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Abstract Nitrate (NO5”) and sulfate (50,2) are one of the main components of PM, s and are formed by atmospheric

chemical processes of NOy and SO,, respectively. In this study, the Nitrogen Oxidation Ratio (NOR) and Sulfur Oxidation Ratio
(SOR) of the air pollutants emitted from domestic emission sources in South Korea during the study period of 2019 were
estimated to quantify how much domestic NOy and SO, emissions are converted into nitrate and sulfate, respectively. To
estimate the NOR/SOR, impacts of domestic NOy and SO, emissions from the major source categories on PM, 5 were
estimated using the Community Multi-scale Air Quality (CMAQ) - Brute Force Method (BFM) and Clean Air Policy Support
System (CAPSS) 2016 emission inventory. The annual mean NOR and SOR were 0.083 and 0.085, respectively. During the
seasonal PM management period (i.e., from January to March, and December), NOR was 0.02 higher than the annual average,
however, SOR for the seasonal PM management period was 0.05 lower than the annual average. The annual average of NOR
and SOR was lower than 0.1 in major metropolitan cities and/or the regions where large emission sources are located (e.g.,
Seoul metropolitan area and Ulsan) while they increased over downwind suburban or rural areas, such as Gyeongbuk, Jeju,
and Gangwon. Among major 6 source sectors, production process that emits a large amount of NH; emissions showed the
highest annual mean NOR (0.233). In the combustion in manufacturing industries and production process, the SORs are both
0.099. While developing efficient and effective the emission reduction policy, it is recommended to take into account the
seasonal, regional, and emission sectoral variations in the gas-to-particle conversion rates of NOy and SO, as well as their
impacts on PM, s concentrations.
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1.4 & StE]o] glom, 7] 5 PM,; E=ol

%
F2 HEF ] d7leded WiEd 45e 7=

= PM, 5 55 A757] 8] ARolA = 7]
FANA ZFAE (2020~2024), B|AHZ] AT
A 5 oreket A L 2gS X9Ys)] 211 QI PM, ;5
T ALE AT S S ATEH 9

Sk QITH(ME, 2022a). ©] 2|3k k2] Autg 22} 1
A AFTA 71720208 128~20214 39Y)
T} H|wste] 2021 12955 221 3:9712] A3 3
2w AT A 713l A= PM, s B
EE7F 4% (1 pg/m’) Folzl 2o &2 HRE|ITH(ME,
2022b). 3 7|7 ell= oA AFE A, 5, A



https://crossmark.crossref.org/dialog/?doi=10.5572/KOSAE.2022.38.5.716&domain=http://jekosae.or.kr/&uri_scheme=http:&cm_version=v1.5

S HERt HEFEC 3 A diFfe=w F
1324862 PM, ;s T{l HiEFo] 459 Zlo®
AL, PM, s B A7 &3h= Q97 Uy &
THRY S, AR, A SOl Adidez 27
UERT o]t Z2 A9 PM,; 5k A4 &
zpol= A F1 vlELT A vl &) Zpo]
B2HE 710 4=tk TR 5L 2] NOy, SO,
Ui & Aboltete t7] & AArd s Fatgol o
T FE FFS FH HE AT olF FrFY F
T 2 Foll wet 22k A Aok 2=kl & v
(Xie et al., 2022; Du et al., 2021; Ju et al., 2019; Ma et
al., 2018; Kim et al., 2017).
= HEFEE PM,;5 & ohelE A
TE T2 Y SEY 2ol EH7]2°§%§94 Gl
Ol Wi PM,; s/t AR w2 A
o2 £3)o] gt (Kim et al., 2019; Kim et al.,
2017). Z|<* Kang et al. (2021)° A= =14 2016\ =
7171 2 @& &% (Clean Air Policy Support
System, CAPSS) (NIER, 2019)= 7|5t 2 13F-9] uf
= F22 HlEZel PM, s 2 sl A= 4

I op

i

O

I=R=0E:]

n>* e e
ofy

ko] of] AeFg oz AHA|SH v gt} siet ot
w2 E Seuelol A oty o} vjZathe At

1
e T

HiEg ALsties T2ol5edde]
PM, s 5% o] 14ug/m’O& AP RARs L 9|
8%7FdE 2AHA5tAa, T tha o 2 Az g d4et v
T2olxed FFol 242t 1.3 (7%)2F 0.9 pg/m?
(53%)= =AYbttt opA|g U @ ol A of
7] 22 viEE NOx®t SO,7}F PM, ;9] A4 E<]
AT} gargor duht AStEEA S AmE

A =BT 53], 7124 NOy, 80,9 9229l
Agto &= A]7Fo] A QE 31 (Seinfeld and Pandis,
2016), =] = E WA o] 109 km2Z FATH 2 o}
Uzt Aol vitkeh= oA oA viEE 7k
g o71edEde] Ul JEE Hlolur] o]He] ¢
247} Hs &S =2 G2 5 drh T3 NOell 9]
g AL 50,00 o At 0 &2 9] AFSt= 714
T} o7 5keE 270 §istol] o5k A HskE Holr|%

ZUY HiE NOKe} S0,9| Th7| & Alsle &3 717

Sttt (Kim et al., 2021b; Bae et al., 2020; Yu et al.,
2020; Bae et al., 2019; Kim et al., 2019).

