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A B S T R A C T   

As a subtropical anticyclonic high-pressure system that typically forms over the northwestern Pacific Ocean in 
summer, the Western Pacific subtropical high (WPSH) affects meteorological conditions and ozone pollution in 
China. The relationship between maximum daily 8-h average ozone (MDA8 O3) concentrations and the extremely 
strong and westward-extended WPSH occurred in 2022 is investigated using observations, reanalysis data and 
atmospheric chemistry model simulations. During July–August 2022, a significant positive relationship existed 
between the intensity of the WPSH and MDA8 O3 over southern China, with a correlation coefficient of +0.44, 
but the correlation is negative (− 0.40) in northern China. During the strong WPSH days, MDA8 O3 increased by 
16.5 μg m− 3 (16.4% relative to July–August average) over southern China and decreased by 19.0 μg m− 3 (14.5%) 
in northern China compared to the weak WPSH days. The unique dipole pattern in the relationship between 
ozone levels and the WPSH in 2022 exhibited a contrast to that during 2015–2021. The difference is primarily 
due to the extremely strong WPSH intensity and its unusual westward expansion in 2022. In this case, an 
anomalous anticyclone at 500 hPa dominates over southern China, which creates conditions conducive for ozone 
formation and accumulation. The anticyclone weakened horizontal winds and reduced the dispersion of ozone, 
alongside a high temperature and low relative humidity, which favored the chemical production of ozone. In 
contrast, abnormal northerly winds enhanced ozone diffusion in northern China and the low temperature 
reduced ozone chemical production. This study reveals the mechanism for the significant impact of strong and 
westward-extended WPSH on ozone concentrations over China, emphasizing the role of the WPSH location in 
modulating meteorology and ozone levels.   

1. Introduction 

Ozone pollution in China has drawn increasing attention in recent 
years, due to its great effects on ecosystem function, social economy and 
human health (Yao et al., 2022; Feng et al., 2021; Li et al., 2022; P. Wang 
et al., 2022). Ozone pollution is still a major issue, despite China’s recent 
implementation of a number of preventive and control measures against 
air pollutants (Li et al., 2020; Liu and Wang, 2020; Ni et al., 2024; Shen 
et al., 2022). Meteorological conditions significantly influence tropo-
spheric ozone concentrations by modulating natural emissions rates, 
transport, accumulation, and chemical formation processes of ozone 
(Ding et al., 2023; H. Li et al., 2023; M. Li et al., 2023; Lyu et al., 2019; 

Sahu et al., 2021; Zhu et al., 2024). For example, by using a chemical 
transport model (GEOS-Chem), Dang et al. (2021) found that changes in 
meteorological conditions could explain 49% and 84% of the increases 
in maximum daily 8-h average ozone (MDA8 O3) concentrations in 
North China Plain (NCP) and Yangtze River Delta (YRD), respectively, 
during 2012–2017. 

Variation in large-scale circulation patterns can modulate the 
meteorological conditions that are critical to ozone pollution (Shi et al., 
2020; Wang et al., 2022; Yang et al., 2022, 2024; Zhou et al., 2022). 
According to Dong et al. (2020), there is a tendency for severe ozone 
pollution in the NCP region due to a low-pressure center in northeastern 
China and an anomalous high-pressure over the North Pacific. Hu et al. 
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(2024) showed that high ozone episodes occurred in China were often 
associated with the Western Pacific subtropical high (WPSH), which can 
affect the formation and transport/accumulation of ozone. Therefore, it 
is particularly important to explore the influence of large-scale circula-
tion systems (e.g., WPSH) on ozone pollution, which can be useful for air 
quality monitoring, forecasting, and assessment. 

