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Abstract Nitrous acid (HONO) is a crucial component in atmospheric chemistry, serving as a major source of hydroxyl
radicals and a precursor to ozone (O3) formation, yet its formation mechanisms remain inadequately understood. This study
examines the characteristics and formation mechanisms of HONO in a rural area of Seosan, South Korea, during autumn 2022.
Real-time measurements revealed that the average HONO concentration was 0.34 ppb, with nighttime levels reaching ~0.42
ppb, which were higher than the daytime average of ~0.23 ppb. These concentrations are comparable to those observed in
other rural areas, but significantly lower than urban regions like Seoul. Nighttime HONO formation was strongly influenced by
heterogeneous reactions involving nitrogen dioxide (NO,), relative humidity (RH), aerosol liquid water content (ALWC), and
aerosol surface area (Sp). These findings underscore the critical role of heterogeneous processes in HONO production and its
subsequent contribution to ozone formation in rural environments. The study highlights the need for further investigation
into seasonal variations and the integration of HONO dynamics in air quality management strategies.
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= Ao=2 HUEQTH(R) (Zeng et al., 2024; Cui et
al., 2018; Wang et al., 2017).

.4 B

=

oEAHHONO)-2 AAAFSHE (NOy) 9] BH-2 5
off =, 7] FollA oF 30 v|vhe] Z-2
< 7F 7kt E4 otk (Seinfeld and Pandis, 2016).

HONO + hv (320 nm <A <405 nm) — OH+NO
(R1)

7] 5 HONO+= AFejAdel] ofsf F-2sf = o 44ta}
2t (OH radical)& o= 8 A1=4=, 5
= 9 =SS 2 Rt 7014 HONOS
FESI7E A4 OH =9 oF 20~90%S 71918 &= 91

HONO®| 3= A4 H OH =H 22 7] F o
Gt ofel whgol F FF= A Al= dHA 9l
th AlE S0, t7] Folli OHE 24 f7lskd=
(VOCs)3t Hh-g3te] 2 (05)7 27t 771 4AH(SOA:

=7 gstElX| M 41 M 2E


https://crossmark.crossref.org/dialog/?doi=10.5572/KOSAE.2025.41.2.360&domain=https://jekosae.or.kr/&uri_scheme=http:&cm_version=v1.5

20224 712X &3

secondary organic aerosol)% PAgsiot. =3t F3tst
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ZAEH(PAN: peroxyacetyl nitrate)& AJ4E 4= k. F
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A1, 718 F5A A 4= glgo] HAE| T (Xuan
etal., 2023).
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(Zeng et al., 2024). T3+ L7 2o XM= EF] F4
oA (NOy)ll ©Js HONOZL A/ == Zlo
ol x| @Itk (Bhattarai et al., 2021).
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Fig. 1. Location of the monitoring site at Seosan.
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t}7] 5 HONO, HNO; ¥ NH,;°] ‘5% = Monitor

for AeRosols and Gases in ambient Air (2060 MARGA,
Metrohm, Switzerland) A|~81-& &-835}o] 1A|7F 7+4
o8 Aot ofn) FUTE 2] FHL A
517] 915)l 2121 PFA (Perfluoroalkoxy) &S A€l
S19.00, ol 2m HlFho 2 Faslalo] ALk
MARGA A5 ] {3 (flow rate) 71878574
ol gAs] 16.7 LPMO2 At on], BA1
WH9] 5437 t] 1 (Wet-Rotating Denuder) o]l 4]
Tt EAE0 1R I o2 2R E I ST 7t
A BEE WY AHE AgE]e] o] ARAET
Ao E Tl 2AHU ol &2 3.6 mM
Na,CO;%} 10 uM KIO; 58-S 0|83l Metrosep A
Supp 7 column (2 X 150 mm, Metrohm, Switzerland)
= &9l 2ot ol w2 40mM O] 8
AF8-5ll Metrosep C 6 column (2 X 150 mm, Metrohm,
Switzerland)& 55l E2]5tct. o] AE 9] HFe
LiBr internal standard (3680 pg/L Br™!)& &85t o=
Potalom, 7t 4= HE A (MDL: method de-
tection limit)= HONO 0.01 ppb, HNO; 0.02 ppb, NH;
0.07 ppb2 LA AT} (Stieger et al., 2018). Y &
9] A%, AA 717 59t S8E HolE F 90%E
Aol AHg-SEAH.

