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Abstract
Increasing population with increasing demand of groundwater affects the level of groundwater. In the context of consider-
able change in the use of groundwater pattern, particularly with continuous increase in demand for groundwater due to 
many reasons, the present paper attempts to delineate groundwater potential zones (GWPZ) using integrated remote sens-
ing, geographic information systems (GIS) and analytic hierarchy process (AHP) methods. To transform and harmonize 
geographic data and weightage ranking to get reliable information, geographic information systems are combined with 
analytical hierarchical processes. The current study has been done in the district where many areas are under tea garden and 
cultivated land. The use of excess of groundwater results in a drop in the water level. The mapping and the identification of 
groundwater potential zones were done for the Ganga alluvial plain of Alipurduar District of India. The groundwater potential 
index (GPI) was computed based on several factors (e.g., land use–land cover, soil type, geology, elevation, slope, rainfall, 
normalized difference vegetation index, drainage density, pre- and post-monsoon groundwater depth, etc.). To generate the 
groundwater potential zone map of the study area, an overlay weighted sum method was applied to integrate all thematic 
criteria. Groundwater potential index maps have been classified into five zones. The excellent potential zone comprise 
50.5% (1583.68 km2), good 27.4% (859.26 km2), moderate11.3% (354.37 km2), poor 7.1% (222.66 km2) and very poor 3.7% 
(116.03 km2), respectively. After that, the maps were verified with groundwater-level fluctuation data of 30 observed wells 
through the ROC (receivers operating characteristic) curve. This paper has important implications for planning the sustain-
able groundwater plan and also different purposes, such as natural and artificial recharge, watershed delineation and proper 
water usage, can be effectively implemented in this agriculture-dominated areas in the district.

Keywords  GIS techniques · Groundwater potential zone · Alipurduar · ROC · Weighted overlay

Introduction

In addition to being essential for human survival, 
groundwater is crucial for global food security, economic 
development, and population expansion. Groundwater 
resources are currently in danger of being inaccessible 
owing to overexploitation and inadequate management 
techniques. Throughout the planet, there is uneven dis-
tribution of groundwater. Also, it supports the survival 
of numerous people and is the only source of drinking 
water. The influence of groundwater from agricultural 
irrigation to industrial irrigation is massive and signifi-
cant in the world. According to assessments conducted 
(IPCC 2018) at the worldwide level, basins are consid-
ered to be water stressed if their per capita water avail-
ability is less than 1,000 m3 per year (based on long-
term average runoff) or if their ratio of withdrawals to 
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long-term average annual runoff is more than 0.4. Typi-
cally, 1,000 m3 of water per person per year is more than 
sufficient for home, industrial, and agricultural water 
demands. Northern Africa, the Mediterranean region, 
the Middle East, the Near East, southern Asia, north-
ern China, Australia, the USA, Mexico, Northeastern 
Brazil, and the west coast of South America are among 
the regions with such water-stressed basins withdraw-
als globally and for almost 90% of consumptive water 
use (i.e., the water volume that is not available for reuse 
downstream). About 70% of all water is used for irri-
gation. Groundwater plays a leading role in keeping up 
with environmental equilibrium, human prosperity and 
monetary turn of events (IPCC 2001). So, it is funda-
mental to both growth in the economy and agricultural 
production. Globally, residential, rural, and urban uses 
account for approximately 36%, 42%, and 27% of total 
groundwater extraction, respectively (Taylor et al. 2013). 
An investigation conducted in the USA revealed that 
groundwater levels in the Californian San Joaquin Valley 
have decreased by 60–150 cm over the previous 5 years. 
Based on the four climate scenarios, northeastern Brazil, 
southwestern Africa, and the southern Mediterranean Sea 
rim all experience substantial reductions in groundwater 
recharge of more than 70% (Kundzewicz et al. 2007; Do 
et al. 2005). By the mid-2050s, groundwater recharge 
in the Sahel, the Near East, Northern China, Siberia, 
and the western USA will increase by more than 30%. 
It is very likely that Asia will become warmer during 
the twenty-first century, and this warming may differ 
by region. For instance, central Asia, the Tibetan Pla-
teau, and northern Asia may experience temperatures 
that are significantly higher than the global mean, while 
East and South Asia and Southeast Asia may experience 
temperatures that are similar to the global mean. In a 
nation like India, 90% of the provincial population and 
30% of metropolitan individuals rely upon groundwa-
ter to satisfy their fundamental prerequisites (Agarwal 
and Garg 2016). According to NASA's Gravity Recovery 
and Climate Experiment (GRACE) twin satellites, the 
groundwater level is dropping by 33 cm per year in the 
Indian states of Rajasthan, Punjab, and Haryana (Rodell 
et al. 2009). As a result of population expansion, which 
is anticipated to be impacted by spatiotemporal precipi-
tation variability, it is predicted that the gross per capita 
water availability in India will decrease from roughly 
1,820 m3/year in 2001 to as little as 1,140 m3/year in 
2050 (Gupta and Deshpande 2004). Sadly, shortage and 
widespread utilization of groundwater assets without 
proper logical arranging are exceptionally recognizable 
situation in India (Rodell et al. 2009). Due to an increase 
in groundwater extraction over the past 20 years, several 
areas of India have seen rapidly dropping groundwater 

levels (CWC and CGWB 2016). Changes in land use and 
land cover, urbanization, and pollution all have an impact 
on groundwater recharge. Loss of forest cover, modifica-
tions to cropping practices and rotation, and long-term 
changes to soil characteristics may have an impact on 
infiltration capacity This is crucial because its occur-
rence, initiation, appropriation, and development are 
dependent on topographical arrangement (such as lithol-
ogy, thickness, layout, and spring penetrability), climate, 
geomorphologic features, topsoil, ground incline, pat-
terns of land use or land cover, force of waste, and their 
interactions with the hydrodynamic feature (Krishna-
murthy and Srinivas 1995; Greenbaum 1992; Saraf and 
Choudhury 1998; Schultz and Engman 2012; Taylor et al. 
2013; Ebrahimi et al. 2016).

Besides, different strategies have been used by dif-
ferent analysts; for example, choice tree model (Lee 
and Lee 2015), recurrence proportion (Guru et al. 2017; 
Al-Abadi et  al. 2016), loads of proof (GhorbaniNe-
jad et al. 2017; Madani and Niyazi 2015), fake brain 
organization (Lee et  al. 2017), arbitrary backwoods 
model (Naghibi et al. 2016), calculated relapse model 
(Pourtaghi and Pourghasemi 2014), evidential convic-
tion work (Nampak et al. 2014), and so on. A consider-
able number of the current examinations (Jasrotia et al. 
2016; Mallick et al. 2015; Gumma and Pavelic 2013; 
Chenini et al. 2010; Madrucci et al. 2008; Srivastava and 
Bhattacharya 2006; Sikdar et al. 2004; Krishnamurthy 
et al. 1996) have generally applied RS and GIS strat-
egies for the appraisal of groundwater potential zone 
(GWPZ). The task of loads to different topical layers 
and their classes are settled based on specialists' per-
spective and site explicit circumstances. The drilling 
test and stratigraphic investigation are the most funda-
mental techniques for connecting the borehole's loca-
tion and the depth of the materials to the groundwater 
resources (Jha et al.2010). Numerous researchers have 
used a variety of methodologies, including decision tree 
model (Lee and Lee 2015), artificial neural network 
(Lee et al. 2017), frequency ratio (Guru et al. 2017; Al-
Abadi et al. 2016), logistic regression mode (Pourtaghi 
and Pourghasemi 2014), random forest model (Naghibi 
et al. 2016), etc. These mostly focus on bivariate and 
multivariate statistical approaches, as well as sensitivity 
analysis and formulating assumptions before conducting 
an investigation (Thapa et al. 2017). A large portion of 
these methodologies depend on bivariate and multivari-
ate measurable procedures with restrictions in making 
presumptions before examination and awareness of dis-
coveries (Thapa et al. 2017). In this particular situation, 
the logical pecking order process (AHP) is regarded as 
a fundamental, simple, effective, and reliable approach 
(Machiwal et al. 2011; Ishizaka and Labib 2011), and 
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thus can be utilized for outlining groundwater expected 
zones. Many governments have initiated many projects, 
doing many researches to save the groundwater level 
ultimately. The central and other state governments of 
India have taken initiatives to regulate the program and 
management of the national groundwater resources.

Given the dynamic nature of groundwater, combining 
remote sensing (RS) data with geological data framework 
(GIS) information can be very beneficial in identifying 
groundwater likely zones (Agarwal and Garg 2016) that can 
be used to create valuable designs (Aluko and Igwe 2017). 
To delineate the groundwater potential zone, the logical pro-
gressive system methodology proposed by Saaty (1980) is 
combined with the RS-GIS technology. According to Sahoo 
et al. (2017), the AHP is a reliable tool for determining the 
groundwater potential zone (GWPZ). Groundwater poten-
tial zone identification using remote sensing (RS) data in 
geographic information systems (GIS) is obviously suit-
able (Agarwal and Garg 2016). The layers mean the various 
attributes which ultimately make the GWPZ are arbitrary. 
Various attribute layers have been used in this study, which 
are based on existing research works (Table1). Combin-
ing GIS and AHP can be summed up as a cycle that shifts 
and combines topographical data and weighted location to 
recover information for independent movement (Malczewski 
2006). The analytic hierarchy process (AHP) was found to 
be an effective tool for multi-criteria analysis (Saaty 2008; 
Hossein et al. 2016; Aneesh and Deka 2015; Gupta et al. 
2018a, b). 

