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Abstract

The maintenance of ecological diversity, public health, and economic expansion depends on appropriately
managing groundwater supplies. This study focuses on the Markanda Watershed, a region characterized by
its diverse topography, and pressing issues such as groundwater over-extraction, seasonal water shortages,
and flooding. The analytic hierarchy process (AHP) and fuzzy AHP are two highly developed techniques
and scientific ideas used in this work to discover groundwater potential zones (GWPZs). The GWPZs are
determined employing 12 thematic layers. Using both approaches, these thematic maps are weighted based
on their characteristics and water potential. Upon analysis with the AHP and Fuzzy-AHP, four zones —
low 0.034% (0.0124 km?) and 13.535278% (4.8727km?), moderate 44.59% (16.0532 km®) and, 37.17%
(13.3812km?), high 52.923% (19.0523 km?) and 42.2575% (15.21217km?) and very high 2.450% (0.8821
km?) and 7.0372222% (2.5334 km?) were revealed in this study that indicate different levels of groundwater
potential. Validation through Receiver Operating Characteristics (ROC) analysis indicates that the Fuzzy-
AHP model achieves an accuracy of 76.3%, compared to 71.43% for the AHP model. Based on the study’s
findings, a targeted groundwater management plan is proposed to optimize resource use and sustainability.
High-potential zones should be prioritized for groundwater extraction and recharge. Moderate-potential
areas require a balanced approach. Low-potential zones should focus on reducing groundwater dependence
and enhancing surface water storage to prevent overexploitation. These strategies aim to ensure sustainable
groundwater management, promote ecological balance, and support socio-economic development.

Keywords: Hydrology; Groundwater shortage; Sustainable drinking water; Remote Sensing; Overlay analysis.

1. Introduction

Life on Earth is fundamentally dependent on water, making it the most essential and widely consumed
material [1], [2]. Unfortunately, a substantial percentage (97%) of Earth’s water is salinized, making
it unsuitable for human use [3], [4]. Only 3% is considered freshwater, which humans rely on for
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drinking and other essential needs [5]. Among the kinds of freshwater resources is groundwater,
which is defined as water stored in aquifers beneath the earth’s surface [6]. It makes up more than a
third of the world’s freshwater supply. It serves as the main source of fresh water and is considered to
be less contaminated than other water supplies. Approximately fifty percent of the easily accessible
freshwater for everyday cleaning, drinking, and cooking is obtained from it [7]. Groundwater is
widely used in many parts of the world for agricultural, industrial, and residential purposes [8], [9].
For around 2.5 billion people globally, it provides a vital source of water that meets their needs
for domestic use [10]. Groundwater is India’s most important natural resource for sustainability
due to its dependence on agriculture [11], [12]. Groundwater is an essential component of the
economy, but mismanagement of groundwater, industrialization, inappropriate investigations, and
human population growth have turned this precious energy source into a major problem [13].
Therefore, to meet the growing demand for groundwater, both for the current generation and for
future generations, it is imperative to develop efhicient delineation techniques and apply sustainable
groundwater management strategies [5]. Sustaining groundwater quality and guaranteeing the
effectiveness of the groundwater management system depends on the identification of prospective
zones for groundwater recharge.

Forecasting the potential recharge zone can be challenging because groundwater is usually an
invisible source [13], [14]. Researchers have used various field survey techniques, such as geological,
geophysical, and hydrological studies, to identify possible groundwater zones [15]. These techniques
can be time-consuming and require a large financial and human resource budget. However, with
technology, GWPZs can be efficiently identified by utilizing GIS, RS, weighted AHP, and fuzzy
AHP, among other techniques. The GWPZ can be mapped using GIS, RS, weighted AHP, and
similar techniques. Researchers have successtully used such techniques in multiple projects including
the Guigou basin in Morrocco [16], the Nambiyar River basin in Tamil Nadu [17], a large watershed
in southern Saudi Arabia [18], and the Arghandab River basin, Afghanistan [19]. The combination
of GIS, RS, and AHP techniques is used for identifying areas with varying groundwater probability
in categories: very high, high, moderate, low, and shallow zones. Appendix A presents various
layers/parameters utilized by different studies in their GIS and RS-based groundwater potential
mapping. Commonly used layers in these studies were slope, rainfall, soil, drainage density, lineament
density, LULC, and geology. Appendix B showcases the different methodologies employed in the
studies for groundwater potential mapping. The most common methods used in the summarized
studies were Weighted overlay Analysis, AHP, and Fuzzy Logic. Studies that solely utilized AHP
include [1], [18], Fuzzy [20], and TOPSIS [21]. While few studies used combined methods [22]. In
this study weighted AHP and Fuzzy AHP approaches are employed to assess the weights of thematic
layers depending on their attributes and the function of groundwater related to the water potential.
This contributes to the accurate identification of GWPZs. These methods help to understand for
rationalization and planning of these resources management and water resources [23]. Furthermore,
the GWPZ map generated by Fuzzy-AHP demonstrates greater reliability compared to the one
created by AHP, as it integrates Fuzzy logic to address the uncertainties and imprecisions that are
intrinsic to decision-making processes. To tackle possible consistency challenges when employing
the AHP method for pairwise comparisons of criteria, it is essential to examine the logical consistency
of the derived weights [24]. To address these challenges, initially proposed Fuzzy-AHP [25]. The
integration of Fuzzy logic into AHP effectively addresses hierarchical Fuzzy multi-criteria decision-
making scenarios. Controversies arising in knowledge-driven AHP can be resolved through the
application of the fuzzy AHP method, which incorporates subjective judgments [25]. AHP and
Fuzzy-AHP have been applied in various studies for groundwater potential mapping, demonstrating
the effectiveness of these methods. Both AHP and Fuzzy-AHP have proven to be reliable techniques
for assessing groundwater potential. These techniques allow for the identification of potential
groundwater zones and offer essential data for the management and decision-making regarding
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water resources. The methods effectively manage the complexity of MCDM and tackle the inherent
uncertainties in the decision-making process. They also account for the vagueness by assessing the
relative importance of criteria and alternatives [26]. The weighted AHP approach and the fuzzy AHP
method classify potential zones differently, with different percentages being allocated to very high,
high, moderate, and poor potential areas. The efficiency of these approaches, however, is verified
also by methods such as ROC analysis and checking the result with currently available groundwater
information used as a basis for sustainable management of groundwater resources and planning [27].

