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Contribution and Major Factors of Secondary Organic Carbon
Formation in PM, s in Seoul
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Abstract This study quantified the fraction of secondary organic carbon (SOC) within organic carbon (OC) in fine particles
(PM,5) and investigated the characteristics of SOC formation and spatial origins of both SOC and primary organic carbon (POC)
in PM, 5 in Seoul using hourly resolved atmospheric monitoring data in 2023. While PM, 5 and its major components such as
NO;™ and elemental carbon (EC) exhibited typical winter-high and summer-low seasonal patterns, OC maintained elevated levels
across all seasons. Using the minimum R-squared (MRS) method, the annual average POC and SOC concentrations were esti-
mated at 2.3 and 1.9 pug m3, respectively, with SOC accounting for 45% of the total OC and peaking at 3.7 ug m™3 in July. During
summer, SOC showed strong correlations with O; and Oy (i.e., sum of O3 and NO,) under high temperatures, indicating the
dominant photochemical oxidation. In contrast, winter SOC was linked to elevated CO, NO,, and high relative humidity, which
suggests the importance of aqueous-phase reactions and the accumulation of primary emissions. Spatial analyses, including
bivariate polar plots and concentration weighted trajectory (CWT) modeling, confirmed that summer SOC was dominantly
formed locally from domestic precursors under stagnant conditions. In contrast, elevated winter and spring carbonaceous
aerosol concentrations were significantly influenced by the long-range transport of pollutants from northeastern China across
the Yellow Sea, coupled with regional aqueous chemistry. These findings highlight that effective mitigation of OC in PM, 5 in
Seoul requires season-specific strategies: controlling local VOCs and oxidant levels to reduce summer photochemical SOC while
addressing both regional transport and local precursor emissions in winter.
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2 4995}t (Hsu et al.,, 2003; Stohl, 1996; Seibert et
al,1994). CWT B2 B4 it Jo-& LA A=t
2 B3t H, 24 AE Sk 7] 8 =
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Table 1. Monthly mean concentrations(+ standard deviation) of PM, 5, SO,%, NO;5~, NH,*, OC, EC, POC, and SOC in Seoul, 2023

(unit: pg m™).
Month PM,. 502 NO;- NH,* oc EC POC s0C

1 32.1+23.2 25+27 7.8+8.2 3.0+3.2 45+24 1.2+0.8 28+14 1.7+£1.2
2 38.0+21.1 3.8+26 10.0+8.0 42+3.1 52+2.1 1.3+0.5 29+1.2 23+1.2
3 35.7+21.7 35+25 10.6+9.9 40+3.5 43+2.1 1.1+0.6 24+1.2 19+1.3
4 26.6+184 21+1.2 46+4.6 19+1.8 42+46 1.1+13 3.3+4.2 09+1.4
5 234+12.2 27+14 3.5+4.0 19+1.5 40+23 0.8+0.5 26+1.7 1.3+1.1
6 19.4+8.2 33+1.6 23+22 1.7+1.0 39+1.9 0.7+0.3 22+0.9 1714
7 21.3+11.0 39+1.7 15+1.8 1.8%+1.0 57+3.7 0.6+0.3 20+1.0 3.7+3.0
8 17.0+6.1 33+1.1 0.8+0.9 1.2+0.5 34+1.7 0.5+0.2 1.5+0.7 19+14
9 16.8+11.6 28+25 14+25 1.3+1.6 28+1.1 0.5+0.2 1.5+0.6 1.3+0.8
10 148+8.2 1.3+0.8 14+1.6 0.7+0.7 32+15 0.6+0.3 1.8+0.8 1.3+0.9
11 244+16.8 1.8+£1.5 53+55 22+23 42+1.7 0.6+0.2 1.3+£0.5 29+1.4
12 31.3+16.6 22%1.1 7.0+56 3.1£2.1 47+2.0 0.7x0.3 1.5+0.6 3.2x1.7

Average 26.1+18.0 28+2.0 51+6.7 24+24 42+27 0.9+0.7 23+1.9 19+1.7
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£ 9 o8 A5 HElS Hol ¥, 0ck AL}
ofF BN & 422 fAS AL WA 4
£ 42 Holgt) ol 3% B4 Aoe]q na

54 0C &&= Hdit= #olE ERIt(Zhan et al,
2023; Wang et al., 2022; Wang et al., 2016). =2] 7
T A TG N AE ALt BEA 4 Fo
S7t2 AEE] OC7t B5 5= W, 45dol= ¢
23t 7] gt 20 s 11 5=7F este 7
o] ettt o]t iAoz 2 AoA gl
A&l o4 OC ALk FA 4L, =9 A7
L Oﬂﬁko] A|A o2 oFst Al7|do| = Bt

U iU o2 HE 7]1g vOCset 7] 38} vh-g-

o] OC lﬁEC‘ﬂ 2 FF= F 7 e AR mh
A =l viE B 8-S ol ol5d oC s=E A
A S PM, 5 QBT & JHAE 71T 4= 2l
S o= 7|dg

Ol

3.2 MRSE 0|83t soc =3 Zu}
MRS 71"2 A8t A3, 7] (11~38) 9 Bt
71 (4~109) 9] 12} HlE H]& ((OC/EC) ) A2

pri
2287} 3272 AFZE QoM o] ZA % HA] OC/EC
B lo[E 9] 242t SH9 1.12%, 10.44%°] STt
(& 2). o] AFE (OC/EQ),,; Aol o &Y
74 181 71915Hs SR B vl SIE(Wang et
al., 2022; Yoo et al., 2022). ‘F7]ol S g} 2 EQ
27} o Ao AR AA E ECH|E H|Ro| =
o A HjEYo] AHjAo]7] WRolct AA BEH
2|2 H]-8-¢1 (OC/EC), = 7] 058, H]h}7] 1.58

