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Summary The Lancet Regionall
Background Future temperature effects on mortality and morbidity may differ. However, studies comparing projected gg;:;'vzzs:;rracuﬁc
future temperature-attributable mortality and morbidity in the same setting are limited. Moreover, these studies did o

not consider future population change, human adaptation, and the variations in subpopulation susceptibility. Thus, E”bl'she‘il Online xxx

we simultaneously projected the temperature-related mortality and morbidity by cause, age, and sex under population ttps://doi.org/10.

. .. . . 1016/j.lanwpc.2024.
change, and human adaptation scenarios in Japan, a super-ageing society. 101214

Methods We used daily mean temperatures, mortality, and emergency ambulance dispatch (a sensitive indicator for
morbidity) in 47 prefectures of Japan from 2015 to 2019 as the reference for future projections. Future mortality and
morbidity were generated at prefecture level using four shared socioeconomic pathway (SSP) scenarios considering
population changes. We calculated future temperature-related mortality and morbidity by combining baseline values
with future temperatures and existing temperature risk functions by cause (all-cause, circulatory, respiratory), age
(<65 years, >65 years), and sex under various climate change and SSP scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0,
and SSP5-8.5). Full human adaptation was simulated based on empirical evidence using a fixed percentile of
minimum mortality or morbidity temperature (MMT), while no adaptation was simulated with a fixed absolute MMT.

Findings A future temporal decline in mortality burden attributable to non-optimal temperatures was observed, driven
by greater cold-related deaths than heat-related deaths. In contrast, temperature-related morbidity increased over time,
which was primarily driven by heat. In the 2050s and 2090s, under a moderate scenario, there are 83.69 (95% empirical
confidence interval [eCI] 38.32-124.97) and 77.31 (95% eCI 36.84-114.47) all-cause deaths per 100,000 population, while
there are 345.07 (95% eCI 258.31-438.66) and 379.62 (95% eCI 271.45-509.05) all-cause morbidity associated with non-
optimal temperatures. These trends were largely consistent across causes, age, and sex groups. Future heat-attributable
health burden is projected to increase substantially, with spatiotemporal variations and is particularly pronounced
among individuals >65 y and males. Full human adaptation could yield a decreasing temperature-attributable
mortality and morbidity in line with a decreasing population.

Interpretation Our findings could support the development of targeted mitigation and adaptation strategies to address
future heat-related impacts effectively. This includes improved healthcare allocations for ambulance dispatch and
hospital preventive measures during heat periods, particularly custom-tailored to address specific health outcomes
and vulnerable subpopulations.
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Research in context

Evidence before this study

Extensive modeling evidence indicates the relationship
between projected temperature changes and expected
increase in heat-related mortality and morbidity in the future.
While the link between temperature and climate-sensitive
health outcomes appears straightforward, it is, in fact, far
more complicated due to the different mechanisms through
which climate can exert fatal and non-fatal health impacts,
and such discrepancy in temperature effects on both health
endpoints can be influenced by cause of diseases, age, and
sex. We searched PubMed, Web of Science, and Google
Scholar for articles published in English that project the
temperature-related mortality and morbidity to explore
extent of available evidence on 30th October 2023. We used a
combination of search terms, including terms “temperature”,
and “heat” for exposure, and “mortality”, “death”, “excess

death”, “morbidity”, “hospitalization”, “emergency room

visit”, “inpatient visit”, “outpatient visit”, “emergency
ambulance”, and “excess morbidity” for outcomes, and the
terms “project”, “future”. Three studies estimated future
effects of temperature on both mortality and morbidity
within the same study setting. They revealed the possible
differences in the future burden of temperature-related
mortality and morbidity, but in the absence of population
change, future adaptation or the impacts on vulnerable
subpopulations.

Introduction

Numerous studies have been conducted to project the
impact of non-optimal temperatures on health under
climate change, with the associated mortality and
morbidity expected to increase with a warmer climate.'*
However, obtaining more precise estimates of future
excess health burden remains a challenge due to sub-
stantial variations in susceptibility to non-optimal tem-
peratures across fatal and non-fatal health endpoints.
Distinct patterns have been observed for the association
of temperature with mortality and morbidity, indicating
different mechanisms by which temperature triggers
these endpoints.”” These disparities could be attributed
to variations in susceptible subpopulations by specific
causes, sex, and age groups.*® Moreover, subnational
differences in climatic, socioeconomic and demographic
conditions contribute to geographical disparities in
susceptibility to temperature-related risks.'”"" To date,
few projection studies have estimated the impact of
future temperature on both mortality and morbidity

