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ARTICLE INFO ABSTRACT

Keywords: Countries in Northeast Asia have been regulating PMy 5 sources and studying their local and transboundary
PMy5 origins since PMy 5 causes severe impacts on public health and economic losses. However, the separation of local
COVID-19 . and transboundary impacts is not fully realized because it is impossible to change air pollutant emissions from
SD?:;:;I:IPZZ‘;I:EZ; PMF multiple countries experimentally. Exceptionally, the early stage of the COVID-19 outbreak (January-March
Transboundary pollution 2020) provided a cross-country experiment to separate each impact of PMy 5 sources identified in Seoul, a
downwind area of China. We evaluated the contributions of PMj; 5 sources compared to 2019 using dispersion
normalized positive matrix factorization (DN-PMF) during three meteorological episodes. Episodes 1 and 2
revealed transboundary impacts and were related to reduced anthropogenic emissions and accumulated primary
pollutants in Northeast China. Anthropogenic emissions, except for the residential sector, decreased, but primary
air pollutants accumulated by residential coal combustion enhanced secondary aerosol formation. Thus, the
contributions of sulfate and secondary nitrate increased in Seoul during episode 1 but then decreased maximally
with other primary sources (biomass burning, district heating and incineration, industrial sources, and oil
combustion) during episode 2 under meteorological conditions favorable to long-range transport. Local impact
was demonstrated by atmospheric stagnation during episode 3. Meteorological condition unfavorable to local
dispersion elevated the contributions of mobile and coal combustion and further contributed to PMys high
concentration events (HCE). Our study separates the local and transboundary impacts and highlights that co-
operations in Northeast Asia on secondary aerosol formation and management of local sources are necessary.

Lee, 2018; Pitiranggon et al., 2021; Zhang et al., 2019). High concen-
tration events (HCEs) of PMj 5 occur consistently in South Korea, during

1. Introduction

Fine particulate matter (PMj 5) has severe impacts on public health
(Apte et al., 2018; Cohen et al., 2017; Yang et al., 2022; Zhang et al.,
2017), produces economic losses (Maji et al., 2018; Xie et al., 2016,
2019), and enhances the spread of coronavirus disease (COVID-19) (Ali
et al., 2021; Borro et al., 2020; Rovetta and Castaldo, 2020) that has led
most countries to set air quality standards for PMy 5 (Czy, 2019; Kim and

the cold season, including January to March, especially in the
Seoul-Metropolitan area (SMA; 33 cities comprising Seoul, Incheon, and
Gyeonggi province). The number of highly polluted days in Seoul with
PM, 5 concentration exceeding 75 pg/m° for more than 2 h was 10 in
2017, 18 in 2018, and 29 in 2019 (clean air.seoul.go.kr/statis-
tics/warning/pm25) (Bae et al., 2019). and (Kim et al., 2020) observed
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that long-range transport of air pollutants from the Jing-Jin-Ji region
(BTH; 28 cities comprising Beijing, Tianjin, and Hebei province) of
China and the surrounding Northeastern China area played an essential
role in haze formation in Seoul, Korea. However, reductions in emissions
and improvements in air quality have been reported since 2013 in
China, which is located in an upwind area relative to Seoul (Fan et al.,
2020; Zhao et al., 2019). Long-term trend studies reported that PMj 5
concentrations have not decreased in Korea since 2013 as local disper-
sion has weakened (Kim et al., 2017b; Kim et al., 2020). These results
suggest that both local and transboundary impacts of PMj 5 sources are
important for air quality management in Korea.

To improve air quality, South Korea has been intensively reducing air
pollutant emissions in transportation, industry, power generation, and
residential sectors during the cold season by implementing the seasonal
fine dust management program since December 2019 (www.blue
skyday.kr). With regulations on emissions from PMy s and precursor
sources such as vehicles and coal combustion being implemented within
South Korea, identifying the local and transboundary impacts of PMy 5
sources in South Korea has become critical (Choi et al., 2019; Ministry of
Environment Republic of Korea, 2019). However, in general, accurately
estimating the transboundary impact of PM; 5 sources is challenging due
to the inability to manipulate source emissions from other countries and
evaluate the impacts of those changes on South Korea.

