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Abstract

The water-scarce drought-prone Manjeera basin, of the Deccan basaltic province, is facing the relentless threat of ground-
water over-exploitation. This region needs a reliable strategy to overcome groundwater scarcity as this province is of great
hydrogeological significance. There is a deficiency of dependable information about the groundwater recharge potential zone
(GWRPZ) for this province. Groundwater recharge (GWR) is vital for creating a balance in water resources. With the aim
of solving this severe water crisis, this study was conducted. This study is a very potent hybrid approach of satellite imagery
and digital elevation model along with other ancillary data analysis using ArcGIS software geospatial platform with multi-
criteria decision analysis (MCDA) driven analytical hierarchy process (AHP) and multi-influencing factor (MIF) models for
GWRPZ map delineation. Crucial hydrogeological variables were utilized to achieve an efficient GWRPZ map for effective
artificial recharge planning. The derived maps were classified into four distinct zones, viz. very good, good, moderate and
poor. Critical parameters like branching factor (BF) (0.16 and 0.12), miss factor (MF) (0.11 and 0.26), detection percent-
age (DP) (89.86% and 79.17%) and overall quality percentage (OQP) (78.48% and 72.15%) demonstrated good prediction
accuracy for AHP and MIF respectively. This research output may assist the planners/policymakers/local administration
in precise groundwater development and recharge strategies to achieve a sustainable groundwater development scenario.
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Introduction

Groundwater overexploitation is a threat to the earth’s sus-
tainability, which unsettles the balance of groundwater
resources (Ostad-Ali-Askari et al. 2017; Nithya et al. 2019).
The rapid growth of population, urbanization, industrializa-
tion and drastic increase in the irrigation sector contributed
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in a drastic decline in the groundwater table, i.e. around 12
to 15 m on average and up to 25 m in some areas (Mathai
et al. 2015). In addition, diverse hydrogeological conditions
associated with uneven monsoon patterns in India deprive
the aquifers of substantial groundwater recharge (GWR)
(Eslamian et al. 2018; Saha et al. 2018). Moreover, the
population growth rate and associated water demand will
further aggravate water scarcity in the near future (Abijith
et al. 2020). Therefore, GWR is crucial to maintaining a
balance between groundwater resources and exploitation
towards water security and sustainable groundwater man-
agement. Thus, any sustainable groundwater management
strategies must incorporate GWR measures based on the
regional hydrogeological settings and associated control-
ling factors (Dharpure et al. 2021). Delineation of GWRPZ
is very crucial in this aspect, which leads to the stoppage
of further declination of the groundwater table by replen-
ishment through implementing artificial recharge measures
(Eslamian et al. 2018; Etikala et al. 2019; Singh et al. 2019).
As an important aspect of the hydrological cycle, GWR is
dynamic, interdisciplinary and controlled by geomorphol-
ogy, lineament, lithology, landuse, slope, soil, drainage and
rainfall (Shekhar and Pandey 2015; Ostad-Ali-Askari et al.
2017; Chaudhry et al. 2019).

Advancement and modernization of geospatial tech-
niques are very effective and efficient in mapping, moni-
toring and modelling key natural resources (Singh et al.
2013; Singha et al. 2019). The integrated approach of
remote sensing (RS), geographical information system
(GIS) using earth observation (EO) satellite imagery, field
and ancillary data is well established in a wide spectrum
of groundwater management studies (Sahoo et al. 2017;
Chaudhry et al. 2019). Conventional RS-GIS applica-
tion for GWRPZ yielded positive results and has been
used extensively in the recent past (Avtar et al. 2010;
Mishra et al. 2010). Index-dependent modelling studies
for GWRPZ are emerging as very powerful techniques for
effective groundwater management strategies (Khan et al.
2020; Kadam et al. 2021). Several types of methods and
models were adopted to carry out GWRPZ, namely ana-
lytical hierarchy process (AHP) (Kaliraj et al. 2014; Jena
et al. 2020), multi-influencing factor (MIF) (Pande et al.
2020; Zghibi et al. 2020), weighted sum overlay analy-
sis (WTSOA) (Patra et al. 2018; Andualem and Demeke
2019), fuzzy model (Mohamed and Elmahdy 2017; Gesim
and Okazaki 2018), frequency ratio and certainty factor
(Razandi et al. 2015; Razavi-Termeh et al. 2019), random
forest model (Rahmati et al. 2016; Norouzi and Shahmo-
hammadi-Kalalagh 2019), and artificial neural network
(Chen et al. 2021; Tamiru and Wagari 2021). By the works
carried out in the last one and half decades, it has been
seen that MCDA is a significantly powerful method for
understanding groundwater management framework. The
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AHP is a GIS-based, very effective and favoured MCDA
technique, which uses the pairwise comparison of dif-
ferent spatial thematic variables as per assigned distinc-
tive weightage, based on domain knowledge and expert
opinion (Dar et al. 2020; Javadi et al. 2021). The MIF
is an efficient MCDA technique. It calculates the inter-
relationship between the different thematic variables, as
per the assigned weights by domain experts, depending
on the major and minor influencing factors towards GWR
(Etikala et al. 2019; Zghibi et al. 2020). With time pro-
gression, AHP and MIF, in combination with WTSOA
gained a reputation due to usefulness, simplicity, quick,
effective and practical solutions for groundwater resource
management in diverse hydrogeological provinces before
conducting expensive field explorations (Andualem and
Demeke 2019; Abijith et al. 2020).

India demonstrates a distinct and unique province-wise
groundwater regime due to its varied hydrogeological
and geo-environmental settings. Therefore, groundwa-
ter researchers relentlessly face the challenge for precise
delineation of GWRPZ and understanding the controlling
spatio-temporal variable factors. Thus, this AHP and MIF
MCDA model applicability needs to be evaluated in com-
plex hydrogeological terrains spreading across Pan India
like Deccan basaltic province. Moreover, reliable GWRPZ
researches in this water-scarce drought-prone Manjeera
basin of the Deccan basaltic province are very rare. Even
though this basin holds greater importance, as a major part
of the Godavari basin of India, however, it lacks depend-
able information about GWRPZ and needs attention as
this province is known for its harsh hydrogeological and
geo-environmental condition. GWRPZ delineation will
significantly improve groundwater sustainability and water
security in this region. This will also act as a guideline for
water scarcity in drought-prone areas in the country, since
the present study area is a severe drought-prone, hard rock
basaltic province and facing relentless water shortage for
quite a few years (CGWB 2017b, 2020 and 2021; Navane
and Sahoo 2021). It is anticipated that water scarcity will
further aggravate due to groundwater over-exploitation in
combination with declining rainfall and associated hydro-
geological behaviour of the basaltic aquifers. Therefore, in
this present research, AHP and MIF, in combination with
the WTSOA modelling approach, were used in ArcGIS
geospatial platform for deriving GWRPZ and GWRPZI
in a hard rock basaltic terrain with the following objec-
tive. The objective deals with generating a GWRPZ map to
improve groundwater resource management by GWR for
long-term groundwater sustainability and water security.
The robustness and accuracy of the work are validated
using pre and post-monsoon water table fluctuation data in
combination with model output-derived metrices (Shufelt
1999; Lee et al. 2003; Marta et al. 2012a).
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Materials and methods
Study area

The study area is a part of the Manjeera basin of the Dec-
can basaltic province, which spread across three states of
India, namely Maharashtra, Karnataka and Telangana,
with a population of around 180 million (Census 2011).
The study area consists of a total of twenty-one major
watersheds, covering an area of approximately 14,010 km?
(CWC 2014). It is located between latitude 17°31'00” N
to 18°54’00" N and longitude 75°21'00" E to 77°47'00"
E (Fig. 1). Manjeera, Dev, Dodda-Halla, Karania, Chulki,
Madhura and Trina are the rivers within the study area.
The majority of the study area is represented by single
crop, double/triple crop and agricultural fallow land lan-
duse classes. This study area witnesses a hot and dry cli-
mate with temperatures ranging from 12 to 42 °C (CGWB
2012, 2013 and 2014) and rainfall ranging from 715 to

897 mm. The elevation of the study area ranges from 450
to 780 m. The majority of the study area represents low to
moderate groundwater yield, except few areas where the
yield is good.

