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Abstract Ozone concentrations in China are increasing in recent years and future changes of ozone and
their impacts have attracted much attention. We use global chemical transport model (GEOS-Chem) to simulate
the surface ozone concentrations in China in 2020 and 2050 under four Shared Socio-economic Pathways and
evaluate the impacts of future ozone pollution on vegetation and premature mortality in four polluted regions
(Beijing-Tianjin—Hebei, BTH; Yangtze River Delta, YRD; Pearl River Delta, PRD; Sichuan Basin, SCB) and
three major crop growing areas (Huang—Huai—Hai, HHH; Northeast Plain, NEP; middle and lower reaches of
Yangtze River, MLRY) in China. The changes of simulated seasonal maximum daily 8-hr average (MDAS)
ozone from 2020 to 2050 (—15.5 to +11.9 ppbv) are significant under SSP126 (low forcing pathway) and
SSP245 (medium forcing pathway) scenarios in all regions due to large changes of emissions. MDAS ozone in
summer 2050 will be above the WHO guidelines (100 pg/m?) in BTH, YRD, HHH and MLRY under four
scenarios. By 2050, W126 (vegetative ozone exposure index) in summer will be much above the maximum of
US secondary standard (21 ppm-h) in HHH under SSP245, SSP370 (medium to high forcing pathway) and
SSP585 (high forcing pathway) scenarios, and in MLRY under SSP370 and SSP585 scenarios. Annual
ozone-related deaths for people over 30 years old will mainly decrease in four polluted areas from 2020 to 2050
under SSPs scenarios, but only increase much under SSP245 scenario in BTH (+3.1 to +4.2 thousand) and YRD
(+1.1 to +1.6 thousand).

Plain Language Summary With the development of industrialization and urbanization, ozone
pollution in China has become increasingly serious. Ozone pollution is harmful to vegetation and human health
and thus future ozone in China and its impacts have attracted much attention. We use global chemical transport
model to simulate ozone concentrations in 2020 and 2050 under four emission scenarios and then quantify the
effects of future ozone pollution on premature mortality and vegetation in four polluted regions and three major
crop growing areas in China. Seasonal MDAS ozone concentrations and vegetative ozone exposure index
(W126) change much from 2020 to 2050 under low and medium forcing pathways due to large changes of
emissions. Due to ozone pollution, vegetation in summer 2050 will be at high risk in Huang—Huai—Hai region
under medium to high and high forcing pathways. Ozone-related deaths will mainly decrease under future
emission scenarios in four polluted areas by 2050, but increase much under medium forcing pathway in
Beijing-Tianjin—Hebei and Yangtze River Delta regions.

1. Introduction

Surface ozone is mainly generated by precursors (including VOCs and NOx) through photochemical reactions
under sunlight (Wang et al., 2017), which has serious effects on human health (Alexis & Carlsten, 2014;
Goodman et al., 2015; Sousa et al., 2013), ecosystems (Emberson, 2020; Grulke & Heath, 2019; Ren, Tian, Chen,
et al., 2007, Ren, Tian, Liu, et al., 2007, 2011), and crop yields (Bhatia et al., 2012; Feng et al., 2015). With the
development of industrialization and urbanization, ozone pollution in China has become increasingly serious
(Mousavinezhad et al., 2021). Although the Chinese government implemented stricter measures to control
pollutant discharge after 2013, Report on the Ministry of Ecology and Environment of China (https:/www.
mee.gov.cn/hjzl/sthjzk/zghjzkgb/) showed that annual average ozone concentrations had a fluctuating upward
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trend from 2013 (139 pg/m?) to 2019 (148 pg/m?). Because of the current high level of ozone pollution in China,
the future ozone in China and its impacts on vegetation growth and human health have attracted much attention.

Shared Socio-economic Pathways (SSPs) scenarios describe future possible evolution of population, economy,
policies and institutions, technology, and environment and natural systems in the 21st century (O’Neill
etal., 2017). Based on SSPs scenarios, studies have predicted future ozone concentrations in China, which will be
mainly affected by changes in climate and anthropogenic emissions (Liu et al., 2021; Liu et al., 2022). The re-
ductions of MDAS8 ozone caused by emission reductions associated with sustainable development (difference
between SSP126 scenario and SSP585 scenario) would range from 7.5% to 25.3% in China in 2050, which would
be more than 10 times greater than that caused by climate changes (Liu et al., 2021). Liu et al. (2022) studied the
sensitivity of ozone to emission changes from the current (2004—-2014) to the future (2045-2055) and found that
ozone concentrations would increase both in winter and summer in the eastern China under SSP370-lowNTCF
(near-term climate forcers) scenario and increase in summer but decrease in winter in East Asia under SSP370
scenario.