The WPSH is a dominant atmospheric high-pressure system that 
typically forms over the northwestern Pacific Ocean in summer and is a 
significant component of the global atmospheric circulation system (Wu 
and Zhou, 2008; Zhang et al., 2022). It brings stable, dry weather to 
areas beneath it and plays an important role in influencing regional 
weather patterns. The variations in the intensity, shape, and location of 
the WPSH show its associated complex seasonal variability. In summer, 
the WPSH reaches its peaking phase and has a considerable impact on 
weather and climate in East Asia (Choi and Kim, 2019; Qi et al., 2010; 
Zhou, 2005; R. Wang et al., 2023), which can further affect the budget 
processes of air pollutants there. Many studies have examined the effects 
of the WPSH on ozone pollution in China (Chang et al., 2019; He et al., 
2012; Lo and Hung, 2015; Jiang et al., 2020). The change in dominant 
spatial patterns of summertime surface ozone in eastern China was 
closely related to WPSH during the 2015 to 2019 (Yin and Ma, 2020). 
Chang et al. (2019) found that the meteorological conditions in 
Shanghai caused by the strong WPSH in July 2016 were conducive to the 
photochemical formation of ozone and increases in ozone concentra-
tions compared with a weak WPSH scenario. Based on observations in 
2014, Zhao and Wang (2017) found that a strengthened WPSH could 
induce stronger southerly winds, enhancing moisture transport to 
southern China and causing more precipitation, lower temperatures, 
and less UV radiation, which led to decreases in ozone concentrations 
over southern China. Meanwhile, depleted water vapor resulted in dry 

and sunny weather conditions, favoring ozone formation and therefore 
increasing ozone concentration in North China during the strengthened 
WPSH days. 

During July–August 2022, the Northern Hemisphere endured an 
extremely hot summer, marked by record-breaking temperatures in 
eastern China. X. Li et al. (2023) pointed out that the strengthened and 
westward expanded WPSH led to a reduced cloud cover and an 
increased downward shortwave radiation at the surface, which resulted 
in the record heatwave in 2022. Thus，the anomalously strong and 
westward extended WPSH in 2022 has drawn attention due to its sig-
nificant impact on weather patterns (Ma et al., 2023). The WPSH 
extended westward due to a descending Rossby wave over the western 
North Pacific (Tang et al., 2023) and caused the dominance of anoma-
lous high pressure over East Asia (Tan et al., 2023; Zhao et al., 2023). Y. 
Wang et al. (2023) found that the anomalous descending motion asso-
ciated with WPSH significantly suppressed local precipitation, leading 
to the extreme drought over YRD in 2022. Overall, the meteorological 
conditions during July–August 2022 were largely regulated by the 
extremely strong and westward-extended WPSH, which likely had 
significantly different influences on the ozone pollution over China 
compared to normal ones. 

The objective of this study is to examine the influence of the unusual 
2022 WPSH on the variability of ozone concentrations in China. Sub-
sequently, the possible mechanisms of the impacts of the extreme WPSH 
on near-surface ozone levels are investigated though analyzing the 
meteorological conditions from meteorological reanalysis products and 
by assessing the physiochemical processes with GEOS-Chem model ex-
periments. We aim to provide useful insights into the causes of ozone 
pollution under the unique synoptical conditions and improve the pre-
dictability of ozone levels in China, which can aid in developing future 

Fig. 1. (a) The climatological mean of July–August geopotential height (contour, gpm) and wind fields (m s− 1) at 500 hPa during 1990–2021. (b) Time series of the 
standardized intensity of WPSH index (WPSH–I) over 1990–2022. (c) Scatter diagram of WPSH position. The solid line in (a) denotes 500 hPa geopotential height at 
5880 gpm. The dashed line in (b) indicates the linear trend of WPSH-I. The horizontal axis in (c) represents the longitude of westward ridge point of WPSH 
(WPSH–W) for each year in July–August, the vertical axis represents the ridge line of WPSH (the latitude location of the isoline inside the geopotential height contour 
of 5880 gpm with 500 hPa zonal wind u = 0 and ∂u/∂y > 0), and red dot marks the location for 2022. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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ozone control measures. 

2. Data and methods 

2.1. Ozone observations 

The China National Environmental Monitoring Centre (CNEMC, htt 
ps://quotsoft.net/air/) provides nationwide ground-level hourly ozone 
concentration data since 2013, which have been used in many previous 
studies (Gao et al., 2020; Ye et al., 2024). The sites with consecutive 
observations from 2015 to 2022 are selected for analysis. In this study, 
the MDA8 O3 concentrations are used to assess ozone air quality. We 
focus on the impacts of extreme WPSH on ozone concentrations over 
eastern China during July–August, considering that the remarkable 
ozone pollution usually happens in these months (Zong et al., 2021). 

