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Abstract 

Groundwater resources are essential for drinking water, irrigation, and the economy mainly in semiarid environments 
where rainfall is limited. Currently, unpredictable rainfall due to climate change and pollution on the Earth’s surface 
directly affects groundwater resources. In this area, most people depend on groundwater resources for irrigation 
and drinking purposes, and every summer, most of the area depends on groundwater in a semiarid environment. 
Hence, we selected two popular methods, the analytical hierarchy process (AHP) and multiple influence factor 
(MIF) methods, which can be applied to map groundwater potential zones. Nine thematic layers, such as land use 
and land cover (LULC), geomorphology, soil, drainage density, slope, lineament density, elevation, groundwater 
level, and geology maps, were selected for this study using remote sensing and geographic information system 
(GIS) techniques. These layers are integrated in ArcGIS 10.5 software with the help of the AHP and MIF methods. The 
map of the groundwater potential zones in the study area revealed four classes, i.e., poor, moderate, good, and very 
good, based on the AHP and MF methods. The groundwater potential zone area is 241.50 (ha) Poor, 285.64 (ha) 
moderate, 408.31 (ha) good, and 92.75 (ha) very good using the AHP method. Similarly, the MIF method revealed 
that the groundwater potential classes were divided into four classes: 351.29 (ha) poor, 511.18 (ha), moderate, 123.95 
(ha) good, and 41.78 (ha) very good. The results were compared to determine which methods are best for planning 
water and land resource development in specific areas that have basaltic rock and drought conditions. Both 
groundwater potential zone maps were validated with water yield data. The receiver operating characteristic (ROC) 
curve and area under the curve (AUC) model results are found to be 0.80 (good) and 0.93 (excellent) using the MIF 
and AHP methods, respectively; hence, the AHP method is best for delineation of groundwater potential zone maps 
and groundwater resource planning. The present study’s framework and the results will be valuable for improving 
the efficiency of irrigation, conserving rainwater and maintaining the ecosystem in India.
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Introduction
Groundwater is the subsequent largest contributor 
to fresh water on the planet. It is most important for 
economic and operational planning and implementation 
[1–3]. As a result of the progression of severe farming 
crossways to meet growing food and energy stresses 
worldwide [4–6], the overexploitation of groundwater 
has resulted in decreasing groundwater table   [7] and 
an ever-accumulative pressure on accessible groundwater 
resources across many places around the world [8–11]. 
The groundwater supply is essential for crop and factory 
production [12]. The management of surface water is 
essential in the drought conditions of Maharashtra [13, 
14].

The  water is most  important  resource because it  is 
naturally provides the most useful resources on the Earth’s 
surface. With respect to the solution of life, the everyday 
actions and commercial expansion of some nations 
are unconditionally based on water resources  [15–17]. 
Approximately 71% of the Earth’s surface is enclosed by 
water bodies, constituting an enormous portion of the 
Earth’s total area. However, the most common crushing 
water, approximately 96.5%, is saline water, which mainly 
includes oceans, seas, and bays  [18–20]. The amount of 
freshwater utilized for domestic determination is only 
3.5, and 68% of the freshwater available on the surface is 
obtained from glaciers, while 30% is confined under the 
surface or created from aquifer resources via groundwater, 
and the remaining 2% is observed in rivers, ponds, and 
the air [21–23]. Currently, nearly all studies agree that 
surface freshwater insufficiency is the greatest dangerous 
issue for all nations in the world [24–26]. This is due to a 
number of complex ecological difficulties, such as the 
undying deforestation that has caused severe climate 
variation and scarcity, the considerable daily surface and 
groundwater pollution caused by waste and discharge from 
rapidly prolonged manufacturing and urban expansion; 
and the increased demand for fundamentally amplified 
urban expansion and industries  [27–29]. Therefore, these 
variables are powerful tools for an identifying other options 
for groundwater resources because of their demand and 
source [30].

Agriculture contributes significantly to the Indian 
economy. India has the second largest population in 
the world [31]. Groundwater potential zone mapping is 
required to establish groundwater and rainfall preservation 
strategies for semiarid regions, and whole planning is 
performed using remote sensing (RS) methods [32–
34]. Basic and numerical datasets have been created 
by combining RS and geographic information system 
(GIS) data [35, 36]. RS has played a crucial role in natural 
resource mapping and analysis at regional scales [37]. 
A grouping of RS and GIS technology information is 

evaluated and used to designate and evaluate potential 
groundwater places [38]. RS and GIS are powerful tools for 
monitoring and managing groundwater resources at local 
and regional scales. In deficient aquifer zones in basaltic 
rock, these approaches and techniques have been used 
to detect acceptable zones for groundwater development 
[39]. It uses many important layers, i.e., geology, lineament, 
rainfall, NDVI, slope, land use, and soil types, to ensure 
accuracy and reduce human errors. Historically, suitable 
groundwater sites have been defined using multiple 
influence factor (MIF) and analytical hierarchy process 
(AHP) techniques [40–42]. RS, GIS, and hydrological 
information were clustered [43], and statistical methods 
were used [44]. New technologies such as MIF, AHP, RS, 
and GIS have correctly identified appropriate groundwater 
zones for planning and managing basins at local and global 
scales [42, 45]. RS and GIS are helpful for combining spatial 
and geophysical datasets for groundwater potential zone 
mapping [35]. Various approaches have been used to define 
appropriate sites for groundwater mapping based on the 
MIF and AHP methods [40, 46, 47]. Many researchers have 
used the AHP and MIF techniques to study groundwater 
potential zones with reference to RS and GIS datasets, 
therefore, these techniques provide precise valuations and 
decrease the probability of human mistakes [42]. Hence, 
the AHP and MIF methods have been used in hard rock 
study areas to create maps of suitable groundwater zones. 
This paper provides original and important results for 
the development of groundwater in hard rock areas with 
the help of the RS, GIS, MIF and AHP methods. In this 
work, all recent datasets were used to compare the MIF 
and AHP methods, which are the best for the mapping of 
groundwater potential zones in hard rock areas. Hence, 
large datasets of thematic layers are integrated to demarcate 
groundwater potential zones using a GIS system [48]. This 
work aimed to construct an accurate groundwater potential 
map based on GIS data and the MIF and AHP methods. 
The results are useful for the development of groundwater 
resources and land resource planning in the semi-arid 
environment and area of Maharashtra, India.

