved to be an effective 

mechanism in saving the time, reducing the cost 
components and is easier to approach with precise and 

detailed analysis of complex hydrogeological 

environments. GIS provides a less tedious approach for 

spatial data management and is a powerful tool not only 

for information analysis but also having the predictive 

abilities in complex decision environments. Moreover, 

RS and GIS based method is sufficient for precisely 

mapping and assessing of groundwater prospective 

regions.  

Remote sensing and GIS technology has been 

considered as quintessential method for having the 

effective and reasoned managing of critical groundwater 

sources (Machiwal et al., 2011). Most of the literature 
reveals that satellite imagery (remote sensing) and GIS 

are largely employed in hydro-geomorphological 

investigations. Several researchers (Sreedevi et al., 

2005; Sankar, 2002; Israil et al., 2006; Javed and Wani, 

2009; Jia et al., 2011; Ozdemir, 2011; Rahmati et al., 

2015; Thilagavathi et al., 2015; Malik et al., 2016; 

Naghibi et al., 2016; Zabihi et al., 2016; Ghorbani 

Nejad et al., 2017; Kumar et al., 2011; Halder et al., 

2020) applied geospatial techniques in evaluating and 

representing the groundwater potential areas of 

occurrence in different regions. Although satellite 

imagery cannot directly detect groundwater due to its 
complex sub-surface environment, the features curated 

from such datasets (e.g., landforms and fractures) 

determine the influencing factors for predictive analysis 

for groundwater potentiality (Tiyip et al., 2002; Vittala 

et al., 2005; Jha and Peiffer, 2006; Adiat et al., 2012; 

Hammouri et al., 2012; Li et al., 2016).  

Multi-criteria Decision Making (MCDM) 

techniques have further refined the associations and 

interrelationships between different layers of geo-

environmental and hydrological inputs working in 

tandem with the system governing its functioning. 
Analytical Hierarchical Process (AHP) and Analytical 

Networking Process (ANP) are the two best and widely 

used methods of MCDM method. AHP devised by Saaty 

(1980) as a technique of understanding and deciphering 

decision-driven problems in socio-economic ‘spaces’ 

and subsequently solving the issues confronting the 

societal and institutional structures. AHP is operated 

when variables are independent, and is best employed in 

addressing the problems encompassing dependent 

structure (Yang et al. 2008) whereas ANP likewise 

formulated through Saaty (1996) deals with modeling 

judgment based on inputs and measuring them for the 
derivation of priorities in ratio scale driven in the 

distribution of association and relationship between the 

layers used. MCDM with the aid of AHP is the all-

pervasive and widely applied technique for assessing 

groundwater potentiality of any region. Recently, many 

researchers have applied RS, GIS, and AHP for 

identifying groundwater prospecting based on multi-

parameters (Ghosh et al., 2020; Halder et al., 2020). In 

the western Himalaya there is overarching trend of 

depleting stream flow patterns the need for groundwater 

potential modeling become more relevant for 
sustainable and realistic review of groundwater 

resources in the region (Rashid et al., 2020). 

Groundwater prospecting in the region entails zonation 

and mapping of different lithological, hydrological and 

geomorphologic units. Therefore, this work used 

integration of GIS and RS techniques and AHP/ANP 

model with respect to hydrogeological, lithological and 
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physiographic geo-database to evaluate groundwater 

resources of Western Himalaya. The major purpose of 

this study is to curate a prospective mapping of 

groundwater resources and assessment by delineating 

integration of geospatial technology and decision 

making approach for the whole Kashmir region, making 
this work the trailblazing one. 

2  STUDY AREA  

The study area spread over a swath of geographical area 

of 1095 km2 lies within 34°18′ to 31°40′ N latitude and 

between 74°30′ and 75°28′ E longitude, which is fringed 

by the Northern part of Kashmir Himalaya towards the 

northeastern side, and while as in the southern extremes 

it spreads throughout the valley (Figure 1). The 

topography of the area is rugged and steep on the 

north-eastern side while having the markers of plain 

landscape on  the south-west extremities of area under 

study. The region is grouped into several physiographic 
clusters marked by changing elevation bands, slope 

gradient, foliage, etc. The high altitude mountains, the 

karewas (lacustrine deposits), foot hills, and low lying 

alluvial plains comprise the main physiographic 

formations of the region. The overall altitude of the 

region varies from 1550 m to ~1774 m (MSL). The 

variability in the climatic and geomorphological 

diversity of the region acts as the repository of 

hydrogeological resource distribution. The climatic 

regimes have been considered as the average of all the 

three neighboring weather stations of Gulmarg, 
Kupwara and Srinagar. The mean maximum temperature 

in summer is generally 25.82°C, and minimum averages 

4.60°C in winter. The month of January being the coldest 

month displaying lowest mean minimum temperature 

(4.53°C) and mean maximum temperature (4.60°C), 

respectively. The rainfall patterns (mean monthly) is 

being recorded high in the month of March (170 mm) 

and low in the month of October (42.90 mm). The 

current water supply needs are mostly catered by 

groundwater sources with the existing mountainous 

springs being found all over the area. Central 

Groundwater Board, the organization designated for 
quantifying and state of groundwater in country does not 

have a clearly defined assessment carried out in the 

region. This study further gets much impetus in 

attempting to have the summative prospecting off 

groundwater resources in the region.  
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3 METHODOLOGY 

The groundwater flow regimes valley based 

physiographic configurations with relatively steep slope 

trajectories are mostly determined by the land use 

patterns, topographic position, slope settings, and the 

suitable conditions for groundwater storing capacity. 
Therefore, is imperative that the appropriate influences 

are selected to classify the regions favorable for 

groundwater availability. The final output map was 

generated by integrating the database generated from 

satellite and subsequent on-ground datasets. 

3.1 Datasets  

 Shuttle Radar Tropical Mission Digital 

Elevation Model (SRTM DEM) having 

resolution (spatial) of 30 m was employed to 

generate the thematic layers of slope, drainage 

and lineament. 

 Geocoded Landsat 8 (OLI) dataset with 15 m 
resolution (acquired May, 2018) on 1:25,000 

scales and visual interpretation being carried on 

the basis of shape, texture, tone and drainage 

pattern.  

 Survey of India (SOI) map (topographic) sheet 

of the Bandipora District, Kashmir Valley on a 

1:50,000 scale with topo-sheet numbers in the 

swath of 43 J/7 to 43 J/15 and for referencing 

Google Earth pro was used to identify the 

features more accurately.  

3.2 Thematic Layers 

Different hydrogeological factors determine the 

occurrence and regenerative capacity of groundwater 

storage (Mohammadi-Behzad et al., 2018). Groundwater 

potential assessment zonation in the region is done with 

aid of existing data of eight thematic layers. Hence, the 
various hydrogeological controlling factors such as 

lithology, slope, drainage density, lineament density, 

land use land cover (LULC), Topographic Position 

Index, Topographic Wetness Index and rainfall are 

chosen for evaluating groundwater prospects of the area. 

After selection of layers, diverse datasets (satellite 

imagery, field data, etc.) are generated from various 

national and state government institutions including 

other respective spatial data centers. Subsequently, these 

hydro-geological layers of eight factors are created and 

then reclassification analysis is done in ArcGIS 10.3 and 

additionally the AHP/ANP technique is used for 
allocating weight of each layer and their corresponding 

sub-classes as influencing factors governing the 

groundwater potentiality of the region. The methodology 

used for estimation of groundwater potential segments is 

presented in figure 2. 

3.3 Weights Using AHP/ANP Hierarchy Model 

ANP is the decision making technique designed for 

hierarchical framework of parameters subsequently 

grouping them for having the pair-wise relative 

importance of factors and curating of the results based on 

the judgments made (Saaty, 2004). 

 

 

 

Figure 2. Methodology  
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There are more than five classes in every thematic 

layer indicating the complex nature of interrelationship 

between each sub-class categories. Therefore, the ANP 

method has been employed for discerning the 

relationship between all the eight thematic layers used in 

the study and the identification of respective classes 
using AHP. The following steps were involved in having 

the comprehensive hierarchy and derivation of weights 

for every layer and their corresponding classes:  

Step 1: Model Construction  

On having the purview of existing literature available on 

the groundwater potential mapping several methods and 

modes have been devised accordingly. While 

constructing the model, decomposition of predefined 

thematic layers comprising of various individual sub 

classes of every single theme is used for building a 

linkage grid of the process.  

Step 2: Generating the derived pair-wise association 
matrices  

The determination of values having relative importance 

are done with the help of Saaty’s scale 1-9 (table 1), 

wherein 1 represents the score in which two themes have 

equal importance between them and the score of 9 

indicating extreme importance of one theme in 

comparison to the other (Saaty, 1980). 

Table 2 illustrates a prioritization process of matrix 

in the comparative analysis of classes. A matrix based on 

pairwise comparison of specified layers is then derived 

with the help of Saaty’s nine-point scale for groundwater 
availability in the region. The AHP comprehensively 

incorporates the idea of uncertain elements in judgments 

by using consistency index and the principal eigenvalue 

(Saaty, 2004). Saaty also devised a mechanism for 

measuring consistency, termed Consistency Index (CI) as 

degree or aberration in consistency by applying the 

following equation 1. 

   
      

   
   (1) 

where, n represents number of classes and λ max 
reflects largest eigenvalue of the pairwise comparison 

matrix. Consistency Ratio (CR) aids in the measurement 

of consistency in pairwise comparison matrix as 

represented in equation (2). 

   
  

  
    (2) 

where, RI is the Ratio Index. RI value of different n 

values is shown in table 3. 

The acceptance level of inconsistency is deemed 

perfect if the CR value is equal to or smaller than 0.1. If 

the values exceed 10% of results, the judgment has to be 

revised.  

The pairwise comparison of CR given in table 2 is 

0 inferring data is perfectly consistent. The weights of 

detailed hierarchy of weights and the Consistency Ratio 

are illustrated in table 6. 

Step 3: Construction of ANP Super-matrix 

After curating of the pairwise comparison matrix, 

construction of super-matrix for ANP process is done 

for representation of relative prioritization of layers. The 

basic super-matrix of column based eigenvectors is 

finalized from matrices of pairwise comparison layers. 

Assuming a system of n elements with each of them 

having an influence or getting influenced by all or some 

of the components the function which determines the 

interaction of the whole system. Let the component of a 

decision matrix system symbolized by S k, k = 1, 2,...,n. 

For each component, there exist m k elements denoted 
as e k1, e k2... e kmk. Now, the impact of S k can be 

represented as given in equation 3. 

 

(3) 
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The interdependent influence for the relative 

prioritization of various classes was done by entering 

the priority vectors (local) in the suitable columns. A 

super-matrix generally is a matrix with partitioned form 

with each segment of matrix representing a connection 

concerning the two bunches (Sun et al., 2007; Wang et 
al., 2009) preceded by normalization process (Table 4). 

For obtaining the weighted super-matrix (Table 5), each 

columnar segment of the matrix is first averaged with 

the product of the analogous weights and then 

respectively normalization is done. In order to achieve 

the absolute aim of relative priorities, the limit super-

matrix is realized by raising the weighted (super-matrix) 

to power by the product of itself. The limit super-matrix 

is finally prepared when the rows have the equal value 

as presented in table 6. 

3.4 Weighted Overlay Analysis for Groundwater 

Potential Zonation 

The groundwater potential index (GWPI) is calculated 

with the application of weighted linear permutation 

(Machiwal et al., 2011) which is as follows: 

      ∑   
   ∑     (      )  

 
   

  (3) 

where,     = weight of the jth class of ith theme obtained 

by AHP and    = weight of the ith theme obtained by 

ANP, n = total number of thematic layers, and m = total 

number of classes in a thematic layer,     is the pixel 

value of the jth class of the ith theme. 

The validation of groundwater availability 

zonation is done by preparing the final delineation map 

with areas being identified for rich and abundant 

groundwater source regions by the geographical 

coordinates of the study area (table 8). 