According to the observed MDA8 O3, areas over eastern China suf-
fered from serious ozone pollution in July–August from 2015 to 2022, 
including southern China (20◦–32◦N, 107.5◦–120◦E) and northern 
China (32◦–44◦N, 107.5◦–120◦E). The regional averaged MDA8 O3 was 
as high as 135 μg m− 3 in northern China and 98 μg m− 3 in southern 
China (Fig. S1). Meanwhile, the high standard deviation of the daily 
MDA8 O3 concentrations indicates that near-surface ozone levels have a 
strong daily variability, which can be linked to the meteorological 
conditions (Han et al., 2020). 

2.2. Model simulations 

The ozone concentrations are simulated in this study using a nested 
global atmospheric chemistry model GEOS-Chem Version 13.4.1, which 
has been applied to a variety of air pollution-related scientific fields 
(Colombi et al., 2022; David et al., 2019; Li et al., 2019). The nested 
experiments are conducted at a horizontal resolution of 0.5◦ × 0.625◦

(latitude × longitude) for the years 2015–2022 (see Text S1 for details of 
the model and simulation). GEOS-Chem also employs an advanced 

diagnostics package to estimate species gross production/loss, which 
decomposes the changes in species into individual process contributions 
(Gong and Liao, 2019; X. Li et al., 2023; Lin and McElroy, 2010). It is 
employed in this study to determine the relative impact of important 
chemical and physical processes on net changes in ozone concentrations. 

The performance of the GEOS-Chem model in replicating observed 
ozone concentrations across China is assessed and shown in Fig. S2. The 
ozone concentrations are assessed in 2019 since during simulations, 
anthropogenic emissions are fixed at that year. The GEOS-Chem model 
can realistically reproduce the spatial distributions of MDA8 O3, with a 
spatial correlation coefficient (R) up to +0.8 (p < 0.01) between the 
simulated and the observed MDA8 O3 for July–August in 2019 
(Fig. S2a). The simulated MDA8 O3 concentration is slightly higher than 
the observed value, with a normalized mean bias (NMB) of 20%. The 
GEOS-Chem successfully captures the daily variability of MDA8 O3 
during July–August over China, with more than 80% of the sites 
showing a statistically significant positive correlation (R > 0.32, p <
0.01) between the observed and simulated daily MDA8 O3 (Fig. S2b). 
These results demonstrate that the GEOS-Chem model is capable of 
effectively capturing the daily variations and spatial distribution of 
ozone levels in China during July–August. 

2.3. The WPSH index 

This study employs the geopotential height at 500 hPa to quantify 
fluctuations in the WPSH based on NCEP/NCAR reanalysis (https://psl. 
noaa.gov/data/gridded/data.ncep.reanalysis.html). Two WPSH metrics 
including intensity index (WPSH–I) and westward expansion ridge point 
(WPSH–W) are used to assess the intensity and expansion of the WPSH 
(Chen et al., 2021; Zhang et al., 2022). WPSH-I is calculated as the 
accumulated geopotential height anomaly enclosed by the 5880 geo-
potential meters (gpm) at 500 hPa within the region of 110◦E to 180◦E 
longitude and extending northward from 10◦N latitude. WPSH-W marks 
the longitude corresponding to the westernmost extent of 5880 gpm 

Fig. 2. The monthly mean geopotential height (black lines, units: gpm) at 500 hPa in 2022 for (a) June, (b) July, (c) August and (d) September and their anomalies 
(contour) relative to the corresponding climatological mean (1990–2021). The green lines represent climatological mean geopotential height at 5880 gpm for the 
corresponding month. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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contour at 500 hPa over the region between 90◦E and 180◦E, which 
represents the relative position of WPSH in the meridional direction. 
Note that the daily WPSH indices are obtained after taking a 5-day 
running average (Liu et al., 2022; Keller et al., 2021). 

