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Tablel.1 Energyandair pollution policies in FYP@ational Bureau of Statistics, 2023)

Time Periods Energy consumption Air pollution
11th FYP Reduce energy intensity by 20 Reduce emissions of chemical
(2006;2010) by 2010; Increase the share | oxygen demand and sulfur

service industry in GDP by 3%. | dioxide by 10%.

12th FYP Reduce energy intensity by 16% Reduce emissions of chemig
(2011¢2015) Cap coal use at 3.9 billion tons i oxygen demand and sulfl
2015; Increase the share of non| dioxide by 8%; Reduce emissiq
fossil energy to 11.4%. of ammonia and nitrogen oxideg
by 10%.
13th FYP Reduce energy intensity by 15% Reduce S£and NQ emissions
(2016:2020) wSRdzOS O21I f Qa {by15%; Require that all cities

energy to no more than 58% by| meet national air quality
2020; Increase the share of non| standards at least 80% of the
fossil fuel from 1215% by 2020 | time.

to 20% by 2030.
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ARTICLE INFO ABSTRACT

Keywords:
Fine particulate matter

Background: China has implemented rigorous clean air policies since 2013 to address PM, 5 pollution particularly
affecting economically developed regions. The Fusion relative risk model was recently developed to better
PM:5 am'fbumble deaths capture the association between long-term PM, 5 exposure and mortality risk, but it has not been used in China.
:::: o'n “:::':b:i:km;ﬁ'y e Methods: We estimated cause-specific PMa s attributable deaths g adults (> 25 years) across China over
China 2005-2020 at a 0.1° x 0.1° spatial resolution using the Fusion model, and also adopted the Global Exposure
Mortality Model (GEMM) for comparison. We investigated 31 provinces and targeted five mega city clusters:
Beijing-Tianjin-Hebei cluster (BTH), Yangtze River Delta cluster (YRD), Pearl River Delta cluster (PRD),
Cheng-Yu cluster (CY) and Middle reaches of the Yangtze River cluster (MYR).
Results: The Fusion model esti d PM, 5 attributable deaths increased from 2.38 million (95 % Ul: 2.06-2.64)
in 2005 to 2.68 million (95 % UL 2.33-2.95) in 2013 (12.6 %), then declined by 11.6 % to 2.37 million (95 % UL
2.04-2.65) in 2020. Ischemic Heart Disease (IHD) and Stroke contributed most to the total attributable deaths
(33.4 % and 35.0 % in 2020). Compared with the GEMM, the Fusion model generated higher attributable
mortality estimates for IHD, Stroke and Chronic Obstructive Pulmonary Disease, but lower estimates for Lung
Cancer and Lower Respiratory Infections. PM; 5 attributable deaths were clustered in densely populated and
highly polluted regions, with Henan and Shandong bearing the highest mortality burden among the 31 prov-
inces. PM, 5 attributable deaths in BTH, YRD, PRD, CY and MYR declined by 5.3 %, 11.5 %, 18.0 %, 25.4 % and
18.6 % respectively over 2013-2020, with greater declines in attributable mortality rates (18.9 %, 23.8 %, 33.8
%, 27.3 % and 24.1 %).

Conclusions: Future clean air policies in China should consider regional disparities and continue prioritizing

highly poll

1 and d ly pop

d urban areas, including the five mega city clusters.

1. Introduction

Fine particulate matter (PM, 5) poses great threats to public health,
and long-term PM; 5 exposure has been consistently linked to increased
mortality risks from respiratory and cardiovascular diseases (Mehta
et al., 2013; West et al., 2016; Pope III et al., 2002). Ambient PMa s
exposure was ranked sixth among the primary risk factors for global
mortality in 2019, associated with 4.14 million deaths, and over half of

those deaths were from China and India (GBD, 2020).

With rapid urbanization and economic growth powered by coal-
dominated fossil fuel consumption, air pollution has been a persistent
and severe issue affecting public health in China. Chinese authorities
have endeavored to tackle the problem by declaring the Air Pollution
Prevention and Control Action Plan (APPCAP) in 2013, which targeted
up to 25 % abatement of the annual mean PM, 5 concentrations by 2017
(State Council of China, 2013). The plan proposed a set of actions,

Abbreviati BTH, Beijing-Tianjin—Hebei cluster; YRD, Yangtze River Delta cluster; PRD, Pearl River Delta; CY, Cheng-Yu cluster; MYR, the Middle reaches of
the Yangtze River cluster; LL model, log-linear model; IER mode, integrated exposure-response model; GEMM, global exposure mortality model; APPCAP, air

pollution prevention and control action plan.
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including reducing multi-pollutant emissions, optimizing industrial
processes, promoting clean energy, improving public transportation,
and establishing regional cooperation in air quality management.
Numerous studies have shown that both PM, s pollution levels and
PM; 5 related deaths have declined markedly across China following the
introduction of the policy (Shen et al., 2019; Wang et al., 2021; Yuetal.,
2022; Xue et al, 2024), After the success of APPCAP, China issued
another three-year action plan (2018-2020), aiming to further improve
air quality across regions (State Council of China, 2018).

Previous studies differ in their estimated PM, s attributable deaths
depending on the data sources, methods, selected causes of death and
regions covered. In terms of methods, a relative risk (RR) model that best
captures the association between long-term PM, 5 exposure and death is
crucial for accurate assessment. Several RR models have been used in
previous studies. Early studies used RR functions in a Log-Linear (LL)
form (Pope 11l et al., 2020; Chen & Hoel, 2020). However, the LL model
yields very large and biologically implausible relative risks at high PMa s
concentrations (Burnett & Cohen, 2020). Bumnett et al. (2014) con-
structed the Integrated Exposure-Response (IER) model to cover the
global concentration range by integrating cohort studies of other types
of PM, 5 exposures (non-ambient) such as secondhand smoking and in-
door air pollution. The IER model has been extensively applied to
evaluate mortality linked to long-term exposure to PMys (Liu et al.,
2022a; Yue et al., 2020; Lyu et al., 2023; Liu et al., 2023; Li et al.,
2024a). However, the IER model was designed on the assumption that
PM25 exposure and toxicity are consistent across different sources of
PM2s (ambient and non-ambient), which has not been empirically
validated (Burnett et al., 2022). To address this limitation, Burnett et al.
(2018) developed the Global Exposure Mortality Model (GEMM),
deriving from solely cohort studies of ambient air pollution encom-
passing a broad spectrum of PM, 5 exposures observed worldwide. They
calculated that ambient PMa 5 pollution was associated with 8.9 million
deaths worldwide using the GEMM, compared to 4.2 million deaths
estimated with the IER model in the 2015 Global Burden of Disease
(GBD) study (Cohen et al., 2017). The GEMM has also been adopted
widely in recent studies on China (Liu et al., 2021; Liu et al., 2022b; Xue
et al., 2023; Zheng et al., 2024; Bai et al., 2024; Li et al., 2024b; Sun
et al., 2024).

However, the GEMM was highly sensitive to the addition of the study
from China by Yin et al. (2017), underscoring the demand for more
cohort studies at higher PMas levels (Burnett & Cohen, 2020).
Furthermore, Buinett et al. (2022) noted that the GEMM for all non-
communicable diseases was built on data mainly from cohort studies in
high-income countries. This model may be unsuitable for low- or mid-
dle- income countries, such as China, as the distribution of specific
causes of death within all noncc ricable di varies across
countries globally (Hystad et al., 2020; Burnett & Cohen, 2020). Burnett
et al. (2022) developed the Fusion model which integrates characteris-
ties of the above models but addresses their key limitations. The model
merges the LL function at low PM, 5 concentrations with the IER and
GEMM functions exhibiting decreasing derivatives at high PMa 5 con-
centrations. These relative risk functions that span the entire PM; g
concentration range are supported by empirical studies (Pope 111 et al,
2002; Pope 11l et al., 2011). Therefore, the Fusion model is more suitable
for burden analysis worldwide and can provide better estimation of
attributable mortality especially in areas suffering high PM, 5 pollution;
however, this model has not been applied in China.

