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ARTICLE INFO ABSTRACT
Keywords: Temperature-related mortality mostly affects older people and is attributable to a combination of factors. We
Longevity focussed on a key non-temperature factor - rising longevity — and aimed to quantify its reciprocal relation with

Heat-related mortality
Cold-related mortality
Climate change

Older people

Spain

temperature-related mortality risk in Spain over 1980-2018.

We obtained average annual temperature-attributable deaths among people aged 65y, by sex and age group,
for different temperature ranges (extreme cold, moderate cold, moderate heat, and extreme heat), from a pre-
vious study. Combining this with population and mortality data as well as life table information, we used: (i) a
counterfactual approach to assess the contribution of rising longevity to changes in the absolute risk of
temperature-related mortality, and (ii) decomposition to assess the contribution of changes in temperature-
related mortality to changes in longevity and its variation (lifespan inequality).

Rising longevity led to considerable declines in the absolute risk of temperature-related mortality in females
and males across the entire temperature range. For extreme heat, it accounted for about a 30% decrease in
absolute risk (half of the total decrease over the study period). For moderate and extreme cold, it accounted for
about a 20% fall in absolute risk (a quarter of the total fall). In the opposite direction, changing patterns of
temperature-related deaths contributed to higher life expectancy (accounting for > 20% of the total rise in both
females and males) but also higher lifespan inequality amongst older people. Most of the influence (about 80%)
was via moderate cold, but declines in risk at both moderate and extreme heat led to small rises in life
expectancy.

Our study points to the benefits of adopting risk-reduction strategies that aim, not only at modifying hazards
and reducing exposure, but that also address socially-generated vulnerability among older people. This includes
ensuring that lifespans lengthen primarily through increases in years lived in good health.

Abbreviations: AF, Attributable Fraction; AN, Attributable Number; AR, Absolute Risk; BLUPs, Best Linear Unbiased Predictors; CI, Confidence Interval; DLNM,
Distributed Lag Non-Linear Model); ERF, Exposure Response Function; INE, Instituto Nacional de Estadistica (Spanish Institute of Statistics); LE, Life Expectancy; LI,
Lifespan Inequality; MMT, Minimum Mortality Temperature; MMTP, Minimum Mortality Temperature Percentile; NUTS, Nomenclature of Territorial Units for
Statistics; PAF, Population Attributable Fraction; RR, Relative Risk; SD, Standard Deviation.
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1. Introduction

Temperature-related mortality accounts for about 10% of deaths
globally (Zhao et al., 2021), mostly affecting older people (Ebi et al.,
2021). By convention, deaths are attributed to temperature if they are
associated with daily average temperatures either below (“cold”) or
above (“heat”) a statistically identified optimum at which risk is lowest
(known as the Minimum Mortality Temperature, MMT) (Gasparrini
et al., 2015b). At present, most temperature-related deaths (about 90%)
are associated with cold conditions (Zhao et al., 2021), but the heat-
attributable proportion is rising and, if climate change-driven warm-
ing continues unabated, may dominate before the end of the century
(Gasparrini et al., 2017; Quijal-Zamorano et al., 2021). Notably, most
temperature-related deaths occur at moderate temperatures rather than
during extreme conditions (Gasparrini et al., 2015a). That is, while
extreme heat poses a rapidly growing threat (Ballester et al., 2023) and
may eventually compromise human survivability in some locations
(Vecellio et al., 2023), most temperature-related deaths currently occur
during “normal” conditions rather than in the face of intense but tran-
sitory hazards (Gasparrini et al., 2015a; Mari-Dell’Olmo et al., 2019).

In general, any death is ultimately due to a combination of factors
(direct and indirect; down- and upstream) (Bambra, 2016; Krieger,
2011), and temperature-related mortality poses no exception
(Arbuthnott et al., 2018; Lloyd et al., 2023). Such a multi-causal
perspective is implicit in the epidemiological measures used to assess
the mortality impacts of temperature; i.e. Population Attributable
Fraction (PAF) and Attributable Number (AN). Rather than quantifying
deaths exclusively caused by temperature, these measures capture the
expected reduction in deaths if exposure to non-optimal temperatures
were avoided (Krieger, 2017). But these same deaths could be averted by
addressing any of their modifiable non-temperature contributors.

For instance, a wide range of factors have been shown to influence
the relative risk (RR) of mortality at non-optimal temperatures,
including years of education, national income per capita, access to air
conditioning, and demographics (Achebak et al., 2023; Benmarhnia
et al., 2015; Chung et al., 2018; Sera et al., 2019b). More generally, an
analysis of 10 countries over 25 years concluded that non-temperature
attenuation mechanisms made a large contribution to observed re-
ductions for heat-related (but not cold-related) deaths (Vicedo-Cabrera
et al., 2018). Specific mechanisms were not assessed in the study, but the
authors suggested it was likely they included improved health care and
infrastructure changes.

Two major global trends with significant implications for
temperature-related mortality are rising longevity (i.e. longer lifespans)
and population ageing (i.e. changing population structure) (Harrington
and Otto, 2023; Lloyd et al., 2024b; United Nations Department of Social
and Economic Affairs, 2023). These processes are linked but distinct. A
number of studies have focussed on population ageing, with both his-
torical analyses and projections showing that rising numbers and pro-
portions of older people (combined with rising temperatures) contribute
to increasing impacts (i.e. the number of temperature-related deaths)
(Chen et al., 2024; de Schrijver et al., 2022; Huang et al., 2023; Lloyd
et al., 2024a; Park et al., 2020). While this highlights an important
challenge, it may inadvertently divert attention from the potential
benefits of rising longevity: as survivorship amongst older people in-
creases, there may be a concomitant decline in the absolute risk (AR) of
temperature-related mortality.

To investigate this, we shifted perspectives and aimed to quantify the
contribution of rising longevity to changes in the risk of temperature-
related mortality amongst older people in Spain over recent decades.
Additionally, we assessed how changing patterns of temperature-related
mortality have impacted on longevity.

Rising longevity is arguably the most remarkable achievement of the
modern era, resulting from a range of improvements including in public
health, medical care, nutrition, education, wealth, and health-related
behaviours (Riley, 2001). The particular combination of tactics
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adopted to improve survival has differed by country (and often within-
countries) and over time. That is, longevity, captures the combined in-
fluence of social progress in multiple but varying arenas, with the ulti-
mate effect being increased survivorship in different age groups.