Exposure to high concentrations of ozone can cause diseases of human respiratory system, cardiovascular system,
and nervous system (Jerrett et al., 2009). The Global Burden of Diseases, Injuries, and Risk Factors Study 2015
reported that environmental ozone exposure was the 34th risk factor out of 79 for global mortality (Cohen
et al., 2017). Ozone-related deaths accounted for about 8.0% of chronic obstructive pulmonary disease (COPD)
deaths globally in 2015, with the highest ozone-related deaths in China and India (Cohen et al., 2017). Changes in
climate, emissions, and population will affect the ozone pollution and thus human health in the future (Chen
et al., 2018; Hong et al., 2019; Liu et al., 2021; Wang, Hu, et al., 2021). Studies have shown that changes in
emissions will have the major impact on the ozone-related mortality changes in most regions of China (Liu
et al., 2021; Wang, Hu, et al., 2021). By using GFDL-CM3, Chen et al. (2018) found that annual ozone-related
mortality would decrease by 24% in 2050s relative to 2013-2015, due to the decrease of ozone precursor
emissions under representative concentration pathway RCP4.5 scenario. For RCP8.5 scenario, climate warming
and high emissions would lead to an increase of 10.7% in mortality (Chen et al., 2018). Combined WRF-CMAQ
and SSPs scenarios, Liu et al. (2021) showed that the changes of ozone-related mortality caused by emission
reductions associated with sustainable development would be approximately 2 orders of magnitude larger than
those caused by meteorological changes in China by 2050. Based on GEOS-Chem, Wang, Hu, et al. (2021) found
that the decrease of ozone concentrations would avoid 30.2% (18.0%) related mortality under RCP2.6 (RCP4.5)
scenario from 2010 to 2050, but the increase of population size only led to a slight increase in ozone-related
mortality.

Ozone is a phytotoxic pollutant, which enters leaves through stomata, produces oxidizing substances and affects
physiological and biochemical processes (Grulke & Heath, 2019), thereby causes visible injuries to leaves,
germination delay (Grulke & Heath, 2019; Ren, Tian, Chen, et al., 2007) and crop yield reduction (Wang
etal., 2017). Model-based simulations can predict the impact of ozone exposure on vegetation in future. Based on
Community Earth System Model (CESM), Tai et al. (2014) found that ozone pollution control could greatly
increase wheat yield in China under RCP4.5 scenario during 2020-2050, and severe ozone pollution would
reduce total global crop production by 3.6% under RCP8.5 scenario. Combined CESM and the partial derivative-
linear regression model, Tai and Val Martin (2017) projected that wheat, corn, and soybean yields in China would
decline by 7.7%, 0.91% and 5.2% by 2050 under RCP8.5 scenario just because of the increase in ozone.

Some indexes are often used to assess the effect of ozone exposure to vegetation. Among them, W126 is a
biologically related cumulative and seasonal index (EPA, 2015), which reflects the harm of different concen-
trations of ozone to vegetation. Based on W126 calculated by WRF-CMAQ simulation results, Qiao et al. (2019)
found that W126 with area-weighted mean was 37.6 ppm-h across China and ozone exposure could cause foliar
injuries of highly sensitive species in 100% of forest region in 2013. In China, W126 of April-September
calculated by 243 observation stations increased by 16.3% annually from 2013 to 2019 (Lu et al., 2020) and
monthly averaged W126 of 1,497 stations exceeded the standard level (7-21 ppm-h) by 1.2 times for 2015-2016
(Lietal., 2018). The observed W126 were 17.1-54.2 ppm-h in Sichuan Basin cities (Cao et al., 2020) in 2018 and
29.0 ppm-h in Yancheng (Wang et al., 2020) in 2019, which all far exceeded the minimum of US standard level
(7 ppm-h). The W126 from April to September for 2018—2020 reduced by 28.6%, 9.8%, 6.7% and 23.1%,
respectively, in Pearl River Delta, Yangtze River Delta, Chengdu-Chongqing and Fen Wei Plain because of the
reduction of ozone for Three-year Action Plan on ozone pollution (Zhao et al., 2022).
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As far as we know, there is a lack of systematic evaluation for effects of ozone on future vegetation and human
health in different polluted regions and major crop growing areas of China. In this study, we use global chemical
transport model (GEOS-Chem) to predict the characteristics of ozone concentrations in 2050 under four different
emissions scenarios (SSP126, SSP245, SSP370, and SSP585 scenarios) and then further evaluate the effects of
future ozone pollution on premature mortality and vegetation in four polluted regions and three major crop
growing areas of China. Section 2 describes the GEOS-Chem model and indexes of ozone impacts on vegetation
and human health. Section 3 evaluates model results with observed ozone concentrations in 2015 and 2020 across
China. In Section 4, changes of ozone concentrations between 2050 and 2020 under four emissions scenarios are
shown. In Sections 5 and 6, we evaluate the changes of vegetation and human health due to ozone exposure in
2020 and 2050 by using W126 and premature mortality. Finally, we draw conclusions and discuss the un-
certainties and future work in Section 7.

2. Data and Methods
2.1. Model

We use in this study the chemical transport model GEOS-Chem (v12-09, https://wiki.seas.harvard.edu/geos-
chem/index.php/GEOS-Chem_12#12.9.2) (The International GEOS-Chem User Community, 2020) with global
simulations at a horizontal resolution of 2° latitude by 2.5° longitude. The vertical resolution is set to 47 layers,
extending up to 0.1 hPa. Model simulations are driven by MERRA2 reanalyzed data from Goddard Earth
Observing System (GEOS) of the NASA Global Modeling and Assimilation Office (GMAQO). We fix the
MERRAZ2 meteorological field in the year 2020 and simulate hourly ozone concentrations in China in 2020 and
2050 to investigate future changes of ozone concentrations due to changes of anthropogenic and open-burning
emissions and their impacts on vegetation and human health. All simulations are spin up for 6 months in each
year.

The GEOS-Chem model includes the tropospheric chemical mechanism of “NOx-O;-HC-aerosol” (Wang
et al., 1998). NASA Jet Propulsion Laboratory and International Union of Pure and Applied Chemistry (IUPAC)
provide chemical kinetics data for model simulation (Sander et al., 2011). Fast-JX scheme is used to calculate the
light reaction rate in the model (Bian & Prather, 2002). The parameterization scheme of dry deposition of gas and
aerosol (except sea salt) is based on online resistance-in-series model (Wesely, 1989; Zhang et al., 2001) and wet
deposition of water-soluble aerosols and gases is described by Liu et al. (2001) and Amos et al. (2012). Lin and
McElroy. (2010) provide a non-local scheme for boundary layer mixing process. Holmes et al. (2019) and
McDuffie et al. (2018) have updated the mechanism of heterogeneous reaction and cloud chemistry.