The Markanda Watershed is located in Himachal Pradesh Haryana and Punjab and the following
problems related to groundwater have been identified and recognized, the problem of over-extraction,
the problem of water shortage due to seasonal variations, and the problem of flooding. These problems
are compounded by the region’s diverse topography and varying climatic conditions, making it
a representative area for studying groundwater management issues in semi-arid and flood-prone
regions of India [28]. The purpose of this study is to provide important insights into sustainable
groundwater management systems through the application of GIS and remote sensing coupled
with AHP and Fuzzy AHP techniques and from the identified research gap. This work will enable
the identification of areas that have potential sources of groundwater or those that can be used to
recharge existing water sources hence addressing the equity issue associated with distribution and
usage of water [29]. The relevance of this research is in the development of governmental actions and
recommendations in case of water management problems and the enhancement of local authorities’
strategies. Through employing these analytical tools, the study seeks to increase water security, raise
the productivity of agriculture, and support environmental management strategies. Present methods
that use integrated RS, and GIS, with different methods including, weighted AHP and Fuzzy-AHP
techniques to identify and delineate GWPZs in the watershed. Reveal groundwater mapping abilities
using geographic information technologies. To provide insights into the strengths, weaknesses,
and practical implications of each methodology for finding groundwater resource management.
The novelty of this study lies in the integrated use of GIS, and RS techniques with the AHP and
Fuzzy-AHP models. While traditional studies often rely on standard GIS and AHP methods to map
GWPZs, they may not fully account for the uncertainties in data interpretation. The incorporation
of Fuzzy-AHP allows for a more nuanced and precise identification of GWPZs by addressing these
uncertainties. Additionally, no GWPZ study in this area utilizes GIS and RS. The study’s findings are
crucial for shaping governmental policies and local strategies, ensuring equitable water distribution,
improving agricultural productivity, enhancing water security, and supporting environmental
management in the Markanda Watershed and similar regions.

2. Materials and method

2.1 StudyArea

The location of the Markanda Watershed is shown in Figure 1. It originates in the Shivalik Hills of
Himachal Pradesh and flows through Haryana. The watershed includes various tributaries and drains
into the Ghaggar-Hakra River system. The watershed has a dendritic to sub-dendritic drainage
pattern and extends 30°01 N to 30°43 N latitudes and 76°24 E to 77°24 E longitudes [30]. The

river originates in the Sirmour District of Himachal Pradesh (333 km?) on the southern slopes of
the Siwalik Himalayas. It then flows in an easterly direction through the alluvial plains of Haryana
(2189 km?) and Punjab (174 km?), before merging with the Ghaggar River. The surface area has
an average slope of roughly 5°, ranging from extremely mild (0°) to extremely steep (60°). Due
to the varied land elevations, including steep slopes, and low-lying plains, the watershed will make
an interesting study on finding ground potential zones using GIS and remote sensing methods
integrated by AHP and Fuzzy-AHP (Figure 1).
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2.2 Data Used

The purpose of this study is to identify the potential zone of groundwater availability in the Indian
Watershed. Different datasets are utilized to generate the various parameters used in this research.
The present study employs two datasets: organization ground data and RS data. The relevant
national and international research platforms provided satellite and ground data to develop the twelve
significant groundwater potential measures (Table 1).
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Figure 1: Location of the study area with LULC classiﬁcation map of the studied watershed.

2.3 Methodology

The study was organized into four stages: 1) The groundwater inventory map of the study area was
prepared using a variety of geospatial. 2) Twelve influential groundwater parameters were generated.
3) Two geospatial models, including AHP, and Fuzzy AHP, were used to generate the GWPZ. 4)
Finally, validation was carried out using the AUC method for evaluating accuracy (Figure 2).

