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Background Non-optimal temperatures are associated with mortality risk, yet the heterogeneity of temperature-
attributable mortality burden across subnational regions in a country was rarely investigated. We estimated the mor-
tality burden related to non-optimal temperatures across all provinces in China in 2019.

Methods The global daily temperature data were obtained from the ERA5 reanalysis dataset. The daily mortality data
and exposure−response curves between daily temperature and mortality for 176 individual causes of death were
obtained from the Global Burden of Disease Study 2019 (GBD 2019). We estimated the population attributable frac-
tion (PAF) based on the exposure-response curves, daily gridded temperature, and population. We calculated the
cause- and province-specific mortality burden based on PAF and disease burden data from the GBD 2019.

FindingsWe estimated that 593¢9 (95% UI:498¢8, 704¢6) thousand deaths were attributable to non-optimal temper-
atures in China in 2019 (PAF=5¢58% [4¢93%, 6¢28%]), with 580¢8 (485¢7, 690¢1) thousand cold-related deaths and
13¢9 (7¢7, 23¢2) thousand heat-related deaths. The majority of temperature-related deaths were from cardiovascular
diseases (399¢7 [322¢8, 490¢4] thousand) and chronic respiratory diseases (177¢4 [141¢4, 222¢3] thousand). The mor-
tality burdens were observed significantly spatial heterogeneity for both high and low temperatures. For instance,
the age-standardized death rates (per 100 000) attributable to low temperature were higher in Western China, with
the highest in Tibet (113¢7 [82¢0, 155¢5]), while for high temperature, they were greater in Xinjiang (1¢8 [0¢7, 3¢3]) and
Central-Southern China such as Hainan (2¢5 [0¢9, 5¢4]). We also observed considerable geographical variation in the
temperature-related mortality burden by causes of death at provincial level.

Interpretation A substantial mortality burden was attributable to non-optimal temperatures across China, and cold
effects dominated the total mortality burden in all provinces. Both cold- and heat-related mortality burden showed
significantly spatial variations across China.
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Research in context

Evidence before this study

Many studies have estimated the exposure-response
associations between ambient temperatures and mortal-
ity across the world. However, few studies have quanti-
fied the mortality burden attributable to non-optimal
temperatures across subnational regions in a country.
We searched PubMed, Scopus, Web of Science, and Goo-
gle Scholar using the combination of key words including
“temperature”, “disease burden”, “mortality”, “mortality
burden”, “death”, “excess death”, and “attributable” for
studies published in English between database inception
and November 15, 2021. Most previous studies estimated
the temperature-related mortality burden within a single
or several cities, or at country level. One study estimated
the global, regional, and national mortality burden attrib-
utable to non-optimal temperatures from 2000 to 2019.
However, no study has estimated the mortality burden
attributable to both high and low ambient temperatures
at province level in a country.

Added value of this study

This is the first study to estimate the mortality burden
attributable to both high and low temperature at prov-
ince level in China using the comparable Global Burden
of Disease Study framework. Our estimations were based
on a national dataset and a continuous surface of high-
resolution temperature data, and hence covered both
urban and rural populations across China. Moreover, this
study estimated the temperature-related mortality bur-
den for a diverse set of causes instead of all-cause mortal-
ity burden that was estimated in most previous studies.
Our findings provided a clear geographical picture in the
mortality burden attributable to non-optimal tempera-
tures across China, which could help subnational govern-
ments to develop tailored intervention plans.

Implications of all the available evidence

This study provides a comprehensive picture of the
mortality burden attributable to non-optimal tempera-
tures at provincial level across China, which could
extend our understanding of the health impacts of tem-
peratures and assist adaptation policy making to reduce
the mortality burden caused by non-optimal tempera-
tures. The findings of disparate geographical patterns of
temperature-related mortality burden suggest geo-
graphically specific adaptation actions need to be
strengthened to protect human health from non-opti-
mal temperature exposures.
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Introduction
Many epidemiological studies have estimated the expo-
sure-response associations between ambient tempera-
tures and mortality globally.1-7 Most studies have found
U- or J-shaped associations between temperature and
mortality risks from cardiovascular, respiratory, cerebro-
vascular, and other causes.2,5,6 Both low and high
temperatures may increase the risk of mortality, and
low temperature has a greater overall effect on mortality
than does high temperature. In addition, the magnitude
of associations between temperature and mortality is
substantially varied between regions and countries.2,5,6

Although temperature-mortality associations have
been increasingly assessed, few studies have quantified
the mortality burden attributable to non-optimal temper-
atures at a subnational level in a country.5,8-10 The Global
Burden of Diseases, Injuries, and Risk Factors Study
(GBD) 2019 reported that non-optimal temperature was
one of the ten leading causes of death worldwide.11 Mor-
tality burden attributable to high and low temperatures
was estimated for 204 countries/territories from 1990 to
2019.12 A total of 1¢69 million deaths were attributable to
non-optimal temperature globally in 2019, and tempera-
ture-related deaths were about 0¢5 million in China.12

Given China’s large population and land area, and its
wide heterogeneity in climate, socioeconomic develop-
ment and health, there may be spatial heterogeneity in
temperature-attributable mortality across provinces in
the country. However, to our knowledge, no previous
study has estimated the mortality burden attributable to
temperatures at provincial level across China. Therefore,
to prioritize region-targeted interventions, it is necessary
to comprehensively assess mortality burden of non-opti-
mal temperature for all provinces in China, including
subnational variation in deaths from important causes
due to both high and low temperatures.

