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Foreword

I am happy to introduce this impressive volume on Spatial Modeling of
Flood Risk and Hazard: Societal Implication edited by a group of hard-
working geographers. This volume is the collection of excellent articles
which are distributed in thirteen chapters and contributed by esteemed
researchers. The articles are technically sound and put emphasis on the
applications of GIS modeling and machine learning algorithms in predicting
flood areas, their magnitude, and frequency. Contributors generated and
assimilated huge data set in spatial modeling of floods in the river basins,
understanding the role of humans in intensifying flood vulnerability, and
examining community preparedness for flood and their long-practiced miti-
gation strategies. The articles are cautiously selected and carefully arranged
by the editors in an orderly sequence that helps the readers to have a com-
plete understanding on the topic covered.

Floods are the most effective formative events for landscape shaping or
reshaping in a drainage basin depending on event size and distribution of
magnitude frequency. Flood occurs when the input of water exceeds output
from the river basin and storage capacity surpasses. Recently, global climate
change and intensification of rain trigger high magnitude floods more fre-
quently than before. Economically and socially marginalized people, espe-
cially those who live in third world countries suffer more out of this flood
hazard. Millions of people in Bangladesh, India, and other South and
Southeast Asian countries are internally displaced due to flood hazards.
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From this perspective, the present effort is socially relevant and aca-
demically important in endorsing rigorous research pursuit, progressing
geomorphic-hydrologic understanding, and fostering the applications of
modern techniques to address the potential flood risk.

Prof. Ramkrishna Maiti
Department of Geography

Vidyasagar University
Midnapore, India
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Preface

Floods and flash floods with hydrometeorological are the most devastating
natural disasters causing massive damages to natural and man-made features.
Flood hazards are a major threat to human life (injure or death of man and
animal life), properties (agricultural area, yield production, building, and
homes), and infrastructures (bridges, roads, railways, urban infrastructures).
The damage that can occur due to such disasters leads to huge economic loss
and bring pathogens into urban environments that cause microbial devel-
opment and diseases. The natural and social hazards are discontinuing the
development of human society and sustainability. Therefore, flood hazards
susceptibility mapping (risk assessment), modeling is an essential step for the
early warning system, emergency services, prevention and mitigation of
future environmental and social hazards, and implementation of risk man-
agement strategies.

This book is composed of 13 chapters associated with spatial modeling of
floods and flash floods hazards in basin drainage scale, human interference
and flood vulnerability, and community preparedness for flood mitigation
strategies. The contemporary researches in this field have been amalgamated
to comprehend the various modern geospatial methods for the prediction of
floods, hazards, and mitigation strategies.

We are very much thankful to all the authors who have meticulously
completed their documents on a short announcement and played a vital role
in building this edifying and beneficial publication. We do believe that this
will be a very convenient book for river scientists, geographers, ecologists,
economists, and others working in the field of water resources management
including research scholars, environmentalists, and policymakers. We also
acknowledge our deep gratitude to the Springer Publishing House especially
to Doris Bleier and her team for contracting with us for such timely
publication.

Ultimo, NSW, Australia Biswajeet Pradhan
Midnapore, India Pravat Kumar Shit
Birbhun, India Gouri Sankar Bhunia
Chandrasekharpur, Bhubaneswar, India Partha Pratim Adhikary
Shiraz, Iran Hamid Reza Pourghasemi
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1Introduction to Spatial Modeling
of Flood Risk and Hazard: Societal
Implication

Biswajeet Pradhan, Pravat Kumar Shit,
Gouri Sankar Bhunia, Partha Pratim Adhikary, and
Hamid Reza Pourghasemi

Abstract

Spatial Modeling of Flood Risk and Hazard:
Societal Implication offers a flexible medium
for the study of the prediction and assessment
of flood risk, human interference, infrastruc-
ture loss, damages of properties, and manage-
ment strategies. The main aim of this book is
to highlight the applications of remote sensing
(RS), GIS modeling, and machine learning
algorithms to predict and estimate the flood

and mapping of flash flood’s hazards suscep-
tibility. All these aspects were covered by 13
chapters, where special emphasis was given
on spatial modeling of floods and flash floods’
hazards in river basin scale, human interfer-
ence and flood vulnerability, and community
preparedness for flood reduction and mitiga-
tion strategies. This valuable edited volume
will definitely benefit and help the students,
researchers, scholars, academicians and
policy-makers for acquiring adequate knowl-
edge and integrated sustainable river basin
flood management.

Keywords

Flash floods hazards � Floods risk � GIS
modeling � Machine learning algorithms �
Sustainable basin management

1.1 Concept of Floods

Flooding is probably the most common weather-
related hazard in the world. It can happen almost
everywhere. Floods occur when the water is
overflowing on river banks and dry lands, and is
the most frequent kind of natural disaster (Mills
2005). Flooding is frequently causing unmixed
damage, especially in countries with lower
wealth, where infrastructure systems, particularly
drainage and flooding, tend to be less advanced
(IPCC 2012). The vast majority of the world’s
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flood vulnerable countries (88%) are low- and
medium-income nations, although countries of
all stages of development are exposed to flood
risks. More than 2 billion people worldwide were
impacted by floods over 1998–2017. Both ben-
eficial and bad effects might be expected from
floods (Talbot et al. 2018). They can provide
relief to long-drowned individuals and ecosys-
tems but are also considered to be the most costly
natural disaster. Flooding most frequently occurs
when severe rainfall does not allow natural
watercourses to absorb excessive water. How-
ever, excessive rainfall is not always responsible
for floods. They can be the result of various
events, especially in coastal locations, where
floods may be triggered by a tropical cyclone,
tsunami, or high tide, which corresponds to
greater levels than usual levels of the river
(Kumar et al. 2014; Samanta et al. 2018;
Majumder et al. 2019). River floods are one of
the most common natural disasters, wreaking
havoc around the world. When a river or stream
overflows its natural banks and inundates nor-
mally dry land, it is called a river flood. River
flooding is most common in the late winter and
early spring, and it can be caused by heavy
rainfall, rapidly melting snow, or ice jams.
Coastal flooding occurs when winds from a
coastal storm, such as a hurricane or nor’easter,
push a storm surge—a wall of water—from the
ocean onto land, affecting more than 8.6 million
Americans. Storm surge has the potential to
cause widespread devastation. Higher sea levels
are also causing an increase in shallow, non-life-
threatening floods. There are extreme events
(heavy or prolonged rains, storm surge, and rapid
snowmelt), and then there are human-driven
facets, such as how we manage our waterways
(via dams, levees, and reservoirs) and land
changes. Increased urbanization, for example,
adds pavement and other impervious surfaces,
alters natural drainage systems, and frequently
results in more homes being built on floodplains.
Under-maintained infrastructure in cities can
result in flooding. Flooding is becoming
increasingly linked to climate change. Climate
change may also increase the frequency or
severity of flooding (Hirabayashi et al. 2013;

Arnell and Lloyd-Hughes 2014). A warmer
atmosphere retains more water and then dumps
it. Since 1901, the country has warmed by an
average of 1.8 °F, becoming about 4% wetter,
with the eastern half of the country becoming the
wettest. The most severe storms in the Northeast
now produce about 27% more moisture than they
did a century ago. Mainly, when it rains, it pours
more because of global warming. Hotter tem-
peratures, on the other hand, can cause more
rain-on-snow events in areas where seasonal
snowmelt plays a significant role in the annual
runoff, with warm rains causing faster and often
earlier melting. Global sea levels are rising as
ocean temperatures rise and the world’s glaciers
and ice sheets melt (both of which are exacer-
bated by climate change). Our oceans are about
seven to eight inches higher than they were in
1900 (with about three of those inches added
since 1993 alone)—a faster rate of rising per
century than any other century in the past
2,000 years.

Flooding during the monsoon is a regular
activity, and some natural processes such as the
introduction of alluvial soils into areas, ground-
water refueling, or water bodies have also hap-
pened (Rubinato et al. 2019). The floods have
become unexpected and intractable due to vari-
able weather conditions and the growing volume
of severe precipitation. In recent years, the
number of incidences and the intensity of floods
have increased dramatically and professionals
believe that efficient and organized flood control
is needed quickly to address this challenge.

Inland floods (river floods, flash floods, and
drainage floods) killed 175,000 people and
affected more than 2.2 billion people between
1975 and 2002, according to global statistics
(Jonkman 2005). 2.2 billion people, or 29% of
the world’s population, live in areas that are
expected to be flooded at some point during a
once-in-a-100-year flood event (Rentschler and
Salhab 2020). Such an occurrence has a one
percent chance of occurring in any given year, a
ten percent chance in a decade, and a fifty per-
cent chance in a lifetime (68 years). According to
(Alfieri et al. 2018), flood losses in Asia and
Africa account for 95% of floods worldwide each

2 B. Pradhan et al.



year and 73% of total direct economic damage.
Due to the vast limited extend of flood-prone
areas in congested areas, flooding from large
rivers is responsible for a lot of people being
affected by floods annually (Pesaresi et al. 2017).
Around 1.47 billion people, or 19% of the global
population, are directly affected by inundation
depths of more than 0.15 m. Furthermore,
flooding could be even worse for over half of this
vulnerable population, with life-threatening
consequences, particularly for children and the
disabled (Zischg and Bermúdez 2020). Almost
half of the 132 million people living in extreme
poverty and high flood risk live in just three
countries. With over 35 million people are at risk
of flooding, the largest number of exceedingly
poor people in the world, accounting for 2.5% of
the country’s total population. The top ten
countries in terms of the number of poor people
are exposed at $1.90 account for 65% of all poor
people worldwide who are vulnerable to flood-
ing. Temperatures are rising throughout South
Asia, with all conceivable climate scenarios
anticipated to continue to grow for decades to
come (Muthukumara et al. 2018). These changes
will lead to more floods, higher demand for
water, and increasing health problems. South
Asian towns like Kolkata, Mumbai, Dhaka, and
Karachi, where 50 million people live, pose a
significant risk of flood devastation in the next
century. India is among the most susceptible to
climate change in the world. The frequency of
drops and gaps between rainy days during the
monsoon has been enhanced. As India’s tem-
perature warms, it is projected that extreme
weather would worse, such as heavy rain and
floods. The recent World Bank report predicted
that Chhattisgarh and Madhya Pradesh would be
the worst-hit states by 2050. The population at
danger from catastrophic flooding might increase
sixfold in India by 2040, from 3.7 million to 25
million from 1971 to 2004. Satellite technology
has changed the way we deal with large-scale
floods over the course of the disaster manage-
ment cycle, from preparedness to recovery.
Numerical Weather Predictions (NWP) have
reaped significant benefits from satellite data in
terms of improving forecast skills over the

oceans, in areas not covered by traditional mea-
surement networks, and in general, in extending
their predictability in time and for extreme events
(Bouttier and Kelly 2001). Moreover, various
sensors mounted on satellites have demonstrated
core elements in detecting and identifying sur-
face water extent (Pekel et al. 2016), river, and
lake height (Calmant et al. 2008), and large-scale
flooding (Pekel et al. 2016).

1.2 Impact of Flood—Global
Scenario

About 2.2 billion people or 29% of the world’s
population, live in places where flooding occurs
at an estimated rate of 1 in 100 years. This event
is 1% likely to happen in a certain year, which is
10% likely in a decade or 50% in a lifetime
(68 years). Approximately, 1.47 billion or 19%
of the world’s population is exposed directly to
flood depths of more than 0.15%. Since 1960, the
number of floods documented in the database for
EM-DAT catastrophes has increased. Many
occurrences which comply with the criterion are
nonetheless often not recorded in the EM-DAT.
For example, in the EM-DAT, the country of
floods was less than 50, climbing approximately
80 by the middle of the 1980s. The frequency of
flood events in low-income nations documented,
in particular, was quite low before the mid-1990s
(Fig. 1.1).

As the overall global modeling area in flood
mitigation measures are not being taken into
consideration, this increasing trend is not the
cause of a growing percentage of flood hazards
internationally; this implies that advancement in
improving transparency and data collection is
one of the main driving forces for the increasing
number of flood reports (Fig. 1.2). Additional
factors may also contribute (socioeconomic
changes, including population expansion). The
annual total of fatalities recorded and the measure
of economic losses reported by flooding in the
EM-DAT indicate an increased tendency
between 1960 and 2013 (1.5% per year for
annual reported deaths, and 6.3% per year for
reporting financial losses).
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In developing countries, the impact of flood-
ing is more damaging because of low flood
protection. In India and Nepal, for example, 6648

fatalities from floods occurred in 2013, while
repeated floods in the Philippines caused more
than 100 deaths per year between 2011 and 2013

Fig. 1.1 Number of recorded flood disasters from 1900 to 2019 (EMDAT (2020): OFDA/CRED International Disaster
Database, Université catholique de Louvain—Brussels—Belgium)

Fig. 1.2 Global damage cost from flood (Source EMDAT (2020): OFDA/CRED International Disaster Database,
Université catholique de Louvain—Brussels—Belgium)
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(Fig. 1.3), and persistent flooding in Thailand
caused severe economic losses in 2011 (EMDAT
2019). In Europe, the Danube flooded in 2013
just as the Kinu River flooded in Japan in 2015.
Developed countries also suffered from floods.
But, as a consequence of historical attempts to
reduce flood impacts, loss of flooding and dam-
age, particularly in terms of deaths, is generally
not as serious in developed countries compared
to underdeveloped countries (Doocy et al. 2013).

There is some evidence that climate change
will increase the risk of flooding. Based on the
outputs of 11 climate models, Hirabayashi et al.
(2013) present regionally disaggregated flood
risk estimates for the year 2100. They show that
a high-concentration climate change scenario
could result in a large increase in flood fre-
quencies in Southeast Asia, India, East and
Central Africa, and large parts of Latin America
by modeling the changes in river discharge and
inundation areas.

1.3 Floods in India—A Case Study

In spite of the fact that July was the driest in the
past five years, several portions of India, particu-
larly the Assam and Bihar provinces, are still
flooded. It was projected that more than 10 million
people have suffered and, until the first week of
August this year, at least 125 have passed away as
a result of floods (Hunt and Menon 2020).
Moreover, hundreds of Uttar Pradesh villages
have been flooded, Maharashtra’s metropolis,
Mumbai has been waterlogged and there’s immi-
nent flooding in Kerala and West Bengal. The
majority of deaths (11,316) were reported due to
flood/heavy rain in India in 1977 and the least in
1953 (37). In the wake of flooding, more than
1600 people die each year, affecting around 32
million. There is a yearly loss of more than 92,000
cattle, an impact of seven million hectares, and
damage exceeding Rs 5,600 crore (Fig. 1.4). In
2009, there was a loss of Rs. 32,541 crores in

Fig. 1.3 Global deaths due to flood, 1900–2019 (Source EMDAT (2020): OFDA/CRED International Disaster
Database, Université catholique de Louvain—Brussels—Belgium)
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crops, homes, and utilities, the greatest for any one
year. In 2003, flooding destroyed crops worth Rs.
7,298 in 2009 with the largest damage caused by
flooding to residences exceeding Rs 10,000 in
2009. West Bengal, Orissa, Andhra Pradesh,
Kerala, Assam, Bihar, Gujarat, Uttar Pradesh,
Haryana, and Punjab are flood-prone countries. In
the 20 states, the country has 226 flood prediction
plants, 2 union territories, and 19 river basins for
flood monitoring.

Their geographical position is one explana-
tion for the repeated floods in many parts of
India. For example, in the Terai region, at the
foot of the Himalayas and with the help of
hundreds of watercourses, states like Bihar,
Uttar Pradesh, West Bengal, Assam, and Bihar
are prone to flood hazard. Apart from Ganga,
river basins that are prone to flooding other
flood-prone basins are also scattered across the
states such as Kosi, Gandak, Damodar,
Brahmaputra, and Mahanadi. There are several
powerful affluents in these rivers, which pro-
duce huge flooding water during the wet sea-
son. According to information presented in the
Rajya Sabha, India lost an estimated Rs.
957 billion in 2018 and lost 1,808 lives due to
floods across the country. Government infor-
mation reveals an incidence of yearly flood
losses—comprising damage to the home, pub-
lic property, and crop—of Rs. 3612 billion on
average between 1953 and 2011. More than

125,000 households have lost their residential
or agricultural land as a result of floods since
1947, according to the Assam government.
Over the previous ten years, some of the big-
gest flood catastrophes have been in 2013 at
Uttarakhand, 2014 in Chennai, 2015, 2018 at
Kerala, 2019 at Patna, as well as the periodic
floods in Northeast India. The Central Water
Commission said that the flood management
expenditure in the 10th Five-Year Plan (2002–
2007) was increased from 43,44 billion Rs.
(4,344 crores) to 171,30 billion Rs. (17,130
crores) (2007–2012).

Officially, India’s overall flood-prone territory
comprises around 40 million hectares, repre-
senting 12% of the country’s total area. This
statistic for the flood-prone region is really old;
for at least the last two and a half decades, we
have heard this figure of 40–50 million hectares.
This number is actually related to the flood zones
reported by the river. The shape and scope of the
floods have changed a lot in recent years and our
communities are flooded now. The flood was
previously mostly restricted to the river basin
areas such as Brahmaputra, Kosi, Gandak,
Damodar, and Mahanadi. In addition, the flood
time was limited to rainy seasons, with the floods
in typical ways being managed by rural inhabi-
tants. But new cities and towns grew and existing
ones expanded with the rise of people. Often
without a correct master strategy, this change

Fig. 1.4 Impact of flood in India, 1953–2017 (Source Central Water Commission)
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was badly accomplished. This led in 2005 to
urban flooding, 2015 to Chennai, and 2019 to
Patna. Many water and weather experts empha-
size the importance to detect vulnerable flood
hotspots. They think it can give the administra-
tors a tiny image to map these locations and
maintain a thorough record. Many experts have
also questioned the construction of unneeded
banks and structures at the banks for “river flow
control”. Rashtriya Barh Aayog (National Flood
Commission) was established in the 1970s and
suggested that these structures should not be
fully evaluated for their “efficiency”.

The river broke the banks of Bihar in 2007
during the terrible Kosi inundations in over 30
sites and the national highways were broken at
hundreds of locations. Today, though, we are
raising the terrain embankment. This water (in
2007 from Kosi floods) had spread throughout
and remained stuck for two and a half months in
northern Bihar. It means the water could not get
out. Extreme precipitation events have increased
over recent decades and in a short time caused
rough and heavy rain. Nevertheless, factors such
as poor drainage, excessive ground cementation,
and invasive water bodies such as lakes and
pools and unplanted waste disposal have com-
pounded the situation. There are several water
bodies in this entire area of the terai at the foot of
the Himalayas. Such bodies (rivers, lakes, and
ponds) supplied water by saving it during the
heavy rainfall but these sites were either invaded
for building or filled with solid trash and garbage
in the past few years. The natural cushion or
buffer for rainwater in urban areas was thereby
destructed.

1.4 Need for Floods Prediction Map

The purpose of a floods warning service is to
detect and anticipate threatening flood occur-
rences in order to warn the public in advance and
to respond adequately to minimize the impact of
the event. In developing countries, flooding
causes massive loss of lives or property. Flood
alerts are particularly significant when protection
is not desirable or attainable through huge, hard

defences. This may occur if defences generate
harmful societal or environmental concerns or if
the expenses of building defences are prohibitive.
The flood alert phase demands continual weather
observation. This enables dangerous occurrences
to be detected and evaluated before they reach a
community. Prognoses can also be made to help
policy-makers model how an event will develop;
how important it will be when it arrives and
which segments of the population will be likely
to be vulnerable. This is required, as simply
detecting an occurrence does not give enough
time to respond. In order to achieve monitoring
and forecasting, a flood warning system would
probably integrate meteorological, mare, and
river and coastal flood prediction models. When
an incident surpasses a specific threshold, a
warning is generated. The message will likely be
distributed over a number of channels to the ‘at-
risk’ population. Media, police and fire depart-
ments, and simple signs like sirens and flags all
play significant roles. The second stage of the
flood warning service, which was launched after
the people, was notified of the risk. Hazardous
Zone communities must take efforts to minimize
their hazardous exposure and mitigate flood
impacts. It is necessary to communicate suitable
activities to the public in advance of a disaster
through awareness-raising efforts. That means
that measures can be done quickly to mitigate the
effects of floods to the greatest extent.

Flood risk management has a number of
objectives that span a wide range of time and
spatial scales. The advancement and implemen-
tation of relevant portfolios of measure (where
one’s advantages reimburse for the drawbacks of
another) are required to achieve these goals, a
process made more difficult by the changing the
nature of the flooding system (through climate,
geomorphologic and socio-economic influences).
As a result, a number of new strategies, concepts,
and initiatives have been proposed, including
flood protection, evacuation, environmentally
friendly solutions, river denaturalization, fool-
proof structural measures, nonstructural mea-
sures, soft measures, hard measures, river room,
flood fighting, resilient approach, sustainable
flood management, integrated approach, risk-
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based flood management, nature-based solutions,
dykes, floodwalls, warning systems, and more.
Efficient management of flooding was also not in
keeping with developing countries’ land strategy.
There have been several causes for it, politically,
socially, and economically. The WMO research
stated that modern land use, which gradually
interferes with the natural environment, has an
effect on all three dimensions: hazard, vulnera-
bility, and exposure to flooding risks. Removal
of vegetation, soil, surface gradation, and drai-
nage structures interrupt the patterns of natural
drainage and watercourses. The river-runoff rate
and the entire river’s volume increase as a con-
sequence of the decline in natural water storage
capacity when natural surfaces change to less or
less prevalent artificial surfaces. Seashore man-
groves serve as a protective wall during any
coastal flood, especially when a strong cyclonic
storm causes the floods. We also know that
cyclones become more frequent and strong
owing to global warming effects, thus conserva-
tion and the protection of mangroves against
destruction or degradation is vitally crucial.

Hydrological and hydraulic engineers have
been developing numerous approaches in the
past decades to delineate the borders of the
plains. Manual, arduous, and labor-intensive are
the most common ways. Automated floodplain
delimitation can be achieved with the advent of
sophisticated computer technologies and a high-
precision digital terrain model (DTM). Recently,
numerous floodplain delineation management
techniques have been developed and used in
flood occurrence zones.

The GIS Flood Tool (GFT) uses relative
DEMs, the zero point of which is referred to as
the lowest point on the defined stretch of the
stream channel, rather than traditional modeling.
A flood region is determined by using the Man-
ning equation at each grid cell, given a user-
specified river discharge or stream stage. This
determines how quickly this cell is flowing and
how the water is flowing. Additional geographi-
cal information such as settlement patterns,
transport networks, and land utilization/land
cover might improve flood patterns. Instead of

employing more intense DEM-based approaches,
flood extensions can come from the processing of
aerial or satellite imaging, such as LANDSAT.
During a flood, these maps can be swiftly drawn
to alert officials and first respondents. Algorithms
are meant to read visible spectrum pixel values or
near pictures and to build a rapid flood outline. In
order to achieve this strategy, modifications must
be done in order to ensure clear separate water
surfaces, such as rooftops or parking lots, from
other large flat areas. EcoFIM is developing
library resources for ecosystem studies from
USGS Flood Inundation Mapping (FIM). The
pilot EcoFIM supports the NRCS efforts through
an assessment of flood influences on the biodi-
versity of flood lands (e.g., plant species, fish,
and animals), biogeochemistry (e.g., nutrient
cycles and fluxes), and ecosystem services (e.g.,
regeneration, safe water, view of the nature),
with data types to conduct Eco-FIM projects
related to those subjects. EcoFIM supports the
efforts of the NRCS.

India has concentrated on developing a com-
prehensive early flood warning system in recent
years. In 2015, Chennai faced catastrophic floods
and was India’s first smart flood warning system
in 2019. In June 2020, Mumbai was equally
equipped with the built-in flood alert system
(IFLOWS). These flood alert systems can pro-
vide area-specific flood information during the
monsoon. TERI has currently launched with the
IMD and NDMA, in collaboration, a comparable
flood forecasting system for Assam. The IMD
also calculates the total predicted accumulation
of water in any river/sub-river basin using rain-
fall data. The collection and exchange of this
information with various entities can help to
improve the management of flooding. Sampson
et al. (2015) have been created to produce maps
for the entire terrestrial area between 56°S and
60°N with a return period of flood risk of up to
90 m resolution, and data are validated for high-
resolution government-based data set on flood
risk from the UK and Canada (HRSC). The
global model shows that two-thirds to three-
quarters of the benchmark data are risky without
generating excessive false positive predictions.

8 B. Pradhan et al.



1.5 Role of Geospatial Technology
for Floods Prediction

Over the previous decades, in most aspects of
flood catastrophe management, satellite data
have effectively been utilized. It was noted in the
recent literature on flood monitoring and ramifi-
cation assessment schemes that the majority of
the studies used satellite data to conduct their
analyses. In several phases of flood mitigation,
earth observations satellites can be used to map
geomorphological aspects, past figures, and
successive flooding, such as duration, flood
depth, and current direction (Samanta et al.
2018). They used a variety of imaging modali-
ties, such as Landsat, the Moderate Resolution
Imaging Spectroradiometer (MODIS), the Cana-
dian Radar Satellite (RADARSAT), and the
Satellite Pour l’Observation de la Terre (SPOT),
or a combination of modalities. NDWI (Memon
et al. 2015), MLSWI (Kwak et al. 2014), OWL
(Huang et al. 2012), and MNDWI (Memon et al.
2012) were used to detect flooded areas in those
studies (Atif et al. 2016). MODIS has been
combined with another satellite modality in some
studies. Martinis et al. (2013) discovered that it
fused with SAR, and Landsat (Martinis et al.
2013; Zhang et al. 2014). In some cases, using
either a MODIS or a Synthetic Aperture Radar
(SAR) image alone was more accurate than
combining both images in identifying floods.
Another set of studies focused on estimating
flood damage. Evaluation thresholds, including
topographic, pedologic and botanical properties
have been determined in the floodplains using
remotely sensed data (Dunne and Leopold 1978).
Evaluating the flood impact is a complex issue
that only interdisciplinary study and step-by-step
methodology can resolve. Digital elevation
models can be built fast or upgraded with SRTM
or Aster images. In addition, the land cover, for
example, permissibility, interception, evapotran-
spiration, surface roughness, etc. is related to all
types of factors relevant for hydrological mod-
eling. And since satellite mapping is now regular
practice, the space distribution of these values
may be approximated readily.

A website based on MODIS and RADASAT
data was used to visualize spatial information of
flooded areas using GIS (Auynirundronkool et al.
2012). Furthermore, using MODIS satellite
imagery, GIS and RS technologies were used to
review previous flood incidents (Likhit 2014).
Most flood monitoring systems, according to
recent surveys on mobile GIS, primarily used
sensed hydrological and meteorological data,
including rainfalls and runoffs, etc. (Pagatpat
et al. 2015; Chen et al. 2018). Information was
delivered via short message service (SMS) or as
descriptive text on smart connected device plat-
forms running web or native applications
(Ancona et al. 2014). Multi-Criteria Analysis
(MCA) is a structured method for determining
overall preferences among various policy mea-
sures, where each policy may have multiple
objectives. It identifies potential policy alterna-
tives (along with related actions) and evaluates
each one against a set of criteria. MCA is fre-
quently used in conjunction with cost–benefit
analysis (CBA), and it provides a more flexible
approach, particularly in situations where options
are difficult to express in purely monetary terms.
The most intriguing use of RS maybe its usage
for the study of components at risk. High-
resolution images provide tremendous possibili-
ties for identifying particular structures. In order
to determine its vulnerability, importance, and
value, recognition of the functioning of these
structures are vital. This provides the opportunity
to evaluate the increased risks and effects and use
them in the decision process, particularly in the
case of cities experiencing quick and uncon-
trolled expansion into dangerous locations such
as floodplains. Information was delivered via
short message service (SMS) or as descriptive
text on various smart device platforms running
web or native applications (Ancona et al. 2014).
A common piece of data was the current status of
a specific area’s water level, which could be seen
in real time. Integrated prototypes were also
created, which compiled relevant data and pro-
vided more analytical content (Kulkarni et al.
2014). Another GIS-based mobile application
was created to report flood situations, which
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included damage from the flood, water level, and
photographs (Jeeramard and Tangwannawit
2014). In disaster management, GPS plays an
important role, especially in locating the affected
areas. Tsunami warnings (Falck et al. 2010) and
landslide monitoring (Tagliavini et al. 2007) are
examples of recent applications in this field. GPS
has been proven to be helpful in hydrology and
flood management for documenting area-specific
rainfall for runoff prediction (Benevides et al.
2015), along with flood monitoring (Suparta and
Ali 2012). Google Maps API is a development
tool that makes it easier to integrate Google
Maps as a component into application software
or a web page (Liang et al. 2012). In web
development, for example, the code may be
written in HTML and JavaScript and interfaced
with PHP or Java in the backend (Choimeun
et al. 2010). According to a recent survey on the
use of Google Map API in flood management,
the API is most commonly used as notification
and reporting agents.

The flood risk map of Evros Transboundary
Watershed was generated by Mentzafou et al.
(2017) using a grid-based GIS modeling method
that combines major flood development factors:
topography, soil use, geology, pitches, accumu-
lation of flow, and intensity of precipitation.
ArcHydro is an ESRI Product geographic and
temporal water resources data model. ArcHydro
has a set of related tools, which have been con-
structed collaboratively by the ESRI (Institute of
the Environmental System Research) and CRWR
(Centre for Water Research) (Maidment 2002).
ArcHydro is a hydrographical simulation model
supporting data structure, however, it’s not a
simulation model by itself. The goal of ArcHydro
is to describe surface waters hydrology despite
the fact that the ArcHydro groundwater data
model is independent data that should allow
surface and groundwater information to be inte-
grated. HEC-HMS is a standard model for the
design of drainage systems, enabling, for exam-
ple, the quantification of flood effects due to land
utilization changes (Singh and Frevert 2006).
A hydrological model like HEC-HMS translates

a rainfall input into single-watershed streamflow
output characteristics including a drainage area,
pathway, land cover, and soil type. Many of
these data types can be measured in a GIS
database. Kraus (2000) provided an intriguing
example of a small watershed in Texas, USA
using GIS and HEC-RAS integration. In the
1990s, the specifically designed GIS interface
was built for the delivery of geopathic data such
as HEC-GeoHMS/HECGeoRAS systems, HEC-
HMS, and HEC-RAS are written in object-
oriented programming languages. HEC-
GeoRAS allows a specialist with a small GIS
training to produce geometric data in the HEC-
RAS and examine the data on the water surface
profile with ArcGIS (Ackerman et al. 2000).
A Web Map Interface with dynamic maps of
existing and anticipated flood occurrences is
developed by CARIS Spatial Fusion. This
Web GIS program has the capacity to allow the
users to simply find their area of interest based on
a 6-digit postal code (Statistics Canada 2008).
The Web–GIS interface has been built to deter-
mine and display the spatial extent of the
expected flood plain, allowing visualizations of
the transit system, property borders, municipal
infrastructure, and flood polygons (Mioc et al.
2008).

1.6 Key Aims of the Book

Geo-spatial techniques have enjoyed a rising
interest in recent decades among the earth’s
environmental and social sciences research
communities for their powerful ability to solve
and understand various complex problems and
develop novel approaches toward sustainable
earth and human society. By linking geospatial
computational intelligence techniques with soci-
etal and environmental-oriented problems, this
book demonstrates the geospatial technology
approach to data mining techniques, data analy-
sis, modeling, risk assessment, and visualization,
and management strategies in different aspects of
flood hazards.
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1.7 Individual Chapters

This book is composed of 13 chapters associated
with spatial modeling of floods and flash floods
hazards in basin drainage scale, human interfer-
ence and flood vulnerability, and community
preparedness for flood mitigation strategies.
Chapter 2 deals with sub-watershed prioritization
for flood susceptibility mapping based on the
morphometric parameters with GIS techniques.
The palaeohydrologic estimates of flood dis-
charge using slackwater deposits (SWD) have
been described in Chap. 3. In Chap. 4, Majumder
and Bhunia presented the prediction of flood risk
mapping using GIS-based multi-criteria decision
approach. In Chap. 5, Alam et al. evaluated the
flood vulnerability which is primarily based on
multi-criteria evaluation (MCE) conducted in the
lower the Brahmaputra River of Assam. Chapter
6 dealt with Analytical Hierarchy Process
(AHP) and frequency ratio (FR) model to prepare
a flood susceptibility map. In Chap. 7 written by
a group of researchers under the lead of Taluk-
dar, described the novel hybrid models by inte-
grating machine learning algorithms with a
statistical model like logistic regression (LR) for
generating flood susceptibility models (FSM).
This chapter also emphasizes the various
machine learning algorithms, such as artificial
neural network (ANN), and random forest (RF),
and logistic regression (LR) and their integration
with each other to generate two hybrid machine
learning algorithms, such as ANN-LR, and RF-
LR models for FSM. Chapter 8 dealt with the
role of GIS-based AHP method to predict flash
flood susceptibility mapping (FFSM) in the
urban area. GIS-based hydrological and hydrau-
lic models to forecast river flood risks and
proposition of management measures have been
illustrated in Chap. 9. In Chap. 10 written by a
group of researchers under the lead of Chamling,
discussed the large-scale human intervention and
estimation of flood susceptibility applying the
Frequency Ratio model. Chapter 11 analyzed and
described the transport infrastructural losses in
India due to floods during the past 60 years. In
Chap. 12, Islam and their co-authors have

discussed rural–urban differential in flood vul-
nerability and community preparedness for flood
management strategies. The last chapter of the
book described the issues of urban flood man-
agement with the application of geospatial tech-
niques, to provide scientific information for the
city planners and policy-makers to formulate
resilient urban flood management strategies.
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2Flood Susceptibility Mapping Using
Morphometric Parameters and GIS

Md. Hasanuzzaman, Aznarul Islam,
Biswajit Bera, and Pravat Kumar Shit

Abstract

The present study investigates sub-watershed
prioritization for flood susceptibility mapping
of the Silabati River basin (India) based on
morphometric parameters. This river basin is a
sixth-order drainage system with an adendritic
drainage pattern and traverses an area of
4247.99 km2. Almost every year, the lower
stretch of the Silabati river basin experiences
floods due to physiographic characteristics
and excessive rainfall during a short time. The
present work has been conducted with an
integrated outlook involving the morphomet-
ric parameters, geological, and climate data by
geospatial techniques for determining the
probability of spatial flood risk. A ranking
method has been employed to prioritize the
sub-watersheds for susceptibility to flooding.
The results of this study depict that 48.18%
area of the basin including 11 out of 26

sub-watersheds has a high to very high flood
susceptibility area. Drainage density, basin
slope, circulatory ratio, relative relief, relief
ratio, stream frequency, and ruggedness num-
ber are the most important morphometric
parameters for flooding in the study area.
Since there were no such government or
private historical flood records that are
required for flood modeling, various morpho-
metric parameters have been accurately used
to measure sub-watershed-wise flood suscep-
tibility. The performance and efficiency of this
method are validated using ROC and AUC,
which ensures a considerable amount of
accuracy (89.2%) of the study. Moreover, this
research may be used as a guideline for
surface runoff harvesting and flood mitigation
at the sub-watershed level.

Keywords

Flood � Geospatial technology � Silabati River
basin � Morphometric parameters � Sub-basin
prioritization

2.1 Introduction

Floods are one of the most vital hydrological and
meteorological hazards (Huang et al. 2008;
Markantonis et al. 2013; Toduse et al. 2020). It
has several negative and sudden impacts on
human life and livelihood especially the agrarian
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economy (Leskens et al. 2014; Yang et al. 2015;
Bui et al. 2020; Islam and Ghosh 2021). United
Nations Office for Disaster Risk Reduction
(UNISDR) reported that the human life losses
due to flood events were around 15 lakhs and
around 11.1% mortality rate in the world during
1996–2015. Developing nations like India, Sri
Lanka, and Bangladesh portray a very high
impact rate. The flood scientists and organiza-
tions have predicted that annual losses up to US
$415 billion worldwide due to floods in 2030
(Grabs 2010; Karamouz and Fereshtehpour
2019; WMO 2016; UNISDR 2015). Floods of
small watersheds area (less than 1,000 km2)
reveal a complex and sudden response time due
to the orographic nature of rainfall in the high
land region (Destroet al. 2018; Obeidat et al.
2021). Some direct and indirect factors such as
rainfall characteristics, drainage properties, infil-
tration, environmental conditions, evapotranspi-
ration, and anthropogenic activities are the
significant factors that impact the intensity of
flood susceptibility (Azmeri and Vadiya 2016;
Jodar-Abellan et al. 2019; Samanta et al. 2018).
Identification of vulnerable areas for floods is a
very important precursor to reduce the negative
impact on human life and infrastructure (Ali et al.
2020).

Watershed management focuses on reducing
the negative impact of surface runoff or floods,
and surplus water use for various beneficial
purposes such as irrigation, groundwater storage,
and reduces erosion (Ratna et al. 2017; Sebastian
et al. 1995). For water resource management, the
optimum use of watersheds is important (Worku
et al. 2020). Morphometric parameters for pri-
oritization of sub-watersheds within a basin is
necessary for the conservation of land and water
resource (Aher et al. 2014). Various research
studies have employed morphometric investiga-
tion for the prioritization of sub-watershed-wise
flood or erosion susceptibility (Bhatt and Ahmed
2014; Abuzied et al. 2016; Ameri et al. 2018;
Asfaw and Workineh 2019; Charizopoulos et al.
2019; Hussein et al. 2019; Kannan et al. 2018;
Rajasekhar et al. 2020; Alam et al. 2020; Das
2020; Islam and Deb Barman 2020). These
researches have employed some algorithms from

some classic works such as Horton (1945, 1932),
Smith (1950), Strahler (1952), Miller (1953), and
Schumm (1956). According to Strahler (1964),
morphometric parameters depicted a relatively
very simple method. To investigate the geomor-
phic history, geological and hydrological condi-
tions of the basins, it may be employed.
Morphometric features of the basin are very
important parameters that influence flood inten-
sity. Therefore, this research of the basin mor-
phometry can provide a very significant database
in relation to their hydrological responses (Borga
et al. 2008). Of late, remote sensing (RS) and
geographical information systems (GIS) have
been extensively employed with the objective of
watershed management (Chatterjee et al. 2013;
Okumura and Araujo 2014; Hasanuzzaman et al
2021). Digital elevation model (DEM) is a very
high-resolution RS data and it’s freely available
for access. It is a very effective tool for the
accurate investigation of watershed morphomet-
ric parameters (Ratnam et al. 2005; Samanta
et al. 2018; Majumder et al. 2019; Hasanuzza-
man and Mandal 2020).

Silabati Basin of West Bengal is also having
ample water resources but very unevenly dis-
tributed in its upper, middle, and lower reaches
of the basin. The western part is a drought-prone
area while the eastern part faces the flood prob-
lem in years of surplus rain. In both cases, people
suffer from loss of life and damage to properties.
Therefore, this region is demanding to utilize the
available water resources judiciously to solve the
problems of water shortage as well as to prevent
the misuse of water. This research work is a
small effort to evaluate the flood of Silabati Basin
that contributes to its present configuration in an
integrated manner for scientific and judicious use
and also for development watershed and sub-
watershed wise surface runoff harvesting and
flood management. Moreover, this type of work
is relatively absent at the national level or
regional level. Thus, the main objective of this
research is the prioritization of sub-watersheds
corresponding to flash floods or floods based on
morphometric analysis using geo-spatial tech-
niques. The output of this present research can be
utilized to help the government to take the
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necessary steps in those regions that are suscep-
tible to floods and very high possibility for runoff
harvesting.

2.2 Study Area

The present study is executed over the Silabati
river basin situated in the southwestern part of
the Bengal Basin. The Silabati or Silai River as
well as Arkusa Nala and their ramifying channels
have furrowed up the Dwarkeswar-Kangsabati
interfluve at Hura block and flows over three
districts of Puruliya, Bankura, and West Medi-
nipur. It is the principal tributary of the Rup-
narayan River (Shit et al. 2015). The river
Silabati originates at Baragram village (23°15′N
and 86°39′E) of Puruliya district on Manbazar-
Adra road and flows southeast for about 20 km
in Puruliya district. The river leaves the district at
Puncha block and enters Bankura district near
Salanpur of Indpur block (Fig. 2.1).

Silabati River watershed presents a unique
physical setting in the sense that hard rock pla-
teau and fringe area, laterite covered upland,
undulating tract, and flat alluvial plain, all are
found in a single basin (Shit et al. 2016; Islam
et al. 2020). Actually, the entire geomorphic unit
is the southeastern continuation of the
Chhotanagpur Plateau (Fig. 2.2). Plateau Fringe
lies in the extreme northwestern part, which is
the remnants of the spurs projecting from the
Chhotanagpur plateau. Its elevation varies from
160 to 227 m and is characterized by high rela-
tive relief and moderate slope. Archaean rocks
composed of granite, gneiss, schist occupy this
area (Dolui et al. 2014; Gayen et al. 2013). The
plateau slope lies in the eastern part of the pla-
teau fringe. This part is covered by crystalline
rocks of the Archaean age and characterized by
hillocks, low ridges, and valleys. Passing over
the plateau slope, the basin area presents a dis-
sected upland covered by hard rocks and old
alluvium with lateritic capping. The terrain is
characterized by irregular, non-contiguous, and
uneven tracts (Shit and Pati 2012). The central
undulating and rolling plain to the east of this
dissected upland presents a flattened and rolling

topography. This lateritic part is underlain by
deposits of older alluvium and shows dissected
badland topography at places (Shit and Maity
2012). This rolling plain gradually merges into a
flat alluvial plain to the east consisting of assor-
ted materials of sub recent to recent age. Flood
plains are confined mainly along the major rivers
which allow sudden discharge sometimes caus-
ing heavy floods.

Silabati River basin has got its climatic char-
acteristics due to its tropical location. The upland
tract in the west is much drier than that of the
eastern part. The basin area enjoys a sub-tropical
humid climate characterized by “Monsoon”
conditions with marked seasonal variations. The
mean annual rainfall of the basin varies from
110 cm in the west to 121 cm in the east
(Fig. 2.2). The rainfall during monsoon months
from June to September receives around 78% of
the total annual rainfall with July and August
being the rainiest months. The temperature starts
rising from March and attains its extremes up to
48 °C during May. Otherwise, the basin is
characterized by a mean minimum temperature
of 21 °C and a maximum temperature of 33 °C.
With the onset of the monsoon, the temperature
drops appreciably. December and January are the
cold months with mean maximum and minimum
temperature as 26 °C and 11 °C, respectively.

2.3 Data and Methods

The conceptual framework of the method applied
in this present study is depicted in Fig. 2.3. For
the objective of watershed characterization and
prioritization of sub-watersheds of the Silabati
River basin, twenty-six morphometric parameters
were selected (Table 2.1). According to the total
weight value of sub-watersheds, the total ranking
method was used for the ranking sub-watersheds
(Watershed prioritization) (Biswas et al. 1999;
Puno and Puno 2019). The main morphometric
parameters of the basin are linear, areal, and relief
aspects of watersheds (Melton 1957; Strahler
1964). For computing the morphometric indices,
basic parameters of a watershed like a basin
length, basin area, perimeter, lengths of streams,

2 Flood Susceptibility Mapping Using Morphometric Parameters and GIS 17



and the number of streams for each stream order
have been calculated directly from the Digital
Elevation Model (DEM) using GIS techniques.
The DEM was downloaded from www.search.
earthdata.nasa.gov and www.earthexplorer.usgs.
gov with the resolution is 30 m and 12.5 m
(Radar Imagery 2001–2006). First of all, filling
the DEM for finding out the missing data was
accomplished followed by the generation of
stream network and flow accumulation map of
the Silabati River Basin (SRB) and then to sub-
divide the SRB into sub-watersheds. Mathemati-
cal equations were used for the measurement of
other morphometric parameters of the basin like
drainage density, ruggedness number, circularity
ratio, basin relief, length of overland flow, rela-
tive relief ratio, basin slope, hypsometric integral,
elongation ratio, stream frequency, and relief ratio
(Obeidat et al. 2021). These mathematical equa-
tions are depicted in Table 2.1. For the sub-

watersheds prioritization, the morphometric
ranking method (Total Rank) was employed
(Patel et al. 2012). According to morphometric
parameters value, each sub-watershed was divi-
ded into various prioritized rank groups, where
rank 1 represents the very low probability for
floods risk, and so on (Obeidat et al. 2021).

The selected 12 parameters of morphometric
have been employed for the sub-watersheds
susceptibility map of the flood (Table 2.1). All
these parameters of morphometric are related to
flood either directly or indirectly. Out of twelve
parameters, eight parameters (relief ratio, basin
area, circularity ratio, drainage density, basin
slope, ruggedness number, relative relief ratio,
and stream frequency,) have a direct relationship
with the surface flow or flood possibility. The
higher values of eight parameters are indicating
the higher degree of possibility to flood risk. So,
these parameters of sub-watershed having the

Fig. 2.1 Location of the study area
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highest values are given the top rank (5). On the
opposite side, the other four parameters (shape
factor, hypsometric integral, length of overland
flow, and elongation ratio) have an inverse rela-
tionship to surface runoff or flood possibility.
The lower values of the four parameters are
indicating a higher degree of flood possibility and
these parameters are given the top rank (5).
Firstly, each parameter value was summed, and

normalized from 0 to 1 to find out the specific
prioritized rank of the sub-watershed. The same
value of sub-watershed has defined the similar
ranking. After that the sub-watersheds are divi-
ded into five floods susceptibility categories
(very high, high, moderate, low, very low pri-
ority) following a simple equation to demarcate
the interval length that is (Maximum–Minimum)/
5 (Farhan and Anaba 2016).

(a)

(b)

Fig. 2.2 a Climate map and b Geological map (Source Geological Survey of India) of the study area
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2.4 Results and Discussion

2.4.1 Morphometric Parameters

According to the flow accumulation of the SRB,
26 sub-watersheds were demarcated using the
ArcGIS 10.8 software (Fig. 2.4). The final out-
puts of the morphometric investigation of all sub-
watersheds were depicted in Fig. 2.5 and
Table 2.2. To determine the flood susceptibility
map, the geomorphologic and hydrological rela-
tion in the study area was used (Fig. 2.5).

2.4.1.1 Linear Parameters
Basin perimeter is a very significant basic
parameter of morphometric parameters as an

indicator of basin shape and size. The minimum
perimeter value was found as 32 km (SW 5) and
the maximum value was found as 176.44 km
(SW 25). A strong correlation is depicted
between basin perimeter and area (Obeidat et al.
2021). A significant indicator of surface runoff
feature is basin length (Christopher et al. 2010;
Taha et al. 2017). In the present study, basin
length rangesfrom 5.89 km (SW 13) to 49.36 km
(SW 25). Also, a strong correlation is depicted
between stream length and basin length (Obeidat
et al. 2021). The stream order of the SRB extends
up to six orders but all sub-watersheds vary from
first order to fourth order. The high stream
numbers represent the high surface flow or rapid
peak flow (Bhat et al. 2019). In the study river
basin, the total stream number is 2559, and 1285

Fig. 2.3 Conceptual framework of the methodology of the study
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Table 2.1 Detailed information of morphometric parameters

Parameter no Morphometric parameter Formula/definition References

Linear 1 Basin perimeter (P) Perimeter of the watershed (km) Horton (1945)

2 Basin length (Lb) Length of the basin (km) Horton (1945)

3 Stream order (U) Hierarchical rank Strahler (1952)

4 Total number of streams
(Nu)

Total no. of streams of all orders Strahler (1952)

5 Stream length (Lu) Length of the stream (km) Horton (1945)

6 Total number of streams
(Nu)

Total no. of streams of all orders Strahler (1952)

7 Stream length (Lu) Length of the stream (km) Horton (1945)

Areal 8 Basin area (A) Plan area of the watershed (km2) Horton (1945)

9 Drainage density (Dd) (Dd = Lu/ A, where
Lu = total stream length of all orders
(km)
A = area of the watershed (km2)

Horton (1945)

10 Length of overland flow
(Lo)

Lo= 1/(2*Dd), where Dd = drainage
density

Horton (1945)

11 Stream frequency (Fs) Fs= Nu / A, where
Nu = Total number of streams of all
orders
A = area of the basin (km2)

Horton (1945)

12 Elongation ratio (Re) Re= 1.128*(A^0.5)/Lb, where
A = area of the basin (km2)
Lb = basin length (km)

Strahler (1957)

13 Circularity ratio (Rc) Rc= 4 � p x A/ P2; where
p = 3.14
A = area of the basin (km2)
P = perimeter (km)

Schumm (1956)

14 Shape factor (Sf ) Sf= L2b / A, where
Lb = basin length (km)
A = area of the basin (km2)

Miller (1953)

Relief 15 Basin relief (H) H = h� h1, where
h = maximum height (m)
h1= minimum height (m)

Horton (1945)

16 Relief ratio (Rr) Rr= H/Lb, where
H = total relief (km)
Lb = basin length (km)

Malik et al. (2011)

17 Relative relief ratio (Rv) Rv= H/P, where
H = total relief (km)
P = perimeter of the basin (km)

Schumm (1956)

18 Basin slope (Bs) Bs= H/Lb � 60, where
H = total relief (km)
Lb = basin length (km)

Melton (1957)

19 Ruggedness number (Rn) Rn= Dd � H, where
H = basin relief (km)
Dd = drainage density

Farhan and Anaba
(2016)

20 Hypsometric integral (HI) HI = (Emean–Emin)/(Emax–Emin), where
Emean = the weighted mean elevation
Emax = maximum elevation
Emin = minimum elevation

Schumm (1956)
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Fig. 2.4 Sub-watershed of the Silabati River basin with drainage pattern and stream order

Fig. 2.5 The matrix of the Pearson correlation coefficient for all twelve morphometric parameters weight value
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streams are first-order streams (50.2%) in all sub-
watershed. Among the 26 sub-watersheds, SW
25 has the highest total number of the stream
(320) and SW 8 has the minimum total number
of the stream (18 streams). Stream length indi-
cates the contributing area of a basin of a certain
order (Magesh et al. 2011). According to Strahler
(1952), the higher the stream length the lower the
infiltration, and the greatest runoff-producing
power of the basin. The SRB’s total stream
length of all orders is 3274.96 km.

2.4.1.2 Areal Parameters
The sub-basin area of the SRB ranges from 26.26
km2 (SW 19) to 543.42 km2 (SW 25). These sub-
watersheds are located at the maximum rainfall
area of the basin. Drainage density is controlled
mainly by two factors, such as relative relief and
slope of the basin (Magesh et al. 2011). So, it is
directly correlated with flood or flash flood. The
drainage density is high which means minimum
infiltration rate and maximum surface runoff of
the watershed (Kelson and Wells 1989). In the
current study, maximum drainage density was
found as SW 3, and the minimum was found as
SW 5. According to Horton (1945), length of
overland flow denotes the length of water flow
over the land surface before it becomes concen-
trated into defined stream channels. Climate
conditions, rocks, soil material, relief, and veg-
etative are the main influential factors of the
length of overland flow (Youssef et al. 2009).
The length of the overland flow value of the SRB
is 0.77 and it varies from 0.06 (high probability
to flood) for SW 5 to 0.88 for SW 18. Therefore,
sub-watersheds 5 and 6 were given the top rank
(5) that these sub-basins have high susceptibility
for the flood. According to Horton (1932), stream
frequency denotes the ratio between the total
number of streams and area. If the stream fre-
quency value is high, maximum surface flow and
minimum infiltration are recorded (Melton
1957). The highest stream frequency of the SRB
is found for SW 3 and the lowest for SW 1. SW 3
with the high vulnerability of sub-watershed for
flooding with low infiltration capacity. Accord-
ing to Schumm (1956), the bifurcation ratio is the

ratio between the number of stream segments of
a given order to the number of segments of the
next higher order. Its low value means that it is
structurally less disturbed watersheds (Strahler
1964) and the maximum value represents the
high runoff producing capability of a basin in a
short lag time (Howard 1990). The SRB has
found a mean bifurcation ratio value of 2.52, and
it varies from 1.64 to 4.75 across the sub-
watersheds.