The main objectives of this study are as follows:

1 To  create  various thematic layers from satellite data 
and field verification information.

2 To identify the groundwater potential zone using the 
MIF and AHP methods.

3 To compare and validate groundwater potential zone 
maps and select the best methods for groundwater 
potential zone mapping in the semiarid environment.

4 To development the action plan map of land and 
water resources development plan for groundwater 
development in the semi-arid region of India.
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Paper contribution
This paper main contribution lies in its application of 
two distinct methods, AHP and MIF, which have been 
used to generate groundwater potential zone maps in 
this region. This area is facing more challenges due 
to unpredictable rainfall caused by climate change 
and increasing population. By integrating the nine 
thematic layers derived from RS and GIS satellites, this 
study offers a comprehensive analysis of groundwater 
potential, considering various factors such as land use, 
geomorphology, soil, drainage density, slope, lineament 
density, elevation, groundwater level, and geology. The 
significance of this research is highlighted by its relevance 
to areas heavily reliant on groundwater for drinking, 
irrigation, and economic activities. Additionally, the 
study focuses on specific geological conditions, such as 
basaltic rock and drought conditions, making it applicable 
to regions facing similar hydrogeological challenges. 
Furthermore, the paper emphasizes the importance of 
exploring interdisciplinary collaborations and potential 
synergies with related research areas to enhance 
the scope and impact of the work. By engaging with 
experts from various fields, the research findings can be 
applied to address broader water resource management 
challenges and contribute to sustainable development. 
Overall, this paper’s main contribution lies in providing 
valuable insights into groundwater potential assessment 
using two methods: satellite data integration techniques 

and popular methodologies. Both the methods were 
compared and the best method was selected for the 
development of groundwater potential zone maps in 
the semiarid region. The most powerful methods will 
be used for weighting various thematic layers in the GIS 
software. An important contribution of this paper is that 
the best and most important layers for the prediction of 
groundwater potential zones are mapped with increasing 
planning for groundwater development. The approach 
adopted in the study has the potential to improve water 
resource management practices, aid in groundwater 
planning, and support decision-making in regions facing 
water scarcity and environmental changes. The emphasis 
on interdisciplinary collaboration further underscores 
the significance of this research and its potential to 
influence policy-making and ecosystem preservation 
efforts in India and beyond.

Materials and methods
Study area
The Buchakewadi watershed is situated in the Junnar 
block of the Pune district in Maharashtra, India. The 
study area was between 19° 9′N and 19° 16′N latitude and 
73° 47′E and 73° 64′E longitude. The location map is pre-
sented in Fig. 1. The watershed is demarcated by Survey 
of India (SOI) Topo-sheet No. E43B16 on a 1:50,000 scale. 
The observed average annual rainfall is 741.90 mm. Total 
study area is 1028.21  ha (10.28   km2). The research area 

Fig. 1 Map of the study area
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is situated between the Western Ghats and the Deccan 
Plateau. In this area, Farmers have cultivated land for the 
entire three seasons. Hence this study area’s most impor-
tant work for the groundwater potential zones maps with 
day-by-day groundwater level decreasing in the last two 
decades, hence this reason this study has been selected 
for the preparation of thematics and groundwater maps. 
In the study area, most of the land is covered by agricul-
ture and wasteland and some land under the forest area. 
In this view, groundwater suitable zones mapping should 
be most important for maintaining the ecosystem and 
groundwater depth throughout the entire study area.

Methodology
Groundwater potential zone mapping using traditional 
methods is very challenging. In the traditional approach, 
challenges arise due to the absence of thematic layers such 
as geomorphology, soil, and groundwater level data from 
reliable sources. Additionally, the lack of past maps or 
information from relevant departments and organizations 
further complicates the data collection process. This leads 
to difficulties in validating the accuracy and reliability of 
groundwater potential zone mapping. These challenges 
highlight the limitations and gaps in traditional methods 
for conducting such mapping exercises. Recently, the use 
of satellite data has become increasingly prevalent for cre-
ating thematic layers in various applications, including 
groundwater potential zone mapping. Satellite imagery 
provides valuable information about land cover, vegeta-
tion indices, and other relevant parameters. These satel-
lite-derived thematic layers can serve as a starting point 
for analysing and assessing groundwater potential. How-
ever, it is important to note that field information is still 
crucial for final map creation, even when using advanced 
integrated methods. Field data collection helps validate 
and refine satellite-derived thematic layers, ensuring their 
accuracy and reliability. Field surveys provide ground 
truth information on various factors, such as lithology, 
soil characteristics, groundwater levels, and hydrologi-
cal features, that cannot always be accurately captured 
through RS alone. The integration of satellite data with 
field information allows for a more comprehensive and 
robust groundwater potential zone mapping approach. 
This approach helps bridge the gap between RS observa-
tions and ground realities, improving the accuracy and 
reliability of the final map. Therefore, while satellite data 
play a vital role in the initial stages of mapping, field infor-
mation remains essential for the validation and refinement 
of the results. A number of thematic layers, such as land 
use and land cover (LULC), geomorphology, soil, drainage 
density, slope, elevation, groundwater level, and geology, 
were prepared from satellite data  [49]. We assigned the 
weights to nine thematic layers and integrated them into 

