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Abstract The study encompasses the efficiency of the combination of geospatial
and fuzzy-based multi-criteria decision-making (MCDM) techniques for evaluating
the groundwater potential zones of Valapattanam River basin, Northern Kerala, India.
The availability of groundwater (GW) mainly depends on parameters like geomor-
phology, geology, slope, lineament density, drainage density, soil texture, and land
use land cover of the study area. First of all, the thematic data for each of these param-
eters was created with the help of various tools of the ArcGIS platform. As the second
step, the fuzzy analytic hierarchy processes (FAHPs) were carried out by arranging
the influencing parameters and their sub-criteria. Based on the assigned weights, the
normalised weight of each parameter and its sub-criteria were identified. Finally, a
composite groundwater potential zone (GWPZ) map was generated by weighted sum
overlay analysis of thematic layers with normalised weights. According to the find-
ings, the groundwater potential zones of the Valapattanam river basin are very good
(5.3%), good (16.8%), moderate (22.5%), poor (34.7%), and very poor (20.5%). The
GWPZ map was validated by using the data from India-WRIS and field data. The
study also pointed out that the use of the MCDM technique with remote sensing and
the GIS method has great significance in groundwater management practices.
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1 Introduction

Natural groundwater (GW) resources are the most valuable and finite source of
fresh water in semi-arid and urban areas. According to the UN report, there are
more than 2 billion people worldwide who depend upon GW as a major source
of water for their needs like irrigation, industrial purposes, domestic usage, etc.
[1]. However, increasing urbanisation, population growth, and the emergence of
new water-consuming industrial sectors all place strain on GW resources. It also
causes the water table to decline, springs and wells to dry up, and water chemistry to
change negatively, among other effects [2—8]. Due to the lack of freshwater, approxi-
mately 0.6 million people in a semi-arid country like India were experiencing high to
extremely high water stress. As a result, residents in those places must rely increas-
ingly on groundwater resources to survive. According to a World Bank research,
unless suitable efforts are made, India will become a water-stressed region by 2025
and a water-scarce region by 2050.

In view of the high-level threat to groundwater resources, valid evaluation, plan-
ning, and management have become critical and necessary phenomena. The use of
remote sensing and GIS techniques allows for the rapid and cost-effective assess-
ment of groundwater resources, which would otherwise be a very expensive, time-
consuming, and laborious task [9—16]. The introduction and emergence of new tech-
nologies, and their benefits of spatial, spectral, and temporal data availability, have
been found effective in gaining access to data about the factors that control the occur-
rence and movement of groundwater [17—-19]. The application of GIS-based multi-
criteria decision analysis (MCDA) is the ideal alternative for combining, analysing,
and managing a wide range of geoenvironmental variables [20].

Geographical information system (GIS) techniques are particularly reliable in
identifying GW prospects because they describe all important features within a
spatial context and may combine data in a variety of ways [21-23]. Many hydroge-
ologists have turned to geospatial technology to complete their work because data is
readily available and can be processed in a GIS environment to investigate various
hydrogeological processes such as groundwater potential zonation, artificial recharge
assessments, quality analysis, etc. with high accuracy [24-28].

The multi-criteria decision-making techniques like AHP, AHP/ANP, or fuzzy-
based AHP can be used to analyse each of the geoenvironmental parameters,
assessing the reliability of the result and so eliminating bias in the decision-making
process. [29]. Anintegrated AHP-fuzzy model is more dependable than other MCDM
techniques for calculating groundwater potential and vulnerability studies [8, 30-34].
It allows you to work with a large number of variables since it generates an aggre-
gated index, handles linguistic attributes, and treats draft data without losing the
vital parts of the concepts [35—38]. The integrated fuzzy AHP with GIS approach
makes it feasible to evaluate the hydrological response of regions with various forms
of development by including hydrogeological and anthropogenic data [8]. Further-
more, by supporting water managers in the selection of potential areas, the use of this
integrated method can lower the cost of recharge operations and water management
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studies. The present work attempted to appraise the groundwater potential zones in
the Valapattanam River basin, a tropical river basin located in northern Kerala, using
the state-of-the-art GIS-based fuzzy AHP method.

2 Study Area

The Valapattanam River, which is located in a tropical monsoon climate, covers 44%
of this district. The river originates from the Brahmagiri hills of Western Ghats,
Kodagu, with an elevation of 1350 m. By length, Valapattanam River is the 9™
longest river of Kerala, and in the case of quantum of water resources it takes 4"
position. The basin located between north latitudes of 11° 49’ 30" and 12° 13’ 50"
and east longitudes of 75° 58’ 55” and 75° 17’ 22”. The main stream has a length
about 110 km and catchment area about 1900 km?. The drainage area of the river in
Kerala is 1321 km? (Fig. 1).

