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Prioritizing Local Authorities Effective to Lower the Nationwide

PM, ; Concentrations and the Personal Exposure Based on the
Source Apportionment with the CAPSS 2016 Emissions Inventory
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Abstract We quantitatively estimated the PM, 5 contributions of SO,, NO,, NH;, VOC, and Primary PM, 5 (PPM, 5) emissions
released from the local authorities in South Korea for 2016. The Comprehensive Air Quality Model with extensions (CAMx)
equipped with the Particulate Source Apportionment Technology (PSAT) was applied to simulate the concentrations and
contributions of the criteria air pollutants. The self-contributions and the rest domestic contributions to the annual mean
PM, s concentrations in the local authorities ranged from 0.2 to 18.0 ug/m? (average: 1.7 ug/m3), and 1.9 to 14.5 pg/m?3
(average: 7.1 ug/m3), respectively. The top-10 local authorities (Dangjin, Pohang, Incheon, Gwangyang, Ulsan, Seoul, Seosan,
Boryeong, Yeosu, Taean) that show the highest nationwide PM, 5 contributions accounted for 35% of the domestic total
contribution. SO,, NO,, and PPM, 5 emissions from the top-10 local authorities accounted for 65%, 49%, 31% of the domestic
total while production processes, combustion in manufacturing industry, combustion in energy production, and
transportation were the dominant emission sources in the areas. It means that selecting the key emission regions and sources
at the local authority level would be effective to reduce the PM, 5 concentration. Population weighted exposure contribution
(PWEC) was also calculated based on the PM, s contribution and the number of populations by local authorities. Busan,
Daegu, and Hwaseong are newly added in the top-10 local authorities that exhibit the highest PWECs in South Korea.
Considering that the mobile and non-industrial emissions plays a significant role in increasing the PWEC, more stringent
regulations on the transportation and non-industrial emission sectors should be considered to effectively minimize the
personal exposure.
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71 BARE 918l 71 R - 1912/ A wiE
el - 33k Fojel & Bdg o] 89t A AA
£ A5 714 E-2 WRF (Weather Research
and Forecasting; Skamarock and Klemp, 2008) version
3.4.1% ol gstiled 71 27 B AA 2=
NCEP-FNL (National Centers for Environmental Pre-
diction-Final)& AFSSFATHE 1 #%). WRF 24 9]
Ai}= MCIP (Meteorology—Chemlstry Interface Pro-
cessor) version 37} WREFCAMx processor version 3.4
(http://www.camx.com/download/support-software.
aspx) 2 ZHZF 34250 vijEs ey g7 d nd
o Qe ARSI 194 MiEEe F2ot
219 ti5te] 2015 CREATE (Comprehensive Reg-
ional Emissions inventory for Atmospheric Transport
Experiment; Woo et al., 2020) Hi&55-& ©]-8519.2
o, @t 2] thaflA+= 2016 CAPSS (Clean Air
Policy Support System) Hj&-5-5-3 o]-&5ttt. 2t vj
EE52 &% 29 SMOKE (Sparse Matrix Opera-
tor Kernel Emission; Benjey et al., 2001) version 3.1
ol i1 o] o] 8 4= Q= dAtR=E Het
steeH, HjEESo] ZEHE SCC (Source Classifica-
tion Code)E 7|22 A3t &g} Sfolg 24|
e 7R (Kim et al,, 2008). A4 &2 4]
A 2LZE HHEFO 2 MEGAN (The Model of Emissions
of Gases and Aerosols from Nature; Guenther et al.,
2006) version 2.0.4 2d-S Fo) FH|sH3h 321 7
3}5} &2 CAMx (Comprehensive Air Quality Model
with Extensions) version 6.1-2 ©|-85}31.0 ™ A EZ 9]
=9 FAE & 10 AAI6] Mkt
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Table 1. Summary of WRF and CAMXx configurations adopted in this study.

(a) WRF

Version

Version 4.3.1

Global MET inputs

FNL (NCEP, 2000)

Micro Physics WSM 6-class (Hong et al., 2004)
PBL Scheme YSU (Hong et al., 2006)
LSM Scheme NOAH Land (Chen and Dudhia, 2001)
(b) CAMx
Version Version 6.1

Horizontal Advection

Piece-wise Parabolic Method (Colella and Woodward, 1984)

Gas-phase
Chemical Mechanism

SAPRC99 (Carter, 2000)

Aerosol Chemistry

RADM-AQ (Chang et al., 1987)
ISORROPIA (Nenes et al., 1998)
SOAP (Strader et al., 1999)

Static 2-mode (Coarse-Fine; CF Scheme) for size distribution (ENVIRON International Corporation, 2014)

