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ABSTRACT
Coastal Bangladesh is one of the hotspots of tropical cyclone’s
landfall in South Asia. A spatial vulnerability assessment is
required to formulate disaster risk reduction strategies. This study
develops a comprehensive tropical cyclone vulnerability mapping
approach by applying Fuzzy Analytical Hierarchy Process (FAHP)
and geospatial techniques and examines the spatial distribution
of tropical cyclone vulnerability in the western coastal region of
Bangladesh. We have selected 18 spatial criteria under the phys-
ical, social, and mitigation capacity categories as the components
of vulnerability. Results indicate that the southern and south-east-
ern peripheral areas exhibit higher vulnerability to tropical cyclo-
nes since these areas comprise low elevation, gentle slope,
closeness to the sea, a high number of historical cyclone tracks,
vulnerable land cover classes (settlements and crops land), and
poor socio-economic structures. These areas cover most of the
Barguna, Khulna, Bagerhat, Jhalokati, and southern parts of
Satkhira, and Pirojpur districts. The existing mitigation capacity
measures, for example, the construction of cyclone shelters,
embankments, road networks, and effective warning systems in
these areas are not adequate levels. The findings would be useful
for policymakers and local authorities in formulating appropriate
cyclone risk mitigation plans in coastal Bangladesh.

ARTICLE HISTORY
Received 10 July 2020
Accepted 17 December 2020

KEYWORDS
Cyclone; vulnerability; fuzzy
logic; AHP; GIS; remote
sensing; Bangladesh

1. Introduction

Globally, tropical cyclones are considered as the most deadly meteorological hazards
(Li and Li 2013; Needham et al. 2015). Strong winds, heavy precipitations, and storm
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surges are notable destructive characteristics of tropical cyclones (Chen and Liu 2016;
Sahoo and Bhaskaran 2018). These natural events often cause significant casualties, wide-
spread damages to agriculture and properties, and disruptions to communication net-
works (Hoque et al. 2018; Mazumdar and Paul 2018; Saxena et al. 2013). On average, 90
tropical cyclones originate each year across the several cyclone basins worldwide
(Bakkensen and Mendelsohn 2019; Mansour 2019). Tropical cyclone impacts are fre-
quently observed in many coastal regions of the world. These cyclones caused about
1965 billion US dollars’ worth of global damages between 1970 and 2019 (WMO 2020).
Currently, the vulnerability of coastal people and their resources to tropical cyclone
impacts are a big concern since the exposure is increasing rapidly (Alam and Dominey-
Howes 2015; Sahoo and Bhaskaran 2018). Future climate change scenarios, particularly
sea-level rise, may accelerate this vulnerability to a greater extent (Appelquist and
Balstrøm 2015; Bakkensen and Mendelsohn 2019; Moon et al. 2019; Xu et al. 2015).

Tropical cyclones are very common in Bangladesh (Islam et al. 2013; Sattar and
Cheung 2019). Bangladesh is bounded on the south by the Bay of Bengal where tropical
cyclones are formed frequently in the Bay of Bengal during early summer (April to June)
and late rainy season (September to November) (Paul 2009; Uddin et al. 2019). On aver-
age, 12 to 13 tropical depressions form in this Bay each year, and among them, five
acquire the intensity of tropical cyclones (Paul et al. 2010). Most of these tropical cyclo-
nes hit the coastal areas of Bangladesh (Hoque et al. 2019; Karim and Mimura 2008).
Bangladesh has a very prolonged history of tropical cyclones (Alam et al. 2020). Many of
these cyclones have caused the coastal areas with large area destruction, loss of human
lives, and extensive property damages (Alam et al. 2020; Hossain 2015). About 500,000
and 140,000 people have lost their lives by two notable tropical cyclones that made land-
fall in the coastal areas of Bangladesh in 1970 and 1991, respectively (Alam and
Dominey-Howes 2015; Sattar and Cheung 2019). Cyclone Sidr that hit in 2007, killed
3,500 people and incurred around $1.67 billion US dollars’ worth of economic loss
(Alam et al. 2020). Cyclone Aila that made landfall in 2009 caused 190 deaths; injured
7000 people; and destroyed more than 500,000 houses (Ahmed et al. 2016). Due to low-
lying coastal regions, many people will be at risk under the scenario of storm surges with
future sea-level rise (Mullick et al. 2019; Rana et al. 2010).

