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Avoidable heat-related mortality in China during the 21st
century
Guwei Zhang 1,2,3,4, Zhaobin Sun 2✉, Ling Han5, Vedaste Iyakaremye6, Zhiqi Xu1,3, Shiguang Miao 1,3 and Shilu Tong7,8,9,10✉

Using non-accidental mortality records from 195 sites and 11 model simulations from the Coupled Model Intercomparison Project
phase 6, we assessed future avoidable heat-related deaths associated with emission mitigation after accounting for population
changes in China. Without human-induced climate change in the 21st century, China’s heat-related mortality would drop by
48–72% (95% confidence interval (CI): 40–76%), especially at high latitudes and altitudes (up to 80%). Nationally, 15,576–87,612
(95% CI: 6605–106,736) heat-related deaths per year would potentially be avoided by reducing emissions. For most of China,
temperature changes dominate the variation in heat-related deaths, while in Central and South China, population changes will have
a greater influence. These not only reinforce the necessity of mitigating emissions but also suggest that adjusting population
structure and spatial distribution could be applied in some areas to minimize warming impacts on public health. Notably, given that
abatement will hardly bring immediate success within the next twenty years, more healthcare infrastructures are urgently needed
to manage potential growing heat risks. Particularly in Northwest and South China, where future heat-related deaths would still be
110–140% of current levels (1995–2014) even without anthropogenic warming. We also found that without historical human-
induced emissions, China’s low level of technology (medical and economic) might increase current heat-related mortality by 57%,
even though warming could be mitigated. Consequently, we believe that mitigating climate change risks also requires
consideration of the economic/medical losses from lowering emissions.
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INTRODUCTION
Rising temperatures driven by increased carbon emissions have
become one of the most dangerous climate risks to public health1.
Notably, global greenhouse gas emissions have peaked in human
history in the last decade (2011–2020), and extreme heat events
occur frequently around the world2,3. Hot weather can raise the
body’s core temperature and heartbeat rate, resulting in heat
stroke, respiratory and cardiovascular diseases, and even death4.
For example, the 1995 Chicago heatwave caused 739 deaths5. The
2003 extreme high-temperature event in Europe killed at least
70,000 people6. Over 50,000 Russian residents died from the 2010
heatwave7. Nearly 600 people died in North America from
persistent hot weather in 20218. As climate change proceeds,
thermal risks (e.g., heat-related mortality) in many regions of the
world will be shocking, particularly in populated metropolitan
areas9–11. Considering the present critical situation, substantially
reducing carbon emissions to mitigate negative impacts on public
health is imperative2,3.
In the latest Assessment Reports, the Intergovernmental Panel

on Climate Change (IPCC) considered comprehensive factors to
quantify the relationship between climate change and socio-
economic development12, proposing new emissions scenarios
combining shared socioeconomic pathways (SSPs) with the
climate representative concentration pathways (RCPs)13,14. Under
these new scenarios, the Coupled Model Intercomparison Project

phase 6 (CMIP6) has provided the latest climate projections15.
Many studies have applied the CMIP6 datasets to project climate
patterns worldwide11,16–19. China’s intervention to mitigate and
adapt to climate change is crucial and will provide significant
health benefits to about 1.4 billion people, and incorporating
these strategies into detailed pathways to achieve carbon
neutrality commitments will ensure improved human health and
well-being20,21. Some researchers combined demographic projec-
tions and mortality records to assess the future health risks
associated with exposure to heat conditions in China9,10,19,22,23.
However, most previous efforts have paid limited attention to
quantifying how much heat-related risk can be avoided by
maximizing emission reductions24,25. These projections are not
sufficient to effectively plan the infrastructure needed.
The world is now ~1.0 °C warmer than the pre-industrial era26,

and China, a country with a large population, is experiencing
warming beyond that level27. Extreme heat events across China
have frequently occurred since this century, causing many
deaths11,22,27,28. Given the continuing population growth29,
coupled with rising temperatures30,31, governments should build
the necessary health infrastructures to cope with the expected
changes and prioritize prevention efforts in the areas where
influences are concentrated32. Although many studies have been
carried out to assess future heat events and health risks in
China9,11,23,33, there still needs more work to quantify the
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contributions of population changes and climate warming to heat-
related deaths. Hence, this study aimed to examine the future
avoidable heat-related mortality associated with climate change
after accounting for population changes in China34 and to
quantify the independent contribution of future temperature
and population changes to heat-related deaths. Our result will
provide a comprehensive and updated projection of heat-related
health risks in China, for strategic planning and prioritization of
health infrastructure needs to effectively adapt to global warming
and cope with future population growth. The approach to
assessing future avoidable heat-related mortality may be readily
applicable to other parts of the world to address similar issues.

