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ARTICLE INFO ABSTRACT

Keywords: East Asia has historically experienced high atmospheric aerosol concentrations, particularly during winter, when

Aems‘)l. optical depth aerosol optical depth (AOD) reaches its peak level and exhibits significant variability. This study investigated the

EaSF Asia long-term variability of wintertime AOD over East Asia, including statistical associations with emission trends
missions

from the Emissions Database for Global Atmospheric Research (EDGAR), climate factors including the Western
Pacific Oscillation (WPO), East Asian Jet Stream Index (EAJSI), Siberian High Index (SHI), and Arctic Sea Ice
Index (ASI) in December—February from 2000 to 2022. An empirical orthogonal function (EOF) analysis revealed
that although reductions in both NOx and SO, emissions have significantly contributed to a long-term decrease in
AOD, the pronounced intra-seasonal and interannual variability suggests additional influences from climate
factors. The most prominent EOF mode of AOD variability was observed in February, along with strong asso-
ciations with the SHI, EAWMI, and EAJSI. Climate indices related to the EAWMI exerted a stronger influence in
late winter (February), partly due to intensified mid-latitude westerlies during the mature phase of the EAWMIL.
In contrast, the WPO primarily influenced early-winter AOD variability (December—January) by altering upper-
level pressure patterns over the western Pacific, enhancing the EAJSI and modulating AOD distribution across
the China-Korea region—a pattern that has become more evident in recent years. Furthermore, the rapid decline
in Arctic Sea ice during early winter appeared to strengthen both the SHI and the EAJSI, leading to a decrease in
AOD by late winter. These findings highlight the increasing importance of climate factors in influencing
wintertime AOD over East Asia.

Western pacific oscillation
East Asian winter monsoon
Arctic Sea ice

and North America (Shin et al., 2023; Zheng et al., 2018), particularly
during winter, when severe air pollution episodes occur more frequently

1. Introduction

Rapid economic growth and industrialization have resulted in East
Asia having some of the highest aerosol concentrations in the world,
resulting in severe air pollution problems (Feng et al., 2016; He et al.,
2017; Pei et al., 2018). Estimates suggest that approximately 300,000
premature deaths occur annually in East Asia due to aerosol exposure
(Kauffmann and Saffirio, 2020). In response to the worsening air
pollution levels since the early 2010s, many East Asian countries have
implemented stringent emission reduction policies (Zhang et al., 2016;
Lee et al., 2018). While these regulations have led to a decline in aerosol
concentrations, levels in East Asia remain higher than those in Europe

(Ding and Liu, 2014; Gao et al., 2021; Cai et al., 2017).

High aerosol concentrations are influenced by both anthropogenic
emissions and the meteorological conditions that regulate atmospheric
circulation (Choi et al., 2023; Kim et al., 2023; Kim et al., 2018). While
long-term trends in aerosol concentrations primarily reflect changes in
emissions, short-term and seasonal variability is largely driven by
interannual fluctuations in meteorological factors (Lang et al., 2017;
Jeong et al., 2024). Xu et al. (2024) identified emission reductions as the
main driver of air quality improvement across China, but also reported
that unfavorable meteorological conditions in northeastern China offset
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these benefits, resulting in only minimal reductions in aerosol concen-
trations. Similarly, Zhao et al. (2018) found that an intensified Siberian
High triggered strong northerly winds over the North China Plain,
leading to reductions in aerosol levels comparable to those achieved by a
50 % emission cut. Jeong et al. (2024) further demonstrated that recent
winter aerosol concentration variability in South Korea was largely
attributed to changes in meteorological conditions, accounting for
contributions of up to 17 %. Collectively, these findings highlight the
significant role of atmospheric circulation in shaping air quality across
East Asia and the potential for interannual climate variability to influ-
ence aerosol levels alongside emission control measures.

The East Asian Winter Monsoon (EAWM) transports cold and dry air
from the northwest, shaping the region’s cold and dry seasonal climate.
Several studies have reported that the strength and position of the
EAWM influence the interannual variability of aerosol concentrations in
East Asia (Chen et al., 2019; Yin et al., 2017; Zou et al., 2017). Jeong and
Park (2017) analyzed air pollution patterns using the East Asian Winter
Monsoon Index (EAWMI) and found that aerosols are transported from
north to south during strong EAWM phases, resulting in lower concen-
trations in northern China and elevated levels in southern regions. They
also reported that fine particulate matter (PM35) concentrations can
vary by up to 25 % depending on the monsoon’s strength. The East Asian
Jet Stream (EAJS), which is modulated by the intensity of the EAWM,
plays a critical role in transporting cold air from high latitudes. Lee et al.
(2020) proposed that a weakened EAJS leads to increased aerosol con-
centrations in East Asia due to enhanced stagnation caused by slower
westerly winds transporting air masses from high to mid-latitudes.
Similarly, Zhang et al. (2022a, 2022b) found that a northward shift of
the EAJS weakens the East Asian trough, increases atmospheric stability
over eastern China, and creates favorable conditions for aerosol
accumulation.

In addition to the EAWM and jet stream dynamics, climate factors
such as Arctic Sea ice and Eurasian snow cover can influence mid-
latitude atmospheric circulation (Kim et al., 2014), thereby affecting
regional meteorological conditions and aerosol distributions (Yin et al.,
2017). As Arctic warming accelerates under ongoing climate change, the
“Warm Arctic, Cold Eurasia” (WACE) pattern has become more promi-
nent, altering the position and strength of upper-level jet streams that
are critical for modulating the spatial distribution and intensity of
aerosol concentrations across China (Yin et al., 2019; Zhang et al.,
2022a, 2022b). Kim et al. (2019) also reported that loss of sea ice in the
Barents Sea can intensify the EAWM, leading to increased aerosol con-
centrations in South Korea due to stronger upper-level westerlies.

Previous studies in East Asia have provided valuable insights into the
relationship between winter aerosol concentrations and the EAWM and
Arctic Sea ice variability. However, other major climate indices that may
affect aerosol variability—particularly the Western Pacific Oscillation
(WPO), East Asian Jet Stream Index (EAJSI), Siberian High Index (SHI),
and Arctic Sea ice Index (ASI)—have received comparatively less
attention. Among these, the WPO, primarily driven by changes in sea
surface temperature (SST) distributions, is of particular interest: it rep-
resents an upper-level pressure anomaly over the northwestern Pacific
that typically emerges before the onset of the EAWM. Several studies
have reported that the WPO plays a critical role in modulating the
strength and position of the EAJS (Park and Ahn, 2016).