Until about 1950, most gains in higher income countries were due to
reduced death rates at younger ages. Since then, rises in longevity have
largely been driven by falling mortality rates in people aged 65y+
(Aburto et al., 2020; Oeppen and Vaupel, 2002). Given this, and because
most temperature-related deaths occur at higher ages (Ebi et al., 2021),
our study focuses specifically on people aged 65y, thus helping to fill
the research gap on older people and climate change (World Health
Organization, 2022). Moreover, our investigation may provide insights
into whether rising temperatures are already undermining social prog-
ress, while potentially opening new windows to look at the health im-
plications of ongoing climate and social change under various scenarios.

To capture the influence of rising longevity on temperature-related
mortality, we represent longevity as declines in underlying mortality
rates in older people (i.e. we use age-/sex-specific all-cause mortality
rates). As noted above, the tendency of the latter to fall is a hallmark
characteristic of the late stage of the health transition (Riley, 2001). For
instance, in high life expectancy countries, about 58% of the rise in
longevity between 1975 and 1990 was due to increased survival in
people aged 65y+; this rose to 79% for the 1990 to 2007 period
(Christensen et al., 2009).

To capture the influence of temperature-related mortality on
longevity, in the second part of our study we reverse the perspective to
quantify the impact of temperature-related mortality on life expectancy
(LE) at 65y, as well as “lifespan inequality” (LI) in people aged 65y+
(Permanyer and Scholl, 2019; van Raalte et al., 2018). LE is a measure of
average lifespan and always rises if lives are saved. LI is a measure of
variation in the age at death; as a consequence, the influence of lives
saved on LI depends on their age pattern (Aburto et al., 2020; van Raalte
et al., 2018). Specifically, the direction of influence depends on a
moving threshold age, which tends to be close to LE at the youngest age
in the population (for instance, if the population of interest includes all
ages, the threshold age will be close to LE at birth). When deaths are
averted below the threshold age, LI declines. However, when they are
averted above the threshold, LI rises. LI matters because, for one, it is a
measure of uncertainty around age at death at the individual level (van
Raalte et al., 2018). Additionally, and more importantly for our analysis,
changes in LI can be seen as an indicator of how equally distributed
health improvements are at the population level.

Our analysis focused on Spain, a country that has achieved one of the
highest life expectancies in the world while experiencing a rapid rise in
temperatures (0.33 °C per decade) (Achebak et al., 2019; Lloyd et al.,
2024a; Zueras and Renteria, 2020). Based on age- and sex-specific
temperature-attributable mortality estimates for people aged 65y+
over 1980 to 2018, we used: (i) a counterfactual approach to quantify
the contribution of rising longevity (represented as falling underlying
all-cause mortality rates) to changes in the AR of temperature-related
mortality; and, (ii) state-of-the-art demographic decomposition
methods to calculate the contribution of changes in temperature-related
mortality to changes in longevity and its variation (represented as
remaining LE at 65y and LI amongst people aged 65y+, respectively).
Throughout the analysis, we separate the influence of extreme cold,
moderate cold, moderate heat, and extreme heat. We refer to these
different exposures as “temperature ranges”.

2. Methods
2.1. Study design and population

Our study utilized existing estimates of temperature-attributable
mortality — i.e. attributable numbers, ANs — for Spain (Lloyd et al.,

2024a). The ANs had been derived for females and males aged 65y+,
split into five age groups, for both non-standardized and age/sex
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standardized populations, for the period 1980 to 2018. They were
available for extreme cold, moderate cold, moderate heat, and extreme
heat.

In brief, for the analysis of the influence of rising longevity on
temperature-related mortality risk, we adopted a counterfactual
approach. For the factual, we used the standardized ANs as they
controlled for changes in population structure while retaining the in-
fluence of rising longevity. We also generated a counterfactual, in which
longevity did not rise over the study period. We did this by re-calculating
the ANs while holding underlying mortality rates constant at 1980
levels. Next, based on the factual and counterfactual, we calculated the
fall in AR over the study period for “fixed longevity” and “rising
longevity” scenarios. Finally, we used the between-scenario differences
to estimate the change in AR attributable to rising longevity.

For the analysis of the influence of temperature-related mortality on
longevity, we used the non-standardized AN (i.e. estimates of the actual
number of deaths). We first disaggregated these into single years of age
using standard methods (Rizzi et al., 2015). We then combined them
with population and all-cause mortality data (which were also available
from the original study), and calculated the numbers of deaths that were
not attributable to temperature (i.e. as total deaths minus ANs). This
gave us a dataset that included population counts, deaths by tempera-
ture range, and deaths not attributable to temperature, by sex and single
years of age, for each year in the study. We used this dataset to generate
yearly life tables. Finally, we produced survival curves and used state-of-
the-art demographic decomposition methods to calculate the contribu-
tion of changes in ANs to changes in remaining LE at age 65y and LI
amongst people aged 65y+ over the study period (Aburto et al., 2022)
(For a schematic diagram, see Fig S1).

Throughout the study, we adopt a “period” rather than “cohort”
perspective. In any given year, the population is composed of multiple
cohorts, with each of latter having different life expectancies. We as-
sume, however, that the experience of a population in a given period
gives a reasonable approximation of the likely longitudinal experience
of a cohort. This is a widely used approach in demography, largely
because it is not possible to calculate cohort life expectancies until the
entire cohort has died out. While this will have some influence on our
results, we expect this will be minimal, particularly because we only
include people aged 65y+ (which limits the number of cohorts in any
period).

2.2. Data sources

We obtained average annual temperature-attributable deaths (ANs)
for Spain, in non-standardized and age/sex-standardized (to the stan-
dard of the year 2000) populations, from a previous analysis (Lloyd
et al., 2024a). The ANs had been derived from 15 year time periods,
which moved in annual steps over 1980 to 2018, centred on 1987 (i.e.
1980 to 1994) to 2011 (i.e. 2004 to 2018). The ANs were available by
sex for the following age groups: 65-72.5y, 72.5-80y, 80-85y, 85-90y,
and 90y+ . Additionally, they were split by temperature range based
on standard definitions (Gasparrini et al., 2015b): extreme cold (Oth to
2.5th temperature percentile), moderate cold (2.5th to the minimum
mortality temperature percentile (MMTP)), moderate heat (MMTP to
the 97.5th temperature percentile), and extreme heat (97.5th to 100th
temperature percentile).

