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Temporal coherence in particulate matter in East Asian
outflow regions: fingerprints of ENSO and Asian dust
Mien-Tze Kueh 1, Chuan-Yao Lin 1✉ and Yi-Yun Chien 1

Understanding temporal coherence in particulate matter (PM) pollution across East Asian outflow regions is crucial for collaborative
efforts in addressing air pollution challenges. In this study, we analyze daily PM exceedance patterns using ground-based
measurements over the past two decades, focusing on the influence of El Niño-Southern Oscillation (ENSO) and Asian dust activity.
ENSO-related coherent PM exceedance shows lower occurrence during El Niño compared to La Niña in spring, due to weakened
continental outflows and increased precipitation. Temporal distribution of dust-related coherent PM exceedance closely mirrors
springtime dust activity in source regions, indicating significant dust emission impact on outflow regions. Our findings have
implications for climate variability and the assessment of multi-decade model simulations.
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INTRODUCTION
East Asia is characterized by high levels of particulate matter (PM)
emissions1 and subsequent ambient concentrations2, which pose
significant health and environmental risks. The East Asian ground-
level PM2.5 (PM with a diameter of 2.5 μm or less) concentrations
in wintertime are significantly higher than those in summertime2.
The PM2.5 concentrations exhibit a broad-scale offshore gradient
during the cold season from November to April (Fig. 1a). The PM2.5

levels are significantly higher over the continental regions
compared to the oceanic regions, with the highest values found
in northern China. Over the oceanic regions, PM2.5 concentrations
in South Korea and Taiwan are slightly higher than those in Japan.
This eastward diminishing trend of PM2.5 levels from coastal China
to open waters is also visible from the sparsely distributed ground-
based measurements (Fig. 1b, c). This pattern of geographic
gradient in particulate levels signifies the impact of transboundary
air pollution from the Asian continent3.
Transboundary air pollution resulting from winter monsoon-

driven continental outflows has raised significant environmental
concerns in downwind areas such as South Korea4–7, Japan3,7–11,
Taiwan12–16, and Hong Kong14,17–19. In eastern China, satellite-
based estimates of PM2.5 show consistent long-term trends with
some variations in interannual patterns among subregions
(Fig. 1d). The increasing trends of ground-level PM before 2010
can presumably be attributed to the economic growth in China,
whereas the decreasing trends from around 2013 have been
mainly acknowledged as the efforts of China’s stringent emission
control measures20,21. The seasonal means for the northern and
central parts of eastern China have decreased by approximately
30% and 40%, respectively, over the past decade. Notably, the
overall reductions in these regions are nearly equivalent to
the average PM2.5 levels observed in the outflow regions, where
the trends, as revealed by satellite estimates, have remained
relatively smooth over the years. Ground-based measurements in
Taiwan and Hong Kong show reductions of up to 50% in seasonal
PM2.5 and PM10 (PM with a diameter of 10 μm or less) levels over
the past two decades, whereas those in Japan and South Korea
exhibit less prominent evidence of reduction (Fig. 1e, f). Short-
term interannual variations among these regions also exhibit

notable differences, signifying the involvement of distinct under-
lying mechanisms of ambient PM variability across the outflow
regions.
The spatiotemporal variability of PM is shaped by multiple

factors, including emission sources, meteorological conditions,
atmospheric chemistry, and transport processes. Effective mea-
sures aimed at improving air quality can be achieved through
emission control policies, and collaborative cross-national efforts
are crucial to mitigate air pollution issues across East Asia9,22. In
recent decades, Japan, South Korea, and Taiwan have experienced
a long-term decrease in ambient PM levels, which can be primarily
attributed to a significant reduction in domestic anthropogenic
emissions; however, transboundary air pollutants still play a
significant role in the PM concentrations9,22–26. The contribution of
meteorological conditions, particularly the weakening of regional
wind speeds leading to atmospheric stagnation, can also offset
the declining trends in response to the reduction in domestic
emissions9,23,25,26.
Mineral dust, originating from the East Asian arid and semiarid

regions, can undergo extensive long-distance transport from these
source regions4,27–29. The dust outflows exert considerable
influence on the downwind regions, with the eastward pathway
reaching Korea and Japan4,5,8,10,11, and the southward pathway
extending to Taiwan and Hong Kong12,14–17. Over the past four
decades, a gradual decrease in the occurrence of springtime Asian
dust storms has been observed in the source regions, and
primarily attributed to a weakening of surface winds30–33 and an
increase in vegetation coverage30,32,33. Short-term variations in
surface winds can be ascribed to extratropical cyclone activ-
ities28,34,35, while long-term trends may be linked to large-scale
climate variability such as the Arctic Oscillation28,31,36 and El Niño-
Southern Oscillation (ENSO)31,36,37. However, the relationship
between ENSO conditions and dust activities over the source
regions remains inconsistent across previous studies. Notably, the
analysis of dust transport pathways over the outflow regions
revealed a more southward pathway during La Niña and a more
eastward pathway during El Niño31,36.
There is extensive research examining ENSO’s impact on East

Asian PM2.5 levels, primarily focusing on China38–41. Southern and
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Northern China respond differently to ENSO38–41, attributed to
atmospheric changes like precipitation38,39,41, winds38–40, and
boundary layer height38. During El Niño years, higher PM2.5 levels
in northern China have been associated with enhanced south-
easterly winds39 and a weakened winter monsoon40. As northern
China is a significant PM source region, applying Chinese research
directly to outflow regions without further investigation would
bias our understanding. There is limited research on the potential
influence of ENSO on ambient PM levels over the East Asian
outflow regions. A study investigating ENSO-related PM10

variability in South Korea revealed a discernible sub-seasonal
pattern, with La Niña years showing higher PM10 levels compared
to El Niño years42. A separate study conducted in Hong Kong
showed that both PM2.5 and PM10 levels had higher seasonal
averages in La Niña years compared to El Niño years19. These
results collectively suggest a significant association between ENSO
conditions and PM variations in the outflow regions.
Previous studies have primarily focused on limited geographical

