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Abstract:

Ambient ozone (@) pollution has become a big issue in China. Restrdies have linked long-
and short-term @exposure to several public health risks. In thislg, we (1) characterize the
long-term and short-term &£attributed health metric in China from 2015-20{®) estimate the
surface @ trends; and (3) quantify the long-term and shemrt health impacts (i.e. all-cause,
cardiovascular and respiratory mortality) in 35M®air Chinese cities. In these 5-years, the
national annual average of daily maximum 8h averg@g¢GDMAS8) O3 concentrations and
warm-season (April-September)™ 4highest daily maximum 8h average (4DMA8); O
concentrations increased from 74.0+1R@m’ (mean+standard deviation) to 82.3+12§/m"
and 167+37.0pug/m’ to 174+30.0 ug/m’ respectively. During this period, the DMA8;0
concentration increased by 1.9+3@n/yr across China, with over 70% of the monitoriitgs
showing a positive upward trend and 19.4% withdeer5ug/m/yr. The estimated long-term all-
cause, cardiovascular and respiratory prematuretalit@ms attributable to AVGDMAS8 ©
exposure in 350 Chinese cities were 181,000 (95%9C}500-352,000), 112,000 (95% CI:
38,100-214,000) and 33,800 (95% CI: 0-71,400) ih®&howing increases of 52.5%, 52.9% and
54.6% respectively compared to 2015 levels. Sityilaahort-term all-cause, cardiovascular and
respiratory premature mortalities attributed to eanb4DMAS8 G; exposure were 156,000 (95%
Cl: 85,300-227,000), 73,500 (95% CI: 27,500-119)0@@d 28,600 (95% CI: 14,500-42,800) in
2019, increases of 19.6%, 19.8% and 21.2% respégtoompared to 2015. The results of this
study are important in ascertaining theeetiveness of recent emission control measuredand

identify the areas that require urgent attention.

Keywords: Ozone pollution; Spatiotemporal distribot Health; Long-term mortality; Short-term

mortality, China
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1. Introduction

Exposure to ozone ¢ which is a strong oxidant, is harmful to humaealth and agricultural
production. Q is also one of the greenhouse gases, which playsnportant role in global
climate change (Avnery et al., 2011; Tai and Valtita 2017; Emberson et al., 2018; Archer et
al., 2019). For these reasons, environmental ssierdnd regulatory agencies have paid close
attention to @Qin recent years (Orru et al., 2013; Hong et &1,9. In urban regions, tropospheric
O3 formation occurs by photochemical oxidation ofatdé organic compounds (VOCs) and
carbon monoxide (CO) in the presence of nitrogeides (NQ) and sunlight (Lu et al., 2019).
Major anthropogenic sources of VOCs and,NCe. O precursors) are motor vehicle exhaust,
industrial emissions and chemical solvents (Zhara).e2019). The relatively long lifetime of;O

in the troposphere (approximately 20 days) andgdi@mical production at regional scales make
ground-level @a continental and hemispheric-scale pollutant (Epet al., 2020).

In China, along with economic development and udzion, air pollutants have become a
common factor endangering health, causing the govent to take intervention measures (Wang
et al., 2017). An air pollution control plan wagtisted in 2013, which mainly focused on
reducing PM: (particulate matter with aerodynamic diameter gghpin the most polluted cities
(Zhang et al., 2019). As a result, in recent y&drma has suffered from severe €pisodes and a
continuous increase of surfacg é@ncentration at the rate of 3+4/nt/yr from 2013 to 2019 (Lu

et al., 2020).

High tropospheric @concentrations are largely caused by anthropogammatural emissions of
precursors and meteorological influences mainhsummer (Han et al.,, 2020). In 2015, high
annual daily maximum 8h average (DMAB8} €oncentrations were reported in major Chinese
cities (87.9+13.5 pg/fh and concentrations exceeding 120 [fghrere frequently observed in the
three megacity cluster regions, Beijing—Tianjin—EiefBTH), Yangtze River Delta (YRD) and
Pearl River Delta (PRD) (Kuerban et al., 2020).rfr2013 to 2017, the annual mean of th& 90
percentile of DMA8 @ concentrations in 74 Chinese cities increased ft88ug/m’ (range: 72-
190 ug/nT) to 167ug/m® (range: 117-218g/m°) (Ministry of Ecology and Environment of China,
2017). In 2018, 34.6% of 338 Chinese cities wengosgd to 160-217 pghed" percentile of
DMA8 O; (Ministry of Ecology and Environment of China, &)1 The 4 highest DMA8
(4DMAB8) O3 values during the warm-season (April-Septembeg) tlve Chinese sites were 172 +
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28.8 ug/m and high 4DMA8 @ values (above 200 pghnwere widely observed in the BTH,
YRD, and PRD regions during 2013-2017 (Lu et €18.