According to Horton (1932), the elongation
ratio signals about the basin shape. The elonga-
tion ratio ranges between 0.6 and 0.8, which
means basin characteristics have steep slopes and
high relief. Another side, its value is close to 1
which means that the basin characteristic has
very low relief (Dar et al. 2013). In this work,
SW 12, 13, 18, 19, 20, and 21 have the lowest
sensitivity to flooding, whereas SW 7 has the
highest indicating more susceptibility to flood-
ing. According to Miller (1953), the circulatory
ratio is the proportion of the watershed area to
the area of the circle having the same perimeter
of the watershed. Geological structures, rough-
ness, slope, climate, frequency of stream, and
length of stream are controlled by the circulatory
ratio (Bisht et al. 2018). Its value is directly
correlated with flash floods. Its higher value
indicates the minimum time taken to surface
runoff and maximum time taken to infiltration. In
this research, SW 6 has the lowest circulatory
ratio value, and SW 12 to have the highest value
(high potential for flooding). Sub-watersheds 4,
5, 8, 9, 10, 12, and 16 are given the highest rank
(5) due to the high circulatory ratio value,
whereas sub-watersheds 6 and 26 are referred to
the least rank (1). The shape factor determines
the rate of sediment and water yield (Farhan et al.
2017). The low value of the shape factor repre-
sents maximum relief and steep slopes that
indicate a high probability of flood. The shape
factor values of the SRB vary from 0.93 (SW 12)
to 5.83 (SW 23). Sub-watersheds 1, 2, 3, and 23
with high shape factor values are denoted by the
lowest rank (1), and sub-watersheds 10, 12, 13,
18, 19, 20, and 21 with the low values are
denoted by the highest rank (5).
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2.4.1.3 Relief Parameters
The difference between the highest elevation and
lowest elevation is called basin relief. It plays an
important role in various aspects such as drai-
nage development, erosional properties of the
terrain, landforms development, surface and
subsurface water (Magesh et al. 2011). In this
study, sub-watershed 21 is determined as the
minimum and sub-watershed 3 as the maximum.
It depicts that the basin has the maximum
potentiality to produce floods. In the present
study, SW 12 is the most sensitive sub-watershed
for floods, whereas SW 20 is the least sensitive
one. Sub-watersheds 6, 12, and 13 are found to
have a high value of relief ratio values.
According to Macka (2001), the relative relief
ratio has a direct relationship with the probability
of floods. In the present study, sub-watersheds
20, 21, 22, 23, 25, and 26 with low relative relief
ratio value has been given the lowest rank (1) and
sub-watersheds 3, 4, 5, 6, 8, 12, and 14 with high
values are denoted by the highest rank (5). Basin
slope has an impact on the hydrological pro-
cesses such as the amount of surface runoff and
speed, and the time (Meraj et al. 2013). Steep
slope and high relief of the basin increase the
probability of flash floods. In the present study,
sub-watersheds 1, 2, 20, 21, 22, 23, 24, 25, and
26 with the lowest basin slope values are denoted
by the lowest rank (1). Sub-watersheds 3, 12, and
13 with the highest values are denoted by the
highest rank (5). Ruggedness is the nature of the
surface undulations of the basin (Selvan et al.
2011). If the ruggedness number is maximum,
there is a high possibility for erosion and flash
floods (Patton and Baker 1976). It is directly
related to flooding (Obeidat et al. 2021). Sub-
watersheds of the study areas 8, 12, 13, 18, 19,
20, 21, and 26 with the lowest ruggedness
number are denoted by the lowest rank (1). Sub-
watershed 1 with the highest ruggedness number
are denoted by the highest rank (5). Hypsometric
Integral is a very important parameter to deter-
mine the interrelations existing among the
lithology, climate, erosion, and tectonic uplift
(Pavano et al. 2018). Hypsometric integral value
is lowest for SW 22 and SW 26 and hence these

watersheds are given top rank (5) while SW 5,
SW 7, SW11, and SW 21 with the highest hyp-
sometric integral are given the lowest rank (1).

The eight direct morphometric parameters
(basin slope, basin area, circularity ratio,
ruggedness number stream frequency, relief
ratio, drainage density, and relative relief ratio)
and four indirect parameters (length of overland
flow, shape factor, hypsometric integral, and
elongation ratio) weights are employed for the
Pearson correlation coefficient matrix in Fig. 2.5.
This matrix revealed that the correlation of the
all-morphometric parameters are correlated to
each other. According to the result of the corre-
lation analysis, the strongest correlation has been
found between the basin relief and basin slope
(r = 0.96). Moreover, the circularity ratio to
other morphometric parameters has been found
as the weakest correlation.

2.4.2 Prioritization of the Sub-basin
for Flood Susceptibility

The morphometric total ranking method was
used for assessing the flood hazard. Table 2.2
and Fig. 2.6 illustrate the results of this study.
The total ranking method was used for the total
score of twelve factors for each sub-watershed.
The flood prioritization map of the SRB repre-
sents two sub-watersheds (18, and 21) with very
high flood probability. About 5.61% of the total
area is under this category and this area is also
the same as that of the historical flood. Around
42.57% of the total area encompassing nine sub-
watersheds (12, 13, 17, 19, 20, 22, 24, 25, and
26) are under the high flood susceptibility zone.
The results of the study represent that this is a
high flood-prone area. Around 27.65% of the
total basin area distributed over ten sub-
watersheds (5, 6, 7, 8, 9, 10, 11, 15, 16, and
23) are included in the moderate class flood risk
category. Sub-watersheds 1 and 14 are fall under
the low flood risk class with around 11.60% of
the total basin area. Sub-watersheds 2, 3, and 4
with around 12.68% of the total area of the basin
are included under very low flood risk areas. The
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upper part of the basin is a very low flood risk
area. The lower-middle segment of the river
basin is observed to be in a vulnerable condition
since it belongs to the very high to high flood
susceptible category. Also, these results are the
same as that of the rainfall active area and
geology. Current research represents that rainfall
has a strong relationship with flood susceptibil-
ity. This work will be helpful for the authorities
to take appropriate measures for reducing flood
risk or surfaces runoff harvesting. Moreover, this
work may be employed in other areas, when the
historical flood data and validation are not
available.

2.4.3 Validation

In the present context, accurately measuring and
preparing the flood susceptibility map with vali-
dation is a very crucial and difficult task. The
present study used success and prediction rate
methods to validate the model by comparing
predicted hazard areas to existing hazard loca-
tions (Zare et al. 2013). To do this, a total
number of 200 known flood sites are demarcated
from the flood map of 2017 (Figs. 2.1 and 2.6)
published by the National Remote Sensing
Centre (bhuvan.nrsc.gov.in). Therefore, an area
under curve (AUC) method evaluated the

Table 2.2 Details description of the results of the study with weight values

SW A Dd Lo Fs Re Rc Sf Rr Rv Bs Rn HI Total
rank

Normalization Prioritized rank Priority

1 1 5 2 5 3 1 4 1 1 1 1 5 30 0.40 3 Low

2 2 4 1 2 1 5 5 1 1 1 1 2 26 0.20 2 Very low

3 2 3 1 2 1 3 5 1 1 1 1 1 22 0 1 Very low

4 1 4 1 1 1 2 5 2 2 2 1 4 26 0.20 2 Very low

5 1 1 5 2 2 5 4 3 5 3 1 1 33 0.55 7 Moderate

6 1 1 5 2 2 1 4 5 5 3 2 2 33 0.55 7 Moderate

7 4 5 2 1 4 3 1 1 4 1 5 2 33 0.55 7 Moderate

8 1 3 2 2 3 5 3 3 5 3 1 2 33 0.55 7 Moderate

9 2 5 2 5 2 5 2 2 2 2 2 2 33 0.55 7 Moderate

10 1 5 2 2 2 3 5 2 5 2 2 2 33 0.55 7 Moderate

11 1 5 2 5 3 4 3 2 3 2 2 1 33 0.55 7 Moderate

12 1 4 2 1 1 5 5 5 5 5 1 2 37 0.75 9 High

13 1 5 2 3 1 3 5 5 3 5 1 2 36 0.75 9 High

14 1 4 1 2 1 3 5 4 3 4 1 2 31 0.45 4 Low

15 1 5 2 4 3 2 2 2 3 2 2 4 32 0.50 5 Moderate

16 3 5 2 4 3 3 2 1 1 1 2 5 32 0.50 6 Moderate

17 1 5 2 5 3 4 3 2 4 2 3 2 36 0.75 9 High

18 1 5 2 4 3 5 4 3 5 3 2 2 39 0.85 10 Very high

19 1 5 2 4 3 4 3 2 5 2 2 3 36 0.75 9 High

20 4 5 2 5 3 3 1 1 3 1 4 3 35 0.65 8 High

21 1 5 3 5 3 4 1 5 5 5 2 3 42 1.00 11 Very high

22 1 5 2 5 2 5 4 2 4 2 2 3 37 0.75 9 High

23 4 5 2 5 4 2 1 1 1 1 3 3 32 0.50 6 Moderate

24 5 5 2 5 3 3 2 1 2 1 3 3 35 0.65 8 High

25 5 5 2 5 3 3 2 1 1 1 4 4 36 0.65 8 High

26 1 5 2 4 5 4 3 2 4 2 2 1 35 0.65 8 High
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prediction capabilities of validation of the model
(Swets 1988; Hong et al. 2015). In this work, the
AUC is considered to evaluate the performance
and efficiency of this morphometric method. In
order to assess the validity of the flood suscep-
tibility map, the AUC is computed, and the
output value, i.e., 89.2% depicts that the accu-
racy level of the flood map prepared to adopt the
morphometric analysis technique is well accept-
able (Fig. 2.7). Also, different field photos during
the flood also validate this work (Fig. 2.8).

2.5 Conclusion

Hydro-morphometric analysis and GIS tech-
niques are employed to predict flood vulnerable
areas of the SRB. Since there were no such

Fig. 2.6 Sub-watersheds-wise final flood susceptibility map

Fig. 2.7 Area under curve for validation of flood
susceptibility map
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government or private historical flood records that
are required for flood modeling, sub-watershed-
wise flood susceptibility analysis has been done
using the morphometric investigation. The cur-
rent study result depicts that around 48.18% of
the total basin area is included under the high to
very-high-flood susceptibility category. Basin
slope, relative relief ratio, drainage density, cir-
culatory ratio, relief ratio, stream frequency, and

ruggedness number are the most important mor-
phometric parameters for flooding in the study
area. The performance and efficiency of this
method are validated using the AUC model that
ensures a considerable amount of accuracy
(89.2%) of the study. The flood prioritization map
of the SRB represents two sub-watersheds (18
and 21) with very high flood probability. About
5.61% of the total area is under this category and

Fig. 2.8 a Flood water spill over the area near Ghatal,
b flood water spill over the road near Ghatal, c flood water
spill over the bridge near Chandrakona, d flood water spill

over the area near Chandrakona, e flood water spill over
the area near Salboni, f flood water spill over the road near
Salbani (Source Field Photographs 2020)
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this area is also the same area as the area of the
historical flood. Around 42.57% of the total area
over nine sub-watersheds (12, 13, 17, 19, 20, 22,
24, 25, and 26) are under the high flood suscep-
tibility zone. The result of the study represent that
this is a high flood-prone area. Therefore, the
current study depicts that managing the flood of
the area is much needed. It should be the main
focus of the government to protect human lives
and agricultural land. Moreover, this study carried
out using the combination of morphometric
analysis with GIS may act as an important tool to
understand sub-watersheds parameters related to
flooding management.
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3Palaeohydrologic Estimates of Flood
Discharge of Lower Ramganga River
Catchment of Ganga Basin, India,
Using Slackwater Deposits

Rameswar Mukherjee

Abstract

Conventional statistical methods for estimat-
ing recurrent intervals of the flood are less
reliable due to the unavailability of recorded
discharge data for a longer period. It can only
be possible through palaeohydrological anal-
ysis along with sedimentological and geomor-
phic investigations. In the palaeohydrological
study, palaeodischarge is calculated using
slackwater deposits (SWD). These are the
natural records of overbank megaflood depos-
its. In the present study, the SWD remain
preserved in a natural levee section of the
lower Ramganga river catchment wherein
seven discrete megaflood events were identi-
fied. According to the calculated palaeodis-
charge stage (top elevation of each slackwater
deposits layer), the palaeofloods events were
reconstructed. The palaeodischarge of these
floods was estimated which ranged from
2664.72 m3/s to 4121.46 m3/s. From recorded
discharge data, the flood frequency was cal-
culated by using Log Pearson type III distri-
bution. The grain size analysis was carried out
through the Malvern Mastersizer-S analyser.

The slackwater deposits were differentiated
clearly with slope clastic deposits by the grain
size distribution.

Keywords

Palaeohydrology � Slackwater deposits �
Palaeoflood events � Palaeostage � Discharge
reconstruction

3.1 Introduction

Flood frequency analysis (FFA) using historical or
gauging discharge records is considered as quite
insufficient for the precise estimation of flood fre-
quency and its magnitude. The longest gauging
records (usually much less than 100 years) are also
too short to provide trustworthy prediction for
extreme flood events. Therefore, in order to
understand the flood behaviour of any channel it is
necessary to receive long-term records of the
floods. It can only be possible from the sedimen-
tary archives preserved in the flood plain region
(Yang et al. 2000). The palaeoflood data provides
long-term natural records of the flood histories
(Baker 2008). By using this data, palaeoflood
hydrological estimation can be made a long with
sedimentological and geomorphological investi-
gations. The flood frequency, magnitude and
recurrent interval of mega floods spanned over the
decades to thousands of years preserved as
palaeoflood deposits can improve the FFA by
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enhanced fitting of the probability functions
(Webb et al. 1988; Thorndycraft et al. 2003;
Benito et al. 2004).

The palaeoflood hydrology is the interdisci-
plinary science of reconstructing past flood
events (Baker 1987, 2008). It plays an important
role in the temporal analysis of flood and channel
response to palaeoenvironmental change, plan-
ning for mitigation of flood hazard and protection
of hydraulic engineering construction (Zha et al.
2009a, 2015; Zhou et al. 2016). According to
Baker and Kochel (1988), ‘Palaeoflood hydrol-
ogy combines a multidisciplinary approach
(stratigraphy, sedimentology, geomorphology
and hydraulics) in the study of past or ancient
floods, to decipher, quantitatively, past flood
discharges, extending the record of extreme
floods from centuries to thousands of years’.
Benito and Thorndycraft (2005) opined that in
the palaeofloods study, the term palaeo has pro-
moted to common fallacy that it is only used for
estimating very old floods that occurred in the
geological period. However, most of the
palaeoflood hydrological analyses encompasses
the study of prehistoric, historic or modern floods
in ungauged basins. This study has been popu-
larized widely around the world since the past
four decades because of long-term natural
records of high magnitude floods that provide
better insight on the following issues: (i) risk
assessment of extreme flood events; (ii) determi-
nation of extreme limit of flood magnitude;
(iii) channel responses of flood in various
hydroclimatic settings; (iv) assessing the sus-
tainability of floodwater in dry climatic region
(Knox 2000; Benito et al. 2003; Benito and
Thorndycraft 2005; Baker 2006; Zha et al.
2009b).

The techniques for palaeohydrological analy-
sis do not incorporate the direct measurement or
observation of the flood. Instead, by applying
numerous flood-induced marks on the landscape
which are derived from channel features associ-
ated with floods or flood deposits, various indi-
rect indices can be implied. These indices are
applied to measure the palaeoflood, e.g., flood
velocity, discharge and flood stage levels (Stokes
et al. 2012). It is very useful for ungauged

drainage systems or where the documentation of
systematic records is short or not properly
maintained.

Over the past four decades, the palaeoflood
slackwater deposits (SWD) have been utilized as
a robust tool for palaeohydrological research.
This study has been successfully conducted in
the United States (Baker 1983; Ely and Baker
1985; Enzel et al. 1994; O’connor et al. 1986,
1994; Wang and Leigh 2012; Greenbaum et al.
2014); Spain (Benito et al. 1998, 2003) China
(Yang et al. 2000; Huang et al. 2012; Fan et al.
2015; Li et al. 2015; Zha et al. 2015; Mao et al.
2016) and in India (Kale et al. 1994, 1997, 2000,
2003, 2010; Sridhar 2007).

Although slackwater deposits are found in all
climatic conditions at different geomorphic set-
tings, most specifically its presence is marked in
the arid and semi-arid region (Baker and Kochel
1988; O’Connor et al. 1994; Baker 2006). The
rivers located in these regions are often experi-
enced with very high rainfall for a short span of
time. The heavy torrential rainfall generates a
high flood situation, accompanied by heavy
sediment load coming from the unconsolidated
and uncovered sediment deposits (Hirschboeck
1988). During high flood situations, the sediment
loads were deposited at or near the channel
margin. These deposits were reworked by the
channel with the passage of time. The rainfall,
runoff, bioturbation, human and animal interfer-
ence also cause damage to the primary sedi-
mentary deposits. Apart from the arid and semi-
arid regions, the SWDs are quite well preserved
in the tropical region also (Ely et al. 1996; Kale
et al. 2003, 2010; Kale 2008). It has been found
that low to medium magnitude overbank flood
deposits are more susceptible for undercutting
and subsequent flow. Only the deposits of
megaflood events remain in situ and probably
preserved for a longer period (Ely et al. 1996).

According to Kale (2008), there is a low to
moderately low chance of getting palaeoflood
slackwater deposits in the Gangetic Plain region.
This region is heavily populated and large-scale
agricultural practices are going on since *5000
years near the river. Apart from that, the inci-
dence of high magnitude flow causes frequent
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channel migration which brings inconsistencies
in the successive records of flood deposits. In
spite of such hindrances, if the researchers con-
duct a thorough field survey along the probable
locations specifically in the Western Gangetic
plain region, they may definitely get the well-
preserved SWD data (Mukherjee 2019). The
rivers located in the Western Gangetic plain
region are incisional in nature and less dynamic
than the Eastern Gangetic plain rivers (Sinha
et al. 2005). In the incised channel, the flood
deposits can be easily traced than the aggrading
channel. Besides, there is a preponderance of
partly confined channels in the western Gangetic
plain region from where one can archive recur-
rent flood deposits. In the present study,
palaeodischarge has been estimated on the lower
Ramganga river, located in the Western Gangetic
plain. The uncontrolled and unscientific growth
of the human population in this river catchment
has increasingly been posing the risk of flood on
the human habitation as well as in the infras-
tructural development. Therefore, palaeoflood
hydrological analysis can be fruitful for flood
assessment, risk analysis, flood plain planning
and management. The aims of the present study
are as follows:

i. to describe and quantify extreme flood
events using historical flood data;

ii. to discuss pedo-stratigraphic characteristics
of palaeoflood slackwater deposits;

iii. to reconstruct extreme flood events using
stratigraphic records of palaeoflood slack-
water deposits;

iv. to estimate palaeoflood peak discharge by
employing slope-area method.

3.2 Study Reach

The Ramganga river catchment is located in the
Lesser and Outer Himalayas as well as in the
Western Gangetic plain (Fig. 3.1). It drains an
area of 30,635.1 km2 (Mukherjee et al. 2017).
The river originates from the Lesser Himalaya,

near Gairsen, Uttarakhand. After flow-
ing *167.91 km in the Himalayas, the Ram-
ganga river debouches the Western Gangetic
plain. The total length of this river is *649.11
km and it is a right-bank tributary of the Ganga
river. The present study reach is located in
Western Gangetic Plain locally known as
Rohilkhand Plain. The study area is comprised of
quaternary alluvium, namely: (i) Varanasi older
alluvium (ii) Ramganga terrace alluvium and
(iii) Ramganga recent alluvium, (Khan and
Rawat 1992; Khan et al. 2016).

The Varanasi older alluvium is found in
upland interfluves surface, sandy alluvial ridges,
and older terrace surface (Fig. 3.2). The older
and dissected terrace plain, inactive floodplains
are composed by the Ramganga terrace alluvium
and the Ramganga recent alluvium closely cor-
responds with active and younger floodplains
(Mukherjee et al. 2017). The lower reach of the
Ramganga river is unconstrained as a result of
that frequent channel migrations are more com-
mon. The channel pattern alternates between
meandering to partly braided types. At several
places, high-curvature meandering channels are
observed. The river is also characterized by
higher stream power (Sinha et al. 2005;
Mukherjee 2019). The fluvial regime of this river
is largely controlled by the monsoon climate.
This river catchment receives more than 80% of
annual rainfall in the monsoon season (June to
September). During this period, large floods are
more common in the lower reaches of the
catchment area (Fig. 3.3). Because of higher
stream power, presence of easily erodable bank
materials and fragile foundation of the natural
levees, the floods become extremely hazardous in
this study reach.

3.3 Database and Methodology

The present analysis has been done by using
extreme flood discharge data and palaeoflood
slackwater deposits (Fig. 3.4). The sources of
data collection are given in Table 3.1.
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Fig. 3.1 Study reach
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3.3.1 Flood Frequency Analysis
by Log-Pearson Type III
Distribution

For flood frequency analysis, the annual extreme
discharge value was taken into consideration. The
Log Pearson III distribution was used to estimate
probable extreme flood frequencies of the Ram-
ganga river. This measure is extensively applied
for FFA to the major tropical rivers as it fits most
appropriately to estimate flood peaks. This
method involves first converting the variate into
logarithmic form and then analyzing the trans-
formed data (Subramanya 2013). Mukherjee and
Bilas (2019) assessed the flood frequency of the
lower Ramganga river by applying Gumbel’s,
Log-Pearson Type III, and Weibul’s method,
where it has been found that the Log-Pearson
Type III is the most appropriate measure for FFA.

For calculating flood frequency of the lower
Ramganga river by using Log-Pearson Type III
distribution, the following steps were followed.

(i). At first, all the annual maximum flood
discharge value was transformed into
logarithms by using Eq. 3.1:

Y ¼ logx ð3:1Þ

(ii). Then, the mean (yÞ, standard deviation
(ryÞ; and skewness coefficient (Cs) of y
series were estimated as

y ¼ 1
n

X
yi ð3:2Þ

ry ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

ðy� yÞ2=ðN � 1Þ
q

ð3:3Þ

Cs ¼ N
P ðy� yÞ3

N � 1ð Þ N � 2ð ÞðryÞ3
ð3:4Þ

(iii). The logarithms of extreme flood discharge
were computed using the equation

5YT ¼ yþKTry ð3:5Þ

Fig. 3.2 Geomorphological
map of the study reach
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Fig. 3.3 Inundation map derived from MODIS Data (Dartmouth Flood Observatory 2014)

38 R. Mukherjee



Fig. 3.4 Methodological Workflow
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The frequency factor KT is a frequency
factor that is a product of the return period
and skewness coefficient

KT ¼ f ðCs; TÞ ð3:6Þ

(iv) After calculating yT by Eq. (3.5), the
extreme flood discharge value was
obtained by antilogarithm of YT is

XT ¼ antilog yTð Þ ð3:7Þ

3.3.2 Palaeoflood Hydrological
Investigations

For palaeohydrological estimates of the lower
Ramganga river, the methodological steps
instructed by Benito and Thorndycraft (2005)
were followed, which includes the following:

(i) For selecting suitable sites for palaeo-
flood slackwater deposits, a detailed
study of topographical maps and satellite
images of the lower Ramganga river
catchment was carried out.

(ii) On the basis of that study, the most
suitable sites of SWD were marked.
A detailed field survey was conducted on
those sites for identifying the presence of
stratigraphic layers of slackwater deposits
or other flood indicators.

(iii) The most prominent site was identified
on a natural levee section where pedo-
logical and stratigraphic characteristics
remain well preserved. The stratigraphic

descriptions were made on the identified
palaeoflood slackwater deposits.

(iv) The samples of flood deposits were col-
lected for sedimentological analysis.

(v) A topographic survey was conducted on
the selected SWD site and river reaches.

(vi) Estimation of hydraulic variables and
palaeodischarge was carried out on the
selected site.

(vii) A comparison was made with available
historical or gauging records of the flood
discharge

(viii) Flood frequency analysis was done.

In the present study, a geomorphic and sedi-
mentological investigations were carried out in
order to identify palaeoflood stage and estimate
the frequency and magnitude of past megaflood
events. In this study, the main objective of the
fieldwork was to identify the palaeoflood stage
(PFS). Then the PFS was converted into
palaeoflood peak discharge. The reconstruction
of PFS is dependent on the evolution, thickness,
and attitude of the palaeoflood slackwater
deposits (SWD) (Li et al. 2015). Basically, the
top of the slackwater deposits can be extrapo-
lated to estimate the PFS. Various river scientists
used the elevation of the endpoints of palaeo-
flood SWD, which is in contact with the upper
slope as PFS (Yang et al. 2000; Zha et al. 2009b;
Wang et al. 2014).

The palaeodischarge was calculated by using
slackwater deposits. These deposits were identi-
fied on the field based on several sedimentolog-
ical criteria: (i) sediment deposits consisting silt,
and silty-sand; (ii) abrupt vertical change in

Table 3.1 Sources of data

Data types Gauging site/survey site Duration Source

Maximum annual
discharge

Dandi, Badaun District, UP 1998–2020 Dartmouth flood observatory
Website
(floodobservatory.colorado.
edu)

Monthly annual
discharge

Dabri, Shahjahanpur district,
UP

1998–2002 Central Water Commission,
Govt. of India

Slackwater deposit
sample

Rampur Bajhera Village,
Hordoi district, UP

20–26 March 2016 Personal Field Survey
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sediment grain size, colour, texture, and struc-
ture; (iii) clear division between successive
stratigraphic layers; (iv) clay cap over the bed;
(v) bioturbation which indicates exposure of
sediment surface; (vi) existence of anthropogenic
remains; (vii) presence of slope wash with
angular clastic alluvial deposits between strati-
graphic layers (Baker and Kochel 1988; Kale
et al. 2000; Benito et al. 2003; Benito and
Thorndycraft 2005; Thorndycraft et al. 2005;
Sridhar 2007; Zhang et al. 2013, 2015).

After extensive field investigation, the most
prominent SWD was found near Rampur Bajhera
village in the Hardoi district of Uttar Pradesh
(Fig. 3.5). Here a well-developed natural levee is
present whose deposits did not get disturbed by
burrowing animals or by anthropogenic activi-
ties. The natural levee Sect. (27  29′26″, 79  43′
00″) has *3.5 m elevation above the normal
level of Ramganga. After observing the multi-
temporal satellites and topographical maps it
becomes evident that the region has remained
relatively stable for the past 100 years. The
stratigraphic records that remain preserved at the
natural levee section were measured accurately.

For palaeohydraulic investigation, the cross-
section was measured in the field by using
theodolite.

The palaeopeak discharge was reconstructed by
using the slope area method of streamflow mea-
surement (Manning, 1889). It was calculated as

Q ¼ 1
n
ðAR2

3s
1
2Þ ð3:8Þ

where Q = Palaeoflood peak discharge (m3/s),
n = Manning’s n value or roughness value,
A = Cross-sectional area of the stream at the

flood stage,
R = Hydraulic radius,
S = Water surface slope.

3.3.3 Grain Size Measurement

The sediment samples collected from a strati-
graphic layer of the natural levee were measured
using the Krumbein and Pettijohn (1938) stan-
dard pipette method. The size of the sand, silt and
clay particles were measured using a Malvern
Mastersizer-S analyser. But before that CaCO3

Fig. 3.5 Slackwater deposit
Site (Natural Levee Section)
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and organic matter contents were removed from
the collected samples by providing pre-treatment
with 10% HCl and 10% H2O2 solution.

3.4 Result and Discussion

3.4.1 Hydrological Characteristics

The Ramganga river is a spring-fed river and
most of its tributary channels are either spring or
groundwater fed. Hence, a majority of the water
discharge of Ramganga and its tributary channels
derives from the monsoon rainfall (Mukherjee
and Bilas 2019). The monthly average discharge
data (2003–2012) of Lower Ramganga river at
Dabri gauging station (27° 53′ 1″ N and 79° 54′
44″E) has been plotted in Fig. 3.6. It depicts the
typical monsoon discharge of a river. It starts to
rise from July and reaches a maximum in
September and then declines from October.
Every year, July to October is designated as the
period of higher water discharge and it reaches
an extreme level in August and September.

3.4.2 Estimation of Probable Flood
Discharge and Flood
Recurrence Interval

The flood frequency analysis is a statistical
technique used to understand flood behaviour of
any river. On the basis of that flood, forecasting
can be made for a longer time period. This
analysis involves the use of peak annual dis-
charge to calculate probable flood discharge and
its recurrent interval. The average of the
observed peak discharge data is 1603.05 m3/s
and the standard deviation (SD) is 383.11 m3/s.
For Log-Pearson type III distribution, the mean
and SD values of peak discharge are 3.193 and
0.105, respectively. For Log-Pearson III meth-
ods, frequency factor (KT ) has been used for
measuring the peak flow. The calculation of
various parameters for peak flow measurements
at various recurrent intervals has been given in
Table 3.2. It shows 2128.54 m3/s for 10 years
recurrent intervals, 2739.7 m3/s for 100 years,
and 3295.51 m3/s for every 1000 years recurrent
intervals.

Fig. 3.6 Average monthly water discharge (2003–2012) of the Ramganga river at Dabri gauging station
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3.4.3 Estimation of Palaeohydraulic
Flood Discharge Using
Slack Water Deposits

For palaeoflood studies, the palaeodischarges of
the basin have been calculated by marking the
palaeostage indicators (PFS) (Baker et al. 1979).
Flood exceeding a certain threshold has been
registered through sedimentary records or other
‘palaeostage indicators erosional landforms
(stripped soils, flood scarps, high flow channels),
and high-water marks (e.g., drift wood, tree
impact scarps, silt lines)’ (Benito et al. 2003).
The slackwater deposits (SWD) are formed by
the material brought by flood and vertically
accrete overbank. The top elevation of each
slackwater deposit is considered as a palaeostage
(Kochel and Baker 1982; Baker et al. 1983;
Baker 1989). During the period of flood, fine-
grained suspended sediments accumulate rapidly
in a vertical sequence, where an abrupt drop of
flow velocity occurs. When such a phenomenon
occurs at the recurrent interval, a series of sub-
sequent stratigraphic layers of slackwater
deposits have been formed. These layers are
generally separated by slope clastic deposits.

In the natural levee section, seven major
palaeoflood events were recorded (Figs. 3.7 and
3.8). The PFS of each palaeoflood event was
measured. Along with that, channel cross-
sectional area, wetted perimeter, river gradient
and hydraulic radius of the channel on both
sections were measured most accurately. By
using the slope-area method, the maximum

palaeoflood discharge was estimated as 4121.46
m3/s whereas the minimum value was recorded
as 2664.72 m3/s (Table 3.3).

3.4.4 Stratigraphy and Grain Size
Analysis of Slackwater
Deposits

In the natural levee section, total of 17 strati-
graphic layers are observed. The pedo-
stratigraphic descriptions have been given in
Table 3.4. Out of which seven layers are desig-
nated as palaeoflood slackwater deposits. These
layers are clearly visible and distinguishable
from other layers. The colour of these deposits
varies from yellow to orange. The concentration
of silt to silty sand particles is higher, parallel to
wavy laminations are found.

The grain size analysis was done in order to
differentiate slackwater deposits from other sed-
iments, to identify the proportion of sandy silt
and clay deposits and also to distinguish the
nature of their frequency distribution and degree
of sorting. In the present stratigraphic section, all
of the palaeoflood slackwater deposits are char-
acterized by a higher degree of silty-sand con-
centration and they are well sorted (Table 3.5).
The mean grain size of these deposits is ranged
between 28.10 µm and 39.71 µm. The deposits
of silty sand to coarse sand are predominantly
higher in B2, B4 and D2 slackwater deposit
layers. It demonstrates high energy flow and
vertical accretion of the larger particles. The

Table 3.2 Calculation of
probable peak discharge by
using log-Pearson III
method

Recurrent interval Cs KT yT xT

5 0.48075 0.4852 3.243946 1753.66

10 1.282 1.2865 3.3280825 2128.54

20 1.595 1.5995 3.3609475 2295.87

25 1.751 1.7555 3.3773275 2384.12

50 2.054 2.0585 3.4091425 2565.34

100 2.326 2.3305 3.4377025 2739.7

200 2.576 2.5805 3.4639525 2910.42

500 2.769 2.7735 3.4842175 3049.42

1000 3.09 3.0945 3.5179225 3295.51
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concentration of the coarser and unconsolidated
materials is relatively higher in the upper strati-
graphic section. The palaeosols are characterized
by clay to clayey-silt deposits. On the other hand,
in the recent soil deposits coarser silt and sand
deposits predominate. The mean grain size
increases in the upper section. The largest con-
centration of the clay and clayey-silt is found in
the lowermost part of the stratigraphic section.
Apart from that, the concentration of such
materials is higher in B3, B5 and D3 layers,0

which are lying just above the layers of slack-
water deposits. It depicts the period of low
magnitude flood deposits. The values of kurtosis
reveal that all of the deposits are characterized by
platykurtic distribution. Its value increases in the
upper layer deposits. All of the sediment distri-
butions are positively skewed.

3.4.5 Accuracy Assessment

Based on present-day channel geometry and
flood stage indicator the peak discharge of the
2011 megaflood has been estimated by applying
the slope area method, i.e., 4396.81 m3/s. The
extreme flood discharge recorded as 4650.78 m3/
s in Dabri gauging site on 23 August 2011. On
that day, the water level reached 138.515 m. It is

Fig. 3.7 Facies of natural levee section

Fig. 3.8 Natural levee section near Rampur Bajhera
village, Hordoi district, UP (2016)
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Table 3.3 Reconstructed peak discharges of the holocene paleofloods (Natural Levee Section)

SWD
layer

Cross section
area (m2)

Wetted
perimeter
(m)

River
gradient

Hydraulic
radius (m)

Roughness
coefficient

Palaeoflood peak
discharge (m3/s¯1)

E2 5217.62 1534.8 0.0001 3.399 0.032 4121.46

D4 4713.75 1396.8 0.0001 3.375 0.032 3705.29

D2 4567.67 1318.1 0.0001 3.465 0.032 3654.48

C3 4478.23 1301.5 0.0001 3.441 0.032 3566.01

C2 4003.89 1280.9 0.0001 3.126 0.032 2990.7

B4 3964.95 1265 0.0001 3.134 0.032 2966.86

B2 3709.45 1258.2 0.0001 2.948 0.032 2664.72

Table 3.4 Pedo-stratigraphic description of natural levee section

Symbol Pedo-
stratigraphic
Subdivision

Depth(cm) Pedo-stratigraphic description

E3 Modern soil 0–030 Top soil, slope wash, granular soil structure, porous, upper part
grass concentration is higher, abundant bio pores

E2 SWD 30–41.6 Palaeoflood slack water deposit, parallel lamination, yellow and
light brown recent flood deposits

E1 Modern soil 41.6–87.4 Coarse to medium sand intermixed with silt, parallel to wavy
lamination, high root density

D5 Modern soil 87.4–98.3 Slope wash deposits intermixed with coarse to medium sand and
silt deposits parallel to the wavy lamination

D4 SWD 98.3–104.1 Slack water deposits, yellow-orange colour, parallel lamination,
higher concentration of silty sand particles

D3 Modern soil 104.1–110.9 Parallel lamination sandy layer intermixed with silty layer

D2 SWD 110.9–119.6 Slack water deposits, yellow orange colour, silt to silty sand
deposits

D1 Palaeosol 119.6–157.7 Sand deposits, medium to coarse size, white to light yellow
colour, cross .bedding with climbing ripples, numerous silty
lenses, presence of wavy lamination

C3 SWD 147.7–160.4 Palaeoflood slackwater deposits, parallel lamination, yellow to
orange colour

C2 SWD 160.4–.167.25 Palaeoflood slack water deposits, lamination-cross lamination-
pale to yellow-orangecolour, friable medium-grained sandy-silt

C1 Palaeosol 167.25–.178.1 Slope clastic deposits, medium to coarse-grained sand, unsorted,
higher concentration of silty lenses, wavy lamination, high plant
root density.

B5 Palaeosol 178.1–191.6 Clay layer dark grey, high plant root density

B4 SWD 191.6–197.5 Dull yellow-orange colour, soft silty-sands, parallel to wavy
lamination bounded by clay layer in up and bottom

B3 Palaeosol 197.5–211.5 Dark clay layer-granular structure

(continued)
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considered that such magnitude of flood has
never been experienced since the past 100 years
(Mukherjee 2019). This gauging station of the
lower Ramganga river, lying *1.80 km
upstream of the present surveyed section. The
gauging record of extreme discharge of the 2011
flood closely corresponds to the present
estimation.

3.5 Conclusion

The research on the palaeohydrological events
has been carried out for temporal analysis of
extreme flood behaviour in terms of its magni-
tude and recurrent interval and also to explain
channel responses to such extreme floods in a

Table 3.4 (continued)

Symbol Pedo-
stratigraphic
Subdivision

Depth(cm) Pedo-stratigraphic description

B2 SWD 211.5–234.5 Slack water deposits, dominance of silt to silty clay, pale yellow
orange colour, light brown medium grain sand in bottom and
clay in top visible stratigraphic break, parallel to wavy
lamination

B1 Palaeosol 234.5–275.5 Slope wash, sandy silt deposits, whitish to light yellowish colour,
presence of plant roots, bears the deposits of low magnitude
flood, higher concentration of silty lenses

A1 Palaeosol 275.5–332.5 Dark clay and clayey silt deposits predominate, grey to greyish
brown color

Table 3.5 Particle-size distribution of the natural levee section

Symbol Pedo-stratigraphic
subdivision

Thickness
(cm)

Grain Size (%) Mean
(µm)

Sorting Skewness Kurtosis

<2 µm 2–16 µm 16–63 µm >63 µm

E3 Modern soil 30 6.98 34.3 39.10 19.62 44.32 0.29 1.05 1.12

E2 SWD 11.60 7.05 28.85 47.36 16.74 39.71 0.47 1.01 1.19

E1 Modern soil 45.8 10.1 31.4 40.7 17.80 47.51 0.30 0.89 0.98

D5 Modern soil 10.9 9.37 29.35 39.56 21.72 39.56 0.431 1.07 1.23

D4 SWD 5.8 6.59 27.81 42.93 22.67 46.74 0.28 0.81 0.91

D3 Modern soil 6.8 18.82 37.71 28.81 14.66 41.26 0.27 0.83 1.35

D2 SWD 8.7 7.26 26.05 43.59 23.1 37.89 0.23 0.77 0.83

D1 Palaeosol 38.1 13.48 26.73 38.71 21.08 50.73 0.39 1.08 1.01

C3 SWD 2.7 13.74 33.95 38.25 14.06 28.16 0.27 0.91 0.97

C2 SWD 6.85 11.84 37.21 35.73 15.22 29.4 0.20 0.99 0.64

C1 Palaeosol 10.85 8.09 32.06 42.79 17.06 39.88 0.29 0.87 0.74

B5 Palaeosol 13.5 19.09 38.16 31.50 11.25 30.47 0.26 1.02 0.93

B4 SWD 5.9 8.74 27.91 43.59 19.76 33.21 0.17 0.74 0.69

B3 Palaeosol 14.0 24.91 34.48 32.49 8.12 34.66 0.16 0.66 0.81

B2 SWD 23.0 10.8 32.75 41.87 14.58 28.10 0.18 0.48 0.59

B1 Palaeosol 41.0 18.21 36.93 35.26 9.60 29.89 0.31 0.63 0.71

A1 Palaeosol 57 37.33 40.81 20.7 1.16 22.85 0.14 0.55 0.57
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particular reach of the river catchment. This kind
of research might be very effective for floodplain
planning and flood risk management, because if
we know the extreme flood magnitudes, the flood
inundation zone can be designated. On the basis
of that long-term effective measures for flood
adaptation and community resilience can be
made. In the present paper, the magnitude and
frequency of palaeofloods and historical flood
events were reconstructed using palaeoflood
slackwater deposits combined with a hydro-
graphic survey, sedimentological analysis and
instrumental records of floods.

The hydrological characteristics of the Ram-
gangariver are largely governed by the monsoon
climate. For flood frequency analysis, annual peak
discharge data has been used. To observe the
chance of peak discharge of a certain magnitude of
flood for lower Ramganga river Log-Pearson III
distribution has been attempted. For 10–50 years
of the recurrent interval of the flood, the peak
discharge ranged from 2128.54 m3/s to 2565.34
m3/s for Log-Pearson III. Whereas for 100 years, it
is estimated as 2739.70 m3/s. A careful investiga-
tion for palaeoflood study was carried out in the
alluvial reaches of the lower Ramganga in
a *3.5 m natural levee section (near Rampur
Bajhera village, Hordoi district, UP). The study
was based on identifying and marking Slack water
deposits. On the basis of seven available SWD
layers, palaeostage was measured on the field. By
applying these palaeostage data, the palaeodis-
charges were extrapolated by using the slope-area
method. The estimated palaeo peak discharge is
ranged from 2664.72 m3/s to 4121.46 m3/s. The
accuracy of the discharge estimation is dependent
on the stability of the channel geometry over time.
Such conditions may exist in stable bedrock con-
fined channel reach. In the alluvial plain region,
the instability of the channel is inherent, therefore,
the possibility of uncertainty in the palaeodis-
charge may significantly arise. Although in the
Western Gangetic plain region, partly confined
channels are widely observed, where due to local
resistance the river course remains stable over the
period of time. If one can explore those places
and trace out the palaeoflood deposits, the

reconstruction of palaeohydraulic discharge and
the time of flood occurrence would be possible.
This kind of research will help to understand the
nature and intensity of the past flood event accu-
rately than the analysis of historical or gauging
data. Hence, on the basis of palaeodischarge data,
the future predictions can be made more
efficiently.
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4Flood Risk Zone Identification Using
Multi-criteria Decision Approach

Raja Majumder and Gouri Sankar Bhunia

Abstract

Flooding phenomenon is deliberated as the
world’s vilest comprehensive risk in terms of
scale, existence, geographical extent, forfei-
ture of life and goods along with dislodgment
of people and demographic events. A flood
risk map of the Bongaon sub-division was
generated using multi-criteria decision
approach (MCDA) through geographical data-
set, viz. rainfall, elevation, slope, soil, geo-
morphology, distance of river to the main
channel, vegetation vigor, fractional impervi-
ous surface, road density, land use/land cover.
Fifty-five validation points are used to eval-
uate the flood hazard risk map. The validation
result proposes that MCDA and geospatial
technology are very influential approaches in
flood risk analysis and mapping. The derived
flood risk map was reclassified into five
categories through manual classification meth-
ods in ArcGIS software, such as very low risk,
low risk, medium risk, high risk, and very
high risk. The flood risk map portrays that
probably 74.70 km2 (8.96%) of the area
comes under very high flood risk areas. The
medium flood risk areas are calculated as

242.02 km2 (29.02%), distributed in the
central north, north-west and south-west part
of the study site. The overall user accuracy
and producer accuracy of the flood risk map
was calculated as 69% and 72%, respectively.
Choosing suitable factors may be useful to
planners and developers for future develop-
ment and land use planning.

Keywords

Flood hazard � Multi-criteria decision
approach � GIS � Flood control

4.1 Introduction

Flood hydrology covenants with the functionality
of time and space reliant developments of waters
and are engrossed on hydraulic and engineering
magnitudes of floods. Flood in association with
climate change and meteorological variability in
the recent past in India have already been ana-
lyzed and discussed by several researchers
(Guhathakurta et al. 2011; Nandargiand and
Dhar 2003). Moreover, there is a substantial
chronological dissimilarity in the monsoon rain-
fall connected to climatic erraticism in India. To
generate the flood hazard map, numerous issues
are required for accurate mapping under cir-
cumstances of data and other constituents’ inad-
equacies that epitomize the condition in most of
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the countries. In general, computable data of the
flood predisposing factors derived through a num-
ber of specialists accordingly, the format and spatial
resolution of the data illustration differs between
various sources. Earlier several research studies
were conducted using remote sensing and GIS
technique to generate the flood inundation areas
(Haq et al. 2012; Patel and Srivastava 2013; Ouma
and Tateishi 2014; Kazakis et al. 2015; Roy and
Sarker 2016; Dhruvesh et al. 2016). For the past
two to three decades, researchers were elaborating
on evolving dissimilar approaches and facsimiles
for flood risk mapping using Remote Sensing and
Geographical Information System (Dandapat and
Panda 2018). Fuzzy logic (Nugraha et al. 2018),
logistic regression (Lim and Lee 2018), analytical
hierarchy process (Matori et al. 2014), artificial
neural networks (Elsafi 2014), frequency ratio (Cao
et al. 2016), multi-criteria decision support system
(Samanta et al. 2016) and weights-of-evidence
(Rahmati et al. 2016) are limited eminent and sat-
isfactory approaches in natural hazard modelling for
investigating the multifaceted difficulties in different
parts of the world.

Floods are perhaps the most frequent, perva-
sive calamitous and recurrent natural hazards in
India. North 24 Parganas are one of the most
flood-prone regions in West Bengal (India) due
to heavy rainfall in monsoon season, highly sil-
ted Ichamati River system, inadequate capacity
to carry the high flood discharge (http://www.
wbiwd.gov.in/uploads/ANNUAL_FLOOD_-
REPORT-_2016.pdf), improper drainage, land
use/land cover characteristics, geomorphology,
etc. (Majumder et al. 2017). The human inter-
ferences subsidizing to flood events are princi-
pally in the practice of repossession of wetlands
and surface water bodies, modification in land
use configuration, creation of impenetrable link-
ages of roads, formation of extensive built-up
areas, deforestation etc. Ajin et al. (2011) con-
ducted a study to generate the flood risk maps of
the Vamanapuram River basin reliant upon
multi-criteria assessment using geospatial tech-
nologies. Ismail and Saanyol (2013) have con-
ducted a research for the flood vulnerability

mapping in the Kaduna River of Nigeria using a
digital elevation model (DEM) and hydrological
analysis. Getahun and Gebre (2015) carried out
the study on flood hazard assessment and map-
ping of flood inundation area of the Awash River
Basin in Ethiopia using GIS and HEC-
GeoRAS/HEC-RAS Model.

The flood vulnerability mapping demarcates
risk areas in the Gangetic plain by assimilating
local acquaintance, hydrological, climatological,
and geomorphological data using various meth-
ods. Consequently, hazards hypothetically detri-
mental physical extent, the phenomenon for the
feature of life or injury, property impairment,
ecological dilapidation, socio-economic com-
motion (Getahunand and Gebre 2015). The cre-
ation of a very high spatial resolution GIS
database is costly and time-consuming. Recently,
several investigations have been done to evaluate
flood hazards using geospatial technology
(Mandal and Mandal 2015). Frequency ratio
(Tehrany et al. 2015), analytical hierarchy pro-
cess (Stefanidis and Stathis 2013), fuzzy logic
(Pradhan 2011), logistic regression (Fustos et al.
2017), artificial neural networks (Abdellatif et al.
2015), and weights of evidence (Tehrany et al.
2017) and multi-criteria decision support systems
are few well known and acceptable methods in
flood hazard modelling for analysing complex
problems different regions.

Correct and up-to-date floodplain maps can be
the most cherished tackles for evading unadorned
social and fiscal victims from floods. One of the
flood risk management against flood impact at
the regional scale is the identification of vulner-
able areas to provide early warning, facilitate
quick response and decrease the impact of pos-
sible flood events. The aims of the present
research work are to find out the appropriate
conditioning factor of flood susceptibility of the
Bongaon Sadar sub-division and its applicability
in various regions. Therefore, the flood risk map
of Bongaon Sadar sub-division was generated
through multi-criteria decision approach
(MCDA) based on the integration of remotely
sensed products and secondary datasets.
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4.2 Study Area

Bangaon subdivision is part of the Ichamati–
Raimangal Plain, located in the North of the North
24 Parganas (West Bengal, India). Figure 4.1
shows the location of the map of the Bongaon sub-
division. The sub-division is divided into 3
blocks, namely Bagda, Bangaon and Gaighata.
Bongaon subdivision is particularly susceptible to
flooding because of its physiography and tropical
monsoon climate characterized by drenching
rainfall and unplanned management of floods
(Ghosh and Mistri 2015). The sub-division is a
part of the lower Gangetic delta and is also
remarkable on the vast gradational surface (Saha
2015). Bhagirathi and Hooghly River flow over
the western side of the sub-division (Mondaland
Bandyopadhyay 2014). Ichamati River flows
through the center Surface expression of normal
fault is running through the Burdwan–Debagram–

Jalangi area (Sengupta 1966), flowing through the
eastern part of the North 24 Parganas (north and
south) districts eventually exits in the Raimangal
River vis-à-vis the Bay of Bengal. The annual
temperature of the study area ranges between 8
and 41°C in January and May, respectively. The
highest relative humidity of the study area is
recorded as 80% in July. The annual average
rainfall of the study area is calculated as
1,579 mm. The major crop of the study area is
recorded as rice, wheat, pulses and other oil seeds.
As per the 2011 census, the total population of the
study area was recorded as 1,063,028, with a
population density of 838.17 km2. Bangaon sub-
division had a literacy rate of 80.57%.

The dwindling of this Ichamati River can be
accredited to extreme sedimentation load, less-
ening headwater supply, tidal interference,
growth of cultivated land and numerous instinc-
tive interferences into the river regime like the
creation of bridges, road on the riverbed by
intruding its natural flow (Saha 2015). Around
50% of the total population in Bongaon and
almost 75% of its properties are placed in flood
susceptible extents (http://cgwb.gov.in/
documents/Bhujal_News_24_1.pdf). Several

number of life-threatening flood measures befell
during the past two decades and instigating
substantial mutilation to life and stuff acme the
inevitability for suitable flood administration
trials in the sub-division.

4.3 Materials and Method

4.3.1 Collection of Secondary Data

Quantitative methods are employed for the
exploration of geometric data to inaugurate spa-
tial associations stuck between causative factors
and floods. To classify a flood risk zone, a multi-
parametric dataset encompassing satellite data,
conformist maps containing Survey of India
(SOI) topographical sheets has been employed
for the generation of thematic maps, like drai-
nage density, built-up areas, road density and
surface waterbody, etc.

4.3.2 Analysis of Flood Frequency

The most important factor for determining the
flood hazard is flood frequency. Available data of
flood occurrences for the decade 1996–2016 was
obtained from the sub-divisional office of Bon-
gaon, North 24 Parganas in West Bengal (India).
This information was used to generate the fre-
quency of flood occurrence in the study area. The
flooded areas for each year were integrated into a
single layer of the GIS database and polygon
shapefile were prepared for each year.

4.3.3 Satellite Data Acquisition
and Preprocessing

Landsat8 Operational Land Imager (OLI) data of
two different time periods (Month of October and
February) were acquired from the United States
of Geological Survey (USGS) Earth Explorer
community. The satellite data was radiometri-
cally and geometrically corrected using ERDAS
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Imagine software version 9.0. The Satellite data
was geo-referenced in Universal Transverse
Mercator (UTM) projection system and World
Geodetic System (WGS) 84 datum. Advanced
Space Thermal Emission Radiometer (ASTER)
Global Digital Elevation Model (GDEM) data
(2010) with a spatial resolution of 30 m was used
for the topographical analysis, collected through
the Earth Remote Sensing Data Analysis Center
(ERSDAC) and the NASA Land Processes Dis-
tributed Active Archive Center (LP DAAC).

4.3.4 Rainfall Distribution

The rainfall data of the Bongaon sub-division
and its surrounding station were collected from
the IMD station. A total of five station data
rainfall data of the past 10 years (2006–2016)
were collected. The annual average rainfall data
was calculated for each station. Finally, the
rainfall distribution map of the study area was
prepared using the radial basic function
(RBF) method using ArcGIS spatial analyst tool.

Fig. 4.1 Location map of Bongaon sub-division
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4.3.5 Soil Characteristics

The soil map of the study area was acquired from
the National Atlas Thematic Mapping Organi-
zation (NATMO), Kolkata, West Bengal, India,
and finally validated with the published litera-
ture. The vector layer of the soil map of the
Bongaon sub-division was prepared after geo-
processing operation in ArcGIS software v9.3.

4.3.6 Distance of River to Main
Channel and Drainage
Density

Areas located close to the main river channel and
flow accumulation path are more likely to get
flooded (Islam and Sado 2000). Therefore, the
polygon buffer of the main channel is created as
500 m, 1000 m, 1500 m, 2000 and more than
2500 m in ArcGIS software v9.3. Drainage net-
work is first digitized from the SOI toposheet.
After that, the drainage network has been vali-
dated with the Landsat8 Operational Land Ima-
ger (OLI) satellite data. The drainage density of
the study area is calculated as follows:

Dd ¼ Total length of drainage channel in sq km

Area ðwithin 5sq kmÞ

4.3.7 Surface Elevation and Slope:

Surface elevation is another natural factor that
causes flood. In areas of higher elevation, the
probability of flood occurrence is relatively
lower than that of the lower elevation. In areas
of lower elevation, the terrain is generally gen-
tle, and the flow of water remains slow and
holds the water for a long duration of time. The
elevation map of the study area is derived
through ASTER digital elevation model data.
A slope map of the study areas is prepared from
ASTER Digital Elevation Model (DEM) Data.
The slope angle of each pixel is generated from
ArcGIS software v9.3.

4.3.8 Geomorphology

By a combination of spectral band7 (SWIR 1.55–
1.75 µm), band10 (TIR 10.40–12.50 µm) and
band6 (NIR 0.77–0.90 µm) of Landsat8, image
analysis was performed to identify the geomor-
phic characteristics like river/stream, abandoned
channel, old and new alluvial plain, ox-bow lake,
paleochannel, natural depressions, back swamps
and meander scar. The geomorphological map
was prepared with the evidence used by Cha-
turvedi and Mishra (2015) and Mukherjee
(2006). After that, the selective field checks were
performed to assess the validity of the pre-field
image interpretation.

4.3.9 Analysing of Land Use/Land
Cover and Vegetation
Characteristics

The land use classes derived are often not satisfac-
tory because of the limitation of spatial resolution in
remote sensed imagery and the heterogeneity of
urban landscapes. A range of impervious surfaces
may be mixed with other land cover types such as
forest, soils and pastures. Land use/land cover is an
additional imperative persuading factor of flood
hazard (Alexakis et al. 2014).