This study aims to offer an improved and detailed assessment of the
mortality burden associated with PM; 5 across regions in China over the
period of 2005-2020, and explore the impacts of the national air
pollution control policy after 2013. This study contributes to the liter-
ature in the following aspects: We adopted the new Fusion relative risk
model which is currently the most suitable model in China’s context
because of the high levels of PM, 5 pollution. Also, we used new cause-
specific baseline mortality rates from the latest GBD 2021 study
(Naghavi et al., 2024). Combined with the Fusion model, our study
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improves the accuracy of estimated PM,s related deaths in China,
showing that previous studies considerably underestimate PM, s related
mortality (Xiao et al., 2022; Zheng et al., 2024).

2. Methodology
2.1. PM3 s concentration and demographic data

We used the annual mean PM, 5 concentration data at 0.1° x 0.1°
(roughly 10km x 10km) spatial resolution, obtained from the Atmo-
spheric Composition Analysis Group (https://sites.wustledu/aca
g/datasets/surface- pm2-5/, Version V5GL03). To generate this data-
set, aerosol optical depth retrievals were combined with simulations
from the GEOS-Chem chemical transport model, followed by
geographically weighted regression to calibrate the dataset to regional
ground-based observations (Van Donkelaar et al., 2021).

China’s population at 1km x 1km spatial resolution for each year
were acquired from WorldPop (https://www.worldpop.org/), which
provides fine resolution population data (Stevens et al., 2015). We then
re-gridded the population data to the same spatial resolution (0.1° x
0.1°) as the PM, 5 data. China's national, provincial and city adminis-
trative boundaries were defined following shapefiles acquired through
The Humanitarian Data Exchange (https://data humdata.org/).
Cause-specific age-standardized baseline mortality rates for population
25 years and older from 2005 to 2020 in China were obtained through
Institute for Health Metrics and Evaluation based on GBD 2021 study
(Global Burden of Disease Collaborative Network, 2024). The propor-
tion of adults (> 25 years) in the total population of China in each year
from 2005 to 2020 was estimated using age structure data obtained from
China’s official Statistical Year Books (http://www.stats.gov.cn/sj/n
dsj/).

2.2. PM; 5 exposure

The population-weighted annual mean PMz s concentrations were
calculated to better represent the PM, s exposure of population by
considering both the concentration levels and population distribution.
We incorporated the satellite-derived PM, 5 concentration data with the
re-gridded population data of the same spatial resolution (0.1° x 0.1°) to
derive the population-weighted PMa2.s concentrations (Ivy et al., 2008)
at the national level, for each of the 31 provinces, and for the five mega
city clusters over the period of 2005-2020 in this study.

2.3. Attributable mortality

According to the comparative risk assessment framework (Murray
et al., 2003), mortality attributable to a risk factor, such as PM» s, can be
estimated using population, baseline mortality rates of a specific cause,
and population attributable fraction (PAF). This framework has been
widely applied in GBD and World Health Organization (WHO) studies
for health impact assessment at both regional and global levels (WHO,
2016; Cohen et al., 2017). Deaths associated with PM» 5 exposure of a
specific cause in each grid cell (0.1° x 0.17) were estimated following
the below equations (Evans et al., 2013; Zheng et al., 2017; Yin et al,,
2021):

Mjk =PA}:})‘ »B,«Popk (1)

Pe(RR;: 1)

PhFjpm e I 2]
"X~ Pe(RRx —1) +1

(2)

assuming the prevalence of exposure (Pe) is 100 %, where M refers to
the number of deaths attributed to PMa 5 in adults (> 25 years) caused
by a specific disease j in grid cell k; B; represents the baseline age-
standardized mortality rate of disease j for the adult population (> 25
years); Popy is the adult population counts in grid cell k. PAF; x represents

p ¢
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the proportion of PM, 5 attributable deaths caused by a specific disease j
in the adult population of grid cell k. RR; is the relative risk of mortality
caused by disease j of grid cell k, which is determined by exposure-
response functions (i.e., relative risk functions) and PMz s concentra-
tion of the grid cell.

Fusion relative risk model. We applied the Fusion relative risk
model to estimate PM; 5 attributable deaths caused by each of the six
diseases: IHD, Stroke, COPD, LC, LRI and T2D in adults (> 25 years). The
logarithm of the Fusion model is as follows (Burnett et al. 2022):

min(e. 0)

1-p

0—p

InF(z) =y = {min(z.uH 7

where z is PM, 5 concentration; 7, u, p are parameters that control the
shape and magnitude of the model. We obtained 1000 sets of Fusion
model parameter values (y, g, p) from Burnett et al. (2022) for each of
the six causes, and used these parameters to simulate 1000 sets of
mortality estimates from 2005 to 2020 (Rubinstein & Kroese, 2016;
Soleimani et al., 2024). We then calculated the 2.5% percentile and
97.5%" percentile as the 95 % uncertainty interval (UI).

Global Exposure Mortality Model. The cause-specific GEMM for
estimating deaths caused by each of the five diseases: IHD, Stroke,
COPD, LC and LRI (Burnett et al., 2015) was also used for comparison
with the Fusion model. The GEMM used in this study can be illustrated
as follows:

GEMM(z) = exp {(0 log (z/a+1)) /[1 +exp (— (z—p) /V)]} 4

wherez = Zpyn 5 — 2o, Zpam 5 is the ambient PM, 5 concentration, 2 is the
counterfactual PM, 5 concentration and is set to be 2.4 ug/m’ in this
study following Burnett et al. (2018). 8, a, g, and v are parameters
describing the shape of the GEMM function. We assumed the parameter
0 for each of the five diseases follows a normal distribution (mean and
standard deviation were provided by Bumett et al., 2018), and per-
formed 1000 simulations to calculate mean and 95 % UI of PMas
attributable mortality.

The simulations were conducted using Python in ArcGIS Pro 3.1
utilizing its ArcPy package. The raster data of PMa.s concentration and
our estimated PM; s attributable deaths were imported into ArcGIS Pro
3.1 to create maps showing their spatial distributions. Zonal statistical
tools were used to aggregate mortality on the national level, in 31

e
[+ L2(5=e)] m,,o.zn[m_gw]}
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provinces, and for the five mega city clusters - BTH, PRD, YRD, CY and
MYR of China (the definitions of the five mega city clusters are shown in
Table S1). We further calculated PM, s attributable mortality rates
through dividing the adult deaths associated with PM; 5 by the number
of the adult population in each year. The attributable mortality rates
were estimated for 31 provinces and the five mega city clusters from
2005 to 2020, and measured as deaths per 100,000 people.
Furthermore, we compared the estimates of PM, 5 related deaths
from 2005 to 2019 using different datasets of cause-specific baseline

3)

mortality rates from GBD 2019 study and GBD 2021 study.
3. Results
3.1. National level PM> 5 exposure and attributable mortality

The national population-weighted PM,s concentration (annual
mean) of China was estimated at 50.4 ug/m’ in 2005 and fluctuated
above 50 ug/m® during 2005-2013, reaching 56.5 ug/m’ in 2013 (12.1
% increase) (Fig. 1a). In the following years, the national PM2 s con-
centration declined progressively to 34.3 ug/m® by 2020 (39.3 %
decrease). Consistent with the change in PM, 5 concentrations, the total
PM, 5 attributable deaths in adults estimated with the Fusion model
increased from 2.38 million (95 % Ul: 2.06-2.64) in 2005 to 2.68 million
(95 % UI: 2.33-2.95) in 2013 (12.6 % increase, compared to 2005), and
then declined to 2.37 million (95 % UI: 2.04-2.65) in 2020 (11.6 %
decrease, compared to 2013) (Fig. 1a). IHD and Stroke were the two
main causes of death, responsible for 25.2 % and 39.5 % of the overall
PM, 5 related mortality burden in 2005 (Fig. 1b). In the subsequent
years, PM; s attributable deaths caused by IHD continued to rise, ac-
counting for 33.4 % of the total burden in 2020, whereas the contri-
bution of Stroke gradually decreased to 35.0 %. COPD contributed 21.9
% of the total attributable mortality in 2005, and its share declined to
16.2% by 2020 (Fig. 1b). LRI and T2D each contributed approximately 3
% in 2005, and remained stable at this level over the entire assessment
pen'od of 2005-2020.