ArcGIS software 10.5. Basin-level geological and hydro-
logical information is essential for spatial groundwater cir-
culation. We compared the AHP and MIF methods based 
on nine thematic layers and ROC models. Water and soil 
data were collected from wells and farm plots via ran-
dom sampling. Soil and water sample data were analysed 
at the Department of Soil Science, Mahatma Phule Krishi 
Vidyapeeth, Rahuri. Soil texture and groundwater depth 
maps were prepared based on field information using Arc-
GIS 10.5 software. The groundwater level data were help-
ful in the validation of groundwater potential zone maps 
using AUROC curves. The ROC is the most fundamental 
way to determine the dependability of an analytical assess-
ment [50]. The accuracy of the two groundwater potential 
zones was determined by receiver operating characteristic 
(ROC) curves, which accurately delineate the groundwater 
potential zones. The best methods for mapping groundwa-
ter potential zones are the AHP and MIF methods (Fig. 2).

Multi‑criteria decision analysis (MCDA) using the analytic 
hierarchy process (AHP)
Decision-making, for which we have collected most of our 
material, has become a scientific science. Psychological 
studies have shown that human beings make biases while 
making decisions. In view of these biases and the increas-
ing complexity of present-day problems, there is a need 
for a methodology that is easy to comprehend and use for 
making effective and safe decisions [50, 51]. However, a 
methodology was required that could be used in a more 
natural way by decision-makers [52]. AHP satisfies all these 
requirements and has been adopted and used by many 
organizations worldwide for solving many decision-making 
problems. Saaty [53] created the analytic hierarchy process 
(AHP). This approach is a useful tool for resolving complex 
decision-making problems, and it can help policy makers 
set priorities and create suitable results. The AHP sup-
ports both subjective and objective features of a decision 
by dropping composite judgments to a sequence of pair-
wise comparisons and findings. Furthermore, the AHP is a 
practical method for examining the accuracy of decision-
makers’ assessments, thereby eliminating decision-making 
bias. Since the comparisons are made through subjective 
or personal perception, some amount of inconsistency may 
occur. To ensure that the perceptions are consistent, the 
consistency was verified by determining the consistency 
ratio, which is included to measure the degree of consist-
ency among the pairwise comparisons of various criteria, 
which is considered one of the most significant advantages 
of the AHP. The AHP integrates and covers input in the 
form of spatial data to output in the form of decisions. The 
qualitative data of different themes and features are trans-
formed into quantitative data by forming a pairwise com-
parison matrix using Saaty’s scale [53–56]. The scale was 
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used to assign the judgement values provided (Table 1). The 
basic procedure consists of setting up the goal, consider-
ing and analysing the factors or criteria that affect the final 
decision and assigning judgement to different criteria using 
Saaty’s scale (Tables 3, 4 and 5). To determine the consist-
ency of the assigned weights, the consistency ratio (CR), as 
suggested by [53], was computed using Eqs. (1) and (2):

(1)CR =
CI

RCI

where CI is consistency index and RCI is random consist-
ency index.

The consistency index (CI) is given by Eq. (2):

where λmax is the principal eigenvalue and n is the num-
ber of criteria. The random index is an estimation of the 
average value of the consistency index obtained from 

(2)CI =
�max − n

n− 1

Fig. 2 Flowchart of the methodology

Table 1 Scale for pairwise comparison [56]

Intensity of 
importance

Definition Explanation

1. Equal importance Two activities contribute equally to the objective

2. Equal to moderate importance Experience and judgement slightly favour one activity over another

3. Moderate importance

4. Moderate to strong importance Experience and judgement strongly favour one activity over another

5. Strong importance

6. Strong to very strong importance An activity is favoured very strongly over another, its dominance demonstrated in practice

7. Very strong importance

8. Very strong to extremely strong importance The evidence favouring one activity over another is of the highest possible order 
of affirmation9. Extremely strong importance
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large enough randomly generated matrices of size n 
(Table 2).

The computed value of the CR should be less than 10% 
to ensure consistency in decision-making; otherwise, 
the assigned weights should be re-evaluated to maintain 
consistency. If the CR is less than 10%, the judgements 
are consistent, which can be considered suitable for AHP 
analysis [54].

