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Abstract. Lower-tropospheric ozone (O3) pollution is a major environmental and societal concern in East and Southeast Asia
(ESEA), where concentrations often exceed the thresholds recommended by the World Health Organization, causing hundreds
of thousands of premature deaths each year. While lower-tropospheric Os plays a key role in air quality, its systematic spatial
variability and the influence of synoptic and climatological drivers on its distribution over long periods have not yet been
characterised. In this study, we describe the most commonly occurring spatial patterns of lower-tropospheric O3 during spring
(March and April), the season of its highest concentrations. These regional spatial patterns are called O3 regimes, which are
derived from chemical reanalyses during over 21 years (2004-2024) using a k-means clustering algorithm. This method allows
us to identify four distinct regimes of O; regional distribution, which are validated with respect to multispectral IASI+GOME2
satellite observations.

Our results highlight the occurrence of a specific regime characterised by anticyclonic and high insolation conditions over
ESEA, that favour the occurrence of biomass burning in Indochina and lead to positive Oz anomalies (+4 to +13 ppb) extending
from Southeast Asia towards the Pacific. Its occurrence is significantly correlated with El Nifio conditions. Conversely, a
contrasting regime is associated with La Nifia, which enhance convection and cloudiness, while producing a negative anomaly
of tropospheric O3 over most of the region. These results highlight that lower-tropospheric O3 in spring exhibits different

distribution patterns, which can be strongly driven by synoptic conditions and large-scale climate variability.

1 Introduction

Tropospheric ozone (O3) is a major air pollutant and a strong short-lived greenhouse gas (IPCC, 2023), playing a key role in
regulating oxidizing capacity of the atmosphere and influencing climate. In the troposphere, O3 is mainly produced through

photochemical reactions involving the oxidation of precursors like volatile organic compounds (VOCs) and carbon monoxide
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(CO), in the presence of nitrogen oxides (NOx=NO+NO,) and sunlight. Stratosphere to troposphere exchange (STE) also
contributes to enhanced tropospheric ozone levels, particularly at high and mid-latitudes (Gaudel et al., 2018; Monks et al.,
2015).

In this study, we focus on lower-tropospheric ozone, including ozone in the near-surface and lower free troposphere. Here, O3
poses significant risks to human health, harms vegetation, and reduces crop yields (Monks et al., 2015). O3 pollution over East
and Southeast Asia (ESEA) is a serious social concern: 50% of the estimated cardiovascular premature mortality in this region
is attributable to surface O3 in 2019 (Sun et al., 2024). Consequently, WHO has introduced a new recommended standard for
peak-season 8-hour mean ozone of 60 pg/m* (World Health Organization, 2021) . The measured peak-season O3 level
demonstrates that 98% of air quality stations in ESEA exceeded this WHO limit, indicating a widespread and critical risk of
long-term exposure for the population (Li et al., 2025b). In this context, the research community has increasingly focused on
characterizing the spatial and temporal variability of ozone in the lower troposphere across this region (Gaudel et al., 2018).
Despite recent important reductions of NOx emissions in Asian countries, like China since 2013, surface ozone still shows
positive trends across many parts of the region (Cao et al., 2024; Li et al., 2025b; Lu et al., 2025). This behaviour is driven by
the complex, non-linear processes involved in ozone formation, which, depending on the chemical regime, make the response
of ozone to NOx either positive or negative (Sillman, 1999; Wang et al., 2021). In addition to regional photochemical
production, O3 levels also depend on atmospheric transport, and background levels, which are all influenced by meteorological
and climatological variability (Lu et al., 2019; Monks et al., 2015). Previous studies that investigated precursor influences
alone were often not conclusive, highlighting the importance of considering the role of meteorological and climatological
variability (Dufour et al., 2021; Lu et al., 2019). In this context, the increasing availability of long-term satellite and ground-
based measurements in recent years has allowed detailed analyses of regional ozone trends, spatial patterns, and temporal
variability. Tropospheric ozone in ESEA is characterized by significant spatial and seasonal variations, with spring typically
showing the highest ozone levels (Li et al., 2025b). This springtime ozone enhancement is driven by the combined influence
of photochemistry and large-scale circulation, that defines the meteorological conditions favourable to high ozone levels and
the presence of active sources. In this region, ozone pollution is intensified under persistent anticyclonic circulation, with
enhanced solar radiation and reduced cloudiness and precipitation (Cao et al., 2024; Raktham et al., 2014). These conditions
are often associated with the westward expansion of the Western Pacific Subtropical High (WPSH), associated with a large
semi-permanent anticyclonic structure, which promotes dry and warm conditions over ESEA (Huang et al., 2024; Wei et al.,
2023; Yen et al., 2013). These situations enhance photochemical ozone production and promote biomass burning activity in
southern China and Indochina, thereby increasing precursors emissions and contributing to the springtime peak of tropospheric
ozone in the subtropics (Jacob et al., 2003; Ogino et al., 2022). At mid- and high-latitudes, high level of tropospheric ozone is
modulated by different dynamical processes. Frequent stratosphere-troposphere exchange events contribute to enhanced
background ozone in the free troposphere, as demonstrated by satellite observations, ozone sondes and aircraft measurements

(Kim et al., 2025; Li et al., 2025b). Episodic cold surge events are an efficient mechanism for uplifting pollutants emitted from
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anthropogenic sources into the free troposphere, where they are then efficiently transported eastward (Brown-Steiner and Hess,
2011; Ikeda et al., 2021).

The EI Nifio-Southern Oscillation (ENSO) is a semi-periodic coupled ocean-atmosphere phenomenon defined by variations in
sea surface temperatures and atmospheric circulation over the tropical Pacific, which can modify large-scale atmospheric
circulation and climate patterns (Brassington, 1997). According to literature, it is a significant driver of the interannual
variability of atmospheric circulation that influences lower tropospheric O3 levels across ESEA and the subtropical North
Pacific Ocean (Lin et al., 2014a; Liu et al., 2003; Okamoto et al., 2018; Xue et al., 2021). El Nifio conditions enhance the
subsident branch of the Walker circulation over Southeast Asia, enhancing solar radiation and suppressing rainfall (Li et al.,
2025a). This condition intensifies fires, with biomass burning emission increasing up to 57% (Xue et al., 2021). The
combination of enhanced emissions and large-scale circulation anomalies results in enhanced O3 plumes of 15000 km across
the subtropical North Pacific (Lin et al., 2014a; Xue et al., 2021). These plumes affect air quality in Hawaii, as observed at the
Mauna Loa Observatory, which shows an almost 10% increase in O3 during El Nifio conditions, as well as other locations such
as Taiwan (Raktham et al., 2014) and North America (Xue et al., 2021). La Nifia anomalies tend to enhance deep convection
and precipitations in Southeast Asia, suppressing fire activity, and may lead to lower ozone concentrations (Liu et al., 2003).
As shown by Okamoto et al., (2018), long-range transport from East Asia is suppressed due to weaker westerly winds.

