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Abstract

Tropical cyclones are among the most destructive natural hazards that lead to substantial damage to property and loss
of lives. As a tropical country prone to natural hazards, Bangladesh’s coast is affected by cyclones each year, leading to
significant impacts on coastal communities and infrastructure. To prepare and implement effective cyclone risk mitiga-
tion strategies, it is crucial to extract contemporary and precise spatial information regarding tropical cyclone risk for
coastal Bangladesh. This study focuses on developing a comprehensive tropical cyclone risk map for the coastal regions
of Bangladesh, encompassing the Western, Central, and Eastern areas. Geospatial techniques and statistical methods were
utilized to prepare, analyze, and integrate 18 distinct criteria corresponding to three primary risk components: vulnerabil-
ity and exposure, hazard, and mitigation capacity. The criteria were ranked and weighted using the Analytical Hierarchy
Process (AHP). A weighted overlay technique was then applied to generate individual maps for each risk component,
which were subsequently integrated using a formulated risk equation to produce the overall risk map. The study revealed
that approximately one-third (35.2%) of the coastal area is highly vulnerable to tropical cyclones. These very high-risk
zones are concentrated in the districts of Barishal, Bhola, Jhalokathi, Patuakhali, Pirojpur, Khulna, and Bagerhat, as well
as parts of Satkhira, Noakhali, and the western regions of Chattogram and Cox’s Bazar. In contrast, the areas classified as
low and very-low risk, comprising 14% and 25.4% of the coastal regions, respectively, with the majority of these locations
situated far from the ocean. The findings of the study were validated using field-based datasets. The outputs of this study
will be beneficial for stakeholders in formulating and implementing cyclone risk mitigation strategies and practical plans
for efficient cyclone disaster management in coastal Bangladesh.
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1 Introduction

Tropical cyclones are widely considered as one of the most
deadliest natural hazards globally, posing serious risks to
millions of people each year who reside on or near tropi-
cal cyclone-affected coastlines (Mansour et al. 2021; Shi et
al. 2023). These cyclones generate strong winds, extreme
storm surge events, and cause heavy rainfall (Mondal et
al. 2021) leading to significant casualties, damage to the
natural environment, and extensive destruction to property
and infrastructure (Alam et al. 2020). Globally, approxi-
mately 64% of deaths from various disasters are attributed
to tropical cyclones (Mondal et al. 2021; Alam 2023). Each
year, an estimated 80 to 100 tropical cyclones make land-
fall in various coastal regions worldwide, causing around
20,000 deaths and an average economic loss of 26 Billion
USS$ (Bakkensen and Mendelsohn 2019; Hoque et al. 2021;
Ghosh and Mistri 2023). It is projected that the severity of
tropical cyclones will escalate if the current trend of increas-
ing ocean temperatures due to climate change persists (Man-
sour et al. 2023; Salman 2023; Shi et al. 2023). Additionally,
it is expected to have a rise in the global mean sea level by
0.26 to 0.82 m by the year 2100, posing a significant dan-
ger to the coastal environment and low-lying areas (Gori et
al. 2022; Volz and Hinkel 2023). Consequently, rising sea
levels will heighten the vulnerability of coastal populations,
resources, and environments to tropical cyclone-induced
storm surges (Hoque et al. 2019; Mansour et al. 2023).
Hydro-meteorological hazards, especially tropical
cyclones, are prevalent in Bangladesh (Hoque et al. 2019).
The country’s coastal regions face tropical cyclones each
year with varying intensities, from early summer between
April and June to early winter between September and
November (Sarker and Adnan 2023). Bangladesh experi-
ences very strong tropical cyclones with high intensities and
frequencies as a result of its geographical position, lowland
terrain, and the climatic conditions of the Bay of Bengal
(Alam et al. 2020; Arif et al. 2023). Over the last several
years, the coastal regions of Bangladesh have experienced
several tropical cyclones with high magnitudes, resulting in
massive damage and casualties. For example, Mocha (14
May 2023), Amphan (21 May 2020), Bulbul (11 November
2019), Mora (31 May 2017), Mahasen (10-17 May 2013),
Aila (25 May 2009), and Sidr (15 November 2007) (Alam
and Dominey-Howes 2016; Murshed et al. 2022; Sarker and
Adnan 2023). Since 1971, Bangladesh has lost over 450,000
people and experienced substantial damage to human and
natural resources as a result of around 36 devastating tropi-
cal cyclones (Hoque et al. 2019; Arif et al. 2023). The risk
of exposure to storm surges triggered by tropical cyclones
may increase due to the rising global sea level, especially
for coastal communities, resources, and the environment
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in Bangladesh (Akter and Dayem 2021; Sarker and Adnan
2023).

The impact of these hazardous events on the coastal areas
can be substantially minimized by implementing proper
prevention and mitigation measures (Joyce et al. 2009;
Ahmed et al. 2016). Thus, assessing the spatial variations of
vulnerability, exposure, hazard levels, and mitigation capac-
ity is crucial to understanding the risk among coastal com-
munities to minimize future human fatalities and impacts on
resources and environments (Rahman et al. 2022; Salman
2023). A comprehensive assessment of tropical cyclone risk,
integrating its essential components, can yield sufficient
information to develop efficient risk mitigation strategies
(Quader et al. 2017; Ghosh and Mistri 2023). Vulnerability
refers to the degree of potential damage caused by specific
hazards on individuals, communities, environments, and
resources under threat (Alam et al. 2019). Whereas the haz-
ard is a phenomenon that can potentially affect lives, prop-
erties, and the environment (Ali et al. 2019) and the capacity
is defined as the societal or systematic abilities to confront,
deal with, and recover from the detrimental consequences
of natural hazards (Frazier et al. 2013b). Therefore, the
risk is widely known as the complexion of the nature of the
hazard, the extent of the vulnerability that the individuals
are exposed to, and the mitigation measures to which indi-
viduals can extend their ability to cope (Basheer Ahammed
and Pandey 2019; Akter and Dayem 2021). The spatial risk
information generated for tropical cyclones offers valuable
insights and can support relevant stakeholders in enhancing
cyclone disaster management efforts.

Several relevant criteria determine the risk levels of trop-
ical cyclones. These criteria need to be considered in the
assessment of comprehensive risk. In this regard, the multi-
criteria assessment approach is highly effective in tropical
cyclone risk assessment as integrates all of the criteria’s
influences (Mansour 2019; Ali et al. 2020). Geospatial tech-
niques, combining Geographic Information Systems (GIS)
and Remote Sensing, help prepare, analyze, and overlay rel-
evant criteria in the multi-criteria decision-making (MCDM)
process (Do and Kuleshov 2023; Sarker and Adnan 2023).
The Analytic Hierarchy Process (AHP) is a crucial and
widely used approach in spatial decision-making that sup-
ports ranking and weighting through a pairwise comparison,
developing a hierarchy model (Alam et al. 2019; Hoque et
al. 2019). A number of recent studies have successfully used
the AHP in assessing vulnerability, hazard, and risk associ-
ated with tropical cyclones (Hoque et al. 2019; Alam et al.
2020; Ali et al. 2020; Mondal et al. 2021; Arif et al. 2023).