Fig. 2 presents PM, s attributable deaths caused by each of the six
diseases: IHD, Stroke, COPD, LC, LRI and T2D, and also compares the
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Fig. 1. (a) The Fusion model estimates of deaths attributed to PM, 5 (with 95 % UI) (blue bars) and population-weighted PM; 5 concentrations (annual mean) from
2005 to 2020 (purple line). (b) The proportion of PM, ; attributable deaths associated with each of the six diseases.
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Fig. 2. Cause-specific deaths associated with PM 5, estimated with the Fusion model and the GEMM with 95 % UI: (a) IHD, (b) Stroke, (c) COPD, (d) LC, (e) LRI and

(f) T2D.

estimates between two models. Compared with the GEMM estimates, the
Fusion model generated higher estimates of attributable mortality for
three causes: IHD, Stroke and COPD over 2005-2020, but lower esti-
mates for LC and LRI (Fig. 2). On average, the Fusion model estimates for
IHD were about 7.0 % higher than GEMM estimates each year from 2005
to 2020. For Stroke and COPD, the average yearly mortality estimates
from the Fusion model were 21.2 % and 18.5 % higher than the esti-
mates from the GEMM, respectively. The Fusion model estimates were
only 2.5 % lower (annual average) compared to GEMM estimates for LC,
but were 28.3 % lower for LRI. Estimates derived from both models
exhibited similar patterns for each of the five causes of death: IHD,
Stroke, COPD, LC and LRI.

Based on the Fusion model estimates, IHD contributed 600,000
deaths (95 % UL 460,000-708,000) to the overall mortality burden
associated with PM, 5 in 2005, and that number reached 792,000 (95 %
UIL: 602,000-958,000) in 2020 (Fig. 2a). PMa s related deaths caused by
Stroke were 941,000 (95 % UL 711,000-1,139,000) in 2005 and the
number fluctuated over the subsequent years, arriving at 832,000 (95 %
UL: 614,000-1,022,000) in 2020 (Fig. 2b). The number of attributable
deaths due to COPD showed a downward trend, decreasing from
522,000 (95 % UI: 391,000-634,000) in 2005 to 385,000 (95 % UL
282,000-475,000) in 2020 (Fig. 2¢). LRI and T2D were responsible for
65,000 (95 % UL: 46,000-81,000) and 65,000 (95 % UI: 47,000-80,000)

deaths associated with PMz 5 respectively in 2005 and their contribu-
tions stayed relatively stable throughout the 16-year study period
(Fig. 2e and 2f). The varying patterns of cause-specific attributable
deaths align with the trends of cause-specific baseline mortality rates
from 2005 to 2020 (Fig. S1). The total deaths attributed to PMy s esti-
mated with the GEMM were lower than the Fusion model estimates
(summed over five diseases: IHD, Stroke, COPD, LC and LRI), although
the estimates from both models showed similar patterns over the 16-
year study period (Fig. S2).

3.2. Regional disparities in PM2.5 exposure and attributable mortality

The following analyses are all based on the Fusion model results.
PM,s attributable deaths exhibited substantial spatial differences
(Fig. 3): of the four economic regions (Northeast, East, Central and West
regions), attributable deaths in the East region and the Central region
constituted a major part of China's total PM, 5 attributable mortality
burden (39.8 % and 28.3 % respectively in 2020). This is in line with the
spatial distributions of population density (Fig. $3) and PM, s concen-
trations (Fig. S4). The majority of the vast West region has low levels of
PM, 5 concentration and population density, contributing 23.8 % (2020)
to the total mortality associated with PM, 5 although the West region
occupies over half of China's land area. The spatial distributions of
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Fig. 3. The spatial distribution of PM, 5 attributable deaths in 2020, estimated with the Fusion model. The provincial boundaries were indicated by the light black
lines, and the divisions of the four economic regions were indicated by the bold black lines.
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Fig. 4. PM, 5 concentration change (a) between 2005 and 2013, and (b) between 2013 and 2020. PM, ; related mortality change (c) between 2005 and 2013, and (d)
between 2013 and 2020.

deaths related to PM, 5 in 2005 and 2013 are displayed in Suppl period of 2013-2020 when the APPCAP and the three-year action plan
tary Material Fig. S5. took effect (Fig. 4b). The changes in deaths attributable to PM» 5 over the

The spatial patterns of the changes in PMz s pollution levels and the two periods exhibited similar spatial patterns (Fig. 4c and 4d). The
attributable mortality were compared over the two periods of number of PM, 5 related deaths in the East and Central regions increased
2005-2013 and 2013-2020. PM, 5 concentrations increased across most by 17.3 % and 7.7 %, respectively, following air quality deterioration
areas in China between 2005 and 2013 (Fig. 4a) and decreased over the between 2005 and 2013. However, those deaths decreased by 9.6 % and
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Fig. 5. Total deaths associated with PM; 5 in each of the 31 provinces with 95 % UI, estimated with the Fusion model, in (a) 2005 and (b) 2013 and (c) 2020.

13.6 % from 2013 to 2020, respectively, in accordance with the re-
ductions of PM; 5 pollution. The decline of deaths attributed to PM, 5 in
the Northeast region between 2013 and 2020 was negligible (0.1 %),
while the decrease in the West region was relatively high (14.5 %) which
mainly occurred in the Cheng-Yu city cluster.

The estimated deaths attributable to PM, 5 vary across the 31 prov-
inces in China. Henan and Shandong were the two leading provinces
with the highest number of deaths related to PM, s while Tibet had the
lowest number of such deaths (Fig. 5). Total PM, 5 associated deaths in
Henan and Shandong rose from 212,000 (95 % UL 185,000-234,000)
and 198,000 (95 % Ul: 172,000-218,000) in 2005 to 226,000 (95 %
UL: 199,000-249,000) and 216,000 (95 % UIL: 189,000-238,000) in
2013, respectively, then declined to 205,000 (95 % UlL: 177,000-
227,000) and 209,000 (95 % UL 180,000-232,000) in 2020, respec-
tively (Fig. 5). Nine provinces: Henan, Shandong, Sichuan, Hebei,
Jiangsu, Guangdong, Hunan, Hubei and Anhui altogether contributed to
over half of the national total mortality attributed to PM, 5, accounting
for 58.7 %, 57.4 % and 55.9 % in 2005, 2013 and 2020, respectively. At
the provincial level, IHD and Stroke were also the two main causes
associated with most of the deaths related to PMa 5 (Table $2). The di-
visions of the 31 provinces are displayed in Fig. S6.

