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Significant Decrease of Nucleation Mode Particles in Seoul
(January~March, 2018~2023)
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Abstract Atmospheric nanoparticle concentrations in polluted urban areas are significantly modulated by local emission
sources, yet the long-term response of nucleation mode particles to emission reductions remains poorly constrained. Over the
past decade, strengthened air quality management policies in South Korea, together with COVID-19 social distancing measures
(2020~2021), have contributed to notable improvements in urban air quality. This study investigates changes in aerosol particle
number size distributions and new particle formation (NPF) events in Seoul during January~March of 2018~2023, encompassing
the COVID-19 social distancing period (2020~2021). The mean total particle number concentration (N for particles in the
10~500 nm diameter range was 8,370+4,710 cm™, substantially higher than those at background sites. Nucleation mode
(10~25 nm) particles accounted for 18% of the total, indicating a dominant contribution of local traffic emissions. Over the study
period, Ny decreased substantially from 10,556 +4,012 cm~in 2018~2019 to 7,734+ 2,431 cm™3 in 2020~2021, and further to
6,871+ 1,882 cm™ in 2022~2023. The decline was most pronounced for nucleation mode particles, whose fractional
contribution decreased from 20% in 2018~2019 to 13% in 2020~2021 and 14% in 2022~2023, corresponding to a reduction of
more than 50% in absolute number concentration. Concurrently, the frequency of NPF events decreased from 18% in
2018~2019 to 13% in 2020~2021 and remained at 15% in 2022~2023. These trends in nucleation mode particle concentrations
were consistent with concurrent decreases in traffic volume and NO, concentrations.

Key words: Particle number size distribution, New particle formation, Nucleation mode particles, traffic emission reduction
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1. A = o7& th7] FollA 5= (condensation) F -5
(coagulation) T8-S 53l Y7o F7Fsto] 7] 9-5H4

SHAIA W E (nucleation mode) O|O]2&-2 AHHA ZHOA HFBALE 4t 2 42510 7] 9] FA}
©2 25nm °l5te] ¥AFLe /e FxuAgatr A dF= BRI ok 75 S E 9 (cloud con-
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Aaet 22 gt vfjEo] Al TAof
A AP RE oolg2Ee 582k M B SEA)
S =2 3 x5 A 214 vi= (direct emission) 2
FA= &= Qlth(Park et al., 2026; Li et al., 2023). ETH,
Tl Ao A PG HE ofoj2E2 TR 98 &
gFollA MiEE= 71AE AEd (daEks, A
AR713E, FAreE) o] B3keh §hg-S Fof At
A4 (new particle formation, NPF)= €07 FA=
7| % Q¥c}(Brean ef al., 2024; Li et al., 2023).
St A= 2000 ©]F &3] 7|2
= HE A A Ao 7IAY Ld=E
2 AR o] AeFsLrt §ou|sHA Fastaict
(Kim et al., 2023a; Yeo and Kim, 2022). £3], 2020
FR29 ZHibol| mbE ARR]- AR EF9 952 o
71ZF W diotR wiE A3e feste] pM,,, CO,
NO, 59 &k #Aa= olojdl Zlog HUHIth
(Kang et al., 2020; Park et al., 2020). ©] 2|3t vl& A+
of w2 th7]d Watel WSk, FL]ofA= ofloj=
Z T 0] Wstof tiet A7 o] g E|o] ¢
o, 53] 4 AdoM= kr 3 A HilE A
ol Y HE ofojmE ke A0 T2 89
© 2 BIEQITH(Tang et al., 2025; Eleftheriadis et al.,
2021). =l A . Bl A<l HtE Asfiehs o
o g e AFoA= Axho B4 7|7 Fet
J2t 5 FEO| Hah= At olglou, YAt
3 A A HIE o] Fart BEEI e, o
FOo2HHY 7] ATE4 wiE A4 I

2 JAH vt et (Park ef al., 2023). SFAEH =2

N Jo 1 oo

A A HiEo] A A A SolA, vilE A
[e]

o] YFE ol vA = FE= B = AT
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2 Ao M= A& 2ol f1Ae e o
71878 A4 (37.61°N, 126.19°E) )4 2018 KE]
2023d7k2] 1~39Y 53 Scanning Mobility Particle
Sizer (SMPS, TSI 3936)& ©]-85t%] 10~500 nm 7
HLo] 1A7F Bt ofol2E YBE 5 A=E
245 SMPSE olo|2E JAE FAd}to]
WE Mot 25 LT 3 T, Aol TR
(Differential Mobility Analyzer, DMA)E 53l 714
ol Fko] wet JAE ER/SHL, SFUAATT]
(Condensation Particle Counter, CPC)°l| 4] HEFH-S
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Aot W EF A2A| 25 EAE (Transport Ope-
ration and Information Service, TOPIS)o| A A|&35}
£ 20189-FE] 2023742 9] AAmE FEIGl o,
A W 13570 Aol BE1 ARME aE T A
= 2400 ARSI s T F A7), AR
7] AA71 W g HAZE Tl BEEH, & AT
o= 2t A wEE AHE
"o & XAl A 23 o] Bt wE5d= AAEste] 7
45131t (Seoul Metropolitan Government, 2024).

