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Abstract. Tropical cyclones (TCs) have a significant impact on ozone (O3) in coastal regions by affecting
atmospheric circulation and meteorological conditions. This paper investigates the impact and its future changing
trends in the Yangtze River Delta (YRD) region. It was found that regional O3 pollution usually occurred before
TCs made landfall and after they dissipated in 2018-2022. We classified the weather patterns (SWPs) from June
to September during 2018-2022 into four main categories. As pollution levels increase within the TCs weather
pattern, regional temperatures rise, relative humidity decreases, and wind speeds weaken, creating a favorable
environment for O3 formation and accumulation. The annual O3 concentration series is reconstructed based on
changes in SWP frequency and intensity, quantifying the impact of various SWPs on future O3 variations. The
analysis focuses on the number of days with the TCs weather pattern and their contribution to O3 variation. Under
the SSP2-4.5 and SSP5-8.5 scenarios, future YRD O3 concentrations from June to September will increase to
varying degrees relative to historical average O3 concentrations, with average increases of approximately 1.88
and 6.86 ug m 3, respectively. Under all future scenarios, the number of days with TC weather pattern increases
to varying degrees, and the frequency of TCs increases significantly. The contribution of TCs weather pattern to
O3 changes is increasing compared to the historical period. This shows that the intensification of climate change
will intensify the impact of TCs on O3 in the YRD, and monitoring and early warning need to be strengthened.

stroy the human immune system, and even increase the risk

In recent years, the concentration of ground-level O3 in many
cities in China has significantly exceeded standards and has
intensified. O3 has replaced Particulate Matter (PM) as the
primary pollutant in many regions (Wang et al., 2023b; Yang
et al., 2025; Zhao et al., 2020). Ground-level O3 is mainly
generated by photochemical reactions of volatile organic
compounds (VOCs) and nitrogen oxides (NO,) under sun-
light (Lu et al., 2019; Zhang et al., 2024). High concentra-
tions of O3 can damage the human respiratory system, de-

of death (Gong et al., 2024; Wang et al., 2025). It can also
damage the ecosystem, causing plant leaf necrosis and crop
yield reduction (Li et al., 2024). In recent years in the YRD,
high emissions of motor vehicle and industrial waste gases,
coupled with complex terrain and meteorological conditions
due to urbanization, have led to complex air pollution char-
acterized by high concentrations of O3 and PM (Zhan et al.,
2024). According to the 2020 China Ecological Environment
Bulletin, in the YRD, the number of days with air quality
exceeding the standard with O3 as the primary pollutant ac-
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counted for over 50 % of the total number of days exceeding
the standard.

O3 concentration is regulated by precursor emissions
and meteorological conditions during its generation process
(Gong et al., 2022; Xie et al., 2016; Xu et al., 2023b). Me-
teorological factors such as temperature, humidity, precip-
itation, atmospheric stability, and mixing layer height play
important roles in the emission, transportation, and disper-
sion, chemical reaction, and dry and wet deposition of air
pollutants (Chen et al., 2020; Li et al., 2020). Regional O3
pollution events are often triggered by meteorological con-
ditions such as strong radiation, high temperature, low rela-
tive humidity, and low wind speed (Wang et al., 2024b; Zhan
and Xie, 2022). Changes in meteorological conditions are af-
fected by weather systems, and the role of weather systems
in O3 concentration changes has also received widespread at-
tention.

Tropical cyclone (TC) activities have a profound impact
on the ecological environment of China’s coastal areas. In
the summer and autumn seasons when O3 pollution is fre-
quent, TCs are one of the key weather systems that induce
O3 pollution in the YRD (Qi et al., 2024; Shu et al., 2016;
Zhan and Xie, 2022). Although the strong winds and pre-
cipitation brought by landfalling TCs have a strong scaveng-
ing effect on pollutants, the peripheral circulation of TCs
away from lands will significantly change the temperature
field, wind field, and boundary layer structure, thereby af-
fecting the chemical and physical processes related to O3
generation, transport, dispersion and deposition, which may
in turn aggravate O3 pollution (Chow et al., 2018; Jiang et al.,
2015; Lam et al., 2005; Xu et al., 2023a; Yang et al., 2012).
Deng et al. (2019) found that under the influence of the pe-
ripheral circulation of TCs, the Pearl River Delta (PRD) is
prone to high temperature, low humidity, low wind speed,
and strong radiation, which leads to the occurrence of high
O3 and PM concentrations. Hu et al. (2023) focused on an-
alyzing the atmospheric processes that are conducive to the
increase in O3 concentration and the continuous exceedance
of O3 during TC activities, and found that the prevailing
downdraft over the PRD brought meteorological conditions
of clear sky, low wind speed, high boundary layer, and low
relative humidity, which led to the continuous excess of O3
concentration. Wang et al. (2024a) found that the continu-
ous northward TCs produced and maintained meteorological
conditions conducive to the generation of O3, promoted the
local accumulation and cross-regional transmission of O3,
and jointly led to a 30 % increase in O3 concentration in
eastern China and a prolonged O3 pollution period. Xu et
al. (2023a) further revealed that when a typhoon landed in
the YRD, the contribution of BVOC to O3 in the Beijing-
Tianjin-Hebei region reached 10 ppb; when the TCs moved
to Beijing-Tianjin-Hebei region, the cross-transport between
the northern China air mass and the YRD contributed half of
the O3 related to biological emissions. The peripheral winds
and downdrafts of TCs lead to high temperatures and stable
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weather, which affect O3 concentrations by affecting regional
transport and biological emissions.

