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Investigation of the Formation and Photolysis Characteristics of

HONO and their Effect on O; Formation in the Daejeon and Seoul
Atmosphere during Winter
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Abstract Nitrous acid (HONO) can produce hydroxyl radical (OH radical) via photolysis during daytime. These OH radicals
oxidize volatile organic compounds (VOCs), contributing to the formation of ozone (O3) and secondary aerosols. In order to
investigate the characteristics of HONO in the urban air, HONO and related gaseous compounds were measured in Daejeon,
Korea during the winter 2022, and Seoul, Korea during the winter 2020. During the entire measurement period, HONO
concentrations were measured to be 0.7 £ 0.6 ppbv and 1.7 + 1.3 ppbv in Daejeon and Seoul, respectively. HONO showed a very
good correlation with nitrogen dioxide (NO,) with a R? of 0.78 in Daejeon whereas it showed good correlations with not only
NO, but also Relative humidity (RH) with R? of 0.8 and 0.62, respectively in Seoul. These results implied that NO, is important for
the nighttime HONO formation both Daejeon and Seoul during winter while RH is also important in Seoul. It was found that
HONO concentrations started to decrease rapidly through photolysis as ultraviolet-A (UV-A) (320~400 nm) intensity increased.
The satellite observations showed that high aerosol surface area over the Korean Peninsula during the study period was mainly
caused by inflow of the long-range transported haze from the Asian continent. It was found that both high cloud cover and high
aerosol surface area decreased UV-A intensity, resulting in less photolysis of HONO. Finally, O3 was not actively produced due to
the decreased UV-A intensity and less photolysis of HONO in Daejeon and Seoul during winter.
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B8 (homogeneous reaction)©f| 2|3t 854 (1)1} wF
AZF o]4Fs} 4 (NO,: nitrogen dioxide) 2t H,02] ©]
Z9E-S- (heterogeneous reaction)©l| &g+ ¥H-g-24] (2)2
W= 4 JoH(Gil et al., 2020; Zhang et al., 2019a;
Goodman et al., 1999). A H9] A9 AE, &=,
7] T ollol2ZE T vhdRt ®Ho] A5 ] w2l
heterogeneous reaction.® 22 WAI5H= HONOE

sjofshs ] ofehgol itk
NO + OH — HONO (1)
NO, + H,0 — HONO + OH @)

o]lol= HONO= 7MWy 9 A1 5 4 d=
A4oA A viEE7| T $} (Klosterkother et al.,
2021; Kramer et al., 2020; Peng et al., 2020; Theys et
al., 2020; Liu et al., 2017; Kurtenbach et al., 2001).
Zhang et al. (2023)°]] T2 H F= W Q|2 H o A= Hf
ZYelA 2% wiE=1= HONOZ} H7] % HONO &
Teofl 2l 39~45%712] 7]o1gtth= 19 A¥prF Hal
=k F AtollAl= HONOZF EGFo 2 5E] HY
4= 2ol SN, A Zo] L FolA
oA o= Aol A= HNO,oF FAt Fall =5
B A== Aol BILE|QTH(Wang et al., 2021; Wu
et al., 2019; Ye et al., 2017, 2016; Weber et al., 2015;
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Oswald et al., 2013; Su et al., 2011; Zhou et al., 2011;
Zhou et al., 2003, 2002; Reisinger, 2000).

/374 HONO+= & A|Xt 320~400 nm 1H9]
ultraviolet-A (UV-A)°] 23] NO2} OH radical2 &
Sl El Tt (Pagsberg et al., 1997). W A|ZF FE3]o] 25|
A== OH radical-2 5FF B OH radical®]l Zof
30%7HA] 7]ofske A2 BRI E It (Ryan et al.,
2018). OH radical-2 th7] & 34 77133H= (vol-
atile organic compounds: VOCs)¥} ¥E-3-5F0] 22} @
HEZ-S Y43t (Gligorovski et al., 2015). 2L 19|
Kol vte} Zro] OH radical2 VOCsE AFSHA|A
peroxy radical (RO)E XS (Hu et al., 2023).
RO,+= NO2} §1-3-519] oxygenated volatile organic
compounds (OVOCs)E AY/d5to secondary organic
aerosol (SOA)°] Aol YIS FAL, NO, cycles
Foll 0; Aol 713 (Hu et al., 2023; Zhang et
al., 2019b; Alicke et al., 2003).
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Fig. 1. Pathway of O; formation in the troposphere.
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(Andersen et al., 2023; Lim et al., 2022).