In the current study, we used GBD 2019 data to
assess the impact of ambient temperature on mortality
burden in China and its provinces in 2019. This was the
first study on mortality burden attributable to non-opti-
mal temperatures at provincial level across China. Our
findings are informative to make climate adaptation
strategies and measures to address both high and low
temperature exposures in China and its provinces.
Method

Overview
The analyses on the mortality burden related to non-opti-
mal temperature in China and its provinces were a part
of GBD 2019. This study included 31 provinces, autono-
mous regions, and municipalities, and two special
administrative regions (Hong Kong and Macao) across
China. The detailed information of exposures, outcome
metrics, data collection and statistical modelling on GBD
2019 have been reported in previous articles.11-13
Assessment of exposure-response association between
temperature and mortality
The global exposure-response associations between
daily temperature and mortality for 176 individual
causes of death were obtained from the GBD 2019.11

Briefly, the GBD 2019 study collected daily cause-
www.thelancet.com Vol 24 Month July, 2022
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specific mortality data from eight countries (Brazil,
Chile, China, Colombia, Guatemala, Mexico, New Zea-
land, and the USA), where individual death information
on International Classification of Diseases (ICD) code,
administrative unit, and day was available. A total of
58¢9 million deaths spanning from January 1st 1980 to
December 31 2016 were included in the analyses (table
S1 in appendix pp 6). Meanwhile, the global daily tem-
perature data between January 1st 1980 and December
31st 2019 were derived from the ERA5 reanalysis, pro-
duced by the European Centre for Medium Range
Weather Forecasts (ECMWF) with 0¢25° £ 0¢25°
(»30 £ 30 km) spatial and hourly temporal resolutions.
For each pixel globally, the average of all 24-hour tem-
perature estimates within a day was calculated as the
daily mean temperature. Then the annual mean tem-
peratures of all pixels during 1980-2019 were calcu-
lated, and it turned out that the annual mean
temperatures ranged from 6°C to 28°C. Therefore, all
pixels were divided into 23 temperature zones based on
the annual mean temperatures. Change of each 1°C rep-
resents one temperature zone (e.g., zone 6°C, zone 7°C,
zone 8°C, etc.)

For each individual death, we determined the tem-
perature zone and daily temperature corresponding to
the date and location of the death. To reduce noise and
volatility associated with sparse data at extreme temper-
atures, temperature zones were truncated to the 1st and
99th percentiles of those in the dataset; and daily mean
temperatures were also truncated to the 1st and 99th
percentiles within each temperature zone. The cause-
specific mortality rates (CSMR) were computed for each
cause of death, and for each combination of level 2 loca-
tion (county or district), temperature zone, and daily
temperature. The reference mortality rate for each cause
in each county/district was also calculated as the mean
CSMR for that cause in that location across all daily
mean temperatures. Then, the relative risk (RR) for
each cause in each county/district at a given daily mean
temperature was calculated as the ratio between cause-
specific mortality rate and reference mortality rate. The
RR reflects the association of temperature exposure on
the same day of death, but does not adjust for lagged
effect and seasonality (appendix pp 3).

A robust meta-regression framework (Bayesian, reg-
ularized, trimmed tool), MR-BRT, was applied to esti-
mate the exposure-response curves between daily mean
temperatures and mortality in each temperature zone.14

