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A B S T R A C T

Concentrations of wintertime particulate matters of diameters below 10 μm (PM10) in South Korea and China
have decreased since the 2000s largely owing to the emissions reduction policies of the two countries; however,
this decreasing tendency has been notably weakened, or even been reversed, in recent years. This study ex-
amines the influence of large-scale atmospheric circulations on this PM10 change over East Asia for the winters
(December–February) of the 2004/05–2015/16 period using an empirical orthogonal function (EOF) analysis.
The first EOF mode, which accounts for 32.7% of the total variance, indicates decreases in PM10 concentrations
until 2012 and thereafter increases in them particularly at most stations in eastern and northeastern China.
Regression patterns of meteorological variables with respect to the first EOF time series indicate that the win-
tertime PM10 variations over East Asia are greatly influenced by the Ural blocking; the weakening of the Ural
blocking after 2014 led to the weakening of cold air flows from the north and provided atmospheric conditions
favorable for bad air quality events over East Asia. The second EOF mode, which accounts for 20.1% of the total
variance, shows a similar spatial distribution as the linear trend of PM10 concentrations during the analysis
period and would be related to the long-term changes in emissions. Our findings emphasize that the long-term
variations in air quality over East Asia are affected primarily by the variations in large-scale atmospheric cir-
culations with secondary contributions from the changes in emissions.

1. Introduction

Particulate matters of diameters below 10 μm (PM10) exert seriously
adverse effects on human health (Dockery and Pope, 1994; Harrison
and Yin, 2000; Hong et al., 2002) as well as visibility, which is a major
cause of traffic problems, agriculture, and ecosystems (Chen et al.,
2013b; Grantz et al., 2003; Hyslop, 2009). Exposure to PM10 leads to
increases in respiratory and cardiovascular diseases which are re-
sponsible for about a million premature deaths worldwide annually
(Cohen et al., 2005). The World Health Organization (WHO) has set
thresholds for the annual and 24-h average levels of PM10 at 20 and
50 μg m−3, respectively, as a guide for reducing the adverse health
effects (WHO, 2006). In accordance with the WHO recommendations,
many developed and developing countries have been controlling air
quality using their own standards. The current air quality standards for
PM10 in South Korea and urban areas in China, for instance, are 50 and
70 μg m−3, respectively, for the annual mean and are 100 and

150 μg m−3, respectively, for the 24-h mean (China’s Ministry of
Environmental Protection, 2012; Korea Ministry of Environment,
2017).

In South Korea, nationwide measures to improve air quality have
been implemented since the early 2000s under the “National
Environmental Comprehensive Plans” which includes upgrade in the
quality of fossil fuels, regulation of the amount of air pollutants emitted
from factories, and the replacement of diesel buses with natural gas
buses (Kim and Shon, 2011a,b). These 10-year policies and specific
measures established every year (Korea Ministry of Environment, 2015)
have steadily decreased the air pollutant emissions and PM10 con-
centrations until 2012 (Kim et al., 2015; Kim et al., 2019; Oh et al.,
2015, 2018); however, since 2013, the trend of decreasing PM10 con-
centrations is stopped noticeably (Kim et al., 2017b; Lee et al., 2018b).
In China, “Joint Prevention and Control of Air Pollution” and “Action
Plan on Prevention and Control of Air Pollution” were issued to prevent
and control air pollution and to meet the National Ambient Air Quality
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Standards (NAAQS) (Zhang et al., 2016). These plans include the im-
plementation of simultaneous controls of multiple pollutants and re-
gional air pollution, developments of clean-energy resources, en-
hancements of vehicle and industrial pollution control, and the
establishment of monitoring and early-warning systems for air pollution
and other supportive policies (Fu and Chen, 2017; Zhang et al., 2016;
Zheng et al., 2018). The air pollutant emissions and PM10 concentra-
tions in major regions in China have consistently declined with strict

implementation of these reduction policies (Xu et al., 2016a; Zheng
et al., 2018), particularly after the award to host the Beijing Olympic
Games (Chen et al., 2018; Xu et al., 2016b; Zhang et al., 2016). How-
ever, PM10 concentrations showed abrupt jumps during 2013–2015
mainly in eastern and northeastern China resulting from frequent oc-
currence of severe haze episodes in winter (Chang et al., 2016; Hung
et al., 2018; Li et al., 2016; Wang et al., 2014; Yan et al., 2015; Zhang
et al., 2018b). The worsening of air quality in China has also affected air
quality in South Korea (Kim et al., 2016; Kim et al., 2017a; Koo et al.,
2018; Seo et al., 2017); For instance, Kim et al. (2017a) simulated that
Chinese sources contributed 64% of PM10 mass concentrations in the
Seoul Metropolitan Area during late February 2014.

