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ABSTRACT
People’s vulnerability, exposure and capacity are key components
of a risk assessment. Index-based methodologies have proved
useful to document spatial variation in risk-controlling factors. The
objective of this study is to propose a methodology to derive
quantitative indicators of household vulnerability, exposure and
capacity to assess household’s risk and its spatial variation. The
method is applied to six unions of the coastal region of
Bangladesh, including three offshore islands. Field data are col-
lected by questionnaire survey of 609 households and 6 focus
group discussions. Using conventional data conversion and aggre-
gation methods and principle component analysis (PCA), the vari-
ables are summarized into a small set of dimensions to derive
vulnerability and capacity scores. Result shows that households of
islands are generally more vulnerable to natural hazards than
nearby onshore unions. Unions of the central coast of Bangladesh
are characterized by households with higher vulnerability and
lower capacities than two other parts. The fatality rate of cyclone
SIDR at village level is used to validate the spatial variation of
household risk for one surveyed union. The proposed method-
ology and produced maps could support national to local govern-
ment bodies in assessing household risk and identifying locations
where to implement specific risk reduction measures.
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1. Introduction

Bangladesh is one of the countries expected to be most severely affected by climate
change (Rawlani and Sovacool 2011). The magnitude and/or frequency of natural
hazards will likely increase due to future changes in climate pattern (IPCC 2014).
Vulnerability of the Bangladesh population to climate hazards has been studied at
local to regional scales (Islam et al. 2016; Quader, Khan et al. 2017; Mullick et al.
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2019). Most risk assessment studies, in Bangladesh or elsewhere around the world,
are either qualitative in nature or quantitative but aggregated at the level of adminis-
trative units for which statistical data are available (De Andrade et al. 2010; Esnard et
al. 2011; Islam et al. 2013; Poompavai and Ramalingam 2013; Quader, Khan et al.
2017). Although this scale can be useful to highlight regional patterns, it involves
using average statistical indicators and might mask spatial or socio-economic dispar-
ities between individuals of a community.

The impact of disasters at a local scale has been shown to depend on characteris-
tics of individuals and households controlling their vulnerability and resilience (Paul
2010; Mwale et al. 2015). A household is a unit of a group of people, relatives or
non-relatives, who live together and are used to cook in the same kitchen (BBS
2011). The household’s risk can be considered as the combined effect of the probabil-
ity of the hazard to occur, the household’s exposure to the hazard, its vulnerability to
be negatively affected as well as its capacities to face and cope with the impacts. To
assess the risk at household level, it is therefore necessary to assess each of these com-
ponents of the risk equation (i.e. hazard� vulnerability� exposure/capacity). At a
local spatial scale, it is reasonable however to assume that the frequency and magni-
tude of hydrometeorological hazards will be spatially homogeneous, and that the haz-
ard intensity affecting an individual household is controlled by local exposure factors.

There is a growing concern of governments to minimize the negative impacts of
climate-driven hazards. There is however no standard methodology to systematically
document and assess the factors controlling the vulnerability of households, their
exposure and their capacity to face and cope with the impacts of natural hazards.
Assessment of risk at household level requires time-consuming data collection
through door-to-door household survey. Such assessment and mapping are however
essential in order to recommend and support implementation of relevant household-
level disaster risk reduction measures.

The household vulnerability is the characteristics of the people living in a house
that make them more likely to suffer from disaster and have more difficulties to
recover (Chang et al. 2015). Quantitative assessment of the vulnerability at household
level is rare, and often not spatially explicit (Tate 2012; Ruiter et al. 2017; Tran et al.
2017; Michellier et al. 2020). Few studies have proposed vulnerability assessment at
household-level for climate-driven hazards using questionnaire surveys: they generally
focused on documenting livelihood vulnerability based on qualitative evidence but
did not map the spatial variation across inhabitants of a community (Ahsan and
Warner 2014; Toufique and Islam 2014; Tran et al. 2017; Yadav and Barve 2017).
Previous studies highlighted key dimensions and indicators of vulnerability at local
level: the most common variables considered are related to the social and economic
characteristics of the household as well as the structural condition of the house
(Hossain 2015; Uddin et al. 2019). The household’s capacity to face disasters generally
integrates indicators related to the knowledge of the hazard and the way to react to
it, as well as measures implemented to prevent or mitigate the impact of future haz-
ards (Rawlani and Sovacool 2011; Martinich et al. 2013).

Households living along the coastline of Bangladesh are most exposed to the direct
impact of cyclones, storm surges and flooding (Akter and Mallick 2013; Mallick and
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Vogt 2015). In this contribution, we present and implement a quantitative method to
assess the risk of individual households across six unions of the Bangladesh coast
(Figure 1). We specifically targeted one offshore and one onshore administrative unit
(i.e. unions) in each of the three coastal zones. For each of these unions, we docu-
ment indicators of vulnerability, exposure, capacity and risk of a representative set of
households through a detailed field survey. We propose a methodology to derive
quantitative estimates of the risk components – as defined by UNISDR (UNISDR
2004) – at household level based on aggregation of the documented indicators. The
objective of the study is to identify and map the risk of households to natural hazards
and their spatial variation across the coast of Bangladesh. The results are analyzed to
document spatial patterns within, but mostly between, the six different administrative
units, with specific attention for the offshore–onshore contrast. The results are finally
compared to a regional level risk assessment based on average statistical indicators
(Quader, Khan et al. 2017) and validated against the documented impacts of a recent
fatal cyclone. The discussion analyzes the contribution of the different risk compo-
nents to the risk of households, the factors controlling the observed spatial patterns
and highlights the potential of the proposed method to support spatially differentiated
disaster risk reduction approaches targeting households most at risk.