This tool could integrate heterogeneous data from dif-
ferent locations into one model to achieve stable estima-
tions of curves. For those J- or U-shaped curves, the
curves were constrained to follow a convex shape. For
the one-directional curves (e.g., all external causes),
monotonicity over the entire temperature range was
imposed (appendix pp 3). Finally, the summarized expo-
sure-response curves between daily mean temperatures
and mortality for all included causes were obtained for
www.thelancet.com Vol 24 Month July, 2022
each temperature zone.11 For each temperature zone,
the theoretical minimum-risk exposure level (TMREL)
across all included causes was estimated. The TMREL
was defined as the location-specific daily mean tempera-
ture which has the lowest mortality rates for all included
causes combined. Temperatures above the TMREL are
defined as high temperatures, and temperatures below
the TMREL are defined as low temperatures. The sum
of high and low temperatures was defined as non-opti-
mal temperatures (appendix pp 3-4).
Cause selection
The causes of mortality were selected based on a list of
causes in the GBD cause hierarchy (n=176). We excluded
all causes without mortality record in the dataset, with
fewer than 100 000 deaths, and causes of death that did
not represent a particular entity but rather a summary
category. Two more causes, dementia and protein-energy
malnutrition, were excluded because of the known incon-
sistencies in classification practice across countries.11 The
remaining causes were selected based on statistical sig-
nificance. For each cause and each mean temperature
zone we determined the widest range of consecutive daily
temperatures with statistically significant relative risks,
expressed as a percentage of the full range of daily tem-
peratures in that mean temperature zone. We included
all causes where at least 30% of zones had a consecutive
significance range that spanned at least 5% of the full
range of daily temperatures (detailed information in
appendix pp 4). Twelve causes met these criteria and
were finally included: ischaemic heart disease, stroke,
hypertensive heart disease, diabetes, chronic kidney dis-
ease, lower respiratory infection, chronic obstructive pul-
monary disease, homicide, suicide, mechanical injuries,
road injuries, and drowning.11
Estimation of deaths attributable to non-optimal
temperatures across China
The estimation of deaths attributable to non-optimal tem-
peratures was based on the comparative risk assessment
metric (CRA) framework,15 which includes four inputs:
temperature exposures, exposure-response curves
between temperature and cause-specific mortality,
TMREL, and the total burden estimate for each cause.
Daily temperature data across China in 2019 were also
obtained from the ERA5, and all pixels were aggregated
into temperature zones based on the annual mean tem-
peratures. In each temperature zone, the TMREL and
exposure-response associations between temperature
and mortality were obtained from the GBD 2019, as
described above. The cause-specific burden at provincial
level in China was also obtained from the GBD 2019.13

We estimated the population attributable fraction
(PAF) for each pixel and day, based on the RRs of daily
mean temperatures within a given temperature zone.
3
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The PAFs for low and high temperatures below and
above the TMREL were estimated, respectively. The
PAF for non-optimal temperature was obtained by
aggregating the low and high temperature PAFs. Using
the cause specific burden in China,13 we calculated the
non-optimal temperature related burden for each cause
as the product of the cause-specific PAF and the total
burden for that cause for each location, sex, and age
group (appendix pp 4-5). We also estimated the uncer-
tainty of burden using a posterior simulation. We
applied 1000 random draws from the posterior distribu-
tion and estimated the 95% uncertainty intervals (95%
UI). Finally, based on the PAFs and GBD 2019 burden
data, we calculated the number of deaths, death rate,
and age-standardized death rate for each cause, prov-
ince, and nationally. Methods of calculating the GBD
2019 burden data has been described in detail else-
where,13 and are summarized in Figure 1.

In above analyses, RRs were calculated in R and
Python, PAFs and TMRELs were calculated in R, and
burden of disease was calculated in Python.
Role of the funding source
The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.
Results
In 2019, the average annual temperature across China
was 7¢0 (standard deviation [SD]: 8¢8) °C (Figure S3 in
appendix pp 7), and the daily mean temperatures
ranged from -39¢8°C to 40¢0°C. All studied counties or
districts were divided into 23 temperature zones based
on the average annual temperatures.

Figure 2 shows the spatial distribution of PAFs for
temperatures across China. The national PAFs of non-
optimal, low and high temperatures were 5¢58% (95%
UI: 4¢93%, 6¢28%), 5¢45% (4¢80%, 6¢18%) and 0¢13%
(0¢07%, 0¢21%), respectively. The PAFs of non-optimal
temperatures were higher in Western China with the
highest in Tibet (8.77% [6.25%, 11.83%]), and lower in
Southern China with the lowest in Hainan (1.11%
[0.77%, 1.55%]). The distribution of PAF for low temper-
ature was similar to the PAFs of non-optimal tempera-
tures. The PAFs of high temperatures were higher in
Central-Southern China and Xinjiang than other
regions. The highest PAF for high temperature was
found in Hong Kong (0¢36%, [0¢05%, 1¢00%]), and the
lowest PAF was found in Tibet (0%) (Table S2 in appen-
dix pp 8). The cause-specific PAFs of temperatures are
shown in Table S3 (appendix pp 9). We observed greater
PAFs of non-optimal temperatures for chronic obstruc-
tive pulmonary disease (COPD) (17¢10%, [14¢76%,
19¢98%]) and lower respiratory infections (12¢78%,
[8¢58%, 16¢58%]) than other causes such as drowning
(-26¢50%, [-30¢89%, -22¢15%]) and mechanical injuries
(-12¢94%, [-16¢94%, -9¢07%]). In particular, the PAFs of
low temperature were greater for COPD (16¢91%,
[14¢49%, 19¢86%]) and lower respiratory infections
(12¢04% [7¢75%, 15¢87%]), while the PAFs of high tem-
perature were larger for drowning (1¢46%, [0¢95%,
2¢59%]).