2.2. Emissions

In this study, we use future emissions SSPs Tier-1 scenarios at 0.5° X 0.5° resolution for model simulations.
Tier-1 scenarios include SSP126, SSP245, SSP370, and SSP585 and are designed to provide full-range forced
targets similar in magnitude and distribution to the RCPs used in Coupled Model Intercomparison Project Phase 5
(CMIP5) (Gidden et al., 2019). SSP126, SSP245, SSP370, and SSP585 scenarios represent low, medium, medium
to high, and high future forcing pathways, respectively. These four SSP-based scenarios cover a wide range of
uncertainty for climate science studies about future forcing pathways (O’Neill et al., 2016). The year 2015 is the
transition year in CMIP6 between historic and future simulations, and the emissions in 2015 are the same under
four SSPs scenarios (Gidden et al., 2019). In the present study, we use the emissions for the year 2020 to represent
present-day pollution level and compare the changes between 2020 and 2050. Monthly anthropogenic and
open-burning emission data of the SSP126, SSP245, SSP370, and SSP585 scenarios at 2015, 2020, and 2050 can
be downloaded at https://esgf-node.llnl.gov/search/input4MIPs/. Open-burning emissions are only about or less
than 1% of anthropogenic emissions in China.

Figure 1 shows the annual total anthropogenic emissions of NOx, CO, CH,, and NMVOCs in China in 2020,
2030, 2040, and 2050 under SSP126, SSP245, SSP370, and SSP585 scenarios. Seasonal and annual anthropo-
genic emissions of NOx and NMVOC:s in seven study areas in China (shown in Figure 2) in 2020 and 2050 under
four SSPs scenarios and the corresponding percentage changes for 2020-2050 are shown in Tables S1 and S2 in
Supporting Information S1. The emissions of four species in 2050 are lowest under SSP126 scenario and highest
under SSP370 scenario. Compared to other lower forcing pathways, the SSP585 scenario, classified as high future
forcing pathway, shows medium emissions for the four species, as SSP5 scenario models a future world driven by
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Figure 1. Total annual anthropogenic emissions of nitrogen oxides (NOx), carbon monoxide (CO), methane (CH,), and non-
methane volatile organic compounds (NMVOCs) in China for 2020, 2030, 2040, and 2050 under SSP126, SSP245, SSP370,
and SSP585 scenarios.

the fossil-fuel and with the highest CO, emission (Gidden et al., 2019). Under SSP126 (SSP245) scenario, the
emissions of NOx, CO, CH,, and NMVOCs show a decreasing trend for 2020-2050, with the reductions of 65.3%
(51.3%), 50.3% (43.6%), 61.3% (38.5%) and 80.9% (6.7%), respectively. For SSP370 scenario, the emissions of
NOx, CO, CH,, and NMVOCs are higher than their respective emissions under SSP126, SSP245, and SSP585
scenarios during 2020-2050, especially for the emissions of CO and CH, after 2030. The SSP370 scenario shows
peaks at 2030 for CH, (77.6 Tg) and CO (200.8 Tg) and at 2040 for NOx (40.9 Tg). NMVOCs emissions under
SSP370 scenario increase by 15.2% from 2020 to 2050. Under SSP585 scenario, NOx emissions show a
downward trend for 2020-2030, increase slightly during 2030-2040, reach a peak value of 29.9 Tg in 2040 and
then decline after 2040. Emissions decrease continuously from 2020 to 2050 for CO, CH,, and NMVOCs under
SSP585 scenario, with the reductions of 69.5 Tg (46.4%), 17.7 Tg (29.5%) and 3.3 Tg (16.0%), respectively.

Natural emissions used in the model simulations are the same for 2020 and 2050, representing the current
emission levels. Biological NMVOC emissions are calculated using the module of Natural Gas and Aerosol
emission Model (MEGAN) (Guenther et al., 2012). BVOCs emitted by vegetation will be affected if vegetation is
damaged by future ozone (Hollaway et al., 2017), but which is not reflected in the current model simulation
(Guenther et al., 2012). Sauvage et al. (2007) and Murray et al. (2012) describe NOx emissions from lightning.
Soil NOx emissions are calculated using the algorithm proposed by Yienger and Levy Ii (1995).

2.3. W126 (Seasonal Vegetative Ozone Exposure Index)

We use W126 to quantify the impact of ozone cumulative exposure on vegetation. Based on evidence that plant
stomatal conductance, ozone concentrations and uptake rates increase to a diurnal peak during the daytime
(Uddling et al., 2010), W126 ozone index is generally calculated as the sum of sigmoidally-shaped weighted
hourly ozone concentrations during the daytime (8:00-20:00 local time) (EPA, 2015):
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Figure 2. Observed and simulated spatial distributions of MDAS8 ozone concentrations averaged for summer (June—July—
August) 2020 under (a) SSP126, (b) SSP245, (¢) SSP370, and (d) SSP585 scenarios. Colored dots represent the observations
in summer 2020 averaged for all sites in every city. Four polluted regions are highlighted by black rectangles: Beijing—
Tianjin—Hebei (BTH, 37°—43°N, 113.75°-118.75°E), Yangtze River Delta (YRD, 29°-35°N, 116.25°-123.75°E), Pearl
River Delta (PRD, 21°-25°N, 111.25°-116.25°E), and Sichuan Basin (SCB, 27°-31°N, 101.25°-108.75°E). Three major
crop growing areas are highlighted by green rectangles: Huang—Huai—Hai area (HHH, 35°-39°N, 113.75°-118.75°E and
35°-37°N, 118.75°-121.25°E), Northeast Plain area (NEP, 43°-49°N, 121.25°-126.25°E), and the middle and lower reaches
of the Yangtze River (MLRY, 27°-33°N, 111.25°-116.25°E and 31°-33°N, 116.25°-121.25°E).