The principal factors that control regional air quality include
emissions of air pollutants (Behera et al., 2015; Fu et al., 2008), large-
scale circulation and associated regional meteorology (Han et al., 2014;
Jang et al., 2017; Lee et al., 2018a; Yang et al., 2015; You et al., 2017,
2018), and the formation of secondary aerosols (Behera et al., 2015;
Han et al., 2014). Several studies reported that large-scale atmospheric
circulations play an important role in the degradation of air quality by
inducing adverse local meteorological conditions such as surface high-
pressure systems and weak winds (Lee et al., 2011; Oh et al., 2015,
2018; Shu et al., 2017; Wai and Tanner, 2005; Zhao et al., 2018). With
regard to the recent variations of PM10 concentrations in East Asia,
Chang et al. (2016) suggested that weak southeasterlies over eastern
China induced by the December 2015 El Niño event caused severe haze
events over the region. Shu et al. (2017) reported that strong north-
westerlies transported air pollutants from the Beijing–Tianjin–Hebei
region and Sichuan Basin into the Yangtze River Delta (YRD) in
2013–2014 when the East Asian trough, one of common features of the
East Asian winter monsoon (EAWM) (Wang et al., 2009), was located to
the east of the YRD. Zhao et al. (2018) demonstrated that, during a cold
Arctic period in January 2013, a strong polar vortex and relevant
westerlies in the mid-troposphere resulted in a weak Siberian High over
Eurasia, which in turn induced weak surface northwesterlies and high
air pollutant levels over China. Seo et al. (2017) found that a severe
multiday haze episode in South Korea in February 2014 was due to a
stagnant weather condition induced by atmospheric blocking over
Alaska developed from a planetary wave ridge. Studies on the re-
lationship between the recent changes in PM10 concentrations over East
Asia and the variations in large-scale atmospheric circulations are still
ongoing.

This study examines the observed temporal changes in PM10 con-
centrations during winters (December–February) of 2004/05–2015/16
in South Korea and China. We employ an empirical orthogonal function
(EOF) analysis to understand the effect of large-scale atmospheric cir-
culations on the observed variations in PM10 concentrations over East
Asia. It is found that the weakening of the Ural blocking provides at-
mospheric conditions favorable for bad air quality events over East Asia
by analyzing regression patterns of meteorological variables with re-
spect to the leading EOF mode. To the authors' knowledge, there is no
research on the relationship between air quality in East Asia and the
intensity of the Ural blocking. The data and method are described in
Section 2. The results of the EOF analysis of PM10 concentrations over
East Asia and the regressed atmospheric variables with respect to the
first EOF time series are presented in Section 3. The discussion is given
in Section 4. The summary is in Section 5.

2. Data and method

2.1. Data

Hourly PM10 concentrations in South Korea measured using Thermo
FH62C-14 (USA) and Kimoto PM-711 (Japan) were obtained from the

Fig. 1. PM10 concentrations (μg m−3) over East Asia in 2004/05–2015/16; (a)
Winter-month (December–February) average. (b) Domain average in South
Korea (10 regions) and China (54 regions). Years on the x-axis are marked in
January. Gray and black straight lines depict least-squares regression: In terms
of the gray (black) line, slope = −0.26 μg m−3 month−1, p = .02
(slope = −0.15 μg m−3 month−1, p = .66).
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National Institute of Environmental Research (http://www.airkorea.or.
kr). The accuracy, precision, and detection range of Thermo are ±5%,
±2 μg m−3, and 1–10,000 μg m−3, respectively; those of Kimoto are
±1%, ±2 μg m−3, and 0.5–5000 μg m−3, respectively. PM10 mass
concentrations were measured using the beta-ray absorption method
(Kim and Kim, 2003), whose measurement error caused by particle-
containing moisture is known to be 10% (Chang and Tsai, 2003). The
monthly mean concentrations in 10 cities1 (see stations in Fig. 1a)—the
capital (Seoul with 27 sites), six metropolitan cities (Incheon, Daejeon,
Gwangju, Daegu, Ulsan, and Busan with 16, 8, 7, 11, 14, and 19 sites,
respectively), and three cities (Gangneung, Mokpo, and Jeju with one,
two, and two sites, respectively)—were employed in this study. The
Asian dust days (Table S1) were excluded using the Asian dust data
from the Korea Meteorological Administration (KMA) (http://www.
weather.go.kr/weather/asiandust/observday.jsp) in order to isolate the
effects of anthropogenic PM10 (Hur et al., 2016; Lee et al., 2018b; Oh
et al., 2015, 2018).

In China, the Tapered Element Oscillating Microbalance (TEOM,
model 1400a, Rupprecht & Patashnick, USA) and Beta-ray Attenuation
Monitor (BAM-1020, Met One, USA) are two kinds of instruments used
at monitoring sites to measure PM10 mass concentrations. The accuracy,
precision, and detection range of TEOM are ±0.75%, ±1.5 μg m−3,
and 0–5000000 μg m−3, respectively (https://assets.thermofisher.com/
TFS-Assets/LSG/Specification-Sheets/D19391~.pdf); those of BAM-
1020 are ±2%, ±4–5 μg m−3, and 0–10000 μg m−3, respectively (Lee
et al., 2006; http://webbook.me.go.kr/DLi-File/NIER/09/020/
5592612.pdf). Their calibration, validation, and data quality control

are supported by China National Environmental Monitoring Center
(China’s Ministry of Environmental Protection, 2013; Xu et al., 2017).
The uncertainty of the daily PM10 measurement is typically <1% (Xia
et al., 2006). China's Ministry of Ecology and Environment (MEE)
converts PM10 concentrations into indices, such as the Air Pollution
Index (API) and Air Quality Index (AQI), and releases them publicly
(http://datacenter.mee.gov.cn/). The API and AQI in China were col-
lected for 54 stations1 (Fig. 1a) selected based on the data availability
for 2004/05–2015/16. For December 2004–December 2012, PM10