2. Methods

2.1. Household sampling and data collection process

There are three coastal zones in the coastal area of Bangladesh (Figure 1). Six unions
have been selected as study area by purposive sampling (Figure 2). The unions were
identified as having a medium to very high exposure and vulnerability to cyclones
(Table 1) in the regional risk assessment study by Quader, Khan et al. (2017). Among
the two selected unions of each zone, one is an island whereas the other is a nearby
coastal union from the mainland. This contrast between mainland and island unions
is chosen to represent local variation in exposure and vulnerability associated with
more isolated island contexts.

We followed a mixed approach of both quantitative and qualitative data collection
techniques. Six hundred and nine households were surveyed after random sampling.
Two focus group discussions (FGD) were organized in each union with representa-
tives of the local population. The detailed sampling procedures, data collection meth-
ods and data analysis process are explained in Supplementary material A.

2.2. Household vulnerability index

As arguments to define a limited number of variables to assess vulnerability at house-
hold level are lacking in the literature, it is difficult to apply a deductive approach.
We, therefore, here followed an inductive data-driven approach with a wide range of
indicators potentially related to vulnerability and reduced to a limited number of key
dimensions (Uddin et al. 2019). Variables, that are used in literature to assess the
social, economic, physical and demographic dimensions of the vulnerability at indi-
vidual, household or administrative levels, in Bangladesh and other parts of the
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world, were considered (Supplementary Table S2, Tate 2012; Chen et al. 2013; Rufat
et al. 2019). We did not account for political and environmental dimensions of vul-
nerability assuming homogeneity of the political ecology and environmental quality
indicators within our small study areas.

Indicators built up from the survey variables were analyzed using a principal com-
ponent analysis. The vulnerability index per household was constructed by the
weighted sum of the PCA factors with eigenvalue above 1. Further description can be
found in Supplementary material B.

2.3. Household exposure index

The coast of Bangladesh is exposed to several hazards like cyclones, storm surges and
coastal flooding. The extent and characteristics of these hazards can be considered
homogeneous at the scale of individual union, but the intensity experienced by each
household can be accounted by spatial exposure factors (Kumar et al. 2011). Four
spatial indicators are considered to calculate the exposure of households: the distance
of households to the nearest road, to the nearest cyclone shelter, to the coastline and
their location relative to the embankment. As people living in the coast always looks
for the nearest road and cyclone shelter to evacuate during disasters, these two varia-
bles are considered as exposure indicators (Paul 2009, 2012; Paul and Dutt 2010;
Mallick et al. 2017; Hossain and Kumar 2018). The distance of a household to the
coastline and its location relative to the embankment are relevant for the exposure to

Figure 1. Flow diagram of the method implemented for the household risk assessment. Sampling
methods to select the unions and households are mentioned in the green rectangles (N: total num-
ber of households, V: number of villages; n: number of surveyed households).
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flooding induced by storm surge. Absolute elevation above sea level would also be a
relevant indicator but this data is not available with a sufficient level of accuracy to
be used at local scale where variations in elevation are limited (e.g. 96% of all areas
within unions <10m a.s.l; Supplementary Figures S1 and S2). Further details on data
source and aggregation of the four exposure indicators is provided in Supplementary
material C.

2.4. Household capacity index

The ability of a household to withstand losses, damages and recover from the impact
of a disaster is termed capacity (Orencio and Fujii 2013; Nguyen et al. 2016).
Structural capacity includes the physical measures to protect housing and other infra-
structures. Non-structural measures include policies, preparedness plans and forecast-
ing before natural hazard strikes. We focus on adaptation practices implemented by
the coastal inhabitants and their direct community (Sarwar and Islam 2013). The sur-
vey documented the implementation of a series of adaptation practices, including
DRR (Disaster Risk Reduction) actions in five sectors (i.e. agriculture, water

Figure 2. Map showing the location of the six study unions in the Bangladesh coastal area. Inset
map at the topmost right is showing the location of the coast in the map of Bangladesh. Six other
inset maps are showing the enlarged study unions with their surroundings. B1 and C1 are offshore
islands; A1 is a riverine island. The three other unions are on the mainland. White points on each
sub-map indicate the location of the surveyed households. Background images are displayed from
ESRI base map of high-resolution satellite imageries.
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resources, livelihood diversity, community level and household level) as well as the
participation in union’s committees and the access to various sources of information
(Rahman et al. 2017).

Indicators regarding the different adaptation strategies were collected in the survey
and aggregated into eight indicators: Adaptation in agriculture, Adaptation in water
resource, Adaptation in Livelihood, Adaptation at community level, Adaptation at
own house, Members of social and hazard committees, Sources of warning messages
and Plinth height. All the indicators are summed up to calculate the final capacity
index. We have grouped these indicators into two dimensions namely (a) adaptation
strategies and (b) access to hazard information and networking for convenience in
discussion. Further details on the aggregation method are provided in Supplementary
material D.

2.5. Household risk index mapping method

The equal hazard risk equation (Eq. 1) is applied for each household to assess the
household risk. As the hazard is not considered, this risk index assumes an equal haz-
ard probability for all households: whereas this assumption is justified within each
union, it requires caution when comparing the risk values between unions facing dif-
ferent hazard probability. We used natural Jenks method (as it depends on the nat-
ural grouping inherent in the data) to map the degree of risk into five categories
from very low to very high for each union. As we used natural Jenks method separ-
ately for each union, the class boundaries of risk of each union are not the same –
this is required for correct visualization of risk pattern at local level.