2 Lk I EC S 1A R

‘ﬂ‘?ﬂ l‘&‘%*ﬂOﬂ(OC/EC)prJ} 3278 Atj# e

=7 A= SOC 55 AtE R 7F 37 212 uf

of W2, MRS 7| ¥ %6 1;'9}9} 17} ol & vl e
LZ&517] fleliAle A 717 (OC/EC) 7 Bl A &
g5 frAlEofoF fhet. 1 vl ols A4
2 {7184 L 5 ohe] Hda 7] wiEo] &4
5t (Lee et al., 2024; Kim et al., 2022) ©|2I3t A7}
SEH7] oYy, AR 4HEEE=(0C/EQC),, 4

O] /g'oc} _\lq o]:l:‘l 7]._/\‘101 [} é /K]Z_" H H]EO]
o] 7124 (3.27) B} Yolx|= Lt Sl o2

w2 soC7t =& 4= Qlrh £ AollAl= of=gt
S SOC g2 FofmIeh 221 Aol gl AHl= Sl
Asto] 002 B T FAS 435kt (Wu and Yu,
2016)
745 pocet soce] €d sk g B4 dk(
1), 4B POC HEE 23+1.9 uyg m>2 PM, 5, EC
FAHAl ALt Bdol S7kskal o5 WolA]
FEe AFS Btk ¥, SOC 5= A%+
9+1.7 ug m>2 A 0C2 45%E AFA|5H%.om,
ZAE11~129)° FE7F =7 oWr o FHol ==
S A4S YehliA] itk 74, 88} 114, 1290
oC 5&7F POC iEEE} ltOPO‘I] E35] 7€
SOC &&= B 3.7£3.0ugm 2 A% 1 58
HAAth o= ALHe WestA vt HiEd
(i 5) ST 7] Aol SJgt SA Rt o}
Uzl Agdeolle 544 Q1T 5t 5 At A2
2R HEEE 27 ARTERE 9 R
LA 39t =7} (Lee et al., 2024; Kim et al., 2022)2} &
uret sgofel wkg- So] soC Aol AA 719
Ua= AJAFRITY,
7 19] et 24004 POCE ECEE A
2 HolH, o}F] 7AIRE F7Fste] 104] 113
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OHT

—

rok

Table 2. MRS results for heating and non-heating periods in Seoul, 2023.

. . Total Negative

Period (OC/ECQ) min (OC/EQ) i Percentile data points SOC cases
Heating (Nov.~Mar.) 0.58 2.28 112 2149 25
Non-heating (Apr.~Oct.) 1.58 3.27 10.44 2902 304

Sr=H7 | 2tEsts|x| H 42 2 A 1
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Fig. 1. (a) Seasonal diurnal variations of EC, OC, POC, and SOC; and (b) monthly diurnal variations of POC and SOC in Seoul, 2023.

AN A7t 5 19417 ThA] F71sto] 23410 #12
A& Ak ol EE AR A wiEo] @
ol wrs A¥= sfAHh socE BAFHC= 10
Alofl #AgE Bl F F7Fste] 154 A HA] 212

HE B0, 43 4T H oftel 0l Z7Fsto]
B2 Toa FASHH. o 54, 55] 89l 154173
off F21gt 1371 W&ol Bol=d, ole W7 F o=
Bt dArol Fdiol Bk 14164170 AL 5
L& Holx AWt Ak} AX]6F Tt} (Yeo and Kim,

2021). WrEbA] 73st Zp] A e 12 Z Ao A EHsX]
+ F2te} §hgo] soC Aol A 714
&A1t} (Zhang et al., 2018; Turpin and Huntzicher,
1995). o|213t F2}et wh-g-9] 7]ol= 50> F=2] Al
A2 Foloke & Folint. A5 ddle At GAF
ol oJshl 7] & OH =& s =7t S71staL, o|=
I3t 50,9 48} R0l EisiA s0,.7 9 /el =
== 4 S HItk(Seinfeld and Pandis, 2016). ©]
o} S AVSHA, ol=Aof 7ot 7)o AvrAel 35}
S} AFglso] F7F SOCe] O R o]ojHS Aor
W) 184] ©]F okl SOC FE7t F7kskAL

A 010 O
%_]'-TAJ\I:'E

FAEE A2, 730l A soce] ti7] Al
ot 4, o 74, NO; 2t ate] ofgt vk, &

o] AL I 2N W60k
(semi volatile organic compounds, SVOCs)2] 942t
W S7F 5o Ayet 4= Qlok(Liu et al., 2024;

Zhang et al., 2018; Saffari et al., 2016; Lin et al., 2009).
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3.3 soce —’F—° A

SOCS} PM, 5 & (S04, NO5,
NH,"), Ba H—‘%(OC EC), T8 7IA1Y 44 (S0,
NO,, CO, 03, O, (=0;+NO,)), 714 2= (7], Al
5I) 71 Pearson ABAIFE B4 (E 2(a)).
PHFH o2 SOCE OCY At o] AATA (R=
071)E Hglow, cO ¥ PM, 9H= Z7F A o] Abt
(22 R=0.49, R=0.46)2 UEACE 1 9

=]
i

ARE

o=
o] ATA e H| g A okl oL} AddER Ea3) 2}
o7} THE A &, 7H, A&cll= SOC7t OC, CO,

PM, 5 2l %= NO;~, NH, "o} f-ofm| et oFo] e
Hlom, 53] 7k Agolls v AEEN NO,
oo} Aol A o= =7 Uehdth ¥, o5
Hofl= o2 A-ET} 2] SOC7t 0,2t F-2]m|gh o]
TR =0.40)2 Ko, s A7) g2t} 413} w50
717t =S YEPATH(Liu ef al., 2023; Wang et
al., 2022; Turpin and Huntzicher, 1995).

