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Flood Risk Estimation and Mapping:
Present Status and Future Challenges
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Abstract Several regions of the globe are projected to experience elevated risks
from flooding attributable to concomitant climate change and alterations in socio-
economic dynamics. These impacts present major challenges to comprehensively
quantify flood risk, which will facilitate building flood mitigation infrastructures,
improve land use/urban planning, and assist the prioritization of emergency response
strategies. Flood risk is built on two major components, namely, hazard and
vulnerability. Most research conducted so far on vulnerability is limited to themes,
such as physical, economic, and infrastructure vulnerabilities, and has frivolously
excluded social vulnerability. Such works are solely based on a technocratic per-
spective rather than from a socio-technocrat’s perspective. It is a fact that social
vulnerability is less amenable to quantification because it is linked to the resilience of
an individual, a community, or a society, which is acquired as a result of their
perception, attitude, and coping capacity. The procedures for flood risk mapping are
data-intensive, posing a difficulty in generating maps for middle- and low-income
nations. Essentially, flood risk mapping is truly multidisciplinary in nature and
requires inputs from engineers, social scientists, policymakers, and the general
public.
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7.1 Introduction

Floods continue to affect more nations than before and cause widespread human and
economic damages with each passing year (Blaikie et al. 2014; Dottori et al. 2016;
Vousdoukas et al. 2018). With the statistics documented in various global reports on
natural disasters such as Centre for Research on the Epidemiology of Disasters
(CRED) (https://www.cred.be/), International Federation of Red Cross and Red
Crescent Societies (IFRC) (https://media.ifrc.org/ifrc/), The International Charter
Space and Major disasters (https://disasterscharter.org/web/guest/home), The United
Nations office for disaster risk reduction (UNDRR) (https://www.unisdr.org/), and
The Global Flood detection system (http://www.gdacs.org/flooddetection/overview.
aspx) and a plethora of notable research articles (Alfieri et al. 2015a, b; Berghuijs
et al. 2017), it is now a well-established fact that the occurrence (frequency) and
severity (socioeconomic losses and human death count) of floods have escalated in
the recent decades.

Among other factors, the concomitant climate change and booming urbanization
are identified as the root causes to the rising flood risk. The projected precipitation
changes from regional and global climate models indicate a possible rise in the
frequency of extreme precipitation. This is observed in the tropical regions and high
latitudes and mid-latitudes of northern regions in winter (IPCC 2012). Pall et al.
(2011) and Schiermeier (2011) reported that anthropogenic greenhouse gas emis-
sions contribute to the increasing severity of flood risk. Also, rising sea levels and
land subsidence due to climate change may influence future flood risk in coastal
urban cities (Hallegatte et al. 2013; Jonkman 2013). The second root cause of
increased flood risk is rising urbanization. Moreover, it is highlighted that if eco-
nomic and infrastructural damages due to flood disasters can be recovered in the
short term, social damages may be irreparable. Hence, economically poor countries
with a low gross domestic product (GDP) may find it extremely difficult to cope with
such disasters due to low resilience. Keeping these various things in mind, the
present chapter highlights the practiced ways of flood risk estimation and mapping.
The chapter also describes the major challenges associated with flood risk estimation
while considering its two vital components, i.e., hazard and vulnerability, and the
exigent need of considering a system that provides an equal weightage to them in the
flood risk estimation (Bohle 2001). The importance of the new flood risk mapping
approach is demonstrated on a severely flood-prone region residing inside a large
river basin in India.
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7.2 Flood Risk Management: A Risk-Based Approach
to Managing Floods

Flood risk management is a complex decision-making process. Recent decades have
diverted the conventional “flood management” to “flood risk management”
approach in which flood risk analysis exists in the core (Schanze 2006). Under
flood risk management, there are three major tasks: flood risk analysis, flood risk
assessment, and flood risk reduction. These components are described in the subse-
quent subsections. The basic framework of flood risk management is given in
Fig. 7.1.

7.2.1 Flood Risk Analysis

Flood risk analysis considers the past, current, and possible future risks associated
with the community and environment (Apel et al. 2009). It is built on two major
components: flood hazard and vulnerability (Apel et al. 2004; Kron 2005; Gotham
et al. 2018). Narayan et al. (2011) proposed a Source-Pathway-Receptor-Conse-
quence-Model (SPRC-Model) to demonstrate the flood risk system as illustrated in
Fig. 7.2. The chain links physical processes, namely, “source,” “pathway,” and
“receptor” with the societal values “consequence.” Within the context of flood
risk, “source” and “pathway” indicate the flood hazard. Here “source” is quantified
as the probability ( p) of an event to occur and several other features (m). To
minimize the risk, early warning system (w) and the adaptive capacity (t) are
considered vital. The “pathway” is defined by the inundation which can arise from

Fig. 7.1 Basic framework of flood risk management
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various flood drivers such as discharge overflow, coastal impacts, and others (i),
along with their attributes (a) and interventions available if any for flood control (c).
Lastly, “receptor” is defined by the susceptibility (s) depending on the resistance and
resilience (r) of the system. “Consequence” is nothing but the damage (v) with
possible options to eliminate or reduce (d ). Mathematically, flood risk can be
expressed by the following equation:

Flood risk ¼ f p,m,w, tð Þsource, i, a, cð Þpathways, s, rð Þreceptors v, dð Þconsequences
n o

ð7:1Þ

7.2.2 Flood Risk Assessment

There are two relevant areas on which flood risk assessment is defined. They are risk
perception and risk weighing. Risk perception is defined by the individual and
collective backgrounds of the population facing the risk and those groups who are
involved in flood risk management (Miceli et al. 2008; Ludy and Kondolf 2012;
Cheikh Lounis et al. 2015).

For instance, a population who have the experience of facing the flood before are
more likely to have a different perception of flood risks than those who have not
faced it earlier (Grothmann and Reusswig 2006). A straightforward understanding of
risk perception is complex, as it is multifaceted.

