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© An aging population could substantially enhance the burden of heat-related health risks in a warming

. climate because of their higher susceptibility to extreme heat health effects. Here, we project heat-

. related mortality for adults 65 years and older in Beijing China across 31 downscaled climate models

. and 2 representative concentration pathways (RCPs) in the 2020s, 2050s, and 2080s. Under a scenario

. of medium population and RCP8.5, by the 2080s, Beijing is projected to experience 14,401 heat-related

. deaths per year for elderly individuals, which is a 264.9% increase compared with the 1980s. These

. impacts could be moderated through adaptation. In the 2080s, even with the 30% and 50% adaptation
rate assumed in our study, the increase in heat-related death is approximately 7.4 times and 1.3 times

. larger than in the 1980s respectively under a scenario of high population and RCP8.5. These findings

. could assist countries in establishing public health intervention policies for the dual problems of climate

. change and aging population. Examples could include ensuring facilities with large elderly populations

. are protected from extreme heat (for example through back-up power supplies and/or passive cooling)

: and using databases and community networks to ensure the home-bound elderly are safe during

. extreme heat events.

© Global warming and a rapid increase in age in the population are two major global challenges of the 21 century.
. Anincrease in global mean surface temperature of 0.3 °C to 4.8 °C has been projected for 2081-2100 relative to
© 1986-2005". The world population is projected to increase to 9.6-12.3 billion in 21002, with rapid growth in the
: number and proportion of elderly individuals in both developed and developing countries. Many studies have
© reported that global warming may result in increasing health risk®-®. The health burden of future climate warming
. could be even higher than climate-focused previous estimates because of the combined impact of higher risks of
. heat among older adults and a rapidly aging population®'°. However, the absence of quantitative projections of
. global warming integrated with demographic changes restricts our understanding of these emerging health risks.
: There is an urgent need for studies that project the health risk by considering both global warming and popu-
. lation aging, leading to improved understanding of public health intervention policy making, adaption strategy
. planning, risk communication, and national health plan preparedness focused on elderly populations.

: China represents an iconic example of future heat exposure among the elderly due to demographic and cli-
- mate change. China has the largest population in the world and will be confronted with major challenges related
© toits aging population in coming decades. According to a report from China’s 2010 census, the population of per-
© sons 65 years and above rose to 118.8 million from 100.5 million in 2000"'. China’s potential support ratio (equal
© to the number of people aged 20 to 64 divided by the number of people 65 and over) is projected to decline to 1.8
- by 2100 from the current level of 7.8% The significant and rapid increase in life expectancy during 1990 to 2013
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in different regions of China has occurred during the transition period of economic growth and demographic
changes'?, a period also associated with explosive growth in China’s greenhouse gas emissions.

These demographic changes will interact with increasing heat hazards as well. According to the 3rd National
Assessment Report on Climate Change, the annual average temperature of the Chinese mainland area has
increased by 0.21-0.25 °C/decade in the past 50-60 years. This warming is projected to accelerate during the 21st
century, leading to more frequent extreme heat events'?, as well as other health impacts associated for example
with water shortages and air quality that are beyond the scope of this study'.

Beijing is a microcosm of rapid urbanization in China and is representative of the development mode followed
by other growing Chinese cities in the future. This city is vulnerable to global warming due to the high concen-
tration of older adults, as well as the urban heat island effect®. Beijing is the center of China’s politics, economy,
diplomacy, science, technology, and education, all of which are playing a large and growing role in China and the
world. Projections for Beijing may have important policy implications for China and analogous cities elsewhere
in the world facing the dual problems of climate change and population aging.