Exceptionally, the early stage of the COVID-19 outbreak during
January-March 2020 is an unprecedented period to evaluate the effects
of China’s reduced anthropogenic activities, downtime measures for
factories, and regional containment measures on PMj; 5 concentration
and source contributions in Seoul. In 2020, the outbreak of COVID-19
caused many of China’s source emissions to be substantially reduced
during the nationwide lockdown. To prevent the spread of the virus, the
Chinese government closed the border of Wuhan City, Hubei Province
on January 23, 2020. Subsequently, lockdown measures on a regional
scale began gradually in Hubei Province, and full-scale lockdown mea-
sures on a national scale by the Chinese government were implemented
beginning on January 25, 2020. From January 25, 2020, for about 30
days outdoor activities were restricted in 31 provinces in China (Tu
et al,, 2020), and a state of national emergency was declared on
February 6, 2020. The border of Hebei Province closed from February 15
to March 25, 2020. Due to these measures, the reduction of anthropo-
genic activity and air pollutants emissions in China during the COVID-19
outbreak without precedent reduced air-pollutant emissions (Cui et al.,
2020; Ming et al., 2020; Wang et al., 2020). Criteria air pollutants
concentrations and the aerosol optical depth (AOD) sharply decreased in
China and Korea (Chang et al., 2020a; Dai et al., 2020; Han et al., 2020;
Le et al., 2020a; Zhao et al., 2020). COVID-related reductions in air
pollutant emissions in China were greater than previous large-scale
emission reduction efforts, such as Beijing Olympics 2008 and 2014
APEC (Zhang et al., 2021). These emissions reductions were considered
to be the result of the maximum possible reductions in China. In the
meantime, Korea implemented full-scale lockdown measures (social
distancing) from March 22, 2020 to prevent the spread of COVID-19.
However, air quality did not consistently improve in China during the
lockdown due to local and transboundary impacts of PMy s sources
(Chang et al., 2020b; Dai et al., 2021a; Le et al., 2020b), and similar
cases were reported in Spain and Thailand. (Briz et al., 2022; Wetch-
ayont et al., 2021). These results can help understand the local and
transboundary impacts of PM; 5 sources by providing an unprecedented
cross-country experiment.

This study focused on the early stage of the COVID-19 outbreak in
2020 (January-March 2020) when lockdown measures were imple-
mented mainly in China, not South Korea to separate the local and
transboundary impacts of PM; 5 sources identified in Seoul. We evalu-
ated the contributions of PM5 5 sources relative to comparable periods in
2019 using dispersion normalized positive matrix factorization (DN-
PMF) during three episodes showing the different meteorological
patterns.
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2. Material and methods
2.1. Sampling and analysis

Ground-based PM; 5 monitoring and chemical speciation were con-
ducted at supersites operated by the National Institute of Environmental
Research (NIER) in Seoul. The supersite in Seoul is a residential and
commercial complex located 6.3 km northwest of Seoul city center,
adjacent to high traffic zones (Fig. S1). As mentioned in the introduc-
tion, Seoul was affected not only by long-range transported air pollut-
ants but also by local primary source emissions in Korea. The supersite is
about 25 km away from industrial facilities emitting SOx (>4000 ton
yr1) and agricultural areas burning biomass in Incheon and Gyeonggi
Province during the cold season (Kim et al., 2017a). The northern area of
the supersite had high PM5 5 emissions from residential coal combustion
(Fig. S1), suggesting that the sampling site was affected by local primary
sources.

PMy 5 mass concentrations were measured using the beta-ray atten-
uation method (BAM-1020, Met One, USA). Carbon species (organic
carbon and elemental carbon: OC and EC) were measured using a carbon
analyzer (thermal-optical transmittance method: Model-4 Semi-
Continuous OC-EC Field Analyzer, Sunset Laboratory Inc., USA). Ionic
species (SO%’, NOs3, Cl-, K*, and NH4) were measured using continuous
monitoring equipment (ambient ion monitor (AIM): URG-9000D, URG
Corp., USA). Trace elements (Si, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Br,
and Pb) were measured using an X-ray fluorescence spectrometry (XRF)
(Xact 625i, COOPER ENVIRONMENTAL, USA). Hourly gaseous air
pollutant data (ozone and nitrogen dioxide) were obtained from the
National Ambient Air Quality Monitoring Information System (NAMIS)
(Air Korea; airkorea.or.kr) (Table S1). Ground-based monitoring
methods and data sources for China were obtained from MEE, China (see
Supplementary Material Text S1 and Table S1).

2.2. Dispersion normalized positive matrix factorization (DN-PMF)

The hourly source contributions to PMy 5 were quantitatively esti-
mated by normalizing differences in meteorological conditions using
DN-PMF (Dai et al., 2020). Source contributions estimated using con-
ventional PMF, which have been widely used for source apportionment
studies (Heo et al., 2009; Hopke, 2016; Lee et al., 1999), are affected by
the dilution effect of atmospheric dispersion. DN-PMF apportions the
source contributions by reducing the dilution effect by normalizing the
data from each measurement period to the mean ventilation coefficient
(VC: MLH x wind speed) over the entire monitoring period (Dai et al.,
2021b) and reduces variations in concentrations due to the dilution ef-
fect in each period. The equation for calculating VC; of ith sample
measurement time as (Ashrafi et al., 2009):

VC; =MLH; x %; (@)

Here, MLH; and u; indicate average MLH and wind speed, respec-
tively, during i time interval. DN-PMF normalizes the concentration of
input data using VC as follows:

VC;
VCean

Cp, i=Ci % (&)

Here, C,. ; indicates the normalized concentration of C; during i time
interval, C; is concentration measured during i time interval, and VC,ean
is the VC average value of the total sampling period. The uncertainties in
the input composition data were estimated according to the PMF 5.0
User Guide (US EPA, 2014). The QA/QC of DN-PMF input data was
provided in the Supplementary Material (Text S2). After the source
profile and contributions were resolved from the dispersion-normalized
data, PM, 5 concentrations and source contributions were unnormalized
based on the normalization ratio to reproduce the original monitoring
data.
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2.3. Meteorological data analysis