Undertaking appropriate mitigation measures can reduce the loss and impacts of
devastating tropical cyclones (Ahmed et al. 2016; Sattar and Cheung 2019). A com-
prehensive tropical cyclone vulnerability assessment can produce sufficient informa-
tion to support effective mitigation measures (Hoque et al. 2017; Khan 2008; Saxena
et al. 2013). Theoretically, vulnerability is defined as the extent of the susceptibility of
the people, resources, and environments to the impacts of particular hazards which is
determined by physical, social, economic, and environmental criteria (UNDRR 2009).
Remote sensing data coupled with spatial analysis provides an efficient approach to
assess the spatial tropical cyclone vulnerability (Hoque et al. 2017; Rao et al. 2013;
Yin et al., 2013). Several criteria, directly and indirectly, influence the tropical cyclone
vulnerability for any area (Mansour 2019). A vast amount of data in the form of spa-
tial and non-spatial are required to evaluate the influence of criteria in the tropical
cyclone vulnerability assessment (Mansour 2019). Several mapping approaches have
been used for assessing spatial tropical cyclone vulnerability using geospatial
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techniques (Ali et al. 2020; Hoque et al. 2019; Mazumdar and Paul 2018; Rao et al.
2013). Multi-criteria integrating mapping techniques are considered best as these pro-
vide detailed spatial vulnerability information of tropical cyclone impacts (Alam et al.
2020; Ali et al. 2020). Among the spatial multi-criteria evaluation approaches, the
Fuzzy Analytical Hierarchy Process (FAHP) is the most appropriate approach popu-
larly used in the literature (Hategekimana et al. 2018; Tahri et al. 2017).

Although Bangladesh is considered a highly tropical cyclone-prone country, the stud-
ies related to tropical cyclone vulnerability assessment are very limited. Some studies are
found focusing on the assessment of tropical cyclone risk (Alam et al. 2020; Hoque et al.
2018, 2019; Quader et al. 2017; Sattar and Cheung 2019), vulnerability (Alam and Collins
2010; Hossain 2015), impacts and adaptation (Karim and Mimura 2008; Mallick et al.
2017) in coastal Bangladesh. Quader et al. (2017) mapped the risk to human lives and
livelihoods for the coastal areas of Bangladesh using limited criteria, largely focusing on
social aspects. Hoque et al. (2018) developed a tropical cyclone model using multi-criteria
approach at a local-scale. Recently, Hoque et al. (2019) and Alam et al. (2020) performed
risk assessment of tropical cyclones on the eastern coast of Bangladesh using geospatial
techniques. In contrast, Hossain (2015) analysed the vulnerability to tropical cyclone
impacts at the household level using the qualitative data collected through the question-
naire survey from two villages of western coastal regions of Bangladesh. Future scenarios
were modelled by Karim and Mimura (2008) for evaluating future climate change
impacts on storm surges on the western coast of Bangladesh. Mallick et al. (2017) con-
ducted a study to evaluate the coastal communities’ adaptation, recovery, and prepared-
ness to tropical cyclone impacts in some coastal villages of the south-western coast of
Bangladesh. A comprehensive assessment of vulnerability by integrating adequate criteria
of vulnerability elements, such as physical, social, and mitigation capacities, is essential to
generate detailed and accurate vulnerability information (Cutter et al. 2003; Rashid 2013).
To date, no study has been found on mapping spatial tropical cyclone vulnerability using
multi-criteria evaluation incorporating the essential components of vulnerability covering
the entire western coast of Bangladesh.

The aim of the present study is to develop a comprehensive tropical cyclone vul-
nerability mapping approach that incorporates physical and social vulnerability, and
mitigation capacity. The proposed method examines the spatial distribution of trop-
ical cyclone vulnerability in the western coastal zone of Bangladesh. This analysis is
conducted focussing on three specific objectives: (1) to develop a physical vulnerabil-
ity, social vulnerability, and mitigation capacity index of tropical cyclones using
FAHP and geospatial approaches; (2) to prepare a vulnerability map integrating indi-
ces of physical and social vulnerabilities and mitigation capacity to examine the spa-
tial distribution of tropical cyclone vulnerability, and (3) to validate the produced
spatial vulnerability results.

2. Materials and methods

2.1. Method overview

In this study, we applied a FAHP based multi-criteria assessment approach to incorp-
orate physical, social, anthropogenic, and mitigation capacity criteria for tropical
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cyclone vulnerability assessment. Several vulnerability equations are reported in the
scientific works for vulnerability assessment of natural hazards (Hoque et al. 2017).
In this study, Eq. (1) was used based on the literature review for assessing tropical
cyclone vulnerability (Dewan 2013; Rashid 2013).

Vulnerability ¼ ðPhysical vulnerability
� Social vulnerabilityÞ=Mitigation capacity

(1)

Figure 1 summarizes the methodological flowchart employed in the present study.

Figure 1. Systematic representations of the vulnerability assessment approach applied in the cur-
rent study.
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2.2. Study area

Following the physiographic units of Bangladesh, the coastal area is classified into
western, central, and eastern coastal zones. In this study, we only considered the
Ganges tidal deltaic plain, which is known as western coastal zone. However, to
maintain consistency, we only selected six cyclone-prone districts and their 46
Upazilas of the western coastal zone with a total area of 9041.52 sq. km. The western
coastal region of Bangladesh is geographically located between 22�000–23�000 N lati-
tude and 89�000–90�000 E longitude (Figure 2). The total population of the region is
8,641,473, where 633 people live per square km (BBS 2012). The inhabitants of the
western coast are highly vulnerable to natural disasters due to their socio-economic
conditions and higher rates of poverty (Akter et al. 2019). A humid climate prevails
in the area with an annual rainfall of 1940mm. The study area is frequently affected
by devastating tropical cyclones. The characteristics of topography and geographical
location accelerate the strengths and higher occurrences of tropical cyclones (Hoque
et al. 2018; Sattar and Cheung 2019). The western coastal zone is formed with a low-
lying deltaic plain, wide rivers, and estuaries (Karim and Mimura 2008). Recently, the
coast was severely affected by super Cyclone Sidr (2007) and Aila (2009), causing
3500 deaths and 191 injuries to the people with substantial damages to the properties
and environment (Sattar and Cheung 2019). Although we included six coastal dis-
tricts in this study, highly affected by previous tropical cyclones, the effects of cyclo-
nes could be extended beyond the study site along the north-south direction.