The ANs had been calculated using standard methods. In brief,
distributed lag non-linear models (DLNM) and multivariate random ef-
fect meta-analysis (Gasparrini et al., 2012, 2010; Sera et al., 2019a))
were applied to daily mortality counts and daily mean temperatures to
generate temperature-mortality exposure-response functions (ERFs)
(The ERFs are available in Appendix B of the original paper). This was
done by sex and age group for moving 15-year time periods (as described
above) in 13 regions covering mainland Spain plus the Balearic Islands.
The regions were based on the Spanish “Autonomous Communities”
(which correspond to NUTS 2 regions under the European Union’s
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Nomenclature of Territorial Units for Statistics (NUTS) (European
Commission, 2023)). Smaller Autonomous Communities were aggre-
gated into larger ones.

Next, average annual ANs for each time period, in each region, for
each temperature range, were calculated (Gasparrini and Leone, 2014).
These were then smoothed over rolling 5-year periods and summed to
give (non-standardized) national totals. Finally, the ANs were age/sex-
standardized relative to the year 2000 by re-scaling the estimates
using the ratio of the age group-specific population in 2000 to the
population in any given year. This approach adjusted the population
structure but did not change underlying mortality rates. Of note, the
standardized ANs were derived specifically because they allowed the
calculation of change in AR over time. In the present study, we use the
standardized ANs for the same purposes (see Section 2.3.2).

From the same study, we obtained regional-level lifetables in quarter
year of age steps (i.e. 65.00y, 65.25y, 65.50y, ... etc), for each year from
1980 to 2018. These had been generated from complete life tables (i.e.
single year of age steps) (Instituto Nacional de Estadistica, 2023a) using
spline-based penalized composite link models (Rizzi et al., 2015). We
also obtained all-cause mortality data for Spain covering 1980 to 2018,
in the form of microdata (i.e. individual deaths) and as daily mortality
counts by sex and age group (Instituto Nacional de Estadistica n.d.
(2023)). Finally, we obtained national-level annual population counts
by sex for single years of age for each year over the same period
(Instituto Nacional de Estadistica, 2023b).

2.3. The influence of rising longevity on temperature-related mortality risk

To estimate the influence of rising longevity on the absolute risk of
temperature-related mortality, we used the following counterfactual
approach.

2.3.1. Generating the counterfactual

For the factual, we used the sex/age group-specific ANs for the
standardized population, where the population size had been adjusted
but underlying mortality rates remained unchanged. Hence, they
include the influence of rising longevity. We also generated counter-
factual standardized ANs in which we removed the influence of rising
longevity; i.e. we held mortality rates constant at 1980 levels (the first
year in the study period).

We generated the counterfactual as follows. First, we obtained the
underlying mortality rates for 1980 from the regional life tables. We did
this by sex, based on the central age for each age group (i.e. 68.75y,
76.25y, 82.5y, 87.5y, 92.5y). Then, we extracted the corresponding
mortality rates from the life tables for 1981 to 2018, and calculated
mortality rate ratios as:

mortality Tateregionage group sex1980 [ . .
; - - i.e.inl ratio = 1).
mortality Tateregion age group sex year v C 980, ratio )

Next, we used the mortality rate ratios to adjust the regional sex/age
group-specific, daily all-cause death counts (i.e. we multiplied the daily
death count by the ratio before rounding to the nearest integer). Finally,
we used these adjusted death counts to calculate the counterfactual,
standardized ANs at the national-level, using the same method as for the
factual ANs (Lloyd et al., 2024a). Of note, both the factual and the
counterfactual ANs retain the influence of changes over time in the
temperature distribution (e.g. due to climate change) and the ERFs (i.e.
RR).

2.3.2. Calculating the influence of rising longevity on AR

We next used the factual and counterfactual ANs to generate “fixed
longevity” and “rising longevity” scenarios. The scenarios were based on
identical ERFs and temperature patterns. Thus, we used the difference
between the scenarios to estimate the contribution of rising longevity to
risk reduction.

The fixed longevity scenario used the counterfactual ANs for the first
and last time periods (i.e. 1980 to 1994, and 2004 to 2018, respectively).
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The rising longevity scenario also used the counterfactual ANs for the
first time period, but then allowed underlying mortality rates to decline
by using the factual ANs for the last time period.

We adopted this approach — in which both scenarios used the
counterfactual ANs for the first time period — to ensure a common
baseline (i.e. for which mortality rates were held at 1980 levels over the
period 1980 to 1994). Consequently, the change seen in the rising
longevity scenario is slightly larger than the actual change over the
study period. This is because, in the real world, mortality rates tended to
fall in each subsequent year within the first time period. The actual
change is shown in Tables S1 (A-D), as “Change” in the columns for the
standardized population.

We calculated change in AR in the fixed longevity scenario as:

0, _ ast time period.cf __ First time period.cf First time period,cf
AAR% ijk = { (ANf.j.k AN ijk /AN, ijk

x 100%

Where, fI stands for fixed longevity, and cf stand for counterfactual; i is
age group, j is sex, and k is temperature range.
The equivalent calculation for the rising longevity scenario was:

ol ast time periodf irst time period.cf First time period,cf
AARY, = | (ANE AN /AN

x 100%

Where, rl stands for rising longevity, and stands for f is factual.

The reason these calculations give change in AR is as follows. Risk is
a probability, where the numerator is the number of deaths and the
denominator is the population at risk. In standardized ANs, the de-
nominator (i.e. the population at risk) is held constant over time, but the
numerator (i.e. the number of deaths, or AN) changes. This means the
percent change in AN in the final time period compared to the first time
period equals the percent change in AR.

Finally, we estimated the contribution of rising longevity to AR
reduction by calculating the absolute and relative between-scenario
differences in the percent change in AR:

Absolute:. — (AAR%S-‘,( *AAR%{S,k)

. AARY%  ~AAR%,
Relative:. AARAT,

Throughout this part of the analysis, we calculated all point esti-
mates by simple addition or subtraction and estimated confidence in-
tervals (CIs) using standard Monte Carlo simulations. For the latter, for
each of the estimates of interest, we simulated 1000 draws based on the
point estimate and standard deviation (SD), then added or subtracted
the resulting vectors as required, and finally calculated the 2.5th and

97.5th centiles.

