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ABSTRACT: Short-term exposure to particles with aerodynamic
diameters less than 2.5 μm (PM2.5) and ozone (O3) are important
risk factors for human health. Despite the awareness of reducing
attributable health burden, region-specific and source-specific
strategies remain less explored due to the gap between precursor
emissions and health effects. In this study, we isolate the health
burden of individual sector sources of PM2.5 and O3 precursors,
nitrogen oxides (NOx) and volatile organic compounds (VOCs),
across the globe. Specifically, we estimate mortalities attributable to
short-term exposure using machine-learning-based daily exposure
estimates and quantify sectoral impacts using chemical transport
model simulations. Globally, short-term exposure to PM2.5 and O3
result in 713.5 (95% Confidence Interval: 598.8−843.3) thousand
and 496.3 (371.3−646.1) thousand mortalities in 2019, respectively, of which 12.5% are contributed by fuel-related NOx emissions
from transportation, energy, and industry. Sectoral impacts from anthropogenic NOx and VOC emissions on health burden vary
significantly among seasons and regions, requiring a target shift from transportation in winter to industry in summer for East Asia, for
instance. Emission control and health management are additionally complicated by unregulated natural influences during climatic
events. Fire-sourced NOx and VOC emissions, respectively, contribute to 8.5 (95% CI: 6.2−11.7) thousand and 4.8 (3.6−5.9)
thousand PM2.5 and O3 mortalities, particularly for tropics with high vulnerability to climate change. Additionally, biogenic VOC
emissions during heatwaves contribute to 1.8 (95% CI: 1.5−2.2) thousand O3-introduced mortalities, posing challenges in urban
planning for high-income regions, where biogenic contributions to health burden during heatwaves are 13% of anthropogenic
contributions annually. Our study provides important implications for temporally dynamic and sector-targeted emission control and
health management strategies, which are of urgency under the projection of continuously increasing energy consumption and
changing climate.
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1. INTRODUCTION

Air pollution is the fourth highest risk factor for global mortality,
with 4.1 million and 0.4 million caused by long-term exposure to
ambient particulate matter (aerodynamic diameter less than 2.5
μm, PM2.5) and ozone (O3), respectively, in 2019.1 Major
sources of PM2.5 and O3 include formation through photo-
chemical reactions involving precursors nitrogen oxides (NOx)
and volatile organic compounds (VOCs), both of anthropogenic
and natural origins.2 To develop promising mitigation measures,
source attribution of long-term concentrations of O3 and PM2.5
has been reported extensively.3,4 However, acute health effects
and the source attribution of short-term exposure to PM2.5 and
O3 remain less studied, particularly on a global scale, leaving a
gap between precursor control and health management. This
study provides a globally comprehensive source categorization
of the PM2.5 and O3 health burden attributable to their short-
term exposure.

Despite efforts on emission control in recent years, highly
polluted days are still frequently reported in urbanized and
industrialized regions, with PM2.5 or O3 concentrations
exceeding the World Health Organization (WHO) recom-
mended daily air quality guidelines (AQG) levels.5−8 Premature
mortalities attributable to short-term PM2.5 or O3 exposure are
regionally estimated at up to 108.9 thousand per year.9,10 Aside
from anthropogenic sources, climatic events such as wildfires
and heatwaves are episodically associated with spiked PM2.5 or
O3 concentrations11−13 along with health burden.14−17
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Comprehensive tracking of the pollution health burden
requires high-quality pollution exposure data. Researchers
commonly use ground-based measurements, satellite retrievals,
or chemical transport model simulations to estimate PM2.5 and
O3 health burden.4,10,18,19 The recent integration of these
multiple data sources using machine learning models appears
attractive,9,20,21 with high accuracy, fine resolution, and full
coverage.