Fig. 7.2 Source-Pathway-Receptor-Consequence-Model (SPRC-Model). (Narayan et al. 2011)
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7.2.3 Flood Risk Reduction

Flood risk reduction is normally practiced through structural and nonstructural
measures. In the timeline of risk reduction, they can be defined by pre-flood, flood
event, and post-flood measures. Pre-flood is achieved by prevention, protection, and
preparedness before any anticipated flood event by building retention ponds, flood
plain zoning, and resilient building construction and creating awareness among
people likely to face risk. Flood event measure consists of accurate flood forecasting
and disseminating flood warning signals to provide information to people at risk.
Lastly, post-flood measures consist of rebuilding and reconstruction of the damages
that occurred after a flood event.

7.2.4 Flood Inundation and Hazard Mapping

Flood inundation is the result of the appearance of floodwater characterized by a
specific areal extent, depth, and duration (Bates and De Roo 2000; Bates 2004). This
inundation gives rise to flood hazard which is decided based on several factors. It is
usually defined as the probability of occurrence of an event of a certain magnitude at
a given time and space (Chakraborty et al. 2005). As per Peck et al. (2007) and
Karmakar et al. (2010), flood hazard is identified as a probabilistic component,
which calls for hydrological analyses and preparation of flood lines. As per
Alcantara-Ayala (2002), a hazard is defined as those events capable of incurring
damage to the physical and social structure through loss or injuries to human lives,
damages to properties, or environmental degradation. A flood hazard map is an
important component for appropriate landscape planning as it provides a piece of
precise information on the areas prone to different degrees of flood impacts. Such
maps can be prepared using various flood methods/models which can be
(i) simplified, which can utilize the basin’s geomorphology, or (ii) hydrodynamic,
which is based on St. Venant’s equations for deriving flood hazard areas.

7.2.4.1 Quantification of Flood Hazard

Flood hazard is defined as a function of both flood severity and probability. Flow
depth “d” and velocity “f” are the two main attributes of flood severity, which can be
obtained by performing flood inundation modeling. There are several standards that
have defined the combination of floodwater depth and velocity into different hazard
classes. Most well-known methods are the UK method, Australian method, Austrian
method (Fiebiger 1997), the US Bureau of Reclamation method (USBR 1988), and
the Swiss method (OFEE 1997). The widely accepted UK and Australian methods
consider hazard as a combination of flood depth and velocity. On the contrary, the
Austrian method considers the total energy defined as “d + f 2/2g,” where d is the
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flood water depth, f is the velocity, and g is the gravitational acceleration. The USBR
method considers hazard as a combination of depth and velocity. A description of
hazard classes and their significance is provided in Table 7.1. Currently, there are
very few works on riverine flood hazard mapping that apply both coupled flood
modeling and hazard ranking. Figure 7.3 describes the representative past efforts on
riverine flood inundation and flood hazard mapping.

7.2.4.2 Geomorphic Approaches

Although several models/software are available for quantifying inundation, their use
may be restricted due to several reasons. The limitations are (i) scarcity of extensive
data inputs required for precise flood modeling, (ii) fizzling performance of models
in large and complex terrains, (iii) high computational cost and time, and
(iv) inexpertise in handling model simulations by civic bodies. Recent studies
have made use of linear binary classification techniques (Manfreda et al. 2014,
2015; Manfreda and Samela 2019) which are easy to use, computationally inexpen-
sive, and easy compared to the hydrodynamic approach. These classifiers are used to

Table 7.1 Classification of flood hazard based on the criteria of floodwater depth “d” and/or
product of floodwater depth and velocity “d � f” in different methods

Flood hazard

Flood
hazard
rating

Hazard
description

The UK
method

Australian
method

Austrian
method

The US
Bureau of
Reclamation
method

Swiss
method

Very Low
Hazard

Generally safe for
people, vehicles,
and buildings

0 to
0.3 m2/s

0 to
0.3 m2/s

0 to 3 m 0 to 3 0 to
0.5 m2/s

Low
Hazard

Unsafe for vehi-
cles, children and
the elderly

0.3 to
0.7 m2/s

0.3 to
0.6 m2/s

Moderate
Hazard

Unsafe for people
and vehicles

0.7 to
1.2 m2/s

0.6 to
1.0 m2/s

0.5 to
2 m2/s

High
Hazard

Unsafe for vehi-
cles and people.
All buildings are
vulnerable to
structural dam-
age. Some less
robust building
types vulnerable
to failure.

1.2 to
1.6 m2/s

1.0 to
4.0 m2/s

>3 m >3 >2 m2/s

Very
High
Hazard

Unsafe for vehi-
cles and people.
All building types
considered vul-
nerable to failure

>1.6 m2/s >4 m2/s
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delineate flood hot-spots (flood-prone areas) based on the information contained in
the study bathymetry. Table 7.2 enlists recent efforts made to map flood hazards
through geomorphic classifiers.

7.2.5 Flood Vulnerability Mapping

The word “vulnerability” is derived from the Latin word vulnus, which means to
wound (Turner et al. 2003). As per Adger (2006) and Füssel (2007), vulnerability
may be expressed as a combination of three components: adaptive capacity, sensi-
tivity, and exposure. Adaptive capacity is the ability of a system to fine-tune to actual
or expected climate stresses. Sensitivity is the degree to which a system will respond
to alterations, whereas exposure is the extent to which people and assets are exposed
to hazards. Figure 7.4 portrays the various spheres of vulnerability theme as
described by various researchers.

7.2.5.1 Various Approaches to Flood Vulnerability Assessment

Figure 7.5 illustrates a generic framework for the assessment of flood vulnerability.
Once the geospatial data collection for the indicators is completed, statistical oper-
ations are performed to obtain an index of vulnerability through aggregation oper-
ations. These aggregation operations calculate, display, and validate the indicators of
vulnerability, finally to obtain a composite vulnerability index.

