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Investigating the impact of extreme temperatures on women'’s mortality: a
curious case study from India, underscoring the need for global data equity

Are women at higher relative risk of mortality from the effects of climate change and global warming than
men? Does sociocultural context matter?

The evidence from the existing literature suggests this may be true in the global north, but the findings
from studies in the global south are not so clear. We employ 30 years of extreme-temperature-related
mortality data to explore this question in India, and call for collection of more granular ambient and
personal exposure data on vulnerable subpopulations across the world.

Insufficient data is hindering proper analysis of this question. Moreover, mortality data has its own
reporting challenges, often having differential accuracy - female deaths are not officially reported and
medically certified with the same fidelity as male deaths. Data equity can help in closing this gap. Data
equity is a term used to describe an ethos that everyone, regardless of their background and beliefs,
should benefit equally from data resources and data products, both in terms of availability and quality of
data. We argue that data equity is a critical pillar of climate equity, health equity and, more broadly, for
societal equity.
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Why care about gender?

There is strong evidence to support that women bear a greater adversarial burden from extreme weather
events compared to men. Recent UN estimates reveal that almost 80% of individuals impacted by climate-
induced displacements and consequent adversaries are female.. However, statistical evidence on the
gender-specific effects of extreme temperature change remains ambiguous and widely varied in the extant
literature. The limited systematic review and meta-analyses of global research on the interaction between
gender and climate impact yield mixed results.:: Current studies present conflicting views on gender-
specific mortality rates from temperature changes. While some studies show males have higher mortality
than females or vice versa, there are also studies that indicate no differences in gender due to extreme
temperatures. Furthermore, there appears to be a variation in data and evidence from studies in the global
north versus the global south (see Supplementary Tables S.1 and S.2). Note that, according to the United
Nations, the global north refers to developed economies, the global south to developing economies.:
Studies in the global north (Supplementary Table S.1) have stronger evidence in support of women being
at higher risk of weather-related mortality, with no studies concluding that men are at higher risk than
women. However, we see in Supplementary Table S.2 that from the 16 studies that are summarised from
the global south, 7 conclude women are at high risk, 6 conclude the opposite and 3 declare no significant
difference between men and women in terms of temperature-related mortality. What explains this
variation? Is it the quality and size of the studies, choice of analytical methods, or a true unmasked
geospatial difference? Such statistical divergences are concerning, as without a clearer understanding and
precise evidence, efforts towards climate action can become ineffective, particularly in reaching vulnerable
sub-groups.

Presently, there is a growing body of evidence linking extreme temperatures to a rise in global mortality
rates.: Generally, the relationship between temperature and mortality varies depending on local climatic
conditions, lifestyle differences, and demographic and socio-economic factors, such as poverty or access to
cooling methods. Currently there is qualitative evidence on asymmetry in access to mechanical cooling
methods such as air conditioning units or fans in the global south, with women having lesser agency in
operating them.: Recent estimates suggest that globally 50% more women than men do not have access to
any form of cooling.- Most literature that exists on temperature-mortality relationships are concentrated
on developed countries in the global north, where extreme temperature, especially heat, is incomparable
to that in the tropical regions of the global south.: Consequently, the results from statistical inference of
any reported gendered effects of temperature from the bulk of literature cannot be easily generalized to
the global south.

In this pretext, it is urgent to comprehensively understand and address the gender disparities in mortality
trends resulting from extreme temperature fluctuations in developing countries. This is crucial because
establishing accurate benchmarks for impact assessments is an absolute necessity for targeted prevention.
Furthermore, the design and conceptualisation of climate adaptation pathways primarily hinge upon
having a clear starting point, and then designing contextually tailored strategies to build resilience in high-
risk subgroups. Given that the climate impacts are compounded by the regional differences in gender-
specific mortality, there is a pressing need for more in-depth investigations in these understudied regions
of the world where the current evidence is highly heterogeneous.

