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Abstract: This paper aims to identify the groundwater-potential zones in coastal zones of the Cud-
dalore district by integrating remote sensing, Geographic Information System (GIS), and Analytical
Hierarchy Process (AHP) techniques. The thematic layers such as geomorphology, landuse/land
cover, lineament density, geology, soil, drainage density, rainfall, and slope are considered for the
identification of groundwater-potential zones. The groundwater-potential zones are categorized
into five zones as ‘very good’, ‘good’, ‘moderate’, ‘poor’, and ‘very poor’. From the study, it is
observed that the rainwater/surface water infiltration to the aquifer is high in the eastern region
due to flat topography, and thus, these zones possess ‘very good’ and ‘good’ groundwater-potential
zones. The groundwater potential in the central region of the study area possesses moderate infil-
tration capacity, which is suitable for agricultural practices. Moreover, it is also observed that the
groundwater potential is ‘poor’ and ‘very poor’ in the northwest region due to steep slopes in which
suitable recharge structures should be constructed in these zones to harvest the rainwater. Eventually,
the obtained results are validated with existing bore wells in the study area, and it reveals that a
GIS-based integrated method is an effective tool for the exploration of groundwater resources with
high accuracy.

Keywords: remote sensing; GIS; analytical hierarchy process; groundwater-potential zones

1. Introduction

Groundwater is an important natural resource that plays a vital role in the existence
of human life. The availability of groundwater is dynamic, and it is influenced by rain-
fall recharge [1] topographic features, pores of the soil, lithologic conditions, geologic
formation, drainage pattern, land use pattern, and rock features such as fractures, folds,
and joints [2,3]. There has been an increase in demand for groundwater in the last few
decades due to the rapid growth of population, increased industrialization, and agricul-
tural intensification [4]. Domestic and industrial needs in semiarid regions are largely met
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through groundwater [5,6]. Notable scholars [7,8] have pointed out that groundwater in
India accounts for 65% of agricultural activities. This increased use of groundwater results
in the depletion of its level [9], enhanced geochemical process in aquifers, and deterioration
of groundwater quality [10,11]).

Groundwater users often overlook groundwater problems until they are well ad-
vanced. During the initial stages of development, when the abstraction of water is less than
the natural recharge, groundwater management is fairly simple. However, the management
problems increase significantly as the development reaches a stage where the abstraction is
equal to or exceeds the natural recharge. Therefore, groundwater-potential zone identifi-
cation is of paramount importance for the safe withdrawal of groundwater and effective
management [12]. Researchers have pointed out that the groundwater-potential zones
can be delineated by different traditional methods such as water table fluctuation [13,14],
geophysical survey [15–17] and determination of aquifer properties [18,19]. Traditional
methods require skilled labor and are time-consuming and uneconomic [20]. Remote sens-
ing and GIS techniques have emerged, in recent decades, as a modern method to explore
groundwater resources [21]. The factors involved in traditional and modern methods of
exploring the groundwater-potential zones are different, and hence the outcomes may vary
consequently [22].

Geospatial technologies are widely used by various researchers across the world to
identify groundwater-potential zones [23,24] by incorporating geo-environmental factors
such as geomorphology, land use/land cover, lineament density, geology, lithology, soil,
drainage density, rainfall and slope [25,26]. This technique is a time-consuming but cost-
effective, robust, and effective tool to decipher the groundwater-potential zones [27,28].
Integration of satellite data, convention maps, and rectified ground truth data serve as
guidelines for the exploration of groundwater resources. Substantial investigations [29–38]
have been conducted on hydrogeochemical characteristics of groundwater in Cuddalore
District, Tamil Nadu State, India. Ref. [39] investigated groundwater discharges in coastal
zones of the Cuddalore district. The electrical resistivity method is used to identify the
source of groundwater pollution in the study region [40]. The hydrogeophysical inves-
tigation is carried out by [41] to study the subsurface conditions. Geospatial technology
is used to demarcate the zones of groundwater potential [42]. However, no studies have
been carried out in the study region to delineate the groundwater-potential zones by in-
corporating geo-environmental factors using the integration of remote sensing, GIS, and
AHP techniques. Therefore, the primary objective of this research work is to delineate the
groundwater-potential zones through the integration of remote sensing, GIS, and AHP
techniques for the effective management of groundwater resources in the study area.

