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Foreword

Groundwater is the primary source of freshwater in many parts of the world. Some
regions are becoming overly dependent on it, consuming groundwater faster than it
is naturally replenished and causing water tables to decline unremittingly. Despite
the increasing stress placed on water resources by population growth and economic
development, the laws governing groundwater rights have not changed accordingly,
even in developed nations. Not only the groundwater depletion is limited to dry
climates, but also the pollution and mismanagement of surface water can cause
over-reliance on groundwater in regions where annual rainfall is abundant.

In this context, I am delighted to learn that Springer Nature is publishing a book
on Geostatistics and Geospatial Technologies for Groundwater Resources in India,
in the Springer Hydrogeology series. The book is jointly edited by Partha Pratim
Adhikary, Pravat Kumar Shit, Priyabrata Santra, Gouri Sankar Bhunia, Ashwani
Kumar Tiwari, and B. S. Chaudhary who are eminent scholars and researchers in
the field of groundwater and geospatial technology.

India, arguably one of the most densely populated parts of this planet, hosts
about 19% of the world’s population, within only ~2.5% of the total global land
area. Although, the region encompasses three of the most extensive riverine sys-
tems of the world (Indus, Ganges and Brahmaputra river basins) that host several
of the high groundwater-producing aquifers of the globe, the availability of safe and
sustainable groundwater in the region is not consistent, and there is a growing
concern about the accessibility of safe water in many of these aquifers (e.g., Ganges
basin) due to presence of geogenic pollutants. Moreover, the groundwater from
these trans-boundary aquifers has become a politically sensitive issue. The region is
also the most extensive user of groundwater resources on the globe, leading to
severe concern of groundwater availability, even for groundwater affluent aquifers.
Several anthropogenic activities, particularly irrigation (accounts for >80% of the
groundwater withdrawal), lead to groundwater depletion in most of areas within the
region. Varying precipitation rates and sub-surface hydraulic condition are pro-
viding more challenges to groundwater governance. Further, ongoing and proposed
urbanization rate in India has skewed the distribution of population and their water
footprint. Unregulated growth of urban areas, particularly over the last two decades,
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viii Foreword

without infrastructural services for proper collection, transportation, treatment, and
disposal of domestic wastewater led to increased pollution and health hazards.

This forthcoming book has been very effectively organized into four thematic
sections: Section-I covers the fundamentals of geostatistics and geospatial tech-
nologies, Section-II represents groundwater availability: exploration, depletion,
recharge and storage, Section-III evaluates the groundwater quality and pollution
assessment and Section-IV illustrates application of GIS, and geostatistical tech-
niques in groundwater resource management.

It is a cohesive effort of a number of authors, researchers, and experts in the
groundwater across the country and other parts of the world. The editors have done
an exemplary job in collecting the papers, compiling, and editing them in a book
form. The quality of this interdisciplinary research can be realized by readers by
going through chapters in this enriched volume. This book will be very beneficial
for hydrologists, geographers, soil scientists, students, scientists, agriculturalists,
and policymakers.

I extend my warmest greetings to editors, authors, and all those associated with
the publications of this book and wish them a wide readership.

Yours truly,

At A S

Dr. Abhijit Mukherjee, M.Sc. (India)
M.S., Ph.D. (USA)

Associate Professor

Department of Geology and Geophysics
Indian Institute of Technology, Kharagpur
Kharagpur, India



Preface

India is the largest user of groundwater in the world using an estimated 250 km® of
groundwater per year. Groundwater contributes 62% in agriculture sector, 85% in
rural water supply, and 45% in urban water consumption in India. Therefore,
groundwater is inarguably India’s single most important natural resource and the
foundation of the livelihood security of millions of Indian farmers. However, this
precious water resource is under increasing pressure due to the intensification of
human activities along with climate change. In India, about 36% of groundwater
blocks are semi-critical, critical, or overexploited and the situation is deteriorating
rapidly. Not only groundwater depletion is unprecedented, its quality is also
deteriorating on an alarming rate throughout India. Therefore, water supply situa-
tion from groundwater is expected to become more severe in the future.

Even as groundwater has helped the country to become self-sufficient in food
production, the country is now facing a crisis of depleting water tables and water
quality. The deep drilling by tube wells that was once part of the solution to the
problem of water shortage now threatens to become a part of the problem itself. The
country, therefore, needs to pay urgent attention to the sustainable and equitable
management of groundwater. The prospects of continued high rates of growth
of the Indian economy will depend critically on how judiciously we are able to
manage groundwater in the years to come.

Geospatial techniques and tools like geostatistics, remote sensing, and geo-
graphic information system play an important role in depicting the spatio-temporal
variation of water level and water quality. The advances and applications of RS,
GIS, and geostatistical techniques to solve the twin problems of groundwater
quantity depletion and quality deterioration are a researchable topic and need fur-
ther discussion.

The present book entitled Geostatistics and Geospatial Technologies for
Groundwater Resources in India has covered elucidation-based groundwater
problem-solving strategies with the help of geospatial techniques in a precise and
clear manner to the research community to achieve in depth knowledge in the field.
It will help those researchers who have an interest in this field to keep insight into
different concepts and their importance for applications in real life. This book
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X Preface

advances the scientific understanding, development, and application of geospatial
technologies related to water resource management. Further, it will be helpful in the
planning of future research strategies in the field of groundwater management.

We thank all the authors who have meticulously completed their chapters at
short notice and contributed in building this edifying and beneficial publication. We
believe, this book will be of great value to geographers, geologists, geophysicists,
agriculture engineers, hydrologists, soil scientists, ecologists, research scholars,
environmentalists, and policymakers.

Bhubaneswar, India Partha Pratim Adhikary
Medinipur, India Pravat Kumar Shit
Jodhpur, India Priyabrata Santra
New Delhi, India Gouri Sankar Bhunia
New Delhi, India Ashwani Kumar Tiwari

Kurukshetra, India B. S. Chaudhary
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Executive Summary

The book contains four sections. In the first section, we discussed the fundamentals
of geostatistics and GIS techniques, which have potential applications for ground-
water assessment. Overall, these fundamentals are tried to capture in five chapters
of the section. These chapters are essential either to understand the spatial process of
groundwater variation or to quantify these variations further. Spatial assessment of
groundwater can be done easily if understanding the spatial processes governing the
spatial variation of this natural resource is clear. Chapter “Fundamentals of
Geostatistics for Assessing Spatial Variation of Groundwater Resources” of the
section covers basic fundamentals of geostatistics, e.g., concept of regionalized
variable, random distribution, spatial interpolation, semivariogram, autocorrelation,
etc. Further, the kriging processes along with its different variants are discussed. The
kriging is defined as a spatial interpolation technique in which spatial variation
structure of the target variable is utilized and it is quite different from classical
interpolation techniques, e.g., inverse distance weighting, spline, etc. In Chapter
“Recent Trends in GIS and Geostatistical Approaches to Analyze Groundwater
Resource in India,” application of geographic information system (GIS) and geo-
statistics for analyzing the status and changes of groundwater resources is high-
lighted, which will help the policymakers and managers to implement proper
regulations for the sustainability of this precious resource in India. Moreover, the
status of availability of groundwater in India along with its present situation in
different applications is discussed in the chapter. Recently, artificial intelligence
(AI) has been gaining much attention as a computational tool with an impressive
performance over conventional techniques. Therefore, Chapter “Concept of
Artificial Intelligence and Its Applications in Groundwater Spatial Studies” of the
section devotes on the discussion on artificial intelligence and different soft com-
putation methods and machine learning techniques and its applications in ground-
water management. For example, artificial neural networks (ANNs), fuzzy logic
(FL), wavelet transformation (WT), etc. are discussed in detail in this chapter.
Moreover, the combination of one or more of methodologies has resulted in the
emergence of new categories like a neuro-fuzzy (NF) technique, which is more
powerful than individual methods. We further emphasize on learning the design,
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Xiv Executive Summary

implementation, and application of individual and hybrid AI techniques on
groundwater studies. In Chapter “Multi-criteria Decision-Making Approach Using
Remote Sensing and GIS for Assessment of Groundwater Resources” of the section,
multi-criteria decision-making approach in GIS environment for assessment of
groundwater potential is discussed. As groundwater recharge and its availability
depend on some geophysical factors, multi-criteria decision-making approach can be
suitably applied to identify the groundwater potential zones. An example of its
application for assessment of groundwater potential in Purulia District of West
Bengal, India, is discussed too in the chapter. Chapter “Hydrogeochemical
Characterization of Groundwater Using Conventional Graphical, Geospatial and
Multivariate Statistical Techniques” of the section deals with graphical, geospatial,
and multivariate statistical techniques for characterization of groundwater. In this
chapter, cluster analysis, bivariate plots, factor analysis, Wilcox classifications, etc.
are discussed which are used as an example study to characterize bore wells. Overall,
the section provides suitable information on geostatistics and GIS along with various
geospatial analyses for groundwater assessment and their management.

Section two of the book deals with the groundwater availability and its explo-
ration, depletion, recharge, and storage for use in different purposes. As per the
report of Central water Commission (2015), the water resource potential of India in
terms of natural runoff in the rivers is about 1869 Billion Cubic Meter (BCM)/year.
Out of which, the operational water resources have been assessed as 1123
BCM/year, in which 690 BCM/year is shared by surface and 433 BCM/year by
groundwater. The net annual groundwater obtainability in India is 398 BCM. With
the increase of population in India, the national per capita annual availability of
water has reduced from 1816 cubic meters in 2001 to 1544 cubic meters in 2011
which is reduced approximately by 15%. Management of groundwater in future
will entail a configuration of forward-thinking governance, innovative public grant,
and educated participants. Approximately, 65% of India’s overall aquifer is char-
acterized by hard rock aquifers of peninsular India which is a low-storage aquifer
system and the water level tends to drop very rapidly by more than 2—-6 m over a
decade. Alluvial aquifers of the Indo-Gangetic plain have substantial storage spaces
and freshwater supply potential. However, due to extreme groundwater withdrawal
and low recharge rates, aquifers are at menace of irreparable overexploitation.
Aquifers provide a natural infrastructure for collecting, filtering water, and pro-
viding long-term and short-term storage without evaporative loses. Aquifers are the
inexpensive natural set-up that could be used to deliver a stable water source for
generations. However, without proper management, this natural infrastructure can
deteriorate and become unstable, requiring substantial financial investments to
collect, store, and treat water for use. Recently, groundwater science has grown up
vastly through the expansion of novel monitoring tools and amended computational
technologies that empower sophisticated modeling. The data sources of ground-
water varying from new satellites to low-cost well monitoring have instigated to
develop new intuition. Present section of the groundwater book summarizes
exploration, depletion, recharge, and storage of groundwater and offers various
geospatial approaches in terms of groundwater availability.
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The application of geostatistics and other related modern tools for ensuring
groundwater availability has been discussed in nine chapters. Chapter “Efficacy of
Geospatial Technologies for Groundwater Prospect Zonation in Lower Western
Ghats Area of Maharashtra, India” focused on efficacy of groundwater potential zone
identification on lower Western Ghats (Central India) using geospatial technology
and observed that MCDA approach is most appropriate than MIF. In Chapter
“Identifying Suitable Sites for Rainwater Harvesting Structures Using Runoff Model
(SCS-CN), Remote Sensing and GIS Techniques in Upper Kangsabati Watershed,
West Bengal, India,” the Upper Kangsabati Watershed has been considered for
constructing rainwater harvesting structures using runoff model. Thirty-three check
dams, twenty-eight minor irrigation tanks, and eleven percolation tanks locations
were suggested for constructing sustainable rainwater harvesting structures. Chapter
“Identification of Groundwater Potential Areas Using Geospatial Technologies:
A Case Study of Kolkata, India” focused on the identification of potential zone for
groundwater-based weighted overlay technique and summarized that most of the
zone of Kolkata Municipal Corporation comes under the low potential zone for
groundwater. Chapter “Geospatial Assessment of Groundwater Potential Zone in
Chennai Region, Tamil Nadu, India” concentrates on Chennai region for assessing
groundwater potential zone and found that western and south western zones are
dominant for groundwater storage. Chapter “Identification of Groundwater Potential
Zones Using Multi-Influencing Factors (MIF) Technique: A Geospatial Study on
Purba Bardhaman District of India” identified the groundwater prospective zone in
Purba Bardhaman District using statistical and geospatial techniques, and the out-
come of the study suggested that 20.65%, 45.61%, and 33.74% of the total area
comes under high potential, moderate potential, and low potential zone. Chapter
“Delineating the Status of Groundwater in a Plateau Fringe Region Using Multi-
Influencing Factor (MIF) and GIS: A Study of Bankura District, West Bengal, India”
described the groundwater potential areas delineation in a plateau fringe region
of the tropical environment and result indicates the poor to a fairly good condition of
groundwater potentiality in all over the study area that is Bankura District of India. In
Chapter “Aquifer Vulnerability Assessment of Chaka River Basin, Purulia, India
Using GIS-based DRASTIC Model,” DRASTIC model was used after integrating
with GIS to identify vulnerable aquifer zones of Chaka river basin and suggested
remedial measures for efficient planning and management. Chapter “Assessment of
Water Level Behavior to Investigate the Hydrological Conditions of Bokaro District,
Jharkhand, India Using GIS Technique” investigated the groundwater level condi-
tions of Bokaro District and find out the relative impact of the different hydrome-
teorological and hydrogeological factors. Chapter “Investigation of Lineaments for
identification of Deeper Aquifer Zones in Hard Rock Terrain: A Case Study of
WRWB-2 Watershed from Nagpur District, Central India” has made an attempt to
verify the influence of lineaments on groundwater regime in hard rock areas by
employing the remote sensing technique and revealed that the yield of the borewells
tapping deeper aquifers is highly influenced by the presence of lineaments. Overall,
this section emphasized the application of geostatistics to explore and use the
groundwater potential in India.
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The third section of the book deals with the groundwater pollution and its
assessment using geospatial techniques. The quality of groundwater is the
appearance of combine influence of numerous physical, chemical, biological and
radioactive elements. Polluted water may be hazardous to human health and cause
diseases such as cancers, neurological disease, and cardiovascular disease. In India,
only 12% of people can access good quality of drinking water and near about 85%
of the rural population solely depends on specified groundwater sources, which is
depleting at a faster rate. The high fluoride, salinity and arsenic content in
groundwater are the major chemical-related problems of the whole of India.
Subsequently, the issue of sustainability and maintenance of the standard quality of
supplied drinking water and irrigation water is an area of concern for regions where
groundwater is the main source.

Seven chapters are there in this section. Chapter “Assessing Contamination of
Groundwater with Fluoride and Human Health Impact” elaborately discussed the
groundwater contamination by fluoride and its consequently human health impact.
Chapter “Primary Concept of Arsenic Toxicity: An Overview” focused on overview
of arsenic toxicity and its impact on human organs. Fluoride and arsenic are the two
of the most important groundwater contaminants affecting minions of people.
Therefore these two chapters will be beneficial to tackle the health affect from these
two pollutants. Chapter “Evaluation of Groundwater Quality by Use of Water
Quality Index in the Vicinity of the Rajaji National Park Haridwar, Uttarakhand,
India” discussed about the groundwater quality in Rajaji National Park and its
surrounding regions, Haridwar, Uttarakhand, India using field-based measurement
and also focused on the importance of monitoring for proper risk assessment of
groundwater contamination. Chapter “Assessment of Groundwater Resource
Pollution in Kangsabati River Basin, Paschim Medinipur, West Bengal, India”
evaluates the degree of groundwater pollution in Kangsabati river basin, Paschim
Medinipur District, West Bengal in India using field-based monitoring and mea-
surement. It also suggested proper management practices to cope up with ground-
water contamination in this river basin. Chapter “Effect of Conventional Sand
Mining along Heavy Mineral Beach Placers and Its Environmental Impact” dis-
cusses the effect of saltwater intrusion in the coastal aquifer and the influence of sand
mining on the quality of groundwater in the coastal region of Odisha state in India.
The coal mining has a profound effect on groundwater pollution and colliery areas
are in general polluted with heavy metals and other minerals are presented in Chapter
“Evaluation of Shallow Groundwater Quality Index: A Case Study for a Coal
Mining Environment (East Bokaro Coalfield) of Damodar valley, India.” In the final
chapter of the section, that is Chapter “Spatial and Temporal Categorization of
Groundwater Quality for Domestic Use in Hisar District, Haryana, India” deals with
the detailed study of groundwater pollution in watershed level and concluded with
suitable recommendations to mitigate this problem. Overall, this section has pro-
vided the readers with an exhaustive overview of our current understanding of
groundwater quality and pollution level through geospatial and geostatistical tech-
nology for better management of geographical regions. All chapters cover exten-
sively the literature and present new results and ideas for future work.
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The section four of this book specifically deals with the application of GIS
and geostatistical techniques in groundwater resource management. Nine chapters
have been devoted under this section. Chapters “Mapping Groundwater Level
Fluctuation and Utilization in Puruliya District, West Bengal,” “Mapping
Groundwater Recharge Potential Zones Using GIS Approaches and Trend of
Water Table Fluctuation in Birbhum District, West Bengal, India” and “Spatio-
temporal Dynamics of Groundwater Resources of National Capital Region, Delhi”
of this section deal with the seasonal and annual fluctuation of groundwater level and
how to manage this resource under this varying fluctuation condition. The highly
exploitative zones were identified and the zones where potential recharge can be
possible were also mapped in these chapters. In this context, the efficacy of
multi-influencing factor and analytical hierarchy process for groundwater manage-
ment was established. Chapter “Groundwater Hydrology in Arid Rewari District of
Haryana: Assessment, Development and Management Options” assessed the
groundwater hydrology of the arid western region of India and discussed different
development and management options. The understanding of hydrological dynamics
will help toward the design of speedy groundwater management plans such as
artificial recharge on large scale through rainwater harvesting, regulation on
groundwater development in overexploited and critical areas, development of
groundwater sanctuaries, power tariff on withdrawal of groundwater, conjunctive
use of water, etc. These measures will certainly bridge the gap between groundwater
availability and demand. The use of environmental isotopes to manage groundwater
resources was dealt with in Chapter “Environmental Tracers and Isotopic
Techniques: Tools for Sustainable Water Management.” It will help to understand
the use of isotopic techniques and environmental tracers in ecohydrology and
groundwater studies. The applicability of the stable isotopes, noble gases as envi-
ronmental tracers in water flow, and contaminant transport study has been discussed
in detail. This chapter will be helpful in designing experiments and field scale
observation stations for investigation of groundwater pollution loading and imple-
mentation of management plan. Chapter “Integrated Watershed Conservation and
Management of Koshalya-Jhajhara Watershed, North India” discussed about the
positive impact of integrated watershed management and conservation to augment
the groundwater resources of India. The effect of proper implementation of water-
shed management plans has been visualized in the increase in groundwater resources
of the watershed, which is a complex impact of change in land use, geomorphology,
vegetation cover, socio-economic condition of the peoples living in the watershed,
surface hydrology, etc. Water resources management for irrigated agriculture in
perspective of geospatial techniques was discussed in Chapter “Water Resources
Management for Irrigated Agriculture in Perspective of Geospatial Techniques.”
Chapter “Climate Change Impacts on Hydrology of a Small Watershed in a River
Valley Project Catchment of Southern India” discussed the modeling technique like
the use of SWAT model to manage the groundwater resources under climate change
condition. The efficacy of hydrological model like SWAT to deal with the complex
hydrological situation of a river basin under various climate change scenario has
been discussed in this chapter. This chapter showed the effects of climate change on
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future agricultural production and alerted us about the required change that we have
to undergo to cope up with the future harsh climatic conditions. The last chapter
deals with the economic aspect and econometric management of groundwater with
India centric considerations. Overall, this section clearly described the importance of
geospatial techniques for suitable management of groundwater resources to get
sustainable ecological and economical benefit.
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Abstract The natural resources on the earth seem to be randomly distributed but
their variations over space and time are not all random. They exhibit a spatial corre-
lation. This spatial correlation can be captured by geostatistics. Geostatistics deals
with the analysis and modelling of geo-referenced data. The point observations are
analyzed and interpolated to create spatial maps. For geostatistical interpolation,
first the spatial correlation structures of the parameter of interest are quantified and
then spatial interpolation is done using the quantified spatial correlation and optimal
predictions at unobserved locations to create a map. In this chapter, the fundamental
of randomness and statistical distribution are discussed. The statistical measure of
spatial variation is the variogram which characterize the degree of spatial correlation.
The quantification of variogram is also discussed in detail. Different interpolation
techniques like kriging and its variations are also discussed. The fundamentals of
ordinary kriging, indicator kriging and regression kriging are also described and
their application aspects are also highlighted. The cross-validation procedure and
the errors in geostatistical interpolation have also dealt in detail. The chapter ended
with sampling design optimization and stochastic simulation processes, showing
their importance and application in groundwater resources. This chapter will help the
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1 Introduction

Geostatistics is fundamentally different from classical statistics in the sense that it
deals with the analysis and modelling of geo-referenced data. Its main aims are to
quantify spatial variability and to create maps from point observations and thus can
be easily applied on ground resource assessment. In this chapter, it is emphasized on
how the spatial variability is assessed and further geostatistical interpolation is done.

In geostatistical interpolation, the first step is to quantify the spatial correlation
structure of the variable of interest; for example, groundwater depth or groundwater
quality parameters here (Adhikary et al. 2010). This can be done by examining the
spatial observations on groundwater parameters and how these change in spatial
domain. In the next step, spatial interpolation is done using the quantified spatial
correlation and optimal predictions at unobserved locations to create a map. During
the process of prediction, interpolation error is quantified as well, which helps to
design optimal spatial sampling schemes that balance data collection costs and map
accuracy (Santra et al. 2008). All this will be explained in this chapter, but in order
to do so we first need to discuss the statistical theory that underlies geostatistical
interpolation followed by representation of the spatial correlation structure, the basics
of geostatistical interpolation (‘kriging’), kriging extensions and spatial stochastic
simulation.

2 The Random Field Model

Geostatistical methods are based on a statistical model of reality. This model treats
reality in such a way that it is an outcome or a ‘realization’ of a stochastic spatial
process. To describe the spatial process in detail, there is need to explain few basics of
probability theory and statistics. For example, one need to understand about random
variable, normal distribution, correlation, covariance etc.

2.1 Random Variables

Random variables are variables whose values depend on the outcome of a proba-
bilistic experiment. A typical example is the throw of a (fair) die. If we denote this
outcome by D, then D is a random variable that has six possible outcomes: 1, 2, 3,
4,5 and 6. Each outcome has equal probability (namely 1/6), which means that D
has a uniform probability distribution, as depicted in left side graph of Fig. 1. Now
suppose that we perform the experiment and throw the die. Let the outcome be 5.
Then d =5 is the realization of D. Note that we introduced notation in which random
variables are written in upper case and realizations in lower case. Realizations are
just numbers; they are not stochastic but deterministic.
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Fig. 1 Probability distribution of the throw with a die (left) and of the number of tails of ten tosses
with a coin (right) (Adapted from Santra and Heuvelink, 2018)

Another example of a random variable is the number of tails (‘successes’) of
ten tosses with a coin. The possible outcomes are all whole numbers between zero
and ten. The probability distribution is no longer a uniform distribution because the
probabilities are not equal for all outcomes, as depicted in right side graph of Fig. 1.
For instance, the probability of zero successes is much smaller than that of three

successes, and this in turn is smaller than that of five successes. If we denote this
random variable by K, then we have probability P(K = k) = < 1k0) (%)10 for all k
between zero and ten. The probability distribution of K is an example of the binomial
distribution.

Key properties of a random variable are its mean and variance. The mean is also
known as the expected value. It is calculated by taking a weighed sum of all possible
outcomes of the random variable, using the probability of each outcome as a weight.
Thus, we can calculate the mean of a throw with a die as:

N =

6
1
Zd=6(1+2+3+'”+6)=3'5
d=1

(D

6 6
E[D] =Zd~P(D=d)=Zd~é=
d=1

d=1 =

Here, E[D] stands for expected value. It is custom to denote the mean of a random
variable by the Greek letter .. The mean may be interpreted as the average outcome
of a very large (infinite) number of repetitions of the same probability experiment.
In other words, if we would throw the die 1 million times, then the average of these
1 million throws would be very close to 3.5.

The variance is the expected value of the square of the difference between the
random variable and its mean. It is typically denoted by o2. For the throw with a die
we get:
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6
o =Var(D) = E[(D — E[D))*] = Z(d —3.52.P(D=d)
d=1

6
- é > d—35)7 =292 2
d=1

The standard deviation is the square-root of the variance (i.e., o). It is a measure
of the spread or variability of the random variable, while the mean is a measure
of centrality or central tendency. Other measures of centrality are the median and
mode. The median is the value that separates the probability distribution of a random
variable in two halves of equal probability mass (e.g., if X is a random variable then
(X <median) = (X > median) = 0.5). The mode is that outcome of a random variable
that has the largest probability.

The two examples discussed so far are examples of a discrete random variable.
These are random variables that have a finite number of outcomes (or countably
infinite). The opposite are continuous random variables, which have an (uncountable)
infinite number of outcomes. For instance, let U be a randomly chosen real number
between 0 and 1. Because there are an infinite number of outcomes, each outcome
has equal probability and because all probabilities must sum to one, we have P(U
= u) = 0 for any value of . This implies that we cannot characterize a continuous
random variable by the probabilities associated with each possible outcome. Instead,
we must use the concept of probability density. We can calculate the probability that
U takes on a value within a given interval [a, b] by mathematical integration:

b
Pla<U<b) =/ fw)du 3)

Here, f represents probability density. If you are not familiar with mathematical
integration, then it may help to know that the integration sign is nothing else than a
twisted letter ‘S’, which signifies that we sum from a to b, in very much the same way
as we used the Y~ symbol to represent summation over the outcomes of a discrete
random variable. For random variable U, which has a uniform continuous distribution
between 0 and 1, we have f(u) = 1 for all u in the interval [0,1] and so P(a < U <
b) = ﬁ (assuming 0 <a<b <1).

3 The Normal Distribution

The most common continuous probability distribution is the normal distribution. Let
X be a normally distributed random variable, then its probability density is given by:

1 @-p?

e o )

fx) =

2o’
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Fig. 2 Probability density of a random variable X that has a normal distribution with mean p =
50 and standard deviation o = 15. The probability of values that deviate more than two standard
deviations from the mean (grey area) is about 0.05 (Adapted from Santra and Heuvelink, 2018)

where p and o2 are parameters. If we calculate the mean and variance of X in a similar
way as was done for D above (but then using integration instead of summation), we
get that the mean of X equals | while its variance equals o2 (this also explains why
we used these symbols). The shape of the normal probability density is the well-
known bell-shaped curve and an example is given in Fig. 2. Beware not to interpret
the numbers on the y-axis as probabilities. In case of continuous random variables,
probabilities can only be associated with the surface area below the curve. The total
area below the curve must always be equal to one.

The importance of the normal distribution can be realized from the Central Limit
Theorem of statistics. It states that the distribution of averages of realizations that
are randomly and independently drawn from whatever distribution will tend to be
the normal distribution. For instance, the height of a person is the cumulative effect
of many factors, such as genetic material, food supply and illnesses during child-
hood, and so whenever we plot the frequency distribution of a person’s height from
a sufficiently large sample of adults drawn from a population, this distribution will
be remarkably normal. This is illustrated also in Fig. 3, which shows that the number
of tails with repeated tossing of a coin converges to the normal distribution as the
number of tosses increases. Indeed, many variables encountered in the environ-
mental sciences, such as air temperature, clay content of the soil or river water
flux, fit the normal distribution curve fairly well. There are also many variables that
follow better a lognormal distribution, such as the concentration of pollutants in the
ground- or surface water. Such variables typically result from multiplication instead
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Fig. 3 The probability distribution of the number of tails when tossing a coin progressively
approaches the normal distribution with increasing number of tosses (n). Grey bars represent the
factual binomial distribution; red dots represent the normal distribution (Adapted from Santra and
Heuvelink, 2018)

of summation of underlying random variables. The lognormal distribution is asym-
metric and has a non-zero skewness. A random variable is lognormally distributed if
its log-transform is normally distributed.