Dry Deposition Model

Resistance model (Zhang et al., 2001, 2003)

Wet Deposition

Scavenging model (Seinfeld and Pandis, 2016)

Domain 1:
27-Kkm resolution

Domain 3:
3-km resolution

~

7 | O : Source regigns

Fig. 1. Modeling domains (Left) and gray-colored 160 local authority level source regions (Right). Three domains adopted
27-km (Domain 1), 9-km (Domain 2), and 3-km (Domain 3) horizontal grid resolution, respectively.
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2.2 XIXIHE HHE 710 AHY
719 242 CAMx oA A|55k= PSAT
(Particulate Source Apportionment Technology; Yar-
wood et al., 2007)& ©]-&5} . PSAT-2 T A2} HIH
7oz fi7]d Bl oM A7=4 HiEol
Eﬂ—i}ﬂ@ W& ol nAHA R HeEes
= FARI. o H O] Bt Bof v viEA]
Aol Higt 7] =S BAE 5 e Aol ol 2 A
7ot go] o] HiEA e LR 7ok £4

£ sH= 790 A3t} (Kim et al., 2017). 2 =
Al 5 71% A A oA siEA g 7o 2
Mg sttt o, 3 FAA = Ao |

Aol 3 3k $£0I2, & D70l A8 24}
LM = HlE A9 Fes] FEst7] ook
wjepd, BuAS ol 5o ARatela ok s
o HjE Ao o= Argsto] Eeka F 160719 HilE A
A (o]sh A2 2 sl 2] 9] 7]
o AL ZZAE HiE 7)o &) AHA] 7101 & (self-
contribution)’ 18] =] € 2|9 7o (the rest
domestic contribution)’ = ESF T ‘A AHAE vl
7195 ZF A4 7F = A PM, 5 ol A=
712 A 13} Zro] 4Hgsto] 337 ol AAIst3iT

C _ Z;}:l(cs,rXAr)
snw = 4 (1)
total

n=The total number of local authorities in the study
domain (South Korea)

A, = Coverage area of a receptor local authority (km?)

Ayorar=Total coverage of South Korea (km?)

C,,=The contribution of emissions released from a

« »

source local authority “s” to the PM, 5 concentration

in the receptor local authority “r” (ug/m?)
Cq = The coverage-weighted contribution of emis-

sions released from a source local authority “s” to

413

the nationwide PM, 5 concentration (ug/m’)

2| 714 ZF 2241 9] #jE%e] Y 2[H9]
PM,; E&ol B2= 712 FoJsigitt. =i &
219 71 %= g Z[AHAE Al L]Rt 215 Z|21A] vy
%ol gl A PM, 5 5=l BlAlE 7=
g OlsHATh(A 2).
Crar = X5=1(Cs;r) (2)

C,4,= The rest of domestic contribution to the PM, 5

concentrations in a receptor local authority “r

m=n-1 (to exclude the self-contribution)

g71d HdS Fof &5 7oes BA FR)
U= 5o EYAE AHsto] A5 T8 o8
H7go] 2= 5= QIth(Bae et al., 2017). T, B 1
= =W PM, 5 = =& o] avA]l 8 7
A A S Ajtehs Zlolng Hr o] BA 1
g2 AR sk ohE, i 717341 2016 9] 7B
°ol-g 7Fs?t PM, s T=4ol XIXM T=o] ZA AT

ZAetct,

4>

2.3 AFIE =& 710 E A

A7 ATl A= PM,ys Ekoll T #2E 7155t
o] Th9] ol Hyk L E =91 PWE (Population Wei-
ghted Exposure)& AXFSHATH(Son et al., 2020; Aunan
etal,2018). & A= o]’ 7HE2 0185k, PM,
S A PM, 5 kol tieh 7]ojkof Q14+ 225
7Hs5te QIF7ES 1eE 7] 9] = (Population Weighted
Exposure Contribution; ©|5} PWEC)E AFg5t3tt
(4 3). )17 7FS Al ol 85 A== 201612
oz FAE $AA A ARE ol-EsHATH(MOIS,
2020).