The Sixth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC) has established that the rise
in the average surface temperature of the earth, caused by
human activities, has become a scientific consensus. Com-
pared with the average surface temperature before industrial-
ization (1850-1900), the global average surface temperature
increased by about 0.8—1.3 °C due to human activities during
2010-2019 (Adak et al., 2023). In the context of global cli-
mate change, with the increases in greenhouse gas emissions,
global warming, and interannual climate changes, the state
of the atmosphere and ocean has changed, and sea-level rise
and extreme climate events have occurred frequently, which
have a low-frequency modulating effect on TCs (Chu et al.,
2020; Moon et al., 2023, 2025; Wang et al., 2023a). The
activity characteristics of TCs have changed significantly,
and rare high-intensity TCs have frequently made landfall
in China (Wu, 2023). The southeastern coastal area, as one
of the most economically developed and densely populated
regions in China, is the region most seriously affected by
TCs. Most TCs that affect China originate in the northwest
Pacific Ocean, and their movement paths are influenced by
the WPSH. Before TCs make landfall from the northwest
Pacific Ocean, China’s coastal urban agglomerations often
experience regional multi-day severe O3 pollution (Wang et
al., 2022b). Although the frequency of TCs in the northwest
Pacific Ocean has decreased in recent years, their average in-
tensity has shown an upward trend (Balaguru et al., 2024,
Bhatia et al., 2022; Chand et al., 2022; Jung, 2025; Wang
et al.,, 2022a), and their duration has also become longer
(Kossin, 2018; Zhang et al., 2020). Yamaguchi and Maeda
(2020) showed that although climate warming has acceler-
ated the overall movement speed of TCs, their speed will
slow down when they move toward the temperate zone dur-
ing the poleward migration process, and the time they stay in
a specific area will be extended. Affected by the surrounding
atmospheric circulation, the slower the TCs move, the longer
their impact duration and the greater their effects, which in-
fluence O3 transport, extend the duration of O3 pollution, ex-
acerbate O3 concentration, and expand the spatial extent of
pollution. Global climate models (GCMs) are able to directly
simulate surface O3 concentrations under both historical and
future scenarios (Turnock et al., 2020). These simulations
provide an important reference for understanding the long-
term evolution of surface O3 driven by changes in emissions
and climate. In the context of global warming in the future,
the increase in unfavorable meteorological conditions will
make the O3z pollution problem more serious (Fu and Tai,
2015; Keeble et al., 2017; Arnold et al., 2018; Akritidis et
al., 2019; Saunier et al., 2020). Therefore, studying the trend
of O3 changes under future climate change scenarios is par-
ticularly important for formulating countermeasures against
O3 pollution.
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The YRD is located in a key position in the eastern coastal
economic zone of China. It is also a typical area frequently
affected by TCs in the warm seasons (Wu et al., 2025; Qi et
al., 2024). In addition, it has a high degree of urban agglom-
eration, dense population, and high energy consumption,
making it a key area for air pollution prevention and con-
trol (Zhan et al., 2024; Bao et al., 2025). This study focuses
on the regulatory mechanism of TCs on regional O3 pollu-
tion and its impact on future pollution trends. First, based on
the weather classification over the years, the characteristics
of atmospheric circulation changes that cause O3 changes are
revealed, and the mechanism of the TC weather pattern in the
YRD affecting O3 pollution is clarified. Secondly, based on
the data reconstruction method, the O3 annual variation se-
ries is reconstructed according to the frequency and intensity
of SWPs. Finally, based on future scenario data, the evolu-
tion characteristics of atmospheric circulation and the trend
in O3 concentrations under different future scenarios are es-
timated, and the number of days when TC weather pattern
appears and their contribution to O3 variation are quantified.
The research results help to fully and systematically under-
stand the influence mechanism of weather conditions on O3
pollution, provide a reference for the YRD to carry out tar-
geted O3 pollution control strategies, and have dual signifi-
cance in improving regional air quality and advancing low-
carbon development.

2 Materials and methods

2.1 Og observation data

The hourly pollutant monitoring data of 26 cities in the YRD
used are derived from the National Environmental Monitor-
ing Center of China. The platform provides pollutant concen-
tration data updated every hour. To better describe the level
of O3 pollution at the urban scale, the arithmetic mean of
the pollutant concentrations at each monitoring station was
used as the pollutant concentration of the city. O3-8h rep-
resents the daily maximum 8h average O3 concentration,
which can more accurately characterize the long-term expo-
sure to regional O3 pollution. The daily maximum 8 h aver-
age O3 concentration is calculated as the highest average O3
mixing ratio over any consecutive 8 h period within a calen-
dar day (00:00-23:59 local time). Specifically, 8 h moving
averages are computed for all possible consecutive 8 h win-
dows (e.g., 00:00-07:59, 01:00-08:59, ..., 16:00-23:59 LT),
and the maximum value among them is recorded as the daily
O3 concentration. Therefore, the O3 data used in the analysis
of this article are all based on the O3-8h value, and the daily
maximum 8 h average concentration (unit: pgm~>) is taken
as the daily O3 concentration.
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2.2 Classification of synoptic weather patterns

Common objective weather classification methods mainly in-
clude principal component analysis, clustering algorithms,
variance method based on correlation coefficients and neu-
ral network algorithms. We use orthogonal rotation princi-
pal component analysis in T mode (PTT) to classify SWPs
in the YRD from 2018 to 2022. The PTT classification
method has been integrated into the “cost733class” soft-
ware. This method is an objective circulation classification
method based on principal component analysis. By rotating
the loadings of the T-mode principal components, its classi-
fication results are more physically interpretable (Philipp et
al., 2016). It can accurately reflect the characteristics of the
initial circulation field, does not change significantly across
different classification objects, and the obtained circulation
spatio-temporal field is more stable (Huth et al., 2016). It has
been widely used in research fields such as atmospheric cir-
culation and air pollution (Hou et al., 2019; Gao et al., 2021).

The meteorological data are derived from the reanaly-
sis data provided by the National Center for Environmen-
tal Prediction (NCEP). The dataset has a horizontal resolu-
tion of 2.5° x 2.5°, with 144 x 73 grid points in the latitude-
longitude domain and 17 vertical layers ranging from 1000
to 10 hPa. Meteorological variables considered in this study
include the 500 hPa geopotential height field, sea level pres-
sure, 500 hPa wind field, 850 hPa wind field, 1000 hPa wind
field, and vertical wind velocity. Considering that the geopo-
tential height field at 850 hPa effectively minimizes the influ-
ence of surface conditions on atmospheric motion while cap-
turing the variations of shallow meteorological systems (Shu
et al., 2017). In this study, we used the geopotential height
field at 850 hPa from June to September during 2018-2022
to classify SWPs and analyze the three-dimensional structure
of circulation fields associated with different SWPs.

2.3 Reconstruction of annual variation series of O3
concentration

The change in SWPs includes the changes in SWP frequency
and intensity. The change in SWP frequency refers to the
number of occurrences of a certain type of SWP in different
years, while the change in SWP intensity refers to the change
in the average intensity of the weather system associated with
a certain type of SWP across different years. To quantify the
contribution of the change in SWP frequency and intensity to
the annual change of O3, Yarnal (1993) proposed a method
to assess the influence of changes in SWP frequency on the
annual change of O3. The specific equation is as follows:

_ 6
O3 (fre) = ZO3kam (D
k=1

where O3, (fre) represents the reconstructed mean O3 con-
centration influenced by the frequency variation in SWPs for
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year m; O3 represents the average O3 concentration of a cer-
tain SWP in all years, and Fy,, represents the frequency of
occurrence of SWP for year m.

