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INTRODUCTION  

The growing population, unplanned developmental 

activities, including urbanization, industrialization and 

inappropriate land use practices has resulted into over-

exploitation of natural resources. In many areas, it has 

lowered the groundwater table and increased water 

pollution. The Government of India has introduced 

numerous programmes to supply potable water for everyone 

under the scheme ‘Health for All’. In many rural areas of 

India, adequate water is not available for drinking, 

sanitation and agriculture.  Their activities are dependent on 

the groundwater. Availability and accessibility of sufficient 

water is important for healthy growth of society and 

development of agriculture. The distribution of groundwater 

is uneven throughout; at some places, this valuable resource 

is scarce, whereas it could be in abundance at other places. 

The precipitation and the recharge from the surface water is 

the main source of groundwater. It is the infiltrated water 

into the ground from the precipitation, the recharge from the 

water bodies, such as streams and the other natural 

resources, and the artificial recharge sources. 

Water bearing formations on the crust of the Earth act as a 

medium for transmission as well as reservoirs to store the 

water. High relief along with steep slopes provides higher 

runoff, whereas topographical depressions improve the 

infiltration. An area with high drainage density also boosts 

surface runoff as compared to the area with low drainage 

density. Water bodies on the surface, like wells, rivers, 

ponds and so on, can become recharge zones (Murugesan, 

et. al., 2012). 

The GIS and remote sensing tools have opened up new 

avenues to study the water resources. The remote sensing 

provides multi-spectral, multi-temporal as well as multi-

sensor data pertaining to the Earth surface (Choudhary, et. 

al., 2003). The greatest advantage of remote sensing as well 

as GIS tools for the investigation of groundwater and its 

monitoring is their capabilities for generating the detailed 

spatial and temporal information of water. These tools are 

also very useful for successful prediction, analysis, and 

validation of water quantity and quality (Agarwal, et. al., 

2000). 

The main purpose of this study is to demonstrate the utility 

of remote sensing and GIS tools for the groundwater 

potential mapping in Bhabhar zone as this particular area 

has serious problem of shortage of water. Lot of villages is 

dependent on the groundwater for their livelihood and 

agriculture. After conducting detailed research, those areas 

having poor to very poor ground water potential could be 

identified and recharging zones could be planned to 

compensate the withdrawal.   

STUDY AREA 

The Ratmau Rao Basin lying in Haridwar district, 

Uttarakhand has been taken as the study area (Fig. 1). It lies 

between latitude 29º56'14.62" N to 30º10'37.74"N and 

longitude 77º53'53.02"E to 78º04'14.15”E and covers an 

area of about 323 km
2
. It is covered in Survey of India 

toposheets 53G/13, 53F/16, 53K/1 and 53J/4. It is encircled 

by two main rivers; Pathri Rao river in the east and Solani 

river in the west. There is a Ratmau aqueduct at about 20.50 

km parallel to upper Ganga canal. 
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There are 42 villages in this basin. It is surrounded by 

villages Daulatpur and Tenda Deshral in the north-east, 

Sohalpur in the south-east, Badshahpur in north-west and 

Tanda Banjara in the south-west. Most population of the 

villages depends on agriculture and horticulture (social 

forestry) for their livelihood.  

As per Government of Uttarakhand report 2013-14 on 

groundwater status in Uttarakhand, it has been found that 

there is rapid rate of groundwater withdrawal in this area. 

The depth of groundwater varies from mountainous foothill 

to alluvial plains as 192m to 4m bgl, respectively. The 

potential of groundwater in these villages are given in table 

1. 

METHODOLOGY 

For estimation of the potential zone of groundwater in the 

study area, first of all, various thematic layers 

(geomorphology, drainage density, lineament density, 

landuse/landcover (LULC), soil and slope maps) are created 

from various data sources. These thematic maps are 

imported in GIS software, and converted to raster format. 

The entire methodology is divided into six phases; (i) Data 

collection and thematic maps creation phase, (ii) 

Computation and delineation of flood plain areas, (iii) 

Development of a weights scheme, (iv) Consistency 

analysis, (v) Integration of thematic layers in GIS, and (vi) 

Field survey.  

