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Abstract

Source Apportionment and Oxidative
Potential of PM 25 and PM 10 in Seoul

Taeyeon Kim
Department of Environmental Health Sciences
Graduate School of Public Health

Seoul National University

Since PM, is mainly emitted from anthropogenic processes ematributes
greatly to the health effects of BMthe need for research into Phks well as Pis
is growing. In this study, the constituents of RMnd PM cin Seoul were analyzed
and the oxidative potential was measured by ditihétol (DTT) assay. The sources
were identified by positive matrix factorizationMIF) and their characteristics were
compared by conditional bivariate probability funot(CBPF), cluster analysis, and
potential source contribution function (PSCF).He tiverage mass concentration of
123 samples collected in Seoul, PM15.1 pug/m) accounted for about 75% of
PM.s (20.1 pg/m). This indicates that secondary sources and coiobuslated
sources mainly contribute to BM The organic carbon (OC), $0Q and NH*
fractions were significantly higher in RMthan in PMs. For the crustal elements,
the fraction was significantly higher in BMthan in PM.. In the result of the PMF
model, ten sources contributed to PMVand PM, and each source and its
contribution (ug/ré) were as follows (P, PMio). Secondary nitrate: 6.01 (29%),
5.23 (32%); Secondary sulfate: 3.64 (17%), 3.48 (22%); Mobile: 2.71 (13%), 1.81



(11%); Biomass burning: 2.69 (13%), 2.03 (13%); Incinerator: 0.81 (3.8%), 0.69
(4.3%); Soil: 0.61 (2.9%), 0.30 (1.9%); Industry: 1.65 (7.8%), 0.40 (2.5%); Coal
combustion: 1.77 (8.4%), 1.22 (7.6%); Oil combustion 0.40 (1.9%), 0.35 (2.2%);
Aged sea salt: 0.72 (3.4%), 0.64 (4.0%). The fometi contributions (%) of
secondary sources (secondary nitrate and secosdtage) in PMo were higher
than in PMs. For industry and soil sources, the fractionaltgbations were higher
in PM;s than in PMo. In mobile source, there was a difference in darestts by
road dust. The CBPF plots showed the directiomofees around Seoul. These plots
showed that many sources were influenced from in@lisomplexes located in the
south and the west of Seoul. For the cluster aisaltse contribution of biomass
burning increased when backward trajectories flothedugh Manchuria and North
Korea. In the cluster flowing from Shandong Proeinttie contribution of secondary
sources increased. Also, in PSCF, North China Rhailuding Shandong Province
was mainly indicated as a possible source areaecbrglary sources, and the
contributions of these sources increased signifigzawhen high concentration
events (HCEs) occurred. In particular, secondaffaufrom North China Plain
contributed greatly to PM when HCEs occurred during seasonal management
period (SMP). The DTTv of PMs and PM, were 0.611 nmol/min/énand 0.588
nmol/min/n¥, respectively. P, contributed mostly to the oxidative potential of
PMs. In Pearson correlation analysis, OC showed thledsit correlation with DTTv
(PM..5 r=0.873, PM.a: r=0.786). By the multiple linear regression, setary nitrate
and biomass burning were selected as variableptesent DTTv in both PM and
PMu.0. In this result, biomass burning was an importanirse related to oxidative
potential and secondary nitrate showed the infle@isecondary formation process.
This study showed that the continuous studies of Ri#tre necessary to understand
the characteristics of sources and oxidative p@ter@ind showed that management

of secondary sources and biomass burning sour8ednl was necessary.

Keyword: PMzs, PMio, PMF (positive matrix factorization), PSCF (potahsource

contribution function), DTT (dithiothreitol) assay

Student Number: 2020-20432
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1. Introduction

PM; s is particulate matter less than or equal to 2.5ipmerodynamic diameter,
and it is mainly emitted from secondary formatiorgbile, combustion, etc. Seoul,
Korea, is a large city, and high concentration ¢&ven PM s steadily occur (E. H.
Park et al. 2020). PM in Seoul has large contributions of secondary csiand
anthropogenic sources, and is influenced fromidestrial complex and farmland
in Gyeonggi-do. In addition, there is an influenééong-range transport from China
and MongoliaH. Kim, Zhang, and Heo 2018; Y. Kim et al. 2018; J. B. Heo, Hopke,
and Yi 2009; J. Park et al. 2022; B. M. Kim et al. 2016).

PM;s penetrates deep into the lungs and is known toasmociated with
cardiovascular and respiratory diseagaaujo and Nel 2009; J. Heo et al. 2014). In
addition, PM s increases reactive oxygen species (ROS) in thg. Milen ROS
exceeds antioxidant capacity, it causes oxidatikess that causes inflammation.
Therefore, the oxidative potential of particulataetter (PM) which increases ROS
has been widely used to evaluate the health effdeM: s (J. Park et al. 2018; Ray,
Huang, and Tsuji 2012; Bates et al. 2015; Vreeland et al. 2017). It is known that this
oxidative potential is related to secondary orgaecosol (SOA) and transition
metals in PM, and a study using the PMF (Positiarix factorization) model
showed that it was related to secondary aerosobamdass burning (Verma et al.
2015; Jiang et al. 2019). In South Korea, it was observed that the oxidgtigtential
increased when long-range transport such as Asiahatcurred (B. J. Lee et al.
2020). Due to these health effects, managememNbys is necessary. Accordingly,
in Korea, National Ambient Air Quality Standard BM; s is set and managed. In
addition, for management intensively, the seasmaalagement period is designated

during winter when many high concentration eveitio

Recently, the need for research into RBMs well as PMs continues to be
presentedH. Kim et al. 2017; Yanyun Zhang et al. 2018). PMy o is particulate matter
less than or equal to 1.0 um in aerodynamic diamktis a part of PMs, but it is

different from PMs.10in the characteristics of sources, chemical contipas and
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its effects. Since PM is mainly emitted from anthropogenic activitielsuas
incineration, it has higher ratio of constituergsqondary inorganic aerosol, organic
carbon, and elemental carbon) mainly emitted frath@pogenic activities than for
PM. s (Farina et al. 2013; Samek et al. 2018; Yanyun Zhang et al. 2018). In addition,
the small particles can pass through the air-bloadier of the lungs and have a
higher surface area per mass (Samek et al. 20@8)e Study shows that ultrafine
particles are the main reason for cardiovasculaeatie caused by atmospheric
particles (Franck et al. 2011). Moreover, in tokogical analysis, a major influence
on lung injury was from PM, and epidemiologic studies also emphasize thetheal
effects of PMo (G. Chen et al. 2017, G. Wang et al. 2021). Because of these
characteristics, it is necessary to study:lb well as PMs to effectively manage
PM. In particular, identifying sources and calcigt the quantitative source
contribution for PMs and PM, will contribute to comparing the characteristiés o
sources with each other. In addition, it is knoWwattPM o has a large influence on
health. Thus, it is important to understand how ImB&h o within PM, s contribute

to health effects such as the oxidative potentidiahich sources mainly contribute
to health effects. This is necessary to controlstwrce of PM in terms of public
health. However, there is not enough studies of #ikl Korea. In particular, few
studies have analyzed many constituents and idmhtihe source based on filter

data.