2.4 Selection of Influential Parameters for Groundwater Potential Zonation
According to the researchers, conditioning parameters should be carefully selected as they have
a substantial impact on the GWPZ final output map while considering groundwater potential
into account [31]. Several factors impact the existence and generation of groundwater beneath
a designated aquifer. To assess the effects of the mentioned features on groundwater potential in
the study area, twelve key conditioning factors including elevation, slope angle, aspect, curvature,
drainage network, rainfall, LULC, soil, and NDV], are considered in this study (Figure 3).

Soil is a key component for defining GWPZs. This is because it is the uppermost layer of land
and critical role in water infiltration. Soil type, thickness, texture, and composition impact infiltration



Knowledge-based Engineering and Sciences 65

Table 1: Applied datasets were used to calculate the GWPZ.

SLNo Data Data Source Data Scale or

Availability  resolution

1 Soil FAO soil classification (1988)
DEM (Slope, Aspect,
Curvature, Twi, TPI,

2 Lineament Density, USGS Earth Explorer 30
Elevation, and (https://earthexplorer.usgs.gov/)
Drainage Density)
Landsat (LULC, NDVI) 30
Station Data (Rainfall) 30

Figure 2: Adopted method for calculating the GWPZ in the studied watershed.

and groundwater recharge, making it a crucial factor in determining GWPZs [32]. Geomorphology,
geology, relief, time, and other factors all affect the types, features, and distribution of soil in a
particular area. The pore spaces within the soil influence the penetration capability of water into the
subsurface, ultimately impacting groundwater availability [33]. The soil type and classification map
of the research Slope is one of the most fundamental factors influencing the groundwater potential is
the slope. Groundwater potential typically increases with decreasing slope values [34]. Flat places
with low slopes can hold precipitation and recharge groundwater, while higher parts with steep slopes
have high runoff and minimal infiltration [35]. The slope map for the watershed was generated using
a 30 m resolution DEM derived from SRTM data. The slope 8 (degrees) values were categorized
into five categories: fat (1), gentle (1-2), medium (2-3), steep (3-4), and very steep (4-5). Fat and
gentle slopes are given more weight. For slopes that are steep as well as very steep, a low weight is
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Figure 3: Criteria maps of the study area.
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provided (Figure 3).

Step 1 ( Flow Accumulation * 10 *) Tan(Slope in degree * 0.017453) (1)
Step 2 Ln ( Flow Accumulation * 10 x Tan(Slope in degree * 0.017453) ()
Step 3 Ln ( Flow Accumulation +0.001) << Slope in Di%?) +0.001 (3)
Step 4(Flow Accumulation+1*10) * Tan (Slope in degree) (4)

Step 5(Flow Accumulation*Tan(Slope in degree) (5)

Drainage Density refers to the length of a stream per unit area within a watershed [36]. It
measures the average spacing and proximity of stream channels across a basin, producing an estimate
of their density [37]. Observations of drainage density across geological and climatic conditions show
that places with permeability beneath the soil, dense vegetative cover, and low relief tend to have low
drainage density. Low vegetative cover, impermeable material, and hilly landscape all contribute
to high drainage density [38]. The drainage density is classified into different categories: very low
21.6% (100.7km?), low 26.6% (142 km?), moderate 15.02% (70km?), high 24,4% (113.7km?), and
very high 12.3% 57.5 km?). The Yellow Part is an indicator of checking the exact area of DD in the
ArcMap.

Lineament Density is the topographic characteristics of a landscape (lineaments) that signif-
icantly influence hydrological processes, including water flow, storage, and infiltration into the
subsurface [39]. Groundwater recharge systems, as well as movement directions, are controlled by
fracture and fault systems. One example of a hydrogeology application is the acquisition and analysis
of soil composition data from satellite images, and other structural elements, including fractures,
which might occasionally operate as drains and contribute to groundwater recharge. According to
Shaban, linked lineaments let groundwater flow along a subsurface channel [40]. Due to this, these
can be used as an analytical criterion when creating maps of possible water recharge areas and as an
indicative parameter of groundwater movement [41].

Rainfall is one of the major hydrologic components that has been standardized as a significant
base of aquifer recharge and a primary source of groundwater availability, particularly in arid locations
[42]. Rainfall is a key source of groundwater recharge and a critical aspect of the water cycle [43].
Rainfall distributions affect groundwater recharge both spatially and temporally. Increased rainfall
tends to raise groundwater potential. In areas with low rainfall, groundwater recharging may be
limited. Rainfall duration and intensity affect infiltration. Fast, high-intensity rain increases surface
runoff while decreasing infiltration, whereas low-intensity, long-duration rain has a greater impact
on infiltration. High rainfall contributes to higher weights and vice versa (Figure 3).

Land Use Land Cover (LULC) is a key factor affecting groundwater recharge, occurrence, and
availability. LULC analyses environmental characteristics that impact groundwater penetration and
surface runoff [31]. Groundwater potential is typically lower in bare and built-up areas, but higher
in vegetation and near water reservoirs. Sentinel-2 data is used in GEE to generate a LULC map of
the Markanda watershed using a machine-learning method. The causative component was classified
into five classes to assess its impact on groundwater. The research area’s current land-use/cover
pattern was developed using Landsat ETM+ images from March 18, 2024. The watershed of this

study area has various LULC topographies, including built-up land (39.1km?), bare land (109.7 km?),
agricultural land (3.55 km?), water bodies (0.421 km?), and vegetation areas (285.3 km?).
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Figure 4: Criteria maps of the study area.