Although Bangladesh’s coastal regions are regularly
affected by tropical cyclones, studies relevant to spatial
tropical cyclone risk assessment are still scarce. Most of
the available studies focused on specific parts of the coastal
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areas in Bangladesh (Hoque et al. 2018a, 2019; Sattar and
Cheung 2019; Alam et al. 2020; Akter and Dayem 2021).
Hoque et al. 2018a), (2019) have evaluated the impacts
of tropical cyclones by applying geospatial techniques
in Sarankhola Upazila and the eastern coast of the coun-
try (covering the Chittagong part), respectively. Sattar and
Cheung (2019) evaluated household-based risk of tropical
cyclones by applying qualitative datasets at the union level
of three districts from the western coastal part of Bangla-
desh. Roy and Depellegrin (2022) assessed the impacts of
tropical cyclones on ecosystem service richness on the east-
ern coast. On the other hand, Alam et al. (2020) quantified
the risk of tropical cyclones in the Cox’s Bazar district and
Akter and Dayem (2021) in Cox’s Bazar Sadar Upazila,
both of which are in the southeastern part of Bangladesh.
However, only a few of the studies covered the entire
coastal zone of Bangladesh (Quader et al. 2017; Murshed
et al. 2022; Sarker and Adnan 2023). Quader et al. (2017)
attempted to map the risk areas due to tropical cyclones in
the coastal areas by integrating limited influencing criteria,
mostly focusing on social aspects. Multi-hazard threats,
without an adequate focus on tropical cyclones, are assessed
by Murshed et al. (2022) in the coast of Bangladesh taking
into account both environmental and anthropogenic vari-
ables. Similarly, Sarker and Adnan (2023) evaluated multi-
hazard risk by integrating another weighted technique,
which was a fuzzy analytic hierarchy process model focus-
ing on the coastal parts of Bangladesh. A recent study from
Roy et al. (2024) also evaluated multi-hazard coastal vul-
nerability where cyclone was considered but only limited to
the eastern coastal region of the country. Although some of
the above studies have attempted to assess tropical cyclone
risks in coastal regions using a variety of geospatial and sta-
tistical approaches, majority of them focused on particular
regions, employed outdated datasets, or used limited influ-
encing criteria, which may not capture the comprehensive
risk profile necessary for effective mitigation strategies. The
innovative aspect of our study lies in the development and
application of an integrated multi-criteria decision-mak-
ing (MCDM) framework combined with advanced geo-
spatial techniques for a comprehensive tropical cyclone
risk assessment across the entire coastal belt of Bangladesh.

The main aim of this research is to create a tropical
cyclone risk map that includes Bangladesh’s whole coastal
areas, covering the Western, Central, and Eastern areas,
incorporating three essential risk components using geo-
spatial and statistical techniques. The specific goals include:
(1) developing indices for vulnerability and exposure, haz-
ard, and mitigation capacity applying the MCDM technique
with an emphasis on AHP; (2) generating a risk map by
combining these indices to assess the tropical cyclone risk
levels; and (3) validating the outcomes of the produced risk

map. We believe the research findings will be valuable for
enhancing the effectiveness of cyclone risk management,
mitigation, and prevention in coastal Bangladesh.

2 Materials and Methods
2.1 Study Area

A total of nineteen coastal districts across three southern
divisions (Khulna, Barisal, and Chattogram) that cover
the whole coastal belt of Bangladesh are considered in this
study (Fig. 1). The total area covers 47,753 square kilo-
meters, approximately 32.36% of the country’s total land-
mass. People who reside in Bangladesh’s coastal region are
nearly 39,770,546 (993.47/km?), which consists of 24.11%
of the total population of the country (BBS 2021). Coastal
districts experience an average daily mean temperature of
25.9 °C with 1940 mm of average annual precipitation due
to the country’s tropical monsoon (Yu et al. 2019). The Bay
of Bengal, located in the southern region of Bangladesh, is
regarded as a hotspot of the hotspots for the creation of trop-
ical cyclones (Hoque et al. 2016). Most tropical cyclones hit
this region during two distinct seasons: from March to July
and from September to December due to the moist air from
the adjacent ocean (Arif et al. 2023). Because of the coun-
try’s low topography and unique geographical setting, tropi-
cal cyclones affect each year with varying intensities, putting
several millions of people at tremendous risk (Hoque et al.
2018a; Alam et al. 2020). Furthermore, the coastal zones of
Bangladesh are highly vulnerable to the anticipated future
sea level rises triggered by climate change, which can inten-
sify the impacts of storm surges from cyclones (Roy et al.
2022).

2.2 Overview

In this study, a comprehensive methodological framework
was developed to assess tropical cyclone risk. The approach
integrates GIS, Remote Sensing, and MCDM techniques,
specifically utilizing AHP. This integration ensures a sys-
tematic evaluation of three primary risk components: vul-
nerability and exposure, hazard, and mitigation capacity
for determining the probability of people, properties, and
environments being exposed to a specific category of natural
hazards (Mansour 2019) (Fig. 2). The AHP can efficiently
incorporate and aggregate MCDM processes in a geospa-
tial environment (Malczewski 2010; Roy and Blaschke
2013). We selected and applied the following rational and
well-developed risk equation through an extensive relevant
literature review to map tropical cyclone risk in this study.
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Fig. 1 Study area: (a) coastal regions of Bangladesh and (b) location of study area in regional and national contexts

Risk = Hazard x Vulnerability x exposure/mitigation capacity

()

2.3 Dataset and Sources

We meticulously selected 18 distinct criteria related to the
three components of risk: vulnerability, hazard, and mitigation
capacity to construct a tropical cyclone risk map. Datasets for
processing the chosen criteria were collected from a diverse
array of sources such as digital elevation model (DEM) from
the Survey of Bangladesh (SOB) (http:/www.sob.gov.bd/)
; land use and land cover (LULC) data from the Copernicus
data space ecosystem (https://dataspace.copernicus.eu/); pop-
ulation data from the Bangladesh Bureau of Statistics (BBS)
(https://bbs.gov.bd/); historical cyclone, rainfall, and humidity
data from the Bangladesh Meteorological Department (BMD)
(http://www.bmd.gov.bd/); data regarding cyclone shelter from
the Ministry of Disaster Management and Relief (MODMR)
(https://modmr.gov.bd/); cyclone wind speed from NOAA
Regional and Mesoscale Meteorology Branch (RAMMB) (
https://rammb?2.cira.colostate.edu/); cyclone track data from
International Best Track Archive for Climate Stewardship
(IBTrACS); river, road and defense center data from Local
Government Engineering Department (LGED) (https:/lged.g
ov.bd/). Additionally, we conducted several visits to the study
area between October 2022 and November 2023 to verify data-
sets and obtain validation data for evaluating our findings. The
list of datasets and their attributes is presented in Table 1.
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2.4 Risk Evaluation Criteria, Alternatives, and
Mapping

In this study, the selection of 18 relevant criteria and alterna-
tives was based on their relevance to tropical cyclone risk
in the specific context of coastal Bangladesh. We performed
an in-depth examination of the existing literature and expert
consultation to find out commonly used criteria for tropi-
cal cyclone risk assessment as well as taking into account
key factor such as the availability of datasets. Spatial layers
were created for each of the criteria using geospatial tech-
niques resulting in a total of 18 spatial layers corresponding
to three risk components. Each raster layer was configured
with a spatial resolution of 10 m by 10 m. Geospatial analy-
ses and preparations of each criterion layer were conducted
using ArcGIS (version 10.8) and ENVI (version 5.4). The
generated maps were categorized using the Jenks Natural
Breaks classification method (Baeza et al. 2016). Detailed
explanations of each criterion’s significance, concept, and
mapping techniques are provided in subsequent sections.

