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Abstract Zero-Out Contributions (ZOCs; impact) of air pollutants emitted from the thirteen major source sectors in South
Korea on PM, 5 were estimated with a set of the Community Multi-scale Air Quality - Brute Force Method simulations in which
emissions of each source sectors were totally removed in turn during the study period of 2019. During the emission
sensitivity simulations, the Clean Air Policy Support System 2016 emission inventory was processed at a horizontal grid
resolution of 9 km. Among 13 source sectors, agriculture showed a high impact (5.0 ug/m?) on the nation-wide PM, 5
concentration, but NH,* converted from the agricultural NH; emissions explained only 25% of the total impact. It means that
about 75% of agricultural impact is mainly attributed to SO,>~ and NO;~ converted from their precursors released from other
source sectors. Except agriculture, on-road mobile showed the highest nation-wide PM, s impact of 1.4 ug/m? (8.0%) followed
by industrial combustion (1.3 pg/m3; 7.6%), and non-road mobile (0.9 pg/m3; 5.3%). However, industrial combustion was the
highest contributor in Chungnam (impact 3.0 pg/m?) while non-road mobile, on-road mobile, and manufacturing process
was the predominant contributor for Busan (2.0 pg/m3), Daegu (2.1 pg/m3), and Ulsan (2.3 pg/m3), respectively. When the total
impacts of precursor emissions on the nation-wide PM, s were compared, NO, (2.4 pg/m?3) showed the highest impacts on the
PM, 5 followed by Primary PM, 5 (PPM,s; 1.9 pg/m?), NH; (1.5 pg/m?), and SO, (0.6 pg/m3). However, PPM, s became the
dominant precursor that showed the highest impact (4.6 ug/m?3) to the PM, 5 in Seoul. The national emission-to-concentration
conversion rate of PPM, 5 was approximately 5 and 10 times higher than that of NO, (to NO;”) and SO, (to SO,%"), respectively.
However, the emission sectoral impacts and the emission-to-concentration conversion rates changed a few times among
provinces. Overall, when developing provincial air quality improvement plans, it is strongly recommended to figure out their
own key source sectors and the target precursors to regulate.
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concentration conversion rate
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Table 1. The configurations for CMAQ modeling in this study.

Module Option
Horizontal advection (ModHadv) Hyamo
Vertical advection (ModVadv) YAMO
Horizontal diffusion (ModHdiff) Multiscale
Vertical diffusion (ModVdiff) Eddy
Aerosol module (ModAero) AERO5
Gas-phase chemistry solver (ModChem) EBI
Deposition velocity calculation (ModDepv) m3dry
Cloud module (ModCloud) RADM
Gas-phase chemistry mechanism (Mechanism) SAPRC99
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Fig. 1. Comparison of observed and simulated daily mean (a) 2-m temperature, (b) 10-m wind speed at 77 ASOS stations, and
(c) PM, 5 concentrations at 406 urban air quality monitoring stations during 2019.
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Fig. 2. Scatter plots of the observed and simulated daily mean concentrations of (a) PM, s, (b) nitrate, (c) sulfate, (d) ammoni-
um, (e) OC, and (f) EC averaged over six super sites during 2019.
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Fig. 3. Spatial distributions of the NO,, SO, and Primary PM, s emission density (kg/yr/km?) for the selected major five source sectors in the CAPSS 2016. Five source sectors
include combustion in energy industries (SCC1), combustion in manufacturing industries (SCC3), production process (SCC4), on-road mobile (SCC7), and non-road mobile
(SCC8). Acronyms for 17 provinces are as follows; SO: Seoul, BS: Busan, IN: Incheon, DG: Daegu, DJ: Deajeon, UL: Ulsan, GJ: Gwangju, SJ: Sejong, GG: Gyeonggi-do, GW:
Gangwon-do, CN: Chungcheongnam-do, CB: Chungcheongbuk-do, GN: Gyeongsangnam-do, GB: Gyeongsangbuk-do, JN: Jeollanam-do, JB: Jeollabuk-do, JJ: Jeju.
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Table 3. The impact” of emissions from the individual source sectors to the nation-wide annual mean concentrations of

