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• East and South Asian summer monsoon
have different positive/negative effects
on ozone concentration in China.

• Asian summer monsoon mainly affects
ozone by changing transboundary trans-
port related to large-scale circulation vari-
ations.

• The sustainable and medium develop-
ment scenarios are the perfect pathways
to mitigate ozone pollution.

• High social vulnerability and radiative
forcing scenarios can enhance future
ozone pollution in China.
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Ozone in the troposphere is harmful to human health and ecosystems. It has become the most severe air pollutant in
China. Here, based on global atmospheric chemistry model simulations during 1981–2019 and nation-wide surface
observations, the impacts of interannual variations in Asian summer monsoon (ASM), including East Asian summer
monsoon (EASM) and South Asian summer monsoon (SASM), on surface O3 concentrations during June-July-
August (JJA) in China are investigated. EASM intensity has a significant positive correlation with the surface O3 con-
centration in south-central China (97.5°–117.5°E, 20°–35°N) with a correlation coefficient of 0.6. Relative to the weak
EASMyears, O3 concentrations in strong EASMyears increased by up to 5 ppb (10% relative to the average) due to the
weakened transboundary transport of O3 resulting from the decrease in prevailing southwesterlies. SASM can be di-
vided into two components. The one near East Asia has a similar relation with O3 in southern China (100°–117.5°E,
22°–32°N) as that of EASM. The other component of SASM is negatively correlated with surface O3 concentration in
eastern China (110°–117.5°E, 22°–34°N) and themaximum difference in O3 concentrations exceeded 5 ppb (10%) be-
tween the strong and weak monsoon years, which can be explained by the O3 divergence caused by the anomalous
southerlies blowing pollutants away from the northern boundary of eastern China. This study shows that the ASM
has an important impact on the O3 concentrations in China, primarily through changing transboundary transport re-
lated to the variability of large-scale circulations, which has great implications for air pollution prevention andmitiga-
tion in China. Future projections of ASM suggests that the sustainable and medium development scenarios are the
July 2022; Accepted 29 July 2022

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2022.157785&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2022.157785
mailto:yang.yang@nuist.edu.cn
http://dx.doi.org/10.1016/j.scitotenv.2022.157785
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


Y. Zhou et al. Science of the Total Environment 849 (2022) 157785
perfect pathways that can help to mitigate O3 pollution, while high social vulnerability and radiative forcing scenarios
could enhance future O3 pollution in China.
1. Introduction

Tropospheric Ozone (O3), one of the most important oxidants in the air,
is produced by a series of photochemical reactions between nitrogen oxides
(NOx) and volatile organic compounds (VOCs)when exposed to sunlight (Li
et al., 2021; Fu et al., 2019). High concentrations of O3 harm human health,
leading to increasedmorbidity andmortality worldwide (Chen et al., 2018;
Malley et al., 2017). Leaves of plants can be damaged by O3 through reduc-
ing the rate of photosynthesis, which leads to disruptions in the carbon and
water cycles (Ainsworth et al., 2012; Emberson et al., 2018; Mills et al.,
2018). In recent years, O3 pollution has become themost concerning pollut-
ant in China (Fu et al., 2019; Gao et al., 2020; Li et al., 2021). The daily
maximum 8 h average O3 concentration in summer increased at a rate of
5% per year in the last decade (Lu et al., 2020). Hence, studying the factors
that affect the summertime O3 concentrations in China is essential to guid-
ing O3 pollution control and achieving the goal of healthy air quality in the
near future.