WI126 =) w; X C; M

1
_ 2
Y= 1+ 4403 - exp (=126 - C,/1000)] @

where C; is the hourly ozone concentration in ppbv. w; is weighted index, w; emphasizes high ozone concen-
trations while suppresses low or moderate ozone concentrations, such as 0.06 at 45 ppbv and 0.7 at 75 ppbv.
Monthly W126 is calculated by adding up the daily W126 in a given month (EPA, 2015; Lapina et al., 2014). In
this paper, we use simulated hourly ozone to calculate the sum of monthly W126 for spring (March, April and
May), summer (June, July and August), autumn (September, October and November), and winter (December,
January and February) and then analyze the seasonal variation of W126 over a year. The United States Envi-
ronmental Protection Agency (EPA) currently recommends a 3-month W126 value of 7-21 ppm-h (ppm-hours,
sigmoidal-weighted cumulative exposure for daytime) (Marco et al., 2020) as a secondary standard for assessing
the risk of ozone exposure to vegetation.
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2.4. Health Impact Assessment of Ozone Exposures

The premature mortalities in adults older than 30 years of age attributable to ozone exposure are calculated
according to the following equation from Jerrett et al. (2009) and Turner et al. (2016):

n RR;; — 1
AMort = i;popi * Yo * R"T 3
RR;; = exp(f* (X - Xo)) 4)

p = In"R/AY 3)

where AMort is premature mortality caused by ozone due to different disease categories j, including cardio-
vascular disease (CVD), respiratory diseases (RD), and chronic obstructive pulmonary disease (COPD) in this
study. pop; is the population older than 30 years of age for grid i. Population changes under four SSPs scenarios
from 2020 to 2050 is shown in Table S3 in Supporting Information S1. Gridded population in 2020 and 2050
under four SSPs scenarios is from http://sedac.ciesin.columbia.edu/data/set/popdynamics-1-8th-pop-base-year-
projection-ssp-2000-2100-rev0O1/data-download (Jones & O’Neill, 2020). The percentage of population over
30 years old is achieved from the United Nations estimates (https://population.un.org/wpp/Download/Standard/
Population/) (United Nations, 2019). y, is the baseline mortality of the particular disease category. The y, older
than 30 years of age is 0.0046, 0.0011, and 0.00105 for CVD, RD, and COPD, respectively, which is calculated
based on data from Global Health Estimates 2019 by World Health Organization (WHO) (https://www.who.int/
data/global-health-estimates) (WHO, 2020) and following the approach by Dang and Liao (2019).

RR;; is the relative risk for disease j at grid i caused by ozone, which is calculated by the log-linear exposure-
response function by Jerrett et al. (2009). f is referred to as the concentration response function to estimate
the association of ozone concentrations and mortality of particular disease (Malley et al., 2017; Sun et al., 2021;
Wang, Hu, et al., 2021). HR is the hazard ratio, which represents the increase in death under 10-ppb rise in long-
term ozone exposure (Malley et al., 2017; Turner et al., 2016). AY is the increase of ozone concentrations and
assumed to 10 ppb in Equation 5. X is the annual average MDAS ozone and X, is the threshold concentration of
26.7 ppb representing minimum ozone exposure from the study of Turner et al. (2016). We use simulated ozone
concentrations to calculate annual premature mortality of CVD, RD, and COPD in 2020 and 2050 under four
scenarios.

3. Model Evaluation

Previous studies (Dang et al., 2021; Lou et al., 2015; Lu et al., 2019; Ni et al., 2018; Zhu et al., 2017) have shown
that GEOS-Chem model could well simulate the temporal and spatial distributions of ozone concentrations in
China. We use hourly observations from 1,652 stations in 2020 and 934 stations in 2015 released by the China
National Environmental Monitoring Center (https://quotsoft.net/air/) (CNEMC, 2023) to evaluate the perfor-
mance of ozone simulations in GEOS-Chem under different emission scenarios. Figure 2 shows the spatial
distributions of observed and simulated MDAS ozone concentrations averaged for summer (June—July—August)
2020 under SSP126, SSP245, SSP370, and SSP585 scenarios. The colored dots represent the observed con-
centrations in summer 2020 averaged for all sites in every city.

The spatial distributions of seasonal mean ozone concentrations simulated under SSP126, SSP245, SSP370, and
SSP585 scenarios are similar in summer 2020 and successfully reproduce the spatial distribution characteristics of
observed ozone. Model reasonably reproduces the observed MDAS ozone concentrations in Southwest China,
Loess Plateau, North China Plain and northern Northeast Plain, where the differences of simulated and observed
MDAS ozone concentrations are within 2 ppbv in summer under four scenarios. Model results generally over-
estimate observed MDAS ozone concentrations over eastern Himalaya, eastern Sichuan Basin, and central China
under SSP126, SSP245, and SSP585 scenarios (difference of simulated and observed MDAS ozone concentra-
tions larger than 15 ppbv), while underestimate in lower reaches of the Yellow River. Simulated results are
generally higher under SSP370 scenario than under the other three scenarios due to higher anthropogenic
emissions, significantly over northwestern China, Sichuan Basin, central China, and northern Northeast Plain.
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We use the correlation coefficient (r), normalized mean biases (NMB), mean fractional bias (MFB) and mean
fractional error (MFE) to further assess the performance of model simulation results. We compare the observed
monthly mean MDAS ozone concentrations for each site and the simulated results sampled at the corresponding
location of the site to evaluate the model performance.

