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Abstract
2021 in Seoul were analyzed to identify common meteorological and chemical characteristics and determine causes. Among

Examining PM, s mass and species concentration monitoring data, all multi-day PM, 5 episodes from 2015 to

the five multi-day PM, 5 episodes identified, four of them took place during the winter and early spring and one in autumn.
The weak and western wind pattern mainly blew with a wind speed of 1~3 m/sec. The particulate nitrate mainly composed of
PM, 5 mass during the multi-day PM, 5 episodes. Higher sulfur oxidation ratio (SOR) and nitrogen oxidation ratio (NOR) during
the multi-day PM, 5 episodes were obtained and compared to those during the non-episode, implying domination of sulfate
and nitrate over precursors during the multi-day PM, 5 episodes. Observation in Baengnyeong, up-wind region and remote
site, were used to estimate long-range transport of PM, s toward Seoul with coefficient of divergence. Also, correlation
between NOR and temperature were used to assess long-range transport of PM, 5.
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Table 1. Episode period, duration hour, and PM, s mass concentrations averaged over 25 urban monitoring stations located
in Seoul during the five multi-day PM, 5 episodes from 2015 January to 2021 December.

Duration Average Peak hourly
Episode period hour PM, 5 concentration PM, 5 concentration

3 3

(ng/m°) (ug/m?)

Episode | 2018-01-16 12:00~2018-01-18 15:00 51 83.9 105.7
Episode Il 2019-01-12 12:00~2019-01-15 17:00 77 100.7 154.2
Episode Ill 2019-02-28 16:00~2019-03-07 06:00 158 96.5 159.8
Episode IV 2021-02-12 21:00~2021-02-15 09:00 60 71.1 100.4
Episode V 2021-11-19 19:00~2021-11-21 24:00 53 94.6 126.8
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Fig. 1. Plots of wind rose during the five multi-day PM, 5 episodes in Seoul.
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Fig. 2. Time series of wind speed and wind direction during the five multi-day PM, 5 episodes in Seoul. ‘WS’ and ‘WD’ denote
wind speed and wind direction, respectively.
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Table 2. Average temperature, relative humidity, and wind speed during the five multi-day PM, 5 episodes in Seoul.

Temperature (°C)

Relative humidity (%) Wind speed (m/sec)

Episode | 4.1
Episode Il 1.5
Episode llI 8.2
Episode IV 7.9
Episode V 10.6

63.7 13
59.4 1.5
47.7 1.8
539 1.7
774 1.8
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Fig. 3. Temporal variations of concentrations of PM, s and PM, ;5 chemical compositions in the SU site. The purple shade
means the multi-day PM, 5 episode periods.
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Fig. 4. Percentages of PM, 5 chemical compositions in the SU site during the five multi-day PM, 5 episodes and non-episode.

Table 3. Nitrate to sulfate molar ratio, ammonium to sulfate molar ratio, and DSN in the SU site during the five multi-day

PM, 5 episodes and non-episode.

INO;71/[SO,*] [NH,*1/[S0,%] (INH,*1-INO31)/[SO,*"]
Episode | 49 7.5 2.7
Episode Il 2.7 5.1 2.4
Episode Il 3.6 6.2 2.6
Episode IV 5.8 7.9 2.1
Episode V 6.0 77 1.7
Non-episode 24 49 25
g 7|7t 5oF Matdo] HgL 18% 2 HAFon, 98 HArh Episode = gt vlgol ddides

OM9] A Hlgo] Mgt AH|e] Z-¢-Hot of 2u)
2 a6% 2 Z71oHInk ol 17 39] Avke} up
7z Aol PM, s AEE *}3%194 ¥ =
Qe A, FRoIAoL AL Ao
PM,; ™5 AT Autel A8t (Nirmalkar et al.,
2023; Wang et al., 2022; Kang et al., 2004).