Later, Hegarty et al. (2007) proposed that the impact of
SWP changes on the annual variation of O3 should take into
account changes in both frequency and intensity. Therefore,
Eq. (1) was modified as follows:

6
O3y (fre +int) = » (O + AO3km) Fim )
k=1

where O3, (fre + int) represents the reconstructed mean O3
concentration influenced by the frequency and intensity
changes of SWPs for year m; AO3y,, represents the modi-
fied anomaly concentration value obtained by fitting the SWP
k intensity factor in the year m with the O3 concentration
anomaly value (AO3) for that year, which represents the os-
cillation of the O3 concentration value caused by the change
in the intensity of the SWP k in year m. Hegarty et al. (2007)
used the average sea level pressure value in the classifica-
tion area to represent the SWP intensity change factor. Liu et
al. (2019) used the same method to construct the annual O3
variation series in North China, but used the lowest pressure
value in the classification area as the SWP intensity factor.

Since the characteristic changes of each SWP that lead to
the increase in O3 concentration are different, when defin-
ing the SWP intensity factor, it is necessary to consider the
unique change characteristics that lead to the increase in O3
concentration for each SWP. To better describe the changes
in SWP intensity, we selected the average, maximum, and
minimum geopotential heights of different regions based on
meteorological characteristics and the location of weather
systems. The region with the largest correlation coefficient
with the annual O3 variation series was defined as the SWP
intensity factor under that pattern. This part is explained
in detail in Sect. 3.4.1. We select the SWP intensity fac-
tor in SWP1 as the maximum geopotential height in zone 7
(110-130°E, 20-35°N); SWP2 as the maximum geopoten-
tial height in zone 2 (90-140°E, 20-50° N); SWP3 as the
minimum geopotential height in zone 9 (110-130°E, 20—
40°N); and SWP4 as the minimum geopotential height in
zone 4 (110-130°E, 25-40° N).

2.4 CMIPS6 future climate scenario data

Based on 18 models of the Sixth International Coupled
Model Intercomparison Project (CMIP6) and the ERAS
dataset, a bias-corrected global dataset was constructed (Xu
et al., 2021). The dataset covers the historical period from
1979 to 2014 and the future climate scenarios from 2015 to
2100, with a horizontal grid spacing of 1.25° x 1.25° and
a time interval of 6 h. Considering that O3 pollution often
occurs under extreme weather conditions, the more extreme
SSP5-8.5 scenario was selected for this study. This scenario

Atmos. Chem. Phys., 25, 14573—14590, 2025

M. Xi et al.: The impact of tropical cyclones on regional ozone pollution and its future trend

is a high-forcing scenario, and the radiative forcing stabi-
lizes at 8.5Wm~2 by 2100. In addition, as China imple-
ments more and more energy-saving and emission reduction
measures, especially with the establishment of carbon peak
and carbon neutrality goals, future greenhouse gas emissions
are expected to be effectively controlled. Therefore, the rel-
atively mild SSP2-4.5 scenario was selected for comparison.
This scenario is a moderate forcing scenario, and the radia-
tive forcing stabilizes at 4.5 Wm™2 by 2100. We use the
geopotential height field at 850 hPa from June to September
during 2018 to 2022 (historical period), 2030 (carbon peak),
2035 (beautiful China), 2060 (carbon neutrality), and 2100
as the input for the PTT to classify weather patterns.

3 Results and discussions

3.1 Characteristics of Oz pollution in the YRD

Figure 1 shows the monthly variation trend of ground-level
O3 concentrations and meteorological conditions (solar ra-
diation, temperature, precipitation, and relative humidity) in
the YRD from 2018 to 2022. It can be seen that the inter-
month variations of O3 concentrations present an M-shaped
pattern. From January to June, as the temperature rises and
solar radiation increases, the O3 concentration rises signifi-
cantly and reaches the first peak (133.36 uyg m—>). However,
the increased precipitation and higher humidity in July ex-
ert a notable wet scavenging effect on O3 precursors. O3
concentration increases again and reaches the second peak
(126.38 ugm™3) in September. From October to December,
as the temperature gradually decreases and solar radiation
weakens, the O3 concentration shows a continuous down-
ward trend, and reaches the lowest value of 54.17 uygm™3
of the year in December. The O3 concentration shows obvi-
ous seasonal changes throughout the year. In summer, higher
temperatures, stronger solar radiation, and longer sunshine
duration jointly enhance atmospheric photochemical reac-
tions, thereby significantly increasing the O3 concentration.
In winter, lower temperatures, weaker solar radiation, and
shorter sunshine duration lead to a significant weakening of
photochemical reactions, which is not conducive to the gen-
eration of O3. From the kernel density curve, it can be seen
that the distribution in summer months is wider, indicating
that the O3 concentration fluctuates greatly, while the dis-
tribution in winter months is narrower, indicating that the O3
concentration changes are relatively stable in winter. This pe-
riodic variation reflects the high sensitivity of O3 concentra-
tion in the YRD to meteorological conditions (temperature,
solar radiation, humidity, wind speed, etc.), which affect the
rate of photochemical reactions and thus affect the generation
of O3.

O3 pollution in the YRD is concentrated in warm months
of the year. We analyzed the temporal distribution of O3 con-
centrations in representative cities in the YRD (Shanghai,
Nanjing, Hangzhou, and Hefei) from April to September dur-
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Figure 1. Inter-monthly variations in mean O3 concentrations and associated meteorological conditions in the YRD from 2018 to 2022.
(a) The monthly variation of O3 concentrations is shown, with the red trend line representing the monthly mean values and the individual
monthly concentrations labeled. (b—c) The variation trends of solar radiation, temperature, precipitation and relative humidity during the
same period. (The shaded area in the violin plot represents the kernel density curve, with the three black lines indicating the 25th percentile,

the mean, and the 75th percentile, respectively.)

ing 2018-2022 (Fig. 2). Since TCs mainly occur after June,
O3 pollution is often associated with TC activity. During the
same TC period, the O3 concentrations in Shanghai, Nanjing,
Hangzhou, and Hefei were different, but the temporal trends
were similar. TCs have a certain impact on the changes in
O3 concentrations in the YRD. According to the evolution
and trajectory of TC weather, TCs affecting China are pri-
marily from the northwest Pacific Ocean (Zhan et al., 2020;
Wang et al., 2024a). As they develop and move, these TCs
will have a significant impact on O3 concentrations in China
(Xi et al., 2025). At this time, the YRD is located on the
periphery of the TCs. Under the control of the periphery of
the TCs, the strong downward airflow will make the YRD
in stagnant weather conditions and inhibit the diffusion of
pollutants (Shu et al., 2016), accompanied by high temper-
ature, clear and dry weather conditions, which are the main
weather conditions causing O3 pollution. With the evolution
of TC weather system, when the TCs center gradually ap-
proaches the YRD until it is within a certain range, the YRD
is no longer under the influence of the periphery of the TCs
and comes under the control of the TC wind and rain belt.
Strong winds and precipitation can significantly cleanse air
pollutants, and thereby reduce O3 concentrations. After TCs
dissipate, O3 pollution levels may rise again due to restored
meteorological conditions conducive to O3 formation (Zhan
et al., 2020). These results suggest that TCs can significantly
affect O3 pollution in the YRD, highlighting the importance
of implementing O3 control measures prior to TC landfall.