N
Z(Cm,- - Q) (cot - @)
r=—= (6)

N N
\/__Zl(cm, - Cm)\/__zl(co, - 5)

N N
NMB = Z(Cmi - Coi) /(Z Coi) (7)
i=1 i=1
1Y Cp. — Co.
MFB =Y ™ "o (8)
N; (Cm, + Co‘-)/z
1 u m; — Co;
MFE = L 37 _16n = Gl )

N i=1 (Cm,» + C(,‘,)/z

where C,, and C, are the simulated and observed monthly mean ozone MDAS concentrations in each observation
site, respectively.

GEOS-Chem model generally captures the observed monthly mean MDAS ozone concentrations in 2020 with the
r (NMB) values of 0.76 (0.86%), 0.77 (4.58%), 0.74 (3.19%) and 0.77 (4.52%) under SSP126, SSP245, SSP370,
and SSP585 scenarios, respectively. In JJA, the corresponding r between simulations and observations are up to
0.81, 0.81, 0.80 and 0.82, and NMB are 13.29%, 16.54%, 19.64% and 16.83%, respectively. According to the
study by Boylan and Russell (2006), the performance of GEOS-Chem for MDAS ozone simulations is within the
model performance goals, with the MFB less than + 30% (11.31%-21.59%) and MFE less than 50%
(16.28%—22.64%). Our simulated results are generally accepted under different emission scenarios and consistent
with the GEOS-Chem model study by Zhu and Liao (2016), but with higher correlation coefficient of simulated
and observed ozone. We also assess the performance of GEOS-Chem in 2015 when all emissions are the same
under four scenarios, and the r and NMB values are 0.71 and —46.42%, respectively. The discrepancy between
observed and simulated results may result from model resolutions, chemical mechanisms, meteorology and
emissions scenarios. Chemical mechanisms can lead to large uncertainties in the prediction of ozone concen-
trations (Knote et al., 2015; Mar et al., 2016; Weng et al., 2023). For example, the model studies by WRF-Chem
show that ozone concentrations under MOZART mechanism are higher than those under CBMZ mechanism in
China in summer 2030 (Weng et al., 2023) and those under RADM?2 mechanism over Europe in summer 2007
(Mar et al., 2016).

4. Ozone Concentrations in China in 2020 and 2050

We further study the seasonal mean MDAS ozone concentrations in 2020 and 2050 under SSP126, SSP245,
SSP370, and SSP585 scenarios over four highly populated and polluted regions (BTH, Beijing—Tianjin—Hebei;
YRD, Yangtze River Delta; PRD, Pearl River Delta; and SCB, Sichuan Basin) in China (Xu et al., 2022) and three
major crop growing areas (HHH, Huang—Huai—Hai area; NEP, Northeast Plain area; and MLRY, the middle and
lower reaches of the Yangtze River) according to the major agricultural regions classified by Xia et al. (2018)
(Figures 3a and 4a). Figures 3b and 4b show the changes of seasonal mean MDAS ozone from 2020 to 2050 in
BTH, YRD, PRD, SCB, HHH, NEP and MLRY under four scenarios. High concentrations of ozone exposure
may adversely affect crop yields (Ren, Tian, Liu, et al., 2007) in three major crop growing areas. The WHO
Global Air Quality Guidelines provide recommendations on air quality guideline levels and interim targets with
100 pg/m?>, that is, ~51 ppbv for 8-hr average ozone (short-term exposure) (https://www.who.int/publications/i/
item/9789240034228).

The seasonal variation characteristics of ozone are quite close over BTH, YRD, HHH and MLRY. Seasonal ozone
concentrations are highest in summer under the four scenarios in 2020 and in 2050, but lowest in winter. Changes
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Figure 3. (a) Seasonal mean MDAS ozone concentrations (ppbv) in 2020 and 2050 and (b) differences of seasonal mean
MDAS ozone concentrations (ppbv) between 2050 and 2020 in Beijing-Tianjin—Hebei region, Yangtze River Delta, Pearl
River Delta, and Sichuan Basin under SSP126, SSP245, SSP370, and SSP585 scenarios.

of ozone concentrations from 2020 to 2050 are slight for four seasons under SSP370 (—1.2 to +0.02 ppbv) and
SSP585 (—2.1 to 4+2.3 ppbv) scenarios in these four areas (Figures 3b and 4b). However, changes are great under
SSP126 (SSP245) scenario in summer and winter, especially reaching —15.5 (—12.0) ppbv in MLRY in summer.
Great anthropogenic emission reductions of ozone precursors occur in summer from 2020 to 2050 under SSP126
and SSP245 scenarios, leading to the decrease of ozone concentrations (Tables S2 and S3 in Supporting Infor-
mation S1, Liu et al., 2022). For these four areas, the small rise of ozone concentrations under SSP126 and
SSP245 scenarios in winter is probably caused by the significantly projected reduction in NOx emissions at low
VOCs/NOx ratio from 2020 to 2050. By 2050, SSP370 scenario will be the worst for ozone concentrations in
summer in four regions compared to other scenarios. In 2050, the summer MDAS ozone concentrations in the four
regions are all above the WHO guideline under the four scenarios. Meanwhile, MDAS ozone is higher than WHO
guideline in HHH (MLRY and YRD) under SSP245 scenario (SSP245, SSP370 and SSP585 scenarios, and
SSP245 and SSP585 scenarios) in spring and in YRD (MLRY) under SSP245 and SSP585 scenarios (SSP245
scenario) in autumn. The public health is likely to suffer ozone pollution in these situations by 2050.