RESULTS
Current mortality attributed to anthropogenic warming
We used two sets of historical simulations to derive the
anthropogenic climate change: one is the ALL (anthropogenic
and natural forcings), implying consistency with the real world,
and the other is the NAT (natural forcings only), indicating a
counterfactual scenario without human activities35. Differences
between the ALL and NAT can be considered as human-induced
outputs, in agreement with previous similar work36. Figure 1
displayed a summary of simulated anthropogenic warming and
heat-related mortality. Global mean temperatures simulated by
the ALL are significantly higher than the NAT since 1920 (Fig. 1a),
meaning that human-induced warming has occurred. During the
present day (1995–2014), the human-induced increase in global
average temperature has reached around 1.0 °C (95% confidence
interval (CI): 0.7–1.2 °C), which is consistent with the report
released by the IPCC26. In China, approximately 30% of the
national land is now experiencing anthropogenic warming above
1.0 °C, i.e., higher than the worldwide level (Fig. 1b, c). These areas
are mostly located in provinces located in parts of Northeast China
(NE), Northwest China (NW), North China (NC) and Southwest
China (SW), namely at high latitudes and high altitudes in China
(Fig. 1c). It is consistent with previous studies indicating that
warmings relative to the pre-industrial era (i.e., anthropogenic
warming) in these areas are higher than the global level27,37–39.
While in Central China (CC), East China (EC) and South China (SC),
the human-induced warming are below the global average, which
is lower than 0.7 °C.
Based on the historical temperature–mortality relationships

archived through the two-stage analysis (Supplementary Fig. 1)
and the corresponding location-specific daily temperatures during
1995–2014, the current heat-related mortality is estimated for
China and its subregions (Fig. 1d). The outcomes reported higher
annual heat-related mortality for the ALL simulations than for the
NAT (Supplementary Table 1), indicating that the human activities
have caused more thermal deaths. For example, the ALL simulated
annual heat-related mortality of 0.017‰ (95% CI: 0.012–0.022‰)
in China, compared with 0.015‰ (95% CI: 0.010–0.019‰)
simulated by the NAT, with ALL being higher than the NAT.
Figure 1e shows the proportion of heat-related deaths caused by
human-induced climate change, which can be seen as the
anthropogenic impacts on heat risks. Overall for China, human-
induced heat-related mortality currently accounts for 17% (95% CI:
13–21%) of total heat mortality, suggesting that natural climate
change still dominates heat risk at present. Among the selected
subregions, anthropogenic impacts will be greater at high
latitudes and altitudes than in other areas, which is similar to
the human-induced warming spatial patterns (Fig. 1b). NW
currently has the greatest anthropogenic impact (43%, 95% CI:
37–49%), but is still below 50%, and the lowest is in EC (16%, 95%
CI: 12–19%). As anthropogenic emissions and climate warming
continue in the future, the human-induced impacts on heat-
related risks would probably increase.

Overall, more human-induced warming as well as consequent
heat-related mortality are currently observed at high latitudes and
high altitudes than in other subregions of China. For China and its
subregion, natural climate change remains the primary cause of
most heat-related deaths today, with anthropogenic influences
accounting for less than fifty percent.

Projecting future heat-related mortality based on various
scenarios
By the end of this century, the annual mean temperatures
projected by the NAT for China and its subregions will remain
similar to the baseline (Supplementary Fig. 3), suggesting that
global warming would not continue for the long run if
anthropogenic emissions stopped immediately. As anthropogenic
emissions continue, each future scenario shows increased warm-
ing relative to the NAT (Supplementary Fig. 4). Generally speaking,
increasing temperatures could imply more extreme heat events,
leading to potential rises in heat-related mortality. Especially
under the high-emission scenarios (SSP3–7.0 and SSP5–8.5),
human-induced warming will increase continuously, whereas it
will stop after 2060 under medium- and low-emission scenarios
(SSP2–4.5 and SSP1–2.6). Spatially, the high latitudes and high
altitudes will continue to experience more human-induced
warming than other areas in the future. For example, human-
induced temperature increases in NE, NW, NC and SW will reach
7.4–8.3 °C (95% CI: 5.6–9.8 °C) by 2100 under SSP5–8.5, whereas it
will be 5.4–6.4 °C (95% CI: 4.3–7.6 °C) in the other subregions.
Besides, temporal and spatial changes in population also play an
essential role in the amount of heat-related deaths. The projected
future populations for China and most subregions show an
increasing trend in the short term and will decline thereafter,
excluding NE and SW, where the population will keep decreasing
in the 21st century. Furthermore, SSP3 will produce a higher
population than the other scenarios, with the lowest in SSP5 and
SSP1.
For a detailed investigation, we split 2021–2100 into four