39 7led HFY PM,ys s AR 71 ESF
] [NO57)/[SO,* 19} [NH,"1/[SO, & ”ﬂiitﬂ, a
& ARl 717 E2t [NO;T1/[S0,7 12 2.7~6.09] 1

-

EX7]0l W2 [NO;T1/[S0.27] #hol A== Slovt
Episode I, Episode 111, Episode IV, Episode VollAl&=
[NO;7]/[SO,”7] gkl At Atello] 73-9-2F vl shed
S o 1.5~2.58] o =3kt 9] 2021 AFEQ! Epi-
sode IVS} Episode V2] [NO57]/[SO,*7] &2 6]l 717}
At

TS PM, 5 5= ARl 717ES] [NH,1/[SO,7]
< 5.1~7.9 99| g& HIt ol dRYyot <
27191 2 (Tao et al., 2016)5 IA FolA gtolH, of

=7 EstEIX| M39 H M 6 2
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7] & dHEUYot F4tgat A4HHNO) S 53
(neutralization)5}o] SRR 5 ((NH,),S0,) T A4t
AR E (NH,NO;)S Aok d Fw6] EAskL 9l
25 oJu|gttt (Squizzato et al., 2013; Ye et al., 2011).
ERE AE= AFEO] [NH,T)/[S047] 72 B &
slof Dagt = HIQl 2B} oF 250 &2 492 4H=E
ek 5 W AFE AR o) 419] DSN (((NH,']-
[NO;1)/[SO2]) S 1.7~2.72 AF=E] It} DSNO]
2 off, S BF ok ¢ e SRt 9 RE
gol t7] Foll EAlct= A= et L2yt
+ YR Yo} 7] 2| o] S E 1L (Sung et al., 2020),

& B5Y 5= AR 2 25T Aol 4] DSN
grol 25 Zskql7] miwoll, A A=l atdxt
At 7kAaE Folohs ol SRt dRUot 3ol

S E Aoz whehEch

3.3.3. SORzt NOR

E 49 57 tFEY PM, s 55 Al E AE A}
gloflA9] SOR NORC] B3}t HFEHALE YE
At SORT NOR2 12} ti7] L AEH $0,9t
NO,7} 3}ehih-3-& Foff 4t2t=]o] 247} 23} tf 7] 2.

B0l A3} AAte] 0 2 AF e H]-8-S LFERY
= Ql}olt}, A-&H NORY} SOR 2 0.1 0|52 &
H KT} (Jiang et al., 2019; Park et al., 2018; Ohta and
Okita, 1990). 181! SORT} NOR©| ZH 22} 7]
FEZQ it A o 2 o] Hgto] st
& ojujgith, B AfolA s ARFlo 4] SORTH
NOR 3t2 %% AH|2] SOR, NOR ZEHT} oF 4~

Table 4. SOR and NOR values estimated for the SU site dur-
ing the five multi-day PM, 5 episodes.

SOR NOR
Episode | 0.30*+0.07** 0.13+£0.02
Episode Il 0.35+0.13 0.19+0.06
Episode Ill 0.32+£0.11 0.23+0.08
Episode IV 0.53+0.16 0.18+0.06
Episode V 0.55+0.14 0.27 £0.05
Non-episode 0.07+0.03 0.03+£0.02

*: average, **: standard deviation

ol Z£3tom, ol Faredwt AAtdo] Wik A
A A2 Hlsto] o Hlgw EA3ee on]
s,

4. 3737 ol ¥ 37t

5T A 717 SOl PM, s 22F PM, 581 SIA7}
T R0l SIAE FEAE olF0] P gol 1t
= 22 7] L AEE oI, 33 (regional) 71 L A=
o}, & o= AAE A, A4, NORTH
25 ZHO] AHAE ARgSte] S AE olF A%
< B7Folrt.