The current article uses a coordinated RS and GIS 
methodology to display GWPZ in the Duars area (an area 
of India's Indo-Gangetic plain). This area has been identi-
fied as the Indian territory of West Bengal's most likely 
area for development by the Agro-Climatic Regional 
Planning Unit (Patra et al. 2016). The development of 
minor irrigation is coming through village irrigation. This 
comprehensive methodology of classification is supposed 
to guarantee protection of supportable spring improve-
ment by sensible extraction of dynamic groundwater asset 
accessible in a specific zone. CGWB (2019) reported that 
India has over 249 m3 of groundwater. About half of Ben-
gal gets their drinking water from underground. Ground-
water also irrigates land for agriculture. It is a primary 
groundwater source in the eastern, southern and western 
parts of West Bengal. The high density of population, fast 
growing urbanization, agriculture-dependent people and 
extensive irrigation have created stress in the groundwater 
storage of West Bengal. The most important reason for 
groundwater overexploitation is agricultural irrigation 
that accounts for nearly 30% of withdrawal. Groundwater 
availability in West Bengal has been reported to be less 
than 20 BCM and resources used annually by the state are 
estimated at 25% that have been limited due to adverse 

impact on the environment, sustainability and aquifer 
recharge process (Rudra et al. 2017). Many researchers 
revealed that groundwater resources in West Bengal are 
only one-fourth of its potential availability. In compari-
son, less work has been done in the field of agriculture 
and tea industry dependent on the alluvial-Duars land-
scape (Saha et al. 2010, 2021; Patra et al 2018; Biswas 
et al. 2020; Dey et al. 2021; Barua et al. 2021). West 
Bengal is one of the states in India with the lowest water 
availability, and its groundwater resources are under 
severe stress. Groundwater is directly or indirectly neces-
sary for the daily survival of more than 90% of rural and 
30% of urban populations (Patra et al. 2018). In the pre-
sent research, a total of 12 parameters have been selected 
for estimating groundwater prospects in duars area of 
West Bengal. Also, to safeguard agricultural expansion 
with tea garden and urban area development, groundwater 
potentiality map is very much useful to manage it prop-
erly. The present research attempts to demarcate potential 
area of groundwater using MCDA-AHP and a GIS-based 
approach. The sustainable growth of agricultural regions 
and the long-term use of groundwater for irrigation, par-
ticularly in areas of agricultural predominance, depend on 
the management and mapping of groundwater resources 
in rural areas. Keeping the above view in mind, the pre-
sent paper would address the following two objectives:

(1)	 To delineate groundwater potential zones using AHP 
techniques during the period 2018–2019 to 2020–2021.

(2)	 To validate the ROC between the output layer of poten-
tial zone and surveyed data.

Study area

The Alipurduar district is located in the northwest of West 
Bengal, bordering Assam to the east and Bhutan to the north. 
The expansion of Alipurduar district (Fig. 1) is between 
89°12′0"E and 89°36′0"E longitude and 26°24′0"N and 
26°48′0"N latitude. It extends between the southern limit 
of Bhutan on the north and the Cooch Behar region toward 
the south; on the eastern side it connects to the western limit 
of Assam and on the western side lies the leftover piece of 
the Jalpaiguri area. There are six community development 
blocks, namely, Madarihat–Birpara (380.96 km2), Alipur-
duar-I (378.59 km2), Alipurduar-II (318.92 km2), Falakata 
(353.93  km2), Kalchini (711.61  km2), and Kumargram 
(517.68 km2) in the district. The complete geological space 
of the area is 2788 km2. The environment of this locality is 
warm and wet. In summers, the temperature runs up to 38°C 
in May–June and in winter the temperature decreases up to 
6°C in December–January. The normal precipitation of this 
region is 350 cm and the annual rainfall is about 3411 mm. 
The Ganga and Brahmaputra rivers deposited the majority 
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of the alluvial sediments that make up the states’ subsurface. 
The unconsolidated formation forms potential aquifers in 
these piedmont zones of the Himalayas. Mainly, soils are 
shallow to moderately coarse loam soils, followed by deep to 
very deep clay loamy soils. The district has five major rivers. 

The area is celebrated for timberland, untamed life, tea 
and wood. As per census of India 2011, total population 
of Alipurduar district is 1,491,250. Most of the people 
depend on agriculture practices and grow kharif and rabi 
crops in this region. Presently, there are many tea gardens 
adjacent to the forested fringe area and national highway. 

Many tribal people living since long back in the area now 
work as tea garden workers. Despite the fact that the major-
ity of the workforce is illiterate, they are increasingly urg-
ing their children to pursue education (Ansari and Sheer-
een 2016). In the district, area under settlements, agricultural 
fallow land, vegetation, bad-land topography, agricultural 
land and rivers is about 209.71 km2, 525.76 km2, 685.72 
km2, 659.17 km2, 816.27 km2 and 239.37 km2, respec-
tively. The net irrigation area is 87.7 (‘000 ha) and the gross 
is 234.30 km2. Agricultural-dependent people use open well, 
bore well, and micro-irrigation method. The area has many 

Fig. 1   Location map of Alipur-
duar district
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tea gardens and utilize the tube well water for irrigation. The 
district has no overexploited tehsils or blocks, but has five 
critical (Agricultural contingency report 2016) areas. In this 
belt, the majority of the aquifers are both semi-confined and 
unconfined.Pre-monsoon and post-monsoon periods saw a 
range of 1.05 to 19.72 m bgl in the depth of water observed 
by CGWB at 20 locations in the district (http://​cgwb.​gov.​
in/). The area is geographically very important to the north-
east state of India and northern West Bengal. The rivers with 
their tributaries come down from Bhutan or adjacent to the 
Bhutan hills and flow down over this Duars (Alipurduar) 
area following the slope to south.

Material and methods

Preparation of thematic layer and satellite‑based 
data

Twelve thematic maps were used to clarify the groundwater 
potential zone in the study region, viz., drainage density, 
slope, rainfall-monsoon and post-monsoon groundwater 
table depth, land use and land cover, geology, soil, eleva-
tion (digital elevation model), normalized differentiated wet 
index (NDWI), normalized differentiated vegetation index 
(NDVI), which were prepared using satellite-based imagery 
and related datasets. Satellite-based information (Table 2) 
was collected from USGS, Direct Imaging Self Filtering 
sensor (Landsat 8), which gave a goal of 30 m in the mul-
tispectral mode for use in the examination. Survey of India 
(SOI) geographical toposheet 1:50,000 scale was utilized 
for readiness of base guides. The Study of India geological 
guidelines were used to construct the SRTM and waste layer 
at a scale of 1:50,000. The seepage was refreshed with the 
(Aster Dem-30 m) satellite picture. The drainage network 
was superimposed with Aster DEM satellite image.

The guide portraying soils nearby on a 1:250,000 scale 
was arranged dependent on a dirt guide distributed by NBSS 
and LUP (https://​nbssl​up.​icar.​gov.​in/), Administration of 
India. The slant map was created from Cutting edge Space-
borne Warm Outflow and Reflection Radiometer Computer-
ized Rise Model (ASTER DEM-30 m Resolution). Rainfall 
data were collected from India Meteorological Department 
(https://​mausam.​imd.​gov.​in/) for 1 year (2021). The Landsat 
8 (30 m) Operational Land Imager is used to create a super-
vised land use map, land cover map, and NDVI map. For 
ease of use, GIS data were geo-rectified and mapped to zone 
45 of the Universal Transverse Mercator (Table 2).

The topographical guide was gathered from the Geo-
graphical Review of India and Legislature of India and 
filtered, redressed, and digitized in ArcGIS programming 
(version 10.8) to set up the land map. To separate possible 
zones, this load of topical layers was incorporated utilizing 
Arc Info GIS programming.

Pre-monsoon and post-monsoon groundwater depth maps 
were created by combining the annual and monthly data. The 
India-Water Resource Information System (WRIS) (https://​
india​wris.​gov.​in/​wris), SWID (http://​wbwri​dd.​gov.​in/​swid) 
of the West Bengal government's data were used to monitor 
the groundwater levels. The data were both processed and 
shown on the appropriate map for future analysis. Through-
out the course of this study, 30 observation wells were moni-
tored monthly (2021–22) to validate the research work, and 
to obtain historical data, we made four observations every 
year in the months of April, August, November, and January 
between the years 2018 and 21. Inverse distance weighted 
deterministic interpolation was used to generate yearly the 
average pre- and post-monsoon groundwater depth maps 
(IDW). Groundwater depth maps for the pre- and post-
monsoon periods were created using IDW interpolation. 
The simplest interpolation method is this one. In this case, 
a weighting function determines the weight.

