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Abstract. The high level of ozone throughout the troposphere is an emerging concern for East Asia and South-

east Asia. Here, we analyze available surface ozone measurements from the past two decades (2005-2021) over
eight countries, with 10 ozonesonde and aircraft measurements within this region. At the surface, the seasonal
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mean ozone over 2017-2021 varies from 30 nmol mol~! (i.e., 30 ppb) in Southeast Asia to 75 nmolmol~! in
summer in northern China. The metric of seasonal 95th percentile ozone can identify the multiple hot spots of
ozone pollution of over 85nmol mol~! in Southeast Asia. The new World Health Organization (WHO) peak-
season ozone standard indicates that both East Asia and Southeast Asia face a widespread risk of long-term
exposure. The surface ozone increase in South Korea and Southeast Asia from 2005 was leveling off or even de-
creasing in the past decade, while the ozone increase in the 2000s over China has amplified since 2013. Surface
ozone trends in Japan and Mongolia were flat in the past decade. In the troposphere, the available measurements
show an overall increasing tendency at different altitudes from a three-decade perspective, although the trend in
the past decade remains unclear due to data availability. The difference in the tropospheric ozone level between
East Asia and Southeast Asia is likely due to the high background ozone from the stratospheric intrusion over
Northeast Asia. In terms of ozone controls, our results suggest that anthropogenic emissions determine the oc-
currence of high ozone levels, but the underappreciated strong ozone climate penalty, particularly over Southeast
Asia, will make ozone controls harder under a warmer climate.

1 Introduction

Tropospheric ozone has been a long-lasting threat to pub-
lic health, crop yield, and climate warming (Chang et al.,
2017; DeLang et al., 2021; Lyu et al., 2023). Its importance in
dampening the carbon sink of forests by reducing productiv-
ity is also increasingly recognized in recent years (Cheesman
et al., 2024; Zhou et al., 2024). Tropospheric ozone is mainly
produced from the photochemical reactions between nitro-
gen oxides (NO, ) and volatile organic compounds (VOCs) in
the presence of sunlight; stratosphere—troposphere exchange
(STE) can also transport ozone into the troposphere (Neu
et al., 2014) and even reach up to the surface under con-
ducive weather conditions (Chen et al., 2024). In particu-
lar, the high level of tropospheric ozone over East Asia and
Southeast Asia is of great concern. For example, the esti-
mated cardiovascular premature mortality attributable to sur-
face ozone is 277 800 (142 900—421900) in 2019 over East
Asia and Southeast Asia, accounting for ~ 50 % of its global
health burden (Sun et al., 2024). The current ozone exposure
can reduce the annual crop yield in China, South Korea, and
Japan by 60 x 100 , 60 x 100 ,and 20 x 100 t for wheat, rice,
and maize, respectively (Feng et al., 2022). As a result, it is
important to elucidate the spatiotemporal distributions of ob-
served ozone from the surface to the troposphere over East
Asia and Southeast Asia.

Surface ozone concentrations have been measured by
nation-level networks for more than a decade in many
countries. In Japan, since the 1970s, the surface network
has revealed a gradual increase in ozone (Nagashima et
al.,, 2017; Kawano et al., 2022) until the past decade
when Japanese sites experienced an ozone decrease of
—0.84+0.5nmolmol~! yr~! (Wang et al., 2024). In South
Korea, surface ozone has been increasing over the past two
decades, leading to the maximum daily 8 h average (MDAS)
ozone often exceeding 80nmolmol~! in summer in the
Seoul metropolitan area (Kim et al., 2023; Colombi et al.,
2023). In China, a national surface network was established
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in 2013, and the widespread rising surface ozone in the past
decade has positioned China to be one of countries with the
highest ozone levels worldwide (Lu et al., 2018; Li et al.,
2021; Wang et al., 2024). In contrast, Hong Kong, located
on China’s southern coast, exhibited an overall increase in
the surface ozone level of 0.35 nmol mol~! yr~! over 1994—
2018, but the trend tended to level off in recent years (Wang
etal., 2019).

In Southeast Asia, surface ozone levels are much lower
than those in East Asia due to the lower anthropogenic
emissions and frequent marine air inflow (Ahamad et al.,
2020; Sukkhum et al., 2022; Wang et al., 2022a). The pre-
viously published analyses of long-term ozone trends in
Southeast Asia are scarce, mainly focused on Malaysia and
Thailand before 2016. In Malaysia, there was an observed
ozone increase of 0.09-0.21 nmolmol~!yr~! over Penin-
sular Malaysia during 1997-2016, but Borneo Malaysia
recorded small or insignificant ozone trends (Ahamad et
al., 2020; Wang et al., 2022a). In Thailand, the observed
surface ozone experienced a significant increase of 0.7—
1.2nmolmol~! yr=! during the dry season from 2005 to
2016 (Wang et al.,, 2022a). In Indonesia, there was no
significant ozone trend in Bukit Kototabang (a suburban
site) from 2005 to 2016 (Wang et al., 2022a). In the
Philippines, Salvador et al. (2022) reported an increase of
0.41 nmol mol~! yr~! in surface ozone during 2014-2020,
based on air quality measurements in Butuan (an urban
site), southern Philippines. Long-term ozone measurements
in other Southeast Asia countries are not well documented.

Tropospheric ozone profiles and columns over East Asia
and Southeast Asia have been measured by multiple plat-
forms, including ozonesonde, aircraft, and satellite. By using
long-term ozonesonde measurements, previous studies have
extensively explored tropospheric ozone profiles in Beijing
(Zeng et al., 2023) and Hong Kong (Liao et al., 2021) in
China and in Pohang in South Korea (Bak et al., 2022). How-
ever, these ozonesonde-based analyses mainly focused on the
spatiotemporal variability and source contributions of tropo-
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spheric ozone at the individual site. By using the In-service
Aircraft for a Global Observing System (IAGOS) aircraft
ozone observations, Gaudel et al. (2020) show that the tro-
pospheric ozone level increases with latitude from Malaysi-
a/Indonesia to northeastern China/South Korea. More impor-
tantly, these authors reported a rapid tropospheric ozone in-
crease during 1994-2016 over East Asia and Southeast Asia,
consistent with satellite tropospheric ozone column trends
(Gopikrishnan and Kuttippurath, 2024), which has been at-
tributed to the rising anthropogenic emissions both locally
and remotely (Wang et al., 2022a, b; Li et al., 2023b). Con-
sidering that East Asia and Southeast Asia have been identi-
fied as a global hot spot, with the fastest increase in observed
tropospheric ozone after the 1990s by the Intergovernmental
Panel on Climate Change (IPCC) Sixth Assessment Report
(ARG), a comprehensive assessment of tropospheric ozone
over this region by using these available measurements is
strongly needed.

