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Abstract Nitro(so) compounds in the atmosphere can be directly emitted through vehicle exhaust, landfill emissions, and
combustion of plastics and rubber, and/or secondarily formed through reactions of amines in the atmosphere. Previous
studies have investigated their formation mechanisms through chamber experiments for gas-phase reactions, laboratory
studies for aqueous aerosol phase reactions, field measurements, and box modeling analyses. These studies indicated that
gas-phase formation may be limited due to rapid photolysis, aqueous-phase reactions showed low yields, gas-liquid
partitioning was identified as an important pathway, and reduced photolysis rates in aqueous phase could allow nitro(so)
compounds to persist in aqueous phase including aerosols with water. This study comprehensively reviewed the major
emission sources and the roles of major factors influencing the formation of particulate nitro(so) compounds. We further
analyzed the major reaction pathways based on the measurement results in Seoul and Seosan during 2018~2019 reported in
previous studies, by incorporating findings on atmospheric chemical reaction characteristics from other earlier studies.
Additionally, we summarize cancer risks associated with atmospheric nitro(so) compounds from existing literature. The
concentration of particulate nitrosamines generally increased with aerosol liquid water content, while nitramines showed no
significant correlation. Nitrogen oxides exhibited distinct patterns of influence on nitrosamines and nitramines. Nitrosamines
showed strong correlations with both NO and NO,, with NO correlations being particularly pronounced in winter, indicating
the importance of the N,O; formation pathway. Nitramines demonstrated stronger correlations with NO,, suggesting
different formation mechanisms. Both compounds showed significantly reduced correlations with nitrogen oxides during
summer, highlighting the seasonal variability in atmospheric chemical conditions affecting their formation. Ozonation
reactions contributed to nitro(so) compound formation to varying degrees across seasons, with the highest contribution
observed during summer when O3/NO, ratios were elevated. Further study directions are suggested.
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Fig. 1. Intercorrelated atmospheric reaction in gas and parti-
cle phase of inorganic and organic nitrogen (Reconstructed
based on Seinfeld and Pandis, 2016; Nielsen et al., 2012).
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1978), o]t 7ol whet of & 7)ol A oot miA]
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Table 1. Physicochemical properties’, IARC carcinogenic classification?, and inhalation unit risk® of target nitro (small) compounds.

Molecular

Boiling

Vapor

Water

IARC

Compound Abbreviation I\?gl;c;l:r weight point I(De/nnilg pressure solubility gKa;ZSr:: carcinogenic ( I/L::g)_1 Molecular structure
(g/mol) (°C) 9 (mmHg) (mol/L) PP group H9
nitrosamine
CHy
n-nitrosodimethylamine NDMA C,HgN,O 74.082 153¢ 0.997° 2.70¢ 13.5¢ 0.605P 2A* 1.40-1072 ,!1
T
CHs
n-nitrosodiehtylamine NDEA C4H1oN,O 102.137 177¢ 0.980° 0.860° 1.04¢ 1.16° 2A 4.30-1072 ‘/
NN
r\crg
n-nitrosodipropylamine NDPA CeH1aN,0 130.191 206° 0.939° 0.833¢ 9.99-1072 1.06P 2B** 200-10% N
" \/\,:H3
cH,
n-nitrosodibutylamine NDBA CgHiN,0 158.245 233P 0960P  4.69-10%  803-1073¢ 1.29° 2B 1.60-1073 (\/
XN
A < >
n-nitrosopiperidine NPIP CsHqoN,O 114.148 218¢ 1.15P 0.296P 0.673¢ 1.12°P 2B 270-1073 \N—N
n-nitrosopyrrolidine NPYR C4HgN,0 100.121 214¢ 1.18° 6.00-107%¢ 9.99¢ 1.11° 2B 6.10-107* 0x. D
AN
0.
n-nitrosomorpholine NMOR C4HgN,03 132.119 242° 1.38P 1.99P 1.52P 4.27° 2B 1.90-1073 ENj
L.
A
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Table 1. Continued.

Molecular

Boiling

Vapor

Water

IARC

Compound Abbreviation h?g::::ll:r weight point I()e;\::B/ pressure solubility ;a)Ka:rae.:: carcinogenic ( I/L::3),1 Molecular structure
(g/mol) Q) 9 (mmHg) (mol/L) pp group H9
nitramine
i
methyl-nitramine MN CH;N,0, 76.055 147° 1.09P 14.0P 2.75P 6.51P - - H3C N
\N/ Nog
H
0,
\
N .
dimethyl-nitramine DMN C,HgN,,0, 90.082 187¢ 1.13P 0.361¢ 1.39P -7.12° - - - N/
3C—
CHs
[0}
N
diethyl-nitramine DEN CHiN,O, 118136 207¢ 1140 251 0.155 -0.345° - - o™ S o
H3C)

"US EPA CompTox Chemicals Dashboard v2.5.0 (https://comptox.epa.gov/dashboard/chemical/properties/DTXSID7021029, last accessed on Jan 3, 2025)

2International Agency for Research on Cancer, List of classifications, agent classified by the IARC Monographs, volumes 1~137 (https://monographs.iarc.who.int/list-of-classifications, last accessed on Jan 3, 2025)
3Inhalation unit risk, Integrated Risk Information System (IRIS), https://www.epa.gov/iris/basic-information-about-integrated-risk-information-system (NDMA, NDEA, NDBA, NPYR; last accessed on Jan 3, 2025); The Office of

Environmental Health Hazard Assessment, https://oehha.ca.gov/chemicals (OEHHA) (NDPA, NMOR, NPIP; last accessed on Jan 3, 2025)

“Experimental average
PPredicted average

*Probably carcinogenic to humans
**Possibly carcinogenic to humans

Bls)E=h /YR 2 Izl
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https://oehha.ca.gov/chemicals
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Fig. 2. Atmospheric reaction forming nitrosodi-methylamine
(NDMA) and nitro-dimethylamine (DMN) in gas and aqueous
aerosol phase (Choi et al., 2024b, 2021).
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efsto] A4 mAUES olafst, (3) o2 E) ]

T UEZ(D)SRME = ti7] A4 719 =5 ¥7t
SHaL, (4) UER(&)eteh=ol 2ot oA Ad9d 4
e Agjstozy, ero 2 ol A AL Lgh
S HER(DEEE U ALY
2] o Y STt o TS uiskg Gk,

o)

t

2. ER (D) HYSE

971 % A A UEZAR
o Bt UEeh] S5 B2 Fuks Seluetu

EAetH, 3 30l B ek AlA ofe] A4 43
7] T HERAW & 574 il EA] 2ot
578, A A, 121 A vjEd 50wt
-9 TRt T REZE HolF Qirh ofje] T4
ol 23} Ao wE @A Fk 2pol7t
ZE] 9Tt §7] Zonguldakol| A= 2008~2009E =7
oAl NDMA?9] 5&7} A-&do] o 54K} oF s5uf
EE e BoH (AL 9.43+4.99 ng/m’, o1&
1.90+0.76 ng/m®) (Akyiiz and Ata, 2013), &= &Ad
ol ME 2012 SHoA FART AEA wfjdo] vzt
= ATH(A 2 0.45~1.36 ng/m?, ]5- 0.24~0.49 ng/m?)
(Farren et al., 2015). = -FF 2] 2] 79 2021~2022
| 74514 7oA NDMAZF 19 W2 5% ME
A=) (0.01~14.78 ng/m?), o= EA] U) 219 )

% % 9} 22} A7 HRg-2] 7]of & Zfolof Z7])1%k
S 2 WAHECH(Wang et al., 2023). 53] F53¢ 0t
AL 975E] u]=; Baltimore 2] A& A X 54+ Q1
2o HuE ZTAQl 1T At 2 (84~32,200

o= EX

o) m{w

rO]l

ng/m®) (Grosjean, 1991; Fine et al., 1976),
AtgAAo] ti7] F UERARIS] 8 23] siEd
o] & &4 qlom, 23t vjE o] SRS Hol
11 9ot

S2utgo A= Hong et al. (2017)0] A29] =2
A} FAX A O] PM, 5 & UEZANIE S45H3=
o, =2H 4= NDMA (0.55 ng/m?), NDEA (0.01
ng/m?), NDPA (0.41 ng/m?), NDBA (0.01 ng/m?), NPIP
(0.04 ng/m®), NPYR (0.3 ng/m®), NMOR (1.02 ng/m?)
o] AZE UL, FAAGNA+= NDMA (0.3 ng/m’),
NDEA (0.31 ng/m®), NDPA (0.01 ng/m?), NDBA (0.22
ng/m?), NPIP (0.04 ng/m’), NPYR (0.43 ng/m?),
NMOR (0.7 ng/m®)©] AZE]31tt. NPIP2} NPYRS
T 2HN FAZ A B S BHYO
NDMAS®} NDPA2 T 2HofA FAXGHRTT &2
FEE HQl ¥, NDEA, NDBA 2 NMORE 57
o] EEHEN 2 FEE Hth(®E 1). &
2018\ A29] B¢ 7 UERANIO| 5k 7} A
w25 M52 H T (Choi et al., 2021, 2020b)
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Table 2. Ambient concentration of nitrosamines reported in previous studies.