2.3. Dataset and sources

Several types of criteria were required to consider for assessing tropical cyclone vul-
nerability. The spatial data used to evaluate the criteria were generated from various

Figure 2. (a) Districts (administrative unit) boundary of the western coastal region, and (b) the
study area in the context of the coastal zones of Bangladesh.
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sources using geospatial techniques. The data sources included national, international,
government, and private institutions as well as fieldwork. Mitigation capacity and val-
idation data were collected using several field investigations between 2015 and 2020.
Table 1 details the datasets with their types, sources, period, and specific uses.

2.4. Criteria for vulnerability assessment

The criteria and sub-factors were chosen in this study using a literature review and
their relevance and influence on tropical cyclone vulnerability. We developed 18 spa-
tial criteria layers in the geospatial environment under three components, including
physical, social, and mitigation capacity for cyclone vulnerability assessment. Each
raster layer has a 30m� 30m spatial resolution. ArcGIS and ENVI software were
used in preparing and processing criteria layers. The produced maps were classified
using the natural break classification approach that was found more suitable to visual-
ize the spatial pattern of vulnerability in this study (Baeza et al. 2016; Tehrany et al.
2014). The following paragraphs detail the mapping procedures and significance of
the chosen criteria.

2.4.1. Criteria for physical vulnerability
Some physical phenomena/factors that influence tropical cyclone vulnerability were
chosen for this study. The selected factors/criteria included elevation, slope, proximity
to cyclone track and coastline, and land cover (Dewan 2013; Gallina et al. 2016;
Rimba et al. 2017 S V et al., 2018 ).

Elevation and slope are vital factors for tropical cyclone vulnerability assessment
(Ali et al. 2020). The vulnerability is considered less for the areas characterized by

Table 1. Dataset with their characteristics used in the present analysis.
Data type Source Period Purpose of uses

Sentinel 2 (10
m resolution)

United States Geological
Survey (USGS)
Earth explorer

Five Sentinel 2 images
(November, 2018)

Land cover

RapidEye (5 m resolution) DigitalGlobe foundation Twelve Rapid Eye images
(December, 2015 to
January, 2016)

Coastal vegetation

Digital Elevation Model
(DEM) at 20 m
spatial resolution

Survey of
Bangladesh (SOB)

2014 Elevation, slope

Population Bangladesh Bureau of
Statistics (BBS)

Population census 2011 Population density,
dependent population,
female population,
wooden house, disable
population, literacy
rate, agriculture
dependent population

Cyclone track International Best Track
Archive for Climate
Stewardship (IBTrACS)

1960–2018 Proximity to cyclone track,
cyclone frequency

Road, Embankment LGED 2018 Road network,
Embankments,

Cyclone shelter, health
infrastructure, cyclone
warning system

LGED and Fieldwork Distance to cyclone shelter
and health
infrastructure, cyclone
warning system
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high elevation and steep slope (Li and Li 2013). In contrast, the areas with a low ele-
vation and gentle slope are designated for the higher vulnerability (Yin et al. 2010 ;
Yin et al., 2013). The elevation and slope maps were generated using a 20-m spatial
resolution digital elevation model (DEM) (Figure 3a and 3b). The DEM was prepared
using the topographic sheet (scale 1: 25,000) collected from the Survey of Bangladesh.
The Z accuracy of the DEM was þ/� 50 cm.

The vulnerability to tropical cyclones is high for lives and properties located close
to past cyclone tracks and the coastline (Alam et al. 2020). Therefore, proximity to
cyclone tracks and coastline criteria were considered for assessing the physical vulner-
ability to tropical cyclones. The data of International Best Track Archive for Climate
Stewardship (IBTrACS) were used to develop the buffers and map the distance from
cyclone tracks (Figure 3c) (Knapp et al. 2010). A total of 30 spatial cyclone tracks
ranging from category 1–5 cyclones were found over the study area between 1968
and 2019 from the cyclone track datasets and used in the buffer analysis. In contrast,
distances from the coastline of the study area were calculated using the ruler tool of
Google Earth Pro. Next, the proximity to coastline spatial layer was produced
(Figure 3d).