Climate in China is significantly dominated by the Asian monsoon sys-
tem (Steinke et al., 2006; He et al., 2007). As one of the sub-systems of
the Asian summer monsoon (ASM), the East Asian Summer Monsoon
(EASM) brings clean, warm and humid air from the ocean to eastern
China. The variabilities in EASM have been reported to exert a non-
negligible impact on the O3 variation in China (Li et al., 2017; Liu et al.,
2019; Yang et al., 2014; Zhao et al., 2010; Zhou et al., 2013). Yang et al.
(2014) investigated the interannual variation in summertimeO3 concentra-
tions in China during 1986–2006 based on GEOS-Chem simulations and
found that theywere largely affected by the strength of EASM, with O3 con-
centration in the strong EASM years higher than that in the weak EASM
years by 6 % over central and northeastern China. Their sensitivity simula-
tions indicated that the higher O3 concentrations in the strong EASM years
were mainly due to the difference in O3 transboundary transport related to
the changes in large-scale circulation. Li et al. (2017) used the regional cli-
matemodel RegCM4-Chem to explore the impacts of the EASM intensity on
O3 concentrations between 1999 and 2013 and found that relative to weak
EASMyear, O3 concentrations during the strong EASMyears increased over
central and northeastern China and decreased over eastern China with
changes in the range of−4 to 4 ppb (parts per billion), which is consistent
with Yang et al. (2014). However, based on IPR analysis, they revealed that
the O3 differences were primarily related to the chemical processes influ-
enced by the varying shortwave radiation and temperature.

Before nation-wide observational network startedmeasuring surface O3

concentrations, earlier ground-based measurements at limited sites also
exhibit a correlation between EASM and O3 in China. Xu et al. (2018)
reported a negative correlation between EASM and O3 concentration in
July at Mt. Waliguan Observatory on Tibetan Plateau over 1994–2013
due to changes in stratospheric O3 injection and atmospheric circulation.
Zhou et al. (2013) investigated the relationship between EASM and O3 at
Hong Kong Observatory over the southern coastal region of China during
2000–2010 and pointed out the importance of monsoon in affecting the in-
terannual variation of lower tropospheric O3 concentrations.

Due to the lack of observational data, most studies previously examin-
ing the impact of EASM on O3 in China usedmodel simulations alone or ob-
servations at limited sites. Moreover, as another important subsystemof the
ASM (Ding and Chan, 2005), the South Asian summer monsoon (SASM)
also potentially affects the interannual variation in O3 concentrations in
China (Yin et al., 2017), which was rarely analyzed in previous studies.

This study is extended from Yang et al. (2014), which explored the
impact of EASM alone on O3 in China during 1986–2006 purely depending
on model simulations. In this study, we investigate the influences of both
2

EASM and SASM on summertime O3 concentrations in China over
1981–2019 and the underlying mechanisms based on both observations
and model simulations. In addition, the future trends of EASM and SASM
under various climate scenarios over 2015–2100 are also presented, using
multi-model results from the Coupled Model Intercomparison Project
Phase 6 (CMIP6), to explore the future variations in O3 concentrations
over China influenced by the ASM systems. This study provides a deep un-
derstanding of the relationship between atmospheric environment and cli-
mate systems, which is of great significance for air pollution mitigation and
control in China.

2. Methods

2.1. Model description and experimental design

Ozone concentrations are simulated in this study using the global atmo-
spheric chemistry model GEOS-Chem (version v12.9.3), which is driven by
the Modern-Era Retrospective analysis for Research and Application,
Version 2 (MERRA-2). We use 47 vertical layers from the surface to
0.01 hPa and a horizontal grid of 2° latitude × 2.5° longitude. The model
has a fully coupled O3-NOx-hydrocarbon-aerosol chemistry mechanism
(Pye et al., 2009; Mao et al., 2013; Sherwen et al., 2016). Boundary layer
mixing uses the nonlocal scheme (Lin andMcElroy, 2010) and stratospheric
O3 chemistry employs the LINOZ scheme (McLinden et al., 2000). GEOS-
Chem can archive multiple physical and chemical processes of various
tracers during its simulation, which is useful for quantifying the individual
processes causing the O3 variation.

The global anthropogenic emissions used in this study are from the
Community Emissions Data System (CEDS, Hoesly et al., 2018) and the
Biomass burning emissions are from the Global Fire Emissions Database
version 4 (GFED4, van der Werf et al., 2017). Offline emissions from bio-
genic sources are provided by theModel of Emissions of Gases and Aerosols
from Nature version 2.1 (MEGAN V2.1, Guenther et al., 2012). Emissions
from lightning and soil are prescribed to the model (Hudman et al., 2012;
Ott et al., 2010). Anthropogenic emissions of O3 precursor gases in China
are updated to the Multi-resolution Emissions Inventory (MEIC), which is
a localized emission data set in China. The simulated O3 distribution with
the same configuration in GEOS-Chem has been widely assessed in many
studies, and the model has been reported to well capture the O3 concentra-
tions in China (e.g., Li et al., 2019; Lu et al., 2019a, 2019b; Ni et al., 2018).