Before aggregation, normalization of indicators (adjusting the values measured
on different scales to a common scale) is performed. In the last step, suitable
aggregation operations are performed using several methods based on the data
availability and complexity of the problem statement. Different methods include
averaging (Rygel et al. 2006; Karmakar et al. 2010), maximization, Analytic

Fig. 7.3 Representative past efforts made on coupled 1D-2D flood inundation/hazard mapping
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Table 7.2 Recent efforts made to map flood hazards through geomorphic classifiers

Indicators
considered Case study DEM considered Remarks References

Modified topo-
graphic index (TIm)

TIm ¼ log
and

tan βð Þ
and is drained area
per unit contour
length and tan(β) is
local gradient

Arno River
Basin, Italy
(8830 km2)

DEM obtained
from Arno River
Basin Authority
(20 m)
SRTM DEM
(90 m)
ASTER DEM
(30 m)
National eleva-
tion data (30 m)

The index is highly
sensitive to DEM reso-
lution; however, a res-
olution of �100 m is
satisfactory for good
performance
SRTM DEM showed
good performance
when compared with
the other DEMs

Manfreda
et al.
(2011)

Surface curvature
(H )
Laplacian of the
elevation (ΔH )
Contributing area
(A)
Local slope (S)

Tanaro River
Basin, Italy
(8000 km2)

SRTM: DEM–

VOID (Void
filled)and DEM–

CON (Hydrolog-
ically condi-
tioned) from
HydroSHEDS

The classifiers could
identify 93% of flood-
prone areas, while vali-
dated with the flood
inundation map

Degiorgis
et al.
(2012)

Single features
Upslope contribut-
ing area, As (m

2)
Surface curvature
(∇2H )
Local slope, S
Distance from the
nearest stream,
D (m)
Elevation to the
nearest stream,
H (m)
Composite indices
Modified topo-
graphic index (TIm)
Downslope index,
(DWi)
Elevation (H ) and
ratio between the
flow distance (D)
ln[hl/H], where hl is
the variable water
depth
GFI (Geomorphic
Flood Index): ln[hr/
H]: hr. is computed
as afunction of the
contributing area Ar

[hr�H]/tan(αd) and
[hr�H]/D

Tiber River
Basin, Italy
(17,375 km2)

-do- Elevation to the nearest
stream (H ), downslope
index (DWi), and GFi
showed better
performance

Manfreda
et al.
(2014)

Among the single fea-
tures, distance from the
nearest stream (D) and
elevation to the nearest
stream (H ) performed
better, while among
composite indices ln[hl/
H] and ln[hr/H]
performed better

Bradano
River Basin,
Italy
(2765 km2)

-do- Composite indices
were found to be less
sensitive to the varia-
tions in DEM
resolution

Manfreda
et al.
(2015)

Bulbula river
sub- catch-
ment,
Ethiopia

-do- The composite index ln
[hr/H] and elevation
difference (H) showed
the best performance

Samela
et al.
(2016)

Ohio River
Basin, USA,
(29,000 km2)

-do- GFI was found to be the
most suitable morpho-
logic classifier, as it
exhibited a higher
accuracy than the other
indices

Samela
et al.
(2017)
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Hierarchy Process (AHP) (Wei et al. 2004), Data Envelopment Analysis (DEA)
(Wei et al. 2004; Huang et al. 2011; Sherly et al. 2015b; Mohanty et al. 2020a).

7.2.6 Flood Risk Mapping

Flood risk constitutes flood hazard and vulnerability components (Koks et al. 2015).
Assessing flood risk is not straightforward, keeping in mind the complex nature of
flood caused due to the impounding precipitation affected by climate change impacts
and river basin characteristics. At the same time, there exist numerous knowledge
gaps in the conventional flood risk assessments, which most consider the damage to
physical well-being in a population (Debortoli et al. 2017). During this approach, the
socioeconomic vulnerability studies have produced valuable information, however
unable to establish suitable linkages to flood risk. The need of the hour is to consider
a compound and marginal assessment of flood hazard and vulnerability to derive the
flood risk that directly provides necessary amendments to the flood risk management
strategies. Figure 7.6 shows representative efforts on riverine flood risk estimation
and mapping which have been addressed for the recent time scales and projected for
the future time, considering climate change impacts as well.

Fig. 7.4 Key spheres of vulnerability. (Birkmann 2005, 2006)
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7.2.7 Flood Risk Reduction

The most key aspect of flood risk management is the usage of preparedness measures
for minimizing loss before the occurrence of a flood event. These measures are
grouped into structural and nonstructural measures.

7.2.7.1 Structural Measures

In structural measures, two alternatives are practiced: (1) the construction of resilient
hydraulic structures (defenses) to minimize hazard and (2) ensuring the adaptation of
the exposed assets to provide resistance from floods. The crest levels of defenses are
set according to design water levels, which are established through statistical
analysis with little consideration of potential impacts. In most cases, design water
levels just aim for individual flood defenses instead of considering the whole defense

Fig. 7.5 A generic framework for assessment of flood vulnerability
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system (Boonya-Aroonnet et al. 2002). The major problem associated with structural
measures is concerning the longevity and its associated cost. It usually takes a long
time and high investment to build a flood control structure, and when it fails, it fails
dramatically with less response time.

7.2.7.2 Nonstructural Measures

Nonstructural measures do not consider huge investments in infrastructures but
rather rely on a precise understanding of the flood risk by considering the associated
flood hazard and vulnerability components (Kundzewicz 2002; Kang et al. 2009;
Bowering et al. 2014). Flood risk awareness forms the base of nonstructural mea-
sures. In the event of flooding, the lack of awareness results in communities failing to
evacuate, thereby rendering them highly vulnerable. Awareness is high in areas of
frequent floods but is often deficient in areas subject to low frequency but high
impacts. This can be achieved by proper awareness campaigns and communication
channels like posters, newspapers, brochures, televisions, radios, visual clues, train-
ing, and demonstrations.