The major tributaries are Vallithodu, Aralam, Bavali, Iritty, Sreekandapuram,
and Katampallipuzha. Valapattanam River is a major source of irrigation in the
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Fig. 1 Study area map of Valapattanam River basin
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district (Pazhasi dam), and many wood-based industries are situated in its banks.
Average annual stream flow (computed) is 4779 MCM, and average annual rainfall
is 3600 mm. Water requirement for three main crops is 240 Mm? (ENVIS). As per
the ENVIS report, water requirement for domestic use is $2Mm?3and that of water
requirement for industrial use is 90 Mm?>.

3 Materials and Methods

The study used an integrated method using remote sensing and a GIS-based FAHPs
to analyse the groundwater (GW) potential zones. The groundwater potential zona-
tion (GWPZ) was achieved through four successive phases, including data collec-
tion, thematic layer preparation using Arc-GIS 10.8, deriving numerical index using
FAHP, and the spatial and non-spatial integration of these data using ArcGIS 10.8
(Fig. 2).
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Fig. 2 Flow chart showing the methodology of groundwater potential mapping, using MCDM
technique
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3.1 Field Investigations and Data Collection

Valapattanam watershed boundary was delineated based on the data obtained from
CWRDM-Water atlas [39]. A thorough field visit was conducted to study the envi-
ronmental and geological aspects of the area. Groundwater inventory was carried out
to collect hydrogeological parameters like depth to water table, total depth of well,
and other primary information. Further, the collected groundwater data were used
for the ground truthing of secondary water level data.

3.2 Preparation of Thematic Maps of Influencing Factors

Thematic data for geology and soil texture were developed in ArcGIS
10.8 utilising various geoprocessing features, including georeferencing, digi-
tisation, and so on. Landuse and land cover classes of the study area
were generated from IRS-P6, LISS-III data using the Image Classifi-
cation tool in ArcGIS 10.8. Drainage patterns were extracted from a
1:50,000 scale survey of India’s topographical maps, and lineaments were derived
using the Bhuvan web portal’s thematic services. In addition, point density analysis
was used to generate lineament and drainage density data (Km/Km?). Slope (in %)
analysis was performed with SRTM DEM (30 m) data, which was obtained from
Earth Explorer (https://earthexplorer.usgs.gov/dd) and employed surface analysis
using the spatial analyst tool.

3.3 Deriving Numerical Index Using Fuzzy AHP Method

The numerical potential index is a dimensionless quantity determined by ratings and
weights of influencing factors generated through the fuzzy AHP. As a first phase, each
parameter was assigned a subjective score of 1-9 rely on expert opinion and scientific
data. Components with the least potential are given a ranking of one, while those with
the most potential are given a ranking of nine. A fuzzy AHP pairwise comparison
scale is conducted using triangular fuzzy integers, and a fuzzy evaluation matrix is
created for this comparison [8]. The comparison thus derived the vectors of weights
for the seven major criteria and its sub-criteria. And as the output of the analysis, the
normalised weightages of each parameters are displayed in Table 1.
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Table 1 Rating and criteria weights evaluated after fuzzy AHP analysis

N. P. Jesiya et al.

Criteria Assigned Normalised Sub-criteria Score Normalised
weight weight weight
Geomorphology 9 0.22
Water body 9 0.16
Marshy 8 0.14
Floodplain 8 0.14
Young coastal 7 0.12
plain
Valley 7 0.12
Pediment zone 5 0.07
Valley fill 5 0.07
Lower plateau 3 0.05
(Lateritic)
Dissected
Residual hills 0.04
Residual mount |2 0.04
(pediment)
Denudation hills | 1 0.03
Rock exposure 1 0.03
Slope 8 0.18 <5 9 0.38
5-10 7 0.26
10-15 5 0.17
15-20 3 0.10
>20 2 0.09
Drainage density |6 0.12 <1 9 0.29
12 8 0.24
2-3 7 0.19
34 6 0.15
>4 5 0.13
Lineament density |6 0.12 >2 9 0.29
1.5-2 8 0.24
1-1.5 7 0.19
0.5-1 6 0.15
0-0.5 5 0.13
Geology 5 0.10 Fluvial costal 9 0.38
alluvium
Warkali 7 0.25
formation

