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Abstract In this study, the secondary inorganic ions including NO;~, SO,%7, and NH,*, and the precursor gases including NH;
were measured every hour using the Monitor for AeRosols and Gases in ambient Air (MARGA) in urban Seoul from May 2021 to
November 2022, and examined their monthly distributions and characteristic relationship between PM, 5 composition and
precursor gases. PM, s and particulate nitrate concentrations were highest in the late fall and lowest in the summer. While NO,
and SO, were higher in the cold months than in the warm months, NH; showed the opposite tendency, except for November
2022. Nitrate oxidation ratio (NOR) was lower than 0.1, which is even lower than those of Chinese cities, which is indicative of the
nonlinear nature of the nitrate formation processes. The monthly analysis of neutralization factor (fy), reveals that NH,* was
sufficient to neutralize SO,%~ and NO;™.
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1. g AASHA ATt (Su et al., 2022; Wang et al., 2017).
1 Az} o)AM= 20118 ©]F SO,27F AA
Sto] PM, 5 & ERE 35 AR NOy
gz AA fgaste] pM,s el Higt vl
o] S}t (Wang et al., 2022; Xu et al., 2019). A|
&I Ho]g} o] PM,5 S &7} SO, 9F 9| ZHa
A om NO, 9 H|Zo] Z719T} (Kim et al., 2022b).
ot AP A+ Aol SJst FotAlore] PM,;
5 HW% 2 NO;s, SO,2, NH, T 5 Z9st 22 7|
A7re] Fgol Auf Aol

NO_,)“_Q] 73?— 7‘[iﬂ?l HNO3’1§ ;é_]'—/}— }ﬂ—ﬂ%(NOx:

i

At 4] @ Bt oMok 57 AFiRtE <
3 2 PM,; s 7] o] oFstE]lr} (Nirmal-
kar et al., 2023; Haque et al., 2019). ©]+= ‘5ot o A
Alofl AZhet A= A A 7] 5o FF2 nIAH
A 7l siE 713 (i et al., 2019). o] TRt &
o2, 15 PM, 2] HIHSH &8 Afu] 4| TAA0
Z+4=8-4| (epidermal growth factor receptor, EGFR)
Eddo] mot HAYES 40%0lA 73% = F7HAZITH
L 7 Aspt Aol BaEAE ek Hill et al,

o rr p~

2023). O|A™ PM, 2] 7t 27] AMEES E0l=
S A7 njA= G| AR E3] Fo|AE A
 20W7F PM, 9] HA] AL 7149 S0,9] HiES

NO +NO,)°] OH Zt]Z T} §E-S5EAL oFftoll 0,0l
ol Atstel o] whgof o5 AHAgHt. A
HNO;+= NH; ¢t ¥-8-510] NH,NO;(s)€ AA A=
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NO, &2 At 4AHd A 714190 NO&F SO+=
Zed 7149 NH,9F 7123 Feof wheh dojehA]
BEe olFH 22 7719 JAR HeE TS0
2+ 50,79 NO;™ FHIE 7] FollA AlAZT
(Sung et al., 2020; Pinder et al., 2008). T4 NH,=
22t F71d 4AFe] AdRtulet iz Alofel Qo
HA ATHE FHITH(Ye et al., 2022).

PM,; % 22} 7719 4R}t - 7]A4l= Ambient
Ton Monitor (AIM)1} Monitor for AeRosols and Gases
in ambient Air (MARGA)E ©]-8510] FAJof HAo]
7Hssttt =UlelAs ASSEA By Lt
=@ Aer 7| AFAoA F2 PM, 59
shet 244 WES B2 08 AIMS ARESHL glom,
MARGA A|l2ES F7H4 02 EYfste] A+ 714
A% A £=385kaL Ut (Son et al., 2012). X &
o] A3 71AE ZEX5k= H+ (denuder) AlAF €]
1&3}t 9 A3ekE Fof A8l THHeiA| Y HES
A7F FopRom, o]z s HuelelA MARGAE
283 22t 7719 4AL 2= A 7|AH 9] FA &
A 3 A7 gLy &is] 3E L I (Kim
et al., 2022a; Ding et al., 2019).