2 A7 AT 717 1~392 71 FAS =0l
7HgdA o s Y, Sy o g A 7] 2710]
s Uehy A W 3R &) ofstE T o
o]2Z2] ito] AHETH(Kim et al, 2023b). EJF
o] Al7]efli= AlH=]ot a7]9fe] gt WISt
st A elFEolA shR A xskal Ak
F719] 93k Wt} o2 QI 2% &4 (conden-
sation sink)©] oIzl 270] A= thE AH
off Hsto] 4=} AJgo] HIHsHA PRI (Park et
al., 2025). WehA] B AFofM = =2 8 2= b
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o] Maso et al. (2005)°1| 4] A|A]SH
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T (Aitken mode, 25~100 nm) ¥ &% 2 E (accu-
mulation mode, 100~500 nm) oo 2&0] & YA &
FLoA Aok 7]ol&S UERdH Zolth A&9
Wit & FEEE 837014710 cm 7=, ¥ 29l
QML (4,43542,013 cm )9} WP (2,362 +1,243
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Fig. 1. Total particle number concentration and the frac-
tions of nucleation (Nuc, dark), Aitken (Ait, medium), and
accumulation (Acc, light) modes at Baengnyeong, Anmyeon,
and Seoul from January to March, 2018~2023. The size of
each pie chart represents the mean total particle number
concentration, and the values below the pies indicate the
corresponding mean values. Data for the Anmyeon station
are taken from Park et al. (2025).

2026; Wu et al., 2008). A2 H|ZESH T4 2] A
= w73 G H|5|| ZFE (pre-exisitng) oO1ZE &
L7t wob 35 4o A Fgote] gAY &
o] Hr A Hi = uhe AdkS K QIth(Bousiotis et
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o2 FO| T} qua o= %—57%] EPA T} (Brean
et al., 2024). T=SF A 2] Hoj| A= HAPA HE o o]
BEo| kg2 3 Akt 22 =24 e dde] o9
213 wiE=7] dlzol, 2ot o= a7 2 Hof| H]sf
o 2 YA B E ofo|2E FL 7t UEd T (Park
et al., 2026). Bt 52 HEO] 7]o)g-2 A-&0] 21%
2 i 2 A (36%) 2 T I (40%) Hrt B
Al Yepgth o= F24 QU] JFS W= A
=3 g, i Aol M= A ol Tl
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U7] 5 1eohaging T 4T YRSl 54 me 7]
oAw7t JiA oz Frletr] wZoloh (Park et al,
2021a; Kim et al., 2016).
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AgelH BEE F YAt S5m0l AWt S4L

H 219 ARSI ARET] Al A17](2020~2021)
£ 7]F2o=2 o] 21 (2018~20194) 3} o] F 2
(2022~2023 )02 FLESI] 7 2(a)o] LEFHR
o & YA e 7710419} 1921419 AT A o
2 52 e HiloH, ol EET A & 5
Y2 HlE e dd S R BAEBAT wolE
QIsff 7] Zeto] A=A ooz Fo] X7 F
of ZA&%17] wEo|th(Du et al., 2022; Park et al.,
2015). HFH, g5}t Hhg-ofl sl 1A} AT 7ol
2sHA U= 12~154 0l S E Al RS
AHAH R e F At EErF HEE Y, ol
=& 977 3 1~3¢Y 7130 AE A Aol 9
Aotk ASHdl= 4 Y FFY B5 R
FOoL, thE AE HIs| BFEAE oFstal A
17to] Zro} 3gglst uh-2o] AlotE| 22 Q) AJA
A% I e A o 2 WA ettt (Park
etal., 2025).
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4,012 cm™3)°]| =8l 2020~20214 (7,734 +2,431 cm ™)
T} 2022~2023 (6,871 £ 1,882 cm ™) o] 27%2} 35%
FASFATH(p<0.001, I 2(a)). AHEZE
2020~202137} 2022~2023F 71719 & YA} 5
L 2018~2019 0] H]T) =& 23 2}=F HHE,] o5}
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Fig. 2. (a) Diurnal variation of total particle number concentration and (b) daily mean total number concentration for week-
days (Mon~Fri; left), Saturday (middle), and Sunday (right) in Seoul during 2018~2019 (red), 2020~2021 (green), and
2022~2023 (blue). Values are expressed as relative difference from the mean particle number concentration in Seoul from
January to March, 2018~2023. In panel (b), the box-whisker plots indicate the 25th and 75th percentiles (boxes), 5th and 95th
percentiles (whiskers), mean values (dots), and median values (horizontal lines within the boxes). The dashed horizontal line
at 0% corresponds to the mean particle number concentration in Seoul during January~March 2018~2023.