Elevation is a crucial factor for identifying possible groundwater areas. Altitude affects the
potential GWPZ and is conversely related to the reservoir [44]. The elevation of this study enables
us to decide the optimal position in GWPZs. The elevation map study area was generated using
ASTER-DEM in ArcGIS software 10.8. This research examined the contribution of the Markanda
Watershed to groundwater potential regions across five elevation classes (Figure 3). The elevation
information for the research region was obtained using SRTM-DEM. The DEM was divided into

five groups based on elevation ranges: very low (10.3 km?), low 6.8 km?), moderate (10.6 km?), high

(7.6 km?), and extremely high (4.2 km?). The use of this classification helps better understanding
and analysis of elevation changes in the studied area. Groundwater potential zoning identified
low-elevation areas were given a higher weightage, based on their potential, while high-elevation
areas received a lower weightage. This weighting approach evaluates groundwater potential across
various elevation zones (Figure 3).

Curvature of the ground surface influences water accumulation, infiltration rate, and overflow. It
indicates the ability to store and retain water reserves on the surface [45]. Dipped structures typically
hold more water (Figure 4).

Aspect is the slope aspect impacts precipitation, sun radiation, wind speed, and LULC, affecting
water penetration to sediments and groundwater potential in the region [46]. The aspect existing
region is categorized into five groups (Figure 3).

NVDI is a widely used parameter in GWPZs [41]. There is a parallel relationship between
NDVI and groundwater. For example, as the region’s plant density expands the groundwater table
declines and vice versa. The NDVI of the Markanada watershed is calculated from Sentinel-2. The
final NDVI map was reclassified into five classes in the GIS environment, as shown in (Figure 4).
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NIR - R

NIR + R (6)
The bands of these wavelengths are called Red and NIR. The L value fluctuates with the amount

of green plant cover.

TWI It is a secondary topographic parameter that is used to highlight topographic influences
on the position and ability of runoff as well as infiltration capabilities [47] and thus groundwater

occurrence [48].
TWI =ln< * ) (7)
tan

Where, a is the upslope contributing area per unit contour length, {3 is the slope angle/gradient
and combined fanf represents the frequency distributions of slope/ steepest downslope direction.

NDVI =

2.5 AHP analysis

After creating theme layers for groundwater modeling, the factors’ impact on aquifer replenishment
[49]. The AHP is largely regarded as a reliable procedure for making multicriteria and decision-
making [50], and it was used to create the matrix. This approach generates a hierarchical structure
by assigning weight values to each criterion or sub-criteria during decision-making [51]. During
the decision-making process, analytical approaches were used to quantify the design requirements
and elements using a paired technique [52]. This technique utilizes a pairwise comparison matrix to
determine individual weighted scores for each criterion, ultimately normalizing the sum of these
factors to 1 [53]. In this study, AHP was employed to calculate weight scores for the established
criteria. Following Saaty’s method [54], a pairwise comparison matrix was developed. This matrix
utilized a scoring system ranging from 1 to 9, where 9 signified extreme significance and 1 indicated
equal importance (Appendix C-E). The number of comparisons within the pairwise matrix is

mathematically derived based on the formula n = (”5—1), where n represents the total number

of criteria considered for site selection [55]. Once the pairwise matrix was established, weight
calculations were performed using the Saaty method [56]. Equation 8 calculates the consistency ratio
(CR), which is used to estimate the analytical hierarchy process. This formula aids in determining
the modified logical contradiction of the pairwise comparison matrix created using professional

judgment or experience.
CI

where CI indicates the consistency index and RI indicates random index.

_ ()\max - ”)
= N
Cl= (1(31';__11)2) =0.14 (10)
CR = E?ig; =0.097 (11)

Each pair of criteria was ranked according to its relative value to construct the matrix. To
signify equivalent weights with the other diagonal elements, the diagonal parts of the matrix were
set to 1. When Amay is the highest eigenvector of the computed matrix and n is the number of
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criteria, equations 9-11 show the consistency index (CI). Random index (RI) is the mean value of the
consistency index depending on the matrix.

ArcGIS’s weighted overlay analysis proved to be an effective method for mapping the GWPZs
with the weighted features into consideration. The study considered several thematic levels, giving
each weight according to their significance in figuring out the groundwater potential. Elevation
was the most significant signal among the thematic layers, carrying a weight of 22%. This indicates
that there is a greater chance of having desirable groundwater potential in low-elevation areas.
With weights of 14, 13, 10, and 10%, respectively, it was found that soil, LULC, rainfall, lineament
density, and elevation had the next highest levels of influence. However, curvature, NDVI, and TPI
which have weights of 2, 2, and 3%, respectively were considered to have the least influence on the
identification of groundwater recharge zones. A groundwater potential map was created using GIS
by combining multiple thematic layers that support the existence of groundwater. This study uses
thematic maps for GWPZ mapping, with weights set by AHP and Fuzzy-AHP with validation.