2 Ao M= vz Al A 717 Fet =
Ul CAPSS HiZ==24te] i ujER e shas
NOx&} SO, Hl& o] o] AL JAAF AAr 7} 5

At oz HeE] =25 AAIsH] flste] ti71d =
AHE 7|HES 2 Nitrogen Oxidation Ratio (NOR)%}
Sulfur Oxidation Ratio (SOR)E 4353t} o] gt

T2 H7) 0 AEA] 23 PM, AAONE B}
ti7]13kel 2719] ggFe] mlAl= A& Aetsto] 177
Al g Atskao] Zpolet HA|, AEA 7174 ¥
Slof| ot Ateke-o] HokE A A5kt

2.1 CAPSS 2016 HiZ=22

CAPSS 20162 2HFol A AH7 - vl 225}
7t 71 FE4 wiETF F 20161 7|0 R A
HiEESolu, mAHx] T TEAL E AF
712 ] 71 AlSPa} -2 =7t n| A A 3
A 9 ol 7] sjEF o R AR ESL
of 2 Aol Ak CAPSS 2016 7|FF O &2 FA5}3]
% 3.1 M AAE BiEFEE NOy, SO, Hh
S PM, 5, G4, FAEA0] FE FE 1Eot
24 g iEES AEstE on NOy-E4tdd
At %4 % 1 P R B BN I B o B i e
A, A
o, SOZ-%WOE‘ AFSHE O] A, v zatg A4,
HAHY 4, AxY A, BAEH, HERolEe

o, H71E ==l Hsf AlA st

A

£

o

z 2

2.2 7|= ZAL

2 AFoME Ao B HE S = NOx®F SO,
At gt o g o] Askas Alvtstr] flske] 3
341 st o |stet RS o) Bapelet. AL 1
718}st 92 The Community Multi-scale Air Qual-

J. Korean Soc. Atmos. Environ., Vol. 38, No. 5, October 2022, pp.716-733



718

oy
Ho
lon
oy
H>
4

ity (CMAQ) ver.4.7.1 (US. EPA, 2010)°]™ tidA=
£ 20194, BAFI S 27 km $EHFEE 2= F
ofAJob F9 (174x 128 AZH 9 km P Ee
A=g L et g9 (67x 82 AAH R 4
sto] Fe2REH FH= di7led=do 9
A 4 s AASHAT. BAR] ARG HlE
52 ] ¢ CAPSS 2016, = 2+= KORUSVS5
(Woo et al., 2020)°]™, Sparse Matrix Operator Kern-
er Emissions (SMOKE) ver.3.1 (Benjey et al., 2001) X
9 0]-835l9 CMAQ-ready eizta =2 WS}
t}. CMAQY] 714 A=HAA=Z = Weather Research &
Forecasting (WRF) ver.3.9.1 (Skamarock et al., 2008)
Lol A Atk 2019800 tit 1417 7HAS] A}

E 7131, SR, T, 55 S)E Mete-

O_L,L

flo

orology-Chemistry Interface Processor (MCIP) %1%
S-S AA Aokt BE o] AR FAT 7]
LALe] 337} AIH= Kang et al. (2021)0f14 il
g 4 At

718 2ARE = A4 A e R s
ol e d71eded s= = AESH] Slst
o 7|42 RAH(BASE) €] =i Hj 100% A1t
RAF(D100)’9F 7k 13%-9] “Hf Gl
100% 2FAeE HAF(IH A4
£ A4, A, olvAeE 2
AHg, ROl E2HY, HEROlFTL
2, T, 715 He g, HlarA], A
747} 435k ial 2,180 A AR A E

:{
o] T2 NOS} 50,9 A¥ahe-& Atatalet.

Ab
A

ol

|

T

I d
Ol

o o

Mg o
e

e
ot
o

z P
=

2

ina
e
P

)

N
Yo op
2

oz
g
R
e 2
N
t>; -
T

e
i
Moo

2.3 LekE APEEE

7] & 7t 7l eded o et Aee B
7] BAF 55 o]-85to] 2450 STt (Lee et
al., 2022; Wang et al., 2021; Lee et al., 2020; Sung et
al., 2020). THeE A2 o]F 5 5 Gl =2 =
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Table 1. Annual emission amounts of NOy, SO, from the individual source sectors and annual impacts of emissions to the
nation-wide annual mean PM, 5, NO;~, and SO,2~ concentrations during 2019.