Some types of land covers are highly susceptible to tropical cyclones. We used five
Sentinel-2 images to prepare land cover spatial layers (Figure 3e). Firstly, the required
pre-processing corrections such as geometric, radiometric, and atmospheric

Figure 3. Physical vulnerability criteria: (a) elevation, (b) slope, (c) proximity to cyclone track, (d)
proximity to coastline, and (e) land cover.
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corrections were applied to the satellite images, and then a hybrid classification
approach was used to identify land cover categories, e.g. mixed vegetation, settlement,
fish farming, open water bodies, mangrove vegetation, crops land, closed water bodies
and bare land. Initially, unsupervised classification was applied to identify the prob-
able classes, and then a maximum likelihood algorithm was used under the super-
vised classification technique (Kumar et al. 2013). Very-high resolution Google Earth
Imagery (2019) was used to generate 513 random points to assess the accuracy of the
land cover map. Next, accuracy assessment technique was performed based on the lit-
erature (Hoque et al. 2016; Jensen 2005). Subsequently, 91.03% and 89.74% were
found as overall accuracy and Kappa coefficient, respectively.

Figure 4. Social vulnerability assessment criteria: (a) population density, (b) dependent population,
(c) disable population, (d) female population, (e) literacy rate, (f) wooden house, and (g) agriculture
dependent population.

GEOMATICS, NATURAL HAZARDS AND RISK 205



2.4.2. Criteria for social vulnerability
Some social factors that influence tropical cyclone vulnerability were chosen in this
study. The selected factors/criteria included population density, unemployed popula-
tion, disabled population, female population, literacy rate, wooden house, and agricul-
tural dependent population. We used the latest available population and housing
census data (2011) to prepare all the social factors related spatial layers. The popula-
tion and housing census is conducted in Bangladesh within 10 years’ interval, and the
next round of census will be conducted in 2021.

The population in coastal areas is increasing faster across the world (Neumann
et al. 2015). Devastating coastal hazards like tropical cyclones are becoming a big
concern for the coastal people. The social vulnerability to tropical cyclones is largely
controlled by spatial variation of population density in a given area. The densely
populated areas have a high-vulnerability to tropical cyclones compared to the less
populated area (Ali et al. 2020). On the other hand, children and older population
categories are highly impacted by tropical cyclones as they have limited capability to
follow and implement emergency measures effectively without any assistance during
the evacuation . This study used the population and housing census data (2011) from
the Bangladesh Bureau of Statistics (BBS) to prepare the population density as well as
children and older population spatial layers (Figure 4a and 4b).

Disabled people are considered highly vulnerable to tropical cyclones. Many dis-
abled people cannot promptly follow evacuation procedures without the help of
others. Many times, they are unable to get an early warning system and any kind of
support during the disaster emergency period. In addition, the impacts of tropical
cyclone disasters are comparatively higher in the Bangladeshi female population com-
pared to their male counterparts. This is because they face difficulties and challenges
for their limited mobility, knowledge, access to resources, and other issues, including
security prior to disaster emergency (Alam and Rahman 2014; Neumayer and
Pl€umper 2007). In this study, we prepared the disabled and female population spatial
layers using the latest census data (Figure 4c and 4d).

Literacy rate plays a vital role in determining social vulnerability to cyclone disasters.
The literate people are more aware of the impacts of cyclones and are more likely to fol-
low the evacuation procedures and other preparedness activities to minimize the probable
impacts (Muttarak and Lutz 2014). In this study, we used the population and housing
census data of 2011 to prepare the literacy rate spatial layer (Figure 4e).

House structure and their inhabitants are impacted by tropical cyclones. The
houses in the study area is dominated by wooden houses, which are more vulnerable
to damage from tropical cyclones induced wind speed, intense rainfall, and storm
surges. Therefore, wooden house was taken as a criterion. We prepared the wooden
house spatial layers categorizing into five groups (Figure 4f). In contrast, storm
surges, strong winds, and heavy precipitation cause damage to agricultural crops
(Hoque et al. 2016). Consequently, agricultural dependent people face a massive loss
of income by the tropical cyclone impacts. We prepared the agricultural dependent
spatial layer by classifying the percentages of dependency into five categories (Figure
4g). We extracted the data for analysing both of these criteria from the population
and housing census of 2011.
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2.4.3. Criteria for mitigation capacity
Mitigation capacity of tropical cyclones hazards reflects the key plan, including struc-
tural and non-structural measures, to lessen the probable impacts of tropical cyclones
(Mansour 2019). In this study, we selected the distance to cyclone shelter, health
infrastructure, proximity to coastal vegetation, embankments, and road network crite-
ria under the structural mitigation measures. On the other hand, the cyclone warning
system criterion was chosen under non-structural mitigation measures.

Cyclone shelter works as a best structural mitigation measure that provides tem-
porary shelter to affected communities prior to the cyclone disasters (Hoque et al.
2019). Similarly, health infrastructures support essential emergency health care to
affected individuals during cyclone events (Ali et al. 2020). For this study, we col-
lected the cyclone shelter data from the local government engineering department
(LGED) and verified during multiple field visits from 2015–2020. Afterward, we
applied the Euclidian distance techniques to measure the distances and generate dis-
tance to cyclone shelter and health infrastructure spatial layers (Figure 5a and 5b).