2.6 Fuzzy AHP

Fuzzy set theory is a useful modeling tool for multi-criteria decision issues. The conventional AHP
approach provides the foundation for the fuzzy AHP technique. and is applied to address decision-
making problems with several criteria [57]. Many studies have attempted to use the fuzzy clustering
concept and hierarchical structure analysis for the alternative selection in the literature to identify
the optimal choice in multi-criteria decision-making [58]. The current study compared and used
the fuzzy version of the logarithmic least squares [59] to determine the fuzzy rates represented by
triangular fuzzy numbers (TFNs). Subsequently, other studies frequently used the approach for
decision-making problems and made modifications to the approach [60], [61]. Fuzzy-AHP allows
factors to be compared and their relative importance to be determined, which makes managing
difficult decisions easier. Researchers suggest that integrating Fuzzy-AHP into multi-criteria decisions
improves the accuracy of groundwater potential mapping [49]. As a subfield of artificial intelligence,
fuzzy logic uses approximate reasoning instead of precise computations. It offers a mathematical
framework for dealing with uncertainty and ambiguity by accepting that things can be partially
true or untrue and allowing degrees of truth to be described mathematically. This study considered
twelve distinct theme layers. Experts used Saaty’s scale to assign weights to criteria (1-9). When it
comes to GWPZs, a low-weight parameter has little influence and a high-weight parameter has
a big impact. For example, equal importance in AHP is represented by the number 1, whereas in
Fuzzy-AHP, it is represented by the numbers 1, 1, and 1 for the lower, middle, and upper triangle
values (Appendix F). Values 1, 2, 3, and 5 and 6 are transformed into fuzzy numbers in Appendix
C-E AHP pairwise comparison matrix (using '1” as an example of 1,1,1). The reciprocals of the half,
third, fifth, and sixth are not directly convertible into fuzzy numbers. Equation 12 can be used to
find the reciprocal fuzzy number.

111
A_l = L ) -1 = R 12

Gt = (2 07) (12
where u stands for upper, m for middle, and | for lower. Equation 3 transforms the reciprocal
value 1/2, which is written as in Appendix C second and third rows, into a fuzzy number. Al =
(1,2, 3)_1 = (%, %, %) ............ In the same way, Appendix G displays the residual reciprocal values

following their conversion to fuzzy numbers. Using Buckley’s [62] geometric mean technique, the
fuzzy geometric mean, and the fuzzy weights of each criterion were determined.

The subsequent step is to figure out Equation 4 to determine the fuzzy geometric mean value, ri,
as follows:

Al x A2 = (I, m1, ul) = (12, m2, u2) = (11 % 12, m1 * m2, ul * u2) (13)
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The following formula is used to determine the fuzzy geometric mean value in Appendix G, row
2, and columns 2, 3, and 4.

r,'=(1*3*4*2*3*3*1*2*1*6*4*4)%,(1*4*5*3*4*4*2*3*2*7*5* (1)

5)11*2,(1*5*6*4*5*5*3*4*3*8*6*6)%=(2-4,3-35,4.21).

Appendix G also displays the final values for the fuzzy geometric means in a similar way.
Next, for each criterion, fuzzy weights need to be created. To calculate fuzzy weights, equation
(15) is utilized.
W =ri(r1 * reeeee. rﬂ)—1 (15)

First, all values of the fuzzy geometric mean must be added. Equation (16) for adding fuzzy
geometric values is provided below:

1+A2=(11,m1,ul) + (12, m2,u2) = (11 + 2, m1 + m2, ul + u2) (16)

The lower, middle, and upper values are added to generate the total of fuzzy number:

(m+r+r+ra+rs+rg+ry+rg+rg+rig+ryg+r)=(24+15+1.5+ 1.1+
1.1+0.9+0.7+0.6+0.4+03+0.2+0.2,3.35+2.24 +2.03 + 1.55 + 1.43 + 1.26+
1.08 +0.79 + 0.68 + 0.44 + 0.3 + 0.3,4.21 + 2.96 + 2.63 + 2.02 + 1.94 + 1.87 + 1.69+
1.14 +0.98 + 0.56 + 0.40 + 0.41) = (11.0, 15.47,20.81)

(17)

The estimated values (11.0, 15.47, and 20.81) above need to be reciprocal, as shown by Equation
(18). Using reciprocal Equation (17), the following calculation is performed and applied:

_ 1 1 1
(r1+r2+r3+r4+r5+r6+r7+r8+r9+r10+r11+r12) 1= — T, T (18)
11.0° 15.47 " 20.81

The next step involves multiplying each fuzzy geometric mean value by the reciprocal of the
geometric mean summation to the fuzzy weigh section. The next step, defuzzification, turns a fuzzy
number into a precise numerical value. The defuzzification procedure is carried out as shown in
Appendix F columns 9 (Fuzzy weight section) and Equation (19).