4.1 MAIE EMof elst ZE742| ol S "ot

P = U AET] f1A]s) glom, PM, 59 &
A7 ol FS BUE 5| #1% vl A9 F sht
ojth P k= A2 HIRR W XA F44
Foll fxIst7] wizell, +=d PM, 5 AE = AR

ote] S4AY olF el Tt A skl 8l
o}, 2 Aol 19 59F o] MR of Ao i
ATt PM, 5 AFE 7I17He] ARPE AFS 9l v
A Wk AHFlA ] PM, s FA 78] o]F oHE
Mt
a9 5= 57H 5 PM, s s Atel7t dAys
Al7]0l 23350 MY e 7|2 Aaol S
PM,s s&o| AIZHE W3S B gty 1
5-(a), 5-(c), 5-(d), 5-(e)2F o] MPEO] PM, 5 i'F
T @2 2R FEA R ARE A WAt &
501, 19 5-(a)°ll UEF=o] Episode 1] A%t
20184 1¥90] B335 PM, s 5= 19 154 25 7
Aol 75 ug/m*E 2o, M T o] pM,; FEE
14A17F 91 19 159 24 5419 75 pg/m*S 23}5}
Atk o] & Arsto] & 5o WP L of| A WAERE PM, 5
5 AR 717E 717F W9 PM, 5 5, [ PM, s
T, MYt 535 PM, 5 & Atojol] UERt Al
2} (time lag)E A5kt o714 A2k 23F o
718 A0 PM, 59 F&7F 75 ug/m*E Z1RE

oH,

T

Ol
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Fig. 5. Temporal variations of PM, 5 mass concentrations in the BN and SU sites during the five multi-day PM, 5 episodes. The
blue lines mean the time lag between the peak PM, 5 concentration in the BN site and PM, 5 concentration over 75 pg/m? in

the SU site.

AZtah W ol A sl AbeF Piste] Sk 1A
(peak) 7} T AJZkate] zjolo|tt, MR L O] PM,
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E7F 75 pg/m® oY 2417 A% A& E S wE 7=
o2 st ©, 20219 29 AREC] A9, WP T
PM, 5 5 2|7} 66 pg/m’ 2 ThA Q7] wizoll,
60 pg/m’ O[O & 7|EE W o] sk AR 7|7t
< At WY 219 PM, s Ak At 713
2 A& Ak Aot 5 AdskA A sHalrh

HH T PM, 5 A5 AF|Q] Episode I1-B, Episode
I1I-B, Episode V-BolA PM,; 7|7t Bt s+ 87
ug/m*E 275t T3 Episode IV-BE Al 2JH
PM,; 5% AR PM, s &2 A= 100
pg/m*E ZSkeleh W o= 1 siE o] g7
ool W ol A AR PM, 5 A5 AtellE HiH
2 a9 Yoz Qe Aok Mygrr fFYH
PM,s= Al3& B sdo= {8 4 qleT,
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Fig. 6. Temporal variations of PM, s mass concentrations in the BN and SU sites during the two short-term PM, 5 episodes. The
purple lines mean a time lag between the peak PM, 5 concentrations in the BN and SU sites.

Table 5. Periods, average PM, 5 concentration, peak PM, s concentration of PM, 5 episodes in the BN site, and the time lag
between the peak PM, s concentration in the BN site and PM, s concentration over 75 ug/m? in the SU site.

Average PM, 5 Peak PM, 5
Period concentration concentration Time lag
(ug/m?) (ug/m?)

Episode I-B 2018-01-15 05:00~2018-01-15 17:00 67.2 103 14 hours
Episode II-B 2019-01-13 4:00~2019-01-15 9:00 103.6 155 None
Episode IlI-B 2019-02-28 1:00~2019-03-06 20:00 94.8 191 13 hours
Episode IV-B 2021-02-11 2:00~2021-02-15 4:00 314 66 None
Episode V-B 2021-11-18 8:00~2021-11-19 10:00 87.0 146 6 hours
Non-episode 2018-01-23 01:00~2018-01-31 23:00 10.7 31 None
7t oJste] @] s AL (Episode-S1, Episode-S2) Z} 14, 13, 6A17FS] A|Z}7F UERGT) 51 ST o5
oA W ol BREO] PM,, K& WA 9~10A7F L Wk Ao B7] sk Alleh fAkE 5 7]
S £ eiton, ME T WA ST WA o Afo|o] PM,; E7 FA7} Uikt wepa, A%t
7F sk, 1 Rt ZASHHA B35 PM,s; o ol gl-S i, Episode I, Episode ITI, Episode