Added value of this study

To the best of our knowledge, this study is the first to provide
a comprehensive overview of future mortality and morbidity
burden attributable to non-optimal temperatures by cause of
disease, age, and sex. Contrasting patterns of non-optimal
temperature-related mortality and morbidity are found. The
projected non-optimal temperature-attributable mortality is
driven by greater cold-related mortality than heat-related
mortality, resulting in a net reduction. By contrast, the
morbidity is projected to substantially rise, dominated by
larger heat-related morbidity. These changes in temperature-
related health burdens vary across subpopulations by age and
sex, also across prefectures, with population aged 65 years
and older, males, and those living in prefectures with larger
temperature increase or severe population decline are
expected to sustain a higher rise in burden. Furthermore,
future cold- and heat-related mortality and morbidity burden
would be greatly reduced under population adaptation
scenarios.

Implications of all the available evidence

This research has important implications for policymakers to
protect the most vulnerable populations and identify local
strategies to design targeted mitigation and adaptation
policies. It also highlights the need to tackle the possible
future additional heat-related morbidity requiring substantial
medical resources and possible expansion of secondary
healthcare infrastructure.

simultaneously within a unified framework at local or
country level.>*'? Additionally, little is known about
future heat- and cold-attributable mortality and morbidity
among population subgroups, particularly the most sus-
ceptible population by cause, age, sex and subnational
level."*'* These absences of consideration for susceptible
populations limit the interpretability of the projection
results and the design of effective climate interventions.

Another limitation of many existing projection
studies is the assumption of a constant population in the
future.>'>?° Estimation of the future temperature-related
health impacts could be less realistic without consid-
ering future population changes, in terms of population
size and ageing.”'** In Japan, future population size is
projected to decrease over time, concurrent with a sus-
tained increase in the proportion of older population.***
It is reasonable to suspect that such intensified popu-
lation ageing, along with rising temperatures would
exacerbate heat-related health burden for older adults, as
they are particularly vulnerable to risks from non-
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optimal temperatures.*>*” No study before has provided
explicit estimates of future mortality from non-optimal
temperature while accounting for demographic
changes in Japanese population.

Enhanced understanding of future temperature impact
combined with population scenarios is crucial not only for
Japan, a super-ageing nation at the forefront of global ag-
ing, but also for other advanced countries expected to
experience similar demographic shifts. This insight could
serve as a valuable asset when envisioning the future of
other developed nations, aiding in the development of
effective public health and climate adaptation strategies to
safeguard the most vulnerable populations.*

In this study, we projected nationwide and subna-
tional future temperature-attributable mortality and
morbidity in Japan from 2010 to 2099, considering
multiple scenarios of climate change and population
dynamics. Our examination emphasized variations in
susceptibility across causes, age and sex. The evidence
presented in this temperature-attributable impact pro-
jection is specifically tailored to disease outcomes and
vulnerable populations and is critical for the develop-
ment of targeted mitigation and adaptation policies.

Methods

Data sources and scenario models

We used the temperature risk curves for morbidity and
mortality from our recent study in Japan.’ The risk
curves we used were for the period 2015-2019 and were
available by cause (all-cause, circulatory, respiratory),
age group (<65 years of age; >65 years of age), and sex
for each of the 47 prefectures. These temperature risk
curves were modelled using historical data of observed
temperatures from the Japan Meteorological Agency,
recorded deaths from the Ministry of Health, Labor and
Welfare of Japan, and morbidity cases identified
through emergency ambulance dispatch (EAD) data
provided by the Fire and Disaster Management Agency
of the Ministry of Internal Affairs and Communications.
Ethical approval was not required since all data collected
in this study was secondary data without any personal
information and not transferable.