A number of prior studies have projected future heat-related mortality in a changing climate®>®. However,
little work has been done to project the heat-related health risk for older adults, a particularly vulnerable popu-
lation subgroup®!%1>16, Previous studies have attempted to determine the quantitative projection by considering
potential changes in population!” and adaptation®>”18-20, Very little has been reported on the health risk tradeoffs
among heat, population, and adaptation under a changing climate. Few studies have projected heat-related mor-
tality risk by incorporating a full range of climate models/scenarios®'*. Furthermore, not many heat mortal-
ity studies have integrated climate model results from the newly issued representative concentration pathways
(RCPs)*21-25 The objective of our study was to project heat-related mortality for adults 65 years and older in
Beijing across 31 statistically downscaled climate models and 2 RCPs in the 2020s, 2050s, and 2080s. By examin-
ing a range of scenarios of climate and demographic changes, we aimed to provide a more complete accounting of
the magnitude and uncertainties of future heat-related health risk under a changing climate.

Methods

We first estimated the exposure-response relationship between observed daily mortality of persons 65 years of
age and older and daily temperature in Beijing. We obtained downscaled temperature projections from 31 cli-
mate models and 2 RCPs, and population projections under three demographic scenarios. These inputs were
then combined to estimate future heat-related mortality, which were compared with heat-related mortality in a
baseline period.

Exposure-Response Relationship. Data. Historical data of deaths and mean temperature for the years
2008 through 2011 were collected in Beijing. Daily mortality data were obtained from the Chinese Center for
Disease Control and Prevention. Daily death counts of persons 65 years of age and older from all internal causes
(ICD-10 codes A00-R99) were pooled, excluding accidental causes. Daily Tmean data and other meteorological
data were obtained from the China Meteorological Data Sharing Service System for Beijing (station number:
54511), which is the only official meteorological station to represent Beijing meteorological information in the
world weather station network. To address potential impacts of air pollution, PM, 5 data covering the period
between 2008 and 2011 and the O; data covering the period between 2009 and 2011 were obtained from the
Beijing Meteorological Bureau, which provides daily PM, 5 and O; concentrations from the Beijing Baolian sta-
tion. Table S1 shows the descriptive statistics for all the variables, and Fig. S1 shows the time series plot of daily
mortality of persons 65 years of age and older.

Statistical analysis. We used a Poisson regression model combined with a distributed lag non-linear model
(DLNM) to examine the impact of temperature on mortality?>*”.We controlled for day of the week as a categorical
variable. We controlled for season and long-term trend using a natural cubic spline with 7 df per year for time.

We used a DLNM to examine the non-linear and delayed effects of temperature on mortality because prior
studies have shown that temperature can have a lagged effect on mortality?®*-**. Moreover, the relationship
between temperature and mortality is non-linear®. The DLNM is developed based on “cross-basis” function,
which allows simultaneous estimation of the non-linear effects of temperature at each lag and the non-linear
effects across lags. The relationship between temperature and mortality can be assessed at each temperature point
and lag. The cumulative effect in the delayed contributions can also be calculated?.

We modeled the exposure-response curve with a natural cubic spline with 3 internal knots placed at equally
spaced values, and the lag-response curve with a natural cubic spline with the 3 internal knots placed at equally
spaced values in the log scale. We selected a lag of 14 days to model the effects of temperature on mortality
because previous studies have suggested that the effects of temperature on heat usually have lag effects, which are
potentially affected by mortality displacement?*°-32, A minimum mortality risk temperature (MMT) of 21.4°C
was derived from the overall cumulative exposure-response association and used as the reference temperature to
calculate relative risks.

Sensitivity analyses for exposure-response relationship investigated potential modifications related to mode-
ling choices, exposure metrics, and air pollution (PM, ; and ozone).

The analyses were performed using R software (version 3.2) and the DLNM package.

Temperature Projections. Temperature projections were developed by first extracting downscaled outputs
from 31 global scale general circulation models (GCMs) used in the Intergovernmental Panel on Climate Change
Fifth Assessment report, in conjunction with 2 representative concentration pathways®.

The fifth IPCC report introduced a set of new scenarios named RCPs, which are the product of an innova-
tive collaboration between integrated assessment modelers, climate modelers, terrestrial ecosystem modelers,
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and emission inventory experts®. The following 2 RCPs were selected in this study: RCP4.5 is a stabilization
scenario in which the total radiative forcing is stabilized shortly after 2100, and it assumes a lower population
growth rate, high income and rapid technology distribution®®. RCP8.5 is characterized by increasing greenhouse
gas emissions over time, which assumes a high population growth rate, lower income, and a lower technology
distribution rate®*.