Measured concentration

Simzle Sar:ﬁ(l;gg Slzrclzirt)il:)nng Characteristics Reference
yp p NDMA NDEA NDPA NDBA NPIP NPYR NMOR
- 1974 Germany Amine factory 1,290 - - - - - - Grosjean, 1991
. Food .
Baltimore, . B _ _ B _ _ Fine etal., 1976;
1975 USA. manufac‘turlng 84~32,200 Grosjean, 1991
corporatlon
Chemical plant 60~1,080 - - - - - -
- 1977~1978 oS Angeles, emicalpiants Grosjean, 1991
USA. Residence area 0~94 - - - - - -
Selinsgrove, PA 242~497 - - - - - -
Fo 2004, 2006, PA, AZ, CA, Flagstaff, AZ 153~208 - - - - - - Hutchings et al.,
9 2010 us. Fresno, CA 155 2010
2010) 7.5~35.
o . Tarragona, Urban - - - - ND*~0.25 0.30~1.80 BDL** Aragon et al.,
10 Spain Harbour - - - - ND~0.2 0.13~1.40 ND~0.22 2013
Zonguldak : "
- 2008~2009 e Winter 9.43+4.99 5774249  6.42+3.19 483+450  7.38+£213  1008%510  1054%463  Akyiizand Ata,
23 ’T’u rkey ' Summer 1.90+0.76 2734048 2124038 2824096  2.61+066 2.65+0.56 247+079 2013
oM 012 London, Winter 0.45~1.36 0.62~0.89 0.05~0.07 0.15~0.18 0.03~0.04 0.01~0.08 0.10~0.32 Farren et al.,
23 UK. Summer 0.24~0.49 1.13~2.08 0.04~0.05 0.22~0.33 0.03~0.05 0.02~0.04 0.13~0.23 2015
PM, 5 2021~2022  Yrumai Winter 0.01~1478  0.05~2.04 0.01~0.07 0.16~3.16 0.02~0.32 0.01~2.34 001~023  Wangetal,
China 2023
oM B Seoul, Roadside 0.55 0.01 0.41 0.01 0.04 03 1.02 Hong etal,
25 South Korea Residential area 03 0.31 0.01 0.22 0.04 0.43 0.7 2017
Winter - 0.82+0.54 - 0.94+056  0.23+0.08 0.82+0.41 -
Seoul, Summer - 0.29+0.21 - 0694080  0.12+0.06 0.45+0.15 - Choietal,
PM;o 2013~2014
South Korea Day - 0.44+0.38 - 0.61+0.28 0.18+0.09 0.59+0.31 - 2018
Night - 0.54+0.51 - 1.02£090  0.15+0.09 0.65+0.39 -
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Table 2. Continued.

Measured concentration

Satm;zle Sar:ryi)cI;;\g Slzr;;:il;nng Characteristics Reference
yp P NDMA NDEA NDPA NDBA NPIP NPYR NMOR
. Choietal.,
Winter 74141365  173£3.07 0014001 0204044 006009  014+013  033%051 >°
M 501 Seoul,
25 018 South Korea  SPring 869+11.66  136+1.67 0012001 0384042 0174014  0.17+0.21 079117
Summer 0924263  055+257 BDL 0614095  018+018  001+004 005008 etak,
Autumn 659+1353  058+1.19  001+£002  551+1026  1.12+2.03 0184027 0374081
Spring 6.83+6.92 0094026  0.02+0.02 7864859  131+1.16 1044116 035+ 021
Seoul,
South Korea Choietal.,
Py 019 Autumn 1824273 BDL 43841065  004+003 0174016  033+050 0674030
Seosan, Autumn 747+1094  024+050  3.8624.67 0014001 027032 0074009 018016  cnoietal
South Korea 2022
Autumn 0.52+0.14 0214030  0.25+0.38 0494032  0.17+0.09 BDL BDL
oM Winter 1.22+1.03 0554037  0.38+0.46 0714029 0224013  0.19+0.27 BDL
25 Spring 0.65+0.70 0534035  0.29+0.25 0124019  0.20+0.10 BDL BDL
Summer 0.07+0.11 0184008  0.28+0.38 0074013  0.16+0.10 BDL 0.03+0.05 ) )
2021~2022 Chuncheon, Mai and Kim,
SouthKorea  » \mn 2624135 1024072  020+0.28 1024139  032£0.18 BDL 0244026 2024
o Winter 6.63+3.16 3684208  0.55+037 1404127 1584076  038+068  032+0.56
Spring 403+2.73 1354064 0614083 BDL 0.96+0.27 BDL BDL
Summer 0.50+0.33 0734060  0.28+0.46 0.45+0.13 BDL 0.1340.28 BDL
Beijng, Winter 071+1.58 0.0820.11 - 0.11£0.00 - - -
China Summer 1.00£1.20 0254038 - 0.0940.00 - - -
PM, 5 2021
Seoul, Winter 3.0145.77 0.4240.83 - 3.46+584 - - -
South Korea Summer 2.04+1.77 0.09+0.09 - 3.17+3.39 - - -

*Not detected; **Below detection limit
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(F 1. 38 7V 2 & FEE I (NDMA:
8.69+11.66 ng/m>, NDEA: 1.36 + 1.67 ng/m’, NDPA:
0.01+0.01 ng/m’, NDBA: 0.38 +0.42 ng/m?’, NPIP:
0.17£0.14 ng/m®, NPYR: 0.17£0.21 ng/m?, NMOR:
0.79+ 117 ng/m’), o} 54 7} e 58 HAth
(NDMA: 0.92 +2.63 ng/m’, NDEA: 0.55+2.57 ng/m’,
NDBA: 0.61+0.95 ng/m’, NPIP: 0.18+0.18 ng/m?,
NPYR: 0.01+0.04 ng/m®>, NMOR: 0.05+0.08 ng/m?)
(Choi et al., 2021; 3 1). ©]2} 2 UEZAII O] 5
Hoh= 5 13 HlEd e 9F A4t veel, Y
EgAIS] F9 HA4AQ] Aaqtehks 3 ofvlRe]
W2 Fkof 7|91t Ao w Ak

AAANAAT FHEFO FFS e Aol
20199 7k £7d 4] NDMA® NDPA7} 53] &2
L5 HYE0 (NDMA: 7.47 +£10.94 ng/m®, NDPA:
3.86+£4.67 ng/m’), ©|= Af2Fetttz| oF 22 AFA|
A=RE o A4 gy Fd ol BASH: of
et dastels 5 AA=40] Fofot vhgo]
Q35 71gR;e Ao R FAETH(Choi et al., 2022;
F2). Aol T sk 2 o Halk Hie
o, B4 AM4lol= NDMASH NDBA7ZF &2 SES
K13 (NDMA: 6.83+6.92 ng/m’, NDBA: 7.86 +8.59
ng/m’), 7F&% NDMA (1.82 +2.73 ng/m’ Choi et al.,
2022)2} NDPA (4.38 +10.65 ng/m>; Choi et al., 2022)
o] Tt #EREG A or W TS UEH
THEE 2). o] 2|3 AlEE 5=of /49 Aol = HiEd
gk ofuet Ao mhg oi7] F spohikg =
Hgte YERARM Fo Sa37F 43S 1]
T AS AARITE W FAEAIQ] F32 2021~
2022 SAM AdT AFHE BT A2 ALt
3t vl w3 of AA5] WS NDMA 5 & E3lor
(A€:1.22+1.03 ng/m’, 9- 0.07£0.11 ng/m®), 53]
7147 EE (A= 6.63+3.16 ng/m?, 415 0.50+0.33
ng/m>; Mai and Kim, 2024)7} QAP HE T 7] LrepLt
+ 542 HAtH(& 2).