Table 2   Brief description of datasets used in this study

Attribute Time of the dataset Sources Acquisition date

LANDSAT 8 (spatial resolution 30 m) (LC08_L1TP
_138042_20200406_20200410_01)

04.06.2020 USGS earth explorer 21.12.2021

ASTER DEM (spatial resolution 30 m) (n26_
e089_3arc_v2.tif)

2021 USGS earth explorer 21.12.2021

Soil texture map 2021 NBSS&LUP 01.02.2022
Rainfall data 2021 India Meteorological Department (IMD) 11.02.2022
Geology 28.10.2021 Bhuvan 21.12.2021
Groundwater data 2018–2021 Central Ground Water Board (CGWB), India and 11.04.2022

The State Water Investigation Directorate, Gov-
ernment of West Bengal

05.08.2022

http://cgwb.gov.in/
http://cgwb.gov.in/
https://nbsslup.icar.gov.in/
https://mausam.imd.gov.in/
https://indiawris.gov.in/wris
https://indiawris.gov.in/wris
http://wbwridd.gov.in/swid
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Deriving the weights using the analytic hierarchy 
process (AHP)

For groundwater inquiry and good groundwater potential 
mapping, remote sensing and GIS are helpful tools. Many 
scientists and academics have used the GIS applications and 
the remote sensing techniques to map out groundwater sup-
plies and potential zones. Multi-criteria decision-making 
(MCDM) based on GIS emerges is one of the most effective 
techniques for managing and planning for space. The analyt-
ical hierarchy process (AHP) is among the most widely used 
techniques for obtaining spatial plans, resource allocation, 
etc. A new method for mapping groundwater potential zones 
has been adopted, although only a small number of studies 
have used it (Patra et al. 2018). These studies explicitly map 
potential zones and integrate multi-criteria analysis utilizing 
weighted aggregation method coupled with GIS tools.

Twelve parameters were used in the current investiga-
tion, and weights were assigned based on the AHP technique 
(Table 3). Greater weight was given in accordance with its 
potential for groundwater, and vice versa. Further, pairwise 
comparison matrix using Saaty's 12-point weight scale was 
calculated and applied to the following methods.

1.	 Step 1. Establishment of judgment matrices (P) by pair-
wise comparison:

where pn denotes the nth indicator element with pnn is the 
judgment matrix element.

2.	 Step 2. Calculation of normalized weight: where the 
geometric mean of the 1 row of the judgment matrices 
is calculated as

(1)P =

⎡⎢⎢⎢⎣

p11 p12 ⋯ p1n
p21 p22 ⋯ p2n
⋮ ⋮ … ⋮

p1n p2n ⋯ pnn

⎤⎥⎥⎥⎦
,

(2)Wn =

⎧
⎪⎨⎪⎩

GMn∑Nf

n−1
GMn

⎫
⎪⎬⎪⎭
,

(3)GMn =
Nf

√
P1n⋯PnNf .

3.	 Step 3. Calculating a consistency ratio (CR) to evaluate 
the consistency of decisions:

 where �
max

 is the eigen value of the judgement matrix 
and is calculated as

Assessing the matrix consistency

Primarily chosen classes are reclassified and assigned accord-
ingly. A specific criterion of the study region is constructed as 
sub-criteria and ranges specify the maximum and minimum 
variances (characteristics). Typically, different levels are re-
categorized, according to which they are ranked. The creation 
aims to highlight the strongest aspects of a certain topic of 
study. It is based on the authors' own experiences and literary 
analysis. The final step involves creating prospective ground-
water index maps on the GIS platform using weighted linear 
combinations of individual standard layers. Here, potential 
indicators of groundwater have been calculated (Sahoo et al. 
2017). The steps listed below are followed to compute the 
consistency ratio (CR): (1) principal eigen value (ƛ) is com-
puted using the eigen vector approach (Table 4). The equation 
described below was used to determine the consistency index 
(CI) (Saaty 1990; Arulbalaji et al. 2019).

The total work process of approach is given below:
λ max = 144/12 = 12.

4.	 Step-1. C.I = (�max—n) / (n—1),

where �max = the principal eigenvalue and n = the number of 
parameters used in the analysis.

5.	 Step-2. Consistency index (CI) is denoted as follows:

C.I = (12—12)/(12—1) = 0.

(4)CR =
CI

RCI
.

Consistency Index (CI) is denoted as follows ∶

(5)CI =
�max − Nf

Nf − 1
,

(6)�max =
∑Nf

n−1

(PW)n

NfWn

.

Table 5   Saaty’ (1980) ratio 
index for different values of N

N 1 2 3 4 5 6 7 8 9 10 11 12 N = number of parameters

RI 0.00 0.00 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.49 RI = random indices
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Table 6   Assigned and normalized weights of different features of 12 thematic layers for groundwater potential zone

SL no. Factor Weight Indicator level Sub-feature class Area in % Nor-
mal-
ized 
weight

1 Elevation 9 S1  < 20 96.23 0.28
S2 21–40 m 01.94 0.25
S3 41–60 m 01.02 0.19
S4 61–80 m 00.47 0.17
S5  > 81 m 00.34 0.11

2 Drainage density 10 S6  < 0.20 km/km2 17.44 0.29
S7 0.21–0.40 km/km2 25.79 0.23
S8 0.41–0.60 km/km2 26.56 0.20
S9 0.61–0.80 km/km2 21.02 0.19
S10  > 0.81 km/km2 09.19 0.09

3 NDWI 9 S11 (−) 0.23–0.012 12.32 0.10
S12 0.013–0.072 24.34 0.15
S13 0.073–0.13 29.32 0.20
S14 0.14–0.18 27.66 0.30
S15 0.19–0.39 06.36 0.25

4 Aspect 8 S16 N 19.84 0.15
S17 NE 12.04 0.10
S18 E & NW 19.33 0.15
S19 SE & W 23.99 0.40
S20 S 12.53 0.10
S21 SW 12.27 0.10

5 Rainfall 7 S30  < 701 mm 46.50 0.34
S31 702–1401 mm 12.68 0.22
S32 1402–2101 mm 26.64 0.29
S33 2102–2801 mm 09.18 0.10
S34  > 2802 mm 05.00 0.05

6 Slope 6 S35  < 30 62.53 0.33
S36 4–60 26.95 0.28
S37 70–120 06.16 0.19
S38 130–240 02.91 0.12
S39  > 250 01.45 0.08

7 NDVI 5 S40 (−) 0.05–0.15 06.04 0.14
S41 0.16–0.22 12.47 0.17
S42 0.23–0.28 59.21 0.43
S43 0.29–0.33 22.28 0.26

8 Geology 5 S44 Undivided Paleozoic 00.12 0.34
S45 Pliocene Pleistocene 01.18 0.28
S46 Proterozoic 03.42 0.21
S47 Quaternary 95.28 0.17

9 Soli texture 3 S48 Coarse loamy, umbric dystrochrepts 09.03 0.16
S49 Fine loamy, aeric haplaquepts, coarse loamy, typic 

ustorthents
01.34 0.13

S50 Fine loamy, fluventic eutrochrepts, coarse loamy, 
aquic udifluvents

18.82 0.24

S51 Coarse loamy, aquic ustifluvents, fine fluvaquents 01.26 0.30
S52 Coarse loamy, typic haplaquents, coarse loamy, 

typic fluvaquents
69.55 0.17
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The ratio of CI to RCI is known as the consistency ratio 
(CR). (where the consistency index (CI) and random consist-
ency index (RCI) are both used), whose value was determined 
using the Saaty’s standard (Saaty 1990) (Table 5).

6.	 Step-3. The consistency ratio (CI) is denoted as follows:

CR = CI/RCI.
CR = 0/1.49 = 0.

The delineation of groundwater potential zones 
by weighted overlay method

On the basis of the groundwater potential index (GPI), which 
is derived utilizing the following formula, the field's ground-
water potential zone (GWPZ) was created by integrating eight 
relevant thematic levels into one layer (Shekhar and Pandey 
2015; Das et al. 2018). The method is used to illustrate GWPZ 
by combining different techniques of RS, GIS and AHP as 
shown to separate groundwater likely zones (Fig. 2). After 
analyzing the interactions of various boundaries planned in the 
local GIS climate, all of the layers were spatially overlapped 
for a groundwater assets map. Groundwater potential zones are 
managed based on non-dimensional imaging. The indexing 

of possible groundwater areas in an area is useful (Bonilla 
Valverde et al. 2016; Jha et al. 2010).

The weightages to every parameter has been given by fol-
lowing the Saaty’s scale of relative significance cost (Saaty 
1990 and Arulbalaji et al. 2019). In addition, the weights are 
assigned to such theme layer on the basis of their significance 
for the possibility of groundwater recharge while taking into 
account literature review, field research, and observation. 
Accordingly, 12 thematic layers were compared with differ-
ent criteria in a pairwise comparison matrix. Thematic layer 
subclasses were reclassified for use in the GIS platform's 
weighting system.