2.4.1 Vulnerability and Exposure Mapping

We carefully chose six physical aspects to assess tropical
cyclone vulnerability and exposure (Hoque et al., 2018).
Among the chosen physical aspects, four (i.e., elevation,
slope, proximity to the coast, and cyclone track density)


http://www.sob.gov.bd/
https://dataspace.copernicus.eu/
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https://modmr.gov.bd/
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were related to vulnerability, and the remaining two (i.c.,
LULC and population density) were related to exposure.

Elevation and slope significantly are critical factors
affecting vulnerability to tropical cyclones; typically, lower
elevations and mild slopes are generally more vulnerable to
these events compared to higher elevated and steep slope
areas (Poompavai and Ramalingam 2013; Mansour et al.
2021). In this study, we created spatial layers for elevation
and slope using 10-meter spatial resolution DEM (Fig. 3a,
b). This DEM was constructed according to the topographic
map (scale 1:25000).

Proximity to the coastline and cyclone track is crucial
when assessing coastal vulnerability, with residents living
near these areas are at heightened risk from tropical cyclones
(Frazier et al. 2013a; Varikkodan et al. 2023). Using ArcGIS
10.8 software, a shoreline buffer was created for the proxim-
ity to the coastline (Fig. 3d) by setting a specific distance. In
contrast, the cyclone track density spatial layer (Fig. 3c) was
prepared using cyclone track data between 1960 and 2023
from IBTrACS (Knapp et al. 2010). We selected around 45
cyclone tracks to produce cyclone track density spatial layer
using the “line density” tool in the ArcGIS environment.
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Table 1 Dataset and sources used
for tropical cyclone risk assess-
ment in the present study

Dataset Source Time period Outcomes
Sentinel-2 (10 m Copernicus data  Sentinel-2 images Classification of land use and land
resolution) space ecosystem  January, 2022) cover, Coastal vegetation
Digital Elevation SOB 2014 Land elevation, slope, and storm surge
Model (DEM) (10 m height
resolution)
Population BBS Population Cen-  Population density
sus 2022
Cyclone track IBTrACS 1960-2023 Proximity to cyclone track and cyclone
frequency
Historical cyclone BMD and 1960-2023 Cyclone frequency and storm surge
research articles height
Precipitation BMD 1980-2022 Precipitation intensity
River, Road LGED 2022 Distance to river and road, river density
Cyclone wind speed RAMMB Recent major Cyclone wind speed
cyclones
(2005-2023)
Cyclone shelter, Ministry of disas- Up to date 2023  Distance from cyclone shelter,
Embankment ter management Embankment density
and relief
Health infrastructure, Fieldwork and Up to date 2023  Distance from health infrastructure,
Defense center Local administra- Distance to defense center
tive office

LULC are influential factors for tropical cyclone vul-
nerability (Halder and Bandyopadhyay 2022). In order to
determine the regions that are vulnerable to tropical storms,
it was crucial to create a LULC map that classified the vari-
ous land uses. This map was developed following the super-
vised classification approach and the maximum likelihood
algorithm, employing sentinel 2 satellite images processed
with ENVI 5.4 software. The resulting map identified nine
LULC categories: Bare land/wetland, closed waterbodies,
open waterbodies, crops land, fish farming, mangrove, salt
cultivation, settlement, and vegetation cover (Fig. 3e). Uti-
lizing a stratified random point-based sampling technique
(Jensen 2009), we generated 750 points from corresponding
periods in Google Earth imagery, ensuring a minimum of 50
points for each LULC class, to evaluate the validity of the
LULC map. The comprehensive accuracy and kappa coef-
ficient scores were recorded at 87.8 and 90.2, respectively.

Areas characterized by a dense population are at a
higher risk of being exposed to tropical cyclones (Hoque
et al. 2021). The global population living along the shore is
growing quickly, heightening their vulnerability to tropical
cyclones (Neumann et al., 2015). As the damage during the
cyclone is highly related to the population, the density and
spatial variability of an area have a substantial role in deter-
mining vulnerability levels (Basheer Ahammed and Pandey
2019). The latest 2022 population and housing census data,
carried out by BBS was used to develop the population
density layer (Fig. 3f) for this study by using ArcGIS 10.8
software.
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2.4.2 Hazard Mapping

The potential for tropical cyclone hazards is estimated by
analyzing historical datasets (such as location, time, inten-
sity, and frequency) along with current environmental con-
ditions (Hoque et al. 2018a). For this study, the selected
criteria for assessing hazards include distance to river, river
density, storm surge height, cyclone wind speed, cyclone
frequency, and precipitation intensity.

Coastal rivers and their density greatly influence tropical
cyclone impacts as this hazard is associated with heavy pre-
cipitation and high storm surges. The areas close to coastal
rivers with high density of river systems are at high risk of
flooding compared to inland areas (Murshed et al. 2022).
We used the ‘Euclidian distance’ and ‘line density’ tools in
ArcGIS for creating distance to river and river density spa-
tial layers, accordingly (Fig. 4a, b).

Storm surges are considered catastrophic characteristics
of tropical cyclones. It can create coastal flooding and con-
siderable impacts on coastal properties, communities, and
environments (Bernard et al. 2022). The storm surge height
spatial layer was created using previous historical tropical
cyclone-induced storm surge data from 1960 to 2023 and
bare earth DEM (Fig. 4c¢). A storm surge height of 6.50 m,
corresponding to a 20-year return period, was established
using a Gumbel distribution for frequency analysis. To
model the storm surge, we applied a surge decay coefficient
along with DEM data and utilized various raster calculator
functions in ArcGIS to generate the storm surge height spa-
tial criterion layer. (Hoque et al. 2018b).
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Extreme precipitation is associated with tropical
cyclones, which cause massive impacts in the affected
regions (Gori et al. 2022). We utilized daily precipitation
data ranging from 1980 to 2022 to develop a precipitation
intensity map (Fig. 4d). At first, we interpolated the aver-
age precipitation data from 35 rainfall stations throughout
Bangladesh to create the precipitation intensity spatial layer
by using the kriging interpolation method in ArcGIS. Sub-
sequently, the study area was defined and extracted from the
intensity layer.

Cyclone wind speed indicates the degree of intensity of
the cyclone as it causes massive destruction to infrastruc-
tures and natural resources in the affected region (Ali et al.
2020). We developed a cyclone wind speed criteria layer
considering wind speed spatial data from the recent seven
major tropical cyclones, i.e., Mocha (11-14 May 2023),
Amphan (15-21 May 2020), Bulbul (5-11 November 2019),
Mora (28-31 May 2017), Mahasen (10—17 May 2013), Aila
(23-26 May 2009), Sidr (11-16 November 2007) (Fig. 4¢).
On the other hand, cyclone frequency indicates the tropical
cyclone formation and landfall within a given time period
and location. The present study used historical cyclone
track data between 1960 and 2023 to develop the cyclone
frequency spatial layer (Fig. 4f).

2.4.3 Mitigation Capacity Mapping

Mitigation capacity refers to strategic measures designed
and executed to mitigate or avoid the probable impact of
hazards on people and properties (Paul and Rahman 2006).
To map mitigation capacity, a total of six criteria, including
distance to cyclone shelter, embankment density, distance
from defense center, distance from road, distance to health
infrastructure, and proximity to coastal vegetation were
considered.