Risk ¼ Vulnerability � Exposure=Capacity (1)

A two-sample t test was applied to compare distribution of vulnerability, exposure
and capacity scores between islands and mainland unions and between the three
coastal zones. Equal variance in the dataset is tested by Levenes’s test.

The location of each interviewed household was documented by hand-held
Garmin GPS receiver. The boundaries between villages of each union were mapped
with GPS with the help of local representatives (i.e. Union Parishad Member).
Villages are used to aggregate households’ risk indices and identify systematic spatial
pattern across unions.

Cyclone Sidr that hit the coast of Bangladesh in November 2007 is one of the
recent cyclones that had a significant impact on the Western coast of Bangladesh,
and the only one for which detailed impact statistics could be obtained (Quader,
Agrawal et al. 2017). The death list of cyclone Sidr at Southkhali union was provided
by the Project Implementation Officer (PIO) of the union. A total of 578 fatalities
attributed to cyclone Sidr within six weeks of the cyclone landfall was disaggregated
per village and ratio of death per population of each village was calculated. This fatal-
ity ratio is compared to the average household risk value per village derived from our
method as part of the external validation of the presented household risk assessment.
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3. Results

3.1. A Data-driven household vulnerability index

A total of 15 factors explaining 62% of the total dataset variance among the 38 indi-
cators surveyed for each household were extracted by PCA. To make the interpret-
ation clearer, we regrouped these factors into four dimensions (Supplementary
Table S1).

3.1.1. Physical and financial assets
The first dimension regroups seven factors including the first three of the PCA and
accounts for 29% of the total dataset variance. These factors concern the households’
income, communication device and family size, physical assets, standards of living,
access to insurance and banking, assets used by wealthy people, ownership of fishing
tools and radio receiver and ownership of human paddled vehicles. Five factors
including the first two are considered to reduce the household’s vulnerability
(Supplementary Table S1) while the other two (i.e. low standard of living, lack of
access to insurance and banking service) increases vulnerability in agreement with the
way the respective indicators are coded (Supplementary Table S2).

Monthly income, total number of cell phones and size of the family are the deter-
mining indicators for the first factor. Livestock potential, ornaments and rice produc-
tions are the indicators that constrain the second factor. Livestock potential is a
weighted indicator from the eight variables of domestic animals (Supplementary
Table S2). Lack of proper sanitation plays the main role in the third factor where
unhygienic toilets are considered as the highest degree of vulnerability (Islam et al.
2014b; Toufique and Islam, 2014). Absence of insurance coverage and non-accessibil-
ity to banking facilities, loaded positively to the third factor. The coverage of insur-
ance and banking is assumed to have a positive influence on reducing vulnerability as
households can rely on loans or insurance service to cope with the material damage
of a disaster (Koks et al. 2015; Mwale et al. 2015). Land property and presence of a
television in the house are positively loaded in the factor named ‘assets used by weal-
thy people’. As confirmed by the FGD participants, landless households are more vul-
nerable as they do not own permanent property and they are also deprived from
relief after the disaster. One of our FGD respondent stated:

“A remarkable portion of the population in this union is landless. People who do not
have land, do not have the access to the basic facilities (i.e., health treatment, social
safety net programmes etc.) as these require national identity card. They either do not
have such document or issued other location where they do not live. Therefore, they are
not included in the list of relief distribution made by local representatives after disaster”
(Male respondent, Mogdal, Baraghope Union, Eastern Coast).

Fishing nets and radio receivers are the two essential assets for fishermen for their
livelihood and access to weather-related information. This factor six is attributed a
negative sign based on the fact that having these two assets reduce the vulnerability
(Alam and Rahman 2014; Islam et al. 2014a). ‘Human powered vehicles’ is the only
indicator that belong to the last factor of this dimension. This indicator is a weighted
composite of the three variables (i.e. van, rickshaw and bi-cycle). As this factor relates
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to income-generating assets it is considered to reduce the vulnerability
(Supplementary Table S2).

3.1.2. Livelihood and skills
The second dimension is composed of three factors: knowledge on life saving techni-
ques; training and diversity in livestock and vegetables and place of working. These
three factors explain 12% of the total variance of the dataset. Lack of ability for
climbing trees and swimming, contributing to increase the chance of death by cyc-
lone, are the main indicators loading on the first factor of this dimension
(Fakhruddin and Rahman 2015). The diversity of cattle and vegetable types are con-
trolling the second factors, which is interpreted to reduce vulnerability, as a high
diversity in animal and plant production provide a higher flexibility to adapt to
changing conditions (Haq et al. 2012; Shameem et al. 2014). It is noteworthy that the
‘lack of training on natural hazards’ negatively loads on the same factor. The propor-
tion of family members with distant working place (places from where one cannot
reach home shortly if there is any emergency) is the indicator of the last factor of
this dimension. This is considered as a positive contributor to vulnerability as the
working members cannot reach home to help their family during disaster.

3.1.3. Demography
Four demography-related factors are grouped in the third dimension (14% of total
variance). The two indicators of the first factor, the economic dependency ratio and
life-long unmarried people, have opposite loading and are thus negatively correlated.
This factor is interpreted as contributing to increase the vulnerability as economic
dependency increases vulnerability (Fekete 2010). The contribution of bachelor (life-
long unmarried person) to the vulnerability was undefined but its negative correlation
with the economic dependency ratio suggests that it contributes to decrease the vul-
nerability. Our FGD participants in Magnama and Southkhali unions also confirmed
that life-long bachelor people are free from responsibilities: having less assets to take
care of, they can evacuate faster than those having a large family and may help others
for evacuation and rehabilitation works.