PWECE 1) AIZHAE HiEZo] ZF Z14A419] PM, 5
Skl mAlE 7| =S A4S, o5 AAAE <
TR 7R o 2) 5l F TR Wrol AltE
t}. o]gA| AXtE PWECE i A2 2] vl&Eo]
U o &9 19 PM, 5 BE k&l vAl= Bt
Q1 71 =E ofn|giet
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PWEC =

n=The total number of local authorities in the study
domain (South Korea)
C,,=The contribution of emissions released from a

cz »

source local authority “s” to the PM, 5 concentration

« »

in the receptor local authority “r” (ug/m®)

P,=Population at the receptor local authority (per-
son)

P,,;.1=Total population in South Korea (person)

PWEC,=Population-weighted exposure due to the

emissions from the source local authority (ug/m®)
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Zolz BA] ol o)W BAe] AEHE B
73171 184 NO,, SO, PM, 52 THA0.2, SHeieat
Rl
Q7o 718 BARS =S FY AA . Bitstol

Upper Extreme
Upper Quartile

Median
Lower Quartile

Lower Extreme

60
— 5 E(@) PMas (South Korga) Statistical values
E (South Korea average)
§ 40 E- é = Mean(OBS): 26.0 yg/m'
< 30f é & & é é R:0.8380
S E %’ ? é & NME: 11.9%(Goal:<35%)
Q. T NMB: 9.8%(Goal:<+10%)
10E- S Goals(Emery etal., 2017)
0 L
Deg, Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan
100 £ m
6 ~(b) NOx (South Korea) 7
I F 3 Mean(0BS): 36.2 ppb
£ eof = R:0.879%
S wE 3 NME: 20.7%
< TE @ é 1 NMB:4.8%
20— é é -3
oF . 7
Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan
BSE E
. ic) SO, (South Korea) =
= E 3 Mean(0BS): 4.6 ppb
g ¥F = R:0.7627
o' 10F 3 NME: 56.8%
@ 3 NMB:56.8%
se ¢7 8l @ 5 Bt g4 ab 258 20 3
ot 1 =
Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan

Fig. 2. Comparisons of the observed and simulated monthly mean (a) PM, s, (b) NO,, and (c) SO, over the South Korea AMS
sites during 2016. Black and red boxes represent the observed and simulated concentrations, respectively. Statistical goal val-

ues referenced from Emery et al. (2017).
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HE AACHATHIE 2). BAF AEY HE A2 = Bt 1.7 pg/m’, TS 1.3 pg/m’ 2 AR QI
+ Emery et al. (2017)°] AIXGE TAGS] 584, 2] AA| 7|91 = AR o] et 24 0.2 pg/m’ (- Bl
aX)et 59 2 S SolA S9E o7 d mEeg A W), Hd) 179 pg/m’ (B BN LR 4 vl o4 2t
& A4 BmA Q@S HAISHT (Hu et al, 2016, ©]F Btk 59], §%, 23, 32 AA| 71927}
Xing et al., 2015). Bt 11.6 pg/m’ 0.2 ALE]o] B Z|2pA| o H] 5] =9k
SN ST S 7R Sl A A dB8d th(IHE 3). iR AFA SR 7 1A A2 A 2
PM,; BAF @S B715HH, NME (Normalized A 7]o%7} A SR =7 VeSS H, Primary
Mean Error)+ 11.9%, NMB (Normalized Mean Bias) ~ PM, s (PPM, 5), NO,, SO, 5 tH7]| 2 FEZ 2] vj& 2
= 9.8%, A4 (©]5} R; Correlation Coefficient)~= & ESE =QthH(H S1 X)), o]e vt =2, 14, &
0.84°1TH( 1 2(a)). Al 7FAl SAIG 5% Emeryetal. 7, AF, AA|, 4, eio] F¢ A4 7]ei=7t 0.3
(2017)°ll4] AAE ZFAE THESIATE PM, 50 A pg/m?® oot B XA Hrk WA RALE] QLY.
T 2R NO= AFH I, ALH-2 T4 A} 7} 2 2H41 €] PM, 5 S5l tiet =i B 2] 7]o]
5.0 ™, NME&= 20% F<20|tH( 1™ 2(b). SO,= R Zi= B 7.1 pg/m?, T4 6.9 pg/m’ 2.2 1.9 (¢
ol 0.88% € T Wt et B A & A)~14.5 pg/m’ (7] HE) Lol A BARE L
Al Yept oy, NMB, NMEE 25 56%2 2.6 ppb7t  TF AZAE =W g 2|9 7]oj= 24| 7o %o
& T BARSEGITE 0,9 A AQ] Hof BAF B4 Hlof Faf 4.1 =L, tith (15770) A2 FA| oA
2 APAFANME FASHA Basa glom, 3k ZpA| 7]t EQt) o)= A ti7] 772
&g d2tE A Bofl BeEolop & Zioer  H{EE= Ut HIE BES 8ot Mg A4S

THHEITH (Kim ef al., 2020). QhS arefed w, ZpA| ] SRt ofuet B 219 o] wijE
F we7E @7 ol FofA o g Kt (You et al.,
3.2 XIXIHH PM,s IS 7|0 2020; Ju et al., 2018). B4 thAF A 2FA] Z- 56% (907H)