Based on the extensive literature review, it is now well established that several
regions in the globe are projected to experience an elevated risk from riverine
flooding attributable to concomitant climate change and alterations in socioeco-
nomic dynamics. Under such lines, their lies a major challenge to comprehensively
quantify flood risk, which will facilitate in building flood mitigation infrastructures,
improving land use/urban planning, and also prioritizing emergency response strat-
egies. The quantification of flood risk is a complex process, not just because it is
data-intensive but also involves several sensitive parameters in its formulation. The
process becomes more challenging for data scarce regions as they suffer from

Fig. 7.6 Representative efforts on flood risk mapping across the globe. [1] Flood risk considering
both hazard and vulnerability components. [2] Flood risk considering either hazard or vulnerability
component. [3] Flood risk with climate change considering both hazard and vulnerability compo-
nents. [4] Flood risk with climate change considering either hazard or vulnerability component
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considerable data unavailability, e.g., rainfall, discharge, high-resolution topogra-
phy, etc. The research considers these research gaps and proposes a generic frame-
work to quantify flood risk at the village level (finest administrative scale). The
comprehensive framework is demonstrated over data-scarce Jagatsinghpur district in
India.

7.3 Case Study of the Mahanadi River Basin in India

This section introduces the case study and demonstrates the proposed framework of
flood risk estimation and mapping. The case study is situated in the severely flood-
prone Mahanadi river basin in India.

7.3.1 Jagatsinghpur District: The Focal Point Witnessing
Severe Flood Impacts in Odisha, India

Jagatsinghpur is located between 19� 580 N to 20� 230 N latitude and 86� 30 E to 86�

450 E longitude in the downstream of Mahanadi river basin, Odisha, India (Fig. 7.7).
Among several other factors, the geographical location and demographic character-
istics are considered the two most important reasons for high flood risk according to
the District Emergency Operation Centre (DEOC 2016). Considering the fact that
the case study is semi-urban, most of the rural villages suffer high risk. This is
because a significant proportion of the population depends on agriculture and allied
activities as their primary source of income, which is known to face highly vulner-
ability by floods. Moreover, many people live in their ancestral property for a long
time and have left interest in shifting to safer places after a flood strikes (Mishra et al.
2010). The immediate need of the hour is to assemble information from various
sources such as meteorological, hydrological, and social domains to quantify flood
risks and provide answers to the current flood management situation.

7.3.2 Proposed Framework of Flood Risk Mapping

The flood risk in the case study is quantified for the latest census year 2011 by
considering the hazard and socioeconomic vulnerability components. The proposed
framework of flood risk mapping is illustrated in Fig. 7.8. This comprehensive
framework consists of four building blocks. They are (i) estimation of regionalized
design rainfall (RDR), (ii) quantification of flood hazard (H) through hydrody-
namic modeling, (iii) analysis of socioeconomic vulnerability analysis (V ), and
(iv) determination of flood risk through risk classifier. A brief description of these
steps is outlined in the subsequent sections.
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7.3.2.1 Estimation of Regionalized Design Rainfall (RDR)

The only long-term hourly rainfall time series operated by the India Meteorological
Department (IMD) from 1970 to 2011 located at Bhubaneswar (20.2961� N;
85.8245� E), Paradeep (20.3166� N, 86.6114� E), and Puri (19.8134� N;
85.8315� E) are utilized to form at-site design rainfall time series through a set of
multivariate frequency and design temporal pattern analyses. To regionalize the
at-site design rainfalls, two new nonlinear optimisation techniques, namely, com-
plete optimisation and combined averaging optimisation, are introduced (Sherly
et al. 2015a, b; Mohanty et al. 2018). These robust optimisation schemes are
tailor-made to derive the regional bandwidth of the nonparametric kernel function,
which has not been addressed in earlier studies.

Fig. 7.7 Jagatsinghpur district in Odisha (India): (a) river network details; (b) description of
elevation; (c) various administrative blocks and villages
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7.3.2.2 Quantification of Flood Hazard (H) Through Hydrodynamic
Modeling

The flood hazard is quantified with a 1D-2D-coupled MIKE FLOOD. The MIKE
FLOOD interface houses MIKE 11 (one-dimensional) and MIKE 21 HD FM
(two-dimensional) models, whose outputs are dynamically coupled by establishing
appropriate hydraulic linkages (Frank et al. 2001). To represent the bathymetry in
MIKE 21 HD FM, LiDAR DEM (horizontal resolution: 2 m� 2 m) is considered for
the entire study area. A framework for flood risk mapping is given in Fig. 7.8.

An unstructured triangulated mesh of area <5000 m2 is generated to account for
the optimisation of computation time for the entire domain. The latest available land
use and land cover classification map is utilized to represent the roughness values for
each land use class. The MIKE 11 model set-up is developed by creating the river
channel network and providing details of the channel cross-sections at close intervals
of every 100 m along the river channel. The hydraulic inputs in the form of
regionalized design rainfall for MIKE 21 HD FM and design discharge and storm
tide (Mohanty et al. 2020b) for MIKE 11 are considered as the boundary conditions.
The simulated outputs from these individual models are hydraulically combined in
MIKE FLOOD by establishing lateral linkages between the river channel banks and
adjoining flood plains (Mohanty et al. 2020c). The MIKE FLOOD model provides
outputs in the form of flood inundation depth “d” and velocity “f” for each cell. The
flood hazard is quantified in terms of “d” and tuple of “(d,f).” The severity of flood
hazard is identified by discretizing it into five different classes (Mani et al. 2014) as
outlined in Table 7.3.