For PRD, MDAS ozone concentrations in 2020 are high in spring and autumn (58.3 and 60.3 ppbv averaged over
four scenarios), but low in summer and winter (48.9 and 46.2 ppbv) (Figure 3a). The occurrence of surface high
pressure ridges and tropical cyclones generally leads to low wind speeds and increases ozone concentrations in
autumn (Hu et al., 2021; Wang et al., 2009; Zheng et al., 2010; Zhu & Liao, 2016). MDAS ozone is low during
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Figure 4. Same as Figure 3, but for Huang—Huai—Hai area, Northeast Plain area, and the middle and lower reaches of the
Yangtze River.

summer mainly associated with south or south-west monsoon bringing clean oceanic air which thus decreases
ozone concentrations (Wang et al., 2009; Wang, Shen, et al., 2021; Zheng et al., 2010). By 2050, MDAS ozone
concentrations in spring, summer, and autumn are all the highest under SSP370 scenario compared with the other
scenarios, reaching 59.0, 50.9 and 61.3 ppbv, respectively, and the highest ozone in winter is 47.5 ppbv under
SSP245 scenario. MDAS ozone in PRD in 2050 is still higher than the WHO guideline in spring and autumn under
SSP245, SSP370, and SSP585 scenarios. Ozone concentrations show a consistent downward trend under four
scenarios in all seasons from 2020 to 2050, especially under SSP126 scenario. Under SSP126 (SSP245) sce-
nario, seasonal mean ozone decreases by 4.4—14.3 (0.08-8.4) ppbv from 2020 to 2050 due to the large reductions
of NOx and NMVOCs anthropogenic emissions. For SSP370 (SSP585) scenario, seasonal mean ozone con-
centrations change slightly from 2020 to 2050, with the changes of —0.4 to +0.2 (=2.2 to —0.7) ppbv in four
seasons.

In SCB, MDAS ozone concentrations are high in spring and summer but low in autumn and winter (Figure 3a).
Ozone pollution happens in SCB mainly owing to the high precursor emissions, the complex basin terrain and
frequent stagnant conditions (Sun et al., 2021; Yang et al., 2020). SCB exhibiting high MDAS ozone levels in
spring may result from local emission and transport of ozone affected by changes in the wind fields due to the
evolution of synoptic patterns (Yang et al., 2021). In 2050, the highest MDAS ozone concentrations in spring, and
summer are under SSP370 scenario, reaching 61.0, and 65.0 ppbv, respectively. Meanwhile, MDAS ozone in
autumn is highest under SSP585 (49.9 ppbv) scenario and in winter is highest under SSP245 (42.1 ppbv) scenario
in 2050. By 2050, MDAS ozone is above the WHO guidelines in spring under four scenarios and in summer under
SSP370 and SSP585 scenarios. The changes of MDAS ozone over 2020-2050 under SSP126 (SSP245) scenario
show a slight increase by 0.8 (4.3) ppbv in winter but a large decrease by 5.4 ~13.5 (3.2~11.6) ppbv in the other
three seasons. MDAS ozone concentrations change slightly in four seasons from 2020 to 2050 under SSP370 and
SSP585 scenarios, with the differences within 2.9 ppbv.
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Figure 5. Same as Figure 4, but for seasonal W126.

Seasonal variations of ozone concentrations in NEP in 2020 and 2050 are weak under four scenarios, and seasonal
mean MDAS ozone concentrations are lower than those in the other areas (Figure 4a), which are similar with
previous studies reported by Gao et al. (2020), Li et al. (2022), and Kalsoom et al. (2021). In 2020, seasonal mean
MDAS ozone concentrations averaged over the four scenarios are 41.0 ppbv in spring, 42.4 ppbv in summer,
32.3 ppbv in autumn and 24.0 ppbv in winter. Changes of ozone concentrations in autumn and winter are small
under four scenarios from 2020 to 2050, only by —1.9 to +1.4 ppbv. For spring and summer, the differences of
MDAS ozone concentrations are large between 2050 and 2020 under SSP126 scenario, with the reductions of 5.7
and 6.6 ppbv. However, ozone concentrations change little under SSP245, SSP370, and SSP585 scenarios in
spring and summer, ranging from —4.1 to +0.003 ppbv (Figure 4b). The MDAS ozone concentrations all satisfy
the air quality guideline under four scenarios in 2020 and 2050.

5. W126 (Seasonal Vegetative Ozone Exposure Index) in 2020 and 2050

Figure 5a shows the seasonal W126 under SSP126, SSP245, SSP370, and SSP585 scenarios over three major
crop growing areas in 2020 and 2050. Figure 5b shows the difference of seasonal W126 between 2050 and 2020 in
three major crop growing areas under four scenarios. As shown in Figure 5a, W126 in the three major crop
growing areas is all the highest in summer and the lowest (approaching zero) in winter under four scenarios in
2020 and 2050. Vegetation in the three major crop growing areas suffers from high ozone exposure in summer and
is hardly affected by ozone in winter. The seasonal variations of W126 in 2020 and 2050 are largely relative to
those of ozone concentrations (Figure 4a), which results from its sigmoidal weighting to ozone levels, that is,
emphasizing high ozone concentrations and suppressing low or moderate levels (Lefohn et al., 2018; Lu
et al., 2018; Xu et al., 2020).