O3 concentrations from 1981 to 2019 are simulated from the
GEOS-Chem model driven by the time-varying MERRA-2 meteorological
fields. Anthropogenic, biomass burning, biogenic and other natural emis-
sions are held at 2017 levels during the simulations, as 2017 is the last
year of MEIC inventory for public release and is close to current emission
level, thus removing the effects of emission changes on the interannual vari-
ation of O3. However, we also note that fixing emissions at a certain year can
have a small effect on the seasonal mean O3 concentrations, but it does not
introduce large biases in our qualitative analysis for the influencing mecha-
nism of Asian summer monsoon on O3 in China. The influence of monsoon
intensity on the interannual changes in O3 over China in summer can be
quantitatively studied using the simulations driven by realistic meteorology.

2.2. CMIP6 multi-model data

To explore the future trend of Asian summer monsoon, multi-model data
of zonal and meridional wind fields from 19 models listed in Table S1 with
four future scenarios for the Shared Socioeconomic Paths (SSPs, including
SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5) of CMIP6 were used. The



Fig. 2. Spatial distribution of correlation coefficients between EASM index and
(a) observed (2014–2020) and (b) simulated (1981–2019) JJA mean surface
ozone concentrations. Sites with solid circle outlines in (a) and dotted areas in
(b) indicate statistical significance with 90 % confidence. Boxed area marks
south-central China (97.5°–117.5°E, 20°–35°N).
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monsoon indices are calculated using the multi-model mean data to investi-
gate the future changes in O3 concentrations in China caused by the varia-
tions in monsoon systems.

2.3. Observational ozone data

To evaluate the relationship between ASM andO3 in China simulated in
GEOS-Chem model, surface O3 concentration data (2014 to 2020) from
China National Environmental Monitoring Center (CNEMC) are used in
this study. Seasonal mean O3 concentrations in JJA at 940 sites are ana-
lyzed to explore the impact of ASM on O3. However, it should be noted
that only 7 years of observational data are available, which could cause
sample bias in the relationship. Also, the changes in emissions during the
analysis period may obscure the effect of ASM.

2.4. Monsoon indices

Monsoon indices are used to characterize the year-to-year variation of the
monsoon. In this study, the EASM Index and SASM index are calculated based
on Li and Zeng (2002). EASM index is defined as the seasonal mean dynamic
normalized seasonality (DNS), a function of zonal and meridional winds from
reanalysis or model results, over the EASM region (110°–140°E, 10°–40°N) in
June-July-August (JJA). Two independent components, SASM1 and SASM2
indices are included in the SASM index, which are estimated in this study as
the mean DNS for the two SASM sub-systems (35°–70°E, 2.5°–20°N and 70°–
110°E, 2.5°–20°N), respectively, from June to August and have different link-
ages with the SASM precipitation. The DNS is defined as:

δm,n ¼ ‖V1 � Vm,n‖
‖V‖

� 2

where m and n denote month and year, respectively. V1 and Vm, n are the
January climatological and monthly wind vectors in a grid box, respectively,
and V is the mean of January and July climatological wind vectors at the
same grid. The norm ‖V‖ is calculated as ‖V‖=(∬s|V|2dS)1/2, where S repre-
sents the domain of integration. The monsoon regions are shown in Fig. 1.
Positive values of EASM and SASM indices represent strong monsoon years
and negative values represent weak monsoon years.

2.5. IPR analysis method

Integrated process rate (IPR) analysis is used to assess the contribution of
individual chemical or physical processes to the production and distribution
of atmospheric pollutants per unit time in the study domain. The major
Fig. 1. Spatial distribution of June-July-August mean wind fields at 850 hPa averaged
regions (EASM/SASM1/SASM2).
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processes affecting O3 concentration contain chemical reaction, horizontal
advection, vertical convection, dry deposition and diffusion. IPR analysis
has been widely applied to identify key processes conducive to extreme air
pollution events as well as interannual and decadal variations of air pollut-
ants (Mu and Liao, 2014; Lou et al., 2015; Shu et al., 2016; Yang et al., 2022).

