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Abstract This study quantified the impacts of domestic emission reductions on PM, 5 concentrations and population
exposure across South Korea during 2019~2022, considering inter-regional interactions and precursor-specific characteristics.
Using a hybrid modeling framework combining the Brute Force Method and Particulate Source Apportionment Technology
within the CAMx model under consistent meteorological conditions, we estimated changes in concentration and population-
weighted concentration (PWC) under policy-driven emission scenarios. Domestic emission reductions decreased the national
mean PM, s concentration by 1.6 pg/m?, accounting for approximately 28% of the observed reduction, and the PWC by 1.9 ug/
m>. In most regions, more than half of the concentration decrease was attributable to emission reductions in external regions,
highlighting the importance of inter-regional transport. Component analysis showed that secondary inorganic aerosols
dominated the PM,; decrease, with nitrate as the largest contributor despite larger SO, reduction rates. This reflects the
combined effects of precursor emission magnitude, spatial distribution, and atmospheric transport, rather than emission
reduction rates alone. The national PWC also decreased and was consistently larger than the mean concentration reduction
across regions, indicating that exposure reduction was amplified by spatial overlap between emission reductions and
population distribution. While inter-regional transport dominated the concentration response, local emission reductions were
more effective in reducing exposure. Furthermore, the transboundary impacts on both concentration and PWC followed the
order of nitrate > sulfate > primary PM, s, reflecting differences in secondary formation and transport characteristics. These
results demonstrate that concentration reduction and exposure mitigation are governed by different spatial processes. Effective
air quality management therefore requires an integrated strategy that combines inter-regional cooperative emission control for
concentration improvement with locally targeted measures for exposure reduction.
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Regional emission densities and population in South Korea
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Fig. 1. Model domain with a 9-km horizontal grid resolution over South Korea, showing provincial (si-do)-level population in
2022. The left and right panels present regional emission densities (tons/km?) of NO,, SO,, NH;, VOCs and primary PM, s, with
solid and hatched bars indicating 2019 and 2022, respectively. The numerical values corresponding to the bar graphs are provid-
ed in Fig. S1. Each region is defined as both a source and a receptor. Region acronyms are as follows; SMA: Seoul Metropolitan
Area, KW: Kangwon, CC: Chungcheong, HN: Honam, YN: Yeongnam.
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policy-driven PM, 5 concentration changes.
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Table 1. Model performance evaluation of annual mean PM, 5 for POLICY scenario simulations at the air quality monitoring

stations (AMS) in South Korea in 2022.

Region Number of sites OBS MOD MB RMSE NMB NME R
SMA 151 19.2 23.1 3.9 9.6 20.6 345 0.84
Kw 22 14.5 16.6 2.1 7.4 14.6 43.7 0.75
cC 76 19.2 209 17 83 85 30.2 0.82
HN 83 16.2 17.4 1.2 5.8 7.9 26.0 0.87
YN 130 15.6 17.0 1.4 5.6 8.7 256 0.89
South Korea 462 17.4 19.7 23 6.6 13.0 26.8 0.88

OBS, the mean of the observed values; MOD, the mean of the modeled values; Mean Bias (MB); Root Mean Square Error (RMSE); Normalized
Mean Bias (NMB); Normalized Mean Error (NME); Correlation coefficient (R). Unit: OBS, MOD (ug/m3), NMB (%), NME (%). Emery et al.(2017) goals
for 24-hr total and speciated PM, 5: NMB < 10%, NME < 35%, R>0.70. Emery et al. (2017) criteria for 24-hr total and speciated PM, 5: NMB < 30%,
NME < 50%, R>0.40. Acronyms for the regions are as follows; SMA: Seoul Metropolitan Area, KW: Kangwon, CC: Chungcheong, HN: Honam, YN:

Yeongnam.
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Fig. 3. Bar plots of (a) simulated annual mean PM, 5 concen-
trations for the BASE and POLICY scenarios and (b) policy-
driven PM, 5 concentration changes (ACpq cy) during 2019~
2022, decomposed into self- and other-region contributions
for each receptor region. Red and blue bars in panel (a) repre-
sent BASE and POLICY, respectively. In panel (a), numbers
above the bars denote ACpqcy. In panel (b), yellow and blue
segments indicate self- and other-region contributions, res-
pectively, and percentages denote the relative self-contribu-
tion. Acronyms for the regions are as follows; S.K.: South Korea,
SMA: Seoul Metropolitan Area, KW: Kangwon, CC: Chung-
cheong, HN: Honam, YN: Yeongnam.
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Supplementary Materials

Table S1. Regional emissions in South Korea of PM, 5 precursors (NO,, SO,, NH; and VOCs) and primary PM, 5 in (a) 2019 under
BASE scenario, (b) 2022 under the POLICY scenario, and (c) emissions reductions, with percentage reductions given in parenthe-
ses.