Center of the area ( Avarage ) = <(l+n;+u)) (19)

After weights have been obtained, they must all be added together, as shown in Appendix F.
The calculated value of the sum is 1. However, it is suggested to normalize the weights. For every
thematic layer in the study, the normalized weights were applied, adding up to 1. With an average
weight of 21%, elevation had the most influence in the current study. followed by rainfall, LULC
lineament density, and soil, with a weight of 14, 13, 10, and 10% respectively. However, it was
determined that curvature, TPI, NDVI, and TWI had the least influence on finding GWPZs with a
weight of 2, 2, 3, and 4%. This indicates that these parameters have comparatively less impact while
weighed against other variables. To create the final GWPZ map, the thematic layers indicating the
influential elements were layered using ArcGIS’s weighted overlay analysis. Figure 3 illustrates the
resulting map, displaying the GWPZs in the study area. Additionally, four zones — low, moderate,
high, and very high — were added to this map to indicate different levels of groundwater potential.
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3. Result and discussion
During dry seasons, there is usually a shortage of water for irrigation in farming and for domestic use,
and on the other hand, there is flooding that leads to erosion and huge losses in agriculture during the
rainy seasons or monsoon season. To address the groundwater challenges in the Markanda Watershed
such as seasonal water scarcity, flooding, and over-extraction a comprehensive management strategy
is essential. This includes implementing rainwater harvesting and artificial recharge structures like
check dams, percolation tanks, and recharge wells to capture monsoon rainfall and replenish aquifers.
Flood management can be enhanced by constructing levees, embankments, and controlled
drainage systems that direct excess water into recharge zones, reducing soil erosion and promoting
groundwater recharge. Promoting sustainable agricultural practices, such as drip and sprinkler
irrigation, crop rotation, and drought-resistant crops, can help reduce water demand and enhance
soil moisture retention. Community-based initiatives, including water user associations, can empower
local stakeholders to monitor groundwater levels, regulate extraction, and implement conservation
measures. Additionally, enforcing groundwater regulation policies and a permitting system for large-
scale extraction will prevent overuse, while promoting conjunctive use of surface and groundwater
resources can optimize water availability throughout the year. Mitigating these hydrological issues
will be pivotal to realizing sustainable water resources and safe agricultural production in the region
[63]. These strategies, supported by advanced GIS, remote sensing, AHP, and Fuzzy-AHP models,
provide a robust framework for sustainable groundwater management, ensuring water security,
reducing flooding risks, and supporting agricultural productivity in the region.

3.1 GWPZidentification by AHP
In our study, 2.45% (0.8821 km?) of the study area was classed as "Very High," with 52.92% (19.0523
km?), classified as "High", similarly moderate GWPZ as 16.0532 km? (44.59%), and low is 0.0124

km? (0.034%), respectively. Using AHP weighted and pairwise calculations, the classed raster
data were utilized in the GIS analysis to find potential zones for groundwater (Figure 5). The
primary judgmental indication used to relate to the AHP computation was the CR. The site selection
procedure’s important factor was calculated and it was found a CR of 0.096 in the current results
(Table 2). To find the best location for groundwater, this study uses the analytic hierarchy approach
to generate the weighted values of the chosen criterion and weighted overlay analysis to assess the
generated rating of the sub-criteria. The site’s suitability map was created by combining the chosen
criteria with weighted overlay tools and AHP weights. According to a study, in research conducted
in the Barind tract in the northwestern part of Bangladesh, 4% of the study area was classed as "very
high" and 13% as "high" GPWZs [64], while the study discovered that 19.34% of a study area in
Dak Nong Province, Vietnam, has "high" groundwater potential [65]. According to the research, a
study conducted in Ethiopia’s Beles River Basin revealed that roughly 19% of the region has "good"
groundwater potential [66]. Furthermore, the study discovered that between 6% to 18% of the area
is designated as "very high" or "high" GWP zones [67].

Table 2: Details area and percentage of AHP and F-AHP methods for GWPZ identification.

Groundwater Potential Zones Areas(kmz) Area (%) Areas(kmz) Area (%)

Very High 0.8821 2.450278  2.5334 7.0372222
High Potential 19.0523 52.92306  15.2127 42.2575
Moderate Potential 16.0532 4459222  13.3812 37.17

Low 0.0124 0.034444  4.8727 13.535278

India makes up over 2.4% of the world’s land area and is home to almost 18% of its population.
India uses 4% of the world’s water supply. According to World Bank research, India is the country
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Figure 5: AHP-based GWPZ Map in the study area.

that uses groundwater the most. The usage of groundwater is anticipated to increase further as
India’s economy and population expand. It has increased the demand on India’s groundwater supplies
[1]. In both rural and urban parts of India, groundwater is essential to agriculture and the security of
drinking water. An essential component of India’s water security is groundwater. Experts contend
that India’s groundwater administration has several shortcomings that impede conservation efforts. To
solve India’s declining groundwater levels, groundwater governance changes and the encouragement
of prudent groundwater usage are needed [68]. According to the Central Groundwater Board of
India, around 17% of groundwater blocks are overexploited, meaning that the rate of extraction is
higher than the rate at which the aquifer recharges, while 5% and 14% of blocks are in critical and
semi-critical phases, respectively. The North-western, Western, and Southern peninsular regions are
the three main areas where the situation is very concerning. In comparison with 2017, the number
of "overexploited" groundwater units has decreased by 3%, while the number of "safe" category
units has increased by 4%, according to the Groundwater Resource Assessment (2022). In 909 units,
the groundwater conditions improved [69].