J. Korean Soc. Atmos. Environ., Vol. 42, No. 1, March 2026, pp. 160-172



166 50|, $5E, 5=, ZEH, FFE, 0[%[0]
(@ Spring Summer Fall  Winter Average (b) SO, (ppb)  CO (ppb) NO, (ppb)  O;(ppb) O, (ppb)
PM,,[ 0437 066 068 | 046 10 o
o wxx T Ty 1 [
s02| 0277 0.31 053" 0.35 £
] =] - 2
No; | 0417 o0.08 "[T08 | 058" | 0.32 | ,iééé' adee| i deT huld™ |
NH,* [ 0407 0307 073" 0.637| 0.39™ 15 5
oc | 055" 071" T 199 é éE £
EC | 0167 | 0437| 048] 0227 045" o Z:éésﬁ' L éé$ ééééél LldBT (3
PoCc | 0457 0467 0.22| 0.28"| 045" o 1571
SO, | 0117 0.06 ‘| 0247 B 0.04 " 31 5 =
o o o ok wxx w
NO, | 0.33™| 045" 0537 0.49™| 0.33 D -
: N I | [ S T
o, | 2 040" 0.22"| 0237 o0.05 o
co | 047| 057 | 067 | 065 | 049" 10 5
o 017™"| 0.417| 0.24™| 0547 025" 1 S
T 0.35"| 0427 024" 1 s L_ﬁé%'é ééééé e —éél =
R Y939k 85558 cugby 4egasE BesaEs
RH -0.15 0.08 0.30 0.12 oo Elgzu]g é’ééé/\l éggggm é’;égg'ﬁ
o OO © o N
N < © -~

Fig. 2. (a) Seasonal Pearson correlations between SOC and PM, 5, ionic species (50,7, NO;", NH,T), carbonaceous species (OC,
EC, POCQ), gaseous pollutants (SO, NO,, O, CO, O,), and meteorological parameters (temperature (T), relative humidity (RH))
(*: p<0.05, **: p<0.01, ***: p<0.001; ‘x’ indicates not significant); and (b) SOC concentrations by gaseous pollutant concen-

tration bins in Seoul, 2023.

F8 71 A2 B AT S 7] 2 S0C s
o] Wit FE A A (HE 2(b)), ZE 71A

AR ot 2715 ] wet soC HEE Adbgo
2 AFssl Agko] sholE Qi) B3] o2 A= o
2 0, = F7tol wE soce] 7hukE 7} g
FEAAL FAHLR, 0,2 07 & I 77l
A soCrt etsHA| Zrleithrt 94 B o]Ae]
W 7oA F435] F7lske dieo] F8isH
L] Q)T o] SOCTt 0,9 FARRE Fsksha 44
712 LA, t7] & A 5t 9 2

oA wj soC AAo] HlAFAH o2 =1E 4= Q)

o

_l

<]

N

F

o

S X AFSITH(Wang et al., 2022; Zhang et al., 2018; Sein-
feld and Pandis, 2016). §1H, A-&d o= 0, EtH= CO
2} NO,oll W2 SOC 5 A% Feo] Aid oz &
St YErdth ol dAREol A2 A-Holes 7]
AV geket HEg k= di7] A £3°lu NO,&
7 &kt vk 5 thE A 27FsoC A4l 9
g g 4 9128 YERATH(Lin et al., 20205

2~
= 2 T Xu.

s

olN H 2
fo ot
e

18 12

Sun et al., 2015).
71 2706 TFE SOC A4 E4L sletsl] <l
7|2 A S EE HIE O 2 SOC 555 55 % (iso-

1007
907
80
707
607

507

Relative Humidity (%)

1
-10 0 10 20 30 40
Temperature (°C)

Fig. 3. Contour plot of SOC concentration as a function of
temperature and relative humidity in Seoul, 2023.

concentration) 242 YetH A7H(1H 3 )
W el WSS b F3e 14

rio
L2 a

olxglrh. shbs 7].20] oF 30°C o4l 1.2 17&

ojt, 2 st AJHiEE7t 80% ©1dY Al 24

ojtt. 12 22 F& A5 sigsh, It LAt
=

ot &2 7120l "7l & Feteh ik £

fj
o
kl

ZAst5|X| M 42 A M1



VOCs HiE % AFBLE £XI5te] SOC7T G820 8
AE A2 SAETH(Hu et al., 2024; Wang et al.,
2022; Seinfeld and Pandis, 2016). ¥¥, A& o[} o]
& =7kl F=2 ‘%E}‘% A& s 2A01A
ARG FAY 5 T4 24 $7] ofelzzo]
s Gl ool 4 o
liquid water content)©] 57}t <= Stk (Seinfeld and
Pandis, 2016). 1% 28] AP A3, AL Aol o
240 88| sOCet AArd, skAtA 7ol AFkAlo]
127 bt olelg B4 F7lolee] EA17t A
S5 3710 2 ool 2E S8 3718 fET 4 9
& 7o AZbEICh ofelgt gla} v A4 4i0] 57}

£ ofel2E mHoA 9 o] dA hﬂ%(heterogeneous
reaction) %
Al- A2V 2EE Zdekste] soce

=

= 13
-
1
. o

r

L (aerosol

[P
o) gk]

NS PM, 5 L 25 S7IEHA ] 7]0{ 9 2 M4 ol

[

167

7] AFeksg =o)L oflo|2E e 8= o] sO,7,
NO;” 5 22t 77] olojz&9] 42 fishe A
o2 HIEJTH(Qui et al.,, 2023; Cheng et al., 2016).
F3, o] 2]]t oA A AFSE HE-G-2 T7] -8
4 171 2] Atet e 7HEststo] 23t f7]

oloj=E0] FAe ST 4 5ol Brei vE et
(Wang et al., 2021; Zhan et al., 2021; Jiang et al., 2019).
2 Aol #EH AL 2 NO, 5% 7}
S5HE soce] A5 T %W °ﬂ°1§—'"é— = Ul NO,
7F mi7ishs A Atet HhE 7198S 7S
AJAFRIEL