Groundwater scenario in the recent past

This study area has been consistently battling severe water
scarcity for more than a decade. The severity is far worse in
the western part, as it is the upper catchment of the Manjeera
basin where surface water availability is scarce (Edge 2015).
Therefore, groundwater plays a pivotal role in meeting most
of the huge water demand for this region due to booming
agriculture and population (GSDA 2012; Edge 2015). The
stage of groundwater development is very high in this region
(more than 75%) (CGWB 2012, 2013). During summer,
almost all the surface water bodies dry up, and groundwater
wells mostly become defunct or work with very less yield
due to the drastic decline of the water table (CGWB 2020
and 2021). The water scarcity reached such a stage in 2016

Fig.1 Location map show-
ing the study area, part of the
Manjeera basin in the Deccan
basaltic province
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to fulfil the needs of water brought by train from a consider-
able distance (Osmani and Patil 2019). This nature of water
scarcity is very alarming, and it affects the resident popula-
tion of this province very badly.

Methodology

Data sources, selection and generation of hydrogeological
thematic layers

A total of eight thematic layers were considered to deline-
ate the GWRPZ zone. These are geomorphology, lineament,
lithology, landuse, slope, soil texture, drainage and rain-
fall. These thematic variables are the controlling factor for
groundwater storage and movement within the study area,
therefore controlling the GWR of the province. Lithology
and geomorphology thematic maps were modified from the
existing database. In contrast, lineament, drainage and slope
were delineated using Resourcesat-2 linear imaging self-
scanning (LISS) III satellite image (30 m spatial resolution),
Cartosat-1 digital elevation model (DEM) (30 m posting)
with other available thematic layers. Image enhancing tech-
niques were implemented on the satellite images and image
draping over DEM to bring out the best possible result while
modifying/delineating the thematic variables using image
processing and analysis software ENVI® and ArcGIS.
Furthermore, landuse and soil texture maps were used as
they are from the existing database. All these thematic vari-
ables were rasterized and re-projected into UTM projection,
WGS-84 datum in Zone 43N using ArcGIS platform with a
spatial resolution of 30 m. A rainfall map was also prepared
using the ArcGIS platform with the exact specifications.
The geomorphology layer was modified from National
Rural Drinking Water Programme (NRDWP) maps available
in the bhuvan-bhujal portal (https://bhuvan.nrsc.gov.in/) by
integrated use of satellite imagery and DEM (Martha et al.
2012b). Precise boundary modification of different geo-
morphic landforms from the existing database was carried
out using satellite images and DEM’s spectral contrast and
spatial characteristics. Using image processing and analysis
software ENVI® principal component analysis (PCA) was
carried out on visible-near infrared (VNIR) and short wave
infrared (SWIR) bands, and different false colour composite
(FCC) images were created. These PCA and satellite FCC
images were used to accurately bring out the boundaries of
different plateaus and lateritic plains based on spectral con-
trast of weathering and overburdened material. Moreover,
PCA inputs were used to improve the decorrelative informa-
tion of spectral bands (Gupta 2003). Furthermore, image
draping over the DEM created a three-dimensional perspec-
tive visualization, which eventually helped in precise bound-
ary modification of butte, and mesa from the plateaus. RS
image interpretation fundamental elements such as shape,
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size, tone, texture, shadow, pattern and association were also
provided with both qualitative and quantitative knowledge
for delineating different geomorphic landforms (Bennia et al.
2013). The lithology layer was recreated from the NRDWP
bhuvan-bhujal portal (https://bhuvan.nrsc.gov.in/) available
maps along with the help of spectral signature variability of
satellite imagery (Guha et al. 2018). These available maps
were used as reference data, and thereafter, the boundary
of the basalt and laterite was modified using different FCC
band combinations of satellite imagery and PCA images. It
was noticed that the variable combinations of RGB of dif-
ferent PCA and satellite image bands helped enhance the
lithological variations, which eventually helped in accurately
modifying the lithological boundaries. Similarly, spectral
contrast of the different FCC band combinations in combina-
tion with landuse information also helps in precisely modify-
ing the lithological boundary. Lineaments were delineated in
the ArcGIS platform using FCC satellite images and DEM
conjugally (Dasgupta and Mukherjee 2019). Visual inter-
pretations and automated digital techniques were used for
lineament detection and identification. The first method was
carried out depending upon the amalgamation of crucial RS
aspects like shape, size, tone, texture and association. The
edge detection technique using high pass filtering applied the
second automated method. The artifices from the automated
techniques were later corrected manually, some of which
may be developed due to variable illumination, shadow,
association and topology (Gupta 2003). These lineaments
were cross-checked in the field and from National Geomor-
phological and Lineament Mapping (NGLM) database from
the Bhuvan portal (https://bhuvan.nrsc.gov.in/), wherever it
was possible. Then, this lineament layer was used to gener-
ate lineament density using tools of ArcGIS software using
line density tool. Similarly, by applying visual interpretation
techniques depending upon the integrated key RS objects
of satellite imagery and DEM, drainages were delineated in
ArcGIS (Mukherjee et al. 2012). Drainages were also deline-
ated in an automated manner from Cartosat 1 DEM using
ArcGIS spatial analyst toolbox. In a step-by-step process
from Cartosat 1 DEM fill sink, flow direction, flow accumu-
lation, conditioning, stream ordering and then stream shape
file were generated. These drainage shape files were vali-
dated using the India Water Resource Information System
portal (https://indiawris.gov.in/). After that, using the line
density tool in ArcGIS, drainage density is delineated. The
landuse map (2018-2019) used in this research was used as
it is from National Remote Sensing Centre’s Bhuvan portal
(https://bhuvan.nrsc.gov.in/). These maps have an overall
classification accuracy of around 90%, with a range of 86
to 95% (https://bhuvan-app1.nrsc.gov.in; NLULC 2007). As
these are already published maps with accuracy estimation,
any separate accuracy assessment was not carried out. Car-
tosat-1 DEM of 30 m posting was used to generate a slope
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map in degrees (°) using ArcGIS software 3D analyst tools.
Soil map was directly used from the National Bureau of Soil
Survey and Land Use Planning (NBSS&LUP) published
soil map (https://www.nbsslup.in/). India Meteorological
Department (IMD) gridded rainfall data (https://www.imdpu
ne.gov.in) of the last 26 years from 1995 to 2020 was used
for the yearly rainfall average to generate a rainfall map. A
total of 33 point locations were created from the gridded
rainfall data by taking the centre of the grid as the point loca-
tions. Then the rainfall distribution map was prepared, using
spatial interpolation technique, inverse distance weighting
(IDW) in ArcGIS software with 12 neighbourhood points
with variable search radius. This technique predicts the val-
ues of the variables at unobserved locations by using the
spatial correlation of the variables (Murmu et al. 2019). This
technique is very potent in predicting spatial distribution
depending on the sample point’s availability and suitable
spatial distribution.