In geostatistics, we mainly work with normally distributed random variables. Not
only because the normal distribution is often encountered in the real world, but
also because the statistical inference associated with normally distributed random
variables is much easier than with others. Whenever we come across a variable that
deviates substantially from normality, we will look for a mathematical transformation
(e.g., logarithm, square-root) such that the transformed variable is (approximately)
normal.

4 Probability Distribution Versus Frequency Distribution

Above we explained that random variables are characterized by a probability distri-
bution, such as the uniform and normal distribution. The attentive reader might ask,
how can the observed data of an environmental variable have a probability distribu-
tion? It is not a random variable, it is a data set (i.e., a characteristic measured on a
population of objects or on a sample from such population). Indeed, there is a subtle
but important difference between the two. Whereas a random variable has a proba-
bility distribution, a data set has a frequency distribution. A frequency distribution
shows how often a certain value (or range of values) occurs within the dataset, while
a probability distribution shows the probability of a certain outcome of a probability
experiment. Now if we define a random variable as the outcome of a random draw
from the dataset, then it turns out that the probability distribution of that random
variable equals the frequency distribution of the data.
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5 Covariance and Correlation

Before we address the spatial extension of random variables in the next section, we
must first briefly discuss the concept of correlation. The correlation between two
random variables X and Y is usually denoted by the Greek symbol p and is defined
as:

_eov(X,Y)  E[(X —pux).(Y —uy)l
«/Vﬁr(X).var(Y) \/E[(X _ MX)zE(Y _ My)Z]

®)

Here, Cov(X,Y) is the covariance between X and Y. The correlation is a standardized
or normalized covariance. It is dimensionless and always a number between —1 and
1. It is a measure of the joint variability of random variables: if the correlation is
positive then highs (lows) of X often coincide with highs (lows) of Y. If the correlation
is negative then it is the opposite. This is illustrated in Fig. 4 which shows scatter
plots of 100 random draws from the joint probability distribution of X and Y for six
different correlations. The absolute value of the correlation measures the strength of
the (linear) relationship between X and Y. For instance, a zero correlation means that
X and Y are not related to each other. In other words, knowing Y does not provide any
information about X, and vice versa. In the environmental sciences, most variables
are correlated to some degree because everything is related to everything else, but
the strength of the correlation is often weak.

6 Random Fields

In geostatistics we deal with variables that vary in space and for this reason we need
to extend the concept of a random variable to a random field. A random field is
defined as a collection of random variables indexed by a geographic coordinate. Let
us explore this by considering a soil database of the arid western region of India. If
we denote the soil properties at any location x in the geographic domain of interest
A (i.e., hot arid ecosystem of India) by (x), then in geostatistics we treat (x) as a
random variable, while the collection of all random variables Z = {Z(x)lx € A} is a
random field. Similar to random variables, a random field Z is fully characterized by
its probability distribution, but such probability distribution can be very complex. It
must specify the probability distribution of Z(x) for all locations x in A, and it must
also specify the correlations between Z(x) and Z(x,) for all paired locations x; and x;
in A. Now if we also assume that Z is normally distributed, then we have completely
characterized Z by the (marginal) probability distributions and the correlations. In
practice, we will not be able to specify different distributions for all locations x €
A and different correlations for any pair of locations x,x, € A, simply because we
cannot collect that information from only a sample of observations at measurement
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Fig. 4 Scatter plots of 100 paired draws from a bivariate normal distribution with different
correlations (Adapted from Santra and Heuvelink, 2018)

locations, and so we have to make certain simplifying assumptions to be able to
estimate the distributions and correlations from the available observations. It makes
sense to assume that the correlation between Z(x;) and Z(x,) only depends on the
separation distance lx; — x| between the two locations. In such case, the correlation
becomes a function of just the separation distance and is called spatial correlation.

Figure 5 shows twelve realizations of arandom field whose probability distribution
at every location is a normal distribution with a mean of 50 and a standard deviation
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Fig. 5 Twelve realizations of a random field with a constant mean of 50 and standard deviation
15. The degree of spatial correlation is strongest in the top row and decreases from the top to the
bottom row. Realizations within a row are all different but have the same spatial structure (Adapted
from Santra and Heuvelink 2018)
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of 15. The realizations within each row in Fig. 5 have the same spatial correlation,
but the spatial correlation is different between rows. It is strongest in the top row and
smallest (in fact completely absent) in the bottom row. As we can see the same random
field yields different realizations, for the same reason that repeated throws with a die
are unlikely to yield the same outcome every time. So, none of the realizations in a
row are the same, but we may notice that their ‘spatial structure’ is. This is because
this is controlled by the spatial correlation.

7 Statistical Measure of Spatial Variation: The Variogram

We concluded the previous section with a figure showing different realizations of
random fields. The spatial structure of realizations within a row was quite similar,
while between rows they were different. This was because the degree of spatial
correlation that was used to generate these realizations was different between rows.
The top row showed fairly large patches of similar value which reflects strong spatial
correlation, the bottom row showed spatial ‘noise’ which means no spatial correlation
at all, and the middle rows showed an in-between situation. What measure can we
use to characterize spatial correlation? And how can we estimate this measure from
a limited number of point observations? These are the two main questions that we
address in this section.

7.1 The Variogram

In geostatistics, the degree of spatial correlation is characterized by the semivariance.
Let Z be a random field defined on a geographical domain D. The semivariance is
defined as follows (Isaaks and Srivastava 1989):

1
y(h) = 55[(2@) — Z(x + 1))?] (6)

Here, E stands for mathematical expectation, as before. Thus, the semivariance y(h)
is half the expected squared difference between the value of Z at two locations
separated by the distance vector 4. A graph of the semivariance against distance
is called a variogram (sometimes also called: semivariogram). Clearly, y(&) cannot
be negative because it is the average of a square. Taking a closer look also reveals
that it typically increases with distance, because according to Tobler’s first law of
geography, “Everything is related to everything else, but near things are more related
than distant things”. In other words, since the difference between Z(x) and Z(x + h)
will usually be small for small 4, y(h) will also be small for small 4.
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Fig. 6 Typical shape of the variogram with its three key parameters nugget, sill and range (Adapted
from Santra and Heuvelink 2018)

The typical shape of the variogram is given in Fig. 6. Many real-world variables
have a variogram with such shape. A few observations can be made. First, the semi-
variance increases with distance. However, note also that at some point the increase
comes to a hold and the variogram stabilizes. This happens at a distance which is
called the range. It identifies the distance up to which there is still spatial correlation.
In other words, for distances beyond the range there is no longer any spatial corre-
lation and the semivariance has reached its maximum value. The maximum value is
known as the sill of the variogram. In fact, it can be proven that the sill is equal to the
variance of Z, which we introduced before in Section Random Variables. Finally,
the third key parameter of the variogram is the nugger. This characterizes the spatial
variability at short distances, also known as the ‘micro-scale’ variation. Note from
the definition of the semivariance that it must be zero for 2 = 0, but apparently it
can be greater than zero for distances close to zero. The term ‘nugget’ stems from
mining: if we are lucky we may find a gold nugget at some location in a geologic
deposit, while right next to the location there may be no gold at all. Thus, there is
much spatial variation at short distances. Apart from micro-scale variation, random
measurement error also contributes to the nugget variance. This is because repeated
measurements of the same variable may yield different outcomes, due to measure-
ment error, and so when calculating half the squared difference, an outcome bigger
than zero will result.

The variograms of three out of four random fields that were used to generate the
realizations shown in Fig. 5 are given in Fig. 7. It is important that we can link a spatial
structure or ‘pattern’ as shown in Fig. 5 with a variogram. We should understand how
the shape of the variogram influences the spatial pattern. A variogram with a small



12 P. Santra and P. P. Adhikary

L= =1 (=3
o o Il
o4 o™~ o~
=1 (=]
L4 8 1 @ g 1 @« g 1
o o o
§ 8 § 81 §8
& & =
> o = a -
EF ER1 EZ
o @ @«
o “w w
3 21 2
0 20 40 60 80 100 0 20 40 60 B8O 100 0 20 40 60 80 100
distance distance distance

Fig.7 The three variograms that correspond with realizations shown in Fig. 5 (left: top row; middle:
third row; right: bottom row) (Adapted from Santra and Heuvelink 2018)

or zero nugget and large range yields large spatial patterns and no ‘noise’, while
a variogram that has no spatial correlation (‘pure nugget’) creates patterns that are
complete noise.

When we defined the semivariance with Eq. (6), we implicitly assumed that it
only depends on the distance /& between the locations, and not on the locations
themselves. This is known as the stationarity assumption. To be more precise, the
stationarity assumption has two components, namely that the mean (expected value)
of Z is constant and that the semivariance of Z only depends on the distance between
locations. Perhaps the stationarity assumption is not realistic in all cases. For example,
we know that air temperature is negatively correlated with elevation, so it would be
unwise to assume a constant mean for air temperature in mountainous terrain. Another
example: we know that spatial variability of soil organic matter depends on land use,
so it would be unwise to assume a single variogram for organic matter in an area
with cropland, grassland and forest. There are possibilities in geostatistics to relax
the stationarity assumption, but for now we will assume that the assumption holds.
Moreover, in Fig. 6 we also implicitly assumed that the semivariance only depends
on the ‘Euclidean’ distance between locations, and not on the distance vector that
also takes account of direction. This is the isotropy assumption. The opposite is
anisotropy. For instance, the variogram of the soil clay content of a river floodplain
may be different in a direction parallel to the river than in a direction perpendicular to
it. In such case the isotropy assumption is not realistic and an anisotropic variogram
should be used instead.

In practice we need to estimate the variogram from a set of observations. The
procedure that is used for this is known as the structural analysis. We will not
explain in detail how the structural analysis works but merely mention that it is
based on evaluating the squared difference between observations for each pair of
observation locations in the dataset. By averaging these squared differences over
multiple distance intervals, a so-called sample variogram is obtained. Using curve
fitting techniques, a variogram model (mathematical function) is fitted through the
sample variogram. The procedure works well but requires a sufficiently large set of
observations. It is generally agreed that stable estimation of the variogram requires at
least one hundred observations, which ideally are spread out through the entire study
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area, and include a few clusters of observations to be able to estimate the nugget
reliably (Burgess and Webster 1980).

7.2  Relationship Between the Variogram, Covariance
Function and Correlogram

The variogram measures the degree of spatial variation as a function of the separation
distance between two locations. We have seen that it typically is a function that
increases with distance, due to Tobler’s first law of geography. Unlike the variogram,
the covariance function measures the covariance between the variable of interest at
two locations as a function of the distance between the locations. The covariance
was defined in Section Covariance and correlation, where it was explained that
it measures the degree of co-variation of two random variables. In the case of a
covariance function of a random field Z, it measures the degree of co-variation of
Z(x)and Z(x + h) and is defined as C(h) = E[(Z(x) — E[Z(x)]) - (Z(x + h) — E[Z(x +
h)D]. The covariance function tends to decrease with distance. This is confirmed by
the mathematical relationship between the variogram y and the covariance function
C: C(h) = y(oc0) — y(h) and y(h) = C(0) — C(h). In other words, the covariance
function is a ‘mirrored’ version of the variogram, see Fig. 8.

The correlogram, which plots the correlation as a function of distance, is simply a
normalized version of the covariance function. It is obtained by dividing the covari-
ance function by the overall variance (i.e., the sill of the variogram). Thus, the correl-
ogram is dimensionless and cannot be greater than 4 1. In Fig. 8, the correlogram
starts at 1, but note that it would be a value smaller than 1 if there were a nugget
variance greater than 0.
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Fig. 8 Variogram, covariance function and correlogram of the same random field (Adapted from
Santra and Heuvelink 2018)
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8 Kriging

Section Statistical measure of spatial variation: the variogram explained how spatial
variability can be characterized with a variogram. The variogram is a very useful
tool because it provides insight into the degree and structure of spatial variation,
which help researchers understand the processes behind spatial variation, but it is
also very useful for another reason. This is that it provides the information needed
for geostatistical interpolation, also known as kriging (after the late South-African
mining engineer Danie Krige). There are many versions of kriging. We will discuss
some of these in this chapter, beginning with ordinary kriging.

8.1 Ordinary Kriging Equations

The idea of ordinary kriging is to predict z(xp) at a location xo where z was not
measured as a linear combination of the observations:

B(x0) = ) hi-z(x) (7)

i=1

Here, the \; are so-called kriging weights. We would like to choose these weights
such that the interpolation error z"(xyp) — z(xp) is as small as possible. Now the
problem is that we do not know the interpolation error, because in order to calculate
it, we need to know z(xp), which we were aiming to predict in the first place. If we
knew it, we would not have an interpolation problem. The solution that is used in
geostatistics is that we characterize the interpolation error by a probability distribu-
tion. This means that we replace the realization z by its geostatistical model Z and
predict Z(xp) instead of z(xp). Given the geostatistical model that we have assumed
for Z (including its variogram) we can derive the probability distribution of i(xo)
— (xp) for any choice of kriging weights, and next we choose the weights such that
the variance of the prediction error is the smallest among all possible choices, while
also ensuring that the expected value (i.e., mean) of the prediction error is zero. In
other words, we choose the kriging weights such that the expected squared prediction
error:

n 2
~ 2
E[(zm) ~ Z(x0)) } =E (Z 72 () - Z(Xo)> ®)
i=1

is minimized under the condition that the prediction error is unbiased:

E[2(x0) = Z() | = E[Z 72 () - Z(xo)] =0 ©)

i=1
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The unbiasedness condition implies that the kriging weights must sum to one:
Y ' »; = 1. This also makes intuitively sense: if the weights would add up to a
number larger than one, then we would tend to overpredict the value of Z at x(, while
we would on average end up with too small predictions if the weights add up to a
value smaller than one.

It was mentioned several times in this chapter that in geostatistics, we pose a
statistical model Z of reality and assume that the single, true reality that we are
interested in is a realization z of the statistical model Z. We characterize the model and
its spatial variability by a variogram. Once this is done, we can derive the probability
distribution of the kriging prediction error at any location x in terms of a probability
distribution. That distribution will look similar to the one shown in Fig. 2, only
with different values for the mean and standard deviation. The ‘real’ prediction error
at xo (which we do not know) may now be interpreted as a realization from that
distribution. Thus, the ideal shape of the distribution would be the one that has a zero
mean and zero standard deviation, because in that case we would be certain that the
interpolation error is zero. In practice, it will be impossible to choose the kriging
weights such that this is achieved (unless the prediction location is an observation
location and there are no measurement errors), so that we try to get as close as
possible to it by ensuring that the distribution is centered around zero and has the
smallest standard deviation possible. In this way, we achieve that on average, for
many locations and for the many kriging exercises, the actual prediction errors made
will be closer to zero compared with any other interpolation method. Of course, all
this is true under the assumption that the geostatistical model is a correct description
of reality. But given this model, kriging is indeed an optimal interpolator.

Minimization of Eq. (8) is achieved by working out Eq. (8), treating it as a function
of the kriging weights );, and minimizing it by setting its mathematical derivative
with respect to each of the \; to zero. A slight complication is that the unbiasedness
condition Eq. (9) must also be satisfied. For this, a mathematical ‘trick’ is applied in
which an extra unknown, the so-called Lagrange parameter, is introduced. For us,
it is sufficient to know that finally we end up with n + 1 linear equations with n + 1
unknowns:

Zki.y(h;j) 4+ @ =vy(hy) forallj=1...n (10a)

i=l1

Y= (10b)
i=1

Here, hj; is the geographic distance between x; and x;, hjpis the distance between
x; and xp, and ¢ is the Lagrange parameter.

Equation (10a, b) is known as the kriging system. It has a unique solution that is
not difficult to calculate, because all equations are linear in the unknowns. However,
calculation by hand becomes tedious and error-prone for values n = 3 and larger, and
so in practice we use computers for that, also because we need to repeat the calculation
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for each and every prediction location xy (which are usually the nodes of a fine grid
laid out over the area of interest). The resulting values for the )\; obviously depend
on the variogram and on the spatial configuration of the observation and prediction
points, but the general picture is that observations nearby the prediction location get
larger weights (because they are more strongly correlated with the variable at the
prediction location), and that observations in clusters get smaller weights than more
isolated observations (because of redundancy). In general, the smaller the nugget-
to-sill ratio, the larger is the diversity in kriging weights.

Once the kriging weights are calculated it is easy to calculate the ordinary kriging
prediction, because it just requires substitution of the weights and the actual observa-
tions in Eq. (7). An attractive property of kriging is that the accuracy of the prediction
is also quantified, by means of the ordinary kriging variance. This is nothing else
than the expected squared prediction error Eq. (8), which can be worked out into:

. 2 -
08 (x0) = E[(Z(x()) ~ Z(x0)) } =Y ryhip+e an
i=1

The square-root of Eq. (11) gives the kriging standard deviation, which is easier
to interpret than the kriging variance because it has the same measurement units
as the kriging prediction. One may also calculate the ratio of the kriging standard
deviation and kriging prediction to get the relative error, or compute the lower and
upper boundaries of an approximate 95% prediction interval by calculating z"(x¢) *
2 - ook (x0) (see also Fig. 2).

8.2 Cross-Validation

Although the kriging standard deviation map produces a measure of the accuracy of
the kriging predictions, it is only valid given the kriging assumptions, which include
the used variogram. After all, it is derived from the geostatistical model that was
assumed. Instead, a more objective measure of map accuracy would be obtained if
an independent data set were available. If this were the case, then we could compare
the kriging predictions at the validation locations with the independent observations,
and compute summary measures from these, such as the Mean Error (ME), Root
Mean Squared Error (RMSE) and Standardized Root Mean Squared Error (SRMSE).
These are defined as follows:

l m
—Z 2(n) — z(x)] (12)

m

RMSE = n%; 2) — 2] (13)
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(14)
m i=l1

1 e [200) — 2(x) 7
SRMSE = —E _—
|: ook (xi) }

where m is the number of validation observations and the x; are in this case the vali-
dation locations. The ME should be close to zero, the RMSE as small as possible, and
the SRMSE should be close to one. If SRMSE is greater than one, then the ‘observed’
errors are bigger than the ‘anticipated’ errors. If SRMSE is smaller than one, then
the observed errors are smaller than the anticipated errors. Both are undesirable
outcomes because we want the kriging standard deviation to be a realistic measure
of interpolation error.

Often, we cannot afford splitting the dataset into one set for interpolation and one
for validation, because we want to use all available data for interpolation to obtain
the most accurate map possible. An often-used alternative then is to take out one or
multiple observation(s) at a time for validation purposes and use all other data for
prediction. This is called cross-validation. If one observation is removed at a time,
it is called leave-one-out cross-validation.

8.3 Kriging Extensions

8.3.1 Regression Kriging

Optimal spatial prediction using ordinary kriging only makes use of information
contained in observations of the variable of interest. However, in many practical
situations there is additional information that is useful too and can help improve
prediction. For instance, we know that air temperature is correlated with elevation
and since we have a DEM of most parts of the world, we might try to include elevation
data to help predict air temperature. One way of doing that is through regression
kriging, which is a combination of regression and kriging. It is also sometimes called
kriging with external drift or universal kriging, although there are subtle differences
that we need not discuss here. Before we explain regression kriging, let us first look
at linear regression.

In (multiple) linear regression, we consider a dependent variable Y thatis assumed
to be linearly related to a number of independent (explanatory) variables X ;:

P
Y =fot ) FuXite (15)

k=1

Here, the B are regression coefficients (B¢ is known as the intercept), p is the number
of independent variables and ¢ is a zero-mean, normally distributed stochastic residual
with constant variance o2. The regression coefficients and variance of the residual
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are estimated from paired observations of the dependent and independent variables.
The standard deviation of ¢ is derived from the spread of the points around the fitted
line. It conveys how well we can predict Y with the X;. If the independent variables
are informative about Y, then the variance of ¢ will be substantially smaller than
that of Y. The variance reduction is neatly captured by the so-called R* (R-square or
goodness-of-fit), which is a number between zero and one that expresses the amount
of variance explained by the regression. In case of simple linear regression (i.e., p
= 1), R? equals the square of the correlation between X and Y.
Prediction of Y given the Xi is done as follows:

14
Y =ho+ Y AuXe (16)

k=1

In other words, we use the fitted regression line for prediction. This makes sense
because the ﬁk are our ‘best’ estimates of the true regression coefficients, and because
¢ has zero mean, and hence our ‘best’ estimate of it is simply zero. However, both
the estimation errors of the regression coefficients and the stochastic residual of
the regression model cause that the prediction differs from the true value of Y. In
other words, there will be a prediction error, which has a mean of zero (i.e., the
prediction is unbiased), but whose standard deviation is bigger than zero. Multiple
linear regression as explained above can also be used to predict a spatially distributed
variable (such as air temperature) from other spatially distributed variables (such as
elevation). However, the regression model assumes that the stochastic residual is
statistically independent, while we learnt in previous sections of this chapter that
many spatially distributed variables are spatially correlated. This implies that the
assumption of statistical independence of the regression residual is often not realistic
in case of spatially distributed variables, and this is where regression kriging comes
in. Under the regression kriging model, the dependent and independent variables
are made spatially explicit and the spatial correlation of the regression residual is
modelled with a variogram. Since we had characterized the target variable by Z
and had used letter x for geographic location, we now write the spatial analogue of
Eq. (15) as:

p
Z(x) =ﬁo+2ﬁk~fk(X)+8(X) A7)

k=1

Here, the f are spatially distributed explanatory variables, such as elevation, slope,
vegetation index, land cover and geology. In fact, it could be any variable that is
spatially exhaustively available and that is correlated with the dependent variable Z.
Note that it must be spatially exhaustive, because otherwise we could not predict
at locations where the explanatory variables are not available. Note also that the
explanatory variables need not be numeric variables such as elevation and slope, but
can also be categorical variables, such as land use and geology. Such variables can
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still be included in linear regression by treating them as factors, effectively replacing
them with as many binary dummy variables as there are categories. In Eq. (17), the

P
term By + > Bk. fi(x) is known as the trend.
k=1
The only real difference between Egs. (15) and (17) is that we now allow for
spatial correlation of the stochastic residual &. We typically assume stationarity, so
that its spatial correlation is fully characterized by a variogram. Regression kriging
then works as follows:

(1)  Fit regression model. Select spatially exhaustive explanatory variables (often
termed ‘covariates’), overlay these with the locations of observations of the
dependent variable, and fit a regression model on the resulting dataset.

(ii) Variography regression residual. Subtract predictions of the regression model
from the true observations at observation locations, and calculate a variogram
of the resulting residuals.

(iii) Apply regression model. Apply the regression model at all locations in the study
area to generate a regression map of the dependent variable.

(iv) Krige residuals. Krige the residuals with ordinary kriging to the same area.

(v) Combine results. Add the map with kriged residuals to the map of the regression
predictions.

This shows that regression kriging is truly a combination of regression and kriging.
If we would do only regression, then we would not include a kriging interpolation of
the regression residual. If we would do only kriging, we would only do a spatial inter-
polation of the dependent variable, without taking the information in the explanatory
variables into account. In fact, ordinary kriging is a special case of regression kriging,
namely the one where there are no explanatory variables (p = 0) and where the trend
is assumed constant. From this, you can also see that regression kriging relaxes the
assumption of a constant mean or trend, as described in Section The variogram. It
poses a more realistic model of reality, and it can potentially provide a more accu-
rate prediction map because it uses more information: not only the observations of
the dependent variable, but also explanatory covariate information. Thus, if there is
explanatory power in the covariates, then the regression kriging variance should be
smaller than the ordinary kriging variance.

8.3.2 Indicator Kriging

The previous section mentioned that categorical variables can be used in regression
kriging. In that case the categorical variables were used as explanatory variables, but
what to do if the dependent variable is measured on a categorical scale? For instance,
what if we have observations of vegetation type or land cover at locations in an area,
and want to interpolate these observations to create a map of the dependent variable?
In such case we can make use of indicator kriging. This is done as follows. First,
for each category the observations are transformed into observations of a binary
‘indicator’ variable, which is one if the categorical variable at a location equals the
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category and zero otherwise. As a result, we get a set of point observations that are
either zero or one. Next, a variogram is estimated from the indicator values and used
in kriging. This is done in the same way as described in Sections Kriging and Kriging
extensions. The resulting prediction map typically has values between zero and one,
which is as expected because Eq. (7) shows that the prediction is a weighted average
of zeroes and ones. The prediction is interpreted as the probability that the category
will occur at the prediction location. This is intuitively sensible, because values close
to one will result if there are many ones in the local neighbourhood, meaning that
the category often occurs in the local neighbourhood, while values close to zero
turn up in areas where the specific category is rare or absent. Indicator kriging is
then repeated for all other categories, again transforming observations to a binary
indicator variable, estimating the variogram and applying kriging (Adhikary et al.
2011).

In practice, it may occur that predictions are smaller than zero or greater than one.
In such case a clipping to zero or one is done. Also, it usually happens that the sum of
the predictions for all categories do not add up to one, while obviously the probabil-
ities should. This is repaired by scaling the predictions such that they do sum to one.
In a way, these corrections show that while indicator kriging may work satisfactory in
practice, its theoretical foundation is weak. Many geostatisticians are therefore not in
favour of it. Unfortunately, there are not many alternative geostatistical methods and
those that do exist are quite involved. Apparently, spatial interpolation of numerical
variables is much easier than spatial interpolation of categorical variables.

9 Sampling Design Optimization

We have seen before that one of the attractive properties of kriging is that it quan-
tifies the interpolation error, by means of the kriging variance. This implies that
we can compare the interpolation accuracy of different spatial sampling designs,
by comparing the associated kriging variance maps. When comparing sampling, it
makes sense to select the sampling design that has the smallest average kriging vari-
ance, because this yields the smallest overall interpolation uncertainty. Any design
is characterized by two components. The first is the total number of observations.
Collecting more observations yields a more accurate interpolated map, but at the
expense of greater costs. The second is the spatial configuration of the sampling
locations. Here, one configuration or design might produce a more accurate map than
another, while sampling costs remain the same. This section briefly explores these
issues and presents some common sampling design approaches used in geostatistics.

While it makes sense to use the average kriging variance as a criterion to compare
sampling designs and select the optimal design, there is a problem. This is that the
kriging variance can only be computed after the observations have been taken and a
variogram calculated, while the sampling design must be chosen prior to the actual
sampling. Indeed, Eq. (11) shows that the kriging variance can only be computed
if the kriging weights, the variogram and the Lagrange parameter are known. The
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kriging weights and Lagrange parameter are computed by solving Eq. (10a, b), which
again requires the variogram. This implies that geostatistical sampling design opti-
mization can only be done given the variogram. Note, however, that the observations
themselves are not required to compute the kriging variance. Thus, all that we need to
be able to optimize the sampling design is the variogram. In practice, two approaches
are used to get hold of it prior to sampling for interpolation. The firstis to ‘borrow’ the
variogram from a previous, similar study, where the same variable was measured in
a comparable study area. The second approach is to conduct sampling in two stages:
the first only aiming at estimation of the variogram, the (optimized) second to inter-
polate the variable of interest with kriging. The disadvantage of the first method is
that extrapolation of variograms is risky, the disadvantage of the second is that one
needs to do fieldwork and data collection twice. Nonetheless, it may definitely pay
off, particularly in large projects and/or when observations (e.g., laboratory anal-
yses) are expensive. It is beyond the scope of this chapter to explain how the actual
sampling design optimization is done. We only note that it tends to go for a fairly
uniform distribution of observations points across the study area, with slightly higher
sampling density in the boundary region of the study area.

In practice, it may frequently happen that we cannot ‘borrow’ a variogram from
another study and cannot afford to do fieldwork twice. In that case we must design a
spatial sampling design that will be used both for variogram estimation and kriging.
A uniform distribution of points across the study area is preferred for kriging, as we
noted above. One practical way of doing that is to sample at the nodes of a regular
grid, where the grid mesh is chosen such that the total number of observations stays
within the fieldwork budget. However, regular grid sampling is far from ideal for
variogram estimation. This is because such design provides no information about the
spatial variability at distances smaller than the grid mesh, while kriging is sensitive
in particular to the behaviour of the variogram at short distances (i.e., the nugget
variance). Therefore, it is recommended to supplement the regular grid with multiple
small ‘clusters’ of points, such as shown in Fig. 9. As a rule of thumb, one might
use two-thirds of the total number of observations for regular grid sampling, and the
remaining one-third to assess short-distance spatial variation.