areas. Changes in any individual monitoring site can result from
various potential causes. By conducting analyses that seek
consistent patterns across multiple monitoring sites, it is possible
to reduce localized variations and identify influential factors that

have a broad geographical impact. In this article, we use the term
“coherence” to describe the consistent and recognizable pattern
of PM across the monitoring sites under investigation. For
example, coherence may manifest as a consistent tendency of
having the same sign over a specific time domain or a recurring
occurrence that is consistently more or less frequent under
specific conditions. Recognizing the temporal coherence in PM
levels across the East Asian outflow regions is crucial for
collaborative cross-border efforts to mitigate air pollution issues.
Here, we aim to investigate the presence of coherent patterns in
the daily PM variations across selected monitoring sites, as
depicted in Fig. 1b, in the context of ENSO and Asian dust activity.
As the PM levels differ significantly among the sites, standardiza-
tion of the data is needed for comparison. We use exceedance
frequency, which quantifies the occurrence of PM levels exceeding
a standardized threshold, as metric for examining coherent
patterns (“Methods”). We will demonstrate that conditional
sampling based on ENSO phases reveals opposite responses in
the terrestrial source region and the outflow regions. In contrast,
daily sampling reveals the same tendency in both the terrestrial
source region and outflow regions. We will discuss the

Fig. 1 Long-term averages and variations of ground-level PM concentrations (μg m−3) in cold season (November to April). Spatial
distributions of a satellite-based estimates of PM2.5 concentrations and gridded 10m winds reanalysis, ground-based measurements of
b PM2.5 and c PM10 concentrations. Concentration time series of d satellite-based PM2.5, and ground-based e PM2.5 and f PM10. In (b) and (c),
dots and squares denote the locations and long-term averages of the ground-based measurements, where dots represent individual sites for
Japan and South Korea, and squares represent the means of multiple stations for Taiwan and Hong Kong. The monitoring stations of Hong
Kong are presented in the insert maps, those of Taiwan can be found in “Methods”. Circled numbers represent the code numbers for Japanese
monitoring sites, with their prefix JPA dropped. In (d)–(f), dots and solid lines denote the means of cold season, whereas vertical bars and
shading regions denote the range of cold season (minimum and maximum of monthly values). In (d), the continental subregions for the area-
averaged time series are bounded by white lines and represent the northern (CHN_N), central (CHN_C), and southern (CHN_S) parts of Eastern
China. The oceanic subregions, South Korea (KOR), Japan (JPN), and Taiwan (TWN) are the averages of their respective islands or peninsula. In
(e) and (f), code names represent the ground-based measurements shown in (b) and (c). Find data sources in “Methods”.
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implications of observing consistent and recognizable patterns
across the Asian outflow regions.

RESULTS
Long-term trend and emission
Figure 2 illustrates changes in PM levels relative to 2010. We used
a 3-year running average to smooth out significant year-to-year
variations in seasonal PM levels to facilitate the comparison of
long-term trends. In Taiwan and Hong Kong, there has been a
significant 50% reduction in PM2.5 levels over the past decade,
surpassing the decline in regional PM2.5 emissions. In Taiwan,
emissions have shown an approximate 80% reduction. However,
the long-term trends at the two Japanese sites remain unclear.
When examining PM10 levels over the past decade, two distinct
patterns emerge: a declining one and an increasing one. The
declining pattern is more evident, although decline rates differ
among sites, generally exceeding those of regional emissions. This
consistency between PM levels and emissions is expected since
emissions significantly influence PM levels. However, the limitation
of using annual regional emissions for Taiwan and Asia in this
study greatly hinders our confidence in quantitatively assessing
the attribution of site-scale seasonal PM level variations to these
emissions. Shifting our focus back to the unsmoothed seasonal PM
levels, the pronounced year-to-year variations reveal the influence
of other factors. The relatively higher PM levels during 2012–2014
and 2016–2017 in most sites suggest the presence of broad-scale
drivers affecting PM levels across the outflow regions. Our
attention will be directed toward identifying coherent patterns
in temporal domains among study sites rather than examining
detailed features at individual sites.

Exceedance frequency and intra-seasonal variation
Figure 3 depicts the temporal variations in the exceedance
frequencies of PM at the selected sites. For each site, three sets of
exceedance frequencies were calculated using one, two, and three
standardized anomalies as thresholds. Notably, these exceedance
frequencies exhibit substantial similarity in their temporal
patterns. In comparison to monitoring sites in Taiwan, Hong
Kong, and China, the Japanese sites consistently demonstrate
lower instances of PM2.5 and PM10 exceedances. In the case of

Taiwan and Hong Kong, the temporal variations in the exceedance
frequencies using one standardized anomaly (1SD) and the
number of stations exceeding the threshold (18 and 8 stations,
respectively) show significant resemblance, with their plots almost
overlapping. These numbers represent slightly more than half of
their respective total number of stations, indicating that the mean
values of all stations used for the exceedance calculation are
representative of the regions. To ensure an adequate sample for
analysis, we consider the exceedance frequencies based on one
standardized anomaly for these sites as metrics to identify
coherent patterns later on.
There are significant intra-seasonal variations in the frequencies

of PM exceedances (Fig. 4). The exceedances at all Japanese sites
are noticeably higher during the spring, predominantly from
March to April. Conversely, Taiwan and Hong Kong experience
higher occurrences of exceedances during the winter. The Chinese
coastal site CNA008 exhibits comparable PM10 exceedance
frequencies in both winter and spring. We conducted additional
analyses for the PM exceedance frequencies during winter and
spring (Supplementary Figs. 1 and 2), which revealed similar
patterns as those highlighted in Fig. 3. The contribution of
springtime occurrences to the overall cold season ranges from
70% to 90% for Japanese sites, while for Taiwan and Hong Kong, it
ranges from 20% to 40% (Supplementary Fig. 3). Therefore, we
anticipate that the temporal coherence we seek primarily emerges
during springtime (Fig. 4).