(continued)
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Table 1 (continued)

Criteria Assigned Normalised Sub-criteria Score Normalised
weight weight weight
Hornblende 5 0.16
biotite gneisses
Charnockite 3 0.11
Metavolcanoes 3 0.11
Soil texture 4 0.08 Gravelly loam 7 0.49
Gravelly clay 5 0.31
Clay 3 0.20
Land use/land 3 0.06 Vegetation 9 0.39
cover Water body 9 0.39
Others 4 0.13
Built-up area 2 0.09

3.4 Integration of Spatial and Non-spatial Data

The thematic maps were combined with non-spatial data (ratings and weights)
derived from the fuzzy AHP analysis. Using the conversion tool in ArcGIS, all
thematic layers were converted to raster format. Using reclassification and raster
editing methods, the weightages derived from fuzzy AHP were added to the thematic
layers (raster). Each of the integrated thematic layers was combined using weighted
overlay analysis within the GIS platform, resulting in the spatial distribution of GW
potential zones (GWPZ) for the study area.

3.5 Validation Analysis

Groundwater data were collected from CGWB for the pre- and post-monsoon seasons
in the year 2019, and the groundwater fluctuation in metres was calculated. The
calculated GW fluctuation data were combined with the resultant GWPZ data in
order to perform validation analysis. The validation analysis was enabled by the
spatial relationship between the shape file of GW fluctuation data and the GWPZ
raster data.
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4 Result and Discussion

The evaluation of groundwater potential in the Valapattanam River basin based on
the advanced technologies point outs to the necessity to predict the potential of GW
level of the area. The relative influences of geoenvironmental factors of the study area
in the potentiality of GW were determined by a potential index modelling with the
help of fuzzy AHP analysis. Importance of each criterion in groundwater occurrence
and its analysis result was discussed below.

4.1 Groundwater Influencing Factors

4.1.1 Geology

Geology has a vital role in groundwater occurrence and distribution in any terrain.
The Valapattanam River basin is underlain by charnockites, pyroxene granulites,
garnetiferous gneisses, hornblende biotite gneisses, and schistose rocks, overlain by
tertiaries and coastal alluvium along the coast, ranging in age from Archean to Recent
[40]. Among the geological formations, the fluvial coastal sediments are assigned
the relatively highest units for groundwater occurrence. Consolidated formations,
viz. weathered and fractured crystallines, semi-consolidated sediments, and laterite
formations and unconsolidated formations such as recent alluvium occurring along
the coast are the hydrogeological units in the river basin. The weathered and fractured
rocks of the consolidated formation are mostly made of charnockites, hornblende
gneisses, schist, and other intrusive and constitute potential phreatic aquifers [40].
Charnockite formations are assigned a relatively low weightage because of its low
degree of weathering.

The gneissic rocks are assigned moderate weightage towards groundwater poten-
tial due to highly weathered and well-jointed gneissic rocks. These formations char-
acterised by good water potential zones with a well yield of 10-20 m?/day [40]
(Fig. 3a). The porous laterites recharge quickly, and the recharge water leaves as
subsurface flow, particularly in wells on topographic highs and steep slopes. As
a result, even though these formations constitute a potential aquifer in the midland
regions, laterites are assigned the lowest rating. The coastal alluvium, which consists
of sand, silt, and clay, has the potential to form phreatic aquifers in the area. There-
fore, these geological formations are assigned the highest rating for groundwater
potential.

4.1.2 Soil Texture

Soil texture influences the volume of water which can infiltrate into subsurface forma-
tions and, as aresult, the rate of water infiltration to the ground. The four classes of soil
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Fig. 3 Spatial distribution of a geology, b soil texture, ¢ landuse/landcover, d lineament density,
e geomorphology, f drainage density of Valapattanam River basin

occurred in the area are lateritic soil, coastal and river alluvium, brown hydromorphic
soil, and forest loamy soil. The soil texture in the area is found with three kinds of soil
texture: clay, gravelly clay, and gravelly loam (Fig. 3b). The predominant soil type in
the Valapattanam River basin is lateritic soil, which is a weathered product derived
under humid tropical conditions. Soil texture in lateritic soil ranges from sandy loam
to red loam. The coastal alluvium observed in the western coastal stretch is made up
of recent, mostly marine deposits. It is distinguished by being immature and having
a high sand content. River alluvium with surface textures varied from sandy loam to
clay is found along river valleys that cut through extensive lateritic soils. The river
alluvium is characterised by being fertile, having water holding capacity.