Annual emission amounts (tons) Annual mean impacts (ug/m3)*
Source classification category
NOy S0, PM, 5 NO;” S0,%
Combustion in energy industries 145,445 (11.7%) 91,696 (25.5%) 0.65 (3.8%) 0.37(5.6%) 0.11(3.8%)

Non-industrial combustion 85,824 (6.9%) 24,015 (6.7%) 0.23(1.3%) 0.12(1.9%) 0.04 (1.4%)
Combustion in manufacturing 175332 (140%) 86593  (24.1%)  131(7.6%)  031(47%)  0.19(6.7%)
industries

Production process 55,932 (4.5%) 112,734 (31.4%) 0.77 (4.5%) 0.37 (5.6%) 0.17 (6.0%)
Storage and distribution of fuels - - 0.01(0.1%) 0.01(0.1%) 0.00 (0.0%)
Solvent use - - 0.10(0.6%) 0.03(0.5%) -0.00(-0.2%)
Road transport 452,995 (36.3%) 231 (0.1%) 1.37(8.0%) 0.93(14.2%)  -0.02(-0.8%)
Other mobile sources and 300986  (24.8%) 41,443 (115%)  091(53%)  0.47(7.2%) 0.05 (1.7%)
machinery

Waste treatment and disposal 13,570 (1.1%) 2,161 (0.6%) 0.04(0.2%) 0.02(0.4%) 0.00(0.1%)
Agriculture - - 5.00(29.0%)  3.63(55.5%) 0.08(2.7%)
Other sources and sinks 167 (0.0%) - 0.17(1.0%) 0.12(1.8%) 0.01(0.2%)
Fugitive dust - - 0.42(2.5%) 0.01(0.1%) 0.01(0.2%)
Biomass burning 9,059 (0.7%) 78 (0.0%) 0.29(1.7%) 0.04(0.6%) 0.01(0.2%)
Total emissions 1,248,309 (100.0%) 358,951 (100.0%) - - -

*Annual mean impacts of source sectoral emissions on PM, s, Nitrate, and Sulfate are from Kang et al. (2021).

J. Korean Soc. Atmos. Environ., Vol. 38, No. 5, October 2022, pp.716-733



720

oy
H0
i
o
A>
dig

HEAE 9] vjEwF FA (NAIR, 2022)2} Kang et al.
(2021)9] AFATE Gt 202, NOyo| 4 Hj
SS9 ANEY TR0l dy HE o5 ol
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S 7F AA 5] 7] g2 NOxe} SO, Bi&HT PM,
AL, At o] s JFS A H0)A] gtk

% 12 CAPSS 20164 HiEZ-S 7]8te2 177)
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Zlolth. NOx ol -5, A= @HAg vjEo]
120,691 ton/yr/km? 2.2 7} =9kt thgo 2= 1
A} (64,249 ton/yr/km?), &4t (48,456 ton/yr/km?), Sl
7 (46,450 ton/yr/km?), TH7-(34,079 ton/yr/km?) <=2
B 79 HEAlA =00, FEElA 4,949 ton/
yr/km’ Q2 7P it SRR R AuE A, o
F20] 2|2 oA E2olF 2 Holl oI%F NOy HiE
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=913 (33,498 ton/yr/km?), 4o A= AxY
Ao oJgt NOy HIEE 11,729 ton/yr/km?ZE 2]
ety
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Fig. 1. (a) NOy and (b) SO, emission density (kg/yr/km?)
according to major source classification categories of CAPSS
2016 in the major authorities. Acronyms for the provinces are
as follows; GG: Gyeonggi-do, GW: Gangwon-do, CN: Chung-
cheongnam-do, CB: Chungcheongbuk-do, GN: Gyeong-
sangnam-do, GB: Gyeongsangbuk-do, JN: Jeollanam-do, JB:
Jeollabuk-do.
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Fig. 2. Box-whisker plots of (a) NOR, and (b) SOR with the
impacts on NOy NO;~, SO,, and 5O,%" for domestic NOy and
SO, emissions in South Korea during 2019 and the seasonal
PM management period, respectively.
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Fig. 3. Spatial distributions of mean NOy (left) and nitrate (center) concentrations, and NOR (right) calculated for domestic
NOy emissions for (a) 2019 and (b) the seasonal PM management period.
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Fig. S1. Monthly variations of NORs and SORs for the domestic emissions in the CAPSS 2016.
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Fig. S2. Spatial distributions of annual mean NORs for the selected six source sectors in the CAPSS 2016 during the simula-

tion period of 2019.
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Fig. S3. Spatial distributions of annual mean SORs for the selected six source sectors in the CAPSS 2016 during the simulation
period of 2019.
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