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ABSTRACT: Heatwaves frequently coincided with ozone to form
one of the most imminent health threats under global climate
change. Identifying hotspots of compound heatwave and ozone
pollution events (CHOEs) has crucial significance in developing
targeted mitigation strategies, which is largely unknown. We
therefore performed the comprehensive global and regional
analyses on the spatiotemporal variation and death burden of
CHOEs during 2000−2021. In addition to CHOE exposure, we
estimated its population exposure through multiplying the
exposure by total population. We observed that the frequency,
duration, and intensity of CHOEs and their population exposures
significantly increased in most midlatitudes, particularly in the
Middle East and North Africa and South Asia. The population
exposures increased at an accelerating pace and were mainly driven
by the CHOE itself. We estimated that the death burden of CHOEs increased over time especially in the Middle East and North
Africa, with a population attributable fraction of 0.99% in 2000 to 2.01% in 2021. Our findings add novel evidence that CHOEs
markedly increased and posed substantial death burdens both regionally and globally in the past two decades. This evidence
highlights urgent needs to develop regional targeted mitigation and adaptation actions to reduce health risks due to CHOEs,
particularly in hotspots.
KEYWORDS: compound heatwave and ozone pollution event, population exposure, spatiotemporal variation, death burden

1. INTRODUCTION
Heatwave is defined as a prolonged period with extremely high
temperatures and has been recognized as the most widespread
weather event globally.1,2 It was estimated that heatwaves
accounted for more than 11% of all disaster deaths during
2000−2019 (about 0.15 million for 20 years; sourced from the
Emergency Events Database) and were projected to cumu-
latively claim 1.6 million lives from 2023 to 2050 worldwide
(sourced from the World Economic Forum).3,4 In addition to
direct health impacts, heatwaves (i.e., extreme temperatures)
can accelerate atmospheric photochemical reaction and
significantly increase the concentration of ground-level ozone
(O3), which is projected to increase in the future.5,6 As a major
greenhouse gas, ground-level O3 can, in turn, amplify
heatwaves through longwave radiative trapping and the
deepening of isopycnals.7 These reactions frequently make
heatwaves and O3 coincide to form compound heatwave and
ozone pollution events (CHOEs).8,9 To date, sporadic regional
studies and one global study have identified certain vulnerable
regions of CHOEs;10−12 however, due to the limited coverage
of regional studies and the coarse spatial resolution (130 km ×
200 km) of the worldwide study, the global spatiotemporal

variation of CHOEs is yet to be meticulously investigated,
which hinders the distinction of potential exposure hotspots
across the globe.
Emerging epidemiological studies have demonstrated that

combined exposure to heatwaves and O3 pollution can induce
substantially greater effects on human health compared with
the sum of their individual effects.13−15 In our recent study in
China, we provided novel and compelling evidence that the
association of exposure to CHOEs with cardiovascular
mortality was 1.6- to 3.2-folds higher than that in individual
exposure to heatwaves or O3 pollution.

15 A more recent study
verified our results and further revealed that heatwaves and O3
pollution can interact synergistically to trigger both non-
accidental and respiratory mortality.14 These findings con-
sistently suggest that CHOE is an imminent health threat
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under enhanced global climate change and may impose
substantial death burdens on both individuals and the
society.16 It becomes essential and important to quantify the
regional and global death burdens attributable to CHOEs to
aid in the formulation of targeted mitigation and adaptation
strategies; however, these death burdens still remain largely
unknown.
To address these notable research gaps, we conducted global

and regional analyses to (1) explore the spatiotemporal
distribution and trend of CHOEs and their population
exposures; (2) decompose the exposure, population, and
their combined effects on population exposure changes; and
(3) estimate the death burden of CHOEs, based on our
generated global CHOE data sets from 2000 to 2021 with a
high spatial resolution of 0.1 ° × 0.1 °.

2. METHODS

2.1. Data Collection
Gridded meteorological data were obtained from the land component
of the fifth generation of European ReAnalysis (ERA5-Land) data set.
The ERA5-Land data set is a derived data set of the land component
from the European Centre for Medium-Range Weather Forecasts
(ECMWF) and offers a long-term period since 1950 on an hourly
scale and a high spatial resolution of 0.1 ° × 0.1 ° (approximately 9
km × 9 km).17 As validated in previous studies, ERA5-Land data are
highly accurate for temperature predictions.18,19 The enhanced
spatiotemporal resolution, comparably accurate predictions, and full
spatiotemporal coverage make ERA5-Land an attractive data set for
assessing variations in global and regional weather extremes. In this
study, we collected global hourly 2 m air temperature (K) and 2 m
dew point temperature (K) during 1961−2021 from the ERA5-Land
data set and calculated daily mean air temperature and dew point
temperature accordingly.