Synoptic meteorological patterns were analyzed to select episodes
with meteorological conditions favorable to long-range transport or
local stagnation of air pollutants. European Center for Medium-Range
Weather Forecasts (ECMWF) Reanalysis version 5 (ERA 5) data with
30 km grid resolution and 137 vertical levels (Hersbach et al., 2020)
(https://confluence.ecmwf.int/) were used to investigate the synoptic
meteorological patterns for selected episodes (Bey et al., 2001). To
further identify potential source locations and group similar air masses
origins, the potential source contribution function (PSCF) and cluster
analysis of backward trajectories were performed. Backward trajectories
were analyzed using reanalysis data (ftp://arlftp.arlhq.noaa.gov/archiv
es) provided by the national oceanic and atmospheric administration
(NOAA). Also, the Conditional bivariate probability function (CBPF) was
applied to identify local source locations (Uria-tellaetxe and Carslaw,
2014). CBPF and cluster analysis were calculated using the ‘openair’
package of R Studio (version 4.1.2). Detailed descriptions of PSCF and
CBPF were provided in the Supplementary Material (Text S3-4)
(Table S1). Ground-based meteorological monitoring in Seoul was
conducted with an Automated Synoptic Observing System (ASOS),
which is managed by Korea Meteorological Administration (KMA) (http
s://data.kma.go.kr/). The mixing layer height (MLH) in Seoul was
estimated from ground-based elastic aerosol lidar as part of Korea
Aerosol LIDAR Observation Network (KALION) (http://www.kalion.
kr/) (Park et al., 2021).

2.4. Statistical analysis

The target data for statistical analysis in this study are PMj 5 con-
centration and source contribution data based on ambient samples, and
these data are not characterized by a normal distribution and equal
variance. This study statistically evaluated the differences in PMj 5
concentrations and source contributions between 2020 and 2019 using
Mann-Whitney U test. Mann-Whitney U test is an analytical method that
compares two independent groups that are not normally distributed
(Mann and Whitney, 1947). This method statistically compares two
groups of samples with no assumptions about the type of distribution (i.
e., normal, lognormal, exponential, etc.) (Helsel et al., 2002).

Annual differences between PM> 5 concentrations during 2016-2019
were assessed statistically by the Kruskal-Wallis ANOVA on ranks
(Kruskal and Wallis, 1952). Kruskal-Wallis test is an analytical method
that compares three or more groups that are not normally distributed
and independent. This method statistically compares sample groups
using rank without any assumptions about the distribution of the pop-
ulation mentioned above. Statistical significance was estimated at three
levels (p < 0.001, p < 0.01, p < 0.05). Mann-Whitney U test and
Kruskal-Wallis test were performed using SigmaPlot (ver. 14.5).

3. Results and discussion
3.1. Monthly average of PMg 5 concentrations in Korea and China

After the QA/QC procedure of ground-based monitoring data, the
number of final Seoul data was 1081 and 846 in 2019 and 2020,
respectively. The average concentration of PMy s during the study
period was 39.6 pg/m® (2019: 45.2 pg/m>, 2020: 32.5 pg/m®). As the
first step in this study, we evaluated the changes in PMj 5 concentrations
in 2020 compared pairwise with those of the corresponding period in
2019 (after this, referred to as “compared to 2019”). The Lunar New
Year had a holiday effect on anthropogenic activities (Fig. 52), these
periods (2020: January 24-30, 2019: February 4-10) were excluded
from the evaluation period. Before the evaluation, we statistically
analyzed the distribution of PM; 5 concentrations from 2016 to 2019 to
check the trend of increasing or decreasing PM5 5 concentrations in the
past. As a result of Kruskal Wallis ANOVA on ranks, The concentrations
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of PM5 5 show no continuous increases or decreases for more than two
years in Seoul (Fig. S3). Therefore, this study focused on changes in
PM, 5 concentrations compared to the nearest 2019 from 2020. Average
PM, 5 concentrations in the BTH, Baengnyeong Island, and Seoul
decreased from 108 to 61.9 pg/m° (—43%), 32.4 to 32.0 pg/m>
(~1.19%), and 42.7 to 33.3 pg/m® (—22%), respectively in February
2020 compared to those in February 2019 (Fig. 1). After that, the
average PMj 5 concentrations in the BTH, Baengnyeong Island, and
Seoul in March 2020 compared to those in March 2019 decreased from
54.4 to 45.1 pg/m> (—17%), 46.9 to 23.5 pg/m> (—50%), and 55.4 to
29.3 pg/m® (—47%), respectively. Conversely, the average PM,5 con-
centration increased from 53.0 to 63.0 pg/m> (+19%) in Beijing during
February 2020 compared to 2019 and decreased from 52.0 to 35.0 pug/
m? (-33%) during March. The increased average PM; 5 concentrations
were possibly due to enhanced source contributions from sulfate and
secondary nitrate by increased coal consumption in the residential
sector in neighboring areas. The PM, 5 concentrations and contributions
of secondary nitrate and sulfate in Tianjin, China, increased consider-
ably due to various coal combustion processes, including household
stoves for heating and cooking in the residential sector during the second
week of February 2020 (Dai et al., 2021a). (Shen et al., 2021) reported
that as the containment measures continued in northern China, the
increased stay-at-home period resulted in more coal consumption in the
residential sector during February 2020.

