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a b s t r a c t 

While extreme heat events received wider attention in recent years, understanding heatwave vulnerability is still 
a challenging task that requires a clear understanding of a range of location-dependent climatic, socio-economic, 
physiological, and environmental parameters. This study investigates the spatial distribution of heatwave vulner- 
ability in Chattogram City Corporation (CCC) — the commercial capital of Bangladesh. A heatwave vulnerability 
index (HVI) was developed, including various parameters related to three latent variables —exposure, sensitivity, 
and adaptive capacity — derived using remote sensing and socio-economic data. Factor analysis was performed 
to assess all parameters related to HVI. Besides, spatial autocorrelation, cluster and outlier analyses, and hot spot 
analysis were carried out to investigate the spatial distribution of HVI. This study shows a spatial distribution 
of HVI in CCC, which is spatially associated with various individual parameters. A total of seven wards (small- 
est administrative zone of CCC) were found to be very highly vulnerable to the heatwave. This study further 
reveals that heatwave vulnerability is randomly distributed throughout the city, although the high land surface 
temperature is concentrated in the existing built-up areas. It also identified three major hot spots of heatwave 
vulnerability in CCC. The methodology and findings of this study will be of interest to the policymakers and city 
planners to prepare mitigation plans, policies, and strategies to mitigate this hazard. 
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Weather extremes such as extreme heat events have become more
requent and severe in recent years in the face of climate change lead-
ng to global warming ( Aubrecht and Özceylan, 2013 ; Azhar et al., 2017 ;
o et al., 2015 ). Thus, heat-related morbidity (e.g., diarrhea, respira-
ory diseases, heat exhaustion, and heat stroke) and mortality have in-
reased globally, particularly in tropical, subtropical, and temperate cli-
ate zones ( Basagaña et al., 2011 ; Ho et al., 2015 ; Rinner et al., 2010 ).
lder people (aged over 60 years) and children are more vulnerable to
hese extreme events ( Aubrecht and Özceylan, 2013 ). Countries both
n developed and developing worlds experienced detrimental effects
f extreme heat events in the recent past. For instance, recent stud-
es reported a significant number of causalities due to illness caused
y extreme heat waves in various countries across the world, such as
ustralia ( Zhang et al., 2017 ), Bangladesh ( Arrighi et al., 2017 ), China
 Chen et al., 2017 ), India ( Azhar et al., 2017 ), Russia ( Dole et al., 2011 ),
K ( Wolf and McGregor, 2013 ), and the USA ( Ogbomo et al., 2017 ). 
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Studies related to heatwave vulnerability and risk have received
ider attention recently ( Aubrecht and Özceylan, 2013 ; Azhar et al.,
017 ; Ho et al., 2015 ; Kim et al., 2017 ; Liu et al., 2020 ). Conceptually,
eatwave vulnerability is the product of three latent factors: exposure,
ensitivity, and adaptive capacity ( Mac and McCauley, 2017 ). Exposure
efers to the presence of people, livelihoods, environmental services
nd resources, infrastructure, or economic, social, or cultural assets
roximity to extreme events, causing potential future harm, loss, or
amage. Sensitivity or fragility is the physical predisposition of human
eings, infrastructure, and the environment to be affected by hazardous
vents due to lack of resistance ( Field et al., 2012 ; Zuhra et al., 2019 ).
daptive capacity is “the ability of an individual, family, commu-
ity, or other social groups to adjust to changes in the environment
uaranteeing survival and sustainability ” ( Lavell, 1999 ). Most of the
ecent studies related to heat vulnerability emphasized exposure and
ensitivity parameters while developing a heat vulnerability index
 Aubrecht and Özceylan, 2013 ; Azhar et al., 2017 ; Christenson et al.,
017 ; Harlan et al., 2013 ; Inostroza et al., 2016 ; Johnson et al., 2012 ;
g University of Engineering and Technology, Chattogram 4349, Bangladesh. 
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acnee and Tokai, 2016 ; Mushore et al., 2018 ; Nayak et al., 2018 ;
olf and McGregor, 2013 ). Only a few studies considered all three
spects of vulnerability. For instance, Inostroza et al. (2016) developed
 heat vulnerability index applying a Geographic Information System
GIS)-based approach, where exposure, sensitivity, and adaptive capac-
ty were derived from remote sensing and various socioeconomic data.
uhra et al. (2019) applied a similar approach to estimate heatwave
ulnerability. Mac and McCauley (2017) proposed a conceptual frame-
ork for evaluating heatwave vulnerability integrating three factors:
xposure, sensitivity and adaptive capacity, and the heat stress response.
Evaluating the spatial distribution of heatwave vulnerability is a