AHP analysis procedure
The detailed procedure for computing the weights of the 
criterion is presented below:

Form a pairwise comparison matrix given as Eq. (3):

The sum of the values of each column of the pairwise 
comparison matrix is given as Eq. (4):

A normalized comparison matrix is calculated by 
dividing each entry in a column by its column total Eqs. (5 
and 6):

where

The sum of each row is computed and divided by the 
number of criteria to obtain the criteria weights, as shown 
in Eq. (7):

Multiply the criterion weights obtained with the original 
pairwise comparison matrix to get the weighted sum value. 
Divide the weighted sum value with the corresponding 

(3)





C11 C12 C13
C21 C22 C23
C31 C32 C33





(4)SCij =

∑n

i=1
Cij

(5)Xij =
Cij

�n
i=1 Cij

=





X11 X12 X13
X21 X22 X23
X31 X32 X33





(6)Cij =





C11 C12 C13
C21 C22 C23
C31 C32 C33





(7)Wij =

�n
i=1 Cij

n
=





W11
W12
W13





criterion weight to get the consistency vector as, Eqs. (8 to 
11):

This is obtained by

The value of λmax was determined by averaging the 
values of the consistency vector (Eq. 12):

• Find the consistency index.
• Select the value of random consistency index from 

Table 6 based on number of criteria.
• Finally compute the consistency ratio using the 

equation.
• If the consistency ratio < 0.10, then our judgements are 

consistent and there is no biasness in our decision-
making. If it is more than 0.10, then repeat the 
procedure again by altering comparison values in 
pairwise comparison matrix.

The key objectives are to define the groundwater potential 
zones. Nine different criteria, namely, geomorphology, 
geology, soil, slope, elevation, drainage density, lineament 
density, land use/land cover and groundwater level, were 
selected for this AHP analysis. Each of these criteria have 
subcriteria, e.g., land use consisted of forest, cropland, 
scrubland, water bodies and built-up areas. First, ranks 
were given to the subcriteria, and then the main criterion 
was determined using Saaty’s scale from 1 to 9 to form a 
pairwise comparison matrix; subsequently, the weights 
were finalized (Tables 3, 4, 5, 6, 7, 8, 9, 10).

(8)





C11 C12 C13
C21 C22 C23
C31 C32 C33



×





W11
W21
W31



 =





CV 11

CV 21

CV 31





(9)CV 11 =
1

W11
[C11 W11 + C12 W21 + C13 W31]

(10)CV 21 =
1

W21
[C21 W11 + C22 W21 + C23 W31]

(11)CV 31 =
1

W31
[C31 W11 + C32 W21 + C33 W31]

(12)� =

∑n

i=1
CVij

Table 2 The values of RCI for different order of matrix

No. of criteria 1 2 3 4 5 6 7 8 9 10

RCI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.51
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Multi‑influencing factors of groundwater potential zones
Table 11 shows the main components that illustrate the 
interrelationships between these parameters and their 
impacts. Each relationship is divided into major and 
small impacts and weighted based on its strength in the 
diagram. A score of 1.0 was assigned if a major effect was 
observed, indicating a strong link between factors. If a 
minor effect occurred, indicating poor parameter rela-
tionships, those parameters were given a score of 0.5 [57]. 
The cumulative weight of major and minor influences 
was used to compute the comparison score for every ele-
ment to potential groundwater zones [58]. This compara-
tive score can also be used to calculate the expected score 
of each independently affected factor, as presented in 
Eq. (13). The relationships among the interparameters of 
the multiple influencing factors are shown in Fig. 3:

where D means the future score of each influencing fac-
tor, a positions for the major interrelationship with both 
factors, and B stands for the minor interrelationship with 
two parameters. Each group of the single themes are 
provided a position during weighted overlay study. In 
accordance with groundwater hydrogeology, the required 
scores have assigned in accordance with the multi-influ-
encing factor (MIF) of specific element [42, 57].

Sensitivity analysis
The present work has accepted map exclusion and 
individual factor sensitivity analysis approaches 
to appreciate the influential thematic layers of the 
determined groundwater potential zones and the 
inspiration of the given weights and rank to every class 
and subclasses and thematic map.

Model validation for potential groundwater zones
For the definition of groundwater potential zones, two 
types of approaches were used in this study: AHP and 
MIF. These techniques provided more precise informa-
tion about groundwater suitability in semiarid and dry 
regions. The potential groundwater zone outcome maps 
were evaluated using existing groundwater level data. The 
water level data were acquired from open well locations 

(13)D =

(

(A+ B)
∑

(A+ B)

)

× 100

and mapped over the entire watershed area’s probable 
groundwater zones. The ROC curve and area under the 
curve (AUC) were used to determine which approaches 
were appropriate for mapping suitable groundwater 
zones mapping to acquire the correctness of the potential 
zones of groundwater maps [59, 60]. The development of 
groundwater resources can be aided by these groundwa-
ter potential zone maps. The region under the ROC curve 
in the ROC system ranges between 0.5 and 1.0. It is uti-
lized to determine how accurate the model is. The mod-
els do not describe the presence of a groundwater zone, 
and the AUC is equal to 0.5. The true positive (sensitivity) 
and false-positive (1-specificity) rates are shown on the Y 
and X axes, respectively, to provide a graphical depiction 
of the ROC curve [61]. This study used a total of 113 sites 
to determine the depth of the groundwater table.

Accuracy assessment Potential zones of groundwater 
maps were created and validated and compared to the 
groundwater depth data collected from the well location 
during the field survey. The observation wells are overlaid 
on the groundwater potential zone maps generated via 
the MIF and AHP methods, which are highly accurate for 
determining the results via Eq. (14):

Results and discussion
Thematic layers
The nine thematic layers are used to delineate 
groundwater potential zone maps with the help of 
the AHP and MIF methods. The thematic layers are 
described in detail below.

Geology
The determination of groundwater potential zones, as 
well as their analysis and occurrence, is supported by 
geology. Groundwater and dry spells are major issues 
throughout the entire region, especially in semiarid areas. 
Basaltic rock is found in the area (Fig. 4).