theo] A Aol A HONO FE3o] <]t OH
radical JJE-S Fo17] $15ll HONO FE5-& (pho-
tolysis rate)= AHE-SFSITH(Wolfe et al., 2016; Saun-
ders et al., 2003; Jenkin et al., 1997). 7]& Aol A A
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Fig. 2. The locations of the measurement sites in (a) Seoul and (b) Daejeon.
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29 2] UV-A+= 320~400 nm THFFE] UV-A Al
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A4 At oH, A2 Y9e At 7|8 AT
A 9 714 &7 404 UV-A Radiometer (Solar
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Fig. 3. Temporal variations of RH, NO,, O3, UV-A and HONO in (a) Daejeon (December 2022) and (b) Seoul (December
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Table 1. Summary of HONO, UV-A, NO,, O3, and RH in Daejeon and Seoul.
. ) HONO UV-A NO, 0 RH
Site Period (ppbv) (W/m?) (ppbY) (ppbv) (%)
) 0.7+0.6 42+6.8 16.6+10.6 174+£11.6 61.6+17.4
Daejeon 2~29 December 2022
(0.03~2.8) (0.01~25.5) (2~42.5) (0.1~49.1) (16~96)
1.7£13 47+7.0 23.8%+11.9 15.8+9.6 56.6+15.7
Seoul 15 December 2020~13 January 2021
(0.4~8.9) (1.7~23.2) (6~54) (0.1~35.9) (25~95)
Table 2. Comparison of HONO and NO, with previous studies.
Site Period HONO NO, HONO/NO, Reference
(ppbv) (ppbv) ratio
Seoul, Korea Feb~Mar 2003 35 426 0.08 Lee et al.(2005)
Seoul, Korea Oct 2021~Mar 2022, Nov 2022 1.26 25.5 0.05 Gil etal.(2023)
Kathmandu, Nepal Jan~Feb 2003 1.7 17.9 0.09 Yu et al.(2009)
Beijing, China Jan~Feb 2007 1.0 388 0.03 Spataro et al.(2013)
Beijing, China Dec 2018~Jan 2019 1.0 27.3 0.04 Zhang et al.(2022)
Hong Kong, China Feb 2012 0.9 24.7 0.04 Xuetal.(2015)
Tokyo, Japan Jan~Feb 2016 1.5 - - Nakashima et al.(2017)
Daejeon, Korea Jan 2021 2.6 23 0.11 Kim et al.(2021)
Daejeon, Korea Dec 2022 0.7 16.7 0.04 This study
Seoul, Korea Dec 2020~Jan 2021 1.7 325 0.05 This study
=0] 3t B O, v tiAAFo] 174+116 Q& AR FEEH A2 A9 Gil et al. (2023)J1L
ppbvE A& 15.8+9.6 ppbvETt =ttt B UV-A HONO 5= ¥ HONO/NO, ratio”} FAFSE H&
A7l i A& o] 4 42468 W/m?, 47+ UTh

7.0 Wm*2 2 2tol= Kol FekAIRt A-go] &%
9,

H Aol A A3 HONO, NO,, HONO/NO, H]
£ A% AFolA doldd Aot vlasto] i 20 o
ERleh tid2 9ol 545 HONO v+ ALE
ZFERET, "o, &5, =i A9l Hls] @3kar, A
=M SHE 5o A=A Wold, &7, =1 A
of| H|3|| =3ttt (Zhang et al., 2022; Nakashima et al.,
2017; Xu et al., 2015; Spataro et al., 2013; Yu et al.,
2009). HONO/NO, HIE H|w3t3e diofl= ozt
A&A] o] 247t 0,042} 0.052 B 20f LFERH A8
ToF Hlsf A o= wokth A AT e =
74 Aot HwstES o i) 3
(2021)°]l HISt] HONO®] 5%} oF 3uj| o]/ W
e & 7 A%t °l= NO,o| &&= A4t o]

< Kim et al.

