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A B S T R A C T

Multi-hazard events have received attention globally due to their increasing frequency and severity in recent
years. The coastal region of Bangladesh is particularly vulnerable to multi-hazard events induced by tropical
cyclones (TC), including coastal flooding, extreme precipitation, extreme winds, and salinity intrusion. These
events inflict substantial damage on human lives and property, yet there has been limited effort to quantitatively
assess the associated risks. This study aims to investigate the spatial distribution of multi-hazard risks stemming
from TC events, employing a Fuzzy Analytic Hierarchy Process (FAHP) approach. Risk is assessed in relation to
hazard, exposure, vulnerability, and mitigation capacities in the study area. Various indicators are selected to
define each of these four risk components, with weights determined through expert input for FAHP modeling. The
results indicate that more than 50% of the area faces multi-hazard risks, with the hazard component exhibiting
the highest degree of risk association, followed by exposure, vulnerability, and adaptive capacity. Storm surge-
induced flooding is identified as the most prominent hazard during TC events, followed by intense precipita-
tion, extreme winds, and salinity intrusion. Areas characterized by high population density, a large number of
vulnerable populations (e.g., those under 15 years or over 65 years), low elevation, and underdevelopment are
found to be the most risk prone. Notably, the presence of hospitals, cyclone centers, and effective warning systems
in proximity to an area enhances its potential to withstand multi-hazard impacts. Among the 19 coastal districts,
Cox's Bazar and Feni are identified as the most risk prone. The framework and findings presented in this study
offer valuable insights for the development and prioritization of multi-hazard risk mitigation policies by identi-
fying the most vulnerable zones and the associated risk factors.
1. Introduction

Multi-hazard risk assessment has increasingly become a crucial topic
worldwide, primarily driven by the growing frequency, complexity, and
interconnectedness of hazards (Gill et al., 2022). However, assessing the
risks posed by multiple hazards presents significant challenges, mainly
due to the intricate interactions among individual hazards, leading to
compound or cascading events (Gill and Malamud, 2014; Pouyakian
et al., 2022; Tilloy et al., 2019). For instance, earthquakes, storms, and
floods often culminate in multi-hazard events (Akay, 2021). The cumu-
lative impact of these multi-hazard events on both people and assets far
exceeds that which would result from their individual occurrences (de
Brito and Evers, 2016). Communities' vulnerability to multi-hazard sit-
uations is steadily on the rise in the context of climate change,
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emphasizing the need for a suitable framework to assess these risks. Such
assessments are vital for informing disaster risk reduction policies and
enhancing community resilience (Anwar et al., 2020).

On a global stage, multi-hazard risk assessment plays a crucial role as
an indispensable tool for enhancing resilience and preparedness in an
increasingly complex and interconnected world (Argyroudis et al., 2020;
Bernal et al., 2017). The significance of understanding and mitigating
multi-hazard risks lies in the capacity to anticipate, adapt, and respond to
a spectrum of threats, ranging from natural disasters to human-induced
crises (Kappes et al., 2012). Societies can develop robust strategies for
disaster risk reduction by comprehensively evaluating the interactions
between various hazards. This holistic approach is vital for safeguarding
communities, infrastructure, and ecosystems, fostering sustainable
development, and ensuring the well-being of populations worldwide
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(Argyroudis et al., 2020; Bernal et al., 2017).
Bangladesh, situate in South Asia, is vulnerable to a range of hazards,

including various types of floods, cyclones, landslides, and heatwaves.
This vulnerability is attributed to the country's geographical location,
climatic conditions, rapid population growth, and urbanization (Shaw
et al., 2013). Notably, Bangladesh is particularly susceptible to diverse
flood types (Adnan et al., 2019b), cyclones (Dasgupta et al., 2014), storm
surges (Murty and Flather, 1994), landslides (Sarwar, 2008), and heat-
waves (Raja et al., 2021). While each of these hazards inflicts substantial
damage on infrastructure, disrupts economic activities, and results in loss
of life, their combined impact magnifies the losses (Barbour et al., 2022;
Hoque et al., 2016).

In the coastal region of Bangladesh, tropical cyclones, in particular,
pose the primarymulti-hazard risk. These cyclones originate over the Bay
of Bengal when warm, humid air from the Indian Ocean collides with
cooler, drier air from the north. As warm air rises and cools, it creates
cyclonic circulation and clouds, releasing latent heat in the process
(Girishkumar and Ravichandran, 2012). These events can trigger and/or
amplify secondary hazards such as storm surges, intense precipitation,
salinity intrusion, high-speed winds, flooding, and landslides. The
pre-monsoon and post-monsoon seasons, occurring from March to May
and October to November, respectively, often coincide with tropical
storm activity in Bangladesh. These seasons are characterized by high
atmospheric instability and oceanic warmth, conditions conducive to the
formation and intensification of tropical cyclones over the Bay of Bengal
(Tiwari et al., 2022). Climate change could increase frequency and in-
tensity of cyclones in Bangladesh in future, further elevating the nation's
multi-hazard risk (Alam and Collins, 2010). To develop an effective
cyclone risk management strategy, it is imperative to comprehensively
understand the interdependencies and interactions between hazards, as
well as the social, economic, and environmental factors associated with
risk.