Both long- and short-term{xposure causes adverse human health effects. d¥its¢ studies

in China have so far focused on health impactg#attd to long-term exposure, but short-tergn O
exposure at high concentrations in the summer sealso significantly impacts on human health,
so cannot be overlooked (Bell et al., 2014; Tiamlet2018; Raza et al., 2018). The short-term
premature mortality attributed to high 4ADMA& @ thought to have significantly contributed to
the total mortality in China (Liang et al., 2012} the number of people exposed above the
4DMAS8 O; threshold was very high (Zhan et al., 2018).

The real-time ground-level {lata in China have been available online fromGhea National
Environmental Monitoring Centre (CNEMC) (http://wwememc.cn/) since 2013, enabling a new
opportunity to understand the heterogeneity of gdelevel Q across China and its short- and
long-term health impacts on the Chinese populatidns study uses grounds;@bservations
between 2015 and 2019. First, we characterizedhg-term and short-termz®ealth metrics in
China. Second, the nonparametric linear trend fdAB metrics during 2015-2019 are analyzed.
Third, we estimate the changes in premature moyrtatiributable to long-term and short-terms O

exposure in Chinese cities.

2. Methodology
2.1. Ground-level @data

Hourly O; data from 2015 to 2019 were obtained from httpijitigair.sinaapp.com/, which
provides ratified air quality data across mainla@kina. The data were available from 1497
monitoring stations in 2015 and 1633 monitoringistes in 2019 (Fig.S1). The quality of all the
available data was controlled based on the critgerxeloped in previous studies (Silver et al.,
2018; Xu et al., 2020) (section S1.1.). Thedata from 1312 monitoring stations passed the
guality standard to be used in this study, cove88g cities across 31 provinces in China.

The Tropospheric 9 Assessment Report (TOAR) (Xu et al.,, 2020) defid@s metrics to
characterize © pollution and its impacts on climate, human healtid vegetation. In these
metrics, summer average daily maximum 1-h (6DMAsb)mmer average daily maximum 8-h
(6DMAS8) and annual average DMA8 (AVGDMABS);Gstatistics are used to study long-term
(chronic) Q-exposure. 4DMA8 (& highest DMA8 in summer, approximately"®@ercentile),

4
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NDGT70 (total number of days with DMA8 > 140 pdjnand SOMO35 metrics (annual sum of
daily DMA8 > 70 pg/m) are used to study short-term (acutg)e®posure (Fleming et al., 2018).
The TOAR metrics for the summer period in the Nerthhemisphere cover 6 months from April
to September. The 4DMAS reflecting the high endhef ozone distribution over summertime. In
this study, we characterized AVGDMAS8 and 4DMA§ @etrics and used for corresponding
long- and short-term health risk analysis. Then@trics at city levels are calculated by averaging

available monitoring site data within each a city.
2.2. Trend analysis

To identify nonparametric monotonic linear trenithe Theil-Sen estimator is used to calculate the
magnitude of the trends with de-seasonalised delde the Mann-Kendall test assesses the
significance of trends (threshold pf< 0.05) (Lefohn et al., 2018). The trend was asedyin
RStudio version 3.6.0 with a series of R packagekiding “openair”, “tidyverse”, “lubridate”
and “dplyr” (R Core Team, 2019; Carslaw, 2019). Thpenair” is specifically developed for

analysing air quality data.

2.3.  Premature mortalities attributed tg &xposure

This study estimates short-term and long-termalise, cardiovascular and respiratory mortalities
attributable to ambient £2exposure at 350 urban Chinese cities from 201320@1uses the log-

linear exposure-response function, described irsthdies by Stanaway et al. (2018) and Seltzer
et al. (2018) as:

{o if [0,] < TMREL

C= (1)
[0]-TMREL  f[O] >TMREL

B =In(RR) / AX )
AMort =(1-exp”™© )D, P 3)

TMREL is the theoretical minimum risk exposure levéor long-term exposurdQ;] is the
annual mean concentration ariC is the estimated annual mean-&xposure relative to

TMREL. For short-term exposurg¢Q,] is the daily concentration andC is the cumulative
results of daily mean £2exposure relative to TMRELS is the exposure-response factor derived

from the reported relative risk (RR), which linksciemental changes ing@xposureAX (20
5
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ng/m® in AVGDMAS8 and 10pug/m® in 4ADMA8 metric). D, is the cause-specific death rate,

obtained from the GHDx database (http://ghdx.healt&.org/gbd-results-tool, available for 2015-
2017. 2017 values are used thereafté). is the populationX30 years) at an individual city and

AMort is the estimated number of cause-specific maealiat an individual city. Detailed city-
level age-specific population data were obtaineanfithe National Bureau of Statistics of the
People’s Republic of China (NBSC, 2019).