periods with a 20-year interval, namely 2021–2040, 2041–2060,
2061–2080 and 2081–2100. Assuming a consistent
temperature–mortality relationship between the present and the
future, the heat-related mortality in 2021–2100 could be
estimated by combining the CMIP6 projected daily surface air
temperature and the current exposure-response relationship.
Figure 2 displays the projected heat-related mortality for China
and its subregions based on various scenarios. Under full emission
scenarios (i.e., with anthropogenic climate change), China’s
potential thermal mortality will reach approximately 1.5 times
the current level in the next 20 years (2021–2040, 0.027–0.032‰,
95% CI: 0.021–0.039‰), and may quadruple by the end of this
century (2081–2100, 0.105‰ under SSP5–8.5, 95% CI:
0.085–0.125‰). Throughout China, the southern areas (EC, SC
and SW) will have greater future heat-related mortality than other
subregions, with EC and SC being the greatest as well as NC and
NE being the lowest. From the comparison between emission
scenarios, the differences are less during 2021–2040, while after
that the gap between high- and low-emission scenarios increases
gradually over time. Especially under SSP5–8.5, future heat-related
mortality will be much higher than under other scenarios in
2041–2100. Future high heat-related mortality will cause multiple
negative impacts if emissions are not limited40,41.
Anthropogenic warming will increase as emissions rise and over

time in the future, with high latitudes and high altitudes
continuing to face more warming than other subregions.
Combining increased warming with population changes, China’s
future heat-related mortality will grow significantly, especially in
densely populated EC and SC.
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Temperature and population change contributions to future
heat death
Future projections show that the high-emission scenarios will cause
more heat-related deaths in China than the medium- and low-
emissions (Fig. 3). EC and SC will have more residents dying from heat
events than other subregions due to their high heat-related mortality
(Fig. 2) and large population size (Supplementary Fig. 4). On average
over 2021–2100, EC and SC will face at least 10,000 heat-related
deaths per year, especially under SSP3–7.0 and SSP5–8.5. NW and NE
will have the lowest annual heat deaths (500–2000). Given the future

changing ratios relative to the present (Fig. 3b), China’s annual heat-
related deaths will be about 1.7–3 times the current level. Among the
subregions, the future growth rate of heat-related deaths in NW and
SC will reach about 2–4 fold, higher than in other regions.
Interestingly, the increase in heat-related deaths in all scenarios or
subregions over the next 20 years is around 170% of current levels
(Supplementary Fig. 5). By 2041–2060, heat-related deaths will begin
to rise steadily in the high-emission scenario, but the numbers will
peak in the medium-emission and low-emission and begin to decline
thereafter. The above implies that the mitigation efforts will hardly

Fig. 1 Human-induced impacts on heat-related mortality in China for the present day (1995–2014). a Annual global surface mean
temperature from 1900 to 2014, where the solid lines and shaded areas represent multi-model ensemble mean and the model spreads with
95% CI. b Spatial patterns of human-induced warming in China for the present day (1995–2014), where dotted areas indicate statistical
significance at the 0.05 level according to the t-test, and the thick black lines in the maps highlight the subregions. c Regional mean human-
induced warming for each province in China for the present day. d Current annual heat-related mortality (units: ‰), where the dark and light
bars indicate the outcomes for ALL (anthropogenic and natural forcings) and NAT (natural forcing only). e The proportions of current heat-
related deaths attributable to human-induced climate change, with white circles representing the multi-model ensemble mean and lines
being model spreads with 95% CI. NE, NC, NW, EC, CC, SW and SC represent Northeast China, North China, Northwest China, East China,
Central China, Southwest China and South China, respectively.
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produce immediate effects on heat-related deaths in the near term,
and are expected to show up after ~20 years gradually.
From the above findings, it was found that although China’s high

latitudes and high altitudes would still experience higher anthro-
pogenic warming in the future, due to their sparse population, the
number of heat deaths would be much lower than in the densely
populated subregions. This suggests that both temperature and
population changes have important impacts on heat-related deaths.
Here, we quantified the independent contribution of temperature

increase and population change to heat-related deaths in the real
world (under ALL simulations) for each future period under different
scenarios (Fig. 4). Overall for China, temperature increases and
population changes will contribute to about 78 and 22% of heat-
related deaths. The contributions of these two factors will be relatively
stable in the future, with slight variations in some subregions (e.g., EC
and NE). For NW, NE, NC and SW, the contributions of future
temperature (population) changes in heat-related deaths are
estimated to be 75–95% (5–25%). Compared to these high latitudes

Fig. 2 Projected heat-related mortality for China and seven subregions. Gray, green, blue, yellow, and red bars indicate outcomes for NAT,
SSP1–2.6, SSP2–4.5, SSP3–7.0, and SSP5–8.5, respectively (units: ‰). The vertical black line across the top of each bar depicts the model
spreads with 95% CI.
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and high altitudes areas, the gap between the contributions of
population and temperature changes is narrower in the EC, with the
number attributed to temperature (population) ranging between 50
and 75% (25 to 50%). Whereas in CC and SC, population change will
dominate heat-related deaths with a contribution of ~55%, about
10% higher than temperature.
In summary, temperature increases at high latitudes and

altitudes will strongly dominate heat-related deaths, while
population changes will exert a greater impact than the
temperature in other regions. Consequently, reducing anthropo-
genic emissions would be highly beneficial at high latitudes and
altitudes, and in other areas, heat risks could also be mitigated by
non-climatic factors, such as adjusting demographic distribution
and building healthcare infrastructure.