So far, broader-scale climate modes associated with SST—such as the
El Nino-Southern Oscillation (ENSO) and the Pacific Decadal Oscillation
(PDO)—have been extensively studied for their associations with winter
haze events in eastern China (Wang et al., 2020; Zhao et al., 2016; Zhao
et al., 2022). Unlike ENSO and PDO, the WPO is more regionally
confined to the western North Pacific and exhibits stronger sub-seasonal
variability. During its positive phase, the WPO reinforces the Siberian
High, thereby enhancing the EAWM; in its negative phase, it weakens
the monsoon and increases the likelihood of atmospheric stagnation
(Takaya and Nakamura, 2013). These features suggest that the WPO
may act as a distinct and dynamic modulator of aerosol variability,
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particularly through its influence on upper-level circulation and jet
stream behavior. Despite its potentially important role, however, the
WPQ’s impact on aerosol concentrations in East Asia remains largely
unexamined.

Given the impact of ongoing climate change on winter conditions in
East Asia, it is crucial to conduct such analyses using the most current
data available. Our dataset included wintertime AOD data, which pro-
vide comprehensive spatial coverage across East Asia. We adopted an
integrative approach by considering both emission trends and the
interannual variability of multiple climate drivers—including the WPO,
EAJSI, SHI, and ASI-to examine aerosol-climate interactions using
long-term satellite-based AOD observations. This integrated framework
enabled us to clarify the underlying mechanisms driving aerosol con-
centration variability and our findings provide a robust scientific basis
for future air quality management strategies in East Asia.

The remainder of this paper is organized as follows. Section 2 details
the data and methods used, including information on AOD, emissions,
and relevant climate indices. Section 3.1 analyzes the long-term
monthly variability of winter AOD across East Asia. Section 3.2 exam-
ines long-term trends in emissions associated with AOD. Section 3.3
identifies the dominant spatial modes of aerosol concentration vari-
ability using statistical decomposition and assesses their temporal evo-
lution, and then explores the relationships between these modes and
major climate indices, including the potential impact of recent ASI
decline on aerosol variability. Finally, Section 4 summarizes the key
findings and their broader implications.

2. Data and methodology
2.1. Study area

East Asia, including China, Korea, and Japan, is one of the most
densely populated regions in the world and has some of the highest AOD
levels globally. We selected four key regions to represent the major
sources of anthropogenic air pollutant emissions in East Asia: the North
China Plain (NCP), Sichuan Basin (SCB), Pearl River Delta (PRD), and
Korea Region (KR), as shown in Fig. 1. These regions were selected based
on the spatial distribution of emissions and their standard deviations
(Supplementary Fig. 1). They are high-emission zones (Section 3.2) and
correspond to the major loading centers of an empirical orthogonal
function (EOF) analysis (Section 3.3).

The NCP includes major administrative regions such as Beijing,
Tianjin, Hebei, Shandong, Henan, Shanxi, Jiangsu, and Anhui, and
represents the most significant anthropogenic emission center in China.
Emission levels in this region exhibit strong seasonal and interannual
variability, primarily driven by industrial production, coal combustion
for heating, and vehicular emissions. The SCB, which includes Sichuan
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Fig. 1. Elevation (m) and sub-regions (black solid line) of the study area. The
sub-regions are as follows: North China Plain (NCP), Sichuan Basin (SCB), Pearl
River Delta (PRD), and Korea Region (KR).
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Province and parts of Chongqing Municipality, is geographically
enclosed by mountains, resulting in frequent atmospheric stagnation.
Major urban centers such as Chengdu and Chongqing contribute to the
region’s relatively high regional emissions.

The PRD region includes major cities such as Guangzhou, Shenzhen,
Foshan, and Dongguan. The region is a major economic, industrial, and
port hub in southern China and exhibits considerable spatiotemporal
variability in aerosol concentrations. Its coastal location exposes the
region to strong maritime influences, which increase the variability in
pollutant dispersion and accumulation. The KR region approximately
corresponds to the Seoul metropolitan area and its surrounding regions.
It is characterized by a high density of urban, industrial, and vehicular
emission sources and serves as a key region for analysis of trans-
boundary pollution in East Asia.

The elevated risk of high AOD levels in these selected regions has
been corroborated by several previous studies (Leung et al., 2018; Jin
et al., 2022; Xu et al., 2024). For analytical simplicity, simple rectan-
gular domains were used to define the four sub-regions—NCP, SCB,
PRD, and KR—which may not perfectly align with administrative
boundaries. To support spatial visualization and analysis, publicly
available geographic information system (GIS) data were used to
delineate national boundaries, which were overlaid on the AOD distri-
bution fields. Taiwan and offshore islands were excluded from the
boundary depiction in accordance with the original GIS dataset settings.

2.2. Study period

The study period was determined based on data availability and
extended from the winter of 2000 (when satellite observations became
available) to the winter of 2022, the most recent season for which a
comprehensive emission inventory is available. This timeframe
encompassed 22 winter seasons (December, January, February), from
December 2000 to February 2022; in this context, “winter 2001” refers
to the period covering December 2000, January 2001, and February
2001, in accordance with the meteorological definition of winter.

To assess recent trends in comparison to the entire study period, we
also selected a sub-period representing the past decade (winters of
2013-2022). This enabled us to isolate and identify the recent driving
factors influencing changes in AOD patterns; the findings from the past
decade have implications for air quality policies across the study region.

2.3. Methodology

The study methodology included a variety of statistical techniques.
An EOF analysis was conducted using normalized, gridded monthly
mean AOD data to ensure comparability across subdivided spatial and
temporal scales. The normalization process removed the mean (spatial
or temporal, as appropriate) and scaled the data to unit variance,
enabling identification of the dominant variability patterns. The EOF
analysis decomposed the AOD dataset into orthogonal modes that
captured the largest sources of variance (Ma et al., 2021; Tian et al.,
2023a, 2023b) through the calculation of eigenvectors and eigenvalues
of the covariance matrix.

The resulting EOFs represent spatial patterns of variability, while the
associated principal components (PCs) describe the temporal evolution
of these patterns. The first EOF mode (EOF 1), which accounted for the
largest fraction of total variance, was selected for our analysis because it
reflects the predominant spatial pattern of AOD variability. The corre-
sponding time series (PC1) was analyzed to examine the temporal evo-
lution of this EOF 1 pattern and to track changes in the distribution of
AOD over time.

To explore potential climate drivers, Pearson correlation coefficients
(R) were calculated between PC1 and several climate indices: WPO,
EAJSI, and SHI, considering both simultaneous and lagged correlations
to capture the delayed atmospheric responses. Time series and spatial
correlation analyses were also conducted between the ASI and major
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atmospheric circulation systems to assess how sea ice variability may
influence East Asian winter circulation patterns, and in turn affect AOD
levels.

Correlation analyses were conducted for both the full 22-winter
period (2001-2022) and the recent 10-winter sub-period
(2013-2022). Student’s t-tests were used to assess whether the differ-
ences between the two periods were statistically significant. Although
the sample size for the recent sub-period was relatively small (n = 10),
this targeted analysis was critical to identify recent shifts in AOD pat-
terns and their driving mechanisms. Statistical significance was evalu-
ated using the critical t-values corresponding to the 99 %, 95 %, and 90
% confidence levels.