On top of pollution exposure data, assessments of sources and
impacts are important in light of policy strategies. Source
attribution of long-term PM2.5 and O3 pollution is widely
implemented using the tagging approach3,22,23 and the zeroing-
out approach.4,24 While the tagging method involves labeling or
tagging modeled PM2.5 or O3 with the identity of the emitted
precursors, which produces information about the contribution
of different precursors to PM2.5 or O3 in a simulation, the
zeroing-out method perturbs emissions from a given source
sector in sensitivity simulations along with a baseline simulation,
which gives information about the response of PM2.5 or O3 to
changes in precursor emissions.3 Both methods provide source−
receptor relationships between precursor emissions and
pollutant concentrations, with the former focusing on
contributions (source apportionments) and the latter on
impacts (source sensitivities).25

In this study, we derive daily full-coverage machine learning
estimates for ambient PM2.5 and O3 concentrations and
investigate the mortalities attributable to their short-term
exposure in 2019. Moreover, we apply the zeroing-out method,
on the basis of chemical transport model sensitivity simulations,
to quantify influences from individual NOx and VOC emission
sectors for polluted days, including climatic events such as fires
and heatwaves. Such insights from a global perspective are
particularly important to customize strategic policies with the
greatest public health benefits.

2. DATA AND METHODS
2.1. Global Daily PM2.5 and O3 Exposure Estimates. We

assess short-term PM2.5 and O3 exposure as daily average PM2.5
concentrations and daily maximum 8 h average (MDA8) O3
concentrations, and we derive pollution concentrations using
satellite gap-filled data and machine learning at a 10 × 10 km2

resolution.20,21 Input data include ground-based in situ
observations, satellite remote sensing products, reanalysis
products of meteorological parameters and trace gas concen-
trations, emission inventories, population density, economic
level, land cover, and terrain changes. See Text S1 for details of
the data sources.

We adopt a tree-based ensemble-learning extremely random-
ized trees (extra-trees)26 for modeling air pollutants, with
unique advantages including stronger randomness and an anti-
interference ability.5 Specifically, a four-dimensional space-time
extra-trees (4D-STET) model is developed by introducing
Euclidean spherical space and triangular spiral time to better
describe both the autocorrelations and differences of individual
points in spatial locations (e.g., different global hemispheres)
and temporal series (e.g., seasonal cycles). Within the 4D-STET
framework, assimilation data are first used to fill satellite gaps
over cloudy scenes and snow/ice cover, and afterward, surface
concentrations are estimated based on input data.

The daily gap-filled data achieve similar validation results to
retrievals without gap-filling (with a 1% reduction in correlation
coefficients relative to ground-based measurements) and
increase the daily spatial coverage by 36%, accompanied by a

nearly 3-fold expansion in the training sample size.21 The
performance of daily exposure estimates is evaluated with
sample-based 10-fold cross-validation (Figure S1). The machine
learning data, in line with ground-based observations with high
cross-validated coefficients of determination (>0.89), low root-
mean-square error (<9.1 μg m−3), and low mean absolute error
(<5.8 μg m−3), show great prediction ability in daily and global
manners and act as a firm basis for our health burden estimation.

2.2. Health Burden Due to Short-Term Exposure to
PM2.5 and O3. We estimate premature mortalities attributed to
short-term exposure ΔMort with the human health impact
function27,28 as

Mort y Pop RR1 ( )
i j

i i j0 ,
1= [ ]

(1)

For each global burden of disease (GBD) region, y0 is the daily
baseline mortality rate in 2019 (https://vizhub.healthdata.org/
gbd-results). RR(Ωi,j) is a log−linear concentration−response
function29 relating the change in surface air pollutant
concentration Ω to the change in relative risk RR for i grid on
j day. We use RR for all-cause mortality as 1.0065 (95%
Confidence Interval [CI]: 1.0044−1.0086) for PM2.5 and
1.0043 (1.0034−1.0052) for O3 with an increase in pollutant
concentration per 10 μg m−3 following a short-term study.30

Theoretical minimum-risk concentrations without adverse
health impacts are selected from the GBD study.1 The
population Pop is from Gridded Population of the World
(GPW) v4 (http://sedac.ciesin.columbia.edu/data/collection/
gpw-v4). The daily mortality estimates are added up into annual
sums for result discussions. Uncertainties of health burden
estimates are calculated considering ranges in baseline mortality
rates and theoretical minimum-risk concentrations.1,30