Future potential effects of human-induced warming
The results above show that future heat-related mortality/deaths
will increase across China under scenarios with anthropogenic

emissions and that mitigating warming is one of the most
effective measures to reduce heat risks. Hence, it is important to
quantify the potential future heat-related mortality attributed to
human activities, which could inform the maximum heat impacts
on public health that might be avoided by reducing emissions.
The NAT projections (gray bars in Fig. 2) suggest that China’s
future heat-related mortality would stay low without anthropo-
genic emissions, at around 0.015–0.017‰ (95% CI:
0.008–0.025‰), keeping the annual number of heat-related
deaths similar to current levels. Except for NW and SC, where
heat-related deaths are projected to be 1–1.5 fold of current levels
under the NAT (Fig. 3b and Supplementary Fig. 5). Future human-
induced heat-related mortality across China will increase more
significantly with time and emissions. Each future emission
scenario will produce similar anthropogenic heat-related mortality
before 2021–2040, after which the high-emission scenario will
deliver higher heat-related mortality than the other scenarios
(Fig. 5). For example, China’s anthropogenic heat-related mortality

Fig. 3 Projected future heat-related deaths. a Future annual heat deaths averaged over 2021–2100 across China for each scenario, where the
thick black lines highlight the subregions. b Changing ratios of future heat deaths versus the current level. Green, blue, yellow, and red bars
respectively indicate outcomes averaged over 2021–2100 for SSP1–2.6, SSP2–4.5, SSP3–7.0, and SSP5–8.5, where the dark (light) bars represent
the outcomes of ALL (NAT).
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Fig. 4 Future independent contributions of temperature and population changes to heat-related deaths. a–d Respectively denotes the
results under SSP1–2.6, SSP2–4.5, SSP3–7.0, and SSP5–8.5. Line graphs display contributions of the population (blue) and temperature (red)
changes for each region during 2021–2100 at a 20-year interval. Maps highlighting subregions with thick black lines display the major
contributions to the heat-related deaths across China averaged over 2021–2100, where red (blue) shaded areas represent temperature
(population) as the dominant, with darker colors making greater contributions. Pie charts give the averaged 2021–2100 contributions of the
population (blue) and temperature (red) changes to heat-related deaths overall for China.
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in 2021–2040 is projected to be around 0.011–0.016‰ (95% CI:
0.005–0.023‰), while under SSP5–8.5 it will increase to 0.090‰
(95% CI: 0.071–0.110‰) in 2081–2100, about threefold higher
than under other scenarios. Among the subregions, the human-
induced heat-related mortality in EC, SC and SW will be higher
than in other subregions.
Regarding the number of future human-induced heat deaths

(Supplementary Fig. 6), increases will persist under high-emission

scenarios, while decreases will follow after 2041–2060 under
medium- and low-emission scenarios (probably owing to popula-
tion decline). Over the coming 20 years, anthropogenic warming
will cause about 15,576–21,532 (95% CI: 6605–31,183) deaths
annually, climbing to 23,139–87,612 (95% CI: 15,470–106,736) by
the end of this century. Among the subregions, future heat-related
deaths are projected to be fewer in northern China (NE, NC and
NW) than in the southern part (EC, SW, and SC), with the least

Fig. 5 Projected heat-related mortality associated with human-induced climate change in China and seven subregions. Green, blue,
yellow, and red dots (lines) indicate the outcomes (model spreads with 95% CI) averaged for every 20-year interval over 2021–2100 under
SSP1–2.6, SSP2–4.5, SSP3–7.0, and SSP5–8.5, respectively (units: ‰).
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number in NE (less than 1400 per year). EC will top the subregions
in anthropogenic heat-related deaths, accounting for ~40% of the
national total, with 5912–8500 (95% CI: 2543–11,985) per year in
2021–2040 and 9265–34,708 (95% CI: 6703–40,332) in 2081–2100.
However, the proportion of human-induced heat mortality versus
the total count demonstrates a reversed pattern (Supplementary
Fig. 7). NW, NE and SW present higher outcomes (above 50%)
compared to the other subregions, suggesting that anthropogenic
warming is the major responsible for heat-related mortality in
these areas. In contrast, the anthropogenic impact is weak in SC,
where only 30–50% of future heat-related deaths can be avoided
by reducing anthropogenic emissions.
Averaged over 2021–2100, human-induced warming will pose a

