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Abstract Remote Sensing (RS) and Geographical Information System (GIS) play a
crucial role to understand the division of groundwater, an important resource of water
supply all over the world. In this present study, groundwater potential and recharge
zone maps, are delineated for Loni and Morahi watersheds, Unnao and Rae Bareli
district, Uttar Pradesh, India using RS, GIS and Multi-Criteria Decision Making
(MCDM) techniques. The Satty’s Analytical Hierarchical Process (AHP) is used as
a MCDM technique to normalise the weights of various thematic layers and their
classes for delineating the groundwater potential and recharge zone maps. Thematic
layers were integrated using weighted overlay in a GIS environment to generate
groundwater potential and recharge zone maps. The output potential map is further
classified into five zones on the basis of their histograms, viz., ‘very poor’, ‘poor’,
‘good’, ‘very good’ and ‘excellent’. The area falling in the excellent zone is about
150.93 km2 (7.06 % of the total study area), which covers a major portion of the
Ganga river. It discriminates the areas where the terrain is suitable for groundwater
storage. However, the area falling in the very poor zone is about 372.03 km2

(17.42 % of the total study area) and covers the Loni river south-eastern portion
and some areas in north-eastern sides. Groundwater recharge map is classified into
four zones namely; ‘most suitable’, ‘moderately suitable’, ‘poorly suitable’ and ‘not
suitable’. Yield data of the 40 pumping wells are used to verify the groundwater
potential zone map, and the results were found to be good.
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1 Introduction

Groundwater is the largest available fresh water resource in the world. In India, 30 % urban
and below 90 % of the rural population depends on groundwater for meeting basic needs.
Unfortunately, shortage and overused of groundwater resources without proper scientific
planning are common in India (Rodell et al. 2009). The term groundwater potential indicated
the availability of groundwater in a particular area. From groundwater exploration view, the
groundwater potential highlights the possibility of groundwater occurrence in an area.

A variety of techniques can be used to provide information about its potential occurrence,
directly or indirectly. RS is one of the advanced technologies that have been used for under-
standing sub-surface water condition (Todd 1980) with their advantages of spectral, spatial and
temporal nature of data that can be available for even inaccessible areas within a short span of
time. RS has become a very handy tool for accessing, preserving andmonitoring the groundwater
resources (Gupta and Srivastava 2010). For decades, RS images have been used successfully for
mapping and extraction of geomorphology, geology, slope, soil type, landuse, fractures, recharge
& discharge areas and lineament etc. (Dar et al. 2010; Agarwal et al. 2013a, b). Integration of
these layers can give quick and profitable demarcation of groundwater potential zones.

In India and abroad, several researchers (Krishnamurthy et al. 1996; Murthy 2000; Shahid
et al. 2000; Jaiswal et al. 2003; Sikdar et al. 2004; Sener et al. 2005; Chenini et al. 2010;
Rashid et al. 2011; Elmahdy and Mohamed 2014) have successfully used RS and GIS
techniques for the assessment of groundwater potential. Thematic layers used for delineating
groundwater potential zones vary from one study to other, and their selection is quite random.
The assignment of weights to different thematic layers and their classes are solely based on
personal decisions. Recently, Chowdhury et al. 2009; Jha et al. 2010; Agarwal et al. 2013a, b
have successfully used MCDM technique for finding the weights for groundwater potential
mapping studies. Saaty’s AHP is widely used MCDM technique for taking decision for
resources mapping and their management (Pawattana and Tripathi 2008). MCDM has been
accepted worldwide as a very efficient tool for dealing with complex decision problems.

The main objective of the present study is to delineate Ground Water Potential Zones
(GWPZ) and GroundWater Recharge Zones (GWRZ) of Loni andMorahi watersheds with the
integrated use of RS, GIS and MCDM techniques.