(i) Data Collection and Thematic Maps Creation 

Data necessary for estimation of the groundwater in Ratmau 

Rao river basin and nearby villages was collected from the 

Irrigation Research Institute (IRI), Roorkee and Water and 

land management institute (WALMI), Lucknow. For 

estimation of potential zone of groundwater in the study 

area, various thematic layers are to be generated.   The 

Landsat-8 satellite image (spatial resolution 30m), 10 

October 2015 in seven spectral bands, Digital Elevation 

Model (Cartosat-I DEM) from BHUVAN website, Soil map 

of Haridwar district and Geological Survey of India (GSI) 

map, Survey of India (SoI) toposheets were used. All the 

data were georeferenced together using the Universal 

Transverse Mercator (UTM) projection system and the 

World Geodetic System 1984 (WGS 84) datum. The 

generation of various thematic layers is described below. 

(a) DEM and Slope Map 

The slope map of the study area was prepared using 

Cartosat-I DEM data downloaded from BHUVAN Website 

(NRSC), Hyderabad, India, which is freely available. Larger 

part of the area is nearly flat; and the undulations start from 

upper bazada layers and increase towards mountainous 

region in north.  Slope is categorized into five classes, i.e., 

0-7%, 7-16%, 16-28%, 28-41%, and 41-100%. 

The potential slope of groundwater plays an important role. 

The south-east and south-west parts of the study area 

generally have mild slopes, so they facilitate lesser runoff 

and therefore have good potentiality for the groundwater. 

But, there is an increase in slope towards the northern and 

north-east parts of the study area. 

The areas with steep slopes permit high runoff, and thus 

have poor potential for groundwater. 

(b) Soil Map 

The soil map was obtained from National Bureau of Soil 

Survey and Landuse Planning, Nagpur. In the study area, 

basically two types of soils are present: Sandy soil (S) and 

Loamy Sand soil (LS). Further, these soil types are divided 

on the basis of their soil depth, erosion and slope range.  

On the basis of depth, the soil is divided in five categories 

D1 (soil depth less than or equal to 7.5cm), D2 (soil depth 

lies between 7.5 to 20cm), D3 (soil depth lies between 20 to 

45cm), D4(soil depth lies between 45 to 90cm), and D5 (soil 

depth above 90cm).  Slope ranges based soil classification 

are grouped in six categories; 0-1% slope (A), 1-3% slope 

(B), 3-5% slope (C), 5-10% slope (D), 10-15% slope (E) 

and 15-25% slope (F). Soil classification based on erosion 

is divided in four groups; Slight erosion (e1), Moderate  

Table 1. Water table fluctuation data of observation wells 

Well 

no. 
Location 

WTD in pre-

monsoon 2014 

(m bgl) 

WTD in 

post-monsoon 

2014 (m bgl) 

Seasonal 

WTF (rise) 

(m) in 2014 

WTD in 

pre-monsoon 

2015 (m bgl) 

Decline 

during 

dry season m) 

W-1 Berpur 9.35 8.68 0.67 9.88 1.20 

W-2 Sohalpur 12.50 11.40 1.10 12.30 0.90 

W-3 Jhiran Grunt 15.63 14.14 1.49 16.52 2.38 

W-4 Mazahidpur 16.36 15.95 0.41 16.75 0.80 

W-5 Rasoolpur 17.20 13.80 3.40 16.33 2.53 

W-6 Daluwalaklan 30.53 28.50 2.03 30.76 2.26 

W-7 TandaTeera 32.20 27.46 4.74 34.65 7.19 

W-8 Dhanaura 14.60 11.32 3.28 19.46 8.14 

W-9 Aurangabad 13.72 12.10 1.62 17.53 5.43 

W-10 Kotamurad-Nagar 16.74 13.67 3.07 18.27 4.60 

   
Avg. = 2.18 Avg. = 3.54 
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erosion (e2), Severe erosion (e3) and Very severe erosion 

(e4).  