For visualization, spatial correlation maps were generated to identify
regions where AOD variability exhibited strong associations with spe-
cific climate indices. Notably, the sign of PC1 was reversed in the cor-
relation maps to enhance the interpretability of the spatial relationships.

2.4. Data

A suite of datasets was employed to examine the relationship be-
tween aerosol variability and climate factors over East Asia. A summary
of the datasets used is provided below, with additional details listed in
Table 1.

2.4.1. Aerosol data

Monthly mean AOD at 550 nm was obtained from the Moderate
Resolution Imaging Spectroradiometer (MODIS) sensors onboard
NASA’s Terra and Aqua satellites, covering the period from 2000 to
2022. We used the latest Collection 6.1, which has demonstrated
improved accuracy and a strong correlation with AERONET ground-
based observations, particularly over Northeast China, which was the
focal region of this study (Filonchyk et al., 2019). The MODIS AOD has
been widely validated and is regarded as a reliable proxy for aerosol
concentrations at regional to continental scales (Wei et al., 2019; Tian
and Gao, 2019; Shaheen et al., 2020).

2.4.2. Emission data

To explore the relationships between AOD and anthropogenic
emissions, we analyzed sulfur dioxide (SO2) and nitrogen oxides (NOy)
data from the Emissions Database for Global Atmospheric Research
(EDGAR), version 8.1. This dataset offers spatially detailed, monthly
global emissions categorized by sector, including energy production,
industry, transportation, and residential sources. Monthly total emis-
sions were derived by aggregating emissions from these individual
sectors.

2.4.3. Meteorological and climate data

Meteorological fields and climate indices were derived from the
ERAS reanalysis provided by the European Centre for Medium-Range
Weather Forecasts (ECMWF). Monthly anomalies were computed rela-
tive to the 1981-2020 climatological mean. The key variables included
sea level pressure (SLP), 500 hPa geopotential height (Z500), and 300
hPa zonal wind (U300), which characterize the large-scale wintertime
circulation patterns over East Asia.

We also analyzed several climate indices: the SHI, EAWMI, and
EAJSI (Jhun and Lee, 2004; Yang et al., 2002). We also included the
WPO index due to its significant influence on upper-level circulation.
The WPO reflects a meridional dipole in geopotential height over the
North Pacific and is known to modulate the strength and position of the
EAJS. It is generally in a positive phase when negative anomalies occur
over the WPO1 region and positive anomalies occur over the WPO2
region, as shown in Fig. 2. Due to its association with SST, the WPO
exhibits slow variability, potentially affecting AOD levels via jet stream
modulation.
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Table 1
Summary of the aerosol, emissions, atmospheric, and oceanic data used in this study.
Abbreviations ~ Data name Source Analysis Spatial Description
period resolution
AOD Aerosol optical depth NASA 2000-2022 1°x1° Dark Target and Deep Blue
(Dec-Feb) (550 nm)
NO, Nitrogen oxides EDGAR 2000-2022 0.1°x0.1° EDGAR version8.1 Global Air Pollutant Emissions
(Dec-Feb)
SO, Sulfur dioxide
SLP Sea level pressure ECMWF 2000-2022 0.25°x0.25° Climate values used to calculate anomalies are from 1981 to 2020
(Dec-Feb)
7500 Geopotential height at 500
hPa
U300/V300 U/V component of wind at
300 hPa
Temp. Temperature Analysis of meridional cross sections from 1000 to 100 hPa.
U-wind U component of wind
w vertical velocity
WPO Western Pacific Oscillation NOAA PSL 2000-2022 - Downloaded from NOAA PSL website
index (Dec-Feb)
SIC Sea ice concentration Met Office 2000-2022 1°x1° Calculates Arctic Sea Ice Index (ASI) by normalizing area averaged SIC (
Hadley (Nov-Feb) Lee and Kim, 2021).
Centre

80N

60E 120E

U300(shading) & SLP(contour)

180

Fig. 2. Climatological U300 (shading, m s~1) and SLP (contour line, hPa) during the boreal winter. The domains for calculating climate indices are indicated: SHI
(red box), EAWMI (blue boxes, EAWMI1 — EAWMI2), EAJSI (green box), and WPO (white boxes). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

2.4.4. Sea ice data

To assess the Arctic influence, we used sea ice concentration (SIC)
data from the Hadley Centre Sea Ice and Sea Surface Temperature
dataset (HadISST). The ASI was calculated by standardizing SIC values
over regions dynamically linked to the EAWM (Lee and Kim, 2021). The
ASI enabled us to investigate the potential impact of Arctic Sea ice
decline on mid-latitude circulation patterns and its subsequent influence
on wintertime AOD variability in East Asia.

3. Results

3.1. Spatial distribution and long-term trends of wintertime AOD in East
Asia

Table 2 presents the statistical summary of wintertime AOD—mean,
maximum, minimum, and standard deviation—across East Asia during
the analysis period from 2001 to 2022. Fig. 3 illustrates both the spatial
distributions of seasonal mean AOD and the interannual variation in
each of the four representative regions: NCP, SCB, PRD, and KR. Over
the entire region, a 57.1 % increase in mean AOD from December to
February was observed, indicating a clear seasonal rise in aerosol
loading during winter. This increase was systematic across all four

Table 2

Monthly AOD mean, maximum, minimum, and standard deviation for East Asia
and its sub-regions during the winter season (2000—2022).

EA NCP SCB PRD KR

mean 0.21 0.48 0.45 0.47 0.24

Dec. min 0.18 0.35 0.32 0.29 0.18
max 0.26 0.62 0.72 0.81 0.34

stddev 0.02 0.08 0.09 0.14 0.04

mean 0.27 0.62 0.48 0.55 0.30

Jan. min 0.21 0.41 0.26 0.39 0.20
max 0.32 0.88 0.68 0.78 0.42

stddev 0.03 0.13 0.09 0.10 0.06

mean 0.33 0.70 0.75 0.58 0.34

Feb. min 0.23 0.43 0.50 0.37 0.20
max 0.45 1.13 1.17 0.79 0.51

stddev 0.05 0.18 0.20 0.12 0.07

subregions, with the most prominent rise occurring in the SCB, followed
by the NCP, KR, and PRD.
The NCP consistently exhibited the highest mean AOD levels

throughout the winter, especially in February, likely due to dense
emission sources and unfavorable meteorological dispersion conditions
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(b) Interannual Variations of Regional AOD
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Fig. 3. Spatial distribution of the mean AOD in (a) December, (c) January, and (e) February over the entire period (winters of 2000-2022), and interannual AOD
changes in (b) December, (d) January, and (f) February for the four sub-regions. Satellite observations with more than 40 % of data missing are blanked.