1.1 Study Area

Loni and Morahi watersheds, cover an area of about 2145 km2 in the Unnao and Rae Bareli
districts of Uttar Pradesh, India. It is laying between latitude 26°01′0.5″ to 26°40′13.24″ N and
longitude 80°16′28″ to 81°01′50″ E (Fig. 1). The topography of study area is almost flat with
the slope varying from 0 to 5 %. Average annual rainfall is falls between 800 and 900 mmwith
more than 85 % rainfall occurs in monsoon period (June to September). Climate of the area is
sub-tropical, and monthly temperature varies between 3°-45 °C. Geologically, it is a part of the
vast Indo-Gangetic alluvial plains.

2 Materials and Methods

The methodology for the preparation of GWPZ and GWRZ maps is given in flow-
chart of Fig. 2. Firstly, the corresponding toposheets acquired from Survey of India at
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1:50,000 scales are georeferenced in UTM WGS84 projection system using the
standard registration method. Then satellite images, soil map and geological map
collected from various sources are geo-referenced with the help of corresponding
toposheets using ERDAS Imagine 9.3. Drainage layer is generated from toposheets,
and subsequently it is updated with the help of Landsat (ETM+) satellite image.
Further drainage density layer is prepared using drainage layer. A Digital Elevation
Model (DEM) was derived from ASTER data by removing the local depressions. The
slope layer has been prepared using DEM by applying gradient filters in horizontal
and vertical directions. The resulting map was used to compute slopes using the
following equation:

Slope ¼ 100�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DX 2 þ DY 2

p
Pixel Size

ð1Þ

Where, DX and DY are the filtered DEM values with the horizontal & vertical
gradient filters, and Pixel Size is the height value of the DEM. The soil layer is
prepared by digitizing the geo-referenced soil map obtained from the National Bureau
of Soil Survey & Landuse Planning (NBSS&LUP), and is further updated with the
help of a satellite image. Land Use/Land Cover (LULC) layer was generated using
Landsat ETM+ satellite imagery of 30 m spatial resolution pertaining to 11 Oct. 2006
in eight spectral bands. For the generation of LULC map, supervised classification
method was adopted using Bayesian Maximum Likelihood Classifier (MLC). MLC is
a well-developed method and parametric decision rule that is based on statistical

Fig. 1 Study area
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decision theory. Geology layer is prepared by visual interpretation of satellite image
with the aid of Geological Survey of India (GSI) map. Geomorphology layer was
prepared on the basis of specific tone, size, texture, shape and association character-
istics as seen on Landsat ETM+ image. Rainfall layer is prepared using 15 years
(1993–2007) data of 7 raingauge stations, which have been acquired from the Indian
Meteorological Department, Pune. Depth to water table layer is derived using IDW
interpolation technique, while recharge layer is prepared by multiplying the Water
Table Fluctuation (WTF) image with specific yield layer.

2.1 Weight Assignment and Normalization

In this study, eight hydrologic themes, namely; geology, geomorphology, LULC, soil, slope,
drainage density, WTF and rainfall were created in raster format and integrated in GIS
environment. All the thematic maps and their individual features have been assigned suitable
weights on the basis of discussion with various groundwater experts, literature review and
according to their hydrological importance in the occurrence of groundwater in the study area.
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Fig. 2 Flow chart of methodology
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The assigned weight have been normalized on the basis of Saaty’s scale, considering two
themes and classes at a time on the basis of their relative importance to determine the GWPZ.
Thereafter, pair-wise comparison matrices of assigned weights to different thematic layers and
their individual classes are constructed using Saaty’s AHP, and weights are normalized by
eigenvector approach. Consistency Ratio (CR) has been calculated to examine the normalized
weights of various thematic layers and their individual classes as per recommendation of Saaty
(1980). The following steps are carried out to compute CR of various thematic layers and their
individual classes (Saaty, 1980):

(1) The normalized pair wise comparison matrix A1 is built as:

A1 ¼
a11

0
a12

0 … a1n
0

a21
0

a22
0

⋯ a2n
0

⋮
an1

0
⋮
an2

0
⋱ ⋮
… ann

0

2
664

3
775 ; aij

0 ¼ aijX n

1
aij

for i; j ¼ 1; 2; ::::; n ð2Þ

(2) The eigenvalue and the eigenvector are calculated as:

W ¼
w1

w2
⋮
wn
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3
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X n

1
aij
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n
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0
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0
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� � ð3Þ

Where,

W :Eigenvector,
wi :Eigenvalue of criterion i, and.
λmax :Average eigenvalue of the pair wise comparison matrix.