We obtained gridded ground-level daily maximum 8 h average
(MDA8) O3 concentration during 2000−2021 from our previously
established GlobalHighAirPollutants (GHAP) data set (spatial
resolution: 0.1 ° × 0.1 °; available at https://weijing-rs.github.io/
product.html). The GHAP data set was produced with big data and
artificial intelligence and has been well-known owing to its long-term,
full-coverage, high-resolution, and high-quality characteristics. The
global coefficient of determination (R2) and root mean squared error
(RMSE) for daily MDA8 O3 estimates were 0.86 and 6.24 μg/m3,
respectively, and the R2 and RMSE by monitoring-station density
were, respectively, 0.82 and 6.95 μg/m3,20 indicating high agreement
between the concentration prediction and its reference observations.

Annual gridded data for global population from 2000 to 2021 were
derived from the LandScan Global Population Data set (https://
landscan.ornl.gov/) with a spatial resolution of 30 arc-seconds
(approximately 1 km × 1 km; Figure S1). The LandScan Global
data set is currently the finest resolution publicly accessible population
data set, which represents a global ambient population that can
capture all potential activity space of people both in the day and
night.21 This data set is regarded as a comprehensive population
distribution data set and has been commonly applied in many
environmental and epidemiological researches.22,23

2.2. Definition of CHOEs
As a common apparent temperature indicator, the heat index (HI) is a
measure of human perceived temperature and is estimated by the
combination of air temperature and relative humidity. In comparison
with using air temperature to define heatwaves, the application of HI
can help provide more accurate exposure assessments.24 In this study,
we employed HI as the temperature metric and used the equations
developed by Rothfusz in 1990 and adopted by the National Weather
Service (NWS) to calculate HI based on the air temperature and dew
point temperature data from the ERA5-Land data set (Supporting
Information).24

To date, there has been no standard definition of heatwaves
worldwide. We used the most common approach to define heatwaves
with a combination of relative temperature threshold and
duration.25,26 As suggested by the World Meteorological Organization
(WMO) Commission and previous studies, we used the period of
1961−1990 as the reference period and identified grid-specific
heatwaves (spatial resolution: 0.1 ° × 0.1 °) when the daily HI
reached or exceeded the 90th percentile of daily HIs during the
reference period and lasted for at least 3 days (Figure S2).27,28

According to the World Health Organization Air Quality Guidelines
2021 (WHO AQGs 2021), we defined grid-specific O3 pollution
events as the MDA8 O3 concentration equal to or above 100 μg/m3.29

By this approach, each day in each grid will be classified as
nonheatwave or heatwave day and non-O3 pollution or O3 pollution
day according to its exposure to HI and O3, respectively. For each
grid, if a day is classified as both heatwave day and O3 pollution day,
this day will be defined as CHOE day. Finally, we generated a global
gridded data set on CHOEs on a daily scale with a spatial resolution
of 0.1 ° × 0.1 °.

We utilized three indicators, including frequency, duration, and
intensity, to characterize CHOEs on a yearly scale. The frequency was
defined as the number of CHOEs (CHOEf, time), the duration was
defined as the sum of all CHOE days (CHOEd, day), while the
intensity was defined as the weighted average value of the sum of
standardized cumulative intensity across all CHOE days (CHOEi). As
proposed in previous studies, there was a significant difference in the
health impacts between exposure to heatwaves and O3 pollution.

14,15

To better capture their individual contributions to CHOEi, we
employed the risks of exposure to heatwaves and O3 pollution to
calculate the standardized and risk-weighted CHOEi. CHOEi is a
dimensionless indicator ranging from 0 to 1, with higher values
indicating greater intensity. In this study, CHOEf, CHOEd, and
CHOEi represent annual cumulative exposures to CHOE frequency,
duration, and intensity in each grid during 2000−2021, respectively.

CHOE frequency (CHOE ) Nf =

CHOE duration (CHOE ) Dd
j 1

N
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=
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+

where N is the total number of CHOEs in each year; Dj is the total
days of the jth CHOE; HI0 is the 90th percentile of daily mean HI
during 1961−1990; HIjk is the mean HI in the kth day of the jth
CHOE; Ozone0 is the threshold of O3 pollution events (i.e., 100 μg/
m3); Ozonejk is the O3 concentration in the kth day of the jth CHOE;
x is the xth CHOE day; HIjk’ is the standardized excess HI in the kth
day of the jth CHOE; Ozonejk’ is the standardized excess O3 in the
kth day of the jth CHOE; βHW

31 and βOzone
31,32 represent the

mortality risk estimates of exposure to heatwaves and O3 pollution,
which were collected from previous studies (Supporting Information).