3.2 =AItH7| HONO

MM EM
So So

HONO+ NO,9] heterogeneous reaction®]] 2J5]|
ATt &3 gskA A= ™ NO,, RH 18] AL aero-
sol surface area Al 7F2] @219 oJof] Gk W= 7
o] thro] A9 Aol A H 1 E Qch (Kurtenbach et
al., 2001). HONO A/ 9] H+-E2<21 NO,2F HONO
T Abol o] HETAE mefsty] o AR E 11
3 4a, boll LFEFITE HF A]ZF HONO A/ E4& =
OFSFAIA} UV-A7} oFet ARl 0% 647 oY
930 7A74A AR AR, AT A g
H5F NO,2t HONO Ate]9] A 3] Ao AAA4

(R)7} 247} 0.78, 0.8 2 E2 FHHAE Bt 49
Aol =W AFoA 24 #lE %= HONO=
NO, 5E9] ¢F 0.18~1.31%% HIE AT} (Gil et al,

i)
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2023; Liang et al., 2017; Trinh et al., 2017). 2 79
Al HONO2| AJ/do] &t 24 eAloflA] oY @7
7AI7HA] i3 Aol 4] HONO/NO, Hl-&-2 242t
3.3%, 6.3%93‘:]'. 0] A=A E T EAHe] 4
& 2ol A A3 HiE == HONOS] 7]of=fo] 3.7
0ro 9 t}.
= TolA elle] 23 HONOO| /¢
Ae Add 22 WelM S8€ Bt 9.2 HONO
el 910 aerosol surface arear= S}5HH-g-0] Lo
T Qe 27 S AEgehs Aol mie- 54
T olz}o|t} (Kalberer et al., 1999). AT} A2
aerosol surface area?t HONOS] A E H| w5}
o] 1% 4c, dofl UrErleh vt A-g2] o R A9

¢

e

5

Bl
L

e 11>4
%0,

o]
S
)

Al

ri

3

2 rr 4o

o uf oz i

¢

A4 AATE 47 072, 0.752 2 AT

AE HAr o] Az RE didd A2 BT
Aol aerosol surface area®]] G2 Lo} heteroge-
neous reaction 55 HONO AJ/go] stA o]=
o Fe= ¢ o Ak

L% 6AFE AU 3 7A] Ato] Bt NO, Fk=ol
o} 477E0 2 o] HONO®F RHO| AR ES 11
# 5o UElnh ti3d A2 25 NO,9l w57t =
Al RH7}F #2555 HONOO| 57t S71shke 2%
de FAL o A 19 49} 50] AR o
3} A& B heterogeneous reaction &2 A El=

HONO+= NO,, H,0, aerosol surface area®] JF=
o= LA 7—]0 _Q,]-O]o]— 2~ oh:]. rjrn]- O/\]. S} /KH:H/\

o i

|

Sty |2t Aste K| M 40 H M3 &



723 NSTH IHERIS Ch7] 5 HONOS] 444 X s S40| 0 440l Dlxl= B3 7 309

(a)
5

y = 0.0268x - 1.0346
R? = 0.355

44 o 75% < NO,
50% < NO, <75%

-
_g 25% < NO, < 50%
2 39 o NO,<25%
o
=
2
2,
[} e}
T
o o
O
1 o
&OR o
o

0 20 40 60 80 100

RH (%)

(b)
5
y = 0.0738x - 2.5809
R? = 0.6165
4_
— ®@ O
2
g °
; %o
g 2+ o “
T (o]
(o]
14 §o®
0° @
0 g
0 20 40 60 80 100
RH (%)

Fig. 5. Scatter plots of HONO versus RH according to NO, level in (a) Daejeon and (b) Seoul during 6 PM.~7 A.M.