PM, 5, PPM, 5, nitrate, sulfate, and ammonium. (unit: pg/m?3)
Source sector PM, 5 PPM, 5 Nitrate Sulfate Ammonium
Combustion in energy industries 0.65 (3.8%) 0.04 (0.9%) 0.37 (5.6%) 0.11(3.8%) 0.15(4.8%)
Non-industrial combustion 0.23(1.3%) 0.02 (0.4%) 0.12(1.9%) 0.04 (1.4%) 0.05(1.7%)
Combustion in Manufacturing industries 1.31(7.6%) 0.65 (14.8%) 0.31(4.7%) 0.19(6.7%) 0.16(5.3%)
Production process 0.77 (4.5%) 0.06 (1.4%) 0.37 (5.6%) 0.17 (6.0%) 0.17(5.7%)
Storage and distribution of fuels 0.01(0.1%) -0.00 (-0.0%) 0.01(0.1%) 0.00(0.0%) 0.00(0.1%)
Solvent use 0.10(0.6%) -0.00 (-0.0%) 0.03 (0.5%) -0.00(-0.2%) 0.01(0.2%)
On-road mobile 1.37(8.0%) 0.21 (4.9%) 0.93(14.2%) -0.02 (-0.8%) 0.26 (8.7%)
Non-road mobile 0.91(5.3%) 0.25(5.6%) 0.47 (7.2%) 0.05(1.7%) 0.16(5.1%)
Waste treatment and disposal 0.04(0.2%) 0.00(0.1%) 0.02(0.4%) 0.00(0.1%) 0.01(0.3%)
Agriculture 5.00(29.0%)? 0.10(2.3%) 3.63(55.5%) 0.08(2.7%)? 1.20(39.9%)
Other sources and Sinks 0.17 (1.0%) 0.01(0.2%) 0.12(1.8%) 0.01(0.2%) 0.04(1.3%)
Fugitive dust 0.43(2.5%) 0.40 (9.2%) 0.01(0.1%) 0.01(0.2%) 0.00(0.2%)
Biomass burning 0.29(1.7%) 0.21(4.9%) 0.04 (0.6%) 0.01(0.2%) 0.01(0.5%)

"The presented impacts in the table do not include the cross-terms among source sectors in this study.
INote that PPM, , nitrate, and sulfate in the agricultural impacts are not originated from the source sector.
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Fig. 4. Scatter plots between the nation-wide precursor emissions and impacts of (a) PPM,, (b) nitrate, (c) sulfate and (d)
ammonium for the individual source sectors during the simulation period of 2019.
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Fig. 5. Spatial plots of (a) the simulated annual mean PM, 5 concentration, and (b)~(n) the impacts of the thirteen major source sectors on the PM, 5 during the simulation
period of 2019.
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Fig. 6. Spatial plots of (a) the simulated annual mean nitrate concentration, and (b)~(n) the impacts of the thirteen major source sectors on the nitrate during the simulation
period of 2019.
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Fig. 7. Spatial plots of (a) the simulated annual mean sulfate concentration, and (b)~(n) the impacts of the thirteen major source sectors on the sulfate during the simulation
period of 2019.
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Fig. 8. Spatial plots of (a) the simulated annual mean ammonium concentration, and (b)~(n) the impacts of the thirteen major source sectors on the ammonium during the
simulation period of 2019.
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Fig. 10. Monthly (a) impacts, and (b) relative impacts of emissions released from 13 source sectors on the nation-wide PM, 5
concentrations during the simulation period of 2019. The agricultural impact includes ammonium only.

FE AiAstg et BAEET fARE A9E Qi Blasto] S vljEe] ot Y T 9
Ik, 25~61% T = WTH(NO, HiEo] A|uj2] <l
5 2l = AQ)). ol = = HiEelA AArATt At
=4 Xd%gé_“ﬂ NO,&} SO, Hi&Fo] 34 A 2}o]
= %141 HYol ujEo] oF 79%E At ol Hi, A £L o] ZfololA 7]Qleh= AR
L5 BB dryol uiESFS AlQSt RAAE mE T (Lachatre et al., 2019). E3F, 2 NO,°l 9
A EE Ado] AlRtE]H, o]= Q1% Tk FFe]l o FAFE A I Foll ik A7t wol IR
‘/}E}‘%ﬂ jZoltt E2o|EQ Ay} H|E2o|EQ 11 919 (Liu ef al., 2020; Gen et al., 2019; Xue et al.,
oA 0.5~1.5 ug/m*S] AH O 2 =8 s 2019; Zhao et al., 2019; Xue et al., 2016), = FLo] o]
%% Hol it tigt =8 MiEddS 1T 4+ 85 ti7|E BAbol= o]g 71&3E2 RHg =] ¢
Ut At 4hS AlQlotd BE A H3t BE wiE B E
it o] 739, o] A HolA 0.5 pg/m® oot W oA St i sk JFET FArA
9] Tk JFE Holm, St Ae AAEA L wiE ditt sk 7ol FAIs] ok
of o3t & ko] 0.5 ug/m® oA L2 et} A PPM,; & FFolAe T2 AxgAaoA