According to Shekhar and Pandey (2015), the groundwater 
potential index (GWPI), which expresses GWPZs in a given 
area, is a value without units (Das et al. 2018).

where EL stands for elevation, DD for drainage density, 
NDWI for normalized difference water index, A for aspect, 

(6)GWPI =

m∑
w=1

n∑
j=1

(Wj × Xi)

GWPI =EL
w
EL

r
+ DD

w
DD

r
+ NDWI

w
NDWI

r

+ A
w
A

r
+ R

w
R
r
+ SL

w
SL

r
+ NDVI

w
NDVI

r

+ G
w
G

r
+ ST

w
ST

r
+ PR

w
PR

r

+ PO
w
PO

r
+ LU

w
LU

r
,

Table 6   (continued)

SL no. Factor Weight Indicator level Sub-feature class Area in % Nor-
mal-
ized 
weight

10 Pre-monsoon groundwater depth 2 S53 0.61–2.90 m bgl 66.78 0.28

S54 3.00–5.10 m bgl 18.83 0.20

S55 5.20–7.40 m bgl 07.34 0.18

S56 7.50–9.60 m bgl 04.86 0.20

S57 9.70–12.00 m bgl 02.19 0.14
11 Post-monsoon groundwater depth 2 S58 0.88–4.30 m bgl 82.19 0.29

S59 4.40–7.60 m bgl 10.12 0.25
S60 7.70–11.00 m bgl 04.16 0.19
S61 12.00–14.00 m bgl 02.29 0.16
S62 15.00–18.00 m bgl 01.24 0.11

12 Land use and land cover (LULC) 7 S22 Tea garden 12.39 0.14
S23 Sparse forest 02.67 0.13
S24 Dense forest 21.18 0.13
S25 Cultivated land 28.99 0.16
S26 Settlement 10.68 0.14
S27 Water bodies 09.62 0.17
S28 Barren land 03.19 0.05
S29 Agricultural fallow land 11.28 0.08
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R for rainfall, SL for slope, NDVI for normalized difference 
vegetation index, G for geology, ST for soil texture, PR for 
pre-monsoon, PO for post-monsoon, and LU for land use/
land cover. The letters "w" and "r" stand for the weight of 
a thematic layer and the ranking of subclasses within each 
layer, respectively.

Validation

The monitored well (30 observation wells, 2021–2022) data 
were further studied to validate the research work. The vali-
dation method first starts with the final output of GWPZ and 
validates with ultimately collected well data. An important 
ROC using SPSS Software is used for this. The receiver 
operating characteristic curve (ROC curve) is a graph that 
displays how well a classification model performs across 

all categorization levels. Two parameters are plotted on this 
curve: 1. true positive; 2. false positives. It is a graphical plot 
to diagnose the binary classifiers.

Results and discussion

Alipurduar district's several groundwater potential zones are 
identified by 12 (physical and man-made) different influencing 
elements, including elevation, drainage density and sub-drain-
age density, NDWI, aspect, rainfall, slope, NDVI, geology, 
soil texture, pre-monsoon groundwater depth, post-monsoon 
groundwater depth and land use and land cover The physical 
and man-made elements, both influence the groundwater in 
reality. Based on the findings of this investigation, a thorough 
explanation is provided below. The necessary weights were 

Generation and Classification of the Thematic Layers 

Depth to Ground 

Water Pre-

Monsoon & Post-

Monsoon 

Rainfall Soil 

Weight Assignment of the Layer Using Saaty’s Scale 

Layers Integration Using Overlay Weighted Analysis in ARC 

GIS 

Delineation of GWPZ 

Validation 

REMOTE SENSING 
DATA 

CONVENTIONAL 
DATA 

LANDSAT-8 ASTER DEM 30M 

Supervised 

Classification 

Geological 

Map 

Soil 

Map 

Rainfall

Map 

Depth to Ground 

Water Data 

Collected Data 

UTM Projection 45N Interpolation 

Elevation LU/LC 
Drainage 

Slope
Aspect Geology 

NDVI 

NDWI 

Normalization of the Assigned Weights By AHP 

Fig. 2   Flowchart for the identification of groundwater potential zones in the study area
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applied to each layer in preparation for the overlay process 
after each layer's influence on the others and on itself was 
determined. The weight and the influence (Table 6) contains 
a list of the assignments for each tier.

Elevation

The review region's elevation map plainly reflects the land-
scape's roughness, which is a key factor in identifying the 
groundwater potential. The ground surface undulations avail-
able for depression storage are represented by the elevation of 
the study region (Saranya and Saravanan 2020). Lower height 
sections (plain regions) will typically store water for longer, 
allowing for more notable penetration of re-energized water. 
A lot of overflows and a more modest measure of invasion 
are related to regions with steep rise (Godebo 2005). ASTER 
DEM was used to create the elevation map (Fig. 3), which 
is essential for mapping the groundwater potential zone. The 
area's height varies from 93 m and was broken down into five 
classifications (Table 6). The water runoff from higher eleva-
tions accumulates in lower elevation areas and vice versa, low 
elevation indicates a rich groundwater potential zone. The ele-
vation maphas shown that about 96.23% of the area has very 
strong groundwater potential, whereas only 1.94 %, 1.02%, 
0.47% and 0.34% area has good, moderate, low and very low 
groundwater potential, respectively. Lower the elevation, the 
more will be the groundwater recharge and vice-versa. The 
areas having less 20 m elevation are inducing greater infil-
tration, which recharges the groundwater. On the opposite 
side, area with elevation more than 80 m is rocky and having 

immature soil, which is not suitable for groundwater recharge. 
The lower homogenous plain represents the old perennial and 
sluggish river flowing from Bhutan hill to south of the dis-
trict.  Also, the presence of sedimentary deposit permits more 
recharge to groundwater. Area which has less than 20 m (more 
than 80 m) elevation is assigned higher (lower) weightage.

Drainage density

Permeability, which controls the amount and rate of infiltra-
tion, is inversely related to drainage density (Ibrahim-Bathis 
and Ahmed 2016). When evaluating the groundwater zone, 
drainage density, an upgraded form of permeability, must 
be taken into account. To construct the drainage density 
map, the research area's drainage map is used. Low drain-
age density locations received higher ranks, whereas high 
drainage density areas received lower rankings. Compared 
to a location with a high drainage density, a low drainage 
density region results in higher infiltration and favorable 
groundwater potential zones (Bhunia. 2020; Barua et al. 
2021; Senapati and Das 2021). Five categories were used 
for drainage density values. The drainage density (km/
km2) of the research area was classified into five classes 
(Fig. 4), indicating very poor (< 0.2km2), poor (0.21–0.40 
km2), moderate (0.41–0.60 km2), good (0.61–0.80 km2) 
and very high (> 0.80 km2). More weight allocation for low 
waste thickness and less weight distribution for high seep-
age thickness are used to identify potential groundwater 
zonation (Shekhar and Pandey 2015). The tributaries and 
main rivers of Alipurduar district have greater influence on 

Fig. 3   Elevation map of the 
study area
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recharging the groundwater itself. The district shows higher 
ranks of drainage density. The rivers follow the slope, mov-
ing to the southern district of West Bengal. So, the flow of 
rivers has an important role in affecting the groundwater 
level and potentiality. 9.19% (< 0.2km2) of the drainage den-
sity clearly depicts groundwater potential to be very high, 
21.02% (0.21–0.40 km2) high, 26.56% (0.41–0.60 km2) 
moderate, 25.79% (0.61–0.80 km2) low, and 17.44% (> 0.80 
km2) very low  (Table 6). 

Water levels of different rivers (drainage density)

During the rainy season, the irrigation department serves as 
the central hub for measuring water level status and com-
municating it to other departments that may be affected. In 
general, records are taken every 3 h, but in times of urgency, 
hourly statistics are gathered for each of the five main riv-
ers. The following describes the aforementioned levels of 
all significant rivers which directly affect the groundwater 
level and potentiality in the research area. From west to east, 
there are several south flowing rivers which are perennial in 
nature, determining the water level in the district.

Torsa River

Torsa begins from Tibet, northern part of Bhutan and flows 
into the area through Phuntsholing, a city of Bhutan. The 
center course of this stream moves through Alipurduar area 
and finally converges with the Bhramhaputra waterway in 
Bangladesh by means of Coochbehar. The complete length 
of the stream is 122 km with a catchment space of around 
4530 km2. In Alipurduar, the bowl region is 252.6 km2. The 
catchment (Fig. 4A) is too restricted to even consider aggre-
gating different feeders, which uncovers that it is anything 
but a solitary stream channel.

Jayanti Gadadhar

 Jayanti is a small river flowing through Buxa forest area. 
This river originates in Bhutan and flows through Alipurduar 
district (Fig. 4B). This river remains dry almost throughout 
the year, and clear and cool water flows during the mon-
soons. The river Gadadhar is a tributary of Torsa river.

Raidak‑I

After beginning in Bhutan, the stream travels through Bhu-
tanghat to Alipurduar where it splits into two halves, known 
as Raidak-I and Raidak-II. Raidak-I (Fig. 4C) finally reaches 

Bangladesh's Brahmaputra River, whereas Raidak-II meets 
the stream Sankosh at Baxirhat. This stream's catchment area 
is 268.17 sq km, or about half of the entire bowl region. This 
river basin's topography varies greatly from location to loca-
tion, which makes the river risky for flash floods during the 
rainy season.

Raidak‑II

This river is regarded as a tributary of the nearby Bhutang-
hat-bifurcated Raidak stream (Fig. 4D), which immediately 
passes through Kumargaram Block. At Baxirhat, it finally 
joins the Sankosh River, and the combined stream then flows 
into Bangladesh and joins the Brahmaputra. This stream's 
total catchment area is 184.38 square kilometers.