Cyclone shelters represent the best mitigation initiative
by providing immediate and temporary shelter to affected
communities and livestock during tropical cyclones (Haider
and Ahmed 2014). Similarly, the availability and accessibil-
ity of emergency healthcare facilities are essential during
such events (Hoque et al. 2021). Furthermore, defense cen-
ters play a significant role in safeguarding human lives and
property before the landfall of a tropical cyclone (Mallick
and Rahman 2013). Data on cyclone shelters were obtained
from MODMR, while information on health facilities and
defense centers was sourced from local administrative
offices. These data were collected with their corresponding
GPS coordinates and were validated within the study area.
Finally, we employed the ‘Euclidian distance’ method to
create distance to the cyclone shelter, defense center, and
health facilities’ spatial thematic layers (Fig. 5a, c, e).

An embankment is a highly effective structural mitiga-
tion measure for reducing the adverse impacts of storm
surges on people, properties, and the environment (Mansour
2019). In this study, we obtained embankment data from
MODMR with GPS coordinates and verified in the study
area. We employed the ‘line density’ tool using ArcGIS
to develop an embankment density spatial layer (Fig. 5b).
Conversely, communication via roads is crucial for provid-
ing support, from evacuation to delivering relief to affected
communities during tropical cyclone hazards (Ghosh and
Mistri 2023). Areas with good road connectivity can receive
support more quickly during tropical cyclone landfall com-
pared to areas with poor road communication. We acquired
road data from LGED and employed the ‘Euclidean dis-
tance’ method to prepare a spatial layer for distance to roads
(Fig. 5d). Coastal vegetation can protect coastal communi-
ties and their resources by reducing cyclone-induced wind
speed and storm surge impacts (Hochard et al. 2021). This
investigation included the extraction of coastal vegetation
from Sentinel 2 imagery. Subsequently, we used ‘Euclidian
distance’ to develop the proximity to the coastal vegetation
thematic criteria layer (Fig. 51).

2.5 Alternative Ranking and Standardization
Criteria Layers

For each criterion, alternatives were assessed and ranked
based on their risk contribution, employing the principles
of the AHP. We assigned the risk ratings from 1 to 5, where
rank 1 represents very low risk and rank 5 denotes very high
risk (Table 2). A 10-meter pixel raster layer was produced
by transforming vector data into raster format, aiding the
process of weighted overlay techniques. In order to ensure
consistency, it is necessary to normalize the ranking values
so that they fall within the same range of 0 to 1. To do this,
a linear scale transformation was used as described in Eq. 2.

P = (X — min/max — min) 2)

where, P refers to the standardized value, min and max stand
for the dataset’s lowest and maximum values accordingly,
and X is the value of a single cell in the dataset.

2.6 Weighting the Criteria Using AHP

In this research, the AHP decision-making process was uti-
lized to assign weights to the criteria of all three risk com-
ponents (Hazard, Vulnerability, and Mitigation capacity),
reflecting its relative importance in contributing to cyclone
risk. This structured weighting process ensures that the
methodological approach is not biased towards any single
factor, thus maintaining a balanced assessment of all risk
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Table 2 Ranking of tropical cyclone influencing criteria alternatives based on their importance
Risk Criteria Ranking (Based on cyclone risk)
component Very Low (1) Low (2) Moderate (3) High (4) Very
High (5)
Vulnerability  Elevation (m) >8 6-8 4-6 2-4 <2
and Exposure  Slope (%) 1.25-18.3 0.15-1.24 0.09-0.15 0.071-0.08 0-0.07
Cyclone track density (km/km?) 0-0.06 0.07-0.12 0.13-0.17 0.18-0.24 0.25-0.46
Proximity to coastline (km) >80 60-80 40-60 2040 <20
Land use and land cover Open water bodies, Closed water Veg- Crops land, Salt  Settle-
bare land bodies etation cover, cultivation, Fish ments.
Mangrove farming
Population density (sq. km) <500 500-700 700-900 900-1100 >1100
Hazard Distance from river (km) >8 6-8 4-6 24 <2
River density (km/km?) 0-0.03 0.04-0.08 0.09-0.13 0.14-0.2 0.21-0.34
Storm surge height (m) 0 0-0.5 0.5-1 1-2 >2
Precipitation (mm) 1787-1939 1940-2187 2188-2710 2711-2958 2959—
4214
Cyclone wind speed (km/h) 91-122 123-178 179-186 187-199 200215
Cyclone frequency (number) 0-1 2-3 4-5 6-7 8-10
Mitigation Distance from Cyclone shelter (Km) <1 1-2 2-3 34 >4
capacity Embankment density(km/km?) 0 0.01-0.05 0.06-0.08 0.09-0.13 0.14-0.29
Distance from defense center(km) >2 2-4 4-6 6-8 >8
Distance from road (km) <1 1-2 2-3 34 >4
Distance from health infrastructure (Km) <1 1-2 2-3 34 >4
Proximity to Coastal vegetation(km) <3 3-6 6-9 9-12 >12

Table 3 Weights of criteria and consistency ratios estimated through
the pairwise comparison matrices

components. Six experts and a user provided qualitative
comments, which were used to calculate the weights of the

Compone.n‘t Cmen? Weight criteria. Table 3 displays the component’s weights based on
Vulnerability and Elevation 0.30 -
Saaty (2008) relative relevance scale. The experts and users
exposure Slope 0.12 . ..
- . were selected for their specialized research backgrounds
Proximity to coastline 0.24 . .. . .
o and comprehensive expertise in the field, representing a mix
Proximity to cyclone track 0.15 . TR
Land use and land cover 007 of academic, governmental, and research institutions.
Population density 0.11 To assess the consistency of the pairwise comparison
Consistency ratio: matrix, the consistency ratio (CR) was computed. The CR
0.03 is deemed acceptable if the value is equal to or less than 0.1
Hazard Distance from river 0.25 (Malczewski 2010), which was calculated using Eq. 3. If
River density 0.13 not, a new weight computation and evaluation of the given
Storm surge height 0.28 qualitative decision are necessary.
Precipitation intensity 0.13
Cyclone wind speed 0.09 CR = Consistency Index (CI) / Random Index (RI) 3)
Cyclone frequency 0.07
Consistency ratio: w vy -
0.02 The term “Random Index (RI)” is known as the average
Mitigation capacity Distance from cyclone shelter 031 consistency index that is randomly generated, whereas the
Embankment density 0.15 Consistency Index (CI) was calculated by using Eq. 4.
Distance from defense center 0.09
Distance from road 0.15 Cl = (max —n)/(n — 1) 4
Distance from health infrastructure ~ 0.06
Coastal vegetation 0.24

Consistency ratio:
0.02

2.7 Risk Assessment
According to Eq. 1, to generate a tropical cyclone risk map,

we employed its predetermined components consisting of
all 18 weighted criteria. Each component’s criteria were
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further gathered and calculated vulnerability, hazard, and
mitigation indices using weighted overlay techniques add-
ing specific criterion weights.

The index values of the risk components were catego-
rized into very-low, low, moderate, high, and very-high
classes. Finally, an integrated risk index was created using
Eq. 1, utilizing the raster calculator in ArcGIS. A normaliza-
tion procedure was then carried out to move the values of
the risk index from 0 to 1 on the scale by applying Eq. 2.
After that, index values were divided into five classes, the
same as risk components, using the Natural Breaks method.

2.8 Risk Mapping Validation

There were no proven methods to validate tropical cyclone
risk mapping. However, we first used a qualitative approach
to validate our risk assessment findings (Hoque et al. 2019,
2021; Roy et al. 2021). A field visit was undertaken between
October 2022 and November 2023 to evaluate the accuracy
of the risk map. During the field visit, we received feedback
on our final risk map from roughly 90 people, locals, spe-
cialists, and decision-makers. Furthermore, a thorough per-
sonal observation was carried out by confirming the actual
risk of tropical cyclones and ascertaining the exact risk lev-
els of individual locations on our map. Informal conversa-
tions with locals at the visited sites also revealed historical
tropical cyclone events and their effects.