5°l

3.4 POC2tsoce| 3zt g
POCS} SOCe| 15k X Bl 22H Q

o
st A A 5 U] S e

_J.\_
To

SITH(Lin et al., 2020; Sun et al., 2015). 7] 9J5l, ¢ 9 &0 w2 5= BEXE YellE=
FE5HH, o84 SOC 5= 37 2 Y 115 bivariate polar plot¥? 712 7]Hte] cwT E4-2 A
0, F7olAe] Fatet et Y DR AvE  HER SHIUch WA polar plot 4 ATH(TH
Ao 2 fEn ¥, A2 SOC 5% 57H= 714l 4), POCE AHAIE 5% 550 2ms™! o]5l2 W2 5
JE(CO, NOy | i W 15 oA 9] & AFoA 7MY =& 5% #25 Bt AHdd=
7t v o, 13 viEH] 9 7] A, S ALY vl 4v6msTE B Ok F2 s &
a8 ofoj2F fito] wolshs A 3tek §hgo]  EE HH: o= POCY] ¢t At vl 7|7}
Batao g Zgslo] ekt AntE shaEct QA 2~ 5 B4 W 13 mEe] g 242 2o
o] BE35t ALHE $h7t w2 A= N0 POC HEE ZAAE F2 gelo|v, Agdde d
SOC POC
Spring Summer Spring Summer
10 10 10 N 10
86 8 86 86
“RRAETE ARR L. AR AR AR
Wi s s
S 8 S S
Fall Winter Fall Winter
i
10 10 10, 10,
86 86 86 86
4ws 4ys 4ws
i E ” E E -‘;“\ E
IS S S S
| S B S
05 1 15 2 25 3 1 15 2 25 3 35
SOC (ug m) POC (pg m?)

Fig. 4. Seasonal polar plots of SOC and POC in Seoul, 2023.

J. Korean Soc. Atmos. Environ., Vol. 42, No. 1, March 2026, pp. 160-172



168 280|858, 515, 48, §H=, 0[X|0|

3] v
(-]

IS

SOC (ug m?)

w

N

-

0

] v
o

»

POC (pg m)

w

Fall | -

N

-

0

Fig. 5. Seasonal concentration-weighted trajectory (CWT) analysis results for the top 30% concentrations of SOC and POC in

Seoul, 2023.

2 9 el g Gapol S 4 9Le- et
g, SOCE Aol what Aolgh 37t 27t Tas
A=, 84 SOCE F&0] B2 A XA F
ol 7o TEE ol FAelsc ol olg
-2 9 7Re AL 20 A 7] A Al Eiireh =]
4 S35} HHSS B8] SOCH A0 E Y U 2
HE 4 98- HOETH(Liu et al., 2023; Wang et al,,

2022). 71 9]9] A—o] SOCE E&0] Yo ZFAIH I

2 FA ok BAZT 5% AGR E4 FFolA
Hlgto] sl ol mx Lt Asshs e
Hoj, A2 At viEo] 9§99 7FsAde U
EFlh

B 5] FFE FAR LR HI] 91 CWT
VA A 5), AFER 7179 olF AR ot
2t POCS} SOCE] &7} Eaial 2jo]= Bt} E3|

A&Ao= POCS SOC BT = TEE 27} A
Sdel 24 =2 CWT glol % ﬁh&‘r ol= Fot
Alot i F oA viEH 12} L F=4 (POC)T SOC A

FEH(VOCs %)
*1%—% 7‘}74 2

)ol B A% % Eb_’- AsliE 1A

*ﬂ‘ﬂi 7Fe/de HolErt. wet

1:1 =
o Aoz e, W, ohH CwT A 3
o ARk ST AYEE ZRE FAH 9
o] 7|olr} WFH P BT Aol

= 9 EL UEE AL 4 Vel s
= Fo2yRE9 PAe %
aaetn, ) T IH%%OM 168 2753
- 5

oA Fetet vhe=

L0
dFe

4.2 B

2 A7 R d1e AaolA 20239 14
Hel 29704 AAzo 2 < T % oS
7] 02 ECFH7 WY 5 MRS W

= A= E HHE
£ A8ste] OCE POCS}F SOCE o= By
tal, AlZPE S oot AdE 9 A a91S
At

PM,; 9 tiH-Eo] 9 FTHHE(NO, , EC 5)9
Y st QAR ASHE sk 9 9454 Ae
T &S Yepd ¥, OCE o5 = g i

4 glo] AF A = olF9 T E FASHALE &
6] 70’]-’] ﬁ OC7]' PM,; & 09’] oF 27%E i]—Z]ﬁ]—
fom, o] A]7] sOCe] EHd FL(3.7£3.0ug m™)
?i% 15 7|1=2s5te] AA oce] Ayl oAk A}
253t o] Qi Fo] AL JEHA T = #
A wiE 9 7] kst §k-go] IEe OC A A

QL T4 902 AN,

E

e

=
al

ol

ey

ol
ol
-

rr




S0C 44 HIAUZS A ufe} g
veie) o84 S0C 5% F7h 12 9
34(0, 0, 2207 ] JBAL B
Aucts P 459 ] B S
Yafot Atat kg Aeg]
2 ASY 9 I
$% 371 9
2 QS A