Therefore, the purpose of this study is to idertiy sources of PM and PM o

in Seoul and to compare characteristics of not salyce but also health effects with
each other. For this, various chemical analyses weed to compare the constituents
of PM. s with those of PM, and the characteristics of each source wereifaeht
by the PMF (Positive matrix factorization) modeherhealth effects were verified
by measuring the oxidative potential using theiditireitol (DTT) assay. In addition,
multiple linear regression was applied to identifiyich source more contribute to
health effect. Furthermore, the characteristicsooices according to specific events
such as seasonal management period (SMP) and drglertration events (HCES)

were compared.



2. Method

2.1 Description of sampling site and procedure

Samples were collected on the roof (about 27 nvalgpound) of the Graduate
school of Public Health building at Seoul Natiobalversity (37.46° N, 126.95° E),
Seoul, Korea. Seoul National University is locaiadGwanak-gu, Seoul, with
residential complexes and urban highways. It isthehwestern part of Seoul, close
to Gyeonggi-do, where factories and industrial clexgs are located. For each
PM;sand PM,, 126 samples were collected every other day frane b, 2021 to
February 28, 2022. However, the period from AugkBtto September 6 was
excluded due to building maintenance. Samples wellected for 23 hours from
11:00 a.m. to 10:00 a.m. the next day.

The three-channel low-volume air samplers were érsesampling. Each channel
consisted of a filter pack (URG-2000-30FG, URG, Y8Ad a cyclone (URG-2000-
30EH and URG-2000-30EHB, URG, USA), and two typkES$ailon filters (PTFE,
MTL, UK; PTFE, Pall Corporation, USA) and a quartz filter (quartz microfiberédif
Pall Corporation, USA) were used. The flow ratéhaflow-volume air sampler was
16.7 L/min. From December 2021 to February 2022jclwhis a seasonal
management period during the sampling period, 4fh-kblume samples were
additionally collected using high-volume air samplErE-HVPLUS, TISCH, USA)
with impactor filter (TE-230-QZ, TISCH, USA). Thedh-volume air sampler had
a flow rate of 40 ffmin and used quartz filter for sample collecti®wo types of
cyclones (low-volume air sampler) and additiongbawtor stages (high-volume air

sampler) were used to collect Rdand PM o.
2.2 Chemical analyses

Samples collected on a Teflon filter (MTL) wereedfor mass concentration and
trace element analysis. The mass concentrationnveasured using a semi-micro
balance (CP225D, Sartorius, Germany) with an acyurf10°g under the constant

temperature (21.5 £ 1.5°C) and humidity (35 * 5%).
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The concentrations of 17 trace elements (Mg, AlC3i, Ti, V, Cr, Mn, Ba, Fe, Ni,
Cu, Zn, As, Se, Br, and Pb) were analyzed usingerergy dispersive X-ray
fluorescence (EDXRF) spectrometer (EDXRF Spectrem@&hermo Fisher, USA).
The concentration of crustal elements among triereents was calculated using the
Equation (1) (Miller-Schulze et al. 2015).

[Crustal elements]
= 1.889[Al] + 1.400[Ca] + 1.430[Fe] + 1.658[Mg] (1)
+ 1.582[Mn] + 2.139[Si] + 1.668[Ti]

Samples collected on another Teflon filter (Palfg@oation) was used for ionic
species analysis. Samples were extracted withllegstivater (resistivity=18.2
MQ-cm) and filtered using a 0.2 um syringe filter. After that, ionic species (NQ
SQZ, CI, NH4*, Na', and K) were analyzed using ion chromatography (ICS-1100,
Thermo Fisher Scientific, USA).

Samples collected on a quartz filter were usedctbonaceous species (OC:
organic carbon, EC: elemental carbon) analysisa®@CEC were analyzed using a
carbon aerosol analyzer (Model 5L, Sunset Laboyatar., USA) which uses the
thermal optical transmittance (TOT) method followithe National Institute for
Occupational Safety and Health (NIOSH) 870 protod@tle details of analytical
methods and pretreatment process followed predtudies(S. Kim et al. 2018; J.
Park et al. 2018).

2.3 Source apportionment using PMF (Positive matrix

factorization)

In this study, EPA's PMF 5.0, which has alreadynbesed in many studies, was
used for the source apportionment flfet al. 2021; Yanyun Zhang et al. 2018; J.
Park et al. 2022; J.-M. Park, Lee, and Kim 2022). The PMF (Positive ninat
factorization) model is a receptor model based eastl squares method and a

progressed Factor Analysis mod&l B. Heo, Hopke, and Yi 2009; S. Kim et al.
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2018). The equation of PMF is as shown in Equai@rand Equation (3) below,

and the objective of PMF is finding a solution thahimizes the Q value.

p
€ij = Xij — 2 frjix (2)
k=1

QE) = iz [i—’] ©)
j=1i=1 Y

In Equation (2), j is species, i is samples, ansl $ources. ixis the concentration
of the jth species measured in the ith samples ¢ghe kth source contribution in the
ith sample, andifis the mass species fraction from the jth speniéise kth source.
In Equation (3), gis residual associated with the jth species ofttheample and;s

is the uncertainty estimated in the jth specighefith sample.

Concentration and uncertainty data are requirethfart data of the PMF model.
The uncertainty was calculated as shown in Tabldf 8#ie concentration was below
the detection limits (MDL), the concentration anttertainty were replaced by 1/2
of the MDL and 5/6 of the MDL, respectively (J. Rat al. 2022).

Atotal of 26 species including the mass conceioinadf PM s or PM o were used.
The mass concentration was set as a total variabk species with low signal to
noise ratio were selected as ‘weak’. To find themal number of factors, the PMF
model was run multiple times changing the numbédactiors from six factors to ten
factors. In both PMs and PM .o, ten factors were selected based on the separdtion
the sources and the interpretability of the profikeaddition, displacement (DISP)
analysis was performed for error estimation. Th8Mis a good screening method
to check the solution of the PMF model. Specie$ witde DISP interval are not
significantly related to the factor because they lsa removed with a rotation that

would not significantly change the Q value of tlduton. By checking the DISP
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interval, especially the interval of the marker cdps of the source, uncertain
judgment can be avoided in identifying the souKdeBark et al. 2022; Brown et al.
2015). The principle and detailed method of the Rhtitlel are the same as those
described in previous studi€s B. Heo, Hopke, and Yi 2009; S. Kim et al. 2018).

2.4 Conditional bivariate probability function (CBPF)

The conditional bivariate probability function (CBPwas performed using wind
direction and wind speed data to identify the limsaof local sources. The CBPF
plots were obtained using the R Openair package bESic equation is as Equation
(4) below.

m
CBPF = —20Au @)

Npg,au
Nae.au iS the total number of data in the wind secttd)(with wind speed Au).
Mae.au iS the number of occurrences with higher concéntrahan the threshold at
that time (Uria-Tellaetxe and Carslaw 2014). Thpar®5th percentile of the source
contribution was set as the threshold criteria. d\lirection and wind speed data
were obtained from the Korea Meteorological Adnti@ison's website

(http://www.kma.go.kr).
2.5 Cluster analysis using backward trajectory

HYbrid Single Particle Lagrangian Integrated Tr&peg 4 (HYSPLIT 4) model
of the National Oceanic and Atmospheric Administrat(NOAA) was used to
generate backward trajectories from the sampliteg &iis widely used to identify
the air parcel trajectories flowing into the samglsite. In this study, 96 h backward
trajectories calculated hourly were used and statieight was set to half the mixing
height above ground level. The GDAS 1° from thelaldata Assimilation System
(GDAS) was used as the meteorological data widsalution of 1°. These backward
trajectories during the sampling period were cfaiinto several groups with
similar speeds and directions by cluster analydisH¥SPLIT 4, and their

characteristics were compared.