(14)
Accuracy of high GWP (%)

=
Well with low GWF in high GWPZ

Total no. of wells in low GWP
× 100

Table 3 Continuous rating scale of Satty’s analytical hierarchical process

1/9 1/7 1/5 1/3 1 3 5 7 9

Extremely Very strong Strongly Moderately Equally Moderately Strongly Very strong Extremely

Less important Equally  More important
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Table 4 Assigned weights of different features of all the thematic maps

S. No. Influencing factors Class interval Groundwater 
availability

Saaty’s 
scale (in 
Frac.)

Saaty’s 
scale (in 
Deci.)

% 
Influence = (Saaty’s 
scale/sum) * 100

Relative weight

1 Drainage density 0–7.5 km/km2 Very high 1 1 46.08 46

7.5–15.02 km/km2 High 1/2 0.5 23.04 23

15.02–22.53 km/km2 Moderate 1/3 0.33 15.20 15

22.53–30.05 km/km2 Low 1/5 0.2 9.2 9

30.05–37.56 km/km2 Very low 1/7 0.14 6.4 7

Total 2.17 100

2 Geology Deccan trap Moderate 1/3 0.33 100 100

Total 0.33 100

3 Geomorphology Weathered canal command Very high 1 1 40.32 40

Weathered High 1/2 0.5 20.16 20

Undissected Moderate 1/3 0.33 13.30 14

Slightly dissected Moderate 1/4 0.25 10.08 10

Moderately dissected Moderate 1/5 0.2 8.06 8

Highly dissected Low 1/5 0.2 8.06 8

Total 2.48 100

4 Land use land cover Water body Very high 1 1 46.08 46

Forest High 1/2 0.5 23.04 23

Agriculture land Moderate 1/3 0.33 15.20 15

Waste land Low 1/5 0.2 9.2 9

Built up Very low 1/7 0.14 6.4 7

Total 2.17 100

5 Soil texture Clay Very high 1 1 49.26 49

Clay loam High 1/2 0.5 24.63 25

Sandy clay loam Moderate 1/3 0.33 16.25 16

Sandy loam Low 1/5 0.2 9.8 10

Total 2.03 100

6 Slope 0–1% Very high 1 1 38.31 38

1–3% High 1/2 0.5 19.15 19

3–5% Moderate 1/3 0.33 12.64 12

5–10% Moderate 1/3 0.33 12.64 12

10–15% Low 1/5 0.2 7.66 8

15–35% Very low 1/7 0.14 5.36 6

> 35% Extreme low 1/9 0.11 4.21 5

Total 2.61 100

7 Lineament density 5–2.5 km/km2 Very high 1 1 46.08 46

2.5–1.5 km/km2 High 1/2 0.5 23.04 23

1.5–1 km/km2 Moderate 1/3 0.33 15.20 15

1–0.5 km/km2 Low 1/5 0.2 9.21 9

0.5–0 km/km2 Very low 1/7 0.14 6.45 7

Total 2.17 100

8 Water level depth 0–3 m Very high 1 1 46.08 46

3–4 m High 1/2 0.5 23.04 23

4–5 m Moderate 1/3 0.33 15.20 15

5–6 m Low 1/5 0.2 9.21 9

6–8 m Very low 1/7 0.14 6.45 7

Total 2.17 100
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Table 4 (continued)

S. No. Influencing factors Class interval Groundwater 
availability

Saaty’s 
scale (in 
Frac.)

Saaty’s 
scale (in 
Deci.)

% 
Influence = (Saaty’s 
scale/sum) * 100

Relative weight

9 Elevation 700–800 m Very high 1 1 46.08 46

800–900 m High ½ 0.5 23.04 23

900–1000 m Moderate 1/3 0.33 15.20 15

1000–1100 m Low 1/5 0.2 9.21 9

1100–1200 m Very low 1/7 0.14 6.45 7

Total 2.17 100

Table 5 Pairwise comparison matrix of thematic layers

Layer LULC Geomorphology Soil Drainage density Slope Lineament 
density

Elevation Ground 
water level

Geology

LULC 1 2 3 5 5 7 7 8 9

Geomorphology 1/2 1 2 3 5 7 7 9 9

Soil 1/3 1/2 1 2 3 5 7 7 9

Drainage density 1/5 1/3 1/2 1 2 3 5 5 7

Slope 1/5 1/5 1/3 1/2 1 2 3 5 7

Lineament density 1/7 1/7 1/5 1/3 1/2 1 2 3 5

Elevation 1/7 1/7 1/7 1/5 1/3 1/2 1 2 3

Ground water level 1/8 1/9 1/7 1/5 1/5 1/3 1/2 1 2

Geology 1/9 1/9 1/9 1/7 1/7 1/5 1/3 1/2 1

Total 2.76 4.54 7.43 12.38 17.18 26.03 32.83 40.50 52.00

Table 6 Random index (RI) values for the number of thematic layers (n)

n 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.51

Table 7 Normalized matrix

LULC Geomorphology Soil texture Drainage 
density

Slope Lineament 
density

Elevation Ground 
water level

Geology Total Eigen vector 
(average)