Fol BgHoZ

o
:‘i
o o
= i

ox
ool Ho 2 onju

ro R
NE

_H.l
N
o
il

14

T
o
w
o
@]

o
o
g JN
ro,
oli
el

ol U

g

fr 38
_\',L

ue,
S~
Rl
rsh
lo

0>‘
ué?:

3 5EY

14
o

o —
fu Lo

5
&
i
N
du o
1o,
of

Ao © ;‘:9 fr oo rir
O
=
oo

o o

1%
o I ¥

il "o
AE 91t vocset 05 5 *Jg}lﬂ )
o, A&H o= o AA Hk =
AT I E AEEY 11101% A =
aee gi71E g2 AFo] dasith Iy
+ AFRHRS-9 %ﬂ%@ﬂ A48t VO
VOCs, OVOCs)
B B e A Be

OCs (Oxygenated
OCsZHE 0C7t
7} 913, & thd

Hm
_L4
mlo
&=
)
_0|L
£

ane =

Hl=fo shhrol el o r ek 7slel o] 7
A (NIER-2025-04-02-030) 7} E7350] Ao g gh=
34710 nAHA e EAse A
o] 2] ¢1-g ot Y= 5T

References

Bae, M., Kang, Y.H., Kim, E., Kim, S., Kim, S. (2023) A multifaceted

ME PMys L 2R} 77[EfAQ]

[ 7102t 2 4y 201 169

approach to explain short-and long-term PM, 5 con-
centration changes in Northeast Asia in the month of
January during 2016-2021, Science of The Total Envi-
ronment, 880, 163309. https://doi.org/10.1016/j.scito
tenv.2023.163309

Carslaw, D.C., Ropkins,
quality data analysis, Environmental Modelling &
Software, 27, 52-61. https://doi.org/10.1016/j.envsoft.
2011.09.008

Castro, L.M,, Pio, C.A,, Harrison, R.M., Smith, D.J.T.(1999) Carbona-
ceous aerosol in urban and rural European atmo-

K. (2012) Openair-an R package for air

spheres: estimation of secondary organic carbon con-
centrations, Atmospheric Environment, 33(17), 2771-
2781. https://doi.org/10.1016/5S1352-2310(98)00331-8

Cheng, Y., Zheng, G., Wei, C,, Mu, Q,, Zheng, B, Wang, Z., Gao. M.,
Zhang, Q., He, K., Carmichael, G., Péschl, U., Su, H.
(2016) Reactive nitrogen chemistry in aerosol water
as a source of sulfate during haze events in China,
Science Advances, 2(12), e1601530. https://doi.org/
10.1126/sciadv.1601530

Han, Y.S,, Eun, D.M,, Lee, G., Gong, S.Y,, Youn, J.S. (2023) Enhance-
ment of PM, 5 source appointment in a large industrial
city of Korea by applying the elemental carbon tracer
method for positive matrix factorization (PMF) model,
Atmospheric Pollution Research, 14(11), 101910.
https://doi.org/10.1016/j.apr.2023.101910

Hsu, YK., Holsen, T.M., Hopke, PK. (2003) Comparison of hybrid
receptor models to locate PCB sources in Chicago,
Atmospheric Environment, 37(4), 545-562. https://
doi.org/10.1016/51352-2310(02)00886-5

Hu, Q, Moon, J., Kim, H.(2024) Understanding the Driving Forces
of Summer PM; Composition in Seoul, Korea, with
Explainable Machine Learning, ACS ES&T Air, 1(9),
960-972. https://doi.org/10.1021/acsestair.3c00116

Jiang, X, Tsona, N.T,, Jia, L., Liu, S, Zhang, H., Xu, Y., Du, L. (2019)
Secondary organic aerosol formation from photooxi-
dation of furan: effects of NO, and humidity, Atmo-
spheric Chemistry and Physics, 19(21), 13591-13609.
https://doi.org/10.5194/acp-19-13591-2019

Kim, H., Zhang, Q. Bae, G.N., Kim, J.Y., Lee, S.B.(2017) Sources and
atmospheric processing of winter aerosols in Seoul,
Korea: insights from real-time measurements using a
high-resolution aerosol mass spectrometer, Atmosphe-
ric Chemistry and Physics, 17(3), 2009-2033. https://
doi.org/10.5194/acp-17-2009-2017

Kim, N.K,, Kim, 1.S., Song, I.H., Park, S.M., Lim, H.B., Kim, Y.P, Shin,
H.J., Lee, J.Y.(2021) Temporal variation of sulfate con-
centration in PM, s and major factors enhancing sul-
fate concentration in the atmosphere of Seoul, Korea,

J. Korean Soc. Atmos. Environ., Vol. 42, No. 1, March 2026, pp. 160-172


https://doi.org/10.1016/j.scitotenv.2023.163309
https://doi.org/10.1016/j.scitotenv.2023.163309
https://doi.org/10.1016/j.envsoft.2011.09.008
https://doi.org/10.1016/j.envsoft.2011.09.008
https://doi.org/10.1016/S1352-2310(98)00331-8
https://doi.org/10.1126/sciadv.1601530
https://doi.org/10.1126/sciadv.1601530
https://doi.org/10.1016/j.apr.2023.101910
https://doi.org/10.1016/S1352-2310(02)00886-5
https://doi.org/10.1016/S1352-2310(02)00886-5
https://doi.org/10.1021/acsestair.3c00116
https://doi.org/10.5194/acp-19-13591-2019
https://doi.org/10.5194/acp-17-2009-2017
https://doi.org/10.5194/acp-17-2009-2017

170 280|858, 515, 48, §H=, 0[X|0|

Air Quality, Atmosphere & Health, 14(7), 985-999.
https://doi.org/10.1007/511869-021-00993-0