Given the increasing Os trends and the complex role of synoptic conditions, a complete characterization of the regional ozone
distribution and variability over a multi-year period is required. The main gaps that remain concern 1) the lack of an objective
multi-year climatology of tropospheric ozone spatial distributions including its variability in East Asia, with an emphasis on
the spring season with enhanced surface ozone concentrations and 2) a better understanding of how synoptic circulation and
large-scale modes, such as ENSO, modulate springtime ozone and its precursors.

The aim of this research is to investigate the synoptic and climatological influence on springtime tropospheric ozone variability
in East Asia. This study provides an objective identification and classification of springtime tropospheric O3 regimes over East
Asia and identifies the synoptic variability of the atmospheric circulation controlling the production and the transport of ozone.
Specifically, we present the first robust quantification of ozone regional distribution in terms of spatial regimes over a 21-year
period and its links with synoptic conditions, precursor sources and ENSO variability. By integrating long-term in-situ and
satellite observations and reanalysis data, this work aims to improve our understanding of processes that influence regional
ozone formation and transport in East Asia.

The methodology and datasets are described in Section 2. Section 3 presents the main results describing: 1) the main identified
ozone regimes and their evaluation with satellite and in-situ observations, 2) their key meteorological drivers over East Asia
and the Pacific, and indicators of ozone precursor emissions and 3) the influence of ENSO on the spatial and temporal ozone

variability. Finally, Section 4 summarizes the main conclusions of this study.
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2 Method and data
2.1 Ozone regime classification

In this study, we conduct a classification of large-scale regimes of daily ozone spatial fields during spring (March-April), over
a 21-year period (2004-2024). The methodology, summarized in Figure 1, follows the standard approach commonly used in
the literature for identifying weather regimes, defined as persistent synoptic-scale circulation patterns e.g. (Michelangeli et al.,
1995). To our knowledge, this is the first time that this framework is directly applied to ozone fields to derive ozone regional
distribution regimes and investigate the typical spatial patterns of tropospheric ozone. The selected domain [10-40°N, 85-
180°E] covers East Asia and the western Pacific Ocean, including the main regions where springtime ozone precursors are
emitted (anthropogenic sources in highly industrialized areas and agricultural fires in the Indochinese Peninsula). Ozone fields
are obtained from Copernicus Atmospheric Monitoring Service (CAMS) reanalysis for sake of full spatio-temporal coverage.
We consider the 850 hPa pressure level (approximately 1.5 km above sea level) as reference for low-tropospheric ozone, which
is roughly consistent with the altitude of maximum sensitivity of the [ASI+GOME-2 product that is used for its validation (see

section 2.3).

INPUT principal VALIDATION
daily ozone daily ozone components OUTPUT satellite
fields anomalies e k-means red noise ozone regimes observations
at 850 hPa (remove 7-day (;ﬁj%‘ggfz? %r&c;f clustering test (identification of (IASI+§SME2)
Mgcr&hf}f)ﬁl moving average) explainig 72% of s a%;?:?;ivlg:i?ies) in-situ
20042024 the variance) P measurments
(Mt. Lulin)

Figure 1: Scheme of the methodology used for ozone-regimes classification.

The first step of the method consists of deriving daily ozone anomalies to focus on their daily variability and equalizing
contributions of each point of the spatial grid. This is done in two steps: first a 21-year climatology is calculated for each day
of the year and at each grid point, and a 7-day moving window centred on the corresponding day is then applied. The 7-day
window was used to obtain a robust estimate of the climatology and to avoid sensitivity to day-to-day fluctuations. The
resulting day-of-year climatology was then removed from each daily ozone field to obtain the daily anomalies. Then, anomalies
at each grid point are standardized by subtracting the long-term mean and dividing by the standard deviation, ensuring that all
geographical locations contribute equally to the analysis. The dataset is then weighted by the square root of the cosine of
latitude to account for the decreasing grid-cell area toward the poles, linked to the use of latitude/longitude as coordinates. As
a second step, a principal component analysis (PCA) is applied to the ozone anomalies to identify the dominant spatial patterns
of variability and their associated time series. We retain the first 40 largest empirical orthogonal functions (EOFs), which
explain 72,2% of the total variance. This step is important to reduce the dimensionality of the dataset and to filter out some
noise as the resulting principal components (PCs) are used as input for the clustering. The third step consists of clustering the
40 PCs into groups based on spatial similarities and differences, using the k-means clustering algorithm (as described in

Michelangeli et al., 1995). Clustering is performed for each value of k classes from 2 to 10, with 100 independent runs with
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different initializations for each k to assure the reproducibility of the results. The optimal number of regimes is assessed using
the classifiability index, which evaluates the reproducibility of the clustering solution across independent runs. The statistical
significance of the obtained classifiability was evaluated using a red-noise test (Supplementary Figure S1). Following this
procedure, the ozone fields analysed can be partitioned into regimes according to spatial similarities (in our case, we identify
4 regimes, see section 3.1). Each ozone regime is obtained by grouping and averaging the input daily ozone anomalies
belonging to its class (Supplementary Figure S2).

Additionally, we assess the robustness of the classification using two statistical tests (Gaetani et al., 2021). A T-test is applied
at each geographical location to verify that the mean anomaly of each regime is significantly different from zero, meaning that
each ozone regime is considered derived from different populations with the 95% confidence level according to the p-value.
A one-way analysis of variance (ANOVA) is used to test if the distribution of each regime originates from populations with
different mean values (Supplementary S3). Finally, the spatial and temporal variability of each ozone regime is validated using

observational datasets from satellite ozone retrievals and in-situ observations.

2.2 Reanalysis data

Daily ozone and carbon monoxide (CO) fields at 850 hPa pressure level are obtained from CAMS global reanalyses (EAC4),

produced by ECMWF (https://www.ecmwf.int/en/research/climate-reanalysis/cams-reanalysis) (Inness et al., 2019). Previous

evaluations against independent ozone sonde observations over East Asia have shown that CAMS reanalysis reproduces the
spatial distribution and seasonal cycle of lower-tropospheric ozone more realistically than several other reanalysis products,
with statistically significant correlations at 850 hPa (Park et al., 2020) We use fields at 06:00 UTC, corresponding
approximately to afternoon over the eastern Asia study region, regridded from the original 0.75° resolution to a uniform 1°
horizontal grid to match the resolution of the satellite dataset used for validation. The targeted region is East Asia (10°—40° N,
85°-180° E) and the analysed period includes all days of the months of March and April over the 21-year period from 2004 to
2024 (considered for the ozone regime classification). The 850 hPa level is still sensitive to boundary layer photochemical
ozone production, but is relevant for satellite observations (which can not directly detect surface ozone). The resulting ozone
anomalies are used as inputs for the ozone-regime classification. The CO fields are used to identify combustion sources, such
as biomass burning and industrial activities.