2.6 Potential source contribution function (PSCF)

The Potential source contribution function (PSCF)dei is a method used in
many studies to identify possible source aread@mgirange transport (Zong et al.
2018; C. Chen et al. 2020; J. B. Heo, Hopke, and Yi 2009). In this study, the PSCF
model was performed using the source contributimmf PMF and backward
trajectories generated from the HYSPLIT 4 modek PISCF model is a conditional
probability and is calculated as the number of enttp whose source contribution
is higher than the threshold value among the totahber of endpoints of the
backward trajectories passing the grid cell. Thea¢ign of PSCF is as Equation (5)
below.

_ My
PSCF = (5)
nij

In Equation (5), nis the total number of endpoints that passedjtheagiid cell
and m is the number of endpoints that pass the ijth edlen the source
contributions are higher than the threshold valuehis study, the threshold value
was set to the upper 25th percentile of the sotwogribution. In addition, a weight
function was applied as in Equation (6) to reduseeatainty from the smalljrvalue
(S. Kim et al. 2018).

( 1.0, (n>3ngy4) \
[ 0.8, (2ngyg <1 < 3ng,) |

0
w=1{ 06 (Mg <N <2ng) (6)
04, (0504, <1 <ngy,)
l 02  (n<05n4,) )



2.7 Dithiothreitol (DTT) assay

Cellular and acellular methods have been used tsuane the oxidative potential
of particulate matter. Among acellular methods,dhkiothreitol (DTT) assay is an
economical and quick method to obtain results asddeen studied for its relevance
to pathology. Therefore, DTT assay was widely usedneasure the oxidative
potential of particulate matt¢Bates et al. 2019; Strak et al. 2017; B. J. Lee et al.
2020).

The DTT assay is performed in the order of exteeGtDTT oxidation step, and
DTT determination step. High-volume samples codidctising a high-volume air
sampler were extracted in 15 ml of distilled wated sonicated for 1 h. In the DTT
oxidation step, 3.5 ml of the extracted solutionsv@aded into a vial, 1 ml of
potassium phosphate buffer (0.5 M) and 0.5 ml offIT mM) were added, and
incubated at 37°C. In the DTT determination st&f) il of the mixed solution was
aliquoted and transferred to another vial at diset (4 min, 13 min, 23 min, 30 min,
and 41 min), and 1 ml of Trichloroacetic acid (TA&p w / v) was added to the vial
to quench the reaction. After that, 2 ml of TrisdHiffer (0.08 M) and 0.5 ml of
5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB, 0.2 mMyere added to react the
residual DTT with DTNB. When DTT reacts with DTNB-nitro-5-thiobenzoic acid
(TNB) which has an extinction coefficient of 14180 cni! at 412 nm wavelength
is produced. The absorbance of TNB was measurétizabhm wavelength using a
UV/VIS spectrophotometer (SPECORD 50 plus, Analjgika, Germany).

The DTT consumption rate was calculated using lisedbance measured at each
time. The consumption rate normalized by air volumaes calculated according to
Equation (7) and Equation (8).

No

DTT = —0Abs X 7
o oAbs Absg (7)




GDTTsample — 0DTTy1ank
Vs (8)

Ap
VtXA—tXVe

In Equation (7)cDTT (nmol/min) is the DTT consumption rate, and glepe

DTTv =

(cAbs, Abs/min) and the intercept (AhAbs) of linear regression of absorbance and
time were used. ;\N(nmol)is the moles of DTT added. In Equation (8RT Tsample
(nmol/min) is the DTT consumption rate of the saeDT Tpank (NMol/min) is the
DTT consumption rate of the blank sample,(™®) is air volume, A (cn¥) is the
filter area used for extraction,; Acn¥) is the total area of the filter,s\(ml) is the
volume used for the reaction in the extraction oy Ve (ml) is the volume used
for extraction, and DTTv (nmol/minfinis the DTT consumption rate normalized
by air volume. In this study, the preparation @gents and the assay were conducted

according to previous study (Fang et al. 2015).



3. Results and Discussion

3.1 Chemical constituents

For each PMs and PM, 123 samples were selected in consideration @f flo
error, and chemical constituents of the samplesewaralyzed. The average
concentration and standard deviation during thepamperiod for each constituent

are presented in Table 1.

The average mass concentrations o, Pivhd PM o during the sampling period
were 20.1 (+ 14.1) pgfand 15.1 (+ 10.2) pgfnrespectively. High concentration
events (HCEs) when PM mass concentrations exceeded 24 h, £Mational
Ambient Air Quality Standard (NAAQS) in South Koré#b pg/m) occurred in 16
samples during this period. The average:BFRM;s ratio was 0.75 (+ 0.12).
Compared with other studies, the average #RM. s ratio in Seoul was higher than
the winter period ratios of Yinglite (0.60) and Baag (0.59) which are industrial
regions of China and the ratio of Tianjin (0.63),iadustrial port city. It was similar
to the ratios of urban areas such as Beijing (Q.@28d Shanghai (0.80) (Khan et al.
2021; Liang et al. 2019; Qiao et al. 2015; Yanyun Zhang et al. 2018). This high
PM..oPM: s ratio indicated that Pb4 was mostly influenced by combustion-related
sources and secondary aerosol sources that maintyilute to the formation of
small particles (G. Chen et al. 2018).

For each constituent of P and PM.q, the overall concentration was higher in
PM. s, but there was a difference in each constituectivn. In particular, there was

a difference in OC, N© SO?, NH4*, and crustal elements.

The average OC concentrations of Rldnd PM.owere 4.64 pg/fand 4.00 pg/fy
respectively, and the average EC concentrations @&1 pg/hand 0.28 pg/f
respectively. In PMls, about 86% of OC and about 90% of EC correspotaed o,
which were higher than the RMPM.s mass concentration ratio. In the
concentration fraction, the OC fraction in Pivas about 23% and the OC fraction
in PMyowas 26%, indicating that the OC fraction in RyWas higher. The result of

10



the t-test indicated significant difference (P<@®Because OC is mainly emitted
from the combustion process, the higher OC fradtioRM, o than PM s indicates

that combustion-related sources greatly contribmfeMh o (Khan et al. 2021).

In the case of ionic species, the concentratioé@f, SO, and NH" were 4.99
pg/nm?, 3.11 pg/my, 2.57 pg/mfor PMps, 4.07 pg/m, 2.65 pg/my and 2.19 pg/f
for PMyo. The PM,o fraction of PM s were 82% in N®@, 85% in S@*, and 85% in
NH4* which were higher than the ratio calculated asntass concentration. The
NOs, SQZ, and NH' fractions in PMs were 25%, 15%, and 13%, and 27%, 18%,
and 14% in PMo. From the t-test, the S®and NH' fractions were significantly

higher in PM,, (P<0.01), but there was no significant difference i@®sN These

constituents were mainly related to secondary i@ aerosols, and the highest
average ratio of these constituents in particutedtter was observed in the size of
0.49 pm - 0.95 pm (Long et al. 2014).