 

 

Table 1 Saaty’s 1-9 scale of relative importance 

Scale 1 2 3 4 5 6 7 8 9 

Importance 
Equal 
Importance 

Weak 
Moderate 
Importance 

Moderate 
Plus 

Strong 
Importance 

Strong 
Plus 

Very 
Strong 

Importance 

Very, 
Very 

Strong 

Extreme 
Importance 

 

 

Table 2. Pairwise comparison matrix 

n 1 2 3 4 5 6 7 8 9 10 

RI 0 0 0.58 0.89 1.12 1.24 1.32 1.41 1.45 1.49 

 

 

Table 3. Saaty’s ratio index for different values of n 

 Parameters 
Lineament 
density 

Slope Rainfall Lithology Land use TPI TWI 
Drainage 
density 

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

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

Lithology 2 6 5 1 7 4 1/2 2 

Land use 1/6 1/2 1/3 1/7 1 1/4 1/5 1/4 

TPI 1/3 3 2 1/4 4 1 1/5 1/3 

TWI 3 7 6 2 5 5 1 3 

Drainage density 3 5 4 1/2 4 3 1/3 1 

 

 

Table 4. Normalized pairwise matrix 
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Parameters Lineament 
density 

Slope Rainfall Lithology Land 
use 

TPI TWI Drainage 
density 

Lineament 
density 

0.10101 0.16949 0.175208 0.000122 0.1875 0.175644 0.116144 0.046882 

Slope 0.020202 0.033898 0.021901 0.035087 0.0625 0.019516 0.049776 0.028129 

Rainfall 0.020202 0.067796 0.043802 0.042105 0.09375 0.029274 0.058072 0.035161 

Lithology 0.20202 0.203389 0.21901 0.210526 0.21875 0.234192 0.174216 0.281293 

Land use 0.001683 0.016949 0.0146 0.030075 0.03125 0.014637 0.069686 0.035161 

TPI 0.03367 0.101694 0.087604 0.052631 0.125 0.058548 0.069686 0.046882 

TWI 0.30303 0.237288 0.262812 0.421052 0.15625 0.29274 0.348432 0.42194 

Drainage 

density 

0.30303 0.16949 0.175208 0.105263 0.125 0.15644 0.348432 0.140646 

 

Table 5. Weighted super-matrix 

Parameters Lineament 

density 

Slope Rainfall Lithology Land use TPI TWI Drainage 

density 

Lineament 

density 

0.012273 0.005742 0.008545 0.0000266 0.005017 0.01264 0.044935 0.008928 

Slope 0.002455 0.001148 0.001068 0.007646317 0.001672 0.001404 0.019258 0.005357 

Rainfall 0.002455 0.002297 0.002136 0.009175711 0.002508 0.002107 0.022467 0.006696 

Lithology 0.024545 0.00689 0.010681 0.045878773 0.005853 0.016853 0.067402 0.053569 

Land use 0.000204 0.000574 0.000712 0.006554079 0.006689 0.001053 0.026961 0.006696 

TPI 0.004091 0.003445 0.004272 0.011469584 0.003344 0.004213 0.026961 0.008928 

TWI 0.036818 0.008038 0.012817 0.091757547 0.00418 0.021067 0.134761 0.080354 

Drainage 

density 

0.036818 0.005742 0.008545 0.022939387 0.003344 0.011258 0.044935 0.026784 

 

Table 6. Limit super-matrix 

Parameters Lineament 
density 

Slope Rainfall Lithology Land use TPI TWI Drainage 
density 

Lineament 
density 

 0.016043  0.016043 0.016043 0.016043 0.016043 0.016043 0.016043 0.016043 

Slope 0.012075 0.012075 0.012075 0.012075 0.012075 0.012075 0.012075 0.012075 

Rainfall 0.033615 0.033615 0.033615 0.033615 0.033615 0.033615 0.033615 0.033615 

Lithology 0.024545 0.024545 0.024545 0.024545 0.024545 0.024545 0.024545 0.024545 

Land use 0.008254 0.008254 0.008254 0.008254 0.008254 0.008254 0.008254 0.008254 

TPI 0.004541 0.004541 0.004541 0.004541 0.004541 0.004541 0.004541 0.004541 

TWI 0.064618 0.064618 0.064618 0.064618 0.064618 0.064618 0.064618 0.064618 

Drainage 

density 

0.051198 0.051198 0.051198 0.051198 0.051198 0.051198 0.051198 0.051198 

 

3.5 Criterions  

3.5.1 Lithology  

Lithological control reveals several typologies of 

landforms, geomorphic features and the subsequent 

hydrogeological settings which aid in the interpretation 

of the structures, strata as well as lithological 

composition governing groundwater distribution (Patra et 

al., 2018). The lithology map is curated from the 

Geological Survey of India (GSI) district resource map 
series. The main lithological features found in the district 

are alluvium, phylite, sandstone (Figure 3). The alluvium 

is mostly found in the northern and southern part of the 

district whereas phyllite and sandstone is more prevalent 

in central and north-eastern part of the district. Alluvium 

and water body have good to moderate groundwater 
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presence and are given higher ranks in comparison to the 

other factors (Table 7). 

3.5.2 Land Use Land Cover 

Land-use land cover (LULC) pattern is one of the 

significant factors influencing the prospect of 

groundwater rejuvenation mostly defining the setting of 
low, medium and high rates of permeation in sub-surface 

environment. The land use map of the study area is 

digitized using Landsat 8 (OLI) satellite imagery and 

based on the inferences ten classes of land use pattern is 

classified, namely, forest area, mining area, built up area, 

agricultural area, water body, wasteland, scrub, forest, 

barren/rocky, grasslands, mining/quarrying and wetland 

(Figure 4). Water bodies, succeeded by agricultural land 

use and forest area being the high source zones for 

groundwater flow are given the highest precedence in 

ratings, whilst, the low importance classes are built-up 

area, mining/quarrying area and barren rocky/waste land 
with respect to the groundwater presence (Table 7). 

3.5.3 Lineament Density 

The spatially enhanced landsat-8 OLI image is imported 

into the PCI Geomatica 2014 software for lineament 

extraction. The lineament abstraction procedure (canny 

edge) of PCI Geomatica software comprises of threshold 

analysis, edge recognition, and curve removal stages. 

Structural/tectonic processes give rise to lineaments and 

the straight faced linear structures having effective 

secondary penetrability add to the groundwater recharge 

and flow (Suganthi et al., 2013). The resulting lineament 
density map is then used for computation of lineament 

density (L) using the equation 4.  

   ∑ ( 
 
)            

 

 
   (4) 

where Ʃ   denotes the total length of lineaments, A is 

unit area of lineaments. The lineament density ranges 

then aid in the generation of the lineament density map 

of the study area. The lineament density value ranges 

from 0 to 1.29 km/km
2
 (Figure 5) with higher lineament 

density values representing higher presence of 

groundwater and therefore allotted higher rankings 

(Table 7). The lineament density ranges from 0-0.9 to 

0.69 to 1.29 km/ km2 and is evenly spread with majority 

of lineaments covering the north and north-eastern 

regions of the study area. 

3.5.4 Drainage Density 

Drainage density has a direct bearing on land use pattern, 

topography and geomorphology (Mundalik et al., 2018) 

and has inverse relation with permeability (Agarwal et 

al., 2013) thus heavily influences in the process for 

delineation of GWPZ. Drainage density measure is 

defined as “the ratio of the sum of lengths of streams to 

the size of area of the grid under consideration” (Mogaji 

et al., 2014). Drainage network of the study area is 

generated from filled and interpolated DEM (30m 

resolution) by operating the Arc hydro and line density 

tool in ArcGIS 10.3 and the resultant drainage network is 

further used to calculate the drainage density (D) as per 

the equation 5.  

       
 

 
                 (5) 

where, Σ   is the sum of lengths of streams in the mesh i 

(km), and A is the area of the grid (km2). 

The drainage density after computation is used to 

produce drainage density map then and further re-

classified into four classes such as 0-1.25 km/km2, 1.25-

2.5 km/km2, 2.5-3.75 km/km2, >3.75 km/km2, 

correspondingly (Figure 6). The drainage of the study 

area mostly follows the radial converging pattern and 

forms a complex stream network due to the presence of 

Wular Lake which acts as the centripetal source for most 
of the water bodies  

Considering the drainage density as influencing 

factor the study area mostly falls in high drainage density 

network in the class of 35 to 76 km/km² and is assigned 

the lower rating and the area having low drainage density 

is given higher rating due to the fact of providing less 

surface overflow and high permeation of water within 

the region (Table 7). 

3.5.5 Topographic Wetness Index 

Beven and Kirkby (1979) did a pioneering work in the 

field of hydrogeology by developing TWI within run-off 
systems. Spatial distribution of wetness conditions can 

be gauged from this index. More precisely, “it is the ratio 

between the slope and specific catchment area” (Beven 

and Kirkby, 1979). The TWI is a secondary index 

(topographic) that has been extensively computed to 

explicate the influence of topographic settings on the 

positioning and size of saturation source in overflow 

capacity generation that’s why it is also called as 

secondary topographical attribute. TWI has been broadly 

applied for groundwater prospective planning and 

assessment (Davoodi et al., 2013; Nampak et al., 2014) 

and defining wetness forms geographically 
(Pourghasemi et al. 2012a, Pourtaghi and Pourghasemi, 

2014). This index replicates the behaviour of water to 

amass at any pour-point and the predisposition of 

gravitational forces for the movement of that water 

downstream (Pourghasemi and Pradhan et al. 2012). The 

terrain profile generally determines the distribution of 

water in water accumulation areas thus TWI is directly 

proportional to groundwater incidence. The TWI is 

defined according to the equation 6 (Moore et al., 1991): 

                   (6) 

where, as is the specific catchment area (m/m) and β is 

the slope gradient (in degrees) (Nampak et al., 2014). 

Within the study area, TWI was classified into five 

classes (Figure 7). 



Remote Sensing of Land, 5(1), 41-58, 2021.                          Mir et al. 

49 

 

 

Figure 3. Lithology 
 

Figure 4. Land use land cover 

 

Figure 5. Lineament density 

 

Figure 6. Drainage density 

 

3.5.6 Topographic Position Index 

Topographic Position Index (TPI) is the conversion 

technique in which the rise of each pixel in a DEM to the 

mean height of an identified proximity around that pixel 

is linked. TWI is defined as “an inherently scale-

dependent phenomenon that gives the positioning of 
upslope and downslopes attributes of any region” 

(Guisan et al., 1999). At the top (hilly terrains) higher 

TPI values in the study area are found, while as in the 

bottom (valley) low TPI values are found and the TPI 

values near zero are found on either flat ground or 

medium slope (Figure 8). The area is divided into five 

classes ranging from -188.26-45.29 to 73.26-250.40 with 

flat slopes considered favorable for groundwater 

potential. 

3.5.7 Slope 

Slope angle largely controls the groundwater recharge 

processes according to most of the studies (Ettazarizini 

and El Mahmouhi, 2004; Prasad et al., 2008), hence, it is 

a significant factor for the spatial predictability of 

groundwater potentiality. The slope map of the area was 
curated based on DEM analysis using the Spatial 

Analysis tools in ArcGIS 10.3. Deriving from the Jenks 

natural breaks classification, the slope angle map was 

grouped into six classes varying between zero and 69.9 

degrees. Less value classes are consigned higher rank 

due to almost flat trajectory while the maximum value 

classes are characterized as lower rank due to 

comparatively high run-off (Figure 9). 
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3.5.8 Rainfall  

Rainfall map of the region was generated using ordinary 

Kriging method (Bargaoui and Chebbi, 2009) in 

geospatial environment based on daily IMD data. The 

time period (1970-2018) was used for interpolating the 

perception scenario of the region on annual time scale as 

shown in (Figure 10) with north-western region receiving 

substantial amount of rainfall. 