To account for the variation of population distribution, we unified
the spatial resolution of the LandScan Global data set as 0.1 ° × 0.1 °
and calculated the population exposure to CHOEs by multiplying
each of the three indicators by the annual population for each grid cell
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from 2000 to 2021, including population exposure to CHOEf (Pop-
CHOEf; person-time), population exposure to CHOEd (Pop-CHOEd;
person-day), and population exposure to CHOEi (Pop-CHOEi;
person). The Pop-CHOEf, Pop-CHOEd, and Pop-CHOEi represent
population exposure to CHOEf, CHOEd, and CHOEi, respectively.

2.3. Statistical Analysis
We first calculated the annual sum of CHOEf, CHOEd, and CHOEi
and their corresponding population exposures at each grid from 2000
to 2021. To explore the spatiotemporal variation of CHOEs on a
regional scale, we divided the world into different regions according to
the latest World Bank income and regional group classification,
including 218 countries/regions, four World Bank income groups
(high-income, low-income, lower-middle-income, and upper-middle-
income countries), and seven of eight World Bank regional groups
(Latin America and Caribbean, Europe and Central Asia, South Asia,
Sub-Saharan Africa, Middle East and North Africa, East Asia and
Pacific, and North America; the Antarctica is excluded due to the lack
of a native human population; Figure S3). We then calculated the
mean values of the three CHOE indicators for each grid within the
globe and each region.

The spatial autocorrelation of both CHOEs and the population
exposures was tested using the Global Moran’s I index.33 Since this
index can only measure the spatial pattern for the entire area, we also
performed cluster and outlier analyses (i.e., Local Moran’s I index) to
explore any hotspot of CHOEs.34 A negative Moran’s I index
indicates a tendency toward dispersion, a positive index represents a
tendency toward clustering, while a zero index means that the
occurrence is randomly distributed. The Moran’s I index was
statistically significant when a z score was less than -1.96 or more
than 1.96 and the corresponding P value on a global or regional scale

(or adjusted P value on a grid scale calculated by the false discovery
rate [FDR] method) was lower than 0.05.33−35 For cluster and outlier
analyses, four different clusters were considered statistically
significant, including high-high (P < 0.05, I > 0, and z > 1.96),
high-low (P < 0.05, I < 0, and z > 1.96), low-high (P < 0.05, I < 0, and
z < -1.96), and low-low (P < 0.05, I > 0, and z < -1.96) clusters. The
high-high cluster indicates that the region and its adjacent regions are
vulnerable zones of CHOEs with high values (i.e., hotspots), the high-
low (or low-high) cluster represents that a high-valued (or low-
valued) area surrounded by low-valued (or high-valued) neighbors,
while the low-low cluster means that the region and its neighboring
regions are cold spots with low values.

The temporal trends of CHOEs and population exposures from
2000 to 2021 were calculated through Sen’s Kendall slope estimator,
which is nonparametric and robust against measurement errors or
outliers.36,37 The Sen’s Kendall slope estimator provides a confidence
interval for the estimated spatiotemporal trend. A z score above 1.96
indicates a significant increasing trend, while a z-score less than -1.96
represents a significant decreasing trend. Temporal trend analyses
were performed on a gridded, regional, and global level. A two-sided P
value on a global or regional scale (or adjusted P value on a grid scale
calculated by the FDR method) of less than 0.05 was considered to be
statistically significant.

To explicitly examine the potential effect of exposure and
population distribution on spatiotemporal changes in population
exposure, we decomposed the population exposure changes into
exposure, population, and their combined effect on both global and
regional scales.38,39 Specifically, the exposure effect reflected the
impact of changes in CHOEf (or CHOEd, or CHOEi; i.e., the
contribution of changes in CHOE metrics to population exposure
changes), the population effect represented the influence of variations

Figure 1. Spatial distribution of CHOEs and their population exposures in 2021. CHOEs, compound heatwave and ozone pollution events.
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on both size and distribution of population, while the combined effect
referred to the intertwined impact of changes in both exposure and
population shifts. The decomposition of these three effects on
population exposure changes was calculated using the following
formula.

Exposure CHOEs Population Population

CHOEs CHOEs Population

j 2000 j 2000

j j j

= × +

× + ×

where △Exposurej represents changes of population exposure in year
j using population exposure in 2000 as the reference; CHOEs2000
represents CHOEs (CHOEf, CHOEd, or CHOEi) in 2000;
△Populationj represents changes in population in year j compared
with the population in 2000; Population2000 represents the population
in 2000; and △CHOEsj represents changes of CHOEs in year j
compared with exposure in 2000.