2. Study Area

The study area is set in the eastern part of Cuddalore district, Tamil Nadu, India,
between latitudes 11◦20′ N to 11◦50′ N and longitudes 79◦20′ E to 79◦50′ E (Figure 1) with
an aerial extent of 1258.46 km2. The average altitude of the study region is 6 m. The
average temperature ranges between 20 ◦C and 38 ◦C. The normal annual rainfall varies
from 1050 to 1400 mm, a large of which is contributed by the northeast monsoon (57%)
followed by the southwest monsoon (31%), summer (7%), and winter (5%). The rainfall
in the northern region is drained through Gadilam and Pennaiyaar rivers, whereas the
southern region is drained by Vellar and Coleroon rivers. The rivers flow from west to
east toward the coast, and the coastal part is covered by lagoons and backwaters [43].
Geologically, the region comprises sedimentary strata of tertiary and quaternary deposits
belonging to the age of Mio Pliocene and sub-recent age, respectively [36]. The tertiary
formation consists of sandstone; however, the quaternary formation encompasses soils,
coastal sand, clay, and alluvium [44]. The sandstones are interposed with clay lenses at a
few locations below the alluvial formation. The Quaternary deposit is found at a depth of
less than 30 m, and the tertiary deposit occurs at a larger depth. The quality of groundwater
in the eastern part is poor due to the intrusion of seawater and lagoons during high tides.
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The occurrence and movement of the groundwater in sedimentary formation depend on
the rate of transmissivity, permeability, specific capacity, specific yield, and grain size of
the particles. Three types of aquifers such as phreatic, semi-confined-to-confined, and
alluvial found in the study region. The phreatic aquifer occurs in sandstone formation,
and alluvial formation occurs at shallow depths. The confined aquifer extends to a greater
depth between 100 and 450 m below the ground level.
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Figure 1. Location of study area.

3. Materials and Methods
3.1. Thematic Layer

In order to delineate groundwater-potential zones in the study area, eight thematic
maps such as geomorphology (GM), land use/land cover (LULC), lineament density (LD),
geology (GE), soil (SO), drainage density (DD), rainfall (RF), slope (SL) are prepared using
ArcGIS pro software (Figure 2). The geology, geomorphology, and soil details are obtained
from Public Works Department (PWD). Linear Imaging and Self Scanning Sensor (LISS-III
with 24 m spatial resolution) acquired in April 2017 (Bhuvan) is used to derive the LULC
map [28,45] using the supervised classification technique. Lineaments are interpreted by
automatic line extraction in PCI (Peripheral Component Interconnect) Geomatica, and
lineament density map (km/km2) is prepared using line density (spatial analysis tool).
The drainage density (km/km2) and slope (degree) are derived from DEM with 30 m
resolution using spatial analysis tool [46–48]. The rainfall data are obtained from Indian
Meteorological Department (IMD), and rainfall map is prepared from average annual
rainfall using inverse distance weightage through spatial interpolation techniques. The
above-said thematic maps are integrated after assigning proper weightage using weighted
overlay analysis.
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3.2. Assignment of Weights and Rankings

The weights assigned to these eight parameters are determined based on past studies,
field experience, and opinion of experts [49]. The groundwater storage and flow are
mainly controlled by these eight parameters. The high and low weights are assigned to
the parameters which play a major and minor role in groundwater potential, respectively.
Researchers [49–51] have used the Analytical Hierarchy Process (AHP) in solving the
multi-parameter assessment. The relative importance of individual classes within the same
map and thematic maps are compared to each other using pairwise comparison matrices.
Moreover, the pairwise comparison matrix is created for eight layers by comparing the
given scores for each layer (Table 1).

Table 1. Pairwise comparison matrix for the Analytical Hierarchy Process (AHP).