(Zhang et al., 2018a, 2018b). Similarly, the SCB showed elevated AOD
levels, peaking in February, which can be attributed to the combined
effects of basin-induced atmospheric stagnation and increased emissions
from winter heating (Liao et al., 2018). In contrast, the PRD, located at
lower latitudes, displayed relatively stable AOD with minor seasonal
changes. The KR region generally maintained the lowest AOD among the
four regions, with less variability over the winter months.

In terms of variability, the standard deviation of AOD also increased
from December to February, particularly in the NCP and SCB. The SCB
saw a 122.2 % increase in standard deviation, while the NCP followed
closely, indicating heightened interannual fluctuations during late
winter in these inland regions. These findings suggest that both the
magnitude and variability of AOD tend to increase as winter progresses.

Fig. 4 and Supplementary Table 1 compare long-term trends in AOD
for two distinct periods: the full 22-year period (2001-2022) and the
most recent decade (2013-2022). Across most regions, moderate
decreasing trends were observed over the full period, with annual rates
ranging from —0.16 % to —0.26 %. However, these trends became
significantly stronger during the past decade, especially in February,
when the rates of decline accelerated to between —0.51 % and —1.10 %
per year. In some regions, such as the NCP and SCB, the decline in
February AOD exceeded 4 % per year during the past decade.

Notably, the NCP showed a contrasting pattern across the two pe-
riods. While January AOD had increased slightly (0.29 % per year) over
the entire period, a sharp reversal was observed during the past decade,
with January and February AOD decreasing at rates of —1.89 % and
—4.70 % per year, respectively—the latter being the steepest decline
among all cases examined. A similar shift occurred in the SCB, where a
relatively mild decline during the full period intensified to a steep
reduction in recent years. The PRD exhibited its strongest decreasing
trend in December, while the KR also showed roughly threefold stronger
declines in the past decade compared to the earlier period.

The observed long-term and recent trends in spatial and temporal
patterns point to significant improvements in wintertime air quality
across East Asia, reflecting the combined effects of seasonal emissions,
meteorological conditions, and long-term policy impacts. Overall, the
observed spatial and temporal patterns reflect the combined effects of
seasonal emissions, meteorological conditions, and long-term policy
impacts.

3.2. Long-term changes in emissions of air pollutants associated with AOD

To explore associations between AOD trends and changes in emis-
sions, we analyzed variations in SO2 and NOx emissions, which are the
primary precursors of particulate matter affecting AOD levels. Our
EDGAR emissions data (see section 2.4) revealed that the annual vari-
ations of SO, and NOx emissions during the three months of December,
January, and February were strongly correlated, with average inter-
month R of 0.98-0.99 (for SO5) and 0.89-0.90 (for NOy). Therefore,
we used the three-month average emissions (December—February)
normalized to an annual time series, instead of separating the data by
individual months. As shown in Fig. 5a and b, wintertime (Decem-
ber-February) three-month mean emissions of NOx and SO: were
concentrated in NCP, SCB, PRD, and KR. Particularly high concentra-
tions were observed along the eastern coastal areas of NCP, reflecting
the region’s dense population and intensive industrial activity.

Specifically, NOx emissions (mean =+ standard deviation, unit: Gton/
per unit area) were highest (8.1 + 0.2) in the NCP and were comparable
to the PRD (8.1 £ 0.1), followed by the KR (4.8 + 0.1) and SCB (3.4 +
0.1). For SOz, the highest emissions occurred in the NCP (11.4 + 0.3),
followed by the PRD (10.0 + 0.4), SCB (4.5 £+ 0.1), and KR (4.1 £ 0.1)
(Figs. 5c¢). Of particular interest is the PRD region, which exhibited
higher emissions than the SCB, although the AOD was much higher in
the SCB (see Fig. 3 and Fig. 4). This discrepancy could be attributed to
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Fig. 4. Spatial distribution of the AOD trend in December (top), January (middle), and February (bottom). Left panel: (a), (d), and (g) show the trends for the entire
period (winters of 2000-2022). Middle panel: (b), (e), and (h) show the trends for the past decade (winters of 2013-2022). Right panel: (c), (f), and (i) show the
regional mean trends in East Asia and each of the four sub-regions for the entire period (black bars) and the past decade (blue bars). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

the basin-shaped topography of the SCB, which limited atmospheric
dispersion and facilitated the accumulation of air pollutants.

Emission trends over the past decade showed consistent decreases in
both NOx and SO, across most regions (Fig. 5d). The most pronounced
reductions were observed in the NCP, suggesting the effectiveness of
China’s air pollution control policies (Zhang et al., 2019; Zheng et al.,
2018). The PRD had minimal reductions in NOx emissions; the emission
control measures adopted in PRD have been described in more detail by
Peng et al. (2011) and Wang et al. (2021). Fig. 5e and f present the
winter emission trends for NOx and SO2, respectively, normalized to
their 2013 values. Most mainland China regions have experienced a
steady decline in SO2 and NOx emissions since 2013. For NOx, the
largest decreases were observed in the NCP and SCB, with a similar rate
of decrease for SO2 in the major Chinese regions (i.e., the NCP, SCB, and
PRD). The corresponding trends in the KR region differed from those in
mainland China. A sharp reduction was observed in both NOx and SO2
around 2018, marking the most pronounced decline in the past decade.
This substantial reduction was likely associated with the implementa-
tion of stronger air quality management policies, including the “Air
Pollution Prevention and Control Action Plan” implemented in China in
2013, as well as the “Special Act on Fine Dust Reduction” that was
enacted in South Korea (Malley et al., 2023; Oak et al., 2025).

These reductions contributed to the primary decrease in AOD levels.
The AOD decline recorded here is consistent with previous ground-based
and satellite observations (Zhang et al., 2019; Zheng et al., 2018). While
the emissions trends in these sub-regions generally showed linear annual
changes, except for around 2019, the monthly variability in AOD

exhibited secondary characteristics, such as nonlinear trends and dis-
crepancies with emission patterns (Fig. 3). Therefore, we examined
additional factors affecting AOD variability, including climate
influences.

3.3. AOD in association with climate factors

The association between AOD and the EAWM has been well estab-
lished in previous studies. Specifically, lower AOD levels are attributed
to the ventilation effects of a strengthened northwesterly monsoon,
which effectively disperses air pollutants (Kim et al., 2019; Zou et al.,
2017). As in previous studies, we conducted a more comprehensive
analysis using statistical approaches, including simultaneous and lagged
correlations between various atmospheric systems. We identified the
dominant patterns of monthly AOD variability and explored their
simultaneous and lagged relationships with the climate indices pri-
marily associated with the EAWM.