The climate model outputs from the WCRP CMIP5 multi-model dataset®, were further downscaled to
1/2-degree resolution through bias-correction and spatial disaggregation (BCSD). The BCSD projections were
obtained online*®. The spatial average of the BCSD land-based grid boxes corresponding to the latitude and longi-
tude coordinates of Beijing (latitude: 39°26'-41°03'; longitude: 115°25’~117°30’) was used to create 12 (January—
December) change factors based on each of the 30-year future periods relative to the same GCMs 30-year base
period. Monthly change factors were developed for mean temperatures. These change factors were then applied
to the corresponding daily Beijing weather data (mean temperature changes to observed means) to create a future
projection. The climate model baseline from 1970-1999 is compared to the same model’s 30 year future period,
in order to develop a delta for each calendar month and GCM. This approach assumes inter-annual and high
frequency intra-annual temperature variability will remain constant. However, possible changes in the annual
temperature cycle are captured®.

The resulting 31 temperature projections for daily Tmean from 2010 to 2099 are based on three 30-year time
slices, which are 2020s (2010-2039), 2050s (2040-2069) and 2080s (2070-2099), and for a baseline period 1980s
(1970-1999). The 31 GCMs are described in Table S2.

Population. The population of persons 65 and older in the baseline period (1980s) was obtained from the
Beijing Municipal Bureau of Statistics*®. Two population projection scenarios were used to estimate heat-related
mortality in the 2020s, 2050s, and 2080s. In the “no change” scenario, the population and composition of the
population were both held constant at baseline levels throughout the projection period. For the “aging” scenario,
we used the low, medium, and high variant scenarios of population growth among persons 65 year and older for
China developed by the United Nations (UN)*. Under the low variant scenario, fertility is projected to remain
0.5 children below the fertility in the medium variant over most of the projection period. Under the high variant,
fertility is projected to remain 0.5 children above the fertility in the medium variant over most of the projection
period. Under the medium variant, total fertility in all countries is assumed to converge eventually toward a level
of 1.85 children per woman®. Baseline mortality rates, which excluded deaths attributable to external causes,
were obtained from the Chinese Center for Diseases Control and Prevention. We held baseline mortality rates
constant in our projection.

Adaptation. Future heat adaptation was also applied in this study. Recent evidence suggests that the
heat-mortality relationship may be diminishing over time due to adaptation phenomena®>*!>4%4!, Previous stud-
ies have shown that, over time or in warmer climates, the temperature-mortality curves maintained a similar
shape but with the heat slope decreasing, while the MMT became higher*2. A recent paper showed that in New
York City, the heat effect on persons 65 years and older decreased by approximately 30% in the 20th century®. On
the grounds that New York City had transitioned dramatically over this long period from no air conditioning to
approaching (though certainly not meeting) full saturation of air conditioning, for scenario purposes we set this
same 30% as one scenario of heat effect reductions for the comparable time period covered by our projections. For
testing the higher level of adaptation, we set 50% adaptation rate as the highest adaptation scenario. In this study,
we set 0%, 5%, 15%, 30% and 50% reduction of the heat effect as 5 adaptation scenarios. Therefore, we shifted
the temperature-mortality relationship by reducing 5%, 15%, 30% and 50% of the heat effect, and moved MMT
simultaneously for modeling the adapted temperature-mortality relationship.

Mortality Projection. Projected mortality impacts were estimated using modeled daily Tmean. For any day
with Tmean greater than MMT, the change in mortality was calculated relative to MMT for the heat effect. Daily
additional heat-related deaths were computed as:

AMortality = Y, x ERC x POP (1)

Where AMortality is daily temperature-related additional deaths, Y, is baseline daily mortality rate (per 100,000
population), and POP is population. ERC is attributable percentage change in mortality for a specified change in
temperature, derived from the calculated relative risk at each temperature from the statistical analysis of observed
data as described above.