In the case of crustal elements, RMnd PM o were 2.27 pg/fand 0.60 pg/f
respectively. The crustal elements fraction in;BlElccounted for 11% of the total
concentration, whereas for RM the fraction was 4.0%. This difference in frantio
was significant (P<0.001). This indicated that ke particles had high crustal
elements fraction. This is likely because the pksi emitted from natural and
mechanical processes are relatively large (Khanalet2021). Other low-

concentration constituents showed similar leveBBMz s and PM.o.
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Table 1 Summary of chemical constituents of:REhd PM o

PMs PMi.o
Species Unit Avg. Stdev. Avg. Stdev.
Mass concentration pg/m? 20.1 14.1 15.1 10.2
ocC ug/nd 4.64 2.26 4.00 1.94
EC pg/nd 0.31 0.17 0.28 0.14
NOs ug/me 4.99 6.04 4.07 4.66
SO ug/me 3.11 2.01 2.65 1.58
CI ug/me 0.41 0.31 0.32 0.22
NH4* ug/me 2.57 2.51 2.19 1.93
Na* pg/m 0.22 0.31 0.18 0.24
K* pg/m? 0.18 0.11 0.16 0.09
> Trace element  ugfn  1.48 0.81 0.47 0.25
Crustal ug/m 2.27 1.33 0.60 0.31
Non-crustal ng/r 0.19 0.12 0.13 0.13
Mg ng/m? 65.8 37.3 13.7 9.9
Al ng/m? 183.6 107.0 57.3 194
Si ng/nf  463.5 317.4 111.2 73.7
Ca ng/nd 180.0 108.9 26.2 14.8
Ti ng/m? 17.7 9.6 3.7 2.1
\Y, ng/m? 1.2 0.9 1.0 0.9
Cr ng/mé 3.5 2.0 1.8 1.1
Mn ng/m? 20.3 11.1 12.2 6.9
Ba ng/ni 18.2 12.6 3.1 35
Fe ng/nd 358.4 188.2 121.3 68.0
Ni ng/m? 2.2 0.9 2.0 0.7
Cu ng/ni 15.9 9.4 10.1 6.8
Zn ng/n? 90.5 83.9 63.0 114.5
As ng/n? 11.1 134 5.8 5.6
Se ng/m 2.5 2.1 2.4 2.0
Br ng/m? 18.1 12.8 16.2 10.4
Pb ng/m 31.6 22.0 22.2 14.2
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M 0C 23%

M EC 1.5%

[ NO5 25%
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Figure 3 The chemical constituents fractions in PM» s and PM, o

15



3.2 Sour ce appor tionment

In this study, ten factors contributed to PMnd PMin Seoul. The factors were
identified by high loadings and narrow DISP intdsvaf some constituents, and
named based on the results of previous studiesuctentlin Seoul (J. B. Heo, Hopke,
and Yi 2009; E. H. Park et al. 2020; J. Park et al. 2022). For both Pt and PM.,
ten factors were Secondary nitrate, Secondary teulfdobile, Biomass burning,
Incinerator, Soil, Industry, Coal combustion, Qihtbustion, and Aged sea salt. The
source profiles and the daily source contributiohBM.s and PM,, are presented

in Figure 4 ~ Figure 7.

In order to statistically compare the seasonalitthe sources, in this study, the
period was divided into seasonal management pgi®dP) of South Korea
including the winter season (from December 2028dioruary 2022) and Non-SMP,
including the summer and autumn season (from J02& 2o November 2021). t-

test result of each source is presented in Table 2.

Secondary nitrate source was identified by highdilogs and narrow DISP
intervals of N@ and NH*. It indicated that N@ formed in the chemical
transformation of NQto HNG; reacted with NEto form NHiNOs (Long et al. 2014;
Waked et al. 2014). The average contributions (Rgfhsecondary nitrate source
in PMzs and PM were 6.01 pug/M(29%) and 5.23 pug/(32%), respectively.
Secondary nitrate source greatly contributed tohbBtvbs and PM, The
contribution of secondary nitrate source in SMP wigmificantly higher than in
Non-SMP. This was likely because the formationemfosdary nitrate mainly occurs
at low temperatures, and this trend was also obddrvprevious studies (S. Kim et
al. 2018; J. Park et al. 2022).

Secondary sulfate source had the second highedtiledion. The average
contributions of secondary sulfate in Pdand PM, were 3.64 ug/Mm(17%) and
3.48 pg/m (22%), respectively. Secondary sulfate source idestified by high
loadings and narrow DISP intervals of 8Gnd NH*. The previous studies
indicated that SPwas oxidized to k8O, and S@ in fine particles mostly existed
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as (NH)2SOu (D. Wang et al. 2016; Long et al. 2014). The oxidation to kEBO,was
enhanced by the strong photochemical reaction {8 & al. 2018). Thus, the
contribution of secondary sulfate source was higihomly in SMP but also in Non-
SMP.

Both secondary nitrate and secondary sulfate sewsliewed higher fractional
contribution (%) in PMp than in PMs. This was supported by the results of the
study showing that the sulfur oxidation ratio arntagen oxidation ratio were high
in particles smaller than 0.95 um and more secgrgidfate and nitrate were formed
in size of 0.49 um - 0.95 um (Long et al. 2014)e ®WBPF plots in Figure 8 and
Figure 9 shows that both secondary nitrate andnskiecy sulfate sources mainly
flow in from the southwest direction of Seoul, ahe influence mainly appears
when the wind speed is high. Thus, this indicates there is an influence not only
from the local sources but also from the distacttion. Secondary nitrate and
secondary sulfate sources were likely to be infteenby the gas-phase chemicals
emitted from the coal-fired power plants and YeangglExpressway where located
in the southwest direction of Seoul (J. Park eR@R?2).

Mobile source was identified by high loadings amadrow DISP intervals of OC
and EC. In PMs, additionally Ca, Cr, Ba, Fe, and Cu had high iogsl and narrow
DISP intervals, and for PM, Ba additionally had high loading and narrow DISP
interval. The average contributions of this sotmdeM,.s and PM owere 2.71 pug/im
(13%) and 1.81 pg/in(11%), respectively. OC and EC are known to benipai
emitted from the exhaust of vehicle (Lin et al. @0Za and Fe are emitted from the
resuspension of the road soil, and Cr, Ba, Fe,Gandre emitted from the wearing
of brake linings. In this study, these constituesitswed high loadings in PiMand
were used as markers of mobile source, but werbigbtn PM o except Ba (Thorpe
and Harrison 2008; S. C. Lee et al. 2006). According to lijima et al (2007), the peak
value of the number concentration of particulatéten@mitted from brake wear was
found in 1-2 um in diameter. In the CBPF, sincevdaue appears high when the
wind speed is low, mobile source is mainly influedidrom local sources of Seoul

rather than an inflow from the outside. However, B/, o, it shows that there is
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some inflow from the roads around Seoul such as@f@dong Expressway. Unlike in
PM.o, this appearance in Bl¥lconcentrated in the center may be due to influence
of road dust which is large in the urban area amder in PMs than in PMy
(Apeagyei, Bank, and Spengler 2011; Hueglin et al. 2005).