ENSO-related variation
Previous studies have shown that the East Asian winter monsoon
(EAWM) weakens and there is excessive precipitation during El
Niño, while a reversal of these patterns tends to occur during La
Niña43,44. Furthermore, these associations between ENSO and
EAWM tend to be enhanced during the negative phase of the
Pacific Decadal Oscillation (PDO)45. Over the past few decades, the
PDO has predominantly exhibited a negative phase, the transition
began around the winter of 1998/1999 (Fig. 5a). The negative PDO
phase has prevailed for the past two decades, with a brief positive
phase observed between 2014 and 2016. Notably, during the
overall negative PDO phase, there has been an increased
frequency of La Niña events. Figure 5b and c show the correlation
coefficients of 850-hPa winds and precipitation related to ENSO

Fig. 2 Seasonal PM concentrations and annual PM emissions normalized as ratios to the corresponding values in 2010. The ratios of cold
season PM concentrations and annual PM emissions to the corresponding values in 2010 for PM2.5 (a) and PM10 (b, c). The ratios of 3-year
running averaged cold season PM concentrations and annual PM emissions to the corresponding values in 2010 for PM2.5 (d) and PM10 (e, f).
The annual PM emissions, EPA_EM and ASC_EM, are the same for PM2.5 (a, d) and PM10 (b, c, e, f). EPA_EM (light gray; spanning from 2007 to
2021) and ASC_EM (dark gray dashed; spanning from 2010 to 2015) are emissions from Taiwan and Asia, respectively. The year 2010 is used as
a baseline because it is the first year of ASC_EM, derived from AERSv31, used in this study.

M. Kueh et al.

3

Published in partnership with CECCR at King Abdulaziz University npj Climate and Atmospheric Science (2023)   201 



and PDO, respectively. During El Niño (positive phase), anomalous
southwesterly and southeasterly winds occur south and north of
approximately 30°N, accompanied by positive precipitation
anomalies stretching from southern China to southern Japan.
These patterns are associated with two anomalous anticyclones
situated over the Philippine Sea and the Kuroshio extension,
respectively, induced by El Niño as introduced in previous

studies43,44. During a positive PDO phase, similar but weaker
patterns can be observed. The positive precipitation anomalies are
associated with positive anomalies in relative humidity, which are
centered over Eastern China (Fig. 5d). Across the outflow regions,
a broad expanse of negative boundary layer height anomalies,
stretching from the northern South China Sea to Japan, is
observed during El Niño events (Fig. 5e). These correlation

Fig. 3 Temporal variations of daily PM exceedance frequencies. The exceedance frequency of PM2.5 (a) and PM10 (b, c) derived from
ground-based measurements for cold season. Y-axis is numbers of day, X-axis shows the years of the first month in the cold season. Each site
has three sets of exceedance frequencies, which employ one, two, and three standardized anomalies as the thresholds for calculation, and are
denoted as 1SD, 2SD, and 3SD, respectively. Code names with prefixes JPA and CNA are for Japan and China, respectively. The exceedance
frequencies of Taiwan (nTW and sTW) and Hong Kong (HK) were derived from their respective daily mean values of selected stations. For nTW,
sTW, and HK, additional sets of exceedance frequency were derived using the numbers of stations exceeding one standardized anomaly (1SD)
as thresholds; the legends with prefix stn followed by a number indicate the number of stations used in the concurrence calculation.

Fig. 4 Intra-seasonal variations of daily PM exceedance frequencies. The density plot of the long-term calendar distribution of PM
exceedance frequencies for the selected sites over the period spans from 2000/2001 to 2019/2020 (cold season, from November to April).
Each cell on the plot represents the total occurrence of exceedance (units: days) for a specific site on a given calendar day. The Y-axis
corresponds to the different sites, while the X-axis represents the calendar days. The four sites in the lower part are for PM2.5, whereas the rest
are for PM10.

M. Kueh et al.

4

npj Climate and Atmospheric Science (2023)   201 Published in partnership with CECCR at King Abdulaziz University



patterns persist throughout both winter and spring (Supplemen-
tary Figs. 4 and 5).
However, distinct variations in the correlation patterns of PM2.5

in relation to ENSO become evident when comparing winter and
spring conditions (Fig. 6). During the winter season, the correlation
coefficients of PM2.5 exhibit contrasting trends in northern and
southern China. South of 30°N, a reduction in PM2.5 levels is linked

to El Niño conditions, while north of this latitude, PM2.5

concentrations tend to increase. During the spring season, the
areas with positive PM2.5 anomalies over China notably diminish.
However, there is a region of positive PM2.5 anomalies that
remains over northern East China where the climatological PM2.5

concentrations are generally higher than 80 μg m−3, as shown in
Fig. 1a. This region can be deemed a significant source area for the

Fig. 5 Temporal variations of ENSO and PDO and their correlations with atmospheric fields. a The temporal variations of Oceanic Niño
Index (ONI) and PDO index. The ONI is used as a measure of ENSO; positive for El Niño condition and negative for La Niña condition.
PDO.smoothed is the 9-year running-averaged PDO index. X-axis shows the years of the first month in the cold season. Correlation coefficients
of precipitation (contour and shading) anomalies and wind (vectors) anomalies at 850-hPa with respect to the b ONI and c PDO index, and
correlation coefficients of d relative humidity at 850-hPa, and e boundary layer height with respect to the ONI. The periods of calculation are
1998–2020 for precipitation, and 1990–2020 for wind, relative humidity and boundary layer height. For scalar fields, shading indicates the
region exceeding the 95% confidence level based on the Student’s t-test. For 850-hPa winds, black vector indicates both wind components
exceed the 95% confidence level, gray vector indicates at least one component exceeds the confidence level.
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surrounding regions. The persistence of positive PM2.5 anomalies
in this region suggests that the anomalous southeasterly winds
during El Niño can impede the dispersion of air pollution,
consequently aiding in reducing pollution in the outflow regions.
A seasonal variation is also observed in the outflow regions.
During the winter season, PM2.5 increases are also observed in the
outflow regions, specifically South Korea, Japan, and Taiwan. In
contrast, negative PM2.5 anomalies emerge in the outflow regions
during the spring season. Across the continent, the PM2.5