Thematic Maps GM LULC LD GE SM DD RF SL

GM 1 2 2 3 4 4 5 5

LULC 1/2 1 2 2 3 3 4 5

LD 1/2 1/2 1 2 2 4 5 6

GE 1/3 1/2 1/2 1 2 3 4 4

SM 1/4 1/3 1/3 1/2 1 2 3 3

DD 1/4 1/3 1/4 1/3 1/2 1 2 2

RF 1/5 1/4 1/5 1/4 1/3 1
2 1 2

SL 1/5 1/5 1/5 1/4 1/3 1
2 1/2 1

The relative importance of a set of criteria over another is decided based on Saaty’s
scale from 1 to 9. As pointed out in (Dar et al., 2021 [49]), a score 1 refers to equal accounts,
and a score 9 means one factor has greater importance over other. The eigenvector approach
is used to generate the normalized weights of each thematic layer (Table 2). The existence of
subjectivity due to weights assigned to each thematic layer is reduced by the normalization
process [52]. From the pairwise comparison matrix, the maximum eigenvalue in the nor-
malized eigenvalue is used to derive the final weights of each thematic layer, and in order
to obtain the same, Ref. [50] suggested computing consistency ratio as explained below.
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Thus, the uncertainty encountered in AHP assessment is identified through calculation of
consistency ratio (CR).

Table 2. Normalized Pairwise comparison matrix and weights obtained for the AHP process.

Thematic Maps GM LULC LD GE SM DD RF SL Weightage CR

GM 0.309 0.391 0.310 0.321 0.304 0.222 0.204 0.179 0.280 0.02

LULC 0.155 0.195 0.310 0.214 0.228 0.167 0.163 0.179 0.201

LD 0.155 0.098 0.155 0.214 0.152 0.222 0.204 0.214 0.177

GE 0.103 0.098 0.078 0.107 0.152 0.167 0.163 0.143 0.126

SM 0.077 0.065 0.052 0.054 0.076 0.111 0.122 0.107 0.083

DD 0.077 0.065 0.039 0.036 0.038 0.056 0.082 0.071 0.058

RF 0.062 0.049 0.031 0.027 0.025 0.028 0.041 0.071 0.042

SL 0.062 0.039 0.026 0.027 0.025 0.028 0.020 0.036 0.033

The consistency Index is calculated by Equation (1).

CI =
λmax − n

n − 1
(1)

where, ‘λmax’ is the principal eigenvalue computed by eigenvector method and ‘n’ denotes
the number of classes.

The consistency ratio (CR) refers to the consistency of the matrix. In the matrix with
CR value greater than 0.1, the relative importance given is untrustworthy and needs to be
reconsidered until the CR < 0.1 is achieved. The CR value is calculated by Equation (2).

CR =
CI
RI

(2)

RI is the Ratio Index.
In this case, consistency check of the layers is λmax = 8.258, n = 8, RI = 1.41, CI = 0.0369

and CR = 0.02. The calculated consistency value is less than the required value of 0.1 and
hence a high level of consistency is reached.

Thus, the occurrence of groundwater potential depends on these eight parameters,
and the appropriate weights are assigned to the parameters considered for this study for
the overlay process (Table 3). The overlay analysis is carried out by integration of thematic
maps using ArcGIS pro software. The thematic maps are converted into raster format,
which consists of rank and weightage. The weighted overlay technique is used to calculate
the groundwater-potential zones (GWP) using Equation (3) [53].

GWP = 28GM + 20.13LU + 17.67LD + 12.62GE + 8.30SO + 5.79DD + 4.17RF + 3.28SL (3)

Table 3. Weightage and rating of the factors influencing groundwater-potential zones.

Factor Weightage Classes Rating

Geomorphology 28.006 Alluvial Plain 13.872

Coastal Plain 7.254

Flood Plain 3.839

Pediplain 2.015

Upland 1.026
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Table 3. Cont.

Factor Weightage Classes Rating

Land use and Land cover 20.136 Water bodies 9.974

Sandy Area 5.215

Plantaion 2.760

Forest 1.449

Built up land 0.738

Lineament Density (km/km2) 17.678 2.13–1.71 8.756

1.70–1.29 4.579

1.28–0.09 2.423

0.08–0.05 1.272

0.04–0 0.648

Geology 12.627 Sand, clay and shells 7.424

Clay and sandstone 3.378

Clay 1.825

Soil 8.305 Inceptisols 4.536

Entisols 2.170

Aflisols 1.110

Vertisols 0.489

Drainage Density (km/km2) 5.794 0–0.48 2.870

0.49–0.86 1.501

0.87–1.20 0.794

1.21–1.55 0.417

1.56–2.39 0.212

Rainfall (mm) 4.173 >1200 2.067

1200–1151 1.081

1150–1101 0.572

1100–1001 0.300

<1000 0.153

Slope 3.284 0–1.34◦ 1.627

1.35–2.68◦ 0.851

2.69–4.69◦ 0.450

4.70–10.20◦ 0.236

10.21–34.23◦ 0.120

The obtained groundwater-potential zones are validated with depth of water in the
dug well.