We estimated that 593¢9 (95% UI: 498¢8, 704¢6)
thousand deaths were attributable to non-optimal tem-
peratures in 2019 in China, including 580¢8 (485¢7,
690¢1) thousand cold-related deaths and 13¢9 (7¢7, 23¢2)
thousand heat-related deaths. The overall death rates
attributable to non-optimal, high and low temperatures
at nationwide were 41¢8 (35¢1, 49¢5), 1¢0 (0¢5, 1¢6), and
40¢8 (34¢1,48¢5) per 100 000 population, respectively
(Table 1).

Most of the temperature-related deaths occurred in
older people, particularly in people aged 75 years or
older (379¢4 [95% UI: 321¢4, 443¢6] thousand). Cardio-
vascular diseases (399¢7 [322¢8, 490¢4] thousand) and
chronic respiratory diseases (177¢4 [141¢4, 222¢3] thou-
sand) were the major contributors of temperature-
related deaths. Stroke, COPD, ischemic heart disease,
hypertensive heart disease, chronic kidney disease, and
diabetes mellitus are top six specific causes of deaths
attributable to non-optimal temperature, and similar
patterns were found for cold- and heat-related deaths.
The top three causes for cold-related deaths were stroke
(216¢3 [162¢9, 280¢0] thousand), COPD (175¢4 [139¢1,
220¢1] thousand), and ischemic heart disease (147¢0
[101¢2, 197¢4] thousand), while for heat-related deaths,
they were ischemic heart disease (4¢9 [0¢9, 9¢4] thou-
sand), stroke (2¢4 [-2¢0, 10¢3] thousand), and COPD (2¢3
[-0¢6, 5¢5] thousand) (Table 1).

Figure 3 shows the spatial distribution of age-stan-
dardized death rate (per 100 000) attributable to tem-
peratures across China. They were 36¢0 (95% UI: 30¢2,
42¢5), 0¢9 (0¢5, 1¢5), and 35¢1 (29¢4, 41¢5) per 100 000
people for non-optimal, high, and low temperatures,
respectively. Geographically, the age-standardized death
rate attributable to non-optimal temperatures gradually
decreased from Western China, with the highest rate in
Tibet (113¢7 [82¢0, 155¢5]), to Eastern China, with the low-
est rate in Hong Kong (4¢6 [2¢6, 8¢3]). For high tempera-
ture, they were higher in Xinjiang (1¢8 [0¢7, 3¢3]) and
Central-Southern China such as Hainan (2¢5 [0¢9, 5¢4])
and Jiangxi (1¢9 [0¢8,3¢2]), and lower in Western China
and Northeast China, such as Tibet (0¢0, [0¢0, 0¢0]),
Qinghai (0¢0, [0¢0, 0¢0]), and Heilongjiang (0¢1 [0¢0,
0¢6]). By contrast, for low temperature, they were
greater in Western China, such as Tibet (113¢7
[82¢0,155¢5]) and Qinghai (88¢4 [62¢2,122¢2]), and lower
in Southern China, such as Hong Kong (3.5 [0¢3, 7¢7]),
Macao (4¢8 [0¢4,10¢2]), and Hainan (5¢3 [2¢3, 9¢1]) (Table
S4 in appendix pp 10).

Figure 4 shows the spatial variation in the causes of
deaths attributable to temperatures across China. In the
www.thelancet.com Vol 24 Month July, 2022



Figure 1. Process of estimation on mortality burden attributable to non-optimal temperature in China and its provinces, 2019.
GBD 2019: the Global Burden of Disease Study 2019.
MR-BRT: Robust meta-regression framework (Bayesian, regularized, trimmed tool).
TMREL: Theoretical minimum-risk exposure level.
PAF: Population attributable fraction.

Articles
age-standardized death rate attributable to low tempera-
ture, cardiovascular diseases, chronic respiratory dis-
eases, diabetes and chronic kidney disease, and lower
www.thelancet.com Vol 24 Month July, 2022
respiratory infections ranked the top in western provin-
ces, and ranked the end in southern provinces, mean-
while injuries ranked the top in southern provinces and
5



Figure 2. PAF of death attributable to non-optimal temperature (A), high-temperature (B), and low-temperature (C) exposures in dif-
ferent provinces in China, 2019.

Articles

6

ranked the end in western provinces (Panels A and C).
In the age-standardized death rate attributable to high
temperature, all included causes of death ranked the top
in central-southern provinces and in Xinjiang, and
ranked the end in western provinces (Panels B and D).
The crude death rates by causes attributable to tempera-
tures are shown in Figure S4 (appendix pp 11).
Discussion
Based on a comparative framework and a national data-
set, this study assessed the mortality burden of non-opti-
mal temperatures in China and its provinces. The
results showed that there were 593¢9 thousand deaths
attributable to non-optimal temperatures across China
in 2019. The majority of the burden was caused by low
temperatures and cardiorespiratory diseases. Cold
related mortality dominated in Western China while
heat related mortality was prominent in Xinjiang and
Central-Southern China.