Under the framework of the Tropospheric Ozone Assess-
ment Report (TOAR), the TOAR documents comprehen-
sively estimate the global ozone pollution and its historical
trends. The first-phase TOAR includes only limited ground
observation data over East Asian and Southeast Asian coun-
tries before 2014 (Chang et al., 2017). In the context of
TOAR Phase II (TOAR II), the established East Asia Fo-
cus Working Group (EAWG) aims to advance ozone re-
search over East Asia and Southeast Asia, with a focus on
observed ozone trends and their attributions. Our effort is to
include ozone measurements (or post-calculated ozone met-
rics) from the surface to the tropopause, collected from the
TOAR database and individual institutions from East Asia
and Southeast Asia. Please also see the accompanying paper
for ozone trend attributions (Lu et al., 2025).

This paper will present the most comprehensive view of
ozone distributions and evolution over East Asia and South-
east Asia across different spatiotemporal scales in the past
two decades. The structure of this paper is as follows: Sect. 2
introduces the multiple ozone measurements and calculation
of different ozone metrics, Sect. 3 describes the present-day
surface ozone levels with different metrics and long-term sur-
face ozone trends in the past two decades, Sect. 4 describes
the three-dimensional present-day distribution and long-term
trends in tropospheric ozone, Sect. 5 discusses the important
implications for future ozone pollution controls, and the Con-
clusions are given in Sect. 6.

2 Data and methods

2.1 Surface ozone observations

The TOAR data portal archives a global comprehensive and
freely accessible data collection of surface ozone observa-
tions (https://igacproject.org/activities/TOAR/TOAR-II, last
access: 19 September 2025), which supports TOAR’s assess-
ment report of global ozone distributions and trends from
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the surface to the tropopause. The TOAR database is up-
dated to include all recent observations since 2014. To give
an up-to-date assessment of tropospheric ozone over East
Asia and Southeast Asia, here we take advantage of the
TOAR database to examine ozone levels in different coun-
tries within the same time frame.

In this study, we used surface ozone measurements from
the national networks of China (2013-2021), Japan (2005-
2021), South Korea (2005-2021), Malaysia (2005-2021),
and Thailand (2005-2021) that were collected from the
TOAR II database or provided by our EAWG members. In
addition to the national network records, individual ozone
measurements in Ulaanbaatar of Mongolia, Phnom Penh of
Cambodia, and Bandung of Indonesia from the Acid Depo-
sition Monitoring Network in East Asia (EANET) were also
included. To assess the long-term ozone trend in China be-
fore 2013, we also collected 11 ozone measurements from
previously published literature with updates from our EAWG
members. As shown in Table S1 in the Supplement, it in-
cludes one global baseline station (Mt. Waliguan), four re-
gional background stations (Akedala, Longfengshan, Xi-
anggelila, and Lin’an), and one rural station (Gucheng) from
Xu et al. (2020); one regional background station (Mt. Tai)
from Sun et al. (2016); one regional background station
(Shangdianzi) from Ma et al. (2016); one urban station from
Gu et al. (2020); and one urban station (Guangzhou) and one
suburban station (Hong Kong) from Zhang et al. (2011).

To ensure data quality, the daily and monthly means were
calculated using the hourly data when there are over 75 %
valid data for each day and month. To fully assess ozone
distributions, we adopted the following ozone metrics in
this study. (1) Seasonal mean ozone: seasonal MDAS con-
centrations are calculated for the four seasons (December—
January—February, DJF; March—-April-May, MAM; June-
July—August, JJA; September—October—November, SON).
(2) Ozone exceedance: the national ambient ozone air
quality standard varies greatly among countries in East
Asia and Southeast Asia (Table S2). The threshold for
MDAS ozone ranges from 60ugm™ in the Philippines to
160ugm=3 in China. For the maximum daily 1h average
(MDA1), the ozone ranges from 120ugm™ in Japan to
235ugm~3 in Indonesia. Under standard conditions, this
is (1013 hPa, 273K), 1nmolmol~' =2.14ugm™3. In this
study, we adopted the thresholds of 60 and 47 nmol mol~!
(World Health Organization (WHO) standard) for MDAS
ozone to determine the exceedance days. (3) Peak-season
ozone: in 2021, the WHO introduced a new standard for
the peak-season (6-month mean) ozone limit of 60 ugm~ to
save more people suffering from its long-term exposure. We
used this threshold to assess the peak-season ozone levels.

2.2 Tropospheric ozone observations

In this part, we report our results from an analysis of the ver-
tical ozone profile, mostly based on the ozonesonde measure-
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ments and some aircraft measurements. There are a number
of ozonesonde measurement sites, but here, we only consider
10 sites (Table S3), which have at least 10 continuous mea-
surement years for finding reliable trends by considering the
lesson from Chang et al. (2025). If a certain site does not sat-
isfy this standard, we suggest only the mean pattern of the
ozone vertical profile for that site in order to show as many
of the existing data as we can. This approach enables us to
compare with recent results produced from other ozonesonde
data analyses (Gaudel et al., 2024; Stauffer et al., 2024). Data
at nine sites were obtained from the World Ozone and Ul-
traviolet Radiation Data Centre (WOUDC) and the South-
ern Hemisphere ADditional OZonesondes (SHADOZ) data
archive. Data at the Beijing site, which were utilized in a
previous study (Zhang et al., 2021), were directly provided
from the measurement team.

We also used the altitudinal ozone measurements that have
been collected from the In-service Aircraft for a Global Ob-
serving System (IAGOS). While the IAGOS mission has
continued since the 1990s and is still available, ozone data
in East Asia are somewhat limited. Here we utilized only
the IAGOS ozone data from 1995 to 2022 — the period hav-
ing a sufficient number of measurements for two defined re-
gions such as Northeast and Southeast Asia. The locations
of all ozonesonde sites and the IAGOS region are detailed in
Sect. 4.1, and the number of all ozonesondes and the IAGOS
data used in this study are shown in Fig. S1 in the Supple-
ment.

2.3 Ozone trend calculation

Noticeable outliers are not detected in our dataset for sur-
face ozone, ozonesonde, and the TAGOS datasets. In terms of
ozone distributions, we present the present-day ozone maps
averaged over 2017-2021. We required there to be at least
3 out of 5 years of data available in the calculation. In terms
of ozone trends, the time frame of 2013-2021 was adopted to
represent the past decade trend; the time frame of 2005-2021
was adopted to represent the 21st century trend — the time se-
ries should begin at least in the range of 2005-2010 and end
in the range of 2017-2021; and the time frame of 1995-2021
was adopted to represent the late 20th century trend — the
time series should begin at least in the range of 1995-1999
and end in the range of 2017-2021.