(3) To judge the uncertainty, Saaty’s Consistency Index (CI) has been used and it is
calculated using Eq. (4):

CI ¼ λmax−n
n−1

ð4Þ

Where n is the number of themes or classes.

(4) CR is a measurement of consistency, of pairwise comparison matrix and it is calculated
using Eq. (5):

CR ¼ CI

RI
ð5Þ

Where RI is the Ratio Index. The value of RI was taken from the standard table given
in Saaty (1980). The CR is acceptable if CR ≤ 0.1. Otherwise, re-evaluate the corre-
sponding weights to avoid inconsistency.
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2.2 Delineation of Groundwater Potential Zones

The methodology used to delineate GWPZ using RS, GIS and MCDM techniques is
demonstrated in Fig. 2. To compute GWPZ, all thematic maps were integrated in GIS
environment using the Eq. 6, as proposed by Malczewski (1999):

GWPZ ¼
Xm
j¼1

Xn

i¼1

wj � xi
� � ð6Þ

Where,
xi is the normalized weight of the i

th class of thematic layer and wj is the normalized weight
of the jth thematic layer, m is the total number of thematic layer and n is the total number of
classes in a thematic layer. The delineated map of GWPZ was verified with the help of yield
data of 40 pumping/boring wells, which were collect from Central Groundwater Board
(CGWB) Lucknow.

Fig. 3 Geology
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3 Results and Discussions

3.1 Geology

In this study, geological feature has been delineated and identified using visual interpretation of
satellite image, and with the aid of GSI map. Four types of geology has been found, namely
channel alluvium, terrance alluvium, lacustrine deposits and older alluvium as shown in Fig. 3.
Channel alluvium is the confined within the bank of Ganga River as point and channel bars,
and is composed of unoxidised grey micaceous sand and silt clay. It has been given higher
preference in determining groundwater occurrence; because of availability of high water
contents in sand and gravel beds.

3.2 Geomorphology

The geomorphological map was based upon the specific tone, size, texture, shape and
association characteristics of ground features seen on remotely sensed data.
Geomorphologically, the study area consists of a active floodplain, older flood plain, alluvial

Fig. 4 Geomorphology
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plain, lacustrine plain deposit and their landforms Meander scars and paeleo channels as
shown in Fig. 4. Active flood plain has high water level surface, hence it has best landform and
indicates the possibility of higher groundwater occurrence.

3.3 Land Use/Land Cover

LULC map was classified into eight classes, as agriculture (39.68 %), fallow land
(51.58 %), urban area (1.97 %), river sand (0.32 %), water body (2.1 %), salt affected
(2.1 %), barren land (1.55 %) and water logged (0.7 %), as shown in Fig. 5. An
accuracy assessment of the LULC map was determined on the basis of ground truth
information of 100 sampling locations and achieved 89 % accuracy with kappa
coefficient (κ) as 0.8325. Almost, 90 % of the total area is covered by agricultural
and fallow land. LULC affects the surface runoff, evapo-transpiration and groundwater
recharge. Water body, agriculture land and the waterlogged area are excellent sources
of groundwater recharge, while the urban and salt affected areas are considered to be
less significant. Therefore, highest weightage is given to water body, and lowest for
the urban area and salt affected for groundwater occurrence as shown in Table 1.