omplex process that requires a clear understanding of a range of
ocation-dependent climatic, socio-economic, physiological, and envi-
onmental parameters ( Aubrecht and Özceylan, 2013 ; Azhar et al.,
017 ; Zuhra et al., 2019 ). The development of GIS and remote sens-
ng technology in the last few decades has enabled researchers to assess
he extent of heat stress vulnerability efficiently ( Inostroza et al., 2016 ;
ushore et al., 2018 ). Remote sensing data offers several advantages
hat enable accurate observation of land surface temperature, develop
edium to high-resolution maps, and provide access to long time-series
ata ( Mushore et al., 2018 ). 
Bangladesh is one of the most climate-sensitive countries globally,

here the frequency and severity of heatwave are predicted to increase
n the future ( Nissan et al., 2017 ). A significant number of deaths in
angladesh are associated with increased heatwave severity, as mor-
ality tends to increase by 31.3% with a 1 °C increase in the univer-
al thermal climate index. Older people aged over 65 are the most
ulnerable to heat-related diseases ( Burkart et al., 2014 ). Coastal city
hattogram is the second-largest city and the commercial capital of
his country ( Adnan et al., 2019 ). Like other major cities (e.g., Dhaka)
f Bangladesh ( Dewan and Yamaguchi, 2009 ), unplanned and uncon-
rolled urbanization, urban sprawl, and anthropogenic activities are
ausing a change in the local and micro-level climate of Chattogram
ity ( Ara et al., 2016 ; Gazi et al., 2020 ). A recent study reveals that
urface urban heat island intensity (SUHII) (day and night) in five ma-
or cities of Bangladesh has increased substantially during the last 20
ears, where Chattogram city has experienced the highest increase in
UHII at night by 1.9 °C ( Dewan et al., 2021 ). The existing thermal
tudies based on remote sensing techniques in Bangladesh are predomi-
antly concentrated on investigating the drivers of increasing urban land
urface temperature ( Ahmed et al., 2013 ; Ara et al., 2016 ; Dewan and
orner, 2012 ; Gazi et al., 2020 ; Roy et al., 2020 ). In other regions, previ-
us heatwave vulnerability related studies focused on the context of the
emiarid Mediterranean climatic region ( Inostroza et al., 2016 ), tropi-
al region ( Azhar et al., 2017 ; Mushore et al., 2018 ; Zhang et al., 2018 ;
uhra et al., 2019 ), temperate zone ( Kim et al., 2017 ), and the global
orth ( Christenson et al., 2017 ; Johnson et al., 2012 ). However, under-
tanding the environmental and anthropogenic impacts of extreme heat-
ave hazards in the context of a coastal megacity is still in its infancy.
esides, access to required data has always been a significant challenge
n estimating heatwave vulnerability at a regional, city, or local scale
 Inostroza et al., 2016 ). To address these gaps in the existing literature,
his study aimed to investigate the spatial pattern of the heatwave vul-
erability in Chattogram city by developing a heat vulnerability index
HVI), considering exposure, sensitivity, and adaptive capacity aspects
f vulnerability. 

aterials and methods 

tudy area 

Chattogram City Corporation (CCC) area, located in the southeast-
rn part of Bangladesh, was selected as the study area. The area lies be-
ween latitude 22°23 ′ 45 ″ and 22°13 ′ 42 ″ North, and longitude 91°45 ′ 26 ″
nd 91°53 ′ 29 ″ East, bounded by the Karnafuli River to the southeast
nd the Bay of Bengal to the west ( Fig. 1 ). This coastal city has a to-
2 
al area of 161 km 
2 and comprises 41 wards (smallest administrative

rea) ( BBS, 2011 ). Like other areas in Bangladesh, a tropical monsoon
limate prevails in this city ( Gazi et al., 2020 ). The city is regarded as
he second most populated city in Bangladesh, where its second-largest
ndustrial zone is located ( Hoque and Clarke, 2013 ). The city is char-
cterized by rapid urbanization and industrial development, which re-
ortedly resulted in a loss of 26% forest area between 1991 and 2015,
hile built-up area increases to about 48% in that period ( Ara et al.,
016 ). Due to the unplanned development in this city, the proportion of
xisting water bodies (e.g., Chaktai and Rajakhali) canal have reduced
ignificantly in the last two to three decades ( Hassan and Nazem, 2016 ).
Chattogram city has been experiencing harsh climatic conditions in

ecent years. For instance, this city’s annual mean temperature has in-
reased by 1.1 °C over the last two decades ( BMD, 2019 ). Urban heat
sland effects were observed in urban centers and densely populated
arts of the city. Unplanned urbanization, population growth, increase
n the proportion of built-up areas, inadequate vegetation cover, and
 lack of water body are reportedly associated with the increased sur-
ace temperature ( Ara et al., 2016 ; Gazi et al., 2020 ; Roy et al., 2020 ).
he increasing surface temperature increased heat-related illnesses such
s heat stroke and skin cancer ( Ara et al., 2016 ). An understanding of
eatwave vulnerability is the prerequisite for developing a heat early
arning system which is essential for formulating policies to reduce an
brupt increase in heat-related hazard ( Nissan et al., 2017 ). Hence, this
tudy aimed to develop an HVI for the CCC area. 

eatwave vulnerability index 

In this study, the heatwave vulnerability index (HVI) was estimated
s a function of exposure ( E ), sensitivity ( S ), and adaptive capacity ( A )
 Eq. (1) ) ( Inostroza et al., 2016 ). Exposure and sensitivity are the trigger-
ng factors of the HVI, while adaptive capacity reduces the vulnerability.