4. Results and Discussion
4.1. Geomorphology

A Geomorphology map provides information about the origin, occurrence, and move-
ment of groundwater [54,55]. In geomorphological landforms such as alluvial plains, flood
plains, and pediplains, groundwater occurrence is mainly influenced by lithologic condi-
tions, slope, drainage pattern, infiltration rate, and runoff [3]. The major portion of the
study area is a flat plain, sloping gently from west to east and towards the sea. The observed
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geomorphologic unit consists of different landforms such as alluvial plains, coastal plains,
flood plains, pediplains, and uplands (Figure 3a). The eastern region is covered with a
coastal plain. Flood plains are noticed in the northern and southern parts of the study area.
An alluvial plain is also found in the northern and southwestern regions. The western re-
gion is covered with pediplain and upland with undulating surfaces. The distribution and
changes in morphological traits correlate with the variations in lithology [42]. Moreover,
the alluvial plain, coastal plain, and flood plain are associated with high porosity [56], and
groundwater potential is accumulated in these zones [49]. Thus, it can be concluded that
the alluvial plain, coastal plain, and flood plain are categorized as ‘very good’, ‘good’, and
‘moderate’, respectively. The pediplain weathered formation is regarded as ‘poor’, and the
upland category is considered as ‘very poor’ due to high runoff [57].
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4.2. Land Use/Land Cover (LULC)

The earth’s surface topographical conditions are reflected through the land use/land
cover. The LULC maps are essential for the planning, development, and management of
groundwater [58]. The LULC in semiarid regions changes quickly due to climate change
and water scarcity. The recharge of surface water to the aquifer is mainly influenced by
land use/land cover, and also it helps to identify the groundwater-potential zones [56,59].
The study area is covered by water bodies, sandy areas, plantations, forests, and built-up
land (Figure 3b). The LULC classes, such as water bodies and sandy areas, hold a sufficient
amount of groundwater than other LULC classes [28]. Moreover, the water bodies also serve
as groundwater recharge zones, and the infiltration rate is high in the sandy area [60]. Thus
water body and sandy area are grouped as ‘very good’ and ‘good’ categories, respectively.
The plantation is considered as ‘medium’, and the forest is categorized as ‘poor’ [51].
Generally, it is observed that the infiltration is less in built-up land, resulting in a high
runoff, and therefore, it is categorized as ‘very poor’ [28].

4.3. Lineament Density

Lineament density is the measure of different geological structures, and it represents
the zones of faults and fractures [22]. Lineaments are created by tectonic activity, and it
reveals information related to underlying structural features through surface topographic
conditions [61]. Lineament density plays a key role in controlling the infiltration of surface
water into the aquifer and thus leads to a direct relationship exists between lineament den-
sity and groundwater-potential zones [3,62]. The weightage assigned to lineament density
is based on the lineament’s proximity. As seen in the study by [28], it is also observed that
groundwater-potential decreases as the distance from the lineament increases. The high
lineament density provides good porosity, and thus high weight is given to categories with
high lineament density [63]. The lineament density in the study area ranges between 0
and 2.13 km/km2 (Figure 3c). Based on lineament density, the study area is categorized
into five classes as ‘very good’ (2.13–1.71 km/km2), ‘good’ (1.70–1.29 km/km2), ‘moder-
ate’ (1.28–0.09 km/km2), ‘poor’ (0.08–0.05 km/km2), and ‘very poor’ (0.04–0 km/km2).
The results confirm that the high lineament density regions are associated with good
groundwater-potential zones and are favorable for groundwater development.

