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Abstract: The ozone levels over eastern China show a distinct two-stage process, with
an inter-seasonal low (ISL) between May and September, unlike other polluted northern
low-to-mid-latitude regions. The timing and progression of this low from southern to
northern China align with the East Asian summer monsoon (EASM). The EASM leads to
a decrease (AISL1) during the first stage and an increase (AISL2) during the second stage.
The response varies by region, with the AISL1 (25 to 60 ppbv) greater than the AISL2 (20 to
30 ppbv) in the North China Plain (NCP), and the AISL1 (20 to 35 ppbv) less than the AISL2
(35 to 55 ppbv) in the Pearl River Delta (PRD). The ozone levels are inversely related to the
monsoon index (MI) during stage 1 (r = —0.69, p < 0.05), while during stage 2, the ozone
levels are anticorrelated with the maximum MI in the NCP and PRD (r = —0.73 and —0.80,
p <0.05). And the average ozone levels are anticorrelated with the MI during stage 2 in the
Yangtze River Delta (YRD) (r = —0.71, p < 0.05). The simulations using CMIP6 suggest that
intensified EASM caused by greenhouse emissions may help reduce summertime ozone
pollution. The results show that different regions require different pollution control policies
during pre- and post-monsoon seasons.

Keywords: ozone; summer monsoon; inter-seasonal low

1. Introduction

Surface ozone is harmful to humans and vegetation [1,2]. In China, surface ozone
pollution during the warm season is severe, with frequent high-ozone events [3,4]. Mete-
orological conditions can significantly affect surface ozone concentrations [5]. The most
prominent large-scale circulation feature in the summer over eastern China is the East Asian
summer monsoon (EASM) [6,7]. Surface observations and model simulations have shown
that surface concentrations of ozone and other pollutants tend to decrease under the impact
of the EASM, which is due to an unfavorable photochemical environment, precipitation,
and the transport of clean oceanic air masses from the tropical Pacific Ocean [8-11].

A notable feature of the EASM onset over eastern China is the formation of the
Meiyu rain band in early summer, predominantly affecting the southern region [12-14].
As the EASM progresses northward and northeastward, the western Pacific subtropical
high, a dominant atmospheric high-pressure system that typically forms over the north-
western Pacific Ocean in the summer, extends over the southern region by midsummer.
By late summer, the EASM begins to dissipate in the northern region and subsequently
retreats southward.
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The interannual variability in the EASM is reflected in the precipitation variation: a
stronger EASM corresponds with more rainfall over northern China, whereas a weaker
EASM leads to more rainfall over the Yangtze-Huai River Basin [15], a region to the south
of the North China Plain (NCP) region extending into the Yangtze River Delta (YRD) region,
shown in Figure 1. It contributes to the interannual variability in the surface ozone. Li
et al. [16] found that the surface ozone in eastern China between 28° N and 42° N is reduced
when the EASM is strong.
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Figure 1. Percentage fraction of site-years between 2014 and 2022 during which no ISL was identified.
The data are presented on a 1°x1° grid. For each grid cell, the fraction is calculated by dividing the
total number of site-years without ISLs by the total number of site-years within that cell.

Vingarzan [17] reviewed the historical background surface ozone data for Canada and
the United States and found that the annual ozone cycle is characterized by a spring-early
summer maximum, peaking during May. In contrast, the background ozone over eastern
China shows very different seasonal variations due to the EASM. Tanimoto et al. [18]
analyzed the surface ozone seasonality data from the Acid Deposition Monitoring Network
and found a spring maximum and a summer minimum at all seven remote stations, with
differences of 20-35 ppbv. He et al. [19] noted the pre- and post-monsoon peaks, with
a summer trough at three mountain monitoring sites in eastern China. The variations
between the two peaks and the trough were in the range of 30 to 40 ppbv.