10 Spatial Stochastic Simulation

10.1 Spatial Stochastic Simulation Versus Kriging

Kriging makes predictions at points in such a way that the expected squared predic-
tion error is minimized. This ensures that the predicted value is on average closest
to the true (unknown) value. Spatial stochastic simulation has an entirely different
objective. Here, the aim is to generate possible realities from the probability distribu-
tion of the uncertain variable. This is done using a pseudo-random number generator,
while accounting for the shape of the probability distribution, the spatial correlation
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Fig.9 Regular grid sampling supplemented with short-distance points to achieve a spatial sampling
design that works well for variogram estimation and kriging (Adapted from Santra and Heuvelink
2018)

structure and the observations. The result of a stochastic simulation exercise is not
unique, because there are an infinite number of possible realities, from which just
one or several are taken.

Spatial stochastic simulation is useful for two main purposes. First, visualization
and comparison of multiple simulated realities nicely conveys the uncertainty about
the mapped variable. Where uncertainty is large the differences between simulated
values will be large, where there is little uncertainty the differences will be small.
Also, the spatial structure in the simulated maps agrees with that of reality, whereas
kriging produces a smoothed version of reality. Second, spatial stochastic simulation
is also required in spatial uncertainty analysis studies. The aim of such studies is
to analyze how errors and uncertainties in inputs to environmental models (such as
interpolated maps) propagate through the model. This can be analysed using a Monte
Carlo simulation approach, which requires that realizations of the uncertain inputs
are generated using stochastic simulation. For spatially distributed inputs, spatial
stochastic simulation must be used.

There are various ways for spatial stochastic simulation. Perhaps the most
attractive method is sequential Gaussian simulation, which works as follows:

(1) Define a grid of simulation locations across the study area (as also done in
kriging).
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(i) Visitarandomly selected simulation location and verify that it does not coincide
with an observation or already simulated location (if it does, then select another
simulation location).

(iii) Krige to the simulation location, this yields a kriging prediction and kriging
standard deviation.

(iv) Use apseudo-random number generator to sample from the normal distribution
with mean equal to the kriging prediction and standard deviation equal to the
kriging standard deviation.

(v) Add the simulated value to the data set, in other words treat the simulated value
as if it were another observation.

(vi) Go back to step 2 and repeat the procedure until there are no more simulation
locations left.

Note that adding previously simulated values to the dataset as required in step
4 causes the kriging system (i.e., the number of equations, see Eq. 10a, b) soon
becomes very large so that it will be needed to set a maximum on the number of
observations to be used in the kriging (step 3). Usually, one limits the observations
to those located in a circular window surrounding the simulation location. If this is
done, it is called local kriging. The opposite, in which all available observations are
used, is called global kriging. Local kriging is attractive because it is fast (in the
case of spatial stochastic simulation on a fine grid it is imperative for this reason,
because global kriging would take ‘forever’), and also because the kriging result is
more robust against deviations from the stationarity assumption. The disadvantages
are that the kriging variance will increase slightly, and that anomalies in the kriging
prediction map may result if the local window is chosen too small.

11 Conclusion

Groundwater studies is time consuming and cost-effective and geospatial technology
offers a practical way to assimilate several data sources for its favourable groundwater
development and sustainable management. The knowledge about the fundamental of
geostatistics is helpful to proper management of this natural resource. Understanding
of the basics of geostatistics will help the students, researchers and planners to accu-
rately assess the problems and thereby can undertake proper remedial measures to
solve the problems.
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Abstract India is the largest user of groundwater in the world using an estimated
250 km® of groundwater per annum. In India, groundwater contributes 62% in agri-
culture sector. In rural India, 85% and in urban India, 45% of water consumption
has been met from groundwater. However, this precious water resource is under
increasing pressure due to intensification of human activities along with climate
change. In India about 36% of groundwater blocks are semi-critical, critical, or over-
exploited and the situation is deteriorating rapidly. Not only groundwater depletion is
unprecedented, its quality is also deteriorating in an alarming rate throughout India.
Therefore, groundwater dependent water supply system is expected to hit adversely
in the future. In this context, Geographic Information System (GIS) along with geo-
statistics play an important role in depicting the spatio-temporal variation of water
level and water quality. In this chapter work done by various researchers on GIS and
geostatistics in groundwater is highlighted, which will help the policy makers and
managers to implement proper regulations for sustainability of this precious resource
in India.
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1 Introduction

Groundwater is one of the most important sources of water worldwide on which
50% of the world’s population depends for their drinking requirement (FAO 2010).
Not only domestic use this source also contributes towards 43% of the water used
for irrigation globally and 40% of industrial requirement (Foster and Chilton 2003;
Seiler and Gat 2007; Siebert et al. 2010). Apart from above mentioned use it plays
an important role in replenishment of surface water sources such as streams, rivers
and wet lands. India stands first in the world in terms of groundwater use having
an estimated 250 km?> of groundwater per annum, where as China and USA stand
second and third, respectively (Margat and van der Gun 2013). In India, contribution
of groundwater towards agriculture, rural water supply and urban water consumption
are 62, 85 and 45%, respectively indicating massive dependency on this source of
water (Mukherjee et al. 2014).

Uncertainties in monsoon, unreliable and inadequate municipal water supplies,
and water availability at the point of use are some of the factors which are responsible
for inclination of people towards groundwater use over surface water use. With
increased use of groundwater, this precious water resource is under threat. In India
about 36% of groundwater blocks are semi-critical, critical, or overexploited, and the
situation is deteriorating rapidly all over the country (CGWB 2019) and presented
in Fig. 1. It has been reported by Central Ground Water Board (CGWB) that in
India, 1186 assessment units (approximately 17% of total assessment units) have
been classified as ‘Overexploited’, which indicates that the groundwater extraction
in those units is at risk (CGWB 2019). In north west part of India, the over-exploited
areas are mostly concentrated in Delhi, Haryana, some parts of Punjab, and Western
Uttar Pradesh and the reason behind this overexploitation is due to changing cropping
pattern, increase in cropping intensity and free or subsidized power supply (Dash et al.
2010; Aneja 2017; Baweja et al. 2017; Bhalla 2017). Similarly in the western part of
India, specifically Rajasthan and Gujarat, overexploitation of groundwater is because
of farmers’ inclination towards growing more remunerative crops which are water
demanding, along with prevalence of arid climate which limits natural groundwater
recharge (Panda et al. 2012). In southern India, the inherent aquifer properties of
crystalline aquifers are responsible for making less groundwater available in the
region, which includes states like Andhra Pradesh, Karnataka, Telangana and Tamil
Nadu (CGWB 2019).

Not only groundwater depletion, its quality is also deteriorating in an alarming rate
throughout India (Fig. 2). The fluoride concentration of groundwater exceeding the
permissible limit for drinking (>1.5 mg 17!) is widely prevalent in many parts of the
country (Sankhla and Kumar 2018; Ali et al. 2019). Even fluoride concentration more
than 3.0 mg 17! is prevalent in some parts of Punjab, Rajasthan, Madhya Pradesh,
and Chhattisgarh (Ali et al. 2019). In Andhra Pradesh, Gujarat, Tamil Nadu and Uttar
Pradesh excess amount of fluoride has been detected in drinking water supply system
covering more than 50% of the districts in these states. It has also been reported that
in India, the fluoride concentration in groundwater is nearly 2 times higher than
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CATEGORIZATION OF ASSESSMENT UNITS
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Fig. 1 Categorization of groundwater assessment unit (Adopted from CGWB 2019)
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Fig. 2 Spatial variation of groundwater quality in India (Adopted from CGWB 2019)



Recent Trends in GIS and Geostatistical Approaches ... 29

in the groundwater of urban areas (Ali et al. 2019). High level of arsenic has also
been reported by many workers from various states such as Chhattisgarh (Mukherjee
et al. 2014), West Bengal (Mazumder and Dasgupta 2011) and Karnataka (Hebbar
and Janardhana 2016). As both water quality and groundwater depletion problem are
aggravating in India day by day, definitely it will have serious implications on the
sustainability of groundwater use in India.

In this regard, modern technologies like GIS and geostatistics play an important
role in many issues related to groundwater. GIS has been used as a suitable platform to
make strategies for sustainable use of water resources. Therefore, the main objective
of this chapter is to give an insight into the role played by GIS and geostatistics in
proper management of groundwater resources in India.

2 Geographical Information System

GIS a computer-based information system used for receiving, storing, checking,
integrating, retrieving, analyzing and displaying spatial data. In other words, it’s a
database system having specific capabilities of handling spatially referenced data.
Mostly GIS is employed for mapping, through which different layers are integrated
and every layer contains information about a particular kind of feature. The main
functions of GIS are:

e Data acquisition and pre-processing: It includes digitizing, editing, topology
building, format conversion, transformation of projections etc.

e Data management, storage and retrieval: This includes data archival, object-
oriented database, hierarchical, network and relational modeling, attribute query
etc.

e Spatial measurement and analysis: This include measurement processes, overlay
operations, buffering, and connectivity maneuvers etc.

e Product generation through graphic output: This includes scale conversion,
simplification, statistical and topological map etc.

The Geographic Information System (GIS) has appeared as a very helpful tech-
nique in analyzing and quantifying various aspects of groundwater manifestation.
It is very helpful to delineate groundwater prospect and deficit zones, along with
groundwater quality.

3 Geostatistics

Geostatistics is a technique in which natural variables can be visualized to be
distributed over space and time (Journel and Huijbregts 1978; Isaaks and Srivas-
tava 1989; Dash et al. 2010) are analyzed and predicted. In geostatistical method
the analysis of spatial correlations is carried out through covariance and variogram
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functions, which present the spatial regression among a dataset based on the spatial
variability of couple of points at the specific spatial distances (known as lag distances)
(Dash et al. 2010; Barca et al. 2017). This method explores the spatial continuity of
natural properties and uses this spatial continuity of natural properties to describe
the property of a natural parameter some distance away through proper adaptation
of regression techniques (Bohling 2005). Semivariance function characterizes the
spatial continuity between points. The semivariogram is the graphical representation
of the semivariance with respect to the lag distance or separation distance between
points (Isaaks and Srivastava 1989). The semivariogram structure can be elucidated
by three properties such as the nugget, the range and the sill (Fig. 3). The distance
(represented by X-axis) at which the model starts flattening is termed as the range,
whereas the value (represented by Y-axis) at which the model starts flattening is
sill. The nugget represents the value at which the semi-variogram intercepts the
Y-axis. The semivariogram structure helps to quantify spatial dependence between
observations and is shown in Eq. 1.

L)

h) = —— i+ h) —z(s))? 1
Y = s ;[z(s +h) = 2(s)] (1)
where y(h) is the semivariogram, which can be articulated as a function of the
magnitude of the lag distance A, N(h) is the number of observation pairs separated
by distance A, and z(s;) is the spatial variable at location s;.

Kriging is the highly preferred geostatistical interpolation technique. The advan-
tages of kriging lay in consideration of the distance and the degree of variation
between known data points together, while predicting values at unknown points.

The general form of kriging is given below:

Fig. 3 A typical example of
semi-variogram showing
different components

Range
Nugget { iy

0 Lag Distance
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N
Z(s) = ZAiZ(si) )

i=1

where Z(s) is the measured value at the ith location, \; is an unknown weight for the
measured value at the ith location, s is the prediction location, and N is the number
of measured values. Kriging can be of different types.

3.1 Kriging

There are various types of kriging methods such as ordinary kriging, simple kriging,
universal kriging, indicator kriging, probability kriging and disjunctive kriging.

3.1.1 Ordinary Kriging

Ordinary kriging is most extensively used methods among various kriging types. In
this method the variance of the estimation error has been kept minimum, to obtain
best linear unbiased estimate of a spatial variable at an un-sampled site. Through
this method the estimated mean error used to be kept equal to zero so that the
reliability and the accuracy of the estimation will be high. In ordinary kriging, the
linear relationships between observed parameters are used to estimate the value at
unsampled point. The coefficients of this linear regression are focused to determine
the weights. The linear distance between the observed and the estimated points is one
of the factors that decide the value of weights. Apart from this, the spatial structure
of the variable is also considered as another factor. In this method, two assumptions
are

(a) The mean of the process is constant.
(b) The mean is invariant within the spatial domain.

The ordinary kriging is represented as

2(s) = n+e(s) 3

where | is an unknown constant and z(s) is the measured value at any location s, with
stochastic residual &(s) with zero mean and unit variance. This method is considered
as one of the simplest methods for predicting variables at unknown points with a
great flexibility in application.
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3.1.2 Simple Kriging

Simple kriging is practically similar to ordinary kriging, in which either semivari-
ogram or covariance is used. This method also allows measurement error. To estimate
the measurement error, all the parameters and covariant should be known.

The working model for simple kriging is given below:

2(8) = p +&(s) 4)

where | is a known constant.

3.1.3 Indicator Kriging

The concept behind the indicator kriging method is conversion of the data into either 1
or 0 depending upon its relationship to a threshold value. In this method, first indicator
function is used to generate indicator codes, which is below a desired threshold or
critical value z;,. The indicator kriging assumes the model:

L, ifz(s) > zm,
0, otherwise

15, 2) = { )

The indicator kriging estimator, 1" (sq; z;;,) at the location (sg) can be calculated
by

N
150 z) = ) Ml (si3 2n) 6)
i=1

and the indicator kriging system given A;= 1
N
Z)‘jyi(sj_si)=Vi(50_si)_ﬂ @)
j=1

where y; is the semivariance of the indicator codes at the respective lag distance, A;
is the weighted coefficient, and u is the Lagrange multiplier.

3.14 Probability Kriging

This kriging method is similar to indicator kriging method with some additional
features. In this method, the main variable is the indicator code /(s;; z) and the
auxiliary variable in the cokriging estimator is the uniform value U(s). Deutsch and
Journel (1997) call this uniform value as the standardized rank. This can be defined
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as

r
Uls) ~ ®)

where r denotes the rank of the rth order statistic z(r) located at s and N is the total
number of observations (Goovaerts 1997).
The probability kriging estimator is defined by

N N
(50 zon) = Y Ml (si3 zn) + ) iU (s1) ©)

i=1 i=1

where ); and A,; are the weights associated with I(s;; zw) and U(s;).

In this kriging method, covariance or semivariogram, cross-covariance and trans-
formations are used, however this method restricts the measurement error to occur
(Bourgault and Marcotte 1991).

3.1.5 Universal Kriging

This kriging method assumes the model

z(s) = u(s) +&(s) (10)

where |(s) is some deterministic function and &(s) is random variation (called
microscale variation).

The mean of all errors is zero. Theoretically, the autocorrelation is modeled from
the random errors £(s). Actually, universal kriging is one type of regression kriging
that is developed by using with the spatial coordinates as the explanatory variables.
In universal kriging, the errors £(s) are modeled to be auto-correlated.

The u(s) in Eq. 101is called as drift. The drift can be defined as a simple polynomial
function that models the average value of the scattered points (Ahmed 2007).

Goovaerts (1997) has modelled the drift function as:

K
1(s) =Y apfi(s) (11
k=1

where, f are the basic functions and a; are the drift coefficients.

3.1.6 Disjunctive Kriging

This kriging method assumes the model:
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f(z(9) = +e(s) (12)

where f(z(s)) is an arbitrary function of z(s) and p is an unknown constant. Disjunc-
tive kriging can explain more than ordinary kriging with increased complexity. The
functions f(z(s)) is an approximate estimate and can work with the assumption of
bivariate normality. In this kriging data transformations are adapted to structure the
semivariogram but it excludes the measurement of errors. Therefore, the solutions
obtained from this interpolation method are more complex where many assumptions
are made.

4 Applications of Kriging in Groundwater

4.1 Mapping of Groundwater Depth

Probably for the first time in India, geostatistical method was applied to map spatial
variation of groundwater depth by Dahiya et al. (1986) for an arid region of Haryana.
They concluded that these contour maps could serve as a better background for
making appropriate decisions in the management of groundwater in the study area.
Thereafter many researchers have been used different types of kriging method to
map spatio-temporal variation of groundwater depth across India. For Upper Kongal
basin, Nalgonda district, Andhra Pradesh, India, Prakash and Singh (2000) used ordi-
nary kriging method to know the spatial distribution of groundwater in the district and
also quantified the optimum number of observation wells required for better under-
standing of groundwater scenario in the study area. Universal kriging technique with
alinear drift could be considered as a suitable method to analyse the available ground-
water levels in a coupled system of weathered and fractured rock aquifers in a hard
rock region of Andhra Pradesh (Kumar and Ahmed 2003). The spatial and temporal
variation of groundwater level during 1985-1990 was mapped for some area of Indira
Gandhi Nahar Pariyojana (IGNP) canal command area, Rajasthan, India using ordi-
nary kriging by Kumar and Ramadevi (2006). The auto-correlation of groundwater
level with distance was quantified by them and reported to be varied between 13.1
and 17.4 km in the study area. They also emphasized on the suitability of ordinary
kriging in predicting groundwater levels in the study area, having a low mean error
(—0.4 to —0.24 m) and mean square error values (3.6-7.9 m?). They also pointed
out the utilization of estimation errors as a guide to select new observation sites. The
application of universal kriging in mapping groundwater level in Rajasthan, India
was carried out successfully with minimum mean error (0.06), mean square error
(9.79) and kriged reduced mean square error value of 0.98 by Kumar (2007). Dash
et al. (2010) mapped water table depth using both ordinary and indicator kriging for
National Capital Territory (NCT) of Delhi and also indicated the suitability of indi-
cator kriging over ordinary kriging in mapping spatial variation of water table depth.
Machiwal et al. (2012) applied GIS and geostatistics to analyze the spatio-temporal
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behavior of water table depth in Ahar river basin, Udaipur, Rajasthan, India and
identified critical areas, where there is a need of implementation of measures like
construction of water harvesting structures and groundwater recharge techniques
to protect the underlying aquifer from further depletion. The analysis of spatio-
temporal variations of water table depths using geostatistics in aquifers of coastal
areas were very helpful (Mini et al. 2014; Sahoo and Jha 2014), in delineating the
critical regions where measures like controlled pumping and artificial groundwater
recharge needed to be implemented to prevent sea water intrusion by improving
groundwater level. Based on the study carried out by Chowdhury (2016) using ordi-
nary kriging in GIS platform, a policy plan was suggested for proper utilization
of groundwater resource in Haringhata Block, Nadia district, West Bengal, India.
Similarly, Adhikary and Dash (2017) emphasized use of universal kriging for spatial
mapping of groundwater depth in NCT Delhi and also reported that there is a greater
chance of groundwater exploitation up to a depth of 20 m in the study area. Kaur
and Rishi (2018)identified areas prone to groundwater over exploitation in Panipat
district, Haryana, India. They used ordinary kriging to reach the above-mentioned
conclusions and based on the results they recommended policy plans to protect the
groundwater from further exploitation. Recently Anasari et al. (2018) used ordinary
kriging to know the spatial and temporal variations of groundwater level from 2010
to 2016 in Banaskantha District, Gujarat, India. Taking up of artificial recharge on
large scale through appropriate techniques on a local scale with active community
participation was suggested by them.

4.2 Mapping Groundwater Quality

Ahmed (2002) demonstrated accuracy of kriging method to predict Total Dissolved
Solids in groundwater. Spatial variability in groundwater quality with respect to
different parameters such as chloride, electrical conductivity (EC), fluoride, magne-
sium, nitrate, potassium, sulphate, and sodium were analyzed using both ordinary
and indicator kriging (Adhikary et al. 2010; Dash et al. 2010; Gupta and Sarma 2016)
and the probability of exceedence of the threshold value of different water quality
parameters were mapped (Adhikary et al. 2010; Dash et al. 2010) for NCT of Delhi.
The heavy metals in the groundwater quantified with high precision using indicator
kriging (Adhikary et al. 2011). Not only was heavy metal, geospatial variability
mapping of fluoride concentration also analyzed for Mathura district, Uttar Pradesh,
India using ordinary kriging. It was observed that more than one third of the area of
the district comes under moderately to severely polluted as per BIS standard ranging
fluoride concentration values from 2.0 to 5.1 mg1~! during the year 2007 (Rawat et al.
2012). Gorai et al. (2013) have used ordinary kriging to study the groundwater quality
in Ranchi municipal corporation area. Similarly, Sharma et al. (2015) used ordinary
kriging to generate the thematic spatial maps of EC, TDS, total hardness, fluoride,
nitrate and chloride in the groundwater in Tonk district, Rajasthan, and a plan was
suggested by them to implement special measures to solve the water quality problems
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in the affected areas of the district. Bayesian kriging method was applied successfully
to determine the spatial distribution of fluoride in groundwater in the Tamiraparani
river basin (Magesh et al. 2016).They reported that half of the study area has ground-
water fluoride concentrations below the threshold level of fluoride concentration that
would guard the teeth from the formation of dental caries and only 0.1% of the study
area has high fluoride level in excess of the concentrations that would create dental
fluorosis. Fehmida and Bindu (2018) assessed groundwater quality in the industrial
belt of Eloor in Ernakulum district of Kerala using geographical information system
based geostatistical method.

As groundwater pollution is prevailing in many parts of India and one of the
burning environmental issues, it’s scientific management by taking suitable site-
specific measures and aimed to control or reduce the risk of water pollution by
contaminants is utmost important. The knowledge about the spatio-temporal distri-
bution of various pollutants in groundwater exceeding the threshold or critical limit
for particular purpose, will definitely be helpful to policy makers to make strategies
for sustainable management of groundwater resources.

4.3 Mapping of Groundwater Potential Zone

In NCT, Delhi the groundwater potential zones were delineated using geostatistics in
GIS environment (Mallick et al. 2014), and the delineated zones showed good corre-
lation with observed discharge and groundwater depth data. Jasrotia et al. (2016)
delineated the groundwater potential zones of Devak and Rui watersheds of Jammu
and Kashmir using aquifer parameters in GIS environment. They depicted the ground-
water potential zones into five categories namely excellent, good, moderate, low
and runoff zone. Similarly, in the semi-arid region of YSR Kadapa district, Andhra
Pradesh, India, Rajasekhar et al. (2018)identified groundwater potential zones of
using GIS. Their study will be useful for planning and development of integrated
water resources management.

5 Conclusions

Groundwater is an important source of water supply around the world. The knowledge
about the spatio-temporal distribution of this precious source along with its quality
is utmost important for proper planning and management. Geostatistics is one of
the advanced tools used to know the both the spatial and temporal distribution of
natural variables in any area in GIS environment. Geostatitics along with GIS has
gained a momentum in field of groundwater across India. Thus, information obtained
from these techniques can be potentially used for planning, management, and policy-
making for sustainable use of groundwater so that it can be conserved for our future
generations.
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Concept of Artificial Intelligence and Its )
Applications in Groundwater Spatial oo
Studies

Gouri Sankar Bhunia, Pravat Kumar Shit, and Partha Pratim Adhikary

Abstract As a computational method with impressive performance over tradi-
tional methods, Artificial Intelligence (AI) has recently gained great attention. It
is a consortium of different soft-computational methodologies including artificial
neural networks (ANNSs), Fuzzy Logic (FL), Wavelet Transformation (WT) and so
forth. Al recently begun to explain complex and non-linear problems in geoscience
and hydrology in a clear and satisfactory manner. The combination of one and more
approaches has created, rather than applying one approach, new categories such as
Neuro-Fuzzy (NF), which are more effective than distinct approaches. Considering
the recognition and huge application and promotion of Al procedures in geoscience
and hydrology since last few years, it would be an vital chore to deduce the distinctive
new use of the Al techniques in groundwater investigation. It was therefore our goal
to exhibit the use of Al to take care of the perplexing and nonlinear issues in the
field of groundwater research. In this chapter we have attempted to emphasize the
learning of individual and hybrid Al techniques in groundwater studies, introduce and
apply them. We mainly described different individual and combined soft-computing
tools like Fuzzy logic, Sugeno fuzzy logic, Neurofuzzy, Gradient-based groundwater
model, Artificial Neural Network, Support Vector Machine, and Wavelet transform
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to assess and monitor groundwater resources. Long-term applications and advance-
ment of Al procedure for precise appraisal of groundwater assets is additionally
proposed.

Keywords Artificial neural network + Fuzzy logic - Neuro fuzzy + Sugeno fuzzy
logic - Support vector machine - Wavelet transform

1 Introduction

The spatial and temporal variation of hydrogeological properties, landscape condi-
tions, climate properties, land use, pumping and so on influences groundwater
dynamics. The increase in agricultural activities contrarily influences the ground-
water due to global warming and the growing population. Groundwater rates are
typically modeled with process-related models that rely on the deep knowledge of
the system dynamics observed. To classify the aquifer characteristics, spatial and
thematic data on geological and hydrological properties are needed. The complexity
of the system challenge accurate physical simulations because of the criteria for
model creation and calibration of large agricultural and hydrogeological data. Many
physical models worldwide use default modeling tools and their precision depends
on the availability of detailed and accurate data (Adhikary et al. 2019).

Machine learning algorithms detect trends embedded in past data and use them to
model situations for the future. Input variable selection is important for the creation
of data driven models and is especially important when modeling water resources
(Quilty et al. 2016; Galelli et al. 2014). In spite of the fact that, the physical models
show a noteworthy setback as they required exact characterization and measurement
of physical properties and common conditions inside the framework beneath thought.
Compared to the physical/non-parametric model, the advantage of parametric models
is that data on original and boundaries or aquifer characteristics are not required
(Nourani et al. 2014). Artificial Intelligence (AI) models benefit from being used
with a high level of detail to address a wide variety of groundwater challenges,
both in quantity and in quantity(Govindaraju and Rao 2000; Mohanty et al. 2010).
Hence, an appraisal of machine learning application in groundwater management
recommends that majority of the methods can attain performance analogous to or
may be more precise than the numerical models.

2 Applications

In the twenty-first century, the Artificial Intelligence (Al) applications became an
imperative aspect of research in several areas. The use of Al in water resource
management contributed to the development of expert frameworks for problem-
solving and decision-making, which was done mainly in computer science and
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cerebral thinking. The areas of groundwater management using this technology is
expected to demonstrate through modeling and simulation, qualitative and quanti-
tative information integration, theoretical growth etc. The control of water supplies
today relies increasingly on complex machine learning, high performance computing
for coherent network simulation and spatial grid computing. According to Millington
(2006), “the Artificial Intelligence (AI) is about making computers capable of
performing the tasks of thought that humans and animals can do”.

Since the last decades, the uses of various Al techniques, such as ANNs and
SVM in hydrological applications are being used continuously incurring relatively
less cost and effort (Chen et al. 2008). ANNs are the computing system and their
construction simulates the neural structure of the data and information to produce
the output values according to input by creating non-linear relationships (Suykens
et al. 2012). Figure 1 showing a conventional Al life cycle in groundwater investi-
gations: ‘Operations’, ‘Data Accumulation’, ‘Data finalization’, ‘Machine learning’
and ‘Decision making’. ‘Operations’ implies the phenomenon of interest, such as
each aspect involves separate tasks of the groundwater studies. As the procedures
interchange to the virtual space, various output are in the forms of ‘digital exhaust’
which is trace data on numeral actions that may use to build employing algorithms.
Groundwater investigation is most difficult field for estimation that most of the cases
indirect measurements are taken care. Data accumulation has to be extracted from
multiple databases, figures, statistics etc. There are growing availability of standard

Decision

Machine
Learning Finalization

Fig. 1 Life cycle of an Al-supported groundwater resource practice
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data format, including ICR, transcription, voice and image archives, weather data and
logistics data. Various spatial and thematic data including topographic, land cover,
and forest maps were collected and utilized through data processing.