Additional analyses of the ozone regional distribution are conducted over an extended domain including the Pacific Ocean
(5°-55° N, 85°-250° E) at 500 hPa for studying long-range transport that is more effective at this altitude, and over Taiwan at
700 hPa for comparing with in situ measurements at a mountain site.

To investigate the synoptic meteorological conditions influencing tropospheric ozone production and transport, we use
geopotential height and zonal wind, at 850 hPa and 500 hPa (the latter only for the extended domain), and top-of-atmosphere
net long-wave (thermal) radiation from the fifth-generation ECMWF reanalysis (ERAS) (Hersbach et al., 2020). The ERAS
data have an hourly temporal resolution and a spatial resolution of 0.25° x 0.25°. As for CAMS reanalysis, we use the fields

at 06:00 UTC on a grid with a spatial resolution of 1°x1°. For both reanalysis products, daily anomalies are computed at each
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grid point by removing the corresponding 2 1-year day-of-year climatology over March—April. This step retains the day-to-day

variability.

2.3 Satellite and in-situ observations

To validate and verify the consistency of the spatial distribution of ozone regimes derived from CAMS data, we use the
lowermost tropospheric ozone observations (from the surface to 3 km of altitude above sea level - asl) from the multispectral
satellite retrieval IASI+GOME?2. This product combines thermal infrared atmospheric radiance observed by IASI and UV
earth reflectance measured by GOME?2, enhancing sensitivity to ozone in the lowermost troposphere compared with the
individual retrievals (Cuesta et al., 2013). The retrieval has been validated against ozonesonde observations, showing good
agreement in the 0—3 km layer, including over East Asia (Cuesta et al., 2018). In this study, we use a daily dataset of ozone
mixing ratios at 09:30 local time, gridded on a regular grid of resolution of 1°x1°. The CAMS fields used for the regime
classification are sampled at 06:00 UTC. Although CAMS ozone at 850 hPa and IASI+GOME?2 lowermost-tropospheric ozone
represent different vertical quantities and the datasets are not sampled at the same time, both provide information on daytime
ozone distributions and have been compared in previous studies (Okamoto et al., 2026). In this study, satellite observations
are used mainly to assess the spatial consistency of the ozone regimes rather than their instantaneous absolute values.
Additionally, we evaluate CAMS data with hourly in-situ O3 observations from the Lulin Atmospheric Background Station
(LABS), located on Mt. Lulin in central Taiwan (23.47°N, 120.87°E) (Ou-Yang et al., 2022). This site is chosen because of
its ideal location, corresponding to the transport pathways of airmasses from Southern China and the Pacific and at relatively
high altitude. At an elevation of 2862 m, LABS is generally not affected by local sources, making it ideal for monitoring long-
range transport of air pollutants from the continental East Asia. Moreover, the station is frequently located above the
atmospheric boundary layer top. Previous studies use Mt. Lulin observations to characterize the long-range transport of
biomass-burning emissions from Southeast Asia and Indonesia to the western North Pacific (Lin et al., 2014a; Ou Yang et al.,
2012) and to link interannual variability of pollutants to ENSO (Pan et al., 2024).

To describe the locations and occurrences of fires over Indochina, we use the MODIS MCD14ML product from MODIS
sensors on board both Terra and Aqua satellite (Giglio et al., 2016). Data are available from the University of Maryland fuoco
SFTP server (fuoco.geog.umd.edu, last access: 22/11/2025).

2.4 ENSO Indices

We also investigate the relationship between ENSO and the obtained ozone regimes with NOAA 1/4° Daily Optimum
Interpolation Sea Surface Temperature (OISST) data, a long-term Climate Data Record of observations from several platforms
(satellites, ships, buoys and Argo floats) merged into a regular global grid (Reynolds et al., 2007). In addition, several ENSO
indices are also employed in our analysis (NOAA, 2025). The Southern Oscillation Index (SOI) quantifies ENSO by describing
the bimodal variation in sea level barometric pressure between observations at Darwin, Australia and Tahiti (Ropelewski and

Jones, 1987). Another ENSO index is derived from outgoing longwave radiation (OLR) anomalies at the top of the atmosphere,
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observed by the Advanced Very High-Resolution Radiometer (AVHRR) aboard NOAA polar-orbiting satellites (Liebmann
and Smith, 1996) . We also use Nifio 4, Nifio 3.4, Nifio 3 and Nifio 1+2 indices, defined as sea surface temperature (SST)
anomalies averaged over specific regions of the equatorial Pacific Ocean (Trenberth, 1997). Nifio 1+2 and Nifio 3 represent
the eastern equatorial Pacific, Nifio 3.4 and 4 represent the central and western equatorial Pacific, respectively. In addition, we
use the Oceanic Nifio Index (ONI), which is based on the 3-month running mean of SST anomalies in the Nifio 3.4 region. To
further characterize the Central Pacific flavour of ENSO, we use the El Nifio Modoki Index (EMI), defined as a combination
of SST anomalies over the central, eastern and western equatorial Pacific (Ashok et al., 2007). The Trans-Nifio Index (TNI),
computed as the normalized difference between Nifio 1+2 and Nifio 4 SST anomalies, is also included as it is designed to track
the east—west gradient of SST anomalies along the equatorial Pacific and then to distinguish between different ENSO flavors
(Trenberth et al., 2002). The Pacific Meridional Mode index (PMM) is used to account for the meridional, wind—evaporation—
SST-driven mode of variability in the northeastern tropical Pacific, which has been shown to precede and influence ENSO

development (Chiang and Vimont, 2004)

3 Results

This section presents the recurrent springtime regimes characterizing the variability of lower-tropospheric ozone over East
Asia during spring. We first describe their spatial structure and persistence characteristics (Section 3.1), then validate them
using independent satellite and in-situ observations and investigate the synoptic-scale meteorological conditions and emission
sources (Section 3.2). We study the physical link between the four ozone patterns and the associated meteorological conditions
and CO emissions from biomass burning (Section 3.3). We then analyse the interannual modulation of the ozone regimes by
ENSO, using multiple indices and independent in-situ observations (Section 3.4). Finally, we investigate how ENSO-related
circulation anomalies affect the large-scale, trans-Pacific transport of ozone from East Asia toward North America (Section

3.5).