Fig. 1a shows the long-term (1990–2021) average of July–August 
geopotential height and winds at 500 hPa, highlighting the 5880 gpm 
contour that delineates the spatial extent of the WPSH. The approximate 
location of the western ridge point of the WPSH is around 130◦E. On the 
west side of the WPSH, winds shift from southeasterly to southwesterly, 
which move a large amount of humid air into East Asia (Qu et al., 2013; 
Wu et al., 2019). The intensity index of WPSH derived from the 
NCEP/NCAR exhibits a strong correlation with ERA5 reanalysis, with a 

correlation coefficient of 0.98. The WPSH-I shows a clear upward trend 
during 1990–2022 (Fig. 1b), consistent with the intensification of WPSH 
in recent decades (Wu and Wang, 2015; Hong et al., 2023). The WPSH in 
2022 was the second strongest one in intensity and had the westernmost 
location during 1990–2022 (Fig. 1c). 

3. Results 

3.1. The characteristics of abnormal WPSH in 2022 

As a semi-permanent subtropical anticyclonic high-pressure system, 
WPSH usually reaches its peak intensity in boreal summer (Guan et al., 
2019). The monthly 5880 gpm geopotential height at 500 hPa during 
June–September in 2022 and its corresponding climatological mean 
(1990–2021), as well as the anomalies in geopotential height, are shown 
in Fig. 2. In June 2022, the intensity and location of the WPSH are 
comparable with their climatological mean. Then, it extended westward 
in July and reached its westernmost location in August. Specifically, the 
positive geopotential height anomalies cover most of China. The west-
ernmost edge of the 5880 gpm of geopotential height is located around 
80◦E in August, a shift of 50◦ westward from the climatological mean. 
Most of East Asia is dominated by the anomalous high pressure, adjoined 
by an anomalous low-pressure system over Siberia. Then, the WPSH 
withdrew eastward in September. In general, WPSH showed anomalous 
strong intensity and extended coverage westward in July–August of 
2022 compared to climatology, which likely impacted ozone air quality 
in China. 

3.2. The relationship between daily MDA8 O3 and WPSH 

During 2015–2021, daily MDA8 O3 and WPSH-I generally exhibit a 
negative correlations correlation over southern China, while in northern 
China, they demonstrated a positive correlation (Fig. S3). It is in good 
agreement with previous studies, showing that during strong WPSH, the 
anomalous southerly winds bring clean air from the ocean, causing an 
increase in relative humidity and a decrease in solar radiation in 
southern China, and thus surface O3 concentrations decreased over 
southern China (Jiang et al., 2020; Zhao and Wang, 2017). The condi-
tions of high temperature, intense solar radiation, and low relative hu-
midity in northern China are conducive to the formation and buildup of 
surface ozone during the strong WPSH. 

However, the relationship in year 2022 with the extremely strong 
and westward-extended WPSH is much different. Fig. 3a demonstrates 
the spatial distributions of the correlation coefficients between daily 
MDA8 O3 and WPSH-I over China. Over the polluted eastern China 
(20◦–44◦N, 107.5◦–120◦E), where high levels and variability of MDA8 
O3 is located, a distinct dipole pattern of correlation is observed, with 
significant positive correlations over southern China (+0.44 on average) 
and negative correlations in northern China (− 0.40). The results suggest 

Fig. 3. (a) Spatial distribution of the correlation coefficients between daily 
MDA8 O3 concentrations and WPSH-I during July–August 2022. (b) Time series 
of the WPSH-I and WPSH-W during July–August 2022. Only sites with statis-
tical significance above the 95% confidence level are shown in (a). The boxed 
area marks northern and southern China. Colored stripes in (b) illustrate the 
strong (orange) and weak (blue) WPSH days, defined as the highest and lowest 
30% WPSH-I days, respectively. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. (a) Absolute (μg⋅m− 3) and (b) percentage (%, relative to the July–August mean in 2022) difference in the observed MDA8 O3 concentrations between strong 
and weak WPSH days during July–August 2022. The boxed area marks northern and southern China. 
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that the stronger WPSH days in 2022 tend to trigger more heavily ozone 
pollution events in southern China than the weaker days and vice versa 
in northern China. 