The difference in the summertime surface ozone variation is just as large over polluted
sites. Oltman and Levy [20] found summer ozone peaks over the polluted eastern United
States due to anthropogenic emissions. In contrast, the inter-seasonal low (ISL) of the
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surface ozone over polluted eastern China sites between May and September has been
reported in many studies [21-23]. However, previous studies have mainly focused on the
impact of the EASM on the summer average of ozone concentrations. In this study, we
examine the processes by which the EASM affects the surface ozone over eastern China
using a two-stage framework. We use this framework to calculate different variations
in the ISL and examine its correlation with the EASM during each stage. The regional
characteristics are examined in Section 3.1. The effect of the EASM on the interannual
variation in ozone is discussed in Section 3.2, including the interannual variations and
correlations in Sections 3.2.1 and 3.2.2, respectively. In Section 3.3, we also evaluate the
potential changes in the EASM’s impact on ozone due to climate change, using Coupled
Model Intercomparison Project Phase 6 (CMIP6) simulations. The possible application of
this framework is discussed in Section 4. This study aims to quantify the EASM’s impact on
the ozone over different regions under a two-stage framework, incorporating both observa-
tional characteristics and potential climate change effects. Notably, the ISL over eastern
China is quantitatively calculated, and serves as the boundary demarcating the two stages
in the framework. The different correlations in the results could contribute to pollution
control policies that consider the differences during each stage and in different regions.

2. Materials and Methods
2.1. Observation and Model Simulation Data

Surface ozone observation data from 2014 to 2022 were obtained from the China
National Environmental Monitoring Centre (CNEMC). To ensure the representativeness
of data used in this study, 710 sites were selected based on data record continuity. The
selected sites have at least half a month of valid data each month from 2014 to 2022.

Monthly meteorological data were obtained from ERA5 dataset of the European Centre
for Medium-Range Weather Forecasts (ECMWF) from 2014 to 2022 [24], which are used
for monsoon index (MI) calculation. In addition, wind fields at different pressure levels
are examined. Climate projections produced by Coupled Model Intercomparison Project
Phase 6 (CMIP6) models are used to investigate the possible monsoon impact on ozone
under a changing climate. CMIP6 models provide multi-model climate projections based
on alternative scenarios that are directly relevant to societal concerns. These datasets
are calculated under a shared socio-economic pathway (SSP) framework. In this study,
potential monsoon variations are compared for the “sustainability” scenario SSP126 and the
“fossil-fueled development” scenario SSP585 to highlight the most significant differences.
SSP126, with an anthropogenic radiative forcing level of 2.6 W/m? by 2100, approximately
corresponds to the optimistic scenario of Representative Concentration Pathway (RCP) 2.6
of CMIP5, which is compatible with the 2 °C warming target. SSP585, with a radiative
forcing of 8.5 W/m? by 2100, represents the upper end of the SSP spectrum [25,26].

Eleven CMIP6 models with close configurations were selected. Monthly atmospheric
data from CMIP6 are used for estimating monsoon intensity from 2015 to 2099, with
the table ID “Amon”. For consistency, all datasets for eleven CMIP6 models have the
same variant label “r1ilp1f1”, removing the possible impact of method configurations on
realization (r), initialization (i), physics (p), and forcing (f). Grid labels are all set to “gn”,
meaning that model data are reported on a native grid. Nominal resolutions of all models
are 100 km. Variables “ua” and “va”, representing the eastward and northward winds,
respectively, are used for monthly MI calculations. The information for these models is
listed in Table 1.
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Table 1. Eleven CMIP6 model simulations used in this study.

Domain Grid Dimension

Model Institution (Longitude x Latitude)
AWI-CM1.1-MR AWI/Germany 384 x 192
BCC-CSM2-MR BCC/China 320 x 160
CAMS-CSM1.0 CAMS/China 320 x 160

CAS-ESM2.0 CAS/China 256 x 128
CESM2-WACCM NCAR/USA 288 x 192
CMCC-CM2-SR5 CMCC/Italy 288 x 192

CMCC-ESM2 CMCC/Italy 288 x 192
MPI-ESM1.2-HR DKRZ/Germany 384 x 192

MRI-ESM2.0 MRI/Japan 320 x 160

NorESM2-MM NCC/Norway 288 x 192
TaiESM1 AS-RCEC/China 288 x 192

2.2. ISL Calculation

In this study, ISL is defined as the process of decline and recovery of ozone levels
from May to September. The occurrence of ISL leads to a clear valley during summer,
with two peaks before and after. To compute the ISL, we first regress the observation data
with monthly-to-seasonal periodic functions. Parrish et al. [27] used the first two Fourier
transform terms, yearly and semi-yearly harmonics, to fit ozone data and compute the
seasonal cycle. We use a more extensive Fourier transform expansion to track monthly-to-
seasonal cycles and calculate the ISL:

n
(t) =7+ ) Aicos27tfi(t — ¢;)] ey
i=1

where ¥ represents the concentration of pollutants, e.g., daily maximum 8 h average (MDAS)
ozone; ¥ is the annual mean value of a year; 7 is the total number of harmonics; and A;,
fi, and ¢; are the amplitude, frequency, and phase of harmonics i, respectively. For yearly
data, there are a total of 12 harmonics with a periodicity longer than 1 month (i.e., n = 12),
which are included to calculate the monthly ISL values. We use the Lomb-Scargle method
to compute the least-square regression in Equation (1), a well-known technique to compute
periodicity of unequally spaced data, which is particularly helpful for observation data
from the early years [28-30].

After regressing the daily MDAS ozone data using Equation (1), the summer (June-
August) minimum is determined first (e.g., the ISL). Then, the maximum before and
after the minimum, from May to September, is determined. The differences in the first
and second maximum from the summer minimum are calculated as AISL1 and AISL2,
respectively. Not all sites are affected by EASM. Figure 1 shows the fraction of site-years
during which no ISL was identified. The northern and northwestern regions are the least
influenced by EASM, while the inland regions are less affected compared to coastal areas,
where moisture supply is more abundant.

2.3. Monsoon Index

To quantify monsoon activity, an appropriate monsoon index (MI) is essential. There
are several different indices for the East Asian summer monsoon (EASM). Li and Zeng [31]
defined a dynamical normalized seasonality (DNS) index, which has been widely used
to represent the activity of EASM [32,33]. It is positive during summer and negative
during other periods, with a significant peak in August. The onset and developing process
of EASM is directly reflected by the increase in DNS index (from May to August), and
the retreat process of EASM is reflected by the decrease in DNS index (from August to



Atmosphere 2025, 16, 444

50f 14

September or October). The DNS index has a large positive correlation with convective
activity over the vicinity of the Philippines and the warm pool region of the western Pacific.
However, the negative correlation between DNS index and rainfall over the Yangtze River
Basin suggests that DNS index is not appropriate for our study.

Zhao et al. [34] found that the 200 hPa zonal wind anomalies in the southern (~5° N),
middle (~20° N), and northern bands (~35° N) of East Asia correspond to the most signifi-
cant empirical orthogonal function (EOF) tripolar pattern associated with EASM variations.
They defined an EASM index based on the zonal wind anomalies, and showed that this
index captures well the seasonal shift in the Meiyu—Baiu rain belt well, and its changes
represent anomalous climate patterns in early and late summer. It considers both the
precipitation pattern at low levels and the circulation mode in the upper levels and thus
represents more details of local circulation than the DNS index, which is beneficial to this
study. When MI is above average, precipitation anomalies display a zonally elongated
distribution: suppressed rainfall over the South China Sea extending eastward, and in-
creased rainfall extending from the Yangtze River Basin crossing the Korean Peninsula to
Japan. This feature effectively separates the monsoon activity in the Yangtze River Delta
from Pearl River Delta region. We use it as the monsoon index (MI) and it is calculated
as follows:

MI = Nor[u(105° E-140°, 2.5°-10° N)
— 1u(105°-140° E, 17.5°-22.5° N) @)
+ u(105°-140° E, 30°-37.5° N)]

where Nor denotes the normalization of zonal mean wind at 200 hPa. We apply Equation (2)
to monthly mean zonal wind speed to compute monthly MI from May to September. A
high MI represents a stronger EASM, and its variation implies a change in EASM intensity.

3. Results
3.1. Regional Characteristics of EASM’s Two-Stage Effects on Ozone

Figure 2a shows an illustration of the ISL for a site in Shanghai. The progression of the
EASM is reflected in the timing of the ozone ISL valley (Figure 2b). The ISL valley occurs
mainly in late June to early July over southern China, and in late July to early August over
northern China. It is noteworthy that the geographic separation of the ISL valley timing
is around the Huai River (~3° N), which has traditionally been used to separate northern
and southern China for climatic and cultural reasons. The broad regional homogeneity
in Figure 2b is consistent with previous studies of the ozone at remote mountain sites.
Wang et al. [35] conducted five-year continuous ozone measurements at the summit of the
Nanling Mountains (112.8° E, 24.6° N) in southern China, and found a summer minimum
in July. He et al. [19] carried out continuous ozone observations and found the minimum in
August at Mount Hua (110.0° E, 34.4° N).