TMREL is 53.4pg/n? for long-term all-cause mortality (Turner et &Q16) and 53.6ig/m? for
long-term cardiovascular and respiratory mortalitym et al., 2019). These values are the
minimum Q concentration in this long-term epidemiologicalidst. For short-term mortality,
TMREL of 70 pg/m® is used, as recommended in the HRAPIE project (\WHO13).
Additionally, the Chinese Ambient Air Quality Staards (CAAQS) Grade | for £(100ug/m®) —
the same as the WHO air quality guideline far-Oand null concentration (0 pgfmwere also
selected as the threshold for sensitivity analysiur long-term @exposure health risk study,
we estimated an exposure-response coefficig)tfor all-cause mortality based on the study by
Turner et al. (2016), and cardiovascular and rasmpy mortality from Lim et al. (2019) — both of
which are long-term epidemiological studies. Far short-term mortality study/ was estimated
for all-cause and cardiovascular mortality from “éinal. (2017), a large epidemiological study in
China, while respiratory mortality was estimatednfra large meta-analysis (Dong et al., 2016)
(Table S1). To compare observations or metricsrtegan units of ppb, we used a conversion
factor of 1 ppb = 2 pg/inat a reference temperature and standard press@fe°€ and 1013.25
hPa respectively (Lefohn et al., 2018).

3. Results
3.1. Distribution of AVGDMAS Q

The nationwide AVGDMAS8 @ concentrations at 1312 stations for 2015 to 2Q#9saown in
Fig.1. In 2015, the AVGDMAB8 @concentrations ranged from 2. §/m® (Sunny city, Liaoning
province) to 116ig/m® (Zaozhuang city, Shandong province), with the areti mean 74.0+16
ng/m® (mean+standard deviation) (Fig.1a). Nationwide AM@A8 O; concentrations increased
in 2016 (77.5+13ug/nT), 2017 (84.2+13:g/nT) and 2018 (84.4+1ag/m’) (Fig.1b-d). In 2019,
the national AVGDMAS8 @ value slightly decreased to 82.3+8/m°, although it had a wide

6
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range, from 4ug/m’® (Guangyuan, Sichuan) to 11&/m® (Jincheng, Shanxi) (Fig.1e). Among
1312 monitoring sites, 63 sites in 2015, 168 site®017 and 88 sites in 2019 exceeded the
CAAQS Grade | of 10Qug/m’® for Os. The number of cities exceeding the Grade Il steth@160
ng/m°) increased from 11 in 2015 to 38 in 2018, therrefEsed to 17 in 2019. During these five
years, the cities with high AVGDMAS8 fOvalues were Alxa League (Inner Mongolia) (109
ng/n?), Haibei (Qinghai) (104g/m?), Yingkou (Liaoning) (102ug/nr), Dongying (Shandong)
(102 ug/m®) and Weifang (Shandong) (1@@/m°). Within five years, AVGDMAS8 Q increased
by >20pug/m® in 57 cities and by >fg/m® in 200 cities. Higher @increases were observed in
Jincheng (Shanxi), Chuzhou (Anhui), Laizhou (ShamgpWuhu (Anhui) and Suzhou (Anhui)
(59.8, 57.7, 55.5, 45.3 and 4Qu@/m? respectively). In the megacity-cluster, BTH, PRI & RD
region, AVGDMAB8 Q values increased from 76.4+4§/m°, 71.7+11ug/m® and 88.2+8.7ug/m’

in 2015 to 90.0+5.7ig/m°, 83.3+6.0ug/m® and 89.3+5.3ug/m’ in 2019. In 2015, there were 86.7
and 11.9 days per monitoring site that exceededstlagle | and Grade Il 8-hr CAAQS. In 2018,
those values increased to 112 and 17.6 days, whi#®19 they reduced slightly to 108 and 17
days. From 2015-19 in total, about 511 days peritoong station exceeded the Grade | standard.
The mean DMAS8 @ concentration over China peaks in summer duertmgér solar radiation
and lower humidity, although the patterns were \diryerent in three megacity cluster regions.
The mean DMAS8 @ concentrations in BTH and YRD regions peaked ineJ(2015: 120+23
ng/m?; 2019: 158+17ug/m’) and May (2015: 113+1jg/m®; 2019: 124+8.41g/m°) respectively,
while the highest value in the PRD region was oles®in October (2015: 96+17g/m®, 2019:
125+13 pg/n?). This dilerence is due to the variability in the arrival tbB Asian summer
monsoon, which brings more cloud, clean marine ad strong convection currents, all
unfavourable factors for production and accumulation (Li et al., 2018). 8As=sult, during the
pre- and post-monsoon seasons, dOncentration over the YRD and PRD regions geheral

decrease (Han et al., 2020).