3.2. Source apportionment

The overall progress of the study from the stage after the monthly
PM, 5 concentration comparison is schematically presented in Fig. S4.
We found differences in meteorological conditions for 2019 and 2020.
VC decreased from 1438 m2/s to 1300 m?/s during January 2020
compared to 2019. However, VC increased from 1431 m?/s to 1672 m?/
s and from 1440 m?/s to 1878 m?/s, respectively, during February and
March 2020 compared to 2019. Since this study aims to analyze the
transboundary impact of PMy 5 sources due to the decrease in anthro-
pogenic activity in the early stage of the COVID-19 outbreak, we applied
DN-PMF to source apportionment in Seoul. DN-PMF was performed by
normalizing with average VC for that entire study period, i.e., Januar-
y-March and not monthly average VCs. DN-PMF using the hourly
compositional data measured in Seoul resolved ten factors contributing
to PM, 5, including secondary nitrate, sulfate, mobile, biomass burning,
coal combustion, mining industry, soil, metallurgical industry, oil
combustion, and district heating and incineration. The base results
derived from the DN-PMF were constrained based on the prior infor-
mation, and the source contributions used in this study were constrained
results. Factor profiles and contributions resolved from DN-PMF are
shown in Fig. S5. The narrow DISP interval for a specific species in-
dicates minor rotational ambiguity, suggesting stably assigned solutions
within the factor. Three sources (sulfate, coal combustion, and district
heating and incineration) were associated with coal combustion are
explained as follows.

The first factor resolved from DN-PMF characterized by high load-
ings of SO?{ (70%) and NHJ (44%) was identified as primary sulfate
(hereafter referred to as sulfate). SO?{ (70%) and NHJ in sulfate profile
show high concentrations with narrow DISP intervals. Sulfate contrib-
uted the most to PMy 5 concentration, accounting for 26%. Given the
relatively low humidity, cold temperature, and weak radiation in the
winter, sulfate was likely emitted from coal combustion in a residential
stove for heating and cooking. Particulate matter emitted from coal-
burning at low temperatures was more oxidized, explaining the high
contributions of sulfate during winter despite atmospheric conditions
unfavorable to the secondary aerosol formation (Dai et al., 2018). Dai
et al., 2019a showed that residential stoves burning briquette or chunk
coal emit significant amounts of primary sulfate through laboratory
tests. When residential coal is burned in a stove, sulfur is oxidized to SO,
and SOs3. These two sulfur oxides can be interconverted. At low
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Fig. 1. Monthly average of PM; s concentrations in China and Korea from January to March in 2019 and 2020. (a) Jing-Jin-Ji region (BTH). (b) Beijing. (c)
Baengnyeong Island. (d) Seoul. The figure compares the average monthly concentration of PMy 5 in 2020 compared to 2019. Error bars of Seoul and Baengnyeong
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and Seoul.

temperatures below 500 °C, the conversion reaction from SO, to SO3 is
dominant (Cullis and Mulcahy, 1972). Therefore, the oxidized sulfur
from the low-temperature combustion of the stove is mostly emitted in
the form of SO3 rather than SO». The emitted SO3 forms HoSO4 with Ho,O
and then reacts with ammonia to form (NH4)2SO4. This process rapidly
proceeds after the primary emission of SOs, which differs from sec-
ondary sulfate formation during non-heating periods of relatively high
humidity. The PSCF results of sulfate show that potential source loca-
tions were mainly northeast and north China and the Shandong penin-
sula (Fig. S6). (Dai et al., 2019; X. Li et al., 2019) reported that a major
source of sulfate in northern China is low-temperature based residential
coal combustion in a stove for heating and cooking during the heating
period (from October to March). The correlations between sulfate and
coal-related sources (coal combustion, district heating and incineration)
are poor (sulfate vs. coal-fired: R> = 0.016, sulfate vs. district heating
and incineration: R% = 0.18) (Fig. S7). These results mean that DN-PMF
properly solved the independent factors hidden in the original data. If
the correlations between the factors of DN-PMF are good, it means that
too many factors are solved. As discussed in section 3, sulfate and the
other coal combustion-related sources in this study are based on
different combustion conditions, which are low-temperature combus-
tion in residential stoves that emit sulfate, high-temperature combustion
in coal-boilers or coal-fired power plants that emit As, and
high-temperature combustion from district heating systems that emit
Cl.

The fifth factor that explained most of the variations of As (66%) and
Pb (55%) was interpreted as coal combustion. As and Pb are well-known
indicators of coal combustion (Smith, 2006; Wang et al., 2006). The
narrow DISP intervals of As, Pb, OC, and EC supported that this factor
was coal combustion, including high-temperature processes in
coal-boilers and coal-fired power plants. The fifth factor is also a source
mixing all the types of coal combustion used in residential stoves and

district heating mentioned above. The CBPF plots of coal combustion
show high probability values with all wind speeds from the NW direc-
tion (Fig. S8) of high PM, 5 emissions areas by residential coal (Fig. S1).