correlation coefficients vary from 0.2 to 0.3, lower than atmo-
spheric field correlations (0.4 to 0.6). It is essential to note that,
within our domain of interest, these correlation coefficients lack
statistical significance, unlike the significance observed for atmo-
spheric variables.
During El Niño conditions, the reduction in PM2.5 levels in

southern China can be attributed to increased precipitation38,39,41.
In contrast, the rise in PM2.5 levels in northern China has been
associated with enhanced surface southeasterly winds39, a
weakened EAWM40, and a decrease in wind speed and boundary
layer height38. A positive correlation between relative humidity
and PM2.5 is suggested for northern China due to the diminished
impact of precipitation in the area41. However, our findings reveal
that northern China is not the primary affected region for both
relative humidity and boundary layer height anomalies. Conse-
quently, it is anticipated that during El Niño condition the
southerly wind anomalies on the western peripheries of the

anomalous anticyclones contribute to a weakening of the EAWM,
subsequently reducing the dispersion of air pollution over the
continent. This can lead to a decreased outflow of pollutants from
the continent, thereby offsetting the adverse condition of a
decreased boundary layer height, which can suppress the vertical
dispersion of pollutants over the outflow regions.
From the winter seasons spanning 2000/2001 to 2019/2020, a

total of 7 El Niño and 7 La Niña events were identified and
analyzed to determine the proportions of PM exceedance at
various monitoring sites (Fig. 7). The proportion is the ratio of the
number of exceedance days to non-exceedance days for each site
during both El Niño and La Niña events (“Methods”). Our findings
indicate a consistent decrease in the proportions of PM
exceedances at the majority of monitoring sites during El Niño
in the spring season. With the exception of the far north Japanese
site (JPA001), which demonstrated higher proportions during El
Niño. During the winter season, although no visible coherence
was observed across the monitoring sites, we emphasize the
consistent lower proportions of PM2.5 and PM10 exceedances in
Hong Kong, similar to the findings in spring. Additionally, we note
inconsistent patterns in southern Taiwan (sTW), where higher
proportions of PM2.5 exceedance occurred alongside lower
proportions of PM10 exceedance.
Overall, our findings support the notion that decreased levels

of PM during El Niño in Hong Kong and South Korea can be
attributed to weakened continental outflows and increased
precipitation19,42. In contrast, increased levels of PM during La
Niña resulted from enhanced transboundary air pollution and
precipitation deficit. Although Wie and Moon’s study42 primarily
focused on PM10 in South Korea, their investigation of El Niño-
related anomalous winds and precipitation encompassed both
South Korea and Japan, excluding the far northern region of
Japan and the remote eastern islands where monitoring stations
JPA001 and JPA011 are located. Therefore, we can apply Wie
and Moon’s study42 to interpret the decreased PM exceedance
observed in Japanese sites influenced by El Niño. Additionally,
we offer possible explanations for the contrasting proportions of
PM2.5 exceedance during El Niño between winter and spring in
southern Taiwan (sTW), which consists of stations in central and
southwestern Taiwan (“Methods”), areas prone to local emis-
sions and transboundary air pollution13,23, as well as unfavorable
conditions for pollutant dispersion23. Climatologically, this
region experiences a dry period from winter to spring, with
greater rainfall occurring in spring compared to winter, primarily
due to the further southward propagation of frontal precipita-
tion, accompanied by more convective activity in spring46. The
weakened winter monsoon associated with El Niño can hinder
the dispersion of local pollutants in both winter and spring, thus
countering the effects of reduced transboundary air pollution.
However, we anticipate that El Niño-related excessive precipita-
tion could enhance precipitation scavenging during spring,
whereas its influence on winter precipitation is relatively limited.
Nevertheless, the wintertime proportion of PM10 exceedance
remains lower during El Niño, further investigation is necessary
to fully understand the contribution of ENSO in the PM
exceedance in Taiwan.

East Asian dust activity
The ground-based PM10 measurements can be classified into two
groups: northern and southern, with a division at 30°N. There are 6
sites in the northern group and another 6 in the southern group
(Fig. 3b, c). We conducted a daily analysis to determine the
occurrence of PM10 exceedance across these monitoring sites.
Specifically, we counted the number of days when multiple sites
simultaneously exceeded their respective PM10 thresholds. This
analysis was performed for different combinations of sites, as
depicted in Fig. 8a. Notably, we observed the simultaneous

Fig. 6 The correlations of PM2.5 concentrations with ONI. Correla-
tion coefficients of satellite-based estimates of PM2.5 concentrations
(contour and shading) anomalies with respect to the a winter (NDJ)
and b spring (FMA) ONI. The periods of calculation are 1998–2020,
shading indicates the region exceeding the 95% confidence level
based on the Student’s t-test.
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occurrence of PM10 exceedance at all sites within both the
northern and southern groups. When considering all 12 sites,
there is a noteworthy number of instances where 9 sites
simultaneously exceeded their respective thresholds. Conse-
quently, we identified a total of 47 dates exhibiting this
concurrence of PM10 exceedance across 6, 6, and 9 sites in the
northern, southern, and all 12-site groups, respectively. To
illustrate the temporal distribution of these dates from 2001 to
2015, we constructed a histogram displayed in Fig. 8b. The
temporal distribution reveals a long-term decreasing trend,
although significant interannual variations exist. There are 45
out of the 47 dates that occurred before 2011. Notably, the year
2001 recorded the highest number of concurrences. Additionally,
there are noticeable peaks in concurrence between 2004 and
2006, as well as between 2008 and 2010.
Taking into account the far-northern site JPA001 in the northern

group and the far-eastern site JPA011 in the southern group, Asian
dust weather could potentially be a contributing factor to
simultaneous exceedances across such a wide geographical area.
Therefore, we expected a strong association between the 47 dates
under investigation with Asian dust activity. We employed a
combination of data from the dust weather visual report and
existing literature to ascertain the connection between these
dates and dust activity. Specifically, we cross-referenced dates
with numbers of dusty grid cells exceeding a specified threshold,
termed “dust-related,” with previously documented dust event
dates in existing literature (“Methods”). The result confirms that 44
out of the 47 dates can be identified as dust-related phenomena,
among which 41 dates can be cross-referenced to dust event
dates in existing literature. Cross-referencing is a valuable process