3.2. Distribution of 4ADMA8 @

The national-level 4ADMA8 ©concentrations from 2015 to 2019 at 1312 monitpstations are
shown in Fig. 2. The 4DMAS value represents theeggv of surface @ pollution, focusing on
the high end of the £distribution, most likely caused by local emissioithe mean 4DMAS8 ©
values across all monitoring stations was 1674/’ (range: 51.6-455g/m") in 2015 (Fig.2a),

7
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increasing to 183+3{&g/m° (99.0-322ug/m°) in 2017 (Fig.2c), then decreasing to 174+480m°
(94.1-262 ug/m°) in 2019 (Fig.2e). During 2015-2019, the bottovele4DMA8 O; values
increased, whereas the upper-level values decreabédd the overall ADMAS values increased at
a rate of 8% per year. High 4DMA&@oncentrations, above 206/m°®, were widely observed in
the BTH (215+22ug/m?°) and YRD (202+19ug/m°) regions. 254 sites in 2015, 450 sites in 2017
and 307 sites in 2019 exceeded 2@0nT. 764 sites showed a positive increase in 4DMA8, of
which 98 sites showed an increase of »®0m’ during 2015-2019. At city-level, the highest
4DMAB8 Os values were observed in Yingkou (Liaoning) (2354it#n’), Dongying (Shandong)
(229+9.4pg/m°), Zibo (Shandong) (226+6.2g/m°), Baoding (Hebei) (224+2fg/m°), Huludao
(Liaoning) (224+21ug/m®) and Beijing (224+81.g/m°) during the five-year study period. Out of
the 31 provinces, three provinces in 2015, nin2ah7 and seven in 2019 exceeded the 4DMAS8
threshold of 20Qug/m®, with most of these provinces located on the @bastd inland region in

Eastern and Central China (e.g. Beijing, Shandbiagning).
3.3. Trends of DMA8 @

Fig.3a shows the change of AVGDMAS; @oncentrations from 2015 to 2019, while Fig.3b
shows the absolute trends of DMAg &ncentrations with regional heterogeneity. AcrGbma,
DMA8 O; concentrations increased at a rate of 1.94Ry8n°/yr with higher rates in some
provinces, including Tianjin (8.2+3.;g/m’/yr), Anhui (5.8+3.5pug/m’lyr), Shanxi (5.2+4.6
ng/mlyr) and Fujian (4.1+2.8g/m?/yr). Slower negative trends were observed in Shan(
0.3+1.7ug/m’yr), Zhejiang (-0.4+2.Qug/m?/yr) and Jilin (-1.5+2.3ug/mP/yr). The positive trends
in Beijing, Guangzhou, Chongqging and Shenzhen wéserved at 0.8+1.6g/mP/yr, 2.6+2.5
ng/melyr, 2.5+0.3ug/myr and 2.1+3.2ug/m’/yr respectively. Overall, 70.0% (931 stationspbf
monitoring stations showed a positive trend, with4% showing the trend at a rate of >5
ng/me/yr. 27.8% stations (mostly located in Shanghagjiéimg and Jilin) showed negative trends.
This is an important finding, which will help in d&loping an effective ©control policy in
China.

3.4. Long-term premature mortality attributed tp O

Long-term Q exposure has been shown to escalate all-causeccideatal, respiratory and

cardiovascular premature deaths among adul®® f/ears). In 2015, about 832 million people