2.3. Simulated Fractional Sector Impacts. We derive the
fractional sector impacts from a series of perturbation
simulations using the chemical transport model GEOS-Chem
version 12.9.3 (http://www.geos-chem.org) driven by Modern-
Era Retrospective Analysis for Research and Applications,
Version 2 (MERRA-2) meteorological fields.31 With a spin-up
time of 1 year, the global simulations are configured at a
resolution of 2° × 2.5° with 47 vertical layers. Anthropogenic
emissions for 2019 are from the Community Emissions Data
System (CEDS) inventory at a resolution of 0.1° × 0.1°.32 Soil
NOx emissions from the natural nitrogen pool and fertilizer
input are calculated using the Berkeley-Dalhousie Soil NOx
Parameterization (BDSNP) in GEOS-Chem.33 Biogenic
emissions are calculated online using the Model of Emissions
of Gases and Aerosols from Nature (MEGAN) version 2.1.34

Biomass burning emissions are from the fourth-generation
Global Fire Emissions Database (GFED4).35 GEOS-Chem
simulations are interpolated to grids of exposure data using the
bilinear interpolation method.

GEOS-Chem includes a coupled treatment of O3−NOx-
VOC-aerosol-halogen chemistry36−39 and uses a bulk aerosol
scheme with fixed log−normal modes.40 PM2.5 is simulated in
GEOS-Chem as the sum of sulfate-nitrate-ammonium (thermo-
dynamic equilibrium computed with ISORROPIA II),41,42

organic aerosol,43 black carbon,44 dust,45 and sea salt46

components. We use a volatility basis-set approach for
nonisoprene secondary organic aerosols and an explicit aqueous
uptake mechanism to model isoprene secondary organic
aerosols.43

The GEOS-Chem model reproduces main patterns for trace
gases with biases generally lower than 50%, evaluated against
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extensive space-, aircraft-, and ground-based observations.47−49

We show in Figures S2 and S3 that our GEOS-Chem
simulations agree with in situ observations, with correlation
coefficients larger than 0.75 and biases lower than 38.6% (annual
values for PM2.5 and summer values for O3). The biases are
mainly related to the uncertainties in anthropogenic and natural
emission estimates as well as parametrization resolutions for
meteorology or chemical processes.50

We apply the zeroing-out technique, where fractional PM2.5
and O3 mass impacts are calculated as relative differences
between the base and sensitivity simulations that systematically
remove individual source sectors. From that, population-
weighted fractional source contributions Fsource for each GBD
region are calculated by dividing those source impacts Frac by
the total population-weighted mean concentrations as

F
Frac C Pop

Pop

C Pop

Pop
/

j

i i j i j i

i i

i i j i

i i
source

, , ,=
× × ×

(2)

where Ci,j is the PM2.5 or O3 concentration for i grid on j day.
Fsource are then applied to the health burden in eq 1 to calculate
source impacts from each sector. Anthropogenic source sectors
for NOx and VOCs cover transportation, energy, ships,
residential, industrial, solvents, agriculture, and waste. Natural
source sectors include soil NOx, lightning NOx, fire NOx,
biogenic VOCs, and fire VOCs.

Note that the zeroing-out method quantifies the source
sensitivities to air pollutants, which include the interaction of
each specific source with all other sources rather than the pure
impact from the specific source alone.24,51 CEDS sectors with
higher levels of uncertainty include waste burning, residential
emissions, and agricultural processes due to the difficulty in
accurately tracking energy consumption statistics and un-
certainties in the variability in source-specific emission
factors.32,52 However, the above sectors play relatively less
important roles in our analysis (see Section 3.2). Additionally,
due to the use of relative differences in describing sectoral

emission impacts, the method is less sensitive to the absolute
values of GEOS-Chem simulations, as analyzed in our previous
works.53,54

3. RESULTS AND DISCUSSION
3.1. Short-Term Exposure and Attributable Health

Burden. In 2019, 97.5 and 87.1% of the global population
experience, respectively, PM2.5 and O3 pollution, exceeding daily
AQG levels (15 μg m−3 for PM2.5 and 100 μg m−3 for O3)

55 in
Figure 1. The values are 25.4 and 14.9% for Interim 1 targets (75
μg m−3 for PM2.5 and 160 μg m−3 for O3), an initial stage toward
the attainment of the final AQG target. The daily PM2.5
concentration can reach 631.2 μg m−3, and the O3 concentration
peaks at 357.3 μg m−3. Spatially, top PM2.5-introduced mortality
rates are noticed in South Asia (18.2 [95% CI: 15.9−20.6] per
100 thousand population), East Asia (15.8 [13.2−18.8]), and
Western Sub-Saharan Africa (15.3 [12.8−18.4]). During the
same time, the top O3-attributable mortality rates are located in
East Asia (11.9 [95% CI: 9.1−15.2] per 100 thousand
population), South Asia (11.6 [9.1−14.4]), and High Income
Asia Pacific (9.3 [7.3−11.4]).