In this study, we employed Receiver Operating Char-
acteristic (ROC) curve and Area Under the Curve (AUC)
techniques to validate the outcomes of tropical cyclone risk
assessment. These validation methods have been widely
used in other studies to assess vulnerability, exposure, haz-
ards, and risks associated with natural disasters (Ahmed et
al. 2021, 2022; Akter et al. 2024). To conduct the analy-
sis, we first identified areas affected by tropical cyclones
and developed an inventory map comprising 306 valida-
tion points. These points were based on historical tropi-
cal cyclone events in the coastal regions of Bangladesh
(1960-2023), damage assessment reports from national and
international organizations, and data gathered during our
fieldwork. ROC and AUC analyses were performed using
the inventory map within a GIS environment, applying the
ArcSDM tool.

3 Results
3.1 Vulnerability and Exposure Mapping
This research, conducted across the vast coastal region of

Bangladesh, highlights the varying levels of vulnerability
and exposure to tropical cyclones in different areas (Fig. 6a).

@ Springer

In this study, about 22% of the study area, which is around
8,131 km?, was classified as having a very-high vulnerability
to tropical cyclones, and coupled with this 28.9% (10538.8
km?), the highest portion of the area being exposed to high
vulnerability. A substantial 22.6% of the region, approxi-
mately 8237.1 km? was classified as moderately vulnerable.
Then, only 15.4% and 10.9% of the areas corresponding to
5609.8 km? and 3986.1 km?, respectively, showed a low and
very-low vulnerability due to tropical cyclones. The Piroj-
pur, Jhalokathi, Patukhali, as well as the lower/southern part
of Noakhali, Khulna, Bagerhat, Satkhira, and the western
part of Chattogram and Cox’s Bazar along the coast, are
dominated by very-high vulnerability to tropical cyclones.
This high sensitivity and exposure to cyclone threats are
attributed to several critical characteristics, including prox-
imity to the storm track and coastlines, lower land elevation,
mild slopes, high population concentrations, and land cover
patterns. In contrast, a tiny portion of land, only 10.9% of
the area (Narail, Jashore, Upper and western part of Chat-
togram, and some parts lower of Cox’s Bazar district), was
classified under the very-low vulnerability category. Very
highly vulnerable regions mainly lie along and near Bangla-
desh’s entire coast except the lower part of Feni and Cox’s
Bazar districts. In contrast, areas that are far from (Jessore
and Narail on the western coast, Feni, Cattogram, and Cox’s
Bazar on the eastern coast) the coast mostly pose very-low
vulnerability to tropical cyclones. These places are less vul-
nerable to tropical cyclones because of their high elevation,
steep slopes, low population, and remoteness from the coast.

3.2 Hazard Mapping

A detailed analysis conducted on the criteria of hazard
reveals the overall hazard proneness of the total coast of
Bangladesh (Fig. 6b), expressing that the highest and most
significant portion of the area, 26.3% (9595.8 km?), is clas-
sified under the very-high hazard-prone area. The high-
hazard zones, which encompass 22.8% (8334.7 km?) of the
total coastal region, are at a little lower level than the very-
high hazard but still face a substantial danger. In the mean-
time, moderately exposed areas were found around 17.8%
(6494.5 km?) covering Gopalganj, the upper part of Barisal,
the Lower part of Satkhira, and discretely distributed among
the other districts. On the other hand, 16.4% and 16.6% of
areas are categorized under low and very-low hazard prone-
ness, respectively. Out of three coastal divisions, the central
coast (Barisal, Patuakhali, Jhalokathi, Pirojpur, Barguna,
Bhola, and the lower part of Noakhali districts) poses very-
high hazard proneness. These areas are highly hazard-prone
because of their proximity to the coast, low altitude, heavy
rainfall, frequent cyclones, and strong storm surge effects.
Meanwhile, the western coast and eastern coast mainly
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Fig. 6 Maps of risk components with the risk map: (a) vulnerability and exposure, (b) hazard, (¢) mitigation capacity, and (d) risk

depict low to very-low hazard proneness (Jessore, Narial,
Upper part of Khulna, Satkhira, Gopalganj, Shariatpur,
Chandpur, Noakhlai, Feni, Chattogram, and some lower
parts of Cox’s Bazar) to tropical cyclones. In addition,
hazard levels in these areas are particularly low because
they are rarely affected by strong winds, storm surges, or
precipitation.

3.3 Mitigation Capacity Mapping

The mitigation capacity pattern for coastal Bangladesh illus-
trated in Fig. 6¢c demonstrates a significant lack of very-high
mitigation capacity, covering only 7% (2556.9 km?) of the
study area. On the contrary, high mitigation capacity con-
stitutes 29.9% (10927.8 km?) of the coastal regions. Large

areas covering 39.2% of the coastal areas are identified with
low to very-low mitigation capacity, while moderate mitiga-
tion capacity covers 23.8% (8705.6). The very-high mitiga-
tion capacity is only visible all along the very close to the
coastline (South and Western parts). Mitigation approaches
widely exist in these regions as these areas are highly
impacted by tropical cyclones each year. Therefore, govern-
ment, national, and international donor agencies are more
active in these regions to minimize tropical cyclone effects
than in nearby areas. In contrast, areas with low to very-low
mitigation are situated far from the coastline, such as areas
covering Jashore, Narail, Gopalganj, Shariatpur, Chandpur,
the Upper part of Noakhali, and the eastern part of Chat-
togram. The main reason behind the lack of mitigation
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Table 4 Detailed area coverage of risk and risk components based on the defined classes in the study area

Class Vulnerability and exposure Hazard Mitigation capacity Risk

Area (km?) % Area (km?) % Area (km?) % Area (km?) %
Very high 8131.2 223 9595.8 26.3 2556.9 7.0 2088.8 5.7
High 10538.8 28.9 8334.7 22.8 10927.8 29.9 10780.2 29.5
Moderate 8237.1 22.6 6494.5 17.8 8705.6 23.8 9273.8 25.4
Low 5609.8 15.4 6002.8 16.4 7379.7 20.2 5094.7 14.0
Very low 3986.1 10.9 6075.3 16.6 6933.1 19.0 9265.7 25.4

capacity is cyclones very rarely impact the region due to
their distance from the coast.

3.4 Risk Mapping

Figure 6d provides a spatial representation of the overall risk
of coastal Bangladesh to tropical cyclones. Around 5.7% of
coastal Bangladesh was identified under a very high-risk
zone (covering 2088.8 km?). Areas with high risk of tropical
cyclones constitute 29.5% (10780.2 km?) (Table 4). Maxi-
mum of the high-risk regions were found in Barishal, Bhola,
Jhalokathi, Patuakhali, Pirojpur, Khulna, and Bagerhat dis-
tricts and slightly observed in the southern part of Satkhira,
Noakhali, and western part of Chattogram and Cox’s Bazar.
Additionally, 25.4% of the area (covering 9273.8 km?) is
designated as a moderate-risk zone for tropical cyclones.
The areas under Moderate risk of tropical cyclones were
predominantly located in Gopalganj and Bhola and slightly
observed in the southern part of Patuakhali, Satkhira, and
the eastern part of Chandpur, Laxmipur, Noakhali and Feni
along the coast. Conversely, 39.5% of the areas are covered
by low to very-low risk. The impact of tropical cyclones
was found to be low predominantly in regions such as
Narail, Jashore, and a sizeable area of Chandpur, Laxmipur,
Noakhali, the northern and the eastern part of Chattogram
and the southern part of Cox’s Bazar. The pattern of risk
distribution aligned well with the findings on vulnerability
and hazard, especially in coastal areas characterized by low
elevation, steep slopes, dense populations, strong winds,
and heavy rainfall. Nevertheless, the risk levels in specific
locations have shifted due to the varying mitigation capaci-
ties present in those areas.