Following the TOAR II guideline, to determine the ozone
trend, we first derived the monthly anomalies of ozone con-
centrations that are calculated as the difference between
the individual monthly means and the monthly climatology.
Then, a quantile regression method as recommended by the
TOAR 1I statistical guidance was employed to estimate the
linear trend in surface ozone, and a 50th quantile regression
slope was reported in consideration of the length of ozone
records.
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3 Present-day distribution and long-term trends in
surface ozone

3.1 Distribution of present-day surface ozone over
2017-2021

3.1.1 Seasonal mean MDAS8 ozone

Figure 1 shows the seasonal mean MDAS ozone concentra-
tions averaged over 2017-2021. In winter, the seasonal mean
ozone level is almost below 50 nmol mol~! due to the weak
photochemistry. In many Chinese cities, 0zone concentration
is even decreased to 20-30 nmol mol~!, and this is because
the high NO, emissions in the urban environment (e.g., the
North China Plain) make ozone strongly titrated, often drop-
ping to below the Northern Hemisphere background ozone
(Vingarzan, 2004). High ozone values of 55-60 nmol mol~!
in northern Thailand and 60-65nmolmol~' in Bangkok
(Thailand) are notable. In spring, seasonal mean ozone con-
centrations are doubled in northern China (north of 30° N)
and are increased by 10-20nmol mol~! from wintertime in
South Korea and Japan. High ozone of over 60 nmol mol~!
in Thailand still holds in spring, and the ozone concentra-
tion is enhanced by up to 20 nmol mol~! in Yunnan Province
(China), reflecting a possible concentration from spring fire
emissions over Southeast Asia (Xue et al., 2021). In sum-
mer, the highest ozone levels of over 75nmol mol~! are
found in northern China, and western China exhibits ozone
concentrations of 60—65 nmol mol~!. In southern China, the
ozone level is decreased to 30-55nmol mol~! because of
the active summer monsoon rainfall (Zhou et al., 2022).
The hot spot of summer ozone pollution is found in Seoul
(South Korea), where the seasonal mean ozone is also over
75nmol mol~!, followed by 55-60nmolmol~! in Tokyo
(Japan), 40-50nmolmol~! in Kuala Lumpur (Malaysia),
and 30—40 nmol mol~! in Bangkok (Thailand). In autumn,
ozone concentrations are decreased strongly from their sum-
mer levels north of 30°N over East Asia but are in-
creased remarkably in the Pearl River Delta (PRD) region
of China where the seasonal mean MDAS ozone of up to
65nmolmol~! is the highest level in East Asia and South-
east Asia.

In addition to the mean ozone level, Fig. 2 shows the
seasonal 95th percentile ozone concentrations averaged over
2017-2021. The ozone metric is almost the fifth-highest
value in each season, representing the high ozone values of
great concern in air quality management. Although the sea-
sonality of the 95th percentile ozone resembles the mean
ozone evolution, the occurrence of the very high 95th per-
centile ozone values highlights the severity of ozone pollu-
tion over East Asia and Southeast Asia. In winter, a high
ozone level of 85-95 nmol mol~! occurs over southern Thai-
land, and some cities in the PRD region can suffer from an
ozone level of over 75 nmolmol~!. In spring in East Asia,
the 95th percentile ozone can reach over 95nmolmol ™!
over major city clusters in China and Seoul, and in South-
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Figure 1. The observed seasonal mean MDAS ozone (nmol mol_l) in (a) DJF, (b) MAM, (c) JJA, and (d) SON averaged over 2017-2021 in
East Asia and Southeast Asia. There are eight countries with surface ozone measurements, including Cambodia (one site), China (360 sites),
Indonesia (one site), Japan (1187 sites), Malaysia (66 sites), Mongolia (one site), South Korea (473 sites), and Thailand (25 sites).

east Asia the ozone level of over 75 nmolmol~! occurs in
many stations in Thailand and Peninsular Malaysia. In sum-
mer, high levels of the 95th percentile ozone appear exclu-
sively over East Asia. Here, there are ozone concentrations of
over 115nmol mol~! in the North China Plain (NCP); over
105 nmol mol ! in the Yangtze River Delta (YRD); and over
95nmol mol~! in PRD, Sichuan Basin (SCB), Seoul, and
Busan. In addition, some cities (e.g., Tokyo, Osaka) in Japan
also have ozone levels of over 85 nmol mol~!. In autumn, the
high ozone levels only concentrate in the PRD and YRD re-
gions, with a 95th percentile ozone of over 115 nmol mol~!
in PRD and over 95 nmol mol~! in YRD. However, Borneo
Malaysia and Indonesia still record a 95th percentile ozone
of lower than 50 nmol mol~!, suggesting the important role
of fresh marine air inflow.

https://doi.org/10.5194/acp-25-11575-2025

3.1.2 Number of days of ozone exceedance

Figure 3 shows that the national ozone air quality standard
varies greatly in different countries in East Asia and South-
east Asia. For example, the MDAS and MDA ozone thresh-
olds in China are 160 and 200 ugm™3, respectively, which
lie at the high end of the adopted standards. There is a
lower standard of MDAS of 140 ugm™3 in Thailand and of
120 ugm™3 in Vietnam, South Korea, and Singapore. Mean-
while, Laos, Myanmar, and the Philippines adopt a stan-
dard consistent with or lower than the WHO guidance. In
terms of MDA, most of the countries adopt a threshold of
around 200 ugm™3. As a result, for the sake of health im-
pact assessments, here we adopted the uniform threshold of
60 nmol mol~! and the WHO guideline to estimate the an-
nual ozone exceedance.

Atmos. Chem. Phys., 25, 11575-11596, 2025
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Figure 2. Same as for Fig. 1 but for the seasonal 95th percentile MDAS ozone (nmol mol 1) averaged over 2017-2021. This metric repre-
sents the extremely high ozone values that are related to short-term ozone exposure.

