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ABSTRACT 
The city of Vadodara, India is prone to frequent floods and the most severe floods were received 
in 1994, 1996, 2005 and 2014 in the recent past. The city has an area of 159 km² and a 
population of 1.6 million according to the 2010–11 census. Vadodara receives an average 
rainfall of 1020 mm. Vadodara sits on the banks of the River Vishwamitri, fed by the Ajwa 
Reservoir. The width of the river decreases as it flows through the city and is subjected to the 
drainage of the city's sewage and effluents from nearby industries. Alterations of its banks and 
human encroachment have reduced its width further. A large number of wetlands have been 
reclaimed and construction has been carried out over them. The number of slums has also 
increased by a great extent from 192 slums in 1972 to 397 in 2013. The stormwater drainage 
network in the city is also inadequate. The study aims at highlighting the role of change in land 
use pattern, unplanned development, depletion of water bodies and building of slums along the 
river banks in causing frequent and severe floods in the city using GIS. The annual rainfall data 
of the city was obtained and subjected to graphical and statistical operations which revealed that 
heavy rainfall is not the only factor causing floods in the city. The low lying zones were 
identified and the direction of the flow of rainwater was determined using an elevation map. This 
also gave the reasons for severe waterlogging in some areas of the city. The historic LANDSAT 
images of the city from 1991 to 2014 were obtained from the USGS Global Visualization 
(GloVis) Viewer. The images were analysed under different band combinations using the 
Integrated Land and Water Information System (ILWIS 3.4). The results show the continuous 
increase in the urban sprawl, increase in construction throughout the city, especially in the 
Western parts and increase in the density of buildings. The area of the existing water bodies is 
also decreasing due to dumping of wastes and construction along the banks. The presence of 
slums has increased by a great extent throughout the city, especially along the banks of 
Vishwamitri river reducing the width of the river and causing frequent floods. Unplanned 
construction has been carried out in the low lying zones, obstructing the flow of water into the 
sinks to cause water logging in these areas. 
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INTRODUCTION 
Floods in general and urban flooding in 
particular are not an unknown event in India. 
The uneven distribution of rainfall coupled 
with urbanization, encroaching upon urban 
lakes to use the high-value urban land for 
buildings are the major cause of urban 
flooding. If heavy rainfall also occurs 
simultaneously, then severe flooding takes 

place. To deal with the urban flooding 
problem, it is necessary to consider the 
negative impacts of urbanization on the 
hydrology of a watershed.1 Urban floods are 
also caused by unplanned development, 
reduction in the number of lakes, 
sedimentation, blocking of stormwater drains, 
alteration of river banks and landscape. Source 
of many floods, especially in arid, semi-arid 
regions and rainstorms with high intensity and 
relatively short persistence of events.2 Urban *Author for correspondence 
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floods have serious implications on the 
economy, environment and health of the 
people. The most severe impact is on the 
economy as it damages buildings, roads, 
industry, transportation, commodities, services 
and earning capacity. Urban flooding was 
primarily a concern of municipal and 
environmental governance has now attained 
the status of disaster. Risk management 
challenges in the context of land-use, 
population growth, wetland degeneration and 
waste disposal are gaining significance. 
In recent decades many natural areas have 
been subjected to an increasing urbanization 
with possible consequences on their 
hydrological behavior3. Most of the large cities 
in India are facing a problem of lack of urban 
planning by the authorities as well as 
individual members of the society. Therefore, 
understanding the relationship between urban 
population and urban development using 
different methodologies has therefore become 
imperative. This is because expansion of 
human settlement and its accompanying 
activities especially the rapid urbanization 
plays an important role in changing the land 

use at both global and local scale. Land use is 
referred to the way in which and the purposes 
for which, humans employ the land and its 
resources. The land use pattern of a region is 
an outcome of several factors and their 
utilization by man in time and space. These 
factors driving land use changes are called as 
development attractors4-8. 
The city of Vadodara has witnessed a rapid urban 
development during past two decades resulting 
into enhanced land use change, parallel to the 
increase in population and economic growth. The 
city has expanded horizontally in all directions, 
resulting in large-scale changes in the land use. 
One of the major concerns is the increase in the 
number of slums, especially along the banks of 
River Vishwamitri and its adjoining low-lying 
areas, which are severely flooded during 
monsoons, leading to widespread economic loss 
and impacts on health and environment9,10. 
According to the projections made by VUDA, 
the city is expected to have a population of 21 
lakh by 2021. Such rapid population growth 
would definitely increase the pressure on land 
use, but if the implementation of proper planning 
is executed, its impacts can be mitigated (Fig. 1). 