Most existing studies in the field of natural hazard management have
primarily focused on analyzing the impacts of individual hazards (Bak-
kensen and Mendelsohn, 2019; Choi et al., 2021; Ward et al., 2020), a
pattern observed in the context of Bangladesh as well. However,
numerous studies have underscored the importance of comprehending
both the geographical and temporal correlations between various haz-
ards. They emphasize the need to consider how these diverse hazards can
collectively impact social and economic systems (Bourdeau-Brien and
Kryzanowski, 2020; Cutter and Finch, 2008; Wachinger et al., 2013).
These studies have recognized the significance of investigating in-
teractions and the networks of interactions (often referred to as cascades)
within the realm of multiple hazards (Gill and Malamud, 2017; Tilloy
et al., 2019). Given Bangladesh's susceptibility to multi-hazard events,
recent research has underscored the necessity for a comprehensive
approach to natural hazard management. For example, Juarez Garcia
(2010) explained that traditional methods of risk assessment in
Bangladesh have primarily focused on isolated hazard occurrences such
as floods or cyclones, neglecting the intricate interactions among
different hazards. Bianchi and Malki-Epshtein (2021) have stressed the
importance of integrated, adaptable solutions that can address the na-
tion's unique and evolving hazard landscape. They highlight the signifi-
cance of adopting a multi-hazard approach to natural hazard
management.

The absence of accurate data on the likelihood and severity of mul-
tiple hazards occurring simultaneously or shortly after one another is one
of the main obstacles in multi-hazard risk assessment (Gill and Malamud,
2016). The severity of impacts caused by the interaction of multiple
hazards is often underestimated, leading to an incomplete understanding
of the risks associated with multi-hazard events. Another challenge in
quantifying multi-hazard risk is the difficulty in determining the spatial
and temporal dependencies between hazards (Ming et al., 2022). Hazard
events can be interdependent in space and time, and the occurrence of
one hazard can trigger another. In addition to the spatial and temporal
dependencies between hazards, there is also the challenge of
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understanding the interactions between different types of hazards (Gill
and Malamud, 2016). Finally, a dearth of standardized approaches to
multi-hazard risk assessment is also a significant challenge. The inte-
gration of different types of hazards and the various interdependencies
and interactions between them require a multidisciplinary approach that
involves experts from different fields (Liu et al., 2016). Despite the dif-
ficulties, multi-hazard risk assessment is crucial for creating effective
plans for reducing the likelihood of disasters and enhancing resilience to
their effects.

Numerous methods for multi-hazard risk assessment exist within the
literature. Nonetheless, comprehensive approaches are those that ac-
count for interdependencies and interactions between hazards while
addressing the uncertainties and limitations associated with hazard
modeling and data availability (Talchabhadel et al., 2023). Among these
assessment methods, the Fuzzy Analytical Hierarchy Process (FAHP)
method has received attention recently (Siam et al., 2022). This
decision-making approach is potent and versatile, finding applications in
various fields, including economics, engineering, ecological manage-
ment, and urban planning. FAHP extends AHP by incorporating fuzzy
sets, allowing for the representation of ambiguous or uncertain infor-
mation and facilitating a more accurate simulation of human judgment
and perception (Kubler et al., 2016). Alternative approaches to FAHP
include integrated risk assessment (Greiving, 2006), Bayesian networks
(Pearl, 2011), multi-criteria decision analysis (Montibeller and Franco,
2010), multi-hazard early warning systems (Aguirre-Ayerbe et al., 2020),
and system dynamics (Naghadehi et al., 2011). While these options each
possess their own strengths and weaknesses, the choice of approach
should align with the specific requirements of the assessment (Ming
et al., 2022).

The investigation of multi-hazard risk is fraught with challenges.
Firstly, accurately modeling the interdependencies and interactions be-
tween hazards proves to be a complex endeavor (Kappes et al., 2012).
Secondly, the scarcity of high-quality data, especially in low-income
countries, poses a significant hurdle (Eshrati et al., 2015). Thirdly,
existing methods may not fully account for the intricate social, economic,
and environmental factors influencing risk, nor adequately integrate the
perspectives and needs of local communities and stakeholders (Bera and
Maiti, 2021). In the context of complex and dynamic cyclone-induced
multi-hazard events, all these challenges are magnified (Tilloy et al.,
2019). Cyclones can be influenced by a range of social and economic
factors such as population density, infrastructure quality, and resource
access, which may be challenging to capture using existing methods.
Lastly, the impacts of cyclones can be exacerbated by climate change,
heightening the frequency and intensity of cyclones and rendering
existing risk management strategies ineffective (Kappes et al., 2012). To
address the various challenges of multi-hazard risk assessment, this study
aims to investigate cyclone-induced multi-hazard risk in the coastal re-
gion of Bangladesh.

2. Materials and methods

This study employed the Fuzzy Analytical Hierarchy Process (FAHP)
approach to assess the multi-hazard risk induced by cyclones in coastal
Bangladesh. Risk was defined as a function comprising hazard, exposure,
vulnerability, and adaptive capacity (Hoque et al., 2019). To establish
each of these four risk components, a set of indicators was selected,
which are detailed in Table 1, along with their respective data sources.
Fig. 1 provides an overview of the general methodological framework
employed in this study.

2.1. Study area

This study was centered on the coastal region of Bangladesh (see
Fig. 2), encompassing 19 out of 64 districts and home to approximately
35 million residents (Islam et al., 2017). The Bangladesh coastline,
stretching over 700 kilometers, can be broadly categorized into three



Table 1
Description of various indicators related to different risk components such as hazard, exposure, capacity and vulnerability, including their data sources.

Risk
components

Indicators Description Format Data Source

Multi- hazard
events

Storm surge induced
flood inundation

The extent of storm surge induced
flood inundation for a 1-in-50-year
return period.

Gridded data Deltares global flood map (https://microsoft.github.io/AIforEarth
DataSets/data/deltares-floods.html#global-datasets)

Cyclone wind speed Wind speed data from 1980 to 2022. Gridded data NOAA Regional and Mesoscale Meteorology Branch (RAMMB) (https
://rammb2.cira.colostate.edu/)

Salinity intrusion This indicator indicates the salinity
intrusion in coastal areas.

Gridded data
http://earthexplorer.usgs.gov Bangladesh Agricultural Research Council
(https://barc.gov.bd/)

Precipitation
intensity

Daily precipitation data from 2017
to 2022.