The central and western coasts of Bangladesh harbored
the majority of both high and very-high risks associated
with the impacts of tropical cyclones; however, the eastern
coast bears a relatively smaller share of these risks. The
western and central coasts are also the sites of moderate
risk, with a small amount of the eastern coast, mainly the
connected portion of the Bay of Bengal. Additionally, the
low to very-low risk of tropical cyclone hazards is predomi-
nantly observed along the east coast; this risk is also present
in the northwest regions of the western coast and the north-
eastern portion of the central coastal region of Bangladesh.
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Table 5 A quick overview of the field visit’s findings on the risk of
coastal Bangladesh to tropical cyclones

Type of Respondents Highly Satisfied  Not
People satisfied satisfied
General people 70 47 12 11
Policymakers 12 5 4 3
Experts 08 4 4 0

Total 90 (100%) 56 20 14

(62.22%) (22.22%) (15.56%)

3.5 Risk Mapping Validation

To validate the produced tropical cyclone risk maps, a qual-
itative validation method was employed following Hoque
et al. (2019). For validation, we considered household
responses regarding cyclone risk, including in-depth per-
sonal observations and views of locals, specialists, and deci-
sion-makers. Table 5 presents a synthesis of feedback from
the local people, policymakers, and experts in response to
our findings, and it depicts that out of 90 respondents, 56
(62.22%) people were highly satisfied, 20 (22.22%) people
were satisfied, and only 14 (15.56%) were not satisfied with
our produced risk maps. The risk map presented that most
of the areas of Barishal, Bhola, Jhalokathi, Patuakhali, Piro-
jpur, Khulna, and Bagerhat districts are at high to very-high
risk of tropical cyclones. Our field-based data also exhib-
ited similar findings. Although these areas are marked with
high hazard and vulnerability to tropical cyclones, the final
risk map showed a decline in risk due to the implementation
of mitigation measures in places like Bhola, Noakhali, and
others.

In this study, we employed ROC and AUC techniques to
validate the outcomes of the tropical cyclone risk assess-
ment. Figure 7 illustrates the ROC curve and AUC value for
the AHP model used in tropical cyclone risk mapping. The
quantitative validation analysis reveals that the observed
accuracy of the AHP technique is 0.799 (79.90%). Accord-
ing to the literature, AUC values range from 0.5 to 1.0, with
values closer to 1.0 indicating higher accuracy. Thus, the
results demonstrate that the AHP-based model performed
efficiently in generating the tropical cyclone risk map and
produced reliable outcomes.
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Fig.7 ROC curve and AUC value analysis for validating the tropical cyclone risk map

4 Discussion

While previous studies used outdated socio-economic data
(e.g., 2011 census data), this research considered the latest
socio-economic, LULC, and hazard information for cal-
culating the comprehensive risk of cyclones for the entire
coastal Bangladesh. These detailed and updated results on
cyclone risk components are crucial for revising existing
management measures and implementing effective cyclone
risk mitigation strategies in the coastal region of the coun-
try. One of the major methodological advancements of this
study is that it applied a flexible geospatial framework to
assess cyclone risks, which can be used to assess the risks
of other coastal disasters (e.g., coastal floods, storm surges,
etc.) by adjusting hazard criteria. The seamless integration
of MCDM and geospatial techniques used in this study
enhances its replicability to any other regions, considering
local geographic context and data availability. Because of
its straightforward customization opportunity, this method-
ology can be enriched by incorporating a large number of

hazard, vulnerability, and mitigation criteria for achieving
more precise results.

Our findings of very-high vulnerability locations in the
study area mostly aligned with the findings of previous stud-
ies. For instance, Sarker and Adnan (2023) and Quader et al.
(2017) identified Bhola, Hatiya Island, southern Noakhali,
Teknaf peninsula, Southern Satkhira, Northwestern Cox’s
Bazar, Western Jhalokati as very highly vulnerable to tropi-
cal cyclones which aligned with our findings. However,
both of these previous studies identified the surroundings of
Chattogram City as medium to very-low vulnerable, which
conflicts with our research findings. Our results of exhibit-
ing very high vulnerability in this area are probably because
of the inclusion of the latest population density data in our
research, which was not included in Sarker and Adnan
(2023), and backdated population data (10-year-old) was
used in Quader et al. (2017). Our results of moderate to low
vulnerability in the northwestern and far-eastern parts of the
study are similar to Sarker and Adnan (2023) and Quader et
al. (2017).
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Some dissimilarities were observed while comparing
the cyclone hazard maps of this research with those of the
previous studies. Our study identified the central coastal
region and the coast of Northern Cox’s Bazar as highly
hazard-prone areas. In contrast, Sarker and Adnan (2023)
and Quader et al. (2017) identified western coastal regions,
including Khulna, Bagerhat, and Satkhira, as highly hazard-
prone areas. This discrepancy happened because Quader et
al. (2017) only used cyclone track density, and Sarker and
Adnan (2023) used an additional indicator (i.e., salinity
intrusion) while calculating the hazard parameter. Except
for these areas, our estimates for the eastern and northern
regions are consistent with those of past studies. Regard-
ing the mitigation capacity, our results are highly consistent
with previous studies conducted in this region. Our study
and previous research identified the northern and far eastern
regions with low to very-low mitigation capacities.

Finally, our estimated risk values are also consistent with
Sarker and Adnan (2023), where both of the studies identi-
fied southwestern and central regions, as well as the eastern
coastlines, as having high risks of cyclones. The northwest-
ern, northern (Feni, Noakhali, and Cumilla), and far eastern
regions were identified as low to very-low risk-prone areas
in both studies. However, Quader et al. (2017) identified the
Bhola, Hatia, and Teknaf peninsulas as very-high risk zones,
whereas our study identified them as moderate to low-risk
areas. This dissimilarity perhaps happened because Quader
et al. (2017) separately calculated Cyclone exposure, which
we combined with the vulnerability component.

Our study also has several limitations that might have
influenced results—for example, challenges in maintain-
ing accurate and current data, particularly in a develop-
ing country setting. While very high-resolution data like
LiDAR would have been ideal for the study, 10-m resolu-
tion DEMs were used due to limited data availability. Addi-
tionally, coarser resolutions of satellite imagery impacted
our LULC categorization. Despite these constraints, the risk
map remains valuable for developing and implementing
effective mitigation policies to lessen the impact of tropical
cyclones in Bangladesh’s coastal region. Future studies can
use high-resolution LiDAR and other datasets and machine
learning approaches to improve the accuracy of cyclone risk
assessment. Further, comparative studies across cyclone-
prone regions can find the best risk management practices.

5 Conclusion

This study presents a comprehensive assessment of tropi-
cal cyclone risks in the coastal region of Bangladesh using
an integrated geospatial and multi-criteria decision-making
approach. By incorporating 18 diverse criteria related to
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hazard, vulnerability, and mitigation capacity, the research
has contributed significantly to understanding spatial risk
distribution in a cyclone-prone area. The methodological
framework developed in this study, particularly the appli-
cation of a geospatial approach integrating AHP, offers a
robust and systematic way to evaluate the complex inter-
play of various risk factors. The findings of this study were
also successfully verified using qualitative and quantitative
(ROC and AUC technique) approaches. This study’s scien-
tific contribution advances disaster risk assessment by pro-
viding a replicable approach that can be adapted for similar
studies in other regions.