Coastal vegetation provides protection to people, properties, and environments by
decreasing the impacts of strong winds and storm surges (Ali et al. 2020; Das and
Vincent 2009). The spatial vegetation data acquired from the Bangladesh forest
department were used to identify the areas under coastal vegetation in the study site.
To generate the proximity to coastal vegetation, we used Euclidean distance tools in
ArcGIS based on the identified coastal vegetation of the study area (Figure 5c). The

Figure 5. Mitigation capacity criteria: (a) distance to cyclone shelter, (b) distance to health infra-
structure, (c) proximity to coastal vegetation, (d) embankments, and (e) cyclone warning system
and road network.
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Table 2. Sub-criteria ranking scheme based on the relative importance of tropical cyclone vulnerability.

Component Criteria

Ranking (based on vulnerability)

Very low (1) Low (2) Moderate (3) High (4) Very high (5)

Physical
vulnerability

Elevation (m) >5 3.5–5 2.5–3.5 1.5–2.5 <1.5
Slope (%) 0.26–0.93 0.14–0.25 0.09–0.14 0.04–0.08 0–0.03
Proximity to cyclone track (km) >8 6–8 4–6 2–4 <2
Proximity to coastline (km) >80 60–80 40–60 20–40 <20
Land cover Open water bodies,

bare land
Closed water

bodies
Mixed vegetation,

Mangrove
Crops land,
Fish farming

Settlements.

Social vulnerability Population density (sq km.) 423–646 646–836 837–987 988–1133 1134–1707
Dependent population (%) 41.73–44.16 44.17–45.64 45.65–47.5 47.65–50.02 50.03–52.8
Disabled population (%) 1.1–1.32 1.33–1.57 1.58–1.82 1.83–2.07 2.08–3.03
Female population (%) 46.64–48.8 48.81–50.4 50.5–50.62 50.63–51.36 51.37–51.16
Literacy rate (%) 64.6–74 60.09–64.59 56.78–60.08 52.98–56.77 48.46–52.97
Wooden house (%) 2.07–21.12 21.13–53.73 53.74–72.78 72.79–85.24 85.25–95.5
Agriculture dependent population (%) <33.16 33.17–57.47 57.48–72.32 72.33–81.1 81.11–89.2

Mitigation capacity Distance to cyclone shelter (km) <1 1–2 2–3 3–4 >4
Distance to health infrastructure (km) <1 1–2 2–3 3–4 >4
Proximity to coastal vegetation <2 2–4 4–6 6–8 >8
Embankments Present Absent
Cyclone warning system Effective

warning system
Moderate

warning system
Ineffective

warning system
Road network (km) <1 1–2 2–3 3–4 >4
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regions close to coastal vegetation are likely to be less susceptible to cyclones as they
work as natural shields. In addition, embankments play a vital role in protecting agricul-
tural crops and houses from the inundation of tropical cyclone-induced storm surges
(Mullick et al. 2019). The present study used the presence or absence of embankments
from LGED data to create the spatial layer of embankment (Figure 5d).

An appropriate warning system is vital to deliver up-to-date approaching cyclone
disaster information and to prepare individual people to evacuate from the vulnerable
places to tropical cyclones (Akhand 2003). We collected the warning system data that
include the warning system structure, equipment, and personnel involved from the
local administrative offices and analysed them to identify the pattern and classify fol-
lowing the various variables of the local warning system. We verified the analysed
data in the field and processed it into three categories under the effective, moderate,
and ineffective warning system following local administrative units in creating spatial
layer (Figure 5e).

Road network helps to provide relief, rescue work, and other management activ-
ities before, during, and after the tropical cyclone events (Amin et al. 2019). The data
of the major roads were acquired from the LGED, and the spatial layer of road net-
work was prepared using the Euclidean distance tool (Figure 5f).

2.5. Ranking of sub-factors

To rank the sub-factors, we classified each criterion following two classification tech-
niques, such as natural break (for elevation, slope, etc.) and manual classification
(proximity to cyclone track, road network, etc.). Afterward, the sub-factors under
each criterion were ranked into five vulnerability levels (1–5), indicating very-low vul-
nerability (rank 1) and very-high vulnerability (rank 5) following the assumption that
higher the vulnerability—higher the ranking value (Table 2). For ranking sub-factors,
we used block units for social criteria. However, the social criteria were later con-
verted to raster format with a similar cell value in order to maintain consistency
between physical and social criteria. All the ranked spatial criteria layers were trans-
formed into 30m resolution spatial individual raster layers. Raster criteria layers were
then standardized to bring the rank values of spatial criteria layers on the same scale
(0 to 1). The standardization procedure was performed using Eq. (2).

p ¼ x � min
�min

(2)

where p refers to the standardized score, min and max represent the minimum and
maximum values associated with each dataset, and x indicates the cell value in each
spatial raster layer.