significant influence on heat health risks in China, accounting for
48–72% (95% CI: 40–76%) of total heat-related mortality
(Supplementary Fig. 8), about 2.5–4.0 times worse than today
(~17%, Fig. 1e). Also according to the results above (Fig. 3b),
China’s future heat-related deaths would be slightly lower than
present without anthropogenic emissions and would be 1.7–3 fold
with anthropogenic emissions. It could be inferred that future
potential heat-related deaths without anthropogenic emissions
would be 40–70% less than those with anthropogenic emissions.
Then by insisting on reducing emissions over the next few
decades, there exist possibilities to avoid 40–70% of China’s
potential heat-related risks, benefiting tens of thousands of people
each year. The impacts of anthropogenic warming on human
health will also increase with time (Supplementary Fig. 8). From
2021–2040 to 2081–2100, the proportion of heat-related deaths
attributed to human activity will increase from 23–37% (95% CI:
8–49%) to 55–86% (95% CI: 47–88%). Especially under SSP5–8.5,
these values will grow from 37% (95% CI: 25–49%) in 2021–2040
to 86% (95% CI: 84–88%) in 2081–2100. This suggests that the
positive effects of climate change mitigation on public health will
be long-term, with benefits increasing over the decades. While in
the short term, strategic planning and prioritizing healthcare
infrastructure are still needed to effectively adapt to future
population changes and climate warming in different regions.

DISCUSSION
Apart from causing climate change, human-induced emissions can
also accelerate social and economic development, and with this
comes a discussion about whether these advances can mitigate
some heat-related health risks. Here, we explore this topic based
on historical records from the China Bureau of Statistics, using
hospital beds per thousand people and GDP per capita to
represent healthcare and economy, respectively. From 1949 to
2020, China experienced rapid economic/medical growth with a
significant decline in mortality (Supplementary Fig. 9a). The
historical mortality exhibits significant negative correlations with
GDP and hospital beds, suggesting that economic growth and
healthcare advances have contributed to lower deaths. Then,
without the economic and medical development coming with
emissions, what would China’s heat deaths be like?
We assume that there were no human-induced emissions

before, thus leaving China’s economy and healthcare at low levels,
represented here by the period before the reform and opening
(1949–1977, namely P1). Considering that China experienced
severe natural disasters from 1959 to 196142, the mortality for this
period (around 1-year extension, i.e., 1958–1962) was not counted.
The mortality of P1 was 10.75‰, about 1.6 times the baseline
period (1995–2014). To obtain heat-related mortality under low-
level economic and healthcare development, the baseline
temperature simulated by NAT and the P1 mortality was applied.
As shown in Supplementary Fig. 9b, without advancements
brought by carbon emissions, China’s heat mortality would stand
57% above the current level, especially in SC, where the increase
would reach 96%. These data suggest that if no previous carbon

emissions were released, although China’s warming would be
greatly mitigated, the loss of economic and medical advances
would also pose more heat-related risks to public health today
than in reality. In the future, China’s economy will grow rapidly
under each emission scenario (suggesting significant improve-
ments in healthcare), especially under SSP5, where GDP per capita
will reach eighty times the current level by 2100 (Supplementary
Fig. 9c). This probably offset some negative impacts of warming
caused by anthropogenic emissions. Therefore, if the mitigation of
heat risk by emission-induced economic/medical development is
taken into account, the overall findings from this study may
overestimate the avoidable future heat-related deaths in China.
Carbon neutrality is being advanced worldwide, and China has

declared to achieve this goal by 2060. As more and more countries
move towards carbon neutrality, we will probably live in a world
with no higher than medium emissions (e.g., SSP1–2.6 and
SSP2–4.5) around the mid-century. However, given the inert
feature of greenhouse gases in the environment, changes in
carbon emission will not have an immediate impact on climate
over the next two decades, with significant influences beginning
after 2041–2060 (Supplementary Fig. 5). Residents in China will
remain at significant thermal risk for the next 20 years. Even if
following the low-emission pathway (SSP1–2.6), heat-related
deaths in 2021–2040 are still going to reach 1.5–2.0 times higher
than today, making emergency responses and medical services
facing enormous challenges. Particularly for NW and SC, where the
future heat risks from nature climate change will be more severe
than the current level. Consequently, alongside insisting on the
mitigation of emissions, local urgent emergency response
strategies need to be established to manage extreme heat
impacts on human health.
There are several limitations to this study. In very hot and humid