The seventh factor most explained the Cl™ variance (72%) in the DN-
PMF profile and was interpreted as district heating and incineration. Cl~
is an indicator of high-temperature combustion-based coal combustion-
based coal burning (X. Li et al., 2019; Yu et al., 2013). In northern China,
coal-based centralized heating systems that supply hot water to resi-
dential, public, and workplace buildings through high-temperature
combustion are used by the government for official district heating,
mainly from October to March. In the SMA, there was no official
coal-based district heating system or power plant, and power plants
have been using LNG and renewable energy, such as fuel cells and solar
power. The PSCF results of the seventh factor show that potential source
locations were mainly the Shandong peninsula, north China, and
Mongolia (Fig. S9). The seventh factor also show high concentrations
and narrow DISP intervals for CI™ and OC. As these chemical species are
emitted in large quantities from waste incineration (Li et al., 2019; Liu
et al., 2018), the seventh factor was partially mixed with local waste
incineration. During the study period, the CBPF plot of the seventh
factor show high probability values mainly in the direction range from
northwest to south (Fig. S10), where several municipal waste incinera-
tion facilities were located (Fig. S11). These supported that this seventh
factor was locally affected by municipal waste incinerators in the SMA.

The Supplementary Material (Text S4) provided explanations for
other sources. The PMy 5 concentrations reconstructed by the con-
strained version and base version correlated well with the observed
PM, 5 concentrations with coefficients of determination ) of 0.972
and 0.975, respectively (Fig. S12).
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3.3. Monthly comparison of PM> 5 sources identified in Seoul

We statistically analyzed changes in PM; 5 concentrations and source
contributions from January to March in Seoul in 2019 and 2020 using
the Mann-Whitney U test (Fig. 2). The monthly analysis results show
that PMj 5 concentration statistically significantly decreased from 55.4
to 29.3 pg/m® (—47%) in Seoul during March 2020 compared to 2019
(Table S2) (after this, “statistically significantly” is referred to as “sig-
nificant”). Similar to this reduction, the average contributions of sulfate
and secondary nitrate decreased significantly from 16.7 to 6.93 pg/m°>
(~59%) and 17.3 to 7.98 pg/m® (—54%) (p < 0.001, respectively) in
Seoul during March 2020 compared to 2019. The key drivers for the
reductions in PM; 5 concentrations (—26.1 pg/m3) were sulfate (—9.77
pg/m?) and secondary nitrate (—9.32 pg/m®), accounting for 37% and
36%, respectively during March 2020. The PSCF results show that po-
tential source locations of sulfate and secondary nitrate were concen-
trated in the Shandong peninsula, north China, and Mongolia in March
2019 (Fig. S6, Fig. S13). However, the potential source locations of
sulfate in the Shandong peninsula disappeared in March 2020. These
results show that China’s emission reduction was associated with the
massive reductions in the contributions of these sources (sulfate and
secondary nitrate) identified in Seoul. The reductions of these sources
were greater in the observation days of backward trajectory cluster 3
(C3) passing over north China compared to the total in March (Fig. S14).
The average PM, 5 concentration and average contributions of sulfate
and secondary nitrate decreased significantly (Mann-Whitney U test, p
< 0.001) from 81.7 to 28.3 pg/m° (—65%), 29.9 to 6.26 pg/m> (—79%),
and 23.3 to 8.49 pg/m> (—64%), respectively during the C3 observation

Month
Feb. Jan.

I\/Iar.
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days. The reductions during the C3 observation days were greatest
compared to those during the other cluster observation days (Fig. S15).
These results support that north China played an important role in
Korea’s air quality.

With respect to coal combustion, the average contribution decreased
significantly (Mann-Whitney U test, p < 0.001) from 1.85 to 1.34 ug/m>
(—28%) (Fig. 2, Table S2) during February 2020 compared to 2019.
Korea had reduced total PM emissions by 39% (2503 tons) from
December 2019 to March 2020 compared to the same period of the
previous year by implementing the seasonal fine dust management
program such as shutting down 38 coal-fired power plants (Ministry of
Environment Republic of Korea, 2020a). Most of South Korea’s large
coal-fired power plants (>5000 MW capacity) are located in western
South Korea (Fig. S16). The proportion of cluster 4 (C4) of backward
trajectories, which was closer to western South Korea during February
2020 compared to 2019, increased from 2.1% to 28% (Fig. S14). These
results indicate that emission reductions from coal-fired power plants in
Korea lowered the contribution of coal combustion during February
2020. On the other hand, the average contributions of coal combustion
and sulfate increased significantly from 2.61 to 4.00 pg/m> (+53%) and
from 7.40 to 10.7 pg/m® (+45%), respectively (p < 0.001, respectively)
during January 2020 compared to 2019. This result indicates that the
increase in residential coal consumption based on low-temperature
combustion increased in China. Coal consumption in the residential
sector increased by 30%-40% in China during the period from January
24 to February 8, 2020, compared to the period immediately preceding
it owing to the increased duration of stay-at-home periods. The PSCF
results show that the potential source locations of coal combustion and
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sulfate were mainly north and central areas of China in January 2019
(Fig. S6, Fig. S17). However, most of the potential source locations
disappeared during January 2020, and northeast China and surrounding
areas were found as potential source locations. In addition to the
extended stay-at-home period by China’s COVID-19 measures, the
heating degree-days in Jilin and Liaoning Provinces in northeast China
increased during January 2020 compared to 2019 (Fig. S18), indicating
that more residential coals for heating were needed at these potential
source locations.