Biomass burning source including crop residue Imgraind wood combustion was
identified by high loadings and narrow DISP intésvaf K*, OC, and EC, known as
makers of this sourc@ourtziou et al. 2017; F. Duan et al. 2004; Yanyan Zhang et
al. 2013; Jung et al. 2014). The average contributions of this source in.Rlsind
PMyowere 2.69 ug/Mm(13%) and 2.03 pugf{13%), respectively. Biomass burning
source was significantly high during SMP, and ihest studies, the increase in
biomass burning during winter in Seoul is explaibgdhe influence of transported
biomass burning sources from open burning and famste burning in the
surrounding are@Y. Kim et al. 2018; E. H. Park et al. 2020; Choi et al. 2013). In the
CBPF plot, the northwest direction is mainly shoand in the case of P the
southwest direction is also shown. This indicaled there were regional transports
from agricultural land located around Se(YilKim et al. 2018; J. Park et al. 2022).

The average contributions of incinerator sourcéiMys and PM,, were 0.81
pug/m? (3.8%) and 0.69 pgln(4.3%), respectively and Chad high loading and
narrow DISP interval in this source. Other studils® described this constituent as
a marker of incinerator source, andi€lmainly emitted from the treatment of wastes
containing polyvinyl chloride and foods containisgjt(H. H. Yang et al. 2016; J.-

M. Park, Lee, and Kim 2022; M. Bin Park et al. 2019). Luo et al (2019) described
that HCI gas was released from fine particles auettong solar irradiation in
summer and the concentration of particulatarOlinter showed a peak at 0.43 um
- 0.65 um. These results support this study whicbws that the fractional
contribution of incinerator source was higher dgr$MP than during Non-SMP and
higher in PMthan in PMs. The CBPF plot shows mainly the southwest directio
where incinerators in Gyeonggido including Anyayyacheon, and Gunpo are
located (J. Park et al. 2022).

18



Soil source was identified by high loadings andoarDISP intervals of Mg, Al,
Si, Ca, Ti, and Fe which were known as crustal el@s(F. Yang et al. 2005; J. H.
Lee and Hopke 2006). The average contributioniisfdource in Pl and PM o
were 0.61 pg/M(2.9%) and 0.30 pghfl.9%), respectively. Particles emitted from
mechanical or natural processes are known to havghalarge particle fraction
(Khan et al. 2021; J. B. Heo, Hopke, and Yi 2009; Miller-Schulze et al. 2015). Thus,
the fractional contribution of soil source was f@gim PM s than in PM.o. Since no
Asian dust storms were observed during the samptiagod, there was no
significant seasonal pattern in the contribution @ther characteristics were not
found in the CBPF plot.

Industry source was identified by high loadings aadow DISP intervals of Cr,
Mn, Fe, Cu, and Zn which were mainly emitted fraie$ industries (Taiwo et al.
2014; Sylvestre et al. 2017). The average contributions of industry source Ny P
and PM. were 1.65 ug/M(7.8%) and 0.40 pgf(2.5%), respectively. According
to Taiwo et al (2014), coarse particles were domtiimathe industrial area compared
to the background urban area, and the concentratioonstituents used as markers
of industry source showed peaks at not only lems thum but also larger than 1 pm
in the particle size distribution. This result sagp that the fractional contribution
of industry source is higher in BMthan in PM, like this study. In the CBPF plot
of industry source, the value is high when the véipded is low. This represents the
characteristic of the local source. the plot sholat the direction of sources is
mainly the south and west. The Sihwa and Banwalstrihl complexes are located
in the south of Seoul. In these industrial compéexee from the steel industry, Zn
and Pb from the nonferrous industry, and Cr from phating industry are emitted
(Kang et al. 2018). In addition, many industriairgexes are located in Incheon in

the west.

Coal combustion source was identified by high logdiand narrow DISP intervals
of As and Pb. The average contributions of thiss®in PM.s and PMwere 1.77
ug/n? (8.4%) and 1.22 pugh{7.6%), respectively. As and Pb were mainly emitte

from coal combustion processes such as coal-firediep plants, and the
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concentration of these constituents is high ireitmumulation modéhu et al. 2016;

J. Duan et al. 2012). Coal combustion source ise@aignificantly during SMP.
This is known as the influence of increased fuelfas heating in winter (E. H. Park
et al. 2020; M. Bin Park et al. 2019). The CBPF plot mainly indicates the northwest
direction, and in the case of RM it also indicates the southwest direction. In the
northwest of Seoul, many industrial complexes acated in Incheon and Gimpo.
In addition, M. Bin Park et al (2019) describedtttieere might be an influence of
coal-burning activities in North Korea. For the #dowvest, coal-fired plants are

located in Dangjin and Yeongheung.

Oil combustion source accounted for 0.40 Ffgfhm9%) and 0.35 pghf2.2%) in
PMzsand PM o, respectively. V and Ni had high loadings andoarDISP intervals.
V and Ni are mainly emitted from crude oil combastand ship emission (Viana et
al. 2008; Pey et al. 2013).

Aged sea salt source was identified by high loadind narrow DISP interval of
Na'. The average contributions of this source in.Bind PM were 0.72 pg/m
(3.4%) and 0.64 pug/Mhf4.0%), respectively. It is mainly produced by thaction of
sea salt particles from the sea with,%®the atmosphere. Thus, it was likely to be
influenced by anthropogenic sources such as shigsens(Waked et al. 2014; S.

Kim et al. 2018). In the CBPF plot of oil combustisource and aged sea salt source,

they show mainly the west coast of Seoul.
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Table 2 Comparison of the source contribution du8MP (2021.12.-2022.02.) with
during Non-SMP (2021.06.-2021.11.) (yellow boxeatidgate ‘p < 0.01’ on the t-test).

PM. s PMzo
Non-SMP SMP Non-SMP SMP

ug/im* %  ug/n? % pg/nt % ug/int %

Secondary 397

. 23% 9.17 34% 264 21% 8.97 42%
nitrate

Secondary

3.76  22% 3.63 14% 3.39 27% 360 17%
sulfate

Mobile 270 16% 2.72 10% 174 14% 191 9.0%

Biomass

burni 1.79 10% 4.00 15% 1.63 13% 261 12%
urning

Incinerator 0.43 25% 1.35 5.1% 0.40 3.2% 1.10 5.2%
Soil 061 36% 061 23% 029 2.3% 0.32 1.5%
Industry 1.61 93% 169 6.3% 043 3.4% 0.37 1.7%

Coal 1040 580 2388 11% 086 6.8% 174 8.2%
combustion

Ol 048 28% 030 1.1% 043 34% 025 1.2%
combustion

Aged 9y 53% 044 1.6% 078 62% 044 2.0%
sea salt
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3.3 Cluster analysis

From the cluster analysis using the HY SPLIT 4 model, a total of six clusters were
classified from C1 to C6. The number of clusters was determined based on spatial

variance according to guidelines of NOAA.
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Figure 10 Mean 96 h backward trajectory cluster arriving at Seoul from June 2021
to February 2022

C1 was a case of staying in Korea because the wind speed was not strong, and it
corresponded to 32% of the total period. The average mass concentrations of PM; s

and PM; o were 20.9 pg/m? and 16.1 pg/m?, respectively.

C2, C5, and C6 all showed the influence of strong winter monsoons. They showed
inflows through China and North Korea from Mongolia and Siberia. Since these
three clusters flow in a similar pathway, they were grouped into one group to
compare the clusters. This group accounted for 38% of the total period, and the

average mass concentrations of PMys and PM; o were 19.9 pg/m® and 15.2 pg/m?,
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respectively, which were similar to those of CL1. this group, the average

contribution of biomass burning source was higlmantother clusters. In North

Korea, biomass is used as a residential fuel, aanddMuria, China was indicated as
potential sources of transported biomass burningther studies (B. M. Kim et al.