in our dust-related date verification, as it helps ensure the
reliability of dust-related dates by confirming them from
independent research of dust events in the existing literature.
As for the remaining 3 dates, we were unable to reach a definitive
conclusion. Therefore, the temporal distribution shown in Fig. 8b
reveals the Asian dust activity over the outflow regions.
Springtime Asian dust activity in its source regions exhibited a

gradual decline from the 1980s to the late 2010s, punctuated by
notable peaks in the 2000s, demonstrating a fluctuating yet
overall decreasing pattern30–33. In our analysis spanning the past
two decades (the 2000s and 2010s), the pattern of temporal
variations (as shown in Fig. 8b), including the highest occurrences
in 2001 and 2002, as well as noticeable peaks in 2004–2006 and
2008–2010, aligns with previous studies that investigated dust
storm outbreaks30, dust storm frequency32, and dust storm days33

in the Asian source regions. There is limited research on the long-
term trend of spring dust variations over the East Asian outflow
regions. Nevertheless, earlier studies in Taiwan16, Japan31, and
South Korea47 reported a relatively calm period in the late 1990s
followed by a sudden increase in dust frequency in the early
2000s. Additionally, a recent study48 based on long-term model
simulations revealed a similar temporal distribution (as depicted in
our Fig. 8b) for spring surface dust frequency in Taiwan and East
Asian dust emission. The authors attributed the decline in Taiwan’s
dust trends to the decreasing Asian dust emissions. Consistent
with the existing literature, our findings highlight the significant
influence of Asian dust emissions on dust variations over the
outflow regions.
We also observed distinct patterns in the dust transport

pathways, providing additional insights. By analyzing the

Fig. 7 Proportion of PM exceedances during El Niño and La Niña events. The proportions are calculated as the ratio between the numbers
of exceedance and non-exceedance days for a Winter (NDJ) and b Spring (FMA). Calculation is conducted for the ENSO events listed in
“Methods”. The numbers alongside the bars correspond to the p-value of the statistical tests for the difference between El Niño and La Niña
events; only p-value < 0.05 are shown. The five sites in the lower part are for PM2.5, whereas the rest are for PM10.
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simultaneous occurrence of PM10 exceedance among different
groups (northern, southern, and all 12-site), we categorized the
resulting concurrence dates into three pathways: northern,
southern, and broad. Figure 9 shows composite satellite aerosol
optical depth (AOD) data for the three pathways, sourced from
Moderate Resolution Imaging Spectroradiometer (MODIS) Level
3 products (“Methods”). The northern pathway exhibits higher
AOD levels over the seas surrounding Japan, while the southern
pathway indicates relatively higher AOD levels over the ocean
east of Taiwan. The broad pathway displays intermediate AOD
levels between the northern and southern routes. The long-term
mean values of area-averaged AOD over the northern and
southern continental areas are slightly above 0.4, while they are
approximately 0.4 and 0.3, respectively, over the northern and
southern oceanic areas. All three pathways exhibit increased
AOD levels over continental and oceanic regions compared to
the long-term spring season average, as evident in the area
average AOD plots. We also present the components of coarse-
mode AOD (CAOD) (“Methods”). The CAOD can serve as a proxy
for representing the cumulative impact of extinction attribu-
table to coarse particles in the atmosphere49. In northern
latitudes, the highest CAOD over land is observed in the
southern pathway composite, presenting a value of 0.4, which
constitutes roughly 64.5% of the total AOD. For the southern
pathway, the most distinct feature is the lower CAOD over the
northern ocean and higher CAOD over the southern ocean.
Overall, the results suggest that Asian dust activity contributes
to the simultaneous occurrence of PM10 exceedance.
The recirculation accompanying the split high-pressure center

in the southern pathway composite contributes to higher AOD
levels in the southern oceanic region (Fig. 10). This recirculation
can trap near-surface pollutants, preventing their escape and
leading to elevated AOD levels in the region. In contrast, easterly
winds in the northern and broad pathway composites originate
from the far-eastern region, bringing clean air toward the

southern oceanic region and resulting in lower AOD levels there.
The configuration of the low-level trough is a key factor that
differentiates the northern and southern pathways. In the
southern pathway composite, the low-level trough migrates
further east, placing Japan and South Korea behind the trough.
The trough covers a vast expanse, characterized by surface
pressures below 1004 hPa. Conversely, the low-level trough’s
spatial extent is relatively limited to the west of 150°E, with surface
pressures slightly above 1004 hPa in both the northern and broad
pathway composites. Japan and South Korea are located in the
pre-trough southwesterly flow regimes, primarily coming from
northeastern China.
Additionally, we emphasize two dates in our study related to

Asian dust events that involved long-range transport to the Arctic
in 201027 and 201529. Dust events can persist for multiple days,
with various dust transport pathways occurring based on the
source areas of the dust plume in relation to synoptic conditions50.
The long-term variations in dust transport pathways across the
East Asian outflow regions have yet to be fully investigated.
Previous studies on dust transport have predominantly focused on
specific events and limited geographical
areas4,5,8,10,11,14–17,27,29,31,36. Consequently, our sample size is
relatively small to draw definitive conclusions. Further investiga-
tion is warranted to delve deeper into this topic.

DISCUSSION
This research identified two coherent patterns of PM exceedance
in East Asian outflow regions over the past two decades. These
patterns are primarily influenced by the ENSO and Asian dust, we
consider them as distinct fingerprints of the driving factors’
impacts on the PM temporal variability. Here, we discuss the
implications of our findings within the framework of (1) climate
variability and climate change, and (2) the assessment of multi-
decade model simulations.