2 3 Ho] Ay A0 Bl AoflAE A
o] Hlo] gt ARt 0w 2 YERA 5k 5

i)

o =
7]
A~

o]

I nlo

i

235

Fl'l:

x Ha 9

< UehdE=t), 535 NDMASF NDBACA] 11 2to]7}
FEHA. A2H| 7 &2 NDMAS} NDBA
5 (NDMA: 3.01+5.77 ng/m?, NDBA: 3.46+5.84
ng/m?)7} H|o]% (NDMA: 0.71 +1.58 ng/m’, NDBA:
0.11£0.00 ng/m*) Bt @A =3tow, o542
I ol2f]t ko] FAHo] A& (NDMA: 2.04+1.77
ng/m’, NDBA: 3.17+3.39 ng/m’)©| H#]°]% (NDMA:
1.00+1.20 ng/m®, NDBA: 0.09+0.00 ng/m’) Bt} -2
FEE HYATH(E 2). o]2[§ A It Bk Zpol= Hj
S| Faet EAT 292 7173 £719] Aol 7]
A= Ao r FAHH

et 7] B3 s ols UESTE 2018
W A-22] PM,; % MN, DMN, DEN®| 5= AH
He ohoet M2 HATH(E 3). MNY| A% 54
ofl 0.58+0.56 ng/m*2 7P &% 7R 0.17+
0.09 ng/m*2 7} Wtk DMN-S oj=4o] 1.19+
0.47 ng/m’2 7MY} =2 5L E BN ALH
0.26+0.24 ng/m’® 7P W3Ith DEN2 F30|
0.05+0.04 ng/m*>2 717 =9k1 o= 9] 0.01+0.01
ng/m’E 7P 32 T 5 UEHT 201999 39
&3t AitelA] 7o) ool Fl=tl, A& B¢
MN-2 AZ5A] 9291 DMNLS 23} 71 2% 0.08
ng/m® $E02 A Eon, DENS 24 (0.62+
0.49 ng/m*)°] 7F&4 (0.26 £0.21 ng/m’) Bt} =2 &
TE Bk A4ke] ¢ 7ol DMN2 0.06 +
0.03 ng/m’, DEN 0.84+0.97 ng/m*9] k=& et
Wik

07l § HER(D)3=o] thddt 13 vlEde
NTP (2016) HALA A AAIGE YE =AM O] AL&A]
9 LE¢oeRY G5 4 Itk NTP (2016)°] o
20, UERAL 3540z geity, EehiE
9 a50] A4, iR wiE7tAE Sl viEEnia
HIE T QO™ Ge et al (2011)°|A &= 54} vl 7]

A FAHAE 7] Foll AT 7HsAde] itk
Utk M AR50 HiEde dEE,
NDMA= 27 3 ofad 2 YE- F9HA|9| 7k

o

2 6
Az, A 2 E2Ho] 8, &8 F7HA1S] A
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Table 3. Ambient concentration of nitramines reported in previous studies.

Measured concentration

S:mzle Sar:ﬁ(l)l(rj\g Slzr;r;;:ilgnng Characteristics Reference
yp P MN DMN DEN
Winter 0.40£0.51 0.26+0.24 0.02+0.03 Choi etal., 2020b
PM 2018 Seoul, Spring 0.39+0.31 0.71+0.61 0.05+0.04
25 South Korea )
Summer 0.58+0.56 1.19+047 0.01+0.01 Choietal., 2021
Autumn 0.17+£0.09 1.05+0.38 0.02+0.02
1 %
Seoul, Spring ND 0.08£0.03 0.62+0.49
South Korea .
PM, s 2019 Autumn ND 0.08+0.04 0.26+0.21 Choi et al., 2022
>eosan, Autumn - 0.06+003  084+097  Choietal, 2022
South Korea
*Not detected

4h 220 dAm ARAA, 1oy] wiEE]e] F4-4
S A|2)l A4t Al ARSE| T QlTh NDEAE A
APAE S, TS5 TA THAA A, Eeta" 9 1
AlE B4t 370l ARSE L glow, Fufdr], a2t
7, ZeAE I RO] A4, 44, wig ] viET}
2] oJa tf7] Foll viEE 4= Sith. NDPA+ 154
F AlzA Q] ikl AHGET glom gE|aby, o
Hjd7] 2 ojg 2] WSt ofsf o] Foll viEE
4= 9\t NDBA: ] gato|=atrle] At o A
AHEEH Q| 2] wiE7ts, DRAES] A
4, GEid7]E ol 7] Foll 2T 7FsAdel e
o, NPIPS} NPYRE HHII7], Q]34 v ] |f
Z7IAE Sl ti7] ol #iEE 4+ Stk NMORS]
3% A AZ, Bejotad=2YEZ Sl ARG Al
A 9 N-opu|le R 2ET iggol AFEE L 9le
o o2 YEZANIY vpiziz| 2 a2k, o]
HjE7tA, EetaE B Efolo] AlRTIPS B 7]
Zoll viEgd 7FsAdol Atk UET A|E sRHE2]
7% ZHFE (Yang et al., 2018) ¥ 714 (Alexander et
al., 1991) Al A| AHGEITHT dafA Qlonk, 41414
ol 12} v & Lol thgt A B = AgHA Q1 Alsto|Tt,
M, F 2ol 7)1 eHst 8-S 919t olitsle A

[e)
T
=
T

H X
Q4 5 olitshea Y slge] FEWT gk
e

o] 7ol =uiell =H o] HiitE= 282

o Aol A AjF oz 22 oFo|A|qt oju] QI 4
2] ofglo] tf7] Fo 2 viEE 4= Uth(Buist et al.,
2015; Nielsen et al., 2012). ©}41 7|6t o] AF5lek4 23
TAF A 9] vl E ATl T2, o] bstet A
oA AHEElE BT Fx9] ol FgHEo
=] wotyl, tiuEotqla} 2 gt
ofFlEo] A H T} (Nielsen et al., 2012). ]2t
2 oJAtstEtA: Ao AREERE ofYl F5A2
oF I glo] w5 o WAstn, A5t AajH
7|7k M I o] 7t 27} Tt o] ofglEo]
AEE F ok wiEH ofvle tf7] ¥ NO,, 2F ¥
716t AFspA E2te] whgof uhef Y E2AI YEz}
T2 A% 4= Qick whEbA] oitsteta xy A
Z AAde] St T2 gi7] & YER(4)SHRHEC)
HiE 43t 375 Jakel gt AAIZQ] A7t 87
&3 glom, 55] o]& sitEe] ti7] F A5t 23}
g Igol| gt olali7t DAY Aoz Hrisn
A

]

e
o I |y

- 4 -
BN oF
I 4 o> 1o Qb off X

)

PV WES9] B9, E 404 o] obelF 7} OH
ehrigat whestel obl Shrizhe Sk (A GI),




7] & YRty LIER(A)EEE s

i

ZEsl= 70 s 11

Table 4. Atmospheric reaction of amine forming nitroso-dimethylamine (NDMA, (CH;),NNO) and dimethylnitramine (DMN,
(CH3),NNO,) in gas, aqueous aerosol phase, and heterogeneous reaction.