The vegetation characteristic of the study area
was derived using a near-infrared and red band of
OLI sensor data of Landsat8. The normalized
difference vegetation index (NDVI) was calcu-
lated using channel 5 and channel4 of the land-
sat8 OLI sensor using the following equation:

NDVI ¼ ðNear infraredChannel5 � RedChannel4Þ
Near infraredchannel5 þ Redchannel4

4.3.10 Fractional Impervious Surface
Area (FIS)

Impervious surface is demarcated as the surface
avert water penetrates the soil and is mainly
associated with conveyance and building
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rooftops. FIS can be perceived and enumerated
because of their massive topographical coverage
and chronological occurrence of data collection,
thus deciphered numerous ecological disputes
such as land cover for hydrological and eco-
friendly mockups. In this study, to calculate the
FIS following equation has been followed:

FIS ¼ 1� FVC

where FVC refers to Fractional Impervious Sur-
face Area.

FVC can be calculated using the following
equation proposed by Calson and Ripley (1997):

FVC � ðNDVIsÞ2

whereas, NDVI refers to normalized difference
vegetation index. ND0VIs can be calculated
using the following equation proposed by
Basarudin and Adnan (2014).

NDVIs ¼ NDVI � NDVIlow
NDVIhigh � NDVIlow

FVC ranges between 0 and 1.

4.3.11 Population Density

Population pressure is another important factor of
the hazard map. A village-based vector layer is
prepared from the entire sub-division and inte-
grated with the GIS database based on 2011
census data. The population density of the study
area is calculated as

Population density ¼ Total number of population in a village

Area in km2

4.3.12 Road Density

In this research, all the metalled, unmetalled and
pucca village roads of the study area were digi-
tized. All the roads were extracted primarily from
the SOI topographical sheet and improved using
Google Earth image in shapefile format. The

density is calculated as the length of the road per
sq km. After that using the spatial analyst tool of
ArcGIS software, the road density map was
generated.

4.3.13 Multi-criteria Analysis

GIS-based multi-criteria decision analysis
(MCDA) can be thought of as a process that
combines and transforms spatial and aspatial data
into a resultant decision. This practice is an
arithmetical scheme reliant upon biophysical
aspects, which are directly or circuitously asso-
ciated with the event of floods. In this study,
elevation, slope, drainage density, the distance of
river to the main channel, vegetation vigour,
fractional impervious surface, road density, land
use/land cover were taken as the most important
elements for appraising the flood hazard.
Weights were consigned to the rasterized data
layers and using map algebra in the spatial ana-
lyst tool to run a multi-criteria analysis. Subse-
quently, among the weighting measures, each
aspect was segregated into five sub-factors, each
of which was specified a ranking cost for the
analogous sub-factor. For every aspect, the
weighted influence ranking was attained by
bourgeoning its burden by the ranking value for
the analogous sub-types. The entire assessed
threat, attained by tallying the weighted flood
statuses of all the features were categorized into
five classes—very low, low, moderate, high and
very high. The overall methodology of the study
area is illustrated in Fig. 4.2.

4.3.14 Verification and Observation

Finally, flood hazard risk maps were composed
in the GIS platform and the maps were endorsed
in the field to evaluate its exactitude. The pro-
cedure has been completed through a field visit to
describe how meticulously the flood risk map
settles with the concrete field condition. For the
field justification, 55 GPS ground truth data of
flood pretentious areas delineated organized with
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their corresponding LULC types were demar-
cated and a point shapefile has been generated.
The LULC features that are set up within flood-

affected areas (e.g. built-up areas, cultivated land,
agricultural fallow and landscapes located in a
hazardous area) are confirmed at the field,
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Fig. 4.2 Overall methodology of the research work
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considered as a flood risk indicator. This point
shapefile was superimposed with flood hazard
and risk maps and then the flood hazard risk
maps were verified with the actual field
situations.

4.4 Results

The details of the flood pre-disposing factors
were described in chapter VI, which are directly
or circuitously associated with the happening of
floods. All the features governing flood hazard
layers were rehabilitated into raster format. Fur-
thermore, these raster maps were reclassified.
Weighted sum operation in spatial analysis
extension of ArcGIS v9.3 was charted to assim-
ilate all Normalized Rating Index (NRI) and
Normalized Weight Index (NWI) and to produce
a pixel by pixel (15 m spatial resolution) flood
hazard and /or vulnerability database (Tables 4.1
and 4.2). The weights of the selective themes
were consigned on a scale of 1 to 5 reliant upon

their impact on the flood menace. Apposite
weights were allocated to the eleven aspects and
their discrete aspects after understanding their
importance in causing flood hazard occurrence in
the sub-division. Among the elevation factors,
LULC weighted the highest with 21%, followed
by rainfall with 15%, slope with 13%, elevation
with 8%, soil with 8%, road density with 8%,
distance from the river by 7.5%, geomorphology
by 7.5%, vegetation vigour by 7% and fractional
impervious surface by 5%, respectively. The
factors were weighted based on their virtual
prominence to each other and to their estimated
significance in initiating floods in the Bongaon
sub-division. For every aspect, the subjective
menace ranking was attained by multiplying its
burden by the ranking worth for the conforming
sub-factor.

Monthly rainfall data of five meteorological
stations within the Bongaon sub-division for a
period of (2005–2016) were obtained from the
meteorological department. Monthly data were
then converted to annual mean rainfall. The

Table 4.1 Rate, normalized rating index, weight index based on MCDA of flood hazard assessment of Bongaon sub-
division

Parameters Category/class Rate Normalized rating index
(NRI) [Individual/total]

Weight
(W)

Normalized weight
index (NWI)

Rainfall (mm) Less than 1450 5 0.33 15 1.5

1451–1500 4 0.27

1501–1520 3 0.20

1521–1543 2 0.13

More than
1543

1 0.07

Elevation (m) <5.0 m 5 0.38 8 0.8

5.1–7.5 4 0.31

7.6–10.0 3 0.23

>10.1 1 0.08

Slope (degree) Less than 1.0° 5 0.33 13 1.3

1.1–1.5° 4 0.27

1.6–2.0° 3 0.20

2.1–4.0° 2 0.13

More than 4.1° 1 0.07

(continued)
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Table 4.1 (continued)

Parameters Category/class Rate Normalized rating index
(NRI) [Individual/total]

Weight
(W)

Normalized weight
index (NWI)

Land use/land
cover

River/surface
waterbodies

5 0.28 21 2.1

Low laying
area

4 0.22

Moist fallow 3 0.17

Built-up area 1 0.06

Agricultural
fallow

2 0.11

Crop land 3 0.17

Vegetation
vigour (NDVI)

<0.0098 5 0.33 7 0.7

0.0099–0.16 4 0.27

0.17–0.23 3 0.20

0.24–0.50 2 0.13

>0.50 1 0.07

Fractional
impervious
surface

<20 1 0.10 5 0.5

21–35 2 0.20

36–50 3 0.30

>51 4 0.40

Table 4.2 Rate, normalized rating index, weight index based on MCDA of flood hazard assessment of Bongaon sub-
division

Parameters Category/class Rate Normalized rating
index
(NRI) [Individual/total]

Weight
(W)

Normalized
weight index
(NWI)

Geomorphology Abandoned channel 3 0.07 7.5 0.75

Active river channel 5 0.12

Back swamp 3 0.07

Channel bar 5 0.12

Deep depression 4 0.09

Meander scar 5 0.12

Newer alluvial plain 4 0.09

Older alluvial plain 2 0.05

Older alluvial plain- type ii 1 0.02

Ox-bow lake 4 0.09

Paleochannel 4 0.09

Shallow depression 3 0.07

(continued)
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average annual rainfall map was prepared
through radial basis function and the rainfall map
was divided into five categories (Fig. 4.3). In the
classification process, the sub-division with
higher rainfall (mm) is assigned 1 as it would be
very extremely pretentious by a flood. The ele-
vation map of the study area was prepared
through ASTER satellite data and the Bongaon
sub-division was categorized into 4 sub-
categories of elevation zone (Fig. 4.4). Areas
with the lowest elevation zone were considered
as most vulnerable to flooding, thus ranked 1
which is less than 5.0 m. Following the flood
hazard classes, there were the class high (5.1 m–

7.5 m) ranked 2, class moderate (7.6 m–10.0 m)

ranked 3 and class low (>10.1 m) very low
ranked 4. The slope layer of the Bongaon sub-
division was prepared from the ASTER Digital
Elevation Model (DEM) data and reclassified
into five sub-categories in the order of flood
hazard rating. The ASTER DEM was down-
loaded from USGS Earth Explorer Community
(https://earthexplorer.usgs.gov/). The pixel reso-
lution of ASTER DEM data is 30 m considered
for this analysis. In the present research, less than
1° slope is considered as high risk for flood
hazard (Fig. 4.5). LULC characteristics of the
sub-division were reclassified into a common
scale permissible of their rainwater intellection
capabilities for the flood hazard examination into

Table 4.2 (continued)

Parameters Category/class Rate Normalized rating
index
(NRI) [Individual/total]

Weight
(W)

Normalized
weight index
(NWI)

Soil Type Very deep to deep, poorly
drained, fine loamy to fine

5 0.25 8 0.8

Very deep, fine loamy,
poorly to imperfectly drained

4 0.2

Very deep, fine loamy,
poorly to moderately well
drained, fine loamy

2 0.1

Very deep, moderately well
to poorly drained, coarse
loamy to fine

2 0.1

Very deep, poorly drained,
fine loamy

3 0.15

Very deep, poorly to
moderately well drained, fine
to coarse loamy

3 0.15

Very deep, poorly to well
drained, fine to sandy

1 0.05

Distance from
the river (m)

Less than 500 5 0.33 7.5 0.75

501–1000 4 0.27

1001–1500 3 0.20

1501–2000 2 0.13

More than 2001 1 0.07

Road density
(km2)

<0.59 1 0.07 8 0.8

0.60–0.76 2 0.13

0.77–0.92 3 0.20

0.93–1.1 4 0.27

>1.2 5 0.33
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flood evaluation outcomes for land cover element
map (Fig. 4.6) Based on the flood causing
physiognomies of the LULC types, river and/or
surface water bodies as a very high rating, low
laying area was assigned high flooding, moist
fallow and crop land were assigned as moderate
class, agricultural fallow was demarcated as low
rating and the built-up area was assigned as very
low rating. Vegetation characteristics designate
the presence of the landscapes and are commonly
categorized by the amount and form of vegeta-
tion, which reflects its usage, milieu, agronomy

and cyclic phenology. The vegetation character-
istics of the Bongaon sub-division have been
classified into five sub-zones (Fig. 4.7). The low-
density vegetation cover was assigned as a high
rating for flood vulnerability and the high-density
vegetation cover was demarcated as a low rating
for flood hazard. The reclassified map of frac-
tional impervious surface (FIS) of the Bongaon
sub-division is illustrated in Fig. 4.8. The lower
FIS value implies a higher permeability, whereas
the higher FIS value indicated lesser permeabil-
ity. The geomorphological characteristics of the

Fig. 4.3 Reclassified rainfall
map of Bongaon sub-division
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sub-division play an important role in flood
hazard susceptibility. In the Bongaon sub-
division, new alluvial plain zones, channel bar
and meander scar were providing a high rating
for flood risk (Fig. 4.9). High to moderate flood
vulnerability areas were demarcated as aban-
doned river channel, paleochannel, ox-bow lake,
back swamp and deep depression due to the
location adjacent to the very high susceptibility
zone. Moreover, the low flood susceptibility zone
was assigned as an older alluvial plain and
shallow depression (Table 4.2).In this research,

very deep to deep, poorly drained, fine loamy to
fine soil has been assigned higher weightage and
the very deep, poorly to well drained, fine to
sandy has been assigned the lower rating
(Fig. 4.10). Moreover, very deep, poorly to well
drained, fine to sandy soil was demarcated as a
low rating of flood hazard. Finally, the soil map
was transformed into raster format and reclassi-
fied based on their water infiltration capacity into
flood rating results for the soil factor map
(Table 4.2). Less than 500 m distance from the
active river channel is considered as more prone

Fig. 4.4 Reclassified
elevation map of Bongaon
sub-division
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to flood hazards in the Bongaon sub-division.
The rating has been decreased with the increas-
ing distance from the river channel due to a
decrease in ferocity (Fig. 4.11).

The road densities played a significant role in
flood hazards as it is disturbing the free flow of
water and restrict the passage of flood discharge.
The road density of the Bongaon sub-division
has been categorized into 5 sub-zones
(Fig. 4.12). The higher road density was
assigned a low rating and the lower road density
region was demarcated as a higher rating for
flood hazard. Following the very high suscepti-
bility to flooding class, there was a class very
high (<0.59 per km2), 0.60–0.76 per km2 graded

as class 2, 0.77–0.92 per km2 placed as class 3,
0.93–1.1 per km2 ranked as class 4 and very low
ranked as >1.2 per km2.

The calculated flood risk index values of the
output database vary from 0.05 (Low) to 0.68
(High) (Table 4.3). The derived flood risk map
was reclassified into five categories through
manual classification methods in ArcGIS soft-
ware, such as: (i) very low risk (less than 0.15),
low risk (0.16–0.26), medium risk (0.27–0.33),
high risk (0.34–0.48), and very high risk (more
than 0.49) (Fig. 4.13). The ‘medium risk’ is
measured along the areas that might be season-
ally overwhelmed in the wet season. The ‘very
low risk’ refers to the areas prone to very low

Fig. 4.5 Reclassified slope
map of Bongaon sub-division
(Slope map was generated
from ASTER DEM Data;
Spatial resolution—30 m)
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occurrences of floods, almost nil. Moreover, the
‘very high risk’ and ‘high risk’ zones of flood
denote the conceivable areas of flood that can
eventuate because of the periodic as well as
intermittent heavy rainfall.

Zonal statistical tool of ArcGIS software v9.3
was used to determine the areal distribution of
flood risk areas of the Bongaon sub-division. The
flood risk map portrays that probably 74.70 km2

(8.96%) of the area comes under very high flood
risk areas (Table 4.3). These areas were mostly
distributed in the south-east, north, north-east

and some small pockets of the central part of the
Bongaon sub-division. Approximately, 19.36%
(161.45 km2) of the area falls under high risk,
distributed in the eastern and northern part of the
sub-division. The medium flood risk areas are
calculated as 242.02 km2(29.02%), distributed in
the central north, north-west and south-west part
of the study site. About 28.33% (236.33 km2) of
the Bongaon sub-division falls under the low
flood risk areas which are disseminated in the
central, southern and western part of the sub-
division (Fig. 4.13).

Fig. 4.6 Reclassified land
use/land cover map of
Bongaon sub-division
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A total of 55 sites were designated to measure
the flood substantiations events (Table 4.4).
These points are distributed in different direc-
tions of the sub-division and distributed in the
entire region of the sub-division. Chronological
floods events were used as verifications sites.
There were 13 sites (VP1, VP2, VP4, VP12,
VP17, VP18, VP19, VP20, VP37, VP43, VP44,
VP45 and VP46) of ‘very high’ risk of flood
events and eight sights (VP6, VP14, VP25,
VP30, VP31, VP42, VP5 and VP55) of ‘high’
risk for flood events were checked. The medium
flood risk validation points are demarcated as
VP10, VP13, VP16, VP23, VP27, VP29, VP36
and VP52. These areas are usually waterlogged

for 3 to 4 days or a short duration of the flood
because of the concentrated rainfall events. The
low flood risk validation points are designated as
VP3, VP7, VP8, VP21, VP26, VP32, VP39,
VP40, VP49 and VP51. The user accuracy and
producer accuracy of low flood risk areas were
calculated as 89% and 80%, respectively.
Moreover, VP5, VP9, VP11, VP15, VP22,
VP28, VP33, VP34, VP35, VP38, VP41, VP47,
VP48, VP50 and VP53 are considered as very
low risk. These areas were not also inundated
since 2005 and mostly characterized by high
elevation, far from the river channel, dense
vegetation cover, protected from the flood by
anthropogenic activities. The user’s accuracy and

Fig. 4.7 Reclassified
vegetation characteristics
(NDVI) map of Bongaon sub-
division
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producer’s accuracy of the predictive map of
flood hazard in the Bongaon sub-division were
calculated as 69% and 72%, respectively. Hence,
the result of the analysis indicated that the
methodology is satisfactorily consistent for sub-
stitute response.

4.5 Discussion

Due to geographical characteristics, unplanned
infrastructure and land use planning have a high
level of flood risk. Flooding has become a regular
phenomenon and continues to threaten the vul-
nerable social and economic infrastructure of the

sub-division. A flood risk map is a vivacious
constituent for apposite land use forecasting in
flood susceptible spaces. It produces easily read,
quickly reachable graphs and diagrams which
assists the superintendents and architects to cat-
egorize the extents of threat and highlight their
vindication exertions (Gitikaand Ranjan 2016).
Moreover, the flood vulnerability maps are
intended to proliferate cognizance of the possi-
bility of the drowning among the civic, indige-
nous specialists and other establishments by
endorsing greater sentience of the risk of
flooding.

The spatial variability of slope in the Bongaon
sub-division is less, however, it plays an

Fig. 4.8 Reclassified
Fractional Impervious Surface
(FIS) map of Bongaon sub-
division
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important role in hydrodynamic friction for flash
flood simulation. The amount of water infiltration
is reliant upon the peripheral aspects and soil
properties, which differ based on the form of soil
(Tejedor et al. 2013), types and texture (Nyarko
2002). Loamy soil water permeation is a factor
that prerequisites to explain the processes of
runoff, soil loss and aquifer recharge in addition
to irrigation management and plant water con-
venience (Rimba et al. 2017). Population density
is higher in lower elevated and flat areas and
these areas have a very high liability to flash
flooding. Additionally, descending areas should
also be a focus as these are predisposed to des-
cend during flood events (Cao et al. 2016). So,

the increase of sedimentation in river water
caused loss of navigation which is also a great
threat to the ecological balance of the river basin
(Adel 2012).

The relationship between the occurrence of
flooding and the classes of each conditioning
factors was analysed. The elevation analysis
outcomes designate that the lowest elevation was
most persuasive on flooding. Moreover, results
also showed that lower slopes along the eastern
and northern parts of the sub-division inferred
greater occurrence of flooding. Due to the lower
slope, the speed of water flow has been lessened
and upsurges the time for absorption and infil-
tration of water into the ground (Alemayehu

Fig. 4.9 Reclassified
geomorphological map of
Bongaon sub-division

4 Flood Risk Zone Identification … 67



2007). The slope encourages the direction of the
amount of surface runoff (Dai et al. 2002), and
have a leading effect on the impact of rainfall to
streamflow (Sawyer et al. 2004). According to
Krumbein (1965), a flat surface is disposed to
waterlogging; whereas, the steeper slope allows
water to flow speedily. In the Bongaon sub-
division, a high grade is consigned to less than 1°
slope for the gentle gradient of the flood plain;

whereas, a little score is apportioned for the slope
of more than 4.1°. Due to the heavier rainfall
during flooding, river levels will increase and
causing an overflow of water into areas closest to
the riverbank. Road density is also a major factor
of flood susceptibility mapping as it decreased
the infiltration capacity of the terrain and is a
source of runoff (Tehrany et al. 2017). The
physical properties of the soil were considered to

Fig. 4.10 Reclassified soil
map of Bongaon sub-division
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develop soil type factors. In the Bongaonsub-
division, sandy soil has greater drenched
hydraulic conductivities than better-textured soils
because of the great pore space between the soil
elements. An earlier study also reported that the
infiltration rate of the sandy soils is much higher
than the clayey soil (Wondim 2016). Moreover,
the areas situated adjacent to the main river
channel and flow accumulation path are prone to

flood (Islam and Sado 2000). Mojaddadi et al.
(2017) suggested that soil types have a straight
influence on water stowage, penetrability and
drainage.

LULC plays an important role in recognizing
the sensitive regions prone to flooding. Areas
covered with the vegetation compromise the
levels of protecting appliances, creating land less
lying to flooding and a negative relationship

Fig. 4.11 Reclassified
distance from the river map of
Bongaon sub-division
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exists between a flood event and vegetation
density (Al-Zahrani et al. 2016). LULC charac-
teristics are a significant environment scheming
the hazards as its solidities designate the
appearance of the landscape and its geotechnical

chattels (Pareta 2004). The infringement of the
areas are responsible for floods by human set-
tlements and infrastructural development (Njoku
et al. 2017). Results derived in this study also
indicated that all NDVI classes of more than 0.24

Fig. 4.12 Reclassified road
density map of Bongaon sub-
division

Table 4.3 Areal
distribution of flood risk
index map of the Bongaon
sub-division

Flood risk index Area (km2) Percent

Very low 119.55 14.33

Low 236.33 28.33

Medium 242.04 29.02

High 161.45 19.36

Very high 74.70 8.96
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have minimal impact on flood occurrence. The
spatial extent of regional geomorphic features
like new and old alluvial plain, meander scar,
paleochannel, ox-bow lake, active river channel,
abandoned river channel, natural depression, etc.,
are largely helpful in delineating flood suscepti-
bility zone (Majumder et al. 2017).

However, the population density is very high
in the sub-division due to its fertile alluvial plain
(Paul and Chatterjee 2012; Jana et al. 2011).
A huge chunk of settlements is observed in the
sub-division and make some barriers (Saha
2015). Residents are using the riverbed as agri-
cultural land for many decades. So, the increase
of sedimentation in river water caused loss of

navigation, which is also a great threat to the
ecological balance of the river basin (Adel 2012).
Consequently, by the construction of a railway
bridge at Majdia (Nadia District, West Bengal), a
water barrier has been developed.The road is an
important anthropogenic factor inducing flood
hazards. Versini et al. (2010) stated that road
network and traffic monitoring are a major cause
for flood event managers. Consequently, by the
construction of a railway bridge at Majdia (Nadia
District, West Bengal), a water barrier has been
developed. Valdiya (2004) reported that the
obstructions caused by the construction of arti-
ficial infrastructures, considerably encumber the
free flow of water.

Fig. 4.13 Flood risk map of
Bongaon sub-division
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Table 4.4 Assessment of the validation point of flood risk map of Bongaon Sub-division

Validation
point (VP)

Ground observation/existing
data base (2005–2016)

Flood risk
index

Validation
point (VP)

Ground observation/existing
data base (2005–2016)

Flood
risk
index

VP1 2006–2009, 2011, 2013–
2016

Very high VP29 2007, 2008 Medium

VP2 2006–2009, 2011, 2013,
2015, 2016

Very high VP30 2006–2009, 2015, 2016 High

VP3 Nil Low VP31 2007, 2011, 2015, 2016 High

VP4 2007, 2008, 2015, 2016 Very high VP32 2007, 2008 Low

VP5 Nil Very low VP33 Nil Very low

VP6 2007, 2008, 2015, 2016 High VP34 Nil Very low

VP7 2015 Low VP35 Nil Very low

VP8 2007, 2008 Low VP36 2011, 2015, 2016 Medium

VP9 Nil Very low VP37 2006–2009, 2011, 2013–
2016

Very
high

VP10 2007, 2008 Medium VP38 Nil Very low

VP11 Nil Very low VP39 Nil Low

VP12 2006–2009, 2015, 2016 Very high VP40 Nil Low

VP13 2006–2009, 2011, 2013,
2015, 2016

Medium VP41 Nil Very low

VP14 2007, 2008, 2015, 2016 High VP42 2006 -2009, 2015, 2016 High

VP15 Nil Very low VP43 2006–2009, 2011, 2013–
2016

Very
high

VP16 2007, 2008, 2015 Medium VP44 2006–2009, 2011, 2013–
2016

Very
high

VP17 2006–2009, 2011, 2013–
2016

Very high VP45 2006 -2009, 2015, 2016 Very
high

VP18 2006–2009, 2011, 2013–
2016

Very high VP46 2007, 2008, 2015, 2016 Very
high

VP19 2006–2009, 2011, 2013–
2016

Very high VP47 Nil Very low

VP20 2006–2009, 2011, 2013–
2016

Very high VP48 Nil Very low

VP21 2006–2009, 2011, 2013,
2015, 2016

Low VP49 2007, 2008 Low

VP22 Nil Very low VP50 Nil Very low

VP23 2007, 2008, 2015, 2016 Medium VP51 2007, 2008 Low

VP24 Nil Very low VP52 2011, 2015, 2016 Medium

VP25 2007, 2008, 2015, 2016 High VP53 Nil Very low

VP26 2015 Low VP54 2006 -2009, 2015, 2016 High

VP27 2007, 2008 Medium VP55 2007, 2008, 2015, 2016 High

VP28 Nil Very low
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4.6 Conclusion

The flood risk map of the Bongaon sub-division
was generated through MCDA based on the
integration of remotely sensed products and
secondary datasets. The substantiation report
advocates that remote sensing and GIS tech-
niques are very influential approaches in flood
risk exploration and planning. Eleven flood
acclimatizing features were nominated and a
flood inventory map was exploited to generate
the flood dichotomous reliant layer. The MCDA
method exposed in this research can be enriched
further by counting these constraints, likewise
rainfall, elevation, slope, distance from the river,
road density, land use/land cover, etc. Hence, the
extenuation actions can be accurately completed,
and the controlling of flood menace is made easy.
The generated flood risk map may be beneficial
to proposers and creators for selecting an
appropriate place for the forthcoming expansions
and land use forecasting, and also to trace
assemblies in the rickety regions. It could be of
practice for specialists of the area for confirming
security to the people of pretentious areas. This
research also ropes the accompanying of the
outmoded hydrological, with the contemporary
geospatial tools, hence augmenting the assem-
blage, storage, analysis, management and
demonstrating of flood data, along with being
more cost, period and manpower competent.

References

Adel MM (2012) Downstream ecocide from upstream
water piracy. Am J Environ Sci 8(5):528–548

Ajin RS, Krishnamurthy RR, Jayaprakash M, Vinod PG
(2013) Floodhazard assessment of Vamanapuram
River Basin, Kerala, India: An approach using Remote
Sensing and GIS techniques. Adv Appl Sci Res 4
(3):263–274

Alemayehu Z (2007) Modeling of flood hazard manage-
ment for forecasting and emergency response of
‘Koka’rea within Awash River basin using remote
sensing and GIS method. Unpublished Msc Thesis,
AddisAbaba University, Ethiopia

Alexakis DD, Grillakis MG, Koutroulis AG, Agapiou A,
Themistocleous K, Tsani IK, Michaelides S,
Pashiardis S, Demetriou C, Aristeidou K, Retalis A,

Tymvios F, Hadjimitsis DG (2014) GIS and remote
sensing techniques for the assessment of land use
changes impact on flood hydrology: the case study of
Yialias Basin in Cyprus. Nat Hazards Earth Syst Sci
14:413–426

Al-Zahrani M, Al-Areeq A, Sharif HO (2016) Estimating
urban flooding potential near the outlet of an arid
catchmentin Saudi Arabia. Geomat Nat Hazards Risk
1:1–17

Basarudin Z, Adnan NA (2014) Impervious surface
detection and mapping via digital remotely sensed
techniques. In: International Conference on Civil,
Biological and Environmental Engineering (CBEE-
2014), pp 27–28

Cao C, Xu P, Wang Y, Chen J, Zheng L, Niu C (2016)
Flash flood hazard susceptibility mapping usingfre-
quency ratio and statistical index methods in coalmine
subsidence areas. Sustainability 8: 948. https://doi.org/
10.3390/su8090948

Chaturvedi R, Mishra SD (2015) Geomorphic features
and flood susceptibility zones: A study for Allahabad
district, Uttar Pradesh, India, using Remote Sensing
and GIS technique. Trans Inst Indian Geographers 37
(2):259–268

Dai FC, Lee CF, Ngai YY (2002) Landslide risk
assessment and management. An overview. Eng Geol
64:65–87

Dandapat K, Panda GK (2018) A geographic information
system-based approach of flood hazards modelling,
Paschim Medinipur district, West Bengal, India.
Jamba (potchefstroom, South Africa) 10(1):518.
https://doi.org/10.4102/jamba.v10i1.518

Dhruvesh KM, Praful MU, Aditya MV (2016) Flood
hazard vulnerability mapping using remote sensing
and GIS: a case study of Surat. Res Rev: J Pure Appl
Phys 4(3):38–42

Elsafi SH (2014) Artificial neural networks (ANNs) for
flood forecasting at Dongola Station in the River Nile.
Sudan. Alexandria Eng J 53(3):655–662

Fustos I, Abarca-del-Rio R, Ávila A, Orrego R (2017) A
simple logistic model to understand the occurrence of
flood events into the Biobío River Basin in central
Chile. J Flood Risk Manag 10(1):17–29

Getahun YS, Gebre SL (2015) Flood hazard assessment
and mapping of flood inundation area of the Awash
river basin in Ethiopia using GIS and HEC-
GeoRAS/HEC-RAS Model. J Civil Environ Eng
5:179. https://doi.org/10.4172/2165-784X.1000179

Ghosh S, Mistri B (2015) Geographic concerns on flood
climate and flood hydrology in monsoon-dominated
Damodar river basin, Eastern India. Geogr J Article ID
486740, 16. https://doi.org/10.1155/2015/486740

Gitika T, Ranjan S (2016) GIS-based food hazard
mapping: a case study in Krishnai river basin, India.
Res J Recent Sci 5(ISC-2015):50–59

GuhathakurtaP SOP, Menon PA (2011) Impact of climate
change on extreme rainfall events and flood risk in
India. J Earth Syst Sci 120(3):359–373

Haq M, Akhtar M, Muhammad S, Paras S, Rahmatullah J
(2012) Techniques of remote sensing and GIS forflood

4 Flood Risk Zone Identification … 73

http://dx.doi.org/10.3390/su8090948
http://dx.doi.org/10.3390/su8090948
http://dx.doi.org/10.4102/jamba.v10i1.518
http://dx.doi.org/10.4172/2165-784X.1000179
http://dx.doi.org/10.1155/2015/486740


monitoring and damage assessment: a case study of
Sindh province, Pakistan. Egypt. J Remote Sens Space
Sci 15:135–141

Islam M, Sado K (2000) Flood hazard map and landde-
velopment priority map developed using AVHRR
datawith geographical information system. Hydrol
Process 14:605–620

Ismail M, Saanyol IO (2013) Application of remote
sensing (RS) and geographic information systems
(GIS) in flood vulnerability mapping: case study of
River Kaduna. Int J Geomat Geosci 3(3):618–627

Jana A, Ghorai D, Bhunia GS, Pal DK (2011) Demo-
graphic pressure in transforming of land use/ land
cover over four decades in Nadia District of West
Bengal province India using multi-temporal Landsat
data. Niugini Agrisaiens 3:59–74

Kazakis N, Kougias I, Patsialis T (2015) Assessment of
flood hazard areas at a regional scale using anindex-
based approach and analytical hierarchy process:
application in Rhodope-Evros region, Greece. Sci
Total Environ 538:555–563

Krumbein WC, Graybill FA (1965) An introduction to
statistical models in Geology. Mc Graw Hill, New
York, p 475

Lim J, Lee K (2018) Flood mapping using multi-source
remotely sensed data and logistic regression in the
heterogeneous mountainous regions in North Korea.
Remote Sens 10(7):1036

Majumder R, Ghosh DK, Mandal AC, Patra P, Bhunia GS
(2017) An appraisal of geomorphic characteristics and
flood susceptibility zone using remote sensing and
GIS: a case study in Bongaon Subdivision, North 24
Parganas (West Bengal). India. Int J Res Geogr (IJRG)
3(4):32–40

Mandal S, Mandal B (2015) Assessment and prediction of
slope instability in the Lish River Basin of Eastern
Darjiling Himalaya using RS and GIS. Int Res J Earth
Sci 3(12):9–20

Matori AN, Lawal DU, Yusof KW, Hashim MA, Balo-
gun A (2014) Spatial analytic hierarchy process model
for floodforecasting: an integrated approach. In: 7th
IGRSM international remote sensing and GIS confer-
ence and exhibition, IOP conference series: earth and
environmental science, vol 20, p 012029

Mukherjee A (2006) Deeper groundwater flow and
chemistry in the arsenic affected Western Bengal
Basin, West Bengal, India. University of Kentucky
Doctoral Dissertations, Paper 368. http://uknowledge.
uky.edu/gradschool_diss/36

Nandargi S, Dhar ON (2003) High frequency floods and
their magnitudes in the Indian rivers. J Geol Soc India
61(1):90–96

NugrahaAL, Awaluddin M, Sasmito B (2018) Modelling
multi hazard mapping in Semarang city using GIS-
fuzzy method. In: 2nd geoplanning-international con-
ference on geomatics and planning. IOP conference
series: earth and environmental science, vol 123,
p 012002. https://doi.org/10.1088/1755-1315/123/1/
012002

Ouma YO, Tateishi R (2014) Urban flood vulnerability
and risk mapping using integrated multi-parametric
AHP and GIS: methodological overview and case
study assessment. Water 6(6):1515–1545

Pareta K (2004) Hydro-geomorphology of Sagar District
(M.P.): a study through remote sensing technique. In:
Proceeding in XIX M. P. Young Scientist Congress,
Madhya Pradesh Council of Science & Technology
(MAPCOST), Bhopal

Patel DP, Srivastava PK (2013) Flood hazards mitigation
analysis using remote sensing and GIS: correspon-
dencewith town planning scheme. Water Resour
Manag 27:2353–2368

Paul S, Chatterjee K (2012) Urbanisation and consistency
measurement: a study on district of north 24 Parganas,
West Bengal. India. Arch Appl Sci Res 4(5):2052–
2067

Pradhan B (2011) Use of GIS-based fuzzy logic relations
and its cross application to produce landslide suscep-
tibility maps in three test areas in Malaysia. Environ
Earth Sci 63:329–349

Rahmati O, Pourghasemi HR, Zeinivand H (2016) Flood
susceptibility mapping using frequency ratio and
weights-of-evidence models in the Golastan Province.
Iran. Geocarto Int 31(1):42–70

Rimba AB, Setiawati MD, Sambah AB, Miura F (2017)
Physical flood vulnerability mapping applying geospa-
tial techniques in Okazaki City, Aichi Prefecture,
Japan. Urban Sci 1:7. https://doi.org/10.3390/
urbansci1010007

Roy SK, Sarker SC (2016) Integration of remote sensing
data and GIS tools for accurate mapping of flooded
area of Kurigram, Bangladesh. J Geogr Inf Syst
8:184–192

Saha M (2015) Human interference in the resource
utilization of Bongaon sub-division in north 24
Parganas district of West Bengal. RJSSM 5(8):120–
129

SamantaS KC, Pal DK, Palsamanta B (2016) Flood risk
analysis in lower part of Markham river based on
multi-criteria decision approach (MCDA). Hydrology
3(29):1–13. https://doi.org/10.3390/
hydrology3030029

Sawyer CF, David RB (2004) Landslide aspect: a
methodological approach to circular data for hazard
analysis. In: Proceedings of the Applied Geography
Conference, 27, St. Louis, M.O, pp 67–74

Sengupta S (1966) Geological and geophysical studies in
western part of Bengal Basin, India. Bull Am Assoc
Petrol Geo l50:1001–1017

Stefanidis S, Stathis D (2013) Assessment of flood hazard
based on natural and anthropogenic factors usingan-
alytic hierarchy process (AHP). Nat Hazards 68:569–
585

Tehrany MS, Pradhan B, Mansor S, Ahmad N (2015)
Flood susceptibility assessment using GIS-based sup-
portvector machine model with different kernel types.
Catena 125:91–101

Tehrany MS, Shabani F, Jebur MN, Hong H, Chen W,
Xie X (2017) GIS-based spatial prediction of flood

74 R. Majumder and G. S. Bhunia

http://uknowledge.uky.edu/gradschool_diss/36
http://uknowledge.uky.edu/gradschool_diss/36
http://dx.doi.org/10.1088/1755-1315/123/1/012002
http://dx.doi.org/10.1088/1755-1315/123/1/012002
http://dx.doi.org/10.3390/urbansci1010007
http://dx.doi.org/10.3390/urbansci1010007
http://dx.doi.org/10.3390/hydrology3030029
http://dx.doi.org/10.3390/hydrology3030029


prone areas using standalone frequency ratio, logistic
regression, weight of evidence and their ensemble
techniques. Geomat Natl Hazards Risk 8(2):1538–
1561. https://doi.org/10.1080/19475705.2017.
1362038

Tejedor M, Neris J, Jiménez C (2013) Soil properties
controlling infiltration in volcanic soils (Tenerife,
Spain). Soil Sci Soc Am J 77:202–212

Valdiya KS (2004) Lessening the ravages of floods. In:
Geology, Environment and society. Universities Press,
India, pp 112–115

Versini PA, Gaume E, Andrieu H (2010) Assessment of
the susceptibility of roads to flooding based

ongeographical information—test in a flash flood
prone area (the Gard region, France). Nat Hazards
Earth Syst Sci 10:793–803

WMO (World Meteorological Organization) (2013) Inte-
grated flood management tools seriesflood mapping.
Issue 20, November 2013. https://library.wmo.int/
pmb_ged/-ifmts_20.pdf

Wondim YK (2016) Flood hazard and risk assessment
using GIS and remote sensing in lower Awash sub-
basin, Ethiopia. J Environ Earth Sci 6(9):69–86

4 Flood Risk Zone Identification … 75

http://dx.doi.org/10.1080/19475705.2017.1362038
http://dx.doi.org/10.1080/19475705.2017.1362038
https://library.wmo.int/pmb_ged/-ifmts_20.pdf
https://library.wmo.int/pmb_ged/-ifmts_20.pdf


5Dynamics River Networks
and Determination of the Flood
Potential in Lower Brahmaputra
Valley Using Geoinfromatics
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Abstract

The river Brahmaputramajorly bears the char-
acteristics of excessive flow, an enormous
volume of sediment load, and frequent
changes in channel morphology, rapid bed
aggradations, bank line recession, and erosion
as well. Floods are considered to be the most
common natural disaster that affects the major
regions of Northeast India. The objective of
this paper is majorly to evaluate the flood
vulnerability, which is primarily based on
multi-criteria evaluation (MCE) conducted in
the lower Brahmaputra River of Assam. The
important contributing factors selected for
flood hazard include Drainage Density, Flow
Accumulation, Slope and Elevation, LULC,
Micro-Watershed, Rainfall Distribution, Pop-
ulation Density, and Proximity to River.

Remote Sensing (RS) and Geographical Infor-
mation System (GIS) have been used to
derive, integrate, and analyze the geographic
layers of each of the themes. Four classes of
flood hazard vulnerability—ranging as very
high, high, moderate, and low—have been
categorized on the basis of the estimation. It is
noted that more than about 50% of the total
area of the watershed is under acute risk of
flood and some places of the study area,
namely Barpeta, Lakhipur, Agia, Boun-
gaigoan, and Joytigaon are highly affected
regions. On the other hand, Ujanpara, Sarb-
hog, and Dudhnoi areas are moderately
affected by the flood during flood time.

Keywords

Flood intensity � Brahmaputra river � LULC
and AHP

5.1 Introduction

Assam for ages has been a riverine civilization
(Nayak et al. 2016). The river Brahmaputra has
always acted as the lifeline for Northeastern
India. The Brahmaputra stretches up to 2880 km.
running through China, India, and Bangladesh. It
is to be noted that in Upper Assam, near Dibru-
garh, the river is 16 km wide whereas in lower
Assam, at Pandu, a river port near Guwahati, the
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river is 1.2 km wide. However, in the immediate
downstream, the mighty Brahmaputrait is nearly
18 km wide (Thakkar et al. 2013). The River
majorly bears the characteristics of excessive
flow, enormous volume of sediment load, fre-
quent changes in channel morphology, rapid bed
aggradations, bank line recession, and erosion as
well. It also consists of braided channels in its
course majorly in the alluvial plains of Assam.
The lateral changes in channels cause extreme
erosion along the banks leading to a considerable
loss of good fertile land each year (Sharma et al.
2012). With its extensive network of rivers,
Assam is much prone to natural disasters for
which a negative impact gets created on the
state’s overall development (Government of
Assam 2021).

Floods are considered to be the most common
natural disaster that affects major regions of
Northeast India. Flood as a natural catastrophe
has caused lots of economic, social, and human
changes and in general destroys the infrastructure
of the affected areas (Nath et al. 2020). The
Brahmaputra valley is deluged by the floods of
the Brahmaputra River and its tributaries. It is to
be remembered that the highly braided Brahma-
putra River is both a snow-fed and rain-fed river
and as a result, is perennial in nature. As a con-
sequence, Brahmaputra experiences the highest
water levels and strongest flows during the times
of summer monsoon season (Sharma et al. 2016).
Experts are also in the opinion that the rise of
anthropogenic factors in recent times has resulted
in catastrophic floods in the Northeastern region.
Occurrence of floods in the Brahmaputra River
basin are an annual event (Hazarika et al. 2016).
Being majorly prone to flash floods, some of the
worst flash floods have occurred in the
Brahmaputra river basin in the new millennium
(Thakkar et al. 2013). Northeast India is tecton-
ically active and rivers are avulsive in nature, as
evidenced by the presence of many palaeochan-
nels (Hazarika et al. 2016). The Brahmaputra and
Barak Rivers with more than 50 numbers of
tributaries feeding them, causes severe flood
devastation in the monsoon period each year
(Government of Assam 2021). Flood hazard
encompasses many particulars that mainly

include structural and erosional damages, con-
tamination of water, damages of roads and
houses, disruption of socio-economic activities,
losses of life and property, etc. (Nath et al. 2020).

During the post-independence period of India,
Assam faced severe floods in the years 1954,
1962, 1972, 1977, 1984, 1988, 1998, 2002,
2004, and 2012, respectively. Almost every year,
three to four waves of flood wrecked the flood-
prone areas of Assam. Average annual loss due
to flood in Assam can be estimated up to Rs.
200.00 Crores. Particularly in 1998, the loss
suffered in the state was about Rs. 500.00 Crores
and during the year 2004 it was about Rs. 771.00
Crores. In the years 2004 and 2014, the south
bank tributaries of Brahmaputra in lower Assam
experienced flash floods of high magnitude due
to cloud bursts. These flash floods caused large-
scale destruction in vast areas including losses of
human lives (Government of Assam 2021).

Therefore, to reduce or control the damages it
is necessary to have proper and special planning
for the flood-affected areas and the very first step
to control flood is to identify the flooding areas
and flood risk zone so as to reduce flood to its
minimal level. In the present era, modern tech-
niques and tools such as Remote Sensing and
GIS are used widely to investigate hazardous
areas affected by extreme events (Nath 2020).
These software along with other datasets have
best immense possibilities for identification,
monitoring, and assessment of flood disasterand
assists in interpreting images in the shortest
period of time (Haq et al. 2012). Satellite
observations also facilitate regular monitoring of
the extent of floods and mapping of flood risk
zones (Irimescu et al. 2009). With the application
of Remote Sensing and GIS, analysts also get
fast economic solutions to recognize and classify
hazardous risk areas. These techniques are suc-
cessfully used to envisage the extent of flooding
and also study the flood maps in order to produce
flood damage maps as well as flood risk maps
(Nath 2020).

It is to be noted that the Decision Support
Centre (DSC) of National Remote Sensing
Centre (NRSC), ISRO has prepared Flood
Hazard Atlas for Assam State using more than 90
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satellite datasets acquired from Indian Remote
Sensing (IRS) and Radarsat satellites during
flood season over Assam region for the past
10 years, i.e., 1998–2007 (Sharma et al. 2012).
Hence, this paper mainly focuses on the analysis
of river networks to analyze the flood density
majorly in the lower Brahmaputra plains of
Assam with the application of GIS and Remote
Sensing techniques, to derive the flood hazard
risk zones and also determine reallocation of
facilities as well as strategies for future emer-
gency necessities (Ajin et al. 2013). The major
objective of the study has been taken to analyze
the network flow of rivers in the lower plains of
Assam and to determine the intensity and vul-
nerability of floods in the lower Brahmaputra
plains.

Study Area: The three districts of the lower
Brahmaputra valley of Assam have been selected
as a study area, these three districts are Goalpara,
Bangaogaon, and Barpeta (Fig. 5.1). The selected
study area is geographically located in between
latitude 25053’ and 26o54’ North and longitudes
89000’ to 91030’ East. The tropical monsoon
climate of the study area provides two distinct
features––summer and winter. It rains from June
to September after the summer season from
March to May. This is followed by the winter
season from October to February. The study area
covers an area of 5562 sq km., the western and
eastern Garo Hills districts of the state of
Meghalaya in the south and Kamrup and Nalbari
districts in the east, Kokrajhar and Dhubri dis-
tricts in the west, and Bhutan in the north.

Fig. 5.1 Study area
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5.2 Database and Methods

The present research study has been executed
through the application of GIS and Remote
Sensing. The relevant maps are created using
ArcGIS 10.5 and ERDAS Imagine 13.0.2 soft-
ware tools. Satellite imagery is used as the pri-
mary data source. The Land use/Land cover map
for proper analysis is extracted from Thematic
Mapper (TM) of LANDSAT-5 and OLI (Oper-
ational Land Imager) of LANDSAT-8 and then is
classified with the help of ERDAS 13.0.2 soft-
ware. The DEM for analysis of slope and ele-
vation map has been taken from Shuttle Radar
Topography Mission (SRTM) digital elevation of
30 m. The rainfall data for the preparation of
rainfall distribution map is collected from

CRU TS V4 (Climatic Research Unit gridded
Time Series) is a widely used climate dataset on
a 0.5° latitude by 0.2° longitude grid for different
stations (Harris et al. 2020), and population
density was calculated from village directory,
census data of 2011. The present study is con-
ducted using multi-criteria evaluation methods
(Fig. 5.2). A personal geodatabase has been set
in Arc Catalog. A dataset was generated for the
study area with the spatial reference of
GCS_WGS_1984. The thematic maps of drai-
nage density, flow accumulation, micro-
watershed area map, population density map,
slope elevation map, and map of proximity have
been prepared with the help of ArcGIS tools. The
data layers have been integrated into the GIS
environment by Weighted Overlay Analysis

Fig. 5.2 Flowchart of the
methodology
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using Spatial Analyst Tools from Arc Toolbox.
To develop a sound base of the problem, relevant
secondary sources like books, journals, magazi-
nes, newspapers, articles, maps, satellite images,
etc., have also been used.

5.3 Satellite Image Processing

Satellite image processing plays an important
role in research and development. It consists of
images of the earth and satellites taken by means
of artificial satellites. The photographs are taken
in The satellite image, i.e., LANDSAT TM of the
lower plains of Assam has been taken from Earth
Explorer. The satellite image processing tech-
nique (Fig. 5.3) has majorly gone under the fol-
lowing processes (Asokan et al. 2020):

In this work, the satellite imageries are
brought to a common projection of Universal
Transverse Mercator (UTM) with zone-46 N, in
World Geodetic System (WGS)-84 ellipsoid and
WGS-84 datum. Radiometric corrections in the
form of noise removal, haze removal, and his-
togram equalization for all satellite images have

been carried out. The raster images are brought to
an equivalent resolution of 30 m along with
Landsat TM images for removal of any resolu-
tion issues (Sect. 5.3.1). Delineation of rivers
and drainage confluence has been executed by
using Multispectral Landsat TM images. Infor-
mation regarding elevation and direction of the
slope has been erected out from DEM. The DEM
has been extracted from SRTM of 30 m of ele-
vation. The raw DEM is processed to undo the
basic errors by generating contours. After that,
manually the missing values have been corrected.
The vector layers are produced after weighing the
buffers are converted to raster layers with the
help of a cell resolution of 30 m.A similar cell
resolution actually eradicates the possibility of
derangement among different raster data.
Thereby, this helps out in reducing errors. In
order to calculate approximately the significance
of each criterion for the model of aggregation, we
have applied the Analytic Hierarchy Process
(AHP) to take out standard weights. The AHP
method is well recognized as a multi-criteria
technique (Saini et al. 2015; Alam et al. 2021)
which is suitable for GIS-based “rank sum”
weighted overlay analysis to find out the area or
region from where flood effect is high to low.
Initially, seven spatial indicators have been
identified and given weightage and categorized
into different layers. All output vector layer maps
have been reclassified and converted into raster
grids. The weightage is given on the basis of field
knowledge and experience of each parameter and
their sub-categories (Table 5.1) Multi-criteria
analysis using AHP has been applied for the
prioritization of flood-affected areas. So as to set
a hazard score for each factor, the rank sum
method (Janssen and Van Herwijnen 1994) has
been used, where “wj” is the normalized weight
for the “jth” criterion, “n” is the number of cri-
teria (j = 1, 2…..n) under consideration, and “rj”
is the rank position of the criterion. Each crite-
rion is weighted as “n-rj + 1” and then normal-
ized by the sum of weights, that is,

P
(n-rj + 1)

(Saini and Kaushik 2012).
Fig. 5.3 Satellite image processing
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Table 5.1 Evaluation
criteria of flood hazard
assessment and analytic
hierarchy process weights

Sl
no.

Factors Descriptive
level

Value Weightage %

1 Drainage density High 7 25

Medium 5

Low 3

Very low 2

2 Flow
accumulation

High 5 11

Medium 4

Low 3

Very low 2

3 Slope and
elevation

High 1 21

Medium 2

Low 4

Very low 6

4 Lulc map River 6 6

Dense forest 2

Agricultural
land

3

Settlement 4

Open forest 3

5 Micro-watershed Large 3 7

Medium 4

Low 5

6 Rainfall
distribution

High >2190 mm 5 14

Medium 2140–
2190 mm

3

Low <2140 mm 2

7 Population
density

High 3 4

Medium 2

Low 1

8 Proximity to
river

0 to 1 km 4 12

1 to 2 km 2

2 to 3 km 2

3 to 4 km 1

4 to 5 km 1

Total 100 100
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5.3.1 List of Satellite Data Used
in the Present Study

5.4 Results and Discussion

5.4.1 Assisting Criteria Weights

Drainage density is defined as the total length of
channels per unit area. It actually describes the
spacing and dispersal of the drainage ways in a
catchment. It can be said that the ratio which
defines drainage density also represents the
quantity of rivers in the catchment that is
required to drain the basin (Dragicevic and
Maibach 2018). Drainage density map can be
derived from the drainage map. The drainage
map is overlaid on a watershed map to figure out
the ratio of the total length of the watershed to
the total area of the watershed. After the com-
pletion of this procedure, it is categorized
accordingly (Fig. 5.4). The drainage density of
the watershed is calculated by using the follow-
ing formula i.e., : Dd = L/A; where, Dd =
drainage density of watershed, L = total length
of the drainage channel in the watershed (km),
A = total area of the watershed (km2). It is to be
noted that drainage density is an inverse function
of infiltration. According to the given map, major
areas of the lower Brahmaputra plains of Assam
experience low drainage density (<25) which
indicates that the rate of runoff is low for which
these areas are always prone to floods. Only a
few pockets in this area have high drainage
density (>75) and experiences favorable runoff

rates. Thereby, there are low flood chances in
these regions (Ajin et al. 2013).

A drainage accumulation function is defined
as an operator that gives the drainage direction
(Tarboton et al. 1991). The highly braided
Brahmaputra River is both a snow-fed and rain-
fed river. Hence, the river is perennial in nature.
It is also to be noted that the river experiences the

Satellite Acquisition
date

Path/Row/Tile
Name

Sensor/
Payload

No. of
Bands

Spatial
Resolution

Projection/
Spheroid /
Datum

Source/
Organisation

Landsat
8

27–12-2020 137/042 OLI-TIRS 11 30 � 30 m UTM-WGS84-
46

NASA/USGS,
U.S

Cartosat-
1 DEM

29–04-2015 G46N PAN-AFT,
PAN-FORE

– 2.5 � 2.5 m GCS, WGS-1984 ISRO/ NRSC,
India29–04-2015 G46M

29–04-2015 G46G

29–04-2015 G46H

Fig. 5.4 Drainage density map
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highest water levels and strongest flows during
the summer monsoon season. From the above
map, it can be studied that the lower Brahma-
putra plains of Assam comprises very little
accumulation flow. Consequently, high intensity
of rainfall and peaking of tributaries at the con-
fluence takes place which in due course give rise
to high flood levels of Brahmaputra (Fig. 5.5).
The flooding of tributaries during the rains
aggravates the overall flood situation in the lower
plains (Sharma et al. 2016).

Micro-watersheds with larger drainage areas
require runoff of longer duration for consequen-
tial rise in water levels to become a flood.
Thereby, it can be interpreted that micro-
watersheds with the smaller area are greatly
affected by floods (Fig. 5.6). From the given
map, it can be interpreted that the majority of the
Lower Assam plains comprises large (>6000 Sq.
km) and medium sized (>1000 Sq. km) micro-
watershed areas. This depicts that these zones are
likely to be less affected by floods. However,
some lower areas of our study of interest

comprise small-sized basin areas (>500) from
which it can be deciphered that these zones are
largely affected by floods (Ajin et al. 2013).