Our findings highlight a high risk of tropical cyclones
primarily concentrated on the central coast, notably in dis-
tricts such as Barishal, Bhola, Jhalokathi, Patuakhali, and
Pirojpur. Conversely, comparatively lesser areas located
along the western coast, including Khulna, Bagerhat, and
some areas of Satkhira, while minimal regions situated
along the eastern coast, like Noakhali and areas of Chat-
togram and Cox’s Bazar, face high risk. The study findings
can help stakeholders and policymakers develop effective
mitigation measures in high-risk areas. On the other hand,
areas with lower risk levels can focus on maintaining exist-
ing mitigation measures and improving resilience.

Acknowledgements The authors sincerely thank the University Grant
Commission of Bangladesh for their financial support and the Depart-
ment of Geography and Environment at Jagannath University for
logistical assistance. We also thank the relevant institutions (Survey
of Bangladesh, Bangladesh Meteorological Department, Bangladesh
Bureau of Statistics, Ministry of Disaster Management and Relief],
United States Geological Survey, and the Copernicus data space eco-
system) for supplying the essential data. Additionally, we appreciate
the valuable feedback from anonymous reviewers, which significantly
enhanced the manuscript’s quality.

Funding This study was funded by University Grant Commission of
Bangladesh.

Declarations

Conflict of interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

References

Ahmed B, Kelman I, Fehr H, Saha M (2016) Community resilience to
cyclone disasters in coastal Bangladesh. Sustainability 8(8):805

Ahmed N, Howlader N, Hoque MA-A, Pradhan B (2021) Coastal
erosion vulnerability assessment along the eastern coast of Ban-
gladesh using geospatial techniques. Ocean Coastal Manage
199:105408

Ahmed N, Hoque MA-A, Howlader N, Pradhan B (2022) Flood risk
assessment: role of mitigation capacity in spatial flood risk map-
ping. Geocarto Int 37(25):8394-8416



Mapping Tropical Cyclone Risks in Coastal Bangladesh: An Integrated Geospatial Approach 1369

Akter A, Dayem A (2021) Tropical cyclone risk mapping for a coastal
city using geospatial techniques. J Coastal Conserv 25(1):1
Akter T, Hoque MA-A, Mukul SA, Pradhan B (2024) Coastal Flood
Induced Salinity Intrusion Risk Assessment Using a Spatial
Multi-criteria Approach in the South-Western Bangladesh. Earth
Systems and Environment: 1-19

Alam E (2023) Factors of cyclone disaster deaths in coastal Bangla-
desh. Heliyon 9(7):1-12

Alam E, Dominey-Howes D (2016) A catalogue of earthquakes
between 810BC and 2012 for the Bay of Bengal. Nat Hazards
81(3):2031-2102

Alam A, Sammonds P, Ahmed B (2019) Cyclone risk assessment of
the Cox’s Bazar district and Rohingya Refugee camps in south-
east Bangladesh. Sci Total Environ 704:135360

Alam A, Sammonds P, Ahmed B (2020) Cyclone risk assessment of
the Cox’s Bazar district and Rohingya Refugee camps in south-
east Bangladesh. Sci Total Environ 704:135360

Ali SA, Khatun R, Ahmad A, Ahmad SN (2019) Assessment of
Cyclone Vulnerability, Hazard Evaluation and Mitigation Capac-
ity for Analyzing Cyclone Risk using GIS Technique: a Study on
Sundarban Biosphere Reserve, India. Earth Systems and Environ-
ment: 1-22

Ali SA, Khatun R, Ahmad A, Ahmad SN (2020) Assessment of cyclone
vulnerability, hazard evaluation and mitigation capacity for ana-
lyzing cyclone risk using GIS technique: a study on sundarban
biosphere reserve, India. Earth Syst Environ 4:71-92

Arif MSI, Mahdi I, Rafi MA, Khan SJ, Rahman MM (2023) Cyclone
exposure mapping in coastal Bangladesh: a multi-criteria deci-
sion analysis. Heliyon 9(10):1-12

Baeza C, Lantada N, Amorim S (2016) Statistical and spatial analysis
of landslide susceptibility maps with different classification sys-
tems. Environ Earth Sci 75(19):1318

Bakkensen LA, Mendelsohn RO (2019) Global Tropical Cyclone
damages and fatalities under Climate Change: an updated Assess-
ment, Hurricane Risk. Springer, pp 179-197

Basheer Ahammed K, Pandey AC (2019) Coastal social vulnerability
and risk analysis for cyclone hazard along the Andhra Pradesh,
East Coast of India. KN-Journal Cartography Geographic Inform
69(4):285-303

BBS (2021) Statistical yearbook of Bangladesh, Bangladesh Bureau of
Statistics, Statistics Division, Ministry of Planning. Government
of the People’s Republic of Bangladesh, Dhaka

Bernard A, Long N, Becker M, Khan J, Fanchette S (2022) Bangla-
desh’s vulnerability to cyclonic coastal flooding. Nat Hazards
Earth Syst Sci 22(3):729-751

Do C, Kuleshov Y (2023) Tropical cyclone multi-hazard risk mapping
for Queensland, Australia. Nat Hazards 116(3):3725-3746

Frazier T, Thompson C, Dezzani R (2013a) Development of a spatially
explicit vulnerability—resilience model for community level haz-
ard mitigation enhancement. Disaster Management and Human
Health Risk II1.’(Ed. CA Brebbia) pp: 13-24

Frazier TG, Walker MH, Kumari A, Thompson CM (2013b) Opportu-
nities and constraints to hazard mitigation planning. Appl Geogr
40:52-60

Ghosh S, Mistri B (2023) Cyclone-induced coastal vulnerability, live-
lihood challenges and mitigation measures of Matla—Bidya inter-
estuarine area. Indian Sundarban Nat Hazards 116(3):3857-3878

Gori A, Lin N, Xi D, Emanuel K (2022) Tropical cyclone climatology
change greatly exacerbates US extreme rainfall-surge hazard.
Nat Clim Change 12(2):171-178

Haider MZ, Ahmed MF (2014) Multipurpose uses of cyclone shelters:
quest for shelter sustainability and community development. Int J
Disaster risk Reduct 9:1-11

Halder B, Bandyopadhyay J (2022) Monitoring the tropical cyclone
“Yass’ and ‘Amphan’affected flood inundation using Sentinel-1/2

data and Google Earth Engine. Model Earth Syst Environ
8(3):4317-4332

Hochard JP, Barbier EB, Hamilton SE (2021) Mangroves and coastal
topography create economic safe havens from tropical storms. Sci
Rep 11(1):15359

Hoque M, Phinn S, Roelfsema C, Childs I (2016) Modelling tropical
cyclone hazards under climate change scenario using geospatial
techniques, IOP Conference Series: Earth and Environmental Sci-
ence. [OP Publishing, Yogyakarta, Indonesia, pp. 1-7

Hoque MA-A, Phinn S, Roelfsema C, Childs 1 (2018a) Assessing
tropical cyclone risks using geospatial techniques. Appl Geogr
98:22-33

Hoque MA-A, Phinn S, Roelfsema C, Childs I (2018b) Modelling trop-
ical cyclone risks for present and future climate change scenarios
using geospatial techniques. Int J Digit Earth 11(3):246-263