Fig. 5 Land use/land cover layer
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Table 1 Weightage of different parameters for groundwater potential zones mapping

Parameters Weights Detailed classes Weights

Geology 0.19 Channel alluvium 0.52

Terrace alluvium 0.24

Varanasi alluvium 0.17

Lacustrine deposits 0.07

Geomorphology 0.23 Active flood plain 0.23

Alluvial plain (Varansi plain) 0.09

Alluvial plain-Meander Scar 0.10

Alluvial plain-Paeleochannel 0.15

Lacustrine plain-Meander scar 0.06

Older flood plain-Meander scar 0.11

Older flood plain-Terrace T1 0.13

Older flood plain-Terrace T2 0.13

LULC 0.05 Barren land 0.06

Salt affected 0.05

Sand 0.07

Fallow land 0.09

Urban 0.05

Agriculture land 0.27

Water logged Area 0.11

Water bodies 0.30

Drainage density
(Km/Km2)

0.09 < 0.3 0.50

0.3–0.6 0.26

0.6–0.9 0.13

0.9–0.12 0.07

> 0.12 0.04

Water table fluctuation
(m)

0.19 < 1 0.47

1–2 0.28

2–3 0.17

3–4 0.08

Slope
(%)

0.05 0–1 % 0.44

1–3 % 0.26

3–5 % 0.16

5–10 % 0.09

>10 % 0.05

SOIL 0.09 Sand 0.51

Sandy loam 0.26

Silt loam & Loam 0.13

Silt loam 0.07

Silty clay loam & clay loam 0.03

Rainfall
(mm)

0.11 <600 0.10

600–700 0.16

700–800 0.28

>800 0.46

Remote Sensing and GIS based Groundwater Potential 251



3.4 Soil

The soils of study area reveal five main soil categories namely; sand, sandy loam, silt loam, silt
loam & loam and silty clay loam & clay loam, as shown in Fig. 6. The texture of the soil varies
from loamy sand to loam; but the soil and subsoil are not compact and dense or inherently
impervious to water. Soil layer has been assigned weights on the basis of infiltration rate.
Sandy soil has high infiltration rate, hence it was given highest weight. While the clayey soil
has lower infiltration rates, hence it was given the lowest weights.

3.5 Slope Map

The slope map of the study area was derived from ASTER DEM, and was categorised into five
classes: (Agarwal et al. 2013a) 0–1 %, (Agarwal et al. 2013b) 1–3 %, (CGWB 1999) 3–5 %,
(Chenini et al. 2010) 5–10 %, (Chowdary et al. 2009) >10 % as shown in Fig. 7. The most of
the area are lies between 0 and 5 % ranges. The class having minimum slope range is given
highest weight, due to almost flat terrain, while the class having maximum slope is assigned
lowest weight due to relatively high run-off which indicates the possibility of poor ground-
water availability.

Fig. 6 Soil layer
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3.6 Drainage Density

Drainage density is defined as the closeness of the spacing of stream channels. It is a
measurement of the total length of the streams channels per unit area, and is considered
as an inverse function of permeability. Drainage density layer of the study area is
prepared using line density tool in ArcGIS software, and is classified into five classes
as shown in Fig. 8. High drainage density (1.3 km/km2) is recorded in the southern
parts of the study area. High drainage density values high runoff and indicates the
possibility of low groundwater availability hence higher weights are assigning to the
low drainage density area and vice versa.

3.7 Water Table Fluctuation Layer

Depth to the water table layer of pre-monsoon and post-monsoon season has been prepared
using an IDW interpolation technique. The depth to the water table is divided into five zones: <
4, 4–8, 8–12, 12–16 and >16 mbgl. In the pre-monsoon season water table generally varies
from 2.66 to 20.55 m. On the other hand, in the post-monsoon season water table generally

Fig. 7 Slope map
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varies from 1.85 to 18 m. In both pre-monsoon and post-monsoon seasons, a major part of the
study area has 4 to 12 m depth to the water table. The deeper water table condition occurs in
the northwestern and southern part of the study area in both seasons. WTF map has been
prepared by differencing the post-monsoon from the pre-monsoon water table image. It is an
important indicator for groundwater recharge. The central part of the image shows low
fluctuation, and gradually increases in the direction of northern west and southern corners,
and reaches up to 4 m, as shown in Fig. 9.

3.8 Recharge Layer

Groundwater recharge layer has prepared by multiplying the WTF with the specific yield of
different formations. The value of specific yield is taken from Karanth (1987). In Fig. 10,
darker tones indicate poor recharge zone while brighter tones indicate high recharge zone.

