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Abstract 14 

Extreme heat is an emerging threat to rural livelihoods in South Asia, yet existing heat vulnerability 15 

assessments often overlook household-level experiences. This study develops and validates a 16 

Household Heat Vulnerability Index (HHVI) based on subjective heat-risk perceptions for farming 17 

communities in Bangladesh. Survey data from 362 farming households in drought-prone Natore and 18 

salinity-prone Khulna were used to construct the HHVI from 22 indicators representing exposure, 19 

sensitivity, and adaptive capacity dimensions of the IPCC AR4 vulnerability framework. Indicators 20 

were identified through literature review, qualitative interviews, and pilot testing, then normalized and 21 

aggregated into a composite index. Households in both regions experienced high heat exposure; 22 

however, vulnerability differs substantially across locations and households. Mean HHVI scores were 23 

higher in Natore (0.531 ± 0.057) than in Khulna (0.484 ± 0.059; p < 0.001). While exposure and 24 

sensitivity varied only modestly across sites, adaptive capacity showed the largest difference among 25 

the vulnerability dimensions. Differences in irrigation practices, access to early warning information, 26 

housing conditions, and exposure to compound hazards highlight how local environmental and 27 

household circumstances contribute to contrasting vulnerability. The positive association between 28 

HHVI scores and subjective heat-risk perceptions supports the index’s validity. These findings 29 

demonstrate that similar heat exposure can produce unequal vulnerability outcomes. Household-level 30 

assessments provide insights that could be missed by temperature-based or census-derived 31 

approaches. Moreover, household approaches can support more targeted heat adaptation planning for 32 

farming communities facing increasing climate extremes. 33 
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1 Introduction 40 

In South Asia, heat extremes are getting prolonged and intense compared to longer-term 1950s 41 

baseline climatic conditions, and this trend is projected to continue towards the end of the century, 42 

with estimates of a roughly 50% increase in frequency (Ghosh et al., 2025; Singh et al., 2026). This 43 

rise in humid heat extremes during the monsoon persists not only during the day but also at night, 44 

resulting in a growing number of fatalities in extreme cases (Ghosh et al., 2025). Even though the 45 

impacts of extreme heat cut across sectors, some sectors bear the brunt of heat stress, where workers 46 

remain exposed to outdoor heat, such as agriculture and construction (Dasgupta et al., 2024). The 47 

disproportionate burden of broader climate change and heat stress falls on agrarian communities, who 48 

lose work capacity as high as 50% in South Asia, Southeast Asia, and Sub-Saharan Africa (de Lima et 49 

al., 2021). These conditions add an extra load on women in farming communities, as they have to take 50 

on more work in addition to household chores due to heat stress (Southard & Randell, 2022). 51 

Even though there is a push to include more socio-demographic dimensions to measure heat 52 

vulnerability, biophysical metrics (e.g., Wet Bulb Globe Temperature, heat index) and indicators (e.g., 53 

temperature, humidity) still dominate (Kamal et al., 2024; Watkins et al., 2021). There is increasing 54 

research on heat vulnerability; however, most of these studies focus on urban areas of the Global 55 

North, and primarily rely on aggregate data collected from national censuses, surveys, and secondary 56 

satellite or modeled data  (Ebi et al., 2021; Gibb et al., 2024; Hondula et al., 2015). While such 57 

assessments are valuable, aggregated data do not capture the heterogeneity of perceptions and 58 

behaviors of individuals in response to extreme events and miss spatial detail that is valuable for local 59 

planners and practitioners (Watkins et al., 2021). Therefore, a gap remains in measuring and 60 

understanding self-reported perceptions and lived experiences at the household-level, especially in 61 

rural areas of the Global South (Mertz et al., 2009). 62 

People living in rural areas in and near the tropics remain exposed to extreme heat, especially those 63 

whose livelihoods depend on agriculture and have limited resources to cope with and adapt to heat 64 

stress, compared to those in urban areas (Sharma et al., 2022). Countries in South Asia account for 65 

almost twenty-five percent of the global population (Dokuru et al., 2024), where high temperatures 66 

and humidity have and are projected to further increase health and livelihood risks during the summer 67 

season (Im et al., 2017), especially for agrarian communities due to their reliance on rainfed 68 

agriculture and limited adaptive capacity (Aggarwal & Sivakumar, 2011; Sainath et al., 2025). 69 

Bangladesh is one of the South Asian countries at high risk due to increasing heat extremes, 70 

particularly given its reliance on an agrarian economy that is prone to multiple recurrent disasters, 71 

impacting the lives and livelihoods of farming communities (Md. A. Al Mamun et al., 2025; 72 

Chowdhury et al., 2022). 73 

Research on personal heat exposure suggests that studies based on biophysical weather station data 74 

cannot capture the different lived realities of individuals, even though they might be living in the same 75 

geographic area, as their experiences could be unique from each other (Hondula et al., 2021). 76 