 
 Fig. 1 : Presence of slums on the river, Vishwamitri, Vadodara, India  

Remote sensing and GIS provide a fast and 
efficient method to carry out land use 
inventory and detect changes. These changes 
in the city over a period of time cannot be 
neglected but require proper monitoring and 
assessment so that no further deteriorative 
steps are taken. Remote sensing data are 

capable of detecting and measuring a variety 
of elements related to the morphology of 
cities, such as the amount, shape, density, 
textural form and spread of urban                  
areas (Fig. 2). 
GIS acts as an ideal tool to identify, locate and 
map various types of landforms. It aids in both 
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preparing accurate land use maps and monitoring 
changes at regular intervals of time. The potential 
of remote sensing to detect the growth of urban 
land use changes and determination of statistics 

has already been proved. This has become a need 
for Vadodara city as it is facing the grave 
problem of both urbanization and 
industrialization4.  

 
Fig. 2 : Presence of slums on the river banks 

AIMS AND OBJECTIVES 
 Analyze the rainfall pattern of Vadodara 

city, India 
 Prepare a slope map of Vadodara city, India 
 Study historic and current satellite images 

of the city so as to understand the change in 
land use pattern from 1991 to 2014 by 
calculating the area covered under different 
land use categories in the years 1991, 2003 
and 2014 

 Prepare land use maps for the years 1991, 
2003 and 2014 

 Analyse the change in land use pattern with 
respect to the slope 

 Identify high risk zones 
 Preparation of flood risk map 
 Investigate the causes of recurring floods 

and suggest mitigation measures 

MATERIAL AND METHODS 
Study area profile 
The city of Vadodara is situated in the state of 
Gujarat in the western part of India, located at 
22o17’ 59’’ North Latitude and 73o15’ 18’’ East 
Longitude at an elevation of 39 meters         
from  the Mean Sea Level (Fig. 3). It is the 18th  

largest city in India with an area of 159.95 km² 
and a population of 4.1 million according to the 
2010–11 census. The temperature varies from a 
maximum of 42o C in summers to a minimum of 
10oC in winters. The city receives an average 
rainfall of 1020 mm (40 inches). Vadodara sits 
on the banks of the River Vishwamitri which 
originates in the Pavagadh Hills. The total 
length of the river within VUDA boundary is 27 
km and a varying width of 60-130 m (Fig. 4). 
The depth of the river is about 8-10. The width 
of the river decreases as it flows through the 
city and is subjected to the drainage of the city's 
sewage, slums and effluents from nearby 
industries. Alterations of its banks and human 
encroachment have reduced its width further 
causing more severe frequent floods. The 
Vishwamitri River is fed by the Ajwa Reservoir 
located on the foothills of Pavagadh. It can store 
water to the height of 214 feet above the sea 
level from its catchment area of about 195 km². 
The reservoir has 62 gates. The general slope of 
the city is from North to South and from West 
to East. Vadodara frequently suffers from floods 
and the most severe floods were received in 
1878, 1917, 1927, 1941, 1970, 1974, 1976, 
1994, 1996, 2005 and 2014.  
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Fig. 3 : Study area profile, Vadodara, India 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4 : Overall catchment of Vishwamitri river, Vadodara

Data collection 
The annual rainfall data of Vadodara city, 
India from 1991 to 2014 for rainfall analysis 
was obtained from the Vadodara Mahanagar 
Seva Sadan (VMSS) (Table 1). 
The population and land area data of Vadodara 
city for 2001 and 2011 was obtained from the 
Census of India, Ministry of Home Affairs and 
Government of India (Table 2). 
A Garmin Oregon 550t GPS device was used 
to measure the on-field elevation from the 

Mean Sea Level at specific Ground Control 
Points (GCP) identified and selected with the 
help of a contour map. The GPS coordinates of 
the selected points were also recorded.  
To study the land use change from 1991-2014, 
LANDSAT images of the years 1991, 2003 and 
2014 were obtained from the United States 
Geological Survey (USGS) Global Visualisation 
(GloVis) Viewer for the same scene acquired 
during summer with 0 % cloud cover and image 
quality 9 (Table 3 and Fig. 5). 
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Table 1 : Annual rainfall data (mm) 

Year Annual 
rainfall Year Annual 

rainfall Year Annual 
rainfall Year Annual 

rainfall 
1991 709 1997 1150 2003 1141 2009 595.5 
1992 732 1998 1064 2004 1146.72 2010 1549 
1993 823 1999 341 2005 1969.2 2011 1140 
1994 1385 2000 398 2006 1708.3 2012 934 
1995 612 2001 895.2 2007 1210.3 2013 1726 
1996 1004.8 2002 808.03 2008 379.3 2014 1075 