Table 7. Criterions and weights 

Criterions  Classes Weights Weight 
(%) 

Criterions Classes Weights Weight 
(%) 

Topographic 
Wetness 

Index 

3.56-8.07 
8.08-9.42 

9.43-10.83 

10.84-12.74 

12.75-18.45 

2 
4 

6 

8 

10 

 

10 
 

 

 

Lineament 
Density 

0-0.08 
0.08-0.24 

0.24-0.42 

0.42-0.61 

0.61-1.03 

2 
4 

6 

8 

10 

25 
 

Drainage 
Density 

0-10.90 
10.90-30.51 

30.51-49.06 

49.06-68.42 

68.42-104.34 

  

10 
8 

6 

4 

2 

 

 
 

15 

 

 

 

Slope (º) 0-9.22 
9.92-18.86 

18.86-28.19 

28.19-37.61 

37.61-69.99 

  

10 
8 

6 

4 

2 

 

5 
 

 

 
 

Lithology Alluvium 

Phyllite 

Sandstone 

Water body  

8 

6 

4 

10 

 
 

 
 
 

10 Land Use 

Land 

Cover 

Built Up 

Dense Forests 

Grasslands 

Barren 

Wetlands 

Agriculture 

Scrub 
Sparse Forest 

Water body 

4 

7 

3 

1 

10 

9 

6 
5 

10 

10 

Topographic 

Position 

Index 

-188.26 to -65.29 

-65.29 to -20.26 

-20.269 to 21.30 

21.30 to 73.46 

73.46 to 253.40 

10 

8 

6 

4 

 

 

10 Rainfall 1025-1089.7 

1089.8-113.6 

1133.7-1153 

1153.1-1175.3 

1175.4-1214.7 

  

2 

4 

6 

8 

10 

 

15 

 

Figure 7. Topographic wetness index 

 

Figure 8. Topographic position index 
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Figure 9. Slope 
 

Figure 10. Rainfall 

 

4 RESULTS AND DISCUSSIONS  

4.1 Groundwater Potential Zones  

The groundwater potential zonation map after the 

geospatial operations of North Kashmir is generated by 

integrating eight thematic layers with respect to the 

relative prioritization abstracted from subjective weights 

based on the review of literature method. The overlaying 

of GWPZ was done with help of following equation .The 

following equation was used to examine the final output 

map of the area.  

                              
                                 
                                
                 (7) 

where, GPM is the groundwater potential map, MC1-

MC7 is the main criteria (1-8 thematic layers) w is the 

weight of thematic layer, SC1-SC8 is the sub criteria of 

each thematic layer map and r is the sub criteria class 

rating. The thematic layers are same as defined above 

(lithology, Topographic Wetness Index (TWI), 

Topographic Position Index (TPI), slope, drainage 
density, lineament density, LULC and rainfall) 

Accordingly, with the help of Jenks natural breaks 

method, the map being developed is then further divided 

into four zones based on their relative potential namely 

very low, low, moderate and high (Figure 11). The 

distribution area of potential zones is prepared (Table 9) 

in ArcGIS 10.3. It is inferred that 12.29%, 31.91%, 

16.23% and 39.57% of the aggregate area comes under 

very low, low, moderate and high GWPZ’s, 

correspondingly (Table 8). The final output map infers 

that, the eastern, central and lower southern region of the 

study area display mostly moderate to high groundwater 
potential zones. While comparing the GWPZ map in the 

regions from moderate to high groundwater potential 
with respect to the prevalence of various hydrogeological 

conditions indicate that the aquifers of central and 

southern regions which are covered by water bodies, 

forest and agricultural land use. Similarly, in these zones, 

geomorphological controls dominate in the prevalence of 

features such as half weathered and rugged terrains, low 

drainage density (0-10.90 km/km2) comparatively more 

rainfall distribution (1175.4-1214.7 mm/annum), flatter 

slope (0-9.22°), the existence of loamy and coarse loamy 

type soil also encourages the high groundwater 

prospects. Similar findings have been found in the 

number of studies suggesting the relevance of 
geomorphological and hydrological characteristics in the 

identification of groundwater potential zones (Kumar 

and Krishna, 2018; Das et al., 2018; Nag and Ghosh, 

2013). Other studies have also concurred with the land 

use land cover being significant factor too in the 

groundwater potentiality (Mukherjee et al., 2012; Yeh et 

al., 2016). 

With respect to zones having moderate potential in 

terms of groundwater, there expanse can be observed in 

the central and parts of north eastern regions which 

mainly encompasses agricultural lands overlying flatter 
to gentle slope (18.88-19.25%), relatively low drainage 

density (30.51-49.06 km/km2) etc. Similarly from results 

achieved from the final GWPZ reveal that north and 

north-eastern regions fall under the category of poor 

groundwater potential zonation with relatively 

impermeable formation, forests, higher slope values 

(37.81-69.09°) and higher elevation with low potential of 

infiltration which subsequently leads to poor 

groundwater storage capacity in this region. This 

inference corroborates with other reported studies while 

indicating the hilly terrains, elevation, topographic,
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Figure 11. Groundwater potential zones 

Table 8. Area under different GWPZs 

Classes 
Area 

km2 % 

High 420.40 39.57 
Moderate 180.24 16.23 

Low  351.31 31.91 

Very Low 142.11 12.29 

 

slope and impermeable formations in as the factors 

responsible for poor groundwater potentiality (Shekhar 

and Pandey, 2015; Ibrahim-Bathis and Ahmed, 2016). 

Around 55% of the area falls in the moderate to high 

groundwater potential category which covers major 

portion of central and southern region and few pockets of 

the north eastern extent. 

4.2 Validation  

For validating the accuracy of potential zonation map of 

study area, geo-coordinates of groundwater sources are 

validated on the final output groundwater potential map 

(Figure 12) on the basis of existing and the final output 

map status. Receiver Operating Characteristic (ROC) 

curve investigation was applied for quantitative 

validation by comparative assessment of the existing 

groundwater samples with the results from groundwater 

potential map developed by MCDA (Pourtaghi and 

Pourghasemi, 2014). For corroborating the expected 

groundwater prospect map 31 existing sampling were 

taken and used for ROC curve preparation. Figure 13 
shows the ROC curve of the GPM obtained using 

AHP/ANP method. In ROC curve, the true positive rate 

(sensitivity) is plotted in function of the false positive 

rate for different grading of a parameter. The sensitivity 

pair concerning the particularity of decision matrix, 

points are drawn which represent the same. The area 

under the ROC curve (AUC) is a basically the 

measurement of how parameters differentiate between 

two diagnostic clusters factored in for validation. The 

connexion amid AUC and prediction accurateness can be 

precised as (Naghibi et al., 2015): Poor (0.5-0.6); 
average (0.6-0.7); good (0.7-0.8); very good (0.8-0.9); 

and excellent (0.9-1). The final validation of findings 

exhibited that AHP/ANP technique has a relatively 

significant accuracy (prediction) of 0.755. The spatial 

positioning of categories with its corresponding potential 

status to respective zones is given which gives the 

overall scenario of the groundwater resources in the area. 

Respectively, from this data different categories of 

groundwater potential zones can be identified on the 

basis of very low, low, moderate and high groundwater 

potential. Hence, groundwater potential validation results 

corroborate significant consistency of the accurate final 
output map generated from the robust GIS based 

weighted overlay approach integrated with AHP/ANP 

model of MCDM method. 
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Figure 12. Sampling sites 

 

Table 9. Accuracy Assessments  

Location Groundwater Potentials Agreements  

Longitude Latitude 
Ground 
observations 

Estimated 

74.55256 34.50261 Very Low Very Low True 
74.55149 34.48437 Moderate Very Low False  

74.56222 34.48593 Very Low Very Low True 

74.58342 34.52026 Low Very Low False 

74.59444 34.50059 Very Low Very Low True 

74.59111 34.50278 Very Low Very Low True 

74.65681 34.44004 Low Very Low False 

74.65919 34.46363 Very Low Very Low True 

74.63979 34.43046 Low Low True 

74.69777 34.41439 Low Low True 

74.66888 34.36805 Low Low True 

74.67804 34.32949 Very Low Low False 
74.69099 34.32932 Low  Low  True 

74.67199 34.28399 Moderate Low False 

74.64345 34.21784 Low Low True 

74.59514 34.51568 Low Moderate False 

74.71476 34.45540 Moderate Moderate True 

74.65292 34.46280 High Moderate False 

74.69320 34.41335 Low Moderate False 

74.66091 34.37405 Moderate Moderate True 

74.61447 34.46214 Moderate Moderate True 

74.59037 34.22418 High High True 

74.58144 34.24477 Very High High  False 

74.62359 34.27068 High High True 

74.62144 34.23192 High High True 

74.63287 34.20113 Very High High False 
74.63467 34.18126 High Very High False 

34.20088 34.20088 Very High Very High True 

34.20784 34.20784 Very High Very High True 

34.48476 34.48476 Very High Very High True 
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Figure 13. Receiver operating characteristic curve 

 

5 CONCLUSION  

The application of multi-criteria decision making 

prospects i.e. AHP/ANP model integrated with remote 

sensing based approach in Western Himalaya, India 

opens up the new horizons for hydrogeological and geo-

environmental significance in the region. The study area 

has the identity of being the resource rich zone with the 

prevalence of horticultural, agriculture and commercial 
sectors thriving in substantial rates. The augmentation in 

the water needs have drastically shifted the focus to 

groundwater harvesting and management. For evaluation 

of the groundwater resources prospecting in the region 

and scientific application in the impending water security 

issues, delineation of groundwater potential zones in the 

region becomes imperative. Firstly, GWPZ map is 

prepared which shows 420.40 km2 (39.57%), 180.24 km2 

(16.23%), 351.31 km
2
 (31.91%) and 142.11 km

2
 

(12.29%) of total area fall under high, moderate, low and 

very low potential zones, respectively. The low potential 
areas are mostly abstracted more and have the 

anthropogenic pressures impending more. This demands 

a sustainable and viable withdrawal practices required 

for having the judicial and appropriate consumption of 

groundwater resources in the region. Around 560 km2 

(55%) of the study area (south central and eastern part), 

represents moderate to high groundwater potential zone 

attributed to groundwater conditioning patterns of land 

use including forest, agricultural area and converging 

radial pattern of drainage network. In contrast to that, the 

impermeable condition typologies and presence of 

geomorphological features (barren mountains, hard-rock 
patches, karewas) which is marked on the Northeastern 

side of the area with some disseminated patches in the 

extreme north trigger to poor groundwater presence of 

the area . Thereafter, map validation is done for having 

the accurate perusal of the different potential zones bases 

on the integration and respective weight of different 

hydrogeological factors for carrying out the 

comprehensive assessment of groundwater resources of 

the region. Finally, validation of the geo-database is 

achieved by tallying the inferences from the final output 

map with available geo-coordinates of groundwater 

source regions. Various agencies and several institutions 

at different levels both at national and international have 
utilized the application of remote sensing and GIS for the 

timely and precise evaluation of the management and 

water resources planning such as delineation potential of 

groundwater zones, risk evaluation of flood events, 

analysis of drought patterns across the world. 

Furthermore, there is scant attention being invested into 

the water resource planning and management in the area 

particularly in the groundwater resource explorations 

exacerbated by complex topographic configurations, it 

becomes thus highly imperative to have the scientific and 

modern geospatial database generation for the efficient 
and timely appraisal of groundwater scenario in the 

region. With the application of geospatial technology 

hyphenated with the decision making techniques these 

resources can be harnessed and utilized prudently as 

burgeoning population and altering hydro-meteorological 

conditions have accentuated the demands for water 

consumption. The need of the hour is to have the 

summative and robust prospecting for groundwater 

resources with the interface both the geospatial and 

decision making system approach in the region. Artificial 

recharge techniques and participatory approach can be 

implemented in these regions with the moderate and low 
potentiality to increase the groundwater table and thereby 

preventing it from overexploitation. 
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AHP: Analytical Hierarchical Process; ANP: Analytical 

Networking Process; GIS: Geographic Information 

System; GWPZ: Groundwater Potential Zonation; 

MCDM: Multi-Criteria Decision Making; RS: Remote 

Sensing; TPI: Topographic Position Index; TWI: 
Topographic Wetness Index.  