The estimates of PM, s attributable mortality rates also differed
across provinces, generally aligning with the provincial discrepancies in
population-weighted PM, s concentrations (Fig. 6). PMy 5 attributable
mortality rates among provinces have a different ranking from that of
PMz s attributable deaths. Beijing, Tianjin and Hebei had the highest
mortality rates associated with PM, 5 in both 2005 (363, 355 and 353
deaths per 100,000 people, respectively) (Fig. 6a) and 2013 (381, 363
and 366 deaths per 100,000 people, respectively) (Fig. 6b). However,
the leading three provinces changed to Tianjin, Xinjiang and Hebei in
2020 (318, 313 and 302 deaths per 100,000 people, respectively)
(Fig. 6¢). Moreover, the magnitude of PM, 5 concentration abatements
between 2013 and 2020 was much higher compared to the reductions in
attributable deaths, but was relatively more comparable to the extent of
the declines in PM,s attributable mortality rates. For example,
population-weighted PMa s concentrations in Henan and Shandong
increased by 9.6 % (from 72.9 to 79.9 ug/m®) and 9.4 % (from 62.0 to
67.8 ug/m>), respectively, from 2005 to 2013, and decreased by 39.2 %
(48.6 ug/m>) and 33.0 % (45.4 ug/m’), respectively, between 2013 and
2020 (Fig. 6). Correspondingly, PM, 5 related mortality rates in Henan
and Shandong dropped by 15.4 % and 11.3 %, respectively, over
2013-2020, which are considerably higher than the estimated 9.4 % and
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Fig. 6. Population-weighted PM, 5 concentrations (annual mean) and PM, 5 attributable mortality rates of 31 provinces in (a) 2005, (b) 2013 and (c) 2020.
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Fig. 7. (a) The spatial distribution of deaths attributed to PM3 g in BTH, YRD, PRD, CY and MYR in 2020. (b) The proportion of PM; s related deaths in each of the

five mega city clusters.
3.5 % declines (Fig. 5) in related deaths.

3.3. PM3s exposure and attributable mortality of the five mega city
clusters

Fig. 7 shows the spatial distribution of deaths attributed to PM, 5 in
the five mega city clusters: BTH, YRD, PRD, CY and MYR, highlighting
their high densities of attributable deaths. Deaths associated with PMa.s
in the five city clusters contributed a major part to the national total
attributable deaths, accounting for 42.3 %, 43.3 % and 41.6 % in 2005,
2013 and 2020, respectively. The proportion of attributable deaths in
each city cluster remained relatively stable from 2005 to 2020, with
YRD contributing the most to the national total attributable mortality
(10.7 %, 11.4 % and 11.4 % in 2005, 2013 and 2020, respectively). PRD
contributed the least to the national total attributable mortality, ac-
counting for 3.5 %, 3.9 % and 3.6 % in 2005, 2013 and 2020,
respectively.

The changes in deaths and mortality rates attributed to PMa 5 were
compared with the changes in population-weighted PM, 5 concentra-
tions in the five city clusters. PM; 5 attributable deaths increased by 22.4
%, 19.5 % and 27.1 % in BTH, YRD and PRD respectively between 2005
and 2013, which is consistent with the increases of 24.9 %, 11.6 % and
7.8 % in PMa ;s concentrations in the three city clusters respectively
(Fig. 8a-90). In the subsequent years, PM, 5 concentrations dropped by
48.2 % in BTH (from 91.9 to 47.6 ug/m®), by 42.7 % in YRD (from 55.3
to 31.7 ug/m®) and by 50.2 % in PRD (from 44.4 to 22.1 ug/m’),
respectively, by 2020. However, the reductions of PM, 5 attributable
deaths in these three city clusters are relatively small compared with the
abatements of PM, 5 concentrations, declining by 5.3 %, 11.5 % and
18.0 % in BTH, YRD and PRD, respectively, between 2013 and 2020
(Fig. Ba, 8c and Se). Compared to the reductions in attributable deaths,
PM, s attributable mortality rates decreased to a larger extent with 18.9
%, 23.8 % and 33.8 % declines in BTH, YRD and PRD respectively over
2013-2020 (Fig. 8b, 8d and &f). Deaths attributed to PM, 5 in CY and
MYR also experienced declines after 2013, falling by 25.4 % and 18.6 %
respectively by 2020, which is consistent with the abatements of PM, 5
concentrations over this period (48.4 % in CY and 44.6 % in MYR)
(Fig. 8g-8j). Similarly, PM; 5 attributable mortality rates in CY and MYR
reduced to a greater extent compared with the scale of the decreases in
attributable deaths, with 27.3 % and 24.1 % declines respectively be-
tween 2013 and 2020 (Fig. th and 8j).

3.4. Comparison between attributable mortality estimates using GBD
2021 and 2019 data

Total PM, s related deaths estimated using the latest GBD 2021 data,
which were updated based on improvements in input data sources and

advancements in methods, are substantially higher than estimates using
GBD 2019 data. On the national level, the difference between the two
sets of attributable mortality estimates ranges from 7.0 % to 10.1 % from
2005 to 2019 (Table $3). This comparison shows that different datasets,
even different vintages of data from the same data source, can result in
considerable differences in mortality estimates.

4. Discussion

This study adopted the new Fusion relative risk model to evaluate
PM; 5 attributable mortality in China over the period of 2005-2020,
with a focus on 31 provinces and five mega city clusters. Our results
suggested that total PM, 5 attributable deaths increased from 2005 to
2013 (12.6 %) and then exhibited a decreasing trend over 2013-2020
(11.6 %). This aligns with the patterns of population-weighted PM, s
concentrations during 2005 to 2020 (Fig. 1a), and the decreasing trend
after 2013 coincides with the implementation of China’s APPCAP and
the subsequent three-year action plan. However, it is worth noting that
the decline in PM, 5 concentrations in 2020 was partly attributed to the
reductions in air pollutant emissions during the COVID-19 lockdown
(Wang & Su, 2020; Zheng et al., 2021). Two main causes of death - IHD
and Stroke - contributed about two thirds to the overall mortality burden
associated with PM; 5, which was due to the greater estimated relative
risks and higher baseline mortality rates (Fig. S1) compared with other
causes. The considerable reductions in PM; 5 exposure and associated
mortality between 2013 and 2017 have been attributed to the
achievements of the APPCAP, which was regarded as the strictest na-
tional air pollution control policy implemented in China so far (Zheng
et al., 2017; Gao et al., 2017). Our findings are comparable to recent
studies which showed PM, s attributable mortality declined by 10.2 %,
9.1 % and 7.5 % over 2013-2017 (Liu et al., 2022b; Lu et al., 2019; Xiao
et al., 2022) and by 10.1 % during 2013-2018 (Wang et al., 2021),
However, we estimated a 7.0 % decline in attributable mortality be-
tween 2013 and 2019, which is considerably lower than the estimated
14.75 % decline reported by Liu et al. (2022a). This is likely because Liu
et al. (2022a) evaluated the impacts of the policy by comparing PM; 5
attributable mortality in 2019 between a counterfactual no-policy sce-
nario, accounting for the upward trend in PM, s had environmental
policies remained the same as before 2013, and the actual scenario
where the clean air policies were introduced in 2013.

The estimated number of deaths associated with PMas can vary
substantially, largely depending on the RR models adopted. Compared
with our GEMM estimates, the Fusion model generated higher estimates
of attributable deaths for IHD, Stroke and COPD, but lower estimates for
LC and LRI over 2005-2020, although estimates derived from both
models exhibited similar patterns for all five diseases (Fig. 2). The
varying patterns of attributable mortality from different diseases are
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Fig. 8. PM; ; attributable deaths, population-weighted PM, 5 concentrations (annual mean) and PM, 5 attributable mortality rates in the five mega city clusters.

possibly owing to the trends observed in cause-specific baseline mor- over five causes of death: IHD, Stroke, COPD, LC and LRI), but estimates
tality rates from 2005 to 2020 (Fig. S1). The GEMM estimates of total from both models displayed similar patterns over the 16-year study
attributable deaths were lower than Fusion model estimates (summed period (Fig. S2). Employing the GEMM for all noncommunicable
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diseases and LRI (NCD-+LRI), Liu et al. (2021) estimated 2.51 million
deaths in 2013 were attributable to PM2.5 in China and Burnett et al.
(2018) provided an estimation of 2.47 million deaths in 2015. These
estimates are also lower than our estimates of 2.68 million attributable
deaths in 2013 and 2.61 million in 2015, using the Fusion model
(aggregated over six causes: IHD, Stroke, COPD, LC, LRI and T2D).
However, there are concerns about using the GEMM for NCD+LRI to
estimate PM, 5 attributable deaths as the proportions of each specific
cause of death within the aggregated cause (NCD-+LRI) can differ greatly
between cohorts and among different countries worldwide (Bumnett &
Cohen, 2020; Hystad et al., 2020). Therefore, relative risk models on
specific cause of death, such as the Fusion model, is preferred when age-
and cause-specific baseline mortality rates are available. Also, Bumett
et al. (2022) recommended that the Fusion model is more suitable than
the GEMM for burden or benefits assessments covering the global range
of PM,s concentration, as the GEMM estimates relying only on
meta-data have substantial uncertainties at high PM2 s concentrations,