S QYL FF FHT F4, TN o7t
2 915 F4°] LF L 1o, o] mef F8
ooz Wi B2 BEFLe 2] njal 4ol
5L e

t}(Seoul Metropolitan Govern-
, AE2U9 717 B9 o7 9 9]&
102 Halr} E_T_'H 2.0 ™ (Park et
%1: 71-Aoﬂ /KH:H
ojof wt
A2t e 7|17HE Ik A AT 717k
(2018~2023) ﬂ*v} TEk diE] A Heke= A
Aote] 75, EQY, 1211 YRR FEsto] 1A
SHATHZE 2(b)). A7 717+ &<t

= F5(8,607+3,466 cm™)o] EQ Y (8,142+
3,055 cm™) 7 LR U (7,867 +£2,938 cm ™) KT} ZHHA
oz A yeto, a9 1+ o7t {5k =
AUTH( 1Y S1, p>0.05). HHA 7]7HE WS A
K 2020~20219 7} 2022~20238 9] & 4A} S5
= 2018~2019\d°f| H|of] 2 A7} TAFlo] oF 42~53%
ol AAagt Aoz yeht, o wF s A}
o7t EAFZNE &5t & dAF 5
o] HRE|R] 1 AYFA o AT
2 YT

ment, 2024). $tH
50| 1ot A

r\=l

L =zufy
- T =

al., 2021b), o] 3t HI
x—l oz 1:1 =2 Oﬂo‘tE u];ﬁ% 7]-):%30] 011;].

a}

=
S

l_r]

ool i
IO ol

L
pu
7

F]'F

It

A

Ol

AP ATo] W2, 2018~2019Hofl= Fd o H] 5
foi Ao g AAE 7] 27do] Hig v glo
olof] wret ool 2E FA o {aitt 7|14 ol P4
=0} 2020~20219 7} 2022~2023 0] H]S| =& of| o]
25 ko) 7193 7Fsdol At (Koo et al.,
2020; Kang et al., 2020). T3 2020~20214d 7]+
F2119 SHibo]| TE ALRA AR F7]7F A=A
A = £ AFo mRE 9 HjEeo] HAasialal,
ol YA -k Ao FFS Xl AR AtRE

A
o

T} (Hwang and Lee, 2022; Eleftheriadis et al., 2021).
olF AtelH #2|F7] AFe] ehehE 2022~2023d
ok A71AQ1 71| A AAHY FFor k=
T AFo 2 RE ] wijEo] A Aol
wha} (Kang et al., 2024), & YAt 5= 2018~2019
dof| Hof] %2 o {AH 2w Holw, o]
of thgh Bt ARt =2 3.38 oA THE3L

1 38 QA ko] ATl A R

Oo|]Exl RE W A RE L5 o] 717HH (2018~
20194, 2020~2021F % 2022~2023) WH3= et
Wt 7F 717re] i A RE 2 HE 4 2R
7L 2018~2019 (32.2 nm)°l H]5f| 2020~2021
(37.6 nm) T} 2022~20234 (35.6 nm)°l| A AiF o=z

o7 7

ZSgX| M42HM25



MNE ZAI0IA 2018EHEE] 2023E K| 1~

(a)

38 BEE MY B oojzEel £ 287

(b)

T —TT
Nucleation Aitken

12000+
10000+
8000+
6000

4000

dN/dlogD [cm~3]

2000+

T T
Accumulation

12000

10000 | Acc

21%

8000

6000

AN [%]

4000

2000

1
0.05 0.1
Diameter [um]

%701

0.2

0.5

18-19 20-21

Period

22-23

Fig. 3. (a) Mean particle number size distributions with modal diameters and (b) fraction of nucleation mode (Nuc), Aitken
mode (Ait), and accumulation mode (Acc) for 2018~2019 (red), 2020~2021 (green), and 2022~2023 (blue).
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Fig. 4. (a) Diurnal variation of number concentration of nucleation mode particles on NPF event days (solid line) and non-NPF
event days (dashed line). (b) NPF (filled bars) and non-NPF (hatched bars) event days from January to March of 2018~2019

(red), 2020~2021 (green), and 2022~2023 (blue).