S} Sehe @4go] BAHIt 1ein F A
o] PM,; F29] 57 FAI7E 10417 Hele] 742
531 AP ek, ol WHEg Fa) AL

E I PM,s 58718 olF2 dAlR

Jeh} Y ek AR S, 5 2o s
5 3227} geksh e ko] whizel, 1o ¢

wH ARl & AFollMs AAE F AGolA s=

37} vpehd AlZbe] Afo| & A olskA] kgt B o

Tl AIZEE AofRt Ae Edlm 1F 59 & 5]
T AY 7FPM, 5 F& Abol ] AlRFE EASIAEH],
Episode 112} Episode IV+= 42 @Ol A oJgt Azt
of Fels= 77t /IS17] wizell Alelstt. Epi-
sode I, Episode III, Episode VOl A 5 2| Ato]o| Z¢

Vol MY AR ALz ol
ool WARE Ao FHHc

St PM, 5 573 A ]

4.2 Ui 0|28 ZE7{2| 0|8 ®E

60l ‘ﬂ.”’éE@r A& PM, 5 5 Ab] ZH] At
A% (CD) %k HEISIT CD Alitell arefsd W
T PM, s 15 % AHC] 71302 3 59 2Tk CD 32
0°ll 7hers F A o] A&7 £, 190 7t
The s A 7o QA mTF Wkl B &
A7t 2555 F A9 PM, 5 218t i 7749
FrAd ol EobR]7] wizoll (Niu et al., 2016), B =&}
Aol AR s Ao 9] AR =7t Ee
S WMPEE AR Aex FUE PMys &

7371 o
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Table 6. Coefficient of divergence between the SU and BN
sites during the five multi-day PM, 5 episodes in Baengnyeong
and Seoul.

cD
Episode | 0.16
Episode Il 0.15
Episode Il 0.19
Episode IV 0.47
Episode V 0.20
Non-episode 0.34

o]q_.

S

Fol FAFTHL wheket
A o] dA=E

sode I11, Episode VollA] k11, Episode IVOlA= &
AUtk 4180 MEFxo] Mol 1 HiEHo]
ZASHA] &7 wiZell BAE] el FIE Epi-
sode 1, Episode TI, Episode IT12] 73-%, =-2]of|A 5-<]
H PM, 7 G EE AH AEx FEAY olF e
P& 7 o7 FHt Episode VOIA & T A& Ato]
o &2 A7t AEEIT 41789 Z3e} Epi-
sode V9| 7712 11 2{5HH, Episode V| -9, A=
A Ag = ARZE AR ] 4= A7 ] PM, s S
7%3] o]Eo] HAIHS 7o g2 2141{—:]_\:]—_

Episode IV-B 7|7t ¢+ W& 2| o] PM, 5 5
¥ Z27F Yl E PM, s Bt 5=, At F=7t
tE AT ARlofl HIs) @#]5] Rkt (3 5). o=
Episode IV-B 7|7te]l BF 25 I Abgo] H]s 22 <
O PM, 57t MR = 2 = Y2 AARRITE o] = <1
3| Episode IVS] CD gfo] Ask A=Y w2t 0.13
o F7 4FEE o] T AY 7F A= we Wl
32749l 71Eg5%0l, Episode IVE HAF0] obd A
FEMETY D OL— e EE ARFlolot mhatbA,
S 7 Ul olFsh
S el 102 9
TN rrEoR

= Episode 1, Episode II, Epi-

4.3 NORO|| oJst ZH712| ol HEF H7t
NOR2 3FeHit-g 9 344 Zhof] Ik b=t}

Table 7. Correlation coefficients between NOR and temper-
ature in Seoul.

NOR-temperature

Episode | 0.20
Episode Il 0.18
Episode Ill 0.29
Episode IV 0.26
Episode V -0.17
Non-episode 0.58

G Frvjo} 7p2sk AL 72 Afole] Qs
= g WAl o) AT, A et Fm
1_

NO,+ OH ¥+-&, H|«#4 N,0; A4 §Hg
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