“Finalization of data” transformed all of these data into a standard format, scale
fixing and combined before analysis can take place. ‘Machine Learning’ refers to a
wide range of techniques which can adapt and learn to produce algorithms, which
usually perform best, typically prediction. Consequently, “scaled-up” algorithms
such as recurrent neural networks and deep learning are powering the breakthrough
of AL Therefore, the supply of massive data from several sources like social media,
industry, e-commerce, science and government has improved the approaches and
algorithms to machine learning. “Decision making processes” is about how we use
computer model perspectives in daily operations. Al today relies entirely on the
creation, use and dissemination of Big Data (Burggrif et al. 2018). Al also devel-
oped into a data first approach with improved transparency of real time data and the
expanding method to maximize vast volumes of data in seconds. A principle that
forms the foundation for land conservation and environmental protection around the
world, water supply management has given rise to the notion of sustainable develop-
ment. The fundamental complexity of natural resources will overcome these prob-
lems in the field of ground water management using Al technologies like genetic
algorithms, neural networks, multi-agent systems, cellular automata, forecasting
systems, swam intelligence etc. Numerous Al tools and techniques including mathe-
matical optimization, logical, classification, statistical learning and probability-based
methods have been used (Nourani et al. 2014). Most of the Al based models that
have been used in groundwater modelling are as follows:

3 Models

3.1 Fuzzy Logic

Fuzzy structures are used for the logistic purpose to describe ambiguity. A Fuzzy
set includes part membership from ‘0’ to ‘1’ (Zadeh 1965). Fuzzy rule-based tech-
niques accept impression and ambiguity of hydrological parameters when modeling
fuzzy input file (Dixon 2005; Umamaheswari and Kalamani 2014), and to explain
inherently imprecise pollution of groundwater quality. A conceptual framework for
fully logic in groundwater research is illustrated in Fig. 2. The fuzzy c-means (FCM)
is one of the most suitable clustering methods suggested by Pang and Lee (2004)
to fill multidimensional spaces in a selected cluster of numbers. For example, Fijani
et al. (2013) used FCM algorithm for Vul approximation, a fuzzy if-then rule ican
be articulated as:

Rule i : If(Dbelongs to MFZ))and(R belongs to MF;)and(A belongs to MFj\)
and (S belongs to M F!)and (T belongs to MF})and
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Fig. 2 Conceptual framework for fuzzy logic

(I belongs to M F})and(C belongs to MFé), then(vul belongs to M F.,,),

where, Vul; is the output of the rule i, M F}, is the membership function of the ith
cluster of input D, M F, 1"? is that the membership function of the ith cluster of input
R, and so forth. The operator among the input MF is “and” (lessen) operator and
therefore the output of the principles is accumulated via the “or” operator (maximize).

3.2 Sugeno Fuzzy Logic

Sugeno fuzzy logic (SFL) model developed by Lohani et al. (2006) uses output
membership linear (first order) or constant (zero order) functions. The clustering
method removes the input clusters and the output membership functions. The assign-
ment radius of the value from ‘0’ to ‘1 is the fundamental parameter of the subtractive
clustering that governs the cluster number and the laws of ‘if then’ (Li et al. 2000).
For groundwater risk assessment, a fuzzy if-then rule i can be stated as:

Rule i : If(Dbelongs to MFZ))and(R belongs to MF}})and(A belongs to MFj\)
and(Sbelongs to M F!)and (T belongs to MF})and
(I belongs to M F{)and(C belongs to MF(.), then
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Vuly =m;D +n;R+ piA+qS+u;T +kl+1;C+c;

where, Vul; is the productivity of rule i, M F ,é, is the membership role of the ith
cluster of input D, M F 1’; is the membership function of the ith cluster R, and so
forth m;, n;, p;, u;, ki, l;, and ¢; are co-efficient to be governed by linear least square
approximation. The final outcome of the weighted average of entirely rule outputs
is as follows:

Zi wj Vul,
D wi

where, w; is the firing strength of rule i, which is obtained via “and” operator.

Vul =

3.3 Neurofuzzy (NF)

In many hydrological research works with a combination of Fuzzy set theory and
ANN is carried out(Nauck and Kruse 1999; Nayak et al. 2004). A schematic NF
configuration diagram is shown in Fig. 3. NF model is an authoritative method that
operates with the GIS and can be used effectively to determine the vulnerability of
groundwater. The architecture of NF operations is as following:

Step I: Generate input data membership function. The neuron output is defined
according to O} = uj;(X) i=1...7...
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Fig. 3 Schematic diagram of Neurofuzzy model
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where, j is Input number and ‘i’ is an index of membership functions. X =
{DRASTICY} is a set of input. @ j;(X) is a fuzzy set related with neuron i given
a membership function.

USA has developed the DRASTIC model with seven geological and hydrological
parameters in particular (Aller et al. 1987). Such factors are measured according to
a numerical rating system weighted in accordance with its relative rank within the
model. Such scores and weights are worn in the estimation of the DRASTIC Index
(Rahman 2008; Fijani et al. 2013) using the following equation:

DRASTIC Index = D,Dy,, + R R, + A, Ay + 5 Sw + T, Ty + I, 1, + C,Cy,

where, the capital letters designate the consistent constraint and the subscript “r”” and
“w” denote to the ratings and weights, respectively. The GIS integrates, manipulates,
interprets and portries all these elements of the model. The result is a geographically
based dataset viewing the hydrogeological environment and groundwater-sensitive
areas of adulteration.

After this, the creation of membership functions must be regarded as a trapezoidal
membership.

Step 2: Calculate GW vulnerability strength w; for the i rule via multiplication:

07 = w; = 1, (X)pai (X)) p3i(X), . . w7 (X)

Step 3: Normalized GW vulnerability strengths for the ith neuron can be computed
as:

0} = i = —2

' lzZiwi

Step 4: The contribution of ith the rule in the model performance based on the SFL.
process of the first order is calculated as:

O} = w;Vul = w;(m;D +n; R+ piA+q;S +u;T + kil +1;C +c;)
fori=1,...7

Step 5: The final output can be calculated based on the weighted average of all rule
outputs:

of =Vul = Zli),-Vul,-
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3.4 Gradient-Based Groundwater Model

Reinecke et al. (2019) proposed a groundwater model (G*M) gradient based illus-
trated with a bucket-like 5" (arcminutes) linear groundwater reservoir. G*M is based
on information on hydrogeology, topography, pumping wells, position and type of
hydraulic surface water and ground water heads and follows the principles of MOD
Flow ground water modeling (Harbaugh 2005).

3.5 Artificial Neural Network (ANN)

The ANN method has a composite process calculation which includes a long time
and requires a number of input parameters (Zhang et al. 2014). The general ANN
structure was derived from the biological neural system, but was first suggested by
McCulloch (1984), in smaller sizes and dimensions. An ANN is a black box model,
which is formed by studying the hidden relationships between phenomena. Within
systems of ANN there are three layers—(i) input layer, (ii) hidden layer, and (iii)
output layer. Figure 4 reveals a standard ANN structure for predicting the future zone
for groundwater. The network obtains signals by neurons from the input layer, and
the output of the network is provided by the neurons on an output layer. There may

Hidden Layer
Input Parameters:

Environmental
Parameters >

Surface water level E

Hydrogeology
Lithology

Lineament Output
Weather parameters

Soil parameters —>

Input Layer

Fig.4 Typical ANN structure for groundwater prediction (source Modified after Wang et al. 2018)
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Fig.5 Flow chart of SVM method for groundwater vulnerable zone identification (source Modified
after Wang et al. 2018)

be more transitional hidden layers. The nodes of processors are located in the secret
layers. Each network can have several layers hidden and each layer hidden may have
several nodes. Results showed that each node represents a certain output function,
and the relation between two nodes can be demonstrated by the hidden layers that
suit ANN’s memory. The ANN model’s predictive performance is simpler than linear
and other nonlinear models.

3.6 Support Vector Machine (SVM)

The SVM technology is better applicable and longer than the ANN method, but is not
able to deal with major problems (Jiao et al. 2017). This approach refers to regression

problems once the e-insensitive loss function is implemented. The typical flow chart
of SVM method is illustrated in Fig. 5.

3.7 Wavelet Transform

The transforming wavelet (WT) has become much more achievable and admirable
since it was started in the early 1980s until the Fourier transformation (FT) has not
been practiced as extensively. WT should reliably avoid Al algorithm failures in the
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treatment of non-stationary signal behaviour. It provides a time-scale process loca-
tion, with accurate, long-term low-frequent information and high-frequency infor-
mation for shorter regions (Sang 2012). The time-scale WT of a incessant time signal,
x(t), is demarcated as (Mallat 1998):

1+0< t—>b
T(a,b):ﬁ/g*< P >x(t)-dt

where, ‘a’ is the dilation aspect, ‘b’ is the chronological translation of the function
‘g(1)’, which permits for the study of the signal around ‘b’, * resembles to the
multifaceted conjugate and ‘g(7)’ is the wavelet function or mother wavelet.

Sang (2012) has highlighted multi-faceted knowledge, including characterization
and understanding of multi-temporality scales of hydrologic sequence, seasonal and
pattern detection and data noise, in its analysis of WT’s application in hydrological
time series modeling. Therefore, the ability of WT to break down non-stationary
signals into subsignals at different time scales helps to better construct hydrological
processes (Sang 2012; Kisi 2010; Adamowski 2008). The use of WT to pre-process
input data provides an example of a signal time frequency in various stages in the
time domain, along with significant evidence of the physical structure of the data
(Fig. 6).

Most of Al works are concerned mainly with the occurrence and expansion of soil
water (Data management/Communication), spatial and temporal variability trends
(Data Analysis) and with policy development to achieve soil water resources. The Al
model for hydrological studies was used by Alagha et al. (2013). Emamgholizadeh
et al. (2014) found the Artificial Network for the Prediction of Groundwater Level
(ANN) and Adaptive Fuzzy Inference (ANFIS). For forecasting groundwater levels
on a monthly basis, Adamowsk and Chan (2011) used ANNs and discrete wavelet
transforms. Heesung et al. (2011) studied two nonlinear model time series used by
ANNs and Support Vector Machines (SVM) for predictive groundwater level func-
tions. For groundwater level prediction use was made of the neural feed-forward
network (FFNN), Auto Regressive Moving Average (ARIMAX) (Nourani et al.
2015). The development of models for artificial neural network prediction in time

Approximation

Wavelet Al
Transform Output

Model
s

Input Data

Details

Fig. 6 A schematic diagram of wavelet transform in hydrological model
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series prevision is based on a multilayer feedback perception (FFMLP) (Kouziokas
et al. 2016). Guzman et al. (2015) recommended the ANN for regular groundwater
levels as well as the help of vector regression (SVRThe new hybrid Wavelet-ANFIS
model with multiple inputs and mother wavelets is adopted by Zare and Koch (2018),
which is planned to pretend and envisage improvements in the floodplain in Iran in
the Miandarband. Table 1 shows few examples of application of Al in groundwater
assessment.

Groundwater contamination has a number of serious implications for the human
and natural environment. Berkeley Labs have developed the Al system used in the
Kalman filter framework to estimate groundwater quality through the provision of
real-time sensor monitoring systems(Schmidt et al. 2018). Estimating water quality is
difficult and data sets are often nonlinear. Artificial neural networks deliver prevailing
regression analysis inference engines, nonlinear literature mapping frameworks. The
competence of ANNSs to estimate the level of dissolved oxygen (DO) and bio-
chemical demands for oxygen in the Gomati River of India were investigated by Singh
et al. (2009). For estimating the mean water quality values at ungauged sites Khalil
et al. (2014) have been using a set of three models including ANNs and canonical
correlation analysis. Al methods are used as an intermediate control feature, such as
design of the dam reservoir valve system, flood analysis flow and precipitation projec-
tions. Consequently, different optimization and modelling schemes coordinated with
other technical branches may be considered in several engineering projects to make
many of them practical and lengthier, and different optimization and modeling plans
coordinated with other science branches can be considered.

4 Conclusion

As the deep learning is becoming more prevalent in different fields, we need to
analyze and improve the strategies mentioned in the literature of water management
practices. Applications of the Al in groundwater studies and interpretations of the Al
model without further data and commitment have become the trend without further
details. Various research projects focused on the analytical predictive approach of
the soil studies have been undertaken and most work indicated great potential in
widespread water resource engineering for the use of the Al system. Further studies
are required to investigate the applications of other network structures (e.g., recurrent
network, radial basic network), learning algorithms (SVM regression, kNN, multi-
layer perception...) as well as the sensitivity of mapping scale to evade over predic-
tion and to enhance the model performance. In addition, IoT technology requires
the creation of a wide variety of prediction models within the field of groundwater
management. Hence, exploration on hybrid models that assimilate Al and other prac-
tices is considered to be talented field that use smallest data, time and exertion for
ground water search and analysis.
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Table 1 Examples of Al applications in groundwater studies

G. S. Bhunia et al.

Objectives Methods Product output Reference
Predict the level of The artificial neural ANN models are Coppola et al.
ground water in an network (ANN) and perfect for karst and (2003)

unstable aquifer with
pump and different
weather conditions

quantitative models

leaky aquifer
simulations

Modelling of the
Kentucky River (USA)
rainfall runoff cycle

The ANNs model is
based on daily average
rainfall and stream flow
data for rainfall-runoff
processes

Comparison of various
algorithms for the
preparation. Real coded
genetic algorithm
(RGA) out performed
than other algorithms

Srinivasulu and
Jain (2006)

Study impacts on

Artificial neural

The average error of

Taiyuan et al.

groundwater level of | network (ANN) 0.37 m or less was (2007)
hydrology, highly accurate to
temperature, and predict ground water
humidity levels with ANN’s
model

Niangziguan fountain, | Model SVM was used | SVM offers high Junping et al.
China’s groundwater | for water quality precision analysis and | (2009)
quality assessment parameters a workable evaluation

classification process
Modelling of water Different ANN models | Comparisons were Yarar et al. (2009)
level in Beysehir Lake, | developed based on observed between
Turkey Rainfall and different models. The

evaporation data

best results were
obtained through the
adaptive neuro-fuzzy
inference system
(ANFIS)

Groundwater level
forecasting in Towaco
aquifer, New Jersy,
USA

SVM and ANN models
for transit groundwater
levels have been
established in a
complex groundwater
system with different
prediction horizons

For longer prediction
horizons, particularly
when less data are
available, the SVM
slightly outperformed
ANNs

Behzad et al.
(2010)

Prediction of
groundwater level

Time-series models
based on historical
groundwater level,
precipitation and tide
level were developed
using SVM’s, ANNSs.

The SVMs model is

better than the ANN
model generalization
efficiency

Yoon et al. (2011)

(continued)
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Objectives

Methods

Product output

Reference

Clustering technique
for the consistency of
groundwater models

Modeling of
groundwater quality by
Artificial Neural
Networks and Support
Vector Machine (SVM)

Improving the
simulation accuracy of
Al technologies will
make decisions for
groundwater
management more
reasonable and efficient

Alagha et al. (2013)

Groundwater flow
equations in Ghaen
and Karaj aquifers in
Iran

Adaptive neural fuzzy
inference system
(ANFIS) and genetic
programming (GP)

Across such case
studies, the
implementation of
ANFIS and GP models
illustrates the superior
consistency between
GP and ANFIS across
time series modeling.
A less root mean
squared error (RMSE)
is the error criterion for
the water table lifting
results

Fallah-Mehdipour
etal. (2014)

Simulation of
groundwater level

Simulation of
groundwater by the
Artificial Neural
network (ANN) and the
Neurofuzzy adaptive
inference system
(ANFIS)

The model ANFIS
provides better results
for soil water
estimation than the
standard ANNs

Khaki et al. (2015)

Estimation of

Adaptive neuro fuzzy

Both these techniques

Djurovic et al.

groundwater level inference system represent useful tools | (2015)
along the left bank of | (ANFIS) and ANN for modelling
the Danube River, in | model used to forecast | hydrological processes
the Province of monthly water table in agriculture, with
Vojvodina similar computing and
memory capabilities
Groundwater level Different types of The division of Lohani and Krishan
simulation in Punjab Network and Training | boreholes/observation | (2015)

Algorithms (ANN) are
tested and compared to
consider model

efficiency and accuracy

pools into different
groups of data and the
design of separate
networks validated by
the ANN technique and
the degree of accuracy
of the ANN model in
the forecast of the
groundwater level are
to be achieved in an
acceptable limit

(continued)
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Table 1 (continued)
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Objectives

Methods

Product output

Reference

Prediction of
groundwater level

The experience of the
artificial neural network

An increased
prediction accuracy of

Kouziokas et al.
(2017)

is used to estimate the developed Artificial
groundwater levels Neural Network
Models
Groundwater Kalman filter Such contaminant Schmidt et al.
contamination framework to create an | concentrations can be | (2018)
estimation in situ real-time system | calculated using in situ
of surveillance for observable variables
groundwater which are accurate
contamination based on | when contaminant
observable variables of | concentrations are less
in situ water quality frequent or not
measured directly
Groundwater Internet of things (IoT) | Modeling methods Kenda et al. (2018)

modeling with
machine learning
techniques

was used for the
collection of data;
computer methods of
learning are
implemented with
strongly correlated
physical parameters as
input variables (linear
regression, decision
trees, random forests,
and gradient boosting)

based on data should
work well enough in

predicting changes in
groundwater levels

Prediction of
groundwater level of
Reyhanli region in
Turkey

Radial basis neural
network (RBNN),
SVM-RBF support
vector machine
(svm-pk) support,
multilinear regression
(MLR) adaptive neural
fuzzy inference system
(ANFIS). Type of
software to the
poly-kernel support
vector machine (PK)

type

The most reliable
groundwater level
prediction were for
SVM-RBF and
SVM-PK models

Demirci et al.
(2019)

Groundwater
remediation

For optimizing
pumping schedules to
fix a polluted aquifer
using the Pump, Treat
and Inject process, the
Optimum Control of
artificial information
(OCAI) is used

Results include OCAI
“proof of concept”;
strategies for the
monitoring of
pollutants and the
remediation of polluted
feathers have been
developed based on the
optimum PTI plan

Sadeghfam et al.
(2019)
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and GIS for Assessment of Groundwater
Resources

Gour Dolui ®, Nirmalya Das, Santu Guchhait, and Sayan Roy

Abstract In the field of groundwater investigation, integrated remote sensing
and geographical information system (GIS) has become a significant approach to
explored groundwater resources, its assessment, monitoring, and conservation. The
present study of Purulia district in West Bengal, India, tries to assess the poten-
tial groundwater zones using remote sensing and GIS technique. As groundwater
recharge and its availability depend on some geophysical factors, a multi-criterion
decision-making approach (MCDA) has been adopted to recognize the potential
zones in the studied district. Thus, most significant factors viz. geomorphology,
lithology, slope, lineament, drainage, soil, and land-use land-cover have been consid-
ered and assigned weights in respect to their relative importance to find out ground-
water potential zones. Thematic maps of these selected factors were transformed to
raster data using raster converter tool in ArcGIS. The groundwater prospective zones
were obtained through weighted overlay analysis technique and categorized into six
sub-classes viz., unavailable, very poor, poor, moderate, good, and very good zones.
The outcome shows that about 7.5, 36.86, and 27% areas have very high, high and
moderate potentiality respectively whereas, about 19.54 and 8.56% areas are under
poor to very poor condition in terms of groundwater potentiality of the study area.
The recharge and availability of groundwater are mainly depending on surface topog-
raphy, slope, underlying rock composition, and lineaments as these factors determine
the porosity, permeability, and rate of infiltration.
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1 Introduction

Groundwater is defined as the water found below the surface of the earth in condi-
tions of 100% saturation, which accounts for 30 of freshwater of the earth available.
It is about 60 times as plentiful as the freshwater found in lakes and streams. Ground-
water is a very important natural resource and has a significant role in the economy
of any nation. For a long period, people from all over the world use subsurface water
to supply themselves for various purpose for example use as drinking water, which
accounts almost half of the world’s population (WWAP-UNESCO 2009). Therefore,
the exploitation of groundwater is gradually increasing as it contributes significantly
to the irrigation and food industry (Smith et al. 2016). About 70% of both the surface
and sub-surface water is withdrawn for irrigation purpose at a global scale (Liu and
Yang 2010). All around the world, exploitation of groundwater has started booming
from the twentieth century (‘the silent revolution’) since the people enjoy huge bene-
fits from groundwater than ever before (Llamas and Martinez-Santos 2005). As a
result, it triggered unprecedented changes in the state of groundwater level. The
groundwater is pumped out faster than it can replenish itself through underground
recharge. This imbalance of groundwater extract and recharge creates the problems
of drawdown, a lowering of the sub-surface water (Chenini and Mammou 2010).
Consequently, the crisis of groundwater is a contemporary issue at the local level as
well as a global concern. Globally this issue needs to address to make surethat the
sustainable use of groundwater resources and maintain depletion of reserved ground-
water (reducing water levels). If this valuable resource can’t be managed properly,
it will be a threat to living being very soon. Therefore, for the optimal utilization
and preservation of this treasured, the recognition of groundwater prospective zones
is extremely important. In India, increasing demand for water emerges extremely
(Black and Talbot 2005) as the population grows rapidly. About 80-90% uses of
domestic water in rural areas heavily dependent on groundwater, beyond that, more
than 50% irrigation is also dependent on groundwater source (Central Ground Water
Board 2014). For the greater interest, ameasurement of groundwater resource is
really significant for the sustainable management and remote sensing and GIS tools
are widely used in favour of this purpose (Dar et al. 2010; Krishna Kumar et al. 2011;
Magesh et al. 2012; Kumar et al. 2014; Thapa et al. 2017; Nasir et al. 2018).
Remote sensing and GIS act as an efficient tool for delineating the potential zones
of groundwater of a particular area. Satellite information along with conventional
maps and statistics are commonly been used and made it effortless to establish the
basic information regarding potential groundwater zones (Das et al. 1997; Thomas
et al. 1999; Muralidhar et al. 2000; Gupta and Srivastava 2010; Rashid et al. 2012;
Selvam et al. 2015; Nasir et al. 2018). It is further more using to characterize the
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features of the earth surface (like land-use, lineaments, and stream patterns) in addi-
tion to identify the zones of groundwater recharge (Sener et al. 2005; Magesh et al.
2012). To determine the location of aquifers beneath the surface, experimental drilling
and geological stratigraphic analysis are one the conventional and dependable tech-
niques, but may not be applied everywhere as it is very costly and lengthy (Zemo et al.
1994). Therefore, remote sensing and GIS technologies have appeared as an essen-
tial tool for map-making the existing groundwater resources (Jha et al. 2007). Many
determinants, for instance, geomorphology, geology, topography, climatic condition,
soil, land use land cover, etc. manage the availability of underground water. To assimi-
late of these factors, researchers have recognized that multi-criteria decision-making
approach (MCDA) which effectively works under GIS environment. Thus, it was
used for modelling the potential groundwater zones in various terrains (Mukherjee
et al. 2012, Fashae et al. 2014; Ghosh et al. 2016; Islam et al. 2017) as well as in
administrative units (Chowdhury et al. 2009; Selvam et al. 2015; Thapa et al. 2017)
and groundwater resource evaluation (Srinivasa Rao and Jugran 2003; Jha et al. 2010;
Fashae et al. 2014; Nag and Kundu. 2018). This technique provides the most advan-
tageous solution in which the uncertainties related to the evaluating criteria that are
ranked based on the overall performance of various input related to objectives (Nag
and Chowdhury 2019). In MCDA, to every decisive factor a weightage has given
to represent its valid consequence towards groundwater potentiality (Magesh et al.
2012) and provides competent spatial analysis functions (Yeh et al. 2009).

Delineation of potential groundwater zones with a proper approach is indispens-
able to manage the problem of water insufficiency in drought-prone areas. Purulia
district is a drought-prone area of West Bengal and only a few works have been
completed regarding groundwater prospect. Therefore, the present study tries to iden-
tify the zones of potential groundwater in Purulia district using MCDA weightage
overlay analysis and remote sensing-GIS techniques.

2 Study Area

Purulia district an eastern part of Chota Nagpur plateau is located in the western part
of West Bengal. The study area extended between 22° 42" 35” N to 23° 42 00” N and
85°49’' 25" E to 86° 54’ 37" E (Fig. 1). The district covered with a total 6259 km? area
with 20 Community Development blocks. Mainly igneous and metamorphic rocks
(i.e. granite and granitic gneiss) are the dominant lithological formation of the study
area and sculpted a unique physical setting and topographical variations in the entire
district. Therefore, permeability and porosity are mostly very poor in nature over
this hard-crystalline rocky terrain. Consequently, this kind of impervious crystalline
rocks is the major obstruction to the proper aquifer development. Roy (2014) and Das
et al. (2018) reveal that deep weathered mantle and shallow fractures in the bedrocks
with the unconfined or semi-confined condition may generate available groundwater
beneath the surface. Although some deep fractures about 50-60 m under the ground
are observed (Das et al. 2018), there are certain limits of fractures development and
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Fig. 1 Location of the study area (Purulia district)

well-developed weathered mantle (Dolui et al. 2016, 2018) due to the existent geo-
environmental setting of Purulia district. Therefore, the district is suffering severe
water crisis for a long period. Purulia is the most backward district of West Bengal
regarding socio-economic development and water scarcity is one of the significant
and responsible issues. The surface drainage systems and available water bodies in
this district are completely depend on atmospheric rainfall and as a result, all types
of sources of surface water dries up during the dry summer. Therefore, the uses of
water in domestic, irrigation and other necessary purposes are mostly depending on
groundwater. So, groundwater as a significant resource for the local people’s daily life
of this district is to be delineated and managed with proper evaluation and planning.
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3 Materials and Methods

Recently several methods such as hydro-geological, geophysical and remote sensing
and geographical information system have been applied to determine the ground-
water potential zone (Selvam et al. 2016; Sharma and Baranwal 2005; Chowdhury
et al. 2010; Adhikary et al. 2015). The occurrence and movement of groundwater
in a particular area is affected by many determinants, including landscape, geology,
rock structures and extent of fractures, depth of weathering, primary and secondary
porosity, slope, drainage patterns, existent geomorphological features and landforms,
land use/land cover, and climate (Mukherjee. 1996; Jaiswal et al. 2003; Jha et al.
2007; Machiwal et al. 2011; Kumar et al. 2014; Senanayake et al. 2016; Maity
and Mandal. 2017; Singh et al. 2019). Therefore, multi-criteria based decision-
making approach (MCDA) using remote sensing and GIS is a significant method
for delineating groundwater potential zones.

3.1 Generation of Thematic Maps

In order to delineate the groundwater potential zones in Purulia district, seven
thematic maps, viz., geology geomorphology, slope, soil texture, lineament density,
drainage density, and land use and land cover (LULC) were generated by using
conventional information and remote sensing data by employing the GIS software
(ArcGIS). Out of these thematic layers, the slope and stream density maps were
prepared from Advanced Space borne Thermal Emission and Reflection Radiometer
(ASTER) data, while the remaining maps were prepared using collected secondary
data like geology, geomorphology, lineament density and soil texture. The detail
database is provided in Table 1.

3.2 MCDA Based Weight Assignment Modeling

Based on the understanding of hydro-geological importance of the selected param-
eters for the occurrence of groundwater in Purulia district, suitable weights have
assigned against the seven thematic layers and their individual sub-class attribute.
These weights were assigned employing the weighted overlay method which is a tech-
nique of multi-criteria decision-making approach (MCDA) using the spatial analysis
tool in ArcGIS. During exercising the weighted overlay, the rank has been assigned
for every individual sub-parameters of each thematic map according to the multi
influencing character. Interrelationship between these aspects and their consequence
over each other’s is shown in Fig. 2. The representative weight of a factor of the
possible zone is the summation of all weights as of every one factor. The factor with
a higher weightage value indicates a greater impact on the other hand a factor with
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Table 1 Details of data used in groundwater potential analysis

G. Dolui et al.

Data Sources Type Purpose
Digital elevation data | Earth Explorer—USGS | Satellite-borne Slope mapping
https://earthexplorer.usg | sensor ASTER

S.gov

Land-use data

https://landsat.usgs.gov

LANDSAT 8 OLI

Landuse mapping

Geology

Geological Survey of
India https://www.por
tal.gsi.gov.in

Reference type

Geological mapping

Soil texture

N.B.S.S. and L.U.P.
https://www.nbsslup.in

Reference type

Soil texture mapping

Drainage network

https://earthexplorer.usg
s.gov
http://www.surveyofi
ndia.gov.in
https://earth.google.com

GDEM, SOI Top
sheets and Google
image

Drainage density
mapping

Lineament Geological Survey of Reference type Lineament density
India https://www.por mapping
tal.gsi.gov.in

Geomorphology N.B.S.S. and L.U.P. Reference type Geomorphological

https://www.nbsslup.in
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Fig. 2 Interrelationship between the factors influencing the occurrence of groundwater (modified

after Magesh et al. 2012)
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a lower weight age value indicates minimum effect on potential groundwater zones.
Based on major and minor effects, the total weightage of the individual features has
estimated using the formula given below adopted from Magesh et al. (2012).