Table 2 : Population and land area  

Year Area (ha) Population 
2001 14900 1300000 
2011 15995 1600000 

Table 3 : Details of satellite images used 

Date of 
acquisition Scene ID Satellite Sensor Spatial 

resolution 
Cloud 
cover 

Image 
quality 

15th May, 
1991 LT51480451991135ISP00 LANDSAT 

5 
Thematic 
Mapper 30 m 0 % 9 

22nd April, 
2003 LE71480452003112ASN00 LANDSAT 

7 

Enhanced 
Thematic 
Mapper + 

30 m 0 % 9 

6th May, 
2014 LE71480452014126PFS00 LANDSAT 

7 

Enhanced 
Thematic 
Mapper + 
Scale Line 
Correction 

OFF 

30 m 0 % 9 

 
Data analysis 
The time period was selected from 1991 to 
2014 as during this period, the city has 
experienced a number of severe floods and 
development has occurred on a large scale 
resulting in a major change in the land use 
pattern. The mean of the annual rainfall data 
from 1991 to 2014 was calculated to identify 
years with above average rainfall. The annual 
rainfall data was further subjected to graphical 
representation. 
Urban Sprawl Index (U.S.I.), a measure of the 
built environment in a city was calculated from 
the following formula : 
U.S.I. = Urban expansion / Population increase 
           = A2- A1 / P2 – P1 

Where, A1 and A2 are the areal extents for the 
early and later years and P1 and P2 are 
population for the early and later years 
respectively. 
Land Consumption Rate (L.C.R.) is an 
estimate of the rate at which the land is 
consumed by the developing area. It was 
calculated from the following formula: 
L.C.R = Areal extent of the city / Population 
Slope inclination is a measure of the 
relationship between change in horizontal and 
vertical distances between at least two points 
usually expressed in percentage. The output 
slope raster is calculated as percent slope or 
degree of slope using the following formula : 
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Percent 
slope = 

Change in elevation (Rise) X 
100 

Distance (Run) 
The change in elevation (rise, in feet) and 
distance (run, in feet) between selected points 
was calculated to obtain the slope and prepare 
a slope map of the city. 
Integrated land and water information system 
(ILWIS 3.4), a GIS/Remote Sensing software 
for both vector and raster processing was used 
for data processing and preparing land use 
maps. Archived historic and current 
LANDSAT images are a unique resource for 
global change research and applications in 

agriculture, cartography, geology, forestry, 
regional planning, surveillance and education.  
LANDSAT images of the years 1991, 2003 
and 2004 were processed by creating a colour 
composite image by the combination of Band 
4, Band 3 and Band 2 as red, green and blue 
bands respectively. Band 4 has a range of 
wavelength 0.76-0.90 micrometers (Near 
Infrared Region) and distinguishes between 
vegetation varieties and conditions. Because 
water is a strong absorber of near IR, this band 
has delineated water bodies and shows 
distinguished dry and moist soils (barren land 
and croplands). 

Conclusion

Statistical 
OperationsSlope Map

Loading & 
Processing

Satellite Images Rainfall DataElevation Field Data

Land Use Change by GIS

Identification 
of study area

Identification 
of period

1991 
LANDSAT

2014 
LANDSAT

2003 
LANDSAT

Image 
Differencing

Land Use 
Change 

Detection

Identification of 
vulnerable areas

Results

Data Collection

Flood analysis

                      
 Fig. 5 : The schematic diagram of research methodology 

In this band, croplands and grasslands show 
higher reflectance (brighter tone) than the forest 
and it also separates vegetation from fallow land. 
Band 4 shows soil-crop and land-water contrast. 
Band 3 has a range of wavelength 0.63-0.69 
micrometers (Visible Red Region) and senses in 
a strong chlorophyll absorption region and strong 
reflectance region for most soils. This band 
highlights barren lands, built up areas, street 
pattern in the urban areas and highways. Band 2 