F:,ianigzr: Reaction Rate constant Reference
* Gas phase reaction
G1 (CH3),NH, + OH — (CH3),N 7.1-107"" cm3/molecule - sec Nielsen et al., 2012
G2 (CH3),N-« +NO — (CH3),NNO 8.53-107" cm3/molecule - sec Lazarou et al., 1994
G3 (CH3);N-« +NO, = (CH3),NNO, 3.18-107"* cm*/molecule - sec Lazarou et al.,, 1994
G4 (CH;),NNO+OH — 3.0-107"2cm?/molecule - sec Tuazon et al., 1994
G5 (CH;),NNO +NO; —~ 1.4-107"cm3/molecule - sec Nielsen etal., 2012
G6 (CH3),NNO + hv — (CH3),N- 0.34+ jyoz5ec”! Nielsen etal., 2011
G7 (CH;),NNO, + OH — 4.5-107"?cm3/molecule - sec Nielsen et al., 2012
G8 (CH3),NNO, +0; —~ 5.0-107"" cm®/molecule - sec Nielsen et al., 2012
G9 (CH3),NNO, +NO; —~ 2.3-107"> cm®/molecule - sec Nielsen et al., 2012

* Aqueous aerosol phase reaction

(1) Nitrosation
N1 (CH5),;NH; + N,03 — (CH3),NNO + HONO
(CH5),NH; +N,0,4 — 0.4(CHs),NNO + 0.4(CH3),NNO,

429-10’M7"-sec” Karl etal. 2012
- Challis and Kyrtopoulos,

. 7 -1 .

N2 +0.2CH;NHCH, + 0.4HONO + 0.4HNO, 40-10°M™-sec 1979
N3 (CH3),NH, + HONO — (CH3),NNO + H,0 0.1M"-sec”’! Karl et al,, 2012
N4 (CH3),NNO+ OH — 45-103M7" - sec” Lee et al., 2007
N5 (CH3),NNO + 03 — 0.052M7" Herrmann and Weller, 2011
N6 (CH5),NNO +NO; —~ 1.1-108M7"-sec”’ Herrmann and Weller, 2011
N7 (CH3),NNO + hv — NO + (CH3),NH* + OH™ 0.13"jnoz Karl et al,, 2012
N9 (CH5),NNO, + OH — 5.44-108M7"-sec” Mezyk et al., 2006

(2) Ozonation
01 (CH3),NH, + O3 — NH,OH 3.8-103M"-sec”
02 NH; + O3 — NH,OH 204M7
03 NH,OH + (CH,),NH, — (CH3),NNH, 51.1M7 Song etal,, 2022;
04 (CHs),NNH, + 0, — (CH3),NNO 03M7-sec”! Yang etal, 2009
05 (CH3),NNH, + 03 — (CH;),NNO 3.810°M™"-sec”

* Heterogeneous reaction

d[(CH3),NNOY/dt =

H1 (CH3),NH, 4+ NO(g) + NO,(g) — (CH3),NNO Ky(S/V)I(CH;);NHIINOIINO,}; Nielsen et al., 2012

k,=5.2-10732cm’/molecule? sec
SV=1-103~1-102cm™

°o]% NO9t] ¥ (4] G2) EE NO,9Ho| Hhg-
(4 632 E°H wéikmom HEzS AT
T} olul UEZAMIO] AALETA: (7.1-1072 cm?/
molecule-sec; 2] G2)= L]}_E_E]—E'l (8.53-107" cm?¥/
molecule - sec; 2] G3)°]] H]af| ¢F 108 =21 Aoz H
1= Qlek Tt 7 ERAILS 7] &
= &ofl mi-¢- w=A] A A7) wizel 7141
HERARIY S ujg 2he 2o et
o]e} A5} Pitts Jr. ef al. (1978)2 o}Hl9] 24

2R HiEdS 7Skl Hi7] F ot FEE 50, 2,

0.1 ppb®] Al 7HA] Aute] @ = AdAstal, A tf7] 9]
dutael =4 (NO=N02=0.1 ppm, OH=10"
ppm)°llA A7 HEgat A7 Hh-g-S aref’t o7 aket
W AEe skl ¥ 75_3’}, tjo oty

NO, E¢20] A9 U 1nF A UE2ARI] i
a7t gl ofg Axuct SAsIT, Edeld
obale] ZSole tedUER A w7} 60 of
A} A5 0 2 Z7Vetert ol Felok WS4l
A= A0 Leh ol ofle] o] wet UE

2AMIO] AT Bl £t v verd 5 9
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S AART QA7 a0 ey ER A
AAATE] B Z82F 200, 8, 0.4 pptE NEE O

] Grosjean (1991)°114 “d2]3t Los Angeles 2|4
15711 21 4 Aot fARE FEo =, Fisi= <
S Z1AS UEZAR S w27} vl YA 215
Zo] Bfgelte HojEtt

AA 24 Axe ARl wjlEdo] 9= Los
Angeles 2]24e] TR EAHE o)9 Lhe S20]
7147 HEZA 5=7F B E ST (Grosjean,
1991). Grosjean (1991)°14] A|A|?t Los Angeles 2] <]
o] 54 A AA|5] AmETH, Compton©] A= Y
EZAo] A5 AEEA] &2 ™ (0 ppt), Torrance
L WF L7 ppt (T 17 pp0 R S S 7S W
th(Grosjean, 1991). Los Angeles =4 |9 H<t 2.3
ppt (21t 3 ppt)¢] R F=E HUERIAL, Hollywood
o) A% WF 3.3 ppt (Th 27 pp0 R SAHG 0]
At} (Grosjean, 1991). =3+ Pomonat H 4.3 ppt
(2I™H 43 ppt), Whittier= H+F 5.6 ppt (Xt 53 ppt),
Woodland Hills:= B+ 5.3 ppt (Z|H 27 ppt) 2 2%
10 ppt H|THe] e FHF FEE HITH(Grosjean,
1991). of=fet S ArdAIdo] DA Balti-
more A% (22~10,670 ppt)°]Lt otgl A= F7Fo] QL
© 5L (1~430 ppt)°ll HIsH A ollA = v 2 =
FO|tt (Grosjean, 1991). ©J4H A} wjEHo| ¢l
TA] A GoflA P e @ Fee ti] voﬂ
A dofup= FEsf vhgo] HERAS A<l
AA 717 o= gkl a2 dSohe Ayt &
ot

o] AFtollA AAE oA UERANI 7
A7} (Mai and Kim, 2024)5 LA A ¥ 9] 15+ Aot
HwaiEH, ZF A tE 2% (F - 7R 15°C, o
5 30°C, A= 0°C)E 7Hdsto] =5 EAT &4
°] NDMA ¥ 5= 9F 1.19+0.63 ppt (3.44+1.89
ng/m*)E LA T4 B2l 2.3 pptEC} oF 2uf e &
Folt. AFHERZE A& 2.35+1.04 ppt (6.63+3.16
ng/m?), & 1.38+0.90 ppt (4.03+2.73 ng/m?), 7}
0.8940.45 ppt (2.62 +1.35 ng/m*), &1F 0.15+0.11 ppt

(0.50+0.33 ng/m®) <22 FEIgt AEAS Kok
LA A 9] 5 H9)7F 0~53 ppt] Zof Hs|] AL

5% (Not detected, ND)~2.35 ppt (B2H45~6.63 n
m’)E §EZo] Xy Atk 55| 4HJAlde] W
Baltimore (22~10,670 ppt)Lt ot A X F& o] =
= (1~430 ppt) T+ H]W5HA LA npR7FR| 2 w9
2 pFolH, ol £ Aqolx AR YER
AR HjEHo] Aok A& AAFRITE & F4 0 A
A sk 5710t o 8E Tk Has 47 BHEel A
oF Z7tol| 7]Q1ek Z o &2 A Fct.