PM, 52| A% (BAM-1020, Met One, USA)2} 4~
44 F7] 4 (AIM, URG Corporation, USA) 8%
(S0, NOs~, NH,*, CI', Nat, Mg**, Ca®*, K*) 1413}
Ao 2 ZA3H9ch (Choi ef al., 2025). A12E
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738 4~5I+= scanning mobility particle sizer (SMPS: ~ E g} P L Q1 ISORROPIA-II version 2.1 At
Model 3936, TSI, USA)E 53l 52 ZHH o2 10~480  -S3UTH(Choi et al., 2025; Fountoukis and Nenes, 2007).
nm 37] HelelA TSItk B HolHE A1 BH9| AR mrE A4 7R2Eo 2745 PM, ;5
< ol&af dAte] BHA FLE HSkoto] 1A 7HE F7)44= (80,7, CI, Ca**, K*, Nat, Mg*™), total NO;”
o7 BA3SH glolHE B0 A8t Kim et ({NO;™: NO;”+HNO3), total NH; (;NH;: NH, ™ +
al., 2024). NH;) 2 714 94 (S5, 713)3 AFgskoich
1:41 /\-17\4_,]7:10 7]_/\31_ 011]— E—,— oﬂzo}._/’K_o]L
Forward mode ¥ 2E PM, . A&7} 23| o] A
©1714 D= AH2] A5 (U9 20.2~46140m), n2 A AFef R EAfoHs AL 7P HE 29 ATH (metasta-
A9 4% (89 0.0~133220.9 particles/cm®)E O] ble state) S 7FAFIATE B Ao 97| Bo] B
Rkite 4e eslA] ghgro, 718 240 mE AIWC
7} NOy (NO 4+ NO,: 42iQ, Thermo scientific, o] gt AXtsTH(Kim et al., 2023).
USA)2}F 05 (49iQ, Thermo scientific, USA)= 242} 1
= A0 SHS, AR HA 0 & Ftdlstod

oo}

S,= SnD*n(D)dD (1)

240 ARSI 71 84 (7], AHSE, Y 3. 2y R vF
AR o] 74, S a0t FAT 21200 Yle A
At 7173t (126.494°E, 36.7769°N) 2] 1417t 7HA = 3.1 20224 7123 AMAI| HONO =& 212
A5E 713w/ EE A A Agtol EA o) ghg- 20229 11957E 12970] AA4F 2] Hol A Z7%F 1
S}t (Available at: https://data.kma.go.kr). AZF B 7PAAF D QA B |4 AHe 2 o] 85}
of FAst oM, 1 AE & 13} 117 20 YERWSL
2.3 ISORROPIA-II EHsHH H e t}. 4] 717t B9 HONO2| Bt s+ 0.34+0.28

PM, 2] ALWCE AASH7] 93 Nat- CI'-K*-  ppbod, B =o] 9= 0.01~1.25 ppb= I
Na*- Mg**- NH,"-NO;™- H,0 A|A®S 7[9to & 3 o A4RAoflA S4H HONOS| ¢¥ | 5+

Table 1. Summary of gaseous species, PM, 5, aerosol surface area concentration (SA), and meteorological parameters.