4 ot

o2
I 1o of rlo

Al Lokl 3.0 pg/m? o1

mlm

J. Korean Soc. Atmos. Environ., Vol. 37, No. 1, February 2021, pp. 17-44



oy
Ho
i
oy
rlo
&
40
of>
Joi
=
=
2
T
=l
rio
oY
0%
Ho
oN
rok
B3
o
H>
s

Table 4. Emission-to-concentration conversion rates of SO,, NO,, and PPM, s for each province during the simulation period

of 2019. (unit: pg/m3/MTPY)
[a] SO, to SO,>
Combgstion i.n CombL.Jstic.)n in ‘ Production On-road mobile Non-road mobile
energy industries manufacturing industries process (5CC7) (5CC8)
(SCC1) (SCC3) (SCC4)

Seoul 1.1 15 13 - 2.6
Busan 1.0 15 2.7 - 4.6
Daegu 13 2.6 1.6 - 15
Incheon 1.2 14 1.9 - 24
Gwangju 1.1 1.3 1.2 - 2.1
Daejeon 1.5 2.1 1.2 - 1.1
Ulsan 1.1 2.2 57 - 24
Sejong 1.7 33 1.8 - 15
Gyeonggi 1.2 22 15 - 1.8
Gangwon 0.8 13 0.8 - 0.7
Chungbuk 1.2 24 14 - 0.9
Chungnam 1.7 44 2.1 - 1.6
Jeonbuk 1.4 15 1.1 - 15
Jeonnam 1.0 1.8 1.5 - 29
Gyeongbuk 1.1 2.7 14 - 1.1
Gyeongnam 1.4 2.0 22 - 23
Jeju 0.5 0.5 0.6 - 24
South Korea 1.2 2.2 15 - 1.6

[b] NO, to NO5™

Combustion in Combustion in Production Other mobile sources
) X I . Road transport .
energy industries manufacturing industries process (5CC7) and machinery
(SCC1) (SCC3) (SCC4) (SCC8)
Seoul 1.5 14 53 1.1 1.1
Busan 23 1.7 11.0 1.9 23
Daegu 2.8 2.6 7.4 3.0 2.6
Incheon 13 0.8 9.6 0.7 1.0
Gwangju 37 1.5 6.2 24 3.0
Daejeon 3.8 2.0 6.8 24 23
Ulsan 2.2 1.9 16.4 2.2 26
Sejong 45 2.7 75 23 2.6
Gyeonggi 2.1 1.7 55 1.8 1.9
Gangwon 0.9 1.1 34 14 1.1
Chungbuk 3.0 23 6.1 2.7 25
Chungnam 4.6 22 9.1 1.9 2.6
Jeonbuk 4.0 1.7 6.2 25 26
Jeonnam 2.8 13 7.8 1.9 25
Gyeongbuk 2.1 24 6.0 2.6 22
Gyeongnam 3.0 1.8 10.0 23 2.6
Jeju 1.0 0.4 24 0.7 1.7
South Korea 2.5 1.8 6.6 2.1 2.1
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[c] PPM; 5 to PPM, 5

Combustion in
manufacturing industries

Combustion in
energy industries

Other mobile sources

Production process and machinery

(SCC4)

Road transport
(SCC7)

(SCC1) (SCC3) (SCC8)
Seoul 214 8.8 7.6 90.1 70.3
Busan 13.6 13.0 19.6 371 81.9
Daegu 10.7 26.7 10.5 48.7 19.5
Incheon 24.7 9.9 17.6 322 39.1
Gwangju 125 6.5 5.6 30.8 21.7
Daejeon 15.9 16.5 83 43.6 21.2
Ulsan 10.7 204 453 27.9 426
Sejong 20.7 29.7 14.6 375 325
Gyeonggi 174 16.5 8.0 46.5 33.1
Gangwon 4.8 4.0 34 10.8 7.2
Chungbuk 1.1 145 9.0 29.8 15.4
Chungnam 26.0 53.7 18.8 24.7 214
Jeonbuk 133 7.5 5.0 18.6 121
Jeonnam 12.2 16.0 18.1 11.6 15.4
Gyeongbuk 6.4 235 12.2 19.0 11.0
Gyeongnam 14.6 17.5 19.9 20.1 18.2
Jeju 35 15 2.2 6.6 129
South Korea 11.9 17.7 11.8 220 171
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F Ao 7 Holth(Bae et al., 2020a; Bae et al., 2019).
ohk, A (1~24, 129) B9t Bt 7.9 pg/m’ 55

& Hol= 599 PM,; 5 9T 59 4EE 9
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Suppmentary Materials

(a) 2-m temperature

TEMP2 RMSE [C] TEMP2 R

1.00

(b) 10-m wind speed

WSPD10 RMSE [m s-1] WSPD10 R

1.00

Fig. S1. The spatial distributions of the RMSE and R for the simulated (a) 2-m temperature and (b) 10-m wind speed during
2019.
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2016 in major authorities.