Population is one of the most basic indices.
Population density is normally obtained by
dividing population and land area (Fujimoto
et al. 2017). From the given map, it can be
studied that in the lower Brahmaputra plains of
Assam, high population density is observed in
Borpeta, i.e., > 700 persons/Sq. km whereas the
moderate and low density of population can be
studied in Bongaigaon (600–700 persons/Sq.
km) and Goalpara (600 persons/Sq. km),
respectively (Fig. 5.7). The variation in density
of population mainly assists in determining the
physical condition of a particular region (Nath
2020).

Slope and elevation play a pivotal role in
determining the steadiness of a terrain. The slope
influences the direction and amount of surface
runoff or subsurface drainage reaching a partic-
ular zone. The slope has a dominant effect on the
contribution of rainfall to streamflow. Deter-
mining slope and level of elevation majorlyFig. 5.5 Flow accumulation map

Fig. 5.6 Micro-watershed map
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controls the duration of overland flow, infiltration
and subsurface flow as well (Fig. 5.8). It has to
be remembered that slope angles majorly define
the form of the slope and its relationship with the
lithology, structure, type of soil, and drainage
(Ajin et al. 2013). In the above-given map, the
slope angle and level of elevation have been
analyzed with the application of DEM. From the
given map, it can be studied that major parts of
the lower Brahmaputra plains bear a medium
level of slope elevation, i.e., 5º to 10º, which
depicts that area of our study bears almost flat
terrains and thus faces the problem of waterlog-
ging during times of heavy rainfall while a few
patches consist of slope elevation of > 15º. This
indicates the rate of surface runoff increases in
these areas during times of rainfall as no longer
water can infiltrate in soil rapidly and as a result
overland flow begins (Balasubramaniam, A.
2017).

Proximity to the river is one of the important
factors that help an individual in shaping flood
risks of an area (Nath et al. 2020). For the
analysis of the proximity of the river, various
distances from the river are determined taking the

buffer as 0 km, 1 km, 2 km, 3 km, 4 km, and
5 km, respectively. From the above map, it can
be studied that places belonging to the lower
Brahmaputra plains are in a close proximity to
the river i.e., 0 to 2 km are more prone to flood
risks than places.that are comparatively at a far-
ther distance (4–5 km) from the river (Fig. 5.10).

Assam is battling a flood of epic proportions
(Chaturvedi et al. 2020). Falling in the category
of natural disasters, floods cannot be prevented.
However, human activities are also contributing
to a rise in untoward impacts of extreme flood
events. The scale and frequency of floods are
anticipated to rise due to climate change as well
for which a number of local residents and eco-
nomic assets located in flood-risk zones are
possible to increase (Ajin et al. 2013). In this
study, the flood hazard zone map has been pre-
pared by using ArcGIS and ERDAS Imagine
software tools. From the above map, it can be
interpreted that major areas of the Lower
Brahmaputra plains of Assam belongs to mod-
erate and low risk zones. There are few zones
that are likely to experience very low risks during

Fig. 5.7 Population density map

Fig. 5.8 Slope and elevation map
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floods while some areas are much prone to high
risks during the time floods in the lower Assam
plains.

Flood occurs most commonly from heavy
rainfall. It also happens when natural water-
courses do not have the capability of holding
excess water. The level of water in rivers or lakes
rises due to the occurrence of heavy rain (Ajin
et al. 2013). The study area of our interest
experiences a tropical monsoon type of climate
with high levels of humidity and heavy rainfall.
Here, the area receives rains from the southwest
monsoons that begin from the third week of June
and continue up to the middle of September
(Rahman et al. 2021). According to the above-
given map, the highest amount of rainfall
(>2,190 mm) can be seen in Bongaigaon, Patki-
juli, Goalpara, and Lakhimpur while amount of
rainfall is found to be less (<2,140 mm) at Bar-
peta in Assam (Fig. 5.11). When the level of
water rises above the river banks or dams, the
water starts to overflow causing floods. This
flood water causes huge destruction and great
wreckage in the areas where it flows (Ajin et al.
2013).

5.4.2 Dynamics in Land Use/Land
Cover

Changes in land cover are motored by land use
that can be majorly classed into two types:
modification and conversion (Fig. 5.9). Modifi-
cation can be defined as a change of condition
within a cover type (Rajat et al. 2021). For
example, unmanaged forest was modified into a
forest by selective cutting. Conversion on the
other hand can be defined as a change from one
cover type to another. For example, deforestation
to create settlement areas (Bishaw 2012). The
most important changes observed in the lower
Brahmaputra plains in recent years are wide-
spread fragmentation and rapid degradation of
forest areas leading to the development of set-
tlements and agricultural lands. These changes in
the backdrop have given rise to the occurrence of
annual floods in these areas (Sinha et al. 2012).

5.4.3 Flood Hazard

The primary concern of this area is land use/land
cover. Land use/land cover not only reflects the
current use of the land pattern and type of its use
but also the necessity of its use in relation to the
living population and the existing development
(Ajin et al. 2013). The land use/ land cover map
of the study area is prepared from the Land-
sat TM image. A supervised classification
method has been applied by using ERDAS
Imagine 13.0.2 software and later analyzed using
ArcGIS spatial analyst tool. The land use/land
cover has been classified mainly in five cate-
gories, i.e., Settlement, river, open forest, dense
forest, and agricultural land, respectively. From
the given map, it can be interpreted that much of
the area in the lower Brahmaputra plains is
enveloped with agricultural land and settlements.
A small part in the upper region is covered with
dense forests while there are small patches in the

Fig. 5.9 Land use and land cover map
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lower area of the plains covered with open for-
ests. The mighty Brahmaputra River flows in this
region and during times of heavy rainfall runoff
is expected here (Fig. 5.11). The impermeable
surfaces such as concretes are also expected to
absorb almost no water at all. For the past years,
as there has been a degradation of forest areas,
leading to expansion of agricultural lands and
settlements, high risks during the occurrence of
annual floods have also increased in the backdrop
simultaneously (Sinha et al. 2012).

Assam is battling floods of epic proportions
(Chaturvedi 2020). From the above analysis, it
can be said that major areas of the lower
Brahmaputra Plains belong to moderate and low
risks of floods. However, our study also indicates
that most areas experience low drainage density
for which the runoff rate is also found to be less
and as a result flood occurs. The flooding of river
tributaries during the times of rain actually
aggravates the situation more. The places that
receive maximum amount of rainfall in the lower
plains are Bongaigaon, Patkijuli, Goalpara, and

Lakhimpur, respectively. The overflowing of
water creates a huge havoc in whichever areas it
flows (Ajin et al. 2013). As the areas almost bear
a flat terrain, hence they also face problems of
waterlogging during times of heavy rainfall. In
further analysis with the help of land use and
land cover map, it is furthermore studied that
degradation of forest lands and encroachment of
human settlements have also created high risks in
the areas during the occurrence of the annual
floods (Fig. 5.12). The impermeable surfaces
such as the concrete are expected to absorb no
rainwater. Hence, the use of technological tools
such as remote sensing and GIS is required as
these tools help in identifying the flood-prone
areas in a very short time and also assist in taking
appropriate strategies for accurate developmental
works. In this study area some places like Bar-
peta, Lakhipur, Agia, Boungaigoan, and Joyti-
gaon are highly affected regions. On the other
hand, Ujanpara, Sarbhog, and Dudhnoi areas are
moderately affected by the flood during flood
time (Fig. 5.12).

Fig. 5.10 Proximity to river
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5.5 Conclusion

GIS and remote sensing techniques are valuable
tools that are used in various fields. These tech-
niques are widely being used for mapping,
modeling, and analysis of a variety of applica-
tions in disaster management at different levels
and scales. Floods are natural phenomena that
cannot be eradicated and in recent years,
anthropogenic activities are contributing more to
the surge in the likelihood and unfavorable
impacts of extreme flood events (Ajin et al.
2013). In the lower Brahmaputra plains of
Assam, its location and other physical and

climatic elements are responsible for the genesis
of these natural hazards. People in these areas are
adjusting to the incident of floods to a certain
extent by accepting the losses (Nath et al. 2020).
Along with the natural factors, man-made causes
such as habitation, deforestation, population
growth in catchment areas have also contributed
towards higher flood risks. To curb the flood-
related hazards, the Brahmaputra Board has
suggested building dams and reservoirs (Agarwal
2019). Even to attain sustainability in the
socioeconomic environment of the area, the
government, NGOs, and communities as well are
taking some preventive measures. The present
study shows a simple and cost-effective way of

Fig. 5.11 Rainfall distribution map
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using GIS and remote sensing in order to create a
flood hazard map from the obtained database
(Ajin et al. 2013). It may also be considered as
the first step to be undertaken for better and
effective flood management in the state of Assam
(Sharma et al. 2012). Flood hazard zonation
should be carried out based on flood recurrence
intervals of different magnitudinal extensions and
depth of flood inundation (Nath et al. 2020). The
technology intervention coupled with flood risk
mapping at the micro-level is expected to count
as a major input towards effective flood mitiga-
tion strategies. It has to be understood that
remote sensing data provides very useful infor-
mation in vulnerable areas as terrestrial data are
always not available. Therefore, it can be said
that both remote sensing and GIS techniques are
very useful for interpreting images in the shortest
time. These tools also assist in bringing out fast
economic solutions while the risk areas are
classified during the time of analysis.
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6Flood Vulnerability Assessment
Using AHP and Frequency Ratio
Techniques
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Abstract

Among all-natural disasters, flood is the most
common and devastating, causing extensive
disruption to the environment, socio-economy,
infrastructure, and many other aspects of human
life. Almost every year, the Torsa- Raidak River
integrated basin area of the Himalayan foothill
experiences flood due to physiographic charac-
teristics and excessive rainfall over a short
period of time. The current study uses Analyt-
ical Hierarchy Process (AHP) and Frequency
Ratio (FR) model to prepare a flood suscepti-
bility map. According to their contributions of
selected factors (elevation, rainfall, topographic
wetness index, slope angle, distance from
rivers, and land use land cover), weightage
was given using the AHP method. Moreover,
AHP and FR methods were employed to find
out the flood vulnerability index (FVI). Current

research results revealed that the lower part of
the basin (Alipurduar and Cooch Behar) is
susceptible to high to very high flood risk.
Rainfall, LULC and distance from the river are
contributing the most to cause flood in this
study area. A total of 156 flood points were
selected from different historical flood maps and
field study areas for validation. The output of
validation based on ROC depicted that the
prediction accuracy was 81.2%, 85.7%, and
86.6% for the FVI, FR, and AHP, respectively,
which may consider the model as good and
acceptable for floods prediction. This research
is capable to act as a guideline for grounding
flood control measures in the area of study.
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6.1 Introduction

Floods are one of the most significant hydro-
meteorological hazards (Toduse et al. 2020). It
has a very negative and sudden impact on human
life and infrastructures (Leskens et al. 2014). In
recent times, the incidence of natural disasters
like flood, drought, cyclones, etc., has increased
significantly due to numerous factors, such as
climate change, environmental degradation,
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excessive population growth, and inappropriate
land use (Samanta et al. 2018; Majumder et al.
2019; Chakraborty and Mukhopadhyay 2019;
Dano et al. 2019; Pradhan 2010). Across the
globe, around 170 million people get affected and
31% of economic loss is caused by floods every
year (Dano et al. 2019; Das 2019; Lawal 2012).

Flood occurs, when there is an overflow of
water from rivers, lakes, ponds, reservoirs, and
estuaries causing inundation of adjacent lands
(Sarkar and Mondal 2020). Two distinctive
physical features that give rise to the occurrence
of the flood are climatological features (rainfall
type, intensity, amount, etc.) and surface features
(geomorphology, geology, vegetation, etc.) of
the drainage basin (Şen 2018). Moreover,
anthropogenic activity also plays an important
role in the severity and consequences of the flood
events (Yousefi et al. 2018; Feloni et al. 2020).
Different aspects associated with human life from
agriculture to service, ecosystem to economy,
and transport network to sociocultural infras-
tructure go through huge deterioration and
destruction during a flood (Ali et al. 2019; Sarkar
and Mondal 2020; Subbarayan and Sivaranjani
2020). The consequences are greater in devel-
oping countries, where the urbanization process
is rapidly increasing along the river (Das 2018).
After Bangladesh, India has around 40 million
hectares of flood-prone land, and is ranked as the
second largest flood-prone country in the world
(Sarkar and Mondal 2020). In India, approxi-
mately 7.6 million hectares of land and 3 crores
of people get affected, and 1500 people lose their
lives because of flood incidents every year.
During the period of 1953 to 2009, India wit-
nessed 92,000 deaths and an economic loss of
200 billion dollars due to flood (Central Water
Commission 2010; Gupta et al. 2003; Sarkar and
Mondal 2020; Singh and Kumar 2017). The
impact of floods will dramatically be increased in
near future due to socioeconomic development,
depletion in forest cover and climate change
(Phrakonkham et al. 2019). Preparation of a flood
susceptible map would be more fruitful, if it is
made considering several influential factors
responsible for flood occurrence instead of a
single factor analysis (Ali et al. 2019; Das 2018).

In recent times, geo-environmental hazards
can best be assessed and mapped with the help of
Remote Sensing (RS) and Geographic Informa-
tion System (GIS) employing different models or
techniques. The analysis of RS data on the GIS
platform brings out accurate output for flood
susceptibility assessment (Ali et al. 2019; Sarkar
and Mondal 2020). To find out the more
acceptable, logical, and reliable result, different
statistical techniques are integrated with RS and
GIS by several researchers (Ali et al. 2019).
Commonly used statistical techniques are Ana-
lytical Hierarchy Process (AHP) (Ali et al. 2019;
Elkhrachy 2015; Gazi et al. 2019; Hammami
et al. 2019; Hoque et al. 2019; Jabbar et al. 2019;
Lawal 2012; Matori et al. 2014; Souissi et al.
2018; Mishra and Sinha 2020; Phrakonkham
et al. 2019; Rahman et al. 2019; Vojtek and
Vojteková 2019), Frequency Ratio (FR) (Ali
et al. 2019; Khosravi et al. 2019; Lee et al. 2018;
Liuzzo et al. 2019; Rahman et al. 2019; Chen
et al. 2020; Sahana et al. 2020), Logistic
Regression (LR) (Lee et al. 2018; Liuzzo et al.
2019; Pradhan 2010; Rahman et al. 2019; Teh-
rany and Jones 2017), Evidential Belief Function
(EBF) (Chowdhuri et al. 2020; Tehrany et al.
2019). In the current research, AHP and FR
models have been employed for flood vulnera-
bility analysis. Those models used to use widely
because of their clear and strong practical
applications for flood vulnerability assessment
(Khosravi et al. 2016; Chen et al. 2020).

In eastern India, floods are frequent in the
West Bengal state and are caused by the overflow
of different rivers. The Brahmaputra, Damodar,
Teesta, Torsha, Raidak, Sankosh, Mahananda,
Ganga, Rupnarayan, Dwarkeswar, Subarnarekha
River and its tributaries flood almost every year
in West Bengal causing interruption to the daily
life of the people living there. Around 55.80%
area of West Bengal has been facing floods
hazard (Nath et al. 2008). The eastern Himalayas
controlled the physiographic setting and climate
condition of the northern parts of West Bengal.
The Teesta, Torsha, Raidak, Jaldhaka, Sankosh
river and its tributaries come down from the
eastern Himalayas foothills, which finally empty
into the Brahmaputra river. These rivers during
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the monsoon season overflow on their banks and
cause floods every year. It harasses the liveli-
hoods of the floodplain people. To solve this
recurrence occurrence of flood, first, we need to
map the susceptible areas where flood used to
occur. The next step should be to establish the
factors responsible for a flood to occur. Keeping
these things in mind, the main objectives of this
research are: (i) to prepare the flood susceptibility
map of the study area and (ii) to identify the
responsible factors based on spatial technique.
The output of this present research can be useful
to government agencies to take necessary steps in
those regions that are susceptible to floods and
have very high possibility for runoff harvesting.

6.2 Study Area

For this research, the Torsa-Raidak River inte-
grated basin has been selected that is located in
the north-eastern part of West Bengal (Fig. 6.1).
The geographical extension of the river basin is
26°08′6.46″N to 27°55′1.43″N and 88°36′18.26″
E to 90°08′9.34″E with a catchment area of
12,316 km2. The basin covers parts of Bhutan
and two districts of West Bengal, namely
Alipurduar and Coochbehar. The basin was
demarcated followed by the Annual Flood
Report 2016, West Bengal, India. Chumbi Valley
(7,065 m) in southern Tibet is the origin of the
Torsa River and Mt. Akungphu in Bhutan
(6,400 m) is the origin of the Raidak River. The
Raidak River joined the Torsa River at Hasi-
marabridge on NH-31 of India and after that, the
combined river falls into the Brahmaputra near
Nageswari at Rangpur in Bangladesh (Hasanuz-
zaman and Mandal 2020). The study area expe-
riences subtropical monsoon climatic conditions,
and receives more than 250 cm of rainfall
annually. Most of the rainfall (80%) occurs in the
monsoon period (June to September). Almost
every year, the lower reach of the basin
encounters floods owing to physiographic char-
acteristics and excessive rainfall over a short time

span. Among the various hazards, floods are
regular and highly influencing hazards during the
monsoon season in the study area. The duration
of the flood is one week and occurs every year
(Hasanuzzaman et al. 2021). The river basin is
funnel shaped, and thus prolonging the stagna-
tion of surface runoff (Jana 1997). From 1950 to
2017, around 67 flood events occurred but not all
floods were widespread and disastrous, while
some flood events were very dangerous (Chak-
raborty and Mukhopadhyay 2019). The Torsa-
Raidak River integrated basin morphological
setting; especially the lower part is demarcated
by the formation of the moribund river channel.
This area is made of newly alluvium sediments
deposition and the regional slope is from south to
the southeast (Saha and Pal 2019). Two major
flood hazards that occurred in the recent past
(1993 and 2017) in the Torsa- Raidak River
integrated basin caused huge damages. In 2017, a
flood was occurred due to 3 days (10.07.2017–
12.07.2017) of heavy intensive rainfall (Chak-
raborty and Mukhopadhyay 2019).

6.3 Materials and Methods

6.3.1 Data Source

For the flood risk mapping of Torsa- Raidak River
integrated basin, various types of multi-source
geospatial data were used: (a) Digital Elevation
Model (DEM) of Shuttle Radar Topography Mis-
sion (SRTM) with 30 m spatial resolution (2014)
downloaded from USGS Earth Explorer (https://
earthexplorer.usgs.gov), (b) Landsat 8 Operational
Land Image (OLI) (Path and Row Id-138/41,
138/42, 139/41) of 30 m spatial resolution (March
1, 2021) obtained from https://earthexplorer.usgs.
gov, (c) The annual rainfall data, collected from
http://worldclim.org. All spatial data was corrected
radiometrically and geometrically and also cor-
rected for the projection coordinate system. The
work has been carried out as per the following
framework (Fig. 6.2).
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6.3.2 Selection of Indicators of Flood
Hazard

Selecting the causative factors influencing flood
incidence of an area is important for flood sus-
ceptibility analysis and modeling (Tehrany et al.
2014). In this current research, six influential
factors including elevation, slope angle, topo-
graphic wetness index, rainfall, land use land
cover, and distance from the river were taken into
consideration to perceive the nature of the flood
event. All the adopted factors were processed
using different RS and GIS software (ArcGIS 10.8
and ERDAS Imagine 2014). First of all, the
Torsa-Raidak River integrated basin was delin-
eated followed by the Annual Flood Report 2016,
West Bengal, India and prepared all thematic
layers. Flood is a very important hydrologic haz-
ard and rainfall is the most important factor. In
this basin, rainfall is one of the main controlling

factors due to location and climate conditions. The
average annual rainfall data from 1970 to 2000
was used for preparing rainfall maps. Elevation is
the prime factor for determining areas susceptible
to flood occurrence (Das 2018, 2019; Janizadeh
et al. 2019). Flat, low-land area tends to have a
higher potentiality to be flooded than the area
located at higher elevation (Ali et al. 2019; Liuzzo
et al. 2019; Rahman et al. 2019; Vojtek and
Vojteková 20192019). Slope refers to the amount
of inclination of surface in respect to the hori-
zontal plane. This factor plays a crucial role in
controlling surface runoff, infiltration process, and
sub-surface flow (Ali et al. 2019; Das 2018;
Hammami et al. 2019). An area with a gentle
slope makes itself more vulnerable during a flood
as flat terrains are more susceptible to water
stagnation compared to the area under a steep
slope (Hammami et al. 2019; Periyasamy et al.
2018). Topographic wetness index is commonly

Fig. 6.1 Location map of the study area showing the training and testing points of the used models
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used to evaluate the influence of topography in the
accumulation of flow or generation of runoff at
any point of the basin area (Ali et al. 2019; Moore
et al. 1991; Sørensen et al. 2006). It is expressed
as TWI ¼ LnðAs=tanbÞ, where “TWI” refers to
topographic wetness index, “As” is the specific
basin area, and “b” is the local slope (Das 2018,
2019; Sørensen et al. 2006; Tien Bui et al. 2019).
The area with a higher TWI value indicates the
high potentiality of the flood event (Das 2018;
Tien Bui et al. 2019). Distance of an area from an
active channel is very significant in the field of
flood risk mapping (Das 2018). Areas near the
active channels are more vulnerable to flood (Ali
et al. 2019; Gazi et al. 2019). Land use/land
cover has a significant role in determining sur-
face runoff, which is directly related to a flood
event in the catchment area (Phrakonkham et al.
2019). An area covered with vegetation reduces
the intensity of surface runoff, and enhances the
proliferation of the infiltration process; whereas a
buildup area impedes strongly water percolation
into the ground and hastens the surface flow
(Hammami et al. 2019; Roslee et al. 2018). To

perceive the nature of land use in the study area,
a supervised classification is done by adopting
the maximum likelihood method in ERDAS
Imagine software (Sarkar and Mondal 2020).

6.3.2.1 Assigning Weights of Indicators
Using AHP

The AHP model was applied to assign different
weights to the selected factors considered in this
study. Basically, the AHP introduced by Saaty in
1980 is a semi-quantitative multi-criteria
decision-making approach, in which decisions
are made through pair-wise comparison between
different factors without inconsistency (Das
2019). In this research, the AHP consisted of two
major parts such as evaluating the main causative
factors, and assessing the sub-classes of causa-
tive factors. Therefore, each part comprises the
same steps including preparation of hierarchical
order of factors, assignment of a score of each
factor on the basis of their relative importance,
creation of a pair-wise comparison matrix, com-
putation of weight of each individual factor and
finally measurement of consistency.

Fig. 6.2 Conceptual
framework of the methods
used to map the flood
vulnerability
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The hierarchical arrangement of factors was
made based on their priority. The Saaty’s 1–9
scale (i.e., 1––equally significant, 3––slightly
significant, 5––strongly significant, 7––very
strongly significant, 9––extremely significant;
while 2, 4, 6, and 8 are intermediate values) was
used to assign a score to the factors based on
their relative influence and importance. There-
after, a pair-wise comparison matrix (Table 6.1)
was developed, where diagonal elements were
equal to 1, and the inverse value of each and
every factor was complied by column, and sig-
nifies with other factors.

After relative rank is found out for the six
factors, the factor weight values have to be
measured for divided sub-factors to judge the
consistency in taking the scale of significance
into consideration. Hence, the eigenvector was
calculated by considering the following equation
(Ali et al. 2019):

Ex ¼ kmaxx ð6:1Þ

where E is the comparison matrix of n number of
criteria, x is the eigenvector of n size of criteria
and k is the eigenvalue.

The eigenvalues help in measuring consis-
tency in a set of pairwise rankings. For a con-
sistent reciprocal matrix, the largest eigenvalue
(k max) is equal to the number of comparisons
n. Hence, the Consistency Ratio (CR) is com-
pulsory to calculate for the same. Saaty sug-
gested that if the CR exceeds ‘0.1’, the set of
decisions is considered as ‘inconsistent’ and has
to repeat again. Concomitantly, if CR is equal to
‘0’, it means the decision is perfectly consistent
but the value between 0 and 0.1 is also

considered as consistent (Saaty 1990). To ensure
the efficiency of given scores, consistency
ratio (CR) was calculated adopting Eqs. (6.2)
and (6.3).

CR ¼ CI

RI

� �
ð6:2Þ

CI ¼ kmax� N

N � 1

� �
ð6:3Þ

where “CI” refers to consistency index, “RI”
indicates the random index, ‘kmax’ is the prin-
cipal eigenvalue of the matrix, and “n” stands for
the number of parameters in the comparison
matrix. The value “RI” depends on the number of
parameters taken into account (Saaty 1980).

6.3.2.2 Frequency Ratio Model
and Flood Vulnerable
Index

Frequency ratio is a significant quantitative
method of bivariate statistical and for the devel-
opment of flood risk map, this model is very
popular and widely accepted (Lee and Talib
2005; Pourghasemi et al. 2013; Khosravi et al.
2016; Samanta et al. 2018). A bivariate proba-
bility is calculated based on the spatial correla-
tion between independent and dependent
variables. In this current research, the spatial
correlation has been measured between flood-
inducing determinants as independent variables
and flood training points as a dependent factor.
This model has been employed for flood sus-
ceptibility mapping by Ali et al. (2019).

Therefore, Eq. (6.4) has been used to measure
the frequency ratio for each class of six factors.

Table 6.1 Flood-inducing
factors and their selected
factor weight value
(SFWV)

Factors Elevation Slope TWI Rainfall LULC DR SFWV

Elevation 1 0.33 0.33 0.16 0.25 0.16 0.0381

Slope 3 1 0.33 0.2 0.25 0.25 0.0564

TWI 3 3 1 0.33 2 0.33 0.0858

Rainfall 6 5 3 1 1 0.33 0.324

LULC 4 3 3 0.5 1 0.33 0.146

DR 6 4 4 3 3 1 0.265

Consistency ratio (CR) = 0.0571, consistency index (CI) = 0.0753, random consistency
index (RI) = 1.31.
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FR ¼ PpixE=PpixTð Þ=
X

pixE=
X

PpixT
� �

ð6:4Þ

where PpixE is the number of pixels containing
flood points in class p, PpixT is the total number
of pixels having in class p in the study area,
RpixE is the total number of pixels containing
flood points in class p and RPpixT is the total
number of pixels in the in the study area.

The relationship between the definite class of
the particular factor and flood training points can
be considered strong or positive when the fre-
quency ratio value is more > 1.0. It means high
flood risk. If the frequency ratio value is less <.0,
it means the relationship is negative and has
minimum flood risk (Pradhan 2010; Lee et al.
2012; Rahmati et al. 2016). In the present study,
each class RF value was considered as a partic-
ular class weight value. AHP and FR method was
employed to estimate the flood vulnerable index
(FVI) map. The weight value of a particular class
of six parameters was employed to calculate the
flood vulnerable index (FVI) using the following
Eq. (6.5):

FVI ¼
Xn

n¼1

wi � FRð Þ ð6:5Þ

where n is the total number of selected factors
(n = 6 in the present study), wi is the weight of
factors, and FR is the frequency ratio value of
each class.

6.4 Results and Discussion

For pre-floods hazard management, the flood
vulnerability index is a very important and useful
approach. Current work successfully employed
the AHP and RF method (decision-making
approach) to get the correlation between the six
selected parameters (rainfall, elevation, slope
angle, TWI, distance from rivers, and LULC) and
floods risk area and to create a floods prediction
map. For the flood as a hydrological hazard,
rainfall is always considered a direct controlling

factor. In the study area, 90% of annual rainfall
occurs during the monsoon and at that time flood
events occurred. It was found that the rainfall
varied between < 7.5 and > 29.41 cm. Here, the
study result depicted that high rainfall areas were
coinciding with high flood vulnerable areas. The
highest elevation was found in the northern part
of the basin, and continuously decreases towards
the southern direction.

The elevation of the study area varies
between < 06 and > 432 m but the area where
the elevation was less < 70 as a strong relation
with the flood. It is observed from the slope map
that the slope ranges from 0° to 81.57° in the
study area (Fig. 6.3). The area where the slope
angle varies from 0° to 8.83° indicated the flood
risk areas. The area with a higher topographic
wetness index value indicates the high poten-
tiality of flood event. It is evident that the higher
topographic wetness index value was found in
the active flood plain region of the Torsa- Raidak
River integrated basin because of the lower ele-
vated area (Fig. 6.3). In the study area, six LULC
such as water bodies, agriculture land, vegeta-
tion, built-up area, sandbar, and others were
observed. Among these classifications, sandbar
and agricultural land are positively correlated
with flood vulnerability. Distance from the river
is a significant factor for flood risk. The output of
the study depicted that the area where the dis-
tance from the river was < 1 km and very pos-
itive correlation with the flood risk was observed.

6.4.1 Flood Vulnerability Mapping

The final vulnerability map was generated based
on the integration of factor weight and class
weight value from AHP and FR investigations
using a raster calculator in ArcGIS software
(Figs. 6.4 and 6.5). The derived map was cate-
gorized into five distinctive classes. The classes
are very high, high, moderate, low, and very low
susceptibility to flood and their respective areas
were 576.9 km2, 2867.04 km2, 3239.5 km2,
5281.4 km2, and 538.6 km2 of the total basin area
(Table 6.2). The lower segment (Alipurduar and
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Fig. 6.3 Distribution of six causative factors used in this study: (a) elevation, (b) slope, (c) TWI, (d) rainfall, (e)
distance from river, and (f) LULC
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Cooch Behar district, West Bengal) of the river
basin is observed to be in a vulnerable condition,
since it belongs to the very high to high flood
susceptible category. It is because the area has
low elevation and low slope. This portion is
distinguished by flat alluvial plain and well-
developed flood plain. The degree of flood vul-
nerability is greatly influenced by the social and
economic factors of this area. The northern part
of the basin comes to the very low to low flood
susceptibility zone as the elevation is observed to
be high, and the slope is seen very high. In this
section, the Torsa-Raidak River integrated basin,
flowing through the undulating high topography
of Himalaya, is characterized by narrow restric-
ted valley, lower width-depth ratio, lacking of
flood plain development, rough bed configura-
tion, and fewer number of bars; whereas the
middle reach of the basin with moderate eleva-
tion shows moderate vulnerability to flooding. It
is observed that flood susceptibility varies from
higher in the southern to lower in the northern
direction (Fig. 6.5). Thus, the susceptibility of
flood decreases as the elevation increases toward
north–west direction. The geospatial modeling
provided an effective way of flood management
in the study area. The various spatial components

of a flood are identified and extend of the
potential flooded area is quantified as well. It will
facilitate the implementation of evacuation
strategy, rehabilitation plan, and damage assess-
ment during a critical flood situation. It may also
be effective in the development of policy,
guidelines, and recommendation of land use
planning.

6.4.2 Result Validation

In the present context, accurate validation of
flood susceptibility maps is a very crucial and
difficult task. The present study used success and
prediction rate methods to validate the model by
comparing predicted hazard areas to existing
hazard locations (Zare et al. 2013). To do this, a
total number of 156 known flood sites were
demarcated from a historical flood map (Fig. 6.1)
published by National Remote Sensing Centre
(bhuvan.nrsc.gov.in). Out of the total sample
points, 75% (n = 117) were generated randomly
as training data and others used as testing data.
Therefore, an Area Under Curve (AUC) method
evaluated the prediction capabilities of validation
of the model (Swets 1988; Hong et al. 2015). In

Fig. 6.4 Map showing the
flood vulnerable area of the
study area estimated by
(A) AHP and (B) frequency
ratio (RF)
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this work, the AUC has been considered to
evaluate the performance and efficiency of the
AHP, FR, and FVI methods. The training data
and the testing data both were employed for the
success and prediction rate percentage of each
model by the AUC calculation. Figure 6.6

depicted the accuracy rates of 81.2%, 85.7%, and
86.6% for the Flood Vulnerability Index (FVI),
Frequency Ratio (FR), and Analytical Hierarchy
Process (AHP) classification methods, respec-
tively. These results show that all models are
good and acceptable for floods prediction.

Fig. 6.5 Flood vulnerable
map of the study area

Table 6.2 Result of the
various classes of different
models for the flood
vulnerable area

Flood vulnerable classes AHP (km2) FR (km2) FVI (km2)

Very low 548.5 519.3 538.6

Low 5094.8 5118.9 5281.4

Moderate 3375.67 3271.4 3239.5

High 2874.58 2957.8 2867.04

Very high 469.07 598.8 576.9
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6.5 Conclusion

The absence of long-term accurate data of his-
torical floods is the main obstacle for developing
an appropriate flood risk map but in the present
day, those are possible with the use of scientific
geospatial techniques. In the current study,
Analytical Hierarchy Process (AHP) and Fre-
quency Ratio (FR) model has been used to pre-
pare a flood susceptibility map. According to the
contributions of selected factors (elevation,
rainfall, topographic wetness index, slope angle,
distance from rivers, and land use land cover),
the weightage was given using the AHP method.
Moreover, AHP and FR methods were used to
find out the flood vulnerability index (FVI). To
investigate and perceive the flood vulnerability
of the Torsa- Raidak River integrated basin, three
factors, such as rainfall, LULC, and distance
from turnout was found to be the most domi-
nating parameters out of the adopted six factors
considered for the present study. It is found that
an area of 27.84% of the total basin comes under
a very high to high flood susceptibility zone, and
most of this area lies in Alipurduar and Cooch
Behar districts. As a result, a large number of

populations have been witnessing and suffering
from floods almost every year for decades. Their
misery is the consequence of losing shelter,
crops, and life. In this work, the AUC is con-
sidered to evaluate the performance and effi-
ciency of the Flood Vulnerability Index (FVI),
Frequency Ratio (FR), and Analytical Hierarchy
Process (AHP) methods with the accuracy rates
of 81.2, 85.7, and 86.6%. This research work
may help the policy-makers and implementing
authorities to gather basic information related to
the flood, including its vastness and areas under
risk. It is suggested that regional assessment of
flood susceptibility can give accurate flood
potentiality at the local scale. Moreover, a flood
simulation study can be helpful to quantify the
depth, velocity and duration of a flood and to
access the surface water and groundwater inter-
action during a flood.
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7Application of Hybrid Machine
Learning Algorithms for Flood
Susceptibility Modeling

Swapan Talukdar, Sujit Kumar Roy,
Showmitra Kumar Sarkar, Susanta Mahato,
Swades Pal, Atiqur Rahman, Bushra Praveen, and
Tanmoy Das

Abstract

This study combines machine learning (ML) al-
gorithms with statistical models to generate
new hybrid models for flood susceptibility
mapping (FSM) in the Teesta River basin of
Bangladesh (LR). Two-hybrid ML algorithms,

such as ANN-LR and RF-LR models for FSM,
have been created by combining two ML
techniques, such as artificial neural network
(ANN) and random forest (RF), with one
statistical approach, such as logistic regression.
The FSMs were then validated using paramet-
ric and non-parametric receiver operating char-
acteristic curves (ROC), such as empirical and
binormal ROC. We evaluated the impact of the
parameters on FSM using a Random forest-
based sensitivity analysis. The extremely high
(1023–1120 km2) and high flood vulnerability
zones were estimated using three methods and
two hybrid models (521–674 km2). Based on
the ROC’s area under the curve, the ANN-LR
model (ROCe-AUC: 0.883; ROCb-AUC:
0.936) outperformed other models (AUC).
According to the validation results, two hybrid
models outperformed three machine learning
and statistical models. The findings of this
research will aid FSMs in building long-term
flood control strategies by increasing their
efficiency.
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7.1 Introduction

Natural catastrophes have emerged as one of
society’s most critical global issues (Kabir and
Hossain 2021). Flooding is one of the most
prevalent, well-known, and everyday occurrences
among all-natural catastrophes (Ahmed et al.
2021). Floods create a devastating situation and
often occur during the monsoon, especially in the
Indian subcontinent (Zhang et al. 2021), which
receives nearly 80% of the annual rainfall in the
monsoon. Flooding occurs in the surrounding
land area because of heavy rainfall and massive
river runoff (Yousefi et al. 2018). A flood
becomes a catastrophe when it causes significant
damage to people and their livelihood and habitat
(De Silva and Kawasaki 2018). Floods hit Ban-
gladesh every year in the Ganges–Brahmaputra-
Meghna (GBM) basin (Uhe et al. 2019). Riverine,
rainfall-induced, flash, tidal, and cyclonic/storm
surgical floods have all been recorded (Uhe et al.
2019; Islam et al. 2021a). Being the GBM’s
outflow, Bangladesh has to deal with a lot of
stream-flow during the rainy season (which
begins in June and lasts till the end of October).
Floods are more common and conspicuous in
flatlands (which account for 79.1% of the geo-
graphical area) and hence get the most significant
study and planning focus. Approximately 20–
25% of the area is affected by flooding on an
annual basis. Sixty percent of the region had been
impacted by floods in 1987, 1988, and 1998 (Lin
et al. 2019). The socioeconomic repercussions of
these regular floods are enormous. Between 2009
and 2014, floods of various magnitudes affected
57.01% of Bangladeshi houses on average. In
economic terms, the cost of damage was esti-
mated to be 0.85 billion USD (De Silva and
Kawasaki 2018; Rahman et al. 2020).

Despite the enormous financial and develop-
ment costs, flood losses were unavoidable
because of a lack of comprehensive flood
assessment tools for improved preparation. The
flood risk may be defined and assessed in a
variety of ways. The mathematical modeling of
flood susceptibility has been considered the
most complicated process. It is possible to expect

the geographical distribution of floods that have
happened or are expected to occur in a particular
location quantitatively and qualitatively. As a
consequence, flood susceptibility mapping may
help policymakers and other stakeholders estab-
lish disaster preparedness plans. While flood
dangers cannot be eliminated, flood damages
may be circumvented or considerably declined if
flood inundated areas are correctly predicted
(Shafizadeh-Moghadam et al. 2018).

As a consequence, determining flood suscep-
tibility is crucial for disaster assistance.
Researchers have presented a variety of flood risk
assessment models. The bulk of recent models in
geographic information systems (GIS) integrate
hydrological, multi-criteria decision analysis,
hydrodynamic, statistical models (SM), and ML
algorithms (Jamali et al. 2020). GIS and remote
sensing are one of the most significant databases
and tools that have been extensively employed in
hazard analysis (Pourghasemi and Rossi 2019).

The Frequency Ratio (FR) (Aditian et al.
2018), the Analytical Hierarchical Process
(AHP) (Mukherjee and Singh 2020), the Ana-
lytical Network Process (ANP) (Abedi Ghesh-
laghi et al. 2020), Support Vector Machines
(SVM) (Fan et al. 2020), and Random Forest
(RF) (Probst et al. 2019) have all been used to
study flood (Adnan et al. 2020). Every modeling
approach has benefits and drawbacks. The
accuracy, structure, and data of each model affect
its performance. Consequently, a wide range of
ensemble techniques to geohazard susceptibility
and potentiality mapping has gained popularity
quickly (Elmahdy et al. 2020).

Experimental hybrid techniques for FS mod-
eling research have been researched in recent
years since there is a necessity to evaluate
existing prediction methods and procedures to
get a better scientific basis and, as a result, more
accurate conclusions (Eyoh et al. 2018). ANN-
fuzzy logic, rough set-SVM, and other hybrid
approaches created by combining SM with ML
algorithms have been successfully employed in
FS modeling (Chen et al. 2018; Jahangir et al.
2019). However, experts have emphasized that
no model is ideal for modeling and that results
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might differ from area to region and data. Thus, a
new model should be designed and evaluated to
get reliable results. As a result, in order to
achieve the research gaps as mentioned earlier,
the primary objectives are:
1. Construct a hybrid ensemble machine learn-

ing based FSM by merging LR with ML
algorithms.

2. Conduct sensitivity modeling employing RF.
3. Verify the FS models using ROC curves.

The present study will aid decision-makers
and governments in effectively regulating flood
management.

7.2 Materials and Methods

7.2.1 Study Area

The Teesta sub-catchment is in northern Ban-
gladesh and includes the districts of Nilphamary,
Lalmanirhat, Rangpur, Kurigram, and Gaibandha
(Fig. 7.1). Its drainage basin comprises several
minor rivers with heights varying from 5 to
110 m, making it Bangladesh’s most significant
geomorphic unit. During floods, the river’s usual
gradient is between 0.46 and 0.56 m per kilo-
meter, reflecting a very level area (Rahman et al.
2011). The research area’s hydrological charac-
teristics are complicated, and the region has a
dense river network. This basin has a subtropical
monsoonal climate. Monsoon (June–September)
and dry (October–November) are the two major
seasons in the basin (October–December). This
basin gets around 1900 mm of precipitation per
year on average (Islam et al. 2021b), with the
monsoon season accounting for 80% of total
annual precipitation.

7.2.2 Materials

In the present study, a variety of datasets have
been obtained and used for flood susceptibility
modeling. The details of datasets used for gen-
erating FSM were tabulated in Table 7.1.

7.2.3 Flood Inventory

For the creation of FSM maps, several
researchers have started with the locations of
previously flooded areas. It was determined that
FSM was based on historical flooding regions.
Two hundred ten flood points have been col-
lected from different sources and a comprehen-
sive site assessment for the inventory map. There
must be a need to acquire non-flood data analo-
gous to the flood data utilized in FSM (Islam
et al. 2021a). The choice was based on the field
survey, which included an identical amount of
non-flood locations (210 points). Using a random
separation to all flood and non-flood datasets, 80
(336):20 (84) training and testing datasets have
been generated (Fig. 7.1). Training data has been
employed to calibrate the model, while testing
data has been employed to measure the accuracy
of the models (Mallick et al. 2021). In the same
way, inventory maps for other locations have
been generated.

7.2.4 Methods for Preparing FS
Conditioning Factors

Flood-influencing variables must be included as
independent variables when creating a flood
susceptibility map (El-Haddad et al. 2021; Azareh
et al. 2019). According to Dodangeh et al. (2020),
contributing factors utilized in one research area
may have no effect in another, hence parameter
identification must be event based. Among the
highly significant and often utilized variables are
elevation, aspect, TWI, SPI, STI, LULC, TRI,
distance to the river (dR), curvature, soil condi-
tion, slope, and rainfall. The contributing vari-
ables have been translated into 30 m spatial
resolution using resampling technique.

The topography and its derivative variables
serve a vital part in determining FSM (Falah
et al. 2019) (Fig. 7.2). Topography has a direct
impact on runoff speed (Abdel-Fattah et al.
2017), and high slopes increase the speed of
runoff and reduce infiltration rates (Abdel-Fattah
et al. 2017). Furthermore, the dR has a significant
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impact on flood magnitude. High drainage den-
sity causes a reduced capture rate and hence flow
accumulation, which is one of the variables that
substantially influences flood occurrence (Ogato
et al. 2020; Bogale 2021).

Rainfall is recognized as the vital variable in
determining FS levels (Wasko and Nathan 2019).
Because heavy rain in a short period of time can
create flash flooding (Wasko and Nathan 2019).

In the ArcGIS 10.3 environment, acquired pre-
cipitation data from four Bangladeshi meteoro-
logical stations was utilized to create rainfall
using the kriging interpolation procedure.
Because the amount of data is so small, this
approach is highly recommended (Islam et al.
2021b). The research area’s annual rainfall, on
the other hand, ranges from 361 to 550 mm
(Fig. 7.3c).

Fig. 7.1 The location of the study area

Table 7.1 Materials used for preparing FSM

Data
types

Purpose Resolution/scale Source

ASTER
DEM

For deriving different topographic and
hydrologic parameters like slope,
aspect, curvature, TPI, STI, TWI

Version 2, spatial
resolution: 30 m

https://asterweb.jpl.nasa.gov/
gdem.asp

Landsat
8 OLI

For generating LULC Path/Row: 138/42,
Spatial resolution:
30 m., date:
19/03/2019

https://earthexplorer.usgs.gov/

Rainfall For generating rainfall map – Meteorological Department
(BMC), Dhaka

Soil
map

For preparing soil types map 1:50,000 Natural Resources Conservation
Service of United States
Department of Agriculture
(USDA)
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Soil property is the most critical factor for
generating overflow (Yin et al. 2019). Flügel
(1995) contends that soil quality regulates water
penetration, affecting rainfall-runoff generation
while indigenous climatic forms and erosion
procedures also play a role. When the degree of
penetration is high, susceptibility events are more
likely to occur. According to USDA soil classi-
fication, the research area comprises 12 different
types of soil (Fig. 7.3d).

LULC affects surface runoff, which in turn
affects sediment flow, and hence has a substantial
impact on the incidence of FS (Islam et al. 2021a).
FS is relatively high in built-up areas because the
LULC totally regulates surface flow generation
and infiltration. Because different land use features
preclude or help water for penetrating and gener-
ating surfacewater. The forest environment, on the
other hand, increaseswater infiltration, resulting in
lower FS (Islam et al. 2021b). The association
between FS occurrences and plant density is

adverse while comparing hydrological reactions at
different temporal conditions. A LULC map has
been created using the ANN model in ENVI soft-
ware (version 5.3) (Talukdar et al. 2020) and
classified into six classes (Fig. 7.3e).

7.2.5 Multicollinearity Analysis

The 12 conditioning variables were examined to
see whether there was any association between
them using the VIF and tolerance approach. If the
variables are multicollinear, they are interrelated,
and one of them could be predicted by other fac-
tors. Hence, it must be eliminated from the model.
Among various models, such as Pearson’s corre-
lation coefficients, variance decomposition pro-
portions, the VIF, and tolerance are the most
frequent and extensively utilized. Multicollinear-
ity is present if the VIF is more than ten or the
tolerance is less than 0.1 (Talukdar et al. 2021).

Fig. 7.2 Data layers for FSconditioning factors such as a elevation, b curvature, c TRI and d aspect, e slope, and f TWI
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7.2.6 Method for FS Modeling

7.2.6.1 Artificial Neural Network (ANN)
Artificial Neural Networks (ANNs) mimic the
human nervous system and are able to acquire
and simplify from instances to provide expres-
sive solutions even while the input data includes
errors or is inadequate (Jahangir et al. 2019;
Khoirunisa et al. 2021). Many problems have
been solved with ANNs (Kia et al. 2012).
Reconstruction of the strange association
between a set of input variables, such as rainfall
and output variables, such as streamflow or
groundwater level using ANN has been carried
out (Fang et al. 2021) (Kia et al. 2012). This
means that artificial neural networks can be used
for flood predictions.

7.2.6.2 Random Forest (RF)
Random forest (Breiman 2001) could be sum-
marized as a decision tree ensemble approach. It
generates decision trees by randomly picking
data from the training set. The decision trees
were assessed independently during the training
stage, with the best score being the average of the
trees’ outcomes. When generating decision trees,
RF seeks to identify the most essential charac-
teristics, hence feature selection is crucial.
For RF, there are a few key factors to consider.
The first is the forest’s number of trees, which
determines how many decision trees are formed
during training. A large number of trees help in
generalizing the model better, according to the
general approach to setting this parameter. The
number of features is another parameter that

Fig. 7.3 Data layers for FS conditioning factors such as a SPI, b STI, c rainfall d soil types, e LULC, and f distance to
river
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refers to the depth of the decision trees. Accuracy
can be improved by using a higher number of
characteristics. It should be noted that bigger
numbers take longer to compute, therefore time
should be taken into account while
parameterizing.

7.2.6.3 Logistic Regression
The LR method has been regarded as highly
applied model in predicting natural hazards like
flood, landslide, and drought susceptibility by
many scholars throughout the world (Ali et al.
2020). In this work, the logistic regression model
was chosen as one of the multivariate analytic
methods to quantitatively measure flood suscep-
tibility. The use of logistic regression to create a
multivariate regression connection between a
target variable and certain conditioning variables
is effective for forecasting the presence or
absence of the events like flood and landslide. By
adding an appropriate link function to the con-
ventional linear regression model, logistic
regression allows the variables to be either con-
tinuous or discrete, or any mix of both, and they
do not have to have normal distributions (Cao
et al. 2020). The dependent variable in this study
is a binary variable (0 or 1), with 1 indicating the
existence of a flood and 0 indicating the absence
of a flood.

7.2.7 Validation of the Models

The Receiver Operating Characteristic
(ROC) curve is a common means of visually
illustrating a marker’s discriminating accuracy
for differentiating between two populations. It
has been utilized in radiology, psychology, epi-
demiology, factory inspection systems, and
biomedical informatics, among other fields. The
application of the ROC curve for natural hazards
prediction has expanded recently, with
researchers assessing the efficiency of models in
discriminating between positive and negative
functions of natural hazards (Tehrany et al.
2014). A depiction of the false positive rates
versus the true positive rates for different diag-
nostic test cutoff settings is known as a ROC

curve. The area under the ROC curve is the most
often used metric for describing accuracy (AUC).
The AUC may have a value of 0–1, with higher
AUC values showing better accuracy (Yesilnacar
and Topal 2005).

The nonparametric ROC techniques do not
make assumptions about the distributions of
diagnostic test results and do not produce a
smooth ROC curve. On the other hand, para-
metric techniques presume that some function of
the diagnostic test measures is normally dis-
tributed in both the positive and negative events,
but with different means in each case. The
parametric ROC approaches may create a smooth
ROC curve. For the nonparametric ROC analysis
in our work, we employed the empirical tech-
nique. We performed the parametric ROC anal-
ysis using the binormal approach.

7.3 Sensitivity Analysis

Mean decrease accuracy (MDA) and mean
decrease Gini (MDG) coefficient are two signif-
icant measures for ranking variables and select-
ing variables in Random Forest. MDA analyzes
the change in prediction accuracy when the val-
ues of a variable are randomly permuted com-
pared to the original data, which determines the
relevance of a variable. When a variable is used
to produce a Random Forest split, MDG is the
total of all Gini impurity reductions generated by
that variable, normalized by the number of trees
in the Random Forest (For details of RF, see
method section).

7.4 Results and Discussion

7.4.1 Computation of the Multi-
collinearity Analysis
and Importance
of the Parameters

Findings of the multicollinearity test show the
VIF and tolerance values of the variables are less
than ten and greater than 0.2, respectively.
Therefore, there is no requirement to concern
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about multicollinearity between independent
variables. Since all twelve flood-conditioning
factors were included in this present research,
FS maps included them all. The multicollinearity
analysis findings for this research are as follows:

Elevation (VIF: 2.71, TOL: 0.635), slope
(1.34, 0.805), curvature (1.08, 0.794), TWI
(1.19, 0.653), SPI (1.56, 0.629), distance to river
(1.3, 0.9), rainfall (2.76, 0.846), soil types (1.32,
0.804), and LULC (1.1, 0.803), aspect (1.08,
0.725), TRI (1.2, 0.821), STI (1.62, 0.87).

7.4.2 Description of the Parameters

The FS of an area may be affected by various
factors (Bhattacharya et al. 2021). Influencing
factors in this study were presented in Figs. 7.2
and 7.3. Low-lying locations, particularly those in
the floodplain, retain higher soil moisture due to
the continuous depressions, increasing the flood-
ing probability. The elevation of the study area
varied from 18 to 69 m above sea level (Fig. 7.2).
In general, the capacity to recharge water is
highest while the curvature has the feature of a
concave surface. On the other hand, the water
recharge capacity is less on the plain surface
(Mishra et al. 2019). The DEM was used to create
a curvature map with a range of 0.32–0.82 degrees
of curvature (Fig. 7.2). The DEM has been
employed to generate a curvature map with a
range of 0.32–0.82 (See Fig. 7.2b.) A total of nine
classifications were established: zero to twenty-
five, twenty-five to sixty-five, seventy-five to
ninety-five, and one hundred and fifty to three
hundred and sixty-five (Fig. 7.2). The presence of
a flat or mild slope is also advantageous since it
helps to slow down water flow and enhance the
sensitivity to recharge (Mahato and Pal 2019).
The slopes that were employed in this study varied
from 0 to 5.75°. TRI helps to determine howwater
flow was affected by competing for underlying
surfaces (Fig. 7.2d) (Straatsma and Baptist 2008).
Due to the rapid water flow created by the high
hills around the Teesta River, it has lower TRI
because of the rapid water flow, which suggests a
greater likelihood of flooding (Mahato et al.
2021). According to the findings of this study, the

highest TRI score was 27. (See Fig. 7.2 for an
example.) A high TWI also guarantees that a
person’s susceptibility to infection is regenerated,
which is beneficial. Between TWI levels and FS,
there is a significant inverse relationship. Fig-
ure 7.3 depicts TWI value ranges from −1.54
to −7.72 linearly. Therefore, regions with higher
SPI and STI values are more vulnerable to floods
because of the greater water level represented by
higher SPI and STI values (Bui et al. 2019).
According to the findings of this investigation, the
highest STI level measured was 140.64. Fig-
ure 7.3 depicts the distance between this location
and the river, which was 1503 m in this case. It
was possible to account for extra rainfall and
water penetration by analyzing soil data (Johnson
2000). The 12 soil types were identified in this
study area (Fig. 7.3).