To quantify the effects of WPSH on ozone levels in 2022, Fig. 4 
presents the composite differences of MDA8 O3 between the strong and 
the weak WPSH days, which are selected by the highest and lowest 30% 
of WPSH-I days in July–August 2022 shown in Fig. 3b. Consistent with 
the dipole pattern of correlations between daily MDA8 O3 and WPSH-I, 
the composite differences in MDA8 O3 concentrations over eastern 
China are generally positive over southern China but negative over 
northern China between the strong and weak WPSH days. The regional 
average of observed MDA8 O3 concentration increases by 16.5 μg m− 3 

(16.4% relative to the July–August mean) in southern China and de-
creases by 19.0 μg m− 3 (14.5%) in northern China during the strong 
WPSH days, compared to the weak WPSH days. 

GEOS-Chem model simulations are designed and applied to examine 
the physiochemical processes underlying the differences of MDA8 O3 
between strong and weak WPSH days. The spatial distribution and 
pressure-latitude cross-section of the differences in simulated MDA8 O3 
concentrations between the strong and weak WPSH days in 2022 are 
shown in Fig. 5. In coincidence with observations, southern China 
experienced positive MDA8 O3 anomalies with an average of 14.1 μg 
m− 3 (13.3%) during strong WPSH days, compared to weak WPSH days, 
shown in model simulations, whereas northern China showed negative 
MDA8 O3 anomalies with an average of − 16.7 μg m− 3 (− 11.1%). In 
addition, this dipole pattern of ozone differences in eastern China be-
tween the strong and weak WPSH days are also identified in the vertical 

profile from the surface up to 800 hPa (Fig. 5c and d). 

3.3. The underlying mechanism of the WPSH impacts on ozone in 2022 

Fig. 6 demonstrates the composite differences in meteorological 
parameters that mainly affect the horizontal and vertical transport of 
ozone between the strong and weak WPSH days in 2022 from MERRA-2 
reanalysis. The sea level pressure decreases over the Sea of Okhotsk and 
increases over Mongolia during strong WPSH days, inducing anomalous 
northerly winds at 850 hPa over eastern China (Fig. 6a). The anomalous 
northerly wind can move the ozone-rich air from northern China to 
southern China, resulting in higher ozone in southern China and lower 
ozone concentrations in northern China during the strong WPSH days 
than weak WPSH days. Meanwhile, an anomalous anticyclone at 500 
hPa dominates over southern China due to the westward extension of 
WPSH in 2022 (Fig. 6b), causing the region around 30◦N to be controlled 
by a strong subsidence (Fig. 6c). An anomalous cyclone is located over 
the Sea of Okhotsk, contributing to updraft above north China. These 
two systems converged around 32◦N, resulting in dipole pattern of 
correlation in south and north China. The anomalous downdraft 
together with increases in planetary boundary layer height (Fig. 6d) is 
conducive to the downward dispersion of ozone from the upper layer (H. 
Liu et al., 2022; Ouyang et al., 2022), thereby contributing to elevated 
near-surface ozone levels in southern China. The above findings suggest 
that the changes in horizontal and vertical winds are favorable for ozone 
accumulation over southern China and ozone dispersion over northern 
China during the strong WPSH days compared to weak WPSH days in 

Fig. 5. (a) Absolute (μg⋅m− 3) and (b) percentage (%, relative to the July–August mean in 2022) difference in the simulated MDA8 O3 concentrations between strong 
and weak WPSH days during July–August 2022 from the GEOS-Chem simulations. Pressure-latitude cross sections averaged over 107.5◦–120◦E for (c) absolute 
(μg⋅m− 3) and (d) percentage (%) differences. The boxed area marks northern and southern China. 
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2022. 
The changes in horizontal ozone mass fluxes from the surface to 850 

hPa over southern and northern China simulated by GEOS-Chem model 
are shown in Fig. 7a. During the strong WPSH days, anomalous north-
erly winds transport 43 Gg d− 1 of ozone into southern China from the 
north, which is largely offset by the export of ozone to the south from 
southern China (41 Gg d− 1). Meanwhile, the anomalous northwesterlies 
over east of southern China induce an ozone mass gain of 27 Gg d− 1 due 
to the weakened winds under the control of high pressure. The profiles 
of vertical mass flux of ozone during strong and weak WPSH days are 
given in Fig. 7b. The anomalous downdraft over southern China results 
in the anomalous downward transport of ozone by about 7 Gg d− 1 at 