PM,; & S ol 440 wiE Bzt g = =l B A Zlo&rt A 7ol et 5 pug/m?
3 219S Aotz 2] 71 et U] BE A1 o A UEhdTh &, oitto] B9 = sl
7|8 AAAE 2 B TH(IE 3, . S1). 160 2FF PM, 5 719 % 5 19% (2.8 pg/m?)7F A4, 81%
7 A2 Q] AP PM, 5wl tigh A 71k (11.8 pg/m’)7F =t EBF 2 <oflA] 7]Q1gE A o= Hrt

30 60
= Self-conmbutlon (ug/m ) =3 The rest domestic contribution (ug/m’)

PM_ 5 contribution (ug/m”)
PM, 5 contribution (%)

- |
||||IIIIIIIIIIIII||||||||||||||||
ol Bl

11 21 31 41 51 61 7 81 91 101 111 121 131 141 151

Region (local authority)

Fig. 3. Self-contributions and the rest domestic contributions to the annual PM, 5 concentration for each local authority during
the simulation period of 2016. Data are sorted in descending order of the self-contribution. The rest of domestic contributions
are calculated as follows; the rest domestic contribution =total domestic contribution—self-contribution. The names of local
authorities can be found from Table S1.
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Eolom, 8 2|9 7| F FAIS] 717} 25%
(3.6 pg/m) = 7P w3k FrIAet Zol 7] ed
=4 HiEF did e g2 ARAlE 1 AR
o] PM, ;5w tsiM = 719 =7} 7 vehdtt
(19 S2 =), whebA it 2ol B 219 7o
7hal, FHo] vge] di7]| e @24 #ilE A 9ol 3l
£ A= PM, s = M-S fls) FHAS HiE
Yol tizt FF2 A meto] Al wojop & Zolrt,

3.3 22U PM,y5 S JHME 95t M iy
X|xx

U PM, s 5= THof] a7b2]¢l 94 FejdiA) A
g Adst] ol AAAE viE 7ol =E WE
240 2 AT F 16070 A 5 =l PM, 5
Fol tigt viE 7| A%t =2 4d9] 1071 AR A=
(), ZF (), I, FF @), 244 AE,
ARG, B8 (T, o9 (), HIHEH) <l
tf. =W PM, 5 w0l tigh o5 299 vi& 7%
= = AA| viE 7% F 35% (2.8 pg/m’)E A
Stk viE 71 %7t =2 A9 2070 219 (48%, 3.9 g/
m’)ol= A7) FRe} o, B4t So] 2R, 49
307 21 (57%, 4.6 pg/m’)elli= 8 H59] UK

S, 71 =7t =2 A8 1070 A9 sfEeRS =t
W AA wiEF 5 SO, 65%, PPM, ; 49%, NO, 31%,
VOC 31%, NH; 19%E AH2[3teh viEE2dd= 8
HEUe AW EH, $0,9 A% BAE7 (46%), A=
AAL (26%), ARG A4 (19%)7F F5HH S
™, PPM, 5= AE Y 9142 (70%), 4573 (10%), H] =
2olF A (6%)] A= =UTE NOo B¢ &
2Ol5 AU (22%), AXAAA (19%), oLA] A<
A4 (19%) 041 2] viZ o] a5ttt

gelotd, =W PM, 5 71152 35%F AHA|oh=
&9 107 Ao F8 wiEde BiEAg, AlxRdA
4, J81 ols Ao s B ey, PM,,
T NS S5 BiES AU 9 Aol viE

=

PNAT} e AF9] XA} o) 5 AtAe] -

Sl gt AFAQ HEZF P asith 59|, o]
B 2|52 Q1 wjEwe]7t o] fojxl A 5 oYy
ArAAaet AR 5 ERolE e dd ook 4Hy

= o] F7HH o g veE 4 e
2t = o] Rt th7 | mALA] A -
A AF Sl DA A9 0,7t Al BARE L
¢1.© W (Kim et al., 2020), Q5 A= U] vjZ 7|
A&7} AUAA #A AP == HE o]F A He Higt
HiE} oS | 5 HilE JEof tiet el Ha
S}t (Kim et al., 2020; Ju et al., 2019).
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(a) Top-10

(%]

(%]

(e) The relative contribution

(b) Top-20

%
(d) Locations of the top-30 %]
local authorities

M: Top 10
M Top 20
¥ Top 30

100
80

60
40
20

Ratio (%)