We computed the AISL1 and AISL2 as the decrease and increase in the ozone from the
ISL in stages 1 and 2, respectively. Figure 2¢,d show their distributions. Over eastern China,
the ozone reductions induced by the EASM are in the range of 20-60 ppbv, which are highly
important for modulating ozone concentrations during the summer season. Without the
EASM modulation, the summertime ozone over eastern China would have been much
higher given the same emissions of ozone precursors.

Over the NCP region, the AISL1 values, ranging from 25 to 60 ppbv, are higher
than the AISL2, ranging from 20 to 30 ppbv. The difference reflects the significant ozone
production and increases prior to the arrival of the EASM in the region. It is consistent with
previous studies that have found high ozone concentrations in the NCP region in June and
July [36]. During the monsoon period, suppressed photochemical production, enhanced
wet scavenging, and the transport of marine air masses lead to the ISL [8-11,21,22]. After
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the EASM’s impact dissipates in August, the decrease in solar radiation from late summer
to fall leads to a recovery of ozone concentrations that are below the level reached during
the pre-monsoon season.
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Figure 2. Ozone ISLs in eastern China during 2014-2022: ISL example (a), distribution of ISL valley
time (b), distribution of AISL1 (c), and AISL2 (d). ISL example (a) shows observed daily MDAS ozone
concentrations at a site (121.47° E, 31.30° N) in Shanghai for 2017. The Equation (1) regression line is
shown in red. The blue dot denotes the summer minimum (ISL valley). The maximums before and
after the summer minimum are denoted as peak 1 and peak 2, respectively. Their differences from
the minimum are calculated as AISL1 and AISL2, respectively. The distributions of ISL valley (b),
AISL1 (c), and AISL2 (d) are shown for regional comparison. The three black rectangles in (c) and
(d) denote the NCP (114.0° E-120.0° E, 35.5° N-41.0° N), YRD (118.0° E-123.0° E, 29.5° N-33.0° N),
and PRD regions (111.5° E-116.0° E, 21.0° N-24.0° N), respectively.

The magnitudes of the AISL1 and AISL2 are comparable, at 30-60 ppbv in the YRD
region. The earlier onset of the EASM in the YRD than the NCP region leads to a lower
pre-monsoon peak and longer stage 2 duration than in the NCP region (Figure 2), both of
which contribute to more comparable AISL1 and AISL2 levels. The rainy Meiyu season is a
manifestation of the EASM, accounting for about half of the summer precipitation [14,37].
It generally commences in early to mid-June and ends in mid-July, and causes unfavorable
meteorological conditions for ozone production, such as reduced solar radiation and
significant precipitation [38,39]. The timing of the ISLs in the YRD region aligns closely
with the end of the Meiyu season, suggesting that the AISL1 is caused by the cumulative
effect of the Meiyu and the AISL2 is due to ozone recovery after the Meiyu. As a result, the
relative humidity is a significant indicator of the ozone level in the YRD region [40].
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The asymmetry in the AISL1 and AISL2 in the Pearl River Delta (PRD) region is
opposite to that in the NCP; the magnitude of the AISL2 (35 to 55 ppbv) is 50% to 100%
higher than the AISL1 (20 to 35 ppbv). The phase difference between the NCP and PRD
reflects, in part, the difference in latitudinally dependent solar insolation, which enhances
photochemical ozone production and is conducive for the formation of stagnant high-
pressure systems. After the monsoon minimum, the solar intensity decreases much more
rapidly in the NCP than in the PRD region, hindering the photochemical production of
ozone [41]. In comparison, the solar insolation decline in the PRD region is more moderate.
Furthermore, the period after the monsoon ozone minimum is longer in the PRD than in
the NCP region, contributing to a higher AISL2 in the PRD region.