3.9 Rainfall

Rainfall has the major contribution to recharge the ground sources. It determines the amount of
water that would be available to infiltrate into the groundwater system. The data has

Fig. 8 Drainage density
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interpolated using the Thiessen polygon method to produce the rainfall map of the area
(Fig. 11). The resulting map was further categorized into four classes, namely <600; 600–
700; 700–800 and >800 mm/year. It is observed that northern and west southern part of the
area receives largest amount of rainfall, while the southern part receives the lowest amount of
rainfall.

3.10 Groundwater Potential Map

The GWPZ of the study area (Fig. 12) reveals five distinct zones representing ‘very
poor’, ‘poor’, ‘good’, ‘very good’ and ‘excellent’ groundwater potential. It is found
that the area falling in excellent groundwater potential is about 150.93 km2 (7.06 %
of the total study area), which covers a major portion along the Ganga river. It
discriminates the areas where the terrain is suitable for groundwater storage, and also
highlights the possibility of water under the ground surface. However, the area having
very poor groundwater potential is about 372.03 km2 (17.42 % of the total study
area), and covers the Loni river south-eastern portion and some area in the north-
eastern side. The area having poor, good and very good groundwater potential is
about 815.39, 594, 202.94 km2, respectively.

Fig. 9 Water table fluctuation layer
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3.11 Verification of Groundwater Potential Zones

The delineated GWPZ map of the study area was verified with the help of the yield
data of 40 pumping wells that were acquired from CGWB, Lucknow. Additionally,
the Cumulative Frequency (CF) of the wells falling in ‘excellent zone’ is observed to
be higher than the wells falling in ‘very good’ zone (Fig. 12). Similarly, CF values of
the wells falling in the ‘very good’ zone are higher than the wells falling in the good
zone and so on.

On the basis of above discussion, it is observed that the delineated GWPZ map using RS,
GIS and MCDM techniques may be used for planning and management purpose. The
developed GWPZ map may be helpful in taking the appropriate measures for protecting the
vital groundwater resources in the area.

3.12 Groundwater Recharge Zone Map

The GWRZmap of the study area has been classified into four classes namely; ‘most suitable’,
‘moderately suitable’, ‘poorly suitable’ and ‘not suitable’ for recharge as shown in Fig. 13. It is

Fig. 10 Recharge zones

256 Agarwal R., Garg P.K.



evident from Fig. 13, the area falling in the most suitable category for recharge is
17.42 % of the total area and most of them fall along the Loni river. Finally, the
cumulative effect of the weighted multi-influencing factors through overlay analysis in
GIS revealed the mapping of GWRZ in the study area. It thus clearly indicates that
the results are consistent with the results based upon nine factors, which influence the
groundwater recharge.

4 Conclusions

In this study, GWPZ and GWRZ maps of Loni and Morahi watersheds are delineated
using RS, GIS and MCDM techniques, and it was found that the combination of these
techniques are helpful to understand the behavior of groundwater in any area. The
delineated GWPZ map was classified into five zones, viz., ‘very poor’, ‘poor’, ‘good’,
‘very good’ and ‘excellent’. The very poor zone indicates the least favorable area for
groundwater prospect; whereas the excellent zone indicates the most favorable area for
groundwater prospect. The satisfactory results are obtained by comparing the yield
data with the GWPZ map of the study area. The delineated GWRZ map of the study

Fig. 11 Rainfall layer
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area has been also classified into four classes; namely ‘most suitable’, ‘moderately
suitable’, ‘poorly suitable’ and ‘not suitable’ for recharge. The area falling along the
Loni river is most suitable for artificial recharge where very poor groundwater
prospects exist, due to the presence of surfacial clay. The developed GWPZ and
GWRZ maps may be very helpful for decision makers in identification of suitable

Fig. 12 Groundwater potential map and cumulative frequency of wells in delineated groundwater potential
zones
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locations for drilling wells and also help in protecting the vital groundwater resources.
Moreover, this method can be widely applied as a valuable tool for solving ground-
water problems of vast rugged topography with inherent limitations of data scarcity
and multi-criteria analysis.
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