[ (A+B)
W, = [—Z(A : B)} % 100 (1)

where, (W;) is the total proposed weightage score of each factor, A is the major
effects and B is the minor effects of the factors on groundwater potentiality.

The Thematic layers of the certain attributes have incorporated in the GIS environ-
ment for making groundwater potential index (GWPI). The GWPI has been estimated
by the weighted linear combination method of Malczewski (1999) given as given:

GWPI = Xm: an(wi x R;) 2)

w=1 i=1

where, (m) is the entire number of parameters, (n) is the total number of sub-classes
in each parameter, (W;) represents map weight, (R;) represents the ranking for each
map layer and GWPI is the Ground Water Potential Index. The entire methodology
is presented in a flowchart given as follows (Fig. 3).

The individual class weight (W) is multiplied by its own class rank (R;). After that,
all the thematic maps were transformed into raster layout and reclassified according to
individual preference (R;), collectively in a linear combination equation in GIS raster
calculator in ArcMap. The equation used to investigate the ground water potential
Zones as:

GWPI = E {(WGeomorphology X RGeomorphology) + (WGeology X RGeology)
+ (WSoiI X RSoil) + (WLineament density X RLineament density)

+ (WDrainage density X RDrainage density) + (WSIOpe X RSlope)
+(WLanduse X RLanduse)} (3)

4 Results and Discussion

4.1 Weightage Overlay Analysis

The multiple factors which influence the potentiality of ground water are namely
lithology, lineaments, geomorphology, drainage, soil, slope, and land-use. These
factors were inspected and a proper weight has been assigned and is revealed in
Table 2. The selected factors and their direct and indirect effects may contribute to
demarcate the groundwater potential zones of the studied district. However, these
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Table 2 Effect of controlling factors, relative rates and total weightage for each potential factor

Factors Major effects (A) | Minor effects (B) | Proposed relative | Proposed score of

rate (A + B) each controlling
factor (W;)

Geomorphology |1 0.5 1.5 9

Geology 1+1+1+1 0 4 24

Soil texture 1 0.5+0.5 2 11

Lineaments 141 0 2 12

Drainage density |1+ 1 0.5 2.5 15

Slope I1+1+41 0 3 18

LULC 1 05+05 2 11
> 17 > 100

physical factors are mostly interdependent with each other. According to Magesh
et al. (2012) the major and minor effects of these parameters (Fig. 2) were assigned
a weightage of 1.0 and 0.5 respectively. Those respective weightages of minor and
major effects were combined for estimating the total weightage score of individual
controlling factors based on the Eq. 1. The resultant total weightage score (Table 2)
of each influencing factor was further used to demarcate the rank of each sub-classes
of the selected parameters.

4.2 Evaluation of Physical Factors Controlling Groundwater
Occurrence

4.2.1 Slope

Slope is the most significant factors which controls the surface runoff and the rate
of infiltration from surface to subsurface. Basically, steep slope has greater rate of
surface runoff whereas, gentle slope to plain surface has significantly lower rate of
surface runoff. Consequently, gentle slope may provide more times than steep slope to
infiltrate the water into the subsurface zone. In Purulia district, the surface elevation
broadly ranges from 150 to 300 m (Das et al. 2018) and undulating topography
including some dissected and scattered residual hills are located in the major part of
the district. Slope map was prepared using SRTM DEM data in GIS environment.
The result shows that the decline of slope is basically from west to east direction.
In the western part, Ajodhya hills and dissected hills of Jhalida are main elevated
landforms which influenced the inclination of topography of this region. Normally,
slope ranges from 2° to 5° in the major part of the central and eastern areas of the
district. The steep slope is observed in the western and southern hilly regions of the
district (Fig. 4). This hilly tract and associate elevated topography is the significant
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Fig. 4 Slope and elevation of Purulia district

hindrance to groundwater recharge on the other hand surface with gentle slope is
favourable.

4.2.2 Geology

Regionally Purulia district is a part of Chota Nagpur Gneissic Complex of eastern
Indian peninsula, covering to the north of Singhbhum craton. Purulia district habit-
ually associates with intrusive granite and granitic gneiss rocks including meta-
sediments of Precambrian age (Dolui et al. 2016). A deep stratigraphic sequence
of predominantly Archaean granitic gneiss is exhibit in Purulia district (Geological
Survey of India 2001). Various types of rocks and minerals like Pre-cambrian massive
granites and quartzite, gneiss, phyllite, mica-schist, Permo-carboniferous sandstone
shale, china clay and some recent alluvium sediments deposition are present in the
district (Fig. 5a). These geological formations have significant controls over the
groundwater potentiality. A detail of the significant rock formation and their location
has provided in Table 3. Areas with hard rocky terrain are obstacle to subsurface infil-
tration, but the areas with highly fractured and/or weathered creates available surface
for underground percolation. Along the courses of the channels a stripe of alluvium
sediments deposition is occurred which may be a good groundwater potential zone.
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Table 3 Distribution of significant rock formation in Purulia district

SI. No. | Major geological Areal coverage | Areal coverage (in | Location in Purulia
formation (km?) %) district
1 Intrusive granite 844.34 13.49 Mostly northern and
western part
2 Granitic gneiss 4032.67 64.43 Throughout the
whole district
3 Phyllite and 950.12 15.18 Mostly in southern
Mica-schist part and in some

patches over the
north-western part

4 Metamorphic rocks | 301.06 4.81 Scattered in the
southern and eastern
part

5 Gondwana 130.81 2.09 North-eastern part in

sedimentary rocks a small extent

Source Das et al. (2018)

4.2.3 Geomorphology

Geomorphology illustrates the various types of landform and topographical features
of an area. Thus, it is one of the essential criteria to demarcate the groundwater poten-
tial zone. Surface water as a geomorphological agent acts on the shaping and devel-
opment of landscape and associate landforms and consequently different geomor-
phic features are developed in a particular region. In various geomorphic features
the rate of infiltration and resultant groundwater availability is different. As Purulia
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district is a part of the south eastern Choto Nagpur plateau, the nature of terrain
and its geomorphic characteristics signifies that except hilly areas the district has
general height ranges between 200 and 300 m. Besides these, over the undulating
and rolling topography, the monadnocks with rocky out crops are common morpho-
logical features (Mukhopadhyay 1980). The sub-aerial and pedological processes
have enormous influence on distinctive landforms and types of soil and their distri-
bution (Banerjee 1983). Landform pattern thus matched with particular soil pattern.
The major geomorphic unites are plain and sprinkled with residual hills, hillocks,
dome shaped mounds, dissected valleys etc. The entire frontal south, west and north
section are covered with residual hillock and undulating plateau (Fig. 5b). However,
middle and eastern parts of the district covered with gently undulating plain, buried
pediments and valley fills which influences the subsurface water percolation and
potential zone of groundwater.

4.2.4 Lineament Density

Lineaments are structurally inhibited linear or curvy linear features, which are basi-
cally recognized from the satellite images based on their reasonably linear alignments
(Prasad et al. 2008). Lineaments illustrate the underground structural characteristics
over the surface topography. Mainly, lineaments form in the tensional faulting and
fracturing zones and its improved inferior porosity and permeability. Consequently,
those areas are hydro-geologically extremely significant for groundwater recharge as
it provides pathways of surface water infiltration. In this study, lineament density was
calculated by the equation of Greenbaum (1985) and total length of the lineaments
was extracted from the hydro-geological map of Geological Survey of India.

L;= (’i’i Li)/A
i=1

where, (Zi Z| L) designates the overall length of lineaments, and ‘A’ designates the
unit area. A high value of lineament density (L4) indicates high-intensity secondary
porosity; in consequence demarcate the areas of high potential groundwater recharge.
The result shows that more than 0.4 km/km? lineament density are occurred in central
and western parts while moderate density (0.15-0.4 km/km?) is observed as frag-
mented patches throughout the studied district (Fig. 6). Very poor lineament density
(<0.15 km/km?) is observed in the majority of the areas which may be indicate the
poor groundwater recharge potentiality (Haridas et al. 1998).

4.2.5 Drainage Density

The proximity of spacing between stream channels is defined as drainage density.
Basically, it’s a ratio between total lengths of the streams of different orders with
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Fig. 6 Geophysical characteristics of Purulia district: a occurrences of lineaments and b lineament
density

unit area (Greenbaum 1985).
Dy = (Z Si)/ A
i=1

where, (Zi'{ S;) indicates the total length of drainage. The (D) is drainage density
which considerably correlated to the groundwater recharge.

The drainage density is normally controlled by the rock types; this influences the
permeability and the rate of infiltration of particular areas. The slope of the surface
topography also has direct and positive relation with drainage density as it increases
the velocity of surface runoff and reduces the degree of subsurface infiltration. There-
fore, drainage system of any area helps in identifying the areas which has a higher
intensity of groundwater recharge. As a result, steep slope with low permeability
can be developed higher drainage density, thus poor infiltration with higher surface
runoff which is occurred in the western part of the district. The ‘line density analysis
tool’ in ArcGIS has used to delineate the drainage density map of the area. The
drainage density of the Purulia district is classified into five categories and assigned
the quality in terms of the probability of groundwater availability, i.e. ‘very good’
(0.00-1.00 km/km?), ‘good’ (1.00-1.20 km/km?), ‘moderate’ (1.20-1.40 km/km?),
‘poor’ (1.40-1.60 km/km?) and ‘very poor’ (>1.60 km/km?). High drainage density
(2.02 km/km?) is observed in the western hilly parts near Ajodhya hills (Fig. 7a).
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4.2.6 Soil Texture

Potential infiltration of rainfall is highly depends on the soil texture which is also
influenced directly the nature of porosity and permeability. Normally, fine-grained
soil has comparably low infiltration rate than coarse-grained soil because of differ-
ence in porosity. In the entire district, hard granite and gneiss rocks in bedrocks
may interrupt to develop thick soil layers over the surface. Therefore, coarse and
gravelly loamy soils are highly dominant in Purulia district (Fig. 8a). The granitoid
bedrocks help to develop the acidic soil with low fertility (National Bureau of Soil

TN

AN

rorN

2N

Fig. 8 a Pattern of soil texture and b Land use land cover in the study area
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Survey and Land Use Planning 2010). Besides there, the lithological variation can
help to develop a variety of soil types in the district. Dominant gravelly-loam and
coarse-loamy soil constitutes about 28.11% (1759.4 km?) and 12.45% (779.25 km?)
areas of western and central segments of the district respectively. On the other hand,
scattered fine and fine-loamy soil covers about 21.47% (1343.81 km?) and 29.59%
(1852.04 km?) areas of the district respectively.

4.2.7 Landuse Landcover (LULC)

Land use and land cover is one of the essential factors, which control the occurrence
of groundwater beneath the surface. Different land use types operate differently in the
capability of infiltration of water from the surface. Normally, the areas with natural
vegetation cover and agricultural activities are suitable for groundwater recharge with
higher infiltration rate, whereas, the areas with built-up cover and fallow land enhance
the run-off capability and act as hindrance for subsurface infiltration. The rivers and
other water bodies of the plain and surface with gentle slope can increase the volume
of groundwater but the monsoon dependent non-perennial nature of drainage may
not be helpful for sufficient groundwater recharge in this area. Land use land cover
map was prepared form Landsat 8 OLI satellite imagery using maximum likelihood
classification algorithm to obtain five major land use classes. Most of the forest
cover land is covered with deciduous type’s natural vegetation. Having significant
area under agriculture land, most of the land remains vacant over the years as the
farming practice highly dependent on seasonal rainfall. Mostly disperse types of
rural settlements with very fewer concentrated urban settlement are observed in
Purulia district (Fig. 8b). Thus, open and barren lands in the central to western part
are unfavourable for groundwater recharge as evapotranspiration process is highly
active over this area.

4.3 Delineating the Groundwater Potential Zone

Based on multi-criteria decision-making approach the weightage has been assign to
the selected parameters to recognize the priority and rank of the parameters and their
associate sub-classes (Table 4). The potential groundwater zones of Purulia district
has been derived by the integration of various thematic layers viz., slope, geology,
geomorphology, lineament density, drainage, soil texture, and land-use/land cover
using the Eqs. 2 and 3. The process has been carried out in ArcGIS through weigh-
tage overlay analysis tool. The resultant ground water potential map demonstrates
the diverse nature of spatial variation of ground water distribution zone in the entire
district and the results were reclassified in to six classes with groundwater potentiality
from unavailable to very high potential zones (Fig. 9). Higher potentiality of ground-
water is found in the valley fills and gently undulating plain where concentrations
of lineament intersections are significantly dominant. Therefore central to the north
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Table 4 Classification of thematic layers influencing the groundwater potential zones and their
rank

Thematic layer Weightage (W;) Class Ground water Rank (Rj)
potentiality
Geomorphology 9 Burried Pediments | Moderate to 1
poor
Gently Undulating | Very good 2
Plain
Interhill Valley Moderate to 0.5
poor
Residual hillrock | Moderate to 0.5
with pediments poor
Undulating Plateau | Moderate 2
Valley fills Very good 2.5
Residual hills Very poor 0.5
Geology 24 Calc Granulites Very poor 0.5
Gondwana rocks Very good 3
Granite Moderate to 1
poor
Granite Gneiss Moderate 25
Meta Volcanic Very poor 0.5
Metabassic Good 3
Mica schist Very good 4
Phylite mica schiest | Very good 4
Quartzite Moderate 2.5
Sijun Formation Good 3
Soil 11 Fine Very poor 0.5
Geravelly loam Very good 3
Fine loamy coarse | Good 2.5
loamy
Fine loamy Moderate to 1
poor
Gravelly loam loam | Good 2.5
Coarse loam Moderate 1.5
Lineament density 12 0-0.1 Good 5
(km/km?) 0.1-0.2 Moderate 4
0.2-0.3 Moderate to 2
poor
0.3-0.68 Very poor 1
Drainage Density 15 0.00-1.00 Very good
(km/km?) 0.10-1.20 Good 4

(continued)
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Table 4 (continued)

Thematic layer Weightage (W;) Class Ground water Rank (R;)
potentiality
1.20-1.40 Moderate 3
1.40-1.60 Very poor 2
>1.60 poor 1
Slope (in degree) 18 0-10 Very good 8
10-20 Good 5
2040 Moderate to 3
poor
40-80 Very poor 1
LULC 11 Agricultural Land | Good
Barren Land Moderate to 0.5
poor
Builtup area Very poor 0.5
Vegetation Moderate
Waterbody Very good 4

and north-eastern segments are found to be very good potential zone, whereas, hard
rock terrain with a steep slope and undulating surface in the western and southern
parts shows a poor potentiality as there shallow depth of water level is indicating.
The hilly tract of Ajodhya is the area of very poor potential zone as the region has a
greater rate of surface runoff and insignificant capabilities of subsurface infiltration.

5 Conclusion

Rapid reducing nature of groundwater storage is the prime issue of monsoonal coun-
tries such as India because of the increasing demand of water in multipurpose activi-
ties which are mostly depend on groundwater. Increasing population pressure creates
demand for their domestic uses and the irrigation practices are completely depends
on groundwater. But uncertainty of rainfall, climatic variability affected the natural
environmental processes including groundwater recharge. Purulia district has gone
through an immense crisis of surface as well as underground water sources.

In this recent work, an integrated approach has been adopted to evaluate the
potential groundwater zones using multi-criteria GIS technique. The final outcome
of this study delineates the probable groundwater available zones of Purulia district.
Classified groundwater potential zones show that 7.5 and 36.86% areas of Purulia
district have very high and high potentiality in central and northern region of the
district, respectively. Thus, it is clear that permeable geological setting beneath the
gentle slope topography with supporting permeable soil texture, vegetative cover
and lineament density helps to increase the availability of water under the surface.
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Fig. 9 Groundwater potential zones with percentage of coverage area of Purulia district

About 27% areas of the district have moderate potential groundwater zones, which
are located, scattered in the entire district. On the other hand, about 19.54 and 8.56%
areas are under poor to very poor condition in terms of potential groundwater and
this result completely depend on impervious geological formation, high slope and
associate higher drainage density. Very little amount of areas (0.43%) would have no
available groundwater which are located in the hill tops. So, the western and extreme
southern hilly tract of undulating plateau with intense surface runoff due to higher
drainage density creates a strong obstruction for potential groundwater recharge.
Depending on the result, this work can assist the concerned decision makers and
planners to prepare an effective and successful plan intended for irrigation and other
activities, sustainable water resource utilization and management for the people of
Purulia district.
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Abstract Groundwater from 25 bore wells of Nagari area were obtained and
assessed for physico-chemical characteristics and the major ion concentrations in
the pre-monsoon period of 2018. From the results it is found that groundwater has
elevated levels of SO4%(64%), Cl~(24%), Ca>* (28%) and Na* (3%) which are
unsuitable for drinking purposes. The spatial distribution diagrams show that the
ions were highly concentrated in both NE and Eastern directions. Cluster analysis in
Q-mode results four clusters which are fresh, nearly fresh to brackish, moderately
brackish and brackish in nature, while the R-mode cluster analysis shows that weath-
ering of silicates, chloride and sulphate minerals which are caused by agricultural
fertilizers, sewage and industrial discharge are the main factors regulating ground-
water chemistry in the study area. Factor analysis results three factors, in which Factor
1 is a hardness-controlled factor, factor 2 is an unaffected and low mineralised factor
and factor 3 shows high mineralisation due to the impact of each and every ion in
groundwater. In accordance with the WHO standards, 52% well samples are unfit for
drinking purposes. Parameters such as the sodium percent (%Na), sodium adsorp-
tion ratio (SAR), Kelly’s ratio (KR), magnesium ratio (MR) and permeability Index
(PI) show that 22 well samples (88%) are satisfactory for irrigation uses with excep-
tions such as KR (2 samples) and MR (1 sample). A total of 15 well samples (60%)
are suitable for irrigation when USSL and Wilcox classifications are considered.
Bivariate plots show that weathering of silicates is the major governing mechanism
of groundwater hydrochemistry. The Indices of base exchange (IBE-I and IBE-II)
reveal that the reverse ion exchange prevails in groundwater of investigated region.
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1 Introduction

In a hard rock terrain, groundwater is the major resource that can be used for
drinking and irrigation practices. Generally, groundwater in a crystalline rock forma-
tion is a finite resource which is influenced by geological processes such as weath-
ering and fracturing. Generally, groundwater quality is controlled by rainfall propor-
tion, recharge water quality, surface water accessibility, hydrogeochemical processes
occurring between groundwater and aquifer system and human induced activities
such as unplanned irrigation, mining, and water resource management (Domenico
1972; Schuh et al. 1997; Grag et al. 2009; Singh and Kumar 2010; Venkateswaran
and Vediappan 2013; Nagaraju et al. 2015; Balaji et al. 2018, 2019a). In addition,
the recharge and revival of groundwater plays a crucial task, especially in dry lands
owing to lack of surface water resources apart from rivers (Tizro and Voudouris
2008). Recently, the groundwater consumption has risen rapidly as a result of growing
population, agricultural, mining and industrial activities. Consequently, water bodies
have been polluting at a high rate. Groundwater has a certain amount of dissolved
solvents in it which is primarily regulated by the nature of recharge water, underlying
lithology and the time of water in contact with aquifer material. Excess dissolved ions
in groundwater may adversely affect the quality of water for drinking and irrigation.
The hydrogeochemical investigation is explicitly helpful in evaluating, protecting
and managing water resources in terms of identifying the mechanisms that changes
groundwater chemistry, and in assessing the quality of water for potable and agricul-
tural purposes. Hence, proper knowledge of hydrogeochemical processes is essential
for sustainable utilization of water resources (Sappa et al. 2013). The spatial inter-
polation tool in GIS acts as a powerful tool in pollution mapping. Hence it is used
in this study to identify the pollution hot spots in a glance which helps in managing
sustainable utilization of water resources of Nagari.

Earlier, many workers focused on the water quality evaluation for drinking and
irrigation uses as it helps to manage water resources effectively (Adhikary et al. 2012;
Srinivasa Reddy 2013; Nag and Das 2014; Nagaraju et al. 2015; Balaji et al. 2016;
Nagarjuetal. 2017; Balaji etal. 2018; Adimalla and Qian 2019; Adimalla et al. 2020).
Multivariate statistical methods are comprehensive data reduction strategies that help
to handle and distinguish the complex hydrogeochemical data sets by pointing out a
major interrelation among them. And also helps in utilizing of water resources in a
efficient manner, as well as in finding realistic solutions to the problem of pollution.
Multivariate statistical techniques have been employed in this study to have proper
knowledge of hydrogeochemistry dealing with large data sets. Many workers have
worked in dealing multivariate statistical techniques in groundwater studies (Noshadi
and Ghafourian 2016; Islam et al. 2017; Boufekane and Saighi 2018; Balaji et al.
2019b; Etikala et al. 2020).

Hence, the hydrochemical analysis and the multivariate statistical techniques were
performed in this study to know water quality evaluation for potable and agricultural
uses and to interpret the complex hydrogeochemical data sets in a comprehensive
manner.
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2 Study Area

The Nagari falls between 13°15” and 13°24’ North latitudes and 79°32’ and 79°39’
East longitudes of Chittoor District, Andhra Pradesh, India (Fig. 1). The extent of
Nagari is 151.06 km? and the mean elevation is 115 m above the mean sea level.
The annual precipitation is about 1031 mm. Geologically, Nagari area is covered by
Archaean age granites and gneisses, Proterozoic age quartzites and basic intrusives
and Recent alluvium along the main streams. A River named “Nagari” is passing
in the middle of the study area. The piezometric levels vary from 5 to 15 m below
ground level. The shallow fractured zones encountered at a depth of 16 m below
ground level which discharges trace amounts of water and the deep fractured zones
encountered from 115 to 116 m below ground level which yields a good amount of
water (CGWB 2013).

ANDHRA PRADESH

LEGEND
[[=_] Sampling sites

T [] Study area
Hometers
2 4 6 8 1:s0000 [ Boundary

Fig. 1 Location map of the study area with bore well points
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3 Materials and Methods

Groundwater from 25 existing regularly used bore wells were collected in a pre-
sterilized polythene bottles and assessed for pH, EC and major ions in the laboratory
using established standard practices (APHA 2012). The spatial distribution diagrams
were generated by inverse distance weighted (IDW) interpolation in Arc GIS 10.1.
Based on the analysed data, the irrigation suitability of groundwater was evaluated.
The formulas for calculation are given below

SAR = Na'/(Ca’* + Mg**)/2 (1)

%Na = 100 x (Na* + K")/(Ca’" + Mg*" + Nat + K) 2)
Kelly'sratio = Na™/(Ca’* + Mg*") 3)

PI = 100 x (Na™ + \/HCO; /(Ca®* + Mg** + Na')) (4)
MR = 100 x (Mg*"/(Ca*" + Mg*")) Q)

(Here, all ion values were shown in meq/L).

Then the data was executed to statistical analysis in MINITAB 18 interface to
know the principal regulating factors of chemistry of groundwater. The summary
statistics of the hydrochemical studies are shown in Table 1.

4 Results and Discussion

4.1 Hpydrochemical Facies

The study of hydrochemical facies is to know the chemical nature of water that is
linked to aquifers lithological and hydrological behaviour. Chadha (1999) proposed
anew classification system which can be plotted by taking the meg/L values of (Ca>*
+ Mg?*) and (Na* + K*) on X-axis and the meq/L values of (CO32~ + HCO3~) and
(Cl~ + SO427) on Y-axis in one of the four possible subfields. The study revealed
that the chief facies were Ca—Mg—Cl followed by (Ca-Mg) > (Na—K) and (C1-SOy)
> (HCOs3) water types respectively (Fig. 2).
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Table1 Summary statistics of various components in groundwater and their suitability for drinking
and irrigation use in accordance with guidelines

S. No | Constituents Min Max | Average |PL? SEPLP
1 Calcium (Ca®*) (mg/l) 104 366 195 200 7
2 Magnesium (Mg2+) (mg/1) 11 117 35 150 0
3 Sodium (Na*) (mg/1) 83 301 123 200 3
4 Potassium (K*) (mg/1) 3 15 8 N.G¢ 0
5 Bicarbonate (HCO3 ™) (mg/l) 92 1043 | 405 N.G -
6 Sulphate (SO427) (mg/1) 163 582 333 250 16
7 Chloride (CI7) (mg/l) 124 348 197 250 4
8 Specific conductance (umhos/cm) | 650 3960 | 1922 1500 14
9 Total dissolved solids (TDS) 416 2534 | 1230 1000 14
10 Hardness 344 1054 | 634 500 17
11 Sodium adsorption ratio (SAR) 1.17 4.32 2.47 18-26 |0
12 Percent sodium 15.12 |49.89 |32.49 40-60 |0
13 Kelly’s ratio 0.18 1.03 0.52 <1 2
14 Mg ratio 8.63 53.07 |22.58 <50 1
15 Permeability index 27.35 |65.57 |46.18 - 0
16 pH 7.1 7.9 7.3 - 0
17 Chloro alkaline indices—I —1.71 ]0.43 —-0.21 - -
18 Chloro alkaline indices—II —0.32 |0.31 —0.02 - -

*aPermissible limits: Psamples exceeding permissible limits: °no guideline
*According to WHO (2011), Wilcox (1948), Eaton (1950), Kelly (1951), Todd (1980), Doneen
(1964), Paliwal (1972), Schoeller (1977) and Karanth (1987), respectively

4.2 Assessment of Water Quality for Drinking

In general, water quality is mostly influenced by the geochemical processes occurring
within the aquifer and anthropogenic activities. The summary statistics and suitability
categorisation of groundwater for potable uses based on WHO (2011) criteria were
shown in Table 1. By comparing the analyzed parameters with the standards, 56%
well samples are unfit for drinking owing to high salinity (>1500 pwmhos/cm) and
high total dissolved solids (>1000 ppm). The majority of the wells (68%) are hard
in nature making water unfit for drinking. By comparing the ionic concentrations
with standards, it is found that groundwater has elevated levels of SO42~(64%),
Cl~(24%), Ca>*(28%) and Na*(3%) which is unsuitable for drinking purposes. The
spatial distribution of physicochemical specifications and major ion concentrations
was prepared by using the spatial interpolation module such as inverse distance
weighted (IDW) in GIS. The result shows that the major ions were concentrated
in NE and Eastern directions which make water unfit for drinking and irrigation
practices. Continuous monitoring of water resources and the implementation of water
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Fig. 2 Chadha’s diagram showing the groundwater facies

quality protection policies is required for sustainable management in these regions
(Fig. 3a-k).

4.3 Assessment of Water Quality for Irrigation

The statistics of ions were shown in Table 1. Moreover, USSL and Wilcox classifica-
tions have been used to classify groundwater to know the suitability for agricultural
use.

4.3.1 USSL Classification

The USSL diagram shows the suitability of water for agricultural purpose and it can be
framed by placing EC values on X-axis and SAR values on Y-axis. (Richards 1954).
The result shows that the majority of the well samples (64%) fell in C3S1 segment
which is permissible for irrigation use and can irrigate with certain semi-tolerant
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crops. The remaining samples fell in C4S2 segment (12%) and C4S1 segments (24%)
which were not suitable for irrigation use (Fig. 4).