We computed heat-related daily deaths in this way for each time period (1980s, 2020s, 2050s, and 2080s), and
then computed the average number of heat-related deaths per year. We also computed percent changes in annual
average deaths from the 1980s to future time periods.

Uncertainty Analyses. We used the ANOVA-type estimation of variance components (VC) method in the
uncertainty analysis. We performed the analysis in different period respectively for understanding the influence
of different factor on heat-related mortality projection. These factors include the 2 RCPs, 31 GCMs, 4 population
scenarios and 5 adaptation scenarios.

The analyses were conducted using R software (version 3.2) and the VCA package.

Results

Figure 1 shows the overall cumulative exposure-response curve between daily mean temperature and the
mortality of persons 65 years of age and older derived using the non-linear distributed lag models. The curves
are U-shaped at lag 0-14 with the MMT at 21.4°C. For comparison, we also show the corresponding curve
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Figure 1. Exposure-response curves for temperature-related mortality of persons 65 years of age and older,
and for all other persons.
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Figure 2. Distribution of heat-related annual deaths in the 1980s, 2020s, 2050s, and 2080s for 31 climate
models and the RCP4.5 and RCP8.5 scenarios, with no change over time in population.

for persons age 15-64. Temperatures above the MMT were associated with excess mortality. We linked the
exposure-response function for temperatures above the MMT to the 31 modeled projections of daily tempera-
tures to estimate the numbers of heat-related deaths in both the baseline and future time periods. Results from
the sensitivity analysis of dose-response relationship are presented in Tables S3, S4, S5 and S6. Results were not
affected substantially in sensitivity models. We examined different cumulative lags, consistent with recent stud-
ies®. The effect estimates of other lag structures (0-7 days, 0-21 days, and 0-28 days) were not dissimilar to that
atlag 0-14 (Supplementary Table S3).

Figure 2 graphically summarizes the projected heat-related deaths from the 1980s to 2080s with the popula-
tion held constant at the 1980s level (no population change and no adaptation scenario). Here, heat-related deaths
increase from the 1980s to 2080s, more rapidly so for the RCP8.5 compared with the RCP4.5 climate change sce-
nario. Except for the 2020s, the projected deaths are significantly different (p < 0.01) between RCP4.5 and RCP8.5
in the 2050s and 2080s. Moreover, the projected deaths are significantly different (p < 0.01) among 2020s, 2050s,
and 2080s within each RCP. Under the RCP8.5 scenario, heat-related deaths are projected to increase by a median
39.1% (11.1% to 83.3%) in the 2020s and 264.9% (117.5% to 427.3%) in the 2080s, compared with the 1980s.

Projected annual heat-related deaths taking into account projected growth in the population of persons 65
years and older are shown in Fig. 3, along with the results assuming no population change. The median deaths
estimated across the 31 climate models are plotted. Boxplots of the distribution of estimates across models are
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Figure 3. Projection of heat-related deaths (median of 31 models) in the 1980s, 2020s, 2050s, and 2080s for
different population variant scenarios and the RCP4.5 and RCP8.5 scenarios.

presented in Fig. S2. Under the medium UN population scenario, heat-related deaths increase rapidly from the
1980s to 2050s under both the RCP4.5 and RCP8.5 scenarios, and the impacts are far greater than under the
no change population scenario. Projected impacts increased on median by 13.5 (9.2 to 17.4) times of annual
heat-related deaths in the 2050s and RCP8.5 with the population median variation compared with the 1980s with
the population no variation. In the 2080s, the median heat-related deaths increased further compared with the
2050s, by 18.2% and 35.5% for the RCP4.5 and RCP 8.5 scenarios, respectively. Similar patterns were observed
for the distribution of projections (Fig. S2). In the absence of demographic changes in the population, we pro-
jected 2671 (1592 to 3860) heat-related deaths per year for persons 65 or older, which showed a 264.9% (117.5%
to 427.3%) increase of heat-related mortality in this age group in the 2080s compared with the 1980s under the
RCP8.5 scenario. Considering the fact that the future population is growing (under the medium population vari-
ation scenario), the projection is on median 5.4 times (14,401 heat-related deaths per year) the previous estimate
for the 2080s and RCP8.5 scenario (without considering the demographic changes), or approximately an1867%
(1072% to 2743%) increase compared with the baseline period.