In tropical countries like India, temperature extremes far exceed the global average..» Women in these
areas are especially at risk, and marginalised due to rigid cultural norms and societal expectations, which
limit their ability to respond and cope effectively to extreme temperature risks.: Therefore, addressing
gender disparities in the temperature-mortality association, especially in burgeoning countries like India, is
crucial. Such research could bridge a significant knowledge gap, encompassing a large at-risk population,
and aid in protecting vulnerable groups.
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Lack of granularity in temperature-health-mortality data

In the global south, tackling the complexities of extreme-temperature-related mortality means
encountering a unique challenge: the absence of sufficient data granularity. For example, robust statistical
inferences need an optimal resolution of measured data: temperature records, other meteorological data,
and gender-specific mortality recorded at a fine spatio-temporal scale, allowing for a more precise
characterisation of the interplay between gender and temperature on mortality trends.

Cause-specific mortality data in developing countries is porous where it is not uncommon for the majority
of deaths to not be medically certified in the death registration system. Let us focus on India, the world’s
largest democracy where almost one-fifth of the world population resides. For example in India, in 2019,
only 19% of estimated deaths had a medically certified cause of death.: Not surprisingly, India has
insufficient granularity in temperature related health and healthcare data.: This is primarily because there
is no standardised methodology to report mortality and morbidity due to temperature change.« The Indian
government's recent ‘Digital India’ initiatives, to provide services such as birth and death registrations, may
be a potential solution. However, data sharing and data access policies from this platform are yet not
available and it is not clear whether this platform will be a reliable resource for cause-specific mortality, in
particular for extreme-temperature-related mortality. Hence, the data gaps have led to inconclusive
evidence in gender-specific temperature change risks in India.«

Most research on gender and temperature change risks in India has been conducted in specific regions
perceived to have higher at-risk subpopulations like populations from poor socio-economic class or
belonging to rural areas. These observational studies with coarse ecological data suffer from reporting and
aggregation biases that fail to account for confounding factors like variations in socio-economic conditions,
educational attainment, type of occupation, neighborhood or locality, housing types, and access to
adaptation mechanisms. Some of these studies conclude that women are more vulnerable than men.,
but the conclusions keep changing at various time points in the same cohort.» Additionally, most evidence
on gender-specific temperature change risks come from economic generation sectors like industry,
agriculture, or informal daily wage labourers. There is no data on the population that mostly stays indoors.
In countries like India, women spend 54% more time indoors than men= and have self-reported higher
temperature change tolerances than men.. For reliable temperature-gender-mortality inferences, we need
high resolution spatio-temporal data from nationally representative large data collection efforts. What we
now have access to is “coarse” in the sense that it is measured at a very high level of aggregation.

Coarse analysis of available coarse data?

The authors of this article have extensive experience with health and climate data from India, thus we
illustrate the data gap by using India as an illustrative example. Given the data paucity, one can wait for
decades for the ideal national data to arrive, or we can start diving into what is available and explore if we
find anything that immediately warrants future studies.

Gender stratified (weather-related) mortality data: We start by examining gender differences at an
overall national level, utilising mortality data and population data extracted from the Global Burden of
Disease Results (GBD Results).» Specifically, we employed gender-specific environmental heat and cold
exposure mortality counts (referred to as “mortality” for simplicity) along with population estimates for
India. Mortality rates are also calculated with units of deaths per 100,000 people. It is worth noting that the
GBD database provides annual nationwide estimates for gender-specific temperature-related mortality
rates from 1950 to 2019 in India= but lacks finer spatial and temporal granularity as we discussed in the
previous section. It is an extremely crude form of summarising aggregated data. Moreover, female
mortality is more likely to be underreported than male mortality in India, leading to differential
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measurement error for the two genders. Strong autocorrelation is observed in the available mortality data
(see Supplementary Figures S.3).

Historic national temperature data: For temperature, we used India’s daily temperature data as
recorded by the India Meteorological Department (IMD). Utilising the Python package “IMDLIB",= we
accessed the daily mean, maximum, and minimum temperature records from 1990 to 2019, spanning the
entire country at a spatial grid level of 1° latitude x 1° longitude. Upon inspecting the monthly averaged
max temperature through the study period, summer months (April, May, June, and July) are chosen with
months that have higher daily max temperatures compared to the other months (see Supplementary
Figures S.1). July has a lower monthly average max temperature but is included given that IMD has
reported multiple heatwave days during July. Similarly, winter months (December, January, and February)
are chosen with months that have lower monthly average minimum temperatures through the study
period (see Supplementary Figures S.2). The temperature data is available till 2023 but, as the GBD
mortality data is only available up to 2019, we restrict the time range.