8
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(64.6% of the total population in China) were exggbto AVGDMAS8 & concentrations above 70
ng/m®. The level of exposed population increased to 1tifllon (90.7%) in 2017 and 1117
million (86%) in 2019. The all cause-specific métyafigures, estimated by this study, in 350
cities in China from 2015 to 2019 are shown in Hgand Figs. S4-S5. The detailed data of
estimated @related long-term mortalities in 31 provinces aported in Table S4. The log-linear
model estimated national all-cause deaths at 109[98% Confidence Interval (Cl): 60,000-
231,000] in 2015 and 181,000 (95% CI: 91,500-353),00 2019, when 53.4g/m’ is used as the
threshold value (Table 1). In 2015, the estimatational number of cardiovascular deaths was
73,000 (95% CI. 24,800-141,000), while respiratdsaths were 21,900 (95% CI. 0-46,400).
These figures increased in 2019 to 112,000 (95%38,100-214,000) and 33,800 (95% CI: 0-
71,400), when @concentrations rolled back from the threshold gai 53.6pg/m°. This study
estimates that cardiovascular and respiratoryadldeaths accounted for 61.6% and 18.6% of all-
cause mortality. From 2015-2019, the all-causediogascular and respiratory-related deaths
attributed to @-exposure increased by 52.5%, 52.9% and 54.6% ctgply. The increase in O
concentrations and population (size + age) wasoresple for 38% and 7.9% increases in all-
cause premature deaths. All-cause, cardiovascuothrespiratory deaths increased by 2.4%, 2.6%
and 3.8% respectively due to increases in the inesdéath rate. The cities with the highest five-
year average fattributed all-cause deaths were observed in igd population regions of
Shanghai [4,600 (95% CI: 2,300-8,900)], Beijing9[@) (95% CI: 1,500-5,700)], Weifang
(Shandong) [1,900 (95% CI: 1,000-3,700)], Linyi &Hdong) [1,800 (95% CI: 1,000-3,600)] and
Baoding (Hebei) [1,8 (95% CI: 1,000-3,500)]. Theoynces with >5% increase in all-cause
mortality were Shandong (11.5%), Jiangsu (9.6%nate(9.3%), Guangdong (7%) and Hebei
(6.7%), highlighting the need to focus on thesearegfor G pollution control (Table 1).

The estimation of premature deaths attributed 4as@ensitive to the threshold value used in the
model. The average all-cause mortality was 456,088 CIl: 233,000-864,000) when the
threshold was Qug/m® and this figure was reduced to 1,000 (95% ClI: 3@B0) when the
threshold was set to 1Q@/m°>. The estimated average cardiovascular and respjratortalities
were 279,000 (95% CI: 98,000-517,000) and 83,089«€I: 0-166,000) per year respectively, at
a threshold of @g/m’. The corresponding values were very low, 600 (95”6200-1,200) and
200 (95% Cl: 0-400) per year when the threshold W@@ug/m®, as the average population
exposed to grater than 106/m* AVGDMAS8 O concentrations was only 80 million (Table S2).
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3.4.  Short-term premature mortality attributed tp O

In this study, we estimated that about 923 milljeople (71% of the total population) are
exposed to five-year mean 4DMAS8; @oncentrations greater than 160 p/amd about 345
million people (27%) are exposed to 4DMA& @oncentrations above 200 pdinThe city-
specific and cause-specific short-term mortalityinestes are shown in Fig. 5 and Figs. S6-S7.
The detailed data of short-term mortalities of c@iise, cardiovascular and respiratory in 31
provinces in 2015 and 2019 are reported in Tabéad Table S2. In China, the short-term all-
cause premature mortality attributed to ambient ABMD; exposure increased by 19.6%, from
131,000 (95% CI: 71,300-190,000) in 2015 to 156,088 Cl: 850,300-227,000) in 2019. The
highest number of deaths was estimated in 2017,006395% CI: 88,800-236,000)]. Short-term
cardiovascular and respiratory mortality increa®®d19.8%, from 41,400 (95% CI: 23,000-
99,000) to 73,500 (95% CI: 27,500-119,000) and % £2om 23,600 (95% CI: 11,900-35,300) to
28,600 (95% CI: 14,500-42,800) respectively, dutmgstudy period.

At the provincial level, higher numbers of all-caygemature deaths were observed in Shandong
(10%) [2015: 13,300; 2019: 15,400], Jiangsu (8.720)15: 11,800; 2019: 13,500] and Henan
(8.4%) [2015: 10,400; 2019: 13,000]. A large petaga increase in premature deaths was
estimated in Anhui (65.8%), Chongging (56.8%), &uj(42.6%), and Tianjin, Jiangxi, Shanxi,
Hebei and Hunan provinces (30%-39%). The mortdditlyden decreased in Xinjiang, Jilin and
Inner Mongolia provinces (-15.7%, -6.6% and -1.48spectively), and increased slightly over
Ningxia and Guangxi provinces (0.2% and 1.8%). 012 the highest all-cause mortality was
observed in four cities: Shanghai [3,500 (95% C300-5,000)], Beijing [3,300 (95% CI. 1,800-
4,800)], Baoding [95% CI: 1,600 (800-2,200)] andrijin [95% CI: 1,500 (800-2,200)]. By 2019,
Shanghai [3,700 (95% CI: 2,000-5,400)], Beijing6[®) (95% CI: 2,000-5,200)], Baoding [2,000
(95% CI: 1,100-2,900)] and Tianjin [2,100 (95% €J100-3,000)] still had the highest number of
Os-attributed short-term all-cause mortality.