We obtained the projected daily temperatures from
the Inter-Sectoral Impact Model Intercomparison Proj-
ect (ISIMIP) 3b simulation round based on several
general circulation models (GCMs) from phase 6 of the
Coupled Model Intercomparison Project (CMIP6)
outputs.”** The ISIMIP3b database provides daily near-
surface air temperature for historical climate simula-
tions (1850-2014) and future simulation periods
(2015-2099) periods, bias-corrected up to 2019, and
downscaled at a 0.5° x 0.5° spatial resolution. The pro-
jected temperatures are available in 5 future scenarios:
SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP4-6.0 and SSP5-8.5.
The future scenario is the combination of five shared
socio-economic pathways (SSPs; specifically SSP1
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depicting sustainable development, SSP2 depicting in-
termediate challenges, SSP3 depicting regional conflict,
SSP4 depicting unequal development, and SSP5
depicting fossil fuel dependence), and four representa-
tive concentration pathways (RCPs) representing with
radiative forcing of 2.6, 4.5, 6.0, and 8.5 W/mz.“"”"’ In
each scenario (SSP1, SSP2, SSP3), challenges encompass
three levels (low, medium, high) for both mitigation and
adaptation strategies, while under SSP5, mitigation
challenges remain low, but adaptation challenges are
notably high.”" We selected projected temperatures from
four future scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0, and
SSP5-8.5) based on five GCMs (GFDL-ESM4, IPSL-
CMGA-LR, MPI-ESM1-2 h, MRI-ESM2-0, and UKESM1-
0-LL) because the other future scenarios were only
available on a few GCMs (Supplementary text). We then
extracted the average temperatures in each SSP-based
scenario and for each prefecture in Japan during
1972-2099. The modelled temperature time series were
recalibrated using observed temperatures available from
the weather station data for each prefecture (1972-2019)
to avoid deviations between observed and simulated
historical temperature distributions while preserving
predicted temperature trends (Figure S1).”

Projection of future mortality and morbidity time-
series

Projected Japanese population data under specific SSP
scenarios (SSP;j) was collected from the National Insti-
tute for Environmental Studies (NIES). SSPj-specific
population projections are narratives of future de-
mographic and societal developments in Japan indicating
variable combinations of fertility, mortality, mobility, and
non-permanent residents.**** The population projections at
the prefecture level for each 5-year blocks from 2015 to
2100 were obtained from SSP;. These projections are
based on various prefecture-level factors, including the
child-female ratio, sex ratio of 0—4-year-old, survival rate,
and migration rate for each sex and age group in the base
year in each prefecture. For future periods, the projected
population for each 5-year age group is determined by
multiplying the projected population by the assumed
parameter values. Here, the assumptions of future popu-
lation growth used for each scenario are high fertility,
medium mortality and immigration rates under SSP1,
medium growth in fertility, mortality and immigration for
SSP2, low fertility, medium mortality and immigration
rates for SSP3, and a high growth scenario under SSPS,
assuming medium fertility and mortality rates, with high
immigration (Table S1).*

We linearly interpolated data for different sex and
age groups by 5-year blocks into annual values from
2010 to 2100 in each prefecture. The annual average of
daily mortality or morbidity rate by cause, age and sex
was computed as the average for each day of the year in
the prefecture during 2015-2019, divided by the
respective annual average population. The daily
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mortality or morbidity rates for 365 days were then
multiplied with the respective annual population pro-
jection for 2010-2100 to obtain the final prefecture-level
historical and projected series of daily mortality or
morbidity counts for different cause, age, and sex
groups."”

Projection of temperature-attributable mortality
and morbidity burden
We generated prefecture-specific risk functions for
temperature-mortality and temperature-morbidity asso-
ciations using a two-stage analysis, extending a method
previously applied (see Supplementary detailed infor-
mation on the statistical analysis).” In brief, we replaced
the previously used quadratic B-spline for the exposure—
response modelling with a natural cubic B-spline in the
first stage, which allows a log-linear extrapolation of the
functions beyond the boundaries of observed tempera-
ture range.”*” In the second stage, we performed a
multivariate meta-regression to pool the reduced esti-
mates of the overall cumulative exposure-response
curves and to derive the best linear unbiased predic-
tion of the coefficients in each prefecture.’®** The tem-
perature corresponding to the minimum mortality or
morbidity risk is chosen as a reference and interpreted
as the prefecture-specific optimal temperature (MMT).*
For each day in each prefecture, we applied the
above-mentioned prefecture-specific temperature risk
curve to daily temperature to calculate the daily attrib-
utable fraction (AF) and attributable numbers (ANs) for
mortality and morbidity over the lag period.” The total
excess mortality or morbidity associated with non-
optimal temperatures is the sum of the contributions
of all days in the time series. To distinguish the effects
of cold and hot, we separate these components by
summing over the subset of days with temperatures
below or above MMT, respectively.*® The ratio of the
ANs to the total mortality or morbidity counts is the total
AF. We calculated separately the excess mortality and
morbidity for each prefecture and under each combi-
nation of GCMs and SSPs. We then computed AFs as
GCM-ensemble averages by aggregating by prefecture
and country, decade, and SSP, using the corresponding
total number of mortality or morbidity as the denomi-
nator. Uncertainties in both estimates of risk functions
and variability in temperature projections across GCMs
and SSPs were quantified by generating 1000 samples of
coefficients through Monte Carlo simulations assuming
a Gaussian multivariate distribution.’>** Uncertainties
are reported as 95% empirical confidence intervals (95%
eCls), derived from the 2.5th and 97.5th percentiles of
the 1000 sample distributions.” The temperature-
attributable mortality or morbidity rate for each
population was further derived by dividing ANs of the
mortality or morbidity by the relevant population size,
defined in this study as the burden attributable to tem-
perature.” The fold change between the temperature-

attributable mortality and morbidity from the end of
this century and the baseline period is calculated to
quantify the relative differences, indicating how much
future burden has changed from baseline. Estimates
were done by cause, age and sex groups.