7.4.3 FS Models and Their Validation

Figure 7.4 depicts the FS models built using
hybrid machine learning techniques such as
ANN, RF, LR, and combined ANN-LR and RF-
LR. In the present study, we first applied stan-
dalone ML algorithms, and then we applied
semi-machine learning algorithms, like logistic
regression, for predicting flood susceptibility
zones. Then, we developed hybrid models by
integrating ML algorithms with the LR model.
The LR model has been employed to define the
weights for each parameter. The parameters are
then allocated weights and turned into weighted
parameters. We then used machine learning
methods like ANN and RF to create hybrid
models. In this way, ANN-LR and RF-LR hybrid
models have been created. The weights derived
using the LR model is as follows:

FSM = 18.30 + (Aspect * 0.0012) + (Curva-
ture * 0.0325) + (Elevation * 0.0825) + (LULC
* 0.3694) + (Rainfall * 0.156) + (Distance to
river * 0.0884) + (Slope * 0.3029) + (Soil types
* 0.0027) + (SPI * 0.0007) + (STI *
0.0032) + (TWI * 0.1975) + (TRI * 0.0761).

There are five categories in Jenkin’s natural
break method: very high, high, moderate, low,
and very low flood susceptible zones. This
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algorithm was used to classify the produced flood
susceptible models (Fig. 4.4). Parallel to the
drainage path of the watershed, the flood vul-
nerability zone runs northwest-southeast. Places
with high susceptibility zones are concentrated in
the south and southeast, whereas areas with low
susceptibility zones are concentrated in the north
and northwest of the country.

For ANN model, 2.26 and 36.69% of the
entire basin area observed very “high” and
“high” flood susceptibility, respectively
(Table 7.2). However, all models anticipated
1023.99 km2

–1120.58 km2 regions to be very
susceptible to flooding. All models projected that
800.01 km2

–1103.01 km2 regions were very low
flood susceptible zone (Table 7.2). According to
the models, most river catchment areas were
classified as having high to very high FS zones.
However, since the region’s size varies, it is vital
to choose the most accurate model.

The AUC of empirical and binormal ROC
curves has been utilized to test the FS models
based on the GPS locations that have been col-
lected (Meten et al. 2015; Nahayo et al. 2019).
The AUC under each ROC (empirical and
binormal) for ANN, it is 0.874 and 0.912; for
RF, it is 0.88 and 0.93; for LR, it is 0.861 and
0.873; for ANN-LR, it is 0.883 and 0.936; and
for the RF-LR model, it is 0.89 and 0.92
(Fig. 7.5a–e). Results of ROC curves show that
the ANN-LR model was the most effective, fol-
lowed by the RF-LR model, the RF model, the
ANN model, and the LR model. According to the
binormal ROC curve, the best model was ANN-
LR (AUCb: 0.936), followed by RF (AUCb:
0.93), RF-LR (AUCb: 0.92), ANN (AUCb:
0.912), and LR (AUCb: 0.912). Overall, all of
the models performed well, with hybrid machine
learning methods beating all of them in terms of
overall performance.

Fig. 7.4 FS models using a ANN, b RF, c LR, d ANN-LR, and e RF-LR
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Table 7.2 Calculation of
area for five FS zones

FS zones Area (km2)

ANN RF LR ANN-LR RF-LR

Very high 1102.21 1023.99 1071.70 1045.91 1120.58

High 584.87 546.11 674.62 521.65 627.35

Moderate 361.61 592.62 395.50 596.45 444.38

Low 507.79 722.03 584.31 668.68 642.29

Very low 1103.01 800.01 956.86 806.01 848.96

Fig. 7.5 Application of empirical and binormal ROC curve for validating the FS models based on a ANN, b RF, c LR,
d ANN-LR, and e RF-LR

114 S. Talukdar et al.



7.4.4 Sensitivity Analysis Using
Machine Learning
Algorithms

Advanced ensemble machine learning methods
must be developed in order to map robust flood
susceptibility zones. Dependent on the intricate
mathematical association between historical
floods and their conditioning factors, these
algorithms can only depict the likely area around
the future occurrence of a considerable and
quantifiable amount of flooding. On the other
hand, these models do not address the role that
variables play in a given region during a flood
event. Since several variables impact the possi-
bility of flooding, the issue arises on how flood
control strategies could be designed and imple-
mented without this knowledge.

If the variables’ influence on FS is uncertain,
how management plans will be established and
implemented. Floods may be less damaging if the
variables of a particular area are identified that are
associated with susceptibility zones. Conse-
quently, it is essential to identify which factors
have the most considerable impact. The

significance of each triggering variable was
determined using matrices from RF-based sensi-
tivity models, such as MDG and MDA. Both the
MDG and the MDA are significant metrics
(Hollister et al. 2016). Results show that all the
variables of the FSM model were taken into
consideration, with dR, TWI, and aspect being
the most important (Fig. 7.6). Among 12 vari-
ables, three of them were less influential than
others in deciding the importance of the variables.

7.5 Conclusion

The present research focuses on creating hybrid
models that use machine learning and statistical
approaches to forecast flood susceptibility mod-
els. Three algorithms and two hybrid models
were used to estimate the very high (1023–1120
km2) and high flood susceptibility zones (521–
674 km2) flood susceptibility zones. The ANN-
LR-based FSM (ROCe-AUC: 0.883; ROCb-
AUC: 0.936) beat all FS models as per the
AUC value. Results show that two hybrid models
beat three ML and statistical models in terms of

Fig. 7.6 Sensitivity analyses of susceptibility conditioning factors in terms of best FS models using a MDG, and
b MDA
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performance. On the other hand, an RF-dependent
sensitivity analysis was devised to assess the
importance of the input factors for FSM. The
distance to the river was the most dominating and
sensitive variable for FSM, followed by slope,
curvature, elevation, LULC, and SPI.

Hybrid models beat three ML and statistical
models when it came to FS modeling. These
findings lead the researchers to recommend
adopting hybrid and ensemble algorithms for
predicting natural hazards based on various fac-
tors in the future. Additionally, this study rec-
ommends that a few other hydrological,
geological, and climatic variables be incorpo-
rated into the models for enhancing the robust-
ness of the model findings. The Teesta River
basin is acknowledged for flooding because of
irregular rainfall, dams’ construction, and other
artificial issues. Therefore, these findings might
be helpful in the creation of long-term flood
control and farming techniques. Specifically, the
paper states that land cover and vegetation con-
ditions appeared as significant conditioning
variables for FSM. Deforestation, conversely, is
incontrovertible realities. Consequently, the
maintenance of forest cover will benefit flood
control. Further research is required for the sci-
entific evaluation of floods at distinct susceptible
zones to provide more accurate advice on what
management techniques should be implemented
from each possible zone.
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8Flash Flood Susceptibility Mapping
Using GIS-Based AHP Method

Subhasish Choudhury, Amiya Basak,
Sankar Biswas, and Jayanta Das

Abstract

Proper identification of urban flash flood
susceptible areas is a crucial and essential task
in developing a comprehensive plan to
address the adverse effects of this natural
hazard. Therefore, the present study aimed to
identify flood susceptible areas in Cooch
Behar urban agglomeration region (CBUAR)
using the simple Analytic Hierarchy Process
(AHP) method. A total of twelve flash flood
influencing factors were initially selected.
After that, a multicollinearity test was per-
formed prior to assigning these flood condi-
tioning factors’ weight to determine the
intercorrelation of these factors. Afterward,
the importance of each factor contributing to
the identification of flash flood-prone areas
was evaluated by assigning weightage using
the AHP method. The result showed that the
most important flash flood influencing factors

were LULC (26.20%), distance to river
(19.00%), NDVI (14.20%), and distance to
road (11.00%). Following that, a flood sus-
ceptibility map was created, which depicted
12.23%, 15.42%, 19.14%, 37.51%, and
15.70% of study areas as very high, high,
medium, low, and very low susceptible flash
flood susceptible areas, respectively. Finally,
the flash flood susceptibility mapping was
validated using receiver operating character-
istic (ROC) and Area Under Curve (AUC)
analysis. The validation results showed a
higher AUC value (0.85), indicating this
AHP method’s reliability. The findings of this
study will aid hydrologists, planners, and
water resource managers in managing highly
flash flood-prone areas and reducing potential
damages.

Keywords

Flash flood � Susceptibility mapping � AHP �
Validation � Cooch Behar

8.1 Introduction

Flash flood is the most common devastating
natural hazard (Tekeli and Fouli 2016; Diakakis
et al. 2020) that happens on a very small spatial
scale (Terti et al. 2015). It usually occurs as a
result of the sudden rise in water level caused by
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heavy torrential rainfall across a small region
(Saharia et al. 2017; Pham et al. 2020; Lin et al.
2020; Papagiannaki et al. 2015). Besides, natural
and man-made dam failures (Yang et al. 2020) or
melting snow water also induce flash flood con-
ditions. Flash flood has significant adverse
effects on socioeconomic conditions, infrastruc-
ture, agriculture, ecosystems, and most impor-
tantly, a large number of human lives are lost due
to this natural hazard. These adverse effects may
become more widespread in the future due to
constant climate change and unplanned anthro-
pogenic activity (Bui et al. 2019). Hence, we
must improve the prediction and mapping system
to reduce or eliminate these effects. Because of
the complexity of the flooding process, it is
widely accepted that accurate and timely flood
prediction is not possible (Pappenberger et al.
2006). Instead, more emphasis is placed on the
spatial flood susceptibility analysis, since adverse
flood consequences can effectively be reduced
through proper flood susceptibility mapping.
Therefore, scientists and governments have
focused their efforts on developing accurate flood
modeling (Tehrany et al. 2014).

Nowadays, a comprehensive assessment and
proper management for flood events have
attracted the widespread attention of hydrolo-
gists, planners, and water resource managers,
who are usually looking for an effective and
reliable technique to eliminate flood risk. In this
context, developing a flood susceptibility map is
considered the most fundamental and reliable
technique. Flood susceptibility mapping usually
applies various statistical methods to identify
flood-prone areas. In order to properly manage
flood, it is necessary to map the areas those are
vulnerable to historical flood events. Therefore, a
proper flood susceptibility mapping can also be
adopted as a benchmark procedure for decision-
makers to minimize flood damages (Wang et al.
2019a).

Flood susceptibility is typically associated
with a variety of physical and anthropogenic
factors, and spatial estimation of flood occur-
rence is conducted under the idea that future
occurrence of flood events could happen under
similar conditions that triggered previous floods

(Youssef et al. 2016). Therefore, it is crucial to
identify flood conditioning factors to prevent and
reduce flood damages. Moreover, these factors
are conducive to understand the nature and extent
of flood occurrences. In order to develop appro-
priate flood susceptibility mapping, we must
consider a sufficient number of factors, including
topographic, landcover, hydrologic, geological
parameters, and their patterns (Kanani-Sadat
et al. 2019). Besides, it is also important to
note that effective flash flood mapping in urban
environments is primarily reliant on selecting
relevant flood influencing factors. Some factors
contribute more, while others are less important
in the occurrence of the flash flood event. Rain-
fall intensity, in particular, does not vary greatly
across a small urban area. Consequently, in small
urban areas, this factor is not considered in flash
flood analysis. Besides, soil structure, texture,
and nature in urban settings are not regarded as
key factors in flash flood analysis. Man-made
elements, on the other hand, are given remark-
able importance in this analysis. Therefore,
selecting relevant flood affecting factors is an
essential step in designing flash flood mapping.
In this study, we considered twelve flash flood
conditioning factors for flash flood susceptibility
mapping. The spatial map of elevation, aspect,
curvature, slope, TPI, and TWI factors was made
from DEM. It is pertinent to note that we created
DEM file from Google Earth. During the creation
of DEM, we selected more than 1,800,000 points
on google earth for the study area. Afterward, we
obtained a very high-quality DEM with a spatial
resolution of 5 x 5 m.

In flood susceptibility mapping, choosing an
appropriate method is considered a crucial step
for researchers. Over time, different methods
have been evolved for flood susceptibility, vul-
nerability and risk analysis. Souissi et al.
(2019) have mentioned four broad categories of
methods in flood susceptibility analysis. These
methods are (1) Statistical and bivariate methods
such as logistic regression (Al-Juaidi et al. 2018;
Chowdhuri et al. 2020; ShafapourTehrany et al.
2019), Certainty Factor (C.F.) (Cao et al. 2020),
frequency factor (F.R.) (Rahmati et al. 2016;
Samanta et al. 2018; Ramesh and Iqbal 2020;
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Siahkamari et al. 2018), weights-of-evidence
(Rahmati et al. 2016; Khosravi et al. 2016a),
Fuzzy logic (F.L.) (Sahana and Patel 2019;
Bouamrane et al. 2020), (2) Expert knowledge-
based methods or Multi-Criteria Decision-
Making (MCDM) methods such as Technique
for Order of Preference by Similarity to Ideal
Solution (TOPSIS (RazaviTermeh et al. 2018)
analytical hierarchy process (Das 2020; Dahri
and Abida 2017; Das and Gupta 2021; Ham-
mami et al. 2019), Vlse Kriterijumska Opti-
mizacija I Kompromisno Resenje (VIKOR)
(Akay, 2021), (3) hydrological methods such as
Soil Water Assessment Tool (SWAT), Hydraulic
Engineering Centre-River Analysis System
(HEC-RAS) (Joshi and Shahapure 2020; Malik
and Pal 2021), (4) Machine learning (ML) algo-
rithms such as support vector machine
(SVM) (Tehrany et al. 2015;), artificial neural
network (ANN) (Falah et al. 2019), random
forest (R.F.) (Lee et al. 2017; Chen et al. 2020),
extreme gradient boosting (XGB) (Mirzaei et al.
2021; Abedi et al. 2021), Adaptive Neuro-Fuzz
Inference System (ANFIS) (Vafakhah et al.
2020; Wang et al. 2019b), K-nearest neighbor
(KNN) (Prasad et al. 2021). Each of
these methods listed above has its own set of
advantages and disadvantages. However, a con-
siderable number of recent studies using ML-
based models have noted promising outcomes
compared to other methods (Khosravi et al.
2019; Nachappa et al. 2020). Generally, ML
models are appropriate for areas where there is a
historical dataset for the occurrence of flood
events. However, these ML models are inappli-
cable in ungauged areas where a histori-
cal dataset of flood events is lacking (Azareh
et al. 2019; Kanani-Sadat et al. 2019). In addi-
tion, ML-based models are complex and require
a lot of time to get the output. Hence, scientists
have been looking for a simple method to obtain
reliable results for the past few decades using the
limited information available. In this context,
MCDM methods are the most suitable approach
and these have been widely used in recent dec-
ades. These MCDM approaches, in particular,
comprise a variety of mathematical mod-
els which serve a variety of purposes (Kiani

et al. 2019). As time progressed, various MCDM
approaches have been developed. Among them,
AHP is the most simple and usable MCDM
technique. Remote sensing and GIS techniques
combined with the AHP method provide a good
platform for quickly and efficiently coupling,
manipulating, and analyzing information to
determine the potential flood susceptible areas.
The spatial thematic layers of twelve flash flood
influencing factors were prepared using remote
sensing and GIS environment in this study. It is
also worth mentioning that the most crucial
aspect of using the AHP method is accurately
assigning weightage to each factor. In this
regard, two methods are primarily used; one is
the subjective method and the other is the
objective method. We applied the subjective
method in this study to assign weightage to each
factor and hence, each flash flood conditioning
factor was given importance based on the
Expert’s opinion.

Cooch Behar urban agglomeration region
(CBUAR) is considered as the most flash flood-
prone area of West Bengal. Due to its unique
topographic location, heavy rainfall, lack of
proper drainage, and the presence of several
perennial rivers, this region is subjected to flash
floods every year. Thus, in light of the aspects
mentioned earlier, the present study was con-
ducted over the Cooch Behar urban agglomera-
tion region. Therefore, the primary goal of this
study was to identify flood susceptible areas in
Cooch Behar urban agglomeration using the
simple Analytic Hierarchy Process
(AHP) method.

8.2 Study Area

The CBUAR is located in the mid-eastern part of
Koch Bihar district, a part of the sub-Himalayan
plain region (Chakraborty and Mukhopadhyay
2019). The area lies between the latitudes of 26°
17ʹ14ʺ N to 26°21ʹ12ʺ N and longitudes of 89°
25ʹ15ʺ E to 89°29ʹ21ʺ E. It comprises with
Cooch Behar urban area along with some peri-
urban areas, which are denoted as census town
(Census of India 1971, 1981, 2001, 2011), i.e.,
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Guriahati and Chakchaka in the east; Kharimala
Khagrabari and Baisguri in the north-east; Kha-
grabari in the north and Takagachh in the west
and termed as Cooch Behar urban agglomeration
(Fig. 8.1). The total area of the present study area
is 26.15 km2. Topographically, the study area is
flat with a slight south-western slope and the
elevation varying from 37.60 to 60.0 m. (Deb-
nath 2007). The river Torsa and its tributaries are
flowing across the study area. Most parts of the
study area use for settlement and commercial
purposes (Choudhury et al. 2011). The study area
experiences a typical subtropical monsoon cli-
mate characterized by hot and humid summer
and cold and dry winter with high annual rainfall
and moderate temperature (Pradhan et al. 2020).
The annual average rainfall is 3773 mm and the
average summer temperature is about 24.68 ºC
and the winter temperature is about 17.30 ºC
(India Meteorological Department 2020). About

70% of the annual rainfall is received during
June–September when the southwest monsoon
season has prevailed in the study area (Gupta and
Singh 2017). The main reasons behind the
overwhelming occurrences of flash flooding
include an extra precipitation runoff of rainwater;
more sediment accumulates in the river bed, the
unattainability of forest area and open space and
the effect of tropical southwest monsoon.

8.3 Materials and Methods

8.3.1 Data Sources

In the present study, twelve flash flood
influencing factors, namely, elevation, aspect,
curvature, slope, LULC, NDVI, NDWI, distance
to road, distance to the river, annual rainfall, TPI
and TWI, were considered for the flash flood

Fig. 8.1 Location map of the study area
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susceptibility mapping (Khosvari et al. 2016b;
Khosvari et al. 2019; Kanani-sadat et al. 2019;
Costache et al. 2019; Chakraborty and
Mukhopadhyay 2019; Souissi et al. 2020; Ara-
bameri et al. 2020; Pham et al. 2020; Haque et al.
2021). It is worth noting that we created the
DEM file from Google Earth. When creating the
DEM, we selected about two million points in
Google Earth for the study area. After which, a
very high-quality DEM with a spatial resolution
of 5 � 5 m was obtained. A detailed data sour-
ces of these factors is given in Table 8.1.

8.3.2 Flood Inventory Map

The preparation of a flood inventory map is
viewed as a crucial prerequisite step in flood
susceptibility assessments. Generally, a historical
flood record obtained from a flood inventory map
can be used to analyze flood risks in a specific
place (Khosravi et al. 2018). A flood inventory
map of CBUAR was prepared using available
122 flood event points drawn from the data col-
lected by a comprehensive field survey. The field
survey was done to collect primary data by
interviewing such residents and photographs of
the various localities during June 2020 to
September 2020 (monsoon period). We indicated
two sorts of points (flash flood and non-flash
flood point) in our study region based on the data
collected from the respondents. Afterward, the
flash flood points were processed and validated
in Google Earth.

8.3.3 Selection of Flash Flood
Influencing Factors

8.3.3.1 Elevation
Elevation is considered as a key factor in flash
flood susceptibility mapping. (Nachappa et al.
2020). It is defined as the difference between
highest and lowest point in a particular region.
Generally, the surface water flows from higher to
lower areas. As a consequence, the lower region
is subjected to flash floods due to the constant
flow of surface water (Pham et al. 2020). In this
study, the elevation map was classified into five
categories: very high (37.60–40), high (40.01–
45), moderate (45.01–50), low (50.01–55), and
very low (55.01–60 m) susceptible areas.

8.3.3.2 Aspect
The direction of slope in earth surface is known
as slope aspect. It greatly controls the conver-
gence and direction of surface water flow
(Mohammadi et al. 2020). Hence, it can be
identified as a key factor in developing the flood
susceptibility map. In this study, we classified the
slope aspect map into two categories: high
(360) and low (0).

8.3.3.3 Curvature
Another important factor in determining the
severity of a flash flood is curvature, representing
the earth’s shape. This component has an
important role in regulating surface water flow
and infiltration process. In this study, curvature
was categorized into three groups: Positive

Table 8.1 Data collection and preparation

Sl. no. Data types Data
format

Spatial
resolution/scale

Sources of data Derived map

1 DEM Raster 5 m Google earth Elevation, aspect, curvature, slope,
distance to river, TPI, TWI

2 Sentinel—2 Raster 10 m https://
earthexplorer.usgs.
gov

NDVI, NDWI, LULC

3 Open street
map

Vector 1:8000 https://www.
openstreetmap.org

Distance to road

4 Meteorological
data

Point – www.imdpune.
gov.in

Rainfall map
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curvature (convex), negative curvature (con-
cave), and zero curvature (flat) (Chapi et al.
2017). The region of concave curvature is more
susceptible to flash floods compared to convex
curvature.

8.3.3.4 Slope
In general, surface slope has a significant impact
on a variety of hydrological processes, particu-
larly on infiltration process and surface water
flow (runoff) (Ngo et al. 2021). Therefore, it can
be regarded as a significant factor in flash flood
susceptibility mapping. Infiltration process is
comparatively lower on steep gradient slopes,
while speed of surface water (runoff) becomes
greater on steeper slopes. This excessive surface
water flow (runoff) on flat regions causes flash
flood condition. As a consequence, flat regions
nearer to higher slopes are frequently sub-
jected to flash flood events We classified the
slope map into five classes: very low (0–1.81°),
low (1.81–3.62°), moderate (3.61–5.43°), high
(5.44–7.24°), and very high (7.25–9.05°).

8.3.3.5 LULC
Landscapes in a particular location are mostly
modified as a result of changing the LULC map
(Vignesh et al. 2021). The LULC map is a key
component in determining flood-prone areas
since it has a significant role in numerous
hydrological processes such as evaporation,
runoff, evapotranspiration, and infiltration (Rah-
mati et al. 2016; Souissi et al.s 2020). Thematic
maps of LULC usually include buildings, roads,
bare lands, vegetation cover, agricultural areas,
and water bodies, etc. We created a LULC map
for the present study, which contained five fea-
tures: water bodies, plant cover, built-up area,
agricultural land, and open areas.

8.3.3.6 NDVI
The Normalized Difference Vegetation Index
(NDVI) is a useful graphical index that depicts
the distribution of healthy vegetation in a par-
ticular region. Besides, infiltration capacity and
surface water flow are also dependent on the
vegetation cover. Hence, it can also be adopted

as a significant factor in determining flood sus-
ceptibility areas. This index was usually derived
from satellite image. The NDVI is computed by
the following equation:

NDVI ¼ PNIR � PR
PNIR þ PR

ð8:1Þ

where, PNIR represents reflectance in the form of
infrared portion and PR represents reflectance in
the for red.

The NDVI value is ranged between −1
and +1. In this study, the obtained NDVI map
was classified into five categories: very low
(−0.03 –0.00), low (0.00–0.28), moderate (0.29–
0.35), high (0.36–0.43), and very high (0.44–
0.61) susceptible areas.

8.3.3.7 NDWI
NDWI is typically applied to identify the water
bodies in a specific region (McFeeters 1996). In fact,
this index is capable of properly collecting water-
related data compared to another index. It is widely
accepted that the locationswith higherNDWIvalues
are more vulnerable to flash flood events. NDWI is
computed by the following equation:

NDWI ¼ NIR � SWIR
NIR þ SWIR

ð8:2Þ

where, INR defines the near-infrared band and
SWIR presents the Short-Wave infrared bands.

The NDWI value also ranges from − 1 to +1.
In this study, the NDWI was classified into five
groups namely very high (0.01–0.11), high
(−0.24 –0.00), moderate (−0.31 to −0.25), low
(−0.37 to −0.32), and very low (−0.54 to –0.38)
susceptible areas.

8.3.3.8 Distance to Road
The distance of any location from the road is
another important factor in determining flash
flood susceptible places. Roads, in fact, slow
down the infiltration process by preventing water
from entering the ground. As a result, areas with
a high density of roadways are inundated by light
rain and hence, creating a flash flood situation.
Furthermore, regions closer to the road are more
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prone to flash floods due to less infiltration and a
faster runoff process. In this study, we divided
the spatial map of distance to road into five
classes: very high (0–36.31 m), high (36.32–
86.74 m), moderate (86.75–155.33 m), low
(155.34–215.15 m), and very low (250.16–
514.42 m).

8.3.3.9 Distance to River
The severity and extent of a flood in a region are
primarily determined by the distance from the
river to that location. Generally, distance from
the river is widely considered to be dispropor-
tionately connected with the flash flood occur-
rence. Hence, flash flood is a common
phenomenon in areas that are close to rivers.
Contrarily, places far away from river are less
vulnerable in terms of flood damages (Souissi
et al. 2020). We divided the spatial map of dis-
tance to river into five classes: very high (0–
250 m), high (251–500 m), moderate (501–
775 m), low (776–1000 m), and very low (1001–
1617 m).

8.3.3.10 Rainfall
Rainfall has the greatest impact on the occur-
rence of flash flood events among the various
climatic components of climate. It is considered
as the principal source for surface runoff (Pham
et al. 2020). Flash floods are usually caused by
increased surface water flow as a result of intense
torrential rainfall over a smaller area. Therefore,
the flash flood events are proportionate to the
amount of rainfall. In the “Arc GIS environ-
ment,” the inverse Distance Weighted (IDW) in-
terpolation tool is used to prepare the rainfall
distribution map. Afterward, the obtained map
was classified in five categories. These categories
are very high (5538–5556 mm), high (5527–
5537 mm), moderate (5517–5526 mm), low
(5510–5516 mm), and very low (5494–
5509 mm) susceptible areas.

8.3.3.11 TPI
TPI is the most important morphometric factor
defined by the difference between focused and

neighbor cells (Costache et al. 2019). This indi-
cator is used as another factor for developing
susceptibility mapping since it has a significant
influence on runoff. It is often assumed that areas
with lower TPI values are more susceptible to
flash floods. For the present study, we classified
the thematic TPI map into five groups. These
groups are very high (−2.92 to −0.75), high
(−0.74 to −0.25), moderate (−0.24–0.00), low
(0.01–0.74), and very low (0.75–3.74) suscepti-
ble areas.

8.3.3.12 TWI
TWI is a prominent terrain-derived parameter
that assesses topographic effects on some hy-
drological processes, especially flood events
(Khosravi et al. 2018; Tehrany et al. 2015). In
general, a higher TWI score implies a greater
susceptibility of a specific region to flash flood
events. For the present study, we developed a
TWI map and classified it into five classes as
very low (0.00–35), low (0.36–1.46), moderate
(1.47–2.47), high (2.88–4.35), and very high
(4.36–7.99) susceptible groups.

8.3.4 Multicollinearity Test

It is necessary to perform a multicollinearity test
if we take many independent factors. In a
regression model, multicollinearity is defined as
the existence of a linear relationship between
independent variables (Al-Juaidi et al. 2018).
When a researcher evaluates the influence of
each independent variable on the dependent
variable, multicollinearity can lead to misleading
results. It also examines if an input variable can
be predicted linearly from other input variables,
resulting in a result with a non-trivial degree of
accuracy (Basak et al. 2021). Before using any
regression model, it is necessary to validate
multicollinearity among these input variables.

In this test, R is first determined and after-
ward, the value is again used to calculate toler-
ance and VIF (variance inflation factor) of input
variable applying to Eqs. 8.3 and 8.4:
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Tolerance of the ith predictor variable Tið Þ ¼ 1� R2
i

ð8:3Þ
VIF of the ith predictor variable VIFið Þ ¼ 1=Ti

ð8:4Þ

The processes have been performed for each
independent factor, and VIF and tolerance have
been calculated for individual input variables.
Multicollinearity issues arise when the VIF value
is � 10 and the tolerance value is <0.10. (Saha
2017). For this work, we performed multi-
collinearity test in “R” environment. Table 8.2
shows the results of the multicollinearity test.
The tolerance value of >0.10 and VIF value
of <10 for each flash flood influencing factor
(p < 0.01, p < 0.05) revealed that there is no
collinearity issue among the flood influencing
factors.

8.3.5 Analytical Hierarchy Process
(AHP)

AHP is a useful and widely used multicriteria
decision method, which is first introduced by
Saaty in 1980. It is typically used to rank fac-
tors in order to determine the most dominant
factor based on Expert opinion (Das 2017). In
this study, a total of twelve flash flood influenc-
ing factors were incorporated for developing the
flash flood susceptible areas.

8.3.5.1 Pairwise Comparison Matrix
Based on the selected flash flood influencing
factors, we created a pairwise comparison matrix
table. Following that, each factor was assigned a
specific weight based on the Expert’s opinion. As
stated in Table 8.2, the relative importance or
value was assigned using the scale relative
importance. t is pertinent to mention that the
length of the comparison matrix table is equiva-
lent to the number of factors selected in the
specific study. In the comparison matrix table,
factors weight, class weight, and the CR value
were computed, as shown in Table 8.6. For the
computation of CR value following expression is
used (Saaty 1980, 2000):

CR ¼ CI

RI
ð8:5Þ

8.3.5.2 Consistency Index (CI)
For testing the consistency of results, the rule of
transitivity is commonly used. The value of
kmax is computed by the following expression:

kmax ¼
Xn

j¼1

aij
wj

wi
¼ n ð8:6Þ

The obtained CR value determines the con-
sistency of the matrix. If CR = 0, the matrix will
be consistent, however, a value of >0 indicates
that the matrix is inconsistent. To eliminate type

Table 8.2 Saaty’s 9 intensity scale

Degree of importance Linguistic scale Description

Equally 1 Two exercises contribute equally to the target

Intermediate 2 Intensity between 1 and 3

Moderately 3 The judgment moderately favors one action over another

Intermediate 4 Intensity between 1 and 5

Strongly 5 The judgment essentially or strongly favors one action over another

Intermediate 6 The intensity between 1 and 7

Very strongly 7 Very strong importance and viewed as better than another

Intermediate 8 The intensity between 1 and 9

Extremely 9 Proof that favors one exercise over another

126 S. Choudhury et al.



II error, Saaty (1980) proposed the consistency of
the matrix (CR.10). In the present study, the
computed CR value was 0.089.

In most cases, max does not equal to n. As a
result, we evaluated CI to see if the transitivity
criteria were violated or not. The following
equation was used to calculate CI:

CI ¼ kmax� n

n� 1
ð8:7Þ

8.3.6 AUC and ROC Analysis

ROC and AUC curve is one of the most
acceptable performance metrics methods for the
validation of the AHP model. ROC curve is a
graph of the interrelationship between sensitivity
and 1-specificity, which recognizes an area under
itself called AUC. AUC is very suitable for
assessing the accuracy of flash flood modeling.
The AUC ranges between 0 and 1. A higher
AUC value represents the excellent quality of the
model; contrarily, a lower value indicates unsat-
isfactory adaptation of the model. The AUC
value of the present study was 0.85 (very good
model: 0.8–0.9, Grozavu et al. 2017), which
showed that the AHP model is suited for recog-
nizing flash flood susceptibility zonation for the
current research.

8.4 Results and Discussion

8.4.1 Development of Flash Flood
Influencing Thematic
Layers

The elevation is a critical factor in determining
the flash flood susceptibility mapping in any
region. The lowest value of the elevation was
37.60 m and the highest elevation value was
60.00 m in the study area (Fig. 8.2a). The light
blue color area of the map indicates low eleva-
tion, which was found sporadically in the mar-
ginal eastern part. The red portion of the map
indicates high elevation, particularly in the most

central part of the study area. Although, the
maximum area belonged to very low and mod-
erate classes. The very low elevation was found
in the eastern, north-eastern, and western part of
the study area. On the other hand, moderate
elevation was found mainly in the southern and
south-western portions of the study area.

Aspect is a crucial topographic factor for flash
flooding. It is indirectly affecting the directions
of water flow in the flooded area. It also affects
the humidity of soil with extreme runoff. The
green portion of the study area indicates a lower
aspect value and the red portion indicates the
high aspect value at a range between 0 and 360
(Fig. 8.2b). The aspect value was distributed
sporadically throughout the study area.

The curvature affects the flooding water bud-
get directly in the study area. The curvature of
the study area was categorized into three sub-
groups, which were convex, flat, and concave.
The blue portion of the map shows the concave
curvature in the study area, which is greatly
susceptible to flash flooding in the rainy season.
On the other hand, the yellow portion of the
study area indicates convex curvature, which is
less susceptible to flash flooding (Fig. 8.2c).
Except for the north-eastern parts, the whole
study area belonged under a concave slope.

The slope map of study area was categorized
into five different classes. The highest slope
value ranged between 7.25 and 9.05°, while the
lowest slope value was ranged between 0 and
1.81° (Fig. 8.2d). The light blue portion shows
the lower slope occupying most of the study area.
In contrast, a comparatively higher slope value
was noticed in some dispersed and nominal parts
of the study area. LULC is another key factor in
determining flood susceptibility mapping. LULC
of the study area was divided into five categories:
vegetation cover, build-up area, agriculture area,
water bodies, and open space. The build-up area
occupied the maximum area, 30.51% and the
water body occupied the minimum area of about
2.36% (Fig. 8.3a). The build-up area of the study
area directly affects the surface runoff and infil-
tration. Thus, the build-up area is more suscep-
tible to flash flood. In contrast, vegetation cover
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permits infiltrating flooded water and open space
allows surface runoff and hence, the areas with
vegetation cover are less susceptible to flood.

NDVI is one of the crucial factors for flash
flood susceptibility mapping. The NDVI of the
study area was categorized into five classes that
ranging from −0.03 to 0.61 (Fig. 8.3b). The red
areas are indicating less vegetation and the green

portion indicating dense vegetal cover. From
western, south-western to the central part of the
study area is experienced to be less vegetation
cover obtaining the value range between 0.01
and 0.28 compared to the other parts of the study
area. Thus, the area frequently experienced flood
occurrences as less vegetal cover fails to infil-
trated rainwater. On the other hand, marginal

(m)

(Degree)

Fig. 8.2 Thematic layer of a Elevation, b Aspect, c curvature, and d Slope factor
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eastern, north-eastern, and northern parts having
the highest value ranging between 0.44 and 0.61,
representing thick vegetal cover. NDWI was
categorized into five classes which was ranged
from −0.54 to 0.11 (Fig. 8.3c). The red portion

shows the lowest value of NDWI observed in the
north-western, northern, north-eastern, and east-
ern parts of the study area; thus, this area is
generally experienced with low flash flood sus-
ceptibility. On the other hand, the pink and blue

Fig. 8.3 Thematic Layer of a Land use/Land cover (LULC), b Normalized Difference Vegetation Index (NDVI),
c Normalized Difference Water Index (NDWI), and d Distance to Road
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portion indicates the higher value of NDWI,
which experienced more flash flood susceptibil-
ity. It was observed in the western, south-western
to central parts of study area.

Distance to the road is a crucial factor for flash
flood susceptibility mapping in the study area,
which obstructs the infiltration process of rain-
water that causes a devastating flash flood. Dis-
tance to road was classified into five classes that
ranged from 0.00 to 514.42 (Fig. 8.3d). It was
observed from the study that the flash flood
inundation areas are usually located near to road
of the study area with the lowest value and
indicated by the red color. On the other hand, the
higher of this factor usually less susceptible to
flash flood.

Distance of any area from the river is an
essential conditioning factor for the flash flood
vulnerability in the study area. The value of
distance to the river was ranged between 0 and
1617 m (Fig. 8.5a). Places with lower value
usually experience higher occurrence of flash
flood. Contrarily, places with higher value indi-
cates a less flood-prone area. North-eastern,
south-western, and western parts are far away
from the river.

Annual rainfall is another essential factor to
flash flood susceptibility in the study area. The
map shows that the study area was classified into
five annual rainfall classes, ranging between
5494 and 5556 mm (Fig. 8.5b). The annual

amount of rainfall consecutively increased from
the western parts to the eastern parts of the study
area. Eastern parts of the study area experienced
less annual rainfall. In contrast, the western parts
of the study area experienced less annual rainfall
due to the increasing nature of the build-up area.
Figure 8.4 also shows the threshold value
graphically in annual rainfall (15/04/2020–
07/10/2020). In this figure, the threshold value
of 100 mm rainfall was exceeded five times
during this period.

A positive TPI indicates a higher altitudinal
position of the central point compared to the
adjacent area. On the contrary, a negative value
of TPI illustrates a lower altitude at the central
point relative to the neighboring areas. The TPI
value of the study area was ranged
between −2.92 and 3.74 (Fig. 8.5c).

The value of TWI ranged between 0 and 7.99
(Fig. 8.5d). The higher value of TWI indicates
lower possibility of flash floods. On the contrary,
the lower value of TWI represents the decreasing
rate of moisture which accelerates the flooding
possibility in the study area.

8.4.2 Multicollinearity Test

The results of the Multicollinearity test
(Table 8.3) revealed that the NDWI had the
highest VIF (7.285), followed by NDVI,

Fig. 8.4 Annual rainfall graph with threshold point
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elevation, distance to the road, distance to the
river, curvature, TPI, slope, aspect, annual rain-
fall, LULC, and TWI respective. The results also
portrayed no collinearity issue among the twelve
selected parameters adopted for the study.
Additionally, the statistical R2 value between
flash flooding and its factors can be seen in
Table 8.3. Douglas et al., 2000 in their study

mentioned that a higher R2 value intensifies flash
flood events. In this study area, the occurrence of
flash flood events had been noticed where the
elevation is <50 m, aspect is flat, the curvature is
concave, the slope is <1.81°, land use and land
cover occupied by build-up area, NDVI is <0.28,
NDWI is >−0.24, distance to the road is mini-
mum (<155.33 m), distance to the river

Fig. 8.5 Thematic layer of a Distance to River, b Annual Rainfall, c Topographic Position Index (TPI), d Topographic
Wetness Index (TWI)
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is <1000 m, annual rainfall is about 5500 mm,
TPI belonging negative value, and the value of
TWI is <2.87.

8.4.3 Assessment of Flash Flood
Influencing Factors
for Developing
Susceptibility Map

The present study considered twelve major flood
influencing factors (elevation, aspect, curvature,
slope, LULC, NDVI, NDWI, distance to road,
distance to river, annual rainfall, TPI, and TWI)
in developing the flood susceptibility map. For
this study, a comparison matrix table (Table 8.4)
was created for comparing these factors and
subfactors. In this regard, we also calculated the
randomness index among the factor and subfac-
tors (Table 8.4). Thereafter, the CR value was
then computed, and the obtained CR value was
0.089. Hence, it is appropriate to claim that such
factors and subfactors can reasonably be taken
into consideration for AHP analysis.

Table 8.7 represents the relative importance
of each factor and its subfactors in the study. It is
evident from Table 8.7 that the LULC (26.20%)
was the most important factor in determining the
flash flood susceptible zones. Among the

subfactors of LULC thematic layer, the built-up
area was the most important subfactor in identi-
fying the flash flood susceptible areas. The built-
up regions cover the majority of the study area,
and these built-up areas, particularly roads and
buildings, have a considerable impact on some
hydrological processes. More importantly, the
built-up regions have a significant impact on
infiltration capacity and surface runoff. The
infiltration capacity is generally substantially
reduced by these built-up areas, and hence, sur-
face runoff water flourished into the study area.
Thus, the LULC factor may be regarded as the
most essential factor in determining flash flood-
prone areas. After the LULC, NDVI (14.20%)
and distance to river (19.00%) were the next
most important factors (11.00% that have a
substantial role in determining the flash flood
susceptible areas. Ngo et al. (2021) in their study
identified LULC, slope, curvature, and TWI
factors as the most important factor in developing
flash flood susceptibility map. However, in the
study, curvature (1.20%), slope aspect (1.20%),
TPI (1.90%), and TWI (2.60%) were identified as
the least affected factors. All of these factors
had little influence in developing flood suscep-
tibility map of study area. This is probably due to
the fact that all of these elements occupy less
surface area in urban areas.

Table 8.3 Multicollinearity Statistics of selected flash flood influencing factors

Sl no. Factors R2 Tolerance VIF

1 Elevation 0.313 0.687 1.456

2 Aspect 0.079 0.921 1.085

3 Curvature 0.114 0.886 1.129

4 Slope 0.085 0.915 1.093

5 LULC 0.031 0.969 1.032

6 NDVI 0.859 0.141 7.107

7 NDWI 0.863 0.137 7.285

8 Distance to road 0.230 0.770 1.299

9 Distance to river 0.137 0.863 1.159

10 Rainfall 0.070 0.930 1.075

11 TPI 0.105 0.895 1.117

12 TWI 0.017 0.983 1.017
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8.4.4 Flash Flood Susceptibility
Mapping

The most important aspect in developing flash
flood susceptibility map is to precisely iden-
tify the areas that will be flooded in the future.
And in this regard, another important thing is to
validate the obtained susceptibility map. In this
study, a flash flood susceptibility map was pre-
pared by incorporating the twelve flood
influencing layers. Based on the natural breaking
slope method in the “ArcGIS 10.4 environment,”
the obtained susceptibility was classified into five

groups: very high, high, moderate, low, and very
low susceptible areas. According to Fig. 8.6, the
major portions of northwestern, southwestern,
and some parts of north-eastern areas were
classified as more susceptible areas to flash
floods. This finding was also accorded with the
observations of flood inventory maps, which
showed that the northwestern and southwestern
areas of the study area were more vulnerable to
flash floods. A variety of administrative centres,
residential areas, road, financial institutes, edu-
cational institutes, health centres, recreation
centers (such as parks and cinema halls) have

Table 8.4 Pairwise comparison matrix table

Parameter EL AS CR SL LUL
C NDVI NDW

I DR DRI RF TPI TWI

EL 1 5 6 2 1/7 1/3 1/2 1/3 1/4 3 4 3

AS 1/5 1 2 1/5 1/9 1/7 1/6 1/7 1/8 1/4 1/2 1/3

CR 1/6 1/2 1 1/5 1/9 1/9 1/8 1/8 1/9 1/5 1/3 1/4

SL 1/2 5 5 1 1/7 1/5 1/3 1/4 1/6 2 4 3

LULC 7 9 9 7 1 3 5 4 2 8 9 9

NDVI 3 7 9 5 1/3 1 3 2 1/2 6 8 7

NDWI 2 6 8 3 1/5 1/3 1 1/2 1/4 4 6 7

DR 3 7 8 4 1/4 1/2 2 1 1/3 5 7 6

DRI 4 8 9 6 1/2 2 4 3 1 7 9 8

RF 1/3 4 5 1/2 1/8 1/6 1/4 1/5 1/7 1 3 2

TPI 1/4 2 3 1/4 1/9 1/8 1/6 1/7 1/9 1/3 1 1/2

TWI 1/3 3 4 1/3 1/9 1/7 1/5 1/6 1/8 1/2 2 1

Table 8.5 Randomness Index (R.I.) for different number factors (N) used to calculate consistency (Saaty and Vargas
1991)

N 3 4 5 6 7 8 9 10 11 12 13 14 15

RI 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.51 1.52 1.54 1.56 1.58 1.59

Table 8.6 Results for checking the consistency of AHP model

kmax N RI CI CR Consistency check

13.51 12 1.54 0.137 0.089 CR < 0.1(yes)
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Table 8.7 Weightage of each factor and subfactors in developing flood susceptible map of CBUAR

Sl no. Factors AHP foe
each factor

Sub factors Descriptive level
(flood hazard)

Area in
km2

Area
in %

AHP weight for
subfactor

1 Elevation 0.059 37.60–40.00 Very high 0.13 0.49 0.446

40.01–45.00 High 11.96 45.60 0.301

45.01–50.00 Moderate 13.88 52.93 0.142

50.01–55.00 Low 0.18 0.67 0.075

55.01–60.00 Very low 0.08 0.30 0.036

2 Aspect 0.015 North (0–22.5°) Very low 4.84 18.45 0.052

North (337.5–
360°)

Northeast (22.5–
67.5°)

Medium 7.12 27.15 0.164

East (67.5–
112.5°)

Low 6.45 24.61 0.1

Southeast
(112.5–157.5°)

South (157.5–
202.5°)

Very high 6.22 23.73 0.404

Southwest
(202.5–247.5°)

West (247.5–
292.5°)

High 1.59 6.06 0.28

Northwest
(292.5–337.5°)

1.59 6.06

3 Curvature 0.012 Convex Very low 10.10 38.51 0.164

Flat High 2.40 9.16 0.297

Concave Very high 13.72 52.33 0.539

4 Slope 0.046 0.00–1.81 Very high 22.01 83.94 0.446

1.82–3.62 High 3.97 15.14 0.301

3.63–5.43 Moderate 0.23 0.86 0.142

5.44–7.24 Low 0.02 0.06 0.075

7.25–9.05 Very low 0.00 0.00 0.036

5 LULC 0.262 Water body Moderate 0.62 2.36 0.131

Vegetation
cover

Very low 3.23 12.30 0.035

Buildup area Very high 8.00 30.51 0.506

Agricultural
area

High 7.12 27.17 0.265

Open space Low 7.25 27.65 0.063

6 NDVI 0.142 −0.03–0.00 Very high 0.00 0.01 0.446

0.01–0.28 High 8.83 33.67 0.301

0.29–0.35 Moderate 6.08 23.17 0.142

0.36–0.43 Low 7.11 27.11 0.075

0.44–0.61 Very low 4.20 16.04 0.036

(continued)
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been developed in these areas. Hence, a dense
built-up area and dense road network (Fig. 8.3)
have been grown-up in these areas which reduce
infiltration capacity and increase surface runoff.
Furthermore, as compared to other areas, the
values of some parameters such as distance to
river (<250 m), elevation (<45 m), and slope
(<1.82°) were lower in these south-western and
northwestern regions (Figs. 8.2 and 8.5). These

are the most probable reasons why the north-
western and southwestern areas were depicted as
highly susceptible areas to flash flood.

Another notable finding is that places that
received more rainfall were not considered as
high susceptible areas. This suggests that rainfall
in smaller urban regions may not play a signifi-
cant role in flash flood occurrence. Conversely,
Anthropogenic factors (Built-up area, high road

Table 8.7 (continued)

Sl no. Factors AHP foe
each factor

Sub factors Descriptive level
(flood hazard)

Area in
km2

Area
in %

AHP weight for
subfactor

7 NDWI 0.083 −0.54 to −0.38 Low 5.45 20.80 0.075

−0.37 to −0.31 High 7.82 29.82 0.036

0.31 to −0.25 Very low 6.30 24.04 0.301

−0.24–0.00 Very high 6.59 25.14 0.446

0.01–0.11 Moderate 0.05 0.19 0.142

8 Distance
to road

0.11 0.00–36.31 Very high 12.03 45.87 0.446

36.32–86.74 High 7.64 29.15 0.301

86.75–155.33 Moderate 3.86 14.73 0.142

155.34–250.15 Low 1.84 7.02 0.075

250.16–514.42 Very low 0.85 3.23 0.036

9 Distance
to river

0.19 0–250 Very high 6.77 25.81 0.503

251–500 High 6.53 24.89 0.26

501–775 Moderate 6.27 23.92 0.134

776–1000 Low 2.98 11.37 0.068

1001–1617 Very low 3.67 14.00 0.035

10 Rainfall 0.035 5494–5509 Very high 6.25 23.84 0.416

5510–5516 High 7.57 28.85 0.262

5517–5526 Moderate 6.92 26.38 0.161

5527–5537 Low 3.71 14.13 0.099

5538–5556 Very low 1.78 6.80 0.062

11 TPI 0.019 −2.92 to −0.75 Very high 2.95 11.13 0.415

−0.74 to −0.25 High 5.98 22.60 0.306

−0.24–0.00 Moderate 4.85 18.32 0.164

0.01–0.74 Low 9.66 36.51 0.071

0.75–3.74 Very low 3.03 11.44 0.044

12 TWI 0.026 0–0.35 Very low 7.99 32.84 0.044

0.36–1.46 Low 10.78 44.32 0.071

1.47–2.87 Moderate 5.44 22.37 0.164

2.88–4.35 High 0.08 0.32 0.306

4.36–7.99 Very high 0.04 0.16 0.415
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density) may be the staple factor for developing
flash flood condition. Moderate susceptible
areas, on the other hand, were prevalent in the
northern and northern-eastern regions of the
study area (Fig. 8.6). Similarly, very low and
low flash flood zones were prominent in
the south-eastern parts of the map, while some
areas of western, eastern, and northern regions

were also classified as very low and low flash
flood susceptible zones. The spatial map also
revealed that places far from built-up areas were
less susceptible to flash flood occurrences.
Table 8.8 depicts how much area is covered by
each flood susceptible area. It is evident from
Table 8.8 that 53.21% were classified as very
low–low prone to flash flooding, 27.65% as high

Fig. 8.6 Flash flood susceptibility map of CBUAR

Table 8.8 Area covered by each flash flood susceptibility zonation in CBUAR

Sl no. Class Area in km2 Area in %

1 Very low 4.09 15.70

2 Low 9.77 37.51

3 Medium 4.99 19.14

4 High 4.02 15.42

5 Very high 3.19 12.23
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to very high-risk flash flooding zones, and
19.14% as moderate flash flood risk zones
(Fig. 8.7). The spatial flood susceptibility map
(Fig. 8.6) also revealed that the north-western,
south-western parts of the study area were more
susceptible to flash floods. This result is a matter
of concern, since almost every year the north-
eastern and south-western parts are affected by
flash floods. As a result of this finding, the local
government should establish and improve an
early warning system in order to reduce the flash
flood damages.

8.4.5 Justification of Model
Performance

The area justifies the quality of the AHP model for
flash flood susceptibility under the ROC curve,
which is shown in Fig. 8.8. The AUC value of
0.038 is the standard error value shown inTable8.9,
which is statistically significant at 95% confidence
interval (0.00). So, according to the outcome of the
validation study, AHP-based model is suitably
applicable, which is used in the present study to
determine the flash flood susceptibility zonation.

Fig. 8.7 Distribution of flash
flood susceptible areas in
CBUAR

Table 8.9 Results of AUC analysis

Area Std. Errora Asymptotic Sig.b Asymptotic 95% confidence interval

Lower bound Upper bound

0.850 0.038 0.000 0.0776 0.924

a. Under the non-parametric assumption
b. Null hypothesis: true area ¼ 0.5
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Figure 8.8 represents the photographs of dif-
ferent particular flash flood areas of CBUAR
taken from June to September 2020 when the
area experienced a devastating flash flood.
Interaction with residents and emphasize the

comprehensive field survey to validate the data
was done during this period. We collected com-
prehensive ideas and information about flash
flood vulnerability zones in different locations in
the research area (Fig. 8.9).

Fig. 8.8 Diagram for AUC and ROC analysis

Fig. 8.9 Flash flood occurrences in the study area
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8.5 Conclusions

The identification of flash flood-prone areas has
gained widespread attention from water resource
managers, planners, and hydrologists due to their
continuous outbreaks and damages in various
parts of the world. In this context, developing an
accurate flash flood susceptibility map is an
essential task for decision-makers to minimize
flood-related damages infrequent flash flood-
affected areas. Hence, we applied a simple
AHP method to produce a flash flood suscepti-
bility map in Cooch Behar urban agglomeration
region (CBUAR) in this study. For this, twelve
flash flood influencing factors were selected to
incorporate layers in the AHP method. After-
ward, each factor was given a specific weigh-
tage based on the Expert’s opinion. In this
context, LULC (26.20%), distance to the river
(19.00%), NDVI (14.20%), and distance to the
road (11.00%) were the most prominent factors
to determine the flood susceptible areas.

On the contrary, aspect (01.20%), curvature
(01.50%), and TWI (02.60%) were shown to be
the least affected factors. After incorporating all
the thematic layers of flood influencing factors, a
flash food susceptible map was created, which
was divided into five distinct classes to depict the
severity of flash flood in terms of susceptibility
zone. The developed map identified 12.23%,
15.42%, 19.14%, 37.51%, and 15.70% of study
areas as very high, high, medium, low, and very
low susceptible flash flood susceptible areas,
respectively. This spatial flash flood susceptibil-
ity map portrayed that the south-western and
northwestern regions of the study area were
highly susceptible to flash floods. In contrast, the
majority of south-eastern and northwestern areas
were classified as low or very low susceptible
areas. Therefore, the spatial flash flood suscep-
tibility map developed in this study might
be useful in providing advance warning in areas
that are particularly prone to flash floods.
Nonetheless, using the ROC and AUC curves to
validate the results revealed that the applied
model achieved a very higher accuracy (AUC =
0.85). However, it is also recommended that a

similar study using subjective and objective
MCDM methods be conducted to compare the
results and determine the most reliable method
for flood susceptibility mapping. We further
recommend developing a flood susceptibility
map in gauge station areas, where the feature
selection method should be used in selecting
flood influencing factors.
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9GIS-Based Hydrological
and Hydraulic Models to Forecast
River Flood Risks and Proposition
of Management Measures

Gisele Icyimpaye and Chérifa Abdelbaki

Abstract

Nyabugogo River is being flooded every year
resulting in human and economic losses. For
sustainable flood management, flood risk
forecasting is a useful component to show
the extent of floodplain for each event.
Therefore, this chapter aims to forecast
Nyabugogo River’s flood risk and propose
mitigation measures to reduce flood impacts
by using GIS, HEC-HMS combined with
HEC-GEOHMS and HEC-RAS integrated
with HEC-GEORAS. Nyabugogo River
floods are mainly due to high topography,
rainfall, soil texture that is mainly composed
of clay and informal settlement, and urban-
ization. The peak runoff was simulated for 10-
, 30-, 50-, and 100-year return periods, and
flood inundation area increased slightly from
the lower event to the higher event. In
addition, the water depth increased slightly
with the return period where the high water
depth of 3.24 m was obtained for a 100-year
return period. For the events modelled, the
more vulnerable land use included annual

cropland, open grassland, open shurbland,
settlement, sparse forest, and wetland. Conse-
quently, some proposed mitigation measures
include the construction of storage reservoirs
at the upstream location of the reach, reloca-
tion of infrastructures within the flood plain
area, buffer zoning around Nyabugogo River,
rainwater tanks for each house, and raising
public awareness on flood risks. Thus, this
study can provide a basic support for
decision-making and can help in the planning
and management of land use and future
probable flood event within the catchment.