Compared with previous studies using the IER model, our attribut-
able mortality estimates using the Fusion model are substantially higher
(Burnett et al., 2014; Zheng et al., 2017; Xue et al., 2019; Lu et al., 2019).
Those studies estimated that deaths associated with PM, 5 were between
0.97 million to 1.39 million during 2013-2017, while we estimated that
2.56-2.68 million deaths were related to PM, 5 for the same period. The
GBD 2019 study (Murray et al., 2020) excluded information from active
smoking in the IER model, but their estimated PM, 5 attributable deaths
of 1.42 million in 2019 were still lower than our estimates using the
Fusion model (2.49 million). From the model perspective, the Fusion
model was designed using cohort studies of ambient air pollution, while
the IER model additionally included cohort studies of non-ambient
sources such as second-hand smoking and household air pollution,
which have lower hazard ratio estimates for mortality at high PM, 5
concentrations compared to hazard ratio estimates from cohort studies
of ambient air pollution (Burnett et al.. 2022). Therefore, using the [ER
model in regions affected by high levels of air pollution may underes-
timate the mortality burden attributed to PMy 5.

Our findings demonstrated disparities in mortality burden related to
PMS 5 across regions in China. PM, s attributable deaths mostly occurred
in severely polluted and densely populated regions, including the East
region and the Central region (Fig. 3 and Fig. S5). Henan (Central re-
gion) and Shandong (East region) were the leading two provinces
bearing the highest mortality burden associated with PMa.s among the
31 provinces (Fig. 5). The higher number of attributable deaths in Henan
and Shandong can be attributed to their higher population density
(Fig. S3) and PM, s pollution levels (Fig. S4), which are the two major
factors affecting the estimation of deaths associated with PM, 5. Addi-
tionally, PM, s attributable mortality rates in each province were
calculated to enable a more direct comparison of the influence of PMa s
exposure levels. For instance, Tianjin had a very low number of attrib-
utable deaths (Fig. 5) due to its small population. However, its PM; g
attributable mortality rates were one of the highest among the 31
provinces attributed to its high PM2s concentrations (Fig. 6). Future
clean air policies in China should take into account the regional dis-
parities in pollution levels and population density, and prioritize regions
with elevated air pollution and high population density.

For the five mega city clusters: BTH, YRD, PRD, CY and MYR,
population-weighted PM, 5 concentrations declined by 48.2 %, 42.7 %,
50.2 %, 48.4 % and 44.6 % respectively by 2020 compared with 2013
(Fig. 8), reflecting the great air quality improvement likely brought by
the two action plans implemented over 2013-2020. Although there
were marked reductions in PM, 5 concentrations in BTH, YRD and PRD
between 2013 and 2020, the decreases in PM; s attributable deaths were
relatively modest (5.3 % in BTH, 11.5 % in YRD and 18.0 % in PRD).
This is possibly due to the rapid population growth in the three city
clusters, as they are the most economically developed regions attracting
population migration. Wu et al. (2021) showed that over 1.7 million
people migrated to BTH, YRD and PRD over a two-year period
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(2011-2013) from their surrounding regions, and indicated that fast
growing population from migration had slowed down the reductions of
PM, 5 attributable deaths in these three city clusters. Individuals who
migrate to the developed mega city clusters could benefit from the better
healthcare system and cleaner energy, but this also means a greater
population will be exposed to higher PM, 5 pollution which increases the
associated mortality burden (Shi et al., 2020). CY and MYR had greater
declines in deaths attributed to PM, 5 from 2013 to 2020 (25.4 % in CY
and 18.6 % in MYR), which were possibly owing to the relatively slow
population growth compared to BTH, YRD and PRD. Despite the
remarkable reductions in PM,s pollution during 2013-2020,
population-weighted annual mean PM; s concentrations in BTH (47.6
ug/m>), YRD (31.7 ug/m®), PRD (22.1 ug/m®), CY (32.8 ug/m*) and MYR
(33.5 ug/m®) in 2020 were still far from the WHO recommend levels of 5
ug/m® (World Health Organization, 2021). Therefore, it is necessary to
enhance air quality control plans in these city clusters, for example by
implementing more stringent emission controls, further increasing the
share of renewable energy generation, and electrification of the vehicle
fleet. More accurate assessment of PM, 5 attributable deaths, based on
the methods described in this paper, should be used in cost-benefit
analysis that will underpin these interventions.

China’s National Development and Reform Commission classified
BTH, YRD, PRD, CY and MYR as the Tier One mega city clusters in its
14th Five-Year Plan (2021-2025), and issued strategic plans to promote
the economic development, improve city infrastructure and expand the
transportation networks (National Development and Reform Commis-
sion, 2021). Therefore, future air pollution control management should
prioritize these five mega city clusters, and more stringent control
measures may be needed to further reduce the PM, s pollution and
related deaths in these city clusters. Meanwhile, since China announced
its commitment to reach carbon emissions peak by 2030 and accomplish
net zero emissions by 2060 in 2020, substantial efforts have been made
to realize these goals, such as transitioning to clean energy sources and
optimizing the industrial structure, which will reduce both carbon and
air pollutants emissions (Shi et al., 2021). The co-benefits of air quality
improvement driven by China’s climate change mitigation efforts have
been demonstrated by various studies (Peng et al., 2017; Li et al., 2018;
Xing et al., 2020). Therefore, future air pollution control policies com-
bined with climate change mitigation policies are likely to reduce air
pollution more effectively.

This study adopts the newly developed Fusion model, along with the
latest GBD 2021 data, to deliver a refined and comprehensive assess-
ment of mortality burden attributed to PM, 5 exposure in China at a
spatial resolution of 0.1° x 0.1° over a 16-year period. Moreover, we
explored five mega city clusters highlighted in China’s 14th Five-Year
Plan (2021-2025), offering detailed insights into these densely popu-
lated and highly developed urban areas. Findings from this study pro-
vide better insights into the changes in mortality related to PM, 5 across
China over time, especially in the five city clusters. This would be useful
for developing future air pollution control policies and health strategies
tailored to these growing urban areas.

The limitations of this study should also be acknowledged. First, this
study had the assumption that the toxicity of PM, 5 solely relies on the
mass concentration, following the established relative risk models.
However, some studies demonstrated that the chemical composition of
PM 5 can also influence the toxicity, and thereby affect the attributable
health impacts of PMz 5 exposure (Croft et al , 2019; Rich et al., 2019;
Hopke et al., 2020). Second, this study used national-level baseline
mortality rates and assumed they were consistent across each grid cell
due to limited data availability. Third, we only considered parameter
uncertainty in the two relative risk models (the Fusion model and the
GEMM). There are other uncertainty sources, such as the PMz s con-
centration data and baseline mortality rates, that may affect the results
(Hu et al., 2017). Another potential limitation is that we chose the 0.1°
resolution PM, 5 data for the objectives of our study, considering data
quality, computation costs and consistency with existing high-quality
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studies. Although using higher resolution PM, 5 data may provide more
details into the spatial-temporal changes of PM; 5 attributable mortality
in China, it would incur much higher computation costs using the Fusion
model. Some studies have shown that the difference between attribut-
able mortality results using 10km (approximately 0.1°) and 1km
(approximately 0.01°) resolution PM, 5 data is just around 1 %, based on
the GEMM (Xisao et al., 2021; Bai et al., 2023).