2.4. The impact of temperature-related mortality on longevity

For this part of the analysis, we used decomposition methods from
demography to calculate the contribution of changes in temperature-
related mortality to changes in remaining LE at 65y and LI amongst
people aged 65y+ (For a schematic of our approach, see Fig S1). In
essence, this approach decomposes the total change in LE and LI over the
study period into contributions by age and “cause” (i.e. temperature
range), for each annual time-step during the study period. This means
that the decomposed contributions sum to the total change observed
over the study period.

We used the sex/age group-specific non-standardized ANs, which
give estimates of the actual number of deaths. We first disaggregated
these into single years of age (65y to 110y) using spline-based penalized
composite link models as implemented in the R package “ungroup”
(Rizzi et al., 2015). Next, we aggregated the all-cause mortality micro-
data into annual total death counts by single years of age and sex. We
then combined the latter with the disaggregated ANs based on the
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middle year of each time period (i.e. 1987 to 2011 in single year steps).
From this, we calculated annual deaths that were not attributable to
temperature by subtracting temperature-attributable deaths from total
deaths. The resulting death counts for each cause were then rounded to
the nearest integer. Finally, we merged in population data (This allowed
the calculation of mortality rates, which are required for the construc-
tion of life tables (Preston et al., 2001)).

The resulting dataset was then used to construct life tables based on
all-cause mortality rates for single years of age for 65y to 100y+ using
standard demographic methods (piece-wise constant hazard model for
single years of age from 65y to 100y) (Aburto et al., 2022; Chiang,
1960).

Next, we used decomposition to calculate the contribution of
temperature-related mortality to changes in longevity. While the full
technical details of the method are outlined in the original paper (Aburto
et al., 2022), in brief, the approach disentangles the influence of age-
and cause-specific effects over time on change in remaining LE and LI
using linear integral decomposition (Horiuchi et al., 2008). We have
included sample code with this paper (Appendix B). The method de-
composes each yearly change in LE and LI - that is, change between any
two consecutive years — by age and cause. For instance, from 2000 to
2001 a given total change in LE at 65y+ is decomposed into contribu-
tions due to extreme cold, moderate cold, moderate heat, extreme heat,
and all other causes for males aged 65y. The same is done for 66y, then
67y, and so on, for all age/sex/cause combinations for all yearly time
steps. The yearly changes are additive such that, for example, if all the
yearly contributions to changes in LE were summed, it would equal the
total change in LE between the first to last year of the study. We utilized
this additivity in our results by: combining the contributions by single
years of age into five-year age groups; and, by combining yearly con-
tributions into three time periods (1987 to 1995, 1995 to 2005, and
2005 to 2011).

In the study, we measure LI as the standard deviation (SD) of the age-
at-death distribution (For a description, see Text S1) (Aburto et al.,
2022). The higher the value of the SD, the greater the degree of lifespan
inequality.

3. RESULTS
3.1. Demographics and temperature attributable deaths

Over the study period (1980 to 2018), the size of the Spanish pop-
ulation aged 65y+ more than doubled, increasing from 2.4 to 4.7 million
for females, and from 1.6 to 3.5 million for males. Remaining LE at 65y
rose from 17.7y to 23.1y in females (4-5.4y), and 14.6y to 19.2y in males
(+4.6y).

The temperature distribution shifted upwards over the study period
(Fig S2). During 1980 to 1994, the median daily temperature was
14.3°C; this increased to 15.5°C for 2004 to 2018. The corresponding
99th percentiles were 26.5°C and 27.1°C. (Temperatures are population-
weighted averages for the regions included in the study.)

Table 1 shows the average annual number of temperature-
attributable deaths (i.e. ANs) for the first and last time periods in the
non-standardized population. Additionally, ratios comparing ANs at
different temperature ranges are shown. (ANs by age group and sex for
the first and last time periods, for the non-standardized and standardized
populations are shown in Tables S1 (A-D).).

Over the study period, the total AN fell in both females and males.
The patterns, however, differed significantly by temperature range.
There were considerable reductions in cold-related mortality in both
sexes, with the bigger declines for moderate compared to extreme cold.
In contrast, heat-related mortality increased in females and males, with
greatest rises for moderate heat. Age group patterns (Table S1(A, B))
show that, for moderate heat, there were relatively small rises in deaths
below age 85y for both sexes (with small declines in 72.5-80y females
and 80-85y males), and larger rises in people aged 85y+ (1449 in
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Table 1
Average annual temperature-related deaths (ANs)” in the first and last time
periods, and ratios comparing ANs, by temperature range.

Females Males
AN First Last Change” First Last Change”
Extr 1053 1204 151 509 569 60
Heat (1006 to (1168 (95 to (461 to (536 to (7 to
1096) to 208) 552) 603) 114)
1235)
Mod 1448 2896 1448 580 998 418
Heat (1314 to (2473 (999 to (489 to (802 to (197 to
1582) to 1871) 672) 1189) 631)
3329)
Mod 11,499 5819 —5680 12,113 8589 —3524
Cold (10,697 (5065 (—6708 (11,479 (7349 (—4883
to to to to to to
12,249) 6565) —4645) 12,738) 9765) —2134)
Extr 1500 800 —700 1359 942 —417
Cold (1442 to (728 to (—789 to (1312 to (856 to (—516 to
1552) 870) - 608) 1405) 1023) —326)
Allf 15,500 10,719 —4781 14,561 11,098 —3463
(14,706 (9817 (—5960 (13,966 (9884 (—4889
to to to to to to
16,282) 11,587) —3734) 15,255) 12,370) —2027)
Ratios’
Mod: 1.4 2.4 1.1 1.8
Extr, (1.2to (2.0 to (1.0 to (1.4to
Heat 1.5) 2.8) 1.3) 2.1)
Mod: 7.7 7.3 8.9 9.1
Extr, (7.1 to (6.2 to (8.4 to (7.8 to
Cold 8.2) 8.5) 9.5) 10.7)
Mod: 5.1 4.3 6.8 6.3
Extr, (4.7 to (3.9to (6.4 to (5.5to
All 5.4) 4.8) 7.2) 7.2)
Cold: 5.2 1.6 12.4 6.1
Heat (4.8 to (1.4to (11.2 to (5.1 to
5.6) 1.9) 13.7) 7.2)

@ ANs are for the non-standardized population and are shown as point estimate
and 95% CL

b “Change” is the absolute difference in AN between the first and last time
period; positive numbers indicate an increase over time.