Kaljani

The rivers Pana and Basra from Bhutan enter the Alipurduar 
district after their rise and flow as a unit. Later it joins a river 
called Dima near the Alipurduar district and flows through 
the Alipurduar district as Kaljani river (known as life line 
of the Alipurduar district) (Fig. 4E). Kaljani river has also 
changed its course many times. Within this river basin, the 
topography differs greatly, which intensifies flash floods. 
With a catchment area of 664.8 square kilometers, this river 
basin is the largest in the Alipurduar district.

Normalized difference water index (NDWI)

To distinguish open water features and make them more 
visible in remotely sensed digital pictures, a new technique 
called the normalized difference water index (NDWI) has 
been created. The NDWI utilizes reflected close to infrared 
emission and apparent green light to upgrade the incidence 
of such highlights while dispensing with the presence of 
soil and earthly vegetation highlights. When using this 
NDWI formulation, an image is created in which the posi-
tive data values are often open water regions and the nega-
tive data values are typically non-water features (such as 
terrestrial vegetation and cover types with a predominance 
of bare soil) (Singh et al. 2017). The local scale for NDWI 
is −1 to + 1, just like for NDVI. NDWI = (GREEN—NIR)/
(GREEN + NIR) (Mcfeeters 1996) Five courses were estab-
lished for NDWI (Fig. 5). NDWI is groped into five classes, 
such as very low (− 0.23 to − 0.012), low (− 0.13 to 0.072), 
moderate (0.072 to 0.13), high (0.14 to 0.18) and very high 
(0.19 to 0.39). It has been found that about 12.32%, 24.34%, 
29.32% areas  have excellent, great and moderate ground-
water potential, respectively. Whereas, about 27.66% and 
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Fig. 4   Drainage density over Alipurduar district and different sub-basins. A Torsha, B Jayanti Gadadhar, C Raidak-I, D Raidak-II, E Kaljani
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6.36% areas have low to extremely low groundwater poten-
tial  respectively. High weightage is given to very high 
NDWI class and low weightage (Table 6) is given to very 
low NDWI class.

Aspect

Aspect shows the direction of the maximum rate of value 
change from one cell to its neighbors, which is downward 
(Singh et al. 2017). The direction of the slope can be com-
pared to aspect. Temperature can be significantly impacted 
by the aspect. This is due to the fact that aspect changes the 
angle at which the sun's rays strike the ground, which in turn 
affects how concentrated those rays are when they strike 
the ground. The compass course that a geographical incline 
faces is generally estimated in degrees from the north. Angle 
can impact temperature. This is on the grounds that per-
spective influences the point of the sun beams when they 
interact with the ground, and subsequently influences the 
convergence of the sun's beams hitting the earth. Viewpoint 
map was set up from ASTER DEM (Table 2). North-facing 
slopes had a high weighting since the effect of sunlight is 
quite low, while south-facing slopes received a very low 
weighting due to the angle of sunlight and time. Mid-winter 
light exposure on north-facing slopes is very low, especially 
in the Northern Hemisphere. Conversely, south-facing slopes 
have substantially higher temperatures than north-facing 
slopes. The prepared map aspect guide (Fig. 6) states that 
19.84% region has generally excellent, 12.04% great, 19.33% 
moderate, 12.53% 23.99% moderate low, 12.53% low and 
12.27% very low groundwater potential.

Rainfall

Another important factor that significantly affects groundwa-
ter potentiality and serves as a major source of groundwater 
recharge is rainfall, which is a component of the hydrological 
cycle (Abijith et al. 2020). Since maximal rainfall is related 
to a high rate of infiltration, the intensity and length of 
rainfall directly impact the rate of groundwater recharging. 
Additionally, the amount of rainfall permits the identifica-
tion of a balance between subsurface groundwater recharge 
and discharge and is proportionally related to the renewal 
of groundwater capacity (Moges et al. 2019). Alipurduar is 
49 m above mean sea level and close to Bhutan hill. In Ali-
purduar, the environment is warm and mild. In winter, there 
is significantly less precipitation than in summer. This envi-
ronment is viewed as Cwa as indicated by the Koppen–Gei-
ger environment arrangement. The precipitation here is 
around 3411 mm–134.3 mm each year. The driest month 
is November. There is 5 mm of precipitation in November. 
With a normal of 848 mm–33.4 mm, the most precipitation 
is in July. Alipurduar is a heavy precipitation region in West 
Bengal. Rainstorm cloud enters from the south and tends to 
go toward north and produce immense precipitation over this 
region due to obstruction of mountain range. Low long-term 
precipitation affects low penetration and excessive surface 
runoff. The average annual rainfall also affects groundwater 
recharge. Higher rainfall is associated with a higher ground-
water potential, while lower rainfall is associated with a 
lower groundwater potential. By using an IDW interpola-
tion method of rainfall data for the selcted research area, the 
rainfall map of the themetic layer is produced (Fig. 7).The 
map shows classification into five zones, namely, < 701 mm 

Fig. 5   NDWI  pattern in the 
study area



4523Modeling Earth Systems and Environment (2023) 9:4507–4537	

1 3

region indicates very high (46.50%), 702–1401 mm region 
moderate (12.68%), 1402–2101 mm region high (26.64%), 
2102– 2801 mm region low (9.18%) and > 2801 mm region 
exceptionally low (5.0%) groundwater potential in the study 
area. Heavy rainfall was recorded in the north, northeast, 
southeast region. Generally, it is believed that the infiltera-
tion rate and subsequently groundwater recharge will be 
more in the areas where higher amount of rainfall occurs. 
Therefore, higher weight is assigned to higher rainfall zones 
for delineating the potential zones of groundwater and vice 
versa (Table 6).

Slope

Runoff and infiltration are influenced by the area's slope. The 
runoff increases with a steeper slope (Gupta et al. 2018a, b). 
Due to the longer residence period for water to percolate, 
previous studies suggested that groundwater potentiality 
improves with gentle slope and low topographic elevation 
locations. Slant of a land is a significant boundary which 
impacts the water maintenance and power of invasion start-
ing precipitation (Rahman et al. 2012). Extremely high 
groundwater potential is attributed to places with greater 

Fig. 6   Aspect map of the study 
area

Fig. 7   Rainfall pattern in the 
study area
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slope, since they typically have considerable runoff and 
poor penetration. Any location's geographical incline has a 
bearing on how surface water will run off, re-energize, and 
develop. There is always an inverse relationship between the 
infiltration of water and the degree of slope, since a steeper 
slope results in higher surface runoff and less groundwater 
recharge because there is insufficient time for the surface 
to percolate (Ghosh et al. 2016; Rajasekhar et al. 2019; 
Murmu et al. 2019). Aster Dem (30 m) was used to create 
the incline guide for the inquiry area, which was divided 
into five classes. The class having less worth is appointed 
higher position because of the practically level landscape, 
while the class having greatest worth is arranged as lower 
rank because of moderately high overflow. Less incline dem-
onstrates low runoff and the other way around. Therefore, 
based on our study, the slope map has five classes, viz., level 
to gentle (< 3°), moderate sloping (4°–6°), strong sloping 
(7°–12°), steep (13°–24°), and very steep (> 25°) (Fig. 8). 
So, the < 3° region has very high (62.53%),4°–6° region high 
(26.95%), 7°–12°region moderate (6.16%),13–24°region low 
(2.91%) and > 25° region exceptionally low (1.45%) ground-
water potential in the study area. The northern steep slope 
is considered to have a very low recharge, very high steep 
slope and no infiltration. However, a gentle slope is situ-
ated in the central-southern part of the map and the area has 
strong possibility to recharge the groundwater as well. All 
these categories were ranked based on earlier studies and 
groundwater availability given in (Table 6).

Normalized difference vegetation index (NDVI)

For monitoring vegetation dynamics at both regional and 
global scales, NDVI is a widely used indicator. The NDVI 
typically ranges from − 1 to + 1. There is a good chance 
that it is dense green vegetation if the NDVI value is close 
to + 1. When the NDVI is close to 0, the area might even 
be urbanized because no greenery is there. This definition 
of NDVI produces a picture wherein the positive informa-
tion indicates commonly open vegetation regions, while the 
negative qualities are regularly non-vegetation highlights. 
Like NDWI, NDVI has a scale of− 1 to + 1. The formula 
of NDVI = (NIR-RED)/(NIR + RED) (Tucker 1979), where 
RED is for the visible red band (0.630–0.680 m) and NIR 
represents the near-infrared band (0.77–0.90 m). The NDVI 
is used as a proximate indicator of the presence of ground-
water beneath the earth's surface, because areas with high 
vegetation are frequently found to have shallow groundwater 
levels (Patra et al. 2018). The NDVI of our study is arranged 
into four classes (Fig. 9) for the research area. The output 
of the thematic map of NDVI is grouped into four classes, 
such as water bodies, shrubs–grassland, moderately healthy 
vegetation, and dense healthy vegetation. Healthy vegetation 
and sufficient groundwater recharge appear to be related in 
a given area (Senapati and Das 2021). The dense vegetation 
area is very much susceptible to groundwater recharge and is 
close to the riverine area. More weight is assigned to dense 
healthy vegetation, whereas shrubs–grassland are given a 
moderate weight (Table 6) and the rest are given low weight-
age for the potentiality of groundwater. The water bodies 

Fig. 8   Slope map of the study 
area
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(between − 0.05 and 0.15), which made up 6.04% of the 
area, shrub–grassland (between 0.16—0.22), which made up 
12.47% of the area, moderately healthy vegetation (between 
0.23 and 0.28), which made up 59.21% of the area, dense 
healthy vegetation (between 0.29 and 0.33), which made up 
22.28% of the study area. About 6.04% region is excellent, 
12.47% moderate, low 59.21% and 22.28% very low vegeta-
tion region. The dense healthy vegetation and moderately 
healthy vegetation are play good role in groundwater poten-
tiality of our study area.