3. EASM intensity affects ozone in China

In order to study the relationship between EASM and O3 interannual
variation in China, the correlation coefficient distributions of surface O3

concentrations and EASM index in JJA based on observations and simula-
tions are shown in Fig. 2. The modeling results show that significant positive
over 1981–2019. Coloured boxes (red/green/blue) represent different monsoon
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correlation coefficients are located over central and southern China and neg-
ative values appear in the coastal areas of eastern China and East China Sea
during 1981–2019. Surface measurement data also support the positive rela-
tionship between the EASM index and JJA O3 in China, with 95 % (313 out
of 329) sites presenting positive correlation over south-central China (97.5°–
117.5°E, 20–35°N), although the observations only cover years of
2014–2020. The correlation coefficient between the EASM index and re-
gional mean modeled JJA O3 concentration averaged over south-central
China is 0.60 (Fig. S1). Given that the emissions of O3 precursors are kept
at 2017 levels during the model simulations, the strong positive correlation
suggests that the EASM intensity has large influences on O3 concentrations
and summertime O3 concentrations are higher (lower) than normal in strong
(weak) EASM years over south-central China.

Fig. 3 shows the composite differences in JJA surface O3 concentrations
between the five strongest EASM years and the five weakest EASM years
during 1981–2019, to illustrate the effect of EASM on surface O3 in
China. The O3 level was generally higher in China during the strongest
EASM years, with the maximum difference over 5 ppb (10 % relative to
the average) over south-central China, compared with the weakest EASM
years. In addition, the anomalous O3 increase over south-central China
during the strong EASM years extends from the surface to 300 hPa along
100°–115°E. The impact of EASM on O3 in China becomes increasingly
pronounced from June to August (Fig. S2). The positive differences in O3

concentrations between the strongest and weakest EASM years reach the
maximum in August by >10 ppb (20 %) over south-central China, which
is in agreement with Li et al. (2017) using the regional model RegCM4-
Chem.

To explore the underlying mechanisms explaining the EASM impact on
O3 levels in China, we quantify the changes in various meteorological
(a)

(c)

Fig. 3.Horizontal distributions of absolute (ppb, a) and percentage (%, c) differences in J
2012 and 2018) and five weakest EASM years (1988, 1996, 1998, 2010 and 2017) (stro
absolute (ppb, b) and percentage (%, d) differences in JJA O3 concentrations between t
Boxed area marks south-central China.
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parameters in JJA between the five strongest and five weakest EASM
years, as shown in Fig. 4. During the strong EASMyears, thewestern Pacific
Subtropical High (WPSH) is weakened (Wang et al., 2013), accompa-
nied by abnormal northeasterlies appearing in south-central China
(Fig. 4a and b). The weakened prevailing southwesterlies result in less
import of clean and moist air from the ocean and consequently reduce
the export of polluted air out of the continent, which lead to the O3 ac-
cumulation in south-central China (Yang et al., 2022). It can be further
proved through the IPR analysis given in Table 1. Horizontal transport is
the only net gain process (23.76 Gg day−1) that leads to the increase in
tropospheric O3 level in south-central China in summer. In general, O3 is
transported out through the east boundary of south-central China.
During strong EASM years, the export of O3 out to the east from the sur-
face to 500 hPa is reduced by 11.96 Tg, compared to the weak EASM
years (Table 2), which is significantly larger than the changes in O3

mass through the other boundaries, leading to the O3 convergence in
this region.

With strong downwelling shortwave radiation and low cloud fraction in
the strong EASM years relative to weak EASM years over south-central
China, the chemical production of O3 is tend to increase. However, com-
pared to the weak EASM years, strong EASM years are accompanied by a
lower temperature and higher humidity (Fig. 4d, e and g), which are not
conducive to the chemical production of O3 (Gong et al., 2020). The overall
O3 chemical production is reduced. This is also confirmed by the decrease
in net O3 change in the chemical reaction process (−18.97 Gg day−1) be-
tween the five strongest and five weakest EASM years (Table 1). Therefore,
the EASM influences O3 concentrations over south-central China mainly
through changing the transboundary transport of O3 instead of perturbing
the chemical production.
(b)

(d)

JA surface O3 concentrations between the selectedfive strongest (1985, 1997, 2002,
ngest minus weakest). Pressure–longitude cross sections averaged over 20°–35°N for
he selected five strongest and five weakest EASM years (strongest minus weakest).