https://doi.org/10.5194/acp-25-14573-2025

3.2 Main synoptic weather patterns in the YRD

Based on the analysis of O3 variation characteristics in the
YRD, O3 concentrations were generally high from June to
September, coinciding with the peak season of TC activ-
ity. We selected June to September during 2018-2022 as
the research period and used the PTT weather classifica-
tion method to classify the weather situation. SWPs in the
YRD during this period were primarily divided into four cat-
egories. As shown in Table 1, SWP1 is the main SWP, oc-
curring on 383 d and accounting for 62.79 % of the period.
SWP2 and SWP4 followed, occurring on 81 and 80d, re-
spectively, with frequencies of 13.28 % and 13.11 %. SWP3
was less frequent, occurring on 10.82 % of days. Specifically,
SWP1 was mainly influenced by the southwesterly flow in-
troduced by the WPSH and the northeast China low, SWP2
by northwesterly flow introduced by a continental high and
the northeast China low, SWP3 by southeasterly flow intro-
duced by the WPSH, and SWP4 by northeasterly flow intro-
duced by the WPSH and TCs.

Statistics of average O3 concentrations and meteorolog-
ical factors under each SWP indicate that SWP4 had the
lowest average O3 concentration (115.07 uygm™?), whereas
SWP2 had the highest value (132.36 ugm™3). O3 concen-
trations during SWP1 and SWP3 were similar, at 123.81
and 123.28 ugm™3, respectively. However, significant dif-
ferences in O3 concentrations were observed among SWPs
during the same period, highlighting the strong influence
of circulation patterns on O3z pollution levels. SWP1 ex-
hibited higher temperatures (27.12 °C), favoring increased
O3 concentrations. SWP2 was influenced by dry northwest-

Atmos. Chem. Phys., 25, 14573—14590, 2025
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Figure 2. Changes in O3 concentration in Shanghai, Nanjing, Hangzhou, and Hefei from April to September in 2018 to 2022. The gray
shadows mark the time of impact of the TCs weather that landed, and the red dots are O3-polluted days.

Table 1. The occurrence days and frequencies of various SWPs in the YRD from 2018 to 2022, average O3 concentrations and meteorological

factors associated with each SWP.

Type Number of days O3 concentration  Temperature Relative humidity =~ Wind speed

(frequency) (ngm™) (°C) (%) (ms~1)
SWP1 383 (62.79 %) 123.81 27.12 80.80 2.19
SWP2 81 (13.28 %) 132.36 25.00 76.74 2.03
SWP3 66 (10.82 %) 123.28 25.68 78.53 2.11
SWP4 80 (13.11 %) 115.07 26.61 80.03 2.64

erly airflow, exhibiting lower humidity (76.74 %) and slower
wind speed (2.03ms™!), which hindered air pollutant dis-
persion and resulted in higher O3 concentrations. SWP3 was
characterized by lower humidity (78.53 %) and slower wind
speed (2.11ms~!), which were key factors contributing to

Atmos. Chem. Phys., 25, 14573—14590, 2025

increased O3 concentration. Under SWP4, though TCs far
from the coastline could lead to regional O3z pollution (in
Sect. 3.3.2), the landfalling TCs could bring strong winds and
rainstorms, increasing humidity (80.03 %) and wind speed
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(2.64 ms~ 1), which resulted in lower average O3 concentra-
tions.

Figure 3 illustrates the three-dimensional atmospheric cir-
culation structures of SWP1, SWP2, and SWP3. For SWP1,
at 850hPa, the YRD was located northwest of the WPSH
and south of the northeast China low. This influence was
controlled by southwesterly flow, which was jointly guided
by the WPSH and the northeast China low (Fig. 3a). Warmer
southerly winds promoted temperature increases in the YRD,
and elevated temperatures enhanced photochemical reactions
producing O3. At sea level, the WPSH shifted northeastward,
influencing the YRD through southerly flow (Fig. 3d). These
southerly winds transported pollutants from the PRD to the
YRD. The combined effects of enhanced photochemical re-
actions and interregional advection contributed to elevated
O3 concentrations in the YRD under SWP1. At 500 hPa, the
YRD was dominated by straight westerly flows (Fig. 3g), in-
dicating intensified subsidence.

For SWP2, the YRD was located east of the continental
high and southwest of the northeast China low. This influ-
ence was driven by northwesterly flow, which was jointly
guided by the continental high and the northeast China low
(at 850 hPa, Fig. 3b). These dry northwesterly winds signif-
icantly reduced relative humidity in the region. At sea level,
the YRD was primarily controlled by the continental high
(Fig. 3e). At 500 hPa, downward airflow strengthened over
the northern YRD behind the trough (Fig. 3h). The signif-
icantly lower relative humidity and slower wind speeds fa-
vored the formation and accumulation of O3, ultimately lead-
ing to increased O3 concentrations under this pattern.

For SWP3, at 850hPa, the YRD was located southwest
of the WPSH and was controlled by southeasterly flow at
its southern edge (Fig. 3c). This southeasterly airflow from
the ocean increased regional humidity and lowered temper-
atures. At sea level, the WPSH shifted northward, and the
YRD was affected by easterly winds controlled by a tropi-
cal depression (Fig. 3f). At 500 hPa, the YRD was located
near the edge of the WPSH or close to a low-pressure trough
(Fig. 3i). As the WPSH weakened and retreated eastward, its
intensity and position suppressed convective activity, lead-
ing to a dominant downdraft. This downdraft, combined with
lower horizontal wind speeds, hindered the diffusion of pol-
lutants, resulting in increased O3 concentrations.

3.3 The important role of TCs on regional Oz pollution

3.3.1 The impact of TC weather pattern (SWP4) on O3
pollution in the YRD

Figure 4 illustrates the three-dimensional atmospheric circu-
lation structure under the TC weather pattern (SWP4). For
the TC weather pattern, similar circulation conditions were
observed at 850 hPa (Fig. 4a) and at sea level (Fig. 4b). The
YRD was located northwest of the TCs and was controlled by
northeasterly flow guided by the TCs. The direction and in-

https://doi.org/10.5194/acp-25-14573-2025

14579

tensity of the northeast wind had a significant impact on me-
teorological conditions and pollutant transport in the YRD.
At 500 hPa, the region was dominated by westerly or north-
westerly flow (Fig. 4c). Meanwhile, the peripheral down-
ward airflow associated with lower-level TCs (Fig. 4d) led
to a more stagnant atmosphere over the YRD. As the TC ap-
proaches the YRD, strong northeasterly flow increased clean
sea airflow transportation to the region, lowered temperatures
and increased humidity, creating unfavorable meteorological
conditions for photochemical reactions. Furthermore, higher
wind speeds facilitated air pollutant elimination, leading to a
decrease in O3 concentrations in the region (Table 1).