3.1 Regimes of lower tropospheric ozone regional distribution over East Asia

The k-clustering classification identifies four recurrent regimes of lower-tropospheric ozone variability (850 hPa) over East
and South-East Asia during spring (March-April), representative of the 21-year period between 2004 and 2024 (Figure 2).

A first regime (R1) is characterized by widespread positive ozone anomalies between +4 and +9 ppb throughout the region
(Figure 2a). In contrast, a second regime (R2) produces negative ozone anomalies, between -8 ppb and -4 ppb, over the
Indochinese Peninsula and the western Pacific Ocean, while weak positive anomalies (< +4 ppb) remain confined to the
southeastern Chinese coast and Taiwan (Figure 2b). The third regime (R3) shows a localized ozone hotspot over northern
Laos, where anomalies exceed +10 ppb, while negative ozone anomalies (< -4 ppb) affect northern and eastern China and the
East China Sea. Moderate positive anomalies (< +5 ppb) also extend over the western Pacific Ocean (Figure 2¢). Conversely,

the fourth regime (R4) is associated with an elongated band of high positive ozone anomalies (+4 to +12 ppb) extending from
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Indonesia to Taiwan and the western Pacific Ocean. An area of negative anomalies is localized over the central Pacific Ocean

(Figure 2d).

0
AO3 (ppb)

R4
/ ;

0
AO; (ppb) AOs (ppb)

Figure 2: Regimes of ozone distribution in terms of ozone anomalies mixing ratio (ppb) from CAMS reanalyses at 850 hPa during
the two-month periods of March-April over 21 years from 2004 to 2024. These regimes correspond to the overall conditions of (a)
R1, (b) R2, (¢) R3 and (d) R4. The non-shaded areas represent values significant at the 95% level of confidence after the T-test.
Red colours represent positive anomalies in ppb and blue colours negative anomalies. The order of the ozone regimes provided in
this figure does not reflect a specific occurrence frequency.

These ozone regimes exhibit strong temporal persistence. Self-transition (i.e. that a regime remains the same from one day to
another) probabilities range from 78% to 81%, while transitions between different regimes remain below 11% (Table 1). The
resulting mean regime duration (consecutive days with the same regime) of approximately 4-5 days is consistent with a
variability occurring at the synoptic scale. The persistence analysis further confirms the synoptic nature of the identified
regimes (Figure 3). Median event durations range between 3 and 4 days for all classes. The regimes R3 and R4 (Fig. 2c, d)
tend to persist longer and display less variability. Whereas the other two regimes, R1 and R2, show generally shorter sequences,
but occasionally produce unusually extremely long events, suggesting the modulation by low-frequency climate variability.
Furthermore, all the four regimes show a clear interannual variability, as shown in Figure S4. The median occurrence

frequencies are 21.3% for R1, 16.4% for R2,26.2% for R3, and 19.7% for R4, respectively, with a wide interannual variability,
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with annual frequencies ranging from 0-67.2%, 0-83.6%, 3.3-57.4%, and 0-42.6%, respectively. The Mann-Kendal test
indicates a significant increasing trend in the occurrence frequency of R1 (1.92%yr"!, p=0.042) and a significant decreasing

trend for R2 (-1.48%yr"!, p = 0.046).

Table 1. Transition rates of ozone regimes, expressed as the percentage of transitions from the regimes in the rows to those in the
columns. Values on the diagonal represent the persistence of each regime.

Regimes R1 R2 R3 R4
R1 78.8 32 10.9 7.1
R2 5.1 81.8 7.2 6.6
R3 7.9 9.3 80 2.8
R4 10.7 7.5 4 77.9

(¢}
35
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@ (o]
> 204
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o]
151 o
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10
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i 1 1
o
R1 R2 R3 R4
Regime

Figure 3: Ozone regimes persistence, displayed as the distribution of the regimes sequences in days. Orange lines represent the
median, boxes represent the interquartile range, whiskers extend up to 1.5 times the interquartile range, and outliers are displayed
as black circles.

3.2 Comparison of ozone regimes with satellite and in-situ observations

In this section, independent satellite and in-situ observations are used to assess if the ozone regimes identified from CAMS
capture spatial and temporal features of lower-tropospheric ozone variability over East Asia. At the regional scale, the lower-

tropospheric ozone columns (surface-3 km asl) retrieved from IASI+GOME2 (March-April, 2017-2024) reproduce the main
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spatial structures associated with each regime (Figure 4). To reduce noise in the satellite data, IASI+GOME?2 data are spatially
smoothed using a median filter with a 2°x2° kernel, conserving the resolution of 1° for comparing with CAMS data. Although
the satellite anomalies are weaker, likely because they represent ozone integrated over the surface-3 km layer rather than a
single pressure level, the spatial patterns remain clearly consistent in relative terms with the CAMS classification. R1 shows
widespread positive ozone anomalies (> +3 ppb) across East Asia, including Indochina, northern China, Japan and Pacific
Ocean (Figure 4a). R2 is associated with marked ozone reductions (< -5 ppb) over the Indochinese Peninsula and the Pacific
Ocean (Figure 4b). R3 in Figure 4c is characterized by enhanced ozone over Indochina and the western Pacific Ocean and
reduced ozone over northeastern China (< -4 ppb). Conversely, R4 enhances ozone concentration (+2 ppb) over Indonesia,
Taiwan, and the western Pacific Ocean, while reducing ozone over the central Pacific (> -3 ppb) (Figure 4d). The agreement
between CAMS and IASI+GOME2 demonstrates that the four regimes obtained from the reanalysis represent large-scale
ozone patterns independently observed from space. This consistency is more similarly observed when considering the same
period of 2017-2024 for averaging both CAMS and IASI+GOME?2 ozone horizontal daily distributions (respectively 850 hPa
and surface-3km partial columns; see Figure S5 in the Supplementary Material). We also performed a spatial projection
analysis (Crétat et al., 2015) as reported in the Supplementary Material (Figure S6 and Table S1) to verify that the four regimes
identified from CAMS are robust and consistently reproduced in the independent IASI+GOME?2 satellite observations, both

in space and in time.

10
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Figure 4: Column (0-3km) low-tropospheric ozone concentration patterns from IASI+GOME2 data associated with the ozone
regimes classified from CAMS during March-April 2017-2024.