Based on the estimated annual decompositions in population
exposure changes mentioned above, we utilized linear regression
models to explore the temporal trend for each decomposed effect
from 2000 to 2021 across the globe and different regions. A negative β
indicates a significant decreased trend and a positive β represents a
significant increased trend, when the corresponding P value is less
than 0.05.

We applied population attributable fraction (PAF) with and
without being weighted by the total population to, respectively,
quantify the death burden of CHOEs for each gird and region, using
the following formulas.

( )
PAF

1

n
100%y,p

j 1
n 1

e( y,p CHOEy,p,j)

= ×
= ×

PAF
(Pop PAF )

Pop
y

p 1
P

y,p y,p

p 1
P

y,p

=
×=

=

where PAFy, p represents the PAF in year y and in grid p; n represents
the total days in year y; βy,p represents the risk estimate of the
association between exposure to CHOEs and mortality in year y and
in grid p, which was calculated based on risk estimates for
heatwaves30,40 and O3 pollution

31,32,40 exposures reported in previous
studies (Supporting Information); CHOEy, p, j represents whether day
j was a CHOE day or not (yes = 1, no = 0) in year y and in grid p;
PAFy represents the population weighted PAF in one region in year y,
in order to consider the potential impacts of population; P represents
total number of grids in the region; and Popy,p represents the total
population in year y and in grid p. Linear regression models were used
to explore temporal trends for the death burden on both global and
regional scales.

Figure 2. Spatial distribution of Slope’s estimates of annual changes in CHOEs and their population exposures from 2000 to 2021. CHOEs,
compound heatwave and ozone pollution events. The P value was adjusted by the false discovery rate method.
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Several sensitivity analyses were conducted to test the robustness of
our results, including adjusting referent time for the temperature
threshold of heatwaves from 1961−1990 to 1971−2000, quantifying
CHOEi by averaging the sum of standardized intensities of heatwaves
and O3 pollution (Supporting Information), and changing the
concentration threshold for O3 pollution to 80 and 120 μg/m3. All
analyses were performed in R software (version 4.4.2), and a two-
sided P value less than 0.05 was considered significant.

3. RESULTS

3.1. Global CHOEs and Their Population Exposures
In 2021, more CHOEf, longer CHOEd, and higher CHOEi
mainly concentrated in midlatitudes. More population
exposures were primarily observed in eastern China, India,
and southern Europe (Figures 1 and S4−S10). The global
average CHOEf, CHOEd, and CHOEi in 2021 was 3.0 times,
10.9 days, and 2.3, respectively, while the corresponding
population exposure was 20,314.1 person-times, 82,028.3
person-days, and 16,208.4 persons, respectively (Tables S1−
S6).
The Global Moran’s I index of CHOEs in each year from

2000 to 2021 was significantly positive (ranging from 0.96 to
0.99, all P < 0.001), indicating that the global spatial

distribution patterns of CHOEs were significantly clustered
(Tables S7−S9). In the cluster and outlier analyses, only a
cluster of high-high CHOEs was observed mainly in northern
midlatitude regions. Similar spatial autocorrelation was
detected for the population exposures, with slightly smaller
Global Moran’s I indexes ranging from 0.48 to 0.74 during the
study period (Figures S11−S17).
The CHOEf has significant increasing trends in southeastern

Asia, south China, southeastern Arabian Peninsula, and small
areas of the North Africa and Sub-Saharan Africa; CHOEd and
CHOEi demonstrated widespread and significant increasing
trends during the study period and mainly concentrated over
parts of southeastern Asia, south China, the Arabian Peninsula,
North Africa, and Sub-Saharan Africa. For population
exposure, significant increased trends were consistent in
northeastern Asia, south China, South Asia, Middle East,
North Africa, and Sub-Saharan Africa (Figure 2). On a global
scale, three CHOE indicators demonstrated a slightly but
insignificant increase during the study period (all Sen’s slope
values < 0.1, P > 0.05); instead, the temporal trend of
population exposures was significantly positive, with a Sen’s
slope value of 378.1 person-times/year, 1973.5 person-days/

Figure 3. Temporal distribution of global and regional CHOEs and their population exposures from 2000 to 2021. CHOEs, compound heatwave
and ozone pollution events.
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year, and 499.7 persons/year for the Pop-CHOEf, Pop-
CHOEd, and Pop-CHOEi, respectively (Table S13).
3.2. Regional CHOEs and Their Population Exposures