2016; I. S. Kim, Lee, and Kim 2013).

C3 showed the inflow from Shandong province in @haccounting for 15% of
the total period. For C3, the average mass corat@ns of PMs and PM, were
28.7 ug/mand 19.8 pg/m respectivelythe highest among the clusters. In addition,
the average contributions of secondary nitrateyrsgary sulfate, and oil combustion
sources were higher than other clusters. As secpmitaate and secondary sulfate
sources are secondary aerosaol, it is likely torifleeénced by long-range transport
(B. M. Kim et al. 2016). In addition, Shandong prme is known to have high NO
and SQ emissiongJunfeng Wang et al. 2018; Zhao et al. 2015). In the case of oil
combustion source, it seemed to be influenced hbyynships on the west coast of

Korea.

C4 showed the influence of the summer monsoon acduated for 15% of the
total period. The average mass concentrations ofsRid PM. were 13.2 pg/fh

and 9.3 pg/M respectivelythe lowest among the clusters.
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3.4 PSCF of secondary sources

Secondary sources (secondary nitrate and secoadédaye sources) in Seoul are
known as sources that are influenced by long-rémagsport (B. M. Kim et al. 2016).
In the cluster analysis of this study, it was imdéd that the contributions of
secondary sources were higher in the case of fleavifrom foreign regions than
stagnation. Thus, the PSCF was performed to uradefrshe potential source area of

Secondary sources.

To compare the possible areas of potential soufdeMys.10 and PM,, the
contribution of PMs.1.0was calculated by subtracting the contributioR kg o from
the contribution of PMs. PSCF results were divided into SMP and Non-SMP fo

comparison according to season and were showrgurd-iL2 ~ Figure 15.

In the case of secondary nitrate source obRPMand PM o during SMP, Jing-
Jin-Ji region (Beijing, Tianjin, and Hebei provinc&handong province, and Henan
province were indicated as possible source aread?®, o, these regions showed a
high PSCF value but showed a low PSCF value ingdiarprovince and Inner
Mongolia, where the PMyPM s ratio was not high in previous study (G. Chenlet a
2018). PMs.1oindicated a wider area as a possible source buedhe upper 25%
value was low. These regions, known as the Nortm&LPlain, are the densely
populated and industrialized regions of ChijhaWang et al. 2018; Junfeng Wang
et al. 2018; Zhao et al. 2015; Hu et al. 2014; B. M. Kim et al. 2016). In Hu et al
(2014), the average mass concentration of H#Mthese regions exceeded the World
Health Organization guideline value. In additicince from November to March in
these regions is the heating season, &@ NQ emissions are known to increase
during this seasofPang et al. 2020; Meng et al. 2018).

For Non-SMP, in PM, Shandong province and the surrounding sea weirdyma
indicated as possible source areas. Fos £ the Yellow Sea was indicated. The
high concentration of N¥emitted from Shandong province was likely to iefiae
the secondary nitrate formation, and there mighthieeinfluence of N emitted
from ship calls in the sea which increase during$®&P(Wen et al. 2015; Nunes
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et al. 2017).

For secondary sulfate source of PModuring SMP, Mongolia was indicated as
a possible source area. Mongolia is a region teas & lot of coal for heating in
traditional dwellings during wintgfWarburton et al. 2018; Batmunkh et al. 2013).
In the case of PMy during SMP, areas similar to those of secondaratei source
were indicated as possible source areas. It irelictiat secondary sulfate from
North China Plain contributed to RMin Seoul during SMP. For Non-SMP, the
Yellow Sea was the main possible source area inoPavid PM 5.1 omainly indicated

the southern coast of Korea. They were likely tonfleenced from ship emissions.
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3.5 High concentration events (HCES)

The Mann Whitney U test was used to verify whetier change in the source
contribution was significant when high concentmatievents (HCEs) of Pp
occurred (P<0.01).

In the case of PM, secondary nitrate, secondary sulfate, biomassifgrand
coal combustion significantly increased, and forigMecondary nitrate, secondary
sulfate, incinerator, and coal combustion signifiba increased. In order to
understand the influence of RMon common sources with significant increase in
PM.s and PM,, the contribution of PMs.1o0 was used. Pbk.io increased
significantly in secondary nitrate and coal comlmrsbut not in secondary sulfate.
Thus, the significant increase in the contributtbeecondary sulfate source in HCEs

of PM.s was shown to be influenced by the increase in M

Since secondary sources are influenced by longeraramsport, the significant
increase in HCEs also was influenced by long-rargesport. In particular, in this
study, HCEs except one day occurred between NoveanukFebruary, when most
of the days correspond to the seasonal managemeod pThus, significant increase
in the contribution of secondary nitrate in HCEssvli&ely to be influenced from
North China Plain, which was a possible source afesecondary nitrate during
SMP as shown in the PSCF results. This influenoenfNorth China Plain was
important considering that from November to Febyuarresponded to the heating
season of North China and all days flowing from r&g province (C3 in the

cluster analysis) during the heating season watéeceas HCEs.

In the case of secondary sulfate, only in:BNhe contribution significantly
increased and North China Plain was indicatedpassaible source area during SMP.
Thus, the significant increase in the contributbdisecondary sulfate in PMwhen
HCEs occurred was Influenced by significant incesiasPM. ., which was likely to
be emitted from North China Plain. In additioncarsecondary formation of sulfate
is active in summer, the increase in sulfate duvinger is known to be influenced
by heating and cooking using coal (Dai et al. 2083)ice coal is rarely used for
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heating and cooking in South Korea, the foreigriugrices that contribute to
significant increase in secondary sulfate when H@tesir during winter need to be
considered more important than for secondary eitflst. Bin Park et al. 2019). In
addition, there was no large difference in M. ratios of mass concentration
between Non-HCEs (0.75) and HCEs (0.71). Also,eheas no difference in
PM.oPM;5 ratios (source contribution) of secondary nitr@n-HCEs: 0.86,

HCEs: 0.85), but for secondary sulfate (Non-HCE880HCESs: 0.96), the ratio of
PM., increased in HCEs. This also indicated that tHeience of PMo was

important in secondary sulfate when HCEs occurred.

In the case of biomass burning that increased fgigntly only in PM s when
HCEs occurred, the contribution of biomass bursiggificantly increased in P.
1.0. The CBPF plot of Pl in biomass burning showed the southwest when the w
speed was strong, which was similar to secondauwycss. It was likely to be
influenced from distant sources. The PSCF of bienmsning in PMs.1.0 showed
North China Plain as a possible source area (FigByeThus, like secondary sources,
it seemed that this region influenced the signifidacrease in the contribution of
biomass burning when HCEs occurred. From thesdtsedtansported biomass
burning unlike secondary sulfate was likely to cimite importantly to PMs.10
However, there might be an influence of the codguaof particles during the

transport process (Sakamoto et al. 2016).
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3.6 DTT assay

45 high-volume samples during the seasonal managgmeod (from December
2021 to February 2022) were used for the DTT asHag.average DTTv of P
was 0.611 nmol/min/fy and the average DTTv of RMwas 0.588 nmol/min/f
which showed that the oxidative potential of RYMvas higher than PM. However,
the values calculated from dividing each DTTv by ilass concentration were 0.027
nmol/min/pg in PMs and 0.035 nmol/min/pug in PN, which indicated that the
value of PM was higher. In a study measuring the oxidativesipidl of PM s
during winter in Gwangju as the same method, iteraye value was 0.62
nmol/min/n? which was similar to this study (B. J. Lee et2020). The DTTv of
PMyo/ DTTv of PMps ratio was 0.955, which was higher than the rafionass
concentration (0.778) during the same period. Thtugsdicated that most of the

oxidative potential of Pis was the influence from PM.