5. Conclusions

This study used a new Fusion relative risk model to better assess the
changes in mortality related to PMas across China over time. PMas
attributable deaths decreased by 11.6 % between 2013 and 2020 based
on the Fusion model estimates, likely owing to air quality improvement
driven by the clean air policies implemented from 2013. PM, 5 exposure
and attributable mortality exhibited pronounced spatial differences,
with more attributable deaths occurring in the densely populated and
highly polluted East and Central regions. Nine provinces: Henan,
Shandong, Sichuan, Hebei, Jiangsu, Guangdong, Hunan, Hubei and
Anhui altogether contributed to over half of the national total mortality
associated with PM, 5, with Henan and Shandong ranked as the leading
two provinces with the highest attributable deaths. The magnitude of
attributable mortality decline is much smaller than the reduction in
PM, 5 concentrations in BTH, YRD, PRD, CY and MYR, which is possibly
because of the rapid population growth driven by urban migration.
China’s future air pollution mitigation should consider the regional
disparities and prioritize regions with high population density and
elevated air pollution. The five mega city clusters should be targeted
with more stringent clean air actions to further reduce PM, 5 pollution
and attributable mortality. Future air pollution control policies could
also be combined with climate change mitigation policies to reduce air
pollution more effectively and maximize health benefits. More accurate
assessment of PM, 5 attributable deaths should be used in cost-benefit
analysis that will underpin the policies.
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Background: As China's population is aging rapidly, understanding the shifts in PMa 5 attributable mortality
within this context is crucial for informing future clean air policies.

Methods: We adopted a Fusion relative risk model, combined with 100 m resolution age structure data, to better
estimate China's age- and cause-specific mortality attributable to PM, 5 over 2010-2019, and projected attrib-
utable mortality in 2030 and 2060 at a 0.1 spatial resolution under three scenarios: Baseline, Carbon-peak and
Carbon-neutral. We also assessed the impact of population aging using a decomposition method at the grid level.
Results: PM; 5 attributable deaths declined by 9.2 % from 2010 (1.95 million, 95 % UI: 1.80-2.09) to 2019 (1.77
million, 95 % UI: 1.64-1.90), with population aging contributing an increase of 0.48 million deaths. The elderly
population constituted over 70 % of total attributable mortality during 2010-2019, and this share is expected to
increase to over 90 % in 2060 under three future scenarios. Under Baseline scenario, attributable deaths are
expected to increase, with population aging as the major contributor. Under Carbon-peak scenario, the projected
mortality declines over 2019-2030 and 2030-2060 will be partly offset by population aging. Under Carbon-
neutral scenario, population aging is projected to increase attributable deaths by 0.57 million and 1.27
million over the two periods, largely offsetting the reductions achieved by the declines in PMa 5 concentrations
and cause-specific baseline mortality rates.

Conclusions: Population aging is the main factor that increases PMa s attributable mortality. Specific measures
considering the vulnerability of the elderly are needed to further alleviate future health burden from air
pollution.

1. Introduction markedly after 2013, which led to fewer PM, 5 attributable deaths (Xue

et al., 2019; Xue et al., 2024; Zhang et al., 2019; Zheng et al., 2018).

Air pollution in China, especially PM, s pollution, remains a signif-
icant challenge, due to high-speed industrialization and urbanization
(Huang et al., 2014; Jiang and Bai, 2018), posing great threats to pop-
ulation health (Jiang et al., 2015; Zhang et al., 2022). China has taken
significant steps to enhance air quality through strict air pollution
control measures and policies since 2010 (Cheng et al., 2021a). The
government added PM» 5 concentration limits (annual mean 35 pg/m’)
to the air quality standards in 2012 and established ambitious targets in
the latest Five-Year Plans to reduce energy intensity and air pollutant
emissions. Furthermore, China issued a tough Air Pollution Action Plan
(2013-2017) with the goal of reducing up to 25 % PMa s concentrations
(State Council of China, 2013), and set additional targets to further
improve nationwide air quality over 2018-2020 (State Council of China.
2018). Many studies showed that PM, 5 concentrations have declined

* Corresponding author.

However, PMz5 concentrations in China are still significantly higher
than 5 pg/m’, the level suggested by World Health Organization (WHO)
in 2021 (Li et al., 2022; Liu et al., 2022a; WHO, 2021). Further, more
than half of Chinese cities still exceeded the PM, 5 concentration limit of
35 pg/m® (Bai et al, 2024). In 2020, China committed to reach peak
carbon emissions by 2030 and achieve carbon neutrality by 2060. The
climate policies are expected to generate air quality co-benefits as
greenhouse gases and air pollutants often share common emission
pathways.

China's population is expected to age rapidly in the coming decades
(Mao et al., 2020), which may potentially amplify the negative health
impacts of air pollution as the older population are more vulnerable to
air pollution due to weakening metabolism and physiological processes
(Hahad et al., 2021). The proportion of China’s elderly population (65
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years and older) rose from 8.9 % in 2010 to 12.6 % in 2019 (National
Bureau of Statistics, 2023), and is forecast to increase to 17.1 % and
26.3 % by 2030 and 2050, respectively (Xu et al., 2023). Compre-
hending the health impacts from air pollution in the context of popu-
lation aging is important for designing tailored health interventions to
reduce the future health burden. Some studies have investigated how
aging populations affect PMy s related mortality, using high resolution
population data (Li et al., 2023; Lian et al., 2022; Liu et al., 2022b; Yin
etal, 2021; Yue et al., 2020). They used either the national or provincial
level age structure data and assumed uniformity at the grid level, which
may compromise the accuracy of the mortality estimates. Recent studies
have simulated PM2s concentrations and projected future mortality
attributable to air pollution under different scenarios incorporating
representative concentration pathways (RCPs) with shared socioeco-
nomic pathways (SSPs) (Wang et al., 2022; Wang et al., 2021; Wang
et al., 2023; Xu et al., 2023; Zou et al., 2023). However, very limited
studies explored the impact of population aging (Bai et al., 2024; Xu
et al., 2023) in the future or considered China’s new climate goal of
carbon neutrality (Sun et al., 2024; Wang et al., 2023). Also, almost all
these studies used global climate scenarios from the Coupled Model
Intercomparison Project (CMIP), which did not specifically consider the
China’s local clean air policies.

To accurately evaluate mortality related to PMys, it is essential to
adopt a relative risk (RR) model which effectively characterises the
exposure-response relationships. The Log-Linear (LL) model was among
the first RR models used but tends to overestimate relative risks in re-
gions with high PM; 5 pollution (Burnett and Cohen, 2020; Ostro, 2004).
To address this, Burnett et al. (2014) formulated the Integrated
Exposure-Response (IER) model by integrating non-ambient PM; 5 ex-
posures such as secondhand smoke, though it assumes uniform toxicity
across sources. The Global Exposure Mortality Model (GEMM), derived
solely from outdoor PMs 5 cohort studies, improved upon this but relied
predominantly on data from high-income countries (Burnett et al., 2015;
Burnett and Cohen, 2020; Hystad et al., 2020). Burnett et al. (2022)
further envisioned the Fusion model, incorporating the strengths of the
LL model, IER model and GEMM while addressing many of their limi-
tations. The Fusion model is recommended for global countries and of-
fers better estimations particularly in regions with high PM, 5 pollution
(Burnett et al., 2022; Pope III et al., 2011). The IER model and the
GEMM have been extensively used in previous studies (Li et al., 2024a;
Li etal., 2024b; Lyu et al., 2023; Sun et al., 2024; Zheng et al., 2024), but
the Fusion model has not been adopted for estimating age-specific
mortality attributed to PM, 5 in the past and future of China.