concentrations were converted from the API using Eq. (1),

= × +PM API API
API API

PM PM PM( )low

high low
high low low10 10 10 10

(1)

where APIhigh and APIlow are the values that correspond to the upper
and lower NAAQS API standard, respectively; PM10 high and PM10 low

are the standard concentration values corresponding to APIhigh and
APIlow, respectively (Zhang et al., 2003). We only used API on days
when PM10 had been reported as the principal pollutant. Because the
AQI has replaced API for the air pollution network since 2013, PM10

mass concentrations in February 2014–February 2016 were converted
from AQI using Eq. (2),

= × +PM AQI AQI
AQI AQI

PM PM PM( )low

high low
high low low10 10 10 10

(2)

where AQIhigh and AQIlow are the values that correspond to the upper
and lower AQI standard, respectively, of the US Environmental Pro-
tection Agency air quality standards, and PM10 high and PM10 low are the
standard concentrations corresponding to AQIhigh and AQIlow, respec-
tively (Zheng et al., 2014). For the data availability, we used AQI of

Fig. 2. (a) and (b) The first EOF mode of winter PM10 concentrations over East Asia in 2004/05–2015/16; (a) Eigenvector and (b) associated time series. (c) and (d)
The same as that in (a) and (b), respectively, for the second EOF mode. Numbers 32.7% and 20.1% in (a) and (c) indicate the variances of the first and second modes,
respectively. The red and blue squares in (a) depict R1 and R2 regions, respectively (see Fig. 5 later), with the highest and lowest eigenvectors (upper and lower 30%,
i.e., 19 regions each) of the first EOF mode. Years on the x-axis of (b) and (d) are marked in January. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

1 The locations and names of observed stations are displayed in Fig. S1.
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PM10 collected from the World Air Quality Index Project (http://aqicn.
org) on which the Chinese government provides the official AQI data
(http://aqicn.org/sources/). Although API differs from AQI, several
studies used both data to evaluate air quality because they are com-
parable and are well correlated to each other (Hur et al., 2016; Liu
et al., 2016; Zhou et al., 2017). From the period 2004/05–2015/16, we
excluded the period from January 2013 to January 2014 because the
timing of the transition from API to AQI varies for different stations and
thus only few stations provide the data in this period. The Asian dust
days in China were also excluded using the Asian dust data in synoptic
observation reports (the meteorological reports sent worldwide by the
World Meteorological Organization through the Global Tele-
communication System) obtained from KMA. Several previous studies
have used the same API, AQI (Hur et al., 2016; Lee et al., 2013; Oh
et al., 2015), and Asian dust data (Lee et al., 2015).

Monthly Aerosol optical thickness (AOT) with a 0.5° × 0.5° latitude-
longitude grid from the Moderate Resolution Imaging
Spectroradiometer onboard the Terra satellite (MODIS/Terra) obtained
from the National Aeronautics and Space Administration (NASA) Earth
Observations (https://neo.sci.gsfc.nasa.gov/) and PM2.5 concentrations
observed by the United States (US) Department of State Air Quality

Monitoring Program (http://stateair.net) were utilized to further eval-
uate the continuity of API and AQI and to determine whether the two
data can be used together.

To investigate large-scale atmospheric circulations, the monthly
mean geopotential height and wind at 300, 500, and 1000 hPa and
surface air temperature, sea surface temperature, and sea ice cover
were obtained from the interim European Centre for Medium-Range
Weather Forecasts Re-Analysis data with a 0.5° × 0.5° grid (Dee et al.,
2011). The snow cover with a 0.05° × 0.05° grid from the MODIS/Terra
was obtained from the NASA National Snow and Ice Data Center (Hall
and Riggs, 2015). The monthly means and anomalies of these data were
used in the analyses. The Arctic Oscillation (AO) index data was
downloaded from the Climate Prediction Center of the National
Oceanic and Atmospheric Administration (NOAA) (https://www.cpc.
ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao.shtml).

2.2. Method

An EOF analysis was carried out to examine the spatiotemporal
variation of PM10 concentrations over East Asia. This analysis is useful
for decomposing a dataset into a set of mathematically independent

Fig. 3. Regressed geopotential height anomalies (gpm) at (a) 300, (b) 500, and (c) 1000 hPa with respect to the first EOF time series (Fig. 2b). The dots indicate that
the value is significant at the 95% confidence level. The coordinates of the Ural Mountains are (60°N, 60°E).
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structures that explain the variance in the dataset as efficiently as
possible. Many studies employed this analysis for air quality researches
(e.g., Fischer et al., 2011; Sanap and Pandithurai, 2015; Zhai et al.,
2015). The EOF analysis extracts orthogonal spatiotemporal variation
patterns from the data and a few dominant modes generally account for
a large part of the total variance and can be related to physical phe-
nomena. The EOF analysis was conducted by using the eofs library for
Python (Dawson, 2016).