4.3.2 Wilcox Classification

Wilcox (1948) proposed a diagram which is adapted for the groundwater classifica-
tion for irrigation use and it can be framed by taking EC values on X-axis and % Na
on Y-axis. The result shows that the major (56%) groundwater samples fell in good
to permissible category followed by excellent to good (4%), doubtful to unsuitable
(28%) and unsuitable (12%) categories respectively (Fig. 5). In general, the crop
yield is typically low where the lands harvested with water belong to doubtful and
doubtful to unsuitable categories. This may be due to elevated sodium salts in the
plant-soil system that affects the osmotic process.

4.4 Statistical Analyses

4.4.1 Cluster Analysis in Q-Mode

The Q-mode clustering has given four clusters (Fig. 6). Cluster 1 comprises the well
numbers 1,4, 9, 11 and 14 which are fresh in nature with TDS values (416-851 mg/1).
The principal hydrochemical facies were Ca—Mg—Cl followed by Ca—Mg-HCO; and
Na—Cl water types. Cluster 2 comprises the well numbers 2, 3, 5, 6, 7, 8, 10, 12,
13, 15, 16, 24 and 25 which are nearly fresh to brackish in nature with TDS values
(736-1732 mg/l), the principal hydrochemical facies were Ca—Mg—Cl followed by
Na—K and CI-SO,4 water types. Cluster 3 comprises the well numbers 17, 18, 19, 20
and 21 which are moderately brackish in nature with TDS values (2900-3000), the
chief hydrochemical facies are Ca—Mg—Cl type and the remaining two wells 22 and
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23 forms cluster 4 which is brackish in nature (>3000) and highly polluted among
the four clusters. The major water facies were Ca—Mg—HCOs type.
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4.4.2 Cluster Analysis in R-mode

The R-mode clustering results in three clusters (Fig. 7). Cluster 1 comprises of pH,
K*, and CI~ which relates to disintegration of feldspars, mica minerals and weath-
ering of ClI~ minerals in addition to agricultural fertilizers, sewage and discharge
from industry (Rao et al. 2012). Cluster 2 comprises of EC, TDS, Mg2+, S04+
which are due to the relative impact of all ions in the groundwater in addition to
magnesium sulphate rich fertilizers. Cluster 3 comprises of Ca*, hardness, Na* and
HCO;™ which represents the rock-water interaction in addition to hardness owing to
the presence of Ca%**, HCO;~ ions in groundwater.
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4.4.3 Factor Analysis

The factor analysis (varimax rotated) has given 11 factors, among those the first
three factors with Eigenvalue >1 or equivalent to 1 are considered as they explain
the variance in the data (Cattell 1966) (Fig. 8). Factor 1 shows high positive loadings
with Ca?*, HCO;~ and hardness which is a hardness-controlled factor due to the
combination of Ca** + HCOs ~ in addition to dissolution of feldspar and carbonates.
Factor 2 results in negative loadings with all variables which are unaffected and
low mineralisation in groundwater. While factor 3 is positively loaded with EC and
TDS which shows high mineralisation due to the influence of each and every ion in
groundwater (Table 2).

4.5 Bivariate Plots

The normalized bivariate plots (Fig. 9) reveals that the entire groundwater samples
fall under silicate-weathering zone which may be attributed to the influence of silicate
minerals in the aquifer systems.
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Table 2 Yarimax r'otati.on Variable Factor 1 Factor 2 Factor 3
factor loading matrix with
values of variance and % pH 0.086 0.165 —0.017
variance EC 0.318 —0.873 0.224
TDS 0.251 —0.880 0.220
Ca 0.966 —0.186 —0.086
Mg 0.046 —0.241 0.955
Na 0.177 —0.322 0.008
K —0.009 —0.046 —0.003
HCO3 0.731 —0.242 0.006
Cl 0.005 —0.084 0.105
SO4 0.285 —0.346 0.523
Hardness 0.853 —0.278 0.395
Variance 2.4806 2.0236 1.4583
% Var 0.226 0.184 0.133
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Fig. 9 Bivariate plots to show the groundwater ion chemistry

4.6 Indices of Base Exchange

Schoeller (1977) proposed a method to interpret the ion exchange mechanism in
groundwater which is in contact with aquifer material during its time of travel and
residence. The Indices of base exchange (both I & IT) were determined using formulas

given below.

Indices of base exchange IBE — [ = (Cl’ - (NaJr + K+)) /CI™

Indices of base exchange IBE — II
= (CI” — (Na™ + K")/(SO;~ 4+ HCO; + CO3™ +NO;3")
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If the IBE is negative, ion exchange is in between (Na* 4+ K*)with (Ca?* + Mg?*),
whereas the ratio is positive, the reverse ion exchange takes place. From the results,
about 57% of well samples shows reverse type of ion exchange.

4.7 Conclusions

Based on the comparison with the water quality standards, the majority of the wells
(68%) are hard in nature with high amounts of SO42~(64%), C1~(24%), Ca**(28%)
and Na*(3%) in groundwater making water unfit for drinking purposes. According to
the parameters like %Na, SAR, KR, MR and PI a total of 22 well samples (88%) are
suitable for irrigation use with few exceptions such as Kelly’s ratio (2 samples) and
magnesium ratio (1 sample). While considering USSL and Wilcox classifications a
total of 15 well samples (60%) are suitable for irrigation use. The chief hydrochemical
facies were Ca—Mg—Cl followed (Ca—Mg) > (Na—K) and (CI-SO4) > (HCO3) water
types respectively. The spatial distribution diagrams reveal that the ions were highly
concentrated in NE and Eastern directions. The multivariate statistical techniques
such as Q-mode cluster has given four types of groundwater namely fresh, nearly
fresh to brackish, moderately brackish and brackish. The R-mode cluster has given
three regulating factors for hydrogeochemistry such as silicate weathering, influence
of major ions and the dissolution of chlorides and sulphates due to fertilizers, sewage
and industrial seepages. Whereas the factor analysis has given three possible sources
of hydrogeochemistry, they are of hardness-controlled factor, unaffected and low
mineralised factor and high mineralisation factor due to the influence of each and
every ion in groundwater. Moreover, the bivariate plots show that silicate weathering
is the dominant process, whereas the IBE shows the majority wells shows reveres
ion exchange. Proper monitoring of water resources in terms of quality is required
as majority (68%) wells are unfit for drinking purposes.
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Sandipan Das, Ajay Kumar Kadam, Bhavana N. Umrikar, R. N. Sankhua,
Abhay M. Varade, Mahesh Kalshetty, and A. P. Doad

Abstract The importance of groundwater potential zone (GWPZ) is a vital aspect
for the society as directly or indirectly it sustains and supports the urban, crop irri-
gation and industrial activities. This study involves multi-parametric comparative
geospatial modelling for delineation of potential groundwater zones. The Remote
Sensing based and supplementary data were processed in the GIS environment to
obtain the raster/vector layers of various themes such as land-slope, litho-units,
stream density, lineaments, surface run off and land utilization. The thematic layers
thus derived were subsequently divided into sub-criterion and suitable weights were
assigned according to the degree of influence on groundwater dynamics using multi-
parametric evaluation methods namely Multi-Criteria Decision Making (MCDM)
and Multi-Influencing Factors (MIF). Furthermore, the outputs of both the tech-
niques are superimposed to delineate more precise delineation of GWPZ in the study
area. The validation of results reveal that the MCDM technique output map has total
160 wells i.e. around 96% falling in good—excellent zones. Whereas, MIF technique
predicted 137 wells (about 83%) covering the same range, while the combination of
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both the techniques revealed 148 wells out of 166 wells (89%) falling in favourable
zones.

Keywords Geospatial technology + Groundwater - Lower Western Ghats -
MCDA - MIF

1 Introduction

Groundwater is considered as a safe consumable water source due to its less chances
of contamination while comparing with the surface water (Thakur et al. 2011; Liet al.
2018). The rapid industrialization and over-population growth have led to continuous
and enhanced extraction of groundwater resources, coupled with deterioration of
groundwater quality worldwide (Kumar and Krishna 2018; Doell et al. 2014; Jha
et al. 2014; Adhikary et al. 2010; Magesh et al. 2011; Murthy 2000). Currently,
near about 85% of the population in rural India suffice their domestic needs through
groundwater(CGWB 2011; Nampak et al. 2014).The recharge process begins when
the precipitation or snowmelt water percolates down through vadose zone into the
phreatic aquifer (Yeh et al. 2016).The availability and the flow groundwater area
function of lithological set-up, structures (lineaments), topography, soil, landforms,
meteorological factors, etc. (Naghibi et al. 2015; Thapa et al. 2017; Mishra et al.
2019). Therefore, the scientific study encompassing all these aspects is vital for
assessing the potential for groundwater in an area (Adji and Sejati 2014).

The field-based approach to generate the hydrogeological database in this regard
is time taking, expensive, cumbersome and many times not feasible in the catchment
zones (White et al. 2003). Eventually, due to the advancement of GIS, GPS and
remote-sensing techniques, groundwater prospects mapping has been accelerated,
and became a powerful and cost-efficient alternative (Jasrotia et al. 2013; Kaliraj et al.
2014; Balamurugan et al. 2017). Many hydrogeologists, scientists worldwide have
studies potentiality of groundwater resources employing RS-GIS-GPS techniques
(Chowdhury et al. 2009; Ballukraya and Kalimuthu 2010; Chenini and Mammou
2010; Machiwal et al. 2011; Malekmohammadi et al. 2012; Gumma et al. 2012;
Deepaet al. 2016; Senanayake et al. 2016; Golkarian and Rahmati 2018; Patra et al.
2017; Singhai et al. 2019). In the present work, the Shivganga basin, situated in
the low elevation parts of Western Ghats, Maharashtra is explored with respect to
integrated approach of MCDA, MIF and weighted sum techniques to arrive at verifi-
cation of best fit method in the prediction of GWPZ. It is expected that the outcome
of the work will be significant in efficient planning of the precious water resource
and establish the equilibrium between demand and supply side management of the
study area.

2 Study Area

The watershed covers a geographical area of 176.92 km? and is situated on lower
elevations of the Western Ghats of Maharashtra, India (Fig. 1). It is drained by river
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Fig. 1 Index map of Shivganga basin, Maharashtra

Shivganga that originates at Sinhagad fort covering the foot hill region. The area
falls in toposheet 47F/15 and F/16 published by Survey of India. The region receives
an average annual rainfall of 2604 mm, in which almost 85% precipitation occurs
during June upto September. The watershed falls in sub-tropical climate zone, having
average temperature of about 18 °C during winter to 36 °C in summer. The study area
depicts an elevation difference of 674 m, in which the highest and the lowest elevation
readings of 1264 and 590 m (above AMSL) is noted in western and easternmost parts
respectively (Kadam 2018).

3 Methodology

The utilized material, implemented techniques and the procedures adopted for the
GWPZ-mapping of the watershed is illustrated in Fig. 2. Initially, the demarcation
of study area and the natural streams were marked from the topographical map, and
further the stream density was obtained from the same. Further, the land slope map
was created from contour lines. The land cover map was generated by classifying
the free downloaded LANDSAT satellite imagery and validated using latest Google
images. All thematic layers (land slope, soil, land cover patterns, surface runoff,
geology, landforms and drainage density) were projected to Universal Transverse
Mercator (UTM) and World Geodetic System (WGS)-84 co-ordinate systems. These
layers were superimposed using raster overlay tool for delineating the GWPZ.
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Fig. 2 Methodology adopted to delineate GWPZs

The GWPZ in the study area was identified using two approaches and compared
to find out the best fit method amongst them. In the first approach, as per significance
of the theme and the domain experience, weight was assigned to each theme and
ranks were allocated to each feature class of theme under consideration. In second
approach, MIF technique was used to give weights, where weights were allocated
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based on the reliance of the parameters on each other. The weights were allotted
using MIF and weighted overlay analysis was performed on ArcGIS 9.3 platform.
The results of weighted sum calculations, obtained by deploying MIF and MCDA
methods were used to derive a final GWPZ output of the study area.

4 Results and Discussion

4.1 Slope

Slope of land governs the runoff-recharge process of any region therefore considered
as akey parameter for identifying groundwater potentiality. The land slopes with high
degree cause instant surface runoff vis-a-vis poor infiltration resulting into ‘poor’
groundwater storage, while flat areas or with gentle slopes permit rainwater to reside
for longer duration, thus give a scope for infiltration. The slopes were reclassified in
five classesfor the Shivganga watershed (Fig. 3).

It has been observed that the slopes in the area varies from 0 to 25°. The high
slopes are reported from the peripheral/borders of the watershed, resulting into less
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Fig. 3 Slope map of Shivganga basin
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percolation while flat to gently sloping lands are scattered all over the area (0°-10°).
The large portion of studied region was inferred in slope class 0-5°, occupying around
40% of area, indicative of favourable situation for recharge due to high percolation
scope.

4.2 Geomorphology

Geomorphology provides the information on landforms, the processes and the sedi-
ment products. The weather and ecological parameters influence the landforms of
any area. In view of this, the geomorphological set-up in the area was studied, which
shows five geomorphological classes (Fig. 4). The weathered-shallow/weathered
landforms are found to be suitable; whereas, moderately dissected plateau has
moderate groundwater potential.
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Fig. 4 Geomorphological set-up of Shivganga area
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Fig. 5 Geological map of Shivganga basin

4.3 Geology

The watershed area is covered with thick pile of basaltic lava flows of Purandargarh
Formation and Diveghat Formation of Sahyadri Group representing pahoehoe, aa
types, and few exhibit mixed characteristics. These flow units are characteristically
display sheet joints, columnar joints and pipe amygdales. The Diveghat Formation
displayed compound pahoehoe flow with predominant vesicles covering majority of
the basin area (Fig. 5). The dug well sections, stream/river sections and ghat sections
were studied to understand the hydrogeological properties of the flows and it has been
observed that there is alternate vesicular and compact basalts with varying degree of
weathering, jointing and fracturing.

4.4 Land Use and Land Cover

The land utilization pattern is rapidly changing in the process of urbanization and
as a result land initially being favourable for recharge is getting converted to imper-
vious type. The southern part of the basin is experiencing haphazard urbanization and
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Fig. 6 Land use land cover map of Shivganga basin

industrialization causing imbalance in rainfall—runoff pattern (Selvam and Sivasub-
ramanian 2012). The Shivganga watershed area has been categorized into major land
use class types that include fallow land, water bodies, forest, crop land and built up
area (Fig. 6). The forest area, water bodies, tree plantation and cropland generate low
surface runoff, therefore these land use types have been designated as ‘good’ zones
for GWP in contrast with the built-up urban areas.

4.5 Drainage Density

It is the ratio of total stream length of all orders within a basin to the total basin
area, which is expressed in terms of km/sq km that manifests due to the variety
of landforms, rock types, rainfall, land slope and land cover (Horton 1932; Bali
et al. 2012). Drainage density is the reflection of land use type and the hydrological
response time between precipitation and surface discharge. A low drainage density
indicates high infiltration rates and hence few channels are required to carry the
surface runoff.

The map depicts very low drainage density in the central part of the watershed
that increases outward. The categorize of this parameter covers five classes namely
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Fig. 7 Drainage density map of Shivganga basin

‘Excellent’ (0-0.467 km/km?), ‘Very good’ (0.467-1.236 km/km?), ‘Good’ (1.236—
1.841 km/km?), ‘Moderate’ (1.841-2.46 km/km?) and ‘Poor’ (>2.46 km/km?) as
shown in Fig. 7. Higher values are indicative of poor groundwater potential whereas
the lower values assure higher chances of groundwater recharge.

4.6 Runoff

It is the portion of the water cycle that moves over the land as surface water instead of
absorbed into subsurface water is evaporating. The runoff is a function of precipita-
tion, slope, land cover, soil, lithology and its permeability characteristics. The runoff
map shows that the maximum runoff in the study area occurs at north-eastern and
eastern parts of the region with their values ranging between 774.49 m and 958.89 m
(Fig. 8). The lower runoff, having values 36.86—221.27 m, is seen at central part of the
watershed and recognised as the most favourable zone for groundwater occurrence.
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Fig. 8 Runoff map of Shivganga basin

4.7 Soil

Soil being the sensitive top cover of the earth, has an important role in supporting
the biota and green growth (Umar et al. 2009). The hydrogeological properties of
soil govern infiltration and percolation of rainwater. The NBSS classification (Bhat-
tacharyya et al. 2013) reveals that study area possess sandy loam, loam and clayey
soils (Fig. 9). Most of the area is underlain by sandy loamy (48%) and loam clay
(43%) soils. The sandy soil depict higher infiltration and permeability capacity due to
greater porous nature, therefore it has been designated with highest priority, whereas
clayey soils are compact and impermeable therefore low priority.

4.8 Multi Criteria Decision Analysis (MCDA)

The GIS facilitated MCDA technique primarily concerned in combining geograph-
ical data (map criteria) on the basis of value findings (expert opinion preferences) to
organize them into a one unique guide of assessment, from which decision makers
can make the final choice (Malczewski 2006). Therefore, MCDA has been conducted
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to obtain relative weights of various determining factors relating to thematic maps
for GWPZs (Table 1).

The respective weights were assigned to groundwater influencing parameter based
on expert opinion, literature review and local experience (Jenifer et al. 2017). For
this study, the GWPZ map was generated using weighted sum overlay tool within
the framework of ArcGIS software (Fig. 10). The area falling in various MCDA
categories indicating groundwater favourability are provided in Table 2.

4.9 Multi Influencing Factor

Multi-influencing factor (MIF) method has been recognized as an important tech-
nique, in which the appropriate weights are assigned to different influencing parame-
ters affecting the groundwater potentiality (Chandio et al. 2013). In the present work,
the major influence factor on subsurface recharge (A) was given a score value of 1.0
whereas, a score of 0.5 given to negligibly influencing factor. In case of no influence,
null or zero weight was given assigned (Table 3). The collective score i.e. A + B
of main (A) and minor (B) influential factors are applied to calculate the relative
effect (Table 3). The comparative influence is additionally considered to determine
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Table 1 Categorization of factors influencing recharge potential in Shivganga basin

Sr. No

Criteria

Weight class

Ranks

Influence (%)

1

Slope

0-5%

5-10%

10-15%

15-25%

>25%

15

Geomorphology

Weathered-shallow/weathered

Moderately dissected

Highly dissected

Escarpment slope/Butte

Mesa

15

Geology

Purandargarh

Diveghat

15

Land use/land cover

Irrigated crop land

Waterbody/vegetation

Fallow land

Land with scrub/land without
scrub

N W A NN W RN W AR OV~ W&~ W

Built up

20

Drainage density

Very low

Low

Moderate

High

Very high

10

Soil

Sandy loam

Loam clay

Clay

10

Run off

Very low

Low

Moderate

High

Very high

—lo|lw|lrluwlralul—|L|lw|erlvn~

15

the score of affecting criterion. The projected score of each affecting parameter was
determined by applying the following equation;

A+ B
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Fig. 10 Groundwater potential map derived by MCDA
Table 2 Statistics (?f MCDA MCDA GWPZ Arca (kmz) Area (%)
groundwater potential map
Excellent 30 17.3
Very good 49.2 28.4
Good 51.8 29.7
Poor 33 19
Very poor 9.1 5.2

where: A- major affecting factor and B- minor affecting factor.

The flow chart of the interrelationship between various factors influencing
groundwater potentiality surveyed in the current research is represented in Fig. 11.
Subsequently, the influential thematic map layers along with computed score were
combined using raster calculator in GIS environment to derive the sub-surface
recharge probable zone (Fig. 12). The area under MIF based GWPZs is shown in

Table 4.
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Table 3 Effect of influencing factor, relative rates and score for each potential factor

Criteria Major effect (A) | Minor effect (B) | Proposed relative | Proposed score of

rates (A 4+ B) each influencing
factor

Soil 1 0 1 7

Land use/land 1 050505 2.5 17

cover

Geomorphology | 11 0.5 3 21

Geology 111 0.5 35 24

Slope 11 0.5 2.5 17

Run off 1 0.50.5 1 7

Drainage density 1 0 1 7
3145 >°100
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Fig. 11 Interrelationship between the multi-influencing factors concerning the GWPZ (Magesh
etal. 2012)

4.9.1 Weighted Sum

The weighted sum technique uses the several raster’s for multiplying each other by
their given weight and adding them together. The technique offers the capability to
weight and group many inputs to make a combined analysis. Since two different
techniques have been used to find out the potential zones of groundwater, weighted
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Table 4 Statistics (?f MIF MIE GWPZ Area (km?) Area (%)
groundwater potential map
Very poor 36.03 20.7
Poor 51.69 29.7
Good 45.88 26.4
Very good 31.65 18.2
Excellent 8.23 4.7

sum tool was used to see if the results could be better when the two techniques are
integrated. The raster of GWPZ by MCDA technique was integrated to the raster of
GWPZ by MIF technique. Hence a final output of weighted sum and their respective
areal spread is shown (Table 5; Fig. 13).

4.9.2 Validation
The existing 166 dug well inventoried data have been utilized for verification of

GWP map obtained from MCDA, MIF and weighted sum techniques in Arc GIS
environment. The depth to the water table within the study region varies from 3
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Table 5 Statistics of Weighted sum GWPZ Area (km?) Area (%)

weighted sum groundwater

potential map Excellent 7.4 4.6
Very good 32.8 18.9
Good 44.1 254
Poor 51.4 29.7
Very poor 37.6 21.7
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Fig. 13 Weighted sum groundwater potential map

to 15 m, which were further categorized into five classes, viz ‘Excellent’ (0-3 m),
‘Very Good’ (3—6 m), ‘Good’ (6-9 m), ‘Poor’ (9—-12 m) and ‘Very Poor’ (12—-16 m)
respectively. The existing well sites were further utilized as reference sample to
determine the classification accuracy.

Validity of MCDA—GWPZ Map with Well Information
Figure 14 shows the validation with MCDA GWPZ map. The validation results reveal

that 11% of the wells are in ‘excellent’ depth GWPZ, 7% of the wells fall under ‘very
good’ depth GWPZ, 38% of the wells under ‘good’ depth GWPZ, 17% of the wells
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Fig. 14 Validation with MCDA groundwater potential map

Table 6 Comparison- of Groundwater | Percentage of groundwater by
accuracy assessment in % of otential zone -
the developed from different P MCDA (%) MIF (%) | Weighted sum
techniques groundwater (%)
potential maps Excellent 11 0 0
Very good 7 4 4
Good 38 45 42
Poor 17 50 41
Very poor 100 100 100

are in ‘poor’ depth GWPZ and the remaining 27% of the wells are found in ‘very
poor’ depth GWPZ category respectively (Table 6).
Validity of MIF- GWPZ Map with Well Information

The validation of MIF with GWPZ map shows 4% of the wells under ‘very good’
depth GWPZ, 45% of the wells under ‘good’ depth GWPZ and 50% of the wells in
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Fig. 15 Validation of MIF-GWPZ map

‘poor’ depth GWPZ. Remaining 1% of the wells belongs ‘very poor’ depth GWPZ
category (Fig. 15; Table 6).

Validity of Weighted Sum—GWPZ Map with Well Information

The validation of weighted sum with weighted GWPZ map shows 4% of the wells
under ‘very good’ depth GWPZ, 42% of the wells are in ‘good’ depth GWPZ, 41% of
the wells are found in ‘poor’ depth GWPZ. Remaining 13% of the wells are found in
‘very poor’ depth GWPZ category respectively (Fig. 16; Table 6).The groundwater
potential zone with different techniques were compared to ground validation and
presented in Fig. 17.

5 Conclusion

The present study identifies the GWPZ in Shivganga river basin representing semi-
arid zone of Western Ghats applying MCDA, MIF and weighted sum technique.
The thematic layers in raster format were generated using imageries, topographical
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maps and resources maps viz. gradient, lithology, drainage density, surface runoff,
landform classification, land cover class and soil. These derivative layers were allo-
cated appropriate weightages in MIF and MCDA approaches based on its important
on influence of occurrence for groundwater. The outcomes of all these methods are
compared from its accuracy in determination of GWPZs.

The GWPZs were classified into five classes of varied potential zones. The
results in MCDA shows that 17.3% (30 km?) show outstanding GWPZ with 28.4%
(49.2 km?) and 29.7% (51.8 km?) of GWPZ, while 19% (33 km?) area present as
a poor, 5.2% area under very poor zones. Hence, the study area is having 75.40%
(131.0 km?) as good to excellent potential. The results in MIF technique shows
that 20.7% (36.03 km?) show excellent zone with 29.7% (51.69 km?) and 26.4%
(45.88 km?) of very good and good GWPZ, while 18.2% (31.65 km?) area present
as a poor, 4.7% (8.23) area under very poor zones. Hence, the study area is having
76.8% (133.6 km?) as good to excellent GWPZ. The results in weighted sum tech-
nique shows that only 4.6% (7.4 km?) having excellent zone with 18.9% (32.8 km?)
and 25.4% (44.1 km?) of GWPZ respectively. The 29.7% (51.4 km?) area present as
a poor, 21.7% (37.6 km?) area under very poor zones. Hence, this method shows the
distinct results than above two methods. The outcomes maps were validates using
wells overlays, the results divulge that output of MCDA method have 160 wells in
good, very good and in excellent zone which is around 96% wells, MIF have 137
wells and 83% and when both these techniques combined it gives 148 wells and 89%
out of 166 wells so it was found that MCDA technique is more suited in comparison
to other two techniques in the present study area.
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Identifying Suitable Sites for Rainwater )
Harvesting Structures Using Runoff L
Model (SCS-CN), Remote Sensing

and GIS Techniques in Upper Kangsabati
Watershed, West Bengal, India

Asish Saha, Manoranjan Ghosh, and Subodh Chandra Pal

Abstract The Upper Kangsabati Watershed (UKW) is a drought-prone region where
the scarcity of water risk has been leading to the serious potential human prob-
lems. To mitigate this water scarcity threat, watershed management in the forms
of construction of rainwater harvesting (RWH) structures to trap the rainfall and
unused surface runoff has become the main priorities. Watershed has been chosen
as one of the principal planning units for water resources management in a sustain-
able way. The rainfall induced runoff always play vital role of the availability of
surface, sub-surface and groundwater recharge within a particular watershed. The
aims of our present research work are (a) to estimate the surface rainfall-runoff using
Soil Conservation Service Curve Number (SCS-CN) analysis and geospatial (GIS)
technology, and (b) to identifying favorable sites for collection of rainwater using
guiding principles given by Integrated Mission for Sustainable Development (IMSD)
in conjunction with overlay analysis of weighted parameters in GIS platform of UKW.
The different environmental parameters i.e. land use land cover (LULC), soil classes
(texture), geomorphic, lineament, weathering profile, slope, hydrologic soil group
(HSG),rainfall, runoff depth, and stream orders have used to analysis surface runoff
and delineating different RWH structures of UKW. However, it has noticed that the
deepness of average annual runoff is 979.45 mm and runoff volume is 280.85 m>.
Being a part of the Chhotanagpur plateau, the study area is covered with hard rock
terrain and having undulating rugged topography; thus, average annual runoff depth
is significantly high. In addition, total thirty-three check dams, twenty-eight minor
irrigation tanks, and eleven percolation tanks locations have identified for sustainable
rainwater harvesting structures. Hence, this study will help planners to conserve the
water, land and other natural resources of UKW.
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Kangsabati watershed

1 Introduction

Water is one of the most primary natural resources in our daily life. As a noteworthy
natural resources, water plays an important role for human needs in terms of food
security, industrial development, and sustainable ecosystem services along with the
socio-economic progress of a nation (Sinha et al. 2015; Singh et al. 2017). In recent
times, the widespread scarcity and the gradual diminution of the surface and ground-
water along with environmental degradation have been making the major problems
to all the living being on the earth surface. Looking into the current phenomena
regarding the rising problems of water deficiency and misuse of groundwater across
the world, it is a well-established fact by many scholars that world’s 67% popula-
tion and its gradually increasing rate will be harshly affected by the water scarcity
within the forthcoming time periods (Alcamo et al. 2000; Wallace and Gregory 2002;
Tiwari et al. 2009). Therefore, an emphasis has been giving on the development and
management of water resources for maximum utilization of natural water resources,
which is a challenging and most difficult task (Biswas and Tortajada 2009). In the
developing country like India, an excessive number of population put immense pres-
sure on water resources; as a result, per capita water utility is gradually decreasing
over the time (Singh et al. 2017).However, considering this recent phenomenon like
widespread scarcity and the gradual depletion of the water resources, increasing
demand of per capita water availability, and lack of proper management, there is
a necessity to manage the water resources effectively. Thus, in the hydrological
point of views, runoff estimation of a particular watershed is necessary to know the
rainfall-runoff deviation, development and sustainable management of natural water
resources. The estimation of rainfall-runoff is one of the most significant hydrologic
variables in water resource studies of a particular watershed (Nagaraja and Poon-
gothai 2012; Ningarahu et al. 2016).The SCS-CN method helps to understand the
hydrological behavior of a watershed through surface runoff estimation and helps
the stakeholders to make some suitable plans for sustainable watershed manage-
ment and water resource planning (Schulze et al. 1992; Gajbhiye 2015; Saha et al.
2020). SCS-CN method has been generally used to estimate rainfall-runoff rate due
to its large acceptance and reliability, and this method was developed by the United
State Department of Agriculture’s (USDA) National Resources Conservation Service
(USDA 1972, 1986). The remote sensing technique and GIS tool have been exten-
sively used and has an advantage over the conventional method to rainfall-runoff
estimation of a particular watershed due to it enhancing the accuracy in results.
On the basis of SCS-CN method, several scholars have worked out to estimate the
rainfall-runoff such as Hauser and Jones (1991); Durbude et al. (2001); Amutha and
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Porchelvan (2009); Rao et al. (2010); Shi et al. (2009); Jung et al.(2012); Sindhu
et al. (2013); Pal and Chakrabortty (2019).