¢ “All” is total AN for all temperature ranges.

d Ratios (shown as point estimate and 95% CI) are calculated as AN for the
first term divided by AN for the second term. For example, “Mod:Extr, Heat” is
AN for moderate heat in that time period divided by AN for extreme heat in the
same time period.

females; 397 in males). For extreme heat, ANs declined in people aged <
85y and increased in people aged 85y+ (366 for females; 143 for males).

The ratios in Table 1 show the relative contributions of deaths at
different temperature ranges changed over the study period. Combining
cold and heat deaths shows there was decline in the ratio of deaths
attributable to moderate vs extreme temperatures over the study period
(although the 95% CIs overlap), but mortality at moderate temperatures
remained dominant. For cold deaths, the moderate to extreme ratios
were fairly stable over time. For heat, however, the ratios rose over the
study period (with no overlap of the 95% CIs). There was also a clear
shift in the ratio of cold- to heat-related deaths (with no overlap of the
95% CIs) due to a relative rise in heat-related deaths.

3.2. The influence of rising longevity on temperature-related mortality risk

Fig. 1 shows the percent change in AR of temperature-related mor-
tality in the first compared to the last time period (as point estimates) for
the fixed and rising longevity scenarios (For the numbers underlying the
figure, including the 95% ClIs, see Table S2). The absolute and relative
differences between scenarios (as point estimates and 95% Cls)) are
shown in Table 2 and may be interpreted as the change in AR attribut-
able to rising longevity.

For moderate heat, change in absolute risk in males aged 90y+ were
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relatively large. Consequently, we truncated the bars and have labelled
them with their actual values. The figure shows the point estimates; 95%
CIs are available in Table S2.

In the rising longevity scenario (Fig. 1, blue bars; Table S2), AR
decreased over the study period for all the temperature ranges and age
groups (with the exception of 90y+ males at moderate heat). The
magnitude of the reduction was greatest for cold, with similar changes
for both extreme and moderate cold. In females for all ages combined,
AR fell by 79% (95% CI: 77% to 81%) and 79% (95% CI: 76% to82%) for
extreme and moderate cold, respectively. The corresponding falls in
males were 73% (95% CI: 70% to 75%) and 71% (95% CI: 67% to 76%),
respectively. For extreme heat, AR more than halved; decreasing by 63%
(95% CI: 61% to 65%) in females for all ages combined, and 55% (95%
CIL: 50% to 60%) in males. The smallest falls were seen for moderate
heat: 35% (95% CI: 24% to 46%) in females for all ages combined, and
27% (95% CI: 6% to 44%) in males (The age group-specific estimates for
moderate heat had wide uncertainty intervals; see Table S2). In the fixed
longevity scenario (Fig. 1, pink; Table S2), the declines in AR were
considerably smaller than in the rising longevity scenario, and there was
an increase in risk for moderate heat: 20% (95% CI: 0% to 41%) in fe-
males for all ages combined; 21% (95% CI: —6% to 52%) in males.

The absolute differences between the percent change in AR in the
moving and fixed longevity scenarios show that rising longevity made
considerable contributions to risk reduction at all temperature ranges
(Table 2). By far the largest influence was for moderate heat although
the 95% CI were wide, particularly for males. Based on the point esti-
mates, rising longevity turned potential increases in risk for moderate
heat (i.e. as seen in the fixed longevity scenario) into decreases. For
extreme heat, rising longevity accounted for about a third of the abso-
lute reduction in both females and males for all ages combined. The
influence on cold was smallest but far from negligible, contributing to
absolute risk reductions in the order of 20% for all ages combined.

The relative contributions of rising longevity to falls in AR were of
greater magnitude (Table 2). For cold for all ages combined, the relative
contributions at both extreme and moderate cold were about 25% in
both females and males. For extreme heat, in both females and males the
relative contributions for all ages combined were about 50%. The con-
tributions for moderate heat, where there was a shift from a rise (fixed
longevity scenario) to a fall (rising longevity scenario) in AR, were
>150% but again had wide uncertainty intervals.

Table 2 shows no strong patterns by age group but tendencies were
evident for extreme temperatures in males. For extreme cold, rising
longevity made a decreasing contribution to AR reduction as age rose.
Conversely, for extreme heat, the contribution of rising longevity
increased with age. That is, rising longevity brought the greatest benefits
to the younger old males for extreme cold but to the older old males for
extreme heat.

3.3. The impact of temperature-related mortality on longevity

Fig. 2 shows survival curves for people aged 65y+ for selected years,
including the contributions of temperature-related mortality and all
other causes of death. Over time, the probability of surviving increased
at all ages (for instance, the red dotted lines show probability of survival
at 75y and 85y). The influence of temperature-related mortality
increased with age (i.e. the non-grey part of the curve widens with age)
but fell over time (i.e. the non-grey part of the curve narrows in each
subsequent time period), mostly due to changes in deaths attributable to
moderate cold (green). The influence of moderate (blue) and extreme
heat (orange) was relatively small but persistent over time. The survival
curves show that cold had a stronger effect on survival in males
compared to females, but that heat had a bigger influence on females
than males.

Each survival curve also shows remaining LE at 65y LI for people
aged 65y+ (as standard deviation) for the centre year of the time period.
The red dotted lines indicate the probability of surviving at 75y and 85y.
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Fig. 1. Percent change in absolute risk of temperature-related mortality over the study period in the fixed longevity and rising longevity scenarios, by temperature

range, sex, and age group.

Table 2

Absolute and relative differences in percent change in AR between the fixed and rising longevity scenarios, by temperature range, sex, and age.