Although numerous studies have estimated the
exposure-response associations between non-optimal
temperature and human health,2,5,8-10 few have trans-
lated the associations into the estimates of mortality
burden. Zhao et al.8 applied a three-stage modeling to
estimate the global mortality attributable to non-optimal
temperatures, and reported that the excess death ratio
attributable to non-optimal temperatures in Eastern
Asia was 10¢96% (80 excess deaths per 100 000 popu-
lation). Gasparrini et al. reported in a multicounty study
that the PAF attributable to non-optimal temperature
was 11¢00% in China.2 Those findings were higher than
the present study (5¢58% for non-optimal temperature),
and this inconsistency may be due to several reasons.
First, previous studies have applied all-cause mortality
to estimate the burden of non-optimal temperatures.5,8

However, we only included causes which had statisti-
cally significant association with temperature. Some
other causes which did not met our inclusion criteria,
but potentially have significant associations with tem-
peratures were excluded in our study. Second, our study
applied a methodological approach which did not con-
sider lagged effects and adjust for seasonality. We did
not adjust for seasonality because of the strong correla-
tion between ambient temperature and seasonality
which may lead to potential collinearity and incomplete
disentangling of these two factors.16 Additionally,
although previous studies have found several weeks’ lag
effects of low temperatures,5,9 we postulated that the
long-time delayed effects might indeed be seasonal
rather than a temperature effect.16 As a result, the bur-
den of low temperatures estimated on the same day
exposure may be underestimated in this study. Third,
previous studies applied the data mainly from
www.thelancet.com Vol 24 Month July, 2022



Non-optimal temperature High temperature Low temperature

Deaths (thousand,
95%UI)

Death rate
(per 100 000, 95%UI)

Deaths
(thousand, 95%UI)

Death rate
(per 100 000,
95%UI)

Deaths
(thousand,
95%UI)

Death rate
(per 100 000,
95%UI)

Causes of death
All causes 593¢9(498¢8,704¢6) 41¢8(35¢1,49¢5) 13¢9(7¢7,23¢2) 1¢0(0¢5,1¢6) 580¢8(485¢7,690¢1) 40¢8(34¢1,48¢5)
Communicable,

maternal, neona-

tal, and nutritional

diseases

23¢7(15¢8,32¢6) 1¢7(1¢1,2¢3) 1¢5(0¢3,2¢7) 0¢1(0¢0,0¢2) 22¢3(14¢1,31¢2) 1¢6(1¢0,2¢2)

Lower respiratory

infections

23¢7(15¢8,32¢6) 1¢7(1¢1,2¢3) 1¢5(0¢3,2¢7) 0¢1(0¢0,0¢2) 22¢3(14¢1,31¢2) 1¢6(1¢0,2¢2)

Non-communicable

diseases

609¢8(511¢2,721¢7) 42¢9(35¢9,50¢7) 10¢9(5¢5,18¢8) 0¢8(0¢4,1¢3) 599¢9(499¢8,709¢9) 42¢2(35¢1,49¢9)

Cardiovascular

diseases

399¢7(322¢8,490¢4) 28¢1(22¢7,34¢5) 7¢8(2¢7,15¢8) 0¢5(0¢2,1¢1) 392¢4(314¢4,484¢4) 27¢6(22¢1,34¢1)

Ischemic heart

disease

151¢6(107¢9,200¢5) 10¢7(7¢6,14¢1) 4¢9(0¢9,9¢4) 0¢3(0¢1,0¢7) 147¢0(101¢2,197¢4) 10¢3(7¢1,13¢9)

Stroke 218¢6(165¢5,280¢6) 15¢4(11¢6,19¢7) 2¢4(-2¢0,10¢3) 0¢2(-0¢1,0¢7) 216¢3(162¢9,280¢0) 15¢2(11¢4,19¢7)
Hypertensive heart

disease

29¢5(15¢6,41¢2) 2¢1(1¢1,2¢9) 0¢4(-0¢8,1¢7) 0¢0(-0¢1,0¢1) 29¢1(15¢5,40¢9) 2¢0(1¢1,2¢9)

Chronic respiratory

diseases

177¢4(141¢4,222¢3) 12.5(9¢9,15¢6) 2¢3(-0¢6,5¢5) 0¢2(0¢0,0¢4) 175¢4(139¢1,220¢1) 12¢3(9¢8,15¢5)

Chronic obstructive

pulmonary

disease

177¢4(141¢4,222¢3) 12¢5(9¢9,15¢6) 2¢3(-0¢6,5¢5) 0¢2(0¢0,0¢4) 175¢4(139¢1,220¢1) 12¢3(9¢8,15¢5)