Gridded data Precipitation Data (https://power.larc.nasa.gov/)

Cyclone frequency TC occurrences in coastal
Bangladesh from 1960 to 2022.

Gridded data International Best Track Archive for Climate Stewardship (IBTrACS) (htt
ps://www.ncei.noaa.gov/products/international-best-track-archive)

Exposure Population density Number of people per grid cell. Gridded data WorldPop/Facebook (https://dataforgood.facebook.com/dfg/tools/high
-resolution-population-density-maps)

Proximity to cyclone
track

Euclidean distance from cyclone
track.

Gridded data International Best Track Archive for Climate Stewardship (IBTrACS) (htt
ps://www.ncei.noaa.gov/products/international-best-track-archive)

Proximity to
coastline

Euclidean distance from coastline. Gridded data Estimated from coastline data from WARPO (http://www.warpo.gov.bd/)

Poverty Wealth index value per grid cell. Gridded data Wealth Index data from https://hub.worldpop.org/geodata/summary?
id¼1274 Steele et al. (2017)

Vulnerable age
groups

Number of vulnerable people (male
or female aged <15 or >65 years)
per grid cell.

Gridded data Age & sex structure Index data from WorldPop (https://hub.worldpop
.org/project/categories?id¼8)

Vulnerability Elevation Digital elevation model (DEM) at
30m spatial resolution.

Gridded data Advanced Land Observation Satellite (ALOS) DEM (https://www.eorc
.jaxa.jp/ALOS/en/aw3d30/data/index.html)

Slope Estimated using the DEM. Gridded data Estimated from DEM
Drainage density Drainage density per grid cell. Gridded data Estimated from DEM
Distance to road
networks

Euclidean distance to the existing
road network.

Gridded data Derived from Open Street Map
(https://www.openstreetmap.org/#map¼7/23.721/90.351)

Built-up areas Each grid cell indicates whether the
land cover type is a built-up area or
not.

Gridded data Esri Global Land Cover Map (https://livingatlas.arcgis.com/landcover/)

Adaptive
capacity

Distance to cyclone
shelter

Euclidean distance to the existing
cyclone shelters.

Map (geographical
location)

GeoDASH (https://geodash.gov.bd/)

Proximity to health
facilities

Euclidean distance to the existing
health facilities.

Map (geographical
location)

Humanitarian Data Exchange (https://data.humdata.org/)

Polders Areas enclosed by coastal
embankments.

Gridded data Water Resources Planning Organisation (http://www.warpo.gov.bd/)

Vegetation cover Each grid cell indicates whether the
land cover type is a vegetation cover
or not.

Gridded data Esri Global Land Cover Map (https://livingatlas.arcgis.com/landcover/)

Employment density Employment density value in each
grid cell.

Gridded data Humanitarian Data Exchange (https://data.humdata.org/)

Education facilities Number of education institution per
grid cell.

Gridded data Humanitarian Data Exchange (https://data.humdata.org/)
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distinct regions: the stable deltaic western region, the deltaic central
region, and the deltaic eastern region of the Pacific type, in accordance
with data from the Bangladesh Bureau of Statistics. This region stands out
for its intricate network of rivers, spanning a staggering 24,000 kilome-
ters, including numerous islands scattered among the channels, a notable
underwater canyon known as the Swatch of No Ground, a funnel-shaped
segment of the northern Bay of Bengal, extensive debris transport,
shallow terrain characterized by elevations ranging from 1.2 to 4.5 m
above mean sea level, and the recurrent occurrence of formidable trop-
ical cyclones (Hoque et al., 2017). Cyclones originating in the Bay of
Bengal frequently make landfall along the coast of Bangladesh. Notably,
the Meghna Estuary entrance, situated east of Bhola, experiences tidal
ranges of up to 3 m, which may reach as high as 7 m further west. The
coastal regions of Bangladesh also witness the most intense winds, with
speeds of up to 220 kilometers per hour (Cai et al., 2020). The cyclone
season in the Bay of Bengal primarily spans the pre-monsoon months of
April through May and the post-monsoon months of October through
November (Gori et al., 2022).
2.2. Assessing multi-hazard risk

This study delved into the assessment of multi-hazard risk induced by
3

tropical cyclones (hereinafter TC) in coastal Bangladesh, considering a
broad range of physical, social, and economic factors such as infra-
structure, population density, poverty levels, and access to essential
services. To evaluate the risk comprehensively, the study employed the
following formula:

Risk¼ðHazard�Vulnerability�ExposureÞ =Adaptive Capacity (1)

where, hazard is the likelihood and magnitude of an extreme event
triggered by a TC; vulnerability refers to the susceptibility of the popu-
lation and/or assets to be impacted by multiple hazards; exposure
quantifies the presence of resources or people in a hazardous location,
and adaptive capacity denotes the region's ability to prepare for, manage,
and recover from hazard-related effects. Raster layers depicting these risk
components were generated using geographic information systems (GIS)
and remote sensing-based data, as detailed in Table 1.