4.4. Geology

The movement of groundwater is mainly influenced by rock parameters such as poros-
ity and permeability, and these parameters differ for different types of rock [64]. The sedi-
mentary formation is highly influenced by primary porosity [57]. The geological formation
of the study region comprises sand/clay/shells admixture, clay/sandstone admixture, and
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clay (Figure 3d). Sand/clay/shells admixture is observed in the southeastern region. The
western and a few parts of the southern region are covered with clay/sandstone formations.
The clay formation is observed in the eastern, northern, and southern parts of the study
area. Sand/clay/shells admixture possesses high infiltration [65], and thus it is categorized
as ‘good’. The permeability is medium in clay/sandstone admixture [66], and consequently,
it is categorized as ‘moderate’. The clay formation possesses low permeability [67], and
thus, low weightage ‘poor’ is assigned to this formation.

4.5. Soil

The interaction between surface water and groundwater depends on the permeability
and porosity of the soil [58]. Soil infiltration capacity directly depends on its composition,
and also it influences groundwater availability [49]. The infiltration of water into the aquifer
is highly influenced by the texture and hydraulic characteristics of the soil. The soil unit of
the study area comprises inceptisols, entisols, aflisols, and vertisols, as shown in Figure 3e.
The northern and middle regions of the study area are covered with alfisols. The entisols
are mainly observed in the eastern region and also in the western region. The inceptisols
spread throughout the study; however, the vertisols are noticed in the southern region and
some parts of the northern region. The weightage for each class is assigned based on their
degree of infiltration. The high weightage is assigned to inceptisols and entisols since the
alfisols and vertisols consist of clay particles [56]. The alfisols play a moderate impact on
groundwater potential [68]. The highest weight of ‘very good’ is assigned to inceptisols as
it has a high degree of infiltration, followed by ‘good’ (entisols), ‘moderate’ (alfisols), and
‘poor’ (vertisols).

4.6. Drainage Density

Drainage density is the ratio of the total length of stream channels to the total catch-
ment area of the basin [69]. It is the quantitative measurement of the stream channel
length of the entire basin [70], and it is a function of physical characteristics and climatic
conditions [61,71]. Drainage density is influenced by geologic conditions, geomorphologic
features, and the amount of rainfall [72]. It also resembles the runoff in the catchment
as well as the amount of rainwater infiltrated into the aquifer [73]. Ref. [22] found that
drainage density is inversely related to permeability, and thus inverse relationship exists
between drainage density and groundwater-potential zones. The zones with high drainage
density are associated with high runoff [68], and thus it results in less percolation. Thus,
high and low drainage density zones are associated with low and high groundwater-
potential zones, respectively [67]. From the study, it was found that drainage density
ranges between 0–2.39 km/km2, and it is a mixed pattern in the study area (Figure 3f).
It is categorized as ‘very good’ (0–0.48 km/km2), ‘good’ (0.49–0.86 km/km2), ‘moder-
ate’ (0.87–1.20 km/km2), ‘poor’ (1.21–1.55 km/km2), and ‘very poor’ (1.56–2.39 km/km2).
The high weight is assigned to low drainage density and low weight to high drainage
density [52,60].

4.7. Rainfall

The major source of groundwater in the study area is contributed by the strong rainfall
relationship that exists between rainfall and groundwater [74]. Rainfall intensity and
duration play a significant role in infiltration and surface runoff [75]. The recharge of
groundwater is maximum in high-intensity rainfall than in low-intensity rainfall [57]. The
average annual rainfall in the study area ranges between 1050 and 1400 mm. Even though
average annual rainfall is high, water scarcity is observed in a few regions of the study area
due to erratic patterns of rainfall and topography conditions. From Figure 3g, it can be seen
that a high amount of rainfall is observed in the southeastern region, and a low amount of
rainfall is observed in the northern, middle, and western regions of the study area. This
shows that there is a direct relationship exists between rainfall and groundwater availability,
and thus, greater weightage is assigned to high rainfall [65,76]. The rainfall is classified



Sustainability 2023, 15, 5339 10 of 15

into five categories on the basis of minimum and maximum average annual rainfall [28]
as ‘very good’ (>1200 mm), ‘good’ (1200–1151 mm), ‘moderate’ (1150–1101 mm), ‘poor’
(1100–1000 mm) and ‘very poor’ (<1000 mm). From the obtained results, it can be concluded
that the high rainfall zones are associated with flat slope conditions, which possess a high
rate of infiltration, and these zones serve as augmentation of groundwater resources.