The Ural blocking frequency was used as a blocking index (Cheung
et al., 2012, 2015; Luo et al., 2016; Yao et al., 2017). According to the
blocking identification method of Tibaldi and Molteni (1990), the index
is defined in terms of the 500-hPa geopotential height Z difference
between three latitudes, φN = 80°N + Δ, φ0 = 60°N + Δ, and
φS = 40°N + Δ. The criteria are

= < °
Z Z

gpm latGHGN
( ) ( )

10 ( )N

N

0

0

1

(3)

= >
Z Z

GHGS
( ) ( )

0S

S

0

0 (4)

where GHGN and GHGS denote the 500-hPa Z gradients in the higher-
and lower-latitude regions for each given longitude, respectively. A
five-day moving average was applied prior to calculating the index and

Δ = −5°, −2.5°, 0°, 2.5°, or 5° over 45°E–90°E were used in this study.
A blocking index is referred to have occurred if the above criteria are
satisfied by at least one of the five latitude pairs, at least 12.5° con-
secutive blocking longitudes, and for at least three consecutive days.

The Siberian High intensity was defined as the mean sea level
pressure within 40°N–65°N and 80°E–120°E, where the maximum sea
level pressure center is found in winter. The same or similar definitions
of the Siberian High intensity have been utilized in many previous re-
searches (Gong and Ho, 2002; Jeong et al., 2011; Wu and Wang, 2002).
Similarly, the Aleutian Low intensity was defined as the mean sea level
pressure within 30°N–70°N and 155°E–130°W (He et al., 2012).

The wintertime (December–January–February) back trajectories of
airflows were calculated by using the NOAA Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model (https://ready.arl.
noaa.gov/HYSPLIT_traj.php) (Rolph et al., 2017; Stein et al., 2015). Air
temperature, three-dimensional wind, precipitation, geopotential
height, and relative humidity from the National Centers for Environ-
mental Prediction-National Center for Atmospheric Research reanalysis
were used as the input data. The 72-hour back trajectories were per-
formed every 6 h with a 1-hour time interval on 500 m altitude for
2004/05–2015/16. The altitude was selected to trace back the air
masses entering below the boundary layer height in winter (Choi et al.,
2008; Lee and Kim, 2018; Park and Lee, 2015). Four—Seoul (37.54°N,

Fig. 4. The same as that shown in Fig. 3 except for wind anomalies (m s−1). The shades indicate that the value is significant at the 95% confidence level. The
coordinates of the Ural Mountains are (60°N, 60°E).
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126.99°E), Busan (35.16°N, 129.06°E), Gwangju (35.17°N, 126.87°E),
and Jeju (33.50°N, 126.52°E)—out of 10 cities were selected as starting
points to evaluate the results according to the location of the cities.

The Potential Source Contribution Function (PSCF) method
(Ashbaugh et al., 1985; Zeng and Hopke, 1989) was used to estimate
the probable source regions. The PSCF value of a grid is defined as the
ratio of the number of endpoints (i.e., the positions of the air parcels at
each time increment) that correspond to observed concentration values
greater than a given threshold, to the total number of endpoints within
the grid, as Eq. (5),

=PSCF
m
nij

ij

ij (5)

where mij is the number of endpoints in the ijth grid that corresponds to
the observed concentration value higher than a threshold, and nij is the
total number of endpoints in the grid. In this study, 80 μg m−3, a cri-
terion for defining air quality with respect to PM10 concentration as
“bad” in South Korea, was used as the threshold. The PSCF values were
calculated in 25°N–85°N, 45°E–170°E for each 1° resolution grid cell. To
filter out source regions with extremely high probabilities due to small
nij, an arbitrary weight function W were multiplied to the PSCF values
(Hwang and Hopke, 2007; Polissar et al., 2001):

=

<
<

<
<

N n
N n N

N n N
n N

W

1.0 3
0.7 1.5 3
0.4 1.5
0.2 0

ij

ij

ij

ij (6)

where N is the average of nij in all grids.
To group the back trajectories on high-PM10 days (>80 μg m−3)

into several inflow patterns, an agglomerative hierarchical clustering
algorithm based on the Euclidean distance measure and the Ward's
minimum variance clustering criterion were applied (Lee et al., 2011).

The longitudes and latitudes of the back trajectories with a 1-hour time
interval were used as clustering variables. The number of clusters was
determined as four by assessing the occurrence of noticeable increases
in the distances between merged clusters with regards to four cities
(Seoul, Busan, Gwangju, and Jeju) in South Korea.