The major indicators of the second factor are the proportion of migrants within
the family (i.e. immigration of the female after marriage), and the presence of unmar-
ried men and women in the household. This factor is assigned as positive contribu-
tion to vulnerability assuming the difficulties that migrants, less familiar with the
local hazards, might face in emergency events would increase the vulnerability. The
proportion of unmarried person at legal age is negatively loaded on this factor, mean-
ing that late marriage might be associated to household with lower vulnerability. The
third factor is controlled by the female-headed household. As female headed house-
holds are identified as generally more vulnerable than male headed ones in the litera-
ture (Paul and Routray 2011; Cutter 2017; Supplementary Table S2), this indicator is
assumed to positively contribute to vulnerability. The indicator ‘number of years of
residence’ belongs to the last factor of this dimension. This factor is assigned a nega-
tive sign as several participants of FGD confirmed that the longer the family has been
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living in the same place, the more experienced and capacities they have to face the
hazards (Islam et al. 2014a).

3.1.4. Religious minority
Religious minority is the only factor that belongs to this fourth dimension, that
explains 3% of the total variations among households. The indicator ‘religion’ identi-
fies household belonging to religious minorities, i.e. non-muslim families. It is
assumed that belonging to a religious minority contribute to marginalization of the
household and therefore contribute to its higher vulnerability (Morrow 1999; Mallick
et al. 2011; Huang et al. 2015).

3.2. Distribution of vulnerable households

Vulnerable households are not distributed homogeneously within each of the studied
union. High and very high vulnerable households are concentrated in north eastern
and south western parts of Gabura island close to the coastline (Figure 3(a1)), and
within the northern half of Southkhali union (Figure 3(a2)). There is no spatial pat-
tern in the distribution of high and very high vulnerable households in Jahajmara,

Figure 3. Maps showing the degree of vulnerability of surveyed households in six unions of the
coast of Bangladesh. Location of the unions is illustrated in Figure 2. Cut off point of five classes of
vulnerability has been done by using natural jenks methods with different class boundaries for
each union.
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Baraghope and Magnama unions (Figure 3(b1, c1, c2)). The high and very high vul-
nerability households of Purba Charbata union are agglomerated in eastern and
southern parts that are closer to the coast (Figure 3(b2)). Low and very low vulner-
able households are spatially distributed in between households with higher vulner-
ability in all unions except Purba Charbata union, where low to very low
vulnerability households are segregated in the western part of the union, away from
the coast.

The average vulnerability of sampled households of island unions is systematically
higher than the mainland union in the same coastal zone. This difference is, however,
only statistically significant for the eastern coastal region (Table 2). Vulnerability
scores of the central coast is significantly higher (at 99% confidence level) than the
other two coastal zones, i.e., west and eastern coast. The Eastern coastal region has
the lowest average vulnerability (Table 2).

3.3. Households’ exposure and spatial variability

The households’ exposure is strongly controlled by the distance to the sea
(Supplementary Figure S3) and the localization relative to the embankments, which
cause household close to the coastline to be generally more exposed to hazards, e.g.
in case of Baraghope and Magnama union (Figure 4). There is a concentration of low
and very low exposed households in the central parts of the six unions. There is a lin-
ear distribution of high and very highly exposed households along the bank of the
Kholpetua river in the north eastern part of the island in western coast. This is quite
logical as we considered the river as coastline in case of Gabura union. The variation
in distance to road and cyclone shelters have a negligible effect compared to the other
two variables, as roads and shelters are distributed quite homogeneously across
each union.

Households of islands are on average more exposed than that of mainland unions
in the central and eastern coastal regions; whereas the opposite holds true for the
western coast (Table 2). The eastern and central coasts have the highest and lowest
mean exposure values, respectively. These differences in the mean exposure values are
however not statistically significant either between island and mainland unions or
among all the three coastal zones.

3.4. Assessment of capacity of household to natural hazards

3.4.1. Adaptation strategies
This dimension includes the adaptation practices in agriculture, water resource,
livelihood, community and own household. Adaptation scores in agriculture and
water sectors are higher in islands than in mainland unions in the three coastal
zones, although these differences are not always statistically significant (Figure
5(a)). Water resource adaptation practices are significantly more common in the
western coast than in the other two coastal zones. FGD participants of Gabura
union noted the scarcity of drinking water due to salinity intrusions induced by
storm surges, explaining the need to implement water adaptation measures.
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Livelihood adaptation is more practiced in the eastern coast compared to the two
other zones and this difference is statistically significant. Local people of the east-
ern coastal zone reported the frequent loss of their livelihood due to natural haz-
ards while discussing the impact of disasters in FGDs in Baraghope and Magnama
unions. This forces them to migrate temporarily to other places for alternative
livelihoods and female members of households engage themselves in cottage
industry. Community level adaptation is not practiced by respondents in the
Central coast zones, whereas these are significantly more common in the western
zone than the eastern one. Although no statistical significance is found, adaptation
scores at own house is larger in the central zone than that of the other two
coastal zones. Higher adaptation practices at the residents’ own houses is mostly
documented in Purba Charbata, the mainland union of the central coast.
Considering the implementations of adaptation measures in all sectors together, it
is noticeable that the respondents of the island unions on the Western and
Eastern coasts develop a more diverse and larger number of adaptations measures
than those of other unions.