(a) Winds and GPH at 850 hPa (b) Winds and GPH at 500 hPa (c) Total cloud fraction

(d) T at 850 hPa (e) RH at the surface (f) RSDS

(g) T2m (h) Total precipitation (i) OMEGA at 500 hPa

Fig. 4. The composite differences in wind fields (m s−1, vector) and geopotential height (GPH, m, contour) at (a) 850 hPa and (b) 500 hPa, (c) total cloud fraction (%), (d) air
temperature (T, K) at 850 hPa, (e) relative humidity (RH, %) at the surface, (f) downwelling shortwave radiation at the surface (RSDS, Wm−2), (g) 2-meter air temperature
(T2m, K), (h) precipitation rate (mm day−1), and (i) vertical pressure velocity (OMEGA, Pa s−1) between five strongest and five weakest EASM years (strongest minus
weakest). Boxed area marks south-central China.

Table 1
Differences in net rate of changes in tropospheric O3 mass (Gg day−1) in JJA over
south-central China (97.5°–117.5°E, 20°–35°N), eastern China (110°–117.5°E, 22°–
34°N) and southern China (100°–117.5°E, 22°–32°N) due to physical and chemical
processes between the five strongest and the five weakest EASM, SASM1 and
SASM2 years, respectively. Note that, the differences in convective transport of O3

mass at the top of the troposphere are <0.01 Gg day−1 and thus not shown.

South-central China
(EASM)

Eastern China
(SASM1)

Southern China
(SASM2)

Chemical reaction −18.97 5.16 −6.21
Net horizontal transport 23.76 −6.84 9.07
Diffusion/dry deposition −4.58 1.06 −1.88
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4. SASM intensity affects ozone in China

4.1. Impacts of interannual variation in SASM1

As another component of the ASM, SASM significantly interacts
with EASM (Ding and Chan, 2005) and can also affect O3 variations
Table 2
The composite analyses of horizontal mass transport (Tg) of JJA O3 from the surface to
117.5°E, 22°–34°N) and southern China (100°–117.5°E, 22°–32°N). The values are averag
respectively, and the differences are also calculated (strongest minus weakest). Positive

South-central China
(97.5°–117.5°E, 20°–35°N)

Eastern China
(110°–117.5°E, 22°

Strong Weak Differences Strong

North 7.30 11.31 −4.01 −8.63
South 3.60 1.55 2.05 12.45
East −8.34 −20.30 11.96 −19.09
West 15.18 16.90 −1.72 14.32

5

in China. Due to the existence of two independent components of the
SASM, SASM1 and SASM2, their impacts on O3 in China are analyzed
separately.

Fig. 5 shows correlation coefficients between SASM1 index and O3. The
SASM1 index shows a relatively weak but significant negative correlation
(−0.25 to −0.5) with JJA surface O3 concentrations over eastern China
(110–117.5°E, 22–34°N) during 1981–2019 simulated by GEOS-Chem
(Fig. 5b). The limited observational O3 data during 2014–2020 also support
the model results, with 84 % (141 out of 168) sites in eastern China having
negative correlation coefficients (Fig. 5a). Averaged over eastern China, the
correlation coefficient between surface O3 concentrations and SASM1
index is −0.40 (Fig. S3), implying that SASM1 has an important negative
effect on surface O3 in eastern China.

Between the five strongest and five weakest SASM years during
1981–2019, O3 concentrations decreased in eastern China, where surface
O3 concentrations have a maximum decrease of 5 ppb (10 %) in the stron-
gest years compared to weakest years (Fig. 6). The impact of SASM1 is
strong near the surface and gradually weakens with the increase of height
500 hPa over south-central China (97.5°–117.5°E, 20°–35°N), eastern China (110°–
ed over the selected five strongest andfiveweakest EASM, SASM1 and SASM2 years,
values indicate incoming fluxes and negative values indicate outgoing fluxes.