0.36 0.44 0.40 0.40 0.29 0.27 0.21 0.20 0.17 2.75 0.31

0.18 0.22 0.27 0.24 0.29 0.27 0.21 0.22 0.17 2.08 0.23

0.12 0.11 0.13 0.16 0.17 0.19 0.21 0.17 0.17 1.45 0.16

0.07 0.07 0.07 0.08 0.12 0.12 0.15 0.12 0.13 0.94 0.10

0.07 0.04 0.04 0.04 0.06 0.08 0.09 0.12 0.13 0.69 0.08

0.05 0.03 0.03 0.03 0.03 0.04 0.06 0.07 0.10 0.44 0.05

0.05 0.03 0.02 0.02 0.02 0.02 0.03 0.05 0.06 0.29 0.03

0.05 0.02 0.02 0.02 0.01 0.01 0.02 0.02 0.04 0.21 0.02

0.04 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.15 0.02

(Total) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 9 1.00
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Geomorphology
Geomorphological characteristics are important param-
eters for the conservation of rainwater in aquifers. In this 
view, geomorphology maps are important for ground-
water development in the area. A geomorphological 
landform was found from satellite data using visual 
interpretations with reference to field data and Survey of 
India Topo-sheet maps [62, 63]. As a consequence, geo-
morphological mapping plays a vital role in identifying 
suitable groundwater zones and watershed conservation 
strategies. The geomorphology map in Fig.  4 shows the 
various land forms.

Slope It is a vital parameter factor for measuring pro-
spective groundwater zones. It affects the total amount of 
surface water that infiltrates. Lower and greater values of 
the slope angle indicate thinner and sharper topography. 
Slope values between 3 and 50% are found in the study 
area. The slope map is presented in Fig. 4.

Drainage density
It is a vital factor in mapping potential groundwater 
zones, so many soil and water conservation activities 
have been performed on drainage lines and farmlands. 
The normalized weights of the Dd data layer were 
multiplied by the normalized weights of the separate 
elements presented in Table 4 to obtain the final weights 
of the drainage density layers (Fig. 4).

Land use/land cover
Sentinel-2 satellite data were used to construct the LULC 
map, which was generated using ArcGIS 10.5 software. 
Groundwater, drought, and agriculture areas are needed 
to planning of ecosystem and land use classes in dry or 
basaltic hard rock areas. The LULC map was created 
based on the satellite data and ground data. This water 
area LU/LC is classified into five classes: water body, for-
est, agriculture, waste, and built-up land. The LULC map 
is presented in Fig. 4.

Table 9 Parameters (AHP) used to check the consistency of the matrix

AHP parameters Formula Values Remarks

Consistency measures (Row of comparison matrix)×(eigen vector)
Corresponding eigen vector of the row

Table 8 Last column of the consistency table

Principal Eigen value λmax 9.26 Average of the column of consistency measures

Consistency index (CI) �max−n

n−1
0.0325 n is number of thematic layers equal to 9 (n = 9)

Consistency ratio (CR) CI
RI

0.022 RI is random index equal to 1.45 from Table 6 (n = 9)

Table 10 Weights for thematic layers using the AHP method

S. No. Influencing factor Value Eigen Value % Weightage

1 Land use land cover High 0.31 31

2 Geomorphology 0.23 23

3 Soil texture 0.16 16

4 Drainage density 0.10 10

5 Slope 0.08 08

6 Lineament density 0.05 05

7 Elevation 0.03 03

8 Water level depth 0.02 02

9 Geology Low 0.02 02

Total 100

Table 11 Proposed score of every influencing parameter

Factors Major effect (A) Minor effect (B) Relative weight (A + B) Assigned weight for 
each influential factor

Soil texture 3 0.5 3.5 19

Geomorphology 2 0.5 2.5 13

LULC 3 0 3 16

Lineament density 2 0.5 2.5 13

Slope 2 0 2 11

Drainage density 2 0 2 11

Elevation 1 0.5 1.5 8

Groundwater depth 1 0 1 6

Geology 0 0.5 0.5 2
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Soil texture
The main aspect of determining potential groundwater 
zones is the soil. Several methods and technologies, 
such GIS, MIF, and AHP modelling, are currently used 
in groundwater research and water resources planning. 
Therefore, four such as clay, clay loam, sandy clay loam, 
sandy loam classes of soil are depicted in Fig. 4.

Lineament density
The irregular earth formations observed are lineaments 
and faults. These qualities revealed the surface and 
concealed layer properties. It is assumed that a high 
lineament density aids in the formation of the aquifer 
zone in hard basaltic rock with steep topography. 
The lineament depicts poor aquifer areas throughout 
the watershed. These data can be used to monitor 
groundwater growth and management to improve 
crops during the dry spell and winter seasons [64]. The 
lineament density map is shown in Fig. 4.

Water level depth
It is below the surface of the earth with saturated 
freshwater at which rainwater in a compressed aquifer 
would rise in volume. The most important aspect to use 
in preparation of possible groundwater locations is water 
level valuation. The water level depth map is shown in 
Fig. 4.

Elevation
The elevation layer was developed from 
CARTOSAT-30  m using spatial analysis tools and the 
elevation fluctuated from 700 to 1200 m (mean sea level) 
in the study area (Fig. 4).

Identification of groundwater potential zones using AHP 
and MIF methods
AHP method
Thomas L. Saaty established the AHP method to organ-
ize and analyse complex decisions mathematically using 
quantitative and qualitative data. It provides a framework 
for decision-making and addresses integrated GIS spatial 
analysis. The overall determination of the AHP can help 
decision-makers select the finest alternative from numer-
ous probable replacements. It builds hierarchies to solve 
problems that allow for the calculation of the input by 
separate criteria at lower stages made to criteria at higher 
stages of hierarchy. It is an eigenvalue method to the 
pairwise evaluation method and affords a fundamental 
arithmetical scale (ranging from 1 to 9) to standardize the 
measurable and qualitative representations of priorities.