At the 0 pg/m 4DMAB8 O; concentration threshold, the average estimatecbeumf premature
deaths by all-causes, cardiovascular are respyratisease were 244,000 (95% ClI: 134,000-
352,000), 115,000 (95% CI: 43,000-184,000) and 0B},(®5% CI: 22,000-65,000) per year,
respectively. The corresponding values were 108(98% CI: 59,000-156,000), 51,000 (95% CI:
19,000-82,000) and 20,000 (95% CI: 10,000-30,0@6pectively, when 100 pg?dDMAS O;
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concentrations were selected as the thresholdhéudetails about premature deaths at 0 and 100
ng/nt thresholds from 2015 to 2019 are reported in T&2le

4. Discussion

This study has characterized the trends in DMASGBRIMAS8 and 4DMAS8 Q concentrations in
China during 2015-2019. Then AVGDMAS8 and 4DMA8 €ncentrations were used to estimate
the premature mortality attributable to long-ternd ahort-term @ exposures. The study found
that the @ concentrations and corresponding premature ddalie increased significantly in
most provinces in China. This severity of @llution raises a new challenge in China, whiaee t
focus so far has been to control the BMoncentrations. There are various explanationghier
failure to reduce @concentrations in different provinces in Ching,Racent bottom-up emission
estimations and satellite formaldehyde observatibage indicated increasing anthropogenic
VOCs in eastern China, causing a positive tren@siconcentration (M. Li et al., 2019). (b) The
long-distance transport of;Qrecursors is the largest contributor to groundirDthe Tibetan
Plateau, BTH, YRD and PRD regions (Liu and Wan®®2@®0(c) PMs acts as a scavenger of
hydroperoxy (H@) and NQ radicals, which contribute to the formation of. Ohe aim of
reducing PMs concentration has led to an increase in theseatsdicausing an increase i O
concentrations (K. Li et al., 2019).

The substantial heterogeneous increase jma€oss China is consistent with the findings of
previous studies (Silver et al., 2018; Wu et aD12 Ma et al., 2016). The heterogeneous
distribution is mainly due to (a) {being a secondary pollutant, mainly produced lsgrdes of
photochemical reactions between its precursors, (&l@@l VOCs). The relationship betweeg O
and its precursor is generally nonlinear. TheND®,-VOCs sensitivity relationship determines the
types of Q pollution in different regions. In brief, when thencentration of NQin the
atmosphere is high, the generation of i® controlled by VOCs, however, when the VOCs
concentration in the atmosphere is high,géneration is controlled by N@Yang et al., 2020).
(b) In most cities, including Beijing, Tianjin, Sighai and Guangzhou,s@eneration is VOCs-
sensitive, mainly because human intervention inamrhlistricts have greatly affected the
emissions of precursors. Industry and transporiataused a large amount of Némissions, and

the titration effect suppressed the increase inQheoncentration in urban areas (Wang et al.,
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2019; Lu et al., 2018). (c) In different regionsgteorological factors have heterogeneous effects
on G; generation, especially in eastern China (Wand, €2@17; Han et al., 2020).

Air pollution-attributed deaths can be categorigg#d- long-term effects, short-term effects and
mixed-effects. For mixed-effects, air pollution mhgve played a role both in increasing the
decedent’s underlying susceptibility or frailty aimdtriggering the event. For example, patients
with chronic bronchitis enhanced by long-term alytion exposure may be hospitalized with an
acute, air pollution-related exacerbation of thiess, leading to death shortly afterwards. The
cohort-based effect estimates capture the full rermdd deaths across all three types of air
pollution-attributable cases. However, deaths duehort-term “acute” advancement of death
(short-term and mixed-effects) cannot be disentthflom deaths due to air pollution-enhanced
chronic morbidity (long-term effects). The percgaaf mixed-effects have not quantified in past
studies (Kunzli, 2001; Giani et al., 2020). In fhest, only a few studies quantified the-@lated
premature mortalities in China, and most were fedusn the long-term premature deaths. During
2015-2019 in China, 1288 million people were expoaanually to 4DMA8 @ concentration
greater than 10Qug/m® (WHO air quality guideline). However, only 80 ninlh people were
exposed to above 10&y/m* AVGDMAS8 O3 concentration. Therefore, premature death due to
short-term Q exposure cannot be ignored.