Fig. 7.8 A comprehensive framework for flood risk mapping using flood hazard and socioeco-
nomic vulnerability. (Mohanty et al. 2020a)
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7.3.2.3 Analysis of Socioeconomic Vulnerability Analysis (V)

A suite of 21 socioeconomic indicators is selected from the latest Census of India
2011 data (Census 2011). These indicators are classified into two categories: cost
type (the larger the value, the larger the vulnerability) and benefit type (the larger the
quantity, the lesser the vulnerability). The slack-based input-oriented BCC method
(Banker et al. 1984) of data envelopment analysis (DEA) is considered for deriving
the vulnerability values. Similar to hazard, the socioeconomic vulnerability values
are grouped into five different classes.

7.3.2.4 Determination of Flood Risk Through Risk Classifier

This study introduces a bivariate approach for quantifying flood risk through a risk
classifier. The classifier has the anatomy of a 5 � 5 choropleth as illustrated in
Fig. 7.9. The new concept gives an idea of different levels of flood risk (R) through
the identification of the marginal and compound contributions from the hazard (H)
and vulnerability (V) components.

7.3.3 Results and Discussion

A large portion of Jagatsinghpur was found to face high and very high H
(Fig. 7.10a). In particular, the N-W and S-W flood plain stretch of Mahanadi and
Devi rivers and coastal regions were seen to have several villages facing high and
very high H. The V was scattered, although several villages in the coastal regions
were identified as high and very high V (Fig. 7.10b). The risk map was identified
predominantly by H2 and V2 driven risk. The villages facing very high risk due
toH or bothH and V are situated in the N-W (Tirtol, Raghunathpur and Biridi) and
the S-E (Ersama block) of Jagatsinghpur District (Fig. 7.10c).

Table 7.3 Discretization of
“d” and “(d,f)” into various
hazard categories

Severity of hazard “d” [m] “(d,f)” [m2/s]

Very low 0–0.2 0–0.3

Low 0.2–0.6 0.3–0.7

Medium 0.6–1.5 0.7–1.2

High 1.5–3.5 1.2–1.6

Very high > 3.5 > 1.6
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7.4 Conclusion

Flood risk mapping is the opening step towards flood risk management for any
flood-prone region. It paves the path to a comprehensive flood management strategy,
as it divides a region into various zones of risk based on the values obtained in the
flood risk analysis. Such a map acts as a tool to the public, professionals, and
administration for decision-making purposes. This chapter reports the present status
and future challenges of flood risk mapping through a comprehensive literature
review. In the administration of the generic framework over a case study, the
important components of flood hazard and vulnerability were treated keeping in
the mind the technical commitments and needs of the society. The flood risk maps
were developed using a bivariate concept, showing the gradual increase of both the
components and the dependency of either one on risk. The proposed framework was
applied in Jagatsinghpur district (Odisha), which has been identified as a severe
flood-prone region. The identification of flood risk suggests possible areas of
improvement in the current flood risk management plans. Those locations suffering
from high risk due to vulnerability alone should be administered by enforcing
stringent policies and schemes for the uplifting and spreading awareness on flood
damage prevention. The disaster management bodies should focus on nonstructural

Fig. 7.9 A bivariate choropleth representation of flood risk (R) aggregating flood hazard (H) and
socioeconomic vulnerability (V). (Mohanty et al. 2020a)
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measures and develop suitable tools to sensitize the population in combating any
form of flood activity. For those regions facing risk from the hazard, improved
structural measures and flood zoning practices should be implemented. The flood
risk map demands easy access to the public and every end-user. It can be further
developed as a cartographic product which can provide important guidelines for
sustainable benefits by minimizing flood losses.

Acknowledgments This work is supported by ISRO-IIT(B)-Space Technology Cell (STC) [Pro-
ject reference numbers: RD/0114-ISROC00-013 (14ISROC009) and RD/0119-ISROC00-001] and
partially supported by the Department of Science and Technology (SPLICE-Climate Change
Programme), Government of India (Project reference number DST/CCP/CoE/140/2018, Grant
Number: 00000000000010013072 (UC ID: 18192442)). The support for computational resources
was provided by IIT Bombay.

Fig. 7.10 (a) Flood hazard map; (b) socioeconomic vulnerability map; (c) bivariate flood risk map
for 2011 for Jagatsinghpur district, Odisha. (Modified from Mohanty et al. 2020a)

7 Flood Risk Estimation and Mapping: Present Status and Future Challenges 185



References

Adger WN (2006) Vulnerability. Glob Environ Chang 16(3):268–281. https://doi.org/10.1016/j.
gloenvcha.2006.02.006

Alcantara-Ayala I (2002) Geomorphology, natural hazards, vulnerability and prevention of natural
disasters in developing countries. Geomorphology 47:107–124. https://doi.org/10.1016/S0169-
555X(02)00083-1

Alfieri L, Burek P, Feyen L et al (2015a) Global warming increases the frequency of river floods in
Europe. Hydrol Earth Syst Sci 19(5):2247–2260. https://doi.org/10.5194/hessd-12-1119-2015

Alfieri L, Feyen L, Dottori F et al (2015b) Ensemble flood risk assessment in Europe under high end
climate scenarios. Glob Environ Chang 35:199–212. https://doi.org/10.1016/j.gloenvcha.2015.
09.004

Apel H, Aronica GT, Kreibich H et al (2009) Flood risk analyses-how detailed do we need to be?
Nat Hazards 49:79–98. https://doi.org/10.1007/s11069-008-9277-8

Apel H, Thieken AH, Merz B et al (2004) Flood risk assessment and associated uncertainty. Nat
Hazards Earth Syst Sci 4(2):295–308. https://doi.org/10.5194/nhess-4-295-2004

Banker RD, Charnes A, Cooper WW (1984) Some models for estimating technical and scale
inefficiencies in data envelopment analysis. Manag Sci 30(9):1078–1092. https://doi.org/10.
1287/mnsc.30.9.1078

Bates PD (2004) Remote sensing and flood inundation modelling. Hydrol Process 18(13):
2593–2597. https://doi.org/10.1002/hyp.5649