The seasonal variation characteristics of W126 are quite close over HHH and MLRY. W126 is the highest in
summer, followed by spring and autumn and lowest in winter under four scenarios in HHH and MLRY. In HHH
(MLRY), W126 under four scenarios in 2020 is in the range of 52.0-58.8 (32.7-39.8) ppm-h in summer, which is
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much higher than US three-monthly W126 standard of 21 ppm-h, indicating that ozone is high enough to cause
negative effects on plants in summer 2020. Changes of W126 are large in summer by 2050 relative to 2020,
especially under SSP126 and SSP245 scenarios. W126 changes slightly under four scenarios in spring, autumn
and winter from 2020 to 2050, within the range of —1.5 to +3.5 (=7.1 to +0.5) ppm-h in HHH (MLRY).
Compared with other scenarios, W126 in summer 2050 is the highest under SSP585 scenario in HHH and under
SSP370 scenario in MLRY, and the lowest under SSP126 scenario in HHH and MLRY. In 2050, W126 in
summer is far more than 21 ppm-h under SSP370 and SSP585 scenarios in MLRY and under four scenarios in
HHH. The vegetation is more likely to get injured like foliar injury, crop loss due to ozone exposure when W126
exceeds the threshold (EPA, 2015).

Compared with the other two major crop growing areas, seasonal W126 in NEP is lower under four scenarios in
2020 and 2050, showing that the vegetation is likely less affected by ozone exposure. The peak values of W126
under four scenarios appear in summer within the ranges of 7.5-9.3 ppm-h in 2020 and 3.2-9.2 ppm-h in 2050,
which are all below US three-monthly W126 standard of 21 ppm-h. W126 in the other seasons is less than
7 ppm-h (0.2-2.8 ppm-h) under four scenarios in 2020 and 2050. W126 changes slightly over 2020-2050 in four
seasons under four scenarios, ranging from—4.3 to +0.02 ppm-h. In 2050, SSP370 is the worst scenario for
summer W126 in NEP and SSP126 scenario is the best, compared with other scenarios.

6. Health Impact Assessment of Ozone Exposures in 2020 and 2050

Figure 6a shows annual ozone-related deaths (in thousands) from CVD, RD, and COPD for people older than
30 years of age in BTH, YRD, PRD, and SCB in 2020 and 2050 under SSP126, SSP245, SSP370, and SSP585
scenarios. Among the four areas, the change of annual estimated mortality in BTH is more sensitive to ozone
change under SSP126, SSP245 and SSP585 scenarios and that in SCB is more sensitive under SSP370 scenarios.

In BTH (YRD), annual estimated mortality is high under SSP245 and SSP585 scenarios in 2020 and the cor-
responding annual ozone-related deaths from CVD, RD, and COPD reaching 28.1 (18.2) thousand, 23.8 (15.2)
thousand and 25.9 (16.4) thousand. From 2020 to 2050, future deaths from CVD, RD, and COPD increase under
SSP245 scenario in BTH (YRD) by 4.2 (1.6) thousand, 3.1 (1.1) thousand, and 3.3 (1.2) thousand, respectively,
and decrease under SSP126, SSP370, and SSP585 scenarios by 0.9-2.0 (0.7-2.1) thousand, 0.8-1.7 (0.6-1.7)
thousand, and 0.9-1.8 (0.7-1.8) thousand, respectively (Figure 6b). The decreased annual ozone-related deaths
from CVD, RD, and COPD between 2050 and 2020 are mainly due to the changes of ozone, which is similar with
the findings reported by Wang, Hu, et al. (2021) and Chen et al. (2018). The increased ozone-related deaths under
SSP245 scenario in BTH (YRD) from 2020 to 2050 may result from an increase in ozone concentrations but a
slight reduction in population.

For PRD, annual estimated ozone-related deaths from CVD, RD, and COPD are quite close among four scenarios
in 2020, with averaged deaths over four scenarios of 14.1 thousand, 11.6 thousand and 12.5 thousand, respec-
tively. Annual estimated ozone-related deaths in 2020 are similar with the results reported by Zheng et al. (2022).
In 2050, the mortality from CVD, RD, and COPD is the highest under SSP585 scenario and lowest under SSP126
scenario, compared with other scenarios. The mortality from CVD, RD, and COPD decreases largely under
SSP126 (SSP245) scenario by 2050 relative to 2020 (Figure 6b), reaching 5.3 (2.3) thousand, 4.1 (1.7) thousand
and 4.4 (1.7) thousand. Changes of deaths from 2020 to 2050 are slight under SSP370 and SSP585 scenarios for
three diseases, within the range of —0.02 to +0.39 thousand. The number of deaths increase slightly under SSP585
scenario by 2050, which mainly results from an increase in population in PRD offsetting a slight reduction in
ozone concentrations.