The construction of RWH structures is necessary and appropriate ways for water-
shed management to overcome the water shortage and scarcity problems. For reduced
the rate of surface runoff, renew of groundwater, reduced the sedimentation, and reuse
the water whenever it required, the RWH structures always play an important role
(Prasad et al. 2008; Gavit et al. 2018). RWH is the techniques through which surface
runoff are effectively trapped and used it for daily livelihoods activity, mainly agri-
cultural and domestics purposes (Naseef and Thomas 2016; Gavit et al. 2018). Water
storage facilities are very much essential to overcome the water scarcity threat partic-
ularly in the region where runoff potential is very high. Natural resources like land
and water, which is depleting at a faster rate day by day may conserve in a precious
way through water harvesting structures (Bamne et al. 2014; Das and Pal 2019,
2020). Rainwater harvesting structures not only collect rainwater but also prevents
flood and most necessarily acts as a hindrance to soil erosion (Naseef and Thomas
2016). The recognition of suitable sites for RWH is avital footstep towards utmost of
water availability and maximizing land production of an area (Adham et al. 2018).
Several scholars throughout the world have studies on suitable site selection for RWH
structures such as Padmavathy et al. (1993); Singh et al. (2009); Tumbo et al.(2014);
Naseef and Thomas (2016); Ammar et al. (2016); Mugo and Odera (2018).

The very first objective of this research study is to estimate the rainfall-runoff
dynamics of Upper Kangsabati Watershed (UKW). The rainfall-runoff dynamics
has estimated during the last fourteen years of rainfall data (2007-2017) using the
SCS-CN analysis and geospatial techniques. In addition to potential rainfall-runoff
estimation, appropriate sites for RWH structures in UKW have recognized using
the guiding principles of IMSD. In this study, mainly emphasis has given to three
types of rainwater harvesting structures i.e. check dams, percolation tanks, and minor
irrigation tanks. Additionally, the findings of the present rainfall-runoff estimation
and RWH site suitability map of UKW would help the watershed planners for proper
development and sustainable management of water resources in an appropriate way.

2 Materials and Methods

2.1 Study Area

The present study area of Upper Kangsabati Watershed (UKW) in the western part of
Puruliya district of West Bengal has codified by 2A2B5alpha-numeric codification
system of Soil and Land Use Survey of India (CWC and NRSC 2014). The study area
is extended between 23°13'25"N to 23°28'36"N and 85°57'5"E to 86°11'46"E with
the total geographical area of 286.74 km? (Fig. 1).The study area belong to hot dry
sub-humid tropical types of climate with the annual average rainfall is about 1393 mm
and annual mean temperature of 25.6 °C (Saini et al. 1999). However, temperature
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Fig. 1 Location map of the study area

is very high in summer and low in winter season and its range fluctuates in between
7 °Cin winter and 52 °C in summer with the mean summer and winter temperature is
29 and 21.3 °Crespectively (Saini et al. 1999; Sarkar and Sahoo 2006). Geologically,
the study area is a part of Chhotanagpur Gneissic Complex (CGC) of Peninsular India
and the dominant rock types of this area are granite, gneissic, mica-schist, and recent
to sub recent-alluvium. As a consequence of the presence of hard rock terrain, water
percolation rate is very low and as a result surface runoff of the seasonal rainfall is
very high in this area. Thus, in the current situation water shortage has been taken
a devastating form due to its distinct physical and anthropogenic factors which also
largely effect the socio-economic development of Puruliya district.

2.2 Data Source

Several types of secondary data have used to fulfill the objectives of the present
research work. The basic database used in this studies consist of topographical
mapson 1:50,000 scale from Survey of India (SOI), map of soil texture from National
Bureau of Soil Survey and Land Use Planning (NBSS and LUP), Shuttle Radar
Topographic Mission (SRTM v3) Digital Elevation Model (DEM) of 30 m resolu-
tion by United State Geological Survey, LISS III satellite imagery from Indian Space
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Table 1 Information of the data sources used in the present study

Description of data Year Scale/spatial resolution | Source

Topographical map 1982 1:50,000 Survey of India (SOI),
(73E/15) Kolkata

Topographical map 1977

(731/3)

Topographical map 1975

(731/4)

Soil texture map 1991 1:500,000 National Bureau of soil

survey and land use
planning (NBSS and LUP)

Rainfall data 2004-2017 |- India Meteorological
Department (IMD)

NRCS technical release | 1986 - United State Department of

(TR)-55 Agriculture (USDA)

Saprolite (Weathering | 2010 - Central Ground Water

profile) data Board (CGWB), Eastern
Region, Kolkata

LISS-III imagery 2015 23.5m WWW.NI'SC.gov.in

SRTM-DEM 2017 30 m https://earthexplorer.usg
s.gov

Research Organization (ISRO), ISRO’s Geoportal Bhuvan for lineaments mapping,
weathering profile data has collected from Central Ground Water Board (CGWB),
rainfall data from India Meteorological Department (IMD), report of United State
Department of Agriculture Technical Release-55 (1986) and guiding principles of
IMSD for site suitability of RWH structures. Table 1 shows the details about the
different data sources and necessary information.

2.3 Data Processing

231 LULC

The LULC map of UKW has been prepared after the details study of SOI’s topo-
graphical maps and LISS III satellite imagery by visual interpretation techniques
and spectral reflectance of each pixel value using ERDAS IMAGINE 2014 platform.
The present study area have been classified into ten types of LULC namely dense
forest, forest clearing, open scrub forest, double crop land, single crop land, pond,
reservoir, river, settlement, and wasteland.
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2.3.2 Slope and Drainage

The DEM work was analyzed in the ArcGIS 10.3 platform. Slope map was prepared
using slope sub tool under surface tools and reclassified the slope map into percentage
classes using spatial analyst tool in the ArcGIS platform. Drainage map of the study
area was obtained from SRTM-DEM using different hydrology tools like Flow
Accumulation, Flow Direction, Flow Length, Snap Pour Point and Stream Order
tools under the ArcGIS spatial analyst tools. Line density tool was used to mapping
drainage density for this study area.

2.3.3 Lineaments

LISS IIT satellite image was used to prepare lineaments map using Geometica 2017
software. In the Geometica platform, for the extraction of lineaments Line Module
Control Panel was used. In addition to this, ISRO’s Geoportal Bhuvan site was also
used to prepare lineaments map. Line density tool under spatial analyst tools was
used to mapping lineaments density in ArcGIS platform (Mugo and Odera 2018;
Chakrabortty et al. 2018).

2.3.4 Soil and HSG

Soil texture map has prepared from the NBSS&LUP’s soil report for this study area by
digitization in the GIS platform; after that, generated soil texture map has transformed
into hydrologic soil group map in ArcGIS platform using curve number (CN) values.
Finally, for obtaining the merged LULC-HSG map with the new polygon layers, the
LULC map has overlies on the HSG map in the GIS platform. Table 2 shows the
SCS soil classification system in details based on USDA-SCS 1974.

2.3.5 Rainfall Analysis

In the entire Puruliya district, five identifiable IMD rainfall measure stations are
identified, namely Raghunathpur, Bazrabzar, Puruliya, Manbazar, and Jhalda. To
analyze the rainfall pattern of last fourteen years (2004—2017) rainfall data have
collected from IMD stations. To the lack of rainfall station within the study area of
UKW, nearest station has considered for the rainfall analysis. In ArcGIS platform,
Inverse Distance Weightage (IDW) tools have used to generated rainfall map under
geo-statistical analysis tools.
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Table 2 USDA-Soil Conservation Service (SCS) classification system, 1974

Hydrologic soil group | Soil textures Runoff potential | Final infiltration rate
(HSG) (mm/h)
Group A Deep, well-drained sands | Low >7.5
and gravels
Group B Moderately deep, Moderate 3.8-7.5

well-drained with
moderately fine to coarse
texture

Group C Clay loams, shallow Moderate 1.3-3.8
sandy loam, soil with
moderate to fine texture

Group D Clay soil that swells High <1.3
significantly when wet,
heavy plastic and soil
with a permanent high
water table

2.4 Rainfall-Runoff Modeling (SCS-CN)

Runoff estimation is an important parameter which impact on water storage (surface
and groundwater) capacity as well as erosion rate of a watershed and helps the
planners to taking appropriate action for planning purposes (Shi et al. 2009; Pal and
Chakrabortty 2019). Among the various types of rainfall-runoff method, SCS-CN
method has been frequently used to estimate direct runoff from a watershed (USDA
1972). The curve number provided by SCS is a reliable and conceptual techniques
commonly used to estimate surface runoff (Ponce and Hawkins 1996). To estimate
the rainfall-runoff rate by using SCS method following equation has been used

0=[P-LI*/P-1,+9) (1

where, Q represent runoff rate in mm, P represent rate of rainfall in mm, I,
represent early abstraction in mm, in terms of all the losses before the runoff start
(Allen and Hjelmfelt 1991).

The early abstraction i.e. I, was calculated based on following experimental
relation,

I, =038 2)

S = (25,400/CN) — 254 3)

where, CN = Curve Number.
Substituting the value of I, (Eq. 2) in the generalized runoff equation (Eq. 1), the
equation can be rewritten as,
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Q = (P—0.35)%/(P+0.7S) 4)

where, Q represent runoff rate in mm, P represent rate of rainfall in mm, S represent
possible utmost retention of water by soil.

The Antecedent Moisture Condition (AMC) indicates wetness of soil surface; it
means the existence of water in the soil at a specified time (USDA 1974). The AMC
is defined as the soil moisture availability earlier than the rainstorm which has a
noteworthy effect on runoff volume (Singh et al. 2017).Three types of antecedent
moisture conditions have developed by the SCS of USDA, and these are, for dry
condition AMC I, for normal or average condition AMC II, and for wet condition
AMC III. The value of AMC I and AMC III for the present study area have calculated
using the following equations.

CN(I) = (CN(ID))/(2.281 + 0.0128 CN (II)) (5)

CN(III) = (CN (II))/(0.427 + 0.00573 CN (II)) (6)

where, CN (1), CN(II) and CN (1 11) represent curve number for dry condition,
normal condition and wet condition respectively.

CN, = ZCNi x A;/A (7

where, CN,, represent weighted curve number, CN; represent Curve number from
1 to any number N, A; represent area with curve number CN; and A represent total
watershed area.

2.5 Weighted Overlay Analysis

Applications of Remote Sensing and geospatial technology along with geomorpho-
logical knowledge have used to estimate appropriate sites for RWH structures. The
guiding principles of IMSD, National Remote Sensing Agency (NRSA) and Indian
National committee on Hydrology (INCOH) have taken for selecting sites of different
RWH structures (Kumar et al. 2008; Singh et al. 2009). Table 3 shows the details

Table 3 IMSD guidelines for rainwater harvesting structures

Structure Slope in degree | Permeability Runoff Stream order
Check dam <15 Low Medium/high 14
Percolation tank <10 High Low 14
Minor irrigation tank 0-5 Low Medium/high 1-2
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about the IMSD suitable site selection criteria for RWH structures. In the site suit-
ability of rainwater harvesting structures different factors have their own peculiar
characteristics. Thus, all such factors do not have the same importance and they
differ from one another depending upon their own characteristics. Therefore, on
the basis of the characteristics of various factors different weights were identified
accordingly. Here, weight assignment of different factors has been done based on
primary knowledge and they are integrated and analyzed through weighted overlay
analysis (Mugo and Odera 2018). The construction of rainwater harvesting structures
is largely depending on the slope character because various slope classes influences
the runoff and infiltration rate. The soil texture is another important factor for rain-
water harvesting because it defines the capacity of storage of the water and infiltration
rate in the soil (Mibilinyi et al. 2007). The site suitability of RWH structures also
depends on LULC, lineament density, geomorphology, weathering profile, runoff
depth, stream order (Singh et al. 2009; Nketiaa et al. 2013; Jha et al. 2014; Mugo
et al. 2018).

3 Results

3.1 Land Use Land Cover (LULC)

It is a well-established fact that depending on the types of LULC the rainfall induced
runoff and the infiltration capacity take action in a different way (Das et al. 2019).
The area of fallow land with built-up area increases the run off rate and minimizes
the infiltration capacity, and the area with dense forest cover generally increases the
infiltration rate (Owuor et al. 2016; Das et al. 2018). There are ten types of LULC
classes (Fig. 2) within the present study area of UKW. The different LULC types
along with the percentage of area are dense forest (11.17%), forest clearing (1.19%),
open scrub forest (9.39%), double crop land (7.95%), single crop land (61.19%),
pond (0.78%), reservoir (0.30%), river (0.89%), settlement (4.93%), and wasteland
(1.6%). From the percentage of different LULC types it has shown that the area of
single crop land (61.19%) is the leading form of land use among the others LULC
types. The supremacy of single crop land is due to the lack of adequate water and
hard rock terrain cover which is unfavorable for agricultural point of view. The area
of dense forest cover (11.17%) is also significantly low due to the man-made changes
of land cover through degradation.

3.2 Hydrologic Soil Group (HSG)

Three types of soil texture (Fig. 3) have found in the present study of UKW. The
different types of soil texture along with their area are as coarse loamy (37.72 km?),
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Fig. 2 Land use land cover map of UKW

fine loamy (106.28 km?), and loamy skeletal (142.74 km?). The USDA-Soil Conser-
vation Service (1974) have developed four types of hydrologic soil groups namely A,
B, C, and D in the soil classification system. On the basis of soil texture classification
map in the present study of UKW, two types of HSG have identified namely B and C
(Fig. 4). In the category of ‘B’ hydrologic soil group different LULC classes along
with their areal allocation are as dense forest (0.82 km?), open scrub forest (0.76 km?),
double crop land (10.24 km?), single crop land (84.53 km?), pond (1.07 km?), river
(1.66 km?), settlement (5.99 km?), and wasteland (1.25 km?). On the other side, in
the category of ‘C’ hydrologic soil group different LULC classes along with their
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areal allocation are as dense forest (31.08 km?), forest clearing (3.423 km?), open
scrub forest (26.14 km?), double crop land (12.55 km?), single crop land (90.92 km?),
pond (1.18 km?), reservoir (2.74 km?), river (0.88 km?), settlement (8.17 km?), and
wasteland (3.34 km?).
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3.3 Curve Number (CN)

The possible runoff rate of a particular watershed has been estimated using SCS-CN
method in which CN values have been taken as an empirical parameters (Gitika and
Ranjan 2014; Satheeshkumar et al. 2017; Raju et al. 2018; Pal and Chakrabortty
2019). In the present research work of UKW, the CN values have been estimated on
the basis of LULC classes of hydrologic soil groups B and C, and the CN ranges
vary between 40 and 100 (Fig. 5). It has found that the weighted curve number value
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for normal soil moisture condition (AMC II) is about 81.1. The curve number value
of AMC I for dry condition is 65.25 and AMC III for wet condition is 90.95.

3.4 Rainfall

Rainfall is an important parameter which indicates the erosive power of soil surface at
the time of rainstorm phase (Pal and Shit 2017). Depending on the amount of rainfall,
runoff rate varies and thus, the positive relationship has been found among the amount
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of rainfall and runoff (Pal and Chakrabortty 2018). In the study area of UKW, the
annual rainfall ranges between 901.3 and 1783.8 mm. The rainfall map (Fig. 6) of
UKW has shown that the amount of rainfall gradually decreases from east to west.
The area towards the north-west received lowest amount of rainfall throughout the
year. This area is characterized by hilly terrain with undulating rugged topography
thus, maximum rainfall in this area flow as surface runoff. The area towards the
east of UKW received maximum rainfall throughout the year. This area basically
consists of flat to moderately undulating terrain with dominant of single crop land
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Fig. 6 Spatial distribution of rainfall map of UKW
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and settlement areas. In the eastern part of this area, due to the presence of hard
rock terrain with moderate weathering profile zone low to medium surface runoff
occurred.

3.5 Slope

The slope is a major controlling factor which determines the surface runoff and infil-
tration rate (Das et al. 2018). The maximum surface runoff along with less infiltration
has been occurred in the area of steep slope whereas in the gentle slope area surface
runoff is low which also allows more time to percolate thus, infiltration capacity is
high (Das et al. 2018). The study area of UKW being a part of the Chhotanagpur
plateau is characterized by undulating rocky hilly terrain with general elevation
ranges between 185 and 549 m. Figure 7 shows the slope map of UKW and the
whole watershed classified into nearly level to very steep slope classes. The different
slope classes along with their percentage values in the study area are as follows Level
to nearly level (32.49%), very gentle (43.98%), gentle (8.52%), moderate (7.22%),
steep (6.69%) and very steep (1.1%). On the basis of the sloping character it has
found that low to high rate of rainfall induced runoff occurred in the nearly level
surface and steep slope of hilly areas respectively.

3.6 Lineaments Density

In the present study of crystalline structural rugged topography cover area, lineament
or fractural zone is an important factor for ground water recharge. Lineaments are
straight and slightly curved or curvilinear composite linear features which play an
important role in groundwater movements and occurrences (Rao 2006; Prasad et al.
2008). In areas where lineaments representing fracture zone or fault lines are not
suitable for construction of water storage structures due to underground seepage
factor. On the contrary, where lineaments represents dyke rock may act as a barrier
in flow of ground water and suitable for water storage structures (Chakrabarti 2002).
The lineament density of the present study area is shown in Fig. 8. The very high
lineaments density is found (>1.0) in the southern portion of UKW area. That means
this portion is not suitable for water storage capacity because water will be drain
through the fracture zone. The lineament density of some patches of the study area is
moderate (0.20—1.0) and rest of the portion is low (<0.2). The area of low lineaments
density is most suitable for water storage capability because this area is free from
cracks or fracture zone.
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Fig. 7 Spatial distribution of slope map of UKW

3.7 Drainage

In the present study area, stream ordering map (Fig. 9) indicates that the area is
largely possessed with first and second order streams and the whole area represent
fifth order stream. The lower order streams have higher permeability and infiltration
capacity rate and thus stream order analysis is an important task for constructions of
rainwater harvesting structures (Adham et al. 2018). Basically, lower order streams
are also favorable for generation of runoff along with rainwater storage capacity in
a watershed (Mugo and Odera 2018). Site suitability analysis of RWH structures
largely depends on drainage density. Therefore, high drainage density prone area is
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Fig. 8 Lineaments density map of UKW

more suitable for RWH structures. The drainage density map of this area is shown in
the Fig. 10. North, north-western and eastern part of UKW area has a high drainage
density and as a results this portions have high runoff generation, and thus this area
is more favorable for construction of RWH structures.

3.8 Geomorphology

Geomorphologically, the study area of UKW can be divided into two units; units of
denudational origin and units of fluvial deposition. The upper part of the watershed in
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Puruliya district is characterized by an undulating upland topography with a number
of isolated hillocks such as Jhora Pahar (A662 m) and Guru Pahar (A579 m). The
rocky upland surface in this area is the products of erosional activities, while the rest
of the surface is a product of a gradational activity mainly by fluvial processes. In
the present study area of UKW, six types of geomorphic units are found and these
are hill, pediment, bajada, buried pediment medium, buried pediment shallow and
valley fill (Fig. 11). Each geomorphic unit has different groundwater prospects such
as hill has poor to nil, pediment has modest to poor, buried pediment shallow has
moderate to poor, buried pediment medium has good to moderate, valley fill has good
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to moderate and hill wash deposition has good to very good depending on thickness
of soil.
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3.9 Weathering Profile

Weathering profile or saprolite zone is a sandwiched between weathered matter
and un-weathered granitic rocks. The body of in situ weathered rock referred to
as saprolite may comprise a number of zones depending on the relative rates of
weathering, erosion and the composition and hydromorphic characteristics of regolith
(Goudie 2004). In the present study area of UKW, depth of weathered zone varies
from 7 to 14 m (Fig. 12). Thick weathered layer (11-14 m) occupied at middle
portion of North, West and middle part of the watershed and this portion is not
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Fig. 12 Weathering profile map of UKW

suitable for RWH structures because water will be percolate and infiltrate through
deep weathered layer. Comparatively thinner weathered layer found North-Western
along with South-Eastern portion of the watershed and this area is more suitable for
construction of RWH structures.
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3.10 Estimation of Rainfall-Runoff

The average annual surface runoff depth as determined by using the SCS-CN method.
It has reveals from the last fourteen years (2004—2017) of rainfall data in this region
that the mean annual rainfall is about 1341.59 mm and the annual rainfall varies
between 901.3 and 1783.8 mm. By using the equations number (3) and (4) of the SCS-
CN method, it is estimated that runoff rate varies between 506.22 and 1360.77 mm
(Fig. 13). It has also found from the fourteen years (2004—2017) of rainfall data that
average annual runoff rate is 979.45 mm and runoff volume is 280.85 m?3. From
the Fig. 13 it has indicated that higher rainfall leads to higher rate of runoff. The
co-relation between rainfall-runoff has shown in Fig. 14 of the UKW which shows
that rainfall-runoff strongly positively correlated (R? = 0.96). The co-relation results
indicated that if the rainfall increased the runoff rate will also be increased and vice-
versa. The runoff depth map (Fig. 15) of the present study area shows that north-
western along with southern part of the hilly area has the highest runoff generation
at >1100 mm/year and north-eastern and middle portion of the watershed has runoff
generation at <900 mm/year.
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Fig. 13 Average annual rainfall versus annual runoff of UKW
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3.11 Weighted Overlay Analysis and Sites for RWH
Structures

Different thematic layers i.e. LULC, slope, soil texture, lineament density, geomor-
phology, weathering profile, runoff depth, and stream order have been taken to find
out suitable location for RWH structures. Weight of these layers is given on the basis
of general available knowledge in controlling the occurrence, storage space and allo-
cation of ground water. Each and every layer used in this study again further divided
into several classes. Finally, scores of different classes have been calculated on the
basis of product of weight (Table 4). Weighted aggregation method has been applied
to integrate all of these thematic layers with each other in ArcGIS 10.5 platform.
It is a well-known fact that RWH structures generally set up along the lower order
streams. The location of RWH structures should be in such a way that those structures
should get sufficient amount of water to fulfill the daily needs of livelihood. It is also
to remember that the structures should be neither too closes nor not too far from the
agricultural filed and as well as from settlement area. This is due to abstain of sudden
flash flood during the peak season of monsoon and from destruction of property. The
resultant map of different RWH structures is shown in Fig. 16.
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4 Discussion

Guzha et al. (2018) and Owuor et al. (2016) has rightly mentioned that land use of
a particular region play a crucial role to determining the runoff rate as well as the
infiltration rate which has also fluctuate due to the progressively land use changes.
In the UKW, the rate of surface runoff flow is comparatively high because of the
present LULC pattern vastly dominated by single crop land. In addition, the HSG
map of the UKW also indicate moderate rate of water transmission. The runoff
curve number (CN) as an indicator of empirical parameter which has been used for
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Fig. 16 Proposed sites for rainwater harvesting (RWH) structures of UKW

estimating the rainfall-runoff of a watershed. The result shows that in UKW, the CN
varies from 40 to 100 in different location; which indicate normal moisture soil to dry
soil in different respective locations. In addition, Mahmoud and Alazba (2015) and
Prasad et al. (2008); Rao (2006) highlighted the importance of slope and lineament
density regarding surface water flow. In the UKW, the slopes fall in the category
of nearly level to very steep slope classes and in contrary, it is also a very high
lineaments density region. However, Mugo and Odera (2018) has mentioned that
lower order streams are most favorable for rainwater storage capacity and drainage
density fundamentally emphasis on suitability of RWH structures. The high drainage
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density in the northern, north-western, and eastern part of UKW showed exactly the
same potential zone of building of RWH structures.

Moreover, each geomorphic unit of UKW is the product of different aspect of
slope, soil, weathering profile and fluvial erosional activities. The rocky upland
surface in UKW is the products of erosional activities, while the rest of the surface is
a product of a gradational activity mainly by fluvial processes. Middle northern and
South-Eastern part of the UKW is more suitable for construction of RWH structures.
On the other hand, depth of runoff in this UKW area indicate that north-western and
southern portion of the hilly area has the highest runoff generation and north-eastern
and middle portion of the watershed has runoff generation at <900 mm. Finally,
overlay of different thematic layers i.e. LULC, slope, soil texture, lineament density,
geomorphology, weathering profile, runoff depth, stream order has indicating the
suitable site for RWH structures in UKW. All of these thematic layers are divided
into different classes and given them individual scores on the basis of product of
weight. To facilitating RWH structures, scale values of 1 to 9 are assigned individ-
ually. The score value 1 indicated lowest Weightage and score value 9 indicated
highest weightage. In this research study, different parameters were used which are
mentioned in technical guidelines of IMSD, NRSA, and INCOH for suitable sites of
RWH structures. Parameters for different RWH structures are as follows-

1. Check dams—constructed in lower orders stream up to 3™ order streams, slope
ranges between 2 and 5% with deep soil cover.

2. Percolation tanks—basically, constructed lower portion of the check dam i.e.
in the downstream segment, slope ranges between 3 and 5% and soil having
adequate permeability.

3. Minor irrigation tanks—availability of sufficient catchment area in the upstream
side, slope of <8%.

5 Conclusions

The space technology along with GIS techniques can be used effectively for sustain-
able watershed development and water resource management purposes. It has widely
recognized that site suitability analysis for identification of RWH structures using
runoff (SCS-CN) model, remote sensing and GIS techniques has an advantage over
the conventional method. This is due to the GIS platform has the capability to integra-
tion of different layers of variety parameters and as a result which give a composite
layer for suitability units. It is necessary to estimate surface runoff in relation with
rainfall within a watershed to manage water resources, particularly in drought-prone
areas. Whereas, the UKW belong to drought prone region, therefore, sustainable
water resource conservation and uses is important for all kind of development activi-
ties. The results of present study suggest that the rate of water percolation and ground
water recharge are low compare to the annual rainfall due to the high rate of surface
runoff. Thus, excessive rate of runoff degraded natural resources like land degrada-
tion through soil erosion and severe water scarcity all over the UKW. Therefore, to
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overcome these problems, formation of artificial recharge structures is very much
necessary. Thus, in this analysis site suitability of check dams, percolation tanks,
and minor irrigation tanks were assigned. The site suitability of RWH structures
map will be very much helpful to watershed planners and hydro for sustainable
watershed management and water resource planning.
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Abstract The problem regarding the uses of groundwater and daily needs is very
high in the third world countries like India. Kolkata is one of the metropolitan cities
in India, facing several problems, like lack of drinking water, lack of water for daily
uses etc. This study is focus to delineate groundwater potential areas of Kolkata
with the help of geospatial techniques. Weightage indices have been calculated with
the help of few criteria’s like geo-morphological map, hydro-logical map, land use
and land cover map etc. Results show most of the area in Kolkata city comes under
the low potential zone for groundwater. This type of study will throw a new light
over the future studies in the field of groundwater management. Side by side efforts
has been made to recommend few suggestive measures to mitigate the problems of
groundwater in Kolkata city.
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1 Introduction

Groundwater is playing a major role in any developmental activities. In urban areas,
the major source of water is groundwater. In the tropical regions like India, there is
uncertainty of rainfall, the inhabitants of the urban areas and the poor farmers in rural
areas have to be depending on the groundwater resources for their drinking purposes
and cultivation purposes respectively.