conditions, the human body’s ability to evaporate heat through
sweat will decrease, causing heat stress43. This work, like most
previous studies9,22,23, has included the effects of humidity and
temperature in establishing the DLNM, but only used temperature
as the predictor for future investigations. It has been suggested
that there will be different changes in relative humidity across
China under various future scenarios11. Hence, the humidity will
also need to be considered in future predictions of heat-related
mortality, but this will involve re-establishing the exposure-
response relationships. Furthermore, other meteorological factors
(e.g., pollutants, wind speed, sunlight, etc.) may impact the
exposure-response relationship between temperature and mor-
tality. Therefore, controlling only humidity in building the DLNM
model in this study is also a limitation, and more factors need to
be considered in future research. Another shortcoming is that
although the population datasets used in this study considered
the two-child policy, there may remain discrepancies with the
actual future population change in China. Meanwhile, these
population datasets do not contain information on age. Consider-
ing that different age groups have unequal tolerance for hot
weather and that the age structure of China’s future population
may differ from the current, causing more uncertainty in the
estimations. Besides, socioeconomic development will have a
potential impact on human adaptation to hot weather. Advances
in economic, medical and educational levels will also affect
baseline mortality, which would in turn change heat-related
mortality32,44–49. We have not yet investigated these issues in
depth, which is also the shortcomings of this study.
Uncertainty is also a limitation. In this study, the uncertainties in

projecting future heat-related mortality stemmed mainly from
differences in temperature–mortality relationships and various
CMIP6 simulations. This study employs the multi-model ensemble
mean to represent the outcomes with the 95% confidence interval
of all simulations as the uncertainties. This is similar to many
previous climate projection studies10,27,50,51. Some studies also
used the median as the representation of multiple models, which
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will not have a large influence on the final results23,39. However,
other factors (e.g., human adaptations and technological devel-
opments) can also be a source of uncertainty. We assume that
future populations would continue to have a similar baseline
mortality and temperature–mortality relationship as the current
population. Nevertheless, in general, the temperature–mortality
relationship will change as the human adaptation to high
temperatures changes52,53. For example, the minimum mortality
temperature will increase as human tolerance to high tempera-
tures increases54,55. All of the above could contribute to the
uncertainties of the risk assessment in this study to some extent.
Future assessment work may more accurately predict
temperature-related deaths by adjusting exposure-response
relationships and baseline mortality with more advanced informa-
tion. In addition, the construction and development of compre-
hensive coupled climate-health-economy models can also help
project future risks more effectively and provide detailed scientific
references for strategic planning44,45.
The findings of independent contributions from temperature

and population change to future heat deaths in this study reveal
that heat deaths at high latitudes and high altitudes in China are
largely dominated by temperature (Fig. 4). These areas, such as
NW, SW, NE and NC, are sparsely populated compared to areas like
EC, SC and CC. Also, a large number of studies pointed out that
these subregions had a sensitive response to global warming, that
is, their future temperature increases relative to the current would
be higher than those in the rest of China27,37–39. This then raises
an interesting question as to whether the heat-related deaths of
these regions dominated by temperature changes are due to
population sparsity or greater warming or both. Conversely, future
population changes in SC and CC contribute more to heat-related
deaths than temperature changes, and what could be the reasons
for this? All of these issues need to be addressed in depth to
provide as detailed information as possible for strategic planning.
Furthermore, although the population dataset used in this study
has been made considering China’s “two-child” policy, there may
still be discrepancies from the real situation. Whether this will
affect the conclusions of the independent contribution analysis
and other sections in this study remains to be examined.
In conclusion, our findings suggest that current heat-related

mortality in China is primarily caused by natural climate change,
whereas future anthropogenic heat-related mortality will increase
by scenario and year, becoming dominant in the next 20–40 years.
In comparison with previous studies that mainly focused on
projections of future heat risks10,19,22,23, this study specifically
demonstrates that cutting human-induced emissions could help
prevent 48–72% (95% CI: 40–76%) of future heat-related mortality
in China. This is particularly important for high latitudes and
altitudes that are highly sensitive to human-induced warming
(NW, NE, NC and SW). We also point out that future heat-related
deaths will be driven mainly by temperature in most regions,
except in CC and SC where population changes will dominate.
Notably, as global warming has been long-lasting and has caused
some short-term irreversibility2,3, it is unlikely that reducing
emissions will bring immediate benefits to mitigate thermal risks
in the next two decades. Hence, in addition to insisting on
emission reductions, governments and societies have an urgent
need to establish sufficient emergency infrastructure and
response plans for the potential upcoming increased heat
risks20,21.

METHODS
Mortality records
We obtained the daily counts of non-accidental mortality from the
Chinese Center for Disease Control and Prevention. According to
the International Classification of Diseases-10th Revision (ICD-10),

non-accidental deaths (coded as A00–R99) resulted from diseases
rather than from injuries (traffic-related mortalities, suicide,
drowning, and so on). A total of 195 fatality surveillance sites
distributed across fourteen provinces and three municipalities,
covering most of the climate zones in China, were used here
(Supplementary Table 2). The mortality records for most locations
cover 2010–2016, except Guangzhou and Xining, which are from
2012 to 2016.