2.6. FAHP and criteria weighting

This study adopted the FAHP to weight the criteria since FAHP assists the decision-
makers in overcoming uncertainty in providing the preferences of alternatives in the
decision-making process (Kannan et al. 2013; Ku et al. 2010). Previous studies
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employed various FAHP approaches (Hadipour et al. 2020; Hategekimana et al. 2018;
Tahri et al. 2017). However, an integrated FAHP procedure was followed in this
study that was developed by Chang (1996). A triangular fuzzy number (TFN) is used
to simplify the pair-wise comparison in this approach to avoid the complex compar-
ing procedure. The five steps FAHP method (Chang 1996) adopted in the study to
determine the criterion weight is explained below.

In the first step, the relevant criteria for mapping tropical cyclone vulnerability
assessments were selected.

In step 2, pair-wise comparison matrices were constructed based on the relative
importance of selected criteria adopting a geometric mean method to incorporate the
six expert’s opinions as following Eq. (3). Judgments of experts/decision-makers are
the primary source to weigh the criteria based on their importance regarding the spa-
tial problem. These judgments are represented qualitatively by some linguistic varia-
bles. In this stage, a fuzzy set is required to quantify the judgments by using the
respective membership function. A triangular fuzzy set was used for converting the
linguistic variables to the quantitative values in this study. The relationship between
quantitative values and linguistic variables are shown in Table 3.

R ¼ a, b, cð Þ,K ¼ 1, 2, ::::,KðR: triangular fuzzy member and K: no: of DMsÞ (3)

where a ¼ a1 � a2 � � � � � akð Þ1k,

b ¼ ðb1 � b2 � � � � � bkÞ
1
k, c ¼ ðc1 � c2 � � � � � ckÞ

1
k

Then in step three, pair-wise comparison matrices were aggregated and synthesized
to develop a set of overall priorities for the hierarchy.

In step four, the consistency ratio (CR) was calculated to justify expert’s ratings in
the pair-wise matrices. The judgment is considered true if the consistency ratio is
equal to or less than 0.1. To measure the CR, Eq. (4) was adopted:

CR ¼ Consistency Index=Random Index, (4)

where the random index (RI) is calculated based on the matrix order (n) provided by
Saaty (1980). In addition, consistency index (CI) is calculated by Eq. (5):

Table 3. Membership function of linguistic scale.

Linguistic variable Crisp number
Triangular

fuzzy numbers
Reciprocal triangular

fuzzy numbers

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

4 (3,4,5) (1/5,1/4,1/3)
6 (5,6,7) (1/7,1/6,1/5)
8 (7,8,9) (1/9,1/8,1/7)
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CI ¼ ðkmax � nÞ=ðn� 1Þ, (5)

where kmax and n indicate the largest eigenvalue and order of a matrix, accordingly
(Mahapatra et al. 2015).

In step five, pair-wise matrix criteria weights were transformed into linguistic vari-
ables using Table 3. The priority weights were calculated following the Chang (1996)
method (Table 4).

2.7. Vulnerability assessment

The overlay analysis was used separately with the relevant criteria spatial layers and
their weights to prepare the physical, social, and mitigation capacity indices. We then
categorized the indices into five levels from very-low to very-high to obtain the phys-
ical, social, and mitigation capacity maps. Later, we produced a vulnerability index
without integrating mitigation capacity by multiplying the physical and social vulner-
ability indices. On the other hand, a vulnerability index integrating mitigation cap-
acity was prepared using Eq. (1). Both indexes values were then standardized to
transform into a common scale 0 to 1 and classified them into several vulnerability
levels, i.e. very-low, low, moderate, high, and very-high.

2.8. Validation of cyclone vulnerability approach

In this study, we applied the receiver operating characteristics curve (ROC) and the
area under the curve (AUC) to validate the cyclone vulnerability map without inte-
grated mitigation capacity. ROC AUC is an appropriate technique for the assessment
of the effectiveness of deterministic and probabilistic justification (Youssef et al.

Table 4. Criteria weights from pair-wise comparison matrices along with CR values.
Component Criteria Weight

Physical vulnerability Elevation 0.217
Slope 0.208
Proximity to coastline 0.220
Proximity to cyclone track 0.217
Land use and land cover 0.140

Consistency ratio (CR): 0.03
Social vulnerability Population density 0.194

Dependent population 0.1781
Female population 0.1764
Wooden house 0.1695
Disable population 0.1197
Literacy rate 0.0975
Agriculture dependent population 0.0649

Consistency ratio (CR): 0.01
Overall vulnerability Physical vulnerability 0.667

Social vulnerability 0.333
Mitigation capacity Distance to cyclone shelter 0.267

Distance to health infrastructure 0.051
Proximity to coastal vegetation 0.187
Cyclone warning system 0.183
Embankment 0.068
Road network 0.193

Consistency ratio (CR): 0.01
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2016). This technique has been widely used for validating the vulnerability, suscepti-
bility, and risk models of various natural hazards like floods, landslides, and droughts
(Bui et al. 2019; Hoque et al. 2020; Khosravi et al. 2018; Nohani et al. 2019). Until
now, there is no established approach to verify the map of tropical cyclone vulner-
ability. Consequently, we used the ROC AUC technique. Initially, we marked the
areas that were affected by previous cyclones to create an inventory map (Figure 9)
with 137 validation points based on existing studies’ results (Hoque et al. 2016;
Kumar Bhowmik and Cabral 2013), published reports (‘Emergency Response and
Action Plans Interim Report’ prepared by Government of People’s Republic of
Bangladesh 2007 and ‘Cyclone Sidr 2008 in Bangladesh’ Prepared by the Government
of Bangladesh) as well as fieldwork. The developed inventory map was used to

Figure 6. Spatial pattern and level of physical vulnerability to tropical cyclones.