3.2. Effect of the EASM on the Interannual Variation in Ozone
3.2.1. Interannual Variations in MI and Ozone

The two-stage processes over eastern China due to the EASM dominates the variations
in summertime ozone. The EASM exhibits considerable year-to-year variability [15,42],
which in turn influences the interannual variation in ozone levels in the region. This rela-
tionship between the EASM dynamics and ozone concentrations underscores the complex
interplay between meteorological patterns and air quality in eastern China. The monthly
MI index (Equation (2)) is the metric we use in this analysis, where a high MI represents
a stronger EASM. To improve the EASM characterization, we extend the analysis from
summer (June-August, JJA) to May and September (e.g., Figure 2a). We define stage 1 as
the period from May 1 to the date of the ISL (Figure 2b), and stage 2 as the period from the
ISL to the end of September.

We examine how the average MDAS ozone concentrations, including the summer
average (ozone (JJA)), stage 1 average (ozone (S1)), and stage 2 average (ozone (52)), relate
to the MI summer average (MI (JJA)), maximum (MI (Max)), minimum (MI (Min)), stage 1
(MI (S1)), and stage 2 (MI (S2)) (Figure 2 and Table 1). The MI (Max) and MI (Min) are
computed for May through September. Changing the period to JJA does not change the
results. Given the definition of the MI (Equation (2)), the interannual variations in the MI
(JJA), MI (Max), and MI (Min) are the same for the three regions (Figure 3), but those for MI
(S1) and MI (S2) are slightly different due to the difference in the periods of stages 1 and 2
among the three regions (Figure 2b).

The left panels in Figure 3 show that the regional difference between ozone (S1) and
ozone (52) is large. Over the NCP region, ozone (51) is comparable to ozone (JJA),both
displaying parabolic curves with maximums around 2019. Ozone (S2), on the other hand,
is about 10 ppbv lower, with a maximum difference of ~20 ppbv in 2018. These general
characteristics are consistent with the AISL1 and AISL2 in Figure 2, showing a relatively
small post-monsoon ozone recovery. The opposite is found over the PRD region. Ozone
(52) is higher than ozone (S51) by 5-10 ppbv generally. The difference between ozone (51)
and ozone (S2) is complex over the YRD region. Ozone (S1) is higher than ozone (S2) in
2014 and 2017-2019 by 10 ppbv, similar to northern China. In other years, ozone (51) and
ozone (52) are comparable in most cases, except in 2016, when ozone (52) is higher by
nearly 10 ppbv. This complexity in the differences between ozone (S1) and ozone (52) is
due in part to a higher AISL1 in the northern YRD, but a higher AISL2 in the southern
YRD (Figure 2). Furthermore, the double-peak feature between 2016 and 2020 and the
subsequent increase from 2021 to 2022 are found in both ozone (S1) over the YRD region
and ozone (52) over the NCP region, reflecting the post-Meiyu south-to-north progression
of the EASM and the significant role of the EASM in regulating the summertime ozone
over eastern China.
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Figure 3. Interannual variations in the ozone concentrations (left column) and Mls (right column) for
the NCP, YRD, and PRD regions from 2014 to 2022. Yearly averages for the summer (June—August,
JJA, solid black lines), stage 1 (solid blue lines), and stage 2 (solid red lines) are shown for the ozone
(ppbv) and MIs (unitless). Also shown are the yearly maximum (dashed blue lines) and minimum
MI (dashed red lines) values for May—September. These variables imply different variations in the
ozone and EASM during different periods.

3.2.2. Correlations Between MI and Ozone

Table 2 shows that the summertime ozone is anticorrelated with the MI, as expected.
Although the correlation coefficients between the ozone (JJA) and MI (JJA) are <—0.5 for all
three regions, they are not statistically significant, partly because of the limited size of the
dataset. A less apparent reason is the occasional prevalence of other meteorological effects
that limit the ability of the EASM to modulate ozone concentrations, such as occurred in
2018. Chen et al. [43] found a strong Mongolian anticyclone and a weak extension of a
western Pacific subtropical high in the summer of 2018, which contributed to anomalous
northeasterlies over eastern and southern China at 850 hPa (Figure 4), and an anomalous
easterly jet stream at 200 hPa (Figure 5), resulting in a minimum MI (JJA). Despite a much
lower MI (JJA) in 2018 than in the other years, the ozone (JJA) concentrations in 2018 were
not much higher, and were even lower than their values in 2017 or 2019 in the three regions.
In comparison, the interannual variability in the MI (Max), MI (min), MI (S1), and MI (S2)
was much smaller in 2018 compared to 2017 and 2019, and may explain the monsoon’s
effect on the ozone better.
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Table 2. Correlations between monsoon index and ozone concentrations in different regions and periods.