𝑉 𝐼 = 𝐸 + 𝑆 − 𝐴 (1)

Based on an extensive review of the existing literature, several
bserved variables were identified to measure the three latent vari-
bles: exposure, sensitivity, and adaptive capacity ( Table 1 ). Ob-
erved variables are those that can be readily measured from the field
 Borsboom et al., 2003 ). Most of the variables were expressed in rela-
ive terms, i.e., per unit of surface (no/sq.km) to avoid the spatial bias
nduced by excessively large or very small administrative boundaries.
he spatial distribution of different observed variables is given in Fig.
1 of the supplementary document. 

xposure 

In this study, exposure was represented by LST and population
ensity. Although LST is an indicator of heat hazard ( Mac and Mc-
auley, 2017 ), several recent studies argued that LST also indicates the
ntensity of heat exposure ( Inostroza et al., 2016 ; Zuhra et al., 2019 ). LST
s regarded as the most influential variable indicating heatwave vulner-
bility, as increased LST induces the frequency of heat-related diseases
uch as cardiovascular diseases, diarrhea, and respiratory diseases. Ex-
essive heat also decreases the capability of humans to withstand the
ituation. Evidence from various studies indicated an increase in LST
ight increase heatwave vulnerability ( Aubrecht and Özceylan, 2013 ;
cGeehin and Mirabelli, 2001 ; Reid et al., 2009 ). The population den-
ity was considered another observed variable of exposure, as areas with
igh population density are the most assailable to heat ( Tomlinson et al.,
011 ). 

ensitivity 

Ten variables were identified to quantify the degree of sensitivity to
he heatwave ( Table 1 ). Older people are susceptible to heatwave due to
heir age and underlying medical problems like cardiovascular diseases
 Aldrich and Benson, 2008 ; Aubrecht and Özceylan, 2013 ; Harlan et al.,
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Fig. 1. Location map of the study area. 

2  

p  

t  

b  

H  

s  

t  

a  

R
 

a  

s  

a  

p  

M  

d  

F  

a  

l  

p  

s  

2  

l  

A  

a  

2  

p  

m  

e  

t  

M  

a  

n  

p  

a  

2

A

 

t  

r  

s  

j  

h  

t  

2  

q  

t  

T  

f  

Z

S

 

u  

3  

b  

m  
006 ; McGeehin and Mirabelli, 2001 ; Semenza et al., 1996 ). Very young
eople, such as children aged below nine years, are also vulnerable
o extreme heat events due to their susceptibility to different vector-
orne diseases ( Haines et al., 2006 ; Nakai et al., 1999 ; Wilhelmi and
ayden, 2010 ). Various studies demonstrated that illiterate people are
ensitive to heat events, as they are not aware of these events’ poten-
ial danger. Therefore, deaths caused by heat-related diseases are high
mong illiterate people ( Cutter et al., 2003 ; Harlan et al., 2006 ; Medina-
amón et al., 2006 ; O’Neill et al., 2003 ; Uejio et al., 2011 ). 
The built-up area can also be associated with heath wave vulner-

bility, as these areas retain the heat from the sun longer than the
urrounding environment, which contributes to the increase in over-
ll temperature in a city. These areas potentially release more anthro-
ogenic heat due to higher population density ( Hoque and Clarke, 2013 ;
ushore et al., 2018 ; Nayak et al., 2018 ). Various socioeconomic con-
ition of people is also reportedly associated with extreme heat events.
or instance, a lack of access to information on heatwave vulnerability
nd utility facilities (e.g., electric fan, air condition, air cooler) of people
iving below the poverty line (population below $1.90 purchasing power
arity/day according to the Asian Development Bank) make these group
ensitive to heatwave vulnerability ( McMichael et al., 2008 ; Patz et al.,
005 ; Poumadere et al., 2005 ). In the study area, the number of people
iving below the poverty line was between zero and 9200 persons/km 

2 .
ccess to the water supply is an essential indicator of heat sensitivity,
s water is widely used for individual cooling purposes ( Inostroza et al.,
016 ). In respect to people’s demographic characteristics, the female
opulation, particularly those who are pregnant, are comparatively
ore vulnerable to heat than men ( Johnson et al., 2012 ). People’s un-
mployment status is associated with poverty, making them susceptible
o heatwave events ( Buscail et al., 2012 ; Méndez-Lázaro et al., 2018 ;
w  

3 
ushore et al., 2018 ). Occupations that involve physical activity (e.g.,
gricultural activity, industrial works) are associated with heath vul-
erability due to higher exposure to heat ( Cutter et al., 2003 ). Disable
eople are also vulnerable as they are less capable of coping with any
dverse condition resulting from extreme heat events ( Inostroza et al.,
016 ). 