Figure 4 shows the annual number of days with an
MDAS ozone concentration greater than 60nmol mol~!
(NDGT60) and with an MDAS8 ozone concentration greater
than 47 nmol mol~! (NDGT47). In terms of NDGT60, most
of the NCP cities in China have ozone exceedance of over
125 d, followed by around 100d in YRD, PRD, and north-
western China. In South Korea, most of the stations ex-
perience 60-100dyr~! with a daily MDAS8 ozone of over
60 nmol mol~!, while in Japan it is almost less than 45 d ex-
cept for a few cities. In Southeast Asia, NDGT60 is almost
less than 75 d, and Malaysia, Cambodia, and Indonesia have
an NDGT60 of less than 15d, which is consistent with the
very low 95th percentile ozone (Fig. 2). If the WHO standard
is applied, most of the cities in eastern China will have more
than 150d of MDAS ozone exceedance, and this is also the
case for western China. This suggests the pressing challenge
to mitigate ozone pollution due to the large-scale high emis-

Atmos. Chem. Phys., 25, 11575-11596, 2025

sions in China. In South Korea, the NDGT47 is over 100d
for most of the stations, which is consistent with the high
background ozone issue as reported by Colombi et al. (2023).
Ozone exceedance of over 100d for NDGT47 can be also
found in major cities in Japan, Thailand, and Malaysia.

3.1.3 Peak-season ozone levels

In this study, we apply the new WHO standard for peak-
season ozone that was introduced in September 2021 to as-
sess the risks of long-term ozone exposure over East Asia
and Southeast Asia, which has not been examined in pre-
vious studies. Figure 5 shows the estimated peak-season
ozone concentration averaged over 2017-2021 and its ra-
tio relative to the WHO standard. In China, the NCP region
holds the highest peak-season ozone of over 70 nmol mol~!,
which is about 2.5 times the WHO threshold, followed by

https://doi.org/10.5194/acp-25-11575-2025
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Figure 3. The national ambient ozone air quality standard in East Asia and Southeast Asia. The maximum daily 8 h average (MDAS) and/or
maximum daily 1h average (MDA1) ozone thresholds are routinely adopted but vary greatly in different countries. The sources for these
thresholds are given in Table S2. Under standard conditions (1013 hPa, 273 K), 1 nmol mol~! =2.14 ug m~3.
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Figure 4. Annual number of days with daily MDAS8 ozone greater than 60 nmol mol~! (NDGT60) and greater than the WHO standard of
100 ug m~3 (NDGT47) averaged over 2017-2021. Under standard conditions (1013 hPa, 273 K), 1 nmol mol~! =2.14 ug m~3.

65nmolmol~! in YRD and 55 nmolmol~! in PRD, SCB,
and some cities in northwestern China. More importantly,
the lowest peak-season ozone in China is still higher than
the WHO standard, suggesting difficulty in mitigating long-
term ozone exposure in China. In South Korea, the peak-
season ozone is well above 55nmol mol~! and even higher
than 60 nmolmol~!, again reflecting the important role of
background ozone in South Korea. In Japan, the peak sea-
son is mainly in the range of 40 to 55 nmol mol~!, amount-
ing to 1.5-2 times the WHO standard. In Ulaanbaatar of
Mongolia, the peak-season ozone is below 20 nmol mol~!. In
Southeast Asia, Thailand has the highest peak-season ozone
of over 60 nmol mol~! around Bangkok, and high values of
55-60 nmol mol~! are also found in northern Thailand and
southern coastal Thailand. In Malaysia, Peninsular Malaysia

https://doi.org/10.5194/acp-25-11575-2025

has peak-season ozone of 30-50 nmol mol~", higher than the
WHO standard. However, similar to the low seasonal mean
values, Borneo Malaysia, Cambodia, and Indonesia record
peak-season ozone lower than the WHO standard. Overall,
the estimated peak-season ozone level shows that 98 % of
stations in East Asia and Southeast Asia are above the WHO
standard and suggests the urgent need to reduce long-term
ozone exposure risks.

3.1.4 Ozone climate penalty

In addition to surface ozone distributions, the metric of
ozone climate penalty is also very important for under-
standing ozone levels under a warming climate. Figure 6
shows the observed 50th percentile regression slope be-

Atmos. Chem. Phys., 25, 11575-11596, 2025
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Figure 5. Annual mean peak-season ozone (nmol molfl) averaged over 2017-2021 (a) and the ratio of the observed peak-season ozone to
the WHO standard of 60 ug m~3 (b). As introduced by the WHO, the concentration of peak-season ozone is calculated by using the average
monthly MDAS ozone concentration in the 6 consecutive months with the highest 6-month running-average ozone concentration. This new

metric represents the long-term ozone exposure.

tween MDAS ozone and temperature in different seasons
averaged over 2017-2021. In East Asia, the locations of
a high ozone—temperature slope of 3—5nmolmol~! °C~!
in different seasons are consistent with the observed high
level of surface ozone. The highest slope of over 5-
8 nmol mol~! °C~! is found in PRD and the Sichuan Basin
in summer. In contrast, a low ozone—temperature slope of
less than 1 nmolmol~!°C~! across different seasons can
be also found in some sites in Japan and the Tibetan
Plateau of China, suggesting a minimal role of local ozone
photochemical formation in these remote sites. In South-
east Asia, however, we find a widespread high ozone-
temperature slope. In Thailand, the ozone—temperature slope
of over 3nmolmol~' °C~! can be found throughout the
year except for summer. In Malaysia, a strong slope of
4-8nmolmol~! °C~! persists all year round, consistent
with the 10-year analysis in Kuala Lumpur by Ashfold et
al. (2024). More importantly, the observed 95th percentile
regression shows a notably increased ozone—temperature
slope over Southeast Asia (Fig. S2), suggesting a stronger
ozone climate penalty under extreme conditions. In contrast,
the IPCC ARG6 identified only East Asia and India as the
hotspot of ozone climate penalty (Zanis et al., 2022). Our
observation-based results highlight the strongly underesti-
mated ozone climate penalty over Southeast Asia.
Considering that the meteorological features may be quite
different in different latitudes, we conducted an additional
analysis on the relationship between ozone and other mete-
orological features (Figs. S3—-S7). The widespread positive
(negative) correlation between ozone and temperature (rel-
ative humidity) reflects the known conductive condition for

Atmos. Chem. Phys., 25, 11575-11596, 2025

ozone photochemistry. However, the synoptic patterns that
are important for ozone transport varied greatly at a regional
scale. For example, in Fig. S6, summertime southerly winds
are conducive to ozone pollution over northern China by
transporting ozone precursors and warmer air but would de-
crease ozone over southern China by carrying cleaner ma-
rine inflow. As a result, identifying the key synoptic pattern
will also be necessary for understanding local ozone varia-
tions under climate change. This also deserves further study
of cluster analysis of the ozone origin by transport or by pre-
cursors by taking advantage of these considerable ozone data
records.