Geology

Since infiltration and runoff rate mostly depends on the 
porosity of rocks. The geological foundation of any place is 
another crucial component that regulates groundwater sup-
ply (Yeh et al. 2016; Abijith et al. 2020). The geological 
horizon affects both the occurrence and the flow of ground-
water. It could hold water and permit simple water move-
ment if it were porous and permeable. On the basis of geo-
logical map (Fig. 10), it was observed that the study area is 
covered in a variety of geological formations, including the 

Fig. 9   NDVI pattern in the 
study area

Fig. 10   Geology pattern in the 
study area
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sub-Himalayan and Chalsa formation. These two formations 
are confined within the Himalayan arc. This formation is 
mainly characterized by alluvial fan geology, brown color 
topsoil, and yellow colored sediment weathering zone. The 
geological age of this formation is early Holocene to late 
Pleistocene. Based on the chronological order, the Paleo-
zoic formation is found in the extreme north in a linear way. 
Subsequently, the next geological formation was Proterozoic 
formation which mainly spread along the Paleozoic forma-
tion in the north of the study area, whereas the Pleistocene 
formation covers near the Proterozoic formation in the north 
portion. However, most of the district is covered with undif-
ferentiated Siwalik sediments (Plio-Pleistocene), followed 
by undifferentiated fluvial–glacial sediments, which were 
also deposited during the very recent Quaternary epoch, pri-
marily distributed in the southern half and runs primarily 
from the western to the eastern section. The geology map 
is classified into five formations, i.e., undivided Paleozoic, 
Pliocene Pleistocene, Proterozoic and Quaternary. As a 
result, this Quaternary deposition of unconsolidated sedi-
ments is more conducive than others for the future develop-
ment of groundwater (Aggarwal et al. 2019). The study area 
is tectonically active and faces many sediment depositions 
from rivers, and ultimately favors groundwater recharge and 
development. The Paleozoic formation is made up 0.12% of 
the area, Pleistocene formation 1.18%, Proterozoic formation 
3.42%, and Quaternary 95.28%. As in earlier studies, high 
weightage is given to the Quaternary formation due to being 
highly favorable for groundwater.

Soil texture

Soil is the topmost layer above the earth that acts as a conduit 
for the percolation of water. Texture of the soil is a significant 
criterion to assess the physical state of the soil and is straight-
forwardly connected with soil properties such as design, poros-
ity, grip and uniformity (McGarry 2006). The soil in this area 
differs from alluvial soil to dry and hard black clay. The per-
meability and water-holding capacity of the soil affect the rate 
of infiltration (Gupta et al. 2018a, b). The National Bureau of 
Soil Survey and Land Use Planning provided the soil texture 
map (NBSS & LUP). The soil type, which affects permeability, 
regulates the groundwater infiltration and retention rate. The 
finer the soil texture, the lower is the infiltration capacity, and 
as a result, less groundwater will be recharged; in contrast, 
the coarser the soil texture, the greater will be infiltreation in 
the soil. The research region is separated into five different 
types: coarse loamy, umbric Dystrochrepts, fine loamy, aeric 
Haplaquepts, coarse loamy, typic Ustorthents, fine loamy, flu-
ventic  Ustochrept, coarse loamy, aquic Udifluvents, coarse 
loamy, aquic Ustifluvents, fine Fluvaquents, coarse loamy, 
typic Haplaquents, and coarse loamy, typic Fluvaquents, which 
are considered 9.03, 1.34, 18.82, 1.26, and 69.55% of the study 
area (Fig. 11). In the upper area in the north of Dooars, the 
soil is principally dark and clayey. This soil is reasonable for 
developing tea, which is a significant money harvest of this 
region. In the lower plain, the soil comprises of a combination 
of both mud, sand and coarse loamy. The lower alluvial soil 
area is prolific enough for crops like paddy, wheat, jute, potato, 
beats, oilseeds, sugarcane and so on to be developed. A huge 
of number of waterways and streams begin from the sloping 
spaces of neighboring Bhutan and there is an organization of 

Fig. 11   Soil texture pat-
tern in the study area
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streams befuddling the whole district. The significant streams 
are Teesta, Torsa, Jaldhaka, Kaljani, Raidak, Korotowa and 
Sankos. They are joined more modest streams like Dudua, 
Tasati, and Mujnai and so forth. The river frequently flood 
their banks keeping layers of prolific soil on the banks on one 
or the other side.

Pre‑monsoon groundwater depth

To comprehend the annual effect, pre- and post-monsoon 
data paired with other data were also investigated. In April, 
groundwater recharge was assessed using pre-monsoon data 
collected during 2018–2021. During the study, this param-
eter was used for better identification of groundwater in 
our study area. In West Bengal, pre-rain storm checking is 
done during the long stretch of April relying upon the time 

Fig. 12   Pattern of pre-monsoon 
annual (2018–2021) groundwa-
ter depth  in the study area

Fig. 13   Pattern of post-
monsoon annual (2018–2021) 
groundwater depth  in the study 
area
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frame for the beginning of the monsoon. Several well water 
depth heights are collected and calculated during the years. 
The average annual pre-monsoon groundwater depth map 
(Fig. 12) is taken to identify GWPZ. Patra et al. (2018) used 
5 years’ groundwater depth. Pre-monsoon water level data 
from 2018 to 2021 were used to depict the regional distri-
bution of water levels and their classification under vari-
ous ranges (Fig. 16a). The pre-monsoonal shower helped to 
recharge groundwater. However, groundwater flow will be 
lower and stay in the aquifer for longer during the pre-mon-
soon season (Kochhar et al. 2022).Water level information 
represents the spatial appropriation of water level and its 
classification under unique reaches. Fig. 12 shows the pat-
tern of groundwater depth in pre-monsoon season during 
2018-2021.  The western and eastern parts of the study area 
have greatest groundwater depth varying from 0.61 m bgl to 
0.29 m bgl. The second-most profound area, with a range of 
3.00 m to 5.1 m bgl, is in the center of Alipurduar from north 
to south The depth is moderate to very deep, varying from 
5.2 to 12 m bgl, in the northern parts. Pre-monsoon water 
depth fluctuated annually between 0.39 m bgl and 20.41 m 
bgl during 2018–2019 and 2019–2021. High weightage is 
given to the less depth of pre-monsoon (0.61–0.29 m bgl), 
whereas the lowest weightage Table (6) is given to the very 
high depth (9.70–12.00 m bgl) of groundwater.

Post‑monsoon groundwater depth

Aquifer material and rainfall pattern are primarily respon-
sible for controlling post-monsoon groundwater depth. It is 
essential to appreciate the spatial difference of monsoonal 
rainfall and also how it impacts the increase in groundwa-
ter storage, thereby identifying the spatial distribution of 
groundwater zones (Fig. 13). The essential target is to docu-
ment the reaction of groundwater system to the normal and 
man-made burdens of re-energizing and release boundaries 
regarding geography, environment, topography, land use 
design and hydrologic attributes. Using a graded steel tape, 
groundwater level in the well during both the pre- and post-
monsoon seasons is measured (Shekhar and Jha 2022). Post-
rainstorm information gathered during November mirrors 
the combined impact of groundwater re-energy. It is highly 
helpful to determine GWPZ using the average annual post-
monsoon groundwater depth map (Patra et al. 2018. The 
spatio temporal change in the post-monsoon groundwater 
level for 2018–2021 is depicted in Fig. 16b. In this way, 
to distinguish GWPZ, normal yearly post-storm groundwa-
ter profundity map is exceptionally valuable. The research 
area's average annual post-monsoon groundwater depth 
map is shown in Fig. 13. It is divided into five groups: (a) 
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0.88–4.30 m bgl (88.19%), (b) 4.40–7.60 m bgl (10.12%), (c) 
7.70 – 11.00 m bgl (4.16%), (d) 12.00–14.00 m bgl (2.29%) 
and (f) 15.00–18.00 m bgl (1.24%). The groundwater depth 
is shallow to almost shallow in the western, central, and 
eastern portions of the research region (0.88–4.3 m bgl). In 
contrast, the groundwater depth in the northern Buxa area 
ranges from moderate to very deep (4.4 to 18.00 m bgl). 
Between 2018–2019 and 2019–2021, the annual variation 
in water table depth ranged from 0.36 m bgl to 29.59 m bgl. 
High weightage is given to the less depth (0.88–4.30 m bgl), 

whereas the lowest weightage (Table 6) is given to the very 
high depth (15.00- 18.00 m bgl) of groundwater. After the 
rainy season, the water storage in the subsurface soil and 
lower subsurface soil is better to influence the groundwater.