Table 5. Area coverage of vulnerability and relevant components classes.

Class

Physical
vulnerability

Social
vulnerability

Mitigation
capacity

Vulnerability
without

mitigation capacity

Vulnerability
integrated

mitigation capacity

Area
(km2) %

Area
(km2) %

Area
(km2) %

Area
(km2) %

Area
(km2) %

Very-high 1332.3 14.7 2511.8 27.8 1368.2 15.1 1565.9 17.3 911.1 10.1
High 2502.3 27.7 1949.9 21.6 2359.7 26.1 2400.9 26.6 2067.5 22.9
Moderate 2874.0 31.8 1243.7 13.8 2517.7 27.8 2567.1 28.4 2689.7 29.7
Low 1716.8 19.0 2011.2 22.2 1955.7 21.6 1765.8 19.5 2281.0 25.2
Very-low 615.2 6.8 1325.0 14.7 839.3 9.3 740.7 8.2 1091.3 12.1
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generate prediction rate curve. 100% of cyclone-affected locations were used as a val-
idation dataset to create a prediction rate curve.

3. Results and discussion

3.1. Spatial distribution of physical vulnerability criteria

Figure 6 illustrates the physical vulnerability to tropical cyclones classified into five
classes. The prepared map exhibited that almost half (42.4%) of the study area has
fallen into high to very-high physical vulnerability classes. In comparison, the very-
high, and high vulnerability classes covered 14.7% and 27.7%, respectively (Table 5).
The southern, south-western, and eastern parts, more specifically, the majority part of
Satkhira, Khulna, Bagerhat, Jhalokati as well as Barguna district revealed high, and
very-high vulnerability levels to cyclone impacts. Several important factors, such as
low elevation, flat slope, very close to the coastline, an immense number of cyclone
tracks and vulnerable land cover classes, are accountable for very-high physical vul-
nerability in those regions. On the contrary, only north-western and few segments
from the central and eastern regions, particularly some parts of Satkhira, Bagerhat,
and Pirojpur districts, depicted low to very-low vulnerability levels, which covered
just 26% (2332 sq. km) of the study area combined (Table 5). Besides, more than 30%
of the study area covered a moderately vulnerable class and found in the central and
northern regions.

Figure 7. Spatial pattern and the level of social vulnerability to tropical cyclones.
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3.2. Spatial distribution of social vulnerability criteria

A very to high social vulnerability was observed in the areas of southern, south-west-
ern, and north-eastern parts (Figure 7). These areas are characterized with a high
population density with many dependent, female, and illiterate people. However, the
least covered class of social vulnerability mapping is the moderate vulnerable cat-
egory, which covers about 1243.7 sq. km and consists of just 13.8% of the study area
(Table 5). Moreover, over 36% of the area belongs to low to very-low vulnerable class
and covered slightly over 2011.2 sq. km, and 1325 sq. km, accordingly and located in
the south-eastern, north-western, and central parts (Table 5). These communities are
found mostly on the southern and north-eastern portion and also have a better socio-
economic condition compared to other regions.

3.3. Spatial distribution of mitigation capacity criteria

It is noticed from Figure 8 that around 69% of the study area (6245.6 sq. km) covers
moderate to very-high mitigation capacity levels, whereas very-high mitigation capacity
makes-up just 15.1% (1368.2 sq. km) of the study area (Table 5). Besides, about 28% and
26% of the study area exhibits moderate and high mitigation capacity, respectively. These
areas include the southern, south-eastern, central, and western parts, particularly covering
the district of Satkhira, Khulna, and some regions of Bagerhat and Barguna. However,
low to very-low mitigation capacity categories occupy a considerable amount of portion

Figure 8. Spatial pattern of cyclone vulnerability mitigation capacity.
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(31% of the area) of the study site with the area over 1955.7 sq. km and 839 sq. km,
respectively. These areas are found in the western part and in the southern region, more
specifically, covering Khulna, Bagerhat, and few areas of Jhaokati districts (Table 5).
Inadequate cyclone shelter, health facilities, embankments, and less effective warning sys-
tems are mainly responsible for this very poor mitigation capacity.