4.8. Slope

Groundwater recharge and catchment runoff are highly influenced by the slope [72,77].
The slope is an important factor in the discharge of groundwater, and it helps to identify
the sites for constructing the artificial recharge structures [51]. The slope is an essential
factor in evaluating groundwater availability. The study area covers a gentle flat slope,
whereas the slope of a high degree is observed in the western region due to the presence of
upland (Figure 3h). A high slope is observed in the western region, which possesses high
runoff [78]. This indicates that the infiltration of surface water into the aquifer is relatively
lesser than in other locations. The eastern region encompasses a gentle slope, and these
zones are associated with a high rate of infiltration. High degrees and low degrees of slopes
are associated with high and low runoff, respectively. Thus high weightage is assigned
to a low slope degree and low weightage to a high slope degree, as given in the research
works of [67] and [79]. The slope of the study area varies between 0–34.23◦ (Figure 3h),
and it is grouped into five classes as ‘very good’ (0–1.34◦), ‘good’ (1.35–2.68◦), ‘moderate’
(2.69–4.69◦), ‘poor’ (4.70–10.20◦) and ‘very poor’ (10.21–34.23◦). From the results, it can be
concluded that the low degree of slope is associated with the accumulation of groundwater
resources; however, the high degree of slope is related to the shrinkage of groundwater
resources [80].

4.9. Groundwater-Potential Zones

The groundwater-potential zones are obtained as a result of the weighted overlay of all
the thematic layers based on the individual and layer class weightage of the thematic layers
such as geomorphology, landuse/landcover, lineament density, geology, soil, drainage
density, rainfall, and slope. The obtained groundwater-potential map is categorized into
five zones as ‘very good’, ‘good’, ‘moderate’, ‘poor’, and ‘very poor’ (Figure 4). The result
reveals that 15.83% (199.32 km2) and 28.35% (356.78 km2) of the total study area fall under
very good and good, respectively. A total of 29.31% (368.98 km2) of the study area possess
‘moderate’ groundwater-potential zones. The ‘poor’ and ‘very poor’ groundwater-potential
zones of the study area constitute around 15.53% (195.51 km2) and 10.95% (137.87 km2),
respectively. The ‘very good’ and ‘good’ groundwater-potential zones are concentrated
along the coastal plain in the eastern region and around water bodies. These zones must be
protected from contamination as it is associated with high infiltration capacity and high per-
meability [43]. The flat topography of these zones is favorable for rainwater/surface water
to infiltrate into the aquifer. The ‘moderate’ groundwater-potential zones are located in the
central to the southern region, and these zones are associated with alluvial plains [77]. The
infiltration capacity is moderate in these zones and suitable for agricultural practices. The
‘very poor’ and ‘poor’ groundwater-potential zones are noted in the northwestern region,
and these zones are associated with both pediplain and upland [80]. The uneven topogra-
phy and high slope of these zones result in a high runoff, and thus, infiltration capacity is
very low. The surplus water in monsoon seasons should be properly stored by constructing
the recharge structures such as check dams, percolation ponds, and recharge shafts.

In ‘very poor’ and ‘poor’ groundwater-potential zones, groundwater utilization should
be minimized by changing the cropping pattern. Surface water and rainwater should be
used as alternative sources to meet the demand. The water management policies should be
strictly implemented in these zones to augment the groundwater resources.



Sustainability 2023, 15, 5339 11 of 15

Sustainability 2023, 15, x FOR PEER REVIEW 11 of 16 
 

monsoon seasons should be properly stored by constructing the recharge structures such 
as check dams, percolation ponds, and recharge shafts. 

 
Figure 4. Groundwater-potential zones. 

In ‘very poor’ and ‘poor’ groundwater-potential zones, groundwater utilization 
should be minimized by changing the cropping pattern. Surface water and rainwater 
should be used as alternative sources to meet the demand. The water management 
policies should be strictly implemented in these zones to augment the groundwater 
resources. 

4.10. Validation of Obtained Groundwater-Potential Zones 
The groundwater-potential map is overlaid with 35 observation bore wells data for 

validation. The groundwater level data are obtained from the Central Ground Water 
Board (CGWB) and Public Works Department (PWD) for pre- and post-monsoons during 
the year 2018–2019. On the basis of maximum and minimum water depth in the wells, the 
observed wells are categorized into five categories as ‘very good’ (1.55–2.90 m), ‘good’ 
(2.91–4.45 m), ‘moderate’ (4.46–9.43 m), ‘poor’ (9.44–15.83 m), ‘very poor’ (15.84–35.12 m). 
Table 4 shows the error matrix of groundwater-potential zones. The error matrix is 
developed by correlating obtained a groundwater-potential map and observed wells data 
using accuracy assessment [61]. 