Keywords

Flood risk � GIS � Modelling � HEC-RAS �
HEC-HMS � Nyabugogo River Basin

9.1 Introduction

Floods are among the most harmful of natural
hazards which are likely to be more frequent,
dominant, and serious in the future because of
climate change and urbanization coupled with
increase of population in flood prone area and
other diverse factors related to watershed char-
acteristics and human activities (Machtar 2010).
Flood is a weather-related disaster in the type of
hydrological events which occurs when the river
water inundates or overflows the land which is
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generally dry, and affects individual life and
property causing economic and social impacts,
and harm the natural environment in different
countries of the world (Queensland Government
2011). Generally, the losses of flood are catego-
rized into direct and indirect losses, where direct
losses are physical damage of roads, buildings,
cars, and death of people, and indirect losses are
water quality deterioration, interruption of
transport, and lowering of economic status of a
region. (Queensland Government 2011).

Globally, 3062 flood disasters were
recorded between 1995 and 2015, accounting
47% of all weather-related disasters’ meteoro-
logical hazards like storm and climatological
hazards like drought (UNISDR 2015). The flood
disasters affected 2.3 billion people which rep-
resented 56% of all people affected by weather-
related disasters where 157,000 people died,
accompanied with the economic loss of USD 662
billion (UNISDR 2015).

Rwanda is experiencing floods in its different
regions every year due to its geographical fea-
tures of hilly slopes and abundant rain with an
annual average of 1200 mm accentuated by an
overexploitation of natural environment such as
deforestation, inappropriate farming practices,
and housing systems (MIDIMAR 2012). In
addition, the resulting landslides are significant
and the affected populations is often avoided to
have mechanisms to manage natural hazards.

Historically, flood events have been observed
in Rwanda since 1960 and their occurrence
started to increase significantly since 2000 with
impacts on people, environment, and human
activity (Habonimana et al. 2015). In the year
2011, where north–western part of the country
experienced flood after heavy rain and at least 10
people died, 354 houses were destroyed, and
3000 ha of farmland were damaged (MIDIMAR
2012). In the year 2012, some districts of north-
western part of the country got flooded and as a
result five deaths and strong damages to houses
and other property of the indigenous population
were recorded, where 2232 households with
11,160 people had been affected, 348 houses

were totally destroyed, 446 were partly damaged,
and that flood had damaged water supplies net-
works along with almost 1000 ha of potatoes,
maize, bananas, and tea were inundated (DREF
2012).

On 3 April 2015, Rubavu and Nyamasheke
districts located in the western province of
Rwanda experienced heavy rainfall that resulted
in flooding and landslides. A total of 3425 people
(685 households) had been affected; 206 ha of
crops had been inundated, and household items
had been washed away. On 7–8 May 2016, 49
people died due to floods caused by heavy rain-
fall where Gakenke district in north province,
Muhanga district in south, Rubavu and Ngoror-
ero districts in western province were the worst
affected districts; within the same period, the
quality of water resources had been affected as
former Energy Water and Sanitation (EWASA)
Ltd. transformed into Water and Sanitation
Cooperation (WASAC) temporally postponed
water treatment at Nzonve treatment plants due
to increase of turbidity (Floodlist 2016).

Kigali city which is the capital of the country
in which Nyabugogo river passes through also
experienced floods events. Heavy rainfall,
urbanization which promotes the presence of
impervious layer in different places coupled with
increase of population and inadequate drainage
cause flash floods in different areas of Kigali city
leading to flooding in the downstream area
(Habonimana et al. 2015). Generally, floods on
Nyabugogo river cause effects which are classi-
fied as primary effects in which there is physical
damage of any type of infrastructure such as
bridges, cars, buildings, sewerage systems,
roadways and canals and loss of people, and
secondary effects which affect water supplies,
crops, food supplies, trees, vegetation, transport,
and cause disease then tertiary and long-term
effects which affect economic status of a region
or a place (Munyaneza et al. 2013). Nyabugogo
river floods cause an estimated loss of 178 mil-
lion francs Rwanda which is equal to 209,412
USD annually by Nyabugogo business (New
times–Rwanda 2016) including social losses.
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The government of Rwanda through its dif-
ferent institutions is trying to mitigate floods
where there was a mapping of vulnerable area to
flood and landslides at national level to know
exactly in which area the management actions
should focus to mitigate and adapt to both floods
and landslides. However, flood events continue
to cause losses not only in Nyabugogo catchment
but also in other catchments of the country.
Therefore, there is a need of forecasting flood
risks using models so that decisions can be taken
based on the results of those models to make
people aware of the events and come up with
mitigation measures to secure different useful
aspects necessary to achieve sustainable devel-
opment goals. Therefore, the main objective of
this chapter is to forecast flood risks on Nyabu-
gogo River and to propose different management
measures which can reduce flood effects by
(1) investigating the causes and impacts of flood
in the catchment, (2) identifying the existing
flood management measures, (3) describing the
geospatial data characteristics of the catchment
that are relevant to flood generation, and
(4) generating inundation maps and water depths
for different return periods.

9.2 Materials and methods

9.2.1 Study Area

The Nyabugogo catchment covers both rural and
urban areas including Kigali city which is the
capital city of Rwanda. It is between 1352 and
2288 m above sea level and extended between
latitude: 01°51′46.06″–01°46′11.22″’ degrees
south and longitude: 30°05′57.02″–30°04′07.41″
degrees east. The drainage area is about 1661 km2

representing 6.31% of the total surface area of the
country (Water for Growth Rwanda 2017a, b). It is
the most densely and populated catchment in
Rwanda covering the major part of Kigali city and
other districts in the north and eastern part of
Rwanda. The catchment has temperate and equa-
torial climate with an annual average temperature
lying between 16 and 23 °C, depending on the
altitude of the area and the annual average rainfall
of 1,200 mm. The main land use/cover activities
are rain-fed agriculture, irrigation and small for-
ests in the center and eastern part and a small part
of natural open lands (Water for Growth Rwanda
2017a, b). Figure 9.1 shows the location of
Nyabugogo catchment within the country.

Fig. 9.1 Location of
Nyabugogo catchment in
Rwanda (Niyonkuru 2019)
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9.2.2 Causes and Impacts of Flooding
in Nyabugogo River

a) Causes of Flooding in Nyabugogo River
The observed factors influencing flood in
Nyabugogo River were meteorological factors,
catchment characteristics, urbanization, and
informal settlement.

The main meteorological factor contributing
to flood is rainfall. It has been found that the
average annual rainfall is between 1200 and
1400 mm and the high rainfall intensity is
observed during the long period of rain starting
from March and extending till May. Figure 9.2
shows the monthly rainfall from the year 2012 to
2017 where rainfall is unevenly distributed in a
year with the high rainfall observed during the
months of March till May and September till
October representing the period of long rainy
season and short rainy season, respectively, and
those periods are similar to the period when the
flood event that took place in Nyabugogo River
during 23 March 2013.

Catchment characteristics influencing flood in
Nyabugogo River are topography, land use, and
soil texture. First, Nyabugogo catchment has a
topography which varies between 1352 and
2288 m above mean sea level as shown in
Fig. 9.3; based on this topography, Nyabugogo

River is located at lower elevations between
1352 and 1526 m, and the fact that Nyabugogo
River is located at the downstream of the catch-
ment makes all runoff from the hillside to flow
towards it.

Secondary, soil characteristics are also
another factor influencing runoff and hence
flooding, as demonstrated in Fig. 9.4. Texture of
Nyabugogo soil is composed of clay, clay loam,
sand clay, and silt clay which have high runoff
potential and very slow infiltration; it is also
composed of silt loam and loam which have slow
infiltration rate but also moderate high runoff
potential when thoroughly wet.

Lastly, land use and land cover degradation is
also another factor which is influencing flood in
Nyabugogo catchment apart from topography
and soil. From the land use map demonstrated in
Fig. 9.5, particularly at the downstream of
Nyabugogo catchment, there is a build-up area of
Kigali city with high density housing; the fact
that this area of high density is located in Kigali
city produce the huge amount of runoff as it is an
urbanized area then the produced runoff flow
towards the Nyabugogo River which passes in
Kigali. Also, land degradation in Nyabugogo
catchment is influenced by over-grazing and
collection of fuelwood leading to deforestation
especially in the upland of the watershed (Water

Fig. 9.2 Monthly rainfall
2012–2017
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for Growth Rwanda 2017a, b) reducing the
infiltration capacity of the soil and contributing
to huge runoff generation.

The urbanization is also the factor which is
influencing the huge amount of runoff and hence
flooding, which is due to the increase of imper-
vious surface as those impervious surfaces are
composed of roads and houses that reduce infil-
tration capacity of the soil (Mukherjee 2016).
Since Nyabugogo River passes through Kigali
city which is classed among the fastest growing
cities of Africa with annual growth rate of 4.0%
of population (NISR 2012), this factor shows
how Nyabugogo River is being flooded due to
urbanization. Figure 9.6 shows the increase of

the build-up area (urbanization) from 1987 to
2014.

Informal settlement is also another factor
influencing flooding and landslides in Nyabu-
gogo River especially in Kigali City since they
are located on the steeper slope without storm
water management technology. In 2015, the
Ministry of infrastructure declared that 79% of
population lives in informal settlements in Kigali
city (MINENFRA 2015).

b) Impacts of Flooding of Nyabugogo
River
The impacts of Nyabugogo River flood have
been categorized into primary, secondary, and

Fig. 9.3 Topography of the
catchment

Fig. 9.4 Soil texture of
Nyabugogo catchment
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tertiary impacts. The observed primary impacts
were loss of people, loss of properties; the sec-
ondary impacts were transport interruption, water
quality deterioration; and the tertiary impacts
were disturbance of economic status. Some of the
cases are as follows: In April 2006, a flood event
damaged 40 houses and caused two deaths;
Again Kiruhura market and RWANTEXICO
factory both were located in Nyabugogo River
Basin before their location got flooded as
Nyabugogo River overflowed into the market
shops and in different houses of factories reach-
ing 1.5 m of height as shown in Fig. 9.7 (Biz-
imana and Shilling 2010).

Also, in February 2013, flood affected
Nyabugogo River and caused loss of four peo-
ple’s life who were in a car drained away by
water; it also affected different socio-economic
activities such as business shops and it inter-
rupted transport modes as shown in Fig. 9.8
(Munyaneza et al. 2013). Therefore, according to
new times, about 178 million francs Rwanda

which is equal to 209,412 USD are lost annually
by Nyabugogo business due to the effects of
flooding (REMA 2009).

9.2.3 Existing Flood Management
Measures

Currently the Rwanda Water and Forestry
Authority through its Department of Integrated
Water Resources Management has elaborated the
program called Nyabugogo catchment plan
2017–2023. This program is intended to develop
the catchment in order to meet water demand in
terms of quantity and quality needed for socio-
economic activities and minimize water-related
disasters. It is in this line that different activities
within the aim of land scape rehabilitation, land
conservation, and disaster risk management are
being implemented as shown in Table 9.1.

Some of those statedmeasures have been started
being implemented like afforestation where

Fig. 9.5 Land cover of Nyabugogo catchment
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884.3 ha of Gicumbi district has been benefited
with forest plantation; 1800 ha near the right side of
the lake Muhazi dyke located at upstream of the
catchment have been developed by agro forestry,
construction of progressive bench and narrow cut
terraces, re-afforestation, river and reservoir buffer
zone protection and gully rehabilitation.

Rainwater harvesting technology is also being
applied in Kigali city with 4% of household
using rain water tanks, 27% of households using
ditches included and 2.9% households using
piped away (Water for Growth Rwanda 2017a,
b); it is clearly shown that rain water tank tech-
nology is still at lower level which must be

increased as it is the one which is reliable com-
pared to other used technologies.

Presently there are on-going projects like the
construction of multipurpose dam in Nyabugogo
catchment, specifically in its upstream which is
intended tobe used for irrigation, power generation,
and flood control. The act of reallocating household
living in high-risk zones of landslides and flooding
is being applied inNyabugogo catchment aswell as
in the other catchments of the country. Regular
removal of sand and solid waste in the channel is
normally done through the monthly community
activity called Umuganda which used to happen at
the last Saturday of each month.

Fig. 9.6 Built-up area in Kigali city from 1987 to 2014 (Nduwayezu et al. 2017)
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9.2.4 Data Collection and Modelling
Input

The data required were 30 years time series
rainfall data from the year of 1987 to the year of
2017 which was collected from Rwanda Meteo-
rological Agency at Gitega station situated at

−1.95 latitude and 30.06 longitude with 1516 m
of elevation, and these data were applied to
obtain extreme frequency rainfall events. The
Pmax series are often represented by the Gumbel
extreme value distribution method that will be
used to determine the return period of precipita-
tion required for planning studies. Gumbel

Fig. 9.7 Flood water level observed in April 2006 (Bizimana and Shilling 2010)

Fig. 9.8 A man carrying a lady across the flood area and the car damaged by flooding water (Munyaneza et al. 2013)
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extreme value distribution method and the given
return period precipitation are determined as
described in the step 2.

For rainfall runoff modelling methods, there
are a number of hydrological models used to
simulate runoff taking into consideration all the
processes of how rainfall is transformed into
runoff. In this chapter, HEC- HMS 4.2.01 model
was used. It works in conjunction with HEC-
GEOHMS which is a GIS extension used to
prepare the basin input model needed for HEC-
HMS to transform rainfall into runoff based on
basin geomorphological characteristics. To
obtain runoff from rainfall in HEC-HMS Model
the Soil Conservation Service (SCS) Curve
Number model was applied.

The major data used for developing Nyabu-
gogo HEC-HMS model were collected from
Rwanda Water and Forestry Authority especially
in its department of Integrated Water Resources
Management and consist of topography with
10 m resolution, basin land use/cover and basin
soil data.

To perform the hydraulic modelling of
Nyabugogo River, HEC_RAS software com-
bined with the GIS extension named HEC_-
GEORAS have been used in this study.

Basically, the methods used to forecast
Nyabugogo floods risks and to propose man-
agement measures are grouped into five steps as
explained below:
1. The first step was to investigate the causes

and impacts of flood in the catchment and
identifying the existing flood management
measures in the catchment through the liter-
ature review made by different researches
including field observation and interview
made to understand deeply and see them
clearly.

2. Determine frequencies of extreme rainfall
events using Gumbel extreme value distribu-
tion method. Under this method following
formulas have been applied.
• Sort the maximum daily rainfall of each

year (Pmax)

Table 9.1 Existing flood management measures in Nyabugogo catchment (Water for Growth Rwanda 2017a, b)

Target Measures Location

Land rehabilitation and land
conservation

Afforestation and landscape restoration Gicumbi, Rulindo,
Gatsibo, Rwamagana
and Kayonza

Water ponds to collect water from road drainage
and settlement sites

Rulindo

Regular removal of sand and solid waste in water
channel specifically in Nyabugogo channel

Nyarugenge and
Kicukiro

Buffer zone protection alongside lakes and rivers Rwamagana, Kayonza,
Rulindo and Gicumbi

Control of the hazard risk to
public infrastructure,
communities, and property

Construction of appropriate structure works to
increase flow capacity of Nyabugogo River

Nyarugenge, Kicukiro,
Gasabo

Construction of multipurpose dam on Muhazi
(flood control, irrigation, and domestic water
supply) which is still a project waiting to be
implemented

Gicumbi and Gasabo

Rainwater harvesting for households and public
institutions

All districts within the
catchment

Reallocation of household living in high-risk
zones of landslides and flooding

Rulindo, Kigali City,
and Gicumbi
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• Determine the mean and standard variation
of the sorted maximum rainfall data

2: Pmean ¼ 1
n

Xn

1

Pmax ð9:1Þ

2: S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 1

Xn

1

Pi � Pmeanð Þ2
s

ð9:2Þ
• Determine the reduced variate Y,

Y ¼ 1:282
Pi� Pmean

S
þ 0:577 ð9:3Þ

• Calculate the probability P,

P ¼ 1� e�eK�Y ð9:4Þ

• Determine the return period T,

T ¼ 1=P ð9:5Þ

• Determine frequency rainfall PT
(mm) corresponding to each return period
T (years)

2: PT ¼ Pmean þKTS ð9:6Þ

2: KT ¼ � ffiffiffi
6

p

p
0:5772þ ln ln

T
T� 1

� �� �� �

ð9:7Þ

T is the return period (year)
KT know as Gumbel frequency factor.
n is the number of years used for the
model3. Rainfall-runoff modelling methods

HEC-HMS 4.2.01 model together with GIS
and its extension ARC-hydro and HEC-
GEOHMS helped to obtain catchment runoff
event for different return periods through
those processes. Figure 9.9 summarizes the
steps of the study.

4. Hydraulic modelling methods
The river flow analysis applied to this study
was one-dimensional steady flow computa-
tions with subcritical flow regime. Following
are the steps adopted to come up with flood
inundating maps and flood stages (Fig. 9.10).

The forecast of flood risk was done through
the analysis of flood delineation area and flood
depth or stage of each event, and the intersection
of flood delineation area with the land use/cover
produced the vulnerable maps demonstrating the
vulnerable land use type of each event modelled
and the intersection of flood delineation with
flood depth resulted into flood hazard map
showing the inundation area corresponding to
each flood stage.
5. The last step was to propose flood manage-

ment measures based on the results of model
analysis and the available existing flood
management measures.

9.3 Results and Discussions

9.3.1 HEC-HMS and HEC-RAS Model
Simulation
and Discussion Results

The results of 10, 30, 50, and 100 years return
period of frequency precipitation using Gumbel’s
extreme value probability distribution are shown
in Table 9.2.

After calibration, the frequency precipitation
depths based on the specific return period were
introduced in the model to simulate hydrograph
and peak discharge. The introduced frequency
precipitation depth was the one of 10, 30, 50, and
100 year return period. From the above obtained
simulated hydrographs of different return period,
the peak discharged increased from the low
return period to the high return period but the
date and time to peak were similar. Table 9.3
summarizes the peak discharged for each event
modelled.

The result obtained from hydraulic modelling
is represented in Fig. 9.11. It involves the
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Raw DEM and terrain analysis  

Catchment 
delineation  

Basin land cover 
and Basin soil  

Basin CN GRID  

Generation of 
Nyabugogo 
HEC-HMS 
basin model  

Calibration of the 
model using times 
series rainfall and 
streamflow data. 

Introducing frequency rainfall depth 
of 10, 30, 50, 100 return period year 
to get runoff volume for each event. 

Fig. 9.9 Flowchart of rainfall-runoff modelling

Terrain pre-processing in 
HEC-GEORAS to 
digitize: stream centerline, 
bank line, flow path cross 
section to obtain 
geometric file of the river. 

Converting terrain in grid format into 
TIN format by GIS  

Import geometric file to HEC-RAS then: 
- Perform hydraulic modelling with obtained 
peak runoff volume of each event from 
Nyabugogo HEC-HMS  
-Generate water surface elevation and other 
hydraulic parameters 

Check enough cross section  

Yes  

No  

Import HEC-RAS results into HEC-GEORAS 

for post–processing to obtain flood delineation 

area and flood stage of each event

Analyse the results (obtained 
flood delineation area and flood 
depth) 

Fig. 9.10 Flowchart of hydraulic modelling
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Table 9.2 Frequency rainfall corresponding to each event

Return period T (year) Gumbel frequency factor within each return period KT Frequency precipitation PT
(mm)

10 1.305 52.310

30 2.190 66.136

50 2.594 72.564

100 3.138 81.288

Table 9.3 HEC-HMS
simulated peak discharge of
each event

Return period year Peak discharge (m3/sec)

10 515.7

30 680.2

50 761.5

100 875.8

Fig. 9.11 Profile plot for Nyabugogo River
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profiles plot and cross-sectional output parame-
ters (hydraulic parameters) for 10, 30, 50, and
100 return period years, respectively.

Water surface elevation increase slightly from
upstream to downstream and from lower return
period to the high return period year. Critical
depth also increase slightly as the return period
year increase. In addition, HEC-RAS displayed
hydraulic parameters for any station of the cross
section of the reach with respect to each event
modelled. Figure 9.12 shows the hydraulic
parameters for 100 years return period.

9.3.2 Floodplain Inundation Area
and Flood Depth Analysis

Basically two maps for each event modelled
were generated: one map shows floodplain area
or inundation coverage which indicates the
extents of flooding and the other map shows
depths of inundation like how deep it would be
for different return period events. Figures 9.13
and 9.14 show the inundation area and water
depth for 100 years return period, respectively.

The intersection of the land use map with the
flood inundation area polygon was done to obtain
the vulnerable land use for each flood event
modelled which resulted into the vulnerable
map. Table 9.4 demonstrates the summary of
100 years return period vulnerability map.

From Table 9.4, it is shown that the most
vulnerable land uses consist of annual cropland,
open grassland, open shrubland, settlement,
sparse forest, and wetland. By considering the
high event modelled of 100 years, the inundation
area is 54.804, 53.672, 53.238, 54.804, 139.359,
50.106 ha corresponding to the annual cropland,
open grassland, open shurbland, settlement,
sparse forest, and wetland, respectively, which
represent the most vulnerable land use as shown
in Fig. 9.15.

Flood depths were divided into 5 classes
ranging from the lower depth to the high depth
where each class represents a range of flood
depths or water surface elevation for each event
modelled.

Generally, from all the event modelled, the
total inundation area coverage increases as the
return period increases or flow magnitude

Fig. 9.12 Hydraulic parameter for 100 years return period
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increases and the water depth range increases as
the return period increases or flow magnitude
increases. The big inundation area covered for
10 years comprises 33.5% of the total area
(370.92 ha) inundated and its depth ranges
between (0.61–0.95) m; for 30 years comprise
33.52% of the total area (371.66 ha) inundated
and its depth ranges between (0.69–1.10) m; for

50 years comprises 33.43% of the total area
(372.94 ha) inundated and its depth ranges
between (0.74–1.15) m, and finally for 100 years
comprises 33.442% of the total area (375.24 ha)
and its depth ranges between (0.79–1.23) m. The
lower water depth was 0.69 m and the high water
depth of 3.2 was observed for 100 year return
period.

Fig. 9.13 Floodplain inundation map for 100 years return period

Fig. 9.14 Flood depth map
for 100 years return period
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9.3.3 Flood Mitigation Measures

Flood mitigation refers to the measures adopted
to reduce potential impacts of flood on people,
environment, and economy of the region. Basi-
cally, flood mitigation measures are grouped into
engineering such as construction of reservoir,
dyke, and diversion of water to side channels,
levees along floodways and non-engineering
such relocation and zoning flood-prone areas.

In the case of Nyabugogo River, where annual
cropland, open grassland, open shrubland, set-
tlement, sparse forest, and wetland, are the most

observed land use to be affected, following mit-
igation were proposed:

• Flood proofing measures
These measures can be applied to the building
within the flood delineation area in two ways
which are elevating of building so that flood
waters can pass under it or constructing a wall
to avoid flood water from reaching a building.

• Construction of storage reservoir at the
upstream location of the reach.
Since there are agriculture activities within
the flood delineation area, the storage

Table 9.4 Inundation area
with respect to the land use
vulnerability

Land use type Total vulnerable area (ha)

100 years

Area(ha) %

Annual cropland 54.80 12.72

Closed grassland 9.39 2.18

Moderate forest 4.69 1.09

Open grassland 51.67 12

Open shurbland 53.23 12.36

Perennial cropland 7.82 1.81

Settlement 54.80 12.72

Sparse forest 139.35 32.36

Water body 4.69 1.09

Wetland 50.10 11.63

Total 430.60 100

Fig. 9.15 Inundation area for
each venerable land use for
100 year return period
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reservoir can be used both for flood protec-
tion and irrigation purpose.

• Relocation of infrastructures within the flood
delineation area.

• Buffer zoning around Nyabugogo River
• Rainwater Harvesting Strategies

Rain water harvesting techniques especially
rain water tank for each house within the
catchment can reduce the amount of runoff
and also serve as a source of water supply.

• Raising public awareness on flood risks

Flood risks assessment as a vital component of
flood management which elaborates hazards maps
and provides information to the city planners, pol-
icy decision-makers and also to other risks man-
agers within different governmental institutions.
This information should not be limited to them, but
it has to be disseminated to the local people aswell,
especially to the ones who are expected to be
affected in order to raise their awareness in a sense
of being responsible to manage flood.

9.4 Conclusion

The use of HEC-HMS and HEC-RAS models
contributed to the forecasting of Nyabugogo
River flood risks by identifying the flood plain
area, the expected water depth, and showing the
vulnerability in terms of land use types affected
for different return period. Flooding in Nyabu-
gogo River were found to be caused by high
rainfall intensity, topography varying between
1352 and 2888 m, soil texture mainly composed
of clay mixed with other texture, urbanization,
informal settlement, and inappropriate agricul-
ture practices. Frequency analysis of daily annual
maximum rainfall data has been performed to
obtain frequency rainfall depth for different
return periods. Then HEC-HMS model was used
to transform rainfall depth into runoff to obtain
peak discharges. HEC-RAS combined with
HEC-GEORAS was used to obtain the flood
delineation area and water depth corresponding
to each event. The analysis obtained from
floodplain area and water depth showed that
there is a slight increase in floodplain area from

the lower event to high event modelled due to the
high topography of the area; the high water depth
obtained of 3.2 m occured during the 100- year
event and the more vulnerable land use types
affected mostly for all the events consisted of
annual cropland, open grassland, open shrubland,
settlement, sparse forest, and wetland. Although
the increase in floodplain area were small, there
is a need of protecting the affected area, therefore
different flood mitigation measures have been
proposed; however, their cost benefit analysis
need to be considered before implementation.
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10Large-Scale Human Intervention
and Estimation of Flood
Susceptibility Applying Frequency
Ratio Model

Meelan Chamling, Biswajit Bera,
and Sudipa Sarkar

Abstract

Extreme weather events induced by rapid
climatic change owing to irrational anthro-
pogenic actions in recent times have dramat-
ically increased the frequency and severity of
floods across the world. Modeling the flood
susceptible zones provide the much-needed
requisite sustainable tool to prevent and
mitigate the flood occurrence and its possible
adversity on human society. The fundamental
objective of the present study is to investigate
the application of Frequency Ratio (FR)
model in estimating the flood susceptibility
areas of Torsa river basin located at the
eastern Himalayan Foreland Basin. Flood
inventory data of 100 flooding locations for
2017–2019 is collected from National Disaster
Management Plan and processed in ArcGIS
10.3 platform to prepare the flood inventory
map with 70% training and 30% validation.
Eleven major flood causative factors such as
altitude, geology, slope angle, slope aspect,
rainfall, drainage density, plan curvature,

distance from river, soil type, topographic
wetness index, and land use and land cover
are extracted from SRTM DEM with 30 m
spatial resolution. Each individual causative
parameter is processed in ArcGIS 10.3 soft-
ware to prepare individual causative maps for
acquiring the essential values of fluvio-
hydrological and spatiotemporal features of
flooding parameters mandatory for the calcu-
lation of F.R model. The flood susceptibility
map computed on the basis F.R model is
finally validated using Receiver Operating
Characteristics (ROC) curve method to mea-
sure its scientific temperaments such as accu-
racy and efficiency. The estimated ROC curve
value for Frequency Ratio (F.R) model is 0.92
which is considerably good and reliable for
flood susceptibility determination. The model
depicts that around 12 blocks are susceptible
to flooding events in the district of Alipurduar
and Cooch Behar district of Terai-dooars
region. In Alipurduar district nearly 11.01%
of people are vulnerable to flood while in
Cooch Behar district it is about 3.79%. Most
of these blocks and their people are highly
exposed to flood and other fluvio-hydrological
hazards.
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10.1 Introduction

Flood is a natural persuasive phenomenon
defined by the inundation and overflow of water
from the surrounding streams, rivers, lakes,
aquifers, estuaries, and reservoirs to the con-
tiguous areas that usually remain unsubmerged
(Fattorelli et al. 1999). Flood is generally the
outcome of a complex geological and hydro-
geomorphological environment and often epito-
mizes the most intimidating and outrageous nat-
ural disaster of global scale owing to its rampant
adversity in terms of destruction to life and
property (Gashaw and Legesse 2011). Though
the flood occurrence and its decimating impact
are inevitable, yet the rational scientific evalua-
tion and management of flooding events along
with its causes and repercussion can be dealt with
the adaptation of radically relevant analysis and
forecasting methods (Cloke and Pappenberger
2009; Tehrany et al. 2015). Ascertaining the
flood hazard zone and computing flood suscep-
tibility maps will certainly become an imperious
tool in preventing, managing, and mitigating the
flooding prevalence and its prospective hostile
imprints on the human society.

Generally, flood management methods are
broadly divided into three segments viz. pre-
flood measures, flood event forecast, and post-
flood response (Kourgialas and Karatzas 2011).
Flood management can usually be accomplished
by integrating the anticipation, preparation, pre-
vention, and evaluation of destruction (Konadu
and Fosu 2009). Such critically acclaimed flood
management programs can be conceivable only
through the effective determination of flood sus-
ceptibility areas (Tehrany et al. 2013). The
accurate and consistent identification of flood-
prone areas and preparation of flood susceptibil-
ity maps enables the prompt response, diminishes
the probable adversity of flood hazard, and
thereby present a scientific means of early
warning or caution (Kia et al. 2012).

Effective neutralization of flooding adversity
through rational and scientific flood modeling is
the paramount attribute of the formulation of

comprehensive watershed management (Rahmati
et al. 2016). Forecasting of flood events by
determining the flood susceptible areas are rela-
tively challenging owing to the lack of availability
of specific and reliable hydrological data due to
the dearth of sophisticated hydrological observa-
tion stations (Khosravi et al. 2016). In the recent
time, hydrologists across the world have designed
and enunciated different types of flood risk and
susceptibility models formulated on the basis of
the natural properties or parameters of watershed.
These models are found to be reasonably suc-
cessful in resolving the flood induce hazards in
different parts of the world (Jayakrishnan et al.
2005; Bahremand et al. 2007). In case of tradi-
tional hydrological model, the adopted method-
ology is simple and mostly based on linear
assumption mechanism which is relatively inap-
propriate and irrational for the holistic studies of
watershed management (Liu and De Smedt 2004).
Thus, these conventional and traditional hydro-
logical methods are somewhat incompetent and
have failed to provide a comprehensive assess-
ment of flood susceptibility (Li et al. 2012; Teh-
rany et al. 2014). The advent of Remote Sensing
and GIS techniques in the field of Hydrological
science has greatly helped the researcher and
administrator to streamline various fluvio-
hydrological mitigation plans to deal with the
pre-hazard, during hazard, and post-hazard envi-
ronmental circumstances. Frequency Ratio (F.R)
model based on robust Remote Sensing and GIS
manoeuvre is considered significantly competi-
tive and highly precise in contrast to any other
nonlinear multivariate models to accurately eval-
uate the flood susceptibility area for any regional
studies(Liu and De Smedt, 2004; Pourghasemi
et al. 2012; Youssef et al. 2014). Several studies
carried out across the world in recent contempo-
rary period that unveils the satisfactory result of
Frequency Ratio model. For example, Naghibi
et al. (2015) while using Frequency Ratio model
in Moghan watershed concluded that the model is
highly accurate with nearly 91.21% in flood sus-
ceptibility determination. Similarly, Jaafari et al.
(2014) used Frequency Ratio (F.R) model to
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demarcate and prepare the landslide susceptibility
map of Caspian forest. The model yields around
89.12% of precision. In another instance, Rajse-
khar et al. (2013) achieved remarkable higher
accomplishment of exactitude in measuring the
drought categorization, drought duration identifi-
cation, and drought severity studies.

Unscientific and unreasonable practices of
land use and land cover (LULC) like indiscrim-
inate deforestation, unplanned expansion of
cropland, overgrazing, uncontrolled and irra-
tional growth of human settlement, unscientific
method of mining, extension of linear infras-
tructure such as roadway and railway, etc., are
gradually degrading the spatiotemporal homeo-
static equilibrium mechanism of the watershed
(Bishaw 2001; Tiwari and Chatterjee 2010). The
evidence of such jeopardizing adversity is
apparent in recent times manifested in the form
of frequent flood events along with the longer
duration of water inundation within the flood
plain areas. The Torsa river basin/watershed sit-
uated in the Himalayan Foreland Basin in the
Eastern Himalaya is no exception in such cases.
The intense increase in channel bed elevation
owing to excessive sedimentation as a result of
radical LULC transformation experienced by the
region in recent decades have massively caused
the obstruction of active channel path and fre-
quent change in cross valley slope (Jain and
Sinha 2004; Mukhopadhyay 2014). As a result,
the high rate and magnitude of river channel
sedimentation along with the substantial channel
migration has induced severe flood events and
related repercussions (Chakraborty and Ghosh
2010). The densely populated blocks under the
district of Alipurduar and Cooch Behar located in
the northern edge of the state of West Bengal,
India are continuously exposed to the vulnera-
bility of recurring flood hazards particular from
the adverse impact of the Torsa river and its
tributaries. Every year, tens and thousands of
people along with the huge natural resources are
utterly devastated by the dreadful and catas-
trophic hydro-geomorphic hazards like floods
triggered by the mighty Torsa river and its
tributaries in its basin areas. Therefore, an
attempt has been undertaken to make a scientific

study of the Torsa river basin and determine the
potential flood susceptibility areas by applying
the Frequency Ratio (F.R) model.

10.2 Study Area

The study area includes the Torsa river basin
located at the Eastern Himalayas foredeep basin
and extents between 25°55ʹ46ʺ N to 26°51ʹ 35ʺN
and 89°15ʹ 22ʺ E to 89°47ʹ 22ʺ E (Fig. 10.1). It
covers an area of about 3340.99 km2 and pre-
dominantly lies in the district of Alipurduar and
Cooch Behar of West Bengal, India. The Torsa
river is a transboundary river originating from
Tibet and flows through Tibet, India, and Ban-
gladesh. The entire course of Torsa river extends
to around 295 km, out of which 75 km is in
Tibet, 80 km in Bhutan, 99 km in West Bengal,
India, and 45 km in Bangladesh. The important
tributaries of Torsa rivers are Holong, Chhoto
Torsa, Kaljani, Napania, Gadadhar, etc. The
south-easterly dipping, fast-changing dynamic
landscape at the foredeep basin of Himalayas
controls the entire physical units or more clearly
the drainage system in this area. The basin
comprises alluvial soil of recent geological for-
mation (Holocene period) and it is characterized
by the presence of numerous hydro-fluvial fea-
tures like swamps, natural levees, oxbow lakes,
palaeo-channels, flood plains, etc. The entire
designated area which lies in the Terai-dooars
belt experiences tropical monsoonal climate with
temperature ranging between 23 °C in summer
and 10 °C in winter. Moderate and heavy rainfall
encourages extensive agricultural activities.

10.3 Methods and Materials

10.3.1 Earth Observation Data

Remotely sensed multispectral band satellite data
has emerged as a cost-effective, time-saving, and
highly accurate tool to inspect flood hazards
(Mouat et al. 1993; Coppin and Bauer 1996;
Kaiser 2009; Chamling and Bera 2020). Landsat 8
Operational Land Imager (OLI) with 30 m
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compatible spatial resolution satellite imageries
are downloaded from US Geological Earth
Explorer Landsat data archive (http://
earthexplorer.usgs.gov/). It comprises of multi-
spectral band of green (0.5 lm), red (0.6–0.7 lm),
and near Infrared (1.1 lm)which is then registered
in Universal Transverse Mercator (UTM) projec-
tion to prepare hybrid composite land use and land
cover (LULC) classification map of study area in
the ERDAS IMAGINE 2014, a raster-based
geospatial software version: 16.5 (v16.5.0.852).
For delineation of Torsa river watershed along
with extraction of important flood causative
parameters, Shuttle Radar Topography Mission
(SRTM) digital elevation model (DEM) with
90 m resolution is obtained from US Geological
Earth Explorer (http://earthexplorer.usgs.gov/)

(Table 10.1). All the prerequisite computations of
hydrological outputs are processed and executed
in the ArcGIS 10.3, ESRIgeospatial software.

10.3.2 Delineation of Watershed
and Extraction of Flood
Causative Parameters

Torsa river basin is delineated using ArcHydro
tool by exercising SRTMDEM and topographical
map in ArcGIS 10.3 software following WGS
1984, UTM zone 45N projected coordinate sys-
tem. Principal watershed area, drainage basin,
length of river, drainage density, and drainage
network with 20 m contour interval are computed
and extracted employing hydrological toolset

Fig. 10.1 Location of the study area
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performed in ArcGIS 10.3 platform (Bera et al.
2019). The watershed SRTM DEM with
3,650,694 pixels having 30 m spatial resolution is
analyzed in ArcGIS spatial analyst surface tool to
extract slope angle and slope aspect. For identi-
fication of the major soil composition of the study
area, soil map derived from National Bureau of
Soil Survey (NBSS) and for demarcating the
prominent lithology and geology of the region,
geological map of Geological Survey of India are
processed and digitized in ArcGIS 10.3 software
using geographical coordinate system (WGS
1984; WKID 4326). The rainfall data is retrieved
from Indian Metrological Department (IMD) lo-
cal metrological substations (Table 10.1). The
land use classifications are computed from mul-
tispatial band raster imageries, image interpreta-
tion, and classification process. Maximum
Likelihood Classification (MLC) supervised
method; a commonly used algorithm geospatial
quantitative appraisal technique is used to prepare
the land use categorization by performing in

ERDAS IMAGINE, a raster-based geospatial
software version: 16.5 (v16.5.0.852).

10.3.3 Flood Causative Conditioning
Factors

To develop a strong methodology (Fig. 10.2) and
to identify and evaluate the flood susceptibility, it
is perquisite exercise to determine the potential
causative parameters or factors and establish
their relationship with flood occurrence (Liu and
De Smedt 2005; Pradhan 2009). Flood suscep-
tibility determination of any watershed relies on a
large set of data as the independent variables
which are effective enough to cause flooding.
The processing and analyzing of such large set of
causative factors in modeling process demand
sufficient time and technology which often
delays the quick and prompt response to flood
mitigation (Campolo et al. 2003; Sanyal and Lu
2004). Considering some important parameters

Table 10.1 Specifications of standard data set

Sl. no. Data type Path/row
Index/map
no

Acquisition
period/publication

Spatial
coverage

Resolution Source

1 SRTM DEM 2017 Alipurduar and
Cooch Behar
district

30 m USGS earth explorer

2 Landsat OLI 8 139/42
139/41

2019 Alipurduar and
Cooch Behar
district

30 m USGS earth explorer

3 Geological
quadrangle
map

78/F 2002 Alipurduar and
Cooch Behar
district

1:500,000 Geological survey of
India

4 Topographical
map

78F/7,
78F/11

1970–71 Alipurduarand
Cooch Behar
district

1:500,000 Survey of India

5 Soil map Sheet no. 3 1991 Alipurduar and
Cooch Behar
district

1:500,000 National bureau of soil
survey and land use
planning

6 Meteorological Rainfall data of 2017 is
retrieved from Hasimara, Cooch
Behar, Alipurduar,
TufanganjNagrakata, and
Banarhat submeteorological
stations

Alipurduar and
Cooch Behar
district

– Indian meteorological
department
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and their subsequent critical analysis are required
to evaluate the flood susceptibility for any region
(Pradhan and Lee 2010; Skilodimou et al. 2003;
Erena and Worku 2018). Therefore, eleven major
flood causative factors of the Torsa river basin
are considered to identify the flood susceptibility
areas. These are altitude, geology, soil type,
slope angle, rainfall, slope aspects, land use,
drainage density, plan curvature, and topographic
wetness index (TWI). The quantile method is
applied to classify the each and every indepen-
dent variable as each class contains similar
number of features and found to be highly

efficient in classification (Tehrany et al. 2013;
Kia et al. 2012; Rahmati et al. 2016).

Altitude

Elevation differences always fabricate alteration in
the climatic features, vegetation composition, and
soil conditions (Aniya et al. 1985). Hence, altitude
is one of the decisive factors in flood susceptibility
mapping. The elevation map is for the designated
basin using SRTM DEM with five important ele-
vation (m) categories viz. <100, 100–200, 200–
300, 300–400, and >400 (Fig. 10.3a).

Fig. 10.2 Schematic
presentation of methodology
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Geology

Among the dominant parameters in driving the
hydrological response like flood events, geology
is often considered as the prominent one. The
geology directly governs the flow path of surface
and subsurface flow and its spatial distribution
within the catchment, bedrock permeability,
layers thickness, outcrop size, nature of interface
between bedrocks and soil horizons, watershed
water storage, etc. Drainage network, drainage

density runoff, permeability power, etc., which
are vital in manoeuvring the flood and it is
immediately controlled by the underlying geo-
logical arrangement. Therefore, the knowledge of
geological structures and their characteristic is
essential in predicting flood susceptibility. The
prepared geological map of selected basin area
shows four major geological formations. It
includes Sub Himalayan Shivalik, Baikunthapur
formation, Shaogaon formation, and recent flood
plain (Fig. 10.3b).

Fig. 10.3 Flood causative
factors a Altitude b Geology
c Slope angle d Slope aspects
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Slope Angle

Considered as one of the important factors in
flood occurrence due to its direct control over
surface runoff and percolation, slope angle is
extracted from the SRTM DEM, and the entire
study area is classified into five slope angle (°)
zone viz. <2.42, 2.42–9.98, 9.98–22.39, 22.39–
35.08, and >35.08 (Fig. 10.3c).

Slope Aspect

Slope aspect is a crucial parameter in evaluating
the geomorphological stability by influencing the
intensity of precipitation and soil moisture. To
determine the water flow direction is perhaps the
most important application of slope aspect com-
putation. It is prepared in ArcGIS 10.3 software
using Arc hydrological tool and classified slope
into nine major direction classes. They are flat,
north, south, east, west, northeast, northwest,
southeast, and southwest (Fig. 10.3d).

Rainfall

The most widespread meteorological factor
which leads to flooding is the amount, intensity,
and duration of rainfall. The magnitude of flood
is often portrayed by analyzing the peak water
level during the flood by considering the various
aspects of rainfall. During the monsoon season
due to heavy rainfall, the rivers and lakes are
frequently overburdened with additional water
which results in inundation and overflow into
surrounding areas. The chosen study area is
divided into five rainfall zone viz. <2650, 2650–
2900, 2900–3150, 3150–3400, and >3400. The
computed rainfall map shows the basin receive
relatively higher rainfall (Fig. 10.4a).

Drainage Density

The ratio of total length of watershed channels to
the basin area is considered as drainage density.
The watershed with high drainage density often
triggers flashy flood hydrograph and frequent
flood susceptibility. It is expressed as

Dd ¼
Pn

1 L

A
ð10:1Þ

where, Dd means drainage density, L stands for
length of stream, and A denotes stream basin.
The selected basin is divided into six drainage
density classes, namely, <0.39, 0.39–0.78, 0.78–
1.17, 1.17–1.56, and >1.56 (Fig. 10.4b).

Plan Curvature

Plan curvature is an important parameter on flood
probability of watershed. The curvature map
processed and computed in ArcGIS. 10.3. The
whole areas of basin have three important cur-
vature plans. They are concave, flat, and convex.
The Plan curvature value ranges between <2.02,
2.02–0.033, 0.33–0.45, 0.45–0.56, and >0.56
(Fig. 10.4c).

Distance from the River

Generally, flood occurs adjacent to river banks
and inundates the low-lying areas of flood plains.
Flood magnitude and its spatial distribution
usually depend on the distance from the river.
Being one of the important causative factors,
distance from the river is produced based on
digital layer of flow network of proximity anal-
ysis on ArcGIS software. Six flood potential
classes were obtained on the basis of distance
from the river. They are >500, 500–1000, 1000–
1500, 1500–2000, and >2000 (Fig. 10.4d).

Soil Type

Soil plays a crucial role in influencing the runoff
and subsurface characteristics in watershed and
acts as a potential factor in causing flood in the
downstream of the watershed. Pedological fac-
tors like soil types, characteristics, and compo-
sitions strongly determine the hydrological
response to rainfall, water storage capacity,
infiltration rate, and eventually the flood recur-
ring condition. On the basis of the National
Bureau of Soil Survey and Land Use Planning
(NBSS& LUP), the major soil type which is

168 M. Chamling et al.



found in the study area and includes very fine
loamy (W007) and coarse loamy soil (W008) of
piedmont plain soils (Ap) and coarse loamy
(W010), fine (W026) and fine silty (W028)
belonging to Active alluvial plain or flood plain
soils (AaA) (Fig. 10.5a).

Topographic Wetness Index (TWI)

Topographic Wetness Index (TWI) is also com-
monly known as compound topographic index
(CTI) which is widely used to quantify the
topographic or spatial scale control on

Fig. 10.4 Flood causative
factor a Rainfall b Drainage
density c Plan curvature
d Distance from river
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hydrological processes. It is based on the slope
and upstream area which helps to identify the
surface runoff flow paths and thus regarded as a
significant index in examining the flood potential
of any watershed. It is expressed as

TWI ¼ ln
As

tanb

� �
ð10:2Þ

where, TWI means Topographic Wetness Index,
As stands for specific watershed area and b
denotes curvature slope (in degree). The high
TWI with the value of >17.6 is randomly dis-
tributed over the basin area while the low TWI
value of <4.4 lies in the extreme northern parts of
the study area (Fig. 10.5b).

Land Use and Land Cover (LULC)

Land use and land cover (LULC) is an important
factor in determining the hydrological condition
of watershed along with topography and geol-
ogy. With increasing anthropogenic activities
and far and wide development and alteration of
catchment area land use/cover, the incidence of
flood frequency has increased many folds over
the year. The land use and land cover transfor-
mation is found to be highly capable to trigger
alteration of river basin hydrograph and increase

the annual mean discharge, flood frequency, and
overall damage. In total six LULC classes are
identified in the study area namely agricultural
land, built-up area, current fallow land, barren
land, vegetation, and water body. The northern
part of the basin area is covered with dense
vegetation while the middle portion of the study
area shows moderately high built-up scenario.
Overall the study basin area is dominated by
agricultural land with sporadic barren land
(Fig. 10.5c).

10.3.4 Statistics and Mapping of Past
Flood Location

In order to examine the flood potentiality, the
flood inventory maps are prerequisite for the
study of relationship between flood occurrence
and their causative factors (Manandhar et al.
2010). The highly accurate and appropriate data
of past historical flooding is obtained to create
the spatial database and prepare the flood sus-
ceptibility map of the Torsa river basin. Around
100 flood location statistics that were occurred in
the past from 2017 to 2019. These were collected
from Disaster Management Plan of Alipurduar
and Cooch Behar district and verified with
intensive field survey. The specific flood events

Fig. 10.5 Flood causative factor a Soil type b TWI c LULC
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location is used as raster network (30 � 30 m)
applicable in Frequency (FR) model. Thereafter,
flood inventory map is prepared using “create
fishnet” technique of PNGRIS field survey,
satellite dataset, disaster management database,
and aftermath flooding events. 70% of total flood
location points (i.e., 70 points) were randomly
designated as the training data for flood modeling
while the remaining 30%, i.e., 30 points were
used as non-flood points for validation group on

the scale of 1:25,000 (Rahmati et al. 2016) and
are shown in Fig. 10.6.

10.3.5 Flood Susceptibility Modelling

10.3.5.1 Frequency Ratio (FR) Model
Frequency Ratio (F.R) model is a bivariate sta-
tistical analysis (BSA) method which facilitates
the computation of probabilistic relationship

Fig. 10.6 Flood inventory
map of Torsa river basin
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between the independent and dependent variable
along with multiclassified map. It is a simple
method that predicts the possibility of occurrence
of certain attributes and the results can be under-
stood with an ease (Bonham-Carter 1994; Yilmaz
2010). Past flooding events and their condition
factors forms the basis for FR model. The rela-
tionship between the flood events occurrence area
and the flood causative factors can be inferred
from the association among the areas where the
flood has not occurred and the flood causative
factors. To identify the closeness of such rela-
tionship, frequency ratio approach is the highly
suitable statistical technique. Frequency Ratio (F.
R) model is found to be significantly effective in
ranking the preferred causative factors on the
basis of their capacity to influence the flood events
(Kannan et al. 2013). It is expressed as

FSI ¼
X

FR ð10:3Þ

where, FSI indicates Flood Susceptibility Index
while FR means frequency ratio. To compute
frequency ratio, the empirical equation is used.

FR ¼ NpixðSXiÞ=
Pm

i¼1 SXi

NpixðXjÞ=
Pn

j¼1ðXjÞ ð10:4Þ

where, FR stands for Frequency Ratio, NpixðSXiÞ
indicates the number of pixels of floods within
the class i of parameter variable X, NpixðXjÞ
denotes the number of pixels of parameter vari-
able Xj, m means number of classes in parameter
variable Xi, and n is the number of parameters in
the area of interest (study area).

The frequency ratio (FR) is calculated for all
the layers which are used in this investigation
and the frequency ratio (FR) is acquired on the
basis of these values (Table 10.2). Using the
spatial analysis tool of ArcGIS 10.3 software, the
thematic maps are reclassified and prepared.

Frequency ratio (F.R) is a reliable method
which is used globally for mapping flood sus-
ceptibility and analyses the relationship of ratio
between the area where the flood event occurred
to the whole area of interest (Yilmaz 2009; Sha-
fapour et al. 2019). If the FR value is found to be
higher than 1, it indicates that the parameters or
factors are strong enough in influencing the

Table 10.2 Determining the relationship between the flood
locations and flood causative factors applying Frequency Ratio (F.R)

Factors Class No. of pixels in sub-
basin

No. of
floods

Frequency ratio (F.
R)

Altitude <100
100–200
200–300
300–400
>400

288,963
62,818
29,315
12,563
25,128

70
10
0
0
0

1.03
0.00
0.00
0.00
0.00

Geology Sub Himalayan
Shivaliks
Baikunthapur
Formation
Shaugaon Formation
Recent Flood Plain

117,260
150,763
8375
20,941

29
22
10
19

3.02
0.75
0.06
0.24

Slope angle (°) <14
14–28
28–42
42–56
>56

409,037
8905
804
34
7

75
5
0
0
0

1.10
0.04
0.00
0.00
0.00

Slope aspect F
N

39,416
40,816

3
9

0.55
1.10

(continued)
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flooding. On the other hand, if the FR is less than
1, it denotes the existence of a negative relation-
ship between the flood event and operational
variables (Lee and Talib 2005; Sujatha et al.

2013). The ratio is applied to determine the sus-
ceptibility index of the flooded area and finally, it
prepares the flood susceptibility map based on
frequency ratio model using empirical equation.

Table 10.2 (continued)

Factors Class No. of pixels in sub-
basin

No. of
floods

Frequency ratio (F.
R)

NE
E
SE
S
SW
W
NW

44,350
53,782
64,797
57,327
47,926
41,376
28,997

12
10
9
10
14
9
4

1.09
1.06
1.01
1.09
1.40
1.01
0.61

Rainfall (mm) <2650
2650–2900
2900–3150
3150–3400
>3400

123,570
140,654
78,504
56,000
16,019

5
17
8
19
31

1.01
1.59
0.89
1.72
2.00

Drainage density <0.39
0.39–0.78
0.78–1.17
1.17–1.56
>1.56

113,072
159,139
102,556
37,691
6329

10
29
27
8
6

0.56
1.09
1.69
0.90
0.73

Plan curvature Concave
Flat
Convex

142,387
201,019
75,381

0
80
0

0.00
1.00
0.00

Distance from
river

<500
500–1000
1000–1500
1500–2000
>2000

240,510
131,020
41,212
5385
660

25
18
16
11
10

2.92
2.03
1.90
0.87
0.63

Soil type W007
W008
W010
W026
W028

54,442
58,630
117,262
83,757
104,696

12
35
14
10
9

1.60
3.75
1.70
1.20
1.06

TWI <4.4
4.4–8.8
8.8–13.2
13.2–17.6
>17.6

203,212
87,055
78,321
19,697
30,502

30
35
5
5
0

0.80
1.20
1.85
0.85
0.00

LULC Vegetation
Plantation
Waterbody
Barren land
Built-up
Agricultural land

115,166
52,348
16,751
25,127
41,880
167,512

25
16
10
8
14
7

3.42
2.00
1.90
1.84
1.98
1.00
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FSI ¼ AltitudeFRð Þþ LithologyFRð Þþ SlopeangleFRð Þ
þ SlopeaspectFRð Þþ DrainagedesnityFRð Þ
þ DistancefromriverFRð Þ
þ PlancurvatureFRð Þþ SoiltypeFRð Þ
þ TWIFRð Þþ ðLanduseFRÞ

ð10:5Þ

where, FSI means flood susceptibility index and
FR is frequency ratio. The acquired pixel values
are thereafter classified on the basis of natural
break classification scheme (Regmi et al. 2014;
Ozdemir 2011; Pourghasemi et al. 2012; Zare
et al. 2013; Moghaddam et al. 2015).