–34°N)
Southern China
(100°–117.5°E, 22°–32°N)

Weak Differences Strong Weak Differences

4.78 −13.41 −11.63 −12.94 1.31
8.55 3.90 8.57 14.58 −6.01

−21.61 2.52 −6.29 −19.70 13.41
11.87 2.45 8.45 14.90 −6.45



Fig. 5. Same as Fig. 2 but for the correlation coefficient between SASM1 index and
JJA surfaceO3 concentrations. Boxed areamarks eastern China (110°–117.5°E, 22°–
34°N).

Fig. 6. Same as Fig. 3 but for the difference between thefive strongest (1994, 1996, 2005
(strongest minus weakest). Cross sections are averaged over 22°–34°N. Boxed area mark
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(Fig. 6b and d). From June to August, the difference of O3 concentration is
the largest in July andAugust (Fig. S4), with O3 concentrations in the stron-
gest SASM1 years 5–10 ppb (10–20 %) lower than those in the weakest
SASM1 years.

Fig. 7 shows the changes in summer meteorological parameters be-
tween the five strongest and five weakest SASM1 years. In the strongest
SASM1 years, although the surface air temperature and downwelling short-
wave radiation are higher than those in the weakest SASM1 year over the
central part of eastern China (Fig. 7f and g), favoring the O3 production,
the abnormal southerlies at 850 hPa and 500 hPa blow the pollutant out
of the northern boundary (Fig. 7a and b). It is verified by the IPR analysis
that the horizontal transport process leads to the O3 mass decrease at a
rate of 6.84 Gg day−1, largely offset by the increase inO3 from the chemical
production (5.16 Gg day−1), diffusion and dry deposition processes
(1.06 Gg day−1) (Table 1), causing the net decrease in tropospheric
O3 concentrations over eastern China between the five strongest and
five weakest SASM1 years. The horizontal mass budget shows that dur-
ing the weakest SASM1 years O3 was imported from the north of eastern
China by 4.71 Tg in JJA (Table 2). However, due to the anomalous
southerlies during the strongest SASM1 years, the import is reversed
to export by 8.63 Tg, resulting in a net 13.41 Tg loss of O3 through the
north of eastern China, relative to the weakest years, and the net diver-
gence of O3 over eastern China.
4.2. Impacts of interannual variation in SASM2

Unlike the SASM1 index (35°–70°E, 2.5°–20°N), the SASM2 index is cal-
culated as the average DNS over the sector (70°–110°E, 2.5°–20°N) near the
, 2007 and 2017) and fiveweakest SASM1 years (2009, 2014, 2015, 2018 and 2019)
s eastern China.



Fig. 7. Same as Fig. 4 but for the composite differences between five strongest and five weakest SASM1 years (strongest minus weakest). Boxed area marks eastern China.
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EASM region (110°–140°E, 10°–40°N). The correlation coefficient between
SASM2 index and EASM index is 0.82, whereas it is−0.23 between SASM1
index and EASM index, indicating that the SASM2 could have a similar
Fig. 8. Same as Fig. 2 but for the correlation coefficient between SASM2 index and
JJA surface O3 concentrations. Boxed area marks southern China (100°–117.5°E,
22°–32°N).

7

impact on O3 in China to that of EASM. As expected, the SASM2 index
shows a significant positive correlation with modeled JJA surface O3 con-
centrations over southern China and a negative correlation over the coastal
areas and East China Sea during 1981–2019 (Fig. 8), with regional aver-
aged correlation coefficient of 0.50 over southern China (100–117.5°E,
22–32°N). Observational data at 92% (230 out of 250) sites exhibit positive
correlation in southern China (Fig. S5), consistent with the simulations.

Between the five strongest and five weakest SASM2 years, the maxi-
mum changes in surface O3 concentrations are higher than 5 ppb (10 %)
over southern and southwestern China (Fig. 9a and c) and the biggest im-
pact of SASM2 is around 850 and 600 hPa over southern China (Fig. 9b
and d). Same as that of EASM, the influence of SASM2 on O3 in China is
the strongest in August during summer (Fig. S6), presumably related to
the timing of the monsoon retreat (Lu et al., 2018).