Table 4. Error matrix of groundwater-potential zones. 

S. No GWP Very Good Good Moderate Poor Very 
Poor Total Correct 

Samples 

1 Very 
Good 

8 1 0 0 0 9 8 

2 Good 1 4 0 1 1 7 4 
3 Moderate 0 0 5 1 1 7 5 
4 Poor 0 0 0 5 1 6 5 

Figure 4. Groundwater-potential zones.

4.10. Validation of Obtained Groundwater-Potential Zones

The groundwater-potential map is overlaid with 35 observation bore wells data for
validation. The groundwater level data are obtained from the Central Ground Water Board
(CGWB) and Public Works Department (PWD) for pre- and post-monsoons during the year
2018–2019. On the basis of maximum and minimum water depth in the wells, the observed
wells are categorized into five categories as ‘very good’ (1.55–2.90 m), ‘good’ (2.91–4.45 m),
‘moderate’ (4.46–9.43 m), ‘poor’ (9.44–15.83 m), ‘very poor’ (15.84–35.12 m). Table 4 shows
the error matrix of groundwater-potential zones. The error matrix is developed by cor-
relating obtained a groundwater-potential map and observed wells data using accuracy
assessment [61].

Table 4. Error matrix of groundwater-potential zones.

S. No GWP Very Good Good Moderate Poor Very Poor Total Correct Samples

1 Very Good 8 1 0 0 0 9 8

2 Good 1 4 0 1 1 7 4

3 Moderate 0 0 5 1 1 7 5

4 Poor 0 0 0 5 1 6 5

5 Very Poor 0 1 0 0 5 6 5

Total 9 6 5 7 8 35 27

Overall accuracy 77.14%

Kappa coefficient 0.71

The overall accuracy is the ratio of the number of correct observation wells to the
total number of wells [61,81]. The Kappa coefficient (K) is another indicator of accuracy,
whereas its value ranges between 0 and 1. The results also confirm that a high and low
Kappa coefficient is associated with good and no agreement, respectively.
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The Kappa coefficient is calculated by Equation (4) [61,82].

K =
Percent overall correct value− Percent correct agreement to observed values

Total number o f class− Percent correct agreement to observed values
(4)

The overall accuracy obtained by the error matrix is 77.14%, and the Kappa coefficient
is 0.71. This result shows that a good correlation exists between groundwater-potential
maps and observation bore wells data.

5. Conclusions

The groundwater-potential zones are identified using the integration of GIS, remote
sensing, and AHP techniques by considering the factors such as geomorphology, land
use/land cover, lineament density, geology, soil, drainage density, rainfall, and slope, which
influence the availability of groundwater. The results show that 15.83% (199.32 km2), 28.35%
(356.78 km2), and 29.31% (368.98 km2) of the study area are associated with ‘very good’,
‘good’ and ‘moderate’ groundwater-potential zones respectively. The 15.53% (195.51 km2)
and 10.95% (137.87 km2) of the study region consist of ‘poor’ and ‘very poor’ groundwater-
potential zones, respectively. The ‘very good’ and ‘good’ groundwater-potential zones
are detected in the eastern region, and these zones are accompanied by a high infiltration
rate and high permeability. The central to southern region of the study area exhibits
‘moderate’ groundwater-potential zones, which are suitable for agricultural practices. The
infiltration capacity of the northwestern region is low due to high runoff, and these zones
are associated with ‘poor’ and ‘very poor’ groundwater-potential zones where suitable
groundwater recharge structures should be constructed to augment the groundwater
resources. The results are validated with the existing groundwater level in the study area,
and it is identified that a good correlation exists between the groundwater-potential map
and observation bore wells data. The results will serve as guidelines for drilling new
boreholes and supports in assigning input parameters to groundwater modeling studies.
The output of this research work will serve as guidelines for planning the artificial recharge
structures such as check dams, percolation ponds, and recharge shafts in the study area’s
sustainable utilization of groundwater resources.
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