Therefore, there is a need to develop indices that capture both biophysical and socio-demographic 77 

indicators, enabling answers not only to what and where, but also to who and why (Cutter et al., 2009; 78 

Watkins et al., 2021; Wisner, 2016). 79 

There are methodological limitations in measuring vulnerability, including indicator selection, 80 

aggregation, and validation (Cutter et al., 2009). Most studies measuring vulnerability rely on 81 

secondary data (e.g., census data) at the national scale and take an inductive approach, which may 82 

lead to the inclusion of indicators that are not relevant to local disaster risk contexts (B. Ahmed & 83 

Kelman, 2018; Watkins et al., 2021). Therefore, using primary data from fieldwork is more reliable 84 

for representing localized contexts (B. Ahmed & Kelman, 2018). Another key limitation is that 85 



2 

 

findings from vulnerability indices are not validated with actual outcomes, especially at the household 86 

scale (Watkins et al., 2021). 87 

Most rural studies in Bangladesh focus on climate vulnerability (A. Ahmed et al., 2026; Ahsan & 88 

Warner, 2014; Hasan & Kumar, 2019) and/or livelihood vulnerability (A. Al Mamun et al., 2023; 89 

Mudasser et al., 2020), where extreme heat, when accounted for, is one of the peripheral hazards. 90 

Even though there is one recent study on the impacts of heat waves on rural farmers, the researchers 91 

focused on an ethnic minority group using qualitative methods (M. A. Rahman et al., 2024). 92 

Therefore, to the best of the authors' knowledge, this study is among the first to attempt to measure 93 

rural extreme heat vulnerability among farming communities in Bangladesh using household survey 94 

data. 95 

Even though there is a newer AR5 framework from the IPCC, this study uses the IPCC AR4 96 

framework due to its widespread use in measuring composite indices and its comparability with prior 97 

studies (Estoque et al., 2023; Ishtiaque et al., 2022). Using 22 indicators from rural household survey 98 

data across the exposure, sensitivity, and adaptive capacity dimensions, this study provides a 99 

framework for constructing, validating, visualizing, and comparing extreme heat vulnerability based 100 

on two agro-ecologically contrasting sites. 101 

The following questions guided this study: 102 

• How can household survey-derived indicators be used to assess heat vulnerability among 103 

rural farming households? 104 

• How does vulnerability differ across contrasting agro-ecological settings characterized by 105 

drought and salinity stress? 106 

2 Study Area 107 

Bangladesh is among the world’s most climate risk-prone areas, experiencing multiple disasters 108 

annually, and extreme heat poses a new hazard for rural labor (Karim & Mimura, 2008; M. M. 109 

Rahman et al., 2024). Multiple meteorological studies recently documented increasing heat risk in 110 

Bangladesh based on the Wet Bulb Globe Temperature indicator (Kamal et al., 2024) and data from 111 

the Bangladesh Meteorological Department (M. M. Rahman et al., 2024) and suggest that the number 112 

of days with maximum temperatures exceeding 36 degrees is increasing in the south-western region 113 

of Bangladesh, which overlaps with the study sites of this research, causing heat stress and heat-114 

related illnesses (Kamal et al., 2024; M. M. Rahman et al., 2024). 115 

Approximately 41% of the employed labor force in Bangladesh is directly engaged in agriculture, 116 

whereas indirect livelihood dependence could be as high as 70%, with a GDP contribution of 11.5% 117 

(Md. R. Ahmed, 2024; Salam et al., 2021). Due to high agrarian dependence, particularly in rural 118 

areas, temperature extremes result in health and income shocks (Bakhtiar & Karim, 2025). 119 

Furthermore, dependence on natural rainfall and flooding cycles renders farmers highly susceptible to 120 

the adverse effects of climate change and extreme heat events (Md. R. Ahmed, 2024). 121 

Coastal and inland regions of Bangladesh differ significantly in their agro-ecological characteristics, 122 

and the hazards they face are diverse, profoundly affecting agricultural practices, productivity, and 123 

vulnerability. Coastal regions, such as Khulna, experience soil and water salinity, which limits the 124 

types of crops that can be grown (Emran et al., 2021). Coastal areas are also at a high climate risk due 125 

to frequent cyclones, storm surge, and sea level rise that lead to crop loss and damage to infrastructure 126 

(Shampa et al., 2023). In contrast, inland regions like Natore face a different set of challenges. For 127 

example, drought and groundwater shortages lead to water scarcity, which in turn reduces agricultural 128 

productivity (Jahura et al., 2024). Although coastal and inland regions differ, they both experience 129 
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heatwaves, which further exacerbate the existing challenges faced by farmer communities, 130 

necessitating a comparative analysis to understand the complex socio-ecological vulnerability. 131 

To capture contrasting scenarios across two agro-ecological regions that experience extreme heat, 132 

locations were identified using data from the Bangladesh Agro-Meteorological Information Service 133 