The composite differences in meteorological parameters between the
five strongest and five weakest years of SASM2 (Fig. 10) are similar to
those of EASM years (Fig. 4). The anomalous northeasterlies reduce the ex-
port of O3 from the east of the southern China, leading to the O3 conver-
gence and thus increase in O3 concentrations over this region, although
the decrease in temperature and increase in humidity weaken the photo-
chemical production of O3.

5. Future variations in monsoon strength

To explore the future changes in summertimeO3 in China influenced by
the ASM systems, Fig. 11 displays the future variations during 2015–2100
in EASM, SASM1 and SASM2 indices calculated using the CMIP6 future
projections with various climate policy scenarios (SSP1-2.6, SSP2-4.5,
SSP3-7.0 and SSP5-8.5). Under sustainable and intermediate development
scenarios (SSP1-2.6 and SSP2-4.5), EASM and SASM1 intensities do not
show an obvious trend in the future, but the SASM2 intensity is projected
to decrease during 2015–2100. Considering the positive relationship be-
tween SASM2 index and O3 concentration in southern China, it indicates
that the sustainable and medium development scenarios are the perfect



Fig. 9. Same as Fig. 3 but for the difference between thefive strongest (1985, 1990, 1994, 2001 and 2018) and fiveweakest SASM2 years (1988, 1996, 1998, 2007 and 2010)
(strongest minus weakest). Cross sections are averaged over 22°–32°N. Boxed area marks southern China.
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pathways that can help to mitigate O3 pollution in China through changing
monsoon strength.

Under high social vulnerability and radiative forcing scenarios (SSP3-
7.0 and SSP5-8.5), both the SASM1 and SASM2 indices show similar trends
that firstly decrease than keep stable or increase, which effects on O3 may
offset each other although the regions they affect are relatively different.
However, EASM strength slightly increases after 2040 in SSP3-7.0 and
shows a rapid growth since 2065 in SSP5-8.5. The intensified EASM in
the future is also reported byWu et al. (2022). Since that EASMhas a strong
positive correlation with O3 concentration in south-central China, the fu-
ture increase in EASM intensity suggests that high anthropogenic radiative
forcing and social vulnerability could enhance future O3 pollution in China
in the perspective of monsoon systems.

6. Conclusions and discussions

Increasingly serious O3 pollution endangers human health and ecosys-
tems in China. This study quantifies the effects of ASM (including both
EASM and SASM) on O3 concentrations during summer in China and re-
veals the influencing mechanisms, based on surface O3 measurements
from 2014 to 2020 and simulated O3 data by the global atmospheric chem-
istry model GEOS-Chem over 1981–2019, which have important implica-
tions for air pollution prevention and mitigation in China.

A significant positive correlation between the EASM index and summer
surface O3 concentrations in south-central China with a correlation coeffi-
cient of 0.6. Compared to the selected five weakest EASM years, O3 levels
were generally higher in the five strongest EASM years in south-central
China, with a maximum difference above 5 ppb (10 % relative to the
mean). Composite analysis of meteorological parameters shows that the de-
crease in prevailing southwesterlies along with the weakened WPSH in
8

south-central China during the strongest EASM years, relative to the
weakest years, reduce the export of polluted air from the east of south-
central China. The O3 mass budget analysis confirms that the weakened
transboundary transport leads to the O3 convergence and thus the increase
in tropospheric O3 concentrations during the strongest EASM years, al-
though the low temperature and high humidity are not conducive to the
local chemical production of O3.

As the other important component of the ASM, SASM can be further di-
vided into two components that have different linkages and locations
within the SASM. The SASM2 sector near East Asia has a similar impact
on O3 in southern China (correlation coefficient of 0.50) to that of EASM.
O3 concentrations in southern China are higher in the strongest SASM2
years with a maximum difference of 5 ppb (10 %) than the weakest
SASM2 years, and the O3 convergence due to weakened southwesterlies
can also explain the concentration increases. In contrast, the intensity of
the SASM1 is negatively correlated with surface O3 concentrations in east-
ern China (correlation coefficient of −0.40) and the maximum difference
in surface O3 concentration is 5 ppb (10 %) between the five strong and
the five weakest SASM1 years. Relative to the weakest years, although
the increases in surface air temperature and downwelling short-wave radi-
ation in the strongest SASM1 years are favorable for O3 production, anom-
alous southerlies transport pollutants out of the region from the northern
boundary, resulting in a net decline in O3 concentrations in eastern China.