has a range of wavelength 0.52-0.60 micrometers 
(Visible Green Region) and as it covers the green 
reflectance peak from leaf surfaces, it separates 
vegetation from soil. In this band, barren lands, 
urban areas, roads and highways appear as a 
brighter tone, while forests, vegetation, fallow 
lands, croplands with standing crops appear as a 
dark tone. 
Concrete and asphalt both display spectral curves 
that generally increase from the visible through 
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the Near IR and Mid-IR regions. However, as 
concrete ages, it becomes darker and as asphalt 
ages it becomes lighter. The spectral reflectance 
of vegetation is based on the chlorophyll and 
water absorption in the leaf. Various shades of 
vegetation are observed, based on type, leaf 
structure, moisture content and health of the 
plant. Water reflects highly in the visible 
spectrum, however, clearer water has less 
reflectance than turbid water. In the near IR and 
Mid-IR regions water increasingly absorbs the 
light making it darker. This is dependent upon 
water depth and wavelength. Increasing amounts 
of dissolved inorganic materials in water bodies 
tend to shift the peak of visible reflectance 
toward the red region from the green region of 
the spectrum. Soil reflectance decreases as 
organic matter increases. 
As soil moisture increases, reflectance of soil 
decreases at all wavelengths. Texture of soil 
causes increased reflectance with decrease in 
particle size. The colour composite image with 
the combination of Bands 4, 3, 2 is known as 

the standard false colour composite. 
Vegetation appears in shades of red, urban 
areas are cyan blue and soils vary from dark to 
light browns. Generally, deep red hues indicate 
broad leaf and/or healthier vegetation while 
lighter reds signify grasslands or sparsely 
vegetated areas. Densely populated urban areas 
are shown in light blue, while water bodies 
appear as dark blue or black.  
Submaps were created from the false colour 
composite images of each all the three years to 
narrow down on the selected study area. The 
submaps were created for the coordinates of 
upper left corner as 22◦ 22’37.87” N 73◦ 

06’53.10” E and that of the lower right corner 
as 22◦ 13’16.14” N 73◦ 15’29.62” E. 
The land use categories to be analysed were 
selected as built up area, vegetation, water 
bodies, barren land and fallow land. The land use 
maps for 1991, 2003 and 2014 images were 
generated by creating segment maps and using 
the polygonise function on the segment maps in 
ILWIS 3.4 (Fig. 6 to Fig. 8). 

  
Fig. 6 : False colour composite image of 1991   

 
 Fig. 7 : False colour composite image of 2003 
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Fig. 8 : False colour composite image of 2014  

The images were divided into spectrally 
homogenous regions. Segmentation is a 
process which aims to unite regions that have 
the same properties. The algorithm used needs 
the definition of two variables, a similarity 
threshold and a minimum size to each region. 
Imposition of lower similarity creates more 
number of fragments in the original image. If 
the other variable, minimum area is defined 
bigger than necessary, many heterogeneous 
polygons are created. To avoid this, high 
similarity threshold and small minimum areas 
were defined. Land use maps for the three 
years, showing the different land use 
categories were prepared by generating their 
polygon maps from the segment maps. The 
area covered by each land use category was 
calculated from the polygon maps. Each land 
use category was assigned specific color for 
clear demarcation.  
Flood risk map (Scale 1: 125000) of the city 
was prepared by identifying low lying areas 

from the contour map, areas with higher slope 
percentage from the slope map and frequently 
waterlogged areas from the VMC City 
Development Plan and past records. These 
areas, found to be vulnerable to severe 
inundation were visually highlighted on the 
map. The flood risk map was then compared to 
the land use maps of the years 1991, 2003 and 
2014.   

RESULTS AND DISCUSSION 
Rainfall analysis 
The average annual rainfall for the years 1991-
2014 was found to be 1020.68 mm. The years 
1994, 1997, 1998, 2003, 2004, 2005, 2006, 
2007, 2010, 2011, 2013, 2014 received more 
than average annual rainfall. However, the city 
experienced floods in the years 1994, 1996, 
2005 and 2014 (Fig. 9). This shows that the 
amount of rainfall received is not the only 
factor causing severe floods in the city     
(Table 4 and Table 5). 

 
Fig. 9 : Annual rainfall data (Mm) 
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Table 4 : Urban Sprawl Index (USI) 

Year Urban Expansion (ha) Population Growth USI 
2001-2011 1095 300000 0.00365 

Table 5 : Land Consumption Rate (LCR) 

Year Area (A) (ha) Population (P) LCR (A/P) 
2001 14900 13,00,000 0.011 
2011 15995 16,00,000 0.009 

Slope map 
The highest slope percentage was found to be 
0.8%. The slope percentage obtained was divided 
into ranges with an interval of 0.2%. The 
Northern part of the city has a relatively flat 
terrain with a low percentage of slope. The 
general slope is toward towards South, South-
East and South-West directions. The flow of 
water generally originates from the North East 
direction. The river Vishwamitri which passes 

through the center of the city and lies at a 
relatively low elevation creates a valley like 
condition, wherein the water from the adjoining 
areas along the banks of the river flows straight 
towards the low lying central part causing severe 
inundation in the areas along the banks of the 
river and central parts of the city. The South-
West and South-East parts also experience 
flooding due to a higher slope percentage of 
0.4% to 0.6% and 0.6% to 0.8% respectively 
(Fig. 10). 