Extreme Cold Moderate Cold

Moderate Heat

Extreme Heat

Sex Age Abs diff Rel diff Abs diff Rel diff Abs diff Rel diff Abs diff Rel diff
Female  65-72.5y 23% 29% 23% 29% 83% 290% 37% 56%
(1% to 50%) (1% t0 62%) (11%to59%) (-13%to73%) (—145% to306%) (—505% to1064%)  (14% to 61%) (21% to 91%)
72.5-80y 37% 54% 40% 61% 30% 40% 23% 28%
(27% to 47%)  (40% to 69%)  (19% to 59%) (29% to 90%) (11% to 48%) (14% to 64%) (14% to 31%) (18% to 40%)
80-85y 17% 21% 17% 21% 55% 125% 31% 47%
(9% to 36%) (11% — 31%) (9% to 26%) (10% to 32%) (20% to 88%) (46% to 199%) (24% to 39%) (35% to 57%)
85-90y 11% 12% 7% 8% 56% 171% 32% 51%
(3% to 18%) (3% to 20%) (0% to 14%) (0% to 16%) (9% to 102%) (27% to 311%) (24% to 40%) (38% to 65%)
90y-+ 15% 20% 16% 21% 66% 1455% 40% 88%
(8% to 23%) (10% to 30%) (5% to 26%) (6% to 33%) (12% to 123%) (263% to 2686%) (27% to 53%)  (60% to 116%)
All 20% 26% 21% 27% 55% 156% 32% 50%
(16% to 25%)  (20% to 32%)  (14% to 29%) (17% to 26%) (32% to 77%) (89% to 217%) (28% to 37%) (44% to 58%)
Male 65-72.5y 24% 38% 20% 28% 53% 168% 25% 39%
(0% to 48%) (0% to 76%) (—9% to 49%)  (—13%to 69%)  (—125% to 223%) (—396% to 708%) (—1% to 51%) (—2% to 79%)
72.5-80y 23% 33% 21% 30% 47% 123% 28% 44%
(12% to 33%)  (18% to 48%)  (13% to 31%) (17% to 43%) (—2% to 104%) (—6% to 273%) (10% to 45%) (15% to 72%)
80-85y 18% 27% 25% 42% 22% 33% 22% 34%
(7% to 30%) (11% to 45%) (0% to 51%) (1% to 85%) (=7% to 53%) (—11% to 80%) (9% to 35%) (13% to 54%)
85-90y 13% 17% 17% 23% 49% 202% 29% 53%
(6% to 20%) (7% to 26%) (1% to 34%) (1% to 47%) (—19% to 115%) (=77% to 477%) (10% to 48%) (19% to 88%)
90y+ 10% 12% 13% 17% 122% —110% 48% 266%
(1% to 19%) (1% to 23%) (5% to 31%) (—6% to 13%) (—104% to 332%) (94% to —299%) (7% to 88%) (40% to 493%)
All 17% 23% 19% 27% 48% 179% 29% 52%

(11% to 22%) (16% to 30%) (11% to 28%) (15% to 39%) (13% to 83%)

(50% to 309%)

(21% to 38%) (37% to 69%)

“Abs diff” is absolute difference; “Rel diff” is relative difference. Numbers are shown as point estimate with 95% CI in brackets. Results where the 95% CI does not cross

0 are shown in bold.

3.3.1. The influence of temperature-related mortality on LE at 65y

Fig. 2 shows LE at 65y in the first and last time periods (i.e. centred
on 1987 and 2011), as well for two intermediate time periods (centred
on 1995 and 2005). From the first to last time period, remaining LE rose
by 3.55y in females and 2.93y in males, with the rate of increase rising
over time. Fig. 3A shows the contribution of temperature-related mor-
tality to these changes in LE during three periods covering 1987-1995,
1995-2005, and 2005-2011. In total, changing patterns of temperature-

related mortality resulted in gains of 0.74y (21% of the total rise) in
females and 0.69y (24% of the total rise) in males. Over time, however,
the contribution of temperature-related mortality declined: in females,
from 0.23y to 0.12y in the first and last periods, respectively; in males,
from 0.27y to 0.08y.

The majority of the influence of temperature-related mortality was
due to changes for moderate cold: 80% for females; 87% for males. Of
note, Fig. 3A shows that the declines in moderate cold deaths were not
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the result of reclassification as extreme cold or moderate heat deaths (i.
e. there was no compensatory increase in negative contributions at these
temperature ranges). The magnitude of the gains in LE due to changes in
moderate cold deaths declined over time.

For heat, the percent contributions to the overall effect of
temperature-related mortality on LE at 65y were, for moderate heat: 4%
in females and 1% in males; for extreme heat: 5% in females and 3% in
males. That is, although climate change is driving temperature in-
creases, changes in heat-related mortality patterns have — at least so far
— contributed to net gains (albeit small) in remaining LE in older people.
Considering contributions by period: changes in moderate-heat deaths
led to small reductions in remaining LE in the first period, small gains in
the second period, and considerably smaller gains in the third period;
changes in extreme heat-deaths led to gains in remaining LE in all
periods.

Fig. 4A shows contributions to gains in LE by age group, which were
similar across all four temperature ranges. The biggest contributions
were due to changes in temperature-related mortality in females aged
80-89y (44% of the total) and males aged 70-79y (48% of the total). For
moderate and extreme cold, all age groups contributed to gains, with the
exceptions of the oldest groups in the first period and 80-85y males in
the last period. For extreme heat, almost all contributions were positive,
with occasional very small negative contributions. For moderate heat,
contributions by age group were mostly positive, but there were more
negative contributions than for other temperature ranges. The latter
were mostly in the first period — for females aged 80y+ and males aged
70y+ — but also for males aged 90y+ in the middle and final time
period.

3.3.2. The influence of temperature-related mortality on LI amongst people
aged 65y+

Over the study period, LI was stable in females (change = -0.02y
from the first to last time period) but rose in males (change = 0.27y),
finishing at 7.9y and 8.3y in females and males, respectively (Fig. 2).
Considering temperature-related mortality (Fig. 3B), the total contri-
butions were 0.13y in females and 0.25y in males, with most of the in-
fluence due to moderate cold (77% and 84% in females and males,
respectively). That is, temperature-related mortality drove LI upwards.
Fig. 3B also shows that contributions tended to be smaller in the most
recent period (green) compared to the two earlier periods (blue and red)
for all temperature ranges except extreme heat.

Age group-specific contributions were small, but the patterns are of
interest (Fig. 4B). As noted in the introduction, deaths averted below a
moving threshold age will decrease LI, while deaths averted above the
threshold will increase inequality. Given this, for both moderate and
extreme cold, the patterns suggest that age-group specific contributions
were almost all through the aversion of deaths, with the moving
threshold lying somewhere from 76y-84y in females, and from 70y-79y
in males. As also noted in the introduction, the threshold tends to lie
close to the remaining LE at the youngest age in the population of in-
terest: here, the expected age at death at 65y in females was 83.8y in the
first time period and 87.4y in the last time period; for males, the ages
were 80.2y and 83.1ly, respectively (Fig. 2; calculated as: 65 +
remaining LE)). The patterns also show that the overall net positive
contribution to LI is being driven by deaths avoided at the oldest ages. At
these ages, however, the size of the positive contribution has tended to
decline over time (i.e. green compared to blue or red), suggesting a
decline in the relative number of deaths averted amongst the oldest.