The average summer mean and maximum temperature, as well as winter mean and minimum
temperature, are calculated. While a first order autocorrelation is observed in the monthly averaged
temperatures (see Supplementary Figures S.6), autocorrelation is not observed after summarising daily
temperature data into a crude annual aggregation (see Supplementary Figures S.4 and S.5).

Next, we identified and aggregated annual counts of hot days and cold days in India in a data-adaptive
way, based on quantile values derived from historical daily maximum and minimum temperatures from
1990 to 2019. Hence, here, days with maximum temperatures equal to or exceeding the 90th sample
quantile (36.10°C) are categorised as hot days, while cold days are defined by daily minimum temperatures
equal to or falling below the 10th quantile (11.26°C). Again, this is a very crude measure of extreme
temperature for a country that has a huge variation in national temperature on a given day.

Technically, hot and cold days, or summer and winter seasons, are defined by a period that requires
cooling and heating respectively, where cooling degree hours (CDH) refer to the measure of how much (in
degrees), and for how long (in hours), the outside temperature is above a certain baseline temperature in
summer seasons when cooling will be required to maintain indoor thermal comfort. The CDH is a
commonly used indicator to estimate the cooling loads occurring due to outdoor temperature. The
baseline temperature varies significantly depending on the climate zone and there is no specific fixed
baseline. For India, the baseline temperature for cooling degree hours is scientifically derived to be in the
range between 6.8 °C and 28.6 °C, with 18°C being the average base temperature for assessing both hot or
cold days.» IMD declares a cold day or a hot day when the maximum temperature is lower or higher than
the normal by 4.5 degrees or more.

A recent study on a three-decade surge in space-cooling demand across five global cities, primarily known
for heating demand, shows an increased rate of cooling degree hours between 160 °C.h per year and 25
°C.h per year.» This indicates that the demand for cooling for human survivability across the world is
increasing. Additionally, it is not just the temperature but also humidity that makes heat lethal. A wet bulb
temperature threshold of 35 °C is often referred to as the threshold beyond which the human body fails to
adapt to extreme heat. However, such thresholds that combine temperature and humidity are not
currently used in practice by meteorological agencies to define summer and winter seasons.

The curious figure of mortality trends in India: The gender-specific mortality trajectories for heat and
cold exposure in India show quite stark differences, (see Figure 1a). For example, amongst males, the
decline in temperature-related mortality is gradual with certain spikes, while for females the mortality rate
starts to show a gradual increase from 2005. The percentage relative change in gender-specific mortality
rates reveal sharp contrast between genders: -23.11% for males (+4.63% for females) from 2000 to 2010,
and -18.70% for males (+9.84% for females) from 2010 to 2019.



One may reject the apparent deduction from Figure 1a by noting that a lot of contemporaneous social
forces are changing in India that could influence both female temperature-related mortality rates and
weather events in the twenty-first century. This is an inherent and undeniable fallacy of such aggregated
data and ecological analysis. However, the all-cause mortality rates show a declining trend across the 30-
year period with recent plateaus for both genders (see Figure 1b). This can be attributed to a multitude of
potential causes, including but not limited to advances in public health and medical care, better
infrastructure, socioeconomic growth, and optimising the public’s resilience to various health hazards,

including extreme weather events.»
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Figure 1. Temporal trajectories of India’s gender-specific environmental heat and cold exposure mortality rates
and all-cause mortality rates from 1990 to 2019. Panel (a) presents the gender-specific trajectories of environmental
heat and cold exposure-related mortality rates. Panel (b) presents the gender-specific trends of all-cause mortality
rates. Both panels have male trends in blue and female trends in red. Mortality rate units are deaths per 100,000
people for both figures. Data source: Global Burden of Disease Results.