Globally, short-term PM2.5 and O3 exposure cause a total of
713.5 (95% CI: 598.8−843.3) and 496.3 (371.3−646.1)
thousand mortalities (Figure 2). Driven by prolonged pollution
episodes and high concentrations, both PM2.5 and O3 pose
significant challenges for health management in South Asia and
East Asia, together accounting for 66.0% of global mortalities on
average. Compared to previous regional studies focusing on
China,9,10 our mortality estimates in East Asia show higher
values by more than 1.8 times (Table S4), due to the use of
stricter theoretical minimum-risk concentrations and higher
relative risk.

Meanwhile, the O3 health burden can be greater than that of
PM2.5 by up to a factor of 2 for high-income regions, including
Western Europe, High Income North America, and High
Income Asia Pacific. High PM2.5- and/or O3-mortalities in such

Figure 1. Maximum values of daily PM2.5 and daily maximum 8 h average (MDA8) O3 concentrations and region-level mortality rates attributable to
short-term pollution exposure in 2019. Concentrations below WHO AQG levels are not shown in (a,c). See Figure S4 for grid-based estimates of (b,d).
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regions, despite the relatively shorter durations of polluted days
and lower levels of pollution exposure, reflect differences in
population density, baseline mortality rate, urban-rural
structure,56 and local emission source.

3.2. Anthropogenic Sources. Large PM2.5 health burden is
typically accompanied by high anthropogenic NOx contribu-
tions (up to 28.8%) in populated regions across the northern
hemisphere (Figure 3). For these areas, anthropogenic
emissions also contribute largely to O3-attributable mortalities
(up to 31.6% for NOx and 13.7% for VOC). Globally,
anthropogenic NOx emissions result in 192.4 (95% CI:
155.5−237.2) thousand mortalities (103.3 [87.2−121.1]
thousand for PM2.5 and 89.1 [68.3−116.1] thousand for O3),
and anthropogenic VOC contributions additionally lead to 39.1
(29.4−50.0) thousand O3-related mortalities (Tables S1−S3).

Meanwhile, natural NOx and VOC emissions can offset the
emission control efforts and health benefits due to their large
influences (seasonally by up to 56.3%; Figures 3 and S5) and
possible synergetic or competitive relationships with anthro-
pogenic sources.57 Aside from the above secondary emissions
from atmospheric chemical reactions between NOx and VOCs,
the remaining sources of PM2.5 (regionally by more than 64.3%;
Figure 3) largely correspond to direct emissions, such as forest
fires and agricultural waste burning, windblown mineral dust
from arid regions, and inefficient fuel combustion.4

Among anthropogenic sectors in Figure 2 and Tables S1−S3,
transportation from NOx emissions plays the most important
role in global health burden attributable to short-term exposure
(35.4 [95% CI: 29.9−41.5] thousand for PM2.5 and 37.0 [28.2−
48.2] thousand for O3), followed by energy (26.0 [22.1−30.4]

Figure 2. Normalized sectoral impacts on PM2.5- and O3-attributed mortalities from anthropogenic NOx and VOC emissions. Sectors are shown for
agricultural (Agr), energy (Ene), industrial processes (Ind), residential (Res), ships (Shi), transportation (Tra), and waste (Was). Negative influences
are excluded from the analysis. Population-weighted mean polluted days exceeding WHO AQG levels (N), population-weighted mean PM2.5 and
MDA8 O3 concentrations for polluted days (Ω), and attributable mortalities are sorted by decreasing values of mortalities. Dot sizes show relative
amounts. See Table S1−S3 for the numbers of sectoral contributions to mortalities.
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thousand and 21.2 [16.4−27.5] thousand) and industry (19.6
[16.4−23.1] thousand and 12.1 [9.7−15.7] thousand). These
three NOx sources, which are typically associated with fuel
combustion, together account for 12.5% of the total PM2.5 and
O3 health burden. Besides, anthropogenic VOC emissions from
the solvent, energy, and residential sectors result in 5.4% of the
O3-related mortalities worldwide, with each contributing to 12.9
(95% CI: 9.7−16.5) thousand, 7.7 (5.7−9.8) thousand, and 6.4
(4.7−8.0) thousand mortalities. Smaller global sectors, such as
agriculture, shipping, and waste, are potentially important for
regional control strategies. We note that the impacts of
agricultural practices can be underestimated in this work. Due
to the combined influences of both agricultural management
and meteorological variables, the distinctions between natural
and anthropogenic contributions are usually difficult for soil
emissions. Here, we follow the common practice of anthro-