TTT [T [ IT[TTITrT

| |

S

| |

el b b by

Top 10 Top 20

Top 30 Top 50

Fig. 4. Contributions of the aggregated emissions from the (a) top-10, (b) top-20, and (c) top-30 local authorities (LA) on the
nationwide annual mean PM, 5 concentrations, (d) geographical locations of top-30 local authorities, and (e) ratios of their
contributions to the national total contributions in the 160 local authorities during the simulation period of 2016.
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Fig. 5. Contributions of the aggregated emissions from the (a) top-10, (b) top-20, and (c) top-30 local authorities (LA) on the
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population weighted exposure contributions (PWEC) to the national total PWEC in the 160 local authorities during the simula-
tion period of 2016.
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Supplementary Materials

Table S1. Numbers and names of local authorities listed in the top/bottom 30 of the annual mean PM, 5 self-contribution
represented in the Fig. 2.

Number Name Number Name
1 Chungcheongnam-do, Dangjin-si 131 Jeollabuk-do, Jinan-gun
2 Gyeongsangbuk-do, Pohang-si 132 Gangwon-do, Hongcheon-gun
3 Jeollanam-do, Gwangyang-si 133 Gyeonggi-do, Gapyeong-gun
4 Seoul 134 Gyeongsangnam-do, Hamyang-gun
5 Ulsan 135 Chungcheongbuk-do, Yeongdon-gun
6 Gyeonggi-do, Pyeongtaek-si 136 Gyeongsangnam-do, Geoje-si
7 Gyeonggi-do, Icheon-si 137 Chungcheongnam-do, Geumsan-gun
8 Chungcheongnam-do, Hongseong-gun 138 Gangwon-do, Samcheok-si
9 Incheon 139 Gyeongsangbuk-do, Cheongson-gun
10 Gyeonggi-do, Anseong-si 140 Jeollabuk-do, Muju-gun
1 Chungcheongnam-do, Seosan-si 141 Jeollanam-do, Sinan-gun
12 Gyeonggi-do, Hwaseong-si 142 Gangwon-do, Yangyang-gun
13 Gyeongsangbuk-do, Gumi-si 143 Gyeonggi-do, Gwacheon-si
14 Chungcheongbuk-do, Cheongju-si 144 Gangwon-do, Sokcho-si
15 Chungcheongnam-do, Boryeong-si 145 Gyeongsangnam-do, Namhae-gun
16 Jeollabuk-do, Jeonju-si 146 Jeollanam-do, Jindo-gun
17 Chungcheongnam-do, Cheonan-si 147 Gangwon-do, Yanggu-gun
18 Busan 148 Chungcheongbuk-do, Cheongwon-gun
19 Jeollabuk-do, Iksan-si 149 Gangwon-do, Hwacheon-gun
20 Gyeonggi-do, Siheung-si 150 Gangwon-do, Jeongseon-gun
21 Jeollabuk-do, Gunsan-si 151 Gangwon-do, Pyeongchang-gun
22 Sejong 152 Gyeongsangnam-do, Tongyeong-si
23 Jeollabuk-do, Gimje-si 153 Gyeongsangbuk-do, Yeongdeok-gun
24 Gyeonggi-do, Suwon-si 154 Jeollanam-do, Wando-gun
25 Chungcheongnam-do, Yesan-gun 155 Gangwon-do, Goseong-gun
26 Jeollabuk-do, Jeongeup-si 156 Gyeongsangbuk-do, Uljin-gun
27 Gyeonggi-do, Ansan-si 157 Chungcheongnam-do, Gyeryong-si
28 Gyeonggi-do, Yeoju-si 158 Gangwon-do, Inje-gun
29 Chungcheongnam-do, Nonsan-si 159 Gyeongsangbuk-do, Yeongyang-gun
30 Gyeonggi-do, Goyang-si 160 Gangwon-do, Taebaek-si
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Fig. S1. Emissions densities of (a) NOy, (b) SO,, (c) NH3, (d) VOC, and (e) primary PM, 5 for 160 local authorities based on the

CAPSS 2016 emissions inventory in South Korea.
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Fig. S2. Spatial plots of (a) PM, 5 self-contribution, (b) the relative self-contribution, (c) the rest domestic contribution, and (d)
the ratio of the rest domestic contribution to the domestic contribution, and (e) the ratio of rest domestic contribution to the
self-contribution in 160 local authorities during the simulation period of 2016.
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Fig. S3. The comparison of total population and the number of children and older adults for each local authority. Small box

represents proportion of children and older adults for each local authority (the box represents the 25th to 75th percentiles,
and the whiskers represent the upper and lower extremes) (MOIS, 2020).
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