Figure 4. Maps showing the degree of exposure of the surveyed households in six unions of the
coast of Bangladesh. The aggregated degree of exposure of each household is calculated based on
four indicators: (a) distance from the coast, (b) distance from the nearest road, (c) distance from
the nearest cyclone shelter and (d) location of households in respect to the embankment. Location
of the unions in respect to the sea is visible in Figure 2.
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Figure 5. Stacked bar charts of mean scores of adaptation practices of surveyed households in six
study unions of the three coastal zones. (a) Mean adaptation scores of five adaptation sectors. (b)
Access to hazard information and networking. (c) Mean plinth height. Asterisk on the bars indicates
significant differences between unions and those at the right side of the graphs denotes the same
among coastal zones (‘�’ and ‘��’ significant difference at 0.05 and 0.01, respectively).
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3.4.2. Access to hazard warning and networking
The participation of respondents in different committees related to hazard manage-
ment and social welfare is low to very low, with limited differences between unions.
The number of memberships is slightly higher in the mainland than island unions,
although the difference in statistically non-significant (Figure 5(b)). People in island
and mainland unions of the eastern coast have access to a similar number of warning
sources, and this number is significantly higher than in the other coastal zones. In
the central and western coastal zones, the number of information sources is signifi-
cantly higher in mainland unions than that of islands. Average plinth height is signifi-
cantly higher in the island (2.70 ft) than in the mainland (2.22 ft) union in the central
coast zone. The average plinth height is nearly similar in the unions of the eastern
coast and slightly higher in the mainland than the island union in the western coast
(Figure 5(c)).

3.5. Capacity at household level: spatial pattern and distribution

Spatial patterns in the household capacity index are observed for some unions.
Households with low to very low capacity are mostly concentrated in the villages
located in the north of Gabura island and in the northern part of Purba Charbata
union. No specific pattern is observed for the Southkhali, Jahajmara, Baraghope and
Magnama unions (Figure 6(a2, b1, c1, 6c2)). The locations of households with high
capacities to face hazards are typically surrounded by other households with similar
capacity i.e., high to very high capacities in all the studied unions except
in Magnama.

No systematic differences are observed between average household’s capacity of
island and mainland unions within each coastal zone. The mean capacity values of
islands in western and eastern coastal zones are slightly higher than that of mainland,
while the opposite is true for the central coastal zone (Table 2), but these differences
are not significant.

The capacity of the households is significantly different at 99% confidence level
between the central and eastern zones; at 95% confidence level for the other pairs
(Table 2). The mean capacity score of the households in the central coast is the lowest
among the three zones, and it is the highest in the western coast. People of the central
coast last faced a major cyclone in 1991 (reported in FGD response in Jahajmara
union). Catastrophic cyclone’s impacts have disappeared from people’s memory due to
absence of recent disasters, which led to lower motivation of them to implement com-
munity level adaptation practices. The lowest capacity scores in central coast can there-
fore be accounted by this absence of community level adaptation (i.e. Pond Sand Filter
[PSF], rainwater harvesting at community scale, afforestation etc.) (Figure 5(a)).

3.6. Risk at household level and their spatial variation

Coastal households are at different level of risk to natural hazards. The level of risk
of each household is categorized into five classes in each union, based on the applica-
tion of Eq. 1. As the class boundaries of the degree of risk are different in each union
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based on natural Jenk’s classification, the risk maps of unions are not directly com-
parable. Figure 7 illustrates the spatial distribution of the household risk index and
the average value per village within each union. The villages in the north of Gabura
have few dispersed households at high and very high risk (Figure 7), associated with
overall high exposure but variable vulnerability and capacity values. There is only one
household at high risk in the southern villages of Gabura union. The other unions do
not show any spatial pattern on the distribution of high and very high risk house-
holds, nor of low and very low risk ones, except some spatial clusters in Jahajmara
and Purba Charbata unions.

Table 2 shows that the average equal hazard risk scores of the islands are higher
than mainland except for the western coast. These contrasts are not statistically sig-
nificant due to the high internal variability within each union but are reinforced by
the fact that the hazard is also expected to be larger for islands (Table 1). The higher
‘equal hazard risk’ of the mainland union in the western coast may be accounted for
by the fact that its households, despite a lower vulnerability, have a higher exposure
and lower capacity. This is however not confirmed by the regional approach and can
be compensated by slightly lower hazard in the mainland union. Households at high
and very high risk are located in the villages distant from the Sundarban mangrove
forest (the only mangrove forest in Bangladesh): this is valid both for the island and
mainland union of the Western coastal zone. No spatial pattern is noted in the distri-
bution of the high and very high risk households in the eastern coast. Low risk

Figure 6. Maps showing the degree of capacity of surveyed households in six unions of the coast
of Bangladesh. Capacity scores of each union are calculated from the indicators of two dimensions
namely (a) adaptation strategies and (b) access to hazard information and networking.
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households are however dominantly situated in the villages in the central part of the
island, far away from the coastline, suggesting that the exposure to the hazard plays a
dominant role in the risk index in case of island.

Although not statistically significant, the average ‘equal hazard risk’ scores of the
households located within the central coast zone are the highest among the three
coastal zones and that of the eastern coast is the lowest. The latter is mainly due to
the lower vulnerability values (Figure 8). The average risk for the western coastal
zone is almost as large as the one for the central coastal zone, due to the lower expos-
ure but higher vulnerability of households.