The average monthly contributions of biomass burning decreased
significantly (Mann-Whitney U test, p < 0.001) not only in February and
March but also during January (January: —2.92 pg/m° (—29%),
February: —8.49 pg/m3 (—65%), March: —7.12 pg/rn3 (—=75%)) in Seoul
during 2020 compared to 2019 (Fig. 2). According to China’s Air
Pollution Action Plan and regular media reports on May 2020, straw
burning has been strongly regulated since 2020 and postponed in
northeastern China, including the BTH, until March because of COVID-
19. The PSCF results of biomass burning show that potential source lo-
cations were mainly the north and central areas of China and Mongolia
during January-March 2019, but most potential source locations dis-
appeared during 2020 (Fig. S19). Also, the CBPF plots of biomass
burning show high probability values with wind directions from the
Incheon (SW) and Gyeonggi Province (NW, NE) burning wood and crops
residues (Ryou et al., 2018), but most disappeared in 2020 (Fig. S20).
Korea’s Ministry of Environment strongly prohibited the illegal open
burning of crop residue and agricultural waste from December 2019 to
March 2020 (Ministry of Environment Republic of Korea, 2020b). These
results indicate that the combined effects of the two countries’ emission
regulations and China’s COVID-19 lockdown measures reduced biomass
burning contributions in Seoul.

The average monthly contributions of district heating and incinera-
tion decreased significantly (Mann-Whitney U test, p < 0.001) not only
in February and March but also in January (January: —0.338 pg/m®
(—20%), February: —0.169 pg/m° (—13%), March: —1.05 pg/m>
(—52%)) compared to 2019 (Fig. 2, Table S2). The CBPF plot of district
heating and incineration shows high probability values with wind di-
rections (NW, W, SW) (Fig. S10) coming from multiple municipal waste
incinerators and industrial complexes, which indicate the local source
locations (Fig. S11). The PSCF results of district heating and incineration
show that potential source locations were mainly the Shandong penin-
sula, north China, and Mongolia during 2019, but most potential source
locations disappeared during 2020 (Fig. S9). Considering the increase in
coal-based residential heating during the lockdown, this result may be
due to reduced heating in public and workplace buildings.

The monthly average mobile contribution increased significantly
(Mann-Whitney U test, p < 0.001) from 3.75 to 5.48 pg/m3 (+46%) in
Seoul in March 2020 compared to 2019 (Fig. 2). The short-distance
traffic volume of personal transport on Korean highways increased
significantly during 2020 compared to 2019 due to a decrease in the
demand for public transportation (Korea Transport Institute, 2020). The
daily traffic volume on the Han River Bridge in the center of Seoul
increased from 1707 thousand vehicles/day to 1780 thousand vehi-
cles/day (+4.3%) during March 2020 compared to 2019 (Fig. S21). The
CBPF plot of mobile emissions factor shows high probability values with
wind directions (S, SE, E) (Fig. S22) coming from the center of Seoul and
roadway areas during March 2020 (Fig. S1). The personal transport
share increased from 35.6% to 44.2%, and the traffic volume during
commuting time increased due to the decrease in public transport in the
SMA in February and March 2020 (Samsung Traffic Safety Research
Institute, 2020).

The diel pattern of mobile source shows that the contribution
increased during February and March 2020 compared to 2019 mainly
during rush hour (7 am.-9 am., 5 p.m.-7 p.m.) and weekdays
(Fig. $23). The traffic volume at the interchanges (IC) increased in Seoul
during February—March 2020 compared to 2019 (Fig. S24), indicating
increased personal transport commuting between Seoul and outside
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areas. These results supported the increased mobile traffic locally
enhanced mobile contribution in Seoul during commuting time.