Adaptation analysis

We also explored possible human adaptation scenario
for threshold (MMT) by applying a constant relative
threshold for each prefecture that aligns with its pro-
gressively higher mean temperature. This self-empirical
scenario was initially proposed based on a 37-year
nationwide observations of heat-related all-cause mor-
tality in Japan, assuming a fixed MMT percentile
(MMTP) obtained from the observational exposure—
response relationships in the future to be “full adapta-
tion”.* Moreover, another local study examining
empirical relationship between mean temperature and
mortality in nationwide Japan over the past 41 years also
indicated an increasing higher MMTP by cause, age and
sex.'” Therefore, the adopted assumption of a constant
MMTP to model future adaptation in this research is
deemed modest and more realistic.*

Software

All analyses were performed with R (version 4.2.1), us-
ing dlnm, and mixmeta packages. The R code for the
analysis is available on request. We provide details of the
applied adaptation analysis at the personal web page of
the first author (https://github.com/YuanILei).

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing
of the report. The corresponding author had full access
to all the data in the study and had final responsibility
for the decision to submit for publication after obtaining
approval from all coauthors.

Results

Between 2015 and 2019, a daily mean of 77.8, 20.2, and
11.5 deaths due to all-cause, circulatory, and respiratory
causes were observed at prefecture level, respectively
(Table S2).° The daily mean count of all-cause, circula-
tory, and respiratory EAD was 300.4, 26.2, and 15.5.
Both average mean mortality and morbidity show the
wide ranges across prefectures. More than 90% of
mortality and 60% of morbidity cases were from people
aged 65 years and older, respectively. The average daily
mean temperature of the 47 prefectures was 16.0 °C,
ranging from 9.6 to 23.8 °C.

The projected increase in daily mean temperature by
2090-2099 compared to 2010-2019 is expected to be
smallest (0.95 °C) under the sustainability pathway
SSP1-2.6, and the greatest increase of 4.70 °C under the
high-end emission scenario SSP5-8.5 (Fig. 1A,

www.thelancet.com Vol 52 November, 2024


https://github.com/YuanILei
http://www.thelancet.com

Articles

Projected temperature

0 - SSP 1-2.6
SSP 2-4.5
- SSP3-7.0
-@- SSP585
< 4
o
£
2
B o
(9]
Q
E
e
£
S
2 N
©
=
o
@
Zz
o 4
T T T T T T T T T
2010-19 2030-39 2050-59 2070-79 2090-99
Year
C Projected population (< 65y)
o SSP 1
SSP 2
—A- SSP3
-@- SSP5
= —
g o
o 7
N
"
[ =4
S o
© P
g
Q
o
Q
£ Q4
o ¥
j=
=
©
=4
[&] o |
3 %
Z
o
8 -
o
R -
T T T T T T T | T
2010-19 2030-39 2050-59 2070-79 2090-99
Year

B Projected population (Overall)

Net change in population size (%)
-10

-60
I

T T T T T T T T T
2010-19 2030-39 2050-59 2070-79 2090-99

Year

D Projected population (2 65 y)

20
1

SSP 1
SSP 2
SSP 3

A
-@- SSP5

Net change in population size (%)
-10 10
I

-30
!

T T T T T T T T I
2010-19 2030-39 2050-59 2070-79 2090-99

Year

Fig. 1: Temporal trends in projected temperature increase by climate change scenarios and projected population change by shared socio-
economic pathway (SSP), relative to baseline period (2010-19) in Japan. Please note that the scale of each figure is distinct. Corresponding

numeric data are presented in Tables S3 and S5.

Table S3). Unlike the sustained steep temperature in-
creases in the coming decades under the high-end
emissions scenarios (SSP3-7.0 and SSP5-8.5), SSP1-2.6
and SSP2-4.5 have gradual temporal increases assuming
mitigation policies to limit greenhouse gas emissions
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(Fig. 1A). Future temperature increases for prefectures
showed some geographical differences, with a smaller
increase in temperature for prefectures located in the
southern region than northern prefectures. For
example, 3.3 °C for the southernmost Okinawa
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prefecture and up to 5.5 °C in the northernmost Hok-
kaido prefecture under SSP5-8.5 by 2090-2099
(Table S4, Figure S2).