Diabetes mellitus 16¢4(8¢8,24¢4) 1¢2(0¢6,1¢7) 0¢6(-0¢3,1¢4) 0¢0(0¢0,0¢1) 15¢8(8¢2,23¢8) 1¢1(0¢6,1¢7)
Chronic kidney

disease

16¢5(8¢8, 24¢3) 1¢2 (0¢6, 1¢7) 0¢3 (-0¢7,1¢1) 0¢0 (-0¢1,0¢1) 16¢2(8¢5, 24¢3) 1¢1(0¢6,1¢7)

Injuries -39¢6(-50¢9,-29¢8) -2¢8(-3¢6,-2¢1) 1¢5(0¢9,2¢9) 0¢1(0¢1,0¢2) -41¢4(-53¢1,-31¢3) -2¢9(-3¢7,-2¢2)
Transport injuries -12¢5(-19¢9,-5¢5) -0¢9(-1¢4,-0¢4) 0¢2(0¢0,0¢7) 0¢0(0¢0,0¢0) -12¢8(-20¢2,-5¢6) -0¢9(-1¢4,-0¢4)
Road injuries -12¢5(-19¢9,-5¢5) -0¢9(-1¢4,-0¢4) 0¢2(0¢0,0¢7) 0¢0(0¢0,0¢0) -12¢8(-20¢2,-5¢6) -0¢9(-1¢4,-0¢4)
Unintentional

injuries

-18¢7(-22¢9,-14¢6) -1¢3(-1¢6,-1¢0) 0¢9(0¢6,1¢6) 0¢1(0¢0,0¢1) -19¢8(-24¢1,-15¢6) -1¢4(-1¢7,-1¢1)

Drowning -15¢0(-18¢2,-11¢8) -1¢1(-1¢3,-0¢8) 0¢8(0¢5,1¢4) 0¢1(0¢0,0¢1) -16¢0(-19¢3,-12¢7) -1¢1(-1¢4,-0¢9)
Mechanical injuries -3¢7(-5¢4,-2¢1) -0¢3(-0¢4,-0¢1) 0¢1(0¢0,0¢2) 0¢0(0¢0,0¢0) -3¢8(-5¢6,-2¢1) -0¢3(-0¢4,-0¢2)
Suicide and

homicide

-8¢4(-12¢9,-4¢2) -0¢6(-0¢9,-0¢3) 0¢3(0¢1,0¢8) 0¢0(0¢0,0¢1) -8¢8(-13¢4,-4¢4) -0¢6(-0¢9,-0¢3)

Suicide -7¢7(-12¢1,-3¢7) -0¢5(-0¢8,-0¢3) 0¢3(0¢1,0¢7) 0¢0(0¢0,0¢0) -8¢0(-12¢6,-3¢9) -0¢6(-0¢9,-0¢3)
Homicide -0¢7(-1¢1,-0¢3) 0¢0(-0¢1,0¢0) 0¢0(0¢0,0¢1) 0¢0(0¢0,0¢0) -0¢7(-1¢1,-0¢3) -0¢1(-0¢1,0¢0)
Sex
Male 327¢6(261¢7,397¢7) 45¢2(36¢1,54¢9) 7¢9(4¢2,12¢8) 1¢1(0¢6,1¢8) 320¢2(256¢0,389¢6) 44¢2(35¢3,53¢7)
Female 266¢3(213¢2,328¢9) 38¢2(30¢6,47¢2) 6¢1(3¢3,9¢8) 0¢9(0¢5,1¢4) 260¢6(208¢1,323¢1) 37¢4(29¢8,46¢3)
Age (years)
0-9 -0¢8(-1¢9,0¢0) -0¢3(-0¢6,0¢0) 0¢2(0¢1,0¢4) 0¢1(0¢0,0¢1) -1¢1(-2¢1,-0¢3) -0¢3(-0¢7,-0¢1)
10-24 -3¢5(-4¢5,-2¢6) -1¢5(-2¢0,-1¢1) 0¢2(0¢1,0¢4) 0¢1(0¢1,0¢2) -3¢8(-4¢8,-2¢9) -1¢7(-2¢1,-1¢3)
25-49 7¢8(3¢7,12¢5) 1¢4(0¢7,2¢2) 0¢8(0¢5,1¢5) 0¢2(0¢1,0¢3) 7¢0(2¢9,11¢5) 1¢2(0¢5,2¢0)
50-74 211¢0(171¢5,256¢3) 26¢9(21¢8,32¢6) 4¢4(2¢3,7¢6) 0¢6(0¢3,1¢0) 206¢8(167¢5,250¢9) 26¢3(21¢3,31¢9)
≥75 379¢4(321¢4,443¢6) 419¢9(355¢6,490¢9) 8¢2(4¢5,13¢3) 9¢0(5¢0,14¢7) 371¢9(314¢2,436¢1) 411¢5(347¢6,482¢5)

Table 1: Death and death rate attributable to non-optimal temperatures, high temperatures, and low temperatures in China, 2019.