The temporal evolution of the tropospheric ozone concentrations derived by CAMS is also validated by long-term in-situ
measurements from the LABS station at Mt. Lulin in Taiwan (2006-2024). For this comparison, CAMS ozone at 700 hPa is
275 used to match the altitude of Mt. Lulin (2862 m.a.s.l.) over the grid point that includes its location.
In relative terms, the monthly ozone concentrations simulated by CAMS at 700 hPa clearly follow the observed interannual
variability between 2006 and 2024 (Figure 5), capturing both the exceptionally low ozone minimum observed during spring
2022 and the major peaks recorded in 2007, 2009, 2016, 2021, 2023, and in 2024. Over the entire period, CAMS and
observations exhibit a significant positive correlation (r=+0.50), indicating that the reanalysis captures part of the observed
280 variability. In absolute terms, CAMS shows a moderate positive mean bias (MB=+7 ppb), suggesting a systematic
overestimation of ozone concentrations with respect to the surface station measurements. It is worth noting that biases do not
affect significantly the ozone regime classification done in this work, since the input ozone field (CAMS) are normalized and

deseasonalized before the classification is done.
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CAMS-derived tropospheric ozone concentrations associated to each ozone regime are consistent when evaluated against those
from the in-situ observations (Figure 6). Both CAMS (Figure 6a) and in-situ observations (Figure 6b) identify R1 associated
with the highest ozone levels, and the convection regime as the one associated with the lowest values. Ozone abundances
observed at Mt. Lulin increase significantly with the occurrence of R1, whose monthly frequency correlates positively with
the Mt. Lulin time series (r = +0.48, p = 0.006). This result confirms that this regime represents regional ozone outbreak
conditions and it becomes more frequent during high ozone episodes. While CAMS generally overestimates ozone
concentrations, the relative ranking of the regimes remains unchanged between datasets, indicating that the classification
captures physically meaningful differences in ozone variability. The slightly larger spread observed for in-situ measurements
reflects the higher temporal variability resolved by local observations compared with the gridded reanalysis.

Taken together, these independent satellite and in-situ observations confirm that the ozone regimes identified from CAMS

capture robust spatial and temporal features of lower-tropospheric ozone variability over East Asia.
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Figure S: Springtime (March-April) O3 concentrations from monthly CAMS data at 700 hPa (blue line) and from the in-situ LAB
station at Mt. Lulin, Taiwan (2862 m.a.s.l.; grey line: daily data; black line: monthly averages).
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Figure 6: Boxplots of ozone concentrations (ppb) using CAMS data (orange) and in-situ observations at Mt. Lulin (blue), filtered
according to the regime classification. The comparison is performed at the station location and the corresponding CAMS grid point.

3.3 Ozone regimes: link with synoptic conditions and sources

In this section, we investigate the drivers of ozone variability over east Asia, linking ozone patterns to meteorological
conditions, biomass-burning CO emissions and climate variability, and we show the physical framework associated with the

four identified regimes.

3.3.1 Persistent high pressure over East Asia (R1)

R1 is characterized by widespread positive anomalies of ozone across most of East-Asia. The strongest enhancements
exceeding +6 ppb occur in three key hotspots: 1) two important Chinese industrial hubs, the Sichuan Basin and the North
China Plain, 2) the Southeastern Chinese coast, Taiwan and the South China Sea, and 3) the Pacific Ocean sector between
160-180°E (Figure 7a). Positive CO anomalies over the Indochinese Peninsula (> 15 ppb) indicate that precursors emissions
increase in this regime and contribute to the regional ozone enhancement (Figure 7b).

The dynamical circulation associated with this regime is influenced by a large-scale anticyclonic circulations and clear skies,
which together promote O3 photochemical production (Figure 7c and d). Given these characteristic circulation features, R1
can therefore be referred to as the “High Pressure” regime. Positive geopotential height anomalies at 850 hPa and higher
outgoing longwave radiation reveal dry, cloud-free conditions over East Asia and the Western Pacific. Over the Indochinese
Peninsula, subsiding dry air masses, increased solar radiation and warmer temperature promote biomass-burning and enhance
the emission of O3 precursors, such as CO. All these conditions accelerate photochemical ozone production. The circulation

anomalies also promote the regional transport of pollutant. Specifically, emission originating from Indochina and Eastern
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China are transported eastward and partially recirculated around the anticyclonic system (Figure S7a), contributing to the

ozone enhancement across the continent and the western Pacific Ocean.
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Figure 7: High pressure ozone regime (R1) and the corresponding synoptic conditions and CO field. a) O3 anomalies (ppb) at 850
hPa from CAMS and zonal wind anomalies at 850 hPa from ERAS. b) CO anomalies (ppb) at 850 hPa from CAMS. ¢)
geopotential height anomalies and zonal wind anomalies at 850 hPa from ERAS. d) Outgoing longwave radiation anomalies
(W/m?) at the top of the atmosphere from ERA5 and averaged fire radiative power per day from MODIS MCD14ML product.
The non-shaded areas represent values significant at the 95% level of confidence after the T-test. Red colours represent positive
anomalies in ppb and blue colours negative anomalies.

The in-situ data from Mt. Lulin confirm that this ozone regime represents the conditions that lead to high levels of tropospheric
ozone during spring. The frequency of occurrence of the high-pressure regime is positively correlated with ozone
concentrations measured at Mt. Lulin (r = +0.50 and p < 0.005), indicating that periods of elevated ozone are associated with
a more frequent occurrence of this circulation pattern. During extreme ozone episodes (>70 ppb), this ozone regime is the most

frequent, accounting for approximately 50% of all classified days.

3.3.2 Convection in Southeast Asia (R2)

During R2, negative ozone anomalies dominate the Indochinese Peninsula and the western Pacific Ocean, where they coincide

with reduced CO concentrations (Figure 8a, b), indicating a reduction in precursor emissions and ozone production. Those
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anomalies are associated with a large-scale convective circulation pattern, characterized by negative geopotential height
anomalies at 850 hPa and reduced outgoing longwave radiation, indicating enhanced cloudiness and enhanced deep convection
over Southeast Asia (Figure 8c, d). Therefore, R2 is also referred to as “Convection” regime. Such conditions reduce biomass-
burning activity and solar radiation available for photochemical reactions, limiting the production of tropospheric ozone. While
340 ozone decreases over Indochina and the Pacific Ocean, weak positive anomalies persist east of the Chinese mainland, where
transported CO can still support photochemical ozone formation under favourable radiative conditions. Nevertheless, the
dominant regional signal is a substantial reduction in ozone concentrations associated with enhanced convection and cloud
cover.
The occurrence frequency of this ozone regimes is significantly negatively correlated with O3 concentrations measured at the
345 Mt. Lulin laboratory with r = -0.48 and p=0.006, indicating this regime is preferentially associated with low-ozone conditions.
The spring of 2022 is a representative example, combining the lowest ozone concentrations of the observational record (Figure

5) with a frequent occurrence of the convection regime (59%, as shown in Figure S4 in the Supplementary Material).
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Figure 8: Same as Figure 7 but for Convection ozone regime (R2).
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3.3.3 Enhancement of the Western Pacific Subtropical High (R3)

The main characteristic of R3 is the ozone hotspot exceeding +10 ppb over northern Laos, while negative anomalies are located
over northern and eastern China and the East China Sea (Figure 9a). The spatial correspondence between the fire hotspots and
positive Oz and CO anomalies (Figure 9b and d), suggests that biomass burning is the primary source of ozone precursors.
This is also supported by the previous literature (Liao et al., 2026), which shows that polluted air produced in that mountainous
region is rapidly uplifted and then transported by the upper layer westerly winds.