3. Results

3.1. Two leading EOF modes of PM10 concentrations

Our investigation is focused on the spatiotemporal variations of
winter PM10 concentrations over East Asia in 2004/05–2015/16
(Fig. 1). The mean concentrations in South Korea are about 50 μg m−3

in central areas such as Seoul, Incheon, and Daegu (a basin terrain
surrounded by mountains); below 50 μg m−3 in other regions (Fig. 1a).
In China, the mean concentrations are between 100 and 150 μg m−3 in
most regions except for the southern and coastal regions and are over
150 μg m−3 in areas of similar latitudes as South Korea. As shown in
Fig. 1b, the time series of the area average for South Korea shows that
the concentration decreases more gradually than in China until
2012—the slopes (p-values) of the area averages in South Korea and
China are −0.27 μg m−3 month−1 (0.21) and −1.14 μg m−3 month−1

(0.01), respectively. From January 2013 to February 2016, the slope (p-
value) in South Korea is −0.70 μg m−3 month−1 (0.16), indicating
increases in PM10 concentrations right after 2013 and thereafter de-
creases in them. The domain average concentration in China decreases
until 2012, then increases abruptly in 2014 and 2015 with relatively
large fluctuations compared to South Korea—the slopes (p-values) after
February 2014 in South Korea and China are −0.34 μg m−3 month−1

(0.71) and−4.81 μg m−3 month−1 (0.07), respectively. The time series
of AOT (Fig. S3) and PM2.5 concentrations observed by the US De-
partment of State (Fig. S4) also show an abrupt worsening of air quality
in most regions of China during 2013–2015.

Fig. 5. Bivariate polar plots of winter PM10 con-
centrations (μg m−3) as functions of the wind di-
rection and wind speed. R1 and R2 regions include
stations with the largest and smallest eigenvectors
(upper and lower 30%, i.e., 19 regions each), re-
spectively, of the first EOF mode (Fig. 2a). Numbers
over the circles depict wind speed (m s−1).
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To identify the dominant spatiotemporal variability of air quality,
an EOF analysis is performed for PM10 concentrations over East Asia.
Fig. 2a and b show that the most dominant mode of variability in the
monthly mean PM10 anomalies, characterized by a decrease until 2012
and an increase in 2014 and 2015, accounts for 32.7% of the total
variance with nearly identical interannual variations over East Asia,
especially in eastern and northeastern China. The peak value of the first
EOF mode in February 2014 reflects rises in PM10 concentrations due to
frequent severe haze episodes during the month (Li et al., 2016; Yan
et al., 2015). Fig. 2c and d show that the second EOF mode, char-
acterized by a decreasing trend over the entire analysis period, accounts
for 20.1% of the total variance. The corresponding spatial pattern fea-
tures positive anomalies in most regions of South Korea except Jeju,
and in northeastern and central China; negative anomalies occur over
eastern China, e.g., the Shandong province.

The variations in large-scale atmospheric circulations clearly affect
the variability of aerosol concentrations over a large region. To em-
phasize the effect of the atmospheric control mechanisms on PM10

concentrations over East Asia, the EOF analysis is performed to

detrended PM10 concentrations; this essentially removes the second
EOF mode which represents the variability associated with the long-
term linear trend (not shown). The first EOF mode covers 39.8% of the
total variance with a spatial pattern and the time series similar to those
in Fig. 2a and b, respectively; the correlation coefficients calculated for
the eigenvectors and principal components between Fig. 2a and b and
those from the EOF analysis of detrended PM10 concentrations are 0.99.
The leading mode is distinguished well (North et al., 1982) from the
remaining modes which show random patterns. Based on this addi-
tional analysis, the first EOF time series (Fig. 2b) is used as the re-
ference for the regression analysis of the atmospheric variables. If the
increases in PM10 concentrations in 2014 and 2015 can be explained by
the atmospheric fields related to the EOF mode, mechanisms for the
recent changes in PM10 concentrations over East Asia can be identified.

3.2. Regressed atmospheric patterns with respect to the two leading EOF
time series

To identify key factors that drive the changes in winter PM10

Fig. 6. Differences (the third minus the second sub-period) of composite geopotential height anomalies (gpm) at (a) 300, (b) 500, and (c) 1000 hPa between three
months in the third sub-period (February 2014, January and December 2015) and four months in the second sub-period (February 2010, January 2011, February and
December 2012) in which the absolute values of Fig. 2b are greater than 1σ. The dots indicate that the value is significant at the 95% confidence level. The
coordinates of the Ural Mountains are (60°N, 60°E).
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concentrations in East Asia, regression analysis of the atmospheric
variables with respect to the first EOF time series (Fig. 2b) is conducted.
Overall, the 300, 500, and 1000 hPa regressed geopotential heights are
characterized by a barotropic structure (Fig. 3). The pattern is more
pronounced in higher levels, implying a relationship between the in-
terannual variability of PM10 concentrations and large-scale atmo-
spheric circulations. The negative anomalies in the 500-hPa level over
the region to the east of the Ural Mountains (Fig. 3b) indicate the
weakening of the Ural blocking. The positive anomalies over northern
Korea and China in the middle troposphere imply the weakening of the
East Asian trough, one of the indicators for weak EAWM (Wu et al.,
2006). The weakened Ural blocking and East Asian trough lead to
weaker cold air transports from Siberia towards the south into Korea
and China (Chang et al., 2016). The anomalies in the lower troposphere
(Fig. 3c) show weaker Siberian High and East Asian trough. The re-
gressed wind vectors at the same three levels characterized by easterlies
(Fig. 4a and b) and southeasterlies (Fig. 4c) over Korea and China in-
dicate the weakening of westerlies and northwesterlies in response to
the weaker East Asian trough, leading to poor ventilation effects and
the deterioration of air quality in the region as found in previous studies
(Kim et al., 2017b; Shi et al., 2019). The intensification of the polar jet
around 60°N on the 300-hPa level (Fig. 4a), related to the restraint in
the blocking events over the Ural region (He and Wang, 2016), also

prevents the cold air inflows from the north, eventually leading to the
degradation of air quality in East Asia.