For extreme heat, the age patterns were broadly similar to those seen
for cold, and the threshold age was visible in the plots. (Fig. 4B).
However, two differences were evident in the most recent period, both
suggesting a rise in deaths. Firstly, there was a small positive contribu-
tion for the youngest females; secondly, contributions were negative or
neutral in males aged 90y+ . For moderate heat, there were no sys-
tematic patterns by age, and the threshold age was not visible. This
suggests there were contributions due to increasing deaths both below
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and above the threshold age. For instance, in the most recent periods,
deaths in people aged 90y+ contributed to declines in LI, suggesting (a
small part of) inequality reduction is being driven by a relative rise in
deaths of fragile older people.

4. Discussion

Our study assessed the reciprocal relation between rising longevity
and temperature-related mortality in Spain over the period 1980 to
2018. This is particularly germane as Spain is among the world’s leading
nations for both population ageing and temperature increases due to
global warming. We found that, firstly, rising longevity led to consid-
erable declines in the absolute risk (AR) of temperature-related mor-
tality for both heat and cold. Secondly, the results showed that changes
in the patterns of temperature-related deaths contributed to rises in life
expectancy (LE) but increases in lifespan inequality (LI) amongst older
people. Most of the influence on LE was due to declines in deaths
attributable to moderate cold, but changes at both moderate and
extreme heat also led to (small) gains.

To our knowledge, this is the first assessment to quantify the bi-
directional relationship between temperature-related mortality and
longevity. Previous studies have focussed on the associated process of
population ageing, linking structural changes in populations to increases
in the number of temperature-related deaths, particularly for heat (Chen
et al., 2024; de Schrijver et al., 2022; Huang et al., 2023; Lloyd et al.,
2024a; Park et al., 2020). These (and related) studies draw attention to
important challenges (Harrington and Otto, 2023). At the same time,
although such studies do sometimes account for declines in suscepti-
bility (i.e. relative risk, RR), they give limited attention to the changing
characteristics of older people and how this may influence AR (Lloyd
et al., 2024b). Central amongst these characteristics is rising longevity
(Lloyd et al., 2024a; Sanderson and Scherbov, 2019): our results
demonstrate the importance of considering this.

Over the study period, the Spanish population aged 65y+ doubled
but the total number of temperature-related deaths fell. This was
entirely due to large falls in cold-attributable deaths. The number of
heat-attributable deaths rose, particularly for moderate heat. In terms of
risk, however, the AR of temperature-related mortality fell at all tem-
perature ranges and for all age groups (except for 90y+ males for
moderate heat). Overall (i.e. for all age groups combined), the relative
fall in AR was about 70% to 80% for both moderate and extreme cold;
about 55% to 65% for extreme heat; and, about 25% to 35% for mod-
erate heat (Fig. 1, rising longevity scenario; Tables S1 (A-D)).

These observed declines in AR are likely to be due to a range of
(overlapping) processes, including changes in individual physiology and
behaviour, population-level targeted adaptation, general improvements
in social welfare, and alterations to the built environment (Arbuthnott
et al., 2016). However, rather than attempt to identify specific actions
that contributed to risk reduction, we focussed on the influence of the
more general process of rising longevity, which is the culmination of
social progress in various arenas (Riley, 2001). We found that a large
proportion of the declines in AR could be accounted for by rising
longevity, with a similar influence in females and males. For extreme
heat, it accounted for about half of the total fall in AR (Table 2); in
absolute terms, this was about a 30% reduction. For both extreme and
moderate cold, rising longevity accounted for about a quarter of the total
decline in AR, a decline of about 20% in absolute terms (Table 2).

For moderate heat, rising longevity turned potential 20% relative
rises in AR into declines of about 30%, although uncertainties were wide
(Table S2). These potential rises in risk in the fixed longevity scenario
may have been due to changes in the hazard, exposure, or vulnerability.
Regardless of the mechanism, our results suggest that general social
progress more than offset them. This is important because, not only has
the ratio of moderate to extreme heat deaths risen over time (Table 1),
but moderate heat is a “normal” occurrence that is unlikely to be
perceived as risky (Margolis, 2021). Here, vulnerability reduction via
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generalized rather than heat-targeted actions play a key role: our results
show the potentially large benefits this can bring.

Our approach to assessing change in risk differs to previous studies.
Assessment of historical declines in risk have tended to focus on shifts in
RR or percent of deaths attributable to temperature (i.e. Attributable
Fractions) (Achebak et al., 2019; Arbuthnott et al., 2016; Pascal et al.,
2023). Similarly, projection studies typically account for future risk
reduction by adjusting the ERFs, via changes in RR or the MMT (Gosling
et al., 2017; Lee et al., 2019; Wan et al., 2024; Wang et al., 2022). In
contrast, our results show the large declines in AR due to rising longevity
are independent of changes in the ERFs; that is, we allowed RR to change
identically over time in both the fixed and rising longevity scenarios (For
changes in RR at the 99th temperature centile over the study period, see
Fig. 2 in Lloyd et al (2024a)). The implication is that, if the purpose of a
study is to assess changes in the actual risk of death (i.e. AR), tracking RR
alone may significantly underestimate the risk reducing potential of
general social progress (Lloyd et al., 2023; Pascal et al., 2023), including
via rising longevity. To avoid this, we suggest future historical and
projection studies should explicitly consider changes in both suscepti-
bility (as RR) and population characteristics (as AR, including the in-
fluence of changes in underlying mortality rates).

Looking in the other direction, our results for the influence of
changes in temperature-related mortality on longevity have three
interrelated implications. Firstly, declines in temperature-related mor-
tality accounted for about a fifth to a quarter of the total rise in longevity
over the study period (Fig. 2; Fig. 3A). In terms of age, almost half of the
contribution was due to AR reductions in females aged 80-89y and males
aged 70-79y. This age pattern partly reflects the ages at which risk
reduction has been most successful. But, it also arises because the
magnitude of the effect risk reduction has on LE varies by age. Here, the
rule of thumb is: a given percent reduction in risk reduction will bring
the greatest gains in LE when achieved in groups aged close to LE of the
population (Vaupel, 1986). Our findings appear to reflect this rule. In
terms of temperature range, most of the contribution (>80%) was
associated with moderate cold, but deaths were not simply shifted to
heat: changes for both moderate and extreme heat also led to (small)
increases in LE.