Geospatial technologies and its tool like Remote Sensing (RS) and the Geograph-
ical Information System (GIS) is one of the essential tools for groundwater manage-
ment due to its synoptic coverage, repetitive activity, analyzing spatio-temporal
characteristics of the data. In the groundwater study, RS and GIS are not directly
helped, but aids to identify the potential areas for the groundwater potential area
based on the environmental variables (Remesan and Panda 2008; Subramani et al.
2012). Geophysical techniques along with other previous methods like physical tech-
niques and photo-geological techniques have been employed to identify the ground-
water potential zones (Taylor and Howard 2000; Srivastava and Bhattacharya 2006;
Adhikary et al. 2015). Recently various types of satellite data has been used for the
mapping of ground water potential zones with the help of old maps mainly used for
the ground truth verification (Muralidhar et al. 2000; Chowdhury et al. 2010). In
Taiwan, first groundwater potential study has been carried out using geo-informatics
with the help of several physical factors like lithological features, land use types,
lineament and its types with distribution, drainage characteristics and slope (Musa
et al. 2000). Kumar et al. (2012) makes an effort to find out the groundwater poten-
tial zones in the south western part of India, Kerala. Tiwai et al. (2017) has been
conducted a study about the different processes of ground water recharging in the
Damodar river valley area in India. Behzad et al. (2015) makes an attempt to find
out the different categories of ground water potential areas in the hilly areas of India
using remote sensing technologies.

The weights of factors contributing to the groundwater recharge are derived using
aerial photos, geology maps, a land-use database, and field verification. For mapping
of groundwater zones soil, land use and land cover, geology, geomorphology, rainfall,
drainage density were derived from the high-resolution satellite images (Sciences
2013).

2 Study Site

Kolkata is one of the major metropolitan cities in India, have been flourished from
the period of the British era. Kolkata is under the jurisdiction of Kolkata Municipal
Corporation (KMC), extending between 22° 34’ North latitude and 88°21” E longitude
(Fig. 1). Kolkata and its surroundings are known as Kolkata Metropolitan Area
(KMA). The total numbers of wards in KMC are 144. After 2012, few areas of
Joka I and Joka II panchayats have been added with KMC and total areas of KMC
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Fig. 1 a Location of Kolkata Municipal Corporation. b Network stations in KMC

has been increased into 200 km?. Kolkata city is located in the eastern bank of the
Hooghly River and on the large alluvial plain of the delta. The heights of Kolkata city
ranges from the 0 to 9 m from the sea level (United States Geological Survey). The
population of KMC is 4.54 lakhs with a growth rate of —0.38% from 2001 to 2011
census. The Climate of Kolkata is under the monsoonal climate. The temperature
of Kolkata is maximum in the month of May—June (ranges from 35° to 45 °C) and
minimum in January—February (ranges from 15° to 20 °C) month. July and August
month are the rainy season and also the ideal time for groundwater recharge. The
soil of Kolkata is mainly alluvial as this city is located on the thick alluvial deposit
of Hooghly River and also a major part of the moribund delta.

Total number of boroughs in KMC is 16. There are few pumping stations in
Kolkata from where groundwater has been collected (Fig. 2).

3 Data and Methods

An earlier study reported that the groundwater of Kolkata city is depleting very
rapidly (KMC 2012). To find out the potential areas of groundwater various physical
maps like slopes, elevation, drainage characteristics, land use and land cover types,
geomorphology, hydrological, hydrochemical map have been used. Drainage map,
geo-morphological map, hydrochemical zonation map etc. have been collected from
the Kolkata Municipal Corporation from Dharmatala Area with a scale of 1:38,000,
KMDA offices in Salt lake with a scale of 1:42,000 etc. After Collection of those
maps, those maps have been digitized with the previously geo-referenced map with
the same topographic scale.
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Fig. 2 Framework of research methodology

Uses of land and land cover types of Kolkata were prepared from Landsat OLI 8
satellite images of 2019 (138/44, Date of Pass 12.03.2019) of Kolkata based on super-
vised classification. The Advance Space Thermal Emission Radiometer (ASTER)
DEM has been collected from Jet Propulsion Laboratory, California Institute of
Technology (https://asterweb.jpl.nasa.gov/gdem-wist.asp) to prepare the elevation
and slope map. DEM was generated through 5 m contour interval. Slope and eleva-
tion map are collected from the United States Geological Survey from Advance
Space Thermal Emission Radiometer (ASTER) DEM global land cover data.

Field verification has been carried out during the period between March—April
month and September—October month (i.e. before and after the rainy season) to
scrutinize the reason for depletion of groundwater. For image processing, Erdas
Imagine software v14 has been used.

All the thematic layers are finally integrated and overlapped using ArcGIS desktop
software v14 to yield groundwater potential areas (Table 1). All the thematic layers
were overlaid to delineate an integrated output of groundwater potential zone map
of Kolkata city.

4 Results and Analysis

From the various maps and reports, it has been found that the groundwater of Kolkata
city has been depleting very rapidly. The condition of groundwater in the few areas is
so poor that the percentage of groundwater has been totally depleted. As a result, the
groundwater layer of Kolkata city has been transformed into a shallow layer which
can cause land subsidence in any area.


https://asterweb.jpl.nasa.gov/gdem-wist.asp
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Table 1 Weighted indices of the indicators

SL. no Criteria Classes Rank Weights
(%)

1 Geomorphology Deltaic plain 1 20
Inter-distributary Marsh 2
Older Levee 3
Younger Levee 4

2 Hydro-geological map A group 1 15
B group 2

3 Hydro-chemical map Ca-Mg—Cl type 1 7
Ca-Mg-HCO3 type 2
Na—Cl type 3
Na-HCOs type 4

4 Land use and land cover map Vegetation 4 20
Water bodies 3
Barren land 2
Built-up area 1

5 Drainage network Less than 30 m 1 25
30-60 m 2
60-90 m 3
90-120 m 4
More than 120 m 5

6 Slope Low 1 5
Medium 2

7 Elevation Low 1 5
Medium 2

Figure 3 shows the geo-morphological map of Kolkata Municipal Corporation
(KMC). From the geo-morphological map of KMC, it has been found that Kolkata
is located mainly in the alluvial plain of the Hooghly River. The geo-morphology
of this area has been classified into four categories. Those are Deltaic Plain, Inter-
distributary Marsh, Older Levee and Younger Levee. The percentage (Table 2) of the
older levee (15.05%) is high in the upper i.e. the northern portion of Kolkata and the
younger levee (17.01%) can be found in the southern portion of the KMC. Because
of the presence of the alluvium layer, the infiltration of water below the ground is
very high, but now the layer of groundwater is depleting very rapidly because of
low infiltration of water in the subsurface layer and over-exploitation or excessive
use of the groundwater. Soumen (2014) opined that the amount of groundwater
concentration is high in the low lying area and alluvial plain area, but it is low in the
mountain area or the residual hilly area.
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Table 2 Weighted indices of the geomorphological indicators
Class name Area (km?) | % Description Weightage
Younger Levee 31.45 17.01 | Mainly beside the Hooghly 7
river because of the deposit of
aluvium
Older Levee 27.87 15.05 | Mainly beside the Tolly Nallah | 6
towards the southern parts of
Kolkata
Interdistributary Marsh | 59.65 32.24 | Areas beside the east Kolkata |4
wetland areas and in the
southern parts of Kolkata
Deltaic plain 66.51 35.95 | In the northern and central part | 3
of Kolkata i.e. part of the
Morbund delta
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Figure 4 shows the hydro-geological map of Kolkata Municipal Corporation
shows that most of the land in this area belongs to the quaternary and upper tertiary
time period. Alluvium, clay, silt, sand, gravel and pebble are the major lithological
characteristics of the area. The layer of this area is thick in nature with confined
aquifer of 360 m. These are the major hydrological characteristics of the area. In
this map, group A indicates the area where fresh water is overlain by saline ground-
water and group B indicates that area where fresh groundwater is underlain by saline
groundwater. Most of the area of KMC is under the subgroup A, which covers almost
75% of the total area and it is followed by group B which covers only 45% of the total
area (Table 3). The area under B group is high in the southern parts of Kolkata. So,

Table 3 Weighted indices of the hydro-geological indicators

Class name | Area (km?) | % Description Weightage
A group 139.39 75.35 | Whole parts of KMC except Southern Part | 8
B group 45.61 24.65 | Only Southern Part 7
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most of the areas in the southern Kolkata is under the saline water or arsenic prone
areas. There are two types of pipelines in the southern parts of Kolkata one is from
the KMC and another is a direct pipeline from the Garden reach pumping station.
Most of the people prefer the water from Garden Reach pumping station areas as the
quality of water is relatively high than the KMC pumping stations.

Figure 5 explains the hydro-chemical conditions of the groundwater of the Kolkata
Municipal Corporation. There are two types of hydro-chemical layers are present in
Kolkata. Firstly, the area where fresh water is underlined by the saline water and
secondly the area where the saline water is underlain by the fresh water. These
two are the typical types of hydro-chemical composition can be seen in this area.
Other than these types of characteristics there is four compositions of water has been
found here those are Chemical Ionization of Calcium-magnesium (Ca—-Mg-C;) type,
Calcium-magnesium hydrogen carbonate (Ca—-MgHCO3), type, Sodium Chloride
(Na—CI) type and Sodium-bicarbonate (Na—HCOs3) type (Table 4).

Figure 6 explains the characteristics the patterns of land use and land cover in the
Kolkata Municipal Corporation (KMC) Area. From the overview of types of land
use and land cover features, it has been found that urban area or the built-up area is
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Fig. 5 Hydro-chemical map of Kolkata
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Table 4 Weighted indices of the hydro-chemical indicators
Class name Area (km?) % Description Weightage
(Ca-Mg-C;) type 78.05 42.19 Chemical ionization of 3
Calcium-magnesium
(Ca—MgHCO3),type 71.37 38.58 Calcium-magnesium 2
hydrogen carbonate
(Na—CI) type 5.42 2.93 Sodium chloride 1.5
(Na-HCO:3) type 31.05 16.78 Sodium-bicarbonate 0.5
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Fig. 6 Land use and land cover map of Kolkata municipal corporation

the major land use and land cover in this area (Table 5). It is followed by vegetation
area, water bodies, barren land and a very small amount of urban agriculture mainly
towards the eastern part of the KMC area. The percentage of built-up area in this area
is very high which creates an adverse impact on the local land resources. Because of
the increase in impervious surfaces, the infiltration of rain water is very less in this
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Table 5 Weighted indices of the LULC indicators

LULC class name | Area (km?) | % Description Weightage
Vegetation 29.01 15.68 | Outside the CBD areas 9
Water bodies 18.06 9.762 | Mainly eastern parts 7
Waste land 34.32 18.55 | Scattering all over the KMC 3
Built up area 103.61 56.01 | Mainly Central Part (CBD) and Northern | 1
Area (older Part)

region. For this reason, groundwater recharge is not successful properly. According to
the Chowdhury et al. (2010) the infiltration of ground water is high in the waterlogged
or forest area and it is very low in the urban area.

In the southern part, the conditions of the drainage system are very poor, the
elevations of the area are very low and the drain is not properly clean regularly
which makes this area completely waterlogged in the rainy season or any certain
amount of rainfall in a short time period. Figure 7 shows the height of water in the
KMC area which indicates that the height of water in the northern portion of KMC
is very less as this is the most older parts in this area. Other than these the height
of groundwater is slightly high in the southeastern and southwestern part of the area
as these area has been flourished later and these areas are the newly added area of
KMC (Table 6).

Figures 8 and 9 show slope and elevation map of KMC respectively. Results show
that the elevation is high in northern part than the southern parts. The whole region is
slightly tilted towards the southern direction because of the presence of Ganga delta
and Bay of Bengal (Table 7).

The potential areas of groundwater are identified by overlapping all the maps
produced in this study using weighted overlay method by using a spatial analysis
tools and techniques of ArcGIS software. During this analysis, the ranks have been
assigned based on the influence of the different parameters. After that, all the thematic
maps were converted into raster format through “Reclassification” technique in
ArcGIS software.

From potential areas (Fig. 10) of groundwater, it has been found that most of the
area in Kolkata city is low groundwater potential zones (Table 8). As most of the areas
in Kolkata city is under the impervious area. The rate of infiltration of groundwater
is very less in this area.

From the above study, it has been found that in Kolkata because of the increase in
the impervious surfaces the rate of infiltration of water in the ground is very low which
creates extreme pressure in the urban ecological conditions of the city. Other than
these from the field verification, it has been found that because of the urban expansion
most of the wet lands and water bodies have been converted into the urban area or
residential area, which indirectly reflects on the urban environmental conditions of
the city. In some areas near the southern part of the KMC (Like Behala, Metiaburuz)
the layer of groundwater is totally depleted, for this reason the inhabitants of those
areas have to be depend on the municipal car services for the consumption of drinking
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Table 6 Weighted indices of - 2 .
Height of water level | A ki % Weight:
the height of water level CIENt 0! Water eve rea (k) ? clentage
indicators Less than 30 m 5.75 3.11 7
30-60 m 39.41 2130 |6
60-90 m 45.37 2452 |5
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water. From this study, it has been found that the potential zone with low groundwater
is high in the northern parts of the Kolkata as those areas are the old city areas in
Kolkata. The percentage of area of high groundwater potential is high in the southern
parts of Kolkata and those areas are the newly added areas of Kolkata.

5 Discussion and Recommendation

To save the groundwater of KMC area, overuse, misuse or exploitations of the ground-
water should be strictly stopped. Otherwise future generations have to depend on the
rain water for their daily needs. There are no master plans for the Kolkata city.
So, Govt. Officials and policymakers should prepare a strict master plan to protect
and save the groundwater from its misuse. Most of the drainage network systems in
Kolkata city are very old in nature which was mainly developed by the Britishers. So,
decision-makers and urban planners have to make a well-planned drainage system
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Table 7 Weighted indices of the slope and elevation

Slope Description Weightage | Elevation Description Weightage

Low High infiltration |3 High elevation | Low infiltration |2

Medium | Low infiltration |2 Low elevation | High infiltration |3

network to prevent Kolkata city from waterlogging and for the groundwater recharge.
Kolkata Municipal corporation authorities should restrict the uses of the groundwater
and the authorities should give subsidies to the inhabitants who are using natural water
for their daily uses. The authorities should increase water tax to prevent the misuse
of the groundwater. Lastly, awareness among the people should be increased to know

about the importance of groundwater.
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Table 8 Groundwater potential areas in KMC

Potential zones | Area (km?) | % Description

Low 94.61 51.14 | Mainly in the CBD areas and Northern Parts

Medium 41.32 22.34 | Scattering all over the areas

High 49.07 26.52 | Mainly in the east Calcutta Wetland areas and fewer areas

in southern parts

6 Conclusion

Kolkata is one of the cities in West Bengal which have experienced rapid devel-
opment mainly because of the rapid influx of refugees and major infrastructural
development. Because of the huge increase in an urban area or built-up area the rate
of infiltration of rain water has been decreased in this area very rapidly. This is the
major reason behind the decline of groundwater level. The groundwater potential
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zones with high possibilities are very low in this area and most of the area is under
the very low groundwater potential area. In the area of high potential of groundwater,
the infiltration rate of groundwater will be high and vice versa. The percentage of
the low potential zone is high in this area just because most of the area is under the
urban land area or built-up area. So, water cannot penetrate over the low potential
zones. Govt. officials and policymakers should take immediate measure to solve the
problem of groundwater in Kolkata city. Otherwise, it will make a natural disaster
which leads to the destruction of the city also. These types of study will throw a new
light over the future study. It will help other policymakers to take immediate planning
measures to mitigate the problem of groundwater of Kolkata city. The study which
has been done over the Kolkata city can also be applied to the other major cities also.
As the importance of water and groundwater is very high in our daily life, so it is
one of our duties or responsibilities to save the water for future generations.
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Geospatial Assessment of Groundwater )
Potential Zone in Chennai Region, Tamil | @
Nadu, India

K. S. Vignesh, P. Thambidurai, and V. N. Indhiya Selvan

Abstract The major source of drinking water is Groundwater for human life. The
current study utilized the geospatial techniques, to identify the groundwater poten-
tial zones in Chennai region. The calculable parameters used to conduct this study
such as soil, land use/land cover, geomorphology, geology, slope, rainfall, lineament,
drainage density, lineament density and NDVI which has been derived to identify the
groundwater potentiality in the research area. The weighted overlay technique deter-
mines the influence of various parameters based on the assigned weights. The study
highlighted the groundwater potential zones in five categories such as very low, low,
moderate, high and very high. The result reveals that western and south western
zones of the Chennai region records 60% dominant in groundwater. The study will
also enhance the stakeholders for the purpose of planning, resource management and
other developments in the study area.

Keywords Groundwater potential zone + Thematic layers-Weighted overlay
analysis * GIS and remote sensing - Chennai region - Tamil Nadu - India

1 Introduction

Globally, two third of groundwater is considered to be the freshwater resources
(Chilton et al. 1995). It is a substantial part of ecosystem and environments. Ground-
water plays a major role for all the purpose of water requirements preferably for
drinking, agriculture, industrial and ecological function in the hydrological system
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(Varma and Tiwari 1995; Takem et al. 2011). According to Howard (2002) urbaniza-
tion, in particular, groundwater resources are being increasingly exploited to meet this
growing demand and can make a serious constraint on quality and local resource in
later. Due to high population in the metropolitan cities, there occurs a serious threat to
groundwater and its quality (Thambidurai et al. 2014). A technical report published by
Central Groundwater Board (CGWB 2017) was stated that the 70% of groundwater
is utilized for agricultural purposes and whereas in urban areas 90% is utilized for
domestic water consumption. Due to population growth, urban areas are facing exten-
sive water scarcity which is indirectly declines the groundwater resources. According
to the UNESCO (2000), the death rate tolls around 2.2 million per year in the world
due to lack of safe drinking water. Comparatively it’s a natural phenomenon that
the groundwater is clearer safer than the surface water. Due to population growth,
urban areas are facing extensive water scarcity which indirectly declines the ground-
water resources (Takem et al. 2010). The Government is facing serious problem in
managing the groundwater resources, particularly with the aquifers available around
the areas in the country.

The enormous usage of groundwater for domestic and an irrigation purpose
declined the level of water resource and also cause devastating damage to the aquifer
by water contamination and pollution. One of the main problems is groundwater
pollution in India and the issues of water quality for various physical and chem-
ical parameters were reported (Thambidurai et al. 2013; Moharir et al. 2017). Todd
and Mays (1980) strongly addressed that geophysical, hydrogeological, and drilling
methods are suitable to identify the groundwater zone. Nowadays, advancement of
technology and satellite-based information are used extensively to access the base-
line information of potential groundwater zones and sustainable management of
resources (Magesh et al. 2012; Sener et al. 2005).

The Geographical Information System (GIS) facilitates wide range of user friendly
support on spatial data management and spatial analysis (Burrough 1986) and also
it can offer precise spatial information which overcomes the traditional methods
like hydrological and geological surveys. Furthermore the authors Saraf and Choud-
hury (1998) reported the integration of geographical information system and remote
sensing as an effective tool for exploring groundwater prospective zones. Adding,
Sander et al. (1996) highlighted the feasibility of identifying the groundwater zones
using various influential parameters.

The concept of ascertaining the potential groundwater zones through geograph-
ical information system and remote sensing were studied by the researchers around
the globe however the influential parameters varies and depends on the topography
of the study area (Nagarajan and Singh 2009; Imran et al. 2010; Oh et al. 2011;
Magesh et al. 2012; Nag and Ghosh 2013; Bagyaraj et al. 2013; Kumar et al. 2014;
Selvamet al. 2015; Yeh et al. 2016; Kanagaraj et al. 2019). For an effective iden-
tification of groundwater potential zone, the present study includes various influ-
encing factors are (1) Geology which facilitates precise information on primary rock
layers. (2) Geomorphological study enriches the information on surface landforms.
(3) Soil texture provides information on downward movement of water to determine
the groundwater potentiality. (4) Slope regulates the surface water infiltration. (5)
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Elevation determines the availability of groundwater. (6) Rainfall is unique factor
for groundwater recharge. (7) LU/LC influences forecasts the rate of surface runoff
and infiltration. (8) Drainage density also regulates the surface water infiltration into
the soil. (9) Lineament density governs movement of groundwater with respects to
geological faults and fractures. (10) Normalized Difference Vegetation Index (NDVT)
contributes the assessment crop stage condition precisely. Probably for the first time,
the current study attempted to identify an effective groundwater potential zone using
geo-spatial technology integrated with multi-influencing factors in Chennai region,
Tamil Nadu.

Every year there is an increasing demand of water in Chennai region which
led to a direct scarcity of freshwater. Notable population utilizes groundwater for
their daily needs which led to groundwater crisis during summer season. Another
challenges faced in the study area is the vital growth of industrialization led to an
impactful changes in climate over the decades has levied intense stress on ground-
water resources. Based on the report of Central Groundwater Board (2019), the major
reservoirs that supply drinking water to this region have dipped far below the zero
level and hold not even 1% of their capacity. The area is now critically dependent on
neighboring states and also certain policy framework is required to solve the problem
efficiently. The initiation of Information Technology (IT) corridor and Technology
Park with enormous floor space benefits has no piped water supply for their use
which faces serious threat to employability.

2 Materials and Methods

2.1 Study Area

The Chennai region is situated in the North Eastern part of Tamil Nadu (Fig. 1) and
it covers 426 km? which lies between 15° 59’ and 13° 08’ north latitude and 80° 12
and 80° 18’ east longitude. The eastern side of study area bounded by Bay of Bengal,
where the coastal stretch is covered 43 km. The landscape of the research area is
terrain with a slight alteration of 2 m above the mean sea level (MSL). The study
area comprises 15 zones with the population of 66,72,103 (Census India, 2011).The
month of January is the coolest part of the year which records 18-20 °C followed
by March is warm which records 25-32 °C and from May to June is the hot and
humid with the temperature ranges from 38 to 42 °C. The average annual rainfall is
750 mm.
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Fig. 1 Location map of the study area

2.2 Methodology Framework

Due to the lack of research study and continuous groundwater issues alarmed the
authors to undergo the research study in Chennai region. The methodology adopted
for the study is framed in the Fig. 2. Baseline topography of the study area was derived
from topographical sheets No. 68 C/1, 68D/1 and 68D/5, Survey of India (SOI) with
scale 1:50,000. Subsequently, geology and geomorphological data were derived from
Geological Survey of India. The other thematic layers include, lineament density,
elevation, slope, LU/LC, NDVI and drainage density were prepared from satellite
imagery in various resolutions. All the thematic layers as a raster file were overlaid
to process the final results. The spatial analyst tool in GIS platform is used to execute
the weighted overlay analysis based on the weights assigned for various influential
parameters. In a research study, during the execution of weighted overlay analysis
assigned suitable weights to each parameter and subsequently, ranks to each subclass
of that parameter based on the hydrogeological condition of the study area. As a
result of potential zone for groundwater is demarcated in the study area in terms of
05 categories viz. very low, low, medium, high and very high.
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Fig. 2 Methodology flowchart

2.3 Data Used

The spatial and non-spatial datasets were extracted from various sources based on the
suitability and availability. Table 1 lists the dataset used for the study. The extracted
data are processed in Arc Map 10.3 for the purpose of analysis.

3 Results and Discussion

3.1 Geology

The geological formation is classified into seven categories namely crystalline rocks,
Khondalite Group, Peninsular Gneiss (Bhavani group), Cuddalore Formation and
Sathyamangalam Fluvial-marine-mangrove swamps and Alluvium—fluvial. The
area is dominant on crystalline rocks of 43% distributed in north western side subse-
quently, alluvium—fluvial along the coastal side covers an area of 130.11 km?. The
traces of Khondalite Group are seen in the western side of area in 2.2 km? followed
by Cuddalore Formation with 1.26 km?.

Other groups such as fluvial-marine-mangrove swamps are present in 17 km?,
Peninsular Gneiss in 80.1 km? and Sathyamangalam Group in 8.07 km? are present
in the study area. Figure 3 represents the geological formation of the study area
and Table 2 highlights the area accommodated for each subclasses. The dominant
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Table 1 Data used for the study

K. S. Vignesh et al.

S1. No.

Input data

Source

Year/path/row

Scale/resolution

1

Geology

Geological Survey of
India, Chennai, Tamil
Nadu

2005

1:50,000

Geomorphology

Geological Survey of
India, Chennai, Tamil
Nadu

2005

1:50,000

Soil texture

National Bureau of
Soil Survey and Land
Utilization Planning,
Nagpur, Maharashtra

1996

1:50,000

Slope

USGS—Shuttle Radar
Topographic Mission
STRM 1 Arc Second
Globe

23-09-2014

30 m

DEM

USGS—STRM

23-09-2014

30 m

Drainage density

USGS—STRM

23-09-2014

30 m

LU/LC

Sentinel—2 (ESA)
Band combination
(Blue, Green, Red,
NIR and SWIR)

05-07-2018, R-142,
P-51

10 m

NDVI

Sentinel—2 (ESA)
Band Combination
(NIR and Red)

05-07-2018, R-142,
P-51

10 m

11

Lineament density

Bhuvan (https://bhu
van-appl.nrsc.gov.in/
thematic/thematic/ind
ex.php)

NA

1:50,000

crystalline rocks are capable of water movement rapidly through fractures and joints
which determines the groundwater potential zones.

3.2 Geomorphology

The geomorphological features of study area is comprises of old coastal plain, pedi-
ment, young coastal plain, flood plain, alluvial plain and pediplain. The maximum
area of 137.01 km? is covered by alluvial plain along the north and western side of
the study area which is 32% of total area. In addition, coastal plains are dominant
in the study area in two categories namely old coastal plain and young coastal plain
with 83.53 km? and 136.2 km? respectively. The pediplain traces are found in the
western side of the area with the moderate percentage of 15.49%.


https://bhuvan-app1.nrsc.gov.in/thematic/thematic/index.php
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Fig. 3 Geology map of the study area
Table 2 Geology classification of the study area
Class Potentiality Area (km?) Area (%)
Alluvium-fluvial Very high 130.11 30.53
Khondalite group Low 2.02 0.51
Crystalline rock Low 187.03 43.96
Fluvial-marine-mangrove swamps Very high 17.00 3.99
Peninsular genesis Very low 80.01 18.80
Cuddalore formation High 1.26 0.29
Sathyamangalam group High 8.07 1.89
Total 426.04 100
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Fig. 4 Geomorphology map of the study area

The flood plains are delineated from western side to eastern side with least area
of 0.66%. Figure 4 shows the geomorphological features of the study area and Table
3 illustrates the area calculation for each geomorphological class respectively. The
alluvial plains are generally formed by deposition of running water. Hence, presence
of alluvium deposits along the course trends for groundwater potential zones.

3.3 Soil Texture

The soil texture of study area were classified into eight groups namely clay loam,
loamy sand, water body, clay, sandy loam, habitation, sandy clay, sandy clay loam.
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Table 3 Geomorphology G hol Potentiality | A m?) | A %
classification of the study area comoTpno oey orentaty rea (k') rea (%)
Old coastal plain Low 83.53 19.61
Pediment—inselberg | Medium 0.05 0.12
complex
Young coastal plain Very