The projected Japanese population generally declined
with varied magnitudes under different SSPs, with the
lowest decline under SSP5 and the highest decline un-
der SSP3 (Fig. 1, Table S5). The projected population by
age and sex shows a larger decline in the population
under 65 years than among older adults, with an in-
crease in the size of people aged 65 years and above until
the 2050s and then decreasing in the following decades
(Fig. 1, Table S5, Figure S3). Comparisons of population
changes between prefectures reveal strong variations,
with a smaller population decline in urbanized pre-
fectures of higher socio-economic levels, such as Sai-
tama, Chiba, Tokyo, Kanagawa, and Aichi, than less
urbanized prefectures (Table S6, Figures S4 and S5).

Heat-related and cold-related mortality and morbidity
risks by cause, age, and sex at the country level between
2015 and 2019 are reported in appendix (see Table S7
for specific risk estimates). Non-optimal temperatures
showed contrasting patterns of effects on mortality and
morbidity, with elevated risks associated with cold
temperatures for all-cause mortality as compared to
morbidity, and conversely, a higher risk of morbidity in
relation to heat. These disparities varied by specific
causes but remained consistent across respective age-
and sex-subpopulations. There are pronounced dispar-
ities in age-specific estimates, particularly for morbidity,
with older adults (>65 yr) exhibiting increased suscep-
tibility to cold and younger individuals showing greater
sensitivity to heat (Figure S6).

After taking account of both climate and population
change scenarios, the temporal change of future excess
mortality indicates a common trend of reduced cold-
related mortality and increased heat-related excess
deaths (Fig. 2, Tables S8 and S9, Figures S7 and S8).
Despite the temporal increase in impacts caused by high
temperatures, heat-attributable mortality is relatively
small compared to the mortality burden attributable to
low temperatures, resulting in a net decrease in the total
temperature-related mortality rate by specific cause, age,
and sex groups (Fig. 2). Total non-optimal temperature-
attributable all-cause mortality rate projected in 2010s,
2050s, and 2090s under SSP2-4.5 were 94.29 (44.82,
139.73), 83.69 (38.32, 124.97), and 77.31 (36.84, 114.47)
person per 100,000 population, respectively (Table S10).
While cold- and heat-related morbidity trends followed
similar temporal trends as mortality in terms of attrib-
utable risks (Tables S11 and S12, Figures S9 and S10), a
net increase in future temperature-attributable all-cause
and respiratory morbidity rate by age and sex is pro-
jected, driven by greater high temperature-related
morbidity than low temperature-related morbidity
(Fig. 3, Table S13). All-cause morbidity rate attributable
to total non-optimal temperatures among general pop-
ulation was projected to rise substantially from 315.53

(250.91, 371.15) in the 2010s to 345.07 (258.31, 438.66)
in the 2050s and 379.62 (271.45, 509.05) persons
100,000 per population in the 2090s under SSP2-4.5.
However, the pattern of temperature-attributable
morbidity burden due to circulatory causes closely
aligns with that of mortality.

Temporal trends in net impacts of non-optimal
temperatures on mortality and morbidity were consis-
tent across various subgroups by cause, age, and sex, yet
the extent of the burden differed greatly among sub-
groups, with a more substantial impact observed in
people aged 65 years and older and males under all
scenarios (Tables S10 and S13). We also observed that
the progressive increases in both heat-attributable
mortality and morbidity burden are larger in the popu-
lation aged 65 years and older, and that the total increase
is higher in the high-end emissions scenarios than in
the low-emissions scenarios (Fig. 4). A similar trend of
higher burden in males than in females was found in
the comparison of the cause-sex specific groups
(Tables S10 and S13).

Prefecture-specific mortality and morbidity burden
attributable to non-optimal temperatures under different
scenarios are consistent with country-level estimates,
consistently showing a decrease in cold-related burden
and an increased heat-attributed burden for both end-
points across causes (Tables S14-S16). However, com-
parison between prefectures reveals strong geographical
differences. Under SSP2-4.5, total temperature-
attributable all-cause mortality burden in the 2090s
ranged from 42.40 (95% eCI: 0.33, 82.33) persons per
100,000 population in Osaka prefecture to 186.41 (95%
eCL: 90.01, 273.52) in Akita prefecture, and all-cause
morbidity rate varied from 213.12 (95% eCIL: —44.39,
450.39) in Ishikawa prefecture to 551.88 (95% eCI:
288.24, 795.16) persons per 100,000 population in
Aomori prefecture (Tables S14-S16, Figure S11). More-
over, spatial differences are observed for temporal
changes of non-optimal temperature attributable mortal-
ity and morbidity rate, with large variations particularly
for heat-attributable burden. Fold changes in point esti-
mates of mortality and morbidity rates attributable to
high temperatures during the 2090s, relative to the 2010s,
at the prefecture level for the general population under
SSP2-4.5 are presented in Fig. 5. The most significant
increases in mortality and morbidity burden due to high
temperatures are generally observed in prefectures such
as Hokkaido and Aomori, which are expected to have a
large increase in projected temperature, as well as in
prefectures with small populations but also larger de-
clines in size, such as Aomori, Akita, Yamanashi,
Wakayama, and Kochi (Fig. 5, Tables S14-S16).