2.2.1. Hazard analysis
This study focused on four types of hazards associated with TC events

in coastal Bangladesh: storm surge-induced flooding, salinity intrusion,
extreme precipitation, and cyclonic winds. Storm surge-induced flood
events are relatively common along the coastal areas of Bangladesh
during TC events. Historical records indicate that several significant TC

https://microsoft.github.io/AIforEarthDataSets/data/deltares-floods.html#global-datasets
https://microsoft.github.io/AIforEarthDataSets/data/deltares-floods.html#global-datasets
https://rammb2.cira.colostate.edu/
https://rammb2.cira.colostate.edu/
http://earthexplorer.usgs.gov
https://barc.gov.bd/
https://power.larc.nasa.gov/
https://www.ncei.noaa.gov/products/international-best-track-archive
https://www.ncei.noaa.gov/products/international-best-track-archive
https://dataforgood.facebook.com/dfg/tools/high-resolution-population-density-maps
https://dataforgood.facebook.com/dfg/tools/high-resolution-population-density-maps
https://www.ncei.noaa.gov/products/international-best-track-archive
https://www.ncei.noaa.gov/products/international-best-track-archive
http://www.warpo.gov.bd/
https://hub.worldpop.org/geodata/summary?id=1274
https://hub.worldpop.org/geodata/summary?id=1274
https://hub.worldpop.org/geodata/summary?id=1274
https://hub.worldpop.org/project/categories?id=8
https://hub.worldpop.org/project/categories?id=8
https://hub.worldpop.org/project/categories?id=8
https://www.eorc.jaxa.jp/ALOS/en/aw3d30/data/index.html
https://www.eorc.jaxa.jp/ALOS/en/aw3d30/data/index.html
https://www.openstreetmap.org/#map=7/23.721/90.351
https://www.openstreetmap.org/#map=7/23.721/90.351
https://livingatlas.arcgis.com/landcover/
https://geodash.gov.bd/
https://data.humdata.org/
http://www.warpo.gov.bd/
https://livingatlas.arcgis.com/landcover/
https://data.humdata.org/
https://data.humdata.org/


Fig. 1. Methodological flowchart of the study.

Fig. 2. The coastal region of Bangladesh.
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events have led to coastal inundations due to storm surges. In this study,
coastal flood inundation data was sourced from Deltares (https://
www.deltares.nl/en). Specifically, a coastal flood event with a 1-in-50-
year return period was considered, aligning with Bangladesh's coastal
flood management policies, which address a similar flood magnitude.
This dataset has a spatial resolution of 100 m (Fig. S1(a) in the supple-
mentary document).

To create a 30-m raster layer depicting TC wind speed, wind speed
data from 1980 to 2022 was collected from the NOAA Regional and
Mesoscale Meteorology Branch (Fig. S1(b) in the supplementary docu-
ment). Salinity intrusion data was generated using information obtained
from the Bangladesh Agricultural Research Council (https://bar
c.gov.bd/) (Fig. S1(c) in the supplementary document). Finally, a raster
4

layer representing precipitation intensity was created using data from
NASA's Power Larc satellite (Fig. S1(d) in the supplementary document).

Using information from the International Best Track Archive for
Climate Stewardship (IBTrACS), the study looked at the frequency of TC
occurrences in coastal Bangladesh from 1960 to 2022. The main source
for historical data on TC that affected coastal areas was this dataset, a
thorough global archive of TC tracks and details. The study used struc-
tured digital formats to record the crucial details of cyclone occurrence,
intensity, and tracks, including NetCDF. In order to shed light on the
temporal and spatial patterns of cyclonic events in this vulnerable coastal
area, the analysis set out to create a layer that represented cyclone fre-
quency. In addition, the supporting document (Fig. S1(e)) probably in-
cludes illustrations to help explain the study's conclusions.

https://www.deltares.nl/en
https://www.deltares.nl/en
https://barc.gov.bd/
https://barc.gov.bd/


Table 3
Weights of different indicators generated through the FAHP model using the TFN
approach.

Multi-hazard indicators Weight
(%)

Exposure indicators Weight
(%)

Storm surge induced flood
inundation

5.20 Poverty level 4.49

Cyclone wind speed 11.74 Proximity to cyclone
track

10.25

Salinity Intrusion 16.12 Proximity to coastline 18.67
Precipitation intensity 29.34 Population density 30.04
Cyclone Frequency 37.60 Vulnerable age group 36.55

Vulnerability indicators Weight
(%)

Adaptive capacity
indicators

Weight
(%)

Elevation 6.18 Distance to cyclone
shelter

4.49

Slope 8.82 Proximity to health
facilities

6.03

Drainage Density 17.18 Education facilities 10.28
Density of road networks 30.37 Employment density 20.78
Land use and Land cover 37.45 Polder 24.10

Vegetation Cover 34.31
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2.2.2. Exposure analysis
The exposure of an area to TC is influenced by various factors,

including poverty level, proximity to cyclone track, proximity to coast-
line, population density, and vulnerable age group. The physical
component of these factors was primarily considered for this study. With
the population along shorelines growing rapidly worldwide, vulnera-
bility levels can vary spatially due to population concentration and
density. The study utilized WorldPop (https://www.worldpop.org/)
population data to create the population density layer (Fig. S2 (a)).
Proximity to the shore and cyclone path are crucial factors in evaluating
cyclone exposure, with people and property closer to the coastlines and
storm tracks being more susceptible to the effects of TCs. Coastal prox-
imity data was obtained through measuring the distance between the
study areas and the coastline using the Google Earth Pro ruler (Fig. S2
(c)). A raster layer of closeness to cyclone tracks was derived using the
International Best Track Archive for Climate Stewardship (IBTrACS) data
from 1968 to 2022 (www.ncdc.noaa.gov/ibtracs/), with the proximity
analysis and creation of multi-ring buffers around cyclone tracks (Fig. S2
(b)). Poverty level is an important indicator for explaining exposure to
TC. The study used the wealth index data from Steele et al. (2017) to
consider poverty (Fig. S2 (d)). Lastly, we considered the vulnerable age
group, including the population below 15 years old and above 65 years
old, for exposure analysis. The layers of different age groups were added
together, considering both male and female populations, to create the
vulnerable age group layer (Fig. S2 (e)).