Fig. 8 The concurrence of PM10 exceedance across the sites. a The numbers of days when multiple sites simultaneously exceeded their
respective thresholds. Y-axis is numbers of day, X-axis shows the years of the first month in the cold season. From the top to bottom, panels
are for the northern (6 sites), southern (6 sites), and all 12-site groups. The legends with prefix stn followed by a number indicate the number
of sites used in the concurrence calculation. b The histogram of the 47 dates exhibiting the concurrence across 6, 6, and 9 sites in the northern
(N), southern (S), and all 12-site (B) groups, respectively (“Methods”). In the legends, prefixes winter and spring denote the season of the dates.
Note that here X-axis shows the years of the spring months.
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Fig. 9 The composites of AOD for PM10 concurrent exceedance date. a The long-term mean of AOD in spring season. The composites of
AOD for b northern, c broad, and d southern pathways. The AOD over lands are derived from Deep Blue (DB) AOD, and AOD over oceans are
from Dark Target (DT) AOD. The bottom panel depicts the area-averaged AOD for regions 30°–40°N, 110°–150°E and 20°–30°N, 110°–150°E.
These are overlapping bar charts. M represents the long-term mean in spring, whereas B, S, and N denote broad, southern, and northern
pathways, respectively. The paler colors denote the total AOD from Deep Blue and Dart Target products. The darker colors denote the coarse-
mode AOD (CAOD) components in DB AOD and DT AOD (“Methods”).

Fig. 10 The composites of mean sea level pressure and winds for PM10 concurrent exceedance date. The composites of mean sea level
pressure (shading; hPa), 10-m winds (blue vector; m s−1) and 850-hPa winds (orange vector; m s−1) for a southern, b northern, and c broad
pathways. Two contour lines, 1016 hPa and 1007 hPa, are plotted for reference.

M. Kueh et al.

9

Published in partnership with CECCR at King Abdulaziz University npj Climate and Atmospheric Science (2023)   201 



Our research revealed a lower occurrence of PM exceedance
during El Niño compared to La Niña in spring. The analyzed period
primarily displayed a negative PDO phase, which is favorable for
the enhanced negative relationship between ENSO and East Asian
winter monsoon, potentially influencing the intensity of con-
tinental outflow. Consequently, it is crucial to conduct further
investigations employing comparable analyses during a positive
PDO phase to gain a comprehensive understanding of ENSO-
related PM exceedance in these outflow regions.
The dust-related temporal distribution exhibits a strong

resemblance to the spring dust activity observed in the source
regions, indicating a significant influence of dust emission on the
outflow regions. In the first half of our study period (the 2000s), we
observed a fluctuating sub-period characterized by several
notable peaks amid a gradual decline in dust activity within the
source regions over the past four decades. The increased
frequency of dust outbreaks in the Asian dust source regions
from the 1990s to the 2000s has been attributed to changes in
aeolian erosivity and erodibility factors51. Aeolian erosivity,
primarily driven by wind patterns, is associated with short-term
extratropical cyclone activities28,34,35, while long-term variations
are linked to large-scale climate variability. The negative PDO
phase has been consistently linked to a northward shift of both
storm tracks and jet streams over the North Pacific; irrespective of
ENSO conditions52. Investigating the potential connection
between PDO-related changes in baroclinic activity over the
North Pacific and the variability of continental weather regimes is
an important issue for future research.
Aeolian erodibility is influenced by various factors, including

soil and land surface properties. Both natural and anthropo-
genic drivers contribute to the changes in these properties. In
this regard, climate change phenomena, such as Arctic
amplification and sea ice variability, can also have an impact
on dust variability. The previous study of Liu et al.53 showed
that the long-term decline in spring dust occurrences over
northern China since the mid-1980s could be attributed to
Arctic amplification, which led to weakened temperature
gradients and decreased zonal winds in the preceding winter.
In contrast, Fan et al.54 suggested that the decrease in winter
sea ice and snow cover could create favorable conditions for
increased spring dust frequency in northern China since the
mid-1990s. Nonetheless, both studies uncovered evidence of
climate change’s impact on Asian duct activity. Additionally, we
place emphasis on investigating the pathway of dust transport
to the Arctic. A previous study by Huang et al.27 highlighted
that approximately 25.2% of the Asian dust events in the 2000s
could be transported to the Arctic. Moreover, a separate study
by Zhao et al.29 estimated that around 76% of the Asian dust
events during the period of 2011–2015 could migrate to the
Arctic. However, the precise impact of long-range dust
transport on the regional climate of the Arctic remains
uncertain. Understanding the long-term variations in Asian
dust transport is crucial for comprehending the environmental
effects of dust in regions stretching from East Asia to the Arctic.
Our results have implications for the assessment of multi-

decade model simulations. While numerical simulations have
provided valuable insights into the physical and chemical
processes of PM variability in the Asian outflow regions during
short periods or specific events5–7,11,14,15, challenges persist in
simulating long-term trends and variability of combustion aerosol
and dust in the outflow region55 and the Asian dust source
regions56. The performance of the models is influenced by various
factors, including meteorological conditions, emission sources,
transport mechanisms, and modeling techniques. To effectively
evaluate these models, it is crucial to use appropriate and targeted
metrics that can isolate climate variability from modeling
techniques. Our approach to identifying coherent patterns is
simple yet effectively linked to their driving factors. In this regard,

we propose the use of the coherent patterns of PM exceedance
linked to ENSO and Asian Dust as suitable metrics for targeted
assessment of multi-decade model simulations in the Asian
outflow regions.

METHODS
Data
The datasets used in this study are outlined in Table 1. We used
multiple sources of ground-level PM2.5 and PM10 concentrations.
The gridded surface PM2.5 data obtained from the Atmospheric
Composition Analysis Group2 are consistently termed as the
satellite-based PM2.5 estimates throughout this article. We derived
the daily average concentrations of PM2.5 and PM10 from the
hourly ground-based measurements. We chose not to modify the
missing value since our exceedance identification relies on daily
occurrences. Thus, any missing value was considered as indicating
“non-exceedance”. Due to its larger number of monitoring sites
and longer records, PM10 measurements play a crucial role in the
analysis of coherent patterns. To analyze coherence, we used the
daily means of selected stations in Taiwan and Hong Kong. Out of
Taiwan’s 77 stations, we chose 68 with over 90% data availability.
Among them, 34 met these criteria: PM2.5 > 30 μg m−3 and
PM10 > 60 μg m−3 averages. These stations are in central and
southwestern Taiwan, called sTW (Fig. 11). The remaining 34, with
lower PM2.5 and PM10, are in northern and eastern Taiwan, called
nTW. In Hong Kong, 14 out of 18 stations were included in the
analysis, while 2 stations were excluded due to their observational
periods being less than 5 years. The locations of the Hong Kong
stations can be found in the insert maps of Fig. 1b, c. For
simplicity, we refer to the mean values of multiple stations in
Taiwan and Hong Kong as measurements from monitoring sites
throughout this article. The ground-based measurements from
South Korea were not considered for the coherence analysis since
their daily measurements only spanned a short period, ranging
from 2 to 3 years.