Projections with different adaptations to heat are shown in Fig. 4 (projected number of deaths is shown in
Fig. S3). In the 2080s and 2050s with both RCP8.5 and RCP4.5, under the three UN population variations, the
heat-related deaths increased under 3 adaptation scenarios (adaption to heat increasing about 5%, 15%, and 30%,
respectively) compared with the 1980s. However, with the scenario of adaptation to heat increasing 50%, under
the three UN population variations, the heat-related death increased only in the 2080s with RCP8.5. In the 2020s
with both the RCP8.5 and RCP4.5 scenarios, the heat-related deaths increased under the 5% and 15% adaptation
scenarios, but decreased under the 30% and 50% adaptation scenario when compared with the 1980s. The largest
increase in heat-related death is more than 20-fold compared with the 1980s under the no adaptation to heat and
population high variation scenario in the 2080s and RCP8.5. In the 2080s, even with the 30% and 50% adaptation
rate assumed in our study, the increase in heat-related death is approximately 7.4 times and 1.3 times larger than
in the 1980s respectively under a scenario of high population and RCP8.5. Results from the uncertainty analysis
in different periods based on the variance composition method are presented in Fig. S4. In all 3 periods, the 5
adaptation scenarios were attributed the highest uncertainty, followed by the 4 population scenarios. The uncer-
tainty attributed to 2 RCPs and 31 GCMs increased through time.

Discussion

This study is the first to project the health effect of rising temperatures under a changing climate on the fast-aging
population in the world’s most populous country over the 21st century. Previous works have projected increases
in heat-related mortality under the changing climate in Europe and the U.S., but seldom with age-specific pop-
ulation projections®. Our results in Beijing showed similar increasing trends to those found in previous works,
while the significant differences in the absolute numbers of the projected deaths were due to the fact that China
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Figure 4. Times increases from 1980s (median of 31 models) of heat-related deaths in the 2020s, 2050s,
and 2080s for different population variant scenarios and the RCP4.5 and RCP8.5 scenarios with different
adaptation scenarios. (Rows indicate the population scenarios; Columns indicate the adaptation scenarios).

has the largest population in the world. We found that ignoring adaptation and demographic changes among
older adults who are most susceptible to heat leads to substantial differences in estimates of future heat-related
mortality. This study provides the first insight into the important synergy between an aging population and global
warming in China.

Our exposure response function was qualitatively similar to previous studies. The minimum mortality
occurred at approximately the 70 percentile across the range of temperatures, consistent with previous studies,
which reported MMTs in the 60-80™ percentile range***-%. As previously mentioned, heat effects were strongest
at short time lags, whereas cold effects extended over multiple lag days.

Nearly all previous studies assumed a constant population to experience the health risk>*®!%. Four studies
in the United States, Europe, and Australia considered the simple demographic trend of total population in the
future rather than using scenarios with the age-specific population changes for a long period in the projection.
Most of them projected only to the middle of the century and did not compare across alternative population sce-
narios>®. Our study introduced the newly issued UN demographic scenarios to project heat-related mortality over
almost 100 years. These studies also did not show the differences in projection results between the models assum-
ing constant population and those assuming demographic changes. For countries like China with the challenges
of large population increases and significant aging in the future, the scenario with population changes should be
incorporated in the projection process. We found that in high population variation, heat-related mortality would
be approximately 2.5 times higher by the 2020s, 4.8 times higher by the 2050s, and 5 times higher by the 2080s
compared with a scenario of no population change. Our finding for the first time provides quantitative evidence
comparing projections with and without demographic changes in China. Such more realistic heat-related mor-
tality projections in the context of an aging population in China may help foster adaptation policies to protect the
elderly from heat, such as warning systems and public health campaigns focused on the elderly. Furthermore, our
findings and methods could provide a reference for other countries experiencing rapid population growth and
demographic transitions.