Considering all the households across the six unions, there is no statistical correl-
ation between the three risk components, i.e. vulnerability, exposure and capacity,
used to assess household risk in this research (Table 2). Correlations between the
three risk components vary between the different unions and coastal zones and are
systematically low to insignificant. Significant positive correlations are observed
between the vulnerability and capacity components in the western and central coastal
zones, but this correlation is negative in the eastern zone (Table 2). A contrast in the
correlation of exposure and capacity is observed between island and mainland (i.e.
more households of islands with lower exposure and higher capacity than that of
mainland unions) (Figure 8(d)).

Figure 7. Maps showing the degree of risk of the surveyed households in six unions of the coast
of Bangladesh. Risk of each household is calculated by the product of exposure and vulnerability,
divided by capacity, it does not consider the difference in the frequency and magnitude of hazard
affecting the different unions. Background colour is representing the degree of risk of each village
calculated from the average risk scores of the surveyed households of each village.

1548 M. A. QUADER ET AL.



4. Relations of the risk indices and cyclone Sidr fatalities at village level

The village-level fatality ratio for the Sidr cyclone of Southkhali union is used to com-
pare with the risk index and its components (Figure 9). Visual comparison of the
equal hazard risk map and death ratio map shows that the two villages in the western
part of the union i.e. Sonatala, Sarankhola, are at low to very low risk and experi-
enced low fatalities, probably due to their greater distance from the shoreline. For the
rest of the union, the pattern of the death ratio is not following the one of the risk
maps: the death ratio is much higher for the villages along the coastline, whereas
these display an intermediate risk compared to more central villages. The death toll
of cyclone Sidr per village is strongly and positively correlated with the average
exposure of the households of each village (Figure 9(d)), whereas the vulnerability
and risk indices show a moderate negative, but not significant, correlation. This sug-
gests that for risk of fatality, the exposure index plays a dominant role compared to
vulnerability and capacity factors that might rather affect the physical impacts and
capacity of the household to cope with these impacts on the longer term.

5. Discussion

5.1. A Method to assess risk component at household level

Previous studies assessing vulnerability, more specifically social–economic vulnerabil-
ity, used a wide variety of variables based on data available for the chosen administra-
tive scale (Yoon 2012; Zanetti et al. 2016; Anderson et al. 2019). Some key variables
are included in the majority of the studies i.e. age, education, income, dependency
ratio etc. (Schmidtlein et al. 2008; Tate 2012; Wang & Yarnal 2012), others are spe-
cific to the context but generally inform about the access of the households to

Figure 8. Box plots and scatter diagrams of the calculated household risk indicator and its compo-
nents. Red and green colours represent island and main land unions respectively.
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different resources and capitals. A majority of the 51 variables used in this study to
assess the household vulnerability is used in previous studies. However, ethnicity, fre-
quently used in vulnerability assessment, is excluded from our vulnerability index as
the variation among the surveyed households is very limited leading to a low loading
in the principle component analysis.

The 15 factors identified by PCA, summarizing each several variables partly con-
trast with results from previous vulnerability assessment. This is not surprising as our
study also included variables specifically addressing the vulnerability to climate driven
natural hazards at household level along the coast of Bangladesh. For example, some
of the factors, i.e. physical assets, knowledge of life saving techniques, training and
diversity in livestock and vegetables, are less common in other regional studies but
they are important the local context of our case study. There is criticism of using
statistical reduction techniques to aggregate vulnerability index as the main factors
extracted highlight sets of variables that are mutually correlated with each other, irre-
spective of their link with vulnerability (Hinkel 2011). We included both variables
that are used and also that are not considered in other vulnerability studies. The fact
that most variables that come out of the PCA are common to previous studies is a
qualitative validation for the suitability of the developed vulnerability index in this
study. The variables used in this study might need to be adjusted if there are to be

Figure 9. Map of the death ratio from cyclone SIDR that devastated Southkhali union on 15
November 2007. (a) Risk map of the Southkhali union. (b) Death map of the Southkhali union at vil-
lage level. Death ratio (total number of deaths divided by the population) is mapped and classified
in five classes based on natural jenks method. (c–e) Scatter plots of the death ratio against the
mean standardized vulnerability score per village (c), mean standardized exposure score per village
(d) and the mean standardized risk score per village (e). Value of the correlation are given in the
upper right corner of each scatter plot (‘�’ significant difference at 0.01).
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used in another context, but indicators and dimensions of this study can be used for
household level vulnerability assessment across the coast of Bangladesh.

The strong control of the variable ‘distance to coastline’ on our exposure index is
similar to the findings in the regional risk assessment by Quader, Khan et al. (2017).
We also considered the position of households relative to embankment in this study
as an exposure indicator: households protected by embankment are indeed less likely
to be impacted by storm surge and coastal flooding, except when the embankment
breach (Bhuiyan & Dutta 2012; Auerbach et al. 2015). Victims of previous cyclones
and floods have often resettled on the coastal embankment as temporary shelter and
a portion of them cannot get back to their original residence. As one male FGD par-
ticipant (age 55) of Gabura village stated,

“(With deep sorrow) We evacuated to the embankment when cyclone (referring to
cyclone Aila) washed away our house and the next day we could not locate it. We built
a small house with Golpata (leaf of a mangrove tree) and still living in the same place.
As we do not own land and used to live in a government land before the cyclone, we
cannot leave the place. But we are always scared of cyclones.”