To infer on the effects of specific environmental exposures more formally on mortality, we use gender-
specific univariate quasi-Poisson generalised linear models (GLMs) to test our hypothesis aimed at

assessing the equality of risk coefficient estimates between the constructed models. The results are

presented in Table 1; coefficient values are presented in log rate ratios. In order to account for potential
autocorrelation in mortality, gender-specific univariate quasi-Poisson GLMs with AR(1) error structure is

also fitted via generalised estimating equations (GEE); results are shown in Supplementary Table S.3.

Additional data and all used code are presented in additional Github data resources.
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Hypothesis Testing for
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Table 1. Results of simple quasi-Poisson GLM coefficient estimates f (log rate-ratio estimates) of temperature on
male and female temperature related mortality. Coefficient estimates and standard errors are presented in the log
rate ratios. The last two columns present Wald test statistics and P-values for testing the null hypothesis for
equality of coefficients between two models, namely: Hy: 4. = Bromate -
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Figure 2. Estimated percentage change in mortality rate per one additional hot/cold day count or one degree change
in temperature with their respective 95% confidence interval, stratified by gender. The estimated percentage for
female environmental heat and cold exposure mortality is in red, and estimates for the males are in blue. The points
on the bars indicate the estimates of percentage change in mortality rate. The error bars indicates the length of
their respective 95% confidence intervals. A reference line is given at 0% change in mortality rates corresponding
to the null hypothesis H,: 8 = 0. Percentage change in mortality rate per one unit change is calculated by

(exp(B) — 1) = 100.



A simple correlation analysis of summer max temperature and gender-specific mortality rates reveal a
positive correlation (Spearman correlation (p) of 0.33) between summer max temperature and female
mortality rates and a corresponding negative correlation (p = -0.31) with male mortality rates. A clear
change in the direction of the association is noted for males versus females. The influence of heat-related
variables on gender differences is further substantiated by the gender-specific models that were fitted
(shown in Table 1). Among males, the log rate-ratio estimates for summer max temperature, summer
mean temperature, and hot day counts are -0.13 (95% Cl =[-0.26, 0.0013]), -0.16 (95% Cl =[-0.33, 0.010]),
and -0.01 (95% CI =[-0.013, -0.0016]), respectively. When the log rate-ratios are transformed on the
percentage relative change in mortality scale through the

transformation (exp(f™)-1)x100(© €€ (€ )-1)€100 this implies that a one-degree increase in
summer max temperature is associated with a 12.09% (95% Cl = [-22.81%, +0.13%]) decrease in male
mortality counts (shown in Figure 2). An extra hot day contributes to a 0.71% (95% Cl = [-1.26%, -0.16%])
decrease in male deaths.

Conversely, the corresponding log rate-ratio estimates exhibit an increased burden of heat on
temperature-related mortality rates for females, with point estimates of 0.045 (95% Cl = [-0.014, 0.10]) for
summer max temperature, 0.066 (95% Cl =[-0.010, 0.14]) for summer mean temperature, and 0.0002 (95%
Cl =[-0.0025, 0.0029]) for heat day counts. Indicating that an increase of one degree in summer max
temperature would resultin a 4.58% (95% Cl = [-1.42%, +10.95%]) increase in female deaths. An additional
hot day would also increase the expected female mortality count by 0.02% (95% Cl = [-0.25%, +0.29%]).
Again, we note reversal of sign and direction of the effects across the two genders. Though most of the
association results are not statistically significant, the differences in males and females with the same data
sources is intriguing.

Hypothesis testing for equality of log rate-ratio estimates between gender-stratified models further
confirms the significance of these gender-specific differences in response to extreme heat conditions. The
resulting p-values for summer max temperature, summer mean temperature, and heat day counts are
0.017,0.018, and 0.019, respectively. All three variables representative of extreme heat conditions have
shown statistically significant differences between male and female-specific models. However, cold-
temperature-related variables fail to establish significance in the differences between gender-specific
coefficient estimates, reinforcing the notion that gender differences are most pronounced in response to
heat-related impacts. Results from the model with AR (1) error structure (Supplementary Table S.3) are also
consistent with Table 1.