3.3.2 Changes of atmospheric circulation field with
different O3 pollution levels under TC weather
pattern

To better explore the relationship between O3 pollution and
the TC weather pattern (SWP4), O3z pollution was further
classified into clean type (C), local pollution type (LP), and
regional pollution type (RP) based on pollution character-
istics. RP was defined as all days when more than 20 %
(>5) of the 26 cities in the YRD recorded a maximum
daily O3 concentration exceeding 160 ugm~>, LP was de-
fined as all days when fewer than 20 % (< 5) of the 26 cities
in the YRD recorded a maximum daily O3 concentration
exceeding 160 ugm™3, and C included the remaining days
not classified as LP or RP. Table 2 presents the number of
days and frequencies of C, LP, and RP under SWP4. The
frequencies of SWP4_C, SWP4_LP, and SWP4_RP were
56.25 %, 18.75 %, and 25.00 %, respectively. The average O3
concentrations under these three types were 93.46, 126.97,
and 161.19 ugm™3. The clean type occurred more than half
the time, contributing to the lower average O3 concentra-
tion (115.07 uygm~>) under SWP4 (Table 1). Under the TC
weather pattern, meteorological factors corresponding to dif-
ferent O3 pollution characteristics varied significantly (Ta-
ble 2). As pollution levels increased, regional air tempera-
tures gradually rose, relative humidity decreased, and sur-
face wind speeds decreased significantly. These high temper-
atures, low humidity, and low wind speeds created favorable
conditions for O3 formation and accumulation. Higher tem-
peratures accelerated photochemical reactions, thereby pro-
moting O3 production. Low humidity reduced the inhibitory
effect of water vapor on photochemical reaction chains, fa-
voring further O3 accumulation. Reduced wind speeds led
to poor atmospheric diffusion, hindering the dilution and
transport of precursors and O3. Overall, as pollution levels
increased, meteorological conditions under the TC weather
pattern gradually became more favorable for O3 formation
and accumulation.

Figure 5 illustrates the structural characteristics of the
three-dimensional atmospheric circulation fields correspond-
ing to different O3 pollution levels (SWP4_C, SWP4_LP, and
SWP4_RP) under SWP4. For SWP4_C, at 850 hPa, the YRD
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Figure 3. The average weather conditions in SWP1, SWP2 and SWP3, including an 850 hPa geopotential height field superimposed on wind
field (a—c), sea level pressure field superimposed on 1000 hPa wind field (d—f), a 500 hPa geopotential height field superimposed on wind
field (g—i). In panels (a)—(i), shading represents geopotential height and color vectors represent wind with temperature. The black frame in
panels (a)—(i) includes the YRD.

Table 2. The number of days and frequency of occurrence of clean type (C), local pollution type (LP), and regional pollution type (RP) under
each SWP, average O3 concentrations and meteorological factors associated with each type.

Type Number of days O3 concentration Temperature Relative humidity =~ Wind speed
(frequency) (ngm=3) C) (%) (ms~!)

SWP4  SWP4_C 45 (56.25 %) 93.46 25.57 82.06 2.98
SWP4_LP 15 (18.75 %) 126.97 27.14 79.28 2.65
SWP4_RP 20 (25.00 %) 161.19 28.54 76.03 1.87

was controlled by the TCs (Fig. 5a). The TCs brought strong occurred in the lower atmosphere, favoring pollutant disper-
winds and rainstorms to the YRD, which were not con- sion. Consequently, clean days were observed in the YRD
ducive to the accumulation of air pollutants or to O3 forma- under the influence of TCs. For the local and regional pol-
tion via photochemical reactions. Simultaneously, high wind lution patterns (SWP4_LP and SWP4_RP), TCs were gen-
speeds and rainfall facilitated pollutant removal. When the erally 500-1000km from the YRD coastline (Fig. 5e and
TCs made landfall in the YRD (Fig. 5d), significant updrafts f). Previous studies have shown that downdrafts caused by
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Figure 4. The average weather conditions in SWP4, including an 850 hPa geopotential height field superimposed on wind field (a), sea level
pressure field superimposed on 1000 hPa wind field (b), a 500 hPa geopotential height field superimposed on wind field (c), height-latitude
cross-sections of vertical velocity (unit: 1072 Pas~!) between 25 and 40° N (d). In panels (a)—(c), shading represents geopotential height
and color vectors represent wind with temperature. The black frame in panels (a)—(c) and the vertical line area in panel (d) includes the YRD.

the outer airflow of TCs before landfall led to more stable
atmospheric conditions (Zhan et al., 2020; Zhan and Xie,
2022). Under SWP4_LP and SWP4_RP, the YRD experi-
enced higher temperatures and lower humidity (Table 2).
These meteorological conditions favored O3 formation, lead-
ing to the occurrence of O3 pollution events.

For SWP4_LP, the warm high pressure over North China
weakened, and the TC shifted westward, closer to the coast-
line (Fig. 5e). At 850 hPa, pollutant air masses from the PRD
were transported to the YRD, but were diluted by clean air
from the ocean (Fig. 5b). Compared to SWP4_RP, SWP4_LP
had stronger winds and higher relative humidity (Table 2).
Consequently, O3 pollution in the YRD was slightly lower
under SWP4_LP than under SWP4_RP. For SWP4_RP, the
warm high pressure over North China weakened further, and
the TC shifted eastward compared to SWP4_LP (Fig. 5c).
The YRD was dominated by strong downdrafts induced by
the peripheral flows of the TC (Fig. 5f). This downdraft re-
inforced stagnant weather, suppressed convective activity,
and hindered pollutant dispersion (Shu et al., 2016; Xi et
al., 2025). Combined with meteorological analysis in Ta-
ble 2, the temperature in the YRD under SWP4_RP was

https://doi.org/10.5194/acp-25-14573-2025

higher (28.54 °C), the relative humidity was lower (76.03 %),
and the wind speed was slower (1.87ms™ 1), all of which
favored photochemical reactions and limited pollutant dis-
persion. Furthermore, downdrafts induced by the peripheral
flows of the TC promoted pollutant accumulation, signifi-
cantly increasing the frequency of O3 pollution. In summary,
when the TC was located at 130—-135°E and 20-30° N, the
YRD was influenced by its sinking airflow, facilitating the
formation of O3 pollution.