Population datasets
The population comes with four shared socioeconomic pathways
(SSP1, SSP2, SSP3, and SSP5). They were built on the sixth
population census of China in 2010, combining corresponding
parameters such as fertility, mortality, migration, and education
levels under different SSPs, especially considering China’s demo-
graphic situation with the comprehensive “two-children” pol-
icy56–58. Each SSP includes annual projections from 2010 to 2100
at a latitude-longitude grid spacing of 0.5°. The SSP1 represents
sustainable development, meaning less dependence on resources
and fossil fuels; SSP2 represents business-as-usual, maintaining
the trends of recent decades, achieving some of the development
goals, and gradually reducing dependence on fossil fuels; SSP3
represents global, regional rivalry, having large regional dispa-
rities, large wealth gaps, unattainable development goals and
increased reliance on fossil fuels; SSP5 stands for fossil-fueled
development, with economic development focused on mitigating
challenges and solving socioeconomic problems through the
pursuit of self-interest13.

Climate model simulations and projections
Based on the daily mean surface air temperature availability we
used eleven models in the CMIP6 archives. These climate models
came from nine countries around the world, and only the first
realization of each model was selected for the analysis (Supple-
mentary Table 3). They comprise a set of historical simulations
(1900–2014) and future projections (2021–2100), with the ALL
(anthropogenic and natural forcings) and NAT (natural forcings
only) outputs. The historical ALL shows the real world and the
future ones include the outcomes under four designed emission
scenarios (SSP1–2.6, SSP2–4.5, SSP3–7.0, and SSP5–8.5), while the
NAT represents a counterfactual situation. Similar to previous
studies7,18,36,59, differences between the ALL and NAT simulates
indicate human-induced climate impacts which represents the
cap on the avoidable abatement benefits. Besides, dividing the
anthropogenic outcomes (ALL minus NAT) by the ALL simulations
gives the proportion of human-induced impacts. For example, the
proportion of heat-related mortality attributable to anthropogenic
effects is the human-induced heat-related mortality divided by the
overall heat-related mortality (Fig. 1e).
SSP5–8.5, SSP3–7.0, SSP2–4.5, and SSP1–2.6 indicate carbon

emissions from high to low. SSP5–8.5 is the only SSP scenario with
high enough emission (SSP5) to generate a radiative forcing of
8.5 W ∙m−2 in 2100. SP3–7.0 combines relatively high societal
vulnerability (SSP3) with a relatively high forcing of 7.0 W ∙m−2.
SSP2–4.5 combines intermediate societal vulnerability (SSP2) with
an intermediate forcing of 4.5 W ∙m−2. SSP1–2.6 combines low
vulnerability with low challenges for mitigation (SSP1) as well as a
low forcing of 2.6 W ∙m−2. We applied adjusted the resolutions of
the climate data by bilinear interpolation to 0.5° × 0.5°,
corresponding to the population datasets.

Economic and medical level relevant information
Gross domestic product (GDP) and hospital bed records from the
China Statistical Yearbook for 1949–2021 were used to respec-
tively denote the historical Chinese economy and healthcare
levels, and the 2022–2100 gridded GDP projections provided by
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Jiang et al.57. were used to represent future potential economic
development. We used these datasets to discuss the possible
relationship between economic development from emissions and
changes in heat-related mortality.

Study regions and periods
Seven subregions are highlighted according to the geographic
zoning of China10 (Fig. 1b, c), which are Northeast China (NE),
North China (NC), Northwest China (NW), East China (EC), Central
China (CC), Southwest China (SW), and South China (SC). We
selected the present-day period of 1995–2014 as the baseline and
2021–2100 as the future period, consistent with previous
studies11,27.

Historical temperature–mortality relationship
A two-stage analysis based on 195 sites across China was used to
estimate the historical association between temperature and
mortality.
In the first stage, a quasi-Poisson regression with a distributed

lag non-linear model (DLNM) was built to fit the
temperature–mortality relationship at each location by using daily
observed temperature and mortality records60. We introduced a
cross-basis function in DLNM to model the non-linear and lagged
impacts of temperature on mortality. The “crosspred” function,
which is used to predict the DLNM, is introduced and the
reference predicted values are computed. The DLNM is as follows:

Log E Yið Þ½ � ¼ αþ βT i;l þ ns time; dfð Þ þ ns rh; dfð Þ þ DOW (1)

where Yi denotes the observed daily mortality at calendar day i, α
is the intercept, Ti,l represents the cross-basis matrix for the bi-
dimensions of the temperature (T) and lag days, β denotes the
vector of coefficients for Ti,l, and ns is the natural cubic spline
function. In addition, DOW is the effect of the day of the week, and
df represents the degree of freedom (df). Based on previous
studies, a natural cubic spline with 3 df was used to adjust for the
effect of relative humidity (rh) and a natural cubic spline with 7 df
per year was used for time to control for long-term temporal
trends. We selected a lag period of 21 days (Supplementary Fig. 2),
which is sufficient to capture the lagging effects of temperature
and would not lead to over-fitting23. More details on analytical
methods and the modeling process can be found in previous
studies9,23,61.
Given the differences in health impacts between urban and