Land use and land cover (LULC)

The primary factor influencing the LULC in the research 
area is groundwater supplies, and it also plays a crucial part 
in the management of groundwater sustainably (Rajasekhar 
et al. 2019; Abijith et al. 2020). Studies on land use and land 

Fig. 14   Land use and land cover 
map of the study area

Fig. 15   Groundwater potential 
zone of the Alipurduar district
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cover are crucial for determining how much groundwater is 
needed and how it is being used in the groundwater potential 
zone. In comparison to other land uses like farmland and 
shrub land, bare land, which makes up about 50% of the 
basin area, has higher groundwater recharge rates (Albhaisi 
et al. 2013). Since irrigation increases the amount of water 
supplied to the fields and hence encourages groundwater 
recharge, crops were given a better score than shrub land 
and settlement land use (Roark and Healy 1998). Accord-
ing to Scanlon et al. (2005), the direction of water flow 
changes from lateral (discharge) to downward when range-
lands are replaced by agricultural lands (recharge). On the 
other hand, urban land use has very low rankings in GWPZ's 
assessment, since it has low infiltration rates and capacities 
because impermeable surfaces predominate (Jat et al. 2009). 
The land use and land cover both significantly affect the 
groundwater recharge and discharge. Using the supervised 
classification technique, the Landsat 8 (30 m resolution) sat-
ellite picture was used to construct the land use/land cover 
map and was divided into eight groups (Fig. 14). Due to 
ample empty space for groundwater recharge, agricultural 
land has very good groundwater potential, whereas built-
up areas have relatively low groundwater potential due to 
very little groundwater recharge. High groundwater potential 
zones are indicated by higher values, and vice versa. The 
LULC map defines that 12.39% of the area is tea garden, 
sparse forest 2.67%, dense forest 21.18%, cultivated land 
28.99%, settlement 10.68%, water bodies 9.62%, barren land 
3.19% and agricultural fallow land 11.428% respectively 

(Table 6). The tea garden, dense forest with sparse vegeta-
tive area, cultivated land, and water bodies are influencing 
factors for groundwater recharge in the study area. The rank 
for tea garden, dense forest and cultivated land are assigned 
according to the prior study. The area is mostly covered with 

Fig. 16   Annual fluctuation of groundwater level in the study area. a Pre-monsoon (upper panel); b post-monsoon (lower panel)

Fig. 17   ROC curve for groundwater potentiality zones map using 
AHP technique
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these three mentioned areas and they are suitable for ground-
water recharges. The presence of high of forest cover and 
cultivated land helps in more penetration of water into the 
sub soil and which ultimately recharges the groundwater in 
the study area.

Groundwater potential zone

The groundwater potential for the research region was 
already determined with the help of a GIS-weighted over-
lay analysis and an AHP multi-influencing approach. A final 
groundwater potential map (Fig. 15) including the blocks of 
Madarihat, Kalchini, Kumargram, Falakata, and Alipurduar-
I, II was produced through the examination of 12 thematic 
layers. The results obtained were divided into five groups 
(Table 7), ranging from very poor zone to excellent zones, 
using the index value determined by the above-described 
procedure. The research area's nearly flat terrain (in the dis-
trict's south) offers the best environment for groundwater 
recharge. Slope, drainage density, geology, river network, 
and soil define the ultimate potential zone. Most people 
agree that rivers and other bodies of water are crucial for 
recharging groundwater. If there are too many rivers flow-
ing in one location, the density of drainage rises, leading to 
heavy surface runoff and minimal infiltration. An excellent 
potential zone of about 50.5% (1583.68 km2) is found in the 
near river region and floodplain areas where the majority 
of alluvial sediments were found. Alluvium deposits favor 
the high infiltration of rainwater. High to very high NDWI, 
vicinity to rivers, low elevation, low to moderate drainage 
density, and coarse loamy soil regions fall under the excel-
lent category. Similarly, the eastern and southern extreme 
portions of the potential map shows excellent potential 
zone, as high to moderate rainfall with coarse loamy soil 
will enforce the recharge of the groundwater. Forested land 
and the tea garden region fall under a good potential zone 
with 27.4% (859.26 km2) in the map. The vegetative ground 
with fine loamy soil, low elevation, and moderate rainfall is 
found to be a good zone. Favorable geology and fine loamy 
with forested land favor the recharge in a moderate zone. A 
moderate potential map is found in the northern portion of 
Kalchini block with 11.3% (354.37 km2 area) extension. The 
poor zone is spotted in the northward site of the potential 
zone map. The zone is 7.1% and covers 222.66 km2 of the 
map. Very poor potential zone is found in the extreme north 
of the map due to the high slope, Pleistocene age deposition, 
low recharge, and low drainage density, reflecting the very 
poor zone. The zone comprises 3.7% (very less) covering 
116.03 km2 of the map. The extreme north of Madarihat 
and Kalchini block falls under moderate–poor–very poor 
zone of groundwater. The other parts of the district are in 
the good and excellent conditions of the groundwater zone. 
In comparison to good and moderate GWPZ areas, poor 

and very bad GWPZ areas have a lower discharge rate. The 
groundwater potential zone maps assist us in understanding 
the regional groundwater situation, so that we can plan and 
manage for long-term extraction and development.

Validation of groundwater potential zone

Science-based research needs to be verified. Using a receiver 
operating characteristic curve, the model is tested. The final 
groundwater potential zone is based on 30 true groundwater 
samples (Table 8) derived from the CGWB. The ROC curve 
was used in SPSS to assess map reliability. Pre-monsoon 
and post-monsoon water level depth information from the 
Center Ground Water Board (CGWB) for the most recent 
3 years was taken (Fig. 16a and Fig. 16b). Around 30 check-
ing wells were chosen (2021–22) in and around the review 
region and interpolated. The top left corner indicates a good 
performance level, while the curve in the bottom right corner 
indicates poor performance level. The area under the ROC 
curve (AUC) measures the ability of a parameter to discrimi-
nate between two diagnostic groupings (AUC). Greater AUC 
reflects good to very good validation between two levels. A 
blue line depicts the prediction rate in a visual representation 
(Fig. 17). In conclusion, the AHP/ANP technique is rela-
tively very good (predictive) at 0.85 based on the final vali-
dation of the findings. Under the non-parametric assumption, 
the findings of AUC (0.855) and STD error (0.074) show 
that it has an accuracy of 85.5%, making it a reliable predic-
tion model, indicating that the model's accuracy to designate 
the groundwater potential zone (GWPZ) is excellent. There 
are four ranges for AUC values: 0.5–0.6, 0.6–0.8 and 0.8–0.9 
and five categories: very poor, poor, moderate, good, and 
excellent (Senapati and Das 2020, 2021; Arabameri et al. 
2018). An overall picture of the local groundwater resources 
is provided by the geographical placement of classes and 
their equivalent potential condition in the various areas. 
Based on very poor, poor, medium, good, as well as excel-
lent groundwater potential, these statistics enable the iden-
tification of different categories of groundwater potential 
areas. Therefore, the accurate final output map created by 
reliable GIS-based weighted overlays coupled with the AHP 
model is very consistent with the outcomes of the ground-
water potential validation. Also, the real-time data show the 
good correlation with the result. Figure 18a calculates and 
depicts the water level's minimum, maximum, and mean 
values in the study area. The pre-monsoon and post-mon-
soon groundwater level is considered to check the extent of 
recharge in the research area. Increased water level during 
the post-monsoon and a minimal or low recharge zone dur-
ing the pre-monsoon are shown in Fig. 18b.



4532	 Modeling Earth Systems and Environment (2023) 9:4507–4537

1 3

Ta
bl

e 
8  

A
cc

ur
ac

y 
as

se
ss

m
en

t o
f G

W
PZ

 m
ap

 w
ith

 av
er

ag
e 

gr
ou

nd
w

at
er

 le
ve

l

le
ss

 th
an

 6
.5

1 
Ve

ry
 S

ha
llo

w
, 6

.5
2–

11
.5

1 
Sh

al
lo

w
, 1

1.
52

–1
6.

51
 M

od
er

at
e,

16
.5

2–
21

.5
1 

D
ee

p,
 m

or
e 

th
an

 2
1.

52
 V

er
y 

de
ep

SL
. n

o.
O

bs
er

ve
d 

w
el

l 
ID

La
tit

ud
e 

(d
ec

i-
m

al
 d

eg
re

e)
Lo

ng
itu

de
 (d

ec
i-

m
al

 d
eg

re
e)

W
at

er
 le

ve
l 

he
ig

ht
 (m

 b
gl

)
G

ro
un

dw
at

er
 

le
ve

l
W

el
l l

oc
at

io
n 

on
 

G
W

PZ
s m

ap
R

as
te

r v
al

ue
Va

lid
at

io
n 

re
m

ar
ks

B
in

ar
y 

va
lu

e

1
W

B
JL

01
26

.6
11

01
2

89
.8

29
43

1
4.

72
7

Ve
ry

 sh
al

lo
w

Ex
ce

lle
nt

23
5

A
gr

ee
0

2
W

B
JL

02
B

26
.7

30
87

1
89

.3
50

64
2

9.
32

7
Sh

al
lo

w
Ex

ce
lle

nt
22

3
D

is
ag

re
e

1
3

W
B

JL
02

C
26

.6
88

20
3

89
.4

17
09

2
6.