22 F7198 4721 NO;T, S04, NH, H et 2+ 714
%1 NO;, SOy, NHy= 35 2 28-S s v A3 4]
H-3-& ol ti71eket 245 WRAXIT (Kolb and
Worsnop, 2012). ©] Z7go]| 4] rBC YA+ HH g-=5F
of Y| FAE F7HZIAL ApH o SRt YAt
o] J7AH AgF F7tell 7199 & UTH(Lim et al,
2022). 1B 2 7] T 22+ F719 A=A 1
= mefsted AP 243 71AY 24 ol
7] & EAote F-8% BHO] EAZAE mtold
Zaztd

2 AFelA = PM, s A AR Al 22F 7719 9
2} 23z E/4o] 5a5H7] ol MARGA AlAEE
ARESEe] 2021 5Y5E 20224 1197H4] 221 £7]
4 42 NOy7, SO,%, NH, Yot AT 714 NH & 57
slo] A& TAOA PM, AT AF 71A|0] B
EAE] AFd& mefst izt gtk

2. A7 WY

2.1 PMys 2RI 27| Xt & H7 7|H 54

20214 5~69Y, 10~112 E 20229 19, 39, 5~6Y,
119 A& A5+ nejdst v dx| e 75
oA NH; ¥ PM, s 5 NO5~, SO,*, NH, "2 MARGA
(2060 MARGA R, Metrohm AG) A|2ElS o]85}]
A7 7t o8 A4 =AW T NO, (T500U, Tele-
dyne API)+= 24 7HH o= 4% SHFth MARGA
= 3715 167L min'9] FFO R impactorsS F3]
SHEth AFHE F71= 21 54 YT (wet rotat-
ing denuder)& F5tH, 121402 7|A1A AJHo]
Aol ZYHE HFEe] Y G52 99% ool
3 AE A= NO;™ 0.01 uyg m™, SO 0.006 ug m™>,
NH,* 0.05 pg m™©]TH(US EPA, 2011). 4 F<] 7]
A E Q2T s o2 A=rEIH T AJAFS
2 AT FA" W HE F LiBr 29 899 5
52} conductivity O] 24 71E 0 &2 ALt T 7)A|
7} LR AEETh 574 717 5%F PM, 5, 05, SO, =
et 7HY 77k e EAIH] S5
T A=E S8 7V Mae V1R RS

& ApsE ATk

2.2 UXte| At 2 Foie

NO;7, S0, ¥ NH, "7} ZH2F 11 A+ 714191 NO,,
SO, ¥ NH,25F At3lE o] A= QT 7okl
o}al|e} Zro] NOR (nitrate oxidation ratio), SOR (sul-
fate oxidation ratio), NHR (ammonium conversion
ratio)= A4St 7] F A 240 YA de R
AFete & ZhasHA] =4 3T (Wang et al., 2006).

NOR=[NO;]/([NO,] +[NO5]) A1)
SOR =[SO 1/([SO,] + [SO,*])
NHR = [NH,*]/([NH;] + [NH,*])

ER 7] o Atetee 24 771 9

st A9 4 93 Tt ol AT 4 gtk

N
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(Jo et al., 2020; Fisher et al., 2011).

fy=[NH,"1/(2[SO,* ]+ [NO57) (44

Al 1~40 M AR 7 RS Eskolth

fy=1¢ @ NO,™= NH,NO, £, SO, = (NH,),S0,
o] ez EAtS oulstH, fyol 1HH 242 mi=
NH, "7} £835}17] ¢o} s0,27} NH,HSO, & EA|&
7Fs/go] =k fyol 18t & 79-ol= $0,27 2 NO5~
7F BE S22 ofnlshd, ol of&o] NH,*
= 7714k 7]l &2 QI ko 2 FAETh(Jo et al,
2020; Fisher et al., 2011).

3. 2% X y%

3.1 PMys 28 & F7 7|H 22

20219 59HE 2022 119704 AA 24 7|7
o] it FE= PM, ;5 21.1 ug m™>, NO5™ 4.55 uyg m™>,
SO 1.90 pg m™, NH,* 2.49 ug m=>, 05 29.3 ppbv,
NO, 20.4 ppbv, SO, 2.88 ppbv, NH; 6.40 ppbvo]t}.
202197} 2022'A A& Ao PM, 5 &= 217 19.7
pug m>T 194 g mB o2 B AT AvpHEc) Yok ¢
2Uete] PM, 5 Bl Ao T o 8ol ¥
ol (Lee et al., 2020) 2 AF-ollA= o] Bal 4
A o2 e F2] FF2 W2 iR 7~9Yo] S0
A A €] =217 wfize] .

¥tz o 8 FUjoflA] TZE= PM,; TE o5
Y 569 (19.2~28.3 pg m™) ok AEH| A7} A
Y= AL 12~39 (28.6~45.0 ug m™)°] ErH
(Bae and Kim, 2022). & A7} =384 2021~2022'd
of = 11€] PM, 5 Y8+ & 35ug m™ 271 11
o A7t 8 & HIH S| BEE O] PM, 5 Tt A
=dEn 7ReER FEEE 11 § B3 (1E
1). NO, ¥ SO,x= 953 (12.9 ppby, 2.56 ppbv) E.Tt
A-&34 (26.5 ppbv, 3.06 ppbv)°ll FE7t =2 HHH
NH;+= A24 (4.68 ppbv) BTt 54 (7.17 ppbv)©ll
L7t =94t PM, 59 NO;” ¥+ 5t 20219