daptive capacity 

Four variables were identified to measure adaptive capacity: access
o electricity, vegetation, road, and waterbody. Access to electricity can
educe heatwave vulnerability because people can use electrical devices
uch as a fan, AC, air cooler to reduce heat intensity ( Kovats and Ha-
at, 2008 ). Vegetation cover is also an indicator of adaptive capacity. A
igher proportion of vegetation cover could reduce the city’s tempera-
ure and, thus, heatwave vulnerability ( Hajat et al., 2007 ; Kinney et al.,
008 ). The indicator road is associated with traffic congestion. Ade-
uate road infrastructure in a city would minimize vehicle congestion,
herefore, less anthropogenic heat generation ( Inostroza et al., 2016 ).
he presence of water bodies can also reduce heat intensity, as this
actor is inversely correlated with temperature ( Mushore et al., 2018 ;
hang et al., 2018 ). 

atellite data processing 

This study generated raster layers of LST and land cover classes
sing the Landsat 8 — Operational Land Imager (OLI) — images of
0 m spectral resolution. LST was calculated following an approach
y He et al. (2019) , who retrieved LST using spectral bands of Ther-
al InfraRed Sensor (TIRS) 10 in Landsat 8. The pixel-based estimates
ere distributed at ward scale. The land cover classification was carried
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Table 1. 

Summary of data used in this study. 

Variables Description Unit Data Source 

Latent Observed 

Exposure Land Surface 

Temperature (LST) 

Pixel wise (30 m resolution) LST °C United States Geological 

Survey (USGS), Landsat 8, May 

2017 

Population Density Number of people living in per km 
2 p/km 

2 ( BBS, 2011 ) 

Sensitivity Elderly population Number of old ( > 65 years) people per km 
2 p/km 

2 ( BBS, 2011 ) 

Very young 

population 

Number of children ( < 9 years) per km 
2 " " 

Illiteracy rate The number of illiterate people per km 
2 who cannot read 

or write a letter. 

" " 

Built-up area All infrastructure- residential, commercial, mixed use and 

industrial areas, villages, settlements, road network, 

pavements, and man-made structures. The ratio of the 

total pixel of built-up area and the total pixel of the ward 

was considered. 

Pixel 

ratio 

USGS, Landsat 8, May, 2017 

Poverty Number of people per km 
2 living below poverty line. p/km 

2 ( WB, 2011 ) 

Access to water The number of people per km 
2 having limited access to 

the water supply. 

" ( BBS, 2011 ) 

Female population Number of females living in per km 
2 " " 

Unemployment The number of people per km 
2 who were not involved in 

any work or were looking for work 

" " 

Occupation The number of people per km 
2 susceptible to heat 

related illnesses due to involvement in occupations such 

as industrial and agricultural work. 

" " 

Disability The number of people per km 
2 having a vision, auditory, 

speech impairment and physical, mental disability and 

autism. 

" " 

Adaptive 

capacity 

Access to 

electricity 

Number of people per km 
2 having electricity connection 

in their houses. 

p/km 
2 ( BBS, 2011 ) 

Vegetation Represents trees, natural vegetation, mixed forest, 

gardens, parks and playgrounds, grassland, vegetated 

lands, agricultural lands, and crop fields. The area 

occupied by a vegetative cover of any given ward divided 

by respective ward’s total area was considered. 

Pixel 

ratio 

USGS, Landsat 8, May, 2017 

Road Area occupied by the road of any given ward divided by 

the total area of the respective ward. 

Area 

ratio 

( CDA, 2009 ) 

Waterbody Represents water features such as a river, permanent 

open water, lakes, ponds, canals, permanent/seasonal 

wetlands, low-lying areas, marshy land, and swamps. The 

area occupied by any given ward’s water features divided 

by respective ward’s total area was considered. 

Pixel 

ratio 

USGS, Landsat 8, May, 2017 

o  

m  

s  

p  

d  

v  

C  

t  

t  

a  

c

F

 

T  

t  

v  

p  

b  

H  

f  

B  

K  

m  

t  

f  

o  

m  

t  

c  

t  

M  

f  

r  

w  

s  

2

𝛽

w  

v  

 

—  

o

D

 

t  

m  
ut applying a widely used supervised classification technique with the
aximum likelihood algorithm in GIS ( Abdullah et al., 2019 ). This clas-
ification technique was used due to its robustness and potentiality of
roducing precise land cover classes ( Sisodia et al., 2014 ). Land cover
ata generated for the study area included four classes: built-up area,
egetation, waterbody, and others (Table S1, supplementary document).
lassification accuracy of land cover data was assessed by estimating
he Kappa-coefficient ( Landis and Koch, 1977 ). Therefore, 400 ground-
ruthing points were collected from the primary field survey. The overall
ccuracy of this classification was 80.75%, with an acceptable kappa-
oefficient of 0.744. 