pogenic sectors from the CEDS inventory, in which agricultural
NOx emissions generally account for less than 5% of total
anthropogenic emissions.52 The soil NOx emissions, up to 20%
of anthropogenic sources but considered conventionally as
biogenic sources (Figure S6), require additional attention in
designing the emission control strategies.57

Sectoral influences on health burden vary among regions and
seasons, with solvent VOC contributions to anthropogenically
sourced O3 health burden ranging from 3.9% in North Africa/
Middle East to 19.2% in East Asia annually (Figure 2b) and
reaching a peak of 33.5% in High Income Asia Pacific in the
winter (Figure S7). These results highlight the importance of
spatially and temporally dependent policies in emission control
and health management. Taking East Asia as an example,
targeted reduction of transportation NOx emissions in winter
(PM2.5 as the main pollution species) and industry NOx

Figure 3. Fractional contributions from anthropogenic and natural NOx and VOC emissions to PM2.5- and O3-attributed mortalities. Regions are
sorted by decreasing values of mortalities following Figure 2.

Figure 4. Dominant anthropogenic sector with the largest relative contribution to mortalities attributable to short-term PM2.5 and O3 exposure for
summer and winter in 2019. Sectors for anthropogenic NOx and VOC emissions are analyzed in Figure 2. Total PM2.5- and O3-related mortalities are
given inset.
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emissions in summer (O3 as the dominant species) may bring
the highest health benefits, which can be complicated by the
possible extension of the O3 pollution season into winter,58

when solvent VOC emissions play the dominant role (Figures 4
and S7).

3.3. Fire Sources. Fire-sourced emissions, mostly associated
with agricultural biomass burning activities in middle−high
latitudes in the northern hemisphere and with savanna,
grassland, and shrubland fires in the tropical and southern
hemisphere (Figure S8), are heavily tied to air pollution and
health burden.59 Fire episodes present soaring PM2.5 (by up to
574.1 μg m−3) and O3 (by up to 334.7 μg m−3) concentrations in
2019 (Figure S9). In turn, fire-sourced NOx and VOC
emissions, respectively, contribute to 8.5 (95% CI: 6.2−11.7)
thousand and 4.8 (3.6−5.9) thousand mortalities worldwide,
particularly for tropics with elevated vulnerability to climate
change (Figure 5).

In Southeast Asia alone, 1.2 (95% CI: 0.9−1.6) thousand O3-
introduced mortalities could be avoided by eliminating fire NOx

emissions, with an additional 2.6 (1.9−4.4) thousand avoidable
for Africa and 433 (261−645) avoidable for Latin America
(Figure 5c). The broadly higher fire-sourced O3 health burden
relative to PM2.5 is consistent with regional studies.17 It should
be noted that, in addition to NOx and VOCs, fires also emit large
amounts of primary pollutants, such as black carbon, organic
carbon, and carbon monoxide, resulting in the potential for
increased PM2.5 and O3 health burden.60 Accordingly,
collaboration under an international agreement to reduce fire-
sourced emissions needs to be adopted to effectively control
PM2.5- and O3-related health burden.

For South Asia and East Asia, with large mortality rates and
high anthropogenic contributions (Figures 1 and 3), exposure to
PM2.5 and O3 pollution caused by agricultural biomass burning
brings a total of 3.7 (95% CI: 3.3−5.1) thousand mortalities.
More importantly, unequal contributions from fire NOx and
VOC emissions address episode- and region-dependent
strategies to control PM2.5 and O3 pollution and mitigate
climate change in a coordinated way.

Figure 5. Impacts from NOx and VOC fire emissions to mortalities attributed to PM2.5 and O3 exposure in the year 2019. Attributable global total
numbers are given inset.