12202 108pgm™> D 41.0ugm>0 2 H1 5=
t}. o]ufl NO,= 29.8 ppbvE A& S Hr} &9k},
22350, T dBwol 115ugm o= i 5
£ HYou SO,= 3.54 ppbvE AHE H 3.06
ppbvi T OF7F =& =0 Tk

74 717 52t TAlE BsEol ¢AINE 69 H 10
A& Al eJohd oiF-E F A} FARSHA Aol AR
tH(® 2). 7130 = 501 05m s7' HTHS 4
2 A2 ERcket €E2E 1194 2 At
0.7%= H& 7170 Bl asl] B W17t =9bvh A2
FeiE A7 22t Aol ST Aol QJFA] mlA|
HA7E 92 A AHEIE 71 oR oS
Qo B 2 (Kim et al, 2023), 0|23t 7|4} Z70] 11¥
e AR S A 71 qPE Ao r S Hh

PM, ;9] 9%+ = 20219 11¥€ (293 pg m™)
720229 1€ (31.3 pg m™)el =UTHIH 3). NO;
= 20211 11990 9.70 pyg m> 2.2 7 =9k 2021
A 6dof| 1.58 uyg m~ 22 7P WSkt S0, = vyt
20 2 50,9 B3P T= AT QIAfol|A] AFete]
o] BE =l A& HA AE FEAME o154
L7t Aol Blof ot =T (Sung et al., 2020).
Jut B A 73 Bt S0, sk ARV
A 20219 11900 3.69 ug m=> 22 71 =9td
HhA 2021 590l 2ol Hde Hls Hol .71
ug m~> o= 7P wol AwpA 0 2 NO, 9 IR 74
/ol ¥=Ftt. NOy= 20224 19 B 5=7F
31.2 ppbvE 7 & 2022 649 Bt 5=
10.6 ppbvell 7HF R3to ] NO, ¢ DiE A |
H] 2Tk SO,= 20224 11¢Y 3.61 ppbvE 7F =9t
2022 69 2.30 ppbvE 7 Wokon dHEe
NO, 2t} Attt NH;= NH, Y57 QI 2022
A 119 (7.63 ppbv)= A 2|5 LH-5-2 NO,2} Bl
FE Bk

PM,; 5ol il S44 3tet 24 (N0, SO,%,
o _

=29 0,2 2AIHIE 20224 69 (14%)°1 =ttt
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Fig. 1. Daily mean concentrations of major inorganic composition (PM, s, NO;~, SO,%,
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Fig. 2. Monthly wind rose in Seoul during 2021~2022 when measurements were made.
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o|E YR Wtsto] BTt NORS ¥+
20219 119 0.132.2 7} =911 20214 62 0.042
71 Gt (1E 5). SORS 20214 11Y 0.342 7}
ZF =% 20219 5¢ 0.122 7 WUt NHRS
20224 1€ 0.58% 7P =941 20214 69 0.15% 7}
ZF okt NO, ¥ ol NO;~ = & o] H|SE51T
SO RS OJBﬂEO] 741—01-111:1]— 5042 o E_,__/] vl
717191 1199] 5 =7} =014 SORS NORJ} L]
o] AT, T12]31 NO;™9}F s0,77 9] #|1 s&7} ¥
= E 2021 11€0]] NORT} SORE] }4%@1 2
EREiTE. 0|9} RIi2 NH,&= o840l =1 NH,'+=
A&l &0} NHRS NOR % SORO] H|S) 717 &
HHES BT PM, s AHE5 T 7P AR

A &4 717 NO5 9] Bt S+ 4.55 ug m 9]
A1 119 B FEE 737 ug m R ¢ EkTH
(3 1). NOR G4 &7 717t B+t 0.078¢] Hloff 11

rL oft rk&" %
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B2 01022 o &SIt o] 1] ALE AL
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Fig. 5. Monthly variation in NOR ([NO371/(INO,] 4+ [NO5)),
SOR (SO, 1/(1S0,] + [SO,21), NHR (INH,1/(INH5] + [NH, 1)
in Seoul during 2021~2022 (black bars indicate standard
error).

Table 1. Concentrations of NO;~, NO, and NOR reported from previous studies in East Asia.