3.2.1. Exposure in Four World Bank Income Groups.
Among four World Bank income groups, the most serious
CHOEs and population exposures in 2021 were observed in
lower-middle-income countries, with the value of 4.7 times for
CHOEf, 19.2 days for CHOEd, 3.3 for CHOEi, 50,277.9
person-times for Pop-CHOEf, 230,395.1 person-days for Pop-
CHOEd, and 39,795.0 persons for CHOEi, respectively (Figure
3 and Tables S1−S6).
Significantly increasing trends of the three CHOE indicators

were observed in low-income, lower-middle-income, and
upper-middle-income countries, showing the fastest increasing
trend in low-income countries for the CHOEf (Sen’s slope
value = 0.07 times/year) and CHOEd (0.13 days/year) and in
lower-middle-income countries for the CHOEi (0.06 per year).
For population exposure, the sharpest rising trends were
observed in lower-middle-income countries, with the Sen’s
slope values of 1184.1 person-times/year, 7332.5 person-days/
year, and 1856.1 persons/year for the Pop-CHOEf, Pop-
CHOEd, and Pop-CHOEi, respectively (Table S13).
3.2.2. Exposure in Seven World Bank Regional

Groups. As shown in Figure 3, the most CHOEs among the
different World Bank regional groups in 2021 were observed in
the Middle East and North Africa, with the value of 8.1 times,
45.6 days, and 4.3 for CHOEf, CHOEd, and CHOEi,
respectively. For population exposures, most Pop-CHOEf,
Pop-CHOEd, and Pop-CHOEi occurred in South Asia, with
the values of 146,260.2 person-times, 623,836.5 person-days,
and 116,853.0 persons, respectively (Tables S1−S6).
Among the seven World Bank regional groups, temporal

trends in CHOEs continued to increase from 2000 to 2021

(Table S13). CHOEf and CHOEd increased with the sharpest
trend in the Middle East and North Africa (Sen’s slope value =
0.11 times/year and 0.52 days/year), while the most obvious
increased trend in CHOEi occurred in the South Asia with a
Sen’s slope value of 0.13 per year. Although there was an
overall uptrend in CHOEi in the Middle East and North Africa,
year like 2007 stood out with particularly severe intensity. For
population exposure, the sharpest uptrends were observed in
the South Asia, with the Sen’s slope value of 3322.3 person-
times/year for Pop-CHOEf, 26,869.4 person-days/year for
Pop-CHOEd, and 7096.5 persons/year for Pop-CHOEi,
respectively.
3.2.3. Exposure in 218 Countries/Regions. In 2021, the

highest CHOEf, longest CHOEd, and greatest CHOEi among
218 countries/regions were 10.8 times in the Arab Republic of
Egypt, 81.6 days in Kuwait, and 15.7 days in Bahrain,
respectively. For population exposure, we observed the longest
Pop-CHOEd in Bahrain (15,196,654.0 person-days), while the
most Pop-CHOEf and highest Pop-CHOEi were both located
in Macao, China (4,215,875.0 person-times and 5,156,507.6
persons; Table S10−S12).
During 2000−2021, the most obvious increasing trends of

the CHOEf, CHOEd, and CHOEi among 218 countries/
regions, respectively, appeared in Yemen, Qatar, and Bahrain,
with the corresponding Sen’s slope estimate of 0.29 times/year,
2.70 days/year, and 0.48 per year. We observed the largest
temporal trends of the Pop-CHOEf, Pop-CHOEd, and Pop-
CHOEi in Macao, China, Bahrain, and Macao, China,
respectively (Sen’s slope value: 207,201.5 person-times/year,
675,170.5 person-days/year, and 226,809.3 persons/year;
Table 1 and Tables S14−S15).

Table 1. Top 10 Countries or Regions in Temporal Trends of CHOEs and Their Population Exposures from 2000 to 2021a

Area Frequency Area Duration Area Intensity

CHOEs

Yemen 0.29c Qatar 2.70c Bahrain 0.48c

Hong Kong, China 0.27c Bahrain 2.20c Qatar 0.37c

Arab Republic of Egypt 0.23b United Arab Emirates 2.08c Tajikistan 0.34c

Macao, China 0.22b Kuwait 1.75b Kyrgyz Republic 0.33c

Sudan 0.21b Saudi Arabia 1.67c Hong Kong, China 0.26c

Lebanon 0.19c Jordan 1.40c Macao, China 0.26c

Oman 0.17c West Bank and Gaza 1.33b West Bank and Gaza 0.17c

Saudi Arabia 0.17b Israel 1.30b United Arab Emirates 0.17c

Eritrea 0.16c Arab Republic of Egypt 1.24b India 0.17b

Sierra Leone 0.15b Tajikistan 1.15c Zimbabwe 0.17b

Population exposures
Macao, China 207,201.5b Bahrain 675,170.5c Macao, China 226,809.3c