4.1.3 Land Use/land Cover

The majority of the land in the Valapattanam River basin is used for agriculture,
with urban areas ranking second [42]. The LU/LC data gives important information
on moisture content of soil, infiltration, occurrence of groundwater, etc. The urban
land is composed of built-up areas (commercial and residential classes) (Fig. 3c).
Built-up and fallow lands inhibit groundwater recharge and are assigned the lowest
rating, whereas water bodies were assigned with a highest rating towards groundwater
potential.
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4.1.4 Lineament Density

Lineaments denote the linear features, developed by tectonic activity. Through this
major portion of water flows into the impermeable rocks. Based on the distribu-
tion in a single grid of (km/km?), the density of lineament fractures in the study
area can be classified into five classes (Fig. 3d). The intersection of lineaments and
lineaments parallel to stream network regions is evidence of groundwater movement
and storage. Therefore, delineation and analysis of lineaments in a hydrogeological
regime provides information on the groundwater zones of that region. The pres-
ence of the intersections in the high lineament density zones favours high ground-
water recharge, hence high groundwater potential. The areas with high lineament
density are characterised by high groundwater potential, and 63.03% of the study
area covered high lineament density zones.

4.1.5 Geomorphology

Geomorphic characteristics can be used as surface indicators to evaluate subsur-
face hydrologic status [19]. The three physiographic units of the study area are
the coastal plains and lowlands in the west, the central undulatory midland terrain,
and the high land region in the east [40]. Geomorphically, the area was classified as
residual hill, lower plateau, valley fill, piedmont zone, valley, denudational structural
hills, marshy areas, denudational hills, coastal plain, floodplain, and water body. The
narrow coastal plains composed of alluvial deposits located parallel to the coast, and
it covers an area of 2.72% of the study area. In some locations, the midland region
adjacent to the east of the coastal strip constitutes a plateau land covered by a thick
cover of laterite. The denudation structural hills located in the hilly tract of the eastern
part makes highly rugged terrains. The residual hills and denudation hills together
impart least influence on groundwater occurrence in the area. Good groundwater
potential zones were recognised in valley fills that ran through the lateritic plateau.
The valley fills occupied 9.70% of the area. Lateritic terrains with the thickness
of ranges from 10 to 20 m were assigned with moderate potential to groundwater
(Figs. 3e and 4).

Dinesh Kumar et al. [41] were studied on groundwater potential of Muvat-
tupuzha river basin, Kerala and explained that residual hills are poor in groundwater
occurrence. Hence, residual hills were assigned with least rating.

4.1.6 Slope %

Valapattanam River basin classified in to five classes based on the degree of steep-
ness, viz. < 5%, 5-10%, 10-15%, 15-20%, and > 25% classes. Flat-to-gentle slope
terrain (i.e. 0-5%) is categorised as a very good groundwater potential zone because
slow surface water runoff through the terrain permits more residents time for rain-
water to percolate and increases the rate of infiltration. About 11.72% of the area
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Fig. 4 Comparison matrix of geomorphology of the study area

is characterised by gentle slope terrain. Rolling lateritic hills and valley fills in the
area with 5-15% and 15-25% slope terrain are characterised by a moderate infil-
tration rate, hence assigned a moderate rating in groundwater potential. The eastern
part of the river basin consists of plateau edges and high mountain regions that have
steep slopes (> 25%). This steep slope zone is characterised by poor potential for
groundwater occurrence due to low infiltration rate and high surface runoff.

4.1.7 Drainage Density

The closeness of spacing of channels is expressed as drainage density, and it is
expressed as length of drainage within a square grid of the area in terms of km/km?.
About five classes of drainage density zones are occurred in the Valapattanam River
basin (Fig. 3f). The areas with high drainage density (> 4 km/Km?) not suitable for
groundwater potential because of the higher surface runoff. Therefore, the study area
with high drainage density is assigned with least rating for groundwater potential and
vice versa. In Valapattanam River basin, majority of the areas were characterised with
1-3 km/Km? drainage density. The less drainage density zones hinder surface runoff
which consequently enhances infiltration and thereby favours groundwater recharge
[23]. The intermediate drainage density classes are assigned with moderate ratings
towards groundwater recharge.