3.3.1. Dominant mode analysis of winter AOD

Fig. 6 presents the spatial patterns and temporal evolution of the first
principal component (PC1) of wintertime AOD variability for the EOF 1
mode over three months. In December, strong positive signals were
centered over the PRD, followed by the NCP, explaining 31.4 % of the
total variance. In January, a prominent positive pattern was observed
over the NCP, accounting for 32.6 %. By February, the positive anom-
alies extended across the NCP, SCB, and KR, covering a broader spatial
extent with an explanatory power of 47.2 %. These findings indicate that
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(b) SO2 Mean Distribution (Dec-Feb)
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Fig. 5. Spatiotemporal distribution of EDGARv8.1 emissions for NOy (left panel) and SO, (right panel) (Ton) during the winter season (2000-2022): (a) and (b)
spatial distributions; (c) monthly emissions per unit area (1° x 1°) for each sub-region (Gt); (d) changes over the past decade in each of the sub-regions (Gt); (e) and

(f) time series of the annual changes of emissions normalized to 2013.

coherent AOD variability is most extensive in February in East Asia.
Consequently, the dominant spatial pattern of wintertime AOD in the
region is centered over northern and southern China, with a broader and
stronger expansion in February, closely linked to interannual variability
primarily driven by the NCP.

The time series of PC1 revealed positive anomalies from the mid-
2000s to the early 2010s, and negative anomalies from 2013/14 to
2022. These findings indicate that the recent decline in wintertime AOD
levels was effectively captured by the dominant mode. Table 3 lists the
regional and monthly R between annual AOD variations and PC1, which
further supports these findings. In the PRD, the strongest correlation (R
= 0.91) between AOD variation and PC1 occurred in December. In the
NCP, the strongest associations were observed in January and February
(R = 0.97 and 0.93, respectively), and a robust relationship was also
observed in December (R = 0.72). In the PRD, the weaker correlation in
January and February may be linked to regional emission patterns, but a
detailed analysis of this was beyond the scope of this investigation. The
KR region consistently exhibited significant positive correlations

throughout all three months, with the strongest values observed in
February. These EOF analysis results effectively captured the monthly
spatiotemporal patterns of the East Asian winter season and highlighted
the interannual variability across sub-regions.

3.3.2. AOD dominant modes versus East Asian winter climate factors

To clarify the climate drivers behind the recent changes in AOD in
East Asia, we compared the interannual variability of the AOD-EOF 1
mode with climate fluctuations associated with the EAWM. We calcu-
lated R for the relationships between EOF PC1 and four climate indices:
SHI, EAWMI, EAJSI, and WPO.

Table 4 lists R for the relationship between the AOD PC1 time series
and EAWMI in wintertime (December, January, and February): values
on the main diagonal represent R without a time lag, and values in pa-
rentheses represent correlations for the past decade. For most climate
indices, more significant changes were observed in the past decade for
both simultaneous (non-lagged) and one-month lagged correlations of
climate indices such as SHI, EAWMI, EAJSI, and WPO. Among the four
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Fig. 6. (a) Spatial patterns and (b) time series of the first EOF mode of monthly AOD in December during the entire period (winters of 2000-2022). January is
represented in (c—d) and February in (e—f). The explanatory power of the first mode is 31.4 %, 32.6 %, and 47.2 % for December, January, and February, respectively.

Table 3

Correlation coefficients between the time series of the first mode of monthly
AOD EOF and the interannual change in sub-regions. Significance is indicated by
w9 and *, which correspond to 99 %, 95 %, and 90 % confidence levels,
respectively.

NCP SCB PRD KR
Dec. 0.72%** 0.31 0.91%** 0.69%**
EOF PC1 Jan. 0.97*** 0.49** 0.18 0.47**
Feb. 0.93*** 0.59%** 0.23 0.78%**

climate indices, the non-lagged EAJSI in February had an R of —0.75, the
maximum observed in our study, followed by WPO with an R of —0.74 in
December, and SHI for December-January with a lagged R of —0.64 in
the past decade. These results suggest that the driving mechanism in
East Asia is the WPO in early winter, and the EAJSI and SHI in mid- and
late-winter. It was also notable that a statistically significant simulta-
neous correlation was observed in February: both the EAWMI and the
EAJSI were negatively correlated with PC1, with R of —0.51 (p < 0.05)
and —0.60 (p < 0.01), respectively. These results suggest that enhanced
upper-tropospheric westerlies over East Asia increase the surface wind
speeds, thereby promoting the dispersion of pollutants through both
ventilation processes and enhanced mechanical mixing in the boundary

layer.

The physical mechanisms behind this relationship in February can be
further explained by referring to previous research. The strengthening of
the jet stream is known to enhance horizontal winds in the upper
troposphere (approximately 200-300 hPa), thereby promoting hori-
zontal advection and vertical mixing. In turn, intensified jet activity
reinforces upper-level divergence, which induces a weak upward motion
near the surface. These processes contribute to an increase in the mixing
layer height, alleviate near-surface atmospheric stagnation, and further
facilitate the dispersion and removal of surface-level pollutants. Despite
reduced anthropogenic emissions (see Fig. 5), the pronounced vari-
ability in AOD in February can be influenced by the large-scale upper-
level atmospheric circulation. Previous EOF analyses have revealed that
the explanatory power of EOF PC1 is approximately 60 % higher in
February compared to December and January.

In the early-winter period, the simultaneous correlation of WPO-PC1
in December was relatively weak over the entire period (R = —0.22), but
it strengthened considerably in the past decade, reaching a statistically
significant negative correlation (R = —0.74, p < 0.10). The lagged-R
value for the December WPO vs. January PC1 relationship exhibited a
significant negative correlation PC1 (R = —0.57, p < 0.01) during the
entire period, and this relationship persisted during the past decade (R
= —0.56, p < 0.10) (see Table 4). These findings suggest that when the
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Table 4

Monthly correlation coefficients of the AOD PC1 time series with East Asian
winter monsoon climate indices. Values in brackets denote the data from the
past decade, and lagged correlations are displayed in italicized form. Signifi-

confidence levels, respectively.