We also present results for future temperature-
attributable mortality and morbidity under climate
change scenarios assuming a constant population
(Tables S17 and S18). Projections not accounting for
population change had a higher mortality and morbidity
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empirical confidence intervals (eCls) for the total temperature-attributable mortality rate. Corresponding numeric data are presented in Table S10.
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rate attributable to cold temperatures, and a lower
morbidity burden attributable to hot temperatures
(Table S19). Our projections showed that future tem-
perature attributable mortality and morbidity burden
would decrease considerably under the assumption of
regularly shifted MMTs, albeit with wide confidence
intervals (Tables S20 and S21).

Discussion

In this nationwide modelling study, we applied multiple
combinations of climate change and population change
scenarios to project the future burden of temperature-
attributable mortality and morbidity simultaneously in
Japan from 2010 to 2099, at both prefectural and na-
tional levels. Differences in susceptibility by cause, age,
and sex, and regional disparities were further explored.
The results showed that non-optimal temperature
attributable mortality burden was projected to decrease
slightly, driven by greater low temperature-related
mortality than high temperatures-related. In contrast,
morbidity patterns revealed that high temperatures
contributed more to morbidity than low temperatures,
leading to increased burden over time. These patterns
persisted across different subgroups, with a higher
burden observed among those aged 65 years and older
and among males, particularly due to high tempera-
tures. Spatial variations were notable for both mortality
and morbidity burdens attributable to non-optimal
temperatures, along with their temporal changes.

Our results are largely consistent with previous pro-
jections of mortality or morbidity linked to non-optimal
temperatures, suggesting a reduction in the cold-related
impact and an increase in the heat-related impact,
although extant findings have often been limited to the
assumption of a constant population.'*****” Moreover, we
found that the net impact, in the dynamic balance of the
diminishing cold component and the progressively more
important heat component, seems dependent on the
specific health endpoint and appears more pronounced
on morbidity. In particular, the variation of data quality,
study design and analytical methods, with alternative ef-
fect estimates, modelling and assumption choices, makes
it difficult to quantitatively compare the existing projec-
tion results on fatal and non-fatal impacts and to draw a
comprehensive picture of future non-optimal tempera-
ture attributable mortality and morbidity burden. Three
previous studies have projected temperature-related
mortality and morbidity, but comparability is limited
due to differences in exposure metrics, such as the use of
maximum temperature during warm season to project
heat-related impacts only,’ and variations in diseases
categories, particularly for infectious diseases, leaving
only one study directly comparable to our research. The
contrasting net impacts observed in our research align
with findings from a study in Rhode Island and Boston,
United States. That study, assuming a constant
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population, reported a projected increase in temperature-
related emergency department visits but fewer
temperature-related mortality due to all causes.* In our
study, we applied an advanced and well-tested statistical
framework, using a unified methodology for both end-
points across all prefectures. We also accounted for
combined climate and population change scenarios to
provide a comprehensive overview of population sus-
ceptibility and geographical differences. Possible expla-
nations for the observed contrasting patterns between
temperature-mortality and temperature-morbidity asso-
ciations in Japan has been previously discussed.” These
include differences in disease distribution, with
morbidity reflecting less severe, more acute responses to
non-optimal temperatures captured earlier by emergency
system, while mortality might be influenced by chronic
conditions.