2.2.3. Vulnerability analysis
To estimate vulnerability to TC, five indicators were identified,

including elevation, slope, drainage density, distance to road networks,
and built-up area (Table 1). Elevation is associated with TC vulnerability,
as areas with higher elevation correspond to lower level of vulnerability,
and vice versa (Hoque et al., 2021). To derive a raster layer of elevation,
Advanced Land Observing Satellite (ALOS) digital elevation model
(DEM) data at 30m spatial resolution was used (Fig. S3 (a)). A quantile
classification technique was employed in ArcGIS 10.8 to categorize the
layer into five classes: very low, low, moderate, high, and very high. Like
elevation, areas with higher slopes are less vulnerable to TC compared to
areas with lower slopes. We derived a gridded slope layer utilizing the
DEM data (Fig. S3 (b)). The DEM was further used to develop a layer of
drainage density. Therefore, we extracted drainage streams and delin-
eated drainage basins in the study area, following a methodology applied
in Adnan et al. (2019a). The drainage density layer was classified using
the quantile classification technique (Fig. S3 (c)). The location of an area
from the existing road network could indicate the level vulnerability.
With an increase in distance from road network, vulnerability tends to
increase (Hoque et al., 2019). In this study, we utilized a road network
from the Open Street Map to estimate the Euclidean distance of each
location (of the study area) from the closest road (Fig. S3 (d)). The
built-up area was the final indicator to define vulnerability. Cyclone
vulnerability tends to increase with an increase in the extent of built-up
area (Ehrlich et al., 2018). This study used the global landcover data from
ESRI (Karra et al., 2021) to identify built-up areas (Fig. S3 (e)).
Table 2
Triangular fuzzy numbers for different variables.

Linguistic
variable

Crisp
number

Triangular fuzzy
numbers

Reciprocal triangular
fuzzy numbers

Equally strong 1 (1, 1, 1) (1, 1, 1)
Intermediate 2 (1, 2, 3) (1/3, 1/2, 1)
Moderately
strong

3 (2, 3, 4) (1/4, 1/3, 1/2)

Strong 5 (4, 5, 6) (1/6, 1/5, 1/4)
Very strong 7 (6, 7, 8) (1/8, 1/7, 1/6)
Extremely
strong

9 (9, 9, 9) (1/9, 1/9, 1/9)
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2.2.4. Analyzing adaptive capacity
This study considered six adaptive capacity indicators — distance to

cyclone shelter, proximity to health facilities, education facilities,
employment density, polder presence, and vegetation cover — that have
potential to mitigate cyclone induced multi-hazard risk. Location data of
cyclone shelters were collected from the GeoDASH (https://geodash
.gov.bd/). The locations of healthcare facilities were obtained from the
Humanitarian Data Exchange (https://data.humdata.org/), which also
provides data for education facilities and employment density. The
‘Euclidian distance’ technique was employed to derive spatial layers of
distance to cyclone shelters and healthcare facilities. These two in-
dicators are negatively correlated with adaptive capacity as vulnerability
of an area to cyclones tends to increase with an increase in distance from
cyclone shelters and healthcare facilities. Data on areas enclosed by
polders (i.e., coastal embankments) were collected from the Water Re-
sources Planning Organization (WARPO) (http://www.warpo.gov.bd/).
A layer of vegetation cover was extracted from the ESRI global land cover
data. Four indicators such as education facilities, employment density,
presence of polders, and vegetation cover are positively associated with
adaptive capacity. An increase in the corresponding values of these in-
dicators increases the probability of an area adapting to the adverse
impacts of cyclones. The maps of all six indicators of adaptive capacity
are illustrated in Fig. S4 of supplementary document.

2.3. Fuzzy Analytic hierarchy process (FAHP)

In this study, a combination of the Fuzzy Analytic Hierarchy Process
(FAHP) and triangulation techniques was employed to determine the
weights of various indicators associated with multi-hazard risk. The
FAHPmethod was chosen over the traditional Analytic Hierarchy Process
(AHP) to address issues related to unbalanced judgment scales and the
precise handling of inherent uncertainties and vagueness that arise from
the AHP method (Yang et al., 2013). While various FAHP techniques
exist, this study utilized an integrated FAHP technique as proposed by
Chang (1996). This technique simplifies the pairwise comparison by
employing triangular fuzzy numbers (TFNs), thereby alleviating the need
for cumbersome comparison processes. The methodology used for
generating weights for the indicators of multi-hazard risk encompassed
several key steps. Initially, raster layers of all indicators within the
different components of risk (i.e., hazard, exposure, vulnerability, and
adaptive capacity) were standardized using the following equation:

x
0
i ¼

xi � minðxÞ
maxðxÞ � minðxÞ (2)

https://www.worldpop.org/
http://www.ncdc.noaa.gov/ibtracs/
https://geodash.gov.bd/
https://geodash.gov.bd/
https://data.humdata.org/
http://www.warpo.gov.bd/
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where i denotes factors associated with various components of risk, x' is
the transformed value ranges between 0 and 1 and x is the original value.
Following this, all normalized raster layers were recategorized into five
classes (1–5) using the Jenks natural break algorithm (Jenks, 1967), with
1 denoting ‘very low’ and 5 indicating ‘very high’. This iterative classi-
fier, known for minimizing inter-cluster variance, has been widely
adopted in recent risk assessment studies (Deroliya et al., 2022).

Next, matrices for pairwise comparisons were constructed using the
geometric mean approach, integrating the input from six experts based
on the relative relevance of the chosen criteria. The judgments of experts
and decision-makers play a critical role in determining the importance of
these criteria in the context of the geographical problem. Several lin-
guistic factors were utilized as qualitative representations of these
judgments, and to quantify these decisions appropriately, a fuzzy set was
employed. For this study, verbal factors were translated into quantitative
values using a triangular fuzzy set. These pairwise comparison matrices
were then combined and synthesized in the third step to create a set of
overall priorities within the hierarchy.