AOD SHI

Dec. (Recent decade)  Jan. (Recent decade)  Feb. (Recent decade)

Dec. —0.30 (-0.36)

Jan. 0.01 (-0.22) 0.01 (-0.49)

Feb. 0.10 (—0.64*%) —0.21 (0.15)
AOD EAWMI

Dec. (Recent decade) Jan. (Recent decade) Feb. (Recent decade)

Dec. —0.05 (0.05)
Jan. 0.29 (—0.09) 0.09 (-0.18)
Feb. 0.19 (—0.49) —0.51%** (—0.42)
AOD EAJSI

Dec. (Recent Jan. (Recent Feb. (Recent decade)

decade) decade)
Dec. 0.11 (0.46)
Jan. 0.39 (0.09) 0.15 (0.10)
Feb. 0.43** (0.05) —0.60%** (—0.75%%)
AOD WPO
Dec. (Recent decade) Jan. (Recent Feb. (Recent
decade) decade)

Dec. -0.22 (—0.74*%)
Jan. —0.57%%* (—0.56%) —0.20 (—0.49)
Feb. -0.23 (—0.26) —0.37* (0.41)

(a) AOD(Dec) — Z500(Dec)

-2022 winters

(c) AOD(Jan) — Z500(Dec)
2013-2022 winters
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December WPO is in a positive phase, the AOD in East Asia tends to
decrease in the following January. Therefore, the WPO is the driving
mechanism with the most persistent impact on early-winter AOD vari-
abilities in East Asia. In contrast, in February, the simultaneous corre-
lation of WPO and AOD variability remained weak throughout the study
period, and a negative correlation was observed in the past decade (R =
—0.37, p < 0.10) in East Asia.

Based on these results, we further examined the driving mechanisms
of early-winter AOD variability associated with the WPO and late-winter
variability related to the SHI and EAJSL Initially, we examined the
correlation between AOD PC1 and the 500 hPa geopotential height
(Z500) as well as the zonal wind component at 300 hPa (U300) during
December to explore the WPO mechanism in early winter. Fig. 7 pre-
sents the spatial distributions of R for the relationships between Z500 vs.
AOD-PC1 and U300 vs. AOD-PC1 in December. As shown in Fig. 7a,
7500 vs. AOD-PC1 revealed a distinct dipole structure: negative anom-
alies (in the northwestern Pacific) and positive anomalies (in the
southwestern Pacific), which was indicative of the positive WPO phase.
From an atmospheric dynamics perspective, this structure with a posi-
tive WPO phase enhances cyclonic circulation over the northwestern
Pacific and anticyclonic circulation over the southwestern Pacific,
thereby strengthening westerly flows across northeast Asia, including
China, Korea, and southern Japan. Strengthened westerlies enhance the
EAJS, promoting ventilation effects that contribute to reduced AOD
levels. The relationship between U300 and AOD-PC1 (Fig. 7b) suggests
that the upper-level zonal wind component intensifies the EAJS, sup-
porting the hypothesis that changes in atmospheric circulation—and
associated ventilation—linked to WPO phases influence AOD variability
across East Asia.

For the late-winter period, we focused on February, examining the
influence of two or more climate variables associated with the SHI and
EAJSI. Fig. 8 presents the annual changes in PC1 along with SLP, Z500,
and U300 in February over the entire period (Figs. 8a—c). This was
compared to the recent decadal period in January (Figs. 8d-f), revealing
significant simultaneous and lagged correlations. In the figures, dots
indicate regions with statistically significant correlations at the 90 %

(b) AOD(Dec) — U300(Dec)
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Fig. 7. Spatial distribution of the correlation coefficients between AOD PC1 in December and (a) Z500 (m) and (b) U300 (m ) during the past decade (2012/
13-2021/22 winters). Panels (c) and (d) present the corresponding fields for AOD PC1 in January. The gray solid line represents the 40-year (1981-2020) clima-
tology. Dots indicate regions that were statistically significant at the 90 % confidence level.
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Fig. 8. Spatial distribution of the correlation coefficients between AOD PC1 in February and (a) SLP (hPa), (b) Z500 (m), and (c) U300 (m sH during the entire
period (winters of 2000/01-2021/22). Panels (d)-(f) show the same fields but for January during the past decade (winters of 2012/13-2021/22). The gray solid lines
represent the 40-year climatology (1981-2020) and dots indicate regions significant at the 90 % confidence level.

confidence level. As shown in Fig. 8, the distribution of the correlations
between January SLP and February PC1 over the past decade revealed a
notable strengthening and expansion of the Siberian High (Fig. 8d) in
comparison with the conditions in January over the entire analysis
period (Fig. 8a). The associated Z500 pattern (Fig. 8e) in the past decade
facilitated the southward intrusion of Arctic cold air into East Asia,
leading to enhanced zonal wind fields and a subsequent reduction in
AOD during February. The emergence of these atmospheric features
exclusively in the past decade implies that recent climate shifts may be

influencing wintertime AOD variability; further investigation will be
needed to fully elucidate the mechanisms underlying these observed
changes. A widespread positive Z500 anomaly (500 hPa high-pressure)
over northwestern Eurasia was also observed in January (Fig. 8b) and
February (Fig. 8d). This anomaly induced northwesterly winds and an
intensified EAJS over the East China-Korea-Japan region (Fig. 8c),
which continued to strengthen over the past decade (Fig. 8e). While the
strengthening of the Siberian High enhances near-surface stability at its
core, the periphery of the high-pressure system is characterized by
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Fig. 9. Selected scatterplots showing the correlation coefficient (R) between AOD PC1 and various climate indices, with R values significant at the >90 % confidence
level. Significance is indicated by ***, **, and *, corresponding to the 99 %, 95 %, and 90 % confidence levels, respectively, and values of R in brackets (shown in red)
refer to data from the past decade. In each scatterplot, black circles and regression lines represent the entire period (winters from 2000 to 2022), while red circles and
regression lines represent the past decade (winters from 2013 to 2022). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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divergent outflows, leading to secondary circulations of surface flows
from the high-pressure system toward adjacent lower-pressure regions.
Given that the major East Asian sub-regions (e.g., eastern China, the
Korean Peninsula, and Japan) are located near the southern or south-
eastern areas of the Siberian High, the intensified high pressure tends to
promote surface ventilation. As a result of this mechanism, significant
lagged negative correlations between February PC1 and SHI values (r =
—0.64, p < 0.05) were found exclusively in the past decade (Table 4).
These findings suggest a recent intensification of the roles of the SHI and
EAJSI in relation to late-winter AOD in East Asia, contributing to the
observed downward trend in February AOD levels. However, we did not
observe such persistent circulation patterns in early winter (i.e.,
December).

Fig. 9 presents the selected scatterplots illustrating the correlations
that are significant at the >90 % confidence level. As shown in the
figure, the strongest non-lagged correlation was observed between the
EAJSI and AOD PC1 in February, when both the AOD levels and the
explanatory power of EOF1 reached their peak during the late-winter
period (i.e., February in Table 4). A significant negative correlation
was also found between the December WPO and AOD levels throughout
the entire study period. These results suggest that the influence of
climate factors on AOD has become more pronounced and regionally
specific in recent years (see the red circles in Fig. 9), indicating a clear
association between WPO and AOD variability, particularly during the
early-winter season.