10.3.5.2 Flood Susceptibility Map
Validation

The application of any model depends on its
accuracy and reliability which need to be vali-
dated scientifically (Akgun et al. 2008; Pradhan
et al. 2009). For the present flood susceptibility
map validation, the receiver operating charac-
teristics (ROC) curve is applied to assess its
suitability. The ROC curve is a simple, useful,
and efficient universal method to determine the
feature, indentify and predict the system (Swets
1988; Hong and Cho 2015). In ROC curve, true
positive (correctly predicted pixels) rates are
plotted along Y-axis while false positive (incor-
rectly predicted pixels) rates are shown along X-
axis. To substantiate the model, area under curve

(AUC) is considered. If the AUC value is 1, it
indicates that the model is perfectly suitable for
estimating flood susceptibility. The value of 0.5
or less means the model is inappropriate while
the value greater than 0.75 denotes flood pre-
dictability is reasonably suitable (Egan 1975;
Ozdemir and Altural 2013; Heagerty and Saha-
Chaudhuri 2017). As per Rahmati et al. (2016),
the quantitative relationship between AUC and
model prediction accuracy is classified into five
categories viz. poor (0.5–0.6), good (0.7–0.8),
very good (0.8–0.9), and excellent (0.9–1.0). The
result of ROC curve as in Fig. 10.7 reveals that
AUC value of the Torsa river basin is found to be
0.92. Therefore, on the basis of computation and
validation of AUC, it can be concluded that the
flood susceptibility mapping of Torsa river basin
is considerably accurate with FR model being a
more suitable technique for identifying and
mapping the flood susceptibility area.

10.4 Results and Discussion

The flood susceptibility zones or areas of Torsa
river basin is determined by calculating the ten
flood causative parameters or conditioning fac-
tors in Frequency Ratio model (Table 10.2). Each
factor of flooding conditions is critically inves-
tigated and meticulously analyzed as flood
occurrence is generally the outcome of one or

Fig. 10.7 ROC of flood
susceptibility map of Torsa
basin based on F.R model
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more causative parameters. The scrutiny of ele-
vation map of the basin reveals that the area with
less the 100 m altitude is highly prone to flood
events. These high flood susceptibility areas are
spread over the entire region except in the
northern parts where higher altitude is found
(Fig. 10.3a). With respect to geology, recent
flood plain geological formation adjacent to river
banks is liable to higher flooding incidents
(Fig. 10.3b). Similarly, Shaogaon formation
geological sites covering the larger part of the
basin is also under moderately higher vulnerable
to flood (Table 10.2). The whole basin except for
a small portion in the northern part lies within a
low slope angle of <2.42° which portrays very
high flood frequency (Fig. 10.3c). While inves-
tigating Torsa river basin, it is observed that the
areas with east, south-west, west, and south-east
are under high flooding events zone (Fig. 10.3d).
On the other hand, land with no aspect reveals
low flood (Table 10.2). In terms of rainfall, the
entire basin area receives sufficiently high rain-
fall. Higher rainfall of more than 3150 mm and
above which mostly occurs in the northern and
eastern portion of the upper catchment of river
Torsa provides ample discharge to cause flooding
in the southern part of the basin (Fig. 10.4a). In
the study area, the Plan curvature index depicts
that the entire region is a flat surface which can
easily lead to flooding during heavy monsoonal
rainfall season (Fig. 10.4c). The computed drai-
nage density reveals that the basin has a dense
network of streams. Very high drainage density
of >1.56 km2 is randomly scattered all over the
basin area which makes the southern part highly
susceptible to flood (Fig. 10.4b). Distance from
the river map indicates that the flood events are
expected up to 2000 m away from the river. In
other words, areas lying within this distance are
more prone to flood than away from the 2000 m
(Fig. 10.4d). The highest flood events are found
within the 500–1000 m and 1000–1500 m dis-
tance away from the rivers (Table 10.2). The
examination of soil type is found in the basin and
it denotes that the coarse loamy soil (W008) of
piedmont plain (Ap) is found in the northern and
central part while at the south, fine loamy soil
(W026) belonging to Active alluvial plain or

flood plain soils (Aa) spreads extensively. Fine
silty soil (W028) of AaA lies near the river bank.
On the other hand, very fine loamy soil (W007)
of Ap is scattered away near northwest and
northeast of the basin. In general, the pedological
factors of soils reveal that the entire basin is
highly susceptible to flood (Fig. 10.5a). Topo-
graphic Wetness Index (WTI) calculation indi-
cates that the areas with 4.4–8.8 TWI value and
less than 4.4 are under high flood incidents while
TWI value of 13.2–17.6 and greater than 17.6
shows no flood events (Table 10.2). Land use
and land cover (LULC) map depicts high flood
events in agricultural land located at the central
and southern areas of the Torsa river basin
(Fig. 10.5c). Most of the flooding has taken place
within the flood plains which are situated close to
the rivers (water body) (Table 10.2).

The Frequency Ratio model susceptibility
unveils that the areas lying near the river banks
are under very high flood susceptibility zones in
the river Torsa basin (Fig. 10.7). High flood
susceptibility areas lie just at the margin of very
high flood vulnerable zones. Low and very low
flood-prone areas are scattered particularly at the
outer parts. Flooding events with moderate
magnitude are spatially found over the whole of
the basin at the periphery areas of high flooding
zones (Fig. 10.8).

Around six blocks each in the district of
Alipurduar and Cooch Behar of Tera-dooars
region of Himalayan foredeep basin is situated
within the Torsa river basin (Fig. 10.9). In case
of Alipurduar district, the six blocks/
municipalities are Alipurduar-I, Alipurduar-II,
Kalchini, Kumargram, Madarrihat-Birpara, and
Alipurduar municipality. Alipuruduar munici-
pality with six wards is highly vulnerable as
31.37% of its populations are affected by the
flooding events. Similarly, Kumargram and
Alipurduar-II blocks are also under threat to high
frequency of flood occurrence as nearly 22.42%
and 22.165% of the populations are susceptible
to flood, respectively (Table 10.3). Alipurduar-I
(10.54%), Kalchini (9.91%), and Madarihat-
Birpara (8.23%) blocks are relatively less sus-
ceptible. Alipurduar-II block has the highest
number of affected villages (n = 41) followed by
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Alipurduar-II (n = 28), Madarihat-Birpara (n-
28), Kumargram (n = 24), and Kalchini
(n = 18). In general, 11.01% of the populations
of Alipurduar district is susceptible to flood
occurrence and associated events caused by river
Torsa and its tributaries (Table 10.3). On the
other hand, in case of Cooch Behar district,
nearly 3. 79% of people are exposed to havoc of
floods arising from river Torsa and its associated
tributaries. The people settled in six blocks of
Cooch Behar-I, Cooch Behar-II, Mathabhanga-
II, Tufanganj-I, Tufangaj-II, and Dinhata-II are

directly affected by the flood and inundation
phenomena every year during the monsoonal
season. Tufanganj-I shows that largest number of
vulnerable people i.e. 22.71% followed by
Mathabhanga-II with 17.86%. Blocks like
Tufangaj-II (4.83%), Dinhata-II (3.65%), Cooch
Behar-II (3.39%), and Cooch Behar-II (1.90%)
were found to be less affected by fluvio-
hydrological hazards like flood. Tufanganj-I
block has the highest number of villages prone
to flood, i.e., n = 37. Similarly, Cooch Behar-II
(n = 23) and Mathabhnaga-II (n = 20) blocks

Fig. 10.8 Flood
susceptibility map based on
Frequency Ratio Model
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also have considerably higher number of villages
vulnerable to flooding. Cooch Behar-I (n = 12),
Dinhata-II (n = 12), and Tufanganj-II (11) are
relatively under low susceptible belts
(Table 10.3).

The very high or severely affected blocks are
situated along the proximity of river Torsa, Sil
Torsa Kaljani, Dima, Poro, Jayanti, and Raydak-
I, etc. Sil Torsa and Buri Torsa are completely
detached from the main Torsa due to nodal points
(off-take) avulsion. Abovementioned rivers are
the tributaries of river main Torsa. Basically, Sil
Torsa and Buri Torsa are the spill channels of
river Torsa. Different types of avulsion took
place within the Torsa river basin due to natural

siltation on the channel courses and anthro-
pogenic activities or stress on the river channels
or within the river basin. River bed mining and
channel bed thalweg shifting are very common
fluvio-hydrological events in this fast-changing
landscape. The Himalayan rivers are debouched
in front of the Himalayan frontal thrust or
specifically within the Himalayan foredeep basin.
When Himalayan rivers enter in the foothill of
the Himalayas, channel or geomorphic gradient
drops suddenly. As a result, rivers become wide,
sluggish, and braided in nature. National high-
ways with railway corridors create this foredeep
basin as interlacing drainage system. River Torsa
and its tributaries are no exception. To mitigate

Fig. 10.9 Flood susceptible
blocks and districts of Torsa
river basin of Himalayan
foredeep basin
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Table 10.3 Flood vulnerable statistics of Torsa river basin

District No. of
blocks

Blocks No. of
gram
panchayat

Gram
panchayat (GP)

Gram
panchayat
wise total
no. of
affected
villages

Total
no. of
people
affected

Blockwise
% of
people
vulnerable
to flood
(Torsa
river basin)

Total % of
people
vulnerable
to flood in
the district
(Torsa river
basin)

Alipurduar 6 Alipurduar-I 6 Pararpara
Vivekananda-I
Vivekananda-II
PurbaKathalbari
Tapshikatha
Banchukumari

3
1
1
11
5
7
n = 28

20,800 10.54 11.01

Alipurduar-II 5 Majherdabri
Kohinoor
Parokata
Samuktala
Mahakalguri

12
2
7
10
10
n = 41

43,654 22.16

Kalchini 6 Jaigaon
Rajabathkhawa
Dalsingpara
Garopara
Kachini
Latabari

4
3
1
5
2
3
n = 18

25,035 9.91

Kumargram 5 Kumargram-
Sankosh
Barobisha
Kamakhyaguri-
I
Kamakhyaguri-
II
Turtutikhanda

4
7
4
2
7
n = 24

39,921 22.42

Madarihat-
Birpara

7 Birpara-I
Birpara-II
Bandapani
Totopara
Lankapara
Hantapara
Rangalibazna

1
3
6
3
3
3
9
n = 28

15,270 8.23

Alipurduar
Municipality

6 Alipurduar
Municipality
ward no.5
Alipurduar
Municipality
ward no.8
Alipurduar
Municipality
ward no.13
Alipurduar
Municipality
ward no.16

n = 6 20,664 31.67

(continued)
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Table 10.3 (continued)

District No. of
blocks

Blocks No. of
gram
panchayat

Gram
panchayat (GP)

Gram
panchayat
wise total
no. of
affected
villages

Total
no. of
people
affected

Blockwise
% of
people
vulnerable
to flood
(Torsa
river basin)

Total % of
people
vulnerable
to flood in
the district
(Torsa river
basin)

Alipurduar
Municipality
ward no.18
Alipurduar
Municipality
ward no.20

Cooch
Behar

6 Cooch Behar-
I

5 Moamari
Falimari
Ghughumari
Dawaguri
Panisala

2
1
3
4
2
n = 12

5425 1.90 3.79

Cooch Behar-
II

8 Patlakhawa
Madhupur
Pundibari
Khapaidanga
Takagach
Marichbari
Baneswar
Khagrabar

2
7
2
3
6
1
1
1
n = 23

10,112 3.39

Mathabhanga-
II

12 Fulbari A
Fulbari B
Barasoulmar
Ruidanga
Latapata
Putimari
Ghoksadanga
Premerdanga
A.K. Paradubi
Nishiganj-I
Nishiganj-II
Unishbisha

1
2
1
1
1
1
3
1
2
2
2
3
n = 20

35,072 17.86

Tufanganj-I 9 Natabari-I
Maruganj
Dhalpal-II
Balabhut
Chilakhana-I
Chilakhana-II
Deocharai
Balarampur-I
Balarampur-II

3
2
3
4
9
2
8
4
2
n = 37

50,685 22.71

Tufanganj-II 2 Baxirhat
(Barokodali-II)
Shalbari-I

3
4
4
n = 11

8090 4.83

Dinhata-II 2 Nazirhat-I
Nazirhat-II

2
3
n = 12

7506 3.65
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the flood hazard, British ruler (since colonial
period) along with Bengal landlord wanted to
construct vertical concrete structures along both
sides of the natural rivers. This unscientific and
unrealistic approach has been practicing till
today. Long stretch concrete high embankments
have been built almost all the rivers within the
Torsa river basin with the help of West Bengal
Irrigation Department. Not only concrete high
elevation embankments along with culverts,
sluice gate, bridges etc. have also been con-
structed across the natural course of rivers. Due
to unexpected population explosion along with
forest land conversion, channel bed siltation is
accelerating during monsoon seasons. In case of
piedmont zone or Sub-Himalayan region of
Bhutan–Bengal foothill zone produces a huge
amount of dolomite dust and supplies to main-
stream like river Torsa through its tributaries. So,
flood hazard is very common recurring phe-
nomenon in this region. Not only the above-
mentioned blocks of Alipurduar and Cooch
Behar districts of West Bengal almost all foothill
blocks are suffering due to such fluvio-
hydrological hazard or disaster. During mon-
soon, due to shallow depth of rivers, the channel
beds are cannot accommodate the huge amount
of precipitated water within the channel beds and
results catastrophic or devastating flood.

10.5 Conclusion

Systematic computation and scientifically sound
flood susceptibility mapping of any region pro-
vide the comprehensive knowledge of prominent
factors that are responsible for triggering flood
events, its spatial distribution, and formulation of
preventive and risk management planning. In
total, eleven flood causative factors viz. altitude,
geology, slope angle, slope aspect, rainfall, drai-
nage density, plan curvature, distance from river,
soil type, topographic wetness index, and land
use and land cover are taken into consideration.
These flood causative parameters are processed to
extract the necessary fluvio-hydrological and
spatiotemporal features to identify the flood sus-

ceptibility areas of Torsa river basin processed by
Frequency Ratio (FR) Model in Remote Sensing
environment. The Frequency Ratio (FR) Model
indicates very high flood susceptibility areas
located at the south and southeastern part with
high vulnerable zone at the margin of very high
flooding susceptible zone. Moderate flood zones
are randomly distributed over the basin while
low, very low flood occurrence is found in the
northern and central part. In general, Frequency
Ratio (FR) model identifies the Torsa river basin
susceptible to frequent flooding events. The
model advocates that the entire basin is prone to
flood every year with more severity in the
southern and southeastern areas except in the
north due to the presence of higher elevation.
While validating the model with receiver operat-
ing characteristics (ROC), it is found that the
Frequency Ratio model is highly reliable and
accurate and can be significantly used to identify
and predict the flood susceptibility zones of any
areas. Therefore, the model can be effectively
utilized by the policymakers and planners across
the world to prevent and mitigate the flooding
events and their adverse damage to human soci-
ety. From the colonial era, we tried to borrow the
western philosophy and models to combat such
devastating fluvio-hydrological hazard or disaster
without getting the similarities of the hydro-
geomorphological setup of the region. The
anthropogenic stresses on these rivers and within
this river basin indirectly invite such recurring
flood hazard. The model with field validation
proves the realistic situation as well as the
necessity of implementation of real-time man-
agement procedures.
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11Flood-Induced Transport
Infrastructural Losses in India:
Regional Assessments

Suvendu Roy

Abstract

Flood-induced damage in transport infrastruc-
ture (TI) is very prominent and growing
rapidly with the increased establishment of
human amenities within the flood-prone
region of India. The estimation of actual
damage of TI for flooding is now an essential
task for sustainable planning in future devel-
opment by reducing financial losses. The
Government of India has significantly
increased the share of the total GDP from
0.30 to 0.98% in the last ten years (2007–
2017) for the development of the transport
sector. The regional level statistical investiga-
tion has been done to show the temporal
development of road networks for the past 60
years. After normalising with the Wholesale
Price Index (WPI), the financial damages by
flood events have been also presented here for
the same period. The result shows that the
flooding area of the country has been reduced
by *40% in comparison with the severe
phase of the Indian Flood (1970–1980s),
whereas the damage of public utility or
primarily transport infrastructure loss has been
significantly increased by *240%. Maps are

also showing a positive association between
higher flood-affected areas and maximum
losses of public utility mainly in the states of
Lower Gangetic Basin and Eastern Coast of
India.

Keywords

Transport infrastructure � Flood � Public
utility � Bridge failure � Road network

11.1 Introduction

Damages in the transport network and corre-
sponding infrastructural loss due to flood events
are becoming a serious problem for all countries.
A global-level assessment by Koks et al. (2019)
shows about 27% of assets of global roads and
railways that are exposed to at least one regional
geo-hazard, where river and surface flooding
generates maximum (73%) global Expected
Annual Damage (EAD) followed by the coastal
flood (15.5%), earthquake (7.3%), and tropical
cyclone (3.8%), as per their global-level vulner-
ability and risk assessment. The study has also
estimated that India comes under the top ten
countries in terms of the highest multi-hazard
EAD of transport network. Over the period,
economic and reinsurance losses due to floods
have been gradually increased in corresponding
with the increasing flood events (Mills 2005;
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Kundzewicz et al. 2013; Munich Re 2015; Swiss
Re 2015). Najibi and Devineni (2017) have also
noticed globally a significant fourfold increase in
the long duration flood frequency since the
beginning of the twenty-first century. Conse-
quently, flooding becomes a severe threat for the
transport networks by damaging roads, railway
lines, and other infrastructural failures, e.g.,
bridge collapse, massive obstruction of traffic,
and such events are leading to increase the
repairing cost and significantly affect the regional
economy and livelihood by reducing service-
ability and accessibility (World Bank 2016;
Taylor 2017). Jongman et al. (2012) has pro-
jected that the global exposure to river and
coastal flooding is 46 trillion USD in 2010,
which might be increased by 158 trillion USD by
2050, due to systematic and unplanned socio-
economic development within the flood-prone
areas. Recent researched data from the World
Resource Institute (WRI) shows that by 2030 the
number of people affected by the flood will be
doubled from 65 to 132 million due to riverine
floods and the loss of urban property will
increase by threefold from 157 million USD to
535 million USD (Ward et al. 2020). Therefore,
special consideration to figure out the transport
infrastructural losses due to flood events is an
essential task as an input in decision-making and
planning of such infrastructures at the regional
level.

The transport network in India is one of the
largest as well as busiest public amenities in the
World. In terms of the total length of transport
networks, India is the second (after USA) and
fourth largest country with more than 5.90 mil-
lion km of roadways (MoRTH 2019a) and
67,415 km of total railways route length with
7321 railway stations, respectively (MoR 2019).
The statistics on freight and passenger trans-
portation are showing that Indian road network is
transporting about 8.225 billion passengers and
980 million tonnes of cargo annually as of 2015
(World Bank 2016) and the Indian railway net-
work is transporting about 8.44 billion passen-
gers and 1.23 billion tonnes of freight annually as
of 2019 (MoR 2019). Nevertheless, the flood
statistic of India reveals that it becomes more

severe, unpredictable, and frequent than earlier.
In 2018, the country has faced total damage of
about 960 billion INR (`), which cumulatively
becomes about 4700 billion INR since 1953
(CWC 2019). In the last 66 years (1953–2018),
the average annual flood-affected area of India is
7.14 million hectares (Mha) where about 33
million populations have been affected every
year (CWC 2019). In 1980, Rashtriya Barh Ayog
(RBA) had estimated that the total flood-prone
area of the country was about 40 Mha, which has
been raised by 49.815 Mha after being revised by
the Working Group on Flood Management set up
by the Planning Commission during 12th Five-
Year Plan (2012–2017) through the available
information furnished by the State Governments
(cwc.gov.in/fm-projects).

In such circumstances, an effective assessment
of the damages of transport infrastructure by
flooding in India is crucial research for sustainable
development and planning to mitigate the impact
on transport network facility of the country. Such
findings could reduce the financial losses and
optimum use of the resource as the Government of
India is spending about 0.94% of its total GDP
during the 2020–21 financial year and has planned
to invest about 1.4 trillion USD on overall infras-
tructural development by 2019–2023 (www.ibef.
org). The prime objective of this work is to assess
the losses of transport infrastructure due to fre-
quent flooding over India with special attention on
the flood-prone states (Bihar and West Bengal) of
the Lower Gangetic Basin (LGB).

11.2 Impacts of Flood
on Transportation System

Since being a natural phenomenon, the occurrence
of flood is unpredictable but the flood-induced
damages could be reduced with effective plans and
coordination among the components of the society.
Flood and concurrence phenomena like torrential
rainfall, high water levels have significantly
affected the performance and lifespan of affected
transport infrastructure through the processes of
landslide, landslips, washed away of road and
railways, submerged and inundated bridge
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support, and road closure (Pedrozo-Acuña et al.
2017; Bizikova et al. 2008). The impact offlooding
on transport systems could be classified based on
the level of exposure of any transportation ele-
ments to the floods. The consequences or damages
through the physical contact offloodwater with the
transport infrastructure are categorised as direct
impact,whereas, the indirect impact designates by
the problems arising through the obstruction in
traffic flow, business interruption, increasing
emission, which is affecting a large area and lasting
for a long period (Pyatkova et al. 2019; Brown and
Dawson 2016; Hammond et al. 2015; Walsh et al.
2012; Pregnolato et al. 2017) (Table 11.1). The
consequences are also having different dimensions
like immediate/long-term, tangible/intangible
effects depending upon the land use of flood-
prone regions (Nicholls et al. 2015).

11.3 Date Used and Methods
of Analysis

The states and union territory level data of the
entire country (India) has been used for the pre-
sent investigation with a special focus on the
scenarios in Bihar and West Bengal states
(Fig. 11.1). The main data that has been used for
current work are annual flood damage data and
transport infrastructure data for the last 60 years.
The data relating to damage of flood has been

extracted from the different reports like Water
and Related Statistics—2019 of Central Water
Commission (CWC), Govt. of India; Annual
Flood Reports of Govt. of West Bengal (2013–
2019); Flood Hazard Atlas—Bihar: A geospatial
approach (2020), prepared by National Remote
Sensing Centre, Govt. of India; Report from
National Disaster Management Authority, Govt.
of India. The annual reports on ‘Basic Road
Statistics of India’ published by Ministry of Road
Transport and Highways, Govt. of India and
‘Indian Railway Year Book 2018–19’ by Min-
istry of Railway, Govt. of India have been used
for the information regarding the development of
Indian transport infrastructures.

Initially, the data related to financial damage
due to flood events and any other old financial
values have been normalised to eliminate the
effect of temporal inflation on the country.
Though, the Consumer Price Index (CPI) values
are used for this practice worldwide, due to the
unavailability of long-term consistent yearly CPI
values of India, the Wholesale Price Index
(WPI) (2010 = 100) has been used to adjust the
effect of inflation on the value of money.
The yearly WPI values of India since 1960 have
been collected from the World Bank’s website
https://data.worldbank.org/indicator/FP.WPI.TOTL?
locations=IN accessed on 15 March 2021, which
are compiled by the International Monetary Fund
(IMF) and International Financial Statistics

Table 11.1 Multi-dimensional effects of flooding on transportation system

Direct impacts Indirect impacts

Physical damages of infrastructures
– Bridge and Culvert Collapse
– Road and railway washed away
– Erosion of embankments for transport networks, e.g., approach
road for bridge

– Damage of different vehicles

Problem in traffic
– Delay of traffic due to congestion
– Increasing transport cost for taking detour
path

– Larger carbon emission
– Reducing reliability and network
performance

– Overall disturbances in regional economy
and livelihood
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(IFS). The widely used equation has been fol-
lowed for this exercise:

NormalisedValueofMoney
¼ PastMoneyValue� EndingWPI

� PastWPI

Where ‘past money value’ indicates the amount
of money spent in the past years, i.e., 1960
onwards and ‘ending WPI’ is the value of price
index in 2018 (132.593), ‘past WPI’ means price
index of the year 1960 and onwards.

The problem of autocorrelation, where appli-
cable as per Durbin–Watson test, has been also
removed from the normalised temporal data. The
normality test shows that all data are negatively
skewed; therefore, non-parametric tests have
been followed for choosing any statistical tech-
niques. For example, to analyse the temporal
trends and magnitude of changes Mann–Ken-
dall’s Test and Theil–Sen’s Slope techniques
have been used, respectively. In the case of
correlation analysis, Spearman’s correlation
technique has been applied. To draw and run all

such statistical techniques and diagrams, soft-
ware like IBM SPSS v. 20 and XLSTAT 2020 in
combination with Microsoft Excel have been
used. To show the state-level variation of dif-
ferent parameters during the last six decades
chorochromatic map has been used using Arc-
Map 10.4.

11.4 Result and Discussion

11.4.1 Scenario of Flood Damage
in India (1960–2018)

In the last six decades, a steady-state condition
(r = 3.50) has been observed in the area affected
by annual floods in India with a mean area of
7.22 Mha (Fig. 11.2 and Table 11.2). The most
devastative flooding year was 1978 with a spatial
coverage of 17.50 Mha followed by the years
1988 (16.29 Mha), 1971 (13.25 Mha), 2014
(12.78 Mha), 2005 (12.56 Mha), and 1976 (11.91
Mha). The decadal statistic shows that the 1970
and 1980s were the most flood-affected periods

Fig. 11.1 a Distribution of major river systems in different states of India; b Regional flood risk map of India (after
Nanditha and Mishra 2021)
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of India with an average flooding area of 9.53
and 9.66 Mha, respectively. In recent decades
(2000, 2010s), the area has been decreased to
5.82 and 5.52 Mha, respectively, and it might be
due to the effective flood control measures by
dams, barrages, embankments, etc. across the
country with a possible effect of changing river
regimes.

No significant change but a slightly negative
trend has been observed in Mann–Kendall’s
temporal trend analysis (MK = −0.134) of the
country’s flood-affected area (p = 0.272). How-
ever, significant (p = < 0.05) positive trend
and/or changes have been observed in losses of
human life, damages in the normalised values of
house damage, public utility, and total damage
with higher magnitudes as per Theil–Sen’s Slope
values (Table 11.2). In particular, the maximum
positive trend (MK = 0.593) has been observed
in the normalised value of public utility damage

with the magnitude of 210.074 followed by the
total flood damage (MK = 0.455; Sen’s
Slope = 333.96).

The decadal statistic of Indian flood damage
shows an important variation in the last six
decades (Table 11.3). In comparison with the
most devastative decade of Indian flood history
(1980s), recently (2010s) negative changes have
been observed in the total flood-affected area
(−41.92%), the population affected by flood
(−37.93%), human life loss (−14.29%), area of
crops damage (−5.08) and its normalised losses
in value (−6.91%), and losses of cattle
(−53.15%). These values are indicating an
improvement in the flood management system
and awareness of the population in the flood-
prone area. However, a significant increase has
been observed in total damage (101.10%), in
particular the damage of public unities
(240.64%) and value house damage (12.31%).

Fig. 11.2 Effect of flood
hazard on different socio-
economic aspects of India
during last six decades (1960–
2018) (Data Source FFM
Directorate, CWC 2019)

11 Flood-Induced Transport Infrastructural Losses in India … 189



Ta
b
le

11
.2

D
es
cr
ip
tiv

e
st
at
is
tic
s
an
d
no

n-
pa
ra
m
et
ri
c
(M

an
n–

K
en
da
ll
&

T
he
il–

Se
n’
s
Sl
op

e)
tr
en
d
an
al
ys
is
of

th
e
fl
oo

d
ha
za
rd

in
In
di
a
fo
r
59

ye
ar
s
(1
96

0–
20

18
)

V
ar
ia
bl
e

Fl
oo

d-
af
fe
ct
ed

ar
ea

(M
ha
)

Po
pu

la
tio

n
af
fe
ct
ed

in
m
ill
io
n

D
am

ag
e
to

cr
op

s
ar
ea

(M
ha
)

C
at
tle

lo
st

(n
os
.)

H
um

an
liv

e
lo
st

(n
os
.)

N
or
m
al
is
ed

cr
op

s
da
m
ag
e

in
cr
or
es

N
or
m
al
is
ed

ho
us
e
da
m
ag
e

in
cr
or
es

N
or
m
al
is
ed

da
m
ag
e
to

pu
bl
ic

in
cr
or
es

N
or
m
al
is
ed

to
ta
l
da
m
ag
es

in
cr
or
es

M
in
im

um
1.
10

3.
61

0.
27

45
72

.0
0

79
.0
0

19
3.
09

6.
58

35
.2
0

23
4.
86

M
ax
im

um
17

.5
0

79
.7
4

12
.3
0

61
82

48
.0
0

11
31

6.
00

18
37

2.
23

15
70

3.
25

91
43

0.
20

96
80

6.
75

M
ea
n

7.
22

34
.8
8

4.
15

99
12

0.
90

18
03

.5
4

53
32

.2
3

20
19

.8
9

80
49

.6
6

15
40

1.
80

SD
3.
50

16
.9
4

2.
34

11
68

77
.6
9

15
45

.9
4

36
29

.8
7

25
97

.3
3

13
65

8.
79

16
10

0.
29

M
an
n–

K
en
da
ll

(M
K
)

−
0.
13

4
0.
05

3
0.
13

3
0.
08

2
0.
28

2
0.
15

3
0.
28

0
0.
59

3
0.
45

5

Si
g.

(2
-

ta
ile
d)

0.
27

2
0.
76

5
0.
13

8
0.
49

4
0.
00

5a
0.
06

8
0.
00

2a
<0

.0
00

1a
<0

.0
00

1a

T
he
il–

Se
n’
s

Sl
op

e

−
0.
03

8
0.
11

2
0.
02

1
33

7.
55

1
18

.5
38

39
.7
95

29
.8
44

21
0.
07

4
33

3.
95

6

a S
ig
ni
fi
ca
nt

at
0.
01

le
ve
l
(2
-t
ai
le
d)

190 S. Roy



The positive changes of these three indicators are
revealing the expansion of human habitat and
allied infrastructure in the flood-prone area. The
statement could be supported by the findings of
Roy and Sahu (2017), where the study shows
that in the last five decades the road network
comes close to the river systems of eastern India.
About 153% growth of transport network has
been observed within a catchment and, in par-
ticular, about 220% growth has been observed
within the 30 m buffers of river network (Roy
and Sahu 2017).

11.4.2 Development of Road
Infrastructure in India
(1951–2017)

The expansion of transport network helps to
increase the connectivity all over the country,
which is essential for rapid development of the
economy and level of other services. The infor-
mation published in ‘Basic Road Statistics of
India: 2016–2017’ by the Ministry of Road
Transport and Highways, Govt. of India
(MoRTH 2019a, b) shows tremendous growth in
all types of road networks since 1951. The
maximum growth has been observed in the rural
road network, which contains about 70% of the
total road network in India (Fig. 11.3). Although
the National Highway (NH) of the country car-
ries only 1.94% of the total length of road net-
work, however, internationally India holds the
second rank after Australia as of 31 March 2017
(MoRTH 2019a, b). Annually, about 5% growth
of NH has been noticed in the last fifteen years of
this century, which is about 4% for total road
development. Since the beginning of the twenty-
first century, significant kick-off has been
observed in the growth of the country’s road
network (Fig. 11.3). The country is also trans-
forming its road into surfaced/paved very first, at
present about 63.24% of the total road is paved,
although much lesser than developed countries
like UK and France. The country is also
increasing its share of total Gross Domestic
Product (GDP) for the expenditure of road net-
work development. In 2017–18, the Govt. of

India shares 0.98% of its total GDP on road
infrastructure, which was only 0.30% in 2007–08
(Fig. 11.4).

The expansion of the Indian rail network was
started in 1853 between Mumbai and Thane over
a distance of 34 km. At the beginning of the
nineteenth century, the total length of the Indian
railway turns into about 40,000 km. During
Independence (15 August 1947), it was about
65,217 km of which 10,523 km went to Pakistan
due to the partition of the country and the total
length of Indian rail network became 54,694 km.
After seven decades it has become 67,415 km as
of 31 March 2019, of which *93.30% comes
under broad gauge line (>1.4 m), *4.2% in
metre gauge (1 m), and *2.5% in narrow gauge
(<1 m) (MoR 2019).

11.4.3 Damage of Public Utilities,
as a Proxy Data
of Transport
Infrastructure Loss

As per the Webster’s Dictionary (2010), a public
utility (PU) refers to ‘an organization supplying
water, electricity, transportation, etc. to the
public, operated, usually as a monopoly, by a
private corporation under governmental regula-
tion or by the government directly’. In India,
most of these services are provided by the gov-
ernment and/or directly controlled by private
organisations, e.g., electricity. In the context of
flood-induced damages in PU, the maximum
share of damaged value is generated from the
losses of transport infrastructures only because of
their direct contact with the floodwater in com-
parison with the underground and aboveground
public utilities like pipelines for water, gas,
electricity, telecommunication, etc. The data
provided in the flood report regarding PU are
mainly concerned about the physical damages of
the transport and other infrastructures, although,
the indirect effect on the economy and other
services due to lack of serviceability has not been
considered yet. Therefore, the damage value of
PU (after normalised through WPI value of
respective year) in different governmental reports
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has been considered here as a proxy data of
transport infrastructure loss due to flood event.

The group scatters plot of temporal flood-
affected area and normalised damage of public
utility of the Bihar, West Bengal, and India
shows over the period area affected by the flood
are reducing with a negative trend or not signif-
icantly changed, whereas, the value of PU has

been increased significantly for India and non-
significant but positively rise in Bihar and West
Bengal (Fig. 11.5). Since 1960, the average
damage value of PU in India is about 8049.66
crores and maximum loss (*91,430 crores) has
been estimated in 2018 followed by the years
2013 (*41,960 crores), 2015 (*34,700 crores),
2009 (*25,435 crores), 2006 (*22,500 crores),

Fig. 11.3 Trend of Indian Road Network Development since 1951 (Data Source MoRTH 2019a)

Fig. 11.4 Temporal
expenditure of Govt. of India
on the Road Network
Development (Data Source
MoRTH 2019a)
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and 2010 (*16,900 crores) (CWC 2019). The
result shows although in recent decades the
flood-affected area has not significantly changed,
the intensity of PU damage has been increased
significantly since the beginning of the twenty-
first century.

The correlation matrix (Spearman) between
indicators of flood-induced damage in India
shows very interesting facts about the country’s
flooding scenario (Table 11.4). There is no cor-
relation between flood-affected area and PU
(r = 0.002), which reveals that the area of
flooding over India has not been increased over
time although the infrastructure of public utility
significantly developed within the flood-prone
area of the country. However, the significant
(p < 0.001) positive correlations between flood-
affected area and affected population (0.59), area
and value of crop damage (0.655 & 0.465), and
number of house damage (0.413) are indicating
that the temporal expansion of flood inundation
mainly happens over the new croplands and
settlements area.

Although being the most flood vulnerable area
of India, in the affected states (Bihar and WB) of
the Lower Gangetic Basin (LGB), the correlation

values between the normalised cost of PU dam-
age and the flood-affected area are showing
opposite results in comparison with the whole
country. Significant positive trends have been
observed in Bihar (r = 0.609, p < 0.001) and
WB (r = 0.534, p < 0.001) along with other
parameters of flood damage. Recently Roy
(2021) found that about 44% of total road net-
works (*3.23 lakh km) and about 26% of total
railway lines (*4000 km) of WB are placed
within the floodplain area of the state’s rivers,
where about 13% roads are at risk of flood
damage. Figures 11.6 and 11.7 are showing the
state-level variation of flood-affected areas and
damage of PU, respectively. The figures are also
highlighting the presence of a very close asso-
ciation between the state-level most flood-
affected area and the higher amount of PU
damage for all six decades. Quartile-based clas-
sified range of values for the six different decades
is indicating the state-wise flooding area that has
been reduced over time, whereas the damages of
PU have been increased significantly towards the
recent decades. In the state-level analysis,
Spearman’s correlation values between flood-
affected areas and damages of PU are showing a

Fig. 11.5 Group scatter plots are showing the converse trend of flood-affected area and damages to the public utilities
in India, West Bengal and Bihar
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significant positive relationship for all the dec-
ades (Table 11.5). The lower correlation value in
the 1960s reveals the relatively minimal loss of
PU due to lack of infrastructural development
during the initial phase of independence.

11.4.4 Flood-Induced Major Bridge
Failures in India

The details of bridge inventory and their perfor-
mance data are still ignored in India, while such a
database is essential for India as a riverine
country to manage its transport infrastructures
and for their continuous serviceability. Recently,
Indian Bridge Management System (IBMS) of
MoRTH (2019b) has prepared a database on the
172,517 bridges and/or crossing structure instal-
led on NHs in India, which are structurally
divided as 1,34,229 culverts (<6 m span), 32,806
minor bridges (6–60 m span), 3647 major (60–
150 m span), and 1835 extra-long bridges
(spanning >150 m). However, no convenient
database is available on the structural losses due
to floods or any other natural hazards. The
developed countries are maintaining a compre-
hensive database of bridge infrastructure, e.g.,
National Bridge Inventory (NBI) of the USA.
Worldwide comprehensive studies have been
made on bridge failure and infrastructural per-
formances (Sheer 2010; Farhey 2017; Proske
2019), and Indian researchers also have done
some isolated works on the bridge failures
(Aggarwal 2001; Datta et al. 2000; Basu and
Gupta 2003; Birajdar et al. 2014).

Garg et al. (2020) have published a timely
research on bridge failure of India in the last 40
years (1977–2017), which could be treated as an
inventory of Indian bridge failures. Garg et al.
(2020) have collected detailed information on
more than 2130 cases of bridge failure due to
different causes during various phases of con-
struction in the last four decades. The study finds
the average service life of Indian bridges that is
34.5 years which is very low than other countries.
In *80% of cases of bridge failure, the major
causes are natural disasters like floods,

earthquakes, landslides, storms, avalanches, etc. In
the USA also about 60% bridge failures have been
caused by natural disasters (Cook and Barr 2017).
In particular, about 52% of bridges have collapsed
due to flood events only, which is a major cause in
India (Garg et al. 2020). Cook and Barr (2017)
also reported that in the USA about 55% of bridge
failure cases are happened due to floods. In 2018,
38 cases of bridge and culvert failure have been
reported by the Annual Flood Report: 2018 of
Govt. of WB, and most of these cases happened in
the rivers of North Bengal (IWB-GoWB 2019).
The present study has also tabulated some major
events of bridge failure in different parts of India
during the monsoon season of 2020, and financial
losses based on the report published in different
sources (Table 11.6 and Fig. 11.8).

11.5 Conclusion

Flooding in Indian rivers is a major and worrying
cause of transport infrastructural losses, which is
primarily concentrated in the states of LGB and
states of the Eastern Coast. The area affected by
flood has been reduced by *40% in comparison
with the severe phase of the Indian Flood (1970–
1980s), whereas, the damage of public utility or
primarily transport infrastructure loss has been
significantly increased by about 240%. Devel-
opment of transportation system in India is
noticeable, although the under-estimation and
less attention on the effect of river flooding is the
major cause of increasing damage of transport
infrastructure in form of the number of bridge
collapses, wash away of road and rail networks
in every rainy season. Preparation of detailed
bridge inventory and regular investigation of
their performance is now essential for India,
which is still neglected. The study only finds
direct and/or tangible effect of flood on the
transportation system that has been assessed
largely in a quantitative way, although the indi-
rect effect of flood on the transportation and
related system has been less studied while having
a long term and extended effect on the regional
economy and human society.
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Fig. 11.6 State-level variation (quartile based) of average flooded area (Mha) in the respective decades

Fig. 11.7 State-level variation (quartile based) of mean damage of normalised value of PU (Crores) in the respective
decades
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Table 11.5 State-level correlation values between flooded area and PU damage of studied decades

Spearman’s correlation 1960s 1970s 1980s 1990s 2000s 2010s

r-value 0.379a 0.623b 0.561b 0.790b 0.803b 0.646b

p-value 0.025 0.000 0.000 0.000 0.000 0.000
aSignificant at 0.05 level (2-tailed)
bSignificant at 0.01 level (2-tailed)

Table 11.6 List of major events of bridge and structure failure during the rainy season of 2020 in different parts of
India

Geomorphic
events

Location/place/region Date of
occurrences

Nearest
river

Details of transport network
failure

Expected cost
of losses

Source(s)

Landslide at
Darjeeling
Himalaya

Paglajhora,
Darjeeling, WB

June 29,
2020

Panchai
River

Disconnection of NH 110
(Hill Cart Road) from
Siliguri to Darjeeling and
Partly damage of
Himalayan Railway Line to
Drajeeling

N.A Siliguri Times
News Channel on
Facebook (June 30,
2020)

Heavy rain
and flood

Sattarghat Bridge,
Gopalganj, Bihar

July 15,
2020

Across the
Gandak
River

260 Crore brand-new
Bridge Collapses including
two-kilometer road
(approach road) also fully
damaged. Eight years to
take in its construction;
Inaugurated on 16 June,
2020

260 crore NDTV, INDIA
(July 16, 2020)

Heavy rain
and flood

Seoni district,
Madhya Pradesh

August 30,
2020

Wainganga
River

The bridge on Sunwara-
Amanala road was built at a
cost of ` 3.7 crore under
the Prime Minister’s rural
road network scheme,
PMGSY. The bridge was
150-m-long and 9.28 m
high, DAM effect. Its
construction started on
September 1, 2018, and was
scheduled to be completed
before August 30, 2020

3.7 crore NDTV, India
Today,
The INDIAN
Expess News
(August 30, 2020)

Heavy rain
and flood

Ramtek, Nagpur
district, Maharashtra

August 30,
2020

N.A The catchment area of the
river in Madhya Pradesh
received heavy rainfall;
therefore, it released large
amounts of water from the
dam. The bridge was
constructed between 2015
and 2018, and it used to
connect many villages of
the tribal communities

N.A NDTV, INDIA
(August 31, 2020)

Heavy rain
and flood

Gadigarh area,
Dharap near Jeevan
Nagar, Jammu

August 26,
2020

N.A The bridge that collapsed
due to the flood water was
an important link between
Dharap and Bishnah Tehsil
of Jammu District. This
bridge was built just five
years ago

N.A NDTV, INDIA
(August 31, 2020)

(continued)
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Table 11.6 (continued)

Geomorphic
events

Location/place/region Date of
occurrences

Nearest
river

Details of transport network
failure

Expected cost
of losses

Source(s)

Heavy rain
and flood

Araria, Bihar August 25,
2020

Bakra river According to a PTI report, a
part of the 200-feet-long
bridge, which is around 20
years old had collapsed on
Tuesday afternoon.
Reportedly, as the bridge
collapsed, a tractor carrying
several people as well as a
motorcycle and several
pedestrians fell into the
river. It is unclear as to
whether there were any
casualties

N.A Asian News
International
(ANI) Tweeter
Page

Heavy rain
and flood

Goabari village,
Kishanganj, Bihar

September
17, 2020

Kankai
river

A newly constructed bridge
has washed away ahead of
its inauguration in Bihar’s
Kishanganj following a rise
in the water level of Kankai
River. The bridge was built
at a cost of Rs 1.42 crore

1.42 crore timesnownews.com

Fig. 11.8 Examples of bridge failures during the monsoon of 2020 from different parts of India ( Source Collected by
author from various electronic media mentioned below in each photo)
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12Rural–Urban Differential in Flood
Vulnerability and Community
Preparedness for Flood Management
Strategies

Aznarul Islam , Susmita Ghosh,
and Suman Deb Barman

Abstract

The present study examines the varying
impact of flood hazards on selected rural and
urban areas of the lower Mayurakshi River
Basin. Flood hazard has been measured in
terms of flood frequency, flood depth, and
flood duration while flood vulnerability is
measured in terms of selected physical, eco-
nomic, demographic and social, and infras-
tructural indicators. An empirical survey was
executed over 563 households across five
severely affected villages and two municipal-
ity wards. In the last 20 years, the study found
no statistically significant difference between
rural and urban areas regarding flood fre-
quency and flood depth. However, flood
duration varies as per the area of residence.
Moreover, a statistically significant difference
has been observed regarding some indicators
of physical, demographic and social, and
infrastructural vulnerability. However, eco-
nomic vulnerability does not differ signifi-
cantly between rural and urban areas. This is
because, after the devastating flood of 2000,

the rural people opted for international migra-
tion especially in the Middle East countries
that increased the per capita monthly income
by remittance while the urban people received
a fair share of the income from the
non-agricultural occupation. Thus, this typical
mechanism eliminates the socio-economic
variation between the urban and rural com-
munities. Though there are no such significant
differences between rural and urban areas
regarding flood hazard and flood vulnerability,
a statistically significant difference has been
observed regarding the majority of the flood
preparedness activities.

Keywords

Riverine flood � Rural–urban gap � Flood
hazard � Community preparedness � Rarh
plains

12.1 Introduction

Flood hazard is often naturally or quasi-naturally
induced while flood vulnerability is mainly
associated with community behaviour, and hence
depends upon the exposure and coping capacities
of a community (Wu et al. 2002). Community-
wise flood vulnerability differs as per the varia-
tion of the demographic, societal, and economic
traits of a community (Chakraborty et al. 2020).
A lot of work have been done on community-
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wise disaster risk management. The scholars give
utmost priority to the community and include
them in the management work as the first
response to a disaster may come from them and
then from the others (Surminski et al. 2015).
Therefore, understanding the community beha-
viour and the needs of a community are vital in
reducing flood vulnerability.

The nature of socio-economic characteristics
differs drastically in terms of the rural and urban
communities (Buciega et al. 2009). Flood nega-
tively affects both the communities but in a dif-
ferent way. The backbone of the rural economy
is agriculture and flood damages the crop which
paralyzes the rural economy (Mahmood et al.
2019; Jahan et al. 2014). However, an urban
community mainly depends upon the secondary
and tertiary types of economic activities. Thus,
the rural people are economically more fragile
than that of the urban counterpart. In an urban
area, people alter the landscape drastically. In the
name of development, the whole urban area
becomes concretized and the extent of land to
encourage infiltration of the rainwater is negli-
gible which increases the flood peak (Adebayo
and Arohunsoro 2014; Suriya and Mudgal 2012).
In the rural area, the exposed area is greater for
groundwater recharge and lots of waterbodies are
present for retaining the floodwater (McMinn
et al. 2010). As with flood vulnerability, the
nature of flood adaptation strategies also differs.
The rural people emphasize strengthening their
economy, i.e., giving emphasis on occupational
diversification and increasing the per capita
income, and they also believe in ‘living with
flood’ (Mollah 2016). Moreover, Sahoo and
Sreeja (2017) emphasized constructing the
detention pond in Guwahati City to minimizing
the flood vulnerability. Suriya and Mudgal
(2012) suggested quantifying the runoff amount
of Thirusoolam sub watershed and also prepare
an appropriate land use planning for develop-
ment purposes. Moreover, Gupta (2020) studied
that for urban areas proper development of
sewage systems is important for minimizing the
flood effect.

Twigger-Ross (2005) portrayed the differen-
tial impact of flooding in both rural and urban

communities in the UK from an empirical per-
spective to developing the rural and urban policy
recommendation. A lot of work have been done
regarding rural–urban linkages to face the flood
(Jamshed et al. 2020, 2021; Satterthwaite and
Tacoli 2002). In the Mayurakshi River Basin, a
lot of work have been done regarding the flood
hazard (Islam and Sarkar 2020; Islam and Deb
Barman 2020; Ghosh and Mukhopadhyay 2015;
Jha and Bairagya 2012; Pal 2015, 2016, 2017)
and the anthropogenic control on flood (Islam
et al. 2020). The majority of the scholars focus
on the rural flood (Islam and Ghosh 2021; Mol-
lah 2016) of the Mayurakshi River basin but
there is no work till now regarding the urban
flood or rural–urban differential in flood vulner-
ability and adaptation strategies. Thus, the pre-
sent study would address the following
objectives.
(1) To unearth the differential impact of the

flood on the rural and urban community of
the lower Mayurakshi River Basin and

(2) To find out the nature and spatial variation of
different flood preparedness strategies taken
by the rural and urban communities.

12.2 Study Area

Originating from the Trikut Hill, Deoghar,
Jharkhand, the Mayurakshi River traverses
250 km, and then it debouches with the Bhagi-
rathi River near Narayanpur. The latitudinal
extension of the Mayurakshi Basin is from 23°
37′ 43″ N to 24° 37′ 36″ N and the longitudinal
extension is from 86° 50′ 16″ E to 88° 15′ 52″ E,
and it covers the total area of about 9596 km2.
The lower stretch of the Mayurakshi River is
configured with the five C.D. blocks of Mur-
shidabad Districts, i.e., Nabagram, Khargram,
Kandi, Burwan, and Bharatpur-I. Among the five
C.D. blocks, Kandi is the most flood-prone block
(Mollah 2016; Islam and Ghosh 2021a). Almost
every year, a flood visits Kandi. The present
study deals with the urban and rural areas of C.D.
Block Kandi. For the present study, two
municipality wards (Wards No. 8 and 13) among

204 A. Islam et al.



17 wards of Kandi Municipality and five villages
(Hijal, Srikanthapur, Andulia, Sashpara, and
Harinagar) among 84 villages have been selected
using a purposive sampling aided by a pilot
survey (Fig. 12.1). The population of C.D.
Block Kandi is 220145 and the areal coverage is
227.48 km2 while Kandi Municipality covers an
area of 12.97 km2 and contains a population of
55,632. The population density of C.D. Block
Kandi and Kandi Municipality is 920 persons per
km2 and 4300 persons per km2, respectively
(District Census Handbook 2011).

The study area is a part of the Rarh plain of
Murshidabad District and almost every year
Mayurakshi-Dwarka and Kuea River system
induce floods in this region. This area is a part of
the lower Mayurakshi River Basin that exhibits
drainage congestion and recurrent floods due to
the gentle slope (Islam and Ghosh 2021b).
The C.D. Block Kandi is drained by Mayurakshi,
Dwarka, Brahmani, and Kuea. Moreover, lots of
spill channels are spread over the region. The
severity of the flood of this region is induced by
the typical topographical configuration and out-
pouring of the rivers like Dwarka-Brahmani and
the Kuea with the Mayurakshi River in a low-
lying area of Hijal. And the peak flow Mayu-
rakshi system in the monsoon season finds it
difficult to pass through the north–south flowing
mighty Bhagirathi River because the water level
of the Bhagirathi also remains at a higher level
(Islam and Sarkar 2021).

12.3 Database and Methodology

12.3.1 Collection of Data

The primary data concerning the nature of flood
and its socio-economic aspects are collected
taking a statistically significant sample size
(n) for each village using simple random sam-
pling as a particular area is homogeneous in
terms of population. The sample size has been
determined using the Eq. 12.1 following the
United Nations Framework Convention on Cli-
mate Change (UNFCC 2020).

n � 1:6452 NV
ð1� NÞx0:12 þ 1:6452V

and

V ¼ pð1� pÞ
p2

ð12:1Þ

where n stands for sample size; N for the total
number of households of the villages as per 2011
Census (Table 12.1); p for the proportion of the
households having economic marginalization
(loss of crops and building damage minus coping
capacity) due to the flood of 2000 (Table 12.1) as
derived through the pilot survey in the field;
1.645 for 90% confidence required; 0.1 for 10%
relative precision.

Using this methodology, a total of 563
households were surveyed among which 396
rural households (Table 12.1) across five villages
(Hijal, Srikanthapur, Andulia, Sashpara, and
Harinagar) and 167 urban households across two
municipality wards (Ward Nos. 8 and 13) of the
Kandi Municipality.

12.3.2 Measuring Flood Hazard

Flood hazard has been assessed by using three
parameters: flood frequency, flood depth, and
flood duration. The C.D. Block Kandi experi-
ences floods on an annual basis. Based on the last
20 years (1998–2017) data collected from the
Kandi final report (2012), annual reports of Irri-
gation and Waterways Department, Govt. of
West Bengal (2013–2016), a study carried out by
Sanyal and Lu (2006), and field investigations
(2017), the flood frequency, flood depth, and
flood duration of the study area have been
portrayed.

12.3.3 Measuring of Flood
Vulnerability

Flood vulnerability has been measured in four
categories, i.e., physical vulnerability, demo-
graphic vulnerability, economic vulnerability,
and socio-infrastructural vulnerability. The
physical vulnerability has been measured based
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Fig. 12.1 Location of the study area
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on land use and land cover (areal percentages)
extracted from Google earth imageries for 2019.
Similarly, the demographic vulnerability param-
eters (population density, female–male ratio, and
dependency ratio) are calculated following the
District Census Handbook (2011). Moreover, the
social and infrastructural vulnerability parame-
ters such as the distance to flood shelter camp
from home, distance to market from home, and
distance to health center from home are derived
through the intensive field investigation during
2017–2019. Furthermore, the location of the
potential flood shelter is measured from the
Google earth imageries for 2019. Furthermore,
the economic vulnerability parameters (per capita
income, percentage of the farming population,
and diversification of occupation) have been
calculated from the field data collected through
extensive field surveys during 2017–2019.