Thus, the combined influences of heat and population ageing have —
so far — been insufficient to undermine ongoing rises in longevity. At the
same time, the magnitude of the positive influence of changes in
temperature-related mortality fell over time. This, alongside evidence
that recent temperature rises have had large mortality impacts on older
people (Ballester et al., 2023), suggests that heat-related mortality may
soon begin to undermine general social progress. We suggest future
studies should monitor this: threats to ongoing rises in longevity in older
people potentially provide a powerful motivation for tackling climate
change and its impacts.

Secondly, even as it contributed to rising longevity, changes in
temperature-related mortality drove LI in older people upwards
(although the magnitude of the effect was small). The results suggest the
moving threshold age (i.e. below which lives saved contribute to
reduced LI; above which lives saved contribute to increased LI (Aburto
et al., 2020)) was somewhere in the range 75-85y for females and 70-
79y for males. And, that the tendency to push LI upwards was due to
the dominance of lives saved in “older” old people (i.e. people aged
above the thresholds) (Fig. 4B). This suggest that an LI is perspective is
useful for highlighting the need to take actions to protect both “younger”
and “older” old people.

This leads to the third implication: LE- and LI-perspectives on
temperature-related mortality potentially offer a lens onto health equity
more generally. For instance, contributions to increases in both LE and
LI may indicate that most gains have been amongst the “older” old. In
general, this group tends to disproportionately represent the better-off
(e.g. in terms of education and/or income), as they already have a sur-
vival advantage over the worse-off (Bramajo et al., 2023). Further, as
temperatures rise, the better-off are also likely to be better positioned to
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take individual protective actions and to benefit more from collective
actions (Mackenbach, 2020). That is, health inequities may increase not
only due the effects of climate change, but also via the distribution of
actions taken to avert its impacts. Monitoring only the temporal changes
in risk and number of deaths may miss such possibilities; tracking in-
fluences on LE and LI may fill this gap, acting as indicators of whether
inequities in risk are narrowing or widening.

Our study has several limitations. Firstly, when extracting underly-
ing all-cause mortality rates to represent longevity and generate the
counterfactual (Section 2.3.1), we made three assumptions: that the
mortality rate at the central age in any age group gave a reasonable
indication of the average mortality rate experienced by the entire age
group; that if the overall mortality rate in a given age group in a given
year were to change, this would have the same relative influence on
daily mortality counts on all days during that year; and, that changes in
mortality rates in one age group did not influence the mortality rates or
size of the other age groups. While this approach is imperfect, we believe
it is unlikely to bias the results in any particular direction and provides a
reasonable and useful approximation.

Secondly, rising longevity and improvements in health and capa-
bilities overlap but should be distinguished (Riley, 2001). A given
pattern of survivorship may be associated with quite different patterns
of health and, hence, vulnerability (Ebi et al., 2021). For instance,
studies in Spain have found that, despite rising longevity, disease-free
life expectancy has not improved in recent years due to persistently
high prevalence of conditions such as hypertension, diabetes and coro-
nary heart disease (Zueras and Renteria, 2021, 2020). Further, a recent
cohort analysis has shown that declines in functioning and cognition in
older people increased risk during heatwaves in China (Xi et al., 2024).
Consequently, our quantitative findings are not generalizable across
time or locations. Despite this, they clearly show the large benefits rising
longevity can bring. Further, given the lack of improvement in disease-
free life expectancy in Spain, our results are likely to be underestimates
of the full potential benefits of rises in healthy longevity.

Related to the above, a third limitation is that our study does not
assess either how gains in longevity were achieved or the resulting
pattern of mortality. While we did not set out to assess either of these,
they could be usefully explored in future work. We focussed on longevity
in general as it could be represented by readily available data (i.e. age/
sex-specific mortality rates). But, as improved survivorship can be
driven by a range of processes, it may be useful ask: which of these
processes also best protects populations and sub-groups from climate
impacts? In terms of patterns of mortality, the ANs underlying our
analysis only considered all-cause mortality. Deaths due to specific-
causes, however, are evolving differentially over time and are likely to
have different relations to both temperature and vulnerability (Achebak
et al., 2019, 2018). Given this it would be useful to study the relations
between means of increasing longevity, the resulting patterns of mor-
tality, and the consequences for risk of temperature-related mortality.

Fourthly, most of the changes in temperature-related mortality over
time were due to reductions in moderate cold deaths. There has been
debate about whether such deaths are “caused” by low temperatures. A
comprehensive assessment concluded that available evidence supports a
causal relationship, but that the mechanisms are likely to be more direct
at extremes and more indirect (e.g. via infectious disease) at moderate
cold (Arbuthnott et al., 2018). In any case, all temperature-related
deaths have multiple direct and indirect causes and may be averted by
addressing any of their modifiable contributors. From the perspective of
our study, it is unimportant that temperature itself may play a bigger
role at extremes than more moderate temperatures; what matters is how
longevity influences and is influenced by temperature-related deaths.

5. Conclusions

Rising longevity (longer lifespans) and population ageing (changed
population structures) are linked but distinct processes occurring in
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many countries across the globe. While a number of studies have iden-
tified ageing as a potential threat driving rises in the number of
temperature-related deaths, our study shows that rising longevity is
driving the absolute risk of temperature-related mortality downwards.
Additionally, so far, shifts in temperature-related mortality are not
negatively impacting on longevity (although it is pushing lifespan
inequality upwards).

Our findings point to the benefits of adopting a wide range of risk
reduction strategies, spanning from targeted adaptation during extremes
(i.e. by modifying the hazard and reducing exposure) (Casanueva et al.,
2019) to general vulnerability reduction (Kelman, 2020). The latter
includes ensuring that as lifespans lengthen, the number of years lived in
good health also rises (World Health Organization, 2022). Vulnerability
is a function not of climate but of conditions of everyday life (Ribot,
2014; Wisner et al., 2004): changing these conditions could play a large
role in risk reduction. As Friel (2023) pointed out, “(g)ood social policies
... are good climate-health adaptation policies.”.
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