The infiltration of soil depends on the texture of soil, the 

thickness of soil, the clay content in the soil and the 

permeability of the soil, so these factors directly affect the 

groundwater potential. In the area where soil texture is 

sandy, it has low porosity and high permeability; therefore, 

there is good groundwater potential. If the soil has a clayey 

texture, it has high porosity and low permeability, which 

indicates that there is low infiltration and poor groundwater 

potential.  

 

Fig. 1 The study area of Ratmau Rao Basin 
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(c) Landuse/ Landcover Map 

Among all the factors, landuse/ landcover (LULC) is also 

considered as one of the important factors affecting the 

groundwater potential. Landuse shows different uses of land 

on Earth’s surface by human being for their different 

activities. Landcover relates to the land covered by natural 

vegetation, soil, rocks, water bodies, artificial cover and 

other different phenomenon. Groundwater potential is also 

influenced by various human activities e.g., buildings, 

roads, concrete embankments and other concrete structures. 

For extracting landuse/landcover of the area, Landsat-8 

(USGS) satellite dataset was used. It was classified using 

ERDAS Imagine software employing maximum likelihood 

supervised classification algorithm. The following classes 

are mapped: (i) Built-up area, (ii) Agricultural land (iii) 

Forest, (iv) Social forest, (v) Water body, (vi) Dry river and 

(vii) Eroded land, as shown in Fig. 2.An accuracy 

assessment of LULC map was carried out during the field 

visit, and was found to be 86% accurate. 

Fig. 2 LULC map of the area 

(d) Lineament and Density Map 

Lineaments are the linear features on the surface of earth 

which are present in the form of an underlying geological 

structure, such as faults, joints and line weakness. Naturally, 

a lineament will include a fault-aligned valley, a series of 

fault, a straight coastline or indeed a combination of these 

features. The groundwater lineaments are essential to 

identify as they control the movement of groundwater and 

affect the potential of groundwater. 

Lineament map was taken from the BHUVAN website and 

exported in ArcGIS. A lineament density map was prepared 

in ArcGIS using the tool related to line density, and divided 

in five classes as per their lineament density; Very low (0.0-

0.15), Low (0.15-0.44), Moderate (0.44-0.72), Good (0.72-

1.01) and Very good (1.01-1.78) km/km
2
.  

Lineaments were mainly found along the north-west, north-

east, and a small number of lineaments were found along 

the south-east and north–south directions. Lineaments in the 

hard rock areas are most reasonable to increase the 

infiltration rate for groundwater recharge, and as a result 

groundwater potential will be higher near the lineament 

region. 

(e) Drainage and Density Map 

Drainage describes about the lithology and structure of the 

terrain.  Drainage helps to control the development of land 

in an area. Agriculture of an area depends upon natural 

rivers, rainfall, wells, the seasonal or temporary rivers etc. 

The study region is covered by hills, bazada layers (upper 

bazada and lower bazada) and alluvial plain. For domestic 

and agriculture uses, the major source of supply of water in 

this area is rainfall and groundwater. 

A drainage map was created with the help of DEM 

(Cartosat-I) in ArcGIS using tools DEM fill, flow direction, 

and flow accumulation, and further updated from the 

satellite images and topographic maps. The drainage map 

was used to delineate the stream order. The drainage of the 

study area generally shows a dendritic pattern.  There are 

numerous drainages in north region which are decreasing 

towards south region. Large number of drainages shows that 

there is a poor potential of groundwater because of little 

infiltration to recharge the groundwater. Conversely, areas 

with small number of drainages may have less runoff and 

high infiltration to recharge the groundwater. 

The drainage density map was also developed. In this study 

area, the density of drainage ranges from 0 to 4.52 km/km
2
. 

For analysis purpose, the drainage density range is 

categorized into four classes, (i) High (3.39-4.52), (ii) 

Medium (2.26-3.39), (iii) Low (1.13-2.26), and (iv) Very 

low (0.0-1.13) drainage density (km/km
2
). 