The patterns observed through correlation analyses and data visualisations underline a striking possibility:
females exhibit a heightened susceptibility to extreme temperature conditions (specifically heat) compared
to males.: Thus, supporting the growing attention towards factoring in gender in heat-action plans,
especially for India..u

Need for an integrative approach to generate gender-specific
climate evidence

The scale and representativeness of data: The coarse resolution of our existing mortality data in India
restricted our analytic methods and induced information loss when condensing finer-grained temperature
data to fit the annual nationwide scale. To reduce 30 years of time series data to 30 points per gender is
losing granularity. Moreover, the aggregation of summer (April to July) and winter (December to February)
month temperatures over a year result in the loss of critical information. This summarisation, condensing
measurements from hundreds of days into just two observations, oversimplifies the representation of the
general hot and cold conditions of a specific year.



We need data that allows monitoring of the continuous daily trends in both mortality and temperature
change at varying spatial locations. This deficiency is particularly acute when attempting to study gender-
specific responses to abrupt changes in daily temperature, such as those associated with heatwaves or
cold spells (see Figure 1a). Consequently, our current data falls short of capturing important factors like
seasonal variations, extreme temperature event-specific information, and the identification of potential lag
effects in the temperature-mortality relationship.

2019 Summer Months Average Daily Max 2019 Winter Months Average Daily Min
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Figure 3. Maps of 1° latitude x 1° longitude grid level seasonal mean of India’s summer (April, May, June, and July)
max temperature and winter (December, January, and February) minimum temperature of the year 2019. Panel (a)
presents the spatial distribution of the seasonal mean of summer max temperature. Panel (b) presents the spatial
distribution of the seasonal mean of winter minimum temperature. The range of summer (winter) months was
determined with similar monthly averaged max (minimum) temperatures. July was included in the summer months
since IMD has reported several heatwave days in July. Temperature units for both maps are in Celsius degrees.
Data source: IMD via Python package “IMDLIB”.

As illustrated in Figure 3, the seasonal-averaged maximum temperatures from April to July (summer) and
minimum temperatures from December to February (winter) of the 2019 reveal significant variations
among different regions of India. Elevated summer temperatures are predominantly concentrated in the
northern and central parts of India, whereas the lowest winter temperatures tend to occur in the
northernmost parts of the country. This emphasises the inadequacy of nation-level mortality rates in
capturing the distinct regional differences in responses to ambient temperature.

To align with the fine spatial granularity of the daily grid-level temperature data, it is essential to obtain
daily gender-specific mortality records at a district/ward level as well as have accurate reporting of extreme
temperature related deaths. The need for improved spatial resolution of cause-specific mortality is closely
tied to the varied spatial distribution of temperature in India.

Confounding bias: A comprehensive and systematic approach of thinking more in a causal framework,
going beyond the crude unadjusted examination of temperature-mortality relationships is imperative,
especially when examining gender differences. Demographic and socioeconomic factors such as
occupation, household income level, and urbanisation are pivotal in determining an individual's exposure
to extreme temperatures.» For example, those engaged in outdoor occupations may confront heightened
vulnerability to temperature-related threats, while households with lower income levels might struggle to
access adequate shelter conditions or healthcare during extreme weather events. The intricate interplay of
these factors forms a complex web influencing individuals’ susceptibility to temperature-related impacts.
This complexity intensifies when considering gender differences.



What is the intended use of the “gender” variable? Gender, far from being solely a biological construct,
is deeply intertwined with societal structures and cultural norms. The impact of traditional gender roles,
particularly evident in developing rural or urban poor communities, contributes an additional layer, further
deepening gender disparities in vulnerability to environmental challenges. As we strive for a more
comprehensive understanding, it is crucial to acknowledge and address these multifaceted factors to
develop effective strategies for mitigating the impact of extreme temperatures on vulnerable populations.
We need individual-level personal heat exposure data, questionnaire data on lifestyle and behaviours and
focus group discussions to understand the relationship between heat and gender, and their joint effect on
morbidity and mortality. Our goal is to “prevent” temperature-related mortality, not just to predict it.