Kim, S.J,, Lee, S.J,, Lee, H.Y,, Son, J.M,, Lim, H.B., Kim, HW.,, Shin,
H.J., Lee, )Y, Choi, S.D. (2022) Characteristics of vola-
tile organic compounds in the metropolitan city of
Seoul, South Korea: Diurnal variation, source identifi-
cation, secondary formation of organic aerosol, and
health risk, Science of The Total Environment, 838,
156344. https://doi.org/10.1016/j.scitotenv.2022.156
344

Lee, A, Kim, Y.P, Kim, N.K,, Jeong, H.J,, Lee, J.Y,, Jung, C.H. (2022)
Study on the pH Dependence of the Contribution of
Aqueous-Phase Sulfate in Aerosols Formation: On the
Cases in Seoul, 2015, Journal of Korean Society for
Atmospheric Environment, 38(3), 323-340, (in Korean
with English abstract). https://doi.org/10.5572/KOSAE.
2022.38.3.323

Lee, J, Lee, M,, Chang, L., Shin, S.A., Kim, K., Choi, Y., Lim, H., Choi,
S.D., Lee, G. (2024) Assessment of VOCs emission
inventory in Seoul through spatiotemporal observa-
tions using passive and online PAMS measurements,
Atmospheric Environment, 338, 120857. https://doi.
org/10.1016/j.atmosenv.2024.120857

Liao, K., Wang, Q., Wang, S., Yu, J.Z. (2023) Bayesian inference
approach to quantify primary and secondary organic
carbon in fine particulate matter using major species
measurements, Environmental Science & Technology,
57(13), 5169-5179. https://doi.org/10.1021/acs.est.2c
09412

Lin, C, Huang, RJ.,, Xu, W,, Duan, J., Zheng, Y., Chen, Q, Hu, W, Li,
Y., Ni, H., Wu, Y., Zhang, R, Cao, J., O'Dowd, C. (2020)
Comprehensive source apportionment of submicron
aerosol in Shijiazhuang, China: Secondary aerosol
formation and holiday effects, ACS Earth and Space
Chemistry, 4(6), 947-957. https://doi.org/10.1021/acs
earthspacechem.0c00109

Lin, P, Hu, M., Deng, Z,, Slanina, J., Han, S., Kondo, Y., Takegawa, N.,
Miyazaki, Y., Zhao, Y., Sugimoto, N. (2009) Seasonal
and diurnal variations of organic carbon in PM, in
Beijing and the estimation of secondary organic car-
bon, Journal of Geophysical Research: Atmospheres,
114(D2). https://doi.org/10.1029/2008JD010902

Liu, J,, Zhang, F, Xu, W,, Chen, L., Ren, J.,, Wang, Y. (2023) Contrast-
ing the characteristics, sources, and evolution of
organic aerosols between summer and winter in a
megacity of China, Science of The Total Environment,
877, 162937. https://doi.org/10.1016/j.scitotenv.2023.
162937

Liu, L., Hohaus, T,, Franke, P, Lange, A.C,, Tillmann, R., Fuchs, H.,

Tan, Z., Rohrer, F, Karydis, V., He, Q, Vardhan, V., And-
res, S., Bohn, B, Holland, F, Winter, B.,, Wedel, S., Novelli,
A., Hofzumahaus, A., Wahner, A., Kiendler-Scharr, A.
(2024) Observational evidence reveals the signifi-
cance of nocturnal chemistry in seasonal secondary
organic aerosol formation, npj Climate and Atmo-
spheric Science, 7(1), 207. https://doi.org/10.1038/
s41612-024-00747-6

Millet, D.B., Donahue, N.M., Pandis, S.N., Polidori, A., Stanier, C.0.,

Turpin, B.J., Goldstein, A.H. (2005) Atmospheric vola-
tile organic compound measurements during the
Pittsburgh Air Quality Study: Results, interpretation,
and quantification of primary and secondary contri-
butions, Journal of Geophysical Research: Atmo-
spheres, 110(D7). https://doi.org/10.1029/2004JD004
601

National Institute of Environmental Research (NIER) (2024) 2023

Annual Report of Air Quality Research Center, National
Institute of Environmental Research, Incheon, Repub-
lic of Korea. https://dl.nanet.go.kr/search/searchinner
Detail.do?controlINo=MONO12025000036307 (acces-
sed on Feb. 21, 2026).

Oh, S., Kim, J.Y,, Won, S.R,, Kwon, S., Lee, S.J., Choi, S.D,, Lee, J.Y.

Shin, H.J. (2023) Comparison of the chemical charac-
teristics and source apportionment of PM; ; and PM, 5
using real-time air quality monitoring network data of
air pollutants, Journal of Korean Society for Atmo-
spheric Environment, 39(4), 448-468, (in Korean with
English abstract). https://doi.org/10.5572/KOSAE.2023.
39.4.448

Park, E.H., Heo, J., Kim, H., Yi, S.M. (2020) Long term trends of

chemical constituents and source contributions of
PM, 5 in Seoul, Chemosphere, 251, 126371. https://doi.
org/10.1016/j.chemosphere.2020.126371

Qiy, Y, Wy, Z, Man, R, Zong, T, Liu, Y., Meng, X,, Chen, J,, Chen, S,,

Yang, S., Yuan, B, Song, M., Kim, C., Ahn, J,, Zhen, L.,
Lee, J., Hu, M. (2023) Secondary aerosol formation
drives atmospheric particulate matter pollution over
megacities (Beijing and Seoul) in East Asia, Atmo-
spheric Environment, 301, 119702. https://doi.org/10.
1016/j.atmosenv.2023.119702

Saffari, A., Hasheminassab, S., Shafer, M.M., Schauer, J.J., Chatila,

T.A, Sioutas, C. (2016) Nighttime aqueous-phase sec-
ondary organic aerosols in Los Angeles and its impli-
cation for fine particulate matter composition and
oxidative potential, Atmospheric Environment, 133,
112-122. https://doi.org/10.1016/j.atmosenv.2016.03.
022