Analytic hierarchical process (AHP)‑assigned weights 
for thematic maps As discussed in the previous sections, 
various thematic features are studied for groundwater 
occurrence and control in the Buchakewadi watershed. 

Fig. 3 Relationship of the interparameters between the multiple influencing factors
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The AHP was used to detect potential groundwater zones 
in the area. Taken together, thematic maps were assigned 
suitable weights for potential zones, and the groundwa-
ter development continuous rating scale of Saaty’s AHP 
(Table 3) was used to assign weights to the individual fea-
tures of each theme for each area. The weights assigned 
to each thematic map of the study area are tabulated in 
Table 4.

Weight assignment and  normalization of  thematic lay‑
ers: Pairwise comparison of thematic layers A matrix 
of pairwise comparisons of whole thematic layer factors 
was calculated in a square matrix, where the diagonal 
features of the matrix were constantly 1 (Table 5). These 
included thematic maps for geomorphology, slope, 
elevation, groundwater level, geology, etc. Thus, a 9 × 9 
comparison matrix was formed, and factors of relative 
importance between the thematic layers were cho-
sen from the pairwise comparison matrix rating scale 

(Table  6). According to the protocol followed by [43], 
the lower triangular matrix was constructed by enchant-
ing reciprocals of the corresponding importance factor 
of the upper triangular matrix (Eq. 15).
The pairwise comparison matrix F(n) of Table 5

The normalized matrix for the present study was 
obtained from the pairwise comparison matrix. The 
sum of the normalized records in every column should 
be one. The eigenvector is calculated as the average 

(15)

F(n) =
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1/2 1 2 3 5 7 7 9 9
1/3 1/2 1 2 3 5 7 7 9
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Fig. 4 Thematic layer maps of the study area: A geology, B geomorphology, C slope, D elevation, E lineament density, F drainage density, G 
groundwater level, H LULC, and I soil texture
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of all components in the row. The derived normalized 
matrix for the present study is presented in Table 7.

The consistency of the matrix is ensured. The matrix 
is considered consistent if all the elements have been 
obtained from the minimal amount of its elements. 
Moreover, the elements of the columns and rows of a 
consistent matrix will be proportional. The consistency 
measures used for the present study are presented 
in Table  8. The parameters used to determine the 
consistency of the normalized matrix via the AHP 
method are presented in Table 6 and Eq. (15).

Consistency ratio (CR) was computed using Eq. (1). CI 
is the consistency index and the term (n) is a random 
index that is completely based on the value of n. The 
values of RI (n) for n ≤ 10 are listed in Table 9.

 A consistency ratio (CR) less than or equal to 0.10 
(0.022 < 0.10) is acceptable and implies that the matrix 
is consistent. The consistency ratio (CR) of the weights 
assigned to dissimilar thematic maps of the study area 
is 0.022, which implies that the matrix is consistent. A 
pairwise comparison of the thematic layers based on 
the criterion using Saaty’s AHP was used to compute 
normalized weights for separate themes, as shown in 
Table  10. The highest weight was assigned to land use/
land cover (31%), followed by geomorphology (23%) and 
soil texture (16%). All of these weightages were measured 
by Eqs. (16) and (17).

Overlay analysis
Overlay analysis was performed using the tool ‘Weighted 
Overlay’ in Overlay Toolset, which works within Spa-
tial Analyst Tools in ArcGIS 10.5. The weighted overlay 
apparatus overlays various rasters utilizing a typical esti-
mation scale and loads per its importance (ESRI). The 
resulting map obtained from the overlay analysis was 
classified into four classes: poor, moderate, good, and 
very good groundwater potential, as presented in Fig. 5. 
Using the AHP method, it was found that the Buchake-
wadi watershed contained 92.75 ha (9.02%) of very good 
territory, 408.31 ha (39.71%) of good territory, 285.64 ha 
(27.78%) of moderate territory, and 241.50 ha (23.48%) of 
poor groundwater potential.

(16)

Groundwater potential zones = (land use/land cover)

× (31)+
(

geomorphology
)

× (23)+ (soil texture)

× (16)+
(

drainage density
)

× (10)+ (slope)× (08)

+
(

lineament density
)

× (05)+ (elevation)× (03)

+ (water level depth)× (02)+
(

geology
)

× (02)

(17)Eigenvalue =
Sum of all layers

No. of layers

MIF method
To identify potential groundwater zones in the 
Buchakewadi watershed, nine thematic parameters 
and subclasses were assigned weights to groundwater 
prospect maps via the MIF method [48]. The multi-
influencing factor method is used to evaluate the impact 
of various parameters, and the weights given to every 
factor are calculated statistically. The elevation, geology, 
geomorphology, etc., are important parameters that 
influence groundwater potential recharge zone maps. 
Thematic layers are considered influencing factors for 
potential groundwater zones. The MIF technique is used 
to recognize potential groundwater zones. The major 
factor had a weight of 1.0, and the minor factor had a 
weight of 0.5. The cumulative weight of major and minor 
factors is considered for computing the comparative 
rates. This was then used to compute the score of every 
influential factor. The score of each influential factor was 
computed by Eq. (18):

The proposed score for each influential factor 
influencing the groundwater potential in the 
Buchakewadi watershed area is shown in Table 11. After 
assigning weights and rates of elements and subclasses 
through the MIF technique, the influential thematic map 
layers were combined in ArcGIS 10.5 using the weighted 
overlay method [65]. The overlay map for the potential 
groundwater zones is presented in Fig. 5. The  weighting 
details assigned to the different thematic layers and 
their characteristics are shown in Table 4. The proposed 
score of the separate influencing factors was separated 
and assigned to each reclassified subparameter. In the 
ArcGIS 10.5 platform, to analyse the GWP area, all these 
variables with their potential weights were merged into 
the GIS environment by applying a weighted overlay 
analysis. We have been found that groundwater potetnial 
zones classes such as poor (351.29  ha), moderate 
(511.18 ha), good (123.95 ha), very good (41.78 ha) using 
the MIF method [66].