The WPO is primarily driven by changes in SST distributions, with a
relatively small monthly variability. This small variation explains the
lagged influence between the December WPO spatial structure and
January AOD variability. Notably, January represents the peak stage
period of the EAWM, during which the influence of the western Pacific
on East Asian atmospheric circulation remains diminished. This resulted
in no simultaneous correlation between WPO and PCl in January
(Table 4), while more significant associations were observed in the
December WPO-January AOD relationship with R of —0.56 to —0.57.
Therefore, the influence of the WPO on AOD variability was more
prominent during the transitional phases of the EAWM, particularly in
December and February, than the simultaneous early-winter response in
East Asia. However, when focusing only on the recent decade (winters of
2012/13-2021/22), the R between WPO and AOD reaches as high as
—0.74, indicating a substantially increased influence of the WPO on
recent early-winter AOD variability in East Asia. This result implies that
the WPO has played a particularly prominent role in modulating early-
winter AOD levels in recent years, highlighting the need for continued
attention to the WPQO’s influence in future analyses.

Our findings indicate that the dominant AOD mode over East Asia is
influenced by multiple large-scale atmospheric factors, and that these
relationships have become more pronounced over the past decade,
particularly in association with early-winter WPO circulation. In addi-
tion, winter and spring meteorological conditions in East Asia frequently
facilitate the transboundary transport of air pollutants (Lee et al., 2022;
Kim et al., 2021; Jo and Kim, 2013). Considering these regional char-
acteristics, and given that anthropogenic emissions in East Asia peak in
December (see Fig. 5), our results further highlight the potential for
linking early-winter emission reduction policies with climate influen-
ces—especially those associated with the WPO.

3.3.3. Recent strengthening of Arctic variability and its linkage to late
winter climate in East Asia

As discussed in the previous section, the East Asian atmospheric
circulation in January modulated the dominant AOD mode in February
(SHI, R = —0.64, p < 0.05). We conducted further analysis to explore
how early-winter (December) SIC changes affect mid-winter (January)
EAWM dynamics. Our goal was to identify how alterations in monsoon
structure may contribute to subsequent variations in AOD levels in East
Asia during February.

Fig. 10 presents the distribution of the standard deviation of sea ice
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Fig. 10. (a) Spatial distribution of the standard deviation of SIC in December.
Hatched areas indicate regions where the correlation with SHI was significant
at the 80 % confidence level. The black outline denotes the area used to
calculate the ASI. (b) Time series of the ASI, calculated by normalizing the area-
averaged SIC over the Barents Sea (black box in panel (a)). The black dashed
line indicates the linear trend, and the red and blue lines represent the mean
values for the winters of 2001-2012 and 2013-2022, respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

extent in December in the Barents Sea, a region closely related to EAWM
variability (shaded areas in Fig. 10a), and the temporal (annual) vari-
ations of the December ASI over the past 22 years (2001-2022). Over
this period, the Barents Sea ice cover has experienced a significant
decline, particularly in the past decade, where most years have seen a
reduction exceeding 0.5 standard deviations. The highlighted areas
(hatched areas) in Fig. 10a indicate areas with significant variability in
the January SHI, which exhibited a strong lagged correlation with the
February AOD PC1 time series. The annual changes in the December ASI
shown in Fig. 10b were calculated from the SIC for the region within the
black solid line.

To assess the impact of ASI variability on the EAWMI through the
broader atmospheric dynamics during the winter months, we calculated
the R for the relationship between the ASI and EAWMI for the three
months (Table 5). As shown in Table 5, the SHI in February exhibited a
significant lagged correlation with January ASI (R = —0.43, p < 0.05)
and a non-lagged correlation in February ASI (R = —0.62, p < 0.01). This
pattern implies that the heat flux released into the Arctic atmosphere
due to decreasing sea ice weakens the polar vortex in the upper atmo-
sphere over the Arctic, allowing cold air to move southward into East
Asia, and strengthening the Siberian High, which is a cold continental
high-pressure system. These findings align well with the results of pre-
vious studies that have linked polar variability to EAWM dynamics (Zou
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Table 5
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Monthly correlation coefficients between East Asian winter monsoon climate indices and the ASI. Values in brackets denote data from the past decade, and lagged

>

correlations are displayed in italicized form. Significance is indicated by

** and *, corresponding to the 99 %, 95 %, and 90 % confidence levels, respectively.

ASI
SHI
Nov. (Recent decade) Dec. (Recent decade) Jan. (Recent decade) Feb. (Recent decade)
Dec. 0.33 (-0.04) 0.08 (—0.04)
Jan. -0.29 (-0.54) -0.14 (—0.64™") -0.10 (—0.55)
Feb. -0.32 (-0.28) —0.30 (-0.19) —0.40" (-0.07) —0.60""" (—0.49)

et al., 2017; Kim et al., 2019; Lee and Kim, 2021).

In January, the SHI had a statistically significant lagged correlation
with December ASI (R = —0.64, p < 0.05), but this was only observed
during the past decade. Similarly, the January SHI exhibited a signifi-
cant lagged correlation with the February AOD (R = —0.64, p < 0.05),
although this was again only limited to the past decade. These findings
suggest that the rapid decline in early winter ASI (December) may have
triggered a strengthening of the EAWM, subsequently contributing to
the decrease in February AOD levels.

Fig. 11 presents a spatial correlation between January atmospheric
conditions and December ASI over the past decade. Our analysis
revealed that reduced sea ice led to the strengthening of the Siberian
High (Fig. 11a), with a spatial distribution very similar to the pressure
patterns associated with AOD variability in February (Fig. 8d). The
distribution of the Z500 anomalies related to sea ice changes (Fig. 11b)
indicates the development of a high-pressure system near the Bare-
nts—Kara Sea in the northern part of Eurasia, along with a corresponding
low-pressure system that extended into Mongolia, northern China, and
Korea. This configuration facilitated the southward movement of Arctic
cold air into East Asia, inducing similar patterns linked to February AOD
variability during the past decade (Fig. 8e). The reduction in sea ice also
significantly intensified upper-level zonal winds over East Asia
(Fig. 11c). These findings suggest that changes in ASI influence regional
atmospheric circulation and AOD variability.

To further investigate the recent changes in the relationship between
ASI variability and the EAWM, we examined differences in atmospheric
structures between the past decade (winters of 2013-2022) and the
earlier period (winters of 2001-2012). As shown in Fig. 11, a significant
association between early-winter (December) sea ice loss and EAWM
dynamics became evident, primarily in the past decade.

Fig. 12 presents the composite atmospheric fields from two analysis
periods: the past decade (2013-2022) and the earlier period
(2001-2012), which included negative winter ASI values as indicated in
Fig. 10b. The negative ASI values during the earlier period were asso-
ciated with high-pressure anomalies in the Barents Sea and low-pressure
anomalies in the Chukchi and Bering Seas (Fig. 12a). However, in the
past decade, high-pressure anomalies were observed across all Arctic
Ocean regions, including the Barents Sea (Fig. 12b), presumably due to
the weakening of the polar vortex driven by accelerated ASI decline

(a) ASI(Dec) — SLP(Jan)

(b) ASI(Dec) — Z500(Jan)

(Kim et al., 2014).