(BAMIS). Three rural clusters were identified, of which two sites (Figure 1) were chosen due to 134 

logistical feasibility and their contrasting combinations of hazards: inland Natore (heat-drought) and 135 

coastal Khulna (heat-salinity). The inland site, Char Jazira in Lalpur Upazila, Natore, features 136 

smallholders with an intensified rice-mustard-Boro rice rotation (Hassan, 2015; Khan et al., 2017). 137 

Rice covers more than 70% of the land sown, along with pulses and oilseeds covering approximately 138 

8% to 16% of the wider Rajshahi region (Amin et al., 2015; Mamun et al., 2024). In contrast, Phultala 139 

in Batiaghata Upazila is in the coastal Khulna division, and the main crops include rice, oilseeds, and 140 

vegetables (Islam et al., 2024). In salinity-prone Khulna, polders (earthen embankments) favor salt-141 

tolerant Aman rice co-cultivated with brackish-water shrimp and crabs (Bhowmik et al., 2023; 142 

Bhuyan et al., 2023). 143 

 144 

Figure 1: Map showing two selected study area locations (deep red) in Bangladesh. 145 

3 Methods 146 

3.1 Research Design and Data Collection 147 

This study followed an exploratory sequential mixed methods design in which qualitative interviews 148 

with farmers and agricultural extension officers from the 2023 summer across Natore and Khulna 149 

informed the identification of locally relevant heat stressors affecting health, livelihoods, and 150 

adaptation strategies. A combination of interviews and literature review of heat vulnerability 151 

indicators informed the development of household survey questions, leading to the selection of 22 152 

indicators to construct the household-level heat vulnerability index (HHVI) presented in this paper. 153 
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3.2 Sampling and Data Collection 154 

Figure 2 illustrates the data processing and analysis steps used for the Household Heat Vulnerability 155 

Index (HHVI). Using systematic random sampling, survey data were collected from 362 households 156 

across two sites in February 2025. Before final data collection, the survey was piloted in August 2024 157 

to assess whether the questionnaire aligned with the on-the-ground contexts at both study sites. For 158 

the household survey, this study covered two Mauzas from two different regions (the smallest 159 

administrative unit in Bangladesh), identified from BAMIS portal data as among the most heatwave-160 

affected areas (Figure 1). Using the total number of households from the Small Area Atlas 2016, 161 

provided by the Bangladesh Bureau of Statistics, a sampling calculator was used to determine the 162 

number of households to be covered to achieve a 95% confidence level. The sample sizes for the two 163 

selected locations were 187 households in Char Jazira, Natore, and 175 households in Phultala, 164 

Khulna. 165 

 166 

Figure 2: Flow chart summarizing the HHVI data processing and analysis pipeline. HHVI stands for 167 

Household Heat Vulnerability Index. 168 

A systematic sampling technique was used for data collection, as a complete list of households was 169 

not available. The starting point was random, and every other household was covered by walking 170 

through the villages. Six local research assistants helped in collecting data (all university students in 171 

Bangladesh) who were studying Disaster Management and Resilience. All respondents were first 172 

asked if their households were primarily farming households. Then, information related to the 173 

research was shared to obtain oral consent, provided that the following criteria were met, before 174 

survey responses were collected. In every household, the research assistants first asked to speak with 175 

the adult (≥ 18 years) who leads the household's decision-making, including day-to-day farm-related 176 

decisions, usually the household head. If that person was absent, the second preference was a spouse 177 

or adult member who (a) actively participates in the farm management and (b) has lived in the village 178 
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for multiple years. Only one respondent from each household participated in the survey. Out of 362 179 

households, 61 respondents were female, and 301 respondents were male. No monetary benefits were 180 

provided to respondents during the household surveys. Ethical approval for this project was granted 181 

by San Diego State University's Institutional Review Board (Protocol #HS-2023-0173). 182 

3.3 Indicator Selection and Operationalization 183 

The 22 Indicators for this study were identified using three processes: 1. a systematic review of heat 184 

and climate vulnerability literature helped identify indicators that are used often, 2. semi-structured 185 

interviews with farmers and agriculture officers helped identify local indicators relevant to heat stress, 186 

and 3. a pilot survey was conducted to validate and contextualize the survey questions. The indicators 187 

are grouped into three broad categories following IPCC AR4 dimensions-exposure (7), sensitivity (6), 188 

and adaptive capacity (9) presented in Table 1 with details on measurement methods and sources. 189 

Table 1: HHVI indicators by dimension, measurement information, sources. 190 

Dimension Indicator Measurement Sources 

Exposure Heat frequency Self-reported frequency of 
extreme heat events (0-4 scale) 

Fieldwork 

Compound hazard 
frequency 

Frequency of heat-drought or 
heat-salinity co-occurrence (0-5 
scale) 

(Harvey et al., 2014; 
Tran et al., 2022) 

Heat intensity Perceived intensity rating (1-5 
scale) 

Fieldwork 

Average heat 
duration 

Mean duration of longest 
heatwave experienced (days) 