3.2 Surface ozone trends in the past two decades

3.2.1 2005-2021 ozone trends

Figure 7 shows the observed ozone trends in different sea-
sons over the period of 2005-2021. Due to the availability
of long-term surface measurements, we only present ozone
trends over South Korea, Japan, Thailand, and Malaysia.
In South Korea, increasing ozone trends with high cer-
tainty are notable across different seasons, ranging from
0.48 nmol mol~! yr=! in winter to 0.96 nmolmol~! yr~! in
summer. In Japan, observed ozone shows a decreasing ten-
dency from 2005 to 2021 in summer but an extensive ozone
increase of 0.28 nmolmol~!yr~! in wintertime. In Thai-
land, there is an overall increasing trend in surface ozone
but with spatial heterogeneity during 2005-2021. Specifi-
cally, a significant ozone increase mainly occurs over north-
ern Thailand and southern coastal Thailand, while an ozone
increase around Bangkok is much smaller or insignifi-

https://doi.org/10.5194/acp-25-11575-2025
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Figure 6. The observed 50th percentile regression slope (nmol mol~! °C~1) between daily surface MDAS ozone and daily maximum 2 m
air temperature in (a) DJF, (b) MAM, (c) JJA, and (d) SON averaged over 2017-2021.

cant. In Malaysia, there is a wintertime ozone increase of
0.2 nmol mol~! yr~!, particularly in three sites in Peninsular
Malaysia and in five sites in Borneo Malaysia, while in other
seasons the observed ozone trends during 2005-2021 are
small and statistically insignificant. The estimated increasing
tendency in surface ozone since 2005 is in agreement with
Kim et al. (2023) for the 2001-2021 ozone increase in South
Korea and with Wang et al. (2022) for the 2005-2016 ozone
increase in Southeast Asia.

Due to the lack of national network measurements be-
fore 2013 in China, we also compiled 11 individual ozone
measurements (eight background/rural sites and three urban
sites) that are available from around 2005 (see “Data and
methods”). Figure 8 and Table S1 in the Supplement show
the estimated seasonal ozone trends in these 11 stations by
using the metrics of the MDAS ozone and 24 h mean ozone.
Mt. Waliguan, a global baseline station of the World Me-

https://doi.org/10.5194/acp-25-11575-2025

teorological Organization/Global Atmosphere Watch (Xu et
al., 2020), shows a statistically significant ozone increase
of 0.56nmolmol~! yr~! in spring. However, at the mul-
tiple regional background stations located on the western
boundary (Xianggelila, Akedala) and the eastern boundary
of China (Lin’an, Longfengshan), there is no such consistent
ozone increase but instead large variability across different
seasons, suggesting the important role of regional emission
change and climate variability (Zhang et al., 2023; Ye et al.,
2024). In NCP, one of the regions with the highest present-
day ozone level, the observed ozone after 2005 at the re-
gional background sites (Shangdianzi, Mt. Tai) and the rural
site (Gucheng) experienced a consistently increasing trend in
the spring and summer seasons. In Shangdianzi, the MDAS
ozone trend during 2005-2019 is 0.85 nmol mol ! yr=! (p <
0.1) in spring and 0.73 nmol mol ! yr~! (p = 0.12) in sum-
mer. The similar seasonal trends are also shown in Gucheng

Atmos. Chem. Phys., 25, 11575-11596, 2025
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Figure 7. The observed 2005-2021 ozone trends (nmol mol~! yr_l) during (a) spring, (b) summer, (c¢) autumn, and (d) winter over East
Asia and Southeast Asia. Here, it only includes ozone measurements from Malaysia (19 sites), Japan (946 sites), South Korea (226 sites),
and Thailand (13 sites). National surface ozone data in China are not available before 2013 and are therefore not shown in this figure. To
follow the trend reliability scale recommended by TOAR II, here we use “very high certainty” to denote p < 0.01, “high certainty” to denote
0.05 > p > 0.01, and “medium certainty” to denote 0.10 > p > 0.05; positive trends are in red, and negative trends are in blue.

(a rural site close to Shangdianzi) and Mt. Tai (located in the
center of NCP). It is noted that summer ozone trends in Mt.
Tai during 2005-2019 also have strong intraseasonal vari-
ability, with a much faster ozone increase in July and Au-
gust (Sun et al., 2016). In addition to the background/rural
sites, urban sites in YRD (Xujiahui) and PRD (Guangzhou,
Hong Kong) record the urban ozone increase after 2005 that
has been attributed to anthropogenic emissions and circula-
tion patterns in previous studies (Wang et al., 2019; Gu et al.,
2020; Cao et al., 2024).

3.2.2 2013-2021 ozone trends

Figure 9 shows the observed ozone trends in different sea-
sons over the period of 2013-2021. Here we include ozone
trends over China, Mongolia, Japan, South Korea, Malaysia,

Atmos. Chem. Phys., 25, 11575-11596, 2025

and Thailand. In China, there is a widespread ozone increase
throughout the year, with a mean ozone increase of 1.0-
1.2nmol mol~! yr~! in different seasons, which is only half
of the ozone increase during 2013-2019 in China (Lu et al.,
2020; Li et al., 2020). Spatially, the ozone increase mainly
occurs in northern and western China. Seasonally, there is a
fast ozone increase in winter over the NCP region, suggesting
the urgency of wintertime ozone regulation (Li et al., 2021).
In South Korea, the 2005-2021 ozone rise is strongly mit-
igated during 2013-2021 when the summer ozone trend is
only 0.45 nmol mol~! yr=!. In Mongolia, there is a notable
spring ozone increase but with low certainty. In Southeast
Asia, however, the observed ozone in Malaysia and Thailand
shows a decreasing tendency in most of the sites, which is
contrary to the overall ozone increase from 2005 to 2021.
Overall, except for the rapid ozone increase over China in

https://doi.org/10.5194/acp-25-11575-2025
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Figure 8. The observed long-term ozone trends (nmol mol~! yr_l) after 2005 in 11 measurement sites over China. There was a total of
one global baseline station, five regional background stations, one rural station, one suburban station, and two urban stations. Due to data
availability, we use the MDAS ozone and/or 24 h mean ozone in the calculation of ozone trends. The p value for estimated ozone trends is

also highlighted by rectangles.

the past decade, there is a leveling off or decrease in the sur-
face ozone trend over other countries in the meantime.