The resulting accumulation of air pollutants due to poor ventilation
is shown in the bivariate polar plots of regional transport patterns
(Fig. 5). Notice that this plot represents how PM10 concentrations vary
together with wind speed and direction in polar coordinates. Here, the
whole analysis period is divided into three sub-periods (December
2004–December 2007, January 2008–December 2012, and February
2014–February 2016) with respect to the signs of the first EOF time
series (see Fig. 2b). The bivariate polar plots over the entire region
show that high PM10 concentrations are associated with weak winds
and that the concentrations are higher in the first and third sub-periods
compared to the second sub-period. High concentrations are associated
with larger easterly wind anomalies in the third sub-period compared to
the first sub-period. In the R1 regions where eigenvectors of the first
EOF mode are in the upper 30% (red-squared regions in Fig. 2a), mostly
in eastern and northeastern China, high PM10 concentrations are asso-
ciated with weak winds for the entire period. PM10 concentrations are
higher in the first and third sub-periods than in the second sub-period.
The close association of high PM10 concentrations with the easterly
wind anomalies in the third sub-period suggests that the lack of ven-
tilation associated with large-scale atmospheric circulations is critical
in generating high PM10 concentration events in East Asia after 2014.

Fig. 7. The same as that shown in Fig. 6 except for wind anomalies (m s−1). The shades indicate that the value is significant at the 95% confidence level. The
coordinates of the Ural Mountains are (60°N, 60°E).
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The differences of geopotential heights and winds between the third
and the second sub-periods (the third minus the second sub-period;
Figs. 6 and 7) also show the weakening of the Ural blocking and wes-
terlies over East Asia, and therefore imply the reduced ventilation. The
mean Ural blocking frequencies (Fig. 8b) in the second and the third
sub-periods are 8 and 4 days, respectively, indicating the weakening of
the Ural blocking in the third sub-period as well. The worsened air
quality in these regions associated with large-scale atmospheric circu-
lation and local meteorological conditions, in spite of the national ef-
forts to reduce the emissions, suggests that stronger emission reduction
goal has to be established. In the R2 regions including South Korea and
coastal China where the eigenvectors of the first EOF mode are in the
lower 30% (blue-squared regions in Fig. 2a), low PM10 concentrations
and strong winds occur for the entire period. The variations in PM10

concentrations in each sub-period can also be found in the time series of
PM10 concentrations in two regions R1 and R2 (Fig. S5). The con-
centration in R1 is high in the first, low in the second, and high in the
third sub-period, similar to the domain average in China; the con-
centration in R2 does not show reliable temporal change.

Regression analysis of the remaining atmospheric variables with
respect to the first EOF time series is conducted to identify the cause of
the weakening of the Ural blocking (Fig. 9). Firstly, the surface air
temperature anomalies (Fig. 9a) are positive over East Asia, and thus

the increases in PM10 concentrations is unlikely to be caused by in-
creased emissions from additional space heating (Chen et al., 2013a;
Xiao et al., 2015). Also, Cheung et al. (2012) and He and Wang (2016)
demonstrated that the Ural blocking frequency after the positive phase
of AO becomes small, which is a favorable condition for warm condi-
tions in East Asia. The weakened Ural blocking, positive surface air
temperature anomalies over East Asia, and mostly positive AO indices
after 2014 (Fig. 8c) correspond to the mechanism to induce bad air
quality as found in previous studies. In addition, positive/negative
surface air temperature anomalies occur in the south/north of the area
where the polar jet is located, indicating larger temperature gradients
and thus intensification of the polar jet; this is consistent with the
pattern in Fig. 4a.

Secondly, sea surface temperature in the North Atlantic can also be
remotely related to the Ural blocking. Li (2004) revealed that the sea
surface temperature anomaly is linearly linked to the wave-train-like
height anomaly chain, resulting in a geopotential height anomaly over
the Urals. Han et al. (2011) explained that the sea surface temperature
anomaly induces blocking high over the Urals through anomalous
transient eddies. Sea surface temperature shows negative anomalies in
the northern North Atlantic (Fig. 9b), which indicate the weak energy
transformation from the transient eddies to the wave-like low-fre-
quency variability over the domain from the north Atlantic to the Urals,

Fig. 8. (a) The same as Fig. 2b, (b) the Ural blocking frequency (days), (c) the AO index, (d) the Siberian High intensity (hPa), and (e) the Aleutian Low intensity
(hPa).
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and thus the reduced maintenance of the Ural blocking by the weak
transient-eddy forcing.

Thirdly, sea ice cover in the Barents-Kara Seas can affect the Ural
blocking (Luo et al., 2016; Yao et al., 2017). Warming of the Barents-
Kara Seas favors sea ice loss in these regions which in turn reduces the
meridional temperature gradient. The resulting weakening of westerlies
and vertical shear over the mid- and high-latitude Eurasian region is
favorable for increasing the persistence of Ural blocking events. Fig. 9a
and c show negative anomalies of surface air temperatures and positive
anomalies of sea ice cover over the Kara Sea, which can induce an in-
crease in the meridional temperature gradient, the strengthening of
westerlies and vertical shear, and the weakening of the persistence of
Ural blocking. Thus, the regressed patterns of sea ice and surface air
temperatures, as opposed to the previous studies, may have affected the
weakening of the Ural blocking.