In light of the dual challenges posed by global
warming and world population aging, emerging studies
have projected the combined impacts of warmer climate
and demographic changes and reported that population
aging may result in a higher heat-related mortality
burden than climate-focused estimates.'**"***> However,
this exacerbated heat effect by future demographics is
mostly conducted in an expanding and aging popula-
tion, and results are often not shown simultaneously
before and after accounting for population aging.'*>>*
Very little has reported the integrated impacts of
warmer climate in a shrinking and aging population as
accelerated aging in our case.” Some prior work has
been done to project the temperature-related health
burden with age-specific estimates,'*****> but little with
cause- or sex-specific projections.*** In our study,
strong differences were found for comparisons between
cause-age and cause-sex specific risks estimates ob-
tained from exposure-response relationships, particu-
larly for morbidity. Older adults exhibited higher risks
of cold-related morbidity due to all causes and circula-
tory diseases, whereas population younger than 65 years
showed a higher risk of heat-related morbidity due to
all-cause and respiratory diseases (Table S7). Possible
explanations for the observed differences between sub-
groups during the baseline period have been discussed
in the previous investigation.” After considering
prefecture-specific population projections, a higher
burden was consistently observed for all investigated
outcomes among older adults than people younger than
65 yr, especially due to high temperatures. When
keeping the population size and structure constant to
the current period, the increase in heat attributable
burden and the decrease in cold-related impacts will
remain, but to a smaller extent. Our findings suggest
that population aging plays a role in exacerbating
climate-related mortality and morbidity, amplifying the
increase in future heat burden and attenuating the
decrease in cold-related burden.”® The projected mor-
tality and morbidity burdens from combined climate
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and demographic changes are also higher among males
than females in the Japanese population. These findings
can inform public health intervention policies to ensure
that vulnerable populations are protected from non-
optimal temperatures, especially heat exposure. This
may involve establishing surveillance networks to
ensure the safety of homebound older adults and
providing passive cooling for outdoor workers.

Geographical differences in temperature-related
health burdens across prefectures provide valuable in-
sights for understanding of future trajectories at the
prefecture level, as these trajectories are characterized
by different climates, socioeconomics, and de-
mographics. The greatest increase in the fold change in
mortality and morbidity burden was observed in pre-
fectures characterized by greater increases in mean
temperature and larger declines in population; this
observation requires further investigation to quantify
the contribution of temperature and population change
to the observed burden changes in future studies.
Therefore, our choice of the prefecture as the unit for
modeling is critical for tailoring local adaptation plan-
ning and precise interventions, including strengthening
infrastructure and public health services, to effectively
address disparities."

Under the assumption that the future threshold
would gradually increase to keep the pace with the rise
in temperatures, as justified by self-historical data over
four decades, we observe a substantial reduction of both
cold- and heat-related impacts. This reduction, especially
over the longer term, highlights the importance of
ongoing public policy efforts aimed at continued adap-
tation. The potential to adapt is supported by a growing
body of evidence both using the data in areas of
geographically different climates and long-term data
over decades, showing that populations throughout the
world are becoming less sensitive to their local high
temperatures.'”'"*” Thus, the omission of accounting for
such declined susceptibility to non-optimal tempera-
tures in the future might overestimate projected impacts
of climate change.” A limited number of studies have
explored future temperature-related mortality by incor-
porating tradeoffs among increasing temperatures,
population dynamics, and human adaptation, adding
adjustments in the observed exposure-response curves
(shifted thresholds and/or changed slopes or borrowed
curves from comparable cities).****>** Nevertheless,
these attempts relied mostly on liberal assumptions
regarding the extent to which the population will adapt
to future climates. Few adaptation modeling applica-
tions were justified with reference to self-empirical evi-
dence.***** We did not consider concurrent alterations
in slopes to avoid introducing greater uncertainty into
the model because the observed changes for cold effect
are irregular, and it is a challenge to take into account
the influence of socioeconomic, technological (such as
air conditioning), and behavioral drivers previously