Fieldwork 

Work-hour reduction 
ratio 

Summer/non-summer 
uninterrupted work hours ratio 

Fieldwork 

Load-shedding 
during heat 

Hours of electricity outage during 
peak heat (0-4 scale) 

Fieldwork 

Housing heat-risk 
score 

Composite of roof, wall, and floor 
material heat risk 

(Budhathoki & Zander, 
2019; Liu et al., 2024) 

Sensitivity Dependency ratio (Members <18 + >65) / total 
household members 

(Dintwa et al., 2019; M. 
M. Rahman et al., 2023) 

General health 
(reversed) 

Self-rated health inverted 
(1=excellent → 5=poor) 

(Osberghaus & Abeling, 
2022; Quandt, 2018) 

Pre-existing 
condition count 

Number of chronic health 
conditions reported 

(Budhathoki & Zander, 
2019; M. M. Rahman et 
al., 2023) 

Health-livelihood 
impact 

Extent health problems affect 
livelihood activities (1-5) 

(Budhathoki & Zander, 
2019; Quandt et al., 
2019) 

Crop impact score Mean heat impact on 5 crop 
dimensions, such as, crop growth 
rate, crop health (0–3 scale) 

Fieldwork 

Crop loss and 
damage 

Binary presence of crop 
loss/damage due to heat 
 

Fieldwork 

Adaptive 
Capacity 

Education level Highest educational level 
completed (0-4) 

(Liu et al., 2024; 
Quandt et al., 2019; 
Tran et al., 2022) 

Annual income (log) Natural log of annual household 
income (BDT) 

(Budhathoki & Zander, 
2019; Osberghaus & 
Abeling, 2022) 
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Dimension Indicator Measurement Sources 

Income source 
diversity 

Number of distinct income 
sources 

(Harvey et al., 2014; 
Liu et al., 2024; Tran et 
al., 2022) 

Loan access Access to formal/informal credit 
(binary) 

(Liu et al., 2024; Tran et 
al., 2022) 

Livestock asset 
score (log) 

Log-transformed livestock asset 
value 

(Budhathoki & Zander, 
2019; Quandt, 2018) 

Irrigation type count Number of irrigation types 
reported 

(Jamal et al., 2022; Tran 
et al., 2022) 

Equipment access 
score 

Agricultural equipment 
ownership/access score 

(Quandt et al., 2019; 
Tran et al., 2022) 

Early warning 
access 

Access to heat/weather early 
warning systems (binary) 

(Budhathoki & Zander, 
2019; Tran et al., 2022) 

Adaptation practices 
count 

Number of heat adaptation 
strategies employed 

(Budhathoki & Zander, 
2019; Osberghaus & 
Abeling, 2022) 

 191 

 192 

Figure 3: Conceptual framework for the Household Heat Vulnerability Index (HHVI), adapted from 193 

the IPCC AR4 framework. Each sub-index, Exposure (E), Sensitivity (S), and Adaptive Capacity 194 

(AC), is constructed from its respective indicator set (see Table 1 for the full indicator list). 195 

3.4 Index Construction 196 

All indicators were standardized using min-max normalization to the range 0 to 1. For the sub-indices, 197 

high exposure and sensitivity scores indicate greater vulnerability, whereas high adaptive capacity 198 

indicates the opposite. For example, a higher heat frequency increases vulnerability, but a higher 199 

education level reduces it. The sub-indices were computed as the unweighted mean of normalized 200 

indicators within each dimension (Figure 4). The final HHVI was computed as the mean of the three 201 

sub-index scores, with a range of 0 to 1, where 0 indicates the least vulnerable and 1 the most 202 

vulnerable relative to the sample of collected households. To align the directions from all three 203 

dimensions, the calculated adaptive capacity was deducted from 1, as shown in Figure 3. This equal-204 

weight approach is a standard practice in vulnerability indexing, which helps compare across sites and 205 

contexts, as is the purpose of this study (B. Ahmed & Kelman, 2018; Watkins et al., 2021). Based on 206 

the results, households were classified into four relative categories-low, moderate, high, and very high 207 

using quartile thresholds across both sites to enable a comparison of study sites. 208 
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 216 

 217 

Figure 4: Steps to measuring the Household Heat Vulnerability Index (HHVI). 218 

3.5 Validation of the Heat Vulnerability Index with Subjective Risk Perception 219 

To evaluate whether the HHVI reflects how people experience and perceive heat-related risks, HHVI 220 

scores were compared with respondents' own assessments of their household's risk from extreme heat 221 

following Quandt (2018). Participants rated their risk on a four-point scale ranging from no risk to 222 

high risk. Across both study sites, households that perceived themselves to be at greater risk of heat-223 

related impacts consistently had higher HHVI scores. Average HHVI scores increased steadily from 224 

the lowest to the highest perceived-risk categories in Khulna, Natore, and the combined sample. The 225 

index showed a positive association with households’ self-reported heat-risk perceptions. Statistical 226 

tests confirmed a significant positive relationship between HHVI scores and perceived risk levels 227 