actor analysis and normalizing HVI 

Selected indicators of HVI could be subject to multicollinearity.
herefore, Pearson’s correlation coefficients were estimated to check
he indicators’ relationship ( Schober et al., 2018 ). Most of the observed
ariables were correlated to each other. Therefore, factor analysis was
erformed to avoid multicollinearity and limit the complexity of data
y reducing their dimensions ( Basilevsky, 2009 ; Cutter et al., 2003 ;
arlan et al., 2013 ). For measuring the sampling adequacy and the use-
ulness of the results of factor analysis, Kaiser-Meyer-Olkin (KMO) and
artlett’s test of sphericity were carried out ( Williams et al., 2010 ). The
MO values of exposures, sensitivity, and adaptive capacity were esti-
ated to be 0.50, 0.807, and 0.667, respectively. The p -value of less
han 0.05 indicated that the results were statistically significant. Then
4 
actor analyses on the standardized dataset (mean = 0 and variance = 1)
f all latent variables were conducted individually. Orthogonal vari-
ax rotation and Kaiser-eigenvalue criteria (eigenvalue > 1) were used
o extract independent components. The varimax rotation was used be-
ause of its ability to extract maximum independent components and
o ensure maximum loading of variables into the components ( Kim and
ueller, 1978 ). The Anderson–Rubin method was applied to measure
actor scores as the Bartlett and Regression methods tend to extract cor-
elated factors ( Basilevsky, 2009 ; Harman, 1976 ). The estimated scores
ere included in Eq. (1) to calculate the HVI score. Then ward-wise HVI
cores were normalized at a 0 to 1 scale using Eq. (2) ( Inostroza et al.,
016 ). 

= 

[ 
𝑥 − 𝑥 𝑚𝑖𝑛 

𝑥 𝑚𝑎𝑥 − 𝑥 𝑚𝑖𝑛 

] 
(2) 

here 𝛽 is the normalized HVI value at each ward, x is the original HVI
alue, x min and x max are the lowest and highest HVI values, respectively.
Obtained normalized HVI values were categorized into five classes
very low, low, moderate, high, and very high — applying the Jenks

ptimization method in GIS ( Aubrecht and Özceylan, 2013 ). 

eriving spatial distribution of HVI 

This study carried out spatial statistical analyses to estimate the spa-
ial distribution of HVI in the CCC area. Three different spatial statistical
ethods were applied: Spatial autocorrelation (Global Moran’s I), Clus-
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Fig. 2. (a) Pixel-based Land surface Temperature (LST) and (b) Land Cover map. 
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er and Outlier Analysis (Anselin Local Moran’s I), and Hot Spot Analysis
Getis-Ord Gi ∗ ). 

nalyzing spatial autocorrelation 

The spatial autocorrelation of HVI across the CCC area was tested
y estimating Global Moran’s I coefficients that indicate whether the
attern expressed was clustered, dispersed, or random ( Getis and
rd, 2010 ; Goodchild, 1986 ). A negative Moran’s I index value rep-
esents a tendency towards dispersion, while a positive value indicates
 tendency towards clustering; zero indicates no autocorrelation (ran-
om). The z -score and p -value indicate the statistical significance of the
oefficients. This method hypothesizes that data is randomly distributed.
o reject the null hypothesis, the p -values should be less than 0.1 at a
0% confidence interval (10% significance level), whereas the z -scores
hould be less than ( < ) − 1.65 and greater than ( > ) + 1.65 ( Getis and
rd, 2010 ). 

luster and outlier analysis 

This study carried out cluster and outlier analyses by estimating lo-
al Moran’s I index to identify the spatial cluster of HVI in various wards
f CCC ( Anselin, 1995 ; Mitchel, 2005 ). In this method, an index value
s estimated for each feature representing the neighboring features with
imilar (cluster) or dissimilar (outlier) high or low attribute values. The
 -score and p -value determine the statistical significance of the esti-
ated index value. A positive index indicates similarity for neighboring
eatures, where a negative index represents dissimilarity. Four types of
luster/outlier were found as statistically significant such as cluster of
igh value (HH), cluster of Low value (LL), an outlier with high value
urrounded by low primary value (HL), and outlier with low value pri-
arily surrounded by high values (LH). 
5 
ot spot analysis 

In this study, a hot spot analysis was performed using Getis-Ord
i ∗ statistics (pronounced G-i-star) ( Getis and Ord, 1992 , 2010 ) to find
tatistically significant hot spots (clustering of high values)/cold spots
clustering of low values) of HVI in CCC areas. A statistically signifi-
ant hot spot indicates a feature (ward) with a high value and/or is
urrounded by other features (wards) with high values. Contrarily, a
old spot means a feature with a very low value and/or is surrounded
y other features (wards) with low values. As high HV influences the
djacent area and the nature of heat hazard regulates the impact, con-
iguity edge was only utilized to conceptualize spatial relationship and
as used during the computation of Gi ∗ in GIS. It estimated Gi ∗ of each
eature in the dataset, which is a z -score. It also calculated the p -value
f each feature in the dataset to identify the statistically significant fea-
ures. A z -score greater than 1.65 and a p -value less than 0.1 is consid-
red a statistically significant hotspot/cold spot at a 90% confident level
 Sánchez-Martín et al., 2019 ). Conversely, a z -score less than − 1.65 and
 p- value less than 0.1 are considered the statistically significant cold
pot at a 90% confidence level. A 90% confidence level was considered
n this study to detect all the probable hotspots. 