Zd9 7] & YEZA 5% A+ (Mai and
Kim, 2024) A1}, UEZAIL QAA R} 7] 4ALS.
= H gol EAlcshk= A& YRt NDMAS| 73
¢ e AA 71 o] ARV E T @8] =%
), AL (7144 6.63+3.16 ng/m®, AAMT 1.22+
1.03 ng/m®), BE (1A% 4.03+2.73 ng/m’®, YA
0.65+0.70 ng/m?), 7F&H (714 2.62+1.35 ng/m’?,
AAT 0.5240.14 ng/m?), AEE (714X 0.5040.33
ng/m®, YA 0.07+0.11 ng/m’) 254 o]t 7
Fol FIH et thE YERAN afghEol Ak A
St ofjglo] FHEE] Q=T n-nitroso-methylethylamine
(NMEA)= ALE 74V %7} 3.59+2.43 ng/m’,
A FE7F 047 £0.20 ng/m> P21, NDEA <A
ALA NN BE 3.68+2.08 ng/m’, YAAT B
0.55+0.37 ng/m*2 7[A|Ao] o =9t AdHE =
A& 7V 2 s=7L AFEAN TP RS
7} Zﬂﬂoﬁtﬂ ol= A&H9] th7] A2t Bl
042*4—4 Rt FEolet 7] 24|
olgfRt AMtE FHoME HER
l oz QIsf ti7] FolA F= 714
1S H o]& 0 (Mai and Kim, 2024). 0=
} S5 HiEEHAJAY 7141 ofdle
AE HE=ZARIO] ooz &40 = 9]
ofoj2Eo] Wk HT 7] F HE
| & 22 71998 st37] wiZol=t
SEAIRE EXoll A Bl YEZAIO] Al
E2 AV SEot W AAVT o] U

o
~

A LFO =

|o o]o
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o o [l 1o
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ox
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Z
i

o
=2
>
Hr
Ml
)

tHEolRl ((CH;),NH) ¥ N,0,7} §Hg-sto] ojme
((CH;),NNO)Z} HONOE AAJ5}H, o]

20 £ AT 429107 MY sec’ 2 u]$ w2
-S40 2 Bolct Eot N2 HHgol A& fueopy
°] N,0,} §F-gsto] ey ERANIY} gy
Edtile Al Ao, o] §E-go £
4.0-10" M™! sec!o]t}. E35] HONOSFY HHS (N3)2
0.1 M ! sec'Z Aoz =3 g5 Holx]
9k ti7] 5 HONO9| &2 &5 1&g o F83
A3 7427 d 4= ok 2HH, N4, N5, N6 §H-2 Ay
4% "2y EZARI] OH #tZ, 0, NO, &t
Zat Z7F ihgshs AS BojF=t), ol UERAL
H19] vj7] & Wg A& Uehdnh 5] OH 2z
o] HhS& T AFl= 45.108 M sec™! 2 B A i
£ S Holn, ol 7] & UEEAIS] 8
A28 Azt 2 5 g2 AR N7 HhgolA =
Foljoll ot UERARIS] Foli7F dofuhm, N9
A= HE=AIo] OH 2tz at 72 ¥h-g-6h= 2l
< HolEr ofajgt tpekel AAaiteEate] vk
AN UERA o] 8 ZHa2 g 2185t
, 59] N,0,219] w-E 932 HaigefA o] UER
AR A gl A 71 &= Qloh 3 o] WS
59 bt S 7] T UEZANRIS] A4

™
°

m

4

.

Ml

¥ o] B 7Y EE Fo o] FoAH, o2
7 20wt L SR EErd 9SS Ho
Zt.

Hutchings et al. (2010)°]14+= QA Fol A o] HAit
S8} 7].9) 2k )] NDMA 4ol o1
= FFE fYot] el ASat drand A3E 5

i

Eeg

Fl'l:

Fo He 13

F3ct. o] ffoll HA ¢4 S NDMA 5= 4
Z2 Caltech Active Strand Cloudwater Collector
£ ol8ste] gl 5 Flagstaff, Ze|ZLjo}
Fresno, 12| 1 HA WL o} = Selinsgroveof| Al EARQE
7} (radiation fog)et -5+ Al=E AF o] 4=3lst
At WA Yo} 5=9] Selinsgrove A ol A A Ft 3
7NO] A Jo A 242~497 ng/LO] H] WA =& w7}
AZE S oH, &2 2] o] A% v A| 5o Ak 136
ng/Le] NDMAZ} &% $1th (Hutchings et al., 2010).
of @] X1}t S Flagstaffe] Mt. Eldenol|l A AFI3t 27]<]
A&zl A= 153~208 ng/L H 919 57t W= et
(Hutchings et al., 2010). Z2] Z 1|0} Z=9] Fresno A%
< of2] sfoll 24 AzE AFIst=d, 2004 ol=
240 ng/L (107} Al &), 2006 3= 130~397 ng/L (474
AMm=)E H a5& FASHE 7 2010 l=
7.5~35.3 ng/L (971 Al&)= 2| 743+ Tt (Hutch-
ings et al.,, 2010). 71AVE A= 0] 79 A A
21t 714 A& E ARESHe] 0.55 L/min®] o=
715 AFskled, 34 deto] S31HE 1A
4 & 7FE A (coconut charcoal SPE cartridge) &
FTA1A NDMAE ZFSF3ITE Fresno 2|99 7%
201090] 2 7144 55 (8.4 ng/m’)e} H W
o A FAA L] 7t AR w2 SEdS
& 4= 919 ™ (Hutchings et al., 2010), TH7] 5 NDMA
7h el & gellEe 54 7ML S-S AAE
=g

Hutchings et al. (2010)°4&= AEE T F50l
Al opditol ot tu|dotrle] YE RS} w3t 4
B Aol A FESNE 53 NDMAS] A4 23
HAsEaAL Shglek. NDMA A4 Hhg HARS 9
Aol A= obd bt tiwHopRl o] A HH-3-5
gk NDMA A/d& 975t oI5 9ol o
F&Lo] oAt (HNO,) ¥ "oyl ((CH,),NH)
AE FAsto] Hol Zpehel ZAY Hio]to] Hyts}
t}. & -89 0] pHe} oA E & (NaNO,) 9] 55
2R, Fobs Ak 918l B/ 270

DMA®] A4 a2 Slsiqitt. A9 At

o
(o
ol o el

2t ¥R oo o
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w2H A g4 2] NDMA A7 4-go] ¢ %
(<1%) HAGA T=H NDMAS] 5EE A
= o A7 A ATEIL Hutching et al. (2010)°A4] ]
3] Utk
A9 A9E St vARd At Aol A= 7]
Agoll -l NDMAZL AH & dA o g {Rlx= i}
Jo] HAF NDMA /0] 8 =2 l-S =lsk3l
o} (Hutchings et al., 2010). @& AFoA= =
ol s &S 1~25 ppt=, HONO i 1=
1~4 ppbE HSIAZ|HA W E A4S 53P5H3L
H], NDMA &7} He|gopal o] 7] 5o Hlgs}
o] Z7¥ohe A2 WA T (Hutchings et al., 2010).
E3] tudotdl 10 ppt2} HONO 4 ppb ZA0f| A=
HAA NDMA FE7F 9F 220 ng/L7H] EE5HH.L
o, ol @% ¥= Aotk Z A5k (Hutch-
ings et al, 2010). ©] AFNAE S 2 AxtS
S35l NDMA7Z} HFH o2 = FREA AT, &3
A= Aol o AIRE FRF 7] Foll EAE
Ue= HolFqlrh o= AAV T Fial7t 7]
Aol MEet W] miZ o &2 siAEct T3k Sl *
oA ] REE-S Foll NDMAZF @7 1041737k
T 20ng/L ol Fr g GAE F deS =Rlsk

‘I_

=
ol

[¢]

o F7ho | AdEFe] o7 RS 749 NDMA
o] FEd7t Aad & Aoke= HE Al }5}"“‘:}
HONOS] dH¥3tE NDMA ko] & 8-S n]3

tll, HONO 5&7F @4 6A19F 2% 6*101] 2|7} 51
L %2794 NDMA &% 34 Z7lol= A B
et ol2gt ATHE-2 U L5 E£47F NDMA
O] AFAITHE AA AL 5 S-S HolFqlrh
E5] Aol o] e FEs &} 71AY A=
i I o] Fa/d-2 tf7]A Tejel Slo] Fagh AlAt
A& Agstrt