Standardization and exceedance frequency
Standardization of the data is performed by calculating daily
standardized anomalies for each site. Daily standardized
anomalies are calculated by dividing the anomalies by the
standard deviation (SD), where the anomalies represent devia-
tions of daily PM levels from the climatological mean level
across a chosen reference period. In this case, the reference
period spans from 2000/2001 to 2019/2020 (cold season, from
November to April). We have compared a small set of thresh-
olds, namely one, two, and three standardized anomalies, for all
the data (shown in Fig. 3). The occurrence of days exceeding the
defined threshold was then counted for each station individu-
ally. These counts were subsequently used as indicators of
exceedance frequency, representing the number of days in
which PM levels exceed the defined threshold. For Taiwan and
Hong Kong, the mean values of daily PM levels from the selected
34 and 14 stations, respectively, were used for the calculation of
exceedance frequencies. To examine the representativeness of
the mean values of the selected stations in Taiwan and Hong
Kong, another set of exceedance frequencies was calculated by
using the number of stations exceeding 1SD as thresholds. The
thresholds are 9, 18, 27, and 32 stations for Taiwan, and 4, 8, 12,
and 14 stations for Hong Kong (Fig. 3). The numbers of 18 and
8 stations are slightly above half of their total numbers of
stations used. The climatological mean levels and the standard
deviations are outlined in Supplementary Table 1. For all the
monitoring sites, the climatological mean levels plus one SD
(AVG+SD) for both PM2.5 and PM10 closely correspond to their
respective 85th percentile values. In the case of Japanese sites,
the AVG+SD values for PM10 predominantly exceed the 90th
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percentile values (Supplementary Table 1). For the identification
of coherence, we used one standardized anomaly (1SD) to
ensure adequate samples for analysis.

ENSO event and proportion of exceedance frequency
The smoothed ONI values, which is the 5-month running mean of
the original ONI, that exceed the thresholds of +0.5 and −0.5°C
are identified as El Niño and La Niña, respectively. From the winter
seasons spanning 2000/2001 to 2019/2020, a total of 7 El Niño and
7 La Niña events were identified. The El Niño events are: 2002/
2003, 2004/2005, 2006/2007, 2009/2010, 2014/2015, 2015/2016,
and 2018/2019 cold season. The La Niña events are: 2000/2001,
2005/2006, 2007/2008, 2008/2009, 2010/2011, 2011/2012,2017/
2018 cold season. For each site, the proportion of PM exceedance
is calculated as the ratio of the number of exceedance days to
non-exceedance days during both El Niño and La Niña events. The
same sets of El Niño and La Niña events were used for the
calculations of winter (November to January) and spring (February
to April) seasons. Because of the declining trends observed in
some of our study sites over the past decade, we conducted an
analysis of the proportion of PM exceedance using two sets of
detrended time series: one with quadratic detrending and one
with linear detrending. Both sets of results reveal subtle
differences when compared to the non-detrended (original) time
series. In this article, we present the results for the non-detrended
data (refer to Fig. 7). The results for two detrended time series are
shown in Supplementary Fig. 6. The values of the proportions, p-

values, and data availability in the calculation of non-detrended
data are outlined in Supplementary Table 2.

Dust association
We have two steps: (1) identifying the dates of simultaneous
occurrences of PM10 exceedance among the studied sites, and (2)
associating the simultaneous occurrence dates with Asian dust
events. The identification of simultaneous occurrences has been
explained in the main text (refer to Fig. 8). As a result, a total of 47
dates were identified where PM10 exceedances occurred simulta-
neously across various sites. We conducted additional analyses for
the simultaneous occurrences during winter and spring (Supple-
mentary Fig. 7), which revealed similar signatures as those
highlighted in Fig. 8a, but with much smaller counts for the
Japanese sites in winter. We focused on extreme cases, specifically
when 6, 6, and at least 9 sites simultaneously exceeded PM10

levels in the northern, southern, and all 12-site groups,
respectively. For the all 12-site group, we termed them as the
broad group. In the northern or southern group, instances where
8 sites exhibited concurrent exceedances were considered part of
the broad group. Please refer to Fig. 8b for a visual representation
of the results.
In order to establish the connection between specific dates and

dust activity, we employed a combination of data from the dust
weather visual report and existing literature. The following
procedures were followed:

Table 1. Summary of the datasets used in this study.

Dataset Parameters Source and reference

ACAG Monthly PM2.5 from 1998 to 2021
Asian grids at a resolution of 0.01° × 0.01°

Washington University Atmospheric Composition Analysis Group2

https://sites.wustl.edu/acag/datasets/surface-pm2-5/

TW-EPA Hourly PM2.5 from 2005 to 2021
Hourly PM10 from 1994 to 2021
Number of sites: 68 out of 77

Taiwan Environmental Protection Administration
https://airtw.epa.gov.tw/ENG/default.aspx

HK-EPD Hourly PM2.5 from 1999 to 2021
Hourly PM10 from 1992 to 2021
Number of sites: 14 out of 18