850 hPa, contributing to the enhancement of ozone levels in the lower 
troposphere. In addition, negative anomalies of vertical transport 
explain the decrease in ozone concentrations between 800 and 500 hPa 
over southern China. 

In northern China, the horizontal transport contributes to an import 
of 22 Gg d− 1 of ozone from the north but an export of 43 Gg d− 1 to the 
south. The mass flux change of ozone in the east-west direction results in 
a net ozone increase of 9 Gg d− 1 during the strong WPSH days relative to 
weak days. The upward ozone transport at 850 hPa also contributes to 
the decrease (− 4 Gg d− 1) in ozone concentration beneath. Overall, 
horizontal and vertical transport processes contribute to an increase in 
ozone concentrations over southern China and a decrease in ozone 

Fig. 6. Composite differences in (a) wind fields (vectors, units: m s− 1) at 850 hPa and sea-level pressure (contour, units: hPa), (b) wind fields (vectors, units: m s− 1) 
and geopotential height (contour, units: gpm) at 500 hPa, (c) meridional winds (vectors, units: m s− 1) and vertical velocity (contour, units: Pa s− 1) averaged over 
107.5◦–120◦E, and (d) planetary boundary layer height (PBLH, units: m), between the strong and weak WPSH days (strong – weak) in July–August 2022. The boxed 
area marks northern and southern China. 

Fig. 7. (a) Composite differences in the horizontal ozone mass fluxes integrated from the surface to 850 hPa along the boundaries between strong and weak WPSH 
days (units: Gg d− 1). (b) Profile of the vertical mass flux over northern China (NC) and southern China (SC) during the strong and weak WPSH days (Units: Gg d− 1). 
The boxed area in (a) marks northern and southern China. Positive values represent downward fluxes, while negative values signify upward fluxes in (b). 
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concentrations in northern China in strong WPSH days, relative to the 
weak WPSH days. 

The changes in key meteorological conditions between the strong 
and weak WPSH days in 2022, which are closely related to the photo-
chemical processes of ozone, are shown in Fig. 8. Compared to the weak 
WPSH days, southern China exhibits an increase in temperature both at 
850 hPa and near the surface during strong WPSH days. Under the 
control of high-pressure system, the increases in temperature and 
downwelling shortwave radiation accelerate the photochemical reaction 
of ozone (Kavassalis and Murphy, 2017), which further increase ozone 
concentrations over southern China. In contrast, northern China pre-
sents a decrease in temperature and, therefore, a reduction in ozone 
concentrations, likely associated with the anomalous northerly winds 
bringing cool air from high-latitude regions. Due to the 
westward-extended position, relative humidity decreases in eastern 
China during strong WPSH days compared to weak WPSH days (Fig. 8d), 
which can enhance ozone formation (Yu, 2019) and lead to an increase 
in ozone concentrations over southern China. 

The contributions of net chemical production are calculated using 
the integrated process rates diagnostic package coupled in GEOS-Chem. 
The net chemical production of ozone below 850 hPa over southern 
China is 6.0 Gg d− 1 higher during strong WPSH days compared to weak 
days, contributing to the increases in ozone concentrations there. 
Negative chemical production (− 1.5 Gg d− 1) over northern China cor-
responds to lower temperatures, resulting in reduced ozone concentra-
tions during the strong WPSH days relative to weak days. 