Figure 6. Impacts from biogenic VOC emissions to mortalities attributed to PM2.5 and O3 exposure during heatwave days in the year 2019. Attributable
global total numbers are given in the inset.
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3.4. Heatwave-Related Biogenic Sources. The fre-
quency, intensity, and duration of heatwaves are on the rise
with the warming climate.61 2019 witnesses an average
temperature 1.1 °C above the preindustrial period62 and records
widespread heatwave hotspots in middle−high latitudes (Figure
S10). Here, a heatwave is defined as a daily maximum
temperature exceeding the climatological average by 5 °C with
a duration of 5 days or more.63 Maximum temperatures lower
than 30 °C are filtered out for the analysis. In response to the
high temperature, intensive solar radiation, and stagnant
anticyclonic conditions, increased biogenic VOC contributions
to PM2.5 and O3 formation have drawn regional interest,
emphasizing the dual role of vegetation for urban air quality.64,65

While PM2.5-related mortalities (285 [95% CI: 235−341]
globally) are mainly located in East Asia, the amplitude and
coverage of biogenic VOC influences on health burden are
notably larger for O3 exposure (1839 [1498−2222]; Figure 6).
For high-income regions with a generally heavier O3 health
burden in comparison to PM2.5, such as High-Income North
America and Western Europe (Figure 2), the O3-related
mortalities contributed by biogenic VOC episodically during
heatwave events (75 [95% CI: 61−89] and 91 [79−103],
respectively) are around 13% of those contributed by
anthropogenic VOC annually (558 [364−749] and 722
[524−957]). In these cases, urban landscaping needs to be
cautiously planned under changing climate. For other vulnerable
and populated regions, the potential interaction between
ambient high temperatures and air pollutants (PM2.5 and O3
concentrations by up to 19 and 3 times of WHO AQG levels;
Figure S11) might generate a double-negative impact on public
health.66,67 Accordingly, a synergistic temperature-pollution
warning system and event-targeted emission control actions,
considering both biogenic sources and anthropogenic power
emissions,54 are required, particularly for sensitive individuals of
the greatest health concern.

3.5. Implications for Future Emission Control and
Health Management. Despite the increasing awareness of
controlling anthropogenic NOx and VOC emissions and long-
term efforts to alleviate PM2.5 and O3 pollution,19,68 health
burden attributable to their short-term exposure remains high.
Moreover, variations in daily PM2.5 and O3 health burden are
positively correlated in most regions in summer with high levels
of climate vulnerability (Figure 7), pinpointing the similar
meteorological effects and shared precursor emissions, such as
transportation, energy, and industry. Meanwhile, dual-pollutant
joint control is needed for Asia, Europe, and North America in

the winter season when PM2.5 and O3 show insignificant or
negative correlations, resulting from reduced photolysis rates
and the strong titration effect of O3 pollution.69

Projected to 2050 in the International Energy Outlook,70 the
rapidly growing Africa and Middle East will be home to 2.8
billion residents (Figure 8a), comparable to the populations of
India and China combined. Assuming invariable emission
intensity and baseline mortalities relative to 2019, short-term
exposure to PM2.5 and O3 is associated with a total health burden
of 13.2 (95% CI: 7.2−16.8) mortalities per 100 thousand
population. Targeted anthropogenic sources include NOx
emissions from transport (4.2% of total health burden), energy
(2.7%), and industrial (1.4%) sectors (Figure 2), and natural
NOx and VOC sources likely play important roles during
extreme events (Figures 5 and 6). In the future, increasing
renewable energy from 5.7 quadrillion British thermal units
(BTU) to 19.9 quadrillion BTU in Africa and the Middle East is
technically and economically feasible (Figure 8d) to reduce
PM2.5 and O3 health burden and improve climate change
resilience under the consideration of distinct solution spaces and
green growth pathways for each country.71

For East Asia and South Asia, with the present-day largest
PM2.5 and O3 mortality rates, economic growth is expected to
continue at a high pace (Figure 8b). Such projection drives
future increases in energy generation and consumption for
transportation and industry, respectively, by 1.5 and 1.3 times
(Figure 8e−f), which currently account for 71.7% of the health
burden attributable to anthropogenic NOx and VOC influences.
Despite the commonly increasing shares of renewable energy,
the two major coal consumer countries, China and India, face a
contrary evolution in future coal consumption (Figure S12),
reflecting differences in energy efficiency, energy structure, and
environmental regulations. Nevertheless, considering the
current large amplitude of coal-based energy consumption
(55.2% of global coal consumption; Figure S12) and the high
fraction of energy-intensive manufacturing (66.7% of total
industrial energy consumption; Figure S13) in China, cleaner
power production is still an emergency.4