NCP YRD PRD
Monsoon
Index Ozone Ozone Ozone Ozone Ozone Ozone Ozone Ozone Ozone
(JJjA) (S1) (S2) (JJA) (S1) (S2) (JJA) (S1) (S2)
MI (JJA) —0.57 —0.64 * 0.13 —0.50 —0.39 0.03 —0.58 —0.83 ** —0.18
MI (Max) —0.25 —0.28 —0.73 ** —0.57 —0.46 —0.07 —0.35 —0.34 —0.80 **
MI (Min) —0.57 —0.63 0.17 —0.23 —0.11 —0.12 —0.41 —0.73 ** 0.12
MI (S1) —0.54 —0.69 ** —0.26 —0.41 —0.36 0.10 —0.36 —0.85 ** —0.06
MI (52) —0.52 —0.47 —0.08 —0.71 ** —0.46 —0.34 —0.51 —0.75 ** —-0.19
* p-value is <0.10. ** p-value is <0.05. Significant correlations with p less than 0.05 are in bold fonts.
2017
2018

2019

2020

100°E

140°E 100°E 140°E 100°E 140°E 100°E 140°E 100°E 140°E

Figure 4. Anomalous 850 hPa wind fields from May to September during 2017-2020. Monthly
anomalous wind fields are shown from May to September (left to right) for 2017 to 2020 (top to
bottom). The deviations from the averages of 2014-2022 are shown.

Ozone (51) is significantly anticorrelated with MI (S1) (r = —0.69, p < 0.05) in the NCP
region. Since ozone (S1) and ozone (JJA) are closely related (Figure 3), ozone (JJA) is also
anticorrelated with MI (S1) (r = —0.64, p < 0.10), reflecting the predominant influence of the
stage 1 ozone on the average summertime ozone variations over the NCP, since the AISL1
is much higher than the AISL2 (Figure 2). Ozone (52), on the other hand, is anticorrelated
with MI (Max) (r = —0.73, p < 0.05). A similar result is found for the PRD region, where the
asymmetric ozone response to the EASM is in a phase opposite to that of the NCP. Ozone
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(S1) is most strongly anticorrelated with MI (S1) (r = —0.85, p < 0.05). It is also significantly
anticorrelated with MI (JJA), MI (S2), and MI (Min). The strong correlations between ozone
(51) and these additional indices indicate a longer monsoon-affected period in the PRD
region compared to the NCP region (Figure 2). Ozone (S2) is anticorrelated with MI (Max),
as in the NCP region (r = —0.80, p < 0.05), indicating the effect of the maximum intensity of
the EASM on the post-monsoon recovery of ozone in these regions.

Ny
RS ot

’
Vs
o S A

100°E

140°E 100°E 140°E 100°E 140°E 100°E 140°E 100°E 140°E

Figure 5. Same as in Figure 4, but for 200 hPa anomalous wind fields.

In the YRD region, however, only the anticorrelation between ozone (JJA) and MI (52)
is statically significant (r = —0.71, p < 0.05). The complex relationship between ozone (S1)
and ozone (52), and the comparable AISL1 and AISL2 (Figure 2), make the region’s ozone
variation challenging to explain with the MI indices. Unlike the NCP or PRD regions, the
semi-stationary Meiyu process over the YRD region is unique and its timing and duration
are not captured well by the monthly MI index (Equation (2)) we use in this study. A better
temporally resolved MI will likely be necessary to represent the effect of the Meiyu on ozone
concentrations. It may explain why MI (S2) correlates well with the YRD summertime
ozone, since the monsoon process is not stationary during stage 2.
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3.3. Effect of Climate Change on EASM

The analysis in the previous section shows that the negative effect of the EASM on
summertime ozone concentrations over eastern China can be better analyzed using a two-stage
process. Before this new understanding can be applied to study the effects of climate change
on the EASM and the consequences for the ozone, the capability of climate models to simulate
the two-stage process needs to be evaluated with observations (e.g., Figures 2 and 3; Table 2).
In this work, we investigate only how climate change may affect the MI in summer.