(Khulna: ρ = 0.667, p < 0.001; Natore: ρ = 0.495, p < 0.001; pooled sample: ρ = 0.545, χ² = 115.95, df 228 

= 9, p < 0.001). Overall, these findings support the construct validity of the HHVI, indicating that it 229 

captures household-level heat vulnerability, which is consistent with how households themselves 230 

understand and experience heat-related risks. 231 

4 Results 232 

4.1 Sample Characteristics 233 

A total of 362 respondents were surveyed, including 187 from Natore and 175 from Khulna. Overall, 234 

most respondents were male (83.1%), with males comprising 86.6% of the Natore sample and 79.4% 235 

of the Khulna sample. Educational attainment differed substantially between study sites. Nearly half 236 

of the respondents in Natore (44.4%) reported no formal education compared with 13.1% in Khulna. 237 

In contrast, secondary and tertiary education levels were more common in Khulna, where 38.9% had 238 

some or completed secondary education and 12.6% had attained higher secondary or above, compared 239 

with 17.1% and 0.0%, respectively, in Natore. Households were generally large, with a mean 240 

household size of 7.0 members (SD = 2.8). More than half of all respondents (55.2%) reported 241 

household sizes of 5-7 members. Mean household size was higher in Natore (7.8, SD = 3.4) than in 242 

Khulna (6.2, SD = 1.4). Annual household income averaged BDT 325,262 (SD = 103,850). Most 243 
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households (51.4%) reported annual incomes between BDT 200,000 and 300,000. Higher-income 244 

households were more prevalent in Khulna, where 31.4% reported annual incomes exceeding BDT 245 

400,000, compared with only 2.1% in Natore. Farmland ownership also varied between districts. 246 

Overall, 13.0% of respondents were landless, although this proportion was considerably higher in 247 

Natore (23.0%) than in Khulna (2.3%). Larger landholdings (≥100 decimals) were more common in 248 

Khulna (25.7%) than in Natore (12.3%). Approximately 29.8% of respondents did not report farmland 249 

size. 250 

Chi-square tests showed no statistically significant differences between Natore and Khulna in gender 251 

distribution (χ² = 3.35, df = 1, p = 0.067) or age-group distribution (χ² = 8.70, df = 4, p = 0.069). In 252 

contrast, significant differences were observed in educational attainment (χ² = 69.35, df = 3, p < 253 

0.001), household size (χ² = 46.19, df = 3, p < 0.001), annual household income (χ² = 76.80, df = 3, p 254 

< 0.001), and farmland size (χ² = 40.45, df = 3, p < 0.001), indicating that the two study sites differed 255 

substantially in several socio-economic characteristics. Effect-size estimates using Cramér’s V 256 

showed that differences between the two study sites were negligible to small for gender (V = 0.096) 257 

and age group (V = 0.155), but moderate to relatively strong for education (V = 0.438), household 258 

size (V = 0.357), annual household income (V = 0.461), and farmland size (V = 0.399). 259 

4.2 Sub-indices, Indicator Results, and Cross-site Comparison 260 

Figure 5 compares the mean normalized scores for the three HHVI dimensions between Natore and 261 

Khulna. Exposure was the highest-scoring dimension in both study sites, with significantly higher 262 

scores in Natore (0.682) than in Khulna (0.634; p < .001, r = .258). Sensitivity was also higher in 263 

Natore (0.336) than in Khulna (0.314), although the difference was relatively small (p = .020, r = 264 

.123). In contrast, adaptive capacity was significantly higher in Khulna (0.496) than in Natore (0.422; 265 

p < .001, r = .378), representing the largest absolute difference and effect size among the three 266 

dimensions. Together, these findings suggest that the higher overall heat vulnerability observed in 267 

Natore is associated with greater exposure and lower adaptive capacity, whereas differences in 268 

sensitivity play a comparatively smaller role. Thus, despite experiencing high levels of heat exposure 269 

in both study sites, households exhibit distinct vulnerability reflecting differences at the indicator 270 

level of each dimension. 271 

 272 

Figure 5: Sub-indices bar chart comparison between Natore and Khulna. 273 

Indicator-level comparisons presented in Figure 6 identified several factors underlying differences in 274 

HHVI profiles between Natore and Khulna. After Benjamini-Hochberg correction for multiple testing, 275 
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eight of the 22 indicators differed significantly between sites. The largest difference was observed for 276 

irrigation access, which was substantially higher in Khulna than in Natore (mean normalized score: 277 

0.459 vs. 0.063; adjusted p < 0.001; effect size = 0.717). Moderate differences were also observed for 278 

housing heat-risk (Natore: 0.669; Khulna: 0.511), compound-hazard frequency (0.908 vs. 0.727), and 279 

early-warning access (0.396 vs. 0.697), all with adjusted p < 0.001. Smaller but statistically 280 

significant differences were observed for crop impact, education, load shedding during heat, and 281 

work-hour reduction. 282 

 283 

Figure 6: Heatmap of 22 indicators by site and dimension containing mean normalized scores. 284 