Furthermore, all these thematic layers were assigned
weightage, and their corresponding classes were assigned
rank as per their influence towards GWR. These weightages
were given using AHP and MIF techniques, followed by a
ranking of classes as per the domain knowledge, previous
literature and subject experts’ know-how. All these thematic
layers’ weightage and rank hierarchy represent favourability
towards the GWR of that particular theme and correspond-
ing classes respectively. Later, WTSOA was executed by
integrating all eight thematic layers for GWRPZ map gen-
eration and GWRPZI computation.

A detailed conceptual framework methodology of this
research is given in Fig. 2.

Normalized weight computation of thematic layers using
AHP

AHP is a widely followed, effective decision-making
tool, proposed by Saaty (1980, 2005) depending upon the
multi-criteria approach. This approach eases the difficulty
of any complex decision by assigning weights to different
themes to formulate a hierarchical structure amongst them
(Kumar and Krishna 2018; Aju et al. 2021). AHP is a very
powerful and robust method for multi-criteria assessment
by integrating domain knowledge with practical practices
(Chowdhury et al 2010; Das and Pal 2020). However, for
AHP execution and precise object-oriented result genera-
tion, the weight assigning along with weight normaliza-
tion is a very important part (Shekhar and Pandey 2015;
Nithya et al. 2019). AHP is a step-by-step methodical
approach which includes a pairwise comparison matrix
(PCM), normalized pairwise matrix (NPM) formulation,
normalized weight computation and consistency check-
ing (Kumar et al. 2014; Arulbalaji et al. 2019). These
computations were carried out using Microsoft Excel ©

software. Therefore, in this study, utmost care was taken
before relative weight was assigned to each thematic layer
with respect to other themes in the formulation of PCM.
The weights were assigned as per domain knowledge, field
experience and expert hydrogeologist’s opinion, along with
plenty of existing literature careful, detailed review and
evaluation (Arulbalaji et al. 2019; Bhattacharya et al. 2020;
Dar et al. 2020).

The interrelationship amongst the thematic layers was com-
puted using Saaty’s scale of relative importance on a scale of
1 to 9, where 1 demonstrates equal importance and 9 dem-
onstrates extreme importance amongst each theme (Table 1)
(Saaty 1980, 2005). Thus, the PCM was prepared (Eq. 1) based
on each thematic layer’s interrelationship with another the-
matic layer (Table 2) (Singh et al. 2013; Murmu et al. 2019).

X, Xp oo Xy,
X Xy ... X

A = [Xy]: 21 22 2n (1)
Xy X oo X

where A is PCM; X, is the relative significance of a the-
matic variable, when compared to another parameter towards
GWR; X, X5;,...X,,=1; where i, j=1, 2,...... , n; and
X =/X;;.

In the next step, NPM was computed (Eq. 2), where each
PCM theme’s particular column values were divided by
the corresponding column sum to obtain the NPM themes
(Table 2).

Y.

X; = 7] )
where Xj; is the NPM value at the ith row and jth column; ¥
is the value at the ith row and jth column in PCM; Z; is the
column sum of the jth column in PCM.

From Table 2, the normalized weight for each theme
towards GWR is computed as the sum of all elements of a
particular row divided by the number of cells in the same row

of NPM (Eq. 3)

W. = ZXij

3
Ty 3

where W; is the normalized weight; N is the total number
of themes.

The next step involved was principal eigenvalue (4,,,,)
calculation (Egs. 4.1-4.5), which is required for consistency
checking (Kumar et al. 2014; Jhariya et al. 2021).

A “.1n
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Fig.2 Schematic design of the
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Table 1 Saaty’s AHP scale of relative importance (1-9) and ratio index (RI) for the different n numbers (Saaty 1980, 2005), where n is the num-

ber of the variable used

Scale 1 2 3 4 5 6 7 8 9
. Strong Very
]ntensﬁy of Equal Equal to Moderate Moderate Strong  to very Very strongto  Extreme
importance moderate to strong strong
strong extreme
n (number
of variable 1 2 3 4 5 6 7 8 9
used)
179 18 1/7 1/6 1/5 1/4 13 1/2 1 2 3 4 5 6 7 8 9
pd
Less important More important -
Rl values 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45
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Table 2 Pair-wise comparison matrix for eight thematic layers, normalized pairwise matrix, the normalized weight (NW) of each thematic layer,

principal eigenvalue, consistency index and consistency ratio

Pair-wise comparison matrix

Thematic layers GM LD LT LU SL ST DD RF
GM (geomorphology) 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
LD (lineament density) 0.50 1.00 2.00 3.00 4.00 5.00 6.00 7.00
LT (lithology) 0.33 0.50 1.00 2.00 3.00 4.00 5.00 6.00
LU (landuse) 0.25 0.33 0.50 1.00 2.00 3.00 4.00 5.00
SL (slope) 0.20 0.25 0.33 0.50 1.00 2.00 3.00 4.00
ST (soil texture) 0.17 0.20 0.25 0.33 0.50 1.00 2.00 3.00
DD (drainage density) 0.14 0.17 0.20 0.25 0.33 0.50 1.00 2.00
RF (rainfall) 0.13 0.14 0.17 0.20 0.25 0.33 0.50 1.00
SUM 2.72 4.59 7.45 11.28 16.08 21.83 28.50 36.00
Normalized pairwise matrix (NPM)
Thematic layers GM LD LT LU SL ST DD RF NW
GM (geomorphology)  0.37 0.44 0.40 0.35 0.31 0.27 0.25 0.22 0.33
LD (lineament density) 0.18 0.22 0.27 0.27 0.25 0.23 0.21 0.19 0.23
LT (lithology) 0.12 0.11 0.13 0.18 0.19 0.18 0.18 0.17 0.16
LU (landuse) 0.09 0.07 0.07 0.09 0.12 0.14 0.14 0.14 0.11
SL (slope) 0.07 0.05 0.04 0.04 0.06 0.09 0.11 0.11 0.07
ST (soil texture) 0.06 0.04 0.03 0.03 0.03 0.05 0.07 0.08 0.05
DD (drainage density)  0.05 0.04 0.03 0.02 0.02 0.02 0.04 0.06 0.03
RF (rainfall) 0.05 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.02
Amax = 8.29 CI=0.04 CR=0.03
B,, B, ... B}, In the next step, the consistency index (CI) (Table 2) was
A = B, By, ... By, ) calculated by using the following Eq. 5.
Bnl Bn2 Bnn Cl = M (5)
n—1
[B,, +B,+..+B,, S, where A,,, is the principal eigenvalue, and # is the total
B, +By +..+B,, S, number of thematic layers used in this study.
) 4.3) This was followed by the computation of consistency
| B,,+B,,+ - +B,, S, ratio (CR) (Table 2), which should be less than 0.1 or 10%;
otherwise, the matrix revision is required. The CR is calcu-
FS, /W, Y, lated by the following Eq. 6. For this present research, the
S,/W Y weights of the thematic layers yielded a CR value of 0.03,
2 2 (4.4)  which reveals that the assigned weights of different thematic
s, /'Wn Yn layers are consistent.
cr=4 ©)
Y +Y,+--+Y, RI
Aax = 4.5)

n

where A is PCM; W, W,, ....W, is the normalized weight
of each of the different thematic variables; A’ is the matrix
obtained from multiplied PCM with normalized weight; S,
S,,...S, is the row sum of a particular row; Y}, ¥,,...Y, is the
value obtained from diving S}, S,,...S, with W,, W,, ....W,
respectively.

where RI is the ratio index (Table 1).