To further examine the long-term ozone variability, we
also show the time series of observed national MDAS ozone
concentrations during warm seasons from 2005 to 2021 in
Fig. 10. In South Korea, there is a flat trend in ozone during
2017-2021 after a sustained ozone increase since 2005, and
there is no clear trend in warm-season ozone in Japan due to
the limited data availability. In Southeast Asia, after 2013,
surface ozone in Malaysia starts to decline and the ozone
trend in Thailand levels off. This is also demonstrated in the
warm-season ozone trend in Fig. S8. In addition, we also find
the large interannual variability in observed ozone concen-
tration that deserves further investigation. For example, in
2017, there is a strong surface ozone enhancement relative to
2016 in China, Japan, and South Korea, while surface ozone
consistently decreased in Mongolia, Thailand, and Malaysia.
Previous studies have linked the changes in large-scale cir-
culations to these extensive ozone anomalies (e.g., Yin et al.,
2019, 2024; Jiang et al., 2021).

https://doi.org/10.5194/acp-25-11575-2025

4 Present-day distribution and long-term trends in
tropospheric ozone profiles

4.1 Three-dimensional distribution of present-day
tropospheric ozone

First, we compared the climatological mean vertical ozone
profile (from the surface to 10km altitude) using the
ozonesonde data (Fig. 11). The Beijing site in China shows
the highest and the Kuala Lumpur site in Malaysia shows
the lowest ozone mean values through the troposphere. In
general, the ozone values in East Asia (Beijing in China,
Pohang in South Korea, and Tsukuba in Japan) are higher
than those in Southeast Asia (Kuala Lumpur in Malaysia and
Watukosek in Indonesia). This pattern is also found when we
compared average ozone values at 1, 3, 5, and 7 km altitudes
(Fig. 12). While some sites show the higher ozone values
in the boundary layer (e.g., Watukosek), generally free tro-
pospheric (above 1-2km height) ozone values are higher.
In particular, the Beijing, Pohang, Sapporo, and Tsukuba
sites show a large enhancement of ozone above 8 km altitude

Atmos. Chem. Phys., 25, 11575-11596, 2025
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Figure 9. Same as for Fig. 7 but for the observed 2013-2021 ozone trends (nmol mol ! yr~1) over East Asia and Southeast Asia. Here, it
includes ozone measurements from China (335 sites), Malaysia (19 sites), Mongolia (one site), Japan (1130 sites), South Korea (270 sites),
and Thailand (22 sites). To follow the trend reliability scale recommended by TOAR II, here we use “very high certainty” to denote p < 0.01,
“high certainty” to denote 0.05 > p > 0.01, and “medium certainty” to denote 0.10 > p > 0.05; positive trends are in red, and negative trends
are in blue.
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Figure 10. The observed national mean MDAS ozone (nmol mol_l) during warm seasons (April to September) from 2005 to 2021 in East
Asia and Southeast Asia.
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Figure 11. Map showing the location of the ozonesonde sites (sym-
bols) and the coverage of the IAGOS measurements (black boxes)
considered in this study.

(Fig. 12a), implying that the stratospheric ozone is strongly
intruding into the troposphere. In fact, the ozone values in
these four sites are highest at 3, 5, and 7 km altitudes, indi-
cating the effect of stratospheric ozone on the enhancement
of the upper tropospheric ozone. These four sites are located
over Japan and the Korean Peninsula (Fig. 11) where the sud-
den increase in ozone usually occurs below the tropopause
(Park et al., 2012).

The seasonal pattern of the vertical ozone profile was con-
tinually investigated (Fig. 13). The tropospheric ozone values
at the Beijing, Pohang, Sapporo, and Tsukuba sites, where
strong stratospheric ozone intrusion occurs, are generally
high in spring (MAM) and summer (JJA). This pattern can
be explained by the frequent intrusion of stratospheric ozone
in spring (Park et al., 2012) and strong photochemical ozone
production that is typically characteristic of summer. In sev-
eral sites (e.g., Beijing and Tsukuba), photochemical ozone
production in summer makes the boundary layer ozone much
higher than free tropospheric ozone. Stratospheric ozone in-
trusion in these four sites also looks strong in winter but
does not result in high ozone in the boundary layer due to
weak photochemistry in winter. However, boundary layer
ozone values at Kagoshima (Japan), Naha (Japan), King’s
Park (Hong Kong), and Hanoi (Vietnam) that are located be-
low 30° N are lowest in summer. Considering that these sites
are easily affected by the inflow of a maritime air mass un-
der the trade wind influence, this low summertime ozone can
be explained by the transport of a humid and ozone-poor air
mass from the ocean due to the monsoon system (Zhao and
Wang, 2017; Jiang et al., 2021). Sites in the equatorial re-
gion (i.e., Kuala Lumpur and Watukosek) do not have a large
seasonal difference in tropospheric ozone.

We repeated the same analysis using the IAGOS data
(Fig. 14). The IAGOS ozone profiles over Northeast Asia

https://doi.org/10.5194/acp-25-11575-2025
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also reveal the highest tropospheric ozone in summer (June)
and the lowest in winter (December). We can also see a large
enhancement of summertime ozone in the boundary layer as-
sociated with strong photochemistry and high ozone in win-
ter (DJF) and spring (MAM) above 8 km altitude, implying
the intrusion effect of stratospheric ozone. The monthly vari-
ation of ozone at multiple heights (Fig. 13b) illustrates a
sharp drop in ozone from June to July, depicting the wash-out
effect due to the rainy season, called Jangma (South Korea)
or Maiyu (China). Overall, the ozone profile pattern in North-
east Asia from long-term aircraft monitoring is similar to the
findings based on ozonesonde measurements. Among them,
we would highlight the fact that the sites showing high tropo-
spheric ozone (e.g., Beijing in China, Pohang in South Korea,
Sapporo in Japan), which are located in Northeast Asia and
latitudes higher than 35°N (Table S3), relate to the strong
intrusion of stratospheric ozone. Considering recent studies
addressing background ozone in Northeast Asia being unex-
pectedly high (Lee and Park, 2022; Colombi et al., 2023), we
need to put more weight on the study of the contribution of
stratospheric air masses to the Northeast Asian background
ozone.

We also added analyzed results using the IAGOS measure-
ments in Southeast Asia (Fig. 14). These are similar in that
ozone in spring (MAM) is the highest. However, ozone in
winter (DJF) is not the lowest — ozone in summer (JJA) is
the lowest in Southeast Asia, probably due to the relatively
stronger precipitation in summer and warmer temperature
in winter compared to the atmospheric conditions in North-
east Asia. Similar to the case in Northeast Asia mentioned
above, some previous studies have reported cases of tropo-
spheric ozone enhancement in southern China being affected
by the influence of typhoons (Zhan and Xie, 2022; Li et al.,
2023a), which are typically explained based on the strato-
spheric ozone intrusion driven by the deep convection (Chen
et al., 2022). However, while those reported cases look sig-
nificant, our results in sites typically affected by typhoons
(e.g., Naha, King’s Park) reveal that this may not contribute
to a significant increase in summertime mean tropospheric
ozone.