In Fig. 10a, the region within the black box represents the area of
greatest AOD variability in East Asia, as identified by the EOF analysis.
We observed a consistent westerly anomaly in upper-level winds during
both periods of sea ice decline. However, in the past decade, a more
pronounced trough developed south of the Barents—Kara Sea, facilitating
the influx of cold Arctic air toward East Asia.

Fig. 12 presents the meridionally averaged vertical composites of
temperature anomalies and U-wind anomalies over the black box region
for January (Figs. 12c—e) and February (Figs. 12f-h). When comparing
periods of sea ice decline, the composites from the earlier period
(Fig. 12¢) exhibited a different atmospheric structure compared to the
past decade (Fig. 12d). In the past decade (Fig. 12d), a dominant
westerly wind anomaly extended from the upper to the lower atmo-
sphere, accompanied by a negative temperature anomaly from the lower
atmosphere to the surface over East Asia (20-40°N). These differences
reveal that during periods of sea ice decline in the past decade, westerly
winds (representing the EAJS) became more dominant in the upper
troposphere, at around 200-300 hPa, while pronounced cold anomalies
developed in the lower atmosphere, as shown in Fig. 12e. These cold air
characteristics are likely the key factors explaining the statistically sig-
nificant lagged relationship observed between the SHI and ASL

The presence of vertical structures in February indicated a weak-
ening of the upper-level jet stream and reduced temperature gradients
compared to January (Figs. 12f-h). Nevertheless, strong upper-level
westerly wind anomalies and persistent cold anomalies in the lower
atmosphere over East Asia were still evident in February during the past
decade (Fig. 12h).

A strengthened EAJS increases vertical wind shear, enhancing en-
ergy and momentum exchange between atmospheric layers. This
intensification promotes convergence and divergence patterns in the
lower troposphere, triggering vertical motion, particularly upward
movement near the jet core. As a result, low-level stagnation is dis-
rupted, planetary boundary layer height increases, and aerosol disper-
sion is facilitated. However, precipitation associated with this upward
motion was not substantial in the main analysis regions due to low hu-
midity conditions.

During the past decade, the decline in early-winter (December) ASI
induced changes in East Asia’s winter atmospheric structure, which was

(c) ASI(Dec) — U300(Jan)

2013-2022 winters
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=

-0.7 -06 -05 -04 -03 -0.

e |

01 02 03 04 05 06 07

Fig. 11. Spatial distribution of the correlation coefficients between ASI in December and the atmospheric circulation for (a) SLP (hPa), (b) Z500 (m), and (c) U300
(m s1) in January during the past decade (2013-2022). The gray solid line represents the 40-year (1981-2020) climatology. Dots indicate significance at the 90 %

confidence level.
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Fig. 12. Composite maps of Z500 anomalies (shading, m) and 300 hPa (U, V) wind vector anomalies associated with negative ASI events in January, for (a)
2001-2012 and (b) 2013-2022. Panels (c) and (d) present the meridionally averaged composite cross sections of temperature anomalies (contour) and U-wind
anomalies (shading) over the black box region corresponding to (a) and (b), respectively. Panel (e) shows the difference between (d) and (c); panels (f)-(h) present

the same analyses as (c)-(e), but for February data.

marked by intensified upper-level jet streams and enhanced lower-level
cooling. Therefore, these structural changes may explain the observed
lagged relationship between the SHI and ASI, and contribute to the
continuation of atmospheric anomalies into January and February.

The statistical analysis revealed a significant negative correlation
between February AOD and the EAJSI, a relationship that strengthened
during the past decade. Vertical cross-sections of vertical velocity (w)
(Supplementary Fig. 2) revealed more widespread upward motion dur-
ing 2013-2022 compared to 2001-2012, which coincided with
enhanced jet activity (Fig. 12). Furthermore, AOD levels across the
major sub-regions decreased by an average of 18.4 % (ranging from 8 %
to 32 %). Together, these results suggest that the strengthened winter jet
stream likely plays a key role in modulating AOD variability through
enhanced vertical mixing and dispersion processes.

4. Conclusion and discussion

We conducted a comprehensive assessment of the long-term vari-
ability of winter AOD in East Asia during 2001-2022, using satellite-
derived AOD data. By examining the relationships between emission
trends and large-scale climate drivers, we were able to identify the
dominant mechanisms influencing regional AOD, and by extension,

wintertime air quality.

We observed a general increase in wintertime AOD from December
to February, with the highest concentrations and variability observed
over the NCP and SCB. Since the early 2010s, however, the marked
decline in AOD, especially in February, suggests substantial improve-
ments in wintertime air quality across major pollution hotspots. Emis-
sion data revealed significant reductions in NOx and SO, emissions
across East Asia over the past decade, reflecting the effects of stringent
air pollution control policies. These reductions were likely key con-
tributors to the observed decline in wintertime AOD. Nevertheless, the
large intra-seasonal and interannual variability in AOD contrasted with
the relatively steady and linear decline in emissions, highlighting the
importance of climate influences.

The timing of climate influences also exhibits clear seasonal varia-
tion. Monsoon-related indices such as the EAWMI, EAJSI, and SHI exert
a stronger influence during the late-winter period (February), while the
WPO predominantly affects AOD variability in early winter (Decem-
ber-January). Notably, the relationship between the WPO and early-
winter AOD has become increasingly pronounced in recent years. This
appears to be linked to a mechanism by which the WPO alters upper-
level pressure patterns over the northwestern and southwestern Pa-
cific, thereby enhancing the EAJS and modulating AOD distribution
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across the China—Korea region.

The rapid decline in Arctic Sea ice during the early-winter period
(December) over the past decade appears to have strengthened the
upper-level westerlies in January. These circulation anomalies persisted
into February, potentially shaping the large-scale meteorological con-
ditions that contributed to the observed AOD decline. These findings
suggest that the influence of Arctic variability on East Asian AOD levels
could extend into late winter through the sustained anomalies in large-
scale atmospheric circulation.

This study yielded important new insights, but it had some limita-
tions. Our analyses were based primarily on monthly-scale statistical
correlations, which may not capture finer-scale processes such as daily
or intra-seasonal dynamics. Furthermore, the reliance on observational
data restricted our ability to quantitatively disentangle the relative
contributions of emissions versus climate drivers. More research will be
needed to integrate higher-resolution temporal analyses and modeling
approaches to more precisely quantify the interactions between emis-
sions, climate variability, and AOD dynamics.

In conclusion, we demonstrated that recent improvements in East
Asian wintertime air quality are driven not only by emission reductions
but also by evolving climate influences, including mid-latitude atmo-
spheric circulation and Arctic variability. These findings highlight the
need to adopt integrated air quality management strategies that consider
both anthropogenic and climate-related factors.
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