Weight computation of thematic layers using MIF
MIF is a popular MCDA technique for GWR management

studies (Etikala et al. 2019; Abijith et al. 2020). The MIF
method is easy, quick and effective for delineating the
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appropriate weightage of different thematic layers depend-
ing upon their influence on groundwater flow and storage
towards GWR. In this research, major and minor influential
interrelationship was established in a knowledge-guided
domain, amongst the thematic layers. Every interrelationship
between the thematic variables was characterized as a major
or minor effect based on their strength which controls GWR
(Fig. 3). Geomorphology possesses a strong relationship
with lithology, landuse, soil and DD, whereas a weak rela-
tionship with LD. On the other hand, LD holds a strong rela-
tionship with geomorphology, lithology and DD, whereas a
weak relationship with landuse. Lithology bears a significant
relationship with geomorphology, LD, landuse, soil and a
weak relationship with slope. Landuse demonstrates a strong
relationship with DD and rainfall, whereas a weak relation-
ship with geomorphology, lithology and slope. Slope, on the
other hand, holds a strong relationship with DD, whereas it
has a weak relationship with landuse, geomorphology and
rainfall. Soil holds a strong connection with landuse and a
weak relationship with geomorphology. Furthermore, DD
demonstrates a strong relationship with geomorphology,
whereas it has a weak relationship with LD and landuse.
Rainfall, however, holds a strong and a weak relationship
with DD and landuse, respectively. In an interrelationship
between thematic variables, if a major effect was present
and demonstrated a strong relationship, a weight of 1.0
was assigned. If a minor effect exists between the thematic

Fig.3 Inter-relationship

variables and establishes a weak relationship, a weight of
0.5 was given. Furthermore, if no effect exists between the
thematic variables, a score of 0 was assigned. The relative
effect factor for each thematic variable was computed using
Microsoft Excel © software from the sum of both major and
minor effect weight (Abijith et al. 2020; Zghibi et al. 2020).
The relative weight was further used to compute the MIF
weight of influence by the following Eq. 7, for each thematic
variable towards GWR. Table 3 demonstrates different the-
matic layers’ weights calculated from MIF.

(E, +Eyp)

MIFW; = ——— % 100
< )
YE, +E;
f=1
where MIFW; is the weight influence for the fth theme; E,
and E;; are the major and minor effect factor respectively.

Ranking of classes corresponds to different thematic
variables

Assigning rank to different classes of thematic variables
in MCDA research is also very important. While assign-
ing the rank, thorough care was adopted, and the rank was
assigned as per field knowledge, expert hydrogeologist’s
opinion and existing literature (Kadam et al. 2020; Navane
and Sahoo 2021). The corresponding classes of the theme

]
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Table 3 The computed weight

. . Thematic layers
for MIF, major and minor effect

Major effect factor

Minor effect factor Relative factor Computed Computed

factor for different thematic weight % _ weight factor
layers Geomorphology I+14+14+1 0.5 4.5 19 0.19
Lineament density 1+ 1+1 0.5 35 15 0.15
Lithology I+1+1+1 0.5 45 19 0.19
Landuse 1+1 0.5+0.5+0.5 35 15 0.15
Slope 1 0.5+0.5+0.5 25 11 0.11
Soil texture 1 0.5 1.5 6 0.06
Drainage density 1 0.54+0.5 2.0 9 0.09
Rainfall 1 0.5 1.5 6 0.06

were provided on a scale of 1 to 9, where 1 is the least and
9 is the extreme value towards GWR, i.e. values closer to 9
indicate favourability of GWR, and closer to 1 indicate non-
favourability of GWR.

Groundwater recharge potential zone (GWRPZ) delineation
and groundwater recharge potential zone indexing
(GWRPZI)

WTSOA is a reproduction technique which generates an
integrated map by combining information and geometric
properties of different thematic layers in the ArcGIS plat-
form (Mseli et al. 2021). WTSOA reproduces the GWRPZ
map depending upon the influence of different hydrogeologi-
cal thematic layers and their classes. The GWRPZI com-
puted by WTSOA is a dimensionless value representing
the probable groundwater recharge zonation spanning over
a region (Andualem and Demeke 2019). GWRPZI can be
expressed by Eq. 8 (Malczewski 1999; Kumar and Krishna
2018).

GWRPZI =Y 3" W, *RK, 8)

where W, is the normalized/computed weight factor of the
mth thematic layer; RK,, is the rank of the nth class of the
thematic layer; x is the total no. of thematic layers; and y is
the total number of classes in a given theme.

The GWRPZI can also be represented by Eq. 9 (Agarwal
and Garg 2016; Kumar and Krishna 2018).

These derived GWRPZI values were used in the classifi-
cation of the study area into four contrasting GWRPZ, viz.
very good, good, moderate and poor.

Sensitivity analysis

The eight thematic variables used in this research dem-
onstrate a variable degree of influence towards GWRPZ.
Assigned weights of each thematic layer and the rank of their
corresponding classes control the GWPRZ (Lee et al. 2018;
Kumar and Krishna 2020). Sensitivity analysis measures
the robustness associated with the modelled output in rela-
tionship with the input variables. It explains the degree of
influence of different thematic variables on the output result
by measuring the difference in output result with respect to
change of input variables. In this present research, two dif-
ferent procedures of sensitivity analysis were performed to
analyse each thematic input variable sensitivity, namely (i)
map removal sensitivity analysis (MRSA) (Lodwick et al.
1990) and (ii) single parameter sensitivity analysis (SPSA)
(Napolitano and Fabbri 1996).

Map removal sensitivity analysis (MRSA)

MRSA was performed to understand the impact of each
thematic layer by removing that thematic layer used in the
generation of the GWRPZ map. In this procedure, each of
the thematic layers was removed, and with the remaining
thematic layers, a new GWRPZ map was created in each

GWRPZI = (GM,,GM,, + LD LD, + LT,LT,, + LU,LU,, +SL,SL,, + ST, ST, +DD,DD,, + RF,RF.,) ©)

where GM is the geomorphology; LD is the lineament den-
sity; LT is the lithology; LU is the landuse; SL is the slope;
ST is the soil texture; DD is the drainage density; RF is the
rainfall. Furthermore, the w and rk subscript represents the
normalized/computed weight of a theme and the rank of the
theme’s individual features, respectively.

instance. This can be represented with Eq. 10.

GWRPZ _ GWRPZ
/

(10)

MRSA,; = % 100

GWRPZ
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where MRSA; is the map removal sensitivity index; GWRPZ is
the groundwater recharge potential zone map obtained using all
the thematic variables; GWRPZ' is the groundwater recharge
potential zone map obtained by excluding one thematic variable
at an instance; N and N' are the number of thematic variables
used in obtaining GWRPZ and GWRPZ' map respectively.

Single parameter sensitivity analysis (SPSA)

The SPSA was performed to analyse the control of each the-
matic layer on the GWRPZ map. This procedure reveals the
effective weighting factor of each thematic variable against the
assigned weighting factor. This can be expressed using Eq. 11.

TH,THC,,

SPSA; = —————
! GWRPZ

* 100 an
where SPSA,; is the index indicating the effective weighting
factor of each thematic layer; TH,, is the assigned weight of
each thematic layer, and THC,, is the rank value for each
class of thematic layer; GWRPZ is the groundwater recharge
potential zone map

Accuracy assessment of the GWRPZ

Accuracy assessment of any simulation model is a very impor-
tant stage; otherwise, the model remains incomplete. There-
fore, establishing the relationship between GWRPZ maps and
the actual ground scenario is of great significance for the vali-
dation of the work. A total of 79 observation wells, water table
fluctuation of pre-monsoon (May 2017) and post-monsoon
(November 2017) seasons were used to assess the accuracy of
the GWRPZ map (Chowdhury et al. 2010; Kaliraj et al. 2014;
Charan et al. 2020).