3.4. Vulnerability without integrated mitigation capacity

From Figure 9, it is observed that about 72% of the study area falls under moderate
to very-high vulnerable classes, whereas around 17% (1566 sq. km) and 26% (2401 sq.
km) areas are found in the category of very-high and high vulnerability, respectively
(Table 5). These zones are identified in most parts of the Satkhira, Khulna, Bagerhat,
Jhalokati, and some areas of Barguna and Pirojpur districts, and found in the study
areas of southern and south-eastern segments. These regions consist of low elevation,
gentle slope, closeness to the sea, high number of cyclone tracks, vulnerable land
cover class, and poor socio-economic structures. Besides, low to very-low vulnerable
areas are found in study areas northern and north-western parts and account for
about 19% and 8% of the total areas, accordingly and located particularly in the north
portion of Satkhira, Pirojpur and Barguna districts (Table 5). Due to high elevation,
steeper slope, away from the coastline, fewer cyclone tracks, and well-developed
socio-economic conditions resulted in these areas as less vulnerable zones.

Figure 9. Spatial distribution and level of vulnerability derived from the incorporation of physical
and social vulnerabilities to tropical cyclones.
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3.5. Vulnerability integrated mitigation capacity

The developed cyclone vulnerability map with mitigation capacity shows a different pat-
tern of findings from the vulnerability assessment without mitigation capacity and high-
lights locations where limited mitigation capacity alters the vulnerability assessment
(Figure 10). In this map, the dispersed areas of the southern, south-eastern, and eastern
parts are classified as moderate to very-low vulnerable category and cover around 67%
(6062 sq. km) of the study area which are previously classified mostly as high to very-
high vulnerable classes without mitigation capacity. Thus, incorporation of mitigation
capacity is very crucial for deriving the actual vulnerable situation and provides informa-
tion about where stronger mitigation measures are required. On the contrary, the largest
portion of Khulna and Jhalokati districts and some portion of Satkhira, Bagerhat, and
Barguna districts remained highly vulnerable because of inadequate mitigation capacity.
Table 5 exhibits that the high vulnerable zone covers around 23% (2067 sq. km), whereas
very-high vulnerable class covers about 10% (911 sq. km) of the study area.

3.6. Validation of cyclone vulnerability approach

The prediction rate curve is detailed in Figure 11 presenting model performance used in
this study. AUC of the prediction rate for the FAHP model was 0.81 explaining 81.1%
AUC prediction accuracy for the applied model. The values of AUC range between 0.5
to 0.1, further detailing values close to 1 shows higher accuracy (Youssef et al. 2016).

Figure 10. Spatial pattern and level of vulnerability derived from the incorporation of physical and
social vulnerabilities and mitigation capacity to tropical cyclones.
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Therefore, AUC value of prediction rate (81.1%) of this analysis presents the successful
performance of our developed cyclone vulnerability assessment approach.

4. Conclusions

This research developed a comprehensive tropical cyclone vulnerability mapping
approach and examined the spatial distribution of tropical cyclone vulnerability in the
western coastal zone (9041.52 sq. km) of Bangladesh. Three components of vulnerability,
namely, physical, social, and mitigation capacity, and their relevant criteria were inte-
grated to examine the spatial vulnerability using geospatial and FAHP techniques, prob-
ably for the first time in this region. The ROC and AUC were successfully applied to
validate the spatial vulnerability map. The cyclone vulnerability map without integrated
mitigation capacity shows that most parts of Barguna, Khulna, Bagerhat, Jhalokati dis-
tricts entirely covering the middle and southern parts of these areas; and some southern
parts of Satkhira, and Pirojpur districts are highly vulnerable to tropical cyclone impacts.
Our findings show that, with the incorporation of existing mitigation capacity, the area
situated in the southern, south-eastern, western, and central portion (Khulna and
Jhalokati districts and some portion of Satkhira, Bagerhat and Barguna district) remained
highly vulnerable because of inadequate mitigation capacity. Consequently, the results of
this study can be used to formulate and implement mitigation strategies where mitigation
measures are not at the appropriate level to reduce future cyclone impacts.

Multi-criteria based analysis is a very effective technique for cyclone vulnerability
mapping and was used in the present study. However, we faced challenges in collect-
ing the most up-to-date and high-quality datasets. For example, we used social data
from the latest population and housing census, which was conducted in 2011 for
processing the criteria of social vulnerability. We had no choice but to use these old
data since the next round of census will be conducted in 2021. Further, remote sens-
ing data quality used for preparing elevation, slope (20m resolution DEM), and
LULC (Sentinel 10m spatial resolution) were not at the satisfactory level due to low

Figure 11. Area under the curve for prediction rate (81.1%).
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resolution. The cyclone shelter, embankment, and cyclone warning system datasets
were acquired from LGED and local government offices. However, these data are not
updated regularly. Thus, the possibility of missing some latest data may exist.
However, we verified some of these data to include the latest information during the
field visits. Further studies are required to address these limitations.

Despite having some drawbacks , this study is useful in real-world scenarios to formu-
late and implement cyclone risk mitigation strategies in the vulnerable areas of western
coastal regions of Bangladesh. The probable cyclone mitigation measures could be
increasing the cyclone shelter and health facilities, incorporating nature-based solutions,
improving early warning system mechanisms, afforestation along the coast as well as the
construction of seal wall or dykes. The applied and validated approach in this study
could be used in other similar environment for tropical cyclone vulnerability assessment,
adjusting a few factors and data types.
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