Hong Kong, China 180,391.8c Macao, China 550,412.5b Hong Kong, China 127,123.9c

West Bank and Gaza 22,181.9c Hong Kong, China 491,877.0c Bahrain 123,074.4c

Bangladesh 18,628.9c West Bank and Gaza 139,453.8b Bangladesh 19,727.9c

Israel 14,925.5b Qatar 93,050.9c West Bank and Gaza 14,637.3c

Lebanon 14,713.1c Israel 72,911.4b Qatar 11,237.6c

Republic of Korea 8040.7b Bangladesh 66,078.9b India 10,732.8c

San Marino 5522.5c Lebanon 47,294.9c Republic of Korea 10,016.1b

Nigeria 4944.9c India 33,159.7b Israel 8983.3b

Qatar 4044.0b Jordan 32,031.5c Lebanon 6011.4b

aCHOEs, compound heatwave and ozone pollution events. The unit of slope’ estimate of CHOE frequency, duration, and intensity was time/year,
day/year, and per year, respectively, while the unit of slope’ estimate of population exposure to CHOE frequency, duration, and intensity was
person-time/year, person-day/year, and person/year, respectively. bP < 0.05. cP < 0.001.
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3.3. Decomposition of Population Exposure Changes

Using the exposure and population data in 2000 as a reference,
we observed that there was a significant increasing trend in the
duration, frequency, and intensity of population exposure
changes worldwide over the past two decades (Figure 4). In
general, the global population exposure changes increased
nonmonotonically from 2001 to 2021, with the corresponding
annual rise averaged of 374.4 person-times, 1943.2 person-
days, and 516.7 persons for the Pop-CHOEf, Pop-CHOEd, and
Pop-CHOEi, respectively (P < 0.001). Similar increasing
trends were observed in all included World Bank incomes and
regional groups (Table S16).

When decomposing population exposure changes into the
exposure, population, and their interactions, we observed
distinct impacts from each factor across the globe and different
regions (Figures 4, Table S16 and S18−S21). On a global
scale, the exposure effect contributed to most proportion and
increase in population exposure changes of the Pop-CHOEf
(proportion up to 88.0%; 161.2 person-times), Pop-CHOEd
(98.1%; annual averaged rise of 981.6 person-days), and Pop-
CHOEi (62.2%; 321.3 persons). Among different regions, the
exposure effect generally accounted for the highest proportion
in population exposure changes and showed the sharpest
increased trend in annual changes (e.g., the population
exposure change of Pop-CHOEf and its exposure effect in

Figure 4. Decomposition of changes in population exposure to CHOE duration and their linear trends worldwide and in seven regions from 2000
to 2021. CHOE, compound heatwave and ozone pollution event.

Figure 5. Population attributable fraction due to CHOEs from 2000 to 2021. CHOEs, compound heatwave and ozone pollution events.
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the East Asia and Pacific were 437.8 person-times and 722.2
person-times, respectively, suggesting that 60.6% of population
exposure change was attributable to exposure change), despite
that the population effect contributed most to the population
exposure changes in low-income countries, lower-middle-
income countries, the South Asia, and Middle East and
North Africa for the Pop-CHOEf, and in the Sub-Saharan
Africa for the Pop-CHOEi.
3.4. Death Burden of CHOEs

As presented in Figure 5, the PAF of CHOEs in 2021 was
higher in lower-middle-income countries (0.51%), the Europe
and Central Asia (0.54%), and Middle East and North Africa
(2.01%). Of them, trend analysis showed that the death burden
significantly increased in lower-middle-income countries,
upper-middle-income countries, the South Asia, Sub-Saharan
Africa, Middle East and North Africa, and Europe and Central
Asia, but significantly decreased in the North America (P <
0.05; Table S17). Among 218 countries/regions, the highest
PAF in 2021 was, respectively, observed in Kuwait (3.21%;
95% CI: 3.02%, 3.36%), both showing a significant increasing
trend from 2000 to 2021 (P < 0.05; Tables S18−S20).
Sensitivity analyses by adjusting the referent time for the

temperature threshold of heatwaves from 1961−1990 to
1971−2000 (Figures S23−S27), quantifying CHOEi by
averaging the sum of standardized intensities of heatwaves
and O3 pollution (Figures S28−S32), and changing the
concentration threshold for O3 pollution (Figures S33 and
S34) all yielded similar results.