The accuracy of the output results, derived from AHP and
MIF, can be expressed in terms of BF, MF, DP and OQP of
the models (Shufelt 1999; Lee et al. 2003; Marta et al. 2012a).
This method does a very effective accuracy assessment; thus,
it was adopted. The accuracy of this research is expressed by
the following Eqs. 12 to 15.

Fal, iti
y  Falsepositive

" Truepositive (12)
False negative
MF = -2 DT (13)
True positive
T ..
DP = 100 = : T‘ueposmve ' (14)
(Truepositive + Falsenegative)
00P = 100 True positive

(True positive + False negative + False positive)
(15)

@ Springer

The BF and MF are the indicators of two potential
errors, false positive and false negative, associated with the
model at the time of GWRPZ computation. BF provides an
overestimation of the GWRPZ, which indicates an incor-
rect estimation of lower GWRPZ to higher GWRPZ. On
the contrary, MF provides an underestimation of GWRPZ,
which indicates the estimation of higher GWRPZ to lower
GWRPZ. The DP is the simplest and most illustrative met-
ric, measuring the percentage of correctness denoted prop-
erly by the models while predicting the GWRPZ. Therefore,
this function holistically represents the entire model’s cor-
rectness of performance for the predictability. The OQP is
a measure of the absolute quality of the predictive model.
Therefore, it is a combined aspect of all the measures which
summarize the model performance cumulatively. The true
positive, false positive and false negative were calculated
by comparing the modelled output with respect to the actual
groundwater fluctuation scenario of pre and post-monsoon
seasons (Fig. 4).

Results

Hydrological thematic layers of parts
of the Manjeera basin

Geomorphology

Geomorphology significantly controls the groundwater
occurrence, movement, storage and recharge of any hydro-
geological province (Kumar and Krishna 2018; Etikala et al.
2019). This study area represents diverse geomorphologic
conditions of plateaus along with other associated landforms
(Fig. 5a). The types of landforms present within the study
area are namely plateau moderately dissected (PLM), pla-
teau slightly dissected (PLS), plateau undissected (PLU) and
plateau weathered (PLW). The other dominant landforms
are lateritic plain with shallow basement depth (LPSB) (0 to
3 m), moderate basement depth (LPMB) (>3 to 6 m), deep
basement depth (LPDB) (> 6 m), lateritic plain weathered
(LPW), valley fill (VF), fractured valley (FVL), butte (B),
mesa (MS) and escarpment slope (ES). The FVL and VF
with higher chances of groundwater percolation and stor-
age were assigned higher ranks. The LPW, with weathering
characteristics along with higher percolation, was assigned
a higher rank amongst the other lateritic plain, followed
by LPDB, LPMB and LPSB. The greater the depth of the
basement, the higher the probability of water percolation
and storage. In plateaus, the higher ranks were assigned to
PLW, followed by PLU, PLS and PLM. PLW with weather-
ing characteristics demonstrates higher percolation, whereas
PLU, PLS and PLM show progressively lower percolation
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Fig.4 A schematic illustration
showing the calculation of TP,

FP and FN used in the accuracy e —————

assessment of AHP and MIF |

Water table Modeled
fluctuation output
| [ e e e 1
| I |
Water table fluctuation . Very good N TP
>9.0m : GWRPZ
Water table fluctuation . Very good Fp
<9.0m ’ GWRPZ
Water table fluctuation . Good & EN
>9.0m ’ GWRPZ
Water table fluctuation : Good TP
>6.0t09.0 m g GWRPZ
Water table fluctuation . Good Fp
0.0t0 6.0 m ’ GWRPZ
Water table fluctuation . Moderate EN
>6.0 m z GWRPZ
Water table fluctuation . Moderate TP
>3.0to 6.0 m GWRPZ
Water table fluctuation . Moderate FP
0.0to3.0 m GWRPZ
Water table fluctuation . Poor GWRPZ FN
>30m
Water table fluctuation ~
001030 m = Poor GWRPZ TP

Water table fluctuation > 9.0 m is indicator for very good GWRPZ;
>6.0 to 9.0 m is indicator for good GWRPZ; >3.0 to 6.0 m is indicator
for moderate GWRPZ; and 0.0 to 3.0 m is indicator for poor GWRPZ

TP = True positive ; FP = False positive ; FN = False negative

and storage. The MS, B and ES with very less probability
of groundwater storage and percolation hence assigned the
lower ranks. The details of geomorphology thematic layer
AHP and MIF weight and corresponding classes rank are
provided in Table 4.

Lineament density (LD)
Lineaments are the surficial manifestation of the sub-

surficial lithological characteristics and structural fea-
tures/weak zones like joints, faults and fractures (O'leary

et al. 1976). These lineaments play an important role in

combination with lithology, geomorphology and other
associated hydrogeological features towards GWR.
Lineaments are conduits for favourable groundwater
movement and storage and act as an intensified zone
of secondary porosity and permeability (Sreedevi et al.
2005). Lineaments were used for LD map preparation
and classification. LD represents the lineament lengths
with respect to the area considered (Eq. 16) (Edet and
Okereke 1997). LD was expressed in terms of km/km?.

n L; ( Km
-3 3 () T
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Fig.5 Controlling hydrogeological thematic layers for groundwater potential. a Geomorphology. b Lineament density. ¢ Lithology. d Landuse

where LD is the lineament density; L; is the total length of
lineament in km; and A is the area of the grid in km? used
in LD computation.

The lineaments of the study area show three distinct
alignments in N-S, E-W and NE-SW directions. The range of
LD is 0.04 to 1.33 km/km?. LD was classified into 5 classes
as per natural break of LD values, namely 0.04 to 0.45 km/
km?,>0.45 to 0.61 km/km?,>0.61 to 0.74 km/km?, > 0.74
to 0.92 km/km?” and > 0.92 to 1.33 km/km?* (Fig. 5b). The
higher the LD, the greater the chances of water percolation,
movement, storage and occurrence (Chaudhry et al. 2019).
Therefore, keeping this in mind, the ranks were assigned
to LD classes (Table 4). The higher ranking was assigned
to greater LD values, and the lower ranking to lesser LD
values.

Lithology
Lithology and its variations play a significant part in GWR,
relying on the resistance of lithology towards weathering and

other denudational characteristics (Kumar et al. 2021). The
present study area consists of basalt and laterite (Fig. 5¢).

@ Springer

Laterite is the altered production of the host basaltic forma-
tion and was formed due to humid tropical weathering. Lat-
erite exhibits hollow and vesicular form leading to favour-
ability towards GWR. Basaltic rock displays noticeably less
GWR favourability than the laterites, based on their prop-
erties of texture, porosity, permeability, transmissivity and
degree of weathering. As basalts bear fewer voids between
grains of rock, this leads to water percolation obstruction.
Depending on the favourability of GWR, different ranks
were assigned (Table 4).