Articles
individual cities, whereas we relied on data with contin-
uous spatial coverage including rural populations. One
previous study has reported that people in more urban-
ized areas and higher population densities were more
vulnerable to non-optimal temperatures.17

Our study found that most of mortality burden
attributable to non-optimal temperatures was driven by
low temperatures, which is consistent with previous
studies.2,5,6,8,18,19 Chen et al. reported in a study includ-
ing 272 main Chinese cities that the PAFs attributable
to low and high temperatures were 11¢62% and 2¢71%,
respectively. A multi-country study observed more mor-
tality caused by low temperature (7¢29%) than by high
temperature (0¢42%).2 National studies from India and
www.thelancet.com Vol 24 Month July, 2022
Spain also reported higher attributable risks
on mortality burden for low temperature than high
temperature.6,19 The results suggest that the national
and provincial governments need to develop better cold
adaptation plans to reduce the mortality burden of low
temperatures even in the context of global warming.

We observed a strong spatial variation in the temper-
ature-related burden across China. The age-standard-
ized death rate attributable to non-optimal temperatures
was higher in Western China than in other regions in
China, and so does for low temperature. For example,
the age-standardized death rate attributable to non-opti-
mal temperature in Tibet (113¢7 per 100 000) was near
25 times that in Hong Kong (4¢6 per 100 000). This
7



Figure 3. Age-standardized death rate (per 100 000) attributable to non-optimal temperature (A), high-temperature (B), and low-
temperature (C) exposures in different provinces in China, 2019.
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geographical heterogeneity may be related to tempera-
ture exposures and disease prevalence in different prov-
inces. Western China particularly the Qinghai-Tibet
Plateau has much lower daily temperatures (appendix
pp 7),20 and the temperature variation between day and
night, indoor and outdoor was also larger than other
regions,21,22 which could lead to more pronounced mor-
tality risk. In addition, the disease prevalence was usu-
ally higher in western provinces.23,24 For example, the
GBD 2017 study showed that the age standardized YLL
rates of lower respiratory infection, ischemic heart dis-
ease, stroke, hypertensive heart disease, and COPD in
Tibet, Xinjiang, and Qinghai were substantially higher
than most other provinces in China.23 By contrast, the
age-standardized death rate attributable to high temper-
ature was higher in Central-Southern China and Xin-
jiang. The larger death rate in Central-Southern China
may be mainly related to their higher daily temperatures
(appendix pp 7). For example, the climate in Hainan is
tropical, which has the highest annual mean tempera-
ture among all provinces in China. The higher death
rate in Xinjiang may be related to both high tempera-
ture and disease burden.

Our findings have important implications for the
national and provincial governments to identify major
health problems related to ambient temperatures and
help to tailor province-specific policy and intervention
programs to protect populations from non-optimal tem-
peratures. All provinces particularly for western provin-
ces need to develop better cold weather plans (CWP)
which was currently overlooked in most provinces
across China. The CWP should be included in the
national and regional strategies of climate change adap-
tation. Different levels of adaptation actions needed to
be integrated into the CWP, including year-round plan-
ning, winter preparedness and action, cold spell forecast
(alert and readiness), and emergency response.25 Local
organizations and departments such as health and
social care, weather, communities, and individuals,
should be included in the CWP. For example, commu-
nity- and individual-level cold vulnerability assessment
could be implemented to identify the location of most
vulnerable people, and specific interventions can be
designed to protect them more efficiently and effec-
tively.

Central-southern provinces should focus on reduc-
ing heat-related mortality burden. Although heat-health
action plans (HAP) have been integrated into the
national and regional strategies of climate change adap-
tation, intensified adaptation measures are needed in
Central-southern provinces. First, the HAP should be
developed and implemented among the most related
www.thelancet.com Vol 24 Month July, 2022



Figure 4. The age-standardized death rates (per 100 000 population) attributable to both low-temperature and high-temperature
and their ranks by causes of death and province, 2019.

Panel A: Age-standardized death rates attributable to low-temperature.
Panel B: Age-standardized death rates attributable to high-temperature.
Panel C: The ranks of cause-specific age-standardized death rates attributable to low-temperature.
Panel D: The ranks of cause-specific age-standardized death rates attributable to high-temperature.
In Panels C and D, the number in each grid indicates the ranks of age-standardized death rates among provinces, and smaller

number means the toper position in the ranks.

