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Abstract In this study, we investigated the terrain effect on PM, 5 concentrations across provinces in South Korea,
focusing on the winter season, when PM, 5 levels typically increase. South Korea’s terrain, characterized by lower elevations in
the west and higher elevations in the east, can significantly influence PM, 5 concentrations during the winter when prevailing
winds are northwesterly. We employed the Community Multiscale Air Quality model coupled with the Weather Research and
Forecasting model to simulate two scenarios: one with actual terrain heights and another with terrain flattened to 50 meters.
The terrain affected dispersion and transport of air pollutants, leading to changes in PM, s concentrations across provinces,
ranging from -7.6%~3.0%. Specifically, PM, 5 concentrations increased in northwestern provinces, such as the Seoul
Metropolitan Area, while they decreased in southeastern provinces. The terrain effect on the local emissions impact (LEI) of
PM, s concentrations in South Korea ranged from -11.3% to 6.3%, which was relatively more significant compared to the
impact of long-range transport (LTI; =8.7% to 2.3%). However, in terms of absolute concentration changes, the LEI varied from
-1.1 pg/m? to 0.6 ug/m’, while the LTI ranged from —1.8 ug/m? to 0.6 ug/m>, indicating that the LTI had a greater overall
impact under the given conditions during the study period. Interestingly, in some provinces, PM, 5 concentrations decreased
despite reduced ventilation. These results suggest that terrain plays a crucial role not only in the dilution and dispersion of
locally emitted air pollutants but also in the transport of both transboundary and inter-provincial air pollutants. By hindering
the northwesterly-to-southeasterly transport, particularly on elevated PM, s days (> 35 pg/m®), the terrain in South Korea
reduced the nation-wide, population-weighted PM, 5 concentration by 16%. Considering the decrease in LTI, and as the LEI
becomes more significant in the future, understanding the role of terrain will be crucial for effectively reducing PM, 5 levels
and minimizing human exposure.
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Fig. 1. The modeling domains at horizontal grid resolution of (a) 27-km and (b) 9-km. The blue and red dots portray the loca-
tions of meteorological assimilation and data ingest system (MADIS) and air pollutants measurement sites (AMS) respectively

in South Korea.
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Fig. 2. (a) Spatial distributions, (b) line plot of sorted data, and (c) box plots with standard 1.5 IQR whiskers and outliers of ter-
rain height used for the REAL and FLAT simulations in South Korea, respectively. Each dataset used in the line plots and box
plots represent a cell located in South Korea at a 9-km resolution. The orange line in the box plots indicates the median value

of the data.
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Fig. 3. lllustrative of the analytical approach used to evaluate the terrain effect on meteorological conditions and air pollut-

ant concentrations in South Korea.
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Table 1. Model performance statistics for 2-m temperature, 10-m wind speed and PM, 5 concentration from meteorological
and air quality simulations in South Korea from January to March 2019.

Observed mean Modeled mean Mean bias Gross error RMSE Index of agreement
2-m temperature 3.4°C 3.5°C 0.1°C 0.5°C 0.6°C 1.0
10-m wind speed 3.0m/s 3.1m/s 0.1m/s 0.2m/s 0.2m/s 0.9
Observed mean Modeled mean Mean bias NMB NME Correlation coefficient
PM, 5 35.8ug/m? 35.0 ug/m? -0.9 ug/m? -2.7% 17.7% 0.9

Emery et al.(2001) benchmarks for 2-m temperature: Mean Bias < +0.5K, gross error<2K, I0A>0.8
Emery et al.(2001) benchmark for 10-m wind speed: Mean Bias < + 0.5 m/s, RMSE <2 m/s, IOA>0
Emery et al.(2017) goals for 24-h PM,5: R>0.7, NMB < + 10%, NME <35%
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Fig. 5. Spatial distributions of terrain effect on (a) 10-m wind speed, (b) PBLH, (c) VI and (d) PM, 5 concentration in South
Korea from January to March 2019.
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Fig. 7. Spatial distributions of terrain effect in the REAL and FLAT simulations, and their differences, on long-range transport
impact (LTI) (upper panel: (a), (b), and (c)) and local emissions impacts (LEl)(bottom panel: (d), (e), and (f)) in South Korea from

January to March 2019.