Bates PD, De Roo APJ (2000) A simple raster-based model for flood inundation simulation. J
Hydrol 236(1–2):54–77. https://doi.org/10.1016/S0022-1694(00)00278-X

Berghuijs WR, Aalbers EE, Larsen JR et al (2017) Recent changes in extreme floods across multiple
continents. Environ Res Lett 12(114035)

Birkmann J (2005) Danger need not spell disaster but how vulnerable are we? Research Brief
1, United Nations University, Tokyo, New York, Bonn, 1-8. Avalailable via United Nations
University. https://www.files.ethz.ch/isn/21139/UNU-RB-1-2005-EHS.pdf. Accessed
8 May 2021

Birkmann J (2006) Indicators and criteria for measuring vulnerability: theoretical bases and
requirements. In: Birkmann (ed) Measuring vulnerability to natural hazards: towards disaster
resilient societies. United Nations University Press, pp 55–77

Blaikie P, Cannon T, Davis I et al (2014) At risk: natural hazards, People’s vulnerability and
disasters. Routledge. 496p

Bohle HG (2001) Vulnerability and criticality: perspectives from social geography. IHDP Update 2:
1–5

Boonya-Aroonnet S, Weesakul S, Mark O (2002) Modelling of urban flooding in Bangkok. In:
Proceedings of 9th International Conference on Urban Drainage, Portland, USA

Bowering EA, Peck AM, Simonovic SP (2014) A flood risk assessment to municipal infrastructure
due to changing climate part I: methodology. Urban Water J 11(1):20–30. https://doi.org/10.
1080/1573062X.2012.758293

Census (2011) Provisional population totals, census of India. Office of the Registrar General and
Census Commissioner, India

Chakraborty J, Tobin GA, Montz BE (2005) Population evacuation: assessing spatial variability in
geophysical risk and social vulnerability to natural hazards. Nat Hazards Review 6(1):23–33.
https://doi.org/10.1061/(ASCE)1527-6988(2005)6:1(23)

Cheikh Lounis G, Chatelain JL, Mimouni O et al (2015) Assessment of flood risk in Kniss Wadi
catchment in Urbain Area Algiers—Algeria. In: Lollino G, Arattano M, Rinaldi M et al (eds)
Engineering geology for society and territory, vol 3. Springer, Cham. https://doi.org/10.1007/
978-3-319-09054-2_94

Debortoli NS, Camarinha PIM, Marengo JA et al (2017) An index of Brazil’s vulnerability to
expected increases in natural flash flooding and landslide disasters in the context of climate
change. Nat Hazards 86(2):557–582. https://doi.org/10.1007/s11069-016-2705-2

186 M. P. Mohanty and S. Karmakar

https://doi.org/10.1016/j.gloenvcha.2006.02.006
https://doi.org/10.1016/j.gloenvcha.2006.02.006
https://doi.org/10.1016/S0169-555X(02)00083-1
https://doi.org/10.1016/S0169-555X(02)00083-1
https://doi.org/10.5194/hessd-12-1119-2015
https://doi.org/10.1016/j.gloenvcha.2015.09.004
https://doi.org/10.1016/j.gloenvcha.2015.09.004
https://doi.org/10.1007/s11069-008-9277-8
https://doi.org/10.5194/nhess-4-295-2004
https://doi.org/10.1287/mnsc.30.9.1078
https://doi.org/10.1287/mnsc.30.9.1078
https://doi.org/10.1002/hyp.5649
https://doi.org/10.1016/S0022-1694(00)00278-X
https://www.files.ethz.ch/isn/21139/UNU-RB-1-2005-EHS.pdf
https://doi.org/10.1080/1573062X.2012.758293
https://doi.org/10.1080/1573062X.2012.758293
https://doi.org/10.1061/(ASCE)1527-6988(2005)6:1(23)
https://doi.org/10.1007/978-3-319-09054-2_94
https://doi.org/10.1007/978-3-319-09054-2_94
https://doi.org/10.1007/s11069-016-2705-2


Degiorgis M, Gnecco G, Gorni S et al (2012) Classifiers for the detection of flood-prone areas using
remote sensed elevation data. J Hydrol s470–471:302–315. https://doi.org/10.1016/j.jhydrol.
2012.09.006

DEOC (2016) District disaster management plan Jagatsinghpur. Available via District Emergency
Operation Centre

Dottori F, Salamon P, Bianchi A et al (2016) Development and evaluation of a framework for global
flood hazard mapping. AdvWater Resour 94:87–102. https://doi.org/10.1016/j.advwatres.2016.
05.002

Fiebiger G (1997) Hazard mapping in Austria. J Torrent Avalanche Landslide Rockfall Eng
61(134):1531–1164

Frank E, Ostan A, Coccato M et al (2001) Use of an integrated one dimensional-two dimensional
hydraulic modelling approach for flood hazard and risk mapping vol 50. WIT Trans Ecol
Environ. https://doi.org/10.2495/RM010091

Füssel H-M (2007) Vulnerability: a generally applicable conceptual framework for climate change
research. Glob Environ Chang 17(2):155–167. https://doi.org/10.1016/j.gloenvcha.2006.05.002

Gotham KF, Campanella R, Lauve-Moon K et al (2018) Hazard experience, geophysical vulner-
ability, and flood risk perceptions in a Post-disaster City, the Case of New Orleans. Risk Anal
38(2):345–356. https://doi.org/10.1111/risa.12830

Grothmann T, Reusswig F (2006) People at risk of flooding: why some residents take precautionary
action while others do not. Nat Hazards 38(1–2):101–120. https://doi.org/10.1007/s11069-005-
8604-6

Hallegatte S, Green C, Nicholls RJ et al (2013) Future flood losses in major coastal cities. Nat Clim
Change 3(9):802. https://doi.org/10.1038/nclimate1979