This study provides a comprehensive analysis of China’s age- and
cause-specific mortality attributed to PM, 5 in the past decade, and also
projects future attributable mortality under different scenarios of clean
air policies and climate goals, particularly focusing on the role of pop-
ulation aging. Our study makes the following contributions to the
existing literature: First, we employed the recently developed Fusion
relative risk model, which is particularly well-suited to China’s context
considering its high PMa s levels. Second, we used China’s population
age structure data at the 100 m resolution from 2010 to 2019, in contrast
to national or provincial level age structure data used in other studies
(Liu et al., 2022b; Zheng et al., 2024). This not only provides better
estimates of cause-specific attributable mortality in fifteen age groups,
but also offers better insights into the impact of population aging in a
decomposition method. Third, compared to previous studies that
adopted climate scenarios from CMIP which overlook China’s clean air
actions, our scenario design combines air pollution mitigation and car-
bon emissions reduction pathways, which were selected from the Dy-
namic Projection model for Emissions in China (DPEC) developed by
Tsinghua University of China (Cheng et al., 2021b). This would provide
a more useful and accurate assessment of China’s future health burden
associated with PM, 5. Fourth, we used the latest projection data about
future age structure sourced from the latest SSP 3.0 database which
considers COVID interruptions (KXC, S, =t al., 2024), and future age- and
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cause-specific baseline mortality rates were derived from the Interna-
tional Futures (IFs) model Version 8.06 (Frederick and Pardee Center for
International Futures, 2023). This further enhances the accuracy of
future PM, 5 attributable mortality estimates. Overall, this study will
provide valuable insights into mortality attributable to PM, 5 in China
under the context of population aging and carbon neutrality, which can
help shape future air pollution and climate mitigation policies and may
be useful for other countries faced with the challenge of mitigating air
pollution related health burden amidst aging population.

2. Data and methods
2.1. Data

2.1.1. Historical data

We obtained satellite-derived PM, s concentration data (annual
mean) ata 0.1° x 0.1° spatial resolution (approximately 11 km x 11 km)
from the Atmospheric Composition Analysis Group (https://sites wustl.
edu/acag/, Version V5GLO3) from 2010 to 2019 (Van Donkelaar et al,
2019). china’s age-specific population data at the 100 m resolution for
age groups of 25-29, 30-34, 35-39, ..., 75-79 (5-year interval) and 80+
in each year from 2010 to 2019 were acquired from WorldPop (hrips://
www.worldpop.org/datacatalog/) and re-gridded to the same resolution
as the PM; 5 data. We divided the last age group (80+ years) into four
age groups of 80-84, 85-89, 90-94, and 95+ years, assuming the per-
centages of these age groups in every grid cell were the same as the
percentages at the national level, which were obtained from the Global
Burden of Disease Study 2019 (GBD Risk Factor Collaborators, 2018)
(GBD 2019 Demographics Collaborators, 2020). People aged 65 and
over were considered as the elderly population in this study. The
shapefiles defining China’s administrative boundaries at national and
subnational levels were sourced from The Humanitarian Data Exchange
(https://data humdata.org/). Baseline mortality rates for each of the
fifteen age groups and six causes: Ischemic Heart Disease (IHD), Stroke,
Chronic Obstructive Pulmonary Disease (COPD), Lung Cancer (LC),
Lower Respiratory Infections (LRI), and Type II Diabetes (T2D) from
2010 to 2019 in China were obtained from GBD 2019 (GED 2019 Dis
eases and Injuries Collaborators, 2020).

2.1.2. Future data

We selected three future carbon emission scenarios from Cheng et al,
(2021b): (1) Baseline. The Baseline scenario combines the SSP4 with an
unambitious climate target of RCP6.0, and assumes the clean air policies
remain the same as 2015 levels. This is a reference scenario for our
study, and simulations of the Baseline scenario reflect how future air
quality could possibly deteriorate without any restrictions of fossil fuels
or new air pollution control policies. (2) Ambitious-pollution-NDC-
goals, referred to as the Carbon-peak scenario in this study. The
Carbon-peak scenario follows the SSP2 and RCP4.5 pathways, and the
National Determined Contributions (NDC) target of achieving carbon
peak in 2030 would be met. Also, the best available end-of-pipe air
pollution control policies would be implemented till 2060. The Carbon-
peak scenario shows to what extent air quality could be improved in
China through current energy transitions together with the strictest
clean air policies. (3) Ambitious-pollution-Neutral-goals, referred to as
the Carbon-neutral scenario in this study. The Carbon-neutral scenario is
designed based on China's commitment of reaching net zero carbon
emissions by 2060. It has the same air pollution control policies are as
the Carbon-peak scenario, but assumes that the socioeconomic devel-
opment would follow the SSP1 sustainable pathway, and rapid and
ambitious low-carbon energy transitions would be deployed to realise
the carbon neutrality goal in China by 2060 (between RCP1.9 and
RCP2.6). This scenario reveals whether ultimate air quality improve-
ments could be achieved by combining China’s carbon neutrality goal
with the strictest clean air policies.

Projected annual mean PM, 5 concentration data at the 0.1° spatial
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resolution in 2030 and 2060 under the three scenarios were used in this
study (Cheng et al., 2021b), which were based on the DPEC model and
the WRF-CMAQ model. Future population data at the 1 km resolution
for the years of 2030 and 2060 under SSP1, SSP2 and SSP4 were sourced
from NASA Socioeconomic Data and Applications Center (Gao, 2020;
Jones and O'Neill, 2020), and were aggregated to the same 0.1° reso-
lution as the PMz 5 data. Projected age structure data in 2030 and 2060
were obtained from the latest SSP database (IC. S, et al., 2024). The age-
and cause-specific baseline mortality rates in 2030 and 2060 were
estimated based on the trends of changes in age-specific baseline mor-
tality rates for total cardiovascular disease, malignant neoplasms, res-
piratory disease, respiratory infections and diabetes projected by IFs
model Version 8.06 (Frederick and Pardee Center for International Fu-
tures, 2023) under SSP1, SSP2 and SSP4.

The datasets of future PM, 5 concentrations, population, age struc-
ture and baseline mortality rates were all aligned for the projection years
2030 and 2060, and we ensured they correspond to the same scenarios
(e.g., SSPs) for future attributable mortality estimations. To ensure
consistency between historical and projected future PM, s data, we
calibrated future PM, 5 data to align with historical trends of PM, 5 data
from the Atmospheric Composition Analysis Group. We first derived
cell-by-cell calibration factors by comparing 2015 PMy s data from the
Atmospheric Composition Analysis Group with the base year 2015 PM, 5
data from Cheng et al. (2021b). Then we applied those factors to cali-
brate future projections of PM, 5 data (2030 and 2060), assuming the
bias between PMa s data from the two sources remains constant in the
future. Also, we aligned the future population data based on the dif-
ference between the total population in 2010 (the overlapping year)
from WorldPop and NASA Socioeconomic Data and Applications Center.

2.2. Mortality estimation

PM; 5 attributable deaths were calculated as follows (Murray et al.,
2003; Xue et al., 2024; Yin et al., 2021):
RRqi; — 1
onan (B

iz

(60}

where M,z are PMy s related deaths from a specific disease i of age
group a in grid cell g; P, is the population at age a in grid cell g Bq; is
the age- and cause-specific baseline mortality rate. RR, g is the relative
risk of mortality from disease i in grid cell g, which is estimated with
relative risk functions. “gz*— is the attributable fraction, which refers to
the proportion of attributable deaths in grid cell g caused by disease i of
age group a.

We adopted the Fusion relative risk model in this study, with its
logarithmic form shown as below (Buinett et al., 2022):
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uncertainty interval (UI), which is defined by the 2.5th and 97.5th
percentiles. For IHD and Stroke, we obtained age-specific parameter
values of (y, , p) for each of the fifteen age groups, and for COPD, LC,
LRI and T2D the parameters are age independent for all adults.