Seibert, P, Kromp-Kolb, H., Baltensperger, U., Jost, D.T., Sch-

=7 gstEX| 42 E M1 &


https://doi.org/10.1007/s11869-021-00993-0
https://doi.org/10.1016/j.scitotenv.2022.156344
https://doi.org/10.1016/j.scitotenv.2022.156344
https://doi.org/10.5572/KOSAE.2022.38.3.323
https://doi.org/10.5572/KOSAE.2022.38.3.323
https://doi.org/10.1016/j.atmosenv.2024.120857
https://doi.org/10.1016/j.atmosenv.2024.120857
https://doi.org/10.1021/acs.est.2c09412
https://doi.org/10.1021/acs.est.2c09412
https://doi.org/10.1021/acsearthspacechem.0c00109
https://doi.org/10.1021/acsearthspacechem.0c00109
https://doi.org/10.1029/2008JD010902
https://doi.org/10.1016/j.scitotenv.2023.162937
https://doi.org/10.1016/j.scitotenv.2023.162937
https://doi.org/10.1038/s41612-024-00747-6
https://doi.org/10.1038/s41612-024-00747-6
https://doi.org/10.1029/2004JD004601
https://doi.org/10.1029/2004JD004601
https://dl.nanet.go.kr/search/searchInnerDetail.do?controlNo=MONO12025000036307
https://dl.nanet.go.kr/search/searchInnerDetail.do?controlNo=MONO12025000036307
https://doi.org/10.5572/KOSAE.2023.39.4.448
https://doi.org/10.5572/KOSAE.2023.39.4.448
https://doi.org/10.1016/j.chemosphere.2020.126371
https://doi.org/10.1016/j.chemosphere.2020.126371
https://doi.org/10.1016/j.atmosenv.2023.119702
https://doi.org/10.1016/j.atmosenv.2023.119702
https://doi.org/10.1016/j.atmosenv.2016.03.022
https://doi.org/10.1016/j.atmosenv.2016.03.022

wikowski, M. (1994) Trajectory analysis of high-alpine
air pollution data, in Air pollution modeling and its
application X. Edited by Gryning, S.E., Millan, M.M.,
Springer US., Boston, MA, 595-596. https://doi.org/10.
1007/978-1-4615-1817-4_65

Seinfeld, J.H., Pandis, S.N. (2016) Atmospheric chemistry and
physics: From air pollution to climate change, John
Wiley & Sons, Hoboken, NJ, US.A., pp. 700-742.

Stein, A.F, Draxler, R.R,, Rolph, G.D., Stunder, B.J., Cohen, M.D,,
Ngan, F.(2015) NOAA's HYSPLIT atmospheric trans-
port and dispersion modeling system, Bulletin of the
American Meteorological Society, 96(12), 2059-2077.
https://doi.org/10.1175/BAMS-D-14-00110.1

Stohl, A. (1996) Trajectory statistics-a new method to establish
source-receptor relationships of air pollutants and its
application to the transport of particulate sulfate in
Europe, Atmospheric Environment, 30(4), 579-587.
https://doi.org/10.1016/1352-2310(95)00314-2

Sun, Y.L, Wang, ZF, Du, W,, Zhang, Q, Wang, QQ,, Fu, PQ,, Pan,
X.L, Li, J,, Jayne, J., Worsnop, D.R. (2015) Long-term
real-time measurements of aerosol particle composi-
tion in Beijing, China: Seasonal variations, meteoro-
logical effects, and source analysis, Atmospheric
Chemistry and Physics, 15(17), 10149-10165. https://
doi.org/10.5194/acp-15-10149-2015

Turpin, B.J.,, Huntzicker, J.J. (1995) Identification of secondary
organic aerosol episodes and quantitation of primary
and secondary organic aerosol concentrations dur-
ing SCAQS, Atmospheric Environment, 29(23), 3527-
3544, https://doi.org/10.1016/1352-2310(94)00276-Q

Wang, F, Guo, Z, Lin, T, Rose, N.L. (2016) Seasonal variation of
carbonaceous pollutants in PM, s at an urban ‘super-
site’ in Shanghai, China, Chemosphere, 146, 238-244.
https://doi.org/10.1016/j.chemosphere.2015.12.036

Wang, J., Ye, J,, Zhang, Q. Zhao, J., Wu, Y, Li, J,, Liu, D, Li, W., Zhang,
Y., Wu, C, Xie, C, Qin, Y, Lei, Y., Huang, X., Guo, J,, Liu, P,
Fu, P, Li, Y., Lee, H.C,, Choi, H., Zhang, J,, Liao, H., Chen,
M., Sun, Y., Ge, X., Martin, S.T,, Jacob, DJ. (2021) Aque-
ous production of secondary organic aerosol from
fossil-fuel emissions in winter Beijing haze, Proceed-
ings of the National Academy of Sciences, 118(8),
€2022179118. https://doi.org/10.1073/pnas.2022179
118

Wang, M., Duan, Y., Xu, W., Wang, Q,, Zhang, Z., Yuan, Q, Li, X,,
Han, S., Tong, H., Huo, J., Chen, J,, Gao, S., Wu, Z., Cui,
L., Huang, Y., Xiu, G., Cao, J., Fu, Q, Lee, S.C.(2022)
Measurement report: Characterisation and sources of
the secondary organic carbon in a Chinese megacity
over 5 years from 2016 to 2020, Atmospheric Chemis-