ACKNOWLEDGMENTS  

The authors are thankful to the Geological Survey of 

India (GSI), Indian Meteorological Department (IMD) 

and JKENVIS Centre (Jammu and Kashmir 

Environment Information System). We are thankful to 

Prof. Vijay Bhagat (Editor, Remote Sensing of Land) 

for suggesting modifications. The authors also extend 

their thanks to anonymous reviewers for the valuable 

constructive comments and suggestions. 

REFERENCES  

Adiat, K. A. N., Nawawi, M. N. M. and Abdullah, K., 2012. 
Assessing the accuracy of GIS-based elementary multi 
criteria decision analysis as a spatial prediction tool- A 
case of predicting potential zones of sustainable 
groundwater resources. Journal of Hydrology, 440, 75-
89. DOI: https://doi.org/10.1016/j.jhydrol.2012.03.028  

Agarwal, R. and Garg, P. K., 2013. Remote sensing and GIS 
based groundwater potential and recharge zones 
mapping using multi-criteria decision making technique. 

Water Resour. Manag. 30, 243-260. DOI: 
https://doi.org/10.1007/s11269-015-1159-8 

Arkoprovo, B., Adarsa, J., and Prakash, S. S., 2012. 
Delineation of groundwater potential zones using 
satellite remote sensing and geographic information 
system techniques: A case study from Ganjam district, 
Orissa, India. Research Journal of Recent Sciences, 1(9), 
59-66. 

Bargaoui, Z. K., and Chebbi, A., 2009. Comparison of two 
kriging interpolation methods applied to spatiotemporal 
rainfall. Journal of Hydrology, 365, 56-73. DOI: 
https://doi.org/10.1016/j.jhydrol.2008.11.025 

Beven K. J and M. J. Kirkby, 1979. A physically based, 
variable contributing area model of basin hydrology / Un 
modèle à base physique de zone d’appel variable de 
l'hydrologie du bassin versant, Hydrological Sciences 

Journal, 24(1), 43-69. DOI:  
https://doi.org/10.1080/02626667909491834 

CGWB [Central Ground Water Board], 2016. Ground Water 
Scenario in India. January 2016  

Chen, W., Pradhan, B., Li, S., Shahabi, H., Rizeei, M. H., Hou, 
E. and Wang, S. 2019. Novel hybrid integration 
approach of bagging-based fishers linear discriminant 
function for groundwater potential analysis. Natural 

Resources Research, 28, 1239-1258. DOI: 
https://doi.org/10.1007/s11053-019-09465-w 

Chenini, I., Ben Mammou, A., and El May, M., 2010. 
Groundwater recharge zone mapping using GIS-based 
multi-criteria analysis: A case study in Central Tunisia 
(Maknassy basin). Water Resource Management, 24(5), 
921-939. DOI: https://doi.org/10.1007/s11269-009-
9479-1 

Cremonesi, D., Gattinoni, P., and Scesi, L., 2008. The 

contribution of recharge in mountain area to 
groundwater in the Lombardy plain aquifer (Northern 

Italy), Recent Advances in Environment, Energy 
Systems and Naval Science. 

Das, S. and Pardeshi, S. D., 2018. Integration of different 
influencing factors in GIS to delineate groundwater 
potential areas using IF and FR techniques: a study of 

Pravara basin, Maharashtra, India. Appl Water Sci, 8, 
197. DOI: https://doi.org/10.1007/s13201-018-0848-x 

Davoodi, M., D., Rezaei, M., Pourghasemi, H. R., Pourtaghie, 
Z. S., and Pradhan, B., 2015. Groundwater spring 
potential mapping using bivariate statistical model and 
GIS in the taleghan watershed Iran. Arab J Geosci. 8, 
913-929. DOI: https://doi.org/10.1007/s12517-013-
1161-5 

De Graaf., I. E. M., Gleeson, T., van, Beek. L. P. H., 
Sutanudjaja,E. H. and Bierkens, M. F. P., 2019. 
Environmental flow limits to global groundwater 
pumping. Nature 574, 90-94. DOI: 
https://doi.org/10.1038/s41586-019-1594-4  

Edet, A. E., and Okereke, C. S., 2002. Delineation of shallow 
groundwater aquifers in the coastal plain sands of 
Calabar area (Southern Nigeria) using surface resistivity 

and hydrogeological data. J. Afr. Earth Sci. 35(3),433-
443. DOI: https://doi.org/10.1016/S0899-
5362(02)00148-3 

Ettazarizini, S. and El, Mahmouhi, N., 2004. Vulnerability 
mapping of the turonian limestone aquifer in the 
phosphate plateau (Morocco). Environ Geol, 46, 113-
117. DOI: https://doi.org/10.1007/s00254-004-1022-3 

Fashae, O. A., Tijani, M. N., Talabi, A. O., and Adedeji, O. I., 

2014. Delineation of groundwater potential zones in the 
crystalline basement terrain of SW-Nigeria: An 
integrated GIS and remote sensing approach. Appl. 
Water Sci. 4, 19-38. DOI: 
https://doi.org/10.1007/s13201-013-0127-9   

Ghorbani, Nejad, S., Falah, F., Daneshfar, M., Haghizadeh, A., 
and Rahmati, O., 2017. Delineation of groundwater 
potential zones using remote sensing and GIS-based 
data-driven models. Geocarto International, 32(2), 167-

187. DOI: 
https://doi.org/10.1080/10106049.2015.1132481 

Ghosh, D., Mandal, M., Karmakar, M., Banerjee, M., and 
Mandal, D., 2020. Application of geospatial technology 
for delineating groundwater potential zones in the 
Gandheswari watershed, West Bengal. Sustain Water 
Res. Manag, 6(1), 14. DOI: 
https://doi.org/10.1007/s40899-020-00372-0  

Guisan, A., Weiss, S.B. and Weiss, A. D., 1999. GLM versus 
CCA spatial modeling of plant species distribution. 
Plant Ecology, 143, 107-122. DOI: 
https://doi.org/10.1023/A:1009841519580 

Gun, J. V. D., 2012. Groundwater and global change: trends, 
opportunities and challenges. UNESCO World Water 
Assessment Programme, Side Publication Series, Paris. 
Accessed on 10 November 2020. 

Halder, S., Roy, M. B. and Roy, P. K., 2020.  Fuzzy logic 
algorithm based analytic hierarchy process for 
delineation of groundwater potential zones in complex 
topography. Arab J Geosci 13(13), 1-22. DOI: 
https://doi.org/10.1007/s12517-020-05525-1 

Ibrahim-Bathis, K. and Ahmed, S. A., 2016. Geospatial 
technology for delineating groundwater potential zones 
in Doddahalla watershed of Chitradurga district, India, 

Egypt. J. Remote Sensing Space Sci., 19(2), 223-234. 
DOI: http://dx.doi.org/10.1016/j.ejrs.2016.06.002 

Hammouri, N., El-Naqa., and A, Barakat, M., 2012. An 
Integrated approach to groundwater exploration using 