4.2 Groundwater Potential Zones in Valapattanam River
Basin

The GIS-based fuzzy-AHP approach delineated the Valapattanam River basin into
five groundwater potential zones: very good, good, moderate, poor, and very poor
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(Fig. 5). The very good potential zone mainly occurs in the western part of the study
area, which covers 5.3% of the study area. The very good zone is characterised by
the gently sloping coastal alluvium with low drainage density. Soil in the coastline
and riverine alluvium has a high water retention capacity. Groundwater occurs in
phreatic conditions with a depth to the water table of 0.5 to 5 m in the very good
potential zone.

The laterite-capped midland region with relatively moderate groundwater influ-
ence factors constitutes a moderate groundwater potential zone. It covers 22.5% of
the area (Table 2). Open-dug wells, according to C.G.W.B., are suitable groundwater
extraction structures where the depth to groundwater is between 5 and 20 m. The
eastern part comprises a poor to very poor potential zone. The area covers 55.2%
of the Valapattanam River basin and consists of steep terrain, weathered rock, and
high drainage density zones. Some terrains, particularly fracture planes in the east,
contribute to potential groundwater zones capable of supporting bore wells [40].
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Fig. 5 Spatial distribution of groundwater potential zones in the Valapattanam River basin
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Table 2 Groundwater potential zones in the Valapattanam River basin

S. No. Ground water potential Area in km? Area in %
1 Very poor 269.0 20.5
2 Poor 454.0 34.7
3 Moderate 294.8 22.5
4 Good 220.0 16.8
5 Very good 69.8 53

4.3 Validation of GWPZ with Available Well Data as Ground
Validation

For the validation analysis, data from 23 dug wells in the Valapattanam River basin
were used. The depth to water level varies from 2.6 (along the coastal area) to 22.5 m
below ground level (mbgl). The validation of the outcome (GWPZs) from the study
with field observation from dug wells in the Valapattanam River basin revealed that
very good GWPZs are occupying the coastal area, which has a very good alluvial
cover, whereas the eastern part has very little soil cover and is predominately made
of hard rocks and occupies poor GWPZs. The GWPZ, derived logically from the
fuzzy AHP model, has been validated with water level fluctuation data (in metres).
In the validation analysis, the spatial relationship between well points and potential
classes revealed that wells in very good potential zones show comparatively less
fluctuation (0.7 m), indicating high groundwater yield in the area (Table 3), whereas
average water level fluctuations in wells from good and moderate potential zones are
0.3 and 0.67 m, respectively. Moreover, most of the dug wells in the eastern part get
dry during the summer, and these aquifers are recharged only during the monsoon.
On the other hand, wells in the central and western parts of the country are perennial
throughout the year. Average water level fluctuations in wells from poor and very
poor potential zones are 1.6 and 1.7 m, respectively.

Table 3 Statistics of validation analysis between GWPZ classes and GW fluctuation data

Potential class | Minimum | Maximum | Average groundwater fluctuation level (m) | Std. Dev

Very good - 1.6 2.01 0.07 0.9
Good 0.2 5.7 0.3 0.7
Moderate 0.1 1.9 0.67 0.9
Poor 0 1.1 1.6 0.5

Very poor 0 0.07 1.7 0.5
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5 Conclusions

Groundwater potential analysis of the Valapattanam River basin, Kerala, with the help
of remote sensing and GIS technology combined with the FAHP technique perfectly
demonstrated the efficiency and reliability of the MCDM-geospatial techniques in
groundwater resource management. The groundwater controlling factors and their
sub-criteria were assigned a weight (on a 1-9 scale) based on their importance in
hosting groundwater occurrences. The normalised weights were generated by pair-
wise comparisons of features and sub features using fuzzy AHP analysis. Besides,
fuzzy AHP is an excellent tool that can be used in group decision-making to eliminate
ambiguity, imprecision, and uncertainty in the comparison analysis. Fuzzy weigh-
tages were integrated with the particular GW controlling features, and the resulting
groundwater potential zone map was generated. The Valapattanam River basin is
divided into five groundwater potential zones. The very good potential zone, covering
5.3% of the area, mainly occurred in the western part of the study area. The zone
is characterised by gently sloping coastal alluvium with low drainage density. The
midland region of the study area constitutes a moderate groundwater potential zone,
and it covers 22.5% of the area. The zone of poor to very poor potential covers 55.2%
of the Valapattanam River basin and consists of steep terrain, weathered rock, and
high drainage density zones. The present study proved that the MCDM methodology,
geostatistical modelling, and its application in geospatial layer preparation have a
great role in getting a precise and reliable picture of the current groundwater condi-
tion of the Valapattanam River basin. Furthermore, this analysis will help formulate
a long-term sustainable use plan for groundwater conservation.
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