38 AGollA= WolA= fARE 31 £2E B
oHLE 7(0)eF (D).
= 9] HjE el it AFaTE AHEH, Al
3 AW giH]2E -8.7%~2.3% (~1.8 pug/m>~0.6 pg/
m’) Zto] 5 B o H (117 8(a)), Q17 DA A ol A
o] 2ol -6.4%~1.8% (—1.4 pg/m>~0.5 pg/m>)°| A
THLE 8(b)). @Al ot U viE g
Fat =9 WiEggo] ST AlkolA= F7eke
=9] #iEY oOl Eas i AEoflAe AAE B
P AP AR A
A tiH] -11.3%~6.3% (1.1 pg/m>~0.6 pg/m?), 1
B A G HE -6.4%~6.4% (-0.7 ug/m>~0.6 pg/
m’) 9] 2ol sttt Ao Fx SHolA A3
= =9 #iEFolA © ﬂﬂiﬂHE@‘ﬂ
Joi 241 Hske-2 ] viEFFelA o A UrE}

Bl

>~ bo[.

gL rlr

O:

Loy
=e|ef = HiE g Tl %
2 FEY = ‘31‘212‘%, I
Ao o] 9] BiEFd AR
7Fstl e, EHol YAt Al
2hA =] Z1F2 Aol ARt A
29TE 7AA PMys BEE l‘:ol_’ 5171101] 9

FES A2 A PRl oo vie 2 A= Ho
Hart BT UEgeu (19

8(a)), A1 LA A Foll A= EH HEO| Ao A VIZ}
%‘iﬁ}‘}iﬂ} 19 8(b)). L 8(b)eF ol 7] A
o] 57t= OMX%OF Sk}, L5 Aol A

T Eotal =9 W Sy vfE kel

Sh=ri7 | EstE|X| M40 E M 6 2



(a)

@ A Height |
) -100.0 m

©) -150.0m

|
)
<)

15 10.0
Regions
| B ow 7.5
10 @ rr
. * KR 5.0 <
25 ©
< b
= — 00 @
3 u 2
o B 25 %
=}
-
S|

) -200.0m

|
-
7]
|
2 o
©
<)

=15 -10 <=5 0 5 10 15

ALTI [%]
(b)
15 10.0
Regions I
m ow 15
10 @ rr
. - * KR 5.0 -
_ O 25 &
9 0.0 o
= 252
@ A Height 2
100.0m =50 &
- : o
—104 ) 1500m _754
-200.0m
-15 . . = -10.0
-15 -10 =5 0 5 10 15

ALTI [%]

Fig. 8. Scatter plots showing the relative effect of terrain on
provincial long-range transport impact (LTl) and local emis-
sions impact (LEI) calculated (a) across all grids and (b) at
urban air quality monitoring station locations in South
Korea from January to March 2019. The sizes and colors of
symbols represent changes in terrain height and 10-m wind
speed averaged for each province. Circles and squares were
used for eastern and western provinces, respectively. A posi-
tive value indicates that the concentration or wind speed
has increased due to the actual terrain. A star symbol repre-
sents the national average.

At Q7 B Aol Skt el HFe B
Qe Ao BARYCHIY 9(a). AR A

A2 PM, s SE01| CHt A[F S0t 24 639

A 2199] Ze] viEFF @} Fdoll el o
A} 717F B9 242} 0.3 pg/m?, 0.4 pg/m® F71519L
w}, 1 9] AZofl s Hat 0.9 pg/m® AASHLE o]
23t A= PM, 5 ol theh =] sjE 3] ¥
Sto| A AFaIH= = FAQ 7o) iEITFS
S o & A-golqirh

N ﬂ_[-l)lv
ol
od
=
z
ol
A
ACh

ol
i)
Y
N
op
ol
o
82
o
q
B[l
ol
o
4 o

9 Aol T 59T F7E Fotel
cHLE S(b)). A, FAL 24 5 Adlet
=9 Q17 B A A Ff fEFTol

=7l Moz, A 5 A7 2 AN w2
HiEo] Hehaor 289t Zlom Heln o2t
A S AP0l AEE PMys wkef vAlE 9
Fihs oIt A gl Bk w2 F9g=E T
d 7 USSRt v Bollde = AFol
A= Qg vA = 93-S PWCE o835t

=olshelet.