We analyze the climate projections of 11 CMIP6 models (Table 1) by comparing the
change in the summertime MI from the first 10 years (2015-2024) to the last 10 years
(2090-2099) under the SSP126 and SSP585 scenarios. SSP585 represents a much warmer
climate than SSP126 due to anthropogenic emissions [25]. Under the SSP126 scenario, the
simulated MI change varies from —0.5 to 0.2, which is fairly significant (Figure 6). Despite
the model spread, almost all the models predict a higher MI under the SSP585 scenario.
The only exception is the CMCC-CM2-SR5 model, which predicts a lower MI in a warmer
climate, possibly due to its weaker prediction of seasonal precipitation associated with
monsoons over Asia [44]. A paired-sample t-test using MATLAB R2019b gives a value
of p <0.01. This result implies that anthropogenic emissions in the coming years will
tend to increase the MI, which is associated in part with the extension of the rainy season
driven by thermodynamics [45]. It will help to mitigate summertime ozone pollution over
eastern China.
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Figure 6. Change in decadal average summertime MI from 2015 to 2024 and 2090 to 2099 under
SSP126 (blue) and SSP585 (red) scenarios simulated by 11 CMIP6 models.

4. Conclusions

The analysis of ozone and meteorological data from 2014 to 2022 reveals the significant
impact of the East Asian summer monsoon (EASM) on summertime ozone levels over
eastern China. The timing of the ozone ISL reflects the northward progression of the EASM
during stage 1, when ozone levels decrease from early summer to the ISL. Stage 2 begins
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with the dissipation of the EASM, leading to ozone increases from the ISL. The ozone
response is highly asymmetric, with a strong decrease over the NCP region, where the
AISL1 (25 to 60 ppbv) is greater than the AISL2 (20 to 30 ppbv). And there is a strong
increase over the PRD region, where the AISL1 (20 to 35 ppbv) is smaller than the AISL2
(35 to 55 ppbv). The northern YRD region shows a response similar to that of the NCP
region, while the southern YRD region aligns more with the PRD region, resulting in a
more symmetric regional averaged response.

Framing the impact of the EASM on regional ozone levels with this two-stage process
helps to clarify its effects on the observed interannual summertime ozone variations. In the
NCP and PRD regions, ozone levels are anticorrelated with MI during stage 1 (r = —0.69
and —0.85, p < 0.05), while stage 2 ozone levels are anticorrelated with the maximum MI
(r=—0.73 and —0.80, p < 0.05). In the YRD region, the summertime ozone is anticorrelated
with the average MI during stage 2 (r = —0.71, p < 0.05), likely reflecting the unique
semi-stationary nature of the Meiyu in this area, underscoring the complexity of monsoon
circulation and its impact on air quality.

The CMIP6 projected decadal average changes in the MI from 2015 to 2024 and 2090
to 2099 show significant variability among the 11 models, with a large uncertainty spread.
Additionally, the capability of climate models to simulate the two-stage process needs to be
evaluated with observations. However, almost all the models predict positive MI changes
under the SSP585 scenario rather than the SSP126, indicating that anthropogenic greenhouse
gas emissions will tend to intensify the EASM, potentially mitigating summertime ozone
pollution over eastern China in a changing climate.

In this study, we apply a two-stage framework to analyze the impact of the EASM
on the summertime ozone over East China using both observational data and the CMIP6
projections. This two-stage process also has significant implications for mitigation strate-
gies. For instance, ozone emission mitigation efforts should prioritize controlling the
pre-monsoon ozone increase in the NCP region and the post-monsoon recovery in the PRD
region. In the YRD region, the EASM during stage 2 has a greater influence on summer
ozone levels, so the control policies will need to give more consideration to the meteorolog-
ical factors in stage 2. Furthermore, the interactions among emissions, photochemistry, and
meteorological processes need to be investigated separately for each stage.

There are still some uncertainties in this study that need further investigation. First,
the definition of the ISL and MI would be improved by additional research. Second, the
correlation analysis is limited due to the number of years analyzed. More continuous
data are needed to examine the relationship between the ISL and EASM in the future. In
addition, there are great uncertainties among the CMIP6 models, and their performance
simulating the EASM’s activity requires more evaluation. Further research is needed to
determine the effectiveness of the link between the ISL and EASM in the face of climate
change, as demonstrated by our study’s findings.
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