The circulation pattern of this regime promotes both pollutant accumulation and its vertical transport. Positive geopotential
height anomalies reveal a strengthened and westward-shifted of the Pacific Subtropical High (Figure 9c), known to bring
warm, dry and stable conditions over northern Indochina (Wei et al., 2023). These conditions enhance biomass-burning activity
and promote photochemical ozone production (Figure 9d), consistent with previous studies describing the influence of the
WPSH on regional air quality (Hu et al., 2019; Huang et al., 2018). At the same time, the circulation anomalies generate
contrasting conditions farther north. Enhanced cloudiness and lower geopotential heights over eastern China indicate increased
precipitation and convective uplift (Figure 9c, d). We suggest that two mechanisms are at work in this situation. First, warm
continental air meeting moist Pacific air likely lifts polluted air from Indochina to higher altitudes, lowering ozone near 850
hPa and letting cleaner marine air take its place (Hu et al., 2019; Wei et al., 2023). Second, the stronger westerly and southerly
winds along the northern edge of the WPSH (Figure 9c) also bring in clean marine air directly, adding to the ozone decrease
over eastern China. Both processes together explain why we see strong ozone production over northern Laos and a drop over
eastern China within the same regime. This picture is also supported by the circulation field (Figure S7c), which shows the
westward-shifted ridge and the associated flow pattern described above.

In summary, during this regime, the WPSH concentrates biomass-burning emissions and ozone production over northern

Indochina while also promoting vertical redistribution and dilution of pollutants farther downstream.
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Figure 9: Same as Figure 7 but for Strong WPSH (R3).
3.3.4 Weakening of the Western Pacific Subtropical High (R4)

R4 is characterized by a weakened Western North Pacific Subtropical High, associated with a distinct circulation pattern over
the western Pacific (Figure 10). Positive ozone anomalies match higher CO along the same pathway (Figure 10a, b), suggesting
the transport and large-scale redistribution of polluted air between 125°-165°E and 10°-30°N. This enhancement reflects the
superposition of the anomalous northerly flow (Figure 10c) onto the mid-latitude westerlies, as shown by the mean circulation
field in Figure S7d. This distribution results from the interplay between the high pressure over China and the prevailing low-
pressure anomaly over the northeastern Pacific Ocean, which promote the transport of polluted air masses through the

anomalous northerly and the westerly flow and enhanced convection at the rear of the trough (Figure 10c, d).
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Figure 10: Same as Figure 7 but for Weak WPSH (R4).
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These circulation anomalies strengthen meridional transport and modify the prevailing pathways of Asian pollution. Previous
studies have linked similar circulation patterns to cold-air intrusions associated with perturbations of the Siberian High and the
polar vortex, which favour the export of East Asian pollutants toward higher latitudes (Ikeda et al., 2021). Under these
conditions, ozone precursors emitted over China are advected south-eastward and then northward across the Pacific. Part of
the pollution plume recirculates within the large-scale circulation, producing ozone accumulation over the northwestern
Pacific, while another fraction is transported poleward. The resulting ozone enhancement therefore reflects both regional

photochemical production and efficient long-range transport.

3.4 Interannual influence of ENSO

Previous research has shown that ENSO influences tropospheric ozone variability over East Asia (Lin et al., 2014b; Xue et al.,
2021). In this paper, we investigate the role of ENSO as source of interannual variability for the two ozone regimes controlling
high- and low- ozone conditions over East Asia, namely the high pressure and the convective regimes (R1 and R2). To quantify

this influence, we examined the relationship between the monthly occurrence frequency of each regime during spring (March-
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April, 2004-2024) and ENSO indices, described in Section 2.4 representing both oceanic and atmospheric components of
ENSO variability. It is important to note that SOI, TNI and OLR indices show opposite sign respect with ONI, PMM and the
SST indices, meaning that negative values indicate El Nifio phase and those positive La Nifia phase.

The analysis reveals a robust and consistent relationship between ENSO variability and the occurrence of the high-pressure
regime and the convective regime (Figure 11), although the strength of this relationship depends on the ENSO index
considered. Most ENSO indices show a significant correlation with the occurrences with the occurrence of the high-pressure
regime R1 (0.3 <|r| < 0.6, p < 0.05), indicating that high tropospheric ozone conditions occur more frequently during El Nifio
events. Notably, this relationship is strongest and most persistent for the central-Pacific-flavoured indices EMI, ONI, Nifio 4,
and Nifio 3.4. The strength of the correlation decreases for the more eastern-Pacific-defined Nifio 3 index, while Nifio 142
shows no significant correlation at any lag. In contrast, the occurrence of convective ozone regime R2 increases during La
Nifia conditions, linking enhanced convection over Southeast Asia to reduced tropospheric ozone concentrations. Nifio 4, Nifio
3.4, EMI and ONI show the strongest and most consistent correlations, while Nifio 3 and Nifio 142 decrease the correlation.
This asymmetry indicates that both ozone regimes respond to the central Pacific flavour of ENSO. The time lags of the
correlations reflect the different temporal scales of the ENSO system. Atmospheric and coupled ENSO indices such as SOI,
TNI and PMM exhibit maximum correlations at positive lags of +1 to +2 months, consistent with a rapid atmospheric response
affecting regional patterns. PMM, however, is only significantly correlated with the high-pressure regime at negative lags (-3
to —1 months). OLR follows a comparable lagged pattern, with significant correlations emerging mainly at positive lags for
both regimes. In contrast, Central-Pacific-SST-based indices (ONI, Nifo 3.4, Nifio 4) show strongest correlations at zero and
negative lags, reflecting the slower evolution and persistence of tropical Pacific sea-surface temperature anomalies with respect
to the atmospheric response.