https://www.sciencedirect.com/science/article/abs/pii/S0022169412002375
https://www.sciencedirect.com/science/article/abs/pii/S0022169412002375
https://www.sciencedirect.com/science/article/abs/pii/S0022169412002375
https://www.sciencedirect.com/science/article/abs/pii/S0022169412002375
https://www.sciencedirect.com/science/article/abs/pii/S0022169412002375
https://www.sciencedirect.com/science/article/abs/pii/S0022169412002375
https://doi.org/10.1016/j.jhydrol.2012.03.028
https://link.springer.com/article/10.1007%2Fs11269-015-1159-8
https://link.springer.com/article/10.1007%2Fs11269-015-1159-8
https://link.springer.com/article/10.1007%2Fs11269-015-1159-8
https://link.springer.com/article/10.1007%2Fs11269-015-1159-8
https://doi.org/10.1007/s11269-015-1159-8
file:///D:/Draft/Journals/Remote%20Sensing%20of%20Land_draft/2021/GCJ1M519/Composed/Bargaoui,%20Z.%20K.,%20and%20Chebbi,%20A.,%202009.%20Comparison%20of%20two%20kriging%20interpolation%20methods%20applied%20to%20spatiotemporal%20rainfall.%20Journal%20of%20Hydrology,%20365,%2056-73
file:///D:/Draft/Journals/Remote%20Sensing%20of%20Land_draft/2021/GCJ1M519/Composed/Bargaoui,%20Z.%20K.,%20and%20Chebbi,%20A.,%202009.%20Comparison%20of%20two%20kriging%20interpolation%20methods%20applied%20to%20spatiotemporal%20rainfall.%20Journal%20of%20Hydrology,%20365,%2056-73
file:///D:/Draft/Journals/Remote%20Sensing%20of%20Land_draft/2021/GCJ1M519/Composed/Bargaoui,%20Z.%20K.,%20and%20Chebbi,%20A.,%202009.%20Comparison%20of%20two%20kriging%20interpolation%20methods%20applied%20to%20spatiotemporal%20rainfall.%20Journal%20of%20Hydrology,%20365,%2056-73
https://doi.org/10.1016/j.jhydrol.2008.11.025
https://www.tandfonline.com/doi/abs/10.1080/02626667909491834
https://www.tandfonline.com/doi/abs/10.1080/02626667909491834
https://www.tandfonline.com/doi/abs/10.1080/02626667909491834
https://www.tandfonline.com/doi/abs/10.1080/02626667909491834
https://www.tandfonline.com/doi/abs/10.1080/02626667909491834
https://doi.org/10.1080/02626667909491834
http://cgwb.gov.in/Ground-Water/GW%20Monitoring%20Report_January%202016.pdf
http://cgwb.gov.in/Ground-Water/GW%20Monitoring%20Report_January%202016.pdf
https://link.springer.com/article/10.1007%2Fs11053-019-09465-w
https://link.springer.com/article/10.1007%2Fs11053-019-09465-w
https://link.springer.com/article/10.1007%2Fs11053-019-09465-w
https://link.springer.com/article/10.1007%2Fs11053-019-09465-w
https://link.springer.com/article/10.1007%2Fs11053-019-09465-w
https://doi.org/10.1007/s11053-019-09465-w
file:///D:/Draft/Journals/Remote%20Sensing%20of%20Land_draft/2021/GCJ1M519/Composed/Chenini,%20I.,%20Ben%20Mammou,%20A.,%20and%20El%20May,%20M.,%202010.%20Groundwater%20recharge%20zone%20mapping%20using%20GIS-based%20multi-criteria%20analysis:%20A%20case%20study%20in%20Central%20Tunisia%20(Maknassy%20basin).%20Water%20Resource%20Management,%2024(5),%20921-939.
file:///D:/Draft/Journals/Remote%20Sensing%20of%20Land_draft/2021/GCJ1M519/Composed/Chenini,%20I.,%20Ben%20Mammou,%20A.,%20and%20El%20May,%20M.,%202010.%20Groundwater%20recharge%20zone%20mapping%20using%20GIS-based%20multi-criteria%20analysis:%20A%20case%20study%20in%20Central%20Tunisia%20(Maknassy%20basin).%20Water%20Resource%20Management,%2024(5),%20921-939.
file:///D:/Draft/Journals/Remote%20Sensing%20of%20Land_draft/2021/GCJ1M519/Composed/Chenini,%20I.,%20Ben%20Mammou,%20A.,%20and%20El%20May,%20M.,%202010.%20Groundwater%20recharge%20zone%20mapping%20using%20GIS-based%20multi-criteria%20analysis:%20A%20case%20study%20in%20Central%20Tunisia%20(Maknassy%20basin).%20Water%20Resource%20Management,%2024(5),%20921-939.
file:///D:/Draft/Journals/Remote%20Sensing%20of%20Land_draft/2021/GCJ1M519/Composed/Chenini,%20I.,%20Ben%20Mammou,%20A.,%20and%20El%20May,%20M.,%202010.%20Groundwater%20recharge%20zone%20mapping%20using%20GIS-based%20multi-criteria%20analysis:%20A%20case%20study%20in%20Central%20Tunisia%20(Maknassy%20basin).%20Water%20Resource%20Management,%2024(5),%20921-939.
file:///D:/Draft/Journals/Remote%20Sensing%20of%20Land_draft/2021/GCJ1M519/Composed/Chenini,%20I.,%20Ben%20Mammou,%20A.,%20and%20El%20May,%20M.,%202010.%20Groundwater%20recharge%20zone%20mapping%20using%20GIS-based%20multi-criteria%20analysis:%20A%20case%20study%20in%20Central%20Tunisia%20(Maknassy%20basin).%20Water%20Resource%20Management,%2024(5),%20921-939.
https://doi.org/10.1007/s11269-009-9479-1
https://doi.org/10.1007/s11269-009-9479-1
http://www.wseas.us/e-library/conferences/2011/Barcelona/MNICEG/MNICEG-12.pdf
http://www.wseas.us/e-library/conferences/2011/Barcelona/MNICEG/MNICEG-12.pdf
http://www.wseas.us/e-library/conferences/2011/Barcelona/MNICEG/MNICEG-12.pdf
http://www.wseas.us/e-library/conferences/2011/Barcelona/MNICEG/MNICEG-12.pdf
http://www.wseas.us/e-library/conferences/2011/Barcelona/MNICEG/MNICEG-12.pdf
https://link.springer.com/article/10.1007%2Fs13201-018-0848-x
https://link.springer.com/article/10.1007%2Fs13201-018-0848-x
https://link.springer.com/article/10.1007%2Fs13201-018-0848-x
https://link.springer.com/article/10.1007%2Fs13201-018-0848-x
https://link.springer.com/article/10.1007%2Fs13201-018-0848-x
http://dx.doi.org/10.1007/s13201-018-0848-x
https://link.springer.com/article/10.1007/s12517-013-1161-5
https://link.springer.com/article/10.1007/s12517-013-1161-5
https://link.springer.com/article/10.1007/s12517-013-1161-5
https://link.springer.com/article/10.1007/s12517-013-1161-5
https://link.springer.com/article/10.1007/s12517-013-1161-5
https://www.nature.com/articles/s41586-019-1594-4
https://www.nature.com/articles/s41586-019-1594-4
https://www.nature.com/articles/s41586-019-1594-4
https://www.nature.com/articles/s41586-019-1594-4
https://doi.org/10.1038/s41586-019-1594-4
https://www.sciencedirect.com/science/article/abs/pii/S0899536202001483
https://www.sciencedirect.com/science/article/abs/pii/S0899536202001483
https://www.sciencedirect.com/science/article/abs/pii/S0899536202001483
https://www.sciencedirect.com/science/article/abs/pii/S0899536202001483
https://www.sciencedirect.com/science/article/abs/pii/S0899536202001483
https://link.springer.com/article/10.1007/s00254-004-1022-3
https://link.springer.com/article/10.1007/s00254-004-1022-3
https://link.springer.com/article/10.1007/s00254-004-1022-3
https://link.springer.com/article/10.1007/s00254-004-1022-3
https://link.springer.com/article/10.1007%2Fs13201-013-0127-9
https://link.springer.com/article/10.1007%2Fs13201-013-0127-9
https://link.springer.com/article/10.1007%2Fs13201-013-0127-9
https://link.springer.com/article/10.1007%2Fs13201-013-0127-9
https://link.springer.com/article/10.1007%2Fs13201-013-0127-9
https://doi.org/10.1007/s13201-013-0127-9
https://www.tandfonline.com/doi/abs/10.1080/10106049.2015.1132481#:~:text=Original%20Articles-,Delineation%20of%20groundwater%20potential%20zones%20using%20remote,GIS%2Dbased%20data%2Ddriven%20models&text=The%20rapid%20increase%20in%20human,drinking%2C%20agricultural%20and%20industrial%20purposes.
https://www.tandfonline.com/doi/abs/10.1080/10106049.2015.1132481#:~:text=Original%20Articles-,Delineation%20of%20groundwater%20potential%20zones%20using%20remote,GIS%2Dbased%20data%2Ddriven%20models&text=The%20rapid%20increase%20in%20human,drinking%2C%20agricultural%20and%20industrial%20purposes.
https://www.tandfonline.com/doi/abs/10.1080/10106049.2015.1132481#:~:text=Original%20Articles-,Delineation%20of%20groundwater%20potential%20zones%20using%20remote,GIS%2Dbased%20data%2Ddriven%20models&text=The%20rapid%20increase%20in%20human,drinking%2C%20agricultural%20and%20industrial%20purposes.
https://www.tandfonline.com/doi/abs/10.1080/10106049.2015.1132481#:~:text=Original%20Articles-,Delineation%20of%20groundwater%20potential%20zones%20using%20remote,GIS%2Dbased%20data%2Ddriven%20models&text=The%20rapid%20increase%20in%20human,drinking%2C%20agricultural%20and%20industrial%20purposes.
https://www.tandfonline.com/doi/abs/10.1080/10106049.2015.1132481#:~:text=Original%20Articles-,Delineation%20of%20groundwater%20potential%20zones%20using%20remote,GIS%2Dbased%20data%2Ddriven%20models&text=The%20rapid%20increase%20in%20human,drinking%2C%20agricultural%20and%20industrial%20purposes.
https://link.springer.com/article/10.1007%2Fs40899-020-00372-0
https://link.springer.com/article/10.1007%2Fs40899-020-00372-0
https://link.springer.com/article/10.1007%2Fs40899-020-00372-0
https://link.springer.com/article/10.1007%2Fs40899-020-00372-0
https://link.springer.com/article/10.1007%2Fs40899-020-00372-0
https://doi.org/10.1007/s40899-020-00372-0
https://link.springer.com/article/10.1023/A:1009841519580
https://link.springer.com/article/10.1023/A:1009841519580
https://link.springer.com/article/10.1023/A:1009841519580
http://www.unesco.org/new/fileadmin/MULTIMEDIA/HQ/SC/pdf/Groundwater%20and%20Global%20Change.pdf
http://www.unesco.org/new/fileadmin/MULTIMEDIA/HQ/SC/pdf/Groundwater%20and%20Global%20Change.pdf
http://www.unesco.org/new/fileadmin/MULTIMEDIA/HQ/SC/pdf/Groundwater%20and%20Global%20Change.pdf
http://www.unesco.org/new/fileadmin/MULTIMEDIA/HQ/SC/pdf/Groundwater%20and%20Global%20Change.pdf
https://link.springer.com/article/10.1007%2Fs12517-020-05525-1
https://link.springer.com/article/10.1007%2Fs12517-020-05525-1
https://link.springer.com/article/10.1007%2Fs12517-020-05525-1
https://link.springer.com/article/10.1007%2Fs12517-020-05525-1
https://doi.org/10.1007/s12517-020-05525-1
https://www.sciencedirect.com/science/article/pii/S1110982316300242?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1110982316300242?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1110982316300242?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1110982316300242?via%3Dihub
http://dx.doi.org/10.1016/j.ejrs.2016.06.002
https://eis.hu.edu.jo/deanshipfiles/pub103674795.pdf
https://eis.hu.edu.jo/deanshipfiles/pub103674795.pdf


Remote Sensing of Land, 5(1), 41-58, 2021.                          Mir et al. 

56 

 

remote sensing and geographic information system. J 
Water Resour Prot, 4(9), 717-724. 

India Water Portal., 2019. Groundwater depletes in north and 
east India. Accessed 24 September 2020. 

Israil, M., Al-Hadithi, M., and Singhal, D., 2006. Application 

of a resistivity survey and geographical information 
system (GIS) analysis for hydrogeological zoning of a 
piedmont area, Himalayan foothill region, India. 
Hydrogeology Journal, 14(5), 753-759. DOI: 
https://doi.org/10.1007/s10040-005-0483-0 

Javed, A. and Wani, M. H., 2009. Delineation of groundwater 
potential zones in Kakund watershed, Eastern Rajasthan, 
using remote sensing and GIS techniques. Journal of the 

Geological Society of India, 73(2), 229-236. DOI: 
https://doi.org/10.1007/s12594-009-0079-8 

Jha, M. K., Bongane, G. M. and Chowdary, V. M., 2009. 
Groundwater potential zoning by remote sensing, GIS 
and MCDM techniques: A case study of eastern India. In 
Symposium JS.4 at the IAHS and IAH convention (432-
441). IAHS Press. 

Jha, M. K. and Peiffer, S., 2006. Applications of remote 

sensing and GIS technologies in groundwater hydrology: 
past, present and future. BayCEER, Bayreuth, Germany, 
201 

Jia, Y., Zhao C. and Niu B., 2011. Application of RS and GIS 
technology in the study of groundwater, Groundwater J., 
33, 1-3. 

Kumar, A., Sharma, H. C., and Kumar, S., 2011. Planning for 
replenishing the depleted groundwater in upper Gangetic 

plains using RS and GIS. Indian Journal of Soil 
Conservation, 39(3), 0970-3349. 

Kumar, A., Krishna, AP., 2011. Assessment of groundwater 
potential zones in coal mining impacted hardrock terrain 
of India by integrating geospatial and analytic hierarchy 
process (AHP) approach. Geocarto Int., 33 (2), 105-129. 
DOI: https://doi.org/10.1080/10106049.2016.1232314 

Layade, G. O., Adegoke, J. A. and Oladewa, F. C., 2017. 
Hydro geophysical investigation for groundwater 

development at Gbongudu Area, Akobo Ojurin, Ibadan, 
Southwestern Nigeria. J. Appl Sci Environ Manage. 221, 
527-535. DOI: https://doi.org/10.4314/jasem.v21i3.14 

Li, J., Yang, J. and Yang, Z., et al., 2016. Extraction of 
underground water information at a mountainous area 
based on ETM images. Image Technology, J., 4, 40-44. 

Machiwal, D., Jha, M. K. and Mal, B. C., 2011. Assessment of 
groundwater potential in a semi-arid region of India 

using remote sensing, GIS and MCDM techniques. 
Water Resour Manage., 25(5), 1359-1386. DOI: 
https://doi.org/10.1007/s11269-010-9749-y 

Malik, M. I., Bhat, M. S., and Najar, S.A., 2016. Remote 
Sensing and GIS based groundwater potential mapping 
for sustainable water resource management of Lidder 
catchment in Kashmir Valley, India. Journal of the 
Geological Society of India, 87(6), 716-726. DOI: 

https://doi.org/10.1007/s12594-016-0444-3 
Ministry of Water Resources, 2009. Report of the 

Groundwater Resource Estimation Committee; Ministry 
of Water Resources, Government of India, New Delhi.  

Mogaji, K. A., Lim, H. S. and Abdullah, K., 2015. Regional 
prediction of groundwater potential mapping in a 
multifaceted geology terrain using GIS-based Dempster-
Shafer model. Arab. Jour. Geosci., 8, 3235-3258. DOI: 

https://doi.org/10.1007/s12517-014-1391-1 
Mohammadi-Behzad, H. R., Charchi, A., Kalantari, N., Nejad, 

A. M. and Vardanjani, H. K., 2018. Delineation of 
groundwater potential zones using remote sensing (RS), 
geographical information system (GIS) and analytic 

hierarchy process (AHP) techniques: a case study in the 
Leylia-Keynow watershed, southwest of Iran. 
Carbonates Evaporites, 1-13. DOI: 
https://doi.org/10.1007/s13146-018-0420-7  

Moore, I. D., Grayson, R. B. and Ladson, A. R., 1991. Digital 

terrain modeling: A review of hydrological and 
biological applications. Hydrol. Processes, 5, 3-30. DOI: 
https://doi.org/10.1002/hyp.3360050103 

Mukherjee, P., Singh, CK. and Mukherjee, S., 2012. 
Delineation of groundwater potential zones in arid 
region of India-a remote sensing and GIS approach. 
Water Resour Manage., 26(9), 2643-2672. DOI: 
https://doi.org/10.1007/s11269-012-0038-9 

Mundalik, V., Fernandes, C., Kadam, AK. and Umrikar, B. N., 
2018. Integrated geomorphological, geospatial and AHP 
technique for groundwater prospects mapping in Basaltic 
terrain. Hydrospatial Anal. 2(1), 16-27. DOI: 
https://doi.org/10.21523/gcj3.18020102 

Nag, S. K. and Ghosh, P., 2013. Delineation of groundwater 
potential zone in Chhatna Block, Bankura District, West 
Bengal, India using remote sensing and GIS techniques. 