7] F UERANWLE 0251 vhg-5 FolA = 4§
AT (Choi et al., 2024b). @ E3} HFS-2 7] Fo
A ofglRel @ Fo] whgato] theket A4 SRES
Ay/dshe B omlgith. & 40 AAH O1 ¥Hgol
A BIo], tju|doqlo] @&} wk-gote] S|EEA

oFql (NH,OH)=& A/dstH, o] HP%E] LA
3.6-10° M ! sec’!2 H| WA W= ¥heL&T 5 Holth
02 Hhg-ol| A= R Yok (NH,) 7} Q—E—il} "2 5} o
S| EEA oS Ao, o] ¥hg-O] £ I/d= 20.4
M sec™'olt}. 03 HHgolA= A s|EEAoI
o] ] ((CH,) =NH,)¥} “&6}04 sl=Ezl %Eiﬂ
((CH,),NNH,)E @7/dstH, o] HF-g-2 51.1 M se

o] x4 71k 049 05 BHe-2 ﬂuﬂaaz
271 ((CH3),NNH,) 0] @&} §H-g-5to] NDMA—O— A

rr

dohs e HofF=d, 55 04 ¥He2 03 M
sec'2 7P =R HESE TR O 5%8838'1021\/{_
sec ' 2 W-E BRE TS LERHTE

Oﬁiﬂ/\} _S)_}_ﬂ— H]-_Q_ 0:].__[1_ 75?4—52 %.51-6 Eli DMA
_,] ‘/]Ei_‘?—} _1,]-1-]01]/\1 tﬂ'}\ﬂo]-l— NDMA }\H/H /\‘3 °
o9 w2 71 0 2 YERGTE Andrzejewski et al. (2008)
o] Aol M2 IREAQl ZAolA= °F 0.03%2]
e aES HYUO, pH 109 ZH71d 27004
QZ37 DMAS] ‘5 H] (0;/DMA)7} 2.7695 =3}
L W55 0 270I4E NDMA 0] 4T 4
F0 2 F7Vot= A& AT Andrzejewski et al.
(2008)°] Ao w2 ™, @ E3F Aol A 448} 2t
tjZo] NDMA A3l Sa37t g2 & 4 qlem,
53] |71/ M 11 ol = 2
Wt it g2 9714 230
—JOH 7HESHE = 0 E0] #ofl e Sl 4l &
=, ol= <5 § %> DMAZ} obEA g o
A4 o =R EolE = ait
S Fﬂrﬂ’“’ﬂ ofsf mj-- B‘*} £ (k=1.0+
0.1x10°M 1);*}%9*01‘;7—]0; ]k el
T} Yang et al. (2009)°l4= Q&3 tudoltl S
Z70] NDMA Aol x| FFE Andrzejewski
et al. (2008)9] 2E HiF oz Z45Het], &F/
DMA H|-&0] 571845 NDMA 58] 27511 &
5] pH 8 o]/d<] A3 &

_l

F]O I‘lﬂJ ox 2 ¥
N,

Z 719 X= NDMA AAlo] &2
7ttt A4 AAE 2ot ogst A4 AAES
7] & g2o] EAstal vl |71/ oA &

=9 di7] T st =2 o 2E9} veE 9t

EO\_
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7l &

NDMA A4 HAUSS
=5 Algstelct.

= olsfiste H= S8t 7=

4. W7 UER () ouE B B8
uAnd 88 2

Choi et al. (2021)°14E 7] 5 UEZ(4)S3H=
of Aol 7|ofshe theret whe Aol A F2
A& I Flsh J1A WS, Aot gt 1)
T AT B Afole] AhHskE s upaR
g8 potstyl, A=yt vtandy] AvlE v s}
o] Hi7]efshitgo] YERZ(L)ekte -3l 7195t
L v} A5 Choi ef al. (2024b) 0| A= 9 Z3}
WhG-S vamde] 7kste] melo] A g st

SHolt. ol ATelAl Tetet uhg HAYE}
HSEE Aas ol e 7SN kEd A
LA (FE 4). AR ES ARgSHe] Hf7

B3 UERANI 7}%Eﬂ NDMAS%} L]Ea}\j] 7keq]

‘_‘

2(a)otghEE

!
4R oz B AS disSel i
E

2 MpamElo] ARE 23

o
2
)
et
R
4
N
& I

oo
o
—E |

S MATLABS] Atn|EHFA A (Ordinary Differential
Equation, ODE) 15s 419 TFeHA| {2 48513l
ofa] W hed] Z4o] PE WhE T 14
2 stk 71 Jrlgole) SRS 10~30
ppt He1olA HStAZE o] NDMASE DMN2| o=
FEE 0.1% "] S5] njn|gt Hahkes e,
751}5 714 ol o] jE-ga 71-98 2F &4
=9 44 s AAef AA 7195k
T3t ofoj2Eo] EE4 &
25~2.5 um H9JelA BISHA|
i EHEOF— pHE 1~5 H oA ¥
Pe e o= 0] Hoh= 1% nRte = ¢
= ol5 W7t di7]

o] a} St

4 o
30
u‘o
o
o M
=)
OI

— _u

URHA LER(A)BEIZ S8 FHSHE 52 Hae 15

oo]2&2] +~EaEF (Liquid water content, LWC)©]
YA UE 2L ol SIAE G 4
o] F ALR Yeht o]E FHA o2 ntelstart
(Choi et al., 2024b, 2022).

4.1 AxL HS0IM o2 E +~EEE E

Choi et al. (2022)°| A& ofoj2Z 2] -E gl efo] ¢
A UER(4)2lE9 5 S71l 3= 714
U= A A& At A9 I UEE(4)3t
T=9 Bk Fol5 Fgoto] st A4te] F
YEZAMI (12.48 +£16.12 ng/m*) 7} YEHT (0.65+
0.71 ng/m?®) TEE A& (UEZAMI: 7.41+13.59
ng/m?, YEZH: 0.24+0.15 ng/m*) B o} =7 Ve
=, ol A4Fe] T2 S E (75+9%)9F A o
1Yo} (0.134+0.09 umol/m®) & & 24F(0.09+0.07
pmol/m3) TR Q3| o2 Eo] £ESEF(12.92+
o] A& (6.20 £5.35 pg/m®) 2o} &3] wf
ek 53] Astel A= ooj2Eo] 4
E3F0] 10 pg/m’® o1 Y wivt 30 ng/m’ O]/ =2
YERANW FLrt PEEglon, vands St
NDMA A4 &&= o& Anet 4= 5= 7] 2
B (R=0.77)2 AV ¥F-Go] A4ke] UE=ZA}
9 FE F7tel Fa5HA 71015132 AAFsHRIet. 'E
H A&oAE= NDMA o5 5kt A5 5k 719
FAde] wekstl (R=041), ol= A= ¢ 13t
HiE O] FFo] tf IA 2837 Wl siA
Ak T3 ZAVSel A Ao 2o B Mol Y
ERAMIT UEZRIO Fkof v| 2= oﬁo% A&t
A4 B A mlmlRt o g2 UrEbETh o 2
o}, & Aito] o]

9.77 ug/m?)
o= 74

0 5o AEs A5

27} ool Eo] 4-E4tee] YA LERAI)
N -2 ZANA U] F B S obIB
& 9leg molzt vyl Usele sz
= ThE RS B, A4 AL RECA ool
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w) uhebeh uha

A Oﬂoﬁé‘i o=

292 59 %55} DMNe| 4
AELE 2 FEgt A2k v 9 A

= (R=0.24)7 A4F(R=0.09) ZFOA] v L3ro
o, ol AT ofolzE Hh-go] YEWI Fkof 2
P vAA] U2 o]|gT}(Choi et al., 2021).
Choi et al. (2022)°| A= Y E&l o] UEZARI I} &
ARRE 2ot F2E Z7HA| AL QIO k. &6k, A7)
7 E UESNE UERAIT g 32 13} Hj
S HiEE = ZAer FAF ot YEZ
o] 12} HiEHo] YERANRIYE= 5 4= Q1o s
ofof thgt 7 A7} B asirt