Clean O3 episode Pollution O3 episode
Species Entire period
Day Night Day Night

HONO (ppb) 03+0.3 0.2+0.2 04+0.3 03+0.3 0.6+0.3
HNO; (ppb) 03+0.3 04104 0.2+0.1 0.8+0.5 0.3+0.2
NO (ppb) 1.9+6.3 3.0+93 1.1+£33 36176 1.0+3.2
NO, (ppb) 96+73 73166 103+7.2 9.1+£7.1 13.2+7.7
O;(ppb) 273+14.7 327+114 20.5+10.8 46.1+20.0 26.0+14.5
NH; (ppb) 64146 58%5.2 6.0+4.4 84+22 8.5+3.7
PM, 5 (ug/m?) 29.2+226 209+15.8 264+17.8 3724235 57.6+29.8
Surface area (um?/cm?) 259.6£149.9 200.8+125.0 273.8+146.6 237.3+£141.8 381.2+£148.0
ALWC (ug/md) 29.5+444 9.4+19.1 26.3+27.0 20.1£44.0 8521722
Temperature (°C) 7.0x6.5 8.7+£6.6 41+£56 14.8+4.1 8.0x35
Solar radiation (MJ/m?) 0.8+0.6 0.9+0.6 0.0+£0.0 1.2+£0.6 0.0+0.0
Relative humidity (%) 70.0£19.0 56.7£16.6 78.0£14.5 14.8+4.1 86.6+8.1

Aerosol liquid water content (ALWC) was estimated using the ISORROPIA-Il model. Pollution O3 episodes are defined as periods with an 8-hour average O3
concentration>50 ppb, while clean Os episodes are defined as periods with an 8-hour average O3 concentration <50 ppb based on standard of WHO
(2005).

J. Korean Soc. Atmos. Environ., Vol. 41, No. 2, April 2025, pp.360-371


https://data.kma.go.kr

364 ZEH, ARIE Hz227l=, 2E, 014, £01F

——HONO HNO,

= 1.5 4 ~
g 10 Fs 8
g | Fe =
o bt e8, g, A,Mr' s
100 - NO? """" No 403 80
8 75- A 60 ©
& 4 \ L &
TR -
25 Nts

g 20

S 3

Z 5-

T T T T T T
- - -PM, s —— Aerosol surface area

T 150 1000 &
£ %g A — 750 E
2 ‘0 500 £
a o0 T T T "~T " T 1T refr T Trr 110 o
==+ RH =——Temp.

_ 100 i r oY ,‘, o ih o By, By 30 G
g 75 G T AN R S e PR F2O L
€ 502 / AL ¢
T 25- Lo §

K]

Fig. 2. Time series of hourly averaged concentrations of gaseous species (HONO, HNOs, NOy, and Os), PM, 5, aerosol surface
area concentration (S,), and meteorological parameters (relative humidity (RH) and temperature) measured in Seosan from

November 10 to December 10, 2022.
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Fig. 4. Atmospheric HONO and NO, concentrations categorized by measurement characteristics: (a) rural and (b) urban areas.

Table 2. Comparison of atmospheric HONO and NO, concentrations at different locations.

Location Type HONO (ppb) Reference
Seosan, S. Korea Rural 0.3 This study
Yangpyeong, S. Korea Rural 0.2 Shon et al.(2007)
Xingtai, China Rural 0.2 Wang et al.(2019)
Gyeonggi, S. Korea Rural 0.6 Kim et al.(2015)
Gucheng, China Rural 0.7 Zeng et al.(2024)
Norfolk coast, UK Rural 0.2 Reed et al.(2016)
Yellow River Delta, China Rural 03 Gu et al.(2020)
Kathmandu, Nepal Urban 1.7 Yu et al.(2009)
Seoul, S. Korea Urban 3.5 Lee et al.(2005)
Gwangju, S. Korea Urban 0.5 Chang et al.(2008)
Seoul, S. Korea Urban 1.8 Shon et al.(2007)
Seoul, S. Korea Urban 0.4 Song et al.(2009)
Santiago, Chile Urban 24 Elshorbany et al. (2009)
Guangzhou, China Urban 2.8 Qin et al.(2009)
Huston, USA Urban 0.6 Rappengliick et al.(2013)
Seoul, S. Korea Urban 1.3 Shon etal.(2012)
Kensington, UK Urban 14 Lee etal.(2016)
Xianyang, China Urban 1.2 Lietal.(2021)
Beijing, China Urban 14 Wang et al.(2017)
Tokyo, Japan Urban 1.5 Nakashima et al.(2017)
Shanghai, China Urban 2.3 Cuietal.(2018)
Seoul, S. Korea Urban 1.6 Kim et al.(2022)
Daejeon, S. Korea Urban 2.6 Kim et al.(2021)
Seoul, S. Korea Urban 1.0 Gil et al.(2023)
Daejeon, S. Korea Urban 0.7 Kim et al.(2024)