 
Fig. 10 : Slope map 

Land use change 
A major increase of 41.88% in the built-up 
area from 1991 to 2014 is observed which 
shows the rapid urbanization in a relatively 
short period of time, resulting in increased 
anthropogenic pressure on the limited land and 
water resources causing further deterioration of 
the soil and hydrological systems. This further 
reduces the carrying capacity of the ecosystem. 
83 % increase in the vegetation is the result of 

conversion of a large extent of the land for 
agriculture. Moreover, the 21.24 % increase in 
the barren land also shows the deteriorating 
land resources. Although the water bodies in 
the city have depleted, the GIS study shows an 
increase in the area covered by water bodies 
due to the relative differentation in the satellite 
images as the historic satellite images have less 
potential of distinguishing relatively smaller 
water bodies. (Table 6 and Table 7) 
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Table 6 : Land use classification 

S/N Category 1991 2003 2014 
1 Built-up 71.61 85.68 101.61 
2 Vegetation 29.33 44.91 53.75 
3 Fallow land 77.64 55.97 40.96 
4 Water bodies 1.80 1.96 2.67 
5 Barren land 49.31 50.96 59.79 

Table 7 : Percentage of land use change 

Land use 1991-2003 (%) 2003-2014 (%) 1991-2014 (%) 
Built-up 19.64 18.59 41.88 

Vegetation 53.09 19.68 83.22 
Fallow land -27.91 -26.81 -47.24 
Water body 9.30 35.77 48.44 
Barren land 3.33 17.32 21.24 

Flood risk map  
The flood risk map shows the areas vulnerable to 
inundation. The high risk areas include 
Nizampura, Fatehpura, Dandiya Bazar, Sama, 
Gotri, Subhanpura, Makarpura, Waghodia-Ajwa 
Road, Maneja, Atladra, Tandalja and 
Mujhmahuda most of which are located on the 
banks of the River Vishwamitri. Rest of the areas  

are low elevation zones. The change in land use 
was analyzed for these high risk areas. It was 
found that the built up area in these high risk 
zones increased by 31.85 % from 56.07 km2 in 
1991 to 76.93 km2 in 2014. This shows the 
unplanned construction in these high risk zones, 
increasing the vulnerability of the people living 
in these areas to floods. (Fig. 11 to Fig. 14)  

 
 

Fig. 11 : Land use map of 1991           

 

 
Fig. 12 : Land use map of 2003 

Built-up Vegetation Fallow land Barren land Water body 

Built-up Vegetation Fallow land Barren land Water body 
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Fig. 13 : Land use map of 2014 

 
Fig. 14 : Flood risk map  

CONCLUSION 
The study identifies the causes of recurring 
severe floods in the city of Vadodara, India 
and indicates the zones vulnerable to flooding. 
Vulnerability assessment represents an 
important contribution to decrease and control 
of land damage caused by natural hazards, as it 
helps in strategies that limit weakness by 
integrating flood risk into urban development. 
The study emphasizes on the significance of 
land use change with respect to urban flooding. 
The change in land use pattern has emerged as 
a major cause of urban flooding in Vadodara. 
Increasing unplanned construction in the low 
elevation areas and river banks, depletion of 
water bodies, encroachment of river banks by 
slums and the conversion of land for 
agriculture to a large extent are the major land 
use changes responsible for frequent flooding 
in the city. An integrated approach, therefore,  

needs to combine watershed and land use 
management with development planning, 
engineering measures, flood preparedness and 
emergency management in the affected 
lowlands, while taking into account the social 
and economic needs of communities in both the 
highland source areas and also the lowland flood-
prone areas.  Flooding in the city of Vadodara 
needs to be mitigated by proper urban planning 
in the high risk zones, stringent control over the 
sprawling of slums, planned removal of slums 
from the banks of River Vishwamitri, control the 
landfilling and dumping of debris in the river and 
lakes, management and treatment of industrial 
effluent and sewage discharge, regular cleaning 
of the water bodies, identifying locations for the 
establishment of new man-made water bodies 
which can act as sinks for the excessive 
rainwater, management and control over the flow 
of discharged rainwater from Ajwa and its 
adjoining reservoirs into the Vishwamitri river, 

Built-up Vegetation Fallow land Barren land Water body 
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relevant alteration and cleaning of stormwater 
drainage pipelines. The Vadodara Mahanagar 
Seva Sadan has proposed a Vishwamitri River 
front Development Project which aims at the 
restoration of the Vishwamitri river and flood 
control, along with recreational activities. 
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