(a)

z
S 3-
e
S
S 2] 5
T o %
1 0%0
1 0
o (80 4
<]
) o o
0 T T T
0 1 2 3 4

Wind speed (m/s)

(b)
5
o
4,
A ® O
- o
g o
o o®° OO
g 2 0 0,%
T o
o
14 80&
o o o
0 T © T T
0 1 2 3 4

Wind speed (m/s)

Fig. 6. Scatter plots of daily average HONO versus wind speed in (a) Daejeon and (b) Seoul during 6 PM.~7 A.M.

& 23°AM= HONO®| Aol thala Aexo i
T NOyoll Aelj== Z1& 2Rl 4= Alvt. 1% 4a, b
o] Hol= AAH AR NO, 5%
A HONO s/t tiiiitt £2 Z& oI &
Atk

719 4c, dofl Hole= AA Y A&o] it aero-
sol surface area®t HONO 5 Ato] ATEHA7L o
EU, AE YHE B 52 9l TR QI A
=o] AR Fot TehA FARE NO, & <=l
A A2 HONO 57t iAo & =2 212 9
o2Zoy A& HHOA heterogeneous reaction]|
O3t HONO A3/ o] it Aol A o &s] 2

P Ao A 4 9l

9% A58 9% 24 74] Aol HONO =6}
F4:9) FREES 17 6o etk NG F
o] Z7/84-% HONOZ} BAste 4 B

-

oJ
B50] Z715HAA HONO7} s
A, 17 6boll HeM 0 BAE

A 735125 HONOS] &7}
AT F2Mo 2 BAH 7]
2

)
X
o
>,
12
H
o

J

S
il

oL
ox,

pac

[ a7
o)
=
=1
2,

2 ore Hoy
Nomyd
o
o
ek
o
W
s
9
Q

O N e o e
[}
(=]
[Y%)
(e}

TR
o
o
[N}
NN
e,
=]

2

Jo Jo
o
ox
o
o
o
fr
o
)
o
o
=)
N
o
:?:ll:
il
N

o N,

L
o

o

ok

o

ol

ol

2

i)

olt

ol

)

)

=]

>

i

N

5

2

T
N
i)
ru
N

1Rbt gARIAY e 2
o] AR HAW 7|7 Fo

2121o] NO,2} RHOJ| £J§F HONO

5
=

-8
Of
RN

lo
ke

HONO®

lo
E:
m

J. Korean Soc. Atmos. Environ., Vol. 40, No. 3, June 2024, pp.302-318



310 ALE2, ol 2421, S0|F, 0[X(0], =S, HEIY

(a) (b)

45 30 4.5 30
——HONO ——UV-A

w
T
N
o
T
N
(=

HONO (ppbv)
UV-A (W/m?)
HONO (ppbv)
UV-A (W/m?)

[S)
o

Hour Hour

Fig. 7. Diurnal variations of average HONO concentration and UV-A intensity in (a) Daejeon and (b) Seoul during the entire
measurement period. Error bar represents standard deviation.
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Table 3. Summary of cloud cover, UV-A, NO,, RH, and HONO in Daejeon according to aerosol surface area during 8 A.M.~2 PM.

Case Aerosol surface area Cloud cover UV-A NO, RH HONO
(um?/cm3) (0: low, 10: high) (W/m?) (ppbv) (%) (ppbv)

Low 195.9+75.8 5040 145+6.9 8.0+6.0 4161128 03+0.3
Medium 350.5+99.9 43140 13.1£7.1 16.1+£8.6 53.7+14.7 0.8+0.6
High 528.7+£161.7 39+43 134+6.7 21.7+89 54.6+18.1 1.0+£0.7

Table 4. Summary of cloud cover, UV-A, NO,, RH, and HONO in Seoul according to aerosol surface area during 8 A.M.~2 PM.

Case Aerosol surface area Cloud cover UV-A NO, RH HONO

(um%/cm?) (0: low, 10: high) (W/m?) (ppbv) (%) (ppbv)

Low 164.3+44.0 09+20 126+5.8 14.9+8.2 42.5+10.2 0.7+04

Medium 280.9+83.2 1.5+26 11.5+54 228188 49.7+£13.9 15109

High 456.4+119.4 47+38 9.2+49 363183 67.5+13.3 29114
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