esults and discussion 

patial distribution of lst in CCC 

Fig. 2 (a) shows the spatial distribution of LST distribution in CCC.
he mean LST was found to be 25.30 °C with a standard deviation of
.25. Several hotspots can be observed in Fig. 2 (a), where the tempera-
ure ranges between 28.87 °C and 32.08 °C. It is not a surprise that the
alue of LST was higher in areas classified as built-up areas (~45% of
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Fig. 3. (a) Normal distribution curve of observed LST (b) Normal distribution curve of observed LST according to different land cover classes (c) Box plot of LST 
distribution. 

Table 2. 

Result of component extraction of factor analysis. 

Variables Components Standard deviation Proportion of variance Cumulative proportion Factor Score Description (factor score) 

Exposure 1 1.70 85.14 85.14 − 1.83 to 3.10 (-) low exposure ( + ) high 
exposure 

Sensitivity 1 6.81 68.13 68.13 − 1.47 to 3.12 (-) low sensitivity ( + ) high 
sensitivity 

2 1.16 11.64 79.77 − 1.52 to 3.51 

Adaptive Capacity 1 2.26 56.38 56.38 − 2.90 to 1.51 (-) low adaptive capacity ( + ) 
high adaptive capacity 

2 1.04 25.93 82.31 − 1.10 to 1.96 
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he total area) ( Fig. 2 (b)). A significant negative correlation exists (Pear-
on correlation coefficient − 0.439) between LST and NDVI. The density
f built-up area was the highest in the middle part of the city where the
roportion of other land use types was small. Those areas are character-
zed by a higher degree of LST. LST was low in the northern part of the
tudy area, which is mostly covered with vegetation. The average LST
f built-up, vegetation, and water body were 25.72 0 C, 23.78 0 C, and
2.62 0 C, respectively, with corresponding standard deviations of 1.08,
.63, and 0.76 ( Fig. 3 ). 

actor analysis 

The component extraction results of factor analysis are summarized
n Table 2 . In the case of exposure, one component was extracted
score ranged from − 1.83 to 3.10), based on Kaiser Eigenvalue crite-
ia (eigenvalue > 1), which explained about 85% variability of the input
ataset. 
For variables related to sensitivity, two components were extracted

 Pohlmann, 2004 ) that cumulatively explained 79.773% variability of
he data. Similarly, two components were found for variables related to
he adaptive capacity that explain 82.31% variability of the input indi-
ators. As multiple components were extracted, the orthogonal axis ro-
ation (varimax) was used for higher loadings of variables. The rotation
as completed in 3 iterations, and the variance explained by compo-
ents 1 and 2 were 68.13% and 11.64%, respectively. After axis rotation,
6 
he first component yielded a very high eigenvalue (6.43), explaining
bout 64.27% variability of the dataset, while the variance of the second
omponent increased to 15.50%. In component 1, most of the variables
ielded high positive factor loadings ( L ) ( Table 3 ). Demographic and so-
ioeconomic characteristics of people are significantly associated with
he sensitivity aspect of heatwave vulnerability. For instance, heatwave
ulnerable groups include female (L: 0.98), children (L: 0.95), disable
L: 0.93), unemployed (L: 0.88), illiterate (L: 0.87), and older people (L:
.87). Factor 2 presents strong positive loading on the variable poverty,
ndicating that areas where a substantial number of people live below
he poverty line are more vulnerable to the heatwave. Similar evidence
as found in the work of Asefi-Najafabady et al. (2018) . 
Two components were extracted from the four observed variables

f adaptive capacity ( Table 2 ), explaining around 82.306% of the in-
ut variables’ variance. The first component accounted for explaining
round 56.380% of the total variance, while the second factor explained
5.926% variability of the input dataset. The axis rotation was com-
leted in three iterations where the first and second components could
xplain 55.362% and 26.944% of the total variance, respectively. Higher
actor loadings were found for three variables: vegetation (L: − 0.891),
oad (L: 0.863), and electricity (L: 0.820). Negative loading for vege-
ation indicates that areas with a higher share of vegetation cover are
ess vulnerable to the heatwave. However, places which are occupied
y roads are more vulnerable to this hazard. Access to electricity is a
easure of urbanization. Urbanized areas are highly prone to heatwave



D.R. Raja, M.S.N. Hredoy, Md.K. Islam et al. Environmental Challenges 4 (2021) 100122 

Table 3. 

Factors loading of the input variables. 