In SCB, annual ozone-related deaths in 2020 are about 18.9 thousand from CVD, 15.6 thousand from RD and 16.8
thousand from COPD averaged over four scenarios, which is little lower than the results studied by Sun
et al. (2021). Compared with other scenarios, SSP370 scenario is the worst scenario and SSP126 scenario is the
best scenario for the death from CVD, RD, and COPD by 2050. Overall, reductions of population size are larger in
this region under four scenarios compared with the other regions from 2020 to 2050. Ozone concentrations
decrease under SSP126 and SSP245 scenarios and change slightly under SSP370 and SSP585 scenarios.
Therefore, future annual deaths from three diseases show a consistent downward trend from 2020 to 2050,
especially under SSP126 scenario (6.0 thousand from CVD, 4.8 thousand from RD and 5.1 thousand from COPD)
(Figure 6b). For SSP245, SSP370, and SSP585 scenarios, the reductions of deaths from three diseases over
2020-2050 are ranging from 1.2 to 3.9 thousand.
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Figure 6. (a) Annual ozone-related deaths (in thousands) in 2020 and 2050 and (b) differences of annual ozone-related deaths
(in thousands) between 2050 and 2020 from CVD, RD, and COPD older than 30 in BTH, YRD, PRD, and SCB under
SSP126, SSP245, SSP370, and SSP585 scenarios.
7. Conclusions
The present study systematically quantifies effects of ozone on future vegetation and human health in polluted
regions and major crop growing areas of China. We use GEOS-Chem to predict the ozone concentrations in 2050
under four different emissions scenarios (SSP126, SSP245, SSP370, and SSP585 scenarios) and then further
evaluate the impacts of ozone pollution on future vegetation and premature mortality in four polluted regions and
three major crop growing areas of China. Model can capture the spatiotemporal distributions of the observed
ozone concentrations in China in 2020, with r of 0.76, 0.77, 0.74 and 0.77 under SSP126, SSP245, SSP370, and
SSP585 scenarios, respectively.
MDAS ozone concentrations in BTH, YRD, HHH and MLRY are all highest in summer and lowest in winter in
2020 and 2050, reaching 62.6-76.9 ppbv, 51.7-67.7 ppbv, 63.7-79.2 ppbv and 51.3-70.8 ppbv, respectively,
under four scenarios in summer 2050. The seasonal variation of MDAS ozone in PRD (SCB and NEP) is high in
spring and autumn (spring and summer) and low in summer and winter (autumn and winter) in 2020 and 2050.
Generally, ozone concentrations under SSP126 scenario are the lowest in all regions in 2050 and those under
SSP370 scenario are the highest in summer. By 2050, seasonal MDAS8 ozone changes much (—15.5 to
+11.9 ppbv) under SSP126 and SSP245 scenarios in all regions due to large changes of emissions relative to
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2020, especially in summer. Ozone pollution is relatively severe in BTH, YRD, HHH, and MLRY, which is all
above the WHO air quality guidelines in summer 2050 under four scenarios.

The seasonal variations of W126 under all scenarios in 2020 and 2050 are similar to the corresponding variations
of ozone concentrations, but with larger differences between four seasons due to sigmoidal weighting to ozone
levels. W126 in HHH and MLRY is highest in summer and approaching zero in winter in 2020 and 2050, which
indicates that vegetation in these regions is at high risk in summer and virtually unaffected by ozone exposure in
winter. For NEP, W126 is below the maximum of US secondary standard (21 ppm-h) in four seasons in 2020 and
2050 due to low ozone concentrations. In these three regions, W126 will change greatly under SSP126 and
SSP245 scenarios and change little under SSP585 and SSP370 scenarios from 2020 to 2050. By 2050, W126 in
summer is far more than 21 ppm-h under SSP370 and SSP585 scenarios in MLRY and under four scenarios
in HHH.

We use mortality to quantify impacts of ozone pollution on human health in China in 2020 and 2050. The largest
number of future deaths from CVD, RD, and COPD in 2050 is projected under SSP245 scenario in BTH and
YRD. The increased ozone-related deaths under SSP245 scenario in BTH (YRD) from 2020 to 2050 may result
from an increase in 0zone concentrations but a slight reduction in population. In 2050, SSP370 (SSP585) scenario
is the worst scenario in SCB (PRD) compared with other scenarios for the death from CVD, RD, and COPD. The
mortality from CVD, RD, and COPD in PRD decreases largely under SSP126 and SSP245 scenarios and changes
slightly under SSP370 and SSP585 scenarios by 2050 relative to 2020. Future annual deaths from three diseases
show a consistent downward trend in SCB from 2020 to 2050 owing to reductions in population and slight
changes in ozone concentrations, especially under SSP126 scenario.

Our predictions of future ozone concentrations and their impacts on vegetation and human health are important to
implement control measures of air pollution and protection schemes of human health and vegetation. The un-
certainties in this study may from model resolutions, chemical mechanisms, meteorology and future emissions
scenarios. We will take into account the influence of climate changes in future studies, as which is an important
factor to changes of future ozone concentrations.

Data Availability Statement

Gridded population data in 2020 and 2050 under four SSPs scenarios is from http://sedac.ciesin.columbia.
edu/data/set/popdynamics-1-8th-pop-base-year-projection-ssp-2000-2100-rev01/data-download ~ (Jones &
O’Neill, 2020). The percentage of population over 30 years old is achieved from the United Nations
estimates (https://population.un.org/wpp/Download/Standard/Population/) (United Nations, 2019). The
baseline mortality of the particular disease category is obtained from Global Health Estimates 2019 by
World Health Organization (https://www.who.int/data/global-health-estimates) (WHO, 2020). Hourly ozone
observations are available from the China National Environmental Monitoring Center (https://quotsoft.net/
air/) (CNEMC, 2023). The GEOS-Chem model (v12-09) is available at https://wiki.seas.harvard.edu/geos-
chem/index.php/GEOS-Chem_12#12.9.2 (The International GEOS-Chem User Community, 2020). Global
anthropogenic emissions and open-burning emissions of the SSPs scenarios can be downloaded at https:/
esgf-node.llnl.gov/search/input4MIPs/ (Gidden et al., 2019). NCAR Command Language (NCL) version
6.6.2 is used for figures (The NCAR Command Language, 2019).
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