Future projections in ASM from CMIP6 simulations suggest that the sus-
tainable and medium development scenarios are the perfect pathways that
can help to mitigate O3 pollution in China, while high social vulnerability
and radiative forcing scenarios could enhance future O3 pollution in
China, in the perspective of changing monsoon systems.

The impacts of EASM on the interannual changes in O3 in China have
also been examined in previous studies using model simulations alone for



Fig. 11. Time series of EASM index (left column), SASM1 index (middle column) and SASM2 index (right column) calculated based on the CMIP6 multi-model results under
(a) SSP1-2.6, (b) SSP2-4.5, (c) SSP3-7.0 and (d) SSP5-8.5 scenarios over 2015–2100 (bars), with solid black lines representing the 10-year moving average.

Fig. 10. Same as Fig. 4 but for the composite differences between five strongest and five weakest SASM2 years (strongest minus weakest).
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a short time period or with surface observations at individual sites. This
study quantifies the influences of both EASM and SASM on O3 concentra-
tions with 39-year model simulations, together with O3 measurements
from the nation-wide observational network. The results suggest that the
ASM has an important impact on the interannual variation in JJA O3 con-
centrations in China, through changing transboundary transport of O3 re-
lated to the variability of large-scale circulations.

The finding of a summer O3 concentration increase in strong EASM
years is consistent with several previous studies (Li et al., 2017; Yang
et al., 2014; Zhou et al., 2013). Li et al. (2017) considered the vertical tur-
bulence and advection and chemical production as the main processes in-
fluenced by EASM, but we show that regional O3 changes are primarily
due to the changes in transboundary transport of O3. The differences
could be due to many reasons, including the non-linear relationship be-
tween O3 and its precursors, lack of representation of transboundary trans-
port of O3 from regions outside of the domain in regional models, different
physical and chemical treatments between the two models, lack of some
natural emissions in Li et al. (2017) and coarse model resolution in this
study. Xu et al. (2018) reported a negative correlation between EASM and
O3 concentrations in July and a weak correlation in June and August at
Mt. Waliguan Observatory on the Tibetan Plateau over 1994–2013, while
we show an insignificant relationship between EASM and JJA O3 concen-
tration at this site.

Natural emissions, such as biogenic VOCs (BVOCs) and soil NOx, play
important roles in O3 formation (Fu et al., 2019; Lu et al., 2019a, 2019b).
Emissions of BVOCs from plants vary greatly between species and are
non-linear depending on factors such as sunlight, temperature, and soil
moisture (Fu et al., 2019; Hantson et al., 2017; Jiang et al., 2018; Wang
et al., 2018; Weaver et al., 2009). Fixing BVOCs during simulations could
lead to a bias in the O3 chemical production in different monsoon years.
Variations in soil NOx emissions owing to the changes inmeteorology in dif-
ferent monsoon years further modulate O3 (Lu et al., 2019a, 2019b; Romer
et al., 2018; Yan et al., 2005). However, due to the complexity and uncer-
tainty in the response of O3 pollution to natural emissions, the potential im-
pact of fixing natural emissions on O3 concentrations in China requires
further exploration in the future studies.

Owing to the complexity of the factors influencing surface O3, in future
studies, it is better to obtain more observational O3 data confirming the re-
lationship between ASM and O3 in future studies. The model simulations
could also be improved at a finer horizontal resolution. As well as taking
into account other factors such as variability in natural emissions, it is im-
portant to note that other modes of climate variability such as El Niño can
also have an impact on surface O3 in China. Yang et al. (2022) found a pos-
itive correlation between summer surface O3 concentration in China and
ENSO index during 1990–2019, with a 20 %maximum increase in O3 con-
centrations in southern China in El Niño relative to La Niña years and sug-
gested that the ENSO impacts are also associated with monsoonal changes.
Therefore, the synergistic impacts of monsoon and other climate phenome-
non on O3 in China warrant further investigation.
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