identified for cold- or heat-related susceptibility changes
in ]apan'l(},ﬁl,bz

Our findings should be interpreted with caution due
to several assumptions and limitations. First, this work
outlines possible future climatic impacts within a range
of hypothetical scenarios rather than making predictions
or forecasts of future excess mortality and morbidity.
Considerable uncertainty arises from variations in
climate modelling, extended time scales, and the esti-
mation of the exposure-response function, especially
regarding subpopulations. The omission of external
factors that could modify the exposure-response rela-
tionship, such as greenness, may also influence the
projections of temperature-attributable health bur-
dens."** Second, it is important to acknowledge that this
morbidity dataset may not encompass all categories of
morbidity cases. Our data is obtained from cases using
emergency ambulance services, with a large proportion
of cases leading to inpatient visits, hospitalizations, and
emergency room admissions, and only a small fraction
of these cases results in deaths. Nevertheless, it serves
as a sensitive indicator for morbidity and effectively
captures the most acute and unplanned cases.’ In our
study, we found that compared with the MMT (88th
percentile, 26.7 °C), the risks of circulatory EAD asso-
ciated with cold (1st percentile, -1.4 °C) and heat (99th
percentile, 30.6 °C) were 1.61 (1.50, 1.73) and 1.14 (1.10,
1.18), respectively. However, when it comes to severe
conditions, for example, hospitalization, the magnitude
of the temperature impact might differ. Another local
study has investigated the short-term effects of ambient
temperature on hospital admissions due to cardiovas-
cular diseases during 2011 and 2018.* They found that
cold temperatures significantly increased the risk of to-
tal cardiovascular hospital admissions in 47 prefectures
in Japan. The cumulative risk for cold (5th percentile,
1.7 °C) was 1.23 (1.20, 1.26) compared with MMT (98th
percentile, 29.9 °C). Whereas no heat effect was
observed. In addition, a study in Taiwan utilized emer-
gency room and outpatient visit as the morbidity in-
dicators to investigate the effects of temperature on
circulatory diseases, both revealed higher risks associ-
ated with cold than heat.® Specifically, emergency room
visits showed a higher cold-related risk than outpatient
visits [cold-RR 1.41 (1.35, 1.48) and heat-RR 1.02 (1.00,
1.03) for emergency room; cold-RR 1.06 (1.04, 1.09) and
heat-RR 1.01 (0.98, 1.03) for outpatient visits]. Hence,
previous evidence using different morbidity metrics is
largely consistent with our results for emergency
ambulance dispatch; but further projection studies us-
ing alternative morbidity indicators are warranted for
comparison with our findings to gain a comprehensive
understanding of temperature-related morbidity im-
pacts. Third, we did not incorporate changes in the rate
of mortality and morbidity in the projection because the
mortality and morbidity rate projections by cause were
not available at prefecture level. Fourth, it is implicit that
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we modelled multiplicative interactions rather than ad-
ditive interactions when conducting the subgroup
analysis stratified by sex and age groups. We acknowl-
edge that the latter is also important for our study hy-
pothesis, but it brings methodological complexities that
are beyond the scope of this paper. For example, it is
difficult to generate RRs in subgroups without heat
exposure to assess the additive interaction of two expo-
sures of interest (heat, sex) on the outcome (mortality).®
Fifth, our adaptation assumption of a constant pace of
adaptation neglected the overall limits to human adap-
tation.”” For example, the observed large reduction of
heat-related mortality resulted from the swift prolifera-
tion of air conditioning in the past decades would no
longer be expected.®' In addition, future warming might
also outpace the ability to adapt.®® The accelerated
warming is projected to lead to more frequent, persis-
tent, and life-threatening extreme weather events, along
with an exacerbated urban heat island effect that human
adaptation cannot keep up with.”7° A caveat that exists
in the adaptation modelling for temperature-related
morbidity is that it has not been considered or justi-
fied in previous works because historical datasets are
generally not readily available over a sufficient temporal
resolution (spanning several decades). In our initial
endeavor, we address this challenge in a straightforward
way by adopting a similar adaptation assumption used
in modeling temperature associated mortality. Because
the selection of adaptation scenarios substantially affects
projected climate change impacts, better understanding
of both cold and heat adaptation for different endpoints
is necessary to improve projections, which is beyond the
scope of this study. Last, it is worth noting that our
findings can only be generalized to analogous countries
or regions characterized by temperate climates and with
similar future variations of temperature changes.
However, serving as an iconic example of a developed
society experiencing an accelerated aging process, our
results provide valuable insights for countries or regions
elsewhere in the world facing the dual challenges related
to climate change and population aging. The large
sample size and its representativeness also enhance the
generalizability of the study.

In summary, this study offers a comprehensive
mapping of climate change impacts on all-cause and
cause-specific mortality as well as morbidity, focusing
on susceptible population subgroups at local and na-
tional levels, considering alternative scenarios of global
warming and demographic changes. Three key results
deserved highlighting. First, there is a divergence in
impact between mortality and morbidity, with cold-
attributable mortality and heat-attributable morbidity
burden higher across most studied causes in the general
population. Second, we observed a higher impact on
mortality and morbidity burdens, with greater temporal
increases due to heat, among older adults and males.
Third, the impact varies across prefectures, with
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populations experiencing higher warming levels and, in
some cases, larger reduction in population size expected
to bear a heavier burden. This systematic perspective on
the associated mortality and morbidity burdens offered
can inform ongoing planning for mitigation and adap-
tation. The distinct patterns between mortality and
morbidity may help in early health risk preparedness
and resource allocation for managing medical services.
This evidence enables better preparations tailored to
specific disease categories across inpatient, outpatient,
and emergency care settings. Additionally, it also con-
tributes to the development and implementation of
susceptibility-targeted interventions and coordinated
local climate and public health policies.
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