The spatial distribution of the regions with significant correlations with respect to the SST anomalies confirms that the tropical
Pacific variability is a primary large-scale driver of ozone regime occurrence (Figure 12). The strongest relationships are found
over the central and western tropical Pacific Ocean, corresponding to the Nifio 4 and Nifio 3.4 regions, where significant |r|
values are between 0.5 and 0.8 (p<0.001). This spatial pattern is consistent with the lagged correlation analysis above,
confirming that ozone regime occurrence is more closely tied to Central Pacific SST variability than to canonical Eastern
Pacific ENSO events. Positive SST anomalies favour the occurrence of the high-ozone regime, whereas negative SST
anomalies favour the convective low-ozone regime. This pattern identifies ENSO as the dominant climate mode modulating
springtime ozone interannual variability of springtime ozone and suggests the use of ENSO indices as potential indicators of
seasonal predictability. In contrast, no significant and consistent correlation is found between ENSO indices and the occurrence
frequency of the two WPSH regimes (R3 and R4), indicating that their interannual variability is not primarily controlled by
tropical Pacific variability (Figures S8 and S9, Supplementary Material).
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Figure 11: Lagged Pearson correlations between monthly frequencies of ozone regimes over East Asia and selected ENSO indices
for (a) High pressure and (b) Convection regimes (R1 and R2). ENSO indices include SST-based indicators (EMI, Niiio1+2, Nifio3,
Nifo3.4, Nifio4, ONI) and atmospheric/coupled indicators (OLR, PMM, SOI, TNI). Only statistically significant correlations (p <
0.05) are shown; non-significant values are masked with white.
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Figure 12: Global maps of the linear correlation between monthly SST anomalies and the monthly averaged occurrence of the (a)
high-pressure regime R1 and (b) the convection regime R2. White areas indicate regions where the correlation is not statistically
significative (p<0.05).

The strong influence of ENSO on East Asian ozone variability is also detected in the in-situ observations from Mt. Lulin,
Taiwan, using the Nifio 4 SST index. SST anomalies exceeding +0.5°C indicate warm and cold SST conditions, which
generally correspond to El Nifio and La Nifia conditions. Springtime ozone anomalies measured at the station are significantly
correlated with Nifio 4 index (r = +0.60, p = 0.001), with the strongest relationship occurring when ENSO leads ozone

variability by approximately one month (Figure 13). Positive SST anomalies are associated with higher ozone concentrations,
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as observed during years characterized by warm anomalies, including 2015, 2016, 2019 and 2024, whereas negative Nifio 4
SST anomalies are associated with lower ozone concentrations in 2008, 2011 and 2022.
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Figure 13: Springtime monthly averaged O3 anomalies observed at Mt. Lulin laboratory (black line) and the Nifio 4 index with a
one-month lag (coloured bars). Bars are coloured with orange for SST anomalies > 0.5°C and with blue for values < -0.5°C. For
each year, only March and April monthly averages are presented.

The stronger correlation obtained with the in-situ observations compared with the regime frequencies may suggest that ENSO
influences not only the occurrence of the circulation regimes but also the intensity of ozone anomalies associated with them,
although this result may be specific to the location of Mt. Lulin. These results provide independent observational evidence that

tropical Pacific variability exerts a measurable control on springtime ozone concentrations over East Asia.

3.5 Long-range transport of tropospheric ozone across the Pacific

The strong influence of ENSO on the occurrence of the High-Pressure and the Convection ozone regimes (R1 and R2) may
extend beyond East Asia and affect the large-scale transport of ozone across the Pacific Ocean. To investigate such a possible
mechanism, we analyse ozone and circulation anomalies over an extended domain including East Asia, the Pacific Ocean and
western North America (Figure 14 and Figure 15; the same analysis for the two WNPSH regimes is shown in Figures S10 and
S11 of the Supplementary Material), testing if ENSO-driven circulation anomalies modulate regional ozone production and

the efficiency of trans-Pacific transport.
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Figure 14: El Nifio-induced anomalies in O3 and atmospheric circulation during High-pressure ozone regime (R1). (a) Ozone
anomalies at 500 hPa (ppb) from CAMS, with unshaded areas indicating values significant at the 95% confidence level (T-test). (b)
Columnar ozone anomalies in the 0-6 km layer (ppb) from IASI+GOME?2 and wind anomalies (arrows) at S00 hPa from ERAS. (¢)
Geopotential height anomalies (m) and zonal wind anomalies at 500 hPa. (d) Outgoing longwave radiation anomalies (W/m?) at the
top of the atmosphere from ERAS.

During El Nifio-like conditions, which are linked to the high-pressure regime R1 according to the results presented in Section
3.4, enhanced ozone production over East Asia is accompanied by a coherent increase in ozone at the middle troposphere
(Figure 14a at 500 hPa and b below 6 km of altitude). Positive ozone anomalies extend beyond East Asia are found across the
northern part of the Tropical Pacific (10°-30°N), indicating that the regional ozone enhancement is not confined to the
continental source regions over East and Southeast Asia. As discussed in Section 3.3.1, El Nifio favours subsidence over
Southeast Asia, producing dry and clear skies conditions (Figure 14c, d), that in turn enhance biomass-burning and
photochemical ozone production over Indochina and East Asia (Jeong et al., 2023). These regional effects are associated with
positive geopotential height anomalies across the subtropical Pacific (Figure 14c and d; 0°-25°N) and are consistent with the
large-scale atmospheric response to El Nifio (see Figure S13 in the Supplementary Material). The circulation anomalies also

appear consistent with an enhancement of long-range transport at the subtropics (Xue et al., 2021). We observe alternating
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positive and negative geopotential height anomalies, together with associated zonal wind anomalies, across the North Pacific
(Figure 14c), forming a wave-like pattern triggered by the warm anomalies in the Central Pacific. This pattern modulates the
subtropical jet stream, typically located at latitude of 20-30°N during springtime, and the associated wind anomalies may
contribute to strengthen it (Koumoutsaris et al., 2008). Together, these anomalies are consistent with an enhanced eastward
transport pathway that could allow ozone-rich air masses to propagate from East Asia toward North America at the subtropics
(Figure S13a). This interpretation is supported by both CAMS and IASI+GOME?2 data, which show a continuous latitudinal
band of positive ozone anomalies extending across the Pacific Ocean at latitude of approximately 25°N (Figure 14a, b), in

agreement with the enhanced trans-Pacific pollution transport during El Nifio events reported by Xue et al., 2021.
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Figure 15: La Nifia-induced anomalies in O3 and atmospheric circulation during Convection regime (R2). a) Ozone anomalies at
500 hPa (ppb) from CAMS, with unshaded areas indicating values significant at the 95% confidence level (T-test). b) Columnar
ozone anomalies in the 0-6 km layer (ppb) from IASI+GOME?2 and wind anomalies (arrows) at 500 hPa from ERAS. ¢)
Geopotential height anomalies (m) and zonal wind anomalies at 500 hPa. d) Outgoing longwave radiation anomalies (W/m?) at the
top of the atmosphere from ERAS.