The threshold values and health endpoints adopted the several existing epidemiological
studies varied, resulting in a broad range in tst@rated mortality values. The use of different
health-related @metrics in long-term and short-term exposure @ayimportant role in health
risk studies (Liu et al., 2018). At a thresholddafg/m® (null concentration), long-term premature
mortality plays an important factor due to the hetposure-response coefficient for long-term
mortality, whereas at the higher threshold valtﬁi)(lﬂg/m3), short-term premature mortality is the
dominant factor because of the greater number pdsed people above that threshold (Table S2).
In the present study, the adopted relative riskafbcause long-term mortality is higher than the
used relative risk for all-cause short-term motyah although, in 2015, the estimated short-term
all-cause mortality was higher than the estimatetydterm all-cause mortality (Table 1). The
probable explanation is that in 2015, the exposmolulation that experienceds@oncentration
above the selected threshold value was higherart-sérm mortality (1285 million) than in long-
term mortality (1225 million), and for short-ternonality, the estimated meahC was 97ug/m’

whereas for long-term mortality, me#&C was 20ug/n° (Eq. 1). In 2019, the long-term mortality
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value crossed the short-term mortality. This wasabee (a) during the study period, the mean
AVGDMAS8 O3 concentration increased by 11%, and mean 4DMA@8esincreased by only 4%.
(b) In the megacity-cluster (the most populous areaBTH and PRD and YRD regions,
AVGDMAS8 O3 values increased by 18, 16 and 1%, whereas 4DMA&oBcentration increased
by 9, 13 and -1%, respectively. (c) The exposedulation above the threshold concentration
increased by 6% for long-term mortality but only¥ for short-term mortality.

The past studies that make estimates prematurasdaaing different forms of £concentration
data (i.e. ground-level monitoring data, chemicahsport models (CTM), satellite data) gives
different results (Ghude et al., 2016; Feng et2419; Seltzer et al., 2018). Malley et al. (2017)
and Chowdhury et al. (2020) estimated the highasg-term respiratory mortality, 316,000 in
2010 and 230,000 in 2015, respectively. Both stdielected the same threshold value (53.4
ug/m?) and health metric (AVGDMAB8) and adopted the idteaitrespiratory mortality-related
risk factor from the epidemiological study by Turret al. (2016). Despite the increasing O
concentration in China, the estimated respiratogmature deaths were different, mainly due to
the use of different CTM (GEOS-Chem model and ECHMESSyY model) to estimated surface
O3 concentration, and different use of the baselinetality rate. With similar parametric values,
and based on the ground-level monitoring dataz&e#t al. (2018) reported 200,000 respiratory
deaths in 2015. In the present study, we estimd@®800 (95% CI. 58,000-105,000) premature
respiratory deaths in five-years average usinglimaer et al. (2016) study(Table S3). Lin et al.
(2018) and Liu et al. (2018) selected 7fg2m’ as the threshold and 6DMAL1 as the health metrics
and estimated the ©elated COPD mortality to be 89,406 2014 and 71,900 in 2015. Both
studies used WRF-CMAQ to simulate the groungl v@th a resolution of 3&@mx36km and
respiratory mortality-related relative risk from apidemiolocal study by Jerrett et al. (2009).
Even so, the values were different, mainly dueht higher simulated ground level 6DMA%L O
concentration in 2014 [150g/m®, Lin et al., (2018)] compared to 2015 [10§/m°, Liu et al.,
(2018)].

Multiple recent studies in China have indicatedoasistent association with all-cause mortality
and have provided evidence for associating respyradnd cardiovascular mortality with short-
term exposure to highers@oncentrations (Yin et al., 2017; Lei et al., 2D19ang et al. (2019)
reported 160,000, 54,000 and 27,000 all-cause, iczasicular and respiratory mortality
respectively in China in 2016. Yao et al. (202@)nested 310,000, 170,000 and 45,700 all-cause,
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cardiovascular and respiratory mortality respetyivie 2017. Significantly higher estimated
mortality figures in the Yao et al. (2020) studysmmainly due to the use of @/m® as a
threshold value, although past clinical studieseheaported no respiratory symptoms below 70
ng/m® and the evidence for linearity does not extendetm (US EPA, 2013). Using 3@/m° as
the threshold and SOMO35 as the health metric, feerad. (2019) estimated 74,000 short-term
respiratory deaths in 2015.

Compared with the previous studies, the key strenfjbur study lies in the fact that it is the firs
to estimate long-term and short-terny-&tributed all-cause, cardiovascular and respiyato
related premature mortalities in 350 Chinese citiased on ground-level measurements during
2015-2019. However, there are some limitationsstFiwve used a long-term s@xposure-
associated risk factor derived from a US cohortlgtibut the risk factor estimates for the US
population may not apply to China due to the déferes in factors like race, education
background, marital status, dietary conditionsplaéd consumption, cigarette-smoking status,
socioeconomic status and body mass index (BMI)t Ba&d, the range of ambient DMA8; O
concentration for urban China is similar to thasetved in the USA by Turner et al. (2016) and
Lim et al. (2019) study. Second, it may be argued the relative risks of {exposure may vary
from city to city in China, whereas we used a canstalue across all regions in our study. City-
or region-specific relative risks in China are apidnavailable. Third, the study mainly focused on
urban areas, but rural populations are also exptstahg-distance transported (5eltzer et al.,
2018). Finally, we used a log-linear concentratiesponse function for the quantitative health
impact assessment study, although we are awardirtbat functions have been used in previous