2018 RE 2019W712] A& th7]oA 57
Y UERAI O] Fhe} oojgE9] +mote
(LWC) Aol 9] /gt A= Aol fﬂra} SEIRE 2o
2 By 3). 2018 ALA 2
FO] AT A (R*=0.589) UrE}‘fizlll LWC7} 5
7hete] met UERAN 7t F7lote 3dE K
At 3] IWC7ZF 200 pg/m?ol] ZHE of UEZA}
R & ke Hd 60 ng/m 71| AF5shs AR
TEETE 2018 FE T FAFRE oF9] AA
7k HEHO U (R?=0.179), ool2E9] +20F
71l g UERANMI F& 450l A=Zo Hlsf
At o2 ofFgict ¥ 2018 o] =240 AL o2
A= g ofloj =& Rt UERAN &
T Atolo FETE AEBAI e ¢Sk
(R*=0.0054). ©]= 54 9] W2 ofo]2E9] 473
g, =2 VIR0 R QIgE dAMTelA ZIAE S
29 2o S7PF TS nAE AR FHH
20184 7Fadoll= thA| o] Az W=}
OB (R*=0.2493), ool 2 &0 -=Rhd STt T
YERAN 5k A5 a7 718 =2A Uebtoh(7]
=71=0.7621). 55| ofo]=E9] 130l 50 pg/
m’S 2 o HEZA %71 120 ng/m3 oJAro
2 FA45| 5ot Al =S 20199 9] 7

© HAH(R2=0.1023)7} 7+ (R*=0.1867) 25 ]
o] 2Z0| o YA UERANI 9] it

i
o

(a) (b)

50 | y=0.122x+4.9439
R2=0.1796 @

y =0.3675x +2.9101
R?=0.5895
@

0 100 200

y =0.7621x + 4.496
R?=10.2493

15 y=-0.0249x + 3.1892
10 R2 = 0.0054

Y 7 nitrosamines concentration (ng/m?)

69 y =0.883x + 10.521 80 0.0813x + 1.7224
R2=0.1023 y=000kex+ |,
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Fig. 3. Correlation of the sum concentration of 7 nitrosamines
(NDMA, NDEA, NDPA, NDBA, NPIP, NPYR, NMOR) with LWC
during (a) winter 2018 (Choi et al., 2020b), (b) spring 2018 (Choi
et al., 2021), (c) summer 2018 (Choi et al., 2021), (d) autumn
2018 (Choi et al., 2021), (e) spring 2019 (Choi et al., 2022), and
(f) autumn 2019 (Choi et al., 2022) in Seoul, South Korea.

g O] FHBAE HATh olgt A= ofolzE
o] ool 7] & YRS UERARIS] Fko
Z83%t T HA= 8AYES AARITE 2
o] I7VdG5E ool2E YA Algshs AT §t
S gdo] gfixo] 7|4V AF=E Y] AA T 29
Hstet & ALY ofol2F W2 XI5k, ]
= 207 AP YERARIS A4S 77
Ao S|H gt 2018 = o5 H 7} 7o 7]
20| F11 oo]RE9] Eelgo] W2 XA =
olgigt B AIFAY 4+ S A= W

SHH 2018 RE 20198714] A-ZoflA A Y
E 19| FLof o o] 2E9] 4-oteF Afo] o] Akt
A ZAT A (1H 4), UHEZANIGE= TOHE 73‘33:
< Haok 2018 AL (R?=0.0818)7 &3 (

0.0033)°1E ¢ oFst ATHAE YR om, 04%
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7l &

(a) (b)

y =-0.0007x + 1.1921

@
20 y =0.0043x + 0.5991 25

200

@Yy =0.0047x +1.7143
3 R2=0.0289

0.5 y=0.0097x +1.112
5) R>=0.1641
0.0 T J
0 50 100

¥ 3 nitramines concentration (ng/m?)

2.0 y=80361x +0.4192

s Re=0.1766
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05| ®o0

0o l® € | . !
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Liquid water content (LWC; pg/m?)

Fig. 4. Correlation of the sum concentration of 3 nitramines
(MN, DMN, DEN) with LWC during (a) winter 2018 (Choi et
al., 2020b), (b) spring 2018 (Choi et al., 2021), (c) summer
2018 (Choi et al., 2021), (d) autumn 2018 (Choi et al., 2021),
(e) spring 2019 (Choi et al., 2022), and (f) autumn 2019 (Choi
etal., 2022) in Seoul, South Korea.

1ZF Bt dlo|2 &0 #EF

g7t UERA FEo] APAsRT 290t &
201999] % 54 (R*=0.1766)°l= oIt Fo g
TAE, 7FE (R?=0.0511)°ll= 23] oFgt 2-2] A
TEAE Yerdtt. o]#|§t A7H= Choi et al. (2022)
oA w4l Hiet Zo] YEZIo] YERZAIT g
ofol2Eo] HgteF Hsto]| IA FFS WA go
o, o] 717k Fete] YEIO tf7] F ke F2 1
2} v Z o] ofof] AE S AlAtohe A o2 T,

AR LIEZ(A)SIEE 55

i

235

Fl'l:

FQ w4 17

)t} (Choi et al., 2022, 2021, 2020b, 2018; Ge et al.,
2011; Nielsen et al., 2011). HA] Choi et al. (2018)°]|A]
+ 2013~20140] AL} o E, i} Yog FEst
of ZuNHAE AFste] AT H, A-&oA
4% A T 582 YERA 5= (Nitroso-
methylethylamine (NMEA), NDEA, NPYR, NPIP,
NDBA)2] ?to] NO,&} vl =2 A E BEeltt
= AHE BT (R=0.759).

Adste di71eetrg-o] 7|9 E H¥ste A+
(Choi et al., 2021)° A= 7] & AT HEZ (L)
ShtEo] Al AaitslEe] Fa% g F
Uth= AMLES 1ottt £5] ARE2] 3%, NO,
EE7F =% o olo w2k NDMASE DMN-Z AJ/d
Sh= ti713keREg-2] 71 7F ZF2) 54%2) 63% = A
Al Z7F5F4 ek (Choi et al., 2021). ©]%= NO,7} N,0;
2} N,0, B/99] i AR 28517 2l
AAR NO, Tt tu[otile] &7t FAlof 5
71t Ao YERZOWIR O 57t AR 5] S7tst
L Aol A HHA NO, B=7 Ud o =4
o] A%, dquldotle] F=rt SUtste et UER
olF9] Tk 7Pt Aol olegt A=
YEZoRIF9| tj7]a}ehih-g-& 53k 221 Aol gL
°] NO, &7} Algh QA= 21-83hg HojErh
NDMA<+E N,0,2 N,0, 78 255 5ol ==
tl, NO 5= 571= NO<9t NO, 9] ¥-5-& 53t N,0,
2873 (NO +NO, = N,0;)= Z7IA|# NDMA /4]
FAHQ] G vt o2 AHE N0, & 58
ol Aol Al tiwdoylzt ¥h-g5te] NDMAE A4
t}((CH;),NH, + N,0; — (CH;),NNO + HONO). &
gk NDMA+ N,0, F2E FaAE A8E 4 Slo
(NO,+NO, = N,0,, (CH;),NH, + N,0, — 0.4(CH;),
NNO +0.4(CH;),NNO, +0.2CH;NHCH, + 0.4HON
0+0.4HNO,), Tt A4 AZE 7HA 1 ot v
DMN-Z & NO,°| 2t §F-g-2 2 B == N,0,
B ko =k A E7] ool NO Bk H3}
FFE A WA Y=t} F, DMNO] £ A4

ol

1o jn
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ARE=NO,9 ¥ 53 N,0, I (NO,+NO, =
N,0,)7 o]% tuHorlzto] vh-g-0 & 7|3t o] §)
°], NO 5% 5717} DMN AJ-doll 21342191 g3k
n| 2] 2] =tk
ERFNO 5= S7h= (CHy),N 2t 2] /e
Fro|ke FFE It 7] FollA (CH;),N 2
Z-2 Hudotdlat OH 2 Zhe] ¥H-g-((CH;),NH +
H — (CH;),N.) 2.2 &M, NO2}t NO,2+e] 1t
5 ((CH3);N-+NO — (CH3),NNO, ((CH3),N-+
NO, — (CH;3),NNO,)< &3l AdH}t NO 57t
Z7F5HH (CH,),N 2zt NO 2| §E-go] SX1x o]
(CH;),N =2ttjZhe] A de] w7t #4ashA Hroh
NDMA®| 7% o2t etz 5% #Ao|x &6}
3, §hA A9 N0, B £7 a7t ol A4t
01 AAH o 2= 7t S7FsHA ®oh 124 DMN
< N,0; 25 &3 A4 viAYZ] §17] dizel,