Huang J, Liu Y, Ma L (2011) Assessment of regional vulnerability to natural hazards in China using
a DEA model. Int J Disaster Risk Sci 2:41–48. https://doi.org/10.1007/s13753-011-0010-y

IPCC (2012) Managing the risks of extreme events and disasters to advance climate change
adaptation. In: Field CB, Barros V, Stocker TF et al (eds) A special report of working groups
I and II of the intergovernmental panel on climate change. Cambridge University Press,
Cambridge, UK\New York, NY, 582 p

Jonkman SN (2013) Advanced flood risk analysis required. Nat Clim Change 3(12):1004–1004.
https://doi.org/10.1038/nclimate2031

Kang SJ, Lee SJ, Lee KH (2009) A study on the implementation of non-structural measures to
reduce urban flood damage. J Asian Archit Build Eng 8(2):385–392. https://doi.org/10.3130/
jaabe.8.385

Karmakar S, Simonovic SP, Peck A et al (2010) An information system for risk-vulnerability
assessment to flood. J Geogr Inf Syst 2(3):129–146. https://doi.org/10.4236/jgis.2010.23020

Koks EE, Jongman B, Husby TG et al (2015) Combining hazard, exposure and social vulnerability
to provide lessons for flood risk management. Environ Sci Pol 47:42–52. https://doi.org/10.
1016/J.ENVSCI.2014.10.013

Kron W (2005) Flood Risk¼Hazard • Values • Vulnerability. Water Int 30(1):58–68. https://doi.
org/10.1080/02508060508691837

Kundzewicz ZW (2002) Non-structural flood protection and sustainability. Water Int 27(1):3–1.
https://doi.org/10.1080/02508060208686972

Ludy J, Kondolf GM (2012) Flood risk perception in lands ‘protected by 100-year levees. Nat
Hazards 61:829–842. https://doi.org/10.1007/s11069-011-0072-6

Manfreda S, Samela C (2019) A digital elevation model based method for a rapid estimation of
flood inundation depth. J Flood Risk Manag. https://doi.org/10.1111/jfr3.12541

Manfreda S, Di Leo M, Sole A (2011) Detection of flood-prone areas using digital elevation
models. J Hydrol Eng 16(10):781–790. https://doi.org/10.1061/(ASCE)HE.1943-5584.
0000367

Manfreda S, Samela C, Gioia A et al (2015) Flood-prone areas assessment using linear binary
classifiers based on flood maps obtained from 1D and 2D hydraulic models. Nat Hazards 79:
735–754. https://doi.org/10.1007/s11069-015-1869-5

7 Flood Risk Estimation and Mapping: Present Status and Future Challenges 187

https://doi.org/10.1016/j.jhydrol.2012.09.006
https://doi.org/10.1016/j.jhydrol.2012.09.006
https://doi.org/10.1016/j.advwatres.2016.05.002
https://doi.org/10.1016/j.advwatres.2016.05.002
https://doi.org/10.2495/RM010091
https://doi.org/10.1016/j.gloenvcha.2006.05.002
https://doi.org/10.1111/risa.12830
https://doi.org/10.1007/s11069-005-8604-6
https://doi.org/10.1007/s11069-005-8604-6
https://doi.org/10.1038/nclimate1979
https://doi.org/10.1007/s13753-011-0010-y
https://doi.org/10.1038/nclimate2031
https://doi.org/10.3130/jaabe.8.385
https://doi.org/10.3130/jaabe.8.385
https://doi.org/10.4236/jgis.2010.23020
https://doi.org/10.1016/J.ENVSCI.2014.10.013
https://doi.org/10.1016/J.ENVSCI.2014.10.013
https://doi.org/10.1080/02508060508691837
https://doi.org/10.1080/02508060508691837
https://doi.org/10.1080/02508060208686972
https://doi.org/10.1007/s11069-011-0072-6
https://doi.org/10.1111/jfr3.12541
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000367
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000367
https://doi.org/10.1007/s11069-015-1869-5


Manfreda S, Samela C, Sole A et al (2014). Flood-prone areas assessment using linear binary
classifiers based on morphological indices. Vulnerability, uncertainty, and risk 2002–2011. doi:
https://doi.org/10.1061/9780784413609.201

Mani P, Chatterjee C, Kumar R (2014) Flood hazard assessment with multi-parameter approach
derived from coupled 1D and 2D hydrodynamic flow model. Nat Hazards 70:1553–1574.
https://doi.org/10.1007/s11069-013-0891-8

Miceli R, Sotgiu I, Settanni M (2008) Disaster preparedness and perception of flood risk: a study in
an alpine valley in Italy. J Environ Psychol 28(2):164–173. https://doi.org/10.1016/j.jenvp.
2007.10.006

Mishra S, Mazumdar S, Suar D (2010) Place attachment and flood preparedness. J Environ Psychol
30(2):187–197

Mohanty MP, Nithya S, Nair AS et al (2020c) Sensitivity of various topographic data in flood
management: implications on inundation mapping over large data-scarce regions. J Hydrol.
https://doi.org/10.1016/j.jhydrol.2020.125523

Mohanty MP, Sherly MA, Ghosh S et al (2020b) Tide-Rainfall Flood Quotient: An incisive
measure of comprehending a region’s response to storm-tide and pluvial flooding. Environ
Res Lett. https://doi.org/10.1088/1748-9326/ab8092

Mohanty MP, Sherly MA, Karmakar S et al (2018) Regionalized design rainfall estimation: an
appraisal of inundation mapping for flood management under data-scarce situations. Water
Resour Manag 32:4725–4746. https://doi.org/10.1007/s11269-018-2080-8

Mohanty MP, Vittal H, Yadav V et al (2020a) A new bivariate flood risk classifier for flood
management considering hazard and socio-economic dimensions. J Environ Manage 255:
109733. https://doi.org/10.1016/j.jenvman.2019.109733