3.4 To what extent TCs impact regional O3 pollution in
the YRD

3.4.1 The role of changes in the intensity and frequency
of SWPs in the reconstruction of the annual

variation series of Og

Different dominant SWPs produced varying near-surface
meteorological conditions, which in turn affected atmo-
spheric processes such as O3 photochemical production,
transport, diffusion, and wet and dry deposition. Changes in
the frequency and intensity of SWPs were two key factors in-

Atmos. Chem. Phys., 25, 14573-14590, 2025
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Figure 5. The average weather conditions in SWP4_C (a, d, g), SWP4_LP (b, e, h), and SWP4_RP (¢, f, i), including an 850 hPa geopotential
height field superimposed on wind field (a—c), sea level pressure field superimposed on 1000 hPa wind field (d—f), a 500 hPa geopotential
height field superimposed on wind field (g—i). The shading represents geopotential height, black vectors represent wind and the black frame

includes the YRD, and the red asterisk in panels (d)—(f) indicates the location where the TCs made landfall.

fluencing O3 concentration variations. We reconstructed the
annual time series of O3 concentrations from June to Septem-
ber between 2018 and 2022 by considering only changes in
SWP frequency (fre) and changes in both SWP intensity and
frequency (fre + int). In our study, we first removed the in-
fluence of emission sources on O3 concentrations based on
the results of Yan et al. (2024). Subsequent analyses were
conducted using O3 concentration series that were free from
emission source influences. Using the O3 trend reconstruc-
tion method, we quantified the contribution of SWPs to an-
nual variations in O3 concentrations from June to September.

Figure 6 illustrates the annual variations of reconstruction
O3 concentrations from June to September during 2018 to
2022. When only changes in SWP frequency were consid-
ered, the reconstructed time series was relatively flat and
did not adequately capture the variation trend of O3 con-

Atmos. Chem. Phys., 25, 14573—-14590, 2025

centrations. Therefore, changes in SWP frequency had min-
imal impact on the annual variation of O3. When changes
in SWP intensity were considered, the reconstructed series
more closely resembled the original annual variation series.
Therefore, compared to changes in SWP frequency, changes
in SWP intensity contributed more to variations in O3 con-
centration. To accurately assess the impact of both SWP fre-
quency and intensity on annual O3 variation, we quantita-
tively calculated their contributions. The contribution index
was defined as the ratio of the interannual variation ampli-
tude of the reconstructed series to that of the original series,
i.e., (O3max of the reconstructed series — O3, of the recon-
structed series) / (O3max of the original series — O3y, of the
original series). When only changes in SWP frequency were
considered, their contribution to the interannual variation
was 10.05 %. When changes in SWP intensity were addi-
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Figure 6. The trend of the interannual O3 concentration time series
from June to September during 2018 to 2022 in the YRD. The blue
line represents the original interannual O3 time series, whereas the
green and red lines represent the trends of reconstructed O3 con-
centrations according to the frequency-only and both frequency and
intensity of SWP changes, respectively.

tionally included, the contribution increased to 69.66 %. This
indicates that, compared with changes in SWP frequency,
changes in SWP intensity played a more important role in
driving interannual variations in O3 concentrations.

In reconstructing the time series of annual O3 concentra-
tions, we found that the definition of the SWP intensity factor
played a crucial role in the reconstruction. Previous studies
reconstructed the annual O3 concentration series by defin-
ing the SWP intensity factor as either the regional mean sea
level pressure or the regional minimum pressure (Hegarty et
al., 2007; Liu et al., 2019). However, this definition showed
poor correlation between the SWP intensity factor and the
annual O3 concentration series for certain SWPs. Therefore,
we defined the SWP intensity factor for each SWP based on
its specific meteorological characteristics, selecting the max-
imum, minimum, and mean geopotential heights across nine
zones, and evaluated its validity by calculating the correla-
tion coefficient with the annual O3 variation series (Table 3).
For SWP1 and SWP2, the maximum geopotential heights in
zone 7 and zone 2 were highly correlated with the annual O3
variation series. For SWP3 and SWP4, the minimum geopo-
tential heights in zone 9 and zone 4 were highly correlated
with the annual O3 variation series. The maximum geopoten-
tial height reflects regional wind speeds, which determine the
amount of water vapor transported into the region. Compared
with SWP1, SWP2 has a larger weather system scale, so the
maximum geopotential height in zone 2 shows a stronger cor-
relation with the O3 series than that in zone 7. For SWP4,
the YRD was affected by TCs, and O3 concentrations were
closely related to TC intensity. The minimum geopotential
height in zone 4 reflects the TC intensity. When the SWP
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intensity factor was defined based on the unique meteoro-
logical characteristics of each SWP, the reconstructed series
more accurately reflected the impact of changes in SWP in-
tensity on O3 concentrations.

3.4.2 Changes in TCs and the effects on O3
concentration over the YRD in the future

After clarifying the relationship between SWPs and O3 pol-
lution, future trends of O3 concentrations under different sce-
narios were estimated based on projected changes in SWPs.
Due to its unique geographical location, the YRD was subject
to relatively complex weather systems. The PTT method was
used to classify the weather conditions in the YRD from June
to September under the SSP2-4.5 and SSP5-8.5 scenarios
into four main categories. SWP1 was mainly controlled by
southwesterly flow associated with the WPSH and the north-
east China low, SWP2 by northwesterly flow associated with
a continental high and the northeast China low, SWP3 by
southeasterly flow associated with the WPSH, and SWP4 by
northeasterly flow associated with the WPSH and TCs. Fig-
ure 7 illustrates the distribution of days for each SWP from
June to September in the YRD during the historical period
and under the SSP2-4.5 and SSP5-8.5 future scenarios. Ac-
cording to the average O3 concentration of each SWP during
the historical period (Table 1), SWP1 and SWP2 with higher
O3 concentrations are classified as high-average O3 patterns.
The average annual number of days during the historical pe-
riod was 92.8. The high-average O3 pattern occurred most
frequently in 2022, with 98 d and higher O3 concentrations.
This confirms that changes in SWP frequency, which charac-
terize specific O3 concentration patterns, could influence O3
concentration trends to a certain extent (Hegarty et al., 2007).
Under the SSP2-4.5 scenario, the frequencies of SWP1
to SWP4 were 57.79 %, 19.67 %, 6.76 %, and 15.78 %, re-
spectively (Fig. 10). High-average O3 pattern occurred on
93, 99, 96, and 90d in 2030, 2035, 2060, and 2100, respec-
tively, showing a general increasing trend, with the peak oc-
curring in 2035. These results suggest that, considering only
changes in SWP frequency, O3 concentrations would reach
a maximum in 2035 under the SSP2-4.5 scenario. Under
the SSP5-8.5 scenario, the frequencies of SWP1 to SWP4
were 50.82 %, 23.98 %, 7.17 %, and 18.03 %, respectively
(Fig. 10). High-average O3 pattern will occur on 99, 90, 82,
and 94 d in 2030, 2035, 2060, and 2100, respectively, un-
der the SSP5-8.5 scenario, with the number of days increas-
ing in 2030 and 2100. This also suggests that, considering
only changes in SWP frequency, O3 concentrations would
increase in 2030 and 2100 under the SSP5-8.5 scenario.
Due to the frequent occurrence of TCs in the YRD from
June to September, they not only brought extreme weather
events but also had a significant impact on regional O3 pol-
Iution. We further examined changes in the number of days
under the TC weather pattern (SWP4). During the histori-
cal period (2018-2022), the annual average number of days

Atmos. Chem. Phys., 25, 14573—14590, 2025
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Table 3. Correlation coefficients between the O3 concentration time series and different SWP intensity factors under each SWP.