We classified the 31 provinces into four economic regions (National
Bureau of Statistics, 2021): Northeast, East, Central, and West (see
Fig. S1). We estimated attributable deaths on both national level and
across the four regions. Also, we calculated the population-weighted
annual mean PM, 5 concentrations at the national level and in each
economic region, by incorporating the satellite-derived 0.1° resolution
PM, 5 data with the population data re-gridded to the same spatial res-
olution (Brauer et al., 2012).

For sensitivity analysis, in addition to the Fusion model, we used
relative risk curves from three other RR models: the IER model in GBD
2017 (GBD Risk Factor Collaborators, 2018), the latest GEMM from
MeDuffie et al. (2021) and the meta-regression-Bayesian, regularized,
trimmed (MR-BRT) model updated in GBD 2021 (GED 2021 Risk Factors
Collaborators, 2024) to estimate total and cause-specific attributable
mortality within the same framework. We compared both total attrib-
utable mortality (aggregated over the six causes of death) and cause-
specific attributable mortality across all four RR models. The compari-
son results were reported in Supplementary Fig. S10 and Fig. S11 and
discussed in the Discussion section.

2.3. Decomposition analysis

This study employed a decomposition method (Hforouzanfar et al.,
2016) to assess four individual factors influencing attributable mortal-
ity: population size, age structure, baseline mortality rate that is unre-
lated to PMa s exposure (referred to as baseline mortality rate in the
following text for simplicity), and PM, 5 exposure. We decomposed the
attributable mortality change for three periods: 2010-2019, 2019-2030
and 2030-2060, under the three scenarios: Baseline, Carbon-peak and
Carbon-neutral. Specifically, we estimated the four factors’ contribu-
tions by adding each factor sequentially to the equation for calculation
of attributable deaths. The relative contribution of each factor is rep-
resented by the difference between each successive step. Since the re-
sults are also affected by the order in which the four factors are
introduced, we estimated the contributions of the four factors under all
24 sequences (see Text S1). The final step for estimating the contribution
of each factor is taking the average value of the results from all se-
quences. The original decomposition method was conducted on the
national level, whereas the decomposition analysis in this study was
carried out at the grid level (0.1° x 0.1 spatial resolution). We esti-
mated the contributions of the four factors on the national level, and
across the four economic regions: Northeast, East, Central, and West.

We used Python and the “ArcPy” package in ArcGIS Pro 3.1 to
conduct the simulations, and applied the zonal statistical tools to

%) f-u -1
W(z):y'{mirl(z.u)+fM )[1+1’+”(";“)m——m] dx+p0°ln %"’)]} @

0—u

where z represents PM, 5 concentration; y, 4, p are parameters derived
from cohort studies using meta-regression and ensemble modeling. @ is
derived from the PM, 5 concentration distribution in cohort studies. The
Fusion model was used to estimate attributable mortality from six cau-
ses: IHD, Stroke, COPD, LC, LRI and T2D, and in fifteen age groups:
25-29, 30-34, 35-39, ..., 90-94, 95+. We obtained # values and 1000
sets of (y, u, p) values for each disease from Burnett et al. (2022), and
conducted 1000 simulations for the attributable mortality estimates. We
then calculated the mean value of attributable mortality with a 95 %

aggregate results at the national level and regional levels. All maps in
this study were generated using ArcGIS Pro 3.1.

3. Results
3.1. Attributable mortality in the past decade
The patterns of total PM, 5 related deaths are consistent with the

trends of population-weighted PM, 5 concentrations from 2010 to 2019
in China (Fig. 1a). The national PM; 5 concentration reduced from 51.8
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Fig. 1. (a) Deaths attributable to PM, 5 in total adults and in the elderly (> 65 years), and population-weighted PM, ; concentrations (annual mean) over 2010-2019.
(b) PM; ;5 related deaths due to six diseases in the elderly population from 2010 to 2019 (the shaded areas represent the 95 % Uls).

pg/m’® in 2010 to 37.8 ug/m’ in 2019 (27.0 % decline), and corre-
spondingly total attributable deaths declined from 1.95 million (95 %
UI: 1.80-2.09) in 2010 to 1.77 million (95 % Ul 1.64-1.90) in 2019 (9.2
% decrease). PM, 5 attributable deaths among the elderly population
accounted for a significant proportion of the total attributable mortality
(Fig. 1a), constituting 73.9 % in 2010 and 75.6 % in 2019, respectively.
The details of attributable deaths in each of the fifteen age groups in
2010 and 2019 are shown in Supplementary Fig. S2. Similarly, the
elderly also occupied the largest proportion in cause-specific attribut-
able deaths from IHD, Stroke, COPD, LC, LRI and T2D (Fig. $3). Among
the elderly population, attributable deaths were mostly caused by IHD
and Stroke, followed by COPD (Fig. 1b). Specifically, attributable deaths
caused by IHD in the elderly were 417,000 (95 % Ul: 376,000-455,000)
in 2010 and fluctuated to 441,000 (95 % Ul: 395,000-481,000) in 2019,
which accounted for 29.0 % and 32.9 % of the total elderly attributable
deaths in 2010 and 2019, respectively. Attributable deaths caused by
Stroke contributed about 29.6 % and 27.8 % to the total burden among
the elderly in 2010 and 2019, respectively. PM, s related elderly deaths
due to COPD declined from 374,000 (95 % Ul: 281,000-455,000) in
2010 (26.0 % of the total) to 281,000 (95 % UlL: 208,000-345,000) in
2019 (21.0 % of the total). T2D and LRI were responsible for a small
share of the total elderly attributable mortality, accounting for
approximately 3.1 % and 3.6 % in 2010, and stayed relatively stable at
these levels throughout the period from 2010 to 2019. The patterns of
cause-specific deaths attributable to PM; 5 in the elderly population
(Fig. 1b) are consistent with the changes of those deaths in total adults
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over 2010-2019 (Fig. S4).

Deaths attributable to PM, 5 exhibited significant spatial differences,
and the spatial patterns are similar for both all adults and the elderly
population (Fig. 2 and Fig. $5). The East and Central regions, among the
four economic regions, accounted for the largest proportion of nation-
wide attributable deaths among adults (Fig. 2a). The two regions
together accounted for 39.0 % and 29.0 % of the total adult deaths
related to PMa s in 2010, respectively, and 41.7 % and 28.5 % in 2019,
respectively. Similarly, for the elderly attributable deaths, the East and
Central regions were the leading contributors, constituting 39.4 % and
29.0 % in 2010, respectively, and 42.1 % and 28.6 % in 2019, respec-
tively (Fig. 2b). At the provincial level, Henan and Shandong ranked at
the top of the 31 provinces, with the highest attributable mortality
(Fig. 2 and Fig. 85). The spatial patterns of PM, s attributable deaths
align with the spatial distributions of PM, s concentrations (Fig. S6a)
and population density (Fig. S6b). The West region, characterized by
low PM, 5 concentrations and a dispersed population, accounted for
24.9 % of the total attributable mortality in 2010 and 22.3 % in 2019
(Fig. 2a and Fig. S5a). Also, the West region had similar shares of
attributable deaths in the elderly population (Fig. 2b and Fig. S5b).

The variations in PM, 5 concentrations and total attributable deaths
between 2010 and 2019 showed consistent spatial patterns (Fig. 3). The
Northeast region accounted for the smallest share of the nationwide
attributable mortality, and PM,s related deaths fluctuated over
2010-2019, in line with the variations of population-weighted PM,; 5
concentrations (Fig. 4a). In the densely populated East and Central
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Fig. 2. The geographic distribution of deaths attributable to PM; 5 in 2010 (a) in all adults and (b) in the elderly. The light black lines indicate the provincial
boundaries, and the bold lines indicate the boundaries of the four economic regions.
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