Variables Components 

Latent Observed 1 2 

Exposure Population Density 0.923 N/A 

LST 0.923 N/A 

Sensitivity Females 0.980 ∗ 0.119 

Children 0.955 ∗ 0.256 

Disable 0.925 ∗ 0.224 

Unemployed 0.878 ∗ 0.365 

Illiterate 0.869 ∗ 0.421 

Old people 0.869 ∗ − 0.197 
Built-up area 0.802 ∗ − 0.052 
Occupation 0.744 ∗ 0.543 

Without water supply 0.471 ∗ 0.003 

Poor − 0.024 0.880 ∗ 

Adaptive Capacity Vegetation − 0.891 ∗ − 0.135 
Road 0.863 ∗ − 0.057 
Electricity 0.820 ∗ − 0.298 
Waterbody − 0.047 0.984 ∗ 

∗ Statistically significant . 

Fig. 4. Ward-wise variation in factor scores for 
different components of heat wave vulnerabil- 
ity. 
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ulnerability. Although an inverse relationship was observed between
aterbody and LST, component 2 of this variable has a positive load-
ng. Waterbodies comprised a very small proportion (5.32%) of the total
tudy area that are mainly located in the eastern segment ( Fig. 2 (b)).
herefore, the influence of waterbodies in reducing heatwave vulnera-
ility is low compared to parameters related to exposure and sensitivity.
The estimated factor scores for different components were disaggre-

ated at ward scale ( Fig. 4 ). In the case of exposure, factor scores in
ost of the wards were higher (score ranges between 0 and 2), with the
ighest score in ward no 19. A negative sensitivity score was estimated
n most of the wards, while only three wards (ward no 11, 12, and 19)
ielded high scores. In the case of adaptive capacity, component 02 had
 higher variation in score than component 01. In component 1, most
f the wards had a slight variation in scores distributed between − 1 and
 1. In the second component, estimated factor scores in most of the
 2  

7 
ards are negative, with only a few wards such as 5, 18, 28, 30, 31, 33,
5, 36, and 41 resulted in higher factor scores. 

he HVI for CCC 

Fig. 5 (a, b, c) shows the spatial variation of exposure, sensitiv-
ty, and adaptive capacity, respectively. The mean of exposure was 0
ith a standard deviation of 1. In the case of sensitivity and adaptive
apacity, the mean was 0 with a standard deviation of 1.41. There-
ore, the variation of the score of sensitivity and adaptive capacity
as higher than exposure. In relation to exposure, the central CCC
rea (where ward no 7, 20, 19, and 29 are located) was highly ex-
osed to heatwave than the peripheral area. In the case of sensitiv-
ty, the scores were relatively higher in wards 11, 12, 14, 17, 19, and
9. Although the northern end of the study area was relatively less ex-
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Fig. 5. Spatial variation of (a) exposure, (b) sensitivity, (c) adaptive capacity, and (d) heat vulnerability index in CCC. 

8 
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Fig. 6. Relationship of Exposure ( E ), Sensitivity( S ) and Adaptive Capacity ( A ) with Heatwave vulnerability (HV). 
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osed to the heatwave, it was also characterized as less adaptive to this
azard. 
Exposure and sensitivity are positively correlated with HVI with co-

fficients of determination ( R 2 ) values 0.42 ( p- value 0.001) and 0.71
 p- value 0.001), respectively, while adaptive capacity is negatively cor-
elated ( R 2 = 0.12, p- value 0.05) ( Fig. 6 ). Similar evidence was found
n a recent study ( Inostroza et al., 2016 ). The resultant HVI for CCC is
hown in Fig. 5 (d). Notably, the correlation between adaptive capacity
nd HV is weak. This is because the adaptive capacity score in most of
he wards is relatively low regardless of their exposure and sensitivity
cores, which can be either low (e.g., ward 26, 37, 38) or high (e.g.,
ards 11, 12, 14) ( Fig. 5 ). This study also noted that adaptive capacity
f ward 1 is very low ( Fig. 5 (c)). The ward is in a hilly area where very
ew people live. While the area is covered by vegetation, values of other
hree indicators of adaptive capacity: the presence of electricity, water
odies, and road, were found to be very low. Among 41 wards, seven
7.61% of the total area) were found to be very highly vulnerable to
eatwave, where the mean HVI is 0.56. These areas are characterized
y high population density and built-up areas. ‘Moderate’ and ‘high’ de-
ree of heatwave vulnerability classes comprised 28 0.54% and 26.40%
f the total study area, respectively. The remaining 14 wards were clas-
ified as low and very low vulnerable areas to the heatwave, accounting
or 37.45% of the total area (Table S2, supplementary document). 
The degree of influence of different observed variables on HVI was

lso estimated by subtracting mean values of all variables between very
9 
igh and very low vulnerable areas (Table S3, supplementary docu-
ent). All observed variables related to exposure and sensitivity were
ound to be positively associated with HVI. However, only two variables
i.e., vegetation and waterbody) related to adaptive capacity were neg-
tively associated with HVI. 