As stated in Sect. 2.2, there are additional ozonesonde sites
in East Asia, but these sites do not have long-term measure-
ments. While we cannot provide the long-term trend values
for these sites, at least the seasonal mean pattern can be sug-
gested in spite of the short history of measurements. For this
purpose, we added one more result showing the seasonal
mean pattern of the ozone vertical profile at an additional
six sites not having ozonesonde measurements for a contin-
uous 10 years (Fig. S9): five sites in South Korea (Yongin,
Osan, Seosan, Anmyeon, and Cheju) and one site in Tai-
wan (Taipei), obtained from the experiment team (Kang et
al., 2024) or from the WOUDC data archive. Owing to its
short-term nature, we cannot generalize this result as the typ-
ical seasonal average. However, it seems that this information
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Figure 14. Analysis of the IAGOS measurements: (a) seasonal mean vertical ozone profiles in Northeast Asia during March—April-May
(MAM, blue), June-July—August (JJA, green), September—October—November (SON, orange), and December—January—February (DJF, red);
and (b) monthly mean ozone variation of 1km (black), 3km (purple), 5km (red), and 7km (orange) altitudes in Northeast Asia. (¢) The
same seasonal mean vertical ozone profiles but in Southeast Asia and (d) the same monthly mean ozone variation but in Southeast Asia. The
number in the parentheses in panels (a) and (c¢) indicates the number of data used for each season.

will be a good reference when the vertical ozone distribution
is needed in further studies on East Asian tropospheric ozone.

4.2 Altitudinal long-term trends of tropospheric ozone

In addition to the spatial distribution of tropospheric ozone,
we investigated the long-term trend of ozone values in a
vertical scale using the ozonesonde measurements. We con-
firmed the time series analysis at each altitude (Fig. S10) and
performed the quantile regression. Finally, we estimated the
long-term ozone trend in the troposphere (from the surface to
10 km altitude) per 100 m vertical interval with the certainty
information (using the median and p value). These results
are shown in Fig. 15.

At first, we can see an increasing trend in tropospheric
ozone in most East Asian sites that we examined, based on
the annual median value. Increasing trends of ozone values
at Sapporo, Tsukuba, and Naha have a high certainty through

https://doi.org/10.5194/acp-25-11575-2025

the whole troposphere (Fig. 15a, b, and e), and those at Po-
hang also look to have a partially high certainty. The ozone
at Hanoi mostly shows increasing trends but with a low cer-
tainty. The ozone values in King’s Park, Kuala Lumpur, and
Watukosek are only increasing in the boundary layer (below
~ 2-3 km) but reveal almost no evident long-term trend in the
free troposphere. The Kagoshima and Beijing sites are totally
the opposite, with decreasing trends through the whole tro-
posphere. The ozone decrease at Kagoshima mostly looks to
have a low certainty, but at Beijing this does not look clearly
evident. In brief, we can classify three types of long-term
trends in tropospheric ozone in East Asia: (1) an increase
through the whole troposphere, (2) an increase in only the
boundary layer and no evident trend in the free troposphere,
and (3) a decrease through the whole troposphere.

We also examined trends using the seasonal mean ozone
values: spring (MAM) in Fig. S11, summer (JJA) in Fig. S12,
autumn (SON) in Fig. S13, and winter (DJF) in Fig. S14.
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Figure 15. Long-term trends of annual median ozone per 100 m range from 0 to 10 km altitude at the (a) Sapporo, (b) Tsukuba, (c) Pohang,
(d) Kagoshima, (e) Naha, (f) King’s Park, (g) Hanoi, (h) Kuala Lumpur, (i) Watukosek, and (j) Beijing sites. The dark-red color means
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trend values with p > 0.33 (no evidence), the light-blue color means negative trend values with 0.10 < p < 0.33 (low certainty), the median-
blue color means negative trend values with 0.05 < p < 0.10 (medium certainty), and the dark-blue color means negative trend values with

p <0.05 (high certainty).

The ozone increase in the Sapporo, Tsukuba, and Naha re-
gions, showing increasing trends in annual median ozone
with high certainty, is also a high certainty in summer but
less of a certainty in other seasons. The ozone trends at Po-
hang are seasonally different: an increase in summer and au-
tumn (Figs. S12c and S13c) but a decrease in the wintertime
upper troposphere (Fig. S14c¢). The ozone trends at Hanoi
are generally increasing in terms of annual median value, but
these almost become not evident in the seasonal analysis. The
ozone values in King’s Park, Kuala Lumpur, and Watukosek,
similar to the annual median analysis, are increasing, with
medium certainty in the boundary layer, particularly in spring
and summer. In other seasons, however, the ozone trends at
Hanoi are not evident.

Ozone trends at Kagoshima and Beijing are different from
other sites, as shown in the annual median analysis in Fig. 15.
They are also decreasing consistently in whole seasons.
These decreasing trends at Kagoshima and Beijing are not
usually accompanied by high certainty, but decreasing trends
at Kagoshima in spring are highly certain (Fig. S11d). Al-
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though trend values are not largely evident, a tropospheric
ozone decrease at Beijing is quite consistent in all seasons.
Zhang et al. (2021) also analyzed the variation of ozonesonde
measurements at Beijing, and it looks like the stratospheric
ozone intrusion is strong from 2006 to 2012 but not in other
years, which may be related to the ozone trend at Beijing.
At this present moment, these decreasing trends were not
well explained through our knowledge. Nonetheless, we re-
port these trends because this can be motivation for further
research.

Finally, we estimated the long-term trend of tropospheric
ozone in East Asia using the IAGOS aircraft measurements:
Northeast and Southeast Asia (separately) and analyses
based on the annual and seasonal median pattern (Figs. S15
and S16). Data are available from 1995 to 2022; therefore
the recent situation of this decade (i.e., the outbreak of Coro-
navirus disease 2019) probably affects the trend result. In
spite of this condition, generally we can see increasing trends
of tropospheric ozone in East Asia, consistent with previ-
ous reports (Wang et al., 2019; Lee et al., 2021; Li et al.,

https://doi.org/10.5194/acp-25-11575-2025
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2023b). Compared to trends in Northeast Asia, it seems that
the increasing trend in Southeast Asia looks more evident.
In particular, the ozone trends in Southeast Asia consistently
show high certainty from the surface to ~8km (Fig. S16).
In contrast to the continuous ozone increase in Northeast
Asia, however, it seems that the ozone increase in South-
east Asia has become weaker recently (Fig. S17), requiring
us to keep our eyes constantly on the future. The seasonal
median trends are usually similar to the annual trends except
for winter (DJF). The wintertime trends in Northeast Asia
are partly negative in the upper troposphere (different from
consistent increasing trends in other seasons) and not evi-
dent near the surface (different from increasing trends with
high and medium certainty in other seasons). In Southeast
Asia, the wintertime ozone trends are still increasing but are
mostly not evident — different from increasing trends with
high certainty in other seasons.