The consistency ratio (CR) was computed in the fourth step to vali-
date the expert ratings in the pairwise matrices. A CR value of 0.1 or
lower was considered indicative of accurate judgments. The CR was
determined using the following equation:

CR¼Consistency Index
Random Index

(3)

where, the matrix order (n) supplied by the Saaty scale creator is used to
generate the random index (RI). Additionally, the following equation was
employed to establish the consistency index (CI):
Fig. 3. Components of risk: (a) Hazard, (b) Exposur
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CI¼ δmax � n
n�1

(4)
where, δmax and n denote the biggest eigenvalue and order of a matrix,
respectively.

Finally, Table 2 was utilized to convert pairwise matrix criterion
weights into linguistic variables. The approach outlined by Chang (1996)
was applied to determine priority weights. The resulting weights for the
multi-hazard risk indicators are presented in Table 3.

3. Results and discussion

3.1. Multi-hazard prone areas

Fig. 3 (a) represents an integrated map of five distinct hazards (i.e.,
storm surge-induced flooding, salinity intrusion, heavy precipitation,
cyclonic winds, and cyclone frequency) associated with TCs in the coastal
region of Bangladesh. The study has revealed that a significant portion of
the study area was susceptible to multiple hazards, with approximately
47.3% of the area falling within the moderate to very high multi-hazard
prone zone. Conversely, the remaining areas were situated within rela-
tively low (low and very low) hazard-prone zones. Notably, the south-
eastern and southwestern coasts of Bangladesh exhibited significant
susceptibility to TC-induced multi-hazard events. District-wise distribu-
tion of these hazard prone areas is illustrated in Fig. 4 (a). Southeastern
districts, such as Cox's Bazar, Feni, and Chittagong, as well as south-
western districts like Khulna, Satkhira, and Barguna, featured multi-
hazard prone areas of ‘high’ and ‘very high’ severity. Notably, the
northwestern part of Cox's Bazar district and certain sections of Ukhia
and Teknaf sub-districts were identified as highly multi-hazard prone
e, (c) Vulnerability, and (d) Adaptive Capacity.



Fig. 4. District wise distribution of risk components: (a) Hazard; (b) Exposure (c) Vulnerability (d) Adaptive Capacity.
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areas. These highly vulnerable areas encompass Rohingya Refugee
camps.

3.2. Exposure to multi-hazard events

This study quantifies the extent of areas exposed to multi-hazard
events associated with TCs, as depicted in Fig. 3 (b). Approximately
71% of the entire coastal region of Bangladesh was found to be exposed
to TC-induced multi-hazard events, ranging from ‘moderate’ to ‘very
high’ severity. In contrast, the remaining 29% of the area exhibited a
lower level of exposure. Particular attention was paid on estimating
exposure for the population residing in multi-hazard prone areas,
including vulnerable age groups (aged <15 or >65 years).

Lakshmipur district exhibited the highest level of exposure, with 98%
7

of its total area exposed to multi-hazard events induced by TCs, ranging
from ‘moderate’ to ‘very high’ severity. Closely following, approximately
92% of Bhola district's total area was found to be exposed. Other coastal
districts with notably high exposure rates included Cox's Bazar (86%),
Noakhali (81%), Feni (81%), Chittagong (72%), and Barguna (67%), as
illustrated in Fig. 4 (b). It is noteworthy that, despite the southwest coast
falling within a highly hazard-prone zone, the population density in this
region is relatively low due to the presence of the Sundarbans Mangrove
Forest, resulting in relatively lower exposure.

3.3. Vulnerable areas to multi-hazard events

Vulnerability within the coastal region of Bangladesh to TC-induced
multi-hazard events was assessed in relation to various topographical



Fig. 5. Overall risk associated with multi-hazard events induced by tropical cyclone.

Fig. 6. Distribution of TC-induced multi-hazard risk-prone areas at district level.
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and built-environmental factors, as outlined in Table 1. About 71% of the
study area was classified as vulnerable to multi-hazard events of ‘mod-
erate’ to ‘very high’ severity (Fig. 3 (c)). Notably, the southwestern and
southcentral coasts exhibited particularly high vulnerability levels, pri-
marily due to their locations in low-lying floodplain zones. With the
exception of Chittagong district, situated in the southeastern coast of
Bangladesh, more than 50% of the total area in all other districts were
classified as vulnerable to multi-hazard events. Satkhira district emerged
8

as the most vulnerable district, with 87% of its area identified as
vulnerable, as illustrated in Fig. 4 (c).
3.4. Areas with potential for multi-hazard adaptation

This study assessed the adaptive capacity of the coastal region of
Bangladesh, taking into account factors such as the proximity of an area
to cyclone shelters and health facilities, education facilities, employment



Fig. 7. Correlation between risk and its components (i.e., hazard, exposure,
vulnerability, and adaptive capacity).
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density, the presence of polders, and the extent of vegetation cover. The
findings reveal that only 19.7% of the total area exhibited ‘high’ to ‘very
high’ adaptive capacity in the face of cyclone-induced multi-hazard im-
pacts, as illustrated in Fig. 3 (d). Areas in close proximity to critical fa-
cilities, including hospitals, cyclone shelters, and those equipped with
effective warning systems, displayed a greater potential to withstand
multi-hazard impacts. However, a substantial area, covering 27.6%, sit-
uated near and slightly inland from the coastline, was identified as pos-
sessing a moderate capability for mitigating cyclone impacts. This zone
included sections of Teknaf, Sandwip, Chakaria, Kutubdia, Maheshkhali
Cox Bazar, and Kutubdia. Furthermore, areas with low and extremely low
mitigation capability, constituting 52.7% of the total area, were observed
along the eastern and southernmost edges of the research site. Notably,
these areas encompass the Rohingya refugee camps.