3.2 GWPZidentification by Fuzzy-AHP

Potential groundwater zones were identified by the GIS study utilizing fuzzy AHP weighted and
paired computations on the categorized raster data (Figure 6). As per the analysis, GWPZ is very
high 2.5334 km? (7.037%), high 15.2127 km? (42.2575%), moderate 13.3812 km? (37.17%), and
the low potential zone is 4.8727 km? (13.535%), respectively. Prior research has demonstrated that
by taking into consideration the variation in decision-making criteria, fuzzy AHP may improve
the accuracy of GWPZs delineation [61]. The results of the current study, which have an Area
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Under the Curve (AUC) value of 0.763, support these conclusions and indicate that the Markanda
Watershed’s ideal groundwater locations can be reliably predicted (Table 2). When uncertainties
are not explicitly taken into consideration, the standard AHP technique usually produces lower
accuracy rates; in contrast, this AUC result shows a rather high degree of model performance. The
site suitability map’s resilience is further increased by using the Normalizing Weight technique to
generate weighted values for the chosen criterion and assess sub-criteria ratings. The chosen criteria
were blended with weighted values and fuzzy AHP weights to create the site’s suitability map.

g 76°Sq'0"E 76°55|'0"E 77°0I'0"E 77°5I'0"E 77°1(|)'0"E 77°15|'0"E
;m_ Groundwater Potential N
: Zone (F-AHP) -y A

z
£ s
> -
77 g
EX Z
&

z
£ >
= i
: :
= L)
Los]

GWPZ (F-AHP)

I Low Potential Zone z
7. | (1 Moderate Potential Zone £
S | I High Potential Zone -2
g B Very High Potential Zone 0—3:;%81@ :‘?,
&

76°50'0"E 76°55'0"E, 77°0'0"E, 7795'0"E, 77910'0"E
Figure 6: Fuzzy AHP-based GWPZ Map in the study area.

Since India uses more groundwater than any other nation in the world, the condition of its
groundwater is a serious problem. In India, around 437.60 billion cubic meters of groundwater are
recharged yearly, compared to 239.16 billion cubic meters that are withdrawn. Over-extraction
is one of the main challenges. From 2004 to 2017, groundwater extraction surpassed the recharge
rate, rising from 58% to 63% [28]. Contamination: The main cause of groundwater pollution is
geogenic contamination, which is a serious problem. Climate Change: Discontinuous droughts
and sporadic rains are examples of climate shocks decreasing groundwater recharge. Unplanned
Urbanization: resulting in urbanization, groundwater recharge is decreased and pollution rises.
Different locations have different groundwater availability. For example, the northern regions
especially Punjab, Haryana, Delhi, and western Uttar Pradesh face critical groundwater levels.
Improved groundwater management initiatives include the Model Groundwater Bill, which promotes
sustainable groundwater management practices, the Jal Jeevan Mission, which aims to supply all rural
households with safe drinking water by 2024, the National Project on Aquifer Management, which
maps and manages aquifers, and the Atal Bhujal Yojana, which promotes participatory groundwater
management. Resolving India’s groundwater issues, in general, calls for a multifaceted strategy that
includes sustainable management techniques, community involvement, and regulatory changes [70].
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3.3 Validation

The GIS-based AHP and fuzzy-AHP methods were combined with overlay investigations of the
chosen parameters mentioned above to create the GWPZ map of the research region. The ROC
is a widely used method for evaluating the accuracy of a model result [71]. The accuracy of the
model is shown by the AUC in ROC analysis. Based on the qualitative and quantitative relationships
between the AUC value and prediction accuracy, the correlation can be categorized into five groups.
Excellent (0.9-1), very good (0.8-0.9), good (0.7-0.8), average (0.6-0.7), and bad (0.5-0.6) are these
classifications [72]. According to the study’s findings, the AHP model has an AUC value of 0.714,
which is comparatively less accurate than the other model. The AUC of the GWPZ map using AHP
was 0.714, indicating a 71.4% accuracy rate for the model (Figure 7 - 8). Conversely, the GWPZ
map using Fuzzy-AHP demonstrated an AUC of 0.763, indicating a 76.3% accuracy rate for the
model (Figure 7). The accuracy of the model indicates that the findings of AHP and Fuzzy-AHP are
both good. However, the evaluation of groundwater potential is better performed by Fuzzy-AHP.
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The country’s largest river system is the Ganges basin system, which spans around 86.1 million
hectares [73]. A regional alluvial aquifer system, considered to be among the world’s most productive,
is formed by the Indus—Ganges-Brahmaputra (IGB) systems, which collectively drain the northern
Indian plains. In contrast, the remaining two-thirds of the nation has restricted groundwater
availability in the weathered zone and beneath fractured aquifers. Pre-Cenozoic crystalline rocks,
consolidated sedimentary formations, and multi-layered basalt flows of the Indian craton make up
the majority of fractured aquifers, whereas the porous and permeable aquifers in the north are both
unconsolidated and semi-unconsolidated alluvial sedimentary types [74]. In the most populated region
of the nation, the extremely fertile IGB basin, intense irrigation is common. In 2011, the annual
groundwater draw was around 245 bem, while the projected renewable groundwater resources were
433 bem. Approximately 223 bem of groundwater was utilized for irrigation, with the remaining
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23 bem being utilized for residential and commercial uses [75]. Between the 1950s and 2000, crop
output quadrupled (from 50 to 204 million tons) due to expanding agricultural demand for a growing
population, further taxing groundwater supplies [76]. Rapid groundwater storage loss has been
noted in the ISC’s mostly farmed areas [77]. There has been a more than 4 m drop in groundwater
levels compared to the decadal norm in several regions of the nation. Furthermore, groundwater in
a significant portion of the shallow alluvial aquifers in northern India is anoxic and enriched with
increased As concentrations, much like its eastern neighbor Bangladesh [78]. The groundwaters of
86 districts across 10 Indian states have been found to have elevated amounts (https://cgwb.gov.in/).
It is thought that widespread groundwater abstraction has made the contamination much worse
[79]. In portions of 19 states, high levels of groundwater fluoride have also been found, primarily in
the crystalline aquifers [80]. Additionally, elevated levels of nitrate (NO3-) and groundwater iron
(Fe) have been observed in several aquifers around the nation (https://cgwb.gov.in/). Though very
brackish groundwater is also common in the interior aquifers of various states, seawater intrusion
has been reported in many of the coastal aquifers that border the Arabian Sea and the Bay of
Bengal, causing aquifer salinization (hetps://cgwb.gov.in/). Mineral dissolution and/or agricultural
contamination may be connected to this type of inland salinization. In regions of eastern India,
extreme precipitation and reclaimed recharge often result in widespread floods.