The number of implemented adaptation practices are used as one of the variables
to assess the capacity of the households in this study. Using adaptation practices aim-
ing at multiple natural hazards and disaster risk reduction strategies together as cap-
acity indicators, covered the most possible indicators to assess the capacity at
household level. Although all the variables used for capacity assessment in this study
are not systematically documented in risk assessment studies in Bangladesh, these are
described as risk reduction strategies in several qualitative risk assessment research
and cover all the relevant DRR strategies identified as implemented in the case stud-
ies (Ahammad et al. 2013; Mallick et al. 2017; Sattar and Cheung 2019; Malak et
al. 2020).

5.2. Spatial distribution of household vulnerability, exposure, capacity and risk

The spatial distribution of the households with contrasted degrees of vulnerability,
exposure, capacity and risk throughout the sampled unions shows complex spatial
patterns. One has to keep in mind that the spatial pattern obtained from the surveyed
households might not be representative of the spatial distribution of all households
within a union. As this is the first paper with a new approach of studying risk at
household level in Bangladesh, it is not possible to directly compare it with other
studies of Bangladesh but analogies can be made with the complex-pattern of the risk
components documented at regional scale by Quader, Khan et al. (2017) and in other
coastal regions (Tran et al. 2017).

5.2.1. Offshore vs mainland
Our results suggest that the households living on islands have, on average, a higher
vulnerability than that those living in onshore unions. This contrast is less obvious
for the household ‘equal hazard risk’, as some unions with highly vulnerable house-
holds have also developed more capacities to face hazards. Although the specific vul-
nerability of household living on islands had not been previously recognized,
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previous studies highlighted the lower income, higher gender disparity and the gener-
ally poor housing structure of insular population (Islam et al. 2014b; Hossain 2015;
Mallick and Vogt 2015; Saha 2015; Islam and Hasan 2016; Mallick et al. 2017; Saha
and James 2017; Rakib et al. 2019); poor housing structure, lower income and lower
literacy rate in islands are also essential indicators in our study. In a regional scale
analysis of vulnerability at union-level using census data, Quader, Khan et al. (2017)
also reported higher vulnerability and risk for the offshore unions than the mainland
ones considered in this study (Table 1). Higher vulnerability of the islands might be
attributed to the fact that islanders have larger family (Islam and Hasan 2016), are
lacking proper sanitation (Saha 2015), live in house with weak structures (Hossain
2015), are repeatedly affected by impacts of disasters and have limited access to mar-
kets for exportation.

5.2.2. Three coastal zones
The regional risk assessment at union level by Quader, Khan et al. (2017) reported
that the islands of the central coast zone belong to the very high risk class, due to
higher vulnerability, higher exposure and lower capacity of the population in these
unions (Table 1). The same pattern is observed in our household-scale risk assess-
ment (Table 2), although the variables used at regional and local scales are different.
The central coastline is also found highly exposed to the impacts of sea level rise,
tidal flooding and storm surge in literature (Sarwar 2013; Sarwar and Islam 2013).
The lowest average household vulnerability and the highest exposure value observed
for households of the eastern zone were also noticed at regional scale (Table 1).

The higher level of capacity to face hazards identified in this study for the house-
holds from the western coast zone can be corroborated by previous research that
reported implementation of specific adaptation actions in some unions of the western
coast. Techniques of food storage, increasing plinth height, digging safety holes to
preserve seeds have been observed in the western coast (Paul and Routray 2011).
Adaptation in the water sector through measures such as rainwater harvesting or
pond water purification is the highest in the western zone (Figure 5(a)). This is moti-
vated by the recent impact of two cyclones in 2007 and 2009. FGD participants of
both Gabura and Southkhali unions of western coast confirmed that the salinity in
drinking water and topsoil limited their access to pure drinking water and irrigation
water. Several adaptation projects related to increase the drinking water availability
has been implemented by NGOs in this area after 2007. Plinth height is also found
highest in the western zone (Figure 5(a)). Several FGD participants of Southkhali
union stated that they increase the plinth height of their houses after each cyclone
based on the experience of the height of inundation due to associated storm surge.
The highest plinth height might be linked with the highest number of historical
cyclones that crossed this area (Quader, Khan et al. 2017).

5.3. Inter-dependencies of the components controlling household risk

It is interesting to note that vulnerability is not correlated with exposure at local scale
when considering the entire coast. No causality relationship can be extracted from
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statistical link, but it has been argued in several studies around the world that less
favoured households are more likely to settle in less attractive locations, including
zones exposed to hazards, due to land prices, land tenure systems, easy access to live-
lihood, lower living cost etc. (Mutahara et al. 2016; Prashar and Rahman 2017). The
significant positive relation between vulnerability and capacity observed in the
Western and Central coastal zone is opposite to what was observed in previous stud-
ies that assessed risk and its component at regional scale (Esnard et al. 2011; Quader,
Khan et al. 2017). This can be explained by the fact that capacity analysis at regional
level generally rely on community-level indicators or proximity indicators (e.g.
Proximity to road for evacuation, proximity to cyclone shelters), whereas at house-
hold level we focus on the actions taken by each family to secure its own lives, assets
and livelihoods. This suggests that highly vulnerable households, although they are
not provided by much capacities at community level (e.g. lower access or less capacity
of cyclone shelters; Quader, Khan et al. 2017), are aware of their risk and do imple-
ment risk reduction measures. This also highlights the potential mismatch between
risk assessment at regional and local levels, especially in terms of capacities as the
measures of risk reduction are different at community and household level.