ME PMy5 LI 23t R7|EIAO] 7|09t 2 MY 22l 171

try and Physics, 22(19), 12789-12802. https://doi.org/
10.5194/acp-22-12789-2022

Wu, C,, Wy, D,, Yu, J.Z.(2019) Estimation and uncertainty analysis
of secondary organic carbon using 1 year of hourly
organic and elemental carbon data, Journal of Geo-
physical Research: Atmospheres, 124(5), 2774-2795.
https://doi.org/10.1029/2018JD029290

Wu, C., Yu, J.Z.(2016) Determination of primary combustion
source organic carbon-to-elemental carbon (OC/EC)
ratio using ambient OC and EC measurements: Sec-
ondary OC-EC correlation minimization method,
Atmospheric Chemistry and Physics, 16(8), 5453-5465.
https://doi.org/10.5194/acp-16-5453-2016

Yeo, M.J,, Im, Y.S,, Yoo, S.S., Jeon, E.M., Kim, Y.P.(2019) Long-term
trend of PM, s concentration in Seoul, Journal of
Korean Society for Atmospheric Environment, 35(4),
438-450, (in Korean with English abstract). https://
doi.org/10.5572/KOSAE.2019.35.4.438

Yeo, M.J., Kim, Y.P. (2021) Long-term trends of surface ozone in
Korea, Journal of Cleaner Production, 294, 125352.
https://doi.org/10.1016/j.jclepro.2020.125352

Yoo, H.Y,, Kim, K.A., Kim, Y.P, Jung, CH., Shin, H.J., Moon, K.J., Park.
S.M., Lee, J.Y.(2022) Validation of SOC Estimation
using OC and EC Concentration in PM, s Measured
at Seoul, Aerosol and Air Quality Research, 22(4),
210388. https://doi.org/10.4209/aaqr.210388

Yuan, Z., Lau, A.K.H,, Zhang, H., Yu, J.Z,, Louie, PK., Fung, J.C.
(2006) Identification and spatiotemporal variations of
dominant PM;, sources over Hong Kong, Atmosphe-
ric Environment, 40(10), 1803-1815. https://doi.org/
10.1016/j.atmosenv.2005.11.030

Zhan, B., Zhong, H., Chen, H,, Chen, Y., Li, X, Wang, L., Wang, X.,
Mu, Y., Huang, R.-J., George, C., Chen, J. (2021) The
roles of aqueous-phase chemistry and photochemi-
cal oxidation in oxygenated organic aerosols forma-
tion, Atmospheric Environment, 266, 118738. https://
doi.org/10.1016/j.atmosenv.2021.118738

Zhan, Y., Xie, M., Zhao, W., Wang, T., Gao, D., Chen, P, Tian, J., Zhu,
K., Li, S., Zhuang, B., Li, M., Luo, Y., Zhao, R. (2023)
Quantifying the seasonal variations in and regional
transport of PM, 5 in the Yangtze River Delta region,
China: Characteristics, sources, and health risks, Atmo-
spheric Chemistry and Physics, 23(17), 9837-9852.
https://doi.org/10.5194/acp-23-9837-2023

Zhang, C,, Lu, X,, Zhai, J., Chen, H., Yang, X., Zhang, Q. Zhao, Q.,
Fu, Q, Sha, F, Jin, J.(2018) Insights into the formation
of secondary organic carbon in the summertime in
urban Shanghai, Journal of Environmental Sciences,
72,118-132. https://doi.org/10.1016/j.jes.2017.12.018

J. Korean Soc. Atmos. Environ., Vol. 42, No. 1, March 2026, pp. 160-172


https://doi.org/10.1007/978-1-4615-1817-4_65
https://doi.org/10.1007/978-1-4615-1817-4_65
https://doi.org/10.1175/BAMS-D-14-00110.1
https://doi.org/10.1016/1352-2310(95)00314-2
https://doi.org/10.5194/acp-15-10149-2015
https://doi.org/10.5194/acp-15-10149-2015
https://doi.org/10.1016/1352-2310(94)00276-Q
https://doi.org/10.1016/j.chemosphere.2015.12.036
https://doi.org/10.1073/pnas.2022179118
https://doi.org/10.1073/pnas.2022179118
https://doi.org/10.5194/acp-22-12789-2022
https://doi.org/10.5194/acp-22-12789-2022
https://doi.org/10.1029/2018JD029290
https://doi.org/10.5194/acp-16-5453-2016
https://doi.org/10.5572/KOSAE.2019.35.4.438
https://doi.org/10.5572/KOSAE.2019.35.4.438
https://doi.org/10.1016/j.jclepro.2020.125352
https://doi.org/10.4209/aaqr.210388
https://doi.org/10.1016/j.atmosenv.2005.11.030
https://doi.org/10.1016/j.atmosenv.2005.11.030
https://doi.org/10.1016/j.atmosenv.2021.118738
https://doi.org/10.1016/j.atmosenv.2021.118738
https://doi.org/10.5194/acp-23-9837-2023
https://doi.org/10.1016/j.jes.2017.12.018

20| os0.us3, 53 UsE MEE, 0lX0|
Authors Information
BE st oA s

v (olgtelAefet @
(5sm@ewha.ac.kr)
B (ZYA TS 7|8 A7t AR

)

)

10 ©
(psm5555@korea.kr)
529 (STt 7 e AT} AT

(gookyoung@korea.kr)

A-&R (o3RSt o, @ At BHgE A A
) (yongmy@snu.ac.kr)

i=!
274
BAE QAL Bl BBk 1)

(jch@kiwu.ac.kr)
aAg ok} 3%

ojx]o] (o]@ko At et
(yijiyi@ewha.ac.kr)

St

=07 |egst

ror

SIXIM42EM1Z



	서울 PM2.5 내 2차 유기탄소의 기여도와 주요 생성 요인
	Abstract
	1. 서론
	2. 연구 방법
	3. 결과 및 고찰
	4. 결론
	References