Environ Earth Sci. 70(5), 2115-2127. DOI: 
https://doi.org/10.1007/s12665-012-1713-0 

Naghibi, S. A., Pourghasemi, H. R., and Dixon, B., 2016. GIS 
based groundwater potential mapping using boosted 
regression tree, classification and regression tree, and 
random forest machine learning models in Iran. 
Environmental Monitoring and Assessment, 188(1), 1-
27. DOI: https://doi.org/10.1007/s10661-015-5049-6 

Naghibi, S. A. and Pourghasemi, H. R., 2015. A Comparative 
Assessment Between Three Machine Learning Models 
and Their Performance Comparison by Bivariate and 
Multivariate Statistical Methods in Groundwater 
Potential Mapping. Water Resour Manage 29, 5217-
5236. DOI: https://doi.org/10.1007/s11269-015-1114-8 

Nampak, H., Pradhan, B., and Manap, M. A., 2014. 
Application of GIS based data driven evidential belief 
function model to predict groundwater potential 

zonation. Journal of Hydrology, 513, 283-300. DOI: 
https://doi.org/10.1016/j.jhydrol.2014.02.053 

NITI Aayog, 2018. India is currently suffering from the worst 
water crisis in its history. Composite Water Management 
Index (CWMI), a national tool for water measurement, 
management & improvement. NITI Aayog, New Delhi, 
Government of India. Accessed on 9 October 2020. 

Oh, H. J, Kim, Y. S., Choi, J. K., Park, E. and Lee, S., 2011. 

GIS mapping of regional probabilistic groundwater 
potential in the area of Pohang City. Korea J. Hydrol. 
399(3-4), 158-172. DOI: 
https://doi.org/10.1016/j.jhydrol.2010.12.027 

Ozdemir, A., 2011. GIS-based groundwater spring potential 
mapping in the Sultan Mountains (Konya, Turkey) using 
frequency ratio, weights of evidence and logistic 
regression methods and their comparison. Journal of 

Hydrology, 411(3- 4), 290-308. DOI: 
https://doi.org/10.1016/j.jhydrol.2011.10.010 

Parthasarathy, K. S. S. and Deka, P. C., 2019. Remote sensing 
and GIS application in assessment of coastal 
vulnerability and shoreline changes: A review. ISHJ 
Hydraul Eng, 26. DOI: 
https://doi.org/10.1080/09715010.2019.1603086 

Patra, S., Mishra, P. and Mahapatra, S. C., 2018. Delineation 

of groundwater potential zone for sustainable 
development: a case study from Ganga Alluvial Plain 
covering Hooghly district of India using remote sensing, 
geographic information system and analytic hierarchy 

https://eis.hu.edu.jo/deanshipfiles/pub103674795.pdf
https://eis.hu.edu.jo/deanshipfiles/pub103674795.pdf
https://www.indiawaterportal.org/articles/groundwater-depletion-north-and-east-india
https://www.indiawaterportal.org/articles/groundwater-depletion-north-and-east-india
https://link.springer.com/article/10.1007/s10040-005-0483-0
https://link.springer.com/article/10.1007/s10040-005-0483-0
https://link.springer.com/article/10.1007/s10040-005-0483-0
https://link.springer.com/article/10.1007/s10040-005-0483-0
https://link.springer.com/article/10.1007/s10040-005-0483-0
https://link.springer.com/article/10.1007/s12594-009-0079-8
https://link.springer.com/article/10.1007/s12594-009-0079-8
https://link.springer.com/article/10.1007/s12594-009-0079-8
https://link.springer.com/article/10.1007/s12594-009-0079-8
http://hydrologie.org/redbooks/a331/iahs_331_0432.pdf
http://hydrologie.org/redbooks/a331/iahs_331_0432.pdf
http://hydrologie.org/redbooks/a331/iahs_331_0432.pdf
http://hydrologie.org/redbooks/a331/iahs_331_0432.pdf
http://hydrologie.org/redbooks/a331/iahs_331_0432.pdf
https://www.tandfonline.com/doi/abs/10.1080/10106049.2016.1232314
https://www.tandfonline.com/doi/abs/10.1080/10106049.2016.1232314
https://www.tandfonline.com/doi/abs/10.1080/10106049.2016.1232314
https://www.tandfonline.com/doi/abs/10.1080/10106049.2016.1232314
https://www.ajol.info/index.php/jasem/article/view/158818
https://www.ajol.info/index.php/jasem/article/view/158818
https://www.ajol.info/index.php/jasem/article/view/158818
https://www.ajol.info/index.php/jasem/article/view/158818
https://www.ajol.info/index.php/jasem/article/view/158818
https://link.springer.com/article/10.1007/s11269-010-9749-y
https://link.springer.com/article/10.1007/s11269-010-9749-y
https://link.springer.com/article/10.1007/s11269-010-9749-y
https://link.springer.com/article/10.1007/s11269-010-9749-y
https://link.springer.com/article/10.1007/s12594-016-0444-3
https://link.springer.com/article/10.1007/s12594-016-0444-3
https://link.springer.com/article/10.1007/s12594-016-0444-3
https://link.springer.com/article/10.1007/s12594-016-0444-3
https://link.springer.com/article/10.1007/s12594-016-0444-3
http://www.cgwb.gov.in/
http://www.cgwb.gov.in/
http://www.cgwb.gov.in/
file:///D:/Draft/Journals/Remote%20Sensing%20of%20Land_draft/2021/GCJ1M519/Composed/Mogaji,%20K.%20A.,%20Lim,%20H.%20S.%20and%20Abdullah,%20K.,%202015.%20Regional%20prediction%20of%20groundwater%20potential%20mapping%20in%20a%20multifaceted%20geology%20terrain%20using%20GIS-based%20Dempster-Shafer%20model.%20Arab.%20Jour.%20Geosci.,%208,%203235-3258.
file:///D:/Draft/Journals/Remote%20Sensing%20of%20Land_draft/2021/GCJ1M519/Composed/Mogaji,%20K.%20A.,%20Lim,%20H.%20S.%20and%20Abdullah,%20K.,%202015.%20Regional%20prediction%20of%20groundwater%20potential%20mapping%20in%20a%20multifaceted%20geology%20terrain%20using%20GIS-based%20Dempster-Shafer%20model.%20Arab.%20Jour.%20Geosci.,%208,%203235-3258.
file:///D:/Draft/Journals/Remote%20Sensing%20of%20Land_draft/2021/GCJ1M519/Composed/Mogaji,%20K.%20A.,%20Lim,%20H.%20S.%20and%20Abdullah,%20K.,%202015.%20Regional%20prediction%20of%20groundwater%20potential%20mapping%20in%20a%20multifaceted%20geology%20terrain%20using%20GIS-based%20Dempster-Shafer%20model.%20Arab.%20Jour.%20Geosci.,%208,%203235-3258.
file:///D:/Draft/Journals/Remote%20Sensing%20of%20Land_draft/2021/GCJ1M519/Composed/Mogaji,%20K.%20A.,%20Lim,%20H.%20S.%20and%20Abdullah,%20K.,%202015.%20Regional%20prediction%20of%20groundwater%20potential%20mapping%20in%20a%20multifaceted%20geology%20terrain%20using%20GIS-based%20Dempster-Shafer%20model.%20Arab.%20Jour.%20Geosci.,%208,%203235-3258.
https://link.springer.com/article/10.1007%2Fs13146-018-0420-7
https://link.springer.com/article/10.1007%2Fs13146-018-0420-7
https://link.springer.com/article/10.1007%2Fs13146-018-0420-7
https://link.springer.com/article/10.1007%2Fs13146-018-0420-7
https://link.springer.com/article/10.1007%2Fs13146-018-0420-7
https://link.springer.com/article/10.1007%2Fs13146-018-0420-7
https://link.springer.com/article/10.1007%2Fs13146-018-0420-7
https://doi.org/10.1007/s13146-018-0420-7
https://onlinelibrary.wiley.com/doi/abs/10.1002/hyp.3360050103#:~:text=Digital%20elevation%20models%20are%20the,%2C%20geomorphological%2C%20and%20biological%20applications.
https://onlinelibrary.wiley.com/doi/abs/10.1002/hyp.3360050103#:~:text=Digital%20elevation%20models%20are%20the,%2C%20geomorphological%2C%20and%20biological%20applications.
https://onlinelibrary.wiley.com/doi/abs/10.1002/hyp.3360050103#:~:text=Digital%20elevation%20models%20are%20the,%2C%20geomorphological%2C%20and%20biological%20applications.
https://link.springer.com/article/10.1007/s11269-012-0038-9
https://link.springer.com/article/10.1007/s11269-012-0038-9
https://link.springer.com/article/10.1007/s11269-012-0038-9
https://link.springer.com/article/10.1007/s11269-012-0038-9
https://www.gathacognition.com/article/gca29
https://www.gathacognition.com/article/gca29
https://www.gathacognition.com/article/gca29
https://www.gathacognition.com/article/gca29
https://link.springer.com/article/10.1007/s12665-012-1713-0#:~:text=Groundwater%20is%20in%20demand%20in,%E2%80%9387%C2%B002%E2%80%B2E.
https://link.springer.com/article/10.1007/s12665-012-1713-0#:~:text=Groundwater%20is%20in%20demand%20in,%E2%80%9387%C2%B002%E2%80%B2E.
https://link.springer.com/article/10.1007/s12665-012-1713-0#:~:text=Groundwater%20is%20in%20demand%20in,%E2%80%9387%C2%B002%E2%80%B2E.
https://link.springer.com/article/10.1007/s12665-012-1713-0#:~:text=Groundwater%20is%20in%20demand%20in,%E2%80%9387%C2%B002%E2%80%B2E.
https://link.springer.com/article/10.1007/s10661-015-5049-6
https://link.springer.com/article/10.1007/s10661-015-5049-6
https://link.springer.com/article/10.1007/s10661-015-5049-6
https://link.springer.com/article/10.1007/s10661-015-5049-6
https://link.springer.com/article/10.1007/s10661-015-5049-6
https://link.springer.com/article/10.1007/s10661-015-5049-6
https://doi.org/10.1007/s10661-015-5049-6
https://link.springer.com/article/10.1007%2Fs11269-015-1114-8
https://link.springer.com/article/10.1007%2Fs11269-015-1114-8
https://link.springer.com/article/10.1007%2Fs11269-015-1114-8
https://link.springer.com/article/10.1007%2Fs11269-015-1114-8
https://link.springer.com/article/10.1007%2Fs11269-015-1114-8
https://link.springer.com/article/10.1007%2Fs11269-015-1114-8
https://doi.org/10.1007/s11269-015-1114-8
https://www.sciencedirect.com/science/article/abs/pii/S0022169414001619
https://www.sciencedirect.com/science/article/abs/pii/S0022169414001619
https://www.sciencedirect.com/science/article/abs/pii/S0022169414001619
https://www.sciencedirect.com/science/article/abs/pii/S0022169414001619
https://niti.gov.in/writereaddata/files/new_initiatives/presentationon-CWMI.pdf
https://niti.gov.in/writereaddata/files/new_initiatives/presentationon-CWMI.pdf
https://niti.gov.in/writereaddata/files/new_initiatives/presentationon-CWMI.pdf
https://niti.gov.in/writereaddata/files/new_initiatives/presentationon-CWMI.pdf
https://niti.gov.in/writereaddata/files/new_initiatives/presentationon-CWMI.pdf
https://www.sciencedirect.com/science/article/abs/pii/S002216941000805X#:~:text=This%20study%20analyzed%20the%20relationships,GIS)%20and%20a%20probability%20model.
https://www.sciencedirect.com/science/article/abs/pii/S002216941000805X#:~:text=This%20study%20analyzed%20the%20relationships,GIS)%20and%20a%20probability%20model.
https://www.sciencedirect.com/science/article/abs/pii/S002216941000805X#:~:text=This%20study%20analyzed%20the%20relationships,GIS)%20and%20a%20probability%20model.
https://www.sciencedirect.com/science/article/abs/pii/S002216941000805X#:~:text=This%20study%20analyzed%20the%20relationships,GIS)%20and%20a%20probability%20model.
https://www.sciencedirect.com/science/article/abs/pii/S0022169411007219
https://www.sciencedirect.com/science/article/abs/pii/S0022169411007219
https://www.sciencedirect.com/science/article/abs/pii/S0022169411007219
https://www.sciencedirect.com/science/article/abs/pii/S0022169411007219
https://www.sciencedirect.com/science/article/abs/pii/S0022169411007219
https://www.tandfonline.com/doi/full/10.1080/09715010.2019.1603086
https://www.tandfonline.com/doi/full/10.1080/09715010.2019.1603086
https://www.tandfonline.com/doi/full/10.1080/09715010.2019.1603086
https://www.tandfonline.com/doi/full/10.1080/09715010.2019.1603086
https://www.sciencedirect.com/science/article/abs/pii/S0959652617328342
https://www.sciencedirect.com/science/article/abs/pii/S0959652617328342
https://www.sciencedirect.com/science/article/abs/pii/S0959652617328342
https://www.sciencedirect.com/science/article/abs/pii/S0959652617328342
https://www.sciencedirect.com/science/article/abs/pii/S0959652617328342


Remote Sensing of Land, 5(1), 41-58, 2021.                          Mir et al. 