3.4. Transboundary impact of PMp 5 source identified in Seoul

The contributions of PMj 5 sources were assessed by increases or
decreases, but the local and transboundary impacts related to these
changes remain unclear. In general, air quality models are widely used
to analyze the local and transboundary impact of air pollutants. How-
ever, air pollutant emissions have changed rapidly in China during the
early stage of the COVID-19, and obtaining an emissions inventory for
this period is difficult and highly uncertain (Kim et al., 2021). As an
alternative to air quality modeling, this study analyzed synoptic mete-
orological patterns to evaluate local stagnation and long-range transport
of air pollutants. Based on synoptic meteorological analyses, we inves-
tigated three episodes that most clearly revealed transboundary (epi-
sodes 1 and 2) and local (episode 3) impacts of PMys sources
(Figs. S25-527). Each episode was selected pairwise for the same period
in 2020 and 2019. We defined episodes 1 and 2 as successive days with
meteorological conditions favorable to long-range transport of air pol-
lutants from China to Korea under westerly winds (episode 1: February
14-15 in 2020 and 2019, episode 2: March 2-6 in 2020 and 2019). To
identify the local impact of PMj 5 sources, we defined successive days
with more distinct atmospheric stagnation in the SMA as episode 3
during 2020 compared to 2019 (episode 3: March 25-26 in 2020 and
2019). We analyzed changes in source contributions, including NO5, O3,
MLH, wind direction, humidity, and traffic volume in Seoul during each
episode to comprehensively evaluate the effects of atmospheric oxida-
tion, meteorology, and emissions.

Episode 1 (February 14-15, 2020) showed the transboundary
impact, which increased PMs 5 concentrations and sources contributions
compared to 2019. Meteorological conditions were favorable to the
long-range transport of air pollutants in both years (Fig. S25). Backward
trajectory analysis shows air masses originating from northeastern
China in both years, which were characterized as Mongolian origin in
2019 (Fig. $28). VC decreased slightly from 1460 m?/s to 1296 m?%/s
(—13%) during 2020 compared to 2019, showing that episode 1 in 2020
was relatively more unfavorable to local dispersion.

The average contributions of primary sources (biomass burning, coal
combustion, mining, and metallurgical industry) decreased in Seoul
(Fig. 3a). (He et al., 2021)) reported that industrial activity declined in
China during the early stage of the COVID-19 outbreak compared to
2019, and the decline in the mining industry activity was more
remarkable than in other industrial sectors. Straw burning has been
delayed in China until March 2020 due to the COVID-19 outbreak. De-
creases in coal combustion contribution were likely due to decreases in
the overall coal consumption of high-temperature combustion systems
such as coal-fired power plants, industrial coal boilers, and district
heating, despite an increase in residential coal consumption from
January 2020.

In contrast, the average PM 5 concentration and average contribu-
tions of sulfate and secondary nitrate considerably increased from 29.1
to 58.6 pg/m°> (+101%), 0.541-27.0 pg/m> (+4886%), and 5.31-17.3
ng/m? (+226%), respectively during episode 1 compared to 2019. The
PM, 5 concentrations and contributions of sulfate and secondary nitrate
in Tianjin, China, increased significantly due to the residential coal
combustion (Dai et al., 2021a) during the week including the first day of
Episode 1 (7-14 February 2020). China’s COVID-19 measures extended
the stay-at-home period during February 2020, leading to more resi-
dential coal consumption in northern China. Given the dramatic decline
in traffic volumes and industrial activities in China during COVID-19,
NOy emissions for secondary nitrate formation were most likely attrib-
utable to residential coal combustion. These results suggest that resi-
dential coal combustion in northern China enhanced sulfate and
secondary nitrate contributions identified in Seoul by long-range
transport, thereby elevating PMj 5 concentration. Similar behaviors of
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sulfate and secondary nitrate were confirmed in the change in the
average contribution in March in section 3.3. Also, similar behaviors are
more evident during episode 2, which is more favorable for
long-distance transport than during episode 1. This characteristic sup-
ports that both sources were emitted from residential coal and were
affected by transboundary impacts.

Episode 2 (March 2-5, 2020) showed the transboundary impact of
maximally reduced PMjs concentrations and source contributions
compared to 2019 (Fig. 3b). Meteorological conditions were favorable
to the long-range transport of air pollutants from China to Korea under
strong northwest winds in both years (Fig. S26). Backward trajectory
analysis shows that most air masses originated from northeastern China,
suggesting that long-range transports were dominant in both years
(Fig. S28). VC decreased from 2272 m?/s to 1088 m?/s (+108%) during
2020 compared to 2019, indicating that episode 2 in 2020 was relatively
more favorable to local dispersion. The average PM; 5 concentration and
average contributions of secondary nitrate and sulfate reduced sharply
from 102 to 28.3 pg/m> (—72%), 31.3 to 2.41 pg/m> (—92%), and 36.3
to 14.4 pg/m> (—60%), respectively during episode 2 compared to 2019
(Fig. 3b). Also, the average contributions of most primary emission
sources (biomass burning, district heating and incineration, mining in-
dustry, metallurgical industry, and oil combustion) decreased compared
to 2019. China’s emission reduction was maximally reflected in the
sources identified in Seoul, explicitly showing the reduceable PM, 5
concentration by transboundary impact. However, the average contri-
butions of mobile increased from 1.60 to 3.68 pg/m3 (+130%) (Fig. 3b).
As mentioned earlier, the personal transport share in the SMA in
February and March 2020 increased from 35.6% to 44.2%, and the
traffic volume increased due to the decrease in public transport during
the commuting time (Samsung Traffic Safety Research Institute, 2020).

The enhanced mobile contributions were possibly due to the local
impact, which was more evident in episode 3.