4. Limitation and future research direction

Several limits need to be acknowledged in this study. The methods of AHP and Fuzzy AHP also
contain a problem with subjectivity in assigning weights to factors while using it, which brings in
bias. However, it should be noted that the outcomes of the study are related only to the Markanda
Watershed and may not be relevant in other parts of the world with different conditions. Lastly, the
model is static and it does not include any interactions in these changing climatic conditions, land use,
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and water demand that may have impacts on the availability of groundwater. In the future, studies
could examine how to apply innovative modeling methods, such as weight of evidence, artificial
neural networks, and machine learning algorithms, to increase the precision of groundwater potential
mapping. In addition, future research can concentrate on examining the groundwater potential’s
temporal fluctuation in the Markanda watershed utilizing isotopic analysis results along with historical
data and trends. Future researchers can also concentrate on investigating the relationships between
surface and groundwater, enhancing data integration, adding socioeconomic variables, taking climate
change effects into account, and putting long-term models and monitoring into practice. Developing
successful groundwater management techniques will benefit greatly from an understanding of the
dynamics of groundwater potential throughout time.

5. Conclusion
The present study aims to define GWPZs in the Markenda Watershed in India by combining AHP,
and Fuzzy-AHP approaches with integrated data, including remote sensing and GIS. Rainfall, soil,
slope drainage density, lineament density, elevation, LULC, aspect, NDVI, TWI, TPI, and curvature
were the 12 thematic layers used in this study and were analyzed to define the GWPZs. As seen
in the final GWPZ map, the current research region was divided into four distinct sections, each
with a different level of groundwater potential. Among the factors considered, elevation significantly
influenced groundwater potential in the models (AHP, Fuzzy-AHP, and TOPSIS). The results of
ROC calculations used to evaluate predictive capability showed that the AHP technique (AUC %
71.4%) was less precise than the Fuzzy-AHP strategy (AUC % 76.3%). The Fuzzy-AHP technique’s
GWPZ map is useful for groundwater management and planning in the study’s area. Based on
the study’s findings, a targeted groundwater management plan is proposed to optimize resource
use and sustainability. High-potential zones should be prioritized for groundwater extraction and
recharge projects, incorporating measures like check dams, percolation tanks, and efficient irrigation
practices. Moderate-potential areas require a balanced approach, involving controlled groundwater
pumping, artificial recharge, and rainwater harvesting to maintain aquifer levels. Low-potential zones
should focus on reducing groundwater dependence and enhancing surface water storage to prevent
overexploitation. Decision-makers may utilize the research findings to create sensible development
plans and efficient groundwater management methods to preserve sustainable groundwater use in the
region. To ensure the best possible use of groundwater resources in Markanda Watershed, decisions
can be made by taking into consideration the integrated strategy and methodology used in this study.
Future research on GWPZs may concentrate on investigating the relationships between surface and
groundwater, enhancing data integration, adding socioeconomic variables, taking climate change
effects into account, and putting long-term monitoring and modeling into practice.

Conflict of interest: The authors declare no conflict of interest to any party.

Abbreviation

AHP Analytic Hierarchy Process

AUC Area Under the Curve

BWoOoE Bayesian Weights of Evidence

DD Drainage Density

FR Frequency Ratio

GIS Geographic Information System

GWPZ Groundwater Potential Zone

LD Lineament Density

LULC Land Use Land Cover

NDVI Normalized Difference Vegetation Index

RS Remote Sensing

ROC Receiver Operating Characteristics
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SD Spring Density

TWI Topographic Witness Index

TOPSIS Technique for Order of Preference by Similarity to Ideal Solution
WoE Weights of Evidence
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