Landuse

Landuse is also a very important factor for GWR and
groundwater resource management (Avtar et al. 2010; Sahoo
et al. 2017). The landuse classes present within the study
area, namely water body, double/triple cropland, single crop-
land, forest land, plantation land, fallow land, wasteland and
built-up area (Fig. 5d). Built-up area represents reducing the
impact on GWR with lowest groundwater percolation poten-
tial; therefore, lowest rank was assigned. At the same time,
the water body demonstrates a higher level of groundwater
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Table 4 Assigned rank of different classes associated with thematic layers, computed weight of AHP and MIF

Themes

Classes

Rank AHP weight MIF weight

Geomorphology

Lineament density

Lithology

Landuse

Slope

Soil texture

Drainage density

Rainfall

Escarpment slope
Butte/Mesa

Plateau moderately dissected
Plateau slightly dissected/lateritic plain shallow basement depth
Plateau undissected/lateritic plain moderate basement depth

Plateau weathered/lateritic plain deep basement depth

Lateritic plain weathered
Valley fill

Fractured valley

0.04 to 0.45 km/km?
>0.45 t0 0.61 km/km?
>0.61 to 0.74 km/km®
>0.74 to 0.92 km/km?
>0.92 to 1.33 km/km?
Basalt

Laterite

Built-up area
Wasteland

Fallow land

Plantation land

Forest land

Single cropland
Double/triple cropland
Waterbody

0to 2°

>2t05°

>5to 10°

>10to 15°

>15°

Clay soil

Clay skeletal soil
Loamy soil

Loamy skeletal soil
0.15 to 0.84 km/km?
>0.84 to 1.21 km/km?
>1.21 to 1.47 km/km?
> 1.47 to 1.77 km/km?
> 1.77 to 2.52 km/km?
715 to 766 mm

> 766 to 799 mm
>799 to 828 mm

> 828 to 855 mm

> 855 to 897 mm

0.33 0.19

0.23 0.15

0.16 0.19

0.11 0.15

0.07 0.11

0.05 0.06

0.03 0.09

0.02 0.06

0 NN RN =N PR OO0 NN W= W] O 0 0NN R WD N0 NN W= 00NN R W

percolation. Hence, highest rank was assigned, followed by
double/triple cropland, single cropland, forest land, planta-
tion land, fallow land and wasteland. The details of landuse
thematic layer AHP and MIF weight and corresponding

classes rank are provided in Table 4.

Slope
Slope controls the surface runoff, thus, influencing the GWR

with reference to the residence time of surface water, to infil-
trate underground (Arulbalaji et al. 2019). The slopes of the
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Fig.6 Controlling hydrogeological thematic layers for groundwater potential. a Slope. b Soil texture. ¢ Drainage density. d Rainfall

study area were divided into 5 different classes, namely O
to 2° as flat terrain > 2 to 5° nearly flat terrain,>5 to 10°
as gently dipping terrain, > 10 to 15° moderately dipping
terrain and > 15° highly dipping terrain (Fig. 6a). The flat
to nearly flat terrains are good for GWR, rather than moder-
ate to highly dipping regions. Accordingly, the ranks were
assigned to different classes of slope (Table 4).

Soil texture

Soil texture is one of the factors controlling surface run-
off and the rate of surface water infiltration, which con-
secutively controls the GWR of the region (Kumar and
Krishna 2018). A total of four types of soil texture are
present in this study area, namely clay soil, clay skeletal
soil, loamy soil and loamy skeletal soil (Fig. 6b). Loamy
skeletal soil is best for GWR, which poses the highest
rate of water infiltration, with a higher percentage of
sand or similar coarser fraction and greater intercon-
nected pore spaces. Clay soil is the worst, with the lowest

@ Springer

rate of water infiltration due to high clay percentage and
very low interconnected pore spaces. However, the study
area is majorly covered by loamy soil, which is good for
GWR, followed by clay skeletal soil, which is compara-
tively better than clay soil (Table 4).

Drainage density (DD)

The drainage of any province is the resultant product of
slope, lithology, geomorphology, rainfall and its absorption
nature by soil along with infiltration characteristics (Singha
et al. 2019). DD represents the total cumulative length of
drainage per unit area (Eq. 17).

n
D; ( Km
DD = _<_>
;A Km’

where DD is drainage density; D; is the total length of drain-
age in km; and A is the area of the grid in km? used in DD
computation.

DD describes the competence of the drainage to carry
the water of a particular area. The main flow direction of

a7
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the study area is towards ESE. The range of DD is 0.15 to
2.52 km/km?. DD was classified into 5 classes as per the
natural break of DD values, 0.15 to 0.84 km/km?2, > 0.84 to
1.21 km/km?, > 1.21 to 1.47 km/km?, > 1.47 to 1.77 km/km?
and > 1.77 to 2.52 km/km? (Fig. 6¢). DD is inversely pro-
portional to permeability. Therefore, the more the DD, the
greater the chance of surface runoff and the less the opportu-
nity towards GWR (Kumar and Krishna 2018). Accordingly,
the ranks were assigned to DD classes (Table 4).

Rainfall
Rainfall governs the quantity of water available for percolation

underground towards GWR. This study area’s average rain-
fall ranges between 715 and 897 mm. The rainfall map was

created using IDW spatial interpolation technique for the study
area (Fig. 6d). It is classified into five classes, namely 715 to
766 mm, > 766 to 799 mm, > 799 to 828 mm, > 828 to 855 mm
and> 855 to 897 mm. The greater the rainfall quantity in any
province, the higher the chances of GWR (Singha et al. 2019).
Depending upon this concept, higher rainfall-receiving zone
are assigned higher ranks and vice versa (Table 4).

Groundwater recharge potential zone map and index
by AHP

The delineation of GWRPZ and GWRPZI was accomplished
by AHP depending upon the computed weights of the eight
thematic layers along with their corresponding class ranks
(Table 4) and expressed by Eq. 18.18.

GWRPZI = (0.33 % GM, +0.23 % LD, + 0.16 % LT,y + 0.11 % LU, + 0.07 % SLy +0.05 % ST, + 0.03 % DD, + 0.02 % RF,; )

as)

Figure 7 demonstrates the GWRPZ map and spatial dis-
tribution of 4 GWRPZ, namely very good, good, moder-
ate and poor, classified based on natural breaks GWRPZI
(ranging from 2.05 to 8.10). Very good GWRPZ covers
around 21% (2893 km?) (Fig. 8) of the total study area and
mostly coincides with PLW, VF, FVL, LPW and LPDB.
This is mainly contributed by the presence of a consider-
able level of overburden material thickness in combination
with a high to a very high level of LD (>0.74 to 1.33 km/

km?) with flat terrain. The very good GWRPZ is mostly
present in NW, SE and some parts of the central region of
the study area. The good GWRPZ is covering around 32%
(4530 km?) and coinciding with PLS, PLW and LPMB
geomorphic landforms along with single cropland as well
as moderate to high LD (>0.61 to 0.92 km/km?). The
moderate GWRPZ covers around 32% (4532 km?) and is
scattered throughout the study area. This area is mostly
characterized by PLU and PLS along with moderate to low

Fig.7 Controlling hydro- 75°39'0"E 76°0.'0"E 76°39'0"E 77°0"0"E 77°39'0"E
geological thematic layers for N
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Fig.8 Spatial distribution

of different GWRPZ classes
obtained using AHP and MIF
for the study area

159
15 12%
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32Y 329

31%

21% 20%

Poor
GWRPZ

Good
GWRPZ

Very good
GWRPZ

Moderate
GWRPZ

® MCDA-AHP = MCDA-MIF

LD (> 0.45 to 0.74 km/km?) and a few wasteland regions.
The poor GWRPZ accounts for 15% (2055 km?) of the
study area, characterized by PLM, ES, B and MS geo-
morphic feature along with very low LD (0.04 to 0.45 km/
km?), moderate to high slope and mostly coinciding with
the built-up area, fallow land, wasteland, except with the
wasteland of SE.