57 

 

process. J Cleaner Prod. 172, 2485-2502. DOI: 
https://doi.org/10.1016/j.jclepro.2017.11.161 

Pourghasemi, H. R., Moradi, H. R., Fatemi A. S. M., 
Gokceoglu, C. and Pradhan, B., 2012a. GIS-based 
landslide susceptibility mapping with probabilistic 

likelihood ratio and spatial multi-criteria evaluation 
models (North of Tehran, Iran). Arab J Geosci, 7(5), 
1857-1878. DOI: https://doi.org/10.1007/s12517-012-
0825-x 

Pourghasemi, H. R., Pradhan, B. and Gokceoglu, C., 2012. 
Application of fuzzy logic and analytical hierarchy 
process (AHP) to landslide susceptibility mapping at 
Haraz watershed, Iran. Nat Hazards 63, 965-996. DOI: 

https://doi.org/10.1007/s11069-012-0217-2 
Pourtaghi, Z. S. and Pourghasemi, H. R., 2014. GIS-based 

groundwater spring potential assessment and mapping in 
the Birjand Township, southern Khorasan Province, 
Iran. Hydrogeol J., 22(3), 643-662. DOI: 
https://doi.org/10.1007/s10040-013-1089-6 

Prasad, R. K., Mondal, N. C., Banerjee, P., Nandakumar, M. 
V. and Singh, V. S., 2008. Deciphering potential 

groundwater zone in hard rock through the application of 
GIS. Environ Geol., 55(3), 467-475. DOI: 
https://doi.org/10.1007/s00254-007-0992-3 

Qadir, J., Bhat, M. S., Alam, A. and Rashid, I., 2019. Mapping 
groundwater potential zones using remote sensing and 
GIS approach in Jammu Himalaya, Jammu and Kashmir. 
Geo. Journal., 85, 487-504. DOI: 
https://doi.org/10.1007/s10708-019-09981-5 

Rahmati, O., Samani, A. N., Mahdavi, M., Pourghasemi, H. R. 
and Zeinivand, H., 2015. Groundwater potential 
mapping at Kurdistan region of Iran using analytic 
hierarchy process and GIS. Arabian Journal of 
Geosciences, 8(9), 7059-7071. DOI: 
https://doi.org/10.1007/s12517-014-1668-4 

Rashid, I. Majeed, U., Aneaus, S. and Pelto, M., 2020. Linking 
the recent glacier retreat and depleting streamflow 
patterns with land system changes in Kashmir Himalaya, 

India. Water, 12, 1168. DOI: 
https://doi.org/10.3390/w12041168 

Saaty, T. L., 1980. The Analytic Hierarchy Process. McGraw-
Hill, New York, NY. 

Saaty, T. L., 1996. Decision making with dependence and 
feedback, The Analytic Network Process. RWS 
Publications, Pittsburgh. 

Saaty, T. L., 2004. Fundamentals of the analytic network 

process- Multiple networks with benefits, costs, 
opportunities and risks. J. Systems Science and Systems 
Engineering, 13(3), 348-379. DOI: 
https://doi.org/10.1007/s11518-006-0171-1 

Sankar, G. J., Rao, M. J., Rao, B. P. and Jugran, D. K., 2002. 
Hydromorphogeology and remote sensing applications 
for groundwater exploration in agnigundala mineralised 
belt, Andhra Pradesh, India. J. Indian Soc Remote Sens., 

29(3), 165. DOI: https://doi.org/10.1007/BF02989928 
Sener, E., Davraz, A., Ozcelik, M., 2005. An integration of 

GIS and remote sensing in groundwater investigations: 
A case study in Burdur, Turkey. Hydrogeol. J., 13, 826-
834. DOI: https://doi.org/10.1007/s10040-004-0378-5 

Shekhar, S. and Pandey, A.C., 2015. Delineation of 
groundwater potential zone in hard rock terrain of India 
using remote sensing, geographical information system 

(GIS) and analytic hierarchy process (AHP) techniques. 
Geocarto Int., 30, 402-421. DOI: 
https://doi.org/10.1080/10106049.2014.894584 

Singh, L. K., Jha, M. K. and Chowdary, V.M., 2018. 
Assessing the accuracy of GIS-based multicriteria 

decision analysis approaches for mapping groundwater 
potential. Ecol. Indic., 91, 24-37. DOI: 
https://doi.org/10.1016/j.ecolind.2018.03.070 

Singh, R., Syed, T. H., Kumar, S., Kumar, M. and Venkatesh, 
A. S., 2017. Hydrogeochemical assessment of surface 

and groundwater resources of Korba coalfield, Central 
India: Environmental implications. Arab J. Geosci., 
10(14), 318. DOI: https://doi.org/10.1007/s12517-017-
3098-6 

Singha, S. S., Pasupuleti, S., Singha, S., Singh, R. and 
Venkatesh, A. S., 2019. Analytic network process based 
approach for delineation of groundwater potential zones 
in Korba district, Central India using remote sensing and 

GIS. Geocarto International. DOI: 
https://doi.org/10.1080/10106049.2019.1648566 

Sreedevi, P. D., Subrahmanyam, K. and Ahmed, S., 2005. 
Integrated approach for delineating potential zones to 
explore for groundwater in the Pageru River basin, 
Cuddapah District, Andhra Pradesh, India. Hydrogeol J., 
3, 534-543. 

Srivastava, V. K., Giri, D. N. and Bharadwaj, P., 2012. Study 

and mapping of ground water prospect using remote 
sensing, GIS and geoelectrical resistivity techniques- A 
case study of Dhanbad district, Jharkhand, India. J Ind 
Geophys Union, 16(2), 55-63. DOI: 
https://doi.org/10.1007/s10040-004-0375-8 

Suganthi, S., Elango, L. and Subramanian, S. K., 2013. 
Groundwater potential zonation by remote sensing and 
GIS techniques and its relation to the groundwater level 

in the Coastal part of the Arani and Koratalai River 
Basin, Southern India. Earth Sci Res J., 17, 87-95. 

Sun, H., Xu, G. and Tian, P., 2007. Design alternatives 
evaluation of emergency bridge by applying analytic 
network process (ANP). System Engineering Theory and 
Practice, 27(3), 63-70. DOI: 
https://doi.org/10.1016/S1874-8651(08)60025-3 

Thapa, R., Gupta, S., Gupta, A., Reddy, D. V. and Kaur, H., 
2018. Use of geospatial technology for delineating 

groundwater potential zones with an emphasis on water-
table analysis in Dwarka River basin, Birbhum, India. 
Hydrogeol. J., 26, 899-922. DOI: 
https://doi.org/10.1007/s10040-017-1683-0   

Thilagavathi, N., Subramani, T., Suresh, M. and Karunanidhi, 
D., 2015. Mapping of groundwater potential zones in 
Salem Chalk Hills, Tamil Nadu, India, using remote 
sensing and GIS techniques. Environmental Monitoring 

and Assessment, 187(4), 1-17. DOI: 
https://doi.org/10.1007/s10661-015-4376-y 

Tiyip, T. and Ghulam, A., 2002. Research on model of 
groundwater level distribution in oasis and desert 
ecotone using remote sensing. Journal of Remote 
Sensing., 6-4, 299-306. 

Vittala, S. S., Govlndaiah, S. and Gowda, H. H., 2005. 
Evaluation of groundwater potential zones in the sub-

watersheds of north Pennar river basin around Pavagada, 
Karnataka, India using remote sensing and GIS 
techniques. J. Indian Soc. Remote Sens., 33(4), 483-493. 
DOI: https://doi.org/10.1007/BF02990733 

Wang, R.-H., Huang, J.-G. and Zhang, Q.-F., 2009 
Underwater multiple target tracking decision making 
based on an analytic network process. Journal of Marine 
Science Application, 8(4), 305-310. DOI: 

https://doi.org/10.1007/s11804-009-8048-6 
World Bank, 2005. India: India’s water economy, bracing for a 

turbulent future. Washington, DC WorldBank. Accessed 
4 December 2020. 