Narayan S, Hanson S, Nicholls R et al (2011) Use of the source- pathway- receptor-consequence
model in coastal flood risk assessment. Geophys Res Abstr 13:EGU2011–EG10394

OFEE (1997) Consideration of flood hazards for activities with spatial impact. The Environment in
Practice VU-7505-E, Federal Office for the Environment FOEN, Bern

Pall P, Aina T, Stone DA et al (2011) Anthropogenic greenhouse gas contribution to flood risk in
England and Wales in autumn 2000. Nature 470(7334):382–385. https://doi.org/10.1038/
nature09762

Peck A, Karmakar S, Simonovic SP (2007) Physical, economical, infrastructural and social flood
risk-vulnerability analyses in GIS. Water Resources Research Report, The University of West-
ern Ontario, Canada

Rygel L, O’Sullivan D, Yarnal B (2006) A method for constructing a social vulnerability index: an
application to hurricane storm surges in a developed country. Mitig Adapt Strat Glob Change
11:741–764. https://doi.org/10.1007/s11027-006-0265-6

Samela C, Manfreda S, De Paola F et al (2016) DEM-based approaches for the delineation of flood-
prone areas in an Ungauged Basin in Africa. J Hydrol Eng 21(2):1–10. https://doi.org/10.1061/
(ASCE)HE.1943-5584.0001272

Samela C, Troy TJ, Manfreda S (2017) Geomorphic classifiers for flood-prone areas delineation for
data-scarce environments. Adv Water Resour 102:13–28. https://doi.org/10.1016/j.advwatres.
2017.01.007

Schanze J (2006) Flood risk management- a basic framework. In: Schanze J, Zeman E, Marsalek J
(eds) Flood risk management: hazards, vulnerability and mitigation measures. Springer, Dor-
drecht. https://doi.org/10.1007/978-1-4020-4598-1_1

Schiermeier Q (2011) Increased flood risk linked to global warming. Nature 470(7334):316. https://
doi.org/10.1038/470316a

Sherly MA, Karmakar S, Chan T et al (2015a) Design rainfall framework using multivariate
parametric-nonparametric approach. J Hydrol Eng 21(1):04015049. https://doi.org/10.1061/
(ASCE)HE.1943-5584.0001256

Sherly MA, Karmakar S, Parthasarathy D et al (2015b) Disaster vulnerability mapping for a densely
populated coastal urban area: an application to Mumbai, India. Ann Assoc Am Geogr 105(6):
1198–1220

188 M. P. Mohanty and S. Karmakar

https://doi.org/10.1061/9780784413609.201
https://doi.org/10.1007/s11069-013-0891-8
https://doi.org/10.1016/j.jenvp.2007.10.006
https://doi.org/10.1016/j.jenvp.2007.10.006
https://doi.org/10.1016/j.jhydrol.2020.125523
https://doi.org/10.1088/1748-9326/ab8092
https://doi.org/10.1007/s11269-018-2080-8
https://doi.org/10.1016/j.jenvman.2019.109733
https://doi.org/10.1038/nature09762
https://doi.org/10.1038/nature09762
https://doi.org/10.1007/s11027-006-0265-6
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001272
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001272
https://doi.org/10.1016/j.advwatres.2017.01.007
https://doi.org/10.1016/j.advwatres.2017.01.007
https://doi.org/10.1007/978-1-4020-4598-1_1
https://doi.org/10.1038/470316a
https://doi.org/10.1038/470316a
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001256
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001256


Turner BL, Kasperson RE, Matson PA et al (2003) A framework for vulnerability analysis in
sustainability science. PNAS 100(14):8074–8079. https://doi.org/10.1073/pnas.1231335100

USBR (1988) Downstream hazard classification guidelines. ACER Technical Memorandum
11, Denver, Colorado

Vousdoukas MI, Mentaschi L, Voukouvalas E et al (2018) Climatic and socioeconomic controls of
future coastal flood risk in Europe. Nat Clim Change 8(9):776–780. https://doi.org/10.1038/
s41558-018-0260-4

Wei YM, Fan Y, Lu C et al (2004) The assessment of vulnerability to natural disasters in China by
using the DEA method. Environ Impact Assess Rev 24(4):427–439

7 Flood Risk Estimation and Mapping: Present Status and Future Challenges 189

https://doi.org/10.1073/pnas.1231335100
https://doi.org/10.1038/s41558-018-0260-4
https://doi.org/10.1038/s41558-018-0260-4

	Chapter 7: Flood Risk Estimation and Mapping: Present Status and Future Challenges
	7.1 Introduction
	7.2 Flood Risk Management: A Risk-Based Approach to Managing Floods
	7.2.1 Flood Risk Analysis
	7.2.2 Flood Risk Assessment
	7.2.3 Flood Risk Reduction
	7.2.4 Flood Inundation and Hazard Mapping
	7.2.4.1 Quantification of Flood Hazard
	7.2.4.2 Geomorphic Approaches

	7.2.5 Flood Vulnerability Mapping
	7.2.5.1 Various Approaches to Flood Vulnerability Assessment

	7.2.6 Flood Risk Mapping
	7.2.7 Flood Risk Reduction
	7.2.7.1 Structural Measures
	7.2.7.2 Nonstructural Measures


	7.3 Case Study of the Mahanadi River Basin in India
	7.3.1 Jagatsinghpur District: The Focal Point Witnessing Severe Flood Impacts in Odisha, India
	7.3.2 Proposed Framework of Flood Risk Mapping
	7.3.2.1 Estimation of Regionalized Design Rainfall ()
	7.3.2.2 Quantification of Flood Hazard () Through Hydrodynamic Modeling
	7.3.2.3 Analysis of Socioeconomic Vulnerability Analysis ()
	7.3.2.4 Determination of Flood Risk Through Risk Classifier

	7.3.3 Results and Discussion

	7.4 Conclusion
	References