Note that, the results for 2015–2021 in this study and several recent 
studies (Zhao and Wang, 2017; Jiang et al., 2020; Mao et al., 2020) 
found that during strong WPSH episodes, there is an observed rise in 
ozone levels across northern China, coupled with a reduction in ozone 
concentrations in the south. This pattern contrasts with the findings for 
the year 2022. The reason is that the 2022 WPSH is extremely strong in 
intensity and westward-extended in position compared to the 

climatology (Fig. 1), with the westward extension ridge even exceeding 
80◦E (Fig. S4a). During the strong WPSH days in 2022, the whole 
southern China was dominated by the high pressure. The strongly 
anomalous anticyclone that induces calm, sunny, hot and dry weather 
conditions over southern China, favors the production and accumulation 
of ozone in the lower troposphere. However, during the strong WPSH 
days in 2015–2021, the center of the anticyclone was located in the 
western Pacific Ocean (Fig. S4c). It manifested strong southerly winds 
that bring clean and humid air from ocean to southern China and warm 
air to northern China, leading to the decreases in ozone concentrations 
in southern China and increases in northern China. The circulation 
pattern during weak WPSH days in 2022 is similar to that during strong 
WPSH days in 2015–2021 (Fig. S4b). Therefore, the unusual synoptic 
pattern explains the opposite dipole correlation between WPSH and 
ozone pollution in China in 2022 and that in 2015–2021. This study 
reveals the significant impact of strong and westward-extended WPSH 
on ozone concentrations over China, emphasizing the crucial role of the 
WPSH location in modulating meteorology and air quality. 

This finding fills the gap in ozone air quality prediction when the 
WPSH evolves to a strongly westward-extended scenario. Long-term 
climate change influences both the intensity and location of the WPSH 
(Zhou et al., 2009). The location of western edge of WPSH has shifted 
westward with a trend of 0.14◦ per year post-1976, accompanied by a 
strengthening in intensity by 0.18 gpm year− 1 (Chaluvadi et al., 2021). 
Although many studies have identified WPSH impacts on meteorological 
conditions (Li and Zhu, 2010; Mujumdar et al., 2012; Priya et al., 2015; 
Zhao et al., 2022), the influence of location of WPSH on MDA8 O3 over 
China is complex and therefore requires further investigations. 

4. Conclusions 

In this study, impacts of the unusual WPSH in 2022 on MDA8 O3 over 
eastern China are investigated on a synoptic timescale. Compared to 

Fig. 8. Composite difference in (a) temperature at 2m (◦C), (b) temperature at 850 hPa (◦C), (c) downwelling shortwave radiation at the surface (W m− 2), and (d) 
relative humidity at the surface (%) between strong and weak WPSH days. The boxed area marks northern and southern China. 
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climatology, the WPSH was extremely strong and expanded westward 
during July–August 2022, leading to a prevalent anomalous high- 
pressure system over East Asia that subsequently influenced ozone 
levels across China. The observations reveal a significant positive rela-
tionship (+0.44) between MDA8 O3 concentrations and WPSH intensity 
in southern China, with an increase of by 16.5 μg m− 3 in MDA8 O3 
concentrations increasing during the strong WPSH days relative to weak 
WPSH days in 2022. A negative correlation (− 0.40) is presented in 
northern China, with a decrease of 19.0 μg m− 3 in MDA8 O3 concen-
trations. The distinctive dipole pattern of relationship between ozone 
and WPSH in 2022 contrasts with those from 2015 to 2021 is primarily 
due to the extremely strong intensity and unique westward-extended 
location of WPSH in 2022, which created anomalous atmospheric cir-
culation and weather conditions. Specifically, due to the anomalous 
westward expansion of the WPSH in 2022, southern China, in the center 
of the anomalous anticyclone, experienced calm, sunny, hot and dry 
weather conditions along with the large-scale subsidence during the 
strong WPSH days, resulting in a decrease in horizontal export and an 
increase in vertical import of ozone. Moreover, high temperatures and 
low relative humidity over southern China were favorable for ozone 
photochemical formation. In northern China, strong northerly winds 
promoted the transport of ozone from northern China to southern China, 
thereby diminishing ozone during the strong WPSH days. Moreover, 
negative temperature anomalies suppressed the chemical production of 
ozone over northern China. 
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