Hoque MA-A, Pradhan B, Ahmed N, Roy S (2019) Tropical cyclone
risk assessment using geospatial techniques for the eastern coastal
region of Bangladesh. Sci Total Environ 692:10-22

Hoque MA-A, Pradhan B, Ahmed N, Ahmed B, Alamri AM (2021)
Cyclone vulnerability assessment of the western coast of Bangla-
desh. Geomatics Nat Hazards Risk 12(1):198-221

Jensen JR (2009) Remote sensing of the environment: an Earth
Resource Perspective 2/e. Pearson Education India

Joyce KE, Wright KC, Samsonov SV, Ambrosia VG (2009) Remote
sensing and the disaster management cycle. INTECH Open
Access, Rijeka, Croatia

Knapp KR, Kruk MC, Levinson DH, Diamond HJ, Neumann CJ
(2010) The international best track archive for climate steward-
ship (IBTrACS) unifying tropical cyclone data. Bull Am Meteo-
rol Soc 91(3):363-376

Malczewski J (2010) Multiple Criteria Decision Analysis and Geo-
graphic Information Systems. In: Ehrgott M, Figueira JR, Greco
S (eds) Trends in multiple criteria decision analysis. International
Series in Operations Research & Management Science. Springer
US, pp 369-395

Mallick F, Rahman A (2013) Cyclone and Tornado Risk and Reduc-
tion approaches in Bangladesh. In: Shaw R, Mallick F, Islam A
(eds) Disaster risk reduction approaches in Bangladesh. Springer,
Tokyo, pp 91-102

Mansour S (2019) Geospatial modelling of tropical cyclone risks to
the southern Oman coasts. Int J Disaster Risk Reduct 40:101151

Mansour S, Darby S, Leyland J, Atkinson PM (2021) Geospatial mod-
elling of tropical cyclone risk along the northeast coast of Oman:
Marine hazard mitigation and management policies. Mar Policy
129:104544

Mansour S, Alahmadi M, Darby S, Leyland J, Atkinson PM (2023)
Geospatial modelling of post-cyclone Shaheen recovery using
nighttime light data and MGWR. Int J Disaster Risk Reduct
93:103761

Mondal M, Haldar S, Biswas A, Mandal S, Bhattacharya S, Paul S
(2021) Modeling cyclone-induced multi-hazard risk assessment
using analytical hierarchical processing and GIS for coastal West
Bengal, India. Reg Stud Mar Sci 44:101779

Murshed S, Griffin AL, Islam MA, Wang XH, Paull D (2022) Assess-
ing multi-climate-hazard threat in the coastal region of Bangla-
desh by combining influential environmental and anthropogenic
factors. Progress Disaster Sci 16:100261

Paul A, Rahman M (2006) Cyclone mitigation perspectives in the
islands of Bangladesh: a case of Sandwip and Hatia Islands.
Coastal Manage 34(2):199-215

Poompavai V, Ramalingam M (2013) Geospatial analysis for Coastal
Risk Assessment to cyclones. J Indian Soc Remote Sens 41:1-20

Quader MA, Khan AU, Kervyn M (2017) Assessing risks from
cyclones for human lives and livelihoods in the Coastal Region of
Bangladesh. Int J Environ Res Public Health 14(8):831

@ Springer



1370

M. A.-A. Hoque et al.

Rahman MM, Hossain MA, Ali MR, Ahmed Z, Hedayutul Islam A
(2022) Assessing vulnerability and adaptation strategy of the
cyclone affected coastal area of Bangladesh. Geoenvironmental
Disasters 9(1):1-20

Roy DC, Blaschke T (2013) Spatial vulnerability assessment of floods
in the coastal regions of Bangladesh. Geomatics Nat Hazards
Risk ahead—of—print:1-24

Roy S, Depellegrin D (2022) Exposure of Coastal Ecosystem Services
to Natural Hazards in the Bangladesh Coast. Ieva Misiune Daniel
Depellegrin: 375

Roy S, Pandit S, Papia M, Rahman MM, Ocampo JCOR, Razi MA,
Fraile-Jurado P, Ahmed N, Hoque MA-A, Hasan MM (2021)
Coastal erosion risk assessment in the dynamic estuary: the
Meghna estuary case of Bangladesh coast. Int J Disaster Risk
Reduct 61:102364

Roy B, Penha-Lopes GP, Uddin MS, Kabir MH, Lourengo TC, Tor-
rejano A (2022) Sea level rise induced impacts on coastal areas
of Bangladesh and local-led community-based adaptation. Int J
Disaster Risk Reduct 73:102905

Saaty TL (2008) Decision making with the analytic hierarchy process.
Int J Serv Sci 1(1):83-98

Salman MA (2023) Assessment of vulnerability and capacity to the
cyclone ‘Amphan’impacts of the southwestern coastal part of
Bangladesh: an empirical contextual investigation. Nat Hazards
115(2):1715-1742

Sarker S, Adnan MSG (2023) Evaluating multi-hazard risk associated
with tropical cyclones using the fuzzy analytic hierarchy process
model. Natural Hazards Research

@ Springer

Sattar MA, Cheung KK (2019) Tropical cyclone risk perception and
risk reduction analysis for coastal Bangladesh: Household and
expert perspectives. Int J Disaster Risk Reduct 41:101283

Shi J, Feng X, Toumi R, Zhang C, Hodges K, Zheng J (2023) Global
increase in tropical cyclone ocean surface waves. Nature
Communications

Varikkodan H, Balaji S, Arjun S, Mandal KK (2023) Tropical cyclone
risk assessment of Port Blair, Andaman Islands, India by using
numerical modelling and geospatial techniques. J Earth Syst Sci
132(1):37

Volz V, Hinkel J (2023) Sea level rise learning scenarios for adaptive
decision-making based on IPCC AR6. Earths Future 11(9):1-16

Yu Y, Mainuddin M, Maniruzzaman M, Mandal UK, Sarangi SK
(2019) Rainfall and temperature characteristics in the coastal
zones of Bangladesh and West Bengal, India. J Indian Soc Coastal
Agricultural Res 37(2):12-23

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.



	﻿Mapping Tropical Cyclone Risks in Coastal Bangladesh: An Integrated Geospatial Approach
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and Methods
	﻿2.1﻿ ﻿Study Area
	﻿2.2﻿ ﻿Overview
	﻿2.3﻿ ﻿Dataset and Sources
	﻿2.4﻿ ﻿Risk Evaluation Criteria, Alternatives, and Mapping
	﻿2.4.1﻿ ﻿Vulnerability and Exposure Mapping
	﻿2.4.2﻿ ﻿Hazard Mapping
	﻿2.4.3﻿ ﻿Mitigation Capacity Mapping


	﻿2.5﻿ ﻿Alternative Ranking and Standardization Criteria Layers
	﻿2.6﻿ ﻿Weighting the Criteria Using AHP
	﻿2.7﻿ ﻿Risk Assessment
	﻿2.8﻿ ﻿Risk Mapping Validation
	﻿3﻿ ﻿Results
	﻿3.1﻿ ﻿Vulnerability and Exposure Mapping
	﻿3.2﻿ ﻿Hazard Mapping
	﻿3.3﻿ ﻿Mitigation Capacity Mapping
	﻿3.4﻿ ﻿Risk Mapping
	﻿3.5﻿ ﻿Risk Mapping Validation

	﻿4﻿ ﻿Discussion
	﻿5﻿ ﻿Conclusion
	﻿References