J. Korean Soc. Atmos. Environ., Vol. 37, No. 1, February 2021, pp. 17-44



oy
Ho
i
o
ro
&
40
of>
Joi
=
rg
_9_
Tk
=l
rio
o
0%
Ho
o
ol
2
o
H>
o

Table S1. Statistical verification of simulated PM, s, nitrate, sulfate, ammonium, EC, and OC concentrations from the intensive
air quality monitoring stations (IAQMS) during 2019.

[a] PMy5

IAQMS The number of data Meanp,s (ug/m?) Meangmaq (Mg/m?) Mean bias (ug/m?) RMSE (pg/m3) R
Baengnyeong 8351(95%) 20.32 13.51 -6.80 16.47 0.68
Seoul 8611 (98%) 26.35 20.81 -5.54 16.12 0.69
Daejeon 8610 (98%) 2592 19.20 -6.73 16.78 0.73
Gwangju 8439 (96%) 25.87 18.95 -6.92 15.66 0.75
Jeju 7593 (87%) 12.79 12.84 0.05 11.60 0.63
Ulsan 8683 (99%) 17.97 18.95 0.99 13.86 0.65
[b] Nitrate

1AQMS The number of data Mean,yp (ug/m3) Meanmag (Mg/m?) Mean bias (ug/m3) RMSE (ug/m?) R
Baengnyeong 7208 (82%) 5.15 3.64 -1.51 8.65 0.54
Seoul 8049 (92%) 5.50 6.91 1.40 6.97 0.68
Daejeon 7339 (84%) 5.04 7.61 2.58 7.83 0.67
Gwangju 7941 (91%) 5.63 733 1.70 7.41 0.67
Jeju 6303 (72%) 243 4.32 1.88 5.68 0.54
Ulsan 8004 (91%) 3.69 6.87 3.19 7.51 0.63
[c] Sulfate

IAQMS The number of data Mean, (Lg/m?) Meanmaq (Mg/m?) Mean bias (ug/m?) RMSE (ug/m?3) R
Baengnyeong 7208 (82%) 5.14 2.89 -2.24 4.55 0.64
Seoul 8049 (92%) 3.65 3.02 -0.63 291 0.64
Daejeon 7341 (84%) 3.44 295 -0.48 2.65 0.60
Gwangju 7941 (91%) 443 293 -1.50 3.42 0.64
Jeju 6303 (72%) 3.96 2.79 -1.18 3.15 0.58
Ulsan 8004 (91%) 3.89 3.57 -0.33 5.65 0.35
[d] Ammonium

1AQMS The number of data Mean,yps (pg/m3) Meancmag (Mg/m?) Mean bias (ug/m3) RMSE (ug/m?) R
Baengnyeong 7208 (82%) 341 214 -1.27 3.82 0.63
Seoul 7998 (91%) 3.07 3.23 0.16 2.72 0.71
Daejeon 7341 (84%) 2.83 341 0.57 2.73 0.69
Gwangju 7941 (91%) 3.68 3.37 -0.31 2.84 0.70
Jeju 6302 (72%) 211 244 0.33 232 0.62
Ulsan 8004 (91%) 3.07 3.42 0.34 3.00 0.60
[e]OC

IAQMS The number of data Mean, (Lg/m?) Meangmaq (Mg/m?) Mean bias (ug/m?) RMSE (ug/m?3) R
Baengnyeong 7346 (84%) 231 1.09 -1.21 2.00 0.68
Seoul 7894 (90%) 3.68 1.78 -1.91 2.61 0.65
Daejeon 7670 (88%) 3.79 133 -2.46 3.14 0.61
Gwangju 7659 (87%) 413 134 -2.79 3.61 0.60
Jeju 6845 (78%) 1.58 0.82 -0.77 1.23 0.67
Ulsan 7621 (87%) 2.72 113 -1.58 2.16 0.65
[f1EC

1AQMS The number of data Mean,ps (pg/m?) Meancmag (Mg/m?) Mean bias (ug/m3) RMSE (ug/m?) R
Baengnyeong 7346 (84%) 0.51 0.48 -0.03 0.49 0.69
Seoul 7881 (90%) 0.93 1.24 0.31 0.85 0.52
Daejeon 7670 (88%) 1.07 0.70 -0.37 0.71 0.62
Gwangju 7659 (87%) 0.81 0.77 -0.03 0.55 0.64
Jeju 6845 (78%) 0.41 0.38 -0.02 0.29 0.69
Ulsan 7618 (87%) 0.51 0.65 0.14 0.40 0.58
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