studies, which could provide different estimateisi @t al., 2018).
5. Conclusions

To the best of our knowledge, this is the first gttml evaluate the health burden attributable to
long-term and short-term exposure to ambiepirOChina at the national level from 2015-2019.
Decades of hard work and effective air quality nggamaent strategies and practices have seen
significant improvements in PM levels across China, although severalePisodes and upward
trending concentrations have largely gone unnotitéds study found that for 2015-2019, daily 8

h maximum average (DMAS8) {xoncentrations continually increased across Chtna rate of
1.9+3.3ug/m’/yr. This is estimated to cause approximately 163,(5% Cl: 82,200-316,000),
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100,000 (95% CI: 34,200-192,000) and 30,200 (95%9&3,800) premature long-term all-cause,
cardiovascular and respiratory deaths attribute@stdExposure to @during 2015-2019 has been
estimated to cause an additional 149,000 (95% CBG®-216,000), 70,100 (95% CI. 26,200-
113,000) and 27,000 (95% CI: 13,700-40,600) shertrtall-cause, cardiovascular and respiratory
deaths in 350 cities in China. We also found tlates highly populated provinces showed a faster
increase in @levels and these provinces could be targeted aptaal series of strict air pollution
control measures to reduce the public health andaic burdens. To further improve air quality
in China, we suggest increasing the focus on thdrabof O; precursor emissions from the
chemical and solvent industries. Consistent aitugioh control interventions will be needed to
ensure long-term prosperity and environmental gusbdity in China. The development of more
city-specific, province-specific and long-term egndological studies with specific demographic

characteristics will help to quantify health imgaatore accurately.
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Table 1. The estimated cause-specific prematurdngl@stributed to long-term and short-term exposoi@zone in China and

province with high premature deaths.

Region Year Long-term premature mortality (¥4€) (95% CI) | Short-term premature mortality (XA0) (95% CI)
All-cause Cardiovascular| Respiratory All-cause @ardscular | Respiratory

China 2015 119 (59.9-231) 72.9 (24.8-141) 21.96@4 | 131(71.3-190) | 61.4 (23.0-99.0) 23.6 (11.8B35.
2016 140 (70.9-274) 86.4 (29.5-167) 25.8 (0-54.6) 38 [74.9-199) | 64.7 (24.2-104) 24.6 (12.5-37/|0)
2017 183 (92.8-356) 113 (38.6-217 34.3 (0-72.2) 3 (@BB.8-236) | 76.5(28.7-123) 29.7 (15.1-44)4)
2018 189 (95.9-368) 117 (39.9-224 35.4 (0-74.4) 8 (B5.1-229) | 74.3(27.8-120) 28.8 (14.6-43)2)
2019 181 (91.5-352) 112 (38.1-214 33.8(0-71.4) 6 @.3-227) | 73.5(27.5-119) 28.6 (14.5-428)

Shandong Average 18.6 (9.5-36.2) 11.5(3.9-21.9)] 3.5(0-7.2) 14.931.6) | 7.0(2.6-11.3) 2.7 (1.4-4.0)
2015-19

Jiangsu Average| 15.6 (7.9-30.3)] 9.6 (3.3-18.4) 2.9 (0-6.1) 12.94¥8.7) | 6.1(2.3-9.8) 2.3 (1.2-3.5)
2015-19

Henan Average| 15.0 (7.6-29.3)] 9.3 (3.2-17.8) 2.8 (0-5.9) 12.8{868.1 5.9 (2.2-9.5) 2.3 (1.2-3.4)
2015-19

Guangdong| Averagel 11.4 (5.8-22.4)| 7.0 (2.4-13.7) 2.1 (0-4.5) 10.B{B5.5) | 5.0(1.9-8.1) 1.9 (1-2.9)
2015-19

Hebei Average | 10.9 (5.5-21.3)| 6.7 (2.3-12.9) 2.0 (0-4.3) 11.2{66.3) | 5.3 (2.0-8.5) 2.0 (1.0-3.0)
2015-19
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Highlights

* Ozone (Q) trend and corresponding health burden in Chimaamalyzed from 2015-
20109.

« O3 concentrations have increased by 1.94®)8r°/year during the study period.

* The Q-attributed long-term all-cause of deaths havesased by 52.5%.

* The Q-attributed short-term all-cause of deaths haveegsed by 19.6%.

* Monitoring site-area specific control policies shibbe tailored to specific issues.
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