Articles
agencies and the public. Second, different actions such
as public advisories, risk information communication,
intensified surveillance, and air-conditioned shelter
www.thelancet.com Vol 24 Month July, 2022
opening should be taken depending on different alert
levels of high temperature. Third, a sound and concrete
risk communication and public education program are
9
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necessary to increase the awareness of high tempera-
ture, and transform the knowledge to behavior adapta-
tion. Fourth, urban planning such as optimizing
building design, building parks, and green spaces, could
also assist in reducing vulnerability, establishing resil-
ience and promoting health.26

We further found that the types and ranks of main
health risks caused by non-optimal temperature largely
varied among provinces, and each province should pay
attention to their specific health risk. For example, west-
ern provinces like Tibet and Qinghai may take more
actions to prevent deaths from cardiopulmonary dis-
eases, diabetes, and kidney diseases in cold days. Mean-
while central-southern provinces like Hainan and
Jiangxi need to take more intensified comprehensive
measures to prevent deaths from cardiopulmonary dis-
eases, diabetes, kidney diseases, and injuries in hot
days. In particular, the mortality burden attributable to
both high and low temperatures in Xinjiang ranked the
top among all provinces in China. Therefore, compre-
hensive adaptation measures are needed to reduce both
heat- and cold-related mortality burden in Xinjiang.

This study has several strengths. First, we applied a
comparative framework to estimate the burden attribut-
able to non-optimal temperatures in China based on a
national dataset and a high-resolution (0¢25° £ 0¢25°) of
temperature data. The representativeness of data
ensured the high quality of our findings at national
level. Moreover, the national dataset with continuous
spatial coverage included both urban and rural areas,
which could provide more precise estimation of the
mortality burden attributable to non-optimal tempera-
tures at both national and provincial levels. Second, we
applied a novel meta-regression tool, MR-BRT, to esti-
mate the exposure-response associations between tem-
perature and mortality by temperature zone. This tool
was specifically developed for application within the
GBD, ensuring internal consistency and comparability
across risk factors. Third, this is the first study to esti-
mate the mortality burden attributable to non-optimal
temperatures at provincial levels in China. The study
could help subnational governments to develop tailored
intervention plans.

Several limitations should be acknowledged. First, due
to the unavailability of data, our dataset did not include
morbidity data, and therefore we did not estimate years
lived with disability (YLDs) caused by non-temperature.
We hope to extend our estimation to include non-fatal out-
comes in future studies. Second, the methodological
approach in this study did not consider the lagged and
cumulative effects of temperatures, and did not adjust for
long-term trend, day of week, air pollutants, and other
meteorological factors such as humidity, which may limit
the comparability and consistency of findings with other
studies beyond the GBD framework. Third, the exposure-
response associations between non-optimal temperatures
and mortality were estimated based on a global mortality
dataset from eight countries (including China), but was
not specifically based on the province-specific mortality
dataset or subpopulation dataset (e.g., urban-rural areas,
sex or age groups) across China. The GBD 2019 frame-
work assumed that the exposure-response associations
were consistent across all pixels within the same tempera-
ture zone.12 Therefore, the heterogeneity of mortality bur-
den between provinces cannot be accounted for by
socioeconomic status, demographics, air conditioning
usage, and development levels of infrastructure and public
health services, which have been shown to impact the tem-
perature-mortality associations even within similar cli-
mates.27-29 The temperature-related mortality burden in
some provinces with greater temperature susceptibility
might be underestimated, and in some provinces with
less temperature susceptibility might be overestimated.
However, we estimated the cause-specific temperature-
mortality curve across 23 temperature zones. These expo-
sure-response curves were applied to the underlying loca-
tion and population specific burden to derive the
temperature-attributable burden. While our exposure-
response curves do not account for effect modifiers such
as sex, age, rural-urban areas, the burden estimates to
which we apply our exposure-response functions do.
Fourth, only one-year mortality data were included from
China. However, the number of death (6¢1 million) was
larger than many other countries such as New Zealand
(0¢76 million), Colombia (0¢95 million), and Guatemala
(0¢49 million), and the global mortality dataset had
58¢9 million deaths spanning from 1980 to 2016, which
provided a robust global association between temperature
and mortality. Fifth, the temperature exposure was
assessed using the ambient temperature, but not based on
the individual-level exposure, which may lead to misclassi-
fication bias of exposure because people usually spend
more time indoors.30 These limitations suggest the need
for continued focus on estimating the temperature related
mortality burden in future GBD works.

In conclusion, a substantial mortality burden for a
diverse set of causes of death is attributable to non-opti-
mal temperatures in China. The mortality burden was
dominated by low temperature and cardiorespiratory
diseases at the national level or provincial level. Cold-
related mortality dominated in Western China while
heat-related mortality was prominent in Xinjiang and
Central-Southern China. Our results provided valuable
information for the public and policy makers to under-
stand the mortality burden of non-optimal temperature.
In the context of unequivocal climate change globally,
we call for more decisive and coordinated actions to pro-
tect human health from non-optimal temperatures.
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