Table 3 shows results of Pearson correlation aisalpstween DTTv and
concentrations of chemical constituents. The massantration had a high positive
correlation with DTTv (PMs: r=0.847, PMa r=0.661). For both Pkt and PM.o,
OC had the highest correlation with DTTv (P#r=0.873, PM¢ r=0.786), and in
common, N@, NH4*, Mn, Fe, Zn, and Pb had high correlation. Mangigsishowed
that OC and metals were representative constitubatscause oxidative potential
(Saffarietal. 2014; H. Yu et al. 2018; Feng et al. 2022; Verma et al. 2015; Maclejczyk
et al. 2010). For N©and NH, this might be because winter samples were used fo
DTT assay. During winter, secondary nitrate foro@tccurs actively contributing
greatly to particulate matter as shown in PMF tesiuthis study. In addition, other
studies with similar results suggested that theegewinfluences of constituents
related to secondary aerosol formatidingpeng Wang et al. 2019; Ma et al. 2018).

In particular, some studies showed the significapfcaitrate in SOA (secondary
organic aerosol) formation and showed that SOA wred under high-N©O
condition than low-NQ condition had a high oxidative potentiHiramer et al. 2016;
Mabato et al. 2022). SOA is well known as a couetit related to oxidative potential

(Jiang et al. 2019).
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Multiple linear regression was used to compareértfieence of each source on the
oxidative potential of PMsand PM.,. The DTTv was used as the dependent variable
and the contributions of sources were used aswttependent variable. In addition,
variables were selected by the backward eliminatethod (Ryu, Kim, and Kang
2016). Durbin-Watson value and Variance Inflatioacter were used to verify

autocorrelation and multicollinearity (Table S2 aratble S3).

In PM; 5, secondary nitrate, biomass burning, industry,crai combustion sources
were selected as variables that represented DTI®W.QB), and the F-test result of
this model was significant (P<0.01). The adjustédvRs 0.76, which showed that
the regression equation represented the dependeidble well. For PMo,
secondary nitrate, biomass burning, incineratod, swil sources were selected as
variables (P<0.05). The adjusted\Was 0.51, which was lower than that of M

but the model was significant in the F-test (P<p.01

In both PM.sand PM o, secondary nitrate and biomass burning were sel¢otbe
variables that represented DTTv. OC, which wasaftiee main marker constituents
of biomass burning, had a high correlation with DTTh addition, it is known that
the humic-like substances which are abundantly techifrom biomass burning
contribute to oxidative potenti@Verma et al. 2015; Ma et al. 2018). Thus, biomass

burning was an important source influencing oxigapotential in Seoul.

For secondary nitrate, NCand NH*, the main marker constituents of this source,
had a high correlation with DTTv. As mentioned addhis source in multiple linear
regression was likely to represent influences eel&b secondary formation process
and seasonal characteristic of constituentss(N@d NH") rather than a direct

influence on oxidative potential.

In PM;5 coal combustion and industry were also seledted. known that Pb
emitted from coal combustion and metals (Fe, Mn,afrd Cr) from industry
influence DTT(S. Y. Yu et al. 2019; Feng et al. 2022). These constituents also had a
high correlation with DTTv in this study.
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Soil and incinerator were selected as variableBNh.o, there seemed to be the
influence of metals included in soil source (Baétsal. 2019). In the case of
incinerator source, there seemed to be the infrief©C, Zn, and Pb emitted from
Incineration (Pan et al. 2013). The difference leetw PMs and PM, in some
variables representing DTTv was likely to occur daese concentrations of trace

elements influencing oxidative potential were rigklly low in PM.o.
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Figure 17 Time series of DTTv from December 2021 to February 2022
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Figure 18 Scatterplots of mass concentration and DTTv
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Table 3 Correlation coefficients between constitseand DTTv according to

Pearson correlation analysis (**: P<0.01, *:P<0.05)

Correlation Correlation

coefficient coefficient
(PM25s) (PM 1.0)
Mass concentration 0.847** 0.661**
ocC 0.873** 0.786**
EC 0.554** 0.582**
NOs 0.790** 0.608**
SQ% 0.664** 0.438**
CI 0.536** 0.489**
NH4" 0.792** 0.601**
Na’ 0.106 0.071
K* 0.574** 0.437**
Mg 0.262 0.123
Al 0.652** 0.550**
Si 0.645** 0.538**
Ca 0.555** 0.595**
Ti 0.608** 0.472**
\/ 0.127 0.011
Cr 0.716** 0.558**
Mn 0.793** 0.630**
Ba 0.176 -0.171
Fe 0.761** 0.668**
Ni 0.461** 0.363*
Cu 0.484** 0.410**
Zn 0.799** 0.650**
As 0.574** 0.393**
Se 0.648** 0.526**
Br 0.619** 0.469**
Pb 0.780** 0.715**
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4. Summary and Conclusion

In this study a total of 123 samples for each,Plnd PM, in Seoul were
analyzed, the average mass concentrations ofsRRkt PM , during the sampling
period were 20.1 (+ 14.1) pgfnand 15.1 (+ 10.2) ugAnrespectively. PNo
accounted for about 75% of BM This high PM fraction indicated that secondary
sources and combustion-related sources greatlyilootgd to PMsin Seoul. Most
of OC, EC, N@, SO?, and NH" in PM:s belonged to PMb, and the OC, S@,
and NH* fractions in total concentration were significgritigher in PMothan in

PM;s. The crustal elements fraction was significantbhler in PM s than in PM o,

From the source apportionment by the PMF modelktences (Secondary nitrate,
Secondary sulfate, Mobile, Biomass burning, Inater, Soil, Industry, Coal
combustion, Oil combustion, and Aged sea salt)rdmrted to both Psand PM .

In common, secondary nitrate and secondary sufatiehigh contribution, but the
fractional contributions (%) of these sources weigher in PM. The fractional
contribution of industry and soil sources in PMvas higher than in PM. From
this, it was verified that secondary sources wenportant for PMo and the
influence from natural and mechanical processedargs in PMs. There were also
differences in the constituents of sources. Inipaer, PM o from mobile source did
not show high loadings of constituents emitted froad soil and brake lining. Thus,
it was possible to observe the contribution of rnelgixhaust gas excluding the
influence of road dust from the research intoiRkHien et al. 2021). In the CBPF
plot, the main directions of local sources werelwepresented. Many sources of
PM;s and PM, in Seoul were likely to be influenced by the soatid the west,
where the Sihwa and Banwol industrial complexem#i industrial Complex, and

Yeongdong Expressway are located.

In the cluster analysis, six clusters were clasgifin the case of inflow from
Shandong Province (C3), the contributions of seapnditrate and secondary
sulfate were higher than in other clusters. In @aoldj all days in this cluster during

the heating season of North China correspondedG&sHin Seoul. For inflow
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through Northeast China and North Korea (C2, C%, @8), the contribution of

biomass burning source increased.

In the PSCF of PMy and PM .1 0during SMP, North China Plain was shown to
be a possible source area of secondary nitrateséandary sulfate during SMP,
this area was shown only in RM For Non-SMP, the influences from Shandong

province and ship emissions were shown.