https://www.sciencedirect.com/science/article/abs/pii/S0959652617328342
https://doi.org/10.1016/j.jclepro.2017.11.161
https://link.springer.com/article/10.1007/s12517-012-0825-x#:~:text=The%20validation%20results%20showed%20that,the%20spatial%20multi%2Dcriteria%20evaluation.
https://link.springer.com/article/10.1007/s12517-012-0825-x#:~:text=The%20validation%20results%20showed%20that,the%20spatial%20multi%2Dcriteria%20evaluation.
https://link.springer.com/article/10.1007/s12517-012-0825-x#:~:text=The%20validation%20results%20showed%20that,the%20spatial%20multi%2Dcriteria%20evaluation.
https://link.springer.com/article/10.1007/s12517-012-0825-x#:~:text=The%20validation%20results%20showed%20that,the%20spatial%20multi%2Dcriteria%20evaluation.
https://link.springer.com/article/10.1007/s12517-012-0825-x#:~:text=The%20validation%20results%20showed%20that,the%20spatial%20multi%2Dcriteria%20evaluation.
https://link.springer.com/article/10.1007/s12517-012-0825-x#:~:text=The%20validation%20results%20showed%20that,the%20spatial%20multi%2Dcriteria%20evaluation.
https://link.springer.com/article/10.1007/s11069-012-0217-2
https://link.springer.com/article/10.1007/s11069-012-0217-2
https://link.springer.com/article/10.1007/s11069-012-0217-2
https://link.springer.com/article/10.1007/s11069-012-0217-2
https://link.springer.com/article/10.1007/s10040-013-1089-6
https://link.springer.com/article/10.1007/s10040-013-1089-6
https://link.springer.com/article/10.1007/s10040-013-1089-6
https://link.springer.com/article/10.1007/s10040-013-1089-6
https://link.springer.com/article/10.1007/s00254-007-0992-3#:~:text=GIS%20approach%20has%20been%20used,different%20features%20of%20thematic%20maps.
https://link.springer.com/article/10.1007/s00254-007-0992-3#:~:text=GIS%20approach%20has%20been%20used,different%20features%20of%20thematic%20maps.
https://link.springer.com/article/10.1007/s00254-007-0992-3#:~:text=GIS%20approach%20has%20been%20used,different%20features%20of%20thematic%20maps.
https://link.springer.com/article/10.1007/s00254-007-0992-3#:~:text=GIS%20approach%20has%20been%20used,different%20features%20of%20thematic%20maps.
https://link.springer.com/article/10.1007%2Fs10708-019-09981-5
https://link.springer.com/article/10.1007%2Fs10708-019-09981-5
https://link.springer.com/article/10.1007%2Fs10708-019-09981-5
https://link.springer.com/article/10.1007%2Fs10708-019-09981-5
https://doi.org/10.1007/s10708-019-09981-5
https://link.springer.com/article/10.1007/s12517-014-1668-4
https://link.springer.com/article/10.1007/s12517-014-1668-4
https://link.springer.com/article/10.1007/s12517-014-1668-4
https://link.springer.com/article/10.1007/s12517-014-1668-4
https://link.springer.com/article/10.1007/s12517-014-1668-4
https://www.mdpi.com/2073-4441/12/4/1168
https://www.mdpi.com/2073-4441/12/4/1168
https://www.mdpi.com/2073-4441/12/4/1168
https://www.mdpi.com/2073-4441/12/4/1168
https://link.springer.com/article/10.1007/s11518-006-0171-1
https://link.springer.com/article/10.1007/s11518-006-0171-1
https://link.springer.com/article/10.1007/s11518-006-0171-1
https://link.springer.com/article/10.1007/s11518-006-0171-1
https://link.springer.com/article/10.1007/BF02989928
https://link.springer.com/article/10.1007/BF02989928
https://link.springer.com/article/10.1007/BF02989928
https://link.springer.com/article/10.1007/BF02989928
https://link.springer.com/article/10.1007/BF02989928
https://link.springer.com/article/10.1007%2Fs10040-004-0378-5
https://link.springer.com/article/10.1007%2Fs10040-004-0378-5
https://link.springer.com/article/10.1007%2Fs10040-004-0378-5
https://link.springer.com/article/10.1007%2Fs10040-004-0378-5
https://doi.org/10.1007/s10040-004-0378-5
https://www.tandfonline.com/doi/abs/10.1080/10106049.2014.894584
https://www.tandfonline.com/doi/abs/10.1080/10106049.2014.894584
https://www.tandfonline.com/doi/abs/10.1080/10106049.2014.894584
https://www.tandfonline.com/doi/abs/10.1080/10106049.2014.894584
https://www.tandfonline.com/doi/abs/10.1080/10106049.2014.894584
https://linkinghub.elsevier.com/retrieve/pii/S1470160X18302255
https://linkinghub.elsevier.com/retrieve/pii/S1470160X18302255
https://linkinghub.elsevier.com/retrieve/pii/S1470160X18302255
https://linkinghub.elsevier.com/retrieve/pii/S1470160X18302255
https://doi.org/10.1016/j.ecolind.2018.03.070
https://link.springer.com/article/10.1007/s12517-017-3098-6#:~:text=The%20present%20study%20assesses%20the,of%20Korba%20Coalfield%2C%20Central%20India.&text=Results%20show%20that%20the%20groundwater,water%20samples%20are%20mildly%20alkaline.
https://link.springer.com/article/10.1007/s12517-017-3098-6#:~:text=The%20present%20study%20assesses%20the,of%20Korba%20Coalfield%2C%20Central%20India.&text=Results%20show%20that%20the%20groundwater,water%20samples%20are%20mildly%20alkaline.
https://link.springer.com/article/10.1007/s12517-017-3098-6#:~:text=The%20present%20study%20assesses%20the,of%20Korba%20Coalfield%2C%20Central%20India.&text=Results%20show%20that%20the%20groundwater,water%20samples%20are%20mildly%20alkaline.
https://link.springer.com/article/10.1007/s12517-017-3098-6#:~:text=The%20present%20study%20assesses%20the,of%20Korba%20Coalfield%2C%20Central%20India.&text=Results%20show%20that%20the%20groundwater,water%20samples%20are%20mildly%20alkaline.
https://link.springer.com/article/10.1007/s12517-017-3098-6#:~:text=The%20present%20study%20assesses%20the,of%20Korba%20Coalfield%2C%20Central%20India.&text=Results%20show%20that%20the%20groundwater,water%20samples%20are%20mildly%20alkaline.
https://www.tandfonline.com/doi/full/10.1080/10106049.2019.1648566
https://www.tandfonline.com/doi/full/10.1080/10106049.2019.1648566
https://www.tandfonline.com/doi/full/10.1080/10106049.2019.1648566
https://www.tandfonline.com/doi/full/10.1080/10106049.2019.1648566
https://www.tandfonline.com/doi/full/10.1080/10106049.2019.1648566
https://doi.org/10.1080/10106049.2019.1648566
https://link.springer.com/article/10.1007/s10040-004-0375-8
https://link.springer.com/article/10.1007/s10040-004-0375-8
https://link.springer.com/article/10.1007/s10040-004-0375-8
https://link.springer.com/article/10.1007/s10040-004-0375-8
https://link.springer.com/article/10.1007/s10040-004-0375-8
https://link.springer.com/article/10.1007/s10040-004-0375-8#citeas
https://link.springer.com/article/10.1007/s10040-004-0375-8#citeas
https://link.springer.com/article/10.1007/s10040-004-0375-8#citeas
https://link.springer.com/article/10.1007/s10040-004-0375-8#citeas
https://link.springer.com/article/10.1007/s10040-004-0375-8#citeas
http://www.scielo.org.co/scielo.php?script=sci_abstract&pid=S1794-61902013000200002
http://www.scielo.org.co/scielo.php?script=sci_abstract&pid=S1794-61902013000200002
http://www.scielo.org.co/scielo.php?script=sci_abstract&pid=S1794-61902013000200002
http://www.scielo.org.co/scielo.php?script=sci_abstract&pid=S1794-61902013000200002
http://www.scielo.org.co/scielo.php?script=sci_abstract&pid=S1794-61902013000200002
https://www.sciencedirect.com/science/article/abs/pii/S1874865108600253
https://www.sciencedirect.com/science/article/abs/pii/S1874865108600253
https://www.sciencedirect.com/science/article/abs/pii/S1874865108600253
https://www.sciencedirect.com/science/article/abs/pii/S1874865108600253
https://link.springer.com/article/10.1007%2Fs10040-017-1683-0
https://link.springer.com/article/10.1007%2Fs10040-017-1683-0
https://link.springer.com/article/10.1007%2Fs10040-017-1683-0
https://link.springer.com/article/10.1007%2Fs10040-017-1683-0
https://link.springer.com/article/10.1007%2Fs10040-017-1683-0
https://doi.org/10.1007/s10040-017-1683-0
https://link.springer.com/article/10.1007/s10661-015-4376-y#:~:text=Remote%20sensing%20and%20GIS%20techniques%20have%20been%20used%20to%20map,Hills%2C%20Tamil%20Nadu%2C%20India.&text=At%20the%20contacts%20of%20gneiss,m%20favoring%20good%20groundwater%20potential.
https://link.springer.com/article/10.1007/s10661-015-4376-y#:~:text=Remote%20sensing%20and%20GIS%20techniques%20have%20been%20used%20to%20map,Hills%2C%20Tamil%20Nadu%2C%20India.&text=At%20the%20contacts%20of%20gneiss,m%20favoring%20good%20groundwater%20potential.
https://link.springer.com/article/10.1007/s10661-015-4376-y#:~:text=Remote%20sensing%20and%20GIS%20techniques%20have%20been%20used%20to%20map,Hills%2C%20Tamil%20Nadu%2C%20India.&text=At%20the%20contacts%20of%20gneiss,m%20favoring%20good%20groundwater%20potential.
https://link.springer.com/article/10.1007/s10661-015-4376-y#:~:text=Remote%20sensing%20and%20GIS%20techniques%20have%20been%20used%20to%20map,Hills%2C%20Tamil%20Nadu%2C%20India.&text=At%20the%20contacts%20of%20gneiss,m%20favoring%20good%20groundwater%20potential.
https://link.springer.com/article/10.1007/s10661-015-4376-y#:~:text=Remote%20sensing%20and%20GIS%20techniques%20have%20been%20used%20to%20map,Hills%2C%20Tamil%20Nadu%2C%20India.&text=At%20the%20contacts%20of%20gneiss,m%20favoring%20good%20groundwater%20potential.
https://link.springer.com/article/10.1007/BF02990733
https://link.springer.com/article/10.1007/BF02990733
https://link.springer.com/article/10.1007/BF02990733
https://link.springer.com/article/10.1007/BF02990733
https://link.springer.com/article/10.1007/BF02990733
https://link.springer.com/article/10.1007%2Fs11804-009-8048-6
https://link.springer.com/article/10.1007%2Fs11804-009-8048-6
https://link.springer.com/article/10.1007%2Fs11804-009-8048-6
https://link.springer.com/article/10.1007%2Fs11804-009-8048-6
https://openknowledge.worldbank.org/handle/10986/8413
https://openknowledge.worldbank.org/handle/10986/8413


Remote Sensing of Land, 5(1), 41-58, 2021.                          Mir et al. 

58 

 

World Bank, 2012 Groundwater a valuable but diminishing 
resource: a feature story IBRD–IRD. 

Yang, C. L., Chuang, S. P., Huang, R. H. and Tai, C. C., 2008 
Location selection based on AHP/ANP approach. IEEE, 
International Conference on Industrial Engineering and 

Engineering Management, Singapore, 1148-1153. DOI: 
https://doi.org/10.1109/IEEM.2008.4738050 

Yeh, H.-F., Cheng, Y.-S., Lin, H.-I. and Lee, C.-H., 2016. 
Mapping groundwater recharge potential zone using a 

GIS approach in Hualian River, Taiwan. Sustainable 
Environment Research, 26(1), 33-43. DOI: 
https://doi.org/10.1016/j.serj.2015.09.005 

Zabihi, M., Pourghasemi, H. R., Pourtaghi, Z. S. and 
Behzadfar, M., 2016. GIS-based multivariate adaptive 

regression spline and random forest models for 
groundwater potential mapping in Iran. Environmental 
Earth Sciences, 75(8), 1-1. DOI: 
https://doi.org/10.1007/s12665-016-5424-9  

 
***** 

https://www.worldbank.org/en/news/feature/2012/03/06/india-groundwater-critical-diminishing
https://www.worldbank.org/en/news/feature/2012/03/06/india-groundwater-critical-diminishing
https://ieeexplore.ieee.org/document/4738050
https://ieeexplore.ieee.org/document/4738050
https://ieeexplore.ieee.org/document/4738050
https://ieeexplore.ieee.org/document/4738050
https://doi.org/10.1109/IEEM.2008.4738050
https://www.sciencedirect.com/science/article/pii/S246820391630005X
https://www.sciencedirect.com/science/article/pii/S246820391630005X
https://www.sciencedirect.com/science/article/pii/S246820391630005X
https://www.sciencedirect.com/science/article/pii/S246820391630005X
https://link.springer.com/article/10.1007/s12665-016-5424-9
https://link.springer.com/article/10.1007/s12665-016-5424-9
https://link.springer.com/article/10.1007/s12665-016-5424-9
https://link.springer.com/article/10.1007/s12665-016-5424-9
https://link.springer.com/article/10.1007/s12665-016-5424-9

	1 INTRODUCTION
	2  STUDY AREA
	3 METHODOLOGY
	3.1 Datasets
	3.2 Thematic Layers
	3.3 Weights Using AHP/ANP Hierarchy Model
	3.4 Weighted Overlay Analysis for Groundwater Potential Zonation
	3.5 Criterions
	3.5.1 Lithology
	3.5.2 Land Use Land Cover
	3.5.3 Lineament Density
	3.5.4 Drainage Density
	3.5.5 Topographic Wetness Index
	3.5.6 Topographic Position Index
	3.5.7 Slope
	3.5.8 Rainfall


	4 RESULTS AND DISCUSSIONS
	4.1 Groundwater Potential Zones
	4.2 Validation

	5 CONCLUSION
	CONFLICT OF INTEREST
	ABBREVIATIONS
	ACKNOWLEDGMENTS
	REFERENCES