5 Implications for ozone control

Our results reveal significant spatial and seasonal ozone vari-
ations over East Asia and Southeast Asia. Spatially, ozone
levels are closely associated with anthropogenic emissions
(e.g., NO, emissions) (Li et al., 2024), with high ozone
concentrations aligning well with the estimated NO, emis-
sion patterns. Figure 16 shows the bottom-up NO, emissions
and the satellite-derived NO, columns over East Asia and
Southeast Asia. Seasonally, ozone variations are primarily in-
fluenced by meteorological conditions and biomass-burning
emissions in Southeast Asia. For example, ozone peaks usu-
ally occur in northern China during summer, in the Pearl
River Delta during autumn, and in Southeast Asia during
spring.

https://doi.org/10.5194/acp-25-11575-2025

Relative to East Asia, although the health risks in South-
east Asia tend to be low under short-term ozone expo-
sure metrics (e.g., 95th percentile MDAS ozone), ozone ex-
ceedance days are still notable if the WHO standard is ap-
plied. The diverse short-term ozone air quality standards in
Southeast Asian countries (Fig. 3) suggest a great challenge
in calling for regional joint ozone control. Moreover, the
WHO'’s newly introduced peak-season ozone concentration
standard indicates that both East Asia and Southeast Asia are
faced with the widespread risk of long-term ozone exposure,
with the vast majority of the region exceeding the WHO stan-
dard. In addition to health impacts, the pervasive ozone pol-
lution in East Asia and Southeast Asia is also threatening
global food security by accounting for over 60 % of global
rice yield (Feng et al., 2022; Yuan et al., 2022). For example,
the year-around mean MDAS ozone of over 40 nmol mol~!
over Southeast Asia suggests high ozone exposure over a
threshold of 40 nmol mol~! (AOT40), which is commonly
used to investigate ozone effects on vegetation yield (Feng et
al., 2022).

The long-term trend of surface ozone indicates that, based
on the available data, high-emission regions in South Ko-
rea, Southeast Asia, and China have generally experienced
an increase in ozone levels since 2005. However, since 2013,
the increase in ozone levels in China has significantly ac-
celerated, while the ozone trends in Thailand and Malaysia
in Southeast Asia show no significant changes. Therefore, it
is still urgent to elucidate the varying ozone trends in East
Asia and Southeast Asia across different seasons over the
past decade (Li et al., 2019).

In the troposphere, the available ozonesonde and IAGOS
measurements not only demonstrate the high background
ozone in warm seasons over Northeast Asia but also show an
overall increasing tendency in the past three decades. While
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the increase in tropospheric ozone can be largely attributed
to the increased anthropogenic emissions, as demonstrated
in our companion paper (Lu et al., 2025), the origin of high
seasonal background ozone in Northeast Asia remains un-
clear. Recent studies provide some observational and model-
ing evidence of a stratospheric intrusion (Chen et al., 2024;
Colombi et al., 2023) to explain this high background ozone,
but a quantitative assessment is urgently needed. In partic-
ular, the recent ASIA-AQ campaign (https://espo.nasa.gov/
asia-aq, last access: 19 September 2025) conducted across
Asian counties would be important to understand the high-
tropospheric-ozone issue over East Asia and Southeast Asia.

6 Conclusions

Under the framework of TOAR II, which aims to estimate
global and regional tropospheric ozone pollution and its his-
torical trend, in this study we present the most compre-
hensive review of ozone distributions and evolution over
East Asia and Southeast Asia across different spatiotempo-
ral scales in the past two decades. This is done by taking ad-
vantage of the available surface ozone measurements in the
past two decades (2005-2021) over eight countries, with 10
ozonesonde and in-service aircraft measurements within this
region. The key conclusions are as follows:

First, there are significant spatial and seasonal ozone
variations at the present-day level. In summer, seasonal
mean MDAS ozone averaged over 2017-2021 varies from
30nmolmol~! in Southeast Asia to over 75 nmolmol~! in
summer in northern China and Seoul. Southeast Asia in win-
ter and spring has a high mean ozone of 60 nmolmol~! (in
Thailand). The seasonality of the 95th percentile ozone re-
sembles the mean ozone evolution, but the widespread oc-
currence of the very high 95th percentile ozone of over
85nmolmol~! highlights the severity of ozone pollution.
If the WHO standard is applied for short-term exposure,
a large fraction of the sites will have more than 100d of
MDAS ozone exceedance. In terms of long-term exposure,
the WHO’s newly introduced peak-season ozone standard in-
dicates that both East Asia and Southeast Asia are faced with
a widespread risk of long-term ozone exposure.

Second, the surface ozone increase in the past two decades
is widespread. In particular, South Korea has a national ozone
increase with high certainty across different seasons. In Thai-
land, there is an overall increasing trend in surface ozone
but with spatial heterogeneity over 2005-2021. In China, the
compiled 11 individual measurements show an overall ozone
increase in high-emission regions and at a global baseline
station. However, the observed national surface ozone in-
crease in South Korea and Southeast Asia from 2005 is level-
ing off or has even decreased in the past decade (2013-2021),
while the ozone increase in the 2000s over China has ampli-
fied since 2013. Surface ozone trends in Japan and Mongolia
have been generally flat in the past decade.
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Third, in the troposphere, the high ozone levels in spring
and summer at the Beijing, Pohang, Sapporo, and Tsukuba
sites are driven by strong photochemical ozone production
and stratospheric ozone intrusion, supported by both the
ozonesonde and IAGOS measurements. The difference in
the tropospheric ozone level between East Asia and South-
east Asia is likely due to the high background ozone from
the stratospheric intrusion over Northeast Asia. In terms of
ozone trends, from a three-decade perspective, the available
ozonesonde and aircraft measurements show an overall in-
creasing tendency at different altitudes but feature strong
site-by-site differences. Due to measurement availability, the
ozone trend in the past decade is still unquantified.

Fourth, the significant spatial ozone variations over East
Asia and Southeast Asia are closely associated with anthro-
pogenic emissions, supported by ground-based and satellite
measurements. Our study also shows that there is a very
high ozone climate penalty over East Asia and Southeast
Asia, and the widespread high ozone—temperature slope of
3-8 nmolmol~! °C~! persists all year round in Southeast
Asia. More importantly, the observed 95th percentile re-
gression shows a notably increased ozone—temperature slope
over Southeast Asia, suggesting a critical issue in future
ozone controls.
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