The temperature-mortality relationship may not remain stable over time because of adaptation to heat and
other factors. For example, the heat effect in New York City declined dramatically over the 20™ century, espe-
cially for individuals 65 years of age and older’. Also it has been demonstrated that the mortality risk due to heat
appeared to decrease over time in several countries*'. However, modeling future adaptation remains a significant
challenge. Most prior studies assume no adaptation over time**%. Some studies examined adaptation by using the
exposure-response relationship from analogue cities or analogue summers>!#1°. Another approach is to shift the
current temperature-mortality relationships to the future by increasing the temperature of MMT, while leaving
the slope of the temperature-mortality curve unchanged”. A recent study revealed that heat adaptation not only
manifests as MMT increase, but also displays relative risk reduction’. We modeled adaptation by shifting both
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the MMT and shape of the temperature-mortality curve to derive 4 adaptation scenarios. Compared with the no
adaptation scenario, the heat-related mortality decreased under the different adaptation scenarios. A 30% adap-
tation scenario chosen in this study has been observed historically in the United States during the 20th century. A
30% level of adaptation would not completely offset the projected heat impact from climate change on the elderly
in Beijing. A higher level of adaptation scenario (50% adaptation) was also explored in this study, which tended to
more fully offset the projected heat impact from climate change on the elderly in Beijing even under the RCP 8.5
and high population scenario. Future studies could explore additional plausible upper bounds for the adaptation
effect, in Beijing and elsewhere.

Climate change is another key uncertainty in heat-related mortality projections’. However, only recently have
studies begun to take advantage of the large number of GCMs now available®. We applied downscaled outputs
from 31 different GCMs and 2 future RCPs. Research is transitioning from the SRES greenhouse gas concentra-
tion scenarios to the RCPs**'-25, which have certain methodological advantages. By using RCP 4.5 and 8.5, we are
able to sample a broader range of possible outcomes than was possible in SRES (since RCP8.5 was run with more
climate models than the most comparable high end SRES scenario (A1FI)); at the lower end, RCP4.5 is generally
comparable to the SRES B1 scenario. The median projection from the RCP4.5 and the increasing RCP8.5 sce-
narios showed growing divergence with time. While it is impossible to sample the full range of possible climate
outcomes, our results from a wide range of models and multiple RCP scenarios provide important uncertainty
information for adaptation policy planning. Future work could explore the health implications of extreme tem-
perature scenarios consistent with the controversial idea that changing atmospheric dynamics* could lead to
faster increases in extreme heat than are projected by GCMs under the RCPs*.

While we incorporated a rich range of uncertainties related to climate change, population demographics and
adaptation, our work has some limitations. We assumed a constant population mortality rate in our projection.
Changes in general health, access to health care, socio-economic status, and public health education and pre-
vention are additional important uncertainties®'*. Addressing adaptation uncertainty is an urgent and complex
problem in the field of heat-related projection'®. Additional methods for modeling adaptations are needed to
reduce uncertainty in heat-related projections and to recursively identify and implement key actions that protect
public health. These actions may include adaptive measures to help the elderly cope with heat, such as reducing
isolation and enhancing access to cooling resources, as well as mitigation of heat in cities through built environ-
ment modifications and large-scale climate policy.

An aging population will substantially enhance the burden of heat-related health risks in a warming climate
in China. This study provides the first evidence of an important hybrid question of the aging population and
global warming in this century. These findings strongly support the need for countries in making public health
intervention policy for the dual problems of climate change and aging population. A range of models and multiple
RCPs here enable a future health risk projection with articulation of key uncertainty, which could provide more
credible information support in implementing policies that mitigate climate change and promote public health.
In addition, future research may be needed to consider the effects of rapid urbanization of the city, which may be
on the same order of magnitude as effects from global-scale greenhouse gas-forced climate change®, and could
also lead to increases in future heat-related deaths completely independent of any global-scale processes®'. Finally,
narrower data subsets of heat-specific health outcomes should be explored rather than the use of all causes mor-
tality records in future research.
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