Locations Periods Methods of NO3~ NO;~ NO, NOR References
Monitor for
Seoul, May, 2021~Nov, 2022 AeRosols and 455+6.16ugm™  20.4+13.6 ppbv 0.078+0.077 This stud
Korea Nov, 2021 & Nov, 2022  Gases in ambient ~ 7.37+9.18ugm™  24.4+13.7 ppbv 0.10+0.10 Y
Air (MARGA)
High Resolution
Seoul Time-of-Flight Kim et al
! Jan, 2017~Feb, 2017 Aerosol Mass 8.87+8.4ugm 38.3+£18.1 ppbv 0.091+£0.06 ’
Korea 2022c
Spectrometer
(HR-ToF-AMS)
Monitor for
Beijing, Dec, 2016~Mar, 2017 AeRosols and 157+17.1ugm™>  66.6+460ugm=>  0.16 Pangetal.,
China Dec,2017~Mar,2018  Gases inambient  10.6+169ugm™  47.3%321ugm™> 022 2021
Air (MARGA)
Monitor for
Changzhou, N AeRosols and 3 Zhaietal.,
China May, 2019~Jun, 2019 Gases in ambient 10.6 ug m 14.8 £ 9.5 ppbv 0.28+0.14 2023
Air (MARGA)
Monitor for
Wubhai, AeRosols and -3 3 Lietal,
China Mar, 2021 Gases in ambient 2.13+248pugm 389+29.8ugm 0.0414 2023
Air (MARGA)
Jinan, Ambient lon 3 3 Lietal.,
+ +
China Mar, 2021 Monitor (AIM) 10.5+7.46 ug m 43.6+£26.0ugm 0.168 2023
Xitou, Super-SASS 3 Leeetal,
~ + + +
Taiwan Dec, 2013~0Oct, 2014 aerosol sampler 2.59+286pugm 3.19+£3.69 ppbv 0.386+0.197 2019
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0.22)7+ ZF#1-(0.28), A (0.168) 2 2= F=59] tf
LA|HTH= NORO| @2 Zlolc}(Li et al, 2023; Zhai
et al., 2023; Pang et al., 2021). tH=A|7} obd 1.9] Z]
ool - 25}0](0.0414)2} H| W SHFH NOR2 =S

22 12 29l et AJE9+= NO;™ 5= (2.59 ug
m™)7F FA R AHH o 2 B B2 NO, % (3.19
ppbv)Z 15 NOR (0.386)2 7F& =9kth(Li et al.,
2023; Lee et al., 2019). ©]<} o] FolA|o} A i
AT W e o 422 NO,7F &1 NO; 7} Wot
NOR-2 W= oot 1211 2 A4 A 54 7|7¢
oiH] 1192 44 0 2 NO, 7t NO, H T} =0} NO5~
£ NORY} o] FTAE Hth tHEAoA=
NO,7F NO;of| H|5l} & 02 uf9- =11 we] 2]
7} NOR #}o| & Hot-S wf NO,7F NO; 9] A& &
T dgstA] ot NORS HAtd A/t o] HiAl

nholsli o $-83 2417

At g FI (Rt 24 219 W3
A N
[e] =

(e} = = 1 T
2 2 gHT (4] 4). YA NHNOE 45t
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Table 2. Monthly fy and R? in Seoul during 2021~2022.

Periods fy R?
May, 2021 1.1 0.82
Jun, 2021 1.1 0.99
Oct, 2021 0.95 0.97
Nov, 2021 0.96 0.97
Dec, 2021 1.2 0.98
Jan, 2022 1.2 0.97
Mar, 2022 1.3 0.94
May, 2022 18 0.80
Jun, 2022 1.1 0.98
Nov, 2022 1.1 0.98

2 QAN A -2 1.12 NH, 71 S0, E NO, &
Felob7]o FRE dor EAeE o 4 v (1H
6). 53] 20219 11¥ 5 At A £3©] 0.96°.2 1
ol 7PaA WebgEl (& 2), ol =W PM,s A5
AR Al A atgo] AtA o 7 Fobh 2
o= AHYAS Z|Agth §FH PM, 5 &7t W
20224 599 fo] 1.82 15 27 Uehgs=d],
ol A IdFHA AAH {714He] NH, ol diet
71017} S7F7] whig o= AT

4. 3

rhu

20214 5~6¢Y, 10~11€ 9 20229 19, 3¢, 5~6%,
1149 A& A5 Ledisty vt x|t 75
ol Al PM, 59 22t #7148 4AFQ1 NOs~, SO,*7, NH,*
oF 3 714 NH;Z MARGAE o]-85to] 1417 7H4
o5 ZAsIqTt gEo] F8 T 7|ARI NO,E 9
A Z73skt). 34 717 5 PM, s 2 78 7719 o
2t9] s ALdo| w4l o5 ol Wtk M3
7IAE Al Ad EAES 2o NO, ¥ SO,= A
23] =11 NH;+= o580l =34t NO; ¢} S0,

B5 11900 7P =3k=tl PM, 50l tigh 2494
NO, 7} 10¢€ ¥ 11€9] #=%k2eH 50,7 += 629
At 74 713 B PM, 5 1 AtElE 11
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i AEL] PM, s TEE 9o e A EA =
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o] =R BF (RIS EEAN ] Aeos
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