2]91°] HONO F5&} 73S o Atjdoz o
o]t} (Kim et al., 2024; Kim ef al., 2022). 519, g
= &9, 9= Norfolk coast, 5= Yellow River Delta
9 Xingtai®t 22 FAAGolM = A4kt FARE

HONO & B35 Hon, did 299 NO, 5=

ESH A4t Bt 20 R PEE AT (Gu et al.,
2020; Wang et al., 2019). ©|2{3+ AxH= tf 7] F HONO
L7t B4 15T NOket BHsHA Beo] 9l
o= ALt

I=EE =3

=7 gstElX| M 41 M 2E
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HONO Zt&& o|-&5k3lth 17 5014 & &4 gl%0l,
oFZE AIZF B AAtell A ti7] F NO, =7 57t
ol @} HONO 5= F71ete o= Ueydtt
(R=0.68). Y420 52 NOx= Tt A5l A HY
SE= AR duA ok ¥, FEA HoA= F
2 Z7A AR Z QI HiEE 4 Q= AR B
& v} 1o} (Kurvits and Marta, 1998). TESF, A58 A+
of W, 7 Atm 2% 2 Hio] Quf A A4 Fat
A2 5Y o= HlEE= NOk o 7197t A
5] 2 Zlo 72 BRIt (Zhao et al., 2020; Hasson
et al.,, 2013). ol= A AT o]Fo| 2= S4F
ke, HPo| QU A A4 5 FAETONA 7Rt kA
4 NO,7t oFzF HONO 9| 8 Ht=d= 283 A
= A AR

ogtolli= AtE =7t EolA 1, Eoldl AdHls e
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Fig. 5. Correlation between atmospheric HONO and NO,
concentrations during nighttime (18:00~07:00).
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ES
T} (Zhang et al., 2022; Li et al., 2012). A&t A &=
©] HONO /el v|A]= e 24517] Slah A
=& 2 ALwWCe] w2 tf7] 5 HONO =%t
HONO % NO,9| H]& (HONO/NO,)2 18 6°f Al
Aot dHEE7E S71etell weh ALwce] 7t
7} 31519, olmf HONO 57t 32435 Aot
oH(1¥ 6a, c). HONO/NO, H]& ET AtEE
30~90%2F ALWC 1.0~60.0 pug/m> -7+l A ZF715H=
FAE BHH ™ 6c, d). ot 5 TEE HONO
e ALWC 7H9] =2 AL T2 GollA HONO
7h A 9 A oA 9] A wiEE, 2 4
22 M7= 3 NO,9 o] dRE-g-S 5ol BAE U
Ao AtmEr)

A AteM= A=, EY, A= 5 A3 (ground
surface area) W YAFS] EHZA 2= (aerosol surface
area concentration)”} NO,2} 571 9] o]ZAHE3-o] 9]
g HONO A/ 9] &/ mi7iAl= =3l lrt (Yu
et al., 2022; Li et al., 2021). 13} oJd S o] o)A
HH-8-9] 8 miZfA| = 28 =A ol tholiA= o} 7}
2] gs] gref x| 2] gt & AolAl s AE L,
ALWCS®} HONO®| ‘57t S71edol whet 9421e] &
A Tt st Aol et dloj2F 9
2ko] FHA L7t 7P YA 7 NO,7T 0]
AREE-S doZd & Sl Foo] FETH(Kim et al,
2024). o]= ool 2F JA} o] HNHE-E FRlot= &
/d EHO =R 2}-g5to, o7t HONO 3/l F-ast 9
FE nF = As on|gich 3, o]zt oAk
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Fig. 6. (a) Relationships between HONO and relative humidity, (b) HONO and aerosol liquid water content (ALWC) estimated
using the ISORROPIA-Il model, and relationships between the HONO/NO, conversion ratio and (c) relative humidity and (d)
ALWC during nighttime (18:00~07:00). The color scale represents the aerosol surface area concentration (S,). Each data point
represents the mean value within the corresponding bin, with error bars indicating the standard deviation.
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