(f) Geomorphology Map 

Geomorphology can be defined as systematic description 

related to the land forms on the earth surface, and the 

assessment of the processes involved in creating them. The 

changes may occur in the geomorphology of any area due to 

natural activities over a period of time. Geomorphology of 

an area also affects the groundwater potential (Todd, et. al., 

2005).  

A geomorphological map was prepared by interpretation of 

Landsat-8 imagery and DEM of the area and digitization of 

stream course from the toposheets and validating these with 

Google Earth images. In addition, GSI maps were used for 

deriving the geomorphological information. The 

geomorphic units identified in the study area include; 

mountainous region, upper bazada, lower bazada, alluvial 
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plain, stream course, flood plains active, and flood plain 

older. The alluvial plain and mountainous region covers 

major part of the study area. The alluvial plains occupy the 

southern part of study area, whereas the hilly region is 

present in the northern part. 

(ii) Computation and Delineation of Flood Plain Areas 

The flood plain area has been computed using flood 

frequency analysis. For this purpose, Gumbel’s method is 

used based on available data. Flood frequency for different 

repeat interval of time is determined and then active and 

older flood plain areas have been delineated. 

Mean and standard deviation values are computed. 

Mean (µ) =∑X/ n =    26567/62 = 428.5 m
3
/s 

Standard deviation (σ) = √{(1/n-1)*∑(x-µ)
2
} = 361.689 

m
3
/s 

Now, using equation X= µ+Kσ and adopting values of µ 

and σ from above, flood flows (i.e., X values) of different K 

values and return periods (T) were calculated, as shown in 

Table 2.Thereafter, width and depth to pass the above 

discharge at upstream of Dhanouri super passage have been 

worked out and given in Table 3, and graphically shown in 

Figures 3 and 4. 

The discharge of 719.29 cumecs, depth of 1.250 m and 

width of 173.649 m, that may have flooded the area every 5 

years, have been considered in computation of active flood 

plain areas. 

It has been delineated by creating buffer zones using GIS 

software. This value was taken at Dhanouri level crossing 

site. Similarly, the area that may be flooded after a period of 

100 years (discharge of 1678.680 cumecs, depth of 1.754 m 

and width of 243.723 m) have been considered as older 

flood plain. 

(iii) Development of Weights Scheme 

For estimation of groundwater potential zones, there are 

various assessment criteria which could be taken into 

consideration. For that reason, it is essential to establish the 

significance of each criterion with respect to groundwater 

potential zone. The Analytical Hierarchy Process (AHP) 

technique is a potential tool in which experts and decision 

makers evaluate the criteria and take effective decisions by 

knowing the significance of each criterion which is 

considered. 

Table 2. Flood flow in Ratmau Rao 

Return 

Period  

(T) in 

years 

Mean 

(µ) 

Standard 

deviation 

(σ) 

K 

Flood flow 
(in 

cumecs) 

X= µ + Kσ 

5 428.5 361.689 0.804 719.298 

10 428.5 361.689 1.4505 953.130 

15 428.5 361.689 1.812 1083.881 

20 428.5 361.689 2.065 1175.389 

25 428.5 361.689 2.260 1245.918 

30 428.5 361.689 2.4185 1303.246 

50 428.5 361.689 2.8605 1463.113 

60 428.5 361.689 3.000 1513.569 

75 428.5 361.689 3.2095 1589.343 

100 428.5 361.689 3.4565 1678.680 

1000 428.5 361.689 5.4185 2388.315 

 

Table 3. Width and depth of flood in RatmauRao 

Discharge 

(Cumecs) 
Width (m) Depth (m) 

719.298 173.649 1.250 

953.130 194.343 1.399 

1083.881 204.598 1.473 

1175.389 211.340 1.521 

1245.918 216.324 1.557 

1303.246 220.252 1.585 

1463.113 230.685 1.660 

1513.569 233.835 1.683 

1589.343 238.449 1.716 

1678.680 243.723 1.754 

2388.315 280.638 2.020 

 

 

Fig. 3 Depth versus discharge plot 

 

Fig. 4 Width versus discharge plot 
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Groundwater potential zone is affected by the weights 

provided to each input thematic layer. Therefore, opinions 

of experts and literature review are used to determine the 

weights of each parameter for the groundwater estimation. 