Climate conversations for all: A call to action for global data
equity

The exploratory study of gender differences in temperature and temperature-related mortality
relationships suggests the possibility of distinct vulnerability of Indian females to extreme temperatures
compared to males. The predominant influence of heat underscores the need for a targeted
understanding of gender-specific responses to environmental threats in India. While our analysis provides
valuable preliminary insights into potential gender differences, it is essential to acknowledge the
limitations of our current analytic data which prevents us from answering the question we started with:
Are women at higher risk of mortality from extreme temperatures in India? We simply cannot answer
this based on current data and current analysis.

The insufficient data granularity in both time and space hinders the depth of our analysis, emphasising the
need for optimal datasets with adequate resolution that can capture the volatile changes in mortality and
extreme temperature conditions. A coarse temporal scale in the mortality data tends to smooth out short-
term fluctuations in deaths and captures the long-term trends.

At an annual scale, the available mortality data fails to reflect temperature fluctuations’ immediate effects
on mortality, and mortality might just be affected by long-term factors such as advances in healthcare or
changes in population demographics. The spatial distribution of monthly averaged daily maximum
temperature in India also displays seasonal variation with temperatures ranging from 10 degrees Celsius
to 40 degrees Celsius across different locations (shown in Supplementary Figure S.7). The aggregation of
temperature data to an annual scale introduces loss of information regarding spatial-temporal differences.
Incorporating additional socioeconomic and demographic factors into the analytic framework is also
crucial for a more holistic understanding and for formulating targeted interventions to protect vulnerable
populations. Existing studies have shown that specific groups such as children«s, the elderly==, and
populations of lower socioeconomic status=« are most susceptible to extreme temperature threats. The
adverse effects in said subgroups are highly prevalent in low- and middle-income countries, underscoring
the imperative for further research.

Finally, examining the GBD all-cause mortality data as displayed in Figure 2b raises a fundamental
question: if the mortality rates for men are consistently higher historically, why is the census-reported sex
ratio in India skewed towards men (106 men per 100 women according to last census)? We looked at
birthrate data stratified by gender from GBD and Figure S.8 shows a declining trend in female birthrate.
Are these data accurate? Cause-specific mortality data on women may be less accurate or even largely
absent in impoverished settlements where the temperature burden is more pronounced. This reiterates
the need for setting and enforcing data equity standards. Otherwise, we will always be left with confused
climate evidence.



To safeguard vulnerable subgroups from the impacts of extreme temperatures, there is much work to be
done. Establishing an optimal database characterised by enhanced resolution and information richness to
effectively capture the underlying variabilities of temperature-related mortality can be an important
starting point. By refining our analytical tools and broadening the scope of our research, we can pave the
way for effective strategies and interventions to mitigate the adverse effects of extreme temperatures,
ensuring the wellbeing of all members of society. Data equity is perhaps the strongest advocate and pillar
for health equity, climate equity, and more broadly towards societal equity.
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Analytic Data
e  Mortality Data. Encompassing the gender-specific population estimates, environmental heat and cold
exposure mortality, and all-cause mortality counts and rates of India. All mortality data are from the GBD Results.
According to the GBD Results codebook, mortality rates are defined as deaths per 100,000 people. All mortality
data are on the annual nationwide scale.

e Temperature Data. India Meteorological Department (IMD) recorded air temperature measurements can be
downloaded by the Python package “IMDLIB”. Grid-level daily mean, max, and minimum temperatures are
available for the entirety of India. We further calculate the following variables from the grid-level data:

0  Summer max temperature: Annual averaged daily max temperature of April to July.
©  Summer mean temperature: Annual averaged daily mean temperature of April to July.
©  Winter minimum temperature: Annual averaged daily minimum temperature of December, January, and
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0  Winter mean temperature: Annual averaged daily mean temperature of December, January, and February.
0  Heatday counts: Annual counts of heat days, defined as days with max temperatures equal to or exceeding
the 90th quantile (36.103°C) of historical daily max temperature data from 1990 to 2019.

o0  Cold day counts: Annual counts of cold days, defined as days with minimum temperatures equal to or below
the 10th quantile (11.261°C) of historical daily minimum temperature data from 1990 to 2019.
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