Species NO, SO, NH; VOCs Primary PM, 5
(a) 2019
SMA 362,491 34,694 49,350 318,568 19,214
KW 104,339 38,666 10,696 34,916 5810
cc 232,856 78,802 56,772 162,839 16,363
HN 185,078 63,245 61,437 217,136 15,877
YN 354,384 117,707 66,250 422,962 26,428
Ocean 32,184 11,894 3 1,118 1,539
(b) 2022
SMA 277,831 24,419 44,202 249,992 13,503
KW 39,449 23,915 9,466 23,310 3,552
cC 139,407 39,782 48,692 112,254 10,086
HN 133,904 43,786 53,589 159,036 10,567
YN 241,321 68,651 56,442 298,342 17,362
Ocean 29,549 1,401 3 1,027 1,411

(c) Emissions reductions

SMA 84,660 (23%) 10,275 (30%) 5,148 (10%) 68,576 (22%) 5,711 (30%)
KW 64,890 (62%) 14,751 (38%) 1,230(11%) 11,606 (33%) 2,258 (39%)
cC 93,449 (40%) 39,020 (50%) 8,080 (14%) 50,585 (31%) 6,277 (38%)
HN 51,174 (28%) 19,459 (31%) 7,848 (13%) 58,100 (27%) 5,310(33%)
YN 113,063 (32%) 49,056 (42%) 9,808 (15%) 124,620 (29%) 9,066 (34%)
Ocean 2,635 (8%) 10,493 (88%) 0(0%) 91 (8%) 128(8%)

Units are tons per year. Region acronyms are as follows: SMA, Seoul Metropolitan Area; KW, Kangwon; CC, Chungcheong; HN, Honam; YN,
Yeongnam.

Table S2. Model performance evaluation of annual mean PM, s and its components for Policy scenario simulations at the
Supersites in South Korea excluding Baengnyeong, in 2022.

Species Number of sites OBS MOD MB RMSE NMB NME R
PM, 5 9 19.33 18.86 -0.48 5.61 =24 21.21 0.88
Sulfate 9 3.01 3.14 0.13 1.47 43 34.56 0.68
Nitrate 9 4.55 6.73 2.18 3.85 47.9 59.76 0.84
Ammonium 9 2.56 3.07 0.51 1.37 19.9 39.37 0.82
EC 9 0.64 0.79 0.15 0.25 234 31.75 0.85
ocC 9 3.23 2.1 -1.12 1.62 -34.7 38.96 0.72

OBS, the mean of the observed values; MOD, the mean of the modeled values; Mean Bias (MB); Root Mean Square Error (RMSE); Normalized
Mean Bias (NMB); Normalized Mean Error (NME); Correlation coefficient (R). Unit: OBS, MOD (pg/m?), NMB (%), NME (%). Emery et al. (2017) goals
for 24-hr total and speciated PM, s: NMB < 10%, NME < 35%, R>0.70. Emery et al. (2017) criteria for 24-hr total and speciated PM, s: NMB < 30%,
NME <50%, R>0.40.
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Fig. S1. The spatial distributions of relative changes in contributions to receptor regions induced by unit concentration
reductions in source regions for (a) nitrate, (b) sulfate and (c) Primary PM,s. Acronyms for the regions are as follows; S.K.:
South Korea, SMA: Seoul Metropolitan Area, KW: Kangwon, CC: Chungcheong, HN: Honam, YN: Yeongnam.
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Fig. S2. Scatter plot of the relationship between policy-driven PM, 5 concentration changes (AC) and APWC for 5 regions in
South Korea. The symbols indicate self-contribution (circles) and contributions of other regions (squares).
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