This study considered six important parameters based on 

the literature review, i.e., geomorphology, drainage density, 

lineament density, landuse/landcover, slope and soil types, 

for the weight assignment, as given below: 

Geomorphology- In stream course, the existence of water 

will be more throughout the year, and therefore has more 

probability of groundwater potential, so a higher weight was 

given to stream course.  The active flood plain shows good 

groundwater potential as flood return in a short period as 

compared to the older flood plain, so after the stream 

course, relative low weight was given to active flood plain 

than the older flood plain. Similarly, weights are assigned to 

all the other classes of geomorphology.  

Drainage Density- The drainage density affects the 

groundwater potential. It is inversely proportional to the 

permeability of the soil and infiltration rate. The region with 

high drainage density shows high surface runoff and low 

infiltration, hence low probability of groundwater potential. 

Similarly, areas with low drainage density may have higher 

probability of groundwater potential as there will be less 

surface runoff and high infiltration. On this basis, higher 

weight was given to low drainage density areas, and lower 

weight to the higher drainage density areas.  

Lineament Density- The area having higher lineament 

density allows more infiltration and recharge to 

groundwater, and as a result increasing the groundwater 

potential. In other words higher the lineament density, 

higher the probability of good groundwater potential and 

vice-versa. So, higher weightage was given to 1.01-1.78 

km/km
2 

class and lower weightage to 0.0-0.15 km/km
2 

lineament density. 

LULC-The LULC classes are weighted on the basis of their 

effect on groundwater potential. The water bodies were 

given the highest weight as compared to other 

landuse/landcover features because it continuously 

recharges the groundwater (Agarwal, et. al., 2013). In 

agricultural area, plants have capacity to bind the soil and 

protect it from soil erosion during runoff.  

The vegetation cover also prevents direct evaporation of 

water, so it was given the weightage lower than the water 

bodies. Social forest was given higher weights than the 

forest but lower than the agricultural area. The lowest 

weight was given to the waste land because it has low 

vegetation. Similarly, all other factors are given weights 

accordingly by considering their influence to groundwater. 

Slope-The area which having gentle slope, has been 

entrusted comparatively high weightage as it permits lesser 

runoff as well as very good potential for groundwater and 

lesser weight to higher slope as it permits high runoff and 

have poor potential for groundwater (Meijerink et. al., 

2007). 

Soils-The soils with slight erosion and low slope range with 

greater depth of sand will have more infiltration rate and 

more probability of good groundwater potential, as a result 

can be given more weightage. Soils that have clay or loam 

texture with serve erosion and high slope range with very 

low depth of soil having rock particles composed within it, 

will have low rate of infiltration and less probability of 

groundwater potential, and can be given low weightage.  

Weights are assigned to each parameter by AHP using 

Saaty’s scale at 1-9 (Saaty, et. al., 1980), as shown in Table 

4. A pairwise comparison matrix is created and shown in 

Table 5. The weights are provided for individual criteria 

with the help of existing literature and opinions of experts 

and final weights are assigned to each of the thematic layers 

after normalizing the pairwise comparison matrix, as shown 

in Table 6. 

(iv)  Consistency Analysis 

The AHP technique is used to evaluate the Consistency 

Ratio (CR) which should be less than or equal to 0. The 

purpose for doing this was to make sure that the original 

preference ratings are compatible. The consistency index 

(CI), random index (RI) and consistency ratio (CR) has 

been computed, as shown below. 