Finally, positive/negative anomalies of the surface air tempera-
tures/snow cover in Europe can modulate the intensity of the Ural
blocking (Fig. 9a and d). He and Wang (2016) and Zhou et al. (2009)
revealed that the surface warming in this region due to reduced surface
albedo by enhanced snowmelt may stimulate a Rossby wave train to
propagate eastward across Eurasia; such wave-mean flow interaction
may restrain blocking events around the Ural region. Further studies on
the relationship between geopotential height/wind and surface air
temperature/snow cover are needed because the causality can be con-
troversial: Chen et al. (2016) suggested that surface wind anomalies
associated with atmospheric circulation may contribute the formation

of surface air temperature anomalies and snowmelt over Eurasia. In
summary, the weakening of the Ural blocking after 2014 is attributable
to the positive phase of AO, a decrease in sea surface temperature in the
northern North Atlantic, an increase in sea ice cover over the Kara Sea,
and a decrease in snow cover in Europe.

In contrast to the aforementioned results, the regressed geopotential
heights and winds relative to the second EOF time series (Fig. 2d) do
not show any noteworthy features (Figs. 10 and 11, respectively). In-
stead of large-scale atmospheric circulations, the pattern of the second
EOF mode resembles the linear trends of PM10 concentrations (Fig. 12)
with a correlation coefficient of 0.97. Thus, the second EOF mode can
be a reflection of the decreases/increases in PM10 concentrations due to
the changes in air pollutant emissions by the implementation of re-
duction policies in South Korea and China. The minimum and max-
imum values of the linear slopes in South Korea are −0.76 and
0.07 μg m−3 month−1, respectively; those in China are −4.18 and
3.37 μg m−3 month−1, respectively. We note that the large increases in
PM10 concentrations near the Shandong province can be closely related
to the increasing fossil fuel use and resulting air pollutant emissions as
described in previous studies (Fan and Wang, 2016; Sun et al., 2016;
Zhang et al., 2017; Zhang et al., 2018a). Sun et al. (2016) stated that the
total PM10 emissions from the Shandong vehicle fleet have increased
from 12.4 Gg in 2000 to 29.5 Gg in 2014 because of a sharp growth in
the number of vehicles in recent years. Zhang et al. (2018a) reported
that the coal consumption in the Shandong province continued to in-
crease from 2011 to 2015 mainly because of the growth in the high-

Fig. 9. The same as that shown in Figs. 3 and 4 except for (a) surface air temperature (°C), (b) sea surface temperature (°C), (c) sea ice cover (%), and (d) snow cover
(%) anomalies. The dots in (a)–(c) indicate that the value is significant at the 95% confidence level. The coordinates of the Ural Mountains are (60°N, 60°E).
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coal-consumption industry, in contrast to other regions in China where
coal consumption has been decreasing since 2013. The increased air
pollutant emissions associated with economic growths in China appear
to offset the emission reduction under stringent regulations.

Our findings emphasize that the long-term variability of PM10

concentrations in East Asia can be explained by considering the varia-
tions in large-scale atmospheric circulations as well as the emissions of
air pollutants. This study also suggests that considering the effect of
large-scale atmospheric circulations on local air quality, and thus the
consideration of long-term climate variability, is essential when estab-
lishing long-term air quality policies.

4. Discussion

Figs. 2c and 12 showed that the second EOF mode is a reflection of
the linear trends of PM10 concentrations in East Asia. In order to discuss
the variability of air quality in China, not only the long-term trends but
also the differences in PM10 concentrations by regions and time slices
need to be analyzed because of different emission sources, geographic
properties, the content of clean air policies, and the timing of the im-
plementation of policies from region to region. Fig. 13 shows the PM10

concentration differences between the first and the second sub-periods

(the second minus the first; Fig. 13a) and the second and the third sub-
periods (the third minus the second; Fig. 13b). The differences in PM10

concentrations between the first and second sub-periods occurred in
northeastern China, while the differences between the second and third
sub-periods appear in eastern and northeastern China, near the Yellow
Sea. The location of these regions is also similar to the central heating
area—the northern part of the Huai River and Qin Mountains (Chen
et al., 2013a; Xiao et al., 2015). It suggests that, if meteorological
conditions in regions with high air pollutant emissions are stagnated
due to the effects of atmospheric circulation, regional air quality can be
deteriorated abruptly despite the national efforts to reduce the emis-
sions. In addition, during the third sub-period, PM10 concentrations in
eastern China in 2015 increased from the 2014 level, while those in
northeastern and central China decreased (Fig. S6a). In 2016, the
concentrations decreased from the 2015 level in most regions (Fig.
S6b), which coincides with the previous findings (Chen et al., 2018;
Yang et al., 2018). The domain average of PM10 concentrations in China
is 126.74 μg m−3, 130.05 μg m−3, and 107.02 μg m−3 in 2014, 2015,
and 2016, respectively. The concentration decreased in 2016, yet the
value itself is still high. It is noted that the concentration decreased in
both 2015 and 2016 over northeastern China, whereas it increased in
2015 and then decreased in 2016 over eastern China, indicating

Fig. 10. The same as that shown in Fig. 3 except for the second EOF time series.
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relatively small concentration reduction compared to that over north-
eastern regions. Since large-scale atmospheric circulations and local
meteorological conditions can increase PM10 concentrations abruptly,
the reduction of air pollutant emissions needs to be accelerated, con-
sidering that air quality can get worse in the future under similar at-
mospheric conditions in 2014 and 2015.