3.5. Multi-hazard risk prone areas

This study developed a comprehensive multi-hazard risk map of
coastal Bangladesh by overlaying hazard, exposure, vulnerability, and
adaptive capacity maps, using a weighted overlay approach. The resul-
tant risk map was also classified into five categories, ranging from ‘very
low’ to ‘very high’ risk prone zones. The results revealed that over 50% of
the coastal region was located within the multi-hazard risk-prone cate-
gory of ‘moderate’ to ‘very high’ intensity. The remaining 46.1% classi-
fied as low to very low risk-prone zones, as illustrated in Fig. 5.

The risk map was further subdivided at the district level to identify
the most risk prone district (Fig. 6). More than 50% of the total area in 11
(out of 19) coastal districts was identified as being risk prone to cyclone-
induced multi-hazard events. Geographically, districts located in the
southeastern coasts and along the Meghna River estuary were found to be
at high risk. The highest proportion of risk prone areas was found in
southeastern districts Feni and Cox's Bazar, with ‘moderate’ to ‘very high’
risk prone areas encompassing 74.7% and 74.4% of the total area,
respectively. Contrarily, inland districts were located within relatively
low risk prone areas. For example, the lowest proportion of risk prone
areas was estimated in Gopalganj district, with 11% of its total area being
risk prone areas of ‘moderate’ to ‘very high’ severity.

This study further examined the correlation between multi-hazard
9

risk and its components. In general, hazard, exposure, and vulnera-
bility exhibited a positive association with the risk, while negative cor-
relation was found with adaptive capacity. The strongest correlation was
observed between risk and hazard, with a correlation coefficient of 0.77,
followed by exposure at 0.6, and vulnerability at 0.2. Despite a negative
association between risk and adaptive capacity, the correlation coeffi-
cient was very low at �0.13 (Fig. 7).

3.6. Contributions of associated hazards to multi-hazard risk

This study reveals a significant correlation between multi-hazard risk
and the hazard component (section 3.5). To elucidate the spatial distri-
bution of multi-hazard risk, the contributions of five distinct hazards
associated with TC events were analyzed.

3.6.1. Storm surge induced flood inundation
Storm surges exert the most substantial influence on TC events,

leading to the inundation of coastal regions. These surges are driven by
the low-pressure systems generating high wind speeds. This study's
estimation indicated that approximately 55% of the entire coastal region
was susceptible to storm surge-induced flooding of ‘moderate’ to ‘very
high’ severity (Fig. 8a). Notably, the southwestern and south-central
coastal regions were particularly prone to inundation. A significant
proportion of flood-prone areas were concentrated in districts such as
Khulna, Barguna, Patuakhali, and Barisal (Fig. 9).

3.6.2. Salinity intrusion
TC events can induce salinity intrusion in coastal Bangladesh, pri-

marily through storm surges and tidal waves (Miah et al., 2020). The
present study identified a significant portion of the coastal region as
prone to salinity intrusion. Fig. 8 (b) demonstrates that areas along the
coastline are particularly vulnerable, with approximately 57% of the
total area experiencing soil salinity of ‘moderate’ to ‘very high’ severity.
Districts in the southwest and south-central coasts were especially sus-
ceptible, with more than 50% of the total area in 10 coastal districts
prone to salinity intrusion. Barguna exhibited the highest levels, with
nearly 80% of its total area indicating ‘moderate’ to ‘very high’ salinity
levels. Other districts with pronounced salinity presence included Sat-
khira, Noakhali, Feni, Khulna, Lakshmipur, Shariatpur, Patuakhali, Cox's
Bazar, and Bhola.

3.6.3. Extreme precipitation
TC events often result in extreme precipitation, leading to various

flood events such as pluvial and flash flooding, along with landslides. For
instance, TC ‘Fani,’with a maximum gust speed of 180 km/h, brought an
average daily precipitation of 150–300 mm/day (Kumar et al., 2020).
This study revealed that over 50% of the coastal region of Bangladesh
was susceptible to extreme precipitation resulting from TC events. Dis-
tricts in the southeast and south-central coasts were at high risk of
extreme precipitation events (Fig. 8 (c)). Out of the 19 coastal districts,
more than 50% of the total area in 11 districts experienced a risk of
moderate to very high severity from extreme precipitation. Cox's Bazar
district was the most at-risk, with 94.8% of its area located within the
‘moderate’ to ‘very high’ risk zone. However, the lowest risk to extreme
precipitation was observed in Jessore district (Fig. 9 (c)).

3.6.4. High wind speed
Winds associated with TC events can have detrimental effects on the

natural and anthropogenic environments. For example, TC ‘Fani’ brought
a maximum wind speed of 180 km/h, impacting human life, property,
and assets (Kumar et al., 2020). This study identified areas highly sus-
ceptible to wind effects during TC events. Fig. 8 (d) indicates that a
significant portion of the south-central and southeastern coastal zones
were highly prone to wind effects. Approximately 58% of the total coastal
region was estimated to be prone to wind effects of ‘moderate’ to ‘very
high’ severity. Cox's Bazar and Feni districts were the most wind-prone



Fig. 8. Risks associated with five different types of associated hazards: (a) storm surge flooding (b) soil salinity (c) precipitation intensity (d) wind speed (e)
cyclone frequency.
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areas, with about 99% of their total areas at risk of ‘moderate’ to ‘very
high’ severity. Conversely, relatively fewer wind impacts were observed
in southwestern coastal districts.

3.6.5. Frequency of TC
Finally, TC-induced multi-hazard risk is linked to the frequency of TC

events (Sahoo and Bhaskaran, 2018). This study estimated the risk
associated with TC frequencies. The results indicated that about 55% of
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the total coastal region was at risk of frequent TC events of ‘moderate’ to
‘very high’ severity. Both the southwestern and southeastern regions
were highly risk-prone zones (Fig. 8 (e)). More than 50% of the total area
in 10 coastal districts was at risk of ‘moderate’ to ‘very high’ severity.
Satkhira district was identified as the most risk-prone district, with over
95% of its area at risk of frequent TC events (Fig. 9 (e)).