Table 4. Pairwise weights assigned to six parameters 

  Geom DD LD LULC Slope Soil 

Geom 0.44 0.47 0.22 0.56 0.39 0.47 

DD 0.22 0.23 0.22 0.28 0.28 0.19 

LD 0.15 0.08 0.07 0.04 0.09 0.02 

LULC 0.06 0.06 0.15 0.07 0.13 0.19 

Slope 0.05 0.05 0.04 0.02 0.04 0.03 

Soil 0.09 0.18 0.30 0.04 0.13 0.09 

Geom=Geomorphology, DD=Drainage Density, 

LD=Lineament Density, LULC=LanduseLandcover, 

Slope= Land Slope, Soil= Surface Soil    

Table 5. Normalised weights 

  Geom DD LD LULC Slope Soil 

Geom 1     2     3     8     9     5     

DD  1/2 1     3     4     5     2     

LD  1/3  1/3 1      ½ 2      1/4 

LULC  1/8  1/4 2     1     3     2     

Slope  1/9  1/5  1/2  1/3 1      1/3 

Soil  1/5  1/2 4      ½ 3     1 
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Principal Eigen value (λmax) = 6.55 

Consistency Index (CI) = 
(λmax –n)

(n−1)
  = 0.110 

Random Index (RI) = 1.24 

Consistency Ratio (CR) = 𝐶𝑅 =
CI

RI
  = 0.089 

(v) Integration of Thematic Layers in GIS 

For determining the potential zone of groundwater, all 

thematic maps were integrated together using weighted 

overlay technique in ArcGIS. For this purpose, all the 

thematic maps were converted to raster format, and 

processed in the Model Maker of ArcGIS along with their 

assigned weights to each category. The weighted overlay 

tool was used to connect all the thematic maps and to run 

the process. Thus, the groundwater potential map of the area 

was generated.  

(vi) Field Survey 

Field survey is essential for ground truth purposes to assess 

the accuracy of survey parameters and results. Field surveys 

using GPS were carried out from 16-18 September 2015, 

and the created thematic layers verified.  The groundwater 

results were checked at different well locations of the 

villages on12
th

, 13
th

 and 16
th 

November 2015, and an overall 

83% accuracy was found. 

RESULTS 

The study area was classified into four categories of 

groundwater potential i.e., Good, Moderate, Poor and Very 

Poor. The groundwater potential map is shown in Figure 5. 

The weights and influence assigned to various classes of all 

thematic layers are shown in the Table 7. The area of each 

groundwater potential zone is shown in Table 8.  

About 37% area falls under poor to very poor groundwater 

potential zones. These areas require special attention with 

respect to restricted groundwater withdrawal. There is an 

urgent need to have rainwater harvesting and recharging 

wells in these areas to supplement the groundwater.  

 

CONCLUSIONS 

It is very important to estimate the availability of 

groundwater for domestic and agricultural water resources 

planning, particularly in India. In many Himalayan foot-hill 

areas, groundwater resource is declining at an alarming rate, 

and its exploration is increasing. Under these circumstances, 

delineation of groundwater resource areas using geomatics 

tools followed by field investigation is an optimal approach 

for groundwater estimation and development. For 

groundwater source delineation, spatial and temporal 

satellite data can be utilized which are easily available with 

large number of operational satellites world-wide.  

In this study, the estimation of groundwater potential zone 

has been done in foot-hill area of Ratmau Rao basin, 

spreading over 323 km
2
 in Haridwar district, Uttarakhand. 

The geomorphology, drainage density, lineament density, 

landuse/landcover, soil and slope maps have been prepared 

using available maps, the remote sensing data, ancillary 

data and field traversing. For groundwater delineation 

multi-criteria approach incorporating the AHP was used 

which indicates that in the upper bazada, groundwater is 

available in small patches, whereas its availability is 

gradually increasing towards south in alluvial plains. 

 

Fig.5 Groundwater potential zone map 

 

 

Table 6.  Relative weights 

Theme Weight 

Geomorphology 0.425 

Drainage density 0.227 

Lineament 0.074 

Landuse/ Landcover 0.108 

Slope 0.038 

Soil 0.127 
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Table 8. Area of various groundwater potential zones 

Groundwater Category Area (Km
2
) % Area 

Good 60.46 18.72 

Moderate 143.17 44.32 

Poor 114.88 35.57 

Very Poor 4.49 1.39 
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