In Fig. 2, the absolute values of eigenvectors in South Korea were
relatively smaller than those in China due to lower PM10 concentra-
tions. Nonetheless, the present results are also significant for analyzing
long-term variability of air quality in South Korea because PM10 con-
centrations over the region can be influenced by both transboundary
transport of air pollutants from China and atmospheric circulations
affecting air quality in China, because the two countries are geo-
graphically close. As South Korea is located in the east of the Shandong
province, it may be assumed that the variability of PM10 concentrations
is similar to that in the Shandong province. Jeong et al. (2017) revealed
that air quality in Seoul, South Korea is critically modulated by the
transboundary transport of air pollutants from the Shandong province
for all seasons. However, the results for winter were rather differ-
ent—the trends in South Korea were negative, unlike the positive trends
in the Shandong province (Fig. 12). The spatial distributions of the
PSCF values and mean back trajectories of major clusters (Fig. 14 and

Table 1) show that the probable source regions during winter include
Beijing-Tianjin-Hebei, the Yangtze River Delta, and Inner Mongolia as
well as the Shandong province. These results imply that air pollutant
emissions in various source regions in eastern and northeastern China
contribute to bad air quality episodes in South Korea during winter;
that is, the PM10 concentration trend in South Korea would be different
from that in the Shandong province.

In this study, we have focused on the effect of the Ural blocking on
wintertime PM10 concentrations in East Asia. However, other large-
scale factors can also affect air quality in East Asia as discussed in the
Introduction. Variations in the Siberian High or the Aleutian Low, for
instance, can induce adverse meteorological conditions to local air
quality in East Asia (Oh et al., 2018; Zhao et al., 2018). Our results,
however, do not identify any noticeable long-term variations in the
intensity of the Siberian High and the Aleutian Low (Figs. 3, 8d, and e).
The discrepancy in the results between the current study and previous
ones may be partly due to the differences in the analysis period, con-
sidering that the factors affecting air quality vary from period to period.
In order to identify the causality for the variations of aerosol con-
centrations in other periods, more of the reported factors that affect air
quality in East Asia will be examined in the future.

Fig. 11. The same as that shown in Fig. 4 except for the second EOF time series.
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5. Summary

Wintertime PM10 concentrations in South Korea and China have
decreased since the 2000s as the implementation of strict air quality
regulations. The decreasing trend, however, has been slowed down or
even reversed in recent years. We have analyzed the dominant modes of
the variations in winter PM10 concentrations observed in the two
countries using an EOF analysis to identify the atmospheric mechan-
isms behind the changes in PM10 concentrations during the period
2004/05–2015/16. The first EOF mode accounts for 32.7% of the total
variance with a decrease until 2012 and then an increase in 2014 and
2015. The regression analysis with respect to the first EOF time series
indicates that the variability of winter PM10 concentrations in East Asia
is related to the Ural blocking which has weakened after 2014 because
of the positive phase of AO, a decrease in sea surface temperature in the
northern North Atlantic, an increase in sea ice cover over the Kara Sea,
and a decrease in snow cover in Europe. When the Ural blocking is
weakened, the northerly transports of cold air into Korea and China are
hindered, causing favorable conditions for accumulating air pollutants
in East Asia. The second EOF mode accounts for 20.1% of the total
variance and shows a similar spatial distribution to the linear trend of
PM10 concentrations.

One of the most influencing causes of bad air quality episodes in
East Asia is the large-scale control mechanism that induces adverse
local meteorological conditions. Analyzing PM10 concentrations to-
gether with atmospheric circulations, this study suggests that the
weakening of the Ural blocking can affect the increases in winter PM10

concentrations over East Asia. Our results also imply that, despite all
the efforts to tackle air pollution, an unexpected deterioration of air
quality can occur concurrently with the implementation of reduction
policies under certain atmospheric conditions; thus, in order to prevent
similar worsening of air quality, countries that still emit a large amount
of air pollutants are required to set the emission reduction goal

stronger, even if the emissions are being lowered currently. The present
findings highlight the necessity of considering the relationship between
air quality and large-scale atmospheric circulations as well as local
emissions in establishing long-term air quality policies.
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Fig. 12. Spatial distribution of the linear trend of wintertime
(December–February) monthly-mean PM10 concentration over East Asia. The
unit is μg m−3 month−1. The blue circles indicate that the trend is significant at
the 95% confidence level. Qingdao, Tai'an, and Zibo are located in Shandong
province. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 13. Differences of winter (December–February) PM10 concentrations
(μg m−3) between (a) the first and the second (the second minus the first) sub-
period, and (b) the second and the third (the third minus the second) sub-
period. The blue circles indicate that the difference is significant at the 95%
confidence level. (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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