3.4 PMys 217 718 & HEl

= 2 PGof| oJ5f PWCE BAZE AlE (A&, 37,
A, FHE, AE, i) ol E PM,; 5 A5o2
off S7FeE WA, FEEofl AR U 2] Aol A
HASHATH(1E 10). A &}l SRt =) Al
PWC ¥} 22 -2 4pg/m>~1.5ug/m’2, PM, 5 &
T WS} (-2.2 pg/m3~1.2 pg/m*) 2} H|S=51A} A F
of os PM, s =7t Woldl H5%& AlZ=EolA
PWC T4t ¥4 -1.7 pyg/m’*E PM, s 5% T4
(-1.3 pg/m’) Bt ZAth ol= s AlZolA =] Z]
P PMys & 4ot QI eEHoA fEsHA
2892 ofniRitt ol & Sof FAke] A, A1 5yt
o oJ8] PM, 5 == 1.8 pg/m® ZASHR 2™, PWC
= 24pug/m’ Ak B =, Q1 o] 49 g8
T2 8] PM, 5 5= PWCE 242} 0.9 pg/m’, 1.5
ug/m’ F7Foto] QUA| FoF SN =) AP &

¢

g rrore

J. Korean Soc. Atmos. Environ., Vol. 40, No. 6, December 2024, pp. 628-645



(a)

0.0 1

ALTI [ug/m?]

_1.0_

I all grids
[ urban AMS locations

KR SO IN KG CN S

1.0

D) CB JB G| JN KW KB KN DG UL BU

(b)

0.0 1

ALEI [pg/m?]

I all grids
[ urban AMS locations

-2.0

KR SO IN KG CN S

D) CB JB G JN KW KB KN DG UL BU

Fig. 9. Terrain effect on (a) long-range transport impact (LTI) and (b) local emissions impact (LEI) calculated across all grids
(black bars) and at the urban air quality monitoring station’s locations (white bars) in South Korea and its 16 provinces from

January to March 2019.

APM; 5 [pg/m?3]

. PWC

I Concentration

SO IN KG CN

D] CB JB

Gl JN Kw KB KN DG UL BU

Fig. 10. Terrain effect on PM, 5 concentrations across all grids (green bars) and population-weighted concentrations (orange
bars) in 16 provinces of South Korea from January to March 2019. Population data from 2017 at the Dong level was used in

the calculations.

25| 2-8-sH3iTt.

=4l Aol A eFof m|A=
PM,; &5k <ol whet FEste] 4
A& o] ¢, Agaatol] ot pwC W3l Ask
A (1.0 pg/m*) T DFEA (1.1 pg/m?) 7kl 2 2ol &
Holz] QAH(L™ 11(a)¢F (b)). LH, = AY
of oJaff PM, 5 =7t Fashs B8 Ao A1,

. B o
1
mz2
Hr o
o)

PWC Wigtel] teh 21 avhe A= (0.8 pg/m?)
T 2 (<22 pg/m’) 74l 1.4pg/m*) Aol & B
STk o2 2 HotH, T PM,; B4 Al
AGarz s 98 A g AE PM,; 5w}
PWC7L 7HEE1E W, o2 2ol A PM,; 5=
& PWC7t ZAastgloH, s A4 PWCE W5e
Yoz A8k PM,s SRR PWCTH A E




Al PMys s et xizan 2o [T6Al

Daily observed PM, 5 concentrations Daily observed PM, 5 concentrations
<35ug/m3 <35ug/m?
(a) (b)
2 2
1:1 line 1:1 line
__ y=1.08x0.02 ke kA" o y