(CH,),N & 5k ZHAE BHs 4= Ql= diA] 4
27t glol NO 5% %7}01] w2 ¢JeFo] njm|gk Ao
2 ekt

09 5% oA dAtellA AT dAHE HEZARI
EL HEE}UH S g NO,, NO 5 Aol ] A
AS A3 2otk (Choi et al., 2022, 2021). A A
B4 Ayt 2 JEZAW Y} YEHY 5= A4
O] AFEEA A T8 ALY HEdS B
Ak UERZAMIO] AL (117 5(a)), 20181 54710
NO, (R?=0.73)2} NO (R?=0.83) =5 7}t oFe] 4

(RS rL >l‘

éﬁ

(a)

1.0

rﬂ

PAE Uetdo], o] 717F 53t NO7F HEZAR
Aol Fa3F 7]o] QIAtE A-EPYSZ AARITE A
A Wstol W AdEAle] siel A A Nofﬂr—‘:ﬂ
732 20189 BERE F45] Aot 0.17 %
o= AstEglow, starlols ABASFTE 0.042
NO<t YEZAI L] AFkA|7E A2] §Igict. vhd
NO,°] 7 dtid o2 QrgaQl A4S 2|5t
A2 0.5~0.7 H919] &) ABASTE el o,
20199 FHO = 03602 thAa W2 g2 Btk Y
Egt9] 739, NO,2to A= 2018 547]
o 0.642 73t FO] JHBAE B o, BHE} ot
A7)0l = 242t -0.159} -0.092 AtAlo]l IA Aa
Sttt No<te] A 9A] AEA wigo] T
5o, 2018F FH7]9] 0.420014 FHE7|o= -0.172
A4kt 20199 9] ¢, NO,ote] A= &
A 0.26, 7FE 0152 Hlw A F2 7S fAgoH,
NOL| AL TRt 54 -0.11, 7F&H 0342 W
AL 2t

YETO] 73-9-(18 5(b)), 2018'd F&7]of Lyt
% NOL} NO, 9| 52 o] AaASE o] A7l 4
AARIE-S 351 U Eghyl AA]o] Ele-S A|ASE
E5] NO,2te] o 79t A (R*=0.64)=
0,5 &3 HEHW A4 H=7F NO9| ¥E-8-& &
3 A4 AR (RP=042) BTt AR o 2 o ZQ35H7
2355 Vet 22 541 shdrol=
NO,2} NO BFo}e] A7 545] AaskAL

.

O:

Z.-m

(b)

mNO2 ONO
08

S

Pearson correlation
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Fig. 5. Pearson correlation coefficient (R*) between concentrations of (a) total nitrosamines and (b) total nitramines with NO,
and NO during 2018 to 2019 in Seoul, South Korea reported in the previous studies (Choi et al., 2022, 2021).
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29] gh& Hole @A AaelE-g 5ot YEL
A AR Fedo] s, g A ARE
o] ol AdHo g Z7HPAY YAt w4
F8790] 371E 73S AlARITE 20199 B
T} 7R o] T YERRIT NO, Atolo] HyhA
o= F2 ATASE o] Al7le AastshEe] vhg
Qlo] o2 gRlEo] YE Aol ¥ & F3FS 1]
e 5 U Vi

UM A YEZANIT Y E2HT o] g A
2 0 of, T AEA A Y] BEe
thga} Zro] A 4= 9t 2018 7o YRt

NOSH NO,9| &2 APASE o] Al7]o] N,0,9}
N,0, 7 42 BFE 53 UEEANRIY L ETIS]
Aol DIFS-2 AR E5] NO9F HERZA]
o] I Atole] ZFeh A Al (R*=0.83)= NO +
NO, = N,0; 52 53 N,0, A F 271 545}
Al 283 a= HeEpdc s = 22 717 Fetkel Y
Egly NO, 9| ATl = NOETH =9k=1], o] &
ol & of UERARIT YERE B/dst= NO,
o] §k-go] Aolstth= AMES 5 4= Qlrh. 20181
T opd7] o= HERARIT YEZWI 9] FE 2k NO,
FE Afolo] WA I FA6] HAshe B2
NO, 9| ¥F-3-& &3 UERAIT} Y E=I o] K
= ohE A A 2ot At ajEde] ool ¥ T8
AE= 7Hs = AlARITE

4.3 QES U

Choi et al. (2024b)ollAE= t7] F A=A UE=ZAL
H19] Aol qlo] @&0] g2 1#str] f1sh 2018
d Ao 24 NDMA %2} 0,/DMA H]E& A
|| AJHTHAE FASHAIT o] dFEelAM=
B gel A 0,/DMA H-&o] F7Fedol w2t NDMA
o] /o] F7Ietta Bt vf §lou), 2018\ A&
o] ti7] & NDMA 5=+ 0;/DMA HE3 5] 4
THAE HolAY AFdo] gle ZAes ekt
o] 90X =17} NDMA Ao 374 93k u]x]
2] F%-2-& A AFSHH, Song et al. (2022)°] HI1gH Y

URHY LIER(A)FBE S8 ZHsl T2 s 19

< Q&3 e YA ot Adtolrh. B3 NDMA
2} 05/DMA H& 7+9] 59] A= Choi et al.
(2021)°] A|AIGF HEe} Zro] AT of o] 2 Fof A 2]
Aite} Hkgo] o]7d5] NDMA /9] 8 B2
AJAFRHTE

AR LS o] B9t k] 24 A3}, @ &3} v
©] NDMA A4 7]ol= Ado] wet 2tolg Kl
o} o534 (10.0+0.77%) 7 A-EH (7.9+3.8%)°l &
Fog H2 7o E HY o EH(1.943.0%)
T 7R (3.6+£7.3%) 0= B2 7101 E UETh
53] d5H9] &2 7|9k thE Aol vl =2
03/NO; Hl-& (1.63£0.69; A& 0.64+0.52; & 1.14+
0.92; 712 0.52+0.54)°] 7]QIst Ao 2 wtect Wt

H ojEHo] e pH (2.2+0.4; AL 53+1.2; &
3.9+1.2; 7 3.9+0.7)= 243t vEE-E Adfot=
_9_0] og Xl—.Q.ﬁﬂ& 7—] og _‘z[_ é%r/]_

QE3} S o] &3 71E
Lo Hlsl SA4gtte] A =rF A= o (A
7} 33.8% — 41.1%; Choi et al., 2024b), ¢8| Atet

2to]7} EARILE ol= 12} viEH o] FFolt ofZ]
TFEEA] 42 W A=IF 2T 7Fe S AlAkSE
o, olo] thgt F74A <l A7t Hasit. 59
NH,OH, unsymmetrical dimethylhydrazine (UDMH,
(CH;),NNH,)#} 22 S dEC] izt &40] 4
Y= 2] ot @ &S} HFG-o] 7| E AHHo=m 4
ok ©l Aljte] Jllenz, % olg SXMYEE

ket wham

Ao 4
o] #A42 T 2ES}HHEE B =] HFol a7Hrh

2018 AHE 2019W7HA] A&l SHH YA
YEZAM 3l YEZRI} @F 55 Afo]o] A
AE 19 6xF 704 ZHzf 2A%H At AR T
Sk ApolE HArh UE=ZAISY F-9(1H 6),
2018 ASHoll= 0F =7t SRl we HE
EAR BE7F facts TR 39 AT
(R*=0.28)7F T ). FH & FARRE 29
WA HAOU (R =0.04), T BF=E A ERT oF
et o]yt UE AT} 0, Bk Alo]] 0] A
M= @&} §hgo o YERAIS A JFF
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Fig. 6. Correlation of the sum concentration of 7 nitrosa-
mines (NDMA, NDEA, NDPA, NDBA, NPIP, NPYR, NMOR) with
O3 concentration during (a) winter 2018 (Choi et al., 2020b),
(b) spring 2018 (Choi et al., 2021), (c) summer 2018 (Choi et al.,
2021), (d) autumn 2018 (Choi et al., 2021), (e) spring 2019
(Choi et al., 2022), and (f) autumn 2019 (Choi et al., 2022) in
Seoul, South Korea.
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