Fig. 9. District wise distribution of Tropical Cyclone induced multi-hazard risk assessment of: (a) Storm surge induced flood inundation (b) Salinity (c) precipitation
intensity (d) wind speed (e) Cyclone frequency.
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4. Discussion

This study aims to investigate the multi-hazard risks associated with
tropical cyclone (TC) events in the coastal region of Bangladesh, using
the Fuzzy Analytic Hierarchy Process (FAHP) model. Risk was assessed
based on hazard, exposure, vulnerability, and mitigation capabilities
within the study area. The findings indicate that over 50% of the region is
prone to multi-hazard risks, with variations observed among different
coastal districts. Cox's Bazar and Feni were identified as the most risk-
prone districts.

Different risk components, including hazard, exposure, vulnerability,
and mitigation capabilities, exerted varying degrees of influence on
overall risk. Hazard, exposure, and vulnerability were positively
11
correlated with risk, while adaptive capacity showed a negative associ-
ation. The most significant correlation was identified with the hazard
component, followed by exposure, vulnerability, and adaptive capacity.
Similar associations were found in existing studies (Hoque et al., 2019).
This study revealed that highly exposed and extremely vulnerable areas
to TC-induced multi-hazard events experienced a high frequency of
hazards, aligning with previous research (Hoque et al., 2019; Islam et al.,
2016).

In terms of individual risk components, a substantial portion of
coastal Bangladesh is susceptible to TC-induced multi-hazard events. The
contributions of five associated hazards differ, with storm surge-induced
flood events posing the highest impact on the coastal region, followed by
intense precipitation. These associated hazards exhibit distinct
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geographical variations. For example, districts such as Khulna, Barguna,
Patuakhali, and Barisal, characterized by low-lying floodplains (with a
mean elevation of 3.5m) and tidal rivers, were highly prone to storm
surge-induced flooding. Land subsidence is a common phenomenon in
these areas (Brown and Nicholls, 2015), which leads to surface de-
pressions that are particularly vulnerable to inundation (Adnan et al.,
2020). These regions are enclosed by coastal embankments, known as
polders, although several recent studies have highlighted the limitations
of these embankments in withstanding storm surge-induced flooding
(Adnan et al., 2019b; Haque and Nicholls, 2018).

Concerning other associated hazards, this study found that areas
along the coastline are highly prone to salinity intrusion, consistent with
recent studies (Ashrafuzzaman et al., 2022; Miah et al., 2020). About
50% of the study area received extreme precipitation during TC events.
Such heavy precipitation results in landslides, particularly in the hilly
southeastern region (Fakhruddin et al., 2022). While the precipitation
intensity in the southwestern coast is relatively low, its impact on
flooding is significant. Adnan et al. (2019b) reported that the geomor-
phological changes brought about by the construction of polders have
made the embanked region extremely prone to pluvial flooding, espe-
cially during TC events. In the case of extreme wind, southwestern
coastal is relatively less prone to this hazard. The presence of the Sun-
darbans Mangrove Forest may be a contributing factor, as during various
major historical TC events, the forest acted as a natural buffer (Akber
et al., 2018). However, the most frequent TC landfall occurred in
southwest coastal district Satkhira. This district was severely affected by
various historical TC events (Salman, 2023).

Exposure analysis revealed that a significant population, particularly
those aged below 15 or over 65 years, was exposed to multi-hazard
events. Underdeveloped and densely populated areas, particularly on
the eastern coast, were identified as highly exposed areas. In the south-
western coast, the presence of highly vegetated areas such the Sundarban
Mangrove Forest could be associated with relatively low level of expo-
sure to multi-hazard events (Akber et al., 2018). Areas in proximity to
critical infrastructure, such as hospitals, cyclone shelters, and those
equipped with effective warning systems, displayed a greater potential to
withstand multi-hazard impacts. Adshead et al. (2023) emphasized the
importance of locating critical infrastructure, like cyclone shelters,
within short distances to all settlements for effectiveness. According to
Chen et al. (2018), people living close to hospitals and other public fa-
cilities receive essential services and support, making them less prone to
risks in a multi-hazard environment.

5. Conclusion

In conclusion, this study employed the Fuzzy Analytic Hierarchy
Process (FAHP) model to comprehensively investigate multi-hazard risks
associated with tropical cyclone (TC) events in the coastal region of
Bangladesh. The findings revealed that over 50% of the region is sus-
ceptible to multi-hazard risks, displaying variations among different
coastal districts. The study underscored that areas highly exposed and
extremely vulnerable to TC-induced multi-hazard events are subject to a
high frequency of hazards, with storm surge-induced flood events having
the most significant impact on the coastal region. Exposure analysis
highlighted substantial populations, especially vulnerable age groups,
and underdeveloped areas, underscoring the critical role of proximity to
essential infrastructure for enhancing resilience.

While providing valuable insights, this study has certain limitations
that need consideration. The reliance on secondary data sources implies
that the accuracy of the results depends on the precision of these datasets.
Additionally, the use of wealth index data from 2010, due to the un-
availability of the latest gridded poverty data, introduces a temporal
limitation. Moreover, the FAHP model may be susceptible to subjective
bias. Despite these limitations, this study addresses a significant gap in
the existing literature by quantifying risks through a multi-hazard
approach. The proposed framework and obtained results offer potential
12
guidance for the development of multi-hazard risk mitigation policies in
coastal Bangladesh and other regions with similar contexts. Furthermore,
this study lays the groundwork for future research aimed at constructing
high-resolution multi-hazard risk models.
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