Type Zone 1 Zone 2 Zone 3
(115-135°E, 20-40°N) (90-140° E, 20-50° N) (110-130°E, 10-40°N)
Mean Max Min | Mean Max Min | Mean Max Min
SWP1 —-0.62 —-0.72 —-0.41 | —0.69 0.26 045 | —0.59 -0.76 0.17
SWP2 —-0.65 -0.87 —-045 | —047 —-088 —0.09 | —0.60 —-0.84 —0.53
SWP3 —-041 —-0.67 0.72 0.10 —-0.17 043 | —-0.11 —0.60 0.75
SWP4 0.15 -0.32 0.36 0.26 0.01 0.32 0.33 —0.38 0.49
Type Zone 4 Zone 5 Zone 6
(110-130°E, 25-40°N) (100-120°E, 15-35°N) (110-120°E, 15-35°N)
Mean Max Min ‘ Mean Max Min ‘ Mean Max Min
SWP1 -0.67 —-0.80 —0.02 | —0.33 0.37 0.05 | —0.60 —0.82 0.10
SwpP2  -047 -0.73 —-044 | -036 —-059 -0.19 | —048 —-0.65 —0.29
SWP3 —-0.19 —-0.60 0.46 0.34 0.31 0.67 0.29 —-0.29 0.85
SWP4 031 —-0.32 0.64 048 —0.02 0.55 0.47 0.26 0.55
Type Zone 7 Zone 8 Zone 9
(110-130°E, 20-35°N) (115-135°E, 30-50°N) (110-130°E, 20-40°N)
Mean Max Min ‘ Mean Max Min ‘ Mean Max Min
SWP1 —-0.53 —-0.83 0.06 | —040 —0.73 042 | —0.61 —0.76 0.09
SwpP2  -0.54 -0.79 -0.25 | -031 —-0.72 0.03 | —0.56 —-0.77 —-0.50
SWP3 0.02 —-0.69 0.86 | —0.25 —0.64 0.33 | —0.08 —0.60 0.87
SWP4 0.50 —-0.21 049 | —0.19 —-0.03 —-0.15 0.39 —-0.30 0.48
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Figure 7. Distribution of the number of days of occurrence of each SWP in the YRD from June to September under the historical period

(2018-2022), SSP2-4.5, and SSP5-8.5 future scenarios.

with TC weather pattern in the YRD was 16 (Fig. 8). Under
the SSP2-4.5 future scenario, this number increased to 19,
17,21, and 20d in 2030, 2035, 2060, and 2100, respectively.
This indicates that the number of days with TC weather pat-
tern increased to varying degrees, with the lowest number of
days in 2035. Under the SSP5-8.5 future scenario, this num-
ber increased to 18, 19, 30, and 24 d in 2030, 2035, 2060, and

Atmos. Chem. Phys., 25, 14573-14590, 2025

2100, respectively. Similarly, under the SSP5-8.5 future sce-
nario, the number of days with the TC weather pattern in the
YRD increased to varying degrees. Overall, the frequency of
TCs affecting O3 concentrations in the YRD increased sig-
nificantly under both future scenarios.
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Figure 8. Occurrence days of TCs SWP under the historical period,
SSP2-4.5 and SSP5-8.5 future scenarios in the YRD from June to
September.

3.4.3 Reconstruction of annual Oz variability in the YRD
under future scenarios

Based on the SWP classification results and the reconstructed
empirical relationships, statistical projections of the annual
O3 concentration series from June to September were made
for the SSP2-4.5 and SSP5-8.5 scenarios. Figure 9 compares
the reconstructed annual O3 concentration series from June
to September with the historical period. When considering
only changes in SWP frequency, the reconstructed O3 se-
ries under the SSP2-4.5 scenario peaked in 2035. The re-
constructed O3 series under the SSP5-8.5 scenario increased
in 2030 and 2100, consistent with the conclusions drawn in
Sect. 3.4.2. However, overall, the reconstructed series from
2018 to 2022 indicated that changes in SWP frequency had
little impact on the annual O3 variation, and the reconstruc-
tion could not accurately capture the actual trend. After in-
corporating changes in the SWP intensity factor, the recon-
structed annual O3 series more closely reflected the actual
trend.

The average O3 concentration in the YRD from June to
September during 2018 to 2022 was 123.89 uygm~3. Under
the SSP2-4.5 scenario, O3 concentrations in the YRD are
projected to increase relative to the historical period (Fig. 9a),
with an average increase of approximately 1.88ugm™3.
Based on the reconstructed contribution of SWP changes,
future O3 concentrations in the YRD are estimated to be
2.70 uygm~3 higher than in the historical period. Under the
SSP5-8.5 scenario, O3 concentrations are projected to in-
crease relative to the historical period (Fig. 9b), reach-
ing 133.80ugm™3 in 2100, an increase of approximately
6.86ugm™>. Based on the reconstructed contribution of
SWP changes, future O3 concentrations in the YRD are esti-
mated to be 9.85 ug m~3 higher than in the historical period.
In summary, under both the SSP2-4.5 and SSP5-8.5 future
climate scenarios, O3 concentrations in the YRD are pro-
jected to increase from June to September, with more severe
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O3 pollution under the SSP5-8.5 scenario. Previous studies
based on CMIP6 multi-model simulations have shown that
surface O3 concentrations are projected to decrease in re-
sponse to reductions in anthropogenic emissions, although
the magnitude and spatial distribution of changes vary among
scenarios (Turnock et al., 2020; Li et al., 2023). The trends
revealed in this study are generally consistent with those of
previous studies, lending confidence to the robustness of our
findings.