34
7

Ve
ry

 sh
al

lo
w

G
oo

d
21

5
D

is
ag

re
e

1
4

W
B

JL
03

26
.6

78
14

9
89

.2
68

47
1

4.
66

Ve
ry

 sh
al

lo
w

G
oo

d
22

7
D

is
ag

re
e

1
5

W
B

JL
04

26
.5

17
48

6
89

.2
03

92
8.

05
7

Sh
al

lo
w

G
oo

d
23

9
A

gr
ee

0
6

W
B

JL
13

A
26

.7
88

48
9

89
.5

98
11

1
12

.6
83

M
od

er
at

e
Po

or
96

D
is

ag
re

e
0

7
W

B
JL

24
26

.4
33

61
89

.6
08

68
2

5.
84

Ve
ry

 sh
al

lo
w

G
oo

d
22

6
D

is
ag

re
e

1
8

W
B

JL
25

26
.4

72
46

7
89

.8
04

84
6

6.
82

7
Sh

al
lo

w
G

oo
d

22
5

A
gr

ee
0

9
W

B
JL

26
C

26
.4

92
21

6
89

.5
31

96
3

5.
19

3
Ve

ry
 sh

al
lo

w
Ex

ce
lle

nt
24

3
A

gr
ee

0
10

W
B

JL
29

B
26

.6
10

49
9

89
.1

44
87

4
3.

35
7

Ve
ry

 sh
al

lo
w

G
oo

d
23

9
D

is
ag

re
e

1
11

W
B

JL
37

A
26

.6
90

48
89

.1
84

77
6

4.
12

7
Ve

ry
 sh

al
lo

w
G

oo
d

21
9

D
is

ag
re

e
1

12
W

B
JL

38
26

.4
72

68
6

89
.4

33
65

7.
66

7
Sh

al
lo

w
G

oo
d

35
1

A
gr

ee
0

13
W

B
JL

39
26

.4
90

72
6

89
.5

92
48

9
5.

76
3

Ve
ry

 sh
al

lo
w

Ex
ce

lle
nt

24
7

A
gr

ee
0

14
W

B
JL

40
26

.4
97

48
2

89
.3

70
41

1
8.

14
7

Sh
al

lo
w

G
oo

d
23

1
A

gr
ee

0
15

W
B

JL
47

26
.4

63
66

89
.7

23
84

1
4.

35
7

Ve
ry

 sh
al

lo
w

G
oo

d
24

4
D

is
ag

re
e

1
16

W
B

JL
48

26
.5

60
94

3
89

.8
27

1
4.

02
3

Ve
ry

 sh
al

lo
w

Ex
ce

lle
nt

24
5

A
gr

ee
0

17
W

B
JL

49
26

.7
69

65
7

89
.3

70
94

6
11

.7
49

M
od

er
at

e
M

od
er

at
e

22
3

A
gr

ee
0

18
W

B
JL

50
26

.8
39

19
3

89
.3

64
37

5
5.

34
3

Ve
ry

 sh
al

lo
w

Ex
ce

lle
nt

23
3

A
gr

ee
0

19
W

B
JL

55
26

.5
35

88
8

89
.8

10
06

2
1.

51
3

Ve
ry

 sh
al

lo
w

Ex
ce

lle
nt

24
0

A
gr

ee
0

20
W

B
JL

56
26

.6
32

09
2

89
.1

53
61

8
8.

52
7

Sh
al

lo
w

G
oo

d
23

5
A

gr
ee

0
21

W
B

JL
57

A
26

.7
05

78
1

89
.1

37
25

3
4.

85
3

Ve
ry

 sh
al

lo
w

G
oo

d
22

1
D

is
ag

re
e

1
22

W
B

JL
58

26
.6

11
68

6
89

.5
34

02
6

4.
19

7
Ve

ry
 sh

al
lo

w
G

oo
d

22
0

D
is

ag
re

e
1

23
W

B
JL

73
26

.4
51

08
1

89
.7

18
50

5
4.

15
Ve

ry
 sh

al
lo

w
Ex

ce
lle

nt
22

4
A

gr
ee

0
24

W
B

JL
74

26
.4

67
21

6
89

.7
79

38
4

5.
55

3
Ve

ry
 S

ha
llo

w
Ex

ce
lle

nt
24

3
A

gr
ee

0
25

W
B

JL
75

26
.4

39
40

2
89

.6
69

86
6

6.
16

7
Ve

ry
 sh

al
lo

w
Ex

ce
lle

nt
23

4
A

gr
ee

0
26

W
B

JL
76

26
.7

89
40

3
89

.5
73

09
3

29
.6

83
Ve

ry
 d

ee
p

Ve
ry

 P
oo

r
22

0
A

gr
ee

1
27

W
B

JL
78

26
.6

83
58

4
89

.1
94

22
6

2.
34

Ve
ry

 sh
al

lo
w

Ex
ce

lle
nt

23
7

A
gr

ee
0

28
W

B
JL

86
26

.6
41

63
89

.8
33

41
9

6.
98

5
Sh

al
lo

w
Ex

ce
lle

nt
21

9
D

is
ag

re
e

1
29

W
B

JL
87

26
.7

16
43

8
89

.6
76

41
3

16
.0

90
M

od
er

at
e

M
od

er
at

e
24

8
A

gr
ee

0
30

W
B

JL
88

26
.5

14
59

8
89

.8
19

05
1

4.
44

7
Ve

ry
 sh

al
lo

w
G

oo
d

23
0

D
is

ag
re

e
1



4533Modeling Earth Systems and Environment (2023) 9:4507–4537	

1 3

Conclusion

Today, groundwater shortage has emerged as a serious global 
problem. In emerging nations like India, where the popula-
tion is enormous, the situation is even worse due to massive 
groundwater extraction. In the district of Alipurduar, which is 
predominately agricultural—tea industry based, the current 
study was conducted on the groundwater potential zone uti-
lizing GIS-based MCDM methodologies, specifically AHP. 
It is an agricultural area where availability of groundwater is 
important. Thus, modeling of the groundwater potential zone 
was done using the AHP and GIS techniques.

For the study, a total of 12 parameters were selected, 
viz., elevation, drainage density, NDWI, aspect, LULC, 

rainfall, slope, NDVI, geology, soil, pre-monsoon ground-
water depth, and post-monsoon groundwater depth to run 
the model in Alipurduar area. The final output based on the 
calculation of AHP reveals a total of five groundwater poten-
tial zones, i.e., 50.5% areas are excellent, 27.4% good, 11.3% 
moderate,7.1% poor and 3.7% very poor. The southern por-
tion consisting of active alluvial floodplain, agricultural 
tract, and forest area experiences maximum rainfall with low 
elevation slope, and the most important presence of subba-
sins with favorable soil condition increases the groundwater 
probability with favorable infiltration and recharge capacity. 
The northern portion, on the other hand, has poor ground-
water potential due to its steep slope, irregular topography, 
extensive vegetation cover, and impenetrable hard geological 

Fig. 18   a Minimum, mean, and 
maximum groundwater level 
(upper panel); b pre- and post-
monsoon variation in ground 
water level (lower panel)
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structure. Hence the result is that majority of the study area 
(50.5%) falls under excellent zone and 7.1% falls under poor 
potential zone. So a higher chance of potentiality was shown 
on the groundwater potential map. The results have been 
validated with ground-based data of 30 dug wells. Validation 
is done after the potential map by weight is assigned. The 
AHP technique generates a pairwise comparison matrix after 
taking into account the variables' preferences and how they 
relate to one another.

Due to the lack of any previous study on groundwater 
estimation in this Terai-Duars region, the current investiga-
tion has the potential to produce a revolutionary finding. 
Additionally, numerous other models (such as FR, WOE, 
MIF, CF, and so forth) may be used for future studies. Delin-
eating the groundwater potential zone and comparing the 
results from different models were both strongly advised to 
assess the degree of accuracy. Other significant geographical 
and hydrological elements must be included to increase the 
degree of estimation for the groundwater probability map. 
In the area, it is possible to use artificial recharge techniques 
and a participative approach to increase the potentiality and 
groundwater table and ultimately prevent overexploitation.

This work has gained significance, since it is a ground-
breaking effort to address irrigation concerns in the study 
area. As a result, this study significantly established a 
baseline assessment that future academics, regional plan-
ners, and policymakers can use to compare their findings 
to. Furthermore, this study implies that some topics may 
be the focus of future research. Further research is neces-
sary, for instance, to definitively determine the spatial link 
between the irrigation hazard hotspots and overexploitation 
zone based on the field data. Additionally, difficulties with 
irrigation dangers, as well as their temporal, geographical, 
and seasonal fluctuations, are the other topics that will be of 
relevance in the future. Also the current study, which used 
the AHP and GIS techniques, produced a credible result and 
has broad applicability to other locations with comparable 
hydro-geographical circumstances, particularly in areas with 
mountainous terrain. Additionally, this research could help 
environmentalists and legislators create an effective plan for 
conserving watersheds and using groundwater sustainably. It 
can also serve as guidance for governmental organizations.
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