In contrast, heat frequency and heat intensity were similar between the two sites and did not differ 285 

significantly after adjustment for multiple comparisons. Several other indicators, including average 286 

heat duration, dependency ratio, general health, pre-existing conditions, health-livelihood impact, 287 

equipment access, livestock assets, loan access, adaptation practices, crop loss/damage, and income-288 

source diversity, also showed no statistically significant between-site differences after FDR 289 

correction. 290 

These findings indicate that the difference in household heat vulnerability between Natore and Khulna 291 

is not driven uniformly across all 22 indicators. Instead, it is concentrated in a smaller set of context-292 

specific indicators, particularly irrigation, early warning, housing conditions, and compound-hazard 293 

exposure. The particularly large difference in irrigation, together with higher early warning access in 294 

Khulna, is consistent with the higher adaptive capacity score observed in that site. At the same time, 295 

higher compound-hazard exposure and housing heat-risk in Natore indicate that differences in 296 

vulnerability also reflect place-specific exposure and livelihood conditions. 297 

4.3 Heat Vulnerability Index Score Distribution and Vulnerability Classification 298 

As shown in Figure 7, the distribution of HHVI scores in Natore shifted toward higher values 299 

compared to Khulna, resulting in higher median (0.54 vs. 0.48) and mean HHVI scores (0.531 ± 0.057 300 
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vs. 0.484 ± 0.059). Even though there is significant overlap, the difference between the two sites was 301 

statistically significant (Mann-Whitney U = 23,645, p < 0.001, r = 0.385), which indicates greater 302 

overall heat vulnerability among households in Natore. Moreover, individual household scores also 303 

reveal considerable heterogeneity within both locations. 304 

 305 

Figure 7: Comparison of overall heat vulnerability index scores between Natore and Khulna. 306 

A classification scheme was developed using pooled quartile thresholds (Q1 = 0.457, median = 0.510, 307 

Q3 = 0.552) calculated from the combined sample of households across both study sites. It showed 308 

that 67% of households in Khulna fall within the two lower quartiles of the pooled distribution, 309 

whereas 66% of households in Natore fall within the two upper quartiles. These quartile-based 310 

categories represent households’ positions within the combined distribution of vulnerability scores 311 

and are intended for comparative purposes only. Consequently, the results indicate that households in 312 

Khulna generally rank lower, and those in Natore generally rank higher, within the surveyed sample 313 

of 362 households; they should not be interpreted as absolute levels of vulnerability. 314 

5 Discussion 315 

The two research questions guiding this study were: 1. How can household survey-derived indicators 316 

be used to assess heat vulnerability among rural farming households? and 2. How does vulnerability 317 

differ across contrasting agro-ecological settings characterized by drought and salinity stress? Using 318 

22 indicators from household surveys, this study developed a household heat vulnerability index and 319 

validated it based on subjective heat-risk perceptions of farming communities in Bangladesh. The 320 

findings demonstrate that household-level vulnerability cannot be explained by heat exposure alone. 321 

Although exposure was high across both agro-ecological settings, vulnerability differed substantially 322 

due to variations in adaptive capacity. Consequently, vulnerability emerged in different ways in 323 

drought-prone Natore and salinity-prone Khulna. 324 



11 

 

5.1 What the Heat Vulnerability Index Reveals that Biophysical Metrics Miss 325 

The HHVI demonstrates that extreme heat exposure does not translate to uniform vulnerability across 326 

farming households. Even though farmers in both Natore and Khulna reported high heat frequency 327 

and exposure, their overall vulnerability varied considerably within and between sites. This finding 328 

emphasizes a long-standing argument within vulnerability scholarship that exposure alone is 329 

insufficient to explain why some households experience greater impacts than others (Cutter et al., 330 

2009; Wisner et al., 2012). 331 

In Bangladesh, recent climatological assessments showed substantial increases in the frequency, 332 

duration, and intensity of heatwaves across both inland and coastal regions (Farukh et al., 2025; N. M. 333 

F. Rahman et al., 2026). Consistent with these findings, households in both Natore and Khulna 334 

reported high heat exposure. However, HHVI scores ranged from 0.37 to 0.70 across the 362 335 

surveyed households. This demonstrates substantial variation among households between and within 336 

sites. 337 

Among the three HHVI dimensions, adaptive capacity showed the largest difference between Natore 338 

and Khulna. This suggests that greater access to adaptation resources may explain the contrasting 339 

vulnerability of the two studied sites. This finding aligns with previous heat-health vulnerability 340 

research in Bangladesh, which found that areas characterized by lower adaptive capacity and higher 341 

sensitivity experience greater heat-related risks (Mehrin et al., 2025). Moreover, these findings align 342 

with broader scholarship that highlights vulnerability as socially produced through unequal access to 343 

resources and opportunities (Wisner et al., 2010, 2012). 344 

These findings suggest that assessments based only on temperature observations, remote sensing 345 

products, or other biophysical indicators may not capture household-level differences in vulnerability. 346 