12.3.4 Relative Importance Index

There is a block-wise variation on the percep-
tions of local people which is detected through
the relative importance index (RII). The algo-
rithm to compute RII is mentioned in Eq. 12.2.

RII ¼
P

W

AN

¼ 1n1 þ 2n2þ 3n3 þ 4n4 þ 5n5 þ 6n6 þ 7n7 þ 8n8 þ 9n9þ 10n10
10N

ð12:2Þ

where ‘W’ stands for the weighting or rating
given to each factor by the respondent which
ranges from 1 to 10; n1 for the number of
respondents giving minimum rating (1) while n10
for the number of respondents giving maximum
rating (10). ‘A’ for the highest weight (i.e., 10 in
the study) and ‘N’ for the total number of
samples.

The RII ranges from 0 to 1 (Le and Tam
2007). The higher the value of RII the higher the
intensity of the perceptional rating about the
social-psychological parameters.

12.3.5 Occupational Diversification

Inverse Herfindahl-Hirshman Index (HHI) has
been computed using Eq. 12.3 after Rhoades
(1993) to identify occupational diversification.

HHI ¼ 1
Pn

i¼1 ðWSÞ2 ð12:3Þ

where WS represents the share of the work-
force under a certain occupation (i) to the total
workforce under different occupational cate-
gories (n).

12.3.6 ANOVA

Analysis of variance (ANOVA), generally
expressed by ‘F statistic’ compares the difference

Table 12.1 Representative households of villages and wards

Village/wards Total households (2011) p Sample

Households Female Male Total

Srikanthapur 881 0.737 89 212 267 479

Hijal 2713 0.607 165 326 429 755

Andulia 521 0.865 40 94 106 200

Sashpara 1045 0.771 75 168 202 370

Harinagar 269 0.902 27 69 80 149

Ward No. 8 757 0.772 73 219 246 465

Ward No. 13 870 0.72 94 282 323 605

Total 7056 563 1370 1653 3023
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between the groups to the difference within the
group. For the present study, a one-way ANOVA
has been carried out to detect the significant
difference in hazard and vulnerability parameters
across different religious and economic groups. It
may be expressed using Eqs. 12.4-12.8.

F ¼ MST

MSE
ð12:4Þ

MST ¼ SST

p� 1
ð12:5Þ

SST ¼
X

nðx� xÞ2 ð12:6Þ

MSE ¼ SSE

N � p
ð12:7Þ

SSE ¼
X

ðn� 1ÞS2 ð12:8Þ

where F stands for Anova Coefficient, MST for
Mean sum of squares due to treatment, MSE for
the mean sum of squares due to error, SST for
sum of squares due to treatment, p for the total
number of populations, n for the total number of
samples in a population, SSE for sum of squares
due to error, S for the standard deviation of the
samples, N for the total number of observations.

12.3.7 Cluster Analysis

Cluster analysis is applied to classify the
parameters/objects into meaningful clusters or
groups which is different from the other
group. Hierarchical clustering or dendrogram is a
common approach to assembling similar pairs of
objects and forming lower to higher clusters step
by step. For cluster analysis between the group,
the linkage method opted for similarity and
squared Euclidean distance are taken into con-
sideration. In this study, a dendrogram has been
adopted for the grouping of flood preparedness
activities of rural and urban areas.

12.4 Results and Discussion

12.4.1 Nature of Flood

The flood history of Rarh tract is well known,
especially for the Mayurakshi, Ajay, and
Damodar River Basin. The nature of the flood of
the Rarh tract is quite different from that of the
Bengal delta. The sudden monsoonal rain causes
the flood in the peninsular rivers like the Ajay,
Mayurakshi, and Damodar rivers and often goes
beyond the coping capacity of the people. The C.
D. Block Kandi is the most flood hazard-prone
block of the Rarh tract of Murshidabad District
(Mollah 2016). As per the historical records of
the last 20 years (1998–2017), floods have been
recorded a maximum of 15 times in the C.D.
Block Kandi with at least 11 flood events. In the
years 2006 and 2015, Kandi experienced floods
two times a year, and in 2007 floods occurred
three times. A huge rainfall in the Chottonagpur
plateau and Rarh plain, and breaching of the
embankment and sudden water release from
Tilpara barrages are mainly responsible for the
flood of Kandi area.

In the last 20 years (1998–2017), the average
flood frequency of both rural and urban areas was
13. In rural areas, it ranges from 11 (Harinagar)
to 15 (Hijal and Sashpara) while in the urban area
the flood frequency was recorded 13 for Ward
No. 13 and 12 for Ward No. 8 (Fig. 12.2a, b).
The average agricultural flood depth in the rural
area was 4.67 m; and in urban areas, it was
2.78 m (Fig. 12.3a). The highest agricultural
flood depth recorded was 6.07 m in Hijal and the
maximum floodwater stay was also 80 days
(Fig. 12.3b). The floodwater stay on agricultural
land of the urban area was found to range from
17 to 18 days, and the depth of flood also ranged
from 2.74 to 2.81 m (Fig. 12.3b). An interesting
observation was noted regarding floodwater
depth in the settlement. The average depth of
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Fig. 12.2 Flood hazard of rural and urban area. a Spatiality of flood frequency. b Flood years
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Fig. 12.3 Spatial variation of aflood depth, b flood duration
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floodwater in rural and urban areas was 1.848 m
and 2.362 m, respectively. The water depth of
the urban area is higher than that of the rural area.
This is due to the absence of a waterbody in the
urban area and the percentages of agricultural
land are lower in the urban area which fails to
reserve the floodwater. Though the floodwater
depth is comparatively higher in the settlement
area of the urban land the floodwater stays
comparatively for fewer days.

To find out the statistically significant differ-
ence between urban and rural areas regarding
flood hazard, an ANOVA was applied to test at
1 degree of freedom and 0.05 significance level
which depicts that the F critical value is lower
than the computed value of F regarding agricul-
tural depth, settlement, and agricultural duration.
This signifies that there is a significant statistical
difference between rural and urban areas
(Table 12.2). However, regarding flood fre-
quency and settlement depth, there is no statis-
tically significant difference. The agricultural
land of rural areas of C.D. Block Kandi is located
at a lower elevation compared to the urban
counterpart. Moreover, flood water stay in the
settled area and on agricultural land is higher for
the rural area than the urban counterpart. One
interesting finding related to the flood depth and
duration between the rural and urban areas is that
though settlement depth is higher for the urban
areas, settlement duration is higher for the rural
area. This may be due to the paved surface in the
municipal wards and agricultural land use in the
rural area. This typical composition of land use
allows fast movement of floodwater from the
urban area compared to the rural area.

12.4.2 Flood Vulnerability

Vulnerability is closely related to the socio-
economic structure of the society as it is related
to the community characteristics (Mollah 2016).
Kandi is a flood hazard-prone area but econom-
ically less vulnerable due to the recipient of
higher remittances (Islam and Ghosh 2021a). The
higher flood hazard proneness forced the people
to migrate which brought remittances from the
outside, and therefore flood appears as blessings
to them.

Flood vulnerability has four components, i.e.,
physical vulnerability, demographic vulnerabil-
ity, economic vulnerability, and socio-
infrastructural vulnerability. Regarding physical
vulnerability, percentages of agricultural land
have an important role in the intensity of vul-
nerability. The higher the percentages of agri-
cultural land the higher the exposure of it to flood
vulnerability. In rural areas, the exposure is high
in the monsoon season (Fig. 12.4a). For example,
the village Hijal has the highest percentages of
agricultural land (90%) and other villages also
register about 75% of agricultural land. However,
Ward Nos. 8 and 13 have registered 34 and 47%
of agricultural land, respectively. Percentage
coverage of settlement is also an indicator of
higher vulnerability because the higher the per-
centages of households the higher the flood
exposure. Higher coverage of settlement is
observed in both Andulia and Sashpara (13%)
while the lower percentage is recorded in Hijal
(2%). However, Ward Nos. 8 and 13 have 46 and
37% of settlement coverage, respectively. Fur-
thermore, strong connectivity reduces the level of

Table 12.2 ANOVA
showing the variations of
hazard between the rural
and urban area

Parameters F P-value F crit Remarks

Flood frequency 0.26316 0.62981 6.60789 Null

Settlement depth 1.8215 0.23502 6.60789 Null

Agricultural depth 7.7454 0.03876 6.60789 Alternative

Settlement duration 13.7615 0.01386 6.60789 Alternative

Agricultural duration 16.1307 0.01016 6.60789 Alternative
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vulnerability. The maximum road coverage is
found in Ward No. 8 (7%) and the minimum is
recorded in Hijal (1.5%). A statistically signifi-
cant difference is found for the agricultural area,
settlement, and road space (Table 12.3).

Population density is maximum for Ward
No. 8 (about 57persons/ha) andminimum forHijal
(3 persons/ha). The average population density for
rural areas is 19 persons/ha while for urban areas it

is 37 persons/ha. The dependency ratio is recorded
higher for urban areas (about 36) than rural areas
(about 26). The maximum female–male ratio was
noticed in Andulia (905) while the lowest was
noticed in Hijal (712). There is a statistically sig-
nificant difference between the rural and urban
areas regarding only the dependency ratio.

The highest per capita income is recorded in
village Hijal about Indian National Rupees

Fig. 12.4 Flood vulnerability and preparedness. a Flood during the monsoon in Hijal. b, c Vulnerability of village
roads to monsoon rain and flood. d Flood shelter camp at Kandi. e Concrete embankment under Kandi Master plan.
f Flood-resilient building
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(INR) 2063 and the minimum in Andulia about
INR 954. There is no significant difference
regarding the economic vulnerability between
urban and rural areas. Sashpara recorded the
highest diversification of income, i.e., inverse HH
index 2.67 while the lowest was recorded in
Harinagar (2). Regarding urban areas, Ward
No. 8 and 13 recorded 2.35 and 2.48, respectively.
Harinagar and Hijal record more than 25% of the
farming population. The minimum percentages of
the farming population belong to the Andulia
(18%). Ward Nos. 8 and 13 have about 19 and
20% of the farming population, respectively.

The socio-infrastructural vulnerability to
flooding is comparatively higher in the rural areas,
especially the rural roads (kutcha) often become
vulnerable in the wake of the flood and heavy
monsoon rain (Fig. 12.4b, c). Besides, the flood
shelter camp, a concrete structure, helps to reduce
the shock of the flood victims especially during
and immediately after the flood events (Fig. 12.4
d). In the study area, it is nearer to the Srikanthapur
(about 0.12 km) and the maximum from Hijal
(1.58 km). Potential flood shelters are located at
the elevation of 23.77 m and 24.76 m for ward
Nos. 8 and 13 respectively. Regarding the rural
zone, it is lowest for Hijal (about 18 m) and
highest for Andulia (22.56 m). The average

market distance for rural areas is about 9 kmwhile
in urban areas it is only about 2.5 km. The distance
from the health centre is recorded maximum for
Hijal (3.42 km). The average distance to the health
centre is recorded as 1.68 km for rural areas while
it is 3.28 km for urban areas.

To find out the statistically significant differ-
ence between urban and rural areas regarding
flood vulnerability, an ANOVA was applied to
test at 1degree of freedom and 0.05 significance
level. The F critical is 6.607 for the 15 parame-
ters of flood vulnerability (Table 12.3) out of
which there are no significant differences
regarding 10 parameters.

Regarding physical vulnerability, parameters
such as waterbody and plantation exhibit no
significant statistical difference in their areal
coverage, although a higher percentage of the
waterbody and plantation is observed in rural
areas. However, regarding the coverage of the
agricultural area, settlement, and road space,
there is a statistically significant difference
between the two major units. This is quite
obvious because in rural areas agricultural land
predominates while settlement and road space are
predominant in an urban setup. Regarding the
demographic vulnerability, parameters such as
population density and female–male ratio exhibit

Table 12.3 ANOVA
showing the variations of
vulnerability between the
rural and urban area

Parameters F P-value F crit Remarks

Agricultural area 34.1455 0.00208 6.60789 Alternative

Settlement 60.956 0.00055 6.60789 Alternative

Road space 14.4862 0.01255 6.60789 Alternative

Water body 0.23686 0.64706 6.60789 Null

Plantation 0.21568 0.66187 6.60789 Null

Population density 0.97478 0.36883 6.60789 Null

Dependency ratio 8.8928 0.03073 6.60789 Alternative

Female-male ratio 0.28945 0.61365 6.60789 Null

Per capita income 0.08041 0.78811 6.60789 Null

Inverse HHI 0.06829 0.80426 6.60789 Null

% farming population 0.37282 0.56816 6.60789 Null

Flood shelter camp 0.03941 0.85045 6.60789 Null

Potential flood shelter 7.9241 0.03733 6.60789 Alternative

Market distance 3.0026 0.14367 6.60789 Null

Health centre distance 3.405178 0.124296 6.607891 Null
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significant rural–urban differences. This is
because of the higher population density and
female–male ratio in the urban area. However,
the dependency ratio of rural areas portrays a
significant departure from the urban area. This is
due to the presence of the higher dependency
ratio in an urban area as a consequence of the
presence of aged people. Regarding economic
vulnerability, the indicators such as per capita
income, inverse HHI, percentages of the farming
population show no significant rural–urban dif-
ference. This is due to the effect of balancing of
per capita income between the rural and urban
areas for a higher recipient of remittances from
the middle east countries by the rural people and
receipt of higher non-agricultural income by
urban area. Furthermore, regarding the social-
infrastructural vulnerability, location of flood
shelter camp, market distance, health centre dis-
tance depicts no significant statistical difference
between the rural–urban areas. Market distance
and health centre distance is higher for rural area
and the flood shelter camp is located nearer to the
urban area. However, the potential flood shelter
camp portrays a significant difference, and it has
been observed that the potential flood shelter
camps are located at the higher elevation in the
urban area.

12.4.3 Differential Impact
of the Flood on Rural
and Urban Community

Urban flood mainly occurs due to heavy rainfall
and insufficient or poor drainage condition
(Tingsanchali 2012). However, in the study area,
the urban flood occurs due to river overbank flow
either triggered by higher rainfall and drainage
basin characteristics or from the water release
from reservoirs mainly from Tilpara barrages or
for the breaching of embankments. The flood
vulnerability depends upon the community traits
(Cutter et al. 2008). The socio-economic char-
acteristics of a rural and urban area differ sig-
nificantly which is the main reason for higher
deviation in flood vulnerability. In a rural area, a

flood devastates the crops and farmers face a
huge loss. Rural houses and roads are mainly
kutcha types which are easily broken by the
floodwater while in urban areas stagnation of
water and pollution is the main problem of the
flood. The house and roads are less affected due
to the concretization. In an urban area, the
majority of the people depend on the non-
agricultural income for their livelihood which is
comparatively less affected by flood hazards.
Urban people can fast recover because of their
comparatively higher income; however, the rural
people take a long time for recovery because of
lower income and dependency upon agriculture.
This is the general scenario of rural and urban
floods but in the study area, the total scenario is
quite different and interesting. The flood of 2000
was the most devastating in the history of Mur-
shidabad. The flood occurred mainly due to the
overflow of water from the Bhagirathi River and
its tributaries and continuous heavy rainfall from
18 to 21 September and sudden discharge of
water from the reservoir. The flood breached the
embankment and washed away human lives,
livestock, houses, and other properties, and
4,90,313 houses collapsed and 4,50,600 ha
croplands were washed away. The loss of crops,
livestock, and other properties was estimated to
be exceeding Rs. 20,000 million. About 600
human lives were lost (Molla 2013).

The empirical survey of 563 households por-
trays a huge transformation in occupational
structure from 1998 to 2018 and this transforma-
tion was noticed mainly in the rural areas
(Fig. 12.5a). In 1998, 84.7% of the workforce was
engaged in agriculture, and it is decreased to
60.13% in 2018, and the proportion of the popu-
lation engaged in labour is increasing from 10.68
to 30.06% in that period. Similarly, for the other
villages the people who engaged in agriculture
also decreased, e.g., from 70.12 to 54.17% in
Srikanthapur, 69.09 to 50.36% in Sashpara, 80.36
to 66.67% in Harinagar, and 58.06 to 52.94% in
Andulia. In the urban area, the percentages of the
farmers to the total workforce declined but it is
negligible, e.g., from 57.59 to 55.35% in Ward
No. 8 and from 56.64 to 54.42% in Ward No. 13.
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After the 2000 flood, the severely affected
villages become ‘proletariat’, and village people
chose migration for their support of life and
livelihood. Thus, the working population from
Hijal, Srikanthapur, Sashpara, Harinagar, Andu-
lia migrated to the middle east countries, e.g.,
Saudi Arabia. The migrated people received huge
remittances which helped in fast recovery. Sur-
prisingly, due to the receipt of remittances from
foreign countries, the per capita monthly income
of villages increased (e.g., INR 853 for Andulia
to INR 2062 for Hijal) compared to the urban
area ( INR 1578 for Ward No. 8 and INR 1757
for Ward No. 13) (Fig. 12.5b).

Therefore, the devastating flood of 2000
comes as blessings to the rural community of the
study area as it allowed them to become eco-
nomically strong. The receipt of income can
reduce the flood vulnerability and during the
extensive field study, it was observed that the
majority of the houses in the rural study area
were pakka. So, regarding the socio-economic
characteristics of the rural and urban areas, there
are no such differences.

12.4.4 Flood Preparedness

Flood is a common phenomenon in both rural
and urban study areas. All the study villages are
flood-prone and the flood is recurrent throughout
its history. From 1999 to 2018, some villages
like Hijal, Srikanthapur, and Andulia faced
floods more than 10 times and some villages
have been inundated even for few months during
the 2000 flood. Therefore, they are quite familiar
with the flood and they consider flood as a nat-
ural hazard and they take some mitigation
strategies for the flood. Therefore flood pre-
paredness is essential for the proper planning of
coping strategies. Besides, government, non-
governmental strategies, and self-help strategies
help to adapt to the situation. The field study
portrays that different coping strategies are
practised by rural and urban people like selling
off assets, borrowing money, increasing aware-
ness, savings, etc. Flood preparedness is divided
into three broad categories—(1) self-help or
preparedness by the community itself; (2) assis-
tance from others including government, non-

Fig. 12.5 Economic characteristics of rural and urban areas. a Occupational transformation. b Per capita income

12 Rural–Urban Differential in Flood Vulnerability and Community … 215



government, relatives, and teachers; and (3) oth-
ers preparedness by both community and others,
especially government sometimes as a joint
venture.

Therefore, among 27 flood preparedness
parameters, eight are community preparedness
and eight are in the form of assistance from
others and the remaining 11 are taken by joint
ventures of the community and others. The eight
flood preparedness activities taken by the com-
munity are selling of assets, monetary savings for
flood, indigenous knowledge about flood, local
emergency plan, flood awareness programme,
local emergency rescue team, training of rescue
team members, and efficacy of rescue team
members. However, the other eight activities
taken are help from NGO, help from close rela-
tives, help from local political leaders, flood
awareness by the teachers’, teachers help to the
student, international help, flood forecasting, and
loan for the reconstruction of broken house. Here
international help signifies the help from different
foreign organizations during the flood. Another
eleven preparedness activities taken by both
community and others include construction of
embankment, maintenance of embankment, flood
resilient building, maintaining of water bodies,
land use planning in practices, crop insurance,
house insurance, detection of flood prone areas,
construction of shelter for environmental refu-
gees, and association with the national disaster
management organization at a regular interval.
Construction of embankment and its mainte-
nance at a regular interval keeps low-lying flood-
prone areas safe (Wesselink et al. 2015). Rarh
tract especially the lower part of the Mayurakshi
River Basin gets inundated by the breaching of
the embankment for long. Thus, creating and
maintaining an embankment constitutes an inte-
gral part of the life and livelihood of the local
people. Besides, the local community and gov-
ernment adopt different initiatives. For example,
under the massive engineering project ‘Kandi
Master Plan’, Government of West Bengal has
started embanking along the middle and lower
course of the Mayurakshi River (Fig. 12.4e).
Flood resilient building means the special archi-
tecture that passes the water from the bottom of

the buildings and the building is located at a
higher elevation than the ground so that the water
does not easily enter into the houses. Though the
people do not build up the flood-resilient build-
ing, the majority of the people have constructed
Pakka buildings mostly with foreign remittances
(Fig. 12.4f). However, many pakka buildings of
the villages of Kandi were constructed under the
Indira Awas Yojana. Waterbodies also resist
flood; however, their maintenance depends upon
the choice of the community and government.
For example, filling the waterbodies in the
municipality area requires the permission from
Government. Land use planning is an important
tool to escape from the higher magnitude of flood
vulnerability (Cilliers 2019). However, it also
depends upon the community traits and their
willingness. Crop and house insurance also
depends upon the mutual understandings of the
people and Government. If people invest money
to save their crops and house, the government
may take responsibility for the loss of their
resources. The flood detection map is also pre-
pared by the Government or by other agencies
with the help of the local people.

12.4.5 Rural–Urban Difference
in Community
Preparedness for Flood
Management

Flood in the Rarh tract in the Murshidabad
District is recurrent throughout history (Mollah
2016). However, virtually all the respondents are
reluctant to move elsewhere leaving this territory.
It has been found that more than 50% of villages
and wards have more than 50% of respondents in
favour of complete agreement (7 of 7-point rating
scale) regarding living with the flood. Similarly,
under the category of ‘strongly agree’ (6 of 7-
point rating scale), all the villages have a fair
share of respondents ranging from about 20 to
80% (Fig. 12.6a). Moreover, under the category
‘agree’ there are also some respondents (0–
100%) in some villages in favour of the state-
ment. If ‘completely agree’ is taken as the deep
agreement, ‘agree’ is taken as shallow
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agreement. In the study area, most of the villages
(RII 0.953) and also urban (0.881) people like to
live there in spite of the flood.

The perception survey of rural and urban
people regarding the flood preparedness activities
taken by the community shows that only local
emergency plan in the urban area (0.988) have
higher RII (relative importance index) than the
rural (0.627) (Fig. 12.6b). People agree to the

selling off assets, indigenous knowledge about
the flood, and local emergency plans for both
rural and urban areas. The RII is also higher (>
0.5) regarding these three parameters. The com-
paratively lower RII (< 0.4) for the local emer-
gency rescue team, training of emergency rescue
team, and efficacy of local emergency rescue team
are found in this study. To find out the statistically
significant difference between urban and rural

Fig. 12.6 Choice of the rural and urban people to
a ‘living with the flood’ Flood preparedness strategies.
b Self-help. c Assistance from others d. Joint ventures
(Note 1. Selling off assets, 2. Monetary savings for flood,
3. Indigenous knowledge about flood, 4. Local emergency
plan, 5. Flood awareness programme, 6. Local emergency
rescue team, 7. Training of rescue team members, 8.
Efficacy of rescue team members, 9. Help from NGO, 10.
Help from close relatives, 11. Help from local political
leaders, 12. Flood awareness by the teachers, 13. Teachers

help to the student, 14. International help, 15. Flood
forecasting, 16. Loan for the reconstruction of broken
house, 17. Construction of embankment, 18. Maintenance
of embankment, 19. Flood resilient building, 20. Main-
taining of water bodies, 21. Land use planning in
practices, 22. Crop insurance, 23. House insurance, 24.
Detection of flood-prone areas, 25. Having flood-prone
areas map, 26. Construction of shelter for environmental
refugees, 27. Association with the National Disaster
Management Organization after a regular interval)
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areas regarding flood preparedness of commu-
nity, ANOVA was applied. At 1 degree of free-
dom and 0.05 significance level, the f critical is
6.607 for the 8 parameters of flood preparedness
and there is a statistically significant difference in
the three parameters, i.e., monetary savings for
flood, local emergency plan, and flood awareness
programme (Table 12.4). Though the intensity of
the flood is slightly higher for the rural area, their
propensity to save money to mitigate the effect of
the flood is less because they are more accus-
tomed to the recurrence of flood events and hence
they do not emphasize monetary savings for
flood, unlike the urban population. Similarly, the
urban people go for more awareness programme
than that of the rural because the majority of the
urban people are engaged in the non-agricultural
practice and naturally the experience of flood in
relation to agricultural distress is less perceived
by the urban people.

Regarding the assistance from others, rural
people have agreed more regarding help from
NGOs and help from close relatives (Fig. 12.6c).
ANOVA was applied for the parameters of
assistance from others. At 1degree of freedom and
0.05 significance level, the f critical is 6.607 for
the 8 parameters of flood preparedness and there
is a statistically significant difference for five
parameters, i.e., help from close relatives, help
from local political leaders, teachers help to the
students, and international help and loan for the
reconstruction of the broken house (Table 12.5).
However, as the magnitude of the flood is higher
in the rural area, to combat the disastrous effect of
the flood rural people often make the necessary
arrangements. It is noteworthy that the majority
of the parameters in the self-adjustment category
do not show a significant difference between rural
and urban areas because flood management by
self-help strategy often results in subjectivity

Table 12.4 ANOVA
showing the variations in
community preparedness
(self) between rural and
urban areas

Parameters F P-value F crit Remarks

Selling of assets 4.44159 0.0889 6.60789 Null

Monetary savings for flood 18.0073 0.00814 6.60789 Alternatives

Indigenous knowledge about
flood

4.46103 0.08838 6.60789 Null

Local emergency plan 78.5953 0.0003 6.60789 Alternatives

Flood awareness programme 7.62489 0.03977 6.60789 Alternatives

Local emergency rescue team 0.09348 0.77212 6.60789 Null

Training of rescue team
members

0.01652 0.90275 6.60789 Null

Efficacy of rescue team
members

1.6098 0.26038 6.60789 Null

Table 12.5 ANOVA
showing the rural–urban
variations in flood
preparedness (others)

Parameters F P-value F crit Remarks

Help from NGO 2.22168 0.19628 6.60789 Null

Help from close relatives 10.4524 0.02313 6.60789 Alternatives

Help from local political
leaders

35.9796 0.00185 6.60789 Alternatives

Flood awareness by the
teachers

3.16998 0.13512 6.60789 Null

Teachers help to the student 8.1196 0.03585 6.60789 Alternatives

International help 11.2255 0.02032 6.60789 Alternatives

Flood forecasting 0.0476 0.83592 6.60789 Null

Loan for the reconstruction of
broken house

17.1067 0.00903 6.60789 Alternatives
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within the group than between the group. Con-
trary to the self strategies, flood abetment mea-
sures by others show that the majority of
parameters (5 out of 8) show a significant differ-
ence. This is because of the varying nature of
political consciousness and people’s responses. In
a rural area, help from the relatives and contri-
bution of NGOs is relatively better received
which makes significant differences. On other
hand, urban people are politically more conscious
and hence the majority of the benefits from the
other groups reach directly to the urban group
while the relatively lower political consciousness
of the rural people induces malpractices in the
distribution of benefits that make a significant
difference in some parameters like a loan for the
reconstruction of a broken house, and help from
local political leaders, etc.

The opinion polls depict that among the joint
ventures of flood preparedness activities, rural
people emphasize the construction and mainte-
nance of embankment and the RII value is 0.762
and 0.733, respectively, while urban community
gives more emphasis on the detection of flood-
prone areas and the RII value is 0.88 (Fig. 12.6
d). An ANOVA was applied for the parameters of
assistance from others. At 1degree of freedom and
0.05 significance level, the f critical is 6.607 for
the 11 parameters of flood preparedness and there
is a statistically significant difference of seven

parameters, i.e., construction of embankment,
flood resilient building, land use planning in
practices, crop and house insurance, detection of
the flood-prone area, and having flood-prone
areas map (Table 12.6). Regarding the flood
mitigation measures of joint initiatives of the local
people and others (Govt.), the majority of the
parameters (7 out of 11) have a significant dif-
ference between rural and urban areas. Con-
struction of embankment is a vital issue to save the
crops from flooding, and this makes a significant
rural–urban difference. Similarly, flood resilient
building is comparatively higher in the urban area
because of structural urbanization. The practice of
land use planning, crop insurance, house insur-
ance is remarkably higher in the rural area than
that of urban area. This makes a significant sta-
tistical rural–urban difference. Moreover, the
availability of flood-prone maps is significantly
lower in both rural and urban areas. However, the
flood-prone area has been detected with a higher
emphasis in the urban area than the rural area.

The single linkages of nearest neighbour cluster
analysis portray that helps from NGOs, house and
crop insurance, land use planning in practices,
having the flood-prone map, helps from relative
and monetary savings for flood make the large
cluster of lower level in the urban area and the
smallest cluster appears with a single variable of
the local emergencyplan (Fig. 12.7a, b).However,

Table 12.6 ANOVA
showing the rural–urban
variations in flood
preparedness (joint
ventures)

Parameters F P-value F crit Remarks

Construction of embankment 20.1107 0.00649 6.60789 Alternatives

Maintenance of embankment 5.61898 0.06392 6.60789 Null

Flood resilient building 16.1875 0.01009 6.60789 Alternatives

Maintaining of water bodies 0.1742 0.69372 6.60789 Null

Land use planning in practices 17.1043 0.00903 6.60789 Alternatives

Crop insurance 25.1609 0.00405 6.60789 Alternatives

House insurance 44.3038 0.00115 6.60789 Alternatives

Detection of flood-prone areas 9.10334 0.02951 6.60789 Alternatives

Having flood-prone areas map 95.4189 0.00019 6.60789 Alternatives

Construction of shelter for
environmental refugees

0.19949 0.67381 6.60789 Null

Association with the National
Disaster Management
Organization after a regular
interval

0.64375 0.45878 6.60789 Null
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Fig. 12.7 Cluster analysis of flood preparedness. a Rural. b Urban
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for the rural area, a more complex hierarchy has
been found. One large cluster and twelve small
clusters of parameters have been observed. The
large cluster consists of the local emergency rescue
team, training of emergency rescue teammembers,
efficacy of team members, land use planning in
practices, crop, and house insurance, having flood-
prone areas map and association with NDMO
(National Disaster Management Organization).

Apart from the overall scenario, regarding self
initiatives of flood preparedness in rural areas
four clusters have been found while for urban
areas five clusters have been found, i.e., flood
awareness programme, local emergency rescue
team, training of rescue team members, the effi-
cacy of rescue team members, and another four
variables that do not make any cluster at the
lower level. Regarding assistance from others,
five clusters have been observed for the rural area
and the largest cluster of three parameters, i.e.,
help from political leaders, flood awareness by
the teachers, and teacher help to the student while
for urban areas two clusters have been noticed
and the large cluster has been formed by six
parameters, i.e., help from local political leaders,
flood awareness by the teacher, teacher help to
the student, international help, flood forecasting,
and loan for the reconstruction of the broken
house. Regarding the joint initiatives of flood
preparedness parameters, rural area has one large
cluster consisting of flood resilient building, land
use planning in practices, crop, and house
insurance, having flood-prone areas map and
association with NDMO while in urban area four
clusters have been found (Fig. 12.8a–f).

12.5 Conclusion

The flood of urban and rural areas of C.D. Block
Kandi is mainly triggered due to the overflow of
Mayurakshi and its tributaries coupled with the

heavy rainfall or sudden releases of water from
the reservoir. The flood magnitude and flood
vulnerability between rural and urban areas do
not differ significantly. The colossal flood of
2000 diversified the rural occupational structure
of the severely flood-affected villages of the C.D.
Block Kandi. From 1998 to 2018, the percentage
of farmers in rural areas is found to decline. For
example, Hijal exhibits a transformation from
84.7% (1998) to 60.13% (2018) and Srikantha-
pur from 69.09 to 50.36%. However, the labour
force is increasing. For example, Hijal exhibits a
change from 10.68 to 30.06% and Srikanthapur
from 19.51 to 27.38%. Thus, during this period
of observation, about 25% of farmers were
transformed into labours and servicemen while in
municipality wards the transformation is negli-
gible (transformation of 2% of farmers). About
24% of the working population from Hijal have
migrated to middle east countries and the
migration is observed mainly from the village
area. Thus, the receipt of the monthly per capita
remittances is about INR 1200 and INR 571 for
the villages and municipality wards respec-
tively. On the other hand, the urban area has a
higher non-agricultural income compared to the
rural counterpart. This typical balancing mecha-
nism induces a similar income profile of the rural
and urban areas. Regarding flood preparedness
initiatives, the local political party is more active
in an urban area, and also different government
initiatives are enjoyed by the urban community.
However, the rural people are keen on
promoting self-help strategies than taking assis-
tance from others.
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Fig. 12.8 Cluster analysis of flood preparedness. a Rural self-help. b Urban self-help. c Rural others. d Urban others.
e Rural joint ventures. f Urban joint ventures
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13Application of Geospatial Techniques
for Urban Flood Management:
A Review

Biraj Kanti Mondal and Satiprasad Sahoo

Abstract

The present world is fond of urbanization and
the rapid urban growth often gave birth to so
many new problems, like urban flood and that
leads to several other challenges which can be
managed with the use of geospatial technol-
ogy. The urban communities in most of the
urban areas of the world are often exposed to
vulnerable condition to a greater risk by
witnessing urban flood as it has amplified its
incidence and magnitude in the current era and
India is not an exception. As a consequence,
the spatial distribution, extensive mapping,
zonation of flood, vulnerability, risk prone-
ness, and risk zonation have now become
popular, irrespective of boundaries to deal
with the question of urban flood monitoring
and management. In this context, the geospa-
tial technology coupled with the Remote
Sensing (RS), Geographic Information System
(GIS), and Global Positioning System
(GPS) has become the powerful and key tool
for urban flood management and thus gaining
attention in both developed and developing

countries. The Optical to Microwave remote
sensing have provided the data of flood
mapping analysis in all weather conditions
and GIS helps to map the flood hazard,
potential areas, vulnerable areas, core atten-
tion areas, etc.; therefore, both become vigor-
ously imperative. The remotely sensed
hydrological data, geomorphological informa-
tion, weather information, and Digital Eleva-
tion Model (DEM) have becoming more
effective, and they furnish the high accuracy
of flood estimation derived from the
high-resolution remote sensing data and they
are powerfully employed to manage urban
flood more efficiently and effectively. The
current effort is an attempt to highlight the
reviews which already worked in various
cities of the world, addressing the diverse
issues of urban flood management with the
application of geospatial techniques, to pro-
vide scientific information for the city plan-
ners and policy-makers to formulate the
resilient urban flood management strategy.
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13.1 Introduction

Flood occurs worldwide in var locations and in
diverse magnitude, and thus this widespread
hazard plays a marked and significant role in
shaping the environment, economy, and society.
Heavy rainfall, uneven distribution of rainfall,
improper drainage system, decreasing and
decaying of wetlands, etc. are often get aggra-
vated together with the uncontrolled urban pop-
ulation growth and density leads to urban flood.
Flood is a widespread devastating phenomenon
as it affected more than 2 billion people world-
wide between 1998 and 2017; loss of life, dam-
ages of property, and health hazards are the
immediate effects of such incidences. Worldwide,
people belong to low-lying areas and floodplains
are the most vulnerable, but the urban areas are
not an exception to fetch such incidences for
diverse reasons. Urban flooding is considered as a
type of pluvial flooding caused by surface run-off,
and thus this concept is different from fluvial or
coastal flooding. The physical characteristics and
concrete infrastructure of the urban area and the
rate of urbanization are the factors that increase
the chances of water logging problem in a larger
scale and enhance the occurrences flood. The
flood management especially in urban areas is
often becoming very challenging and a tough
mission for the urban planners and policy-makers
because it must enclose the wellbeing of the
inhabited people, maximize the use of resources
along with the minimization of human and eco-
nomic loss and damages caused by the flood.
Recently, the geospatial technology coupled with
the Remote Sensing (RS), Geographic Informa-
tion System (GIS) and Global Positioning System
(GPS) has become the dominant and solution tool
for flood mitigation and management. The vul-
nerability, risk proneness, flood-affected zones,
and attainable areas could easily be found out and
mapped through the GIS. Moreover, the
advancement from optical to microwave remote
sensing has developed in this field, which pro-
vides the all-weather capable data for mapping
and analysis of flood hazard. The quantification

and reduction of the damages, precaution and
assessment of flood, identification of vulnerable
areas and prediction of such events through the
RS and GIS helps to minimize the harmful effects
of flood and superior management can be pro-
vided with the diverse applicable ways by
geospatial technology. Furthermore, the troubles
of socio-economic motion together with transport
and communication, contamination of drinking
water, unavailability of food and loss of property,
aftermath illness along with the structural dam-
ages are the consequences of urban flood (Hewitt
and Burton 1971). The urban area located in the
flat surface or low-lying terrain often have to
adjust with the poorly build drainage and sewer-
age system which often have been blocked by
disposed municipal waste. The unplanned or
poorly planned urbanization makes the densely
concentrated inhabitants vulnerable to urban
flood, and therefore the damages become extra-
passionate and complex to manage (Jha et al.
2011). Urbanization often found in turn of the
switch of wetland, natural vegetation, agricultural
land to build up setting, structure and infrastruc-
tural enlargement (Adoeye et al. 2009), which has
a strong connection with the occurrence of urban
flood. Thus, many factors are responsible for the
occurrence of urban flood, such as duration and
intensity of precipitation, clearance of natural
vegetation, land use pattern, natural, quasi-natural
and man-made impediments. All of these enhan-
ces the occurrence of flood, its frequency, dura-
tion of stay, magnitude, inundation and areal
expand which are needed to judge for the miti-
gation and management, and the application of
geospatial technology is the key apparatus for
such effort. Different statistical and geospatial
techniques have been successfully used for
qualitative and quantitative analysis of urban
flood to uncover the vulnerable and risk prone-
ness, and thus it contributes a lot in the planning
and formulation of appropriate flood management
strategies. The magnitude of urban flood can be
reduced if adequate emergency prevention, pre-
paredness, response,and sustainable recovery
measures are implemented in a timely manner.
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Some important studies have been found
describing the collision of urbanization and
meteorological changes and its connection with
the increasement of rainfall in urban area
(Guhathakurata et al. 2011; Ghosh et al. 2009;
De et al. 2005; De Roo 2000; Rao et al. 2004;
Khole and Dey 2001; Roy et al. 2001; De and
Rao 2004; Goswami et al. 2006; Sinha et al.
1999); rapport between urbanization and hydro-
logical features like decrease in infiltration,
incensement of runoff, increase the number and
height of flood occurrence (Alaghmand et al.
2010). Some studies have found RS and GIS as
very effectual in identifying the spatial section of
flood management as it supplies adequate geo-
graphical information (Lowery et al. 1995; Smith
2001); GIS made the flood hazard identification,
vulnerability assessment, monitoring and fore-
casting easier (Roy et al. 2001); while RS
intended a synoptic attitude of spatial informa-
tion, allocation and dynamism of hydrological
episode employed to determine and monitor the
flood, and quantification of the areal extend
easily (Izinyon and Ehiorobo 2011). Currently,
greater than 50% population of the world live in
the urban area and this is going to accomplish
two-thirds by 2050 (IFRC 2010; WHO 2010)
and this could be very alarming so far the man-
agement of urban flood is concern. Furthermore,
the urban flood is considered as dangerous
catastrophic events across the globe and ranked
as the commonest event with some serious con-
sequences ranging from trivial to foremost acci-
dental (Liu and Li 2017; Gharagozlou et al.
2011; Clement 2013; Ramlal and Baban 2008;
Mark et al. 2004). Moreover, the flood risk is
increasing with an escalation of hydrological and
climatic variables (Masser 2001; Mathew et al.
2012;Messner and Meyer 2006; Mohit and Aktar
1998; Yi et al. 2010; Heywood et al. 1993;
Huong and Pathiran 2013), thus and need of the
hour is to reduce such urban flood risk in urban
areas of the world. In most of the urban areas, the
harsh nature of urban flood is exasperated by the
predominantly occurred heavy rainfall; stumpy
infiltration due to impervious facade, poor and
unmaintained prior urban drainage infrastructure,
accelerated surface runoff, and related inundation

of low-lying areas (Liu and Li 2017; Few 2003;
Chen et al. 2009; Fernandez and Lutz 2010).
Such urban flood events are often amplified by
the consequences of climate change and
unplanned and extensive urban expansion, and
therefore diverse techniques have to be employed
for effective and efficient management. In this
regard, the prologue exercise of geographical
information systems (GIS) has improved the
estimation of urban floods, identifying poor
zones, finding risk-prone zones using diverse
analysis and modelling of flood-causing essen-
tials like precipitation, river discharge, drainage
systems, depth of groundwater table, and slope to
deal the perilous nature of urban floods for resi-
lient management. Different aspects of urban
flood elements have been analyzed using multi-
criteria spatial analysis, overlay analysis,
employment of different models using GIS
techniques, and with the help of systematic
integration of structural and non-structural events
with the community level, flood risk can be
lessened to some extent or to an acceptable level.

13.2 Common Concepts in Flood
and Flood Management

The relevant and important terms that are closely
associated with the urban flood and its manage-
ment are mentioned in the form of a flowchart
(Fig. 13.1).

Flood hazard: In a specific time within an
area, the occurrence of an urban flood event
showing its potentiality and magnitude and the
several factors dependent on it (Crichton 2002;
Kron 2005; Dang et al. 2010). The frequency of
occurrence, warning time, rate, and increase of
water levels, flood depth, duration, velocity, etc.
are very important in flood management.

Flood vulnerability: The physical, economic,
social, environmental conditions that make the
population more susceptible to urban flood haz-
ard is known as flood vulnerability, which has
been judged in numerous studies (Alcantara-
Ayala 2002; Pelling 2003; ISDR 2004; Barroca
et al. 2006; Adelekan 2011). This vulnerability
should be studied as vulnerability indicators,
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susceptibility, exposer, and coping indicators
(Weichselgartner 2001; Adelekan 2011) and
such kind of information is paramount in deter-
mining the flood risk.

Flood risk: The hazards and its potential loss is
generally amounted by the flood risk (Crichton
2002; Kron 2005) which signifies the overall
effects of urban flooding including the treats of
life, danger, evacuating of people, potential
damages to the structure, buildings, social dis-
ruption, loss of production and community
belongings, etc. Thus the flood risk is often
expressed by the formula: Flood Risk = Flood
hazard x Flood vulnerability (Dang et al. 2010;
Karim et al. 2005; Kron 2005; Apel et al. 2009).

Flood damage: The impact of flood damage can
be assessed by the amount of flood damage both
in tangible and intangible form, which includes
agricultural and environmental damages, busi-
ness interruption, health, etc. (Pielke and
Downton 2000; Munich and Topics 2005; Dutta
et al. 2003).

Flood management: Urban flood has been
gaining increased attention over the years
because of the increased rate of urbanization and
its connections with the hazards, and significant
damages caused to populace, livestock, health,
assets, bridges, buildings, communication,
homes, and business (Ramlal and Baban 2008;
Chen et al. 2009; Few 2003; Mark et al. 2004). In
the developed countries, these hazards are dev-
astating to the cities in diverse ways mostly due

to notably extreme precipitation events coupled
with dilapidated drainage system generated by
over urbanization. The urban flood management
reducing its potentiality includes proper and
timely analysis of risk assessment employing
interdisciplinary approaches with the help of RS
and GIS (Barbosa et al. 2012; Chen et al. 2009).
The application of RS and GIS techniques in all
the four stages (Prediction, Preparation, Preven-
tion and Mitigation and Damage Assessment) of
flood management is incredibly effective and
fruitful as it has updated and potential appliances.

13.3 Flood Management
with the Application of RS
and GIS

RS and GIS can provide information about pre-
dicted flood events in order to facilitate early
prediction and planning and to build up an
improved management system. Thus, effective
and efficient planning with the help of some
models and methods by using geospatial tech-
niques for urban flood management was well
adopted in some urban areas of the world. Some
of the models like, WetSpa, HYDROTEL, LIS-
FLOOD, TOPMODEL, SWAT, (Wang et al.
2011; De Smedt et al. 2000; Fortin et al. 2001;
De Roo et al. 2000; Quinn et al. 1991; Arnold
et al. 1998; De Smedt et al. 2002); Digital Ele-
vation Model (DEM) and hydrological models
were increasing popularity as these models

Fig. 13.1 Flowchart of concepts of flood management
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include the data of land use and land cover, river
discharge, rainfall amount, rainfall frequency,
surface roughness, spatial and temporal infor-
mation, etc. Some have used multispectral RS
data for employing GIS-based models like Nor-
malized Difference Vegetation Index (NVDI),
DEM (Townsend and Walsh 1998; Konadu and
Fosu 2009); while several studies worked on
different GIS-based hydrological models (De
Roo et al. 2000; De Smedt et al. 2000; Usul and
Tarun 2006; Batelaan et al. 2007; Chormanski
et al. 2008; Stancalie et al. 2009; Kabir et al.
2011) in a more simplified manner to predict
flood. The application of geospatial technology
in urban flood management is grouped into a
single frame (Fig. 13.2).

13.3.1 Flood Hazard Mapping

The identification of potential urban flood-prone
area, risk-prone area and probable threat area is
very essential in flood management, and this helps
the planner, government, and even Non-
Governmental Organizations (NGOs) to concen-
trate on the priority areas, allocating resources in

proper areas. In this regard, the application of
geospatial technology have proved powerful in
predicting potential flood risk, vulnerability, and
hazard (Islam and Sado 2000; Brivio et al. 2002;
Hardmeyer and Spencer 2007; Singh and Sharma
2009; Stancalie et al. 2009; Konadu and Foshu
2009; Davor et al. 2016; Farnandez and Lutz
2010; Joy et al. 2019; Patel and Srivastava 2013;
Singh and Kanga 2017; Sowmya et al. 2015) as
the maps provide simplified information on the
flood depth, velocity, direction of flow, inundated
area, etc. The season wise (dry and wet) analysis of
remote sensing-based satellite data can easily be
comparable with the flood inundation models
(Samarasinghea et al. 2010) and hydrological
models, and helps to validate the accurate infor-
mation of flood simulation and flood risk mapping
in any urban area. The application of recent RS
data like Landsat Enhanced Thematic Mapper Plus
(ETM + ) and ERS (European Space Agency)
SAR(Synthetic Aperture Radar) imageries to rec-
ognize and categorize the flood depth, flooded
zones, and non-flooded areas (Sanyal and Lu
2004; 2005; Solheim et al. 2001) helps to predict
floods (Ramlal and Baban 2008; Correia et al.
1999) and build up urban flood resilient strategies.

Fig. 13.2 Application of geospatial techniques for flood management
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13.3.2 Mapping of Urban Features

As the anthropogenic inputs are very prompt in
urban areas and have a larger contribution in
occurrence of flood, various factors including
urban growth scenarios are needed to consider,
and this is the importance of geospatial technol-
ogy. Urbanization enhances the trend of urban
flood and it is anticipated that more than five
billion people athwart the globe will inhabit the
mega urban areas by the year 2025, which could
aggravate the occurrences of urban flood (Masser
2001; Sorensen et al. 2016; Fernandez and Lutz
2010). Therefore, worldwide urban planner, civil
engineers, architects, scientist, and environmen-
talist come forward together for updated and
sustainable city planning to reduce the diverse
effects of dissimilar hazards like urban flood and
other issues. In this context, the geospatial tech-
nology easily pointed out the complex network
of urban infrastructure, both natural and man-
made features using various RS-GIS methods.
Similarly, the changes of Land Use Land Cover
(LULC) have some serious and valuable non-
stop and indirect contributions in the discrepancy
and disruption of hydrological cycle and which
awkwardly later causes urban flood (Dai et al.
2001; Correia et al. 1999; Betel and Moghanm
2011; Weng 2001; DeVantier and Feldman
1993), and this could be addressed by the
application of geospatial technology. Moreover,
the spatio-temporal changes of urban expansion
can be studied using this technology, which is
very effective and necessary to formulate resilient
flood management plans. Moreover, it is imper-
ative to note that geospatial technology helps in
site selection for waste disposal, location of
wetlands, concentration of build up areas and
ground water assessment (Dai et al. 2001; Chen
et al. 2009; Correia et al. 1999) and facilitate new
avenues in building 3D urban mapping models
(Esri 2014) for appropriate urban ecosystems

environment, urban land use planning, natural
hazards identification, etc.

13.3.3 Preparation of Hydrological
Models

In most of the urban areas, the developmental
works affect the hydrological setting and water
system, and the parameters like rainfall amount,
duration, frequency, infiltration, surface runoff,
water discharge, water stagnation, inundation,
water balance, etc. can effectively be incorporated
in building hydrological models for urban flood
management with the application of geospatial
technology. Thus, with employment of advanced,
affordable, available RS and GIS software, the
planner can fruitfully develop the proficiency to
manage, manipulate, analyze, and display spatial
information of urban flood (Sample et al. 2001;
Mark et al. 2001; Lekuthai and Vongvisessom-
jai 2001; Meyer et al. 1993; Tsihrintzis et al. 1996;
Lee and Heaney 2003; Diaz-Nieto et al. 2008).
The employment of such models helps to attenuate
urban flood, quick assessment of sinks, and prob-
able areas of urban flooding for building sustain-
able resilient strategies. In this regard, the open-
source RS data, like Google Earth permits to be
updated by the users which could be greatly
applied in urban planning, land use planning,
infrastructural planning, and fed into an integrated
urban flood management plan as it depicts the
ground-level scenario (Penanowski et al. 2007;
Patterson 2007; Schumann et al. 2007; Liu
et al. 2005; Smith and Lakshmanan 2006; Shep-
pard and Cizek, 2009; Whitmeyer 2012; Yu et al.
2008; Chien and Tan 2011; Yu and Gong 2012).
Moreover, despite some challenges in the utiliza-
tion of geospatial technology, many researchers,
planners, and government officials are using this
sophisticated technology, and thus it gained som-
bre attention from the users to analyze the
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miscellaneous and imperative spatial and geo-
referenced datasets for the superior urban flood
management integrating the local plans, diverse
systems, and framework.

13.3.4 Flood Management Strategies

The flood management strategies, especially for
the urban area has some solemn methodological

consequences and steps to be followed. In this
process, strengthening and improving the exist-
ing flood management infrastructure, proper
planning, policies formation and community
awareness, training, capacity building are con-
sidered as the pillars (Fig. 13.3).

It is also imperative to collect the historical
records, secondary data, and information from
various sources and websites about the flood
occurrences; and for the minute observation of
the flood scenario, primary survey needs to be
completed for the statistical analysis of the
ground level urban flood scenario of an urban
area. The groundwater data have to be acquired
from different sources, and groundwater zonation
map, identification of the low-lying areas using
Digital Elevation Model (DEM), flow direction
map of running water, zonation of water inun-
dation level, Land Use Land Cover (LULC)
maps, etc. should be analyzed and mapped and
finally statistical methods have been applied for
hazard and risk zonation map of urban flood.
Moreover, the post-incidence part is also
important and the employment of geospatial
techniques in all phases is becoming powerful for
the formation of proper mitigation and to build

Fig. 13.3 Strategies of urban flood management

Fig. 13.4 Application of geospatial technology in flood risk assessment for monitoring management
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up resilient strategies for superior management.
The methodological steps that usually follows in
the application of geospatial technology in urban
flood risk assessment and monitoring the man-
agement is mentioned systematically in the form
of a diagram (Fig. 13.4).

A number of recommended measures for the
formulation of flood management strategies as
recognized in various studies in the context of
Indian cities, in combination of the National
Disaster Management Guidelines (2010) are
grouped into a single window (Fig. 13.5).

13.4 Conclusion

The urban flood occurred primarily due to long-
term anthropological reasons and natural situa-
tion, still everywhere the anthropological causes
are largely highlighted; but the physical settings,
climatic conditions, geological, and geomorpho-
logical characteristics of the area is also respon-
sible to large extent. The existing review works
demonstrate how the urban flood be triggered
according to the location, physical setting, and
anthropogenic upshots, and all these are

Fig. 13.5 Flood Management Strategies
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efficiently explained with the application of
geospatial technology. This geospatial technol-
ogy with the combination of RS and GIS tech-
niques deals with the various aspects of flood
issues and holds best to manage the urban flood
by prevention, preparedness, and relief manage-
ment. It also helps to take the appropriate,
location-specific flood management strategies,
and policies, and if the remedial measures are
taken accurately, the effect of such disaster can
straight forwardly be reduced and confined into a
reduced amount of valuable hazard in near
future. Furthermore, this geospatial technology is
capable to update and amend the existing flood
management system by supplementing or com-
plementing with the combination of various
mapping and employment of hydrological
(WetSpa, HYDROTEL, LISFLOOD, TOPMO-
DEL, SWAT, HEC-RAS etc.) and RS based
models/methods (DEM, NVDI, NBCI, LULC
etc.), and thus, this technology has enormous
prospect in preparedness in flood proneness, risk
assessment, and relief management of every
urban spot. Finally, it reveals that the current
review effort definitely helps to sketch future
research on flood risk analysis and management
matters, strategy building, and finding innovative
approaches in any urban vicinity employing the
geospatial technology.
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