The contribution of secondary sources significanttgreased when HCEs
occurred. Since all days except one day correspmiice heating season of North
China when the NPand SQ emissions of the region increase, long-range pa@ms
from the region was likely to influence the increas contribution when HCEs
occurred. In particular, secondary sulfate did sighificantly increase in Ph4.1q
but significantly increased in PMwhen HCEs occurred. The possible source area
of secondary sulfate for PM during SMP was North China Plain, and the
characteristics of sulfate source indicated theomagmce of foreign influences
during winter. These results showed that:BEmitted from North China Plain was
likely to contribute to the significant increasedontribution of secondary sulfate
when HCEs occurred in Seoul during winter. In additit was shown that the ratio
of PMy o in secondary sulfate increased when HCEs occukedher research into
the PM.oJPM:s contribution ratio of secondary sulfate would cintte to
evaluating the influence on Seoul from North Chilain. The contribution of
biomass burning in Pp4.1 ¢significantly increased when HCEs occurred. ThelPSC
of biomass burning in PM.1 oindicated the North China Plain as a possiblecour
area. This result implicated that PM owas an important portion in transported
biomass burning sources. However, it is necessappmsider the coagulations of

particles.

The DTTv of PMs and PM, during SMP were 0.611 nmol/minfrand 0.588
nmol/min/n¥. About 96% of oxidative potential in PMwas the influence of PM.
In the value normalized by mass concentration; F#hd a higher value than BM
For both PMs and PM,, OC had the highest correlation with DTTv. NONH,",
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Mn, Fe, Zn, and Pb also had high correlation wilfTi2 Secondary nitrate, biomass
burning, industry, and coal combustion were setkatevariables representing DTTv
of PMuxs. For PM.o, Secondary nitrate, biomass burning, incineratod soil were
selected. Secondary nitrate and biomass burning ter common variables, and
other variables were selected differently due &mdrelements. Secondary nitrate
represented the influence from secondary aerosoiaion, and biomass burning

was a representative source related to oxidatitential.

In conclusion, studying PM as well as PMs helped understand the characteristics
of PM.5 sources such as mobile and industry. In additioe,research into PM
contributed to evaluating influences of transpordedondary sulfate when HCEs
occurred during winter. PM was known to be penetrated into lung deeper than
PM; s (Samek et al. 2018), and had higher oxidativeni@keper mass concentration
in this study. Thus, the research into RNé also needed in terms of health effects.
Secondary sources contributed greatly to Pdhd PM.oin Seoul (especially PM),
and the foreign influence on these sources wagatell. In addition, secondary
aerosol formation process contributed to the owdgiotential of particulate matter.
Thus, it is necessary to manage these sourcethiboit will be necessary to manage
the gaseous precursors (NGQ). However, according to recent studies, wherxNO
emissions were reduced with COVID-19 lockdown, selemy particulate matter
decreased less than expected agsh@eased. Because of this, the studies suggested
that not only NQ but also NH and VOCs should be considered to manage
particulate matter and:@Balamurugan et al. 2022; Huang et al. 2021; C. Zhang and
Stevenson 2022).

Biomass burning is known as an important sourqediculate matter in Seoul. In
this study, biomass burning significantly increasedHCEs. Also, it was an
important source related to oxidative potentia¢ lither studies. Thus, this source
needs to be managed in Seoul. In future resedrelQC speciation from organic
compound analysis is necessary for more detaitedgretation of biomass burning
source. In particular, from this OC speciationwitl be possible to verify the

transport characteristics by distinguishing local ansported biomass burning (B.
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M. Kim et al. 2016). In addition, comparing theuks of this study with the research
into PMxs and PM o in possible source areas during the same peribbdamtribute

to understanding characteristics such as coagualdtioing transport (Sakamoto et
al. 2016). In other future studies, it is necessamnerify the influence of Asian dust

in spring and to compare the oxidative potentialifferent seasons.
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Supplementary

Table S1Uncertainty calculation

Uncertainty calculation

Mass
) 4 X conc
concentration
Carbonaceous 5
. J ((0.05 + E) x conc.+IDLs)" + (S.D. of Blank)?
species

lonic species /(global unc.x conc.)? + (S.D. of Blank)? + (E X conc.)?

Trace elements V(0.1 + E) x conc.)? + (0.5 x MDL)?

E : sampling error compared with 16.7 LPM
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Table S2 Results of multiple linear regression it P

Model Summary

Adjusted R Std. Error of the Durbin-
Model R R Square Square Estimate Watson
7 .886 .786 .764  .04495773827749 2.124
ANOVA
Sum of
Model Squares df Mean Square F Sig.
7 Regression .296 4 .074  36.665 .000"
Residual .081 40 .002
Total 377 44
Cosfficients
Unstandardizec Standardized Collinearity
Coefficients Coefficients ) Statistics
Model t Sig.
Std. Tolera
Beta
Error nce
(Constant) .420 .028 15.038 .000
Industry  .022 .008 218 2.610 .013 .765 1.307
Biomass
) .015 .005 242 2.710 .010 .673 1.486
burning
Secondary
) .007 .001 575 7.300 .000 .865 1.157
nitrate
Coal
i .013 .003 .345 4,032 .000 .733 1.364
combustion
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Table S3 Results of multiple linear regression idf.p

Model Summary
Adjusted R Std. Error of the
Model R R Square Square Estimate Durbin-Watson
7 .745 .556 511 .05653334885« 2.122
945
ANOVA
Sum of
Model Squares df Mean Square F Sig.
7 Regression .160 4 .040 12.498 .000"
Residual 128 40 .003
Total .288 44
Coefficients
Unstandardize( Standardized Collinearity
Coefficients Coefficients Statistics
Std. Tolera
Model B Error Beta t Sig. nce VIF
7 (Constant) 416 .033 12.724 .000
Soil 113 .037 341 3.081 .004 .905 1.105
Incinerator .029 .014 .256 2.061 .046 721 1.388
Biomass .013 .006 243  2.044 .048 .789 1.268
burning
Secondary  .008 .002 613 5.117 .000 T74  1.292
nitrate
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PMioz 1914 dgolM F2 Wl PMoso 7 @&l dfjF-&
= ARAE7] wiiEel]l PMas¥RE ofdel PMieol digh A9 I
AAIL Stk B ATFeM = A= PMaset PMiod s 48t
dithiothreitol (DTT) &4& &l A3 FA=HE Frbskloh. E=3,
positive matrix factorization (PMF)& %3 299S F43%9
conditional bivariate probability function (CBPF), cluster analysis,
potential source contribution function (PSCF) & &3 2952 5%
S vk AgoA AFS 1237 AR Hit AFsEolA
PMio (15.1 pg/m?)©] PMzs (20.1 pg/m*) &) <k 756%F AHA|5H3ict. o]
Lol AAE Aand 290l PMysol 24 Zlojsts A& e
t}. Organic carbon (OC), SO447, NH, = PMi ool A G284 &2 n)&
= ARASt AL AZF AR HlE2 PMesolA w98l 2tk PMF
A3 10719 eddo] 7lejglon, Ztzte] ey 7)o = (ug/m?) &
U3 2 (PMas, PMio). o1&k AAabed: 6.01 (29%), 5.23 (32%); ©I
AF S 3.64 (17%), 3.48 (22%); A&2k 2.71 (13%), 1.81 (11%);
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