By incorporating household-level experiences, livelihood conditions, and adaptation resources, the 347 

HHVI captures dimensions of vulnerability that exposure-based assessments could miss. Therefore, it 348 

provides a more detailed understanding of who is vulnerable to extreme heat and why. 349 

5.2 The Role of Adaptive Capacity in Differentiating Heat Vulnerability 350 

Adaptive capacity showed the largest difference between Natore and Khulna among the three HHVI 351 

dimensions. Both sites experienced similarly high heat exposure, and differences in sensitivity were 352 

modest. However, Khulna showed higher adaptive capacity than Natore. This highlights the 353 

importance of resource availability and access in understanding variation in heat vulnerability 354 

between the study sites. 355 

Vulnerability and resilience research emphasizes that access to resources, knowledge, and institutions 356 

impacts the ability of people to respond to environmental stress (Adger, 2006; Ahsan & Warner, 2014; 357 

Wisner, 2016). The differences observed between Natore and Khulna align with this perspective. 358 

Additionally, prior work on drought-prone farming communities in Bangladesh showed that more 359 

educated farmers with access to resources such as institutional facilities are more likely to adopt 360 

adaptation strategies (Alam, 2015). Similarly, research in Kenya showed that irrigation strengthens 361 

livelihood resilience by building natural and financial capital (Quandt, 2018). 362 

Irrigation showed the largest difference among the adaptive capacity indicators, with households in 363 

Khulna reporting more irrigation types than those in Natore. Khulna also had higher access to early 364 

warning. These resources may help farmers respond to heat and water stress by making timely 365 

decisions, such as keeping standing water in crop fields and adjusting work hours. Education may 366 

further enhance adaptive capacity by improving access to information and increasing households' 367 

ability to adopt new adaptation strategies (Alam, 2015). 368 
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Heat vulnerability is shaped by, and interacts with, broader place-based environmental phenomena. In 369 

Natore, heat interacts with drought-related water stress, and in Khulna heat interacts with salinity. 370 

These overlapping hazards increase the importance of adaptive capacity to buffer against multiple 371 

risks (Simpson et al., 2023). Households that possess greater adaptive resources are better positioned 372 

to manage not only extreme heat but also the cascading impacts that arise when heat compounds 373 

existing environmental stressors (Simpson et al., 2023). 374 

These findings suggest the importance of considering adaptive capacity in heat adaptation planning. 375 

Improving access to agricultural resources, climate information, and institutional support could help 376 

households reduce heat risk. However, adaptation priorities need to reflect each community's specific 377 

needs and conditions. 378 

5.3 How Local Environmental Conditions Shape Heat Vulnerability 379 

Although both Natore and Khulna reported high heat exposure, they showed differences in 380 

vulnerability. These differences reflect their contrasting environmental conditions, agricultural 381 

systems, and household resources. Understanding these local conditions is critical, as vulnerability 382 

varies across farming communities. 383 

In Natore, vulnerability is shaped by the interaction between extreme heat and drought-related water 384 

stress (Habiba et al., 2014). Agriculture in the region depends heavily on irrigation, making water 385 

availability important for crop production (Salman Chowdhury et al., 2025). Households in Natore 386 

reported higher exposure to compound hazards and greater heat-related crop impacts than those in 387 

Khulna. Moreover, Natore households reported fewer irrigation types and lower access to early 388 

warning information. These findings suggest that the interaction of heat and drought, along with 389 

limited adaptation resources, may contribute to higher vulnerability in Natore. 390 

In Khulna, households reported interactions of heat and salinity-related environmental stress. Saline 391 

soils and water resources can constrain agricultural productivity and livelihoods in coastal farming 392 

systems (Pettigrew & McCauley, 2026). Despite these challenges, households in Khulna had higher 393 

adaptive capacity scores than those in Natore. They reported more irrigation types, greater access to 394 

early warning, and education. These differences are consistent with Khulna’s relatively lower overall 395 

HHVI scores. However, heat and salinity remain important concerns for people dependent on 396 

agriculture in coastal environments. 397 

These findings illustrate the importance of understanding heat within a broader framework of 398 

compound and cascading risks. Heat can interact with existing hazards, such as drought and salinity, 399 

bringing additional challenges for farming households (Ashrafuzzaman et al., 2022; Sharma et al., 400 