rural areas, the temperature–mortality relationship in different
provinces (autonomous regions) cannot simply be assessed within
the provincial capitals, but heat-related health risks are similar in
the same climate zone62,63. A multivariate meta-analysis based on
the restricted maximum likelihood was performed in the second
stage to examine the pooled temperature–mortality relationship
and to show the regional patterns of mortality risks related to
temperature. Then, the best linear unbiased prediction (BLUP) was
used to predict the cumulative temperature–mortality relationship
for each region. Details of this methodology have been described
in the previous study64. Finally, the heterogeneity was tested by
Cochran’s Q method and extension of the I2 statistic.
The above methods are commonly used and widely accepted

for analyzing the temperature–mortality relationship, which can
be performed by combining all points in a region and thus
obtaining a temperature–mortality exposure-response curve that
is representative of the region9,23,65–68.

Estimated heat-related mortality and deaths
Similar to previous studies9,23,66,67, this study estimated
temperature–mortality relationships and the heat-related mortal-
ity from non-accidental causes; and gained CMIP6 multi-model
outputs. For each grid point, we first calculated the daily

temperature-related deaths and then obtained the annual heat-
related deaths by summing the days with temperatures above the
minimum mortality temperature (MMT, which has an RR of 1).
Furthermore, heat-related mortality was obtained by dividing the
heat-related deaths by the corresponding gridded population.
Notably, the regional heat-related deaths are the sum of the heat
deaths at each grid point within the region and the regional heat-
related mortality is the regional deaths divided by the regional
population. The calculation is as follows:

AF ¼ RR� 1
RR

(2)

ADx;d ¼ Mortx;y ´ Popx;y ´AFx;d (3)

HDx;y ¼
X

fADx;dg¼ ¼ ðWhen Tx;d >MMTÞ (4)

HMx;y ¼ HDx;y

Popx;y
(5)

Regional HDy ¼
X

fHDx;yg (6)

Regional HMy ¼
Regional HDyPfPopx;yg

(7)

where AF is the attribute fraction (AF) of the specific temperature,
computed from the relative risks (RR) by the DLNM and meta-
analysis in different subregions, and the exposure-response
relationship is assumed to be consistent during the study periods.
Popx,y and Mortx,y refer to the population and baseline mortality at
grid x in year y. ADx,d and Tx,d are the daily temperature-related
deaths and the model simulated daily mean temperature for day d
in year y. HDx,y and HMx,y represent the annual heat-related deaths
and mortality. Regional_HDy and Regional_HMy represent the
regional annual heat-related deaths and mortality. In this study,
the MMT for NE, NC, NW, EC, CC, SW, and SC was approximately
22 °C, 25 °C, 24 °C, 25 °C, 26 °C, 26 °C, and 25 °C, respectively
(Supplementary Fig. 1).

Uncertainty analysis
Like previous studies10,17,69, uncertainties in projections of future
heat-related mortality in this study arise mainly from the
temperature–mortality relationship and variations in the simulated
temperature of different CMIP6 models. Specifically, we quantified
these uncertainties by generating 1000 samples of reduced BLUP
coefficients using Monte Carlo simulation70, with the assumption
that the estimates follow a multivariate normal distribution, and
then producing results for each selected CMIP6 model69,71. We
used the multi-model ensemble mean to represent the overall
CMIP6 outputs11,16, with a 95% confidence interval (CI) as the
uncertainty. The 95% CI was defined as the 2.5th and 97.5th
percentiles of the empirical distribution across the CMIP6 model
results.

Independent contributions of temperature and population
changes
To detail the impacts of temperature and population changes on
heat-related mortality across scenarios/periods/regions, we
applied the Gini importance computed from Random Forest72 to
figure out the independent contributions of the inner factors. The
random forest structure can be thought of as a set of decision
trees, each containing internal nodes and leaves. In the internal
nodes, the selected features are used to decide how to partition
the dataset into two independent sets with similar internal
responses. The features of the internal nodes are selected with
some criteria, which for classification jobs can be Gini impurity or
information gain, and for regression, variance reduction. We can
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measure how each feature reduces the split impurity (the feature
with the most reduction is selected as the internal node). For each
feature, we can collect how on average it reduces impurity. The
average for all trees in the forest is what measures the importance
of the feature.
Here, we quantified the independent contributions of tempera-

ture and population changes to heat-related mortality in each
subregion across different periods/scenarios. Based on the multi-
model results, for each grid point with inhabitants in the
subregion, we included the corresponding population, annual
mean heat-related daily temperature (i.e., the average tempera-
ture of the days above the MMT) and annual heat-related deaths
in the Random Forest model for simulation. The Gini importance
of temperature and population from the Random Forest output
was multiplied by 100% to indicate their respective independent
contributions.
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