A behaviour opposite in sign occurs during La Nifia-influenced conditions, associated with the convective regime R2 (Figure

15). Enhanced convection over Southeast Asia is associated by increased cloudiness and precipitation and by reduced biomass-
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burning emissions and photochemical ozone production (Figure 15¢ and d) (Zhu et al., 2021). As a result, negative ozone
anomalies develop over East Asia and persist throughout the lower and middle troposphere (Figure 15a and b). Over the
Pacific, we identify a blocking high-pressure system at latitude 25°-30°N and longitude 165°E-110°W (Figure S13b), together
with westward wind anomalies at approximately 25°N, co-located with the climatological position of the subtropical jet. At
the same time, wind anomalies at higher latitudes (approximately at 45°N) are consistent with a possible enhancement of
transport at mid-latitudes. Taken together, these circulation changes suggest a reduced efficiency of trans-Pacific transport at
subtropical latitudes, which may limit the export of ozone from East Asia at subtropical latitudes producing the broad band of
negative ozone anomalies observed across the Pacific basin (Figure 15a and b) (Okamoto et al., 2018).

These results indicate that ENSO is associated with both the production and the long-range transport of tropospheric ozone
across the Pacific.

Our findings are consistent with El Nifio conditions favouring ozone accumulation over East Asia and enhanced trans-Pacific
export toward North America, and with La Nifia conditions being associated with decreased ozone production and reduced
transport efficiency at the sub-tropics. A schematic summary of these contrasting transport pathways changes is presented in

Figure 16.

a) High Pressure over East Asia

AOs (ppb) 403 (ppb)

Figure 16: Scheme of the long-range anomalous transport during (a) the high-pressure and (b) the convection ozone regimes (R1
and R2). Colours indicate ozone anomalies at 500 hPa from CAMS:; grey lines represent wind anomalies at 500 hPa. The bold red
and blue lines represent the possible long-range transport anomalous pathways during El Nifio and La Nifia, respectively, together
with the associated biomass-burning enhancement and precipitation over Southeast Asia.

4 Conclusions

This study presents the first objective classification of springtime lower-tropospheric ozone regimes over East Asia based on
a 21-year (2004-2024) k-means clustering of daily ozone fields from the CAMS reanalysis at 850 hPa. The classification
identifies four recurrent ozone regimes that capture the dominant modes of regional ozone variability and provide a physical
framework for investigating the links between atmospheric circulation, CO emissions from biomass-burning and climate

variability.

24



520

525

530

535

540

545

https://doi.org/10.5194/egusphere-2026-5515
Preprint. Discussion started: 27 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

The identified regimes exhibit synoptic-scale persistence of approximately 4-5-days and are associated with distinct
meteorological conditions controlling ozone production, accumulation and transport. High ozone concentrations (R1) occur
under persistent anticyclonic conditions, which promote clear skies, enhanced photochemical activity and increased biomass-
burning emissions over the Indochinese Peninsula. In contrast, enhanced convection over Southeast Asia (R2) reduces biomass
burning and reduces ozone concentrations throughout the region. The other two regimes (R3 and R4) reflect variations in the
strength of the Western Pacific Subtropical High and are associated with localized ozone accumulation or negative anomalies.
Independent satellite observations from IASI+GOME2 and long-term in-situ measurements from Mt. Lulin confirm the
robustness of the identified regimes. The agreement between reanalysis, satellite retrievals and ground-based observations
demonstrates that the classification captures physically consistent patterns of ozone variability across a wide range of spatial
scales.

A key result of this study is the identification of ENSO as major source of interannual variability for East Asian ozone,
according to multiple ENSO indices. El Nifio conditions significantly increase the occurrence of the high-ozone regime (R1),
whereas La Nifia conditions promote the low-ozone convective regime (R2). Beyond their regional influence, ENSO-related
circulation anomalies also modify the efficiency of trans-Pacific transport. El Nifio enhances the export of ozone-rich air
masses from East Asia toward North America, while La Nifia reduces both ozone production and long-range transport in the
subtropics.

These finding have two important conclusions. First, high-ozone episodes over East Asia are consistently associated with
recurrent circulation patterns, providing a basis for improved air quality forecasting and early-warning systems. Second, the
sensitivity of ozone variability to ENSO identified in this study highlights the potential importance of future changes in ENSO
variability for regional ozone pollution (Li et al., 2025a).

Overall, this work demonstrates that a regime-based approach provides a powerful framework for understanding the coupled
influences of meteorology, emissions and climate variability on tropospheric ozone. The methodology developed here could
be extended to other region and atmospheric composition variable, offering new opportunities to investigate air-quality

variability from synoptic to climatic timescales.

Code and data availability

CAMS O3 and CO data are freely available from the Copernicus Atmosphere Data  Store:
https://ads.atmosphere.copernicus.eu/datasets/cams-global-reanalysis-eac4 (last access: 14/02/2025). ERAS meteorological
fields (geopotential height, zonal wind and top-of-atmosphere net long-wave radiation) can be downloaded from the
Copernicus Climate Data Store website: https://cds.climate.copernicus.cu/datasets (last access: 21/03/2025). IASI+GOME2
satellite observations are accessible from the AERIS IASI portal: https://iasi.aeris-data.fr (last access: 08/01/2024). The
MODIS MCDI14ML fire product can be freely downloaded through the University of Maryland fuoco SFTP server:

fuoco.geog.umd.edu (last access: 22/10/2025). In situ O3 observations from the Lulin Atmospheric Background Station
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(LABS) are not publicly available, but only available upon request according to their data policy by contacting Neng-Huei
Lin: nhlin@cc.ncu.edu.tw. NOAA datasets related to ENSO, including the 1/4° Daily Optimum Interpolation Sea Surface

Temperature (OISST) and ENSO indices, can be downloaded at: https://psl.noaa.gov/enso/data.html (last access: 19/08/2026).
The NOAA Pacific Meridional Mode (PPM) index is available from: https://psl.noaa.gov/data/timeseries/month/PMM/ (last
access:  24/09/2025). The ENSO EMI index is available from the JAMSTEC data portal:
https://www.jamstec.go.jp/virtualearth/general/en/graph_SINTEX.html#emi (last access: 25/08/2026).

Python scripts used for the data analysis are available upon request from Beatrice Biagi: beatrice.biagi@]lisa.ipsl.fr. The matlab

code implementing the k-mean algorithm is available upon request from Benjamin Pohl: benjamin.pohl@u-bourgogne.fr.
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