patial distribution of HVI 

Results of spatial autocorrelation (Global Moran’s I), cluster and out-
ier (Anselin Local Moran’s I), and hot spot (Getis-Ord Gi ∗ ) analyses in-
icate the pattern of the spatial distribution of HVI in the CCC area. The
patial autocorrelation value of 0.01, with a low z -score (0.4) and a high
 -value (0.69), indicates that the spatial pattern of HVI was randomly
istributed. Since Global Moran’s I measured the spatial pattern of HVI
or the entire city, the presence of a local cluster was not apparent. To
ddress this issue, Cluster and Outlier analyses were carried out. In the
ase of Cluster analysis, three different clusters, such as high-high clus-
er (HH), high-low outlier (HL), and low-low cluster (LL), were found
o be statistically significant. A cluster of high-high (HH) HVI for ward
7 means this ward, along with the adjacent wards, was highly heat
ulnerable zones. 
In contrast, ward 40 had a cluster of Low-low (LL) HVI, indicating

hat this ward and the surroundings were less vulnerable to the heat-
ave. Although the HVI value for ward 29 was very high, a high-low
utlier (HL) value was derived. The result indicates that ward 29 was
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Fig. 7. (a) Cluster and Outlier Analysis for HVI and b) Hot Spot Analysis of HVI. 
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urrounded by areas with low HVI values. Fig. 7 (a) shows the result of
luster and outlier analysis. Getis-Ord Gi ∗ statistic was also applied to
nd either high or low heat vulnerable areas in CCC. The result shows
hat only three wards (ward no. 17, 19, and 20) were statistically signif-
cant hot spots (highly vulnerable) for HVI. The analysis, however, did
ot find any area of statistically significant cold spot (low vulnerable)
or HVI ( Fig. 7 (b)). 
Although the values of the Global Moran’s I indicate that the spatial

attern of HVI was randomly distributed in CCC, higher LST was found
n built-up areas. Many recent studies identified a positive correlation
etween LST with built-up areas ( Ezimand et al., 2018 ; Inostroza et al.,
016 ; Raja, 2012 ; Roy et al., 2020 ; Zhang et al., 2017 ). Whilst ex-
osure (i.e., LST) is similar in built-up areas, differences in sensitiv-
ty and adaptive capacity resulted in a heterogeneous distribution of
VI throughout CCC. This study found seven wards (ward no. 7, 11,
2,14,17, 19, and 29) with very highly vulnerable to the heatwave, and
hey are randomly distributed in the city. In the case of Anselin Local
oran’s I, different statistically significant local clusters were found.
s the heat transfer from a hot to a cold environment, the heat vul-
erability may impact the High-High cluster (HH) and High-low out-
ier. Since ward 17 was surrounded by high HVI value areas, so this
ard needed more time to cool down. Contrarily, ward 29 was sur-
ounded by less vulnerable wards and, thus, less cooling time. From
he hotspot analysis, contiguity of three wards — ward 17, 19, 20 —
ere found as statistically significant hot spot areas. Such a situation
revailed because the mean HVI of these three wards was much higher
han the study area’s global mean. Thus, they had a higher z -score
higher than + 1.65) with a p -value of 0.1 and 0.05. From the cluster
nd hot spot analyses, it is evident that ward 17 and its surrounding
n  

10 
reas, especially ward 19 and 20 were most vulnerable to heatwave
azard. 

onclusion 

In recent years, the heatwave has become a significant problem in
any urban areas. Rapid urbanization, high population growth, climate
hange, and transformation of land cover (from vegetation and water
odies to built-up areas) are causing an increase in the magnitude of
his hazard. Consequently, heat-related diseases have increased in num-
er, and a heat-sensitive group of inhabitants became more vulnerable
n urban areas. Considering various complexities in understanding the
mpact of a heatwave, this study estimated heatwave vulnerability (HV)
n the Chattogram City Corporation (CCC) area of Bangladesh based on
hree latent vulnerability parameters: exposure, sensitivity, and adap-
ive capacity. The results indicate that HV is strongly associated with
ensitivity parameters. About 7.61% of CCC’s total area was classified
s being a very highly heatwave vulnerable area, while high and mod-
rate classes included 26.40% and 28.54% area, respectively. A total of
even (out of 41) wards of CCC were identified as very high HV wards,
hich are seemingly scattered in the central part of the city. Generally,
VI was found to be randomly distributed in the city. 
While this study contributes to quantifying HV using location-

ependent climatic, socio-economic, physiological, and environmental
arameters, it has several limitations. Due to the absence of observed
emperature, this study relied upon the satellite-derived temperature.
he Landsat images used in this study were acquired in the early morn-
ng (10:18 AM). However, air temperature becomes high during the
oon and evening. Despite these limitations, this study presents a com-
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rehensive framework for estimate HV. The methodology provided and
he results obtained in this study will be of interest to planners and
olicymakers in identifying factors associated with HV. The framework
rovided in this study would enable them to prepare mitigation plans,
olicies, and strategies and sequencing and prioritizing adaption mea-
ures according to the degree of HV. 
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