4. DISCUSSION
Based on multisource fine-resolution reanalysis products, we
performed a comprehensive global and regional analysis of the
spatiotemporal variation and death burden of CHOEs in the
past two decades. We found that CHOEs displayed evident
increasing trends and posed substantial death burdens during
2000−2021. Higher frequency, longer duration, and greater
intensity of CHOEs and their population exposures distributed
in midlatitude regions and significantly increased especially in
the Middle East and North Africa and South Asia. The Pop-
CHOEs acceleratingly increased and were mainly contributed
by the occurrence of CHOEs. The death burden of CHOEs
was considerable and showed an increasing trend over time,
with the highest PAF of 0.99% in 2000 to 2.01% in 2021 in the
Middle East and North Africa.
There were pronounced spatial heterogeneities and

increasing trends in CHOEs across the globe. The results of
Local Moran’s I index revealed a cluster of high-high CHOEs
in northern midlatitude regions (i.e., hotspots of CHOEs).
Specifically, more frequent and intense CHOEs were
distributed in midlatitudes, while the distribution of population
exposures indicates a similar but clearer tendency in densely
populated areas. This is in line with the patterns of population
exposures reported in another study in 2022, which merely
focused on the spatial distribution of CHOEd during 1995−
2014.10 Of note, the definition of O3 pollution in this exiting
study was at least two consecutive days with the MDA8 O3
concentration exceeded the WHO AQGs 2021 threshold,
which may lead to much lower estimates on global annual
mean CHOEd (2.6 vs 8.7 days). Unlike a single event, CHOEs
were formed by the coincidence of exposure to two single
events. It should be noted that the quantile-based temperature
threshold for heatwave captures local extremes (i.e., climate

anomaly/extremeness), whereas the absolute threshold for O3
pollution reflects health exceedances (i.e., risk identification).
The variation in the definition of heatwaves or O3 pollution
was likely to impact the quantification of CHOEs and serves as
the main reason for the heterogeneity in findings across
studies. Given that growing evidence suggests that exposure to
heatwaves and O3 pollution can interact to cause human health
hazards, our findings not only identify vulnerable CHOE
regions but also highlight the urgent needs to further elucidate
the health impacts of CHOEs in these hotspots.13−15,41

In our regional analyses in different income groups, we
revealed thought-provoking evidence that the population living
in the low- and lower-middle-income countries were faced with
substantial exposures and death burdens of CHOEs. More
importantly, these regions displayed the greatest increase in
trend magnitudes of CHOEs at the same time. This pattern
indicates that people in these countries have suffered from the
most severe CHOEs, and they will experience more events
under the current exposure scenario in the future. It should be
noted that the majority of people in low- and lower-middle-
income countries lack awareness, adaptation measures, and
resources to address climate change; they tend to suffer from
elevated surface O3 concentrations due to the large increase in
future precursors and more enhancive heatwaves under global
climate warming, which will amplify inequalities in population
exposures across different income groups.42,43 Therefore, we
advocate that certain measures are urgently needed to help
countries with lower incomes to better proactively reduce
these inequalities and cope with climate change in the future,
including improvements in CHOE early warning systems,
international organization assistance for adaptation projects,
and knowledge sharing, as well as policy interventions.28,44,45

Our regional analyses among seven World Bank regional
groups demonstrated that the South Asia, Middle East and
North Africa, and East Asia and Pacific were vulnerable
hotspots to CHOEs. Among these, the Middle East and North
Africa were exposed to the most and significant increased
CHOEs. Additionally, taking population pattern into consid-
eration, we found that South Asia has become the most severe
hotspot of CHOEs, suggesting that South Asia has vulnerable
climate regions due to its coexisting heavy stress of climate and
population patterns, which was in line with a previous report.46

It has been proposed that rapid population growth, high
population density, inadequate infrastructure, and limited
resources can jointly exacerbate the vulnerability to hazards
in South Asia.47 Overall, these findings have important
implications that local policymakers should make targeted
regional measurements based on heterogeneity in contributors
of CHOEs and put more emphasis on the balance between
increased population and resources when devising mitigation
and adaption plans for health protection, especially in South
Asia.45

To further distinguish the specific vulnerable regions for
CHOEs, we explored the spatiotemporal variation and death
burden among 218 countries/regions and screened out several
hotspot cities or countries across the globe (Kuwait; the Arab
Republic of Egypt; Macao, China; Bahrain; Qatar; Yemen; and
India). It is unsurprising that most of these hotspots are coastal
regions, which have proposed to have the greatest and fastest
growing exposure to heatwaves.18 Previous evidence showed
that coastal regions are usually close to the ocean or large
bodies of water, which can influence the regional climate by
making it relatively milder and more humid than that in inland
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regions.48 Besides, the majority of hotspot regions were located
in the coastal Middle East, which were frequently influenced by
the advection of hot air masses from desert areas and the water
vapor advection from warm water bodies that can induce
prolonged high temperatures in summer.49 As the co-
occurrence of high temperature and humidity is more likely
to trigger heatwaves, coastal regions tend to have higher
vulnerability to CHOEs. It should be also noted that most of
these regions are high-income regions, and their intensified
heat island effects resulting from rapid urban development will
make local people exposure to more pronounced heatwaves.50