Groundwater potential zone map validaton
Ground truth verification and validation
The groundwater potential zone maps were prepared 
using AHP, MIF and geospatial techniques (Fig.  5) 
and were verified and validated using village census 
data from wells in the Buchakewadi watershed, Junnar 
cluster, Pune, and Maharashtra. The number of wells 
in the groundwater potential zone identified using the 
AHP method is the highest and falls under very good 
groundwater potential. Similarly, a significantly high 

(18)
[

A+ B
∑

(A+ B)

]

∗ 100
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Fig. 5 Results of the groundwater potential zone map: A groundwater potential zone map using AHP, B groundwater potential zone map using 
MIF, C validated groundwater potential zone map of AHP, D validated groundwater potential zone map of MIF
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Fig. 5 continued
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number of wells fall under the groundwater potential 
zone identified using the MIF method. Thus, it has been 
concluded that the results obtained from the study are 
true compared to actual field data.

Validation of groundwater potential zone maps using AUROC 
curves
The AUROC curve was used to validate the groundwater 
potential zone maps using the AHP and MIF methods. It 
is used to assess the performance of multiclass classifi-
cation problems. The ROC is the probability curve, and 
the AUC denotes the degree of reparability. The AUC 
values indicate the ability of a predicted model to dis-
tinguish between classes (Table 12). Thus, the higher the 
AUC is, the better the model predicts 0 classes as 0 and 
1 classes as 1. The different groundwater potential zones 
and their area distributions identified using the AHP and 
MIF methods are shown in Table 12. The ROC curves for 
the groundwater potential maps derived using the AHP 

and MIF methods are depicted in Figs. 6 and 7. The AUC 
for the model derived using AHP was 0.93, whereas for 
the MIF-derived model, it was 0.80 (Figs. 6 and 7). Thus, 
the groundwater potential zones identified using both 
methods are valid, with the AHP-derived zones having a 
higher probability of success.

Conclusions
The research focused on identifying potential groundwa-
ter zones in an entire watershed area using the MIF and 
AHP methods. The study aimed to assess groundwater 
recharge sites and delineate prospective zones in basaltic 
rock formations, which are crucial for long-term ground-
water planning. A comparative analysis was conducted to 
determine the effectiveness of the two methods in creating 
groundwater potential zone maps. The research cross-val-
idated water depth data with the ROC and AUC models 
against the groundwater potential maps generated using 
both MIF and AHP methods. The results showed that 

Table 12 Details results of AHP and MIF techniques

Methods Area under different groundwater potential zones (ha) (%) ROC and AUC models

Poor Moderate Good Very good

MIF 351.29 (34.1) 511.18 (49.7) 123.95 (12.0) 41.78 (4.0) 0.80 (good)

AHP 241.50 (23.5) 285.64 (27.8) 408.31 (39.7) 92.75 (9.0) 0.93 (excellent)
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Fig. 6 Validation of GPM of AHP techniques by ROC curve
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AHP had higher accuracy (0.93) in delineating potential 
groundwater zones compared to MIF (accuracy = 0.80). 
The AHP and MIF methods were evaluated using ROC 
curve analysis, which indicated that both methods were 
excellent and good for extracting groundwater potential 
mapping. The delineated groundwater potential maps 
were classified into poor, moderate, good, and very good 
zones. The AHP method classified the area into poor 
(241.50 ha), moderate (285.64 ha), good (408.31 ha), and 
very good (92.75 ha) zones. On the other hand, the MIF 
method classified the area into poor (351.29 ha), moder-
ate (511.18 ha), good (123.95 ha), and very good (41.78 ha) 
zones. Based on the validation results, the MIF method 
identified more poor and moderate areas in the watershed 
than did the AHP method. All of these results are useful 
for sustainable planning and development of groundwa-
ter resources under climate change and for increasing the 
demand for fresh water, particularly in semiarid regions. 
RS, GIS, AHP and MIF methods and techniques can be 
helpful for planning and policy related to groundwater 
resources and aquifer management in semiarid regions. 
The results can be very useful for planning and develop-
ing groundwater resources, and the same methods and 
technology can be replicated in other areas to ensure 
that more beneficial results are obtained for groundwater 
development. The comparison analysis concluded that the 
combined approach of using the AHP method performed 
well in demarcating groundwater potential zones in the 

study area. The generated potential maps can be benefi-
cial for watershed planning, soil and water conservation 
activities, and groundwater recharge planning in basaltic 
rock areas. In summary, this research demonstrated the 
application of the MIF and AHP methods for groundwa-
ter potential zone mapping in a watershed area. The AHP 
method showed higher accuracy and performed better 
in delineating potential groundwater zones. The findings 
provide valuable insights for groundwater management 
and planning initiatives in basaltic rock regions.
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