2022). Households may experience such challenges differently depending on their local environment, 401 

livelihood conditions, and resource availability. This finding supports calls for place-based 402 

vulnerability assessments that recognize the interconnected nature of environmental and social 403 

systems (Naylor et al., 2020; Wilhelmi & Hayden, 2010). 404 

The comparison between Natore and Khulna suggests that adaptation strategies should be tailored to 405 

local settings. In drought-prone areas, water security may require greater attention, whereas in coastal 406 

environments, adaptation efforts may need to focus on managing the combined effects of heat and 407 

salinity. Understanding these locally specific vulnerability processes is therefore essential to designing 408 

heat adaptation planning. 409 

5.4 Implications for Rural Heat Adaptation Planning 410 

The HHVI provides valuable insights for rural heat adaptation planning by demonstrating differences 411 

in vulnerability dimensions among farming households. Existing heat assessments often focus on 412 

mapping heat exposure and identifying populations at risk (Hondula et al., 2021; Watkins et al., 2021). 413 

However, effective adaptation planning requires understanding household resources and access to 414 
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adaptation support. Household-level assessments like this study could help identify who needs 415 

additional support and where. 416 

The findings highlight the importance of improving adaptive capacity for farming households. 417 

Improving access to climate information, education, and institutional support may strengthen 418 

households' ability to prepare for and respond to extreme heat. Agricultural extension services, local 419 

governments, and development organizations could integrate heat risk management into existing rural 420 

development and agricultural support programs. 421 

In Natore, adaptation planning could prioritize water security and support for heat-affected 422 

agriculture. Households reported fewer irrigation types and lower access to early warning information 423 

than households in Khulna. Therefore, improving water management, climate information, and 424 

agricultural extension support could help farmers respond to heat-drought stress. Additionally, 425 

enhancing access to financial resources and livelihood diversification opportunities could facilitate 426 

long-term adaptation. 427 

In Khulna, adaptation planning needs to address the combined challenges of extreme heat and salinity. 428 

Adaptation efforts could focus on heat-health preparedness and salinity management. Although 429 

Khulna demonstrated higher adaptive capacity than Natore, continued access to adaptation resources 430 

remains important for agricultural livelihoods. These findings highlight the need for place-based 431 

adaptation strategies that are directed according to needs at the household-level and local 432 

environmental conditions. 433 

5.5 Limitations 434 

Several limitations should be considered when interpreting this study's findings. First, this study is 435 

based on cross-sectional household survey data collected at a single point in time and therefore 436 

provides only a snapshot of heat vulnerability (Quandt, 2018). Second, although self-reported 437 

measures capture lived experiences, they may be subject to recall bias and subjective interpretation. 438 

This limitation is particularly relevant because household surveys were conducted during February 439 

2025, outside the peak summer heat season in Bangladesh. Third, the HHVI was constructed using an 440 

equal-weighting approach, which assumes that all indicators contribute equally to overall 441 

vulnerability. While equal weighting is widely used in vulnerability assessment studies for its 442 

transparency and comparability, it may not fully capture the relative importance of individual 443 

indicators. Finally, the findings come from two agro-ecological settings in Bangladesh that represent 444 

heat-drought and heat-salinity contexts. The findings may not be directly generalizable to other 445 

farming communities with different environmental and socio-economic conditions. Applying the 446 

HHVI in different geographical and social contexts would require contextualization and validation to 447 

ensure indicators accurately reflect local drivers of vulnerability. Future studies could test the HHVI 448 

in different agro-ecological settings and examine household vulnerability dynamics. 449 

6 Conclusion 450 

This study developed a household heat vulnerability index to assess extreme heat vulnerability among 451 

farming households in two agro-ecologically contrasting regions of Bangladesh. Using 22 household-452 

level indicators across exposure, sensitivity, and adaptive capacity, the HHVI captures variability in 453 

vulnerability that biophysical assessments could miss. The index's positive association with self-454 

reported risk perceptions supports its validity. 455 

Although households in both Natore and Khulna reported high heat exposure, Natore had higher 456 

overall vulnerability. While exposure and sensitivity varied modestly between sites, adaptive capacity 457 

showed the largest difference. Differences in irrigation practices, access to early warning, housing 458 

materials, and exposure to compound hazards highlighted their contrasting vulnerabilities. 459 
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Considerable variation in HHVI scores within communities showed that households occupying the 460 

same geographic location may experience vulnerability differently. 461 

These findings suggest the need for place-based heat adaptation strategies that consider local 462 

environmental conditions and household resources. Improving access to agricultural extension 463 

services, early warning information, and institutional support could help farmer households reduce 464 

heat risk. Future research should test and refine the HHVI in other agro-ecological settings and 465 

examine how heat vulnerability changes over time. In a nutshell, this study shows that household-466 

level assessments are valuable for understanding who is vulnerable to extreme heat and for informing 467 

locally relevant adaptation planning. 468 

7 Data Availability 469 

The household-level survey data used for this study are not publicly available to protect respondents' 470 

privacy and confidentiality. However, the data processing procedure, statistical analysis scripts, and 471 

reproducible workflow used to develop and assess the Household Heat Vulnerability Index are 472 

publicly available in the following GitHub repository: 473 

https://github.com/Muhammad1085069/Household-Heat-Vulnerability-Index-HHVI-.git 474 
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