GWRPZI = (0.19  GM,; +0.15 % LD, +0.19 % LT,, +0.15 % LU, + 0.11 % SL,, + 0.06 % ST, + 0.09 % DD, + 0.06  RF,;)

Groundwater recharge potential zone map and index
by MIF

MIF was conducted for the delineation of the GWRPZ
map, based on the calculated weights of the different the-
matic layers along with their associated classes’ assigned
ranks (Table 4) and represented by the following Eq. 19.
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ment
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GWRPZ was classified into 4 distinct zones as per the
GWRPZI (ranging from 2.45 to 7.40) natural breaks, namely
very good, good, moderate and poor (Fig. 9). The very good
GWRPZ covers around 20% (2820 km?) of the study area
mostly in the north-central and SE portion of the study area
(Figs. 8 and 9). This area is mainly coinciding with PLW,
VF, FVL, LPW and LPDB geomorphic features along with
cropland (double/triple cropland and single cropland) and
flat terrain. The good GWRPZ covers around 37% (5237
km?) and coinciding PLS and PLW geomorphic feature
along with single cropland. The moderate GWRPZ covers
around 31% (4264 km?) of the study area coinciding with
moderate to low LD (>0.45 to 0.74 km/km?). This zone is
mostly scattered and distributed throughout the study area.
The poor GWRPZ is characterized by built-up area, fallow
land along with B, MS and ES geomorphic landforms along
with very low LD (0.04 to 0.45 km/km?). This zone covers
around 12% of the study area accounting for 1689 km?.

Sensitivity analysis results

Map removal sensitivity analysis (MRSA) The MRSA for
AHP and MIF were conducted by removing different the-
matic layers, each one at one instance and using the remain-
ing thematic layers to generate a new GWRPZ map. In the
case of AHP, high sensitivity (mean MRSA,;=2.69) was
observed with the removal of the geomorphology layer, as
the geomorphology thematic layer was assigned the highest
weight. Moderate sensitivity was observed in the case of
DD, rainfall, LD and soil texture (mean MRSA;=1.48, 1.47,
1.37 and 1.23, respectively). Low sensitivity was observed
for lithology, landuse and slope (mean MRSA,;=0.55, 0.43
and 0.39, respectively). In the case of MIF, high sensitiv-
ity was observed in the soil texture thematic layer (mean
MRSA;=1.14); moderate sensitivity value was observed
in DD, lithology, rainfall and landuse (mean MRSA; 0.99,
0.91, 0.88 and 0.86 respectively). Lower sensitivity is repre-
sented by geomorphology, LD and slope (mean MRSA; 0.77,
0.68 and 0.49, respectively). The results (Table S1) clearly
represent that the MRSA, depends not only on that single
thematic layer weight and its associated class ranks but also
on other thematic layer weights and ranks along with their
spatial distribution and variability.

Single parameter sensitivity analysis (SPSA) SPSA was per-
formed for a better understanding of thematic layer effective
weight towards the formulation of the GWRPZ map. The
result for both AHP and MIF shows effective weight in com-
parison with the assigned weight, with very less deviation.
This also reveals which thematic layer is most impactful
(Table S2). In the case of AHP, the highest effective weight
is shown by geomorphology (mean SPSA;=31.25), fol-
lowed by LD, lithology, landuse, slope, soil texture, DD and

rainfall (mean SPSA, values are 20.60, 16.37, 13.36, 10.08,
3.91, 2.23 and 2.21 respectively). Therefore, the effective
weight is in line with the assigned weight and following
the same hierarchy. In the case of MIF, the highest effec-
tive weight is shown by lithology (mean SPSA;=18.85),
followed by landuse, geomorphology, slope, LD, rainfall,
DD and soil texture (mean SPSA; values are 17.64, 17.59,
15.33, 13.34, 6.37, 6.34 and 4.55 respectively). Therefore,
the effective weight and assigned weight are close to each
other and inline.

Accuracy assessment of the results The feasibility of GWR
based on the GWRPZ map is only achievable if the GWRPZ
map delineated by AHP and MIF is getting validated with
the groundwater fluctuation data of the reference observa-
tory wells (Ghosh et al. 2020; Kumar et al. 2021). There-
fore, an accuracy assessment was carried out to assess the
effectiveness of this research. Therefore, a total of 79 obser-
vation wells of pre and post-monsoon (2017) water level
fluctuation data (Figs. 7 and 9) of Central Ground Water
Board (CGWB), Karnatka State Groundwater Department
and Groundwater Surveys & Development Agency (GSDA)-
Maharashtra, were used. The groundwater fluctuation level
shows four distinct levels of fluctuation classes, and the
threshold of those classes was rounded to a near integer
value. The higher the level of fluctuation, the greater will
be the water resource dynamicity; hence, the greater will be
the groundwater storage and recharge potential (Chowdhury
et al. 2010; Charan et al. 2020). The four classes are namely
very good (fluctuation > 9.0 m), good (> 6.0 to 9.0 m), mod-
erate (> 3.0 to 6.0 m) and poor (0 to 3.0 m).

Figure 7 AHP-derived GWRPZ map demonstrated that
4 wells coincided with poor GWRPZ and all of which are
with water table fluctuation of <3 m. A total of 32 wells
coincided with moderate GWRPZ, out of which 28 are with
fluctuation> 3.0 to 6.0 m, 1 well is <3 m and 3 wells are
with fluctuation > 6 m. Similarly, out of the total 26 wells
that fell in good GWRPZ, 4 wells are with <6 m fluctua-
tion, 18 wells are with fluctuation> 6 m to <9 m and 4 wells
demonstrated fluctuation of > 9 m. Moreover, out of the total
17 wells that coincided with a very good GWRPZ, a total
of 12 are with water table fluctuation > 9 m, and 5 wells are
with fluctuation <9 m. Therefore, the two computed poten-
tial error BF and MF is 0.16 and 0.11, respectively, which is
very less. The DP is 89.86%, whereas the OQP represents a
good result, i.e. 78.48% (Table S3)

Figure 9 MIF-derived GWRPZ map demonstrated that 10
wells are fallen on poor GWRPZ, out of which 4 match with
the ground observation, i.e. water table fluctuation within
3 m, others are with fluctuation >3 m. Moderate GWRPZ
coincided with 31 wells, out of which 23 wells have fluc-
tuation>3 to<6 m, 1 well is<3 m and 7 wells are with
fluctuation > 6 m. Similarly, 22 wells coincided with good
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GWRPZ, where 16 wells are with fluctuation > 6.0 to 9.0 m,
4 wells are with <6 m fluctuation and 2 wells demonstrated a
fluctuation > 9 m. Furthermore, 16 wells coincided with very
good GWRPZ, where 14 wells are with fluctuation>9 m
and 2 wells are with fluctuation <9 m. Thus, the computed
two potential errors BF and MF for this MIF-derived model
are very less (BF=0.12, MF=0.26). The DP is 79.17% and
OQP is 72.15%, which indicates higher accuracy of deline-
ation (Table S3)

All these values of accuracy assessment eventually vali-
date the authenticity and correctness of the research.

Discussion

This section of the article discusses the control of the dif-
ferent hydrogeological thematic variables over GWRPZ,
sensitivity and validity.