3.5. Local impacts of PM s source identified in Seoul

Episode 3 (March 25-26, 2020) revealed the local impact of PMj 5
sources under meteorological conditions of increasing local stagnation
compared to 2019 (Fig. S27). Backward trajectory analysis shows that
air masses were stagnant on the Korean peninsula in 2020 compared to
2019. VC increased slightly from 1864 m?%/s to 2101 m2/s (—11%)
during 2020 compared to 2019, showing that episode 3 in 2020 was
relatively more unfavorable to local dispersion. The average PMy 5
concentration decreased from 36.8 to 34.9 pg/m® (—5.2%) during
episode 3 compared to 2019, but still exceeded the 24-h National
Ambient Air Quality Standards of South Korea (35 pg/m3) (Fig. 4).
While most source contributions decreased compared to 2019, mobile
and coal combustion contributions increased from 3.57 to 7.80 (+118%)
and 0.298-2.25 pg/m> (+656%), respectively. Air masses were stagnant
on the southwestern peninsula (Fig. S28), where large-scale coal-fired
power plants were densely located (Fig. S16). The daily traffic volumes
in Seoul did not noticeably decrease during episode 3 compared to 2019
despite the social distancing period (2020: 9723 thousand vehicles/day,
2019: 9595 thousand vehicles/day) (Fig. S29). However, the day before
Episode 31 (March 24), daily traffic volume increased noticeably from
8346 thousand vehicles/day to 9583 thousand vehicles/day (+13%)
during 2020 compared to 2019. The primary air pollutants emitted from
this increase in traffic volume probably accumulated during episode 3.
These results suggest the local impact of atmospheric stagnation on the
Korean Peninsula elevated the contribution of mobile and coal com-
bustion in Seoul.
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4. Conclusions

This study is the first to analyze the effects of the drastic decrease in
anthropogenic activities during the early stage COVID-19 outbreak in
China on the PM5 5 source type identified in Seoul. We conducted this
study according to the schematic diagram in Fig. S4 and separated the
local and transboundary impacts of PM; 5 sources. First, the contribu-
tions of PM5 5 sources were evaluated, and compared monthly from
January to March 2020 with corresponding 2019 dates by normalizing
differences in meteorological conditions using DN-PMF. The monthly
average of PM; 5 concentration and contributions of sulfate, secondary
nitrate, biomass burning, and district heating and incineration in Seoul
in March 2020 decreased significantly (—47%, —59%, —54%, —75%,
and —52%, respectively) (p < 0.001) compared to 2019. We also eval-
uated the contributions of PMy 5 sources compared to 2019 during three
episodes showing the different meteorological conditions. Episodes 1
and 2 revealed transboundary impacts and were related to reduced

anthropogenic emissions and accumulated primary pollutants in
Northeast China. Anthropogenic emissions, except for the residential
sector, decreased, but primary air pollutants accumulated by residential
coal combustion enhanced secondary aerosol formation. Thus, the
contributions of sulfate and secondary nitrate increased in Seoul during
episode 1 but then decreased maximally with other primary sources
(biomass burning, district heating and incineration, mining industry,
metallurgical industry, and oil combustion) during episode 2 under
meteorological conditions favorable to long-range transport. Local
impact was demonstrated by atmospheric stagnation during episode 3.
Meteorological condition unfavorable to local dispersion elevated the
contributions of mobile and coal combustion and further contributed to
PM, 5 high concentration events (HCE). These impacts evaluated by only
three episodes are likely to contain quantitative uncertainties. However,
DN-PMF lowered the uncertainties of atmospheric dilution affecting
PM, 5 source apportionment. Also, analyzing similar meteorological
episodes lowered uncertainties due to atmospheric stagnation and long-
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range transport. Therefore, the method combining DN-PMF and mete-
orological episodes minimized the uncertainties in evaluating local and
transboundary impacts, thereby separating each impact, the goal of this
study.

Through this study, indirectly evaluating the air quality improve-
ment level that can be achieved in the downwind area for maximally
reducing the source emissions from China was possible. We also
confirmed that the contributions of PMj; s sources identified in Seoul
decreased as affected by air quality policies. It is difficult to separate the
effects of air quality policies and China’s lockdown. However, this study
clearly shows the local and transboundary impacts of PMs 5 sources
separately, which still contributed to HCEs even after air quality
improved in Seoul. Consequently, we identified the sources that require
domestic management and cross-country cooperation. We suggest the
need for comprehensive cooperation on air quality management in
Northeast Asia to policymakers by separating the local and trans-
boundary impacts of PMj 5 sources.

As confirmed in this study, Korea and China can be called a
“breathing community” that shares the same air. In Korea and China,
various policies have recently been pursued to reduce the primary air
pollutant emissions, revealing their effects (Cheng et al., 2018; Y. Kim
et al., 2020; Lee et al., 2019; Zhao et al., 2019). However, this study
suggests that if no strong emission controls exist in an upwind area, such
as regional containment measures, management of local emission
sources alone may not improve air quality in a downwind area. To
effectively improve air quality in the future, cooperation in Northeast
Asia on secondary aerosol formation and management of local emission
sources in individual countries are both necessary.
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