Figure 10a shows the contribution of each SWP to the re-
constructed series of future O3 concentrations in the YRD
from June to September under the SSP2-4.5 and SSP5-8.5
scenarios. We focus on the contribution of the TC weather
pattern (SWP4) to the reconstructed O3 concentration series
under different scenarios (Fig. 10b). During the historical pe-
riod (2018-2022), the TC weather pattern contributed an av-
erage of 13.11 % to O3 concentrations in the YRD. Under the
SSP2-4.5 scenario, the contributions of the TC weather pat-
tern in 2030, 2035, 2060, and 2100 were 15.57 %, 13.93 %,
17.21 %, and 16.39 %, respectively. The frequency of the TC
weather pattern in the YRD in 2035 was lower, resulting in
a lower contribution of the TC weather pattern to O3 con-
centrations in that year. Under the SSP5-8.5 scenario, the TC
weather pattern contributes 14.75 %, 15.57 %, 24.59 %, and
19.67 % to O3 changes in 2030, 2035, 2060, and 2100, re-
spectively. Under both the SSP2-4.5 and SSP5-8.5 scenarios,
the contribution of the TC weather pattern to O3 pollution
increases to varying degrees compared with the historical
period. This suggests that under future climate change, the
impact of TC weather pattern on O3 pollution in the YRD
may intensify. Further research is needed on the relationship
between key SWPs, such as TC weather pattern, and O3 for-
mation mechanisms to more accurately predict and mitigate
regional O3 pollution under future climate conditions.

4 Conclusions

This study investigates the impact of meteorological condi-
tions on O3 pollution and future trends in the YRD, with
a particular focus on the influence and mechanisms of TCs
on O3 pollution. The spatial distribution and temporal vari-
ation of O3 pollution during TC events in the YRD from
2018 to 2022 were analyzed. The PTT objective classifica-
tion method was applied to identify the main SWPs in the
YRD from June to September 2018-2022 and assess their in-
fluence on varying levels of O3 pollution. Finally, using the
reconstructed empirical relationship, the annual variation of
O3 concentrations in the YRD from June to September under
future scenarios was statistically projected, and the contribu-
tion of TCs to future O3 changes was quantified. The main
findings are summarized as follows.

Analysis of O3 pollution characteristics in the YRD from
2018 to 2022 indicates that inter-month variations of O3 con-
centrations exhibit an M-shaped pattern. Peaks generally oc-
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cur in June and September, with O3 concentrations show-
ing substantial fluctuations during summer. During TC activ-
ity from 2018 to 2022, O3 pollution in typical YRD cities
exhibited similar temporal trends, generally increasing ini-
tially and then decreasing, closely associated with the trajec-
tory and center position of the TCs. When the TC center ap-
proaches the YRD, regional O3 concentrations decrease due
to strong winds and rainfall, facilitating atmospheric pollu-
tant removal. Conversely, when TCs are in their formation or
dissipation stages, or their peripheral airflows influence the
YRD, high temperatures, clear skies, and dry conditions fa-
vor O3 formation and accumulation.

Using the PTT objective classification method, four main
SWPs were identified in the YRD from June to September
2018-2022. SWPI is mainly controlled by the southwest-
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erly flow introduced by the WPSH and the northeast China
low, SWP2 by northwesterly flow introduced by a continen-
tal high and the northeast China low, SWP3 by southeasterly
flow introduced by the WPSH, and SWP4 by northeasterly
flow introduced by the WPSH and TCs. SWP1 is the dom-
inant SWP, occurring 62.79 % of the time, whereas the TC
weather pattern (SWP4) occurs 13.11 % of the time. SWP2
is influenced by dry northwesterly flow, exhibiting lower
humidity (76.74 %) and slower wind speeds (2.03ms™!),
which hinder pollutant dispersion and lead to higher O3
concentrations. Under SWP4, TCs bring strong winds and
rainstorms, increase humidity (80.03 %), and enhance wind
speeds (2.64ms™!), resulting in lower average O3 concen-
trations.
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To investigate the interaction mechanisms between TC
weather patterns and Oz pollution, three pollution levels,
clean type (C), local pollution (LP), and regional pollution
(RP), were defined based on O3 characteristics, and the cor-
responding atmospheric circulation features were analyzed
in detail. For SWP4_C, TCs make landfall in the YRD,
bringing strong winds and rainstorms that inhibit O3 accu-
mulation and maintain clean air conditions. In contrast, un-
der the SWP4_LP and SWP4_RP, downdrafts induced by
the peripheral airflows of TCs that have not yet made land-
fall led to more stagnant atmospheric conditions. Elevated
temperatures and weak winds over the YRD create condi-
tions highly favorable for O3 formation. The mean O3 con-
centrations for these three categories were 93.46, 126.97,
and 161.19 ugm™3. The clean type occurred more than half
the time, contributing to the lower mean O3 concentration
(115.07 uygm~3) under the SWP4. When the TC centers are
located at 130-135°E and 20-30° N, the YRD is influenced
by downdrafts from the peripheral flows of the TCs, facilitat-
ing the formation of high-concentration O3 pollution.

The SWP intensity and frequency contribute 10.05 % and
69.66 % to the annual O3 variation series, respectively. Com-
pared to frequency, intensity variations have a more signif-
icant impact on O3 variation. Classification of SWPs from
June to September under the SSP2-4.5 and SSP5-8.5 future
scenarios shows that the number of days with TC weather
pattern has increased to varying degrees, and the duration of
TCs impacts will increase in the future. SWP intensity fac-
tors are defined based on the meteorological characteristics
and location of each SWP, and a statistical estimate of the
O3 concentration variation series from June to September in
the YRD under future scenarios is made using data recon-
struction methods. Under the SSP2-4.5 and SSP5-8.5 future
scenarios, O3 concentrations increase by an average of 1.88
and 6.86 ugm—> compared to the historical period. Based on
their reduction contributions, the increase is expected to be
2.70 and 9.85ugm™>. Under the two future scenarios, the
contribution of TC weather pattern to O3z pollution has in-
creased to varying degrees compared with the historical pe-
riod, indicating that the impact of TC weather pattern on O3
pollution in the YRD may be further intensified in the future.

In summary, O3 pollution in the YRD is on the rise, and
summer O3 pollution is often related to TC activities, and
often occurs before and after TC activities. Through the re-
search of this article, we have deepened our understanding of
the mechanism of TCs on regional O3 pollution. In addition,
under the background of global warming, the intensity and
duration of TC generation will increase, which will have a
serious impact on China’s coastal areas. Compared with the
direct damage caused by landfalling TCs, the secondary dis-
asters caused by them, such as O3 pollution, should also be
taken seriously. The research results have important scientific
significance and practical application value for the in-depth
understanding of the formation mechanism of O3 pollution
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in the YRD, formulating targeted pollution prevention and
control strategies, and improving regional air quality.
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