Lately, there are many noteworthy literatures that inves-
tigated the control of different hydrogeological thematic
variables in GWR and GWRPZ delineation using geospa-
tial techniques (Dar et al. 2020; Verma et al. 2020; Doke
et al. 2021). The research finding of Dar et al. (2020) in the
Kashmir Himalayan region of India revealed that ground-
water recharge condition is mainly controlled by lithology,
geomorphy, slope and landuse. More precisely, excellent
GWR condtions are associated with alluvium formation,
flat topography and higher porosity permeability, whereas
the low potential of recharge regions are located in high
hilly regions with steep slopes, denudation hills/ridges with
high DD. Similarly, the research of Verma et al. (2020) in
Lucknow, Uttar Pradesh, India, also demonstrated the con-
trol of geomorphic features such as ox-bow lakes and pal-
aeochannels in excellent GWRPZ. The research findings of
Doke et al. (2021) of basaltic terrain in western Maharashtra,
India, represented the influence of runoff, landuse, slope,
rainfall and distance of river/lineaments in GWR. However,
in this present research, GWR potentiality at its highest is
governed by geomorphology and LD, followed by lithology
and landuse. The other four variables slope, soil texture,
DD and rainfall control are less. Geomorphic land forms
FVL,VF, LPW show a higher probability of groundwater
percolation and storage. LPDB, LPMB and LPSB show
regressive GWR conditions, respectively, depending upon
the depth of the basement, which boosts the probability of
water percolation and storage. Similarly, PLM, PLS, PLU
and PLW display progressive characteristics of percolation,
The MS, B and ES exhibit significantly less probability of
groundwater storage and percolation. LD is directly propor-
tional to GWR. LD is comparatively very high towards NW
and SE of the study area, whereas the central region exhibits
high, moderate and low LD comparatively. Therefore, these
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higher LD zones always indicate greater chances of GWR.
Laterite shows more probability of GWR due to its vesicular
and hollow nature. The built-up area demonstrates low to
nil impact on GWR. In contrast, the water body represents
the possibility of more excellent groundwater percolation
regressively followed by double/triple cropland, single crop-
land, forestland, plantation land, fallow land and wasteland.
The study area primarily represents flat to nearly flat ter-
rain, which is suitable for GWR, rather than moderate to
high dipping region, as slope controls the surface runoff,
which influences GWR inversely. Loamy skeletal soil with
a higher percentage of sand or a similar coarser fraction and
greater interconnected pore spaces demonstrates a higher
probability of water infiltration. Clay soil shows a low to
nil probability of GWR with high clay percentage and very
low interconnected pore spaces. Moreover, skeletal texture
increases the GWR capabilities. Therefore, clay skeletal soil
is better than clay soil. DD demonstrates an inverse relation-
ship with GWR, as it is a measure of the competency of
surface runoff. The more significant the surface runoff, the
lesser the GWR. The main flow direction of the study area is
towards ESE. DD is comparatively very high towards NW,
SE, ESE and the west-central portion of the study area. This
study witnessed higher rainfall in the eastern region com-
pared to the western side. Therefore, GWR is more suitable
towards the east portion of the study area.

The purpose of GWRPZ in any province is to develop a
sustainable scenario of groundwater condition (Abijith et al.
2020; Aju et al. 2021). Previous researchers showcased the
utility of MCDA-driven AHP and MIF model capabilities in
GWR and are found to be very popular for groundwater sus-
tainability in similar and different hydrogeological provinces
(Dar et al. 2020; Verma et al. 2020; Doke et al. 2021). In
this research, the AHP model-derived very good GWRPZ is
mainly controlled by the geomorphic landforms such as PLW,
VF, FVL, LPW and LPDB. The presence of a considerable
level of overburdened material in combination with high to
very high levels of LD, as well as flat terrain, also plays a
significant role in forming excellent recharge potential. This
zone is primarily observed in NW, SE and some parts of the
central region of the study area. Landforms such as PLS, PLW
and LPMB combined with single-crop agricultural land and
moderate to high LD control the GWR characteristics of good
GWRPZ. These hydrogeological variables hold positive con-
trol over good recharge potential. On the other hand, moderate
GWPRZ is scattered chiefly and governed by the presence of
PLU and PLS in combination with wastelands and medium
to low LD, which usually demonstrates moderate recharge
potential. PLM, ES, B and MS geomorphic landforms along
with very low LD, medium to high slope and mostly coincid-
ing with the built-up area, fallow land and wasteland were
associated with nil to limited recharge potential, which gov-
erns the GWR condition of poor GWRPZ.
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MIF-calculated very good GWRPZ are primarily in the
north-central and SE portion. This area GWR condition is
mainly governed by the high positive influence of PLW, VF,
FVL, LPW and LPDB geomorphic landforms along with
cropland (double/triple cropland and single cropland) and
flat terrain. The good GWRPZ is controlled by the positive
impact of PLS and PLW geomorphic features along with sin-
gle cropland. The moderate GWRPZ is mainly scattered and
regulated by the moderate to low LD, which demonstrates
the intermediate/average potential of recharge. Built-up area,
fallow land B, MS, ES geomorphic landforms and very low
LD with negative influence govern the GWR potential of
poor GWRPZ with a very limited to nil recharge potential.

In this research on GWRPZ, both the MCDA models
AHP and MIF demonstrated efficient GWRPZ. The accu-
racy assessment results with less potential error represented
by BF and MF, along with high precision of delineation
for GWRPZ demonstrated by DP and OQP, validate this
research outputs. This efficiency was achieved based on
methods of the model’s multicriteria decision with con-
sistency over the judgement. Moreover, these models very
effectively interacted between the hydrogeological control-
ling variables towards the delineation of GWRPZ. These
MCDA models, in combination with geospatial techniques,
demonstrated their potency while delineating GWRPZ in
this critical hydrogeological province.

Sensitivity analysis MRSA results demonstrate a few cru-
cial findings that the impact of each thematic layer depends
not only on that single thematic layer weight and its associ-
ated class ranks but also on other thematic layer weights and
ranks, their interrelationship and their spatial distribution
and variability. While SPSA result for both AHP and MIF
shows effective weight compared to the assigned weight,
with significantly less deviation. These also reveal which
thematic layer is most impactful. The results of the SPSA
indicate that the effective weights are in line with assigned
weights and follow the same hierarchy for the hydrological
thematic variables.

Conclusion

In water security management, groundwater recharge potenti-
ality delineation is one of the fundamental factors. This study
aims to investigate the effectiveness of two MCDA methods,
AHP and MIF, to overcome the obstacle of hydrogeological
complexity of the Deccan plateau towards precise delineation
of GWRPZ. The AHP computed GWRPZI and classified the
GWPRZ as very good, good, moderate and poor zones account-
ing for 21%, 32%, 32% and 15% of the study area, respectively.
In contrast, the MIF accounts for a very good 20%, good 37%,
moderate 31% and poor 12% GWRPZ, respectively. Geomor-
phology, LD, lithology and landuse mainly control the recharge

potentiality. In detail, it is the combined and coupled effect of
depositional and denudational characteristics of geomorphic
landforms in combination with lithological properties and sec-
ondary porosity-driven factors such as LD as well as the landuse.
The other hydrogeological variables like slope, soil texture,
DD and rainfall effects are less compared to geomorphology,
LD, lithology and landuse. Sensitivity analysis demonstrated
how each thematic layers weights and ranks along with spatial
variability, distribution along with different themes interrela-
tionship controls, and signifies the GWRPZ. It also revealed
that the assigned weight for both the models is in line with the
effective weight and with very less deviation from the actual.
This analysis further revealed GWRPZ control is very specifi-
cally related to its hydrogeological settings in combination with
different thematic variable interrelationships. The accuracy
assessment result demonstrates a very good OQP for both the
models (AHP=78.48% and MIF=72.15%), with very good DP
(AHP=289.86% and MIF=79.17%) and less induced errors.
Thus, this research applicability can provide a deep insight into
a realistic evaluation of groundwater sustainability in this and
similar hydrogeological provinces. Therefore, based on the sci-
entific output and objective, this GWRPZ map can assist the
planners/policymakers/local administration in accurate ground-
water abstraction, development and recharge strategies. Still, it
is very necessary for any site-specific groundwater recharge
strategies, and the scale of interpretation and analysis is very
important.
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