Hong Kong Environmental Protection Department
https://www.aqhi.gov.hk/en.html

EANET Japan (JPA): 8 sites, hourly PM2.5 and PM10

Korea (KRA): 3 sites, monthly PM2.5 and PM10

China (CNA): 1 site, daily PM10

Time range: 2000 to 2020

Acid Deposition Monitoring Network in East Asia
https://www.eanet.asia/

REASv3 Annual emissions of PM2.5 and PM10 in Asia
Time range: 2010 to 2015

Table 3 in ref. 1

EPA EM Annual emissions of PM2.5 and PM10 in Taiwan
Time range: 2007 to 2021

Taiwan Environmental Protection Administration
https://airtw.epa.gov.tw/ENG/default.aspx

SYNOP Dust report from 2001 to 2015
764 sites

Taiwan Central Weather Administration
https://www.cwa.gov.tw/eng/

ONI Three monthly mean of anomalous SST anomalies
in the Niño 3.4 region
Time range: 1950 to 2021

NOAA Climate Prediction Center (CPC)
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/
ONI_v5.php

PDO Monthly PDO index
Time range: 1950 to 2021

NOAA National Centers for Environmental Information
https://www.ncei.noaa.gov/access/monitoring/pdo/

NCEP/CFSR Daily wind fields at 850-hPa
Global grids at a resolution of 0.5° × 0.5°
Time range: 1979 to 2020

NOAA NCEP Climate Forecast System Reanalysis (CFSR)
Accessed from the NCAR Research Data Archive
https://rda.ucar.edu/datasets/ds093.0/
https://rda.ucar.edu/datasets/ds094.0/

CMORPH Daily precipitation rate
Global grids at a resolution of 0.25° × 0.25°
Time range: 1998–2020

CPC MORPHing technique High resolution precipitation
https://www.ncei.noaa.gov/products/climate-data-records/precipitation-cmorph

MODIS
[Terra]

Collection 6.1 Level-3 daily and monthly global
product
Global grids at a resolution of 1° × 1°
Time range: 2000–2021

The Level-1 and Atmosphere Archive & Distribution System Distributed Active
Archive Center
https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/science-
domain/l3-atmosphere/
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1. We collected dust weather reports from available weather
stations within our studied domain (90°–150°E, 20°–55°N) for
the 47 dates of interest, as well as the 5 days prior to
each date.

2. The weather stations were then mapped onto a regular 1° ×
1° grid without interpolation. We identified the grid cells
that contained at least one weather station as active cells. A
total of 392 active cells were selected for the dust
association. Our goal is to identify daily dust weather with
a more extensive geographical impact. By mapping these
stations onto a grid, we can treat grid cells with a high
density of stations similarly to those with only 1–2 stations,
thus preventing situations where a search for weather codes
meeting dust weather conditions across the stations yields
numerous suitable stations in close proximity to each other.

3. The selected active cells were categorized into continental
and oceanic groups. For each date of concurrent excee-
dance, we processed the dust codes from the station(s)
within each active cell to determine a daily dusty level. A
dusty cell is defined as having a daily dust code of 6 or
higher; the dust code of 6 denotes widespread dust in
suspension in the air as defined in the World Meteorological
Organization’s SYNOP codes.

4. A date is deemed “dust-related” when the number of dusty
cells exceeds specified thresholds. In essence, this means
having a minimum of 10 dusty cells on the given date, and/
or a minimum of 10 dusty cells in the preceding 4 days.

5. Subsequently, we cross-referenced these dust-related dates
with previously documented dust event dates in existing
literature.

The supplementary materials (Supplementary Fig. 8 and
Supplementary Table 3) provide further details regarding these

procedures and include the list of the 47 dates under investiga-
tion. As a result, we were able to confirm that 44 out of the 47
dates examined were associated with dust-related phenomena.
Furthermore, we also used satellite-derived coarse-mode domi-
nated AOD as a complementary assessment to reveal the
geographical extent of these dates (see below).

Dust aerosol optical depth proxy
We use two sets of AOD data from the MODIS Level 3 product: one
retrieved over land using the Deep Blue algorithm and the other
over the ocean using the Dark Target algorithm. Both daily and
monthly aerosol products retrieved by MODIS onboard the Terra
satellite are used.
The Deep Blue product provides the parameter Ångström

exponent, which has been demonstrated to exhibit high
sensitivity to particle size57. We separate the coarse-mode
dominated AOD by incorporating the total AOD and Ångström
exponent (α) using an empirical formula based on ground-based
data58: AOD × (0.98− 0.5089α+ 0.0512α²). This coarse-mode AOD
serves as a suitable proxy for representing the cumulative impact
of extinction attributable to mineral particles in the atmosphere49.
The Ångström exponent is not available within the Dark Target
product. Therefore, we use the coarse-mode AOD (having
effective radius >1.0 μm59,) from Level 3 product to represent
coarse particles over the ocean. We refer to these coarse-mode
AOD values, derived from both the Deep Blue and Dark
Target algorithms, as CAOD for simplicity.
Out of the 47 simultaneous occurrence dates, 43 provide MODIS

daily AOD data for analysis. We computed area-averaged values for
daily CAOD using both the Deep Blue and Dark Target algorithms
for the two regions, as depicted in Fig. 9. We examined the
deviations of these area-averaged values with respect to their

Fig. 11 Locations of Taiwanese stations and climatological averages of PM concentrations (μg m−3). PM2.5 (left) and PM10 (right) from
ground-based measurements (circles and dots) with satellite-based estimates (color shading; left) and topography (gray shading; right). The
colors of circles and dots represent the climatological averages. Hollow and solid circles indicate the 34 selected stations of nTW and sTW,
respectively, used for analysis of coherence.
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long-term means (Fig. 12). To assess these deviations (CAOD’), we
applied two conditions: they must exceed their long-term mean
values in both regions, or they must exceed their long-term mean
values in at least one region. Among these dates, 21 exhibited
CAOD’ values exceeding their long-term mean in both regions,
while 19 dates saw CAOD’ exceed their long-term mean in one
region. Notably, 3 dates failed to meet any of these conditions, and
they were also indeterminate based on dust codes and the
literature. The remaining 4 dates without available MODIS daily AOD
data for analysis could be identified as dust-related using dust
codes and cross-referenced to dust event dates in existing literature.

DATA AVAILABILITY
The availability of the datasets used in this study is outlined in Table 1.
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