In addition, according to the estimate from the United Nations
Environment Programme 2019, there were almost 38% of the
global population living within 100 km of the coast, with a
population density twice the global average.51 The higher
vulnerability of exposure and continuous aggregation of
population coincide, making coastal regions rank in overall
susceptibility to CHOEs.
While significant increasing trends of population exposure to

CHOEs have been evident since 2000, they are not monotonic
across time. Our study is the first to uncover that the temporal
changes in population exposure to CHOEs are increasing at an
accelerating pace in the presence of anthropogenic climate
change. Lower-middle-income countries and South Asia
showed the fastest increase in population exposure changes,
with values nearly doubling in two decades (2021 vs 2002).
Moreover, exposure effects contributed the most to population
exposure changes in the majority of the globe; notably,
population effect was another important contributor to
population exposure changes in low-income countries and
South Asia. A larger population means that more people will be
exposed to climatic hazards. Besides, population growth is also
related to a reduction in per capita income growth, which can
directly cause an increase in poverty.52 Overall, although
coping with the increasing exposure is still a major action in
future prevention and control for CHOEs, our finding provides
important reminders that the growing populations (e.g.,
marginalized groups) and their collateral influence should be
particularly regarded as a priority, especially in low-income
countries.53

The key strength of this study is that we estimated CHOEs
using meteorological and air pollutant data from relatively high
spatial resolution data sets with a long period of two decades.
In comparison with the only relevant study that used data with
a spatial resolution of 1.25 ° × 1.875 °, our higher spatial
resolution (0.1 ° × 0.1 °, nearly 120 times) allows us to
provide a more precise estimate of CHOEs with the
consideration of personal adaptations and identification of
vulnerable regions. Besides, we employed the combination of
multiple weather conditions to define heatwaves, which can
accurately reflect people’s perceived temperatures and provide
more accurate assessments for population exposures.54

Our study also has certain limitations. Like other
investigations that used satellite-derived data to identify
exposures, the accuracy of our results directly depended on
the quality of reanalysis data (i.e., uncertainties between
observational and reanalysis data), which may raise concerns of
under- or overestimation in our estimates. Although the
predictive performances of ERA5-Land and GHAP were
generally high on both global and regional scales, it is possibly
insufficient to diagnose systematic biases in sparsely monitored
regions and under extreme condition. Further research is
warranted to evaluate the spatially stratified performance

diagnostics to help provide more information on the likely
direction and plausible magnitude of bias in our hotspot
detection and burden estimates. Additionally, the definition of
CHOEs was based on the distribution of temperatures and air
quality guideline values without consideration of the potential
health impacts of CHOEs, which may limit the generalization
of our results. Due to the lack of data on the associations of
exposure to CHOEs with mortality on a global scale and the
daily or monthly mortality rates for each region, we employed
risk estimates of exposure to heatwaves and O3 separately from
different worldwide studies to estimate the mortality risks and
then combined them with yearly mortality rate to calculate the
death burden attributable to CHOE exposure, which cannot
consider the possible impact of certain within-country or
within-year heterogeneity (e.g., urban-rural structure, health-
care access, age composition, and death rate) and may
introduce uncertainties in calculating PAF; thereby, it should
be cautious when interpreting our results to other regions or
populations. Furthermore, we did not evaluate the death
burden of CHOEs in subpopulations (e.g., by sex or age) due
to the lack of data on specific risk estimates. Future studies are
warranted to estimate subpopulation-specific exposure-re-
sponse associations of exposure to heatwaves, O3 pollution,
and CHOEs on a global scale, which can help provide deeper
insights into the protection of vulnerable populations.
Our study provides novel evidence that the frequency,

duration, and intensity of CHOEs and their population
exposures displayed pronounced increasing trends and posed
substantial death burdens both regionally and globally in the
past nearly two decades. Midlatitude regions, particularly the
Middle East and North Africa and South Asia, were CHOE
hotspots. These findings have crucial implications in
developing targeted mitigation strategies and prioritizing the
acquisition and allocation of resources to reduce the health
risks of CHOEs, especially for vulnerable hotspots.
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