For high-income regions in North America and Western
Europe, with shorter exposure durations and lower air pollution
concentrations but considerable mortalities (Figure 2),
effectively managing transportation NOx and VOC emissions
would substantially reduce the PM2.5 and the O3 health burden
(9.3%). In the outlook, the reduction of on-road transportation
energy consumption in the Americas and Europe will reverse
around 2035 (Figure 8e), and the fraction of gasoline or E85

Figure 7. Correlation coefficients between daily PM2.5 and O3 health burdens in 2019. Results are shown for summer (June−August in the northern
hemisphere and December−February in the southern hemisphere) and winter (December−February in the northern hemisphere and June−August in
the southern hemisphere). Data samples of less than 10 are excluded from the analysis.
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fuels will remain relatively unreduced (48.8% in 2022 and 43.4%
in 2050 of all fuels; Figure S14). Actions to increase the share of
electric vehicles may offer options for rapid improvement in air
quality and attributable health burden in high-income areas.68

In summary, reducing fuel-related emissions potentially
provides immediate health benefits. With lessons learned from
the Americas in Figure 8c−d and China and India in Figure S12,
continuous economic development and technological innova-

Figure 8. Future projections of social-economic indicators and energy-related parameters by region. Results are shown for population (a), gross
domestic product per capita expressed in purchasing power parity (b), coal consumption (c), renewable energy consumption (d), transportation
energy consumption (e), and industry energy consumption (f). Values are normalized with respect to 2022, and the absolute values of 2022 are given in
parentheses. Units are million persons (a), 2015 dollars per person (PPP) (b), million short tons (c), and quadrillion British thermal units (BTU) (d−
f). The data are taken from the U.S. Energy Information Administration (http://www.eia.gov/aeo). Solid lines show reference projections assuming
current energy trends and relationships, existing laws and regulations, and economic and technological changes. Shadows in (b,c) show cases with high
(solid edge) and low (dashed edge) zero-carbon technology cost.
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tion, as well as investment for emission control, are key points for
pollution control and health management. Taking Americas as
an example, the low zero-carbon technology cost (ZCTC) case,
assuming a more rapid capital cost decline, projects to more
effectively replace coal (158.0 quadrillion BTU relative to 394.0
quadrillion BTU in the high ZCTC case) with renewable
consumption (62.9 quadrillion BTU relative to 48.0 quadrillion
BTU) to meet the energy demand and bring potential health
benefits. It is noted that the projections are generated using the
World Energy Projection System,72 an integrated economic
model representing policy-neutral baselines with assumptions of
current policies and addressing the uncertainty by including
cases with different macroeconomic growth, crude oil prices, as
well as costs for zero-carbon generating technologies. Such
projects are possibly shifted by new policy developments,
technological breakthroughs, or geopolitical events.

3.6. Uncertainties. Our estimates of sectoral contributions
and health burden represent their actual influences, including
the pure contributions and interactional effects with other
sources.51 Uncertainties remain in the conclusions resulting
from our use of the zeroing-out method since the total estimates
can be biased as individual perturbation simulation may not
capture the interactional effects among several different
sources,24 particularly for O3 as a result of nonlinear
compensating effects from emission sectors.25 The combination
with tagging possibly benefits the study by revealing how the
contribution of sectoral sources to pollutant changes in response
to mitigation measures. However, this should not downplay the
significance of current findings in terms of policy implications.
Second, despite our focus on region-scale strategies, the
estimation of sectoral impacts is potentially limited by the
spatial resolution of GEOS-Chem simulations, and further
country- or city-level analysis can be improved with high-
resolution nested simulations, particularly for extreme air
pollution episodes (e.g., fires and heatwaves). Moreover, the
assumption of the same toxicity of each source sector and
relative risk across the globe can be improved under future
developments of source- and country-specific, age- and gender-
dependent epidemiologic studies on the global scale.16,73
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