5.4. Comparison of historical cyclone death and risk

Validation of the vulnerability, exposure, capacity and risk indexes and maps are
important for the end users to use them confidently in disaster risk reduction proc-
esses. There is no uniform validation method for risk assessment. The unavailability
of detailed damage and long-term economic impact data from past disasters is prob-
ably the reason why such validation is lacking in most vulnerability and risk assess-
ment studies (Esnard et al. 2011; Balica 2012). Correlation of the vulnerability and
risk indices with independent past disaster data can indeed be used as a validation
(Balica 2012; Martins et al. 2012). Number of fatalities recorded per village from cyc-
lone Sidr is only available for the mainland union of Southkhali. Scatter plots of
Figure 9 shows the poor link between cyclone death and risk index. The reasons for
the mismatch between the estimated risk and the death pattern might be that the sur-
vey took place eight years after the cyclone hit the coast of Bangladesh, not properly
representing the vulnerability and capacity profile of the households at the time of
the disasters. Most probably, the death ratio is a poor proxy of overall damage: death
is the only available damage statistics at village level, but this is one of the many
impacts of cyclone i.e. loss of assets, crop damage, injuries, infrastructure damage,
livestock loss etc. The most severe impacts, such as death, might be highly controlled
by the intensity of the hazard and the local exposure, whereas more long-term impact
on livelihood will more depend on the socio-economic vulnerability and capacity to
cope of affected households (Mutahara et al. 2016). The strong positive association
between the estimated exposure and the number of recorded fatalities confirm this
interpretation. Indeed, the distance to cyclone shelters, the proximity to the sea and
to the road are used as variables to assess exposure in this study. Distant cyclone
shelters are reported as one of the main cause of casualties by cyclones in Bangladesh
(Paul 2010, 2012; Mallick et al. 2017; Hossain and Kumar 2018). FGD participants of
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Southkhali union also mentioned that some of their neighbours did not evacuate to
cyclone shelters due to large distance and muddy roads to reach shelters due to heavy
rainfall before the cyclone. They died at their home or nearby places.

5.5. Limitations of the approaches

A robust validation of the estimated vulnerability, exposure and capacity components
at household level is not possible except for the comparison with estimation of the
same components derived at union-scale using a similar approach, but different indi-
cators extracted from census data (Quader, Khan et al. 2017). We assumed an equal
intensity of the hazards on the households across each union due to a lack of detailed
data of the hazard characteristics and spatial variations (Quader, Khan et al. 2017).
This approach is valid at local scale but requires caution when comparing risk values
between different unions. As we did not have access to very high spatial resolution
DEM (Digital Elevation Model), we could not consider elevation as an expos-
ure indicator.

The validation of the risk map is done for one union based only on the spatial dis-
tribution of fatalities of one cyclone, as disaster impact data at village level are not
available for other study unions or other cyclone events. The users of our risk map
should keep in mind that we are limited to the minimum required number of sam-
ples to be statistically representative at union level. Therefore, village level risk maps
might not be representative as we considered only the number of households of a
union to calculate the sample size and distribute it to the villages equally.

6. Conclusion

The coast of Bangladesh is exposed to multiple natural hazards. Risk assessment is an
important step of the Disaster Risk Reduction process. Bengali population’s vulner-
ability has been assessed at country, district and upazilla levels (Kumar and Kunte
2012; Zhou et al. 2014, 2015). Using administrative units as assessment unit to esti-
mate vulnerability, however, generalize the characteristics leading to vulnerability.
The same exposure and hazard intensity may result in contrasted level of risk for the
different households of a union due to different degrees of capacities and vulnerabil-
ity. It is, therefore, important to assess the vulnerability and the resulting risk at
household level to adopt proper policies to effectively reduce the risk. This research
proposes a set of variables for which data have been collected at individual and
household levels, converted to a set of indicators, factors and dimensions that can be
used to assess household level vulnerability. Although selection of variables and indi-
cators could vary according to the local context, the factors and dimensions of vul-
nerability of this research can be used to assess the risk in other unions of the coastal
Bangladesh. Variables to assess exposure as well as the capacity to mitigate and cope
with the impact have also been identified. The proposed method allows a spatial
assessment of the multi-component risk profile of households. Upscaling this time-
consuming data-driven approach however represents a challenge in surveying repre-
sentative samples of household at village level over a wide area.
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Spatial contrasts in the risk components of the surveyed households were iden-
tified between offshore and onshore unions as well as between the three coastal
zones of Bangladesh. Households of the central coast zone’s unions are found to
be the most vulnerable and at the highest risk from climate-related hazards, con-
sistently with regional scale assessments. The higher vulnerability of the islands
indicates the necessity to consider the islanders in priority in the existing social
safety net programmes and disaster risk reduction strategies at local and
national level.

The proposed methods for assessing the risk components of individual households
and the resultant maps are potentially relevant for policy makers working at local
level to adopt and implement structural and non-structural risk reduction strategies.
It can help targeting specific households, or locations, within their community based
on their exposure, vulnerability or capacity profiles. The proposed method could be
used for other unions of the coast of Bangladesh, maybe after adapting some variables
in the vulnerability index to fit to local context, under the same dimensions and fac-
tors. The limitation of the statistical representation of the samples at village level can
be overcome if the spatial data (i.e. village boundary) is available at village level and
the boundary of the villages is mapped. The lack of detailed and spatially explicit data
on the impacts of historical cyclones across the coastal region of Bangladesh greatly
limited the validation of the proposed risk assessment approach. Further study should
concentrate on the external validation of the risk maps through impact assessment or
quantitative validation of the produced spatial patterns of risks with local inhabitants
and stakeholders.
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