T #E Bylom, ol A2 ¢ XH’J oA 71997
Hasta 2 JApe HlFo] F S UEhdtH (1
A 3(a)). 53], AP mE9 ‘?JZ} S 2018~

20199 (2,070 £ 906 cm™3)l| B3l 2020~2021 (1,034
+401 cm™) 9 2022~2023 (948 +365 cm ™) | A Zt
7} oF 50%%} 54% FAaske] ThE 7ol Hls F51
e HAE BAT(IE 3(b)). ol= =AlA A
RC oojrFo] k2 WE il 9 ¥ AAEd=
e F2 AdEcE S 185H9, 2020~2021F

=
1
on

T} 2022~202399] T2 TE 8|E A7) HG5ko|

Ol

A meo] £56HA 2857 Hleo R AlRETH
(Eleftheriadis et al., 2021).

YA HE oo]2E9 Ek
o] = of ot WA 3lo], 2018~2019 ] H]3]| 2020~
202197} 2022~2023\ 7]7bol| A WA UrERSITH( L
d 4(a)). SHAEE, BE 7]3boll A 2t A @Ado]
=5 (1,911 +1,261 cm™)2 B=EA] gk &
(1,248 £570 cm™)°] H|3] HAYA HE ooj2Z£9]
TEE7F EA YERETH(p<0.001). dRS} HEl-S
H|WSHH, 42 A @4de] BEd gt #E5A]

= U7 AAE @4
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T2 0] Pkt vhgof whg YA BT BARES
A|AFSHC} (Brean et al., 2024; Kulmala et al., 2004).
QA A BAO] BEE e WA BEY 4152
T & 752 (15%)°1UTH(LH 4(b)). 7IKHER HH,
W4 B A I RA BED ) 9%

=2

2

A B2 2018~20199 18%011 4] 2020~2021d
13% 2 Z45H.0m, 2022~2023 0= 15%2 57}
g0 oJA3] 2018~2019 0| HIS| WA Lrebt
T}, 2018~20199-2 Hdof| H| FA|H ti7] =4S
2 Qlsf] X of|o]2Z (pre-existing aerosol) 9] &
7 iAoz A YeRoH (Shin et al., 2021;
Koo ef al., 2020), oo w2} §5 £&4-2 2018~2019
H(34.9%10°+£11.2X 1072 s7)0] 2020~2021 (29.5
x1073£9.2x 107 sH) I} 2022~2023 (26.3x 103+
8.0x 107 s™)oll HIsl A VERETH(E 1). ¥,
2} Z27) GANA ABEE Feshes T2 A
2491 50,9 HEE 20208 o]F A F45to]
2018~2019% 4.9%1.4 ppbollA] 2020~2021d 3.2+
0.7 ppb, 2022~2023 3.0+0.9 ppbE 2|51 Lo}
Aok T3 22 712 A PSSl YA A F
%] 71t AFEEQ NO, 5& A
2018~2019% 36.4+20.5 ppboll 4] 2020~2021'F 28.0
+15.1 ppb, 2022~2023 29.7+17.5 ppbZ -]
dastoh (1™ 5(a)). olell w2t 2020~2021'd %
2022~20234 7|7t = 2018~2019E9]] H]S| & &
o] dsol: 75k, 50,9 NO, 5= Ha

u

37 o] ARME S 7Fs/do] ATk (Park, 2023;
Kanawade et al., 2022).

Table 1. Daily mean condensation sink (CS) and concentra-
tion of SO, from January to March of 2018~2019, 2020~
2021, and 2022~2023.

2018~2019  2020~2021  2022~2023
CS[x1073s7] 349+11.2 29.549.2 263+8.0
SO, [ppb] 49+14 32407 3.0+09
3.3 YUKt sk A ExHA Ol
AT 717 B e & 9% 5 9 A
R J7pe] A A 71dx70] Hgtet oA =
]

& 73 AF oz RE O ijE Aol Ao R &
&3 20E Al Eoh AE9] Bk F52 2018~
20199 (1.95+1.09 m s™") o]l H]S]| 2020~2021'F (2.41 +
1.26 m s 1T} 2022~2023 (2.39+1.14 m s oA &
Ol =A YERgTH(p<0.05). 19 S20] AAH
HRe} o], 214 &
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Fig. S1. Diurnal variations of particle number concentration 0

in Seoul on weekdays (Mon~Fri), Saturdays (Sat), and Sundays
(Sun) from January to March, 2018~2023.
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Fig. S2. (a) Frequency distributions of 10 m hourly wind
speed measured at the Seoul station for 2018~2019 (red),
2020~2021 (green), and 2022~2023 (blue). (b) Nucleation
mode aerosol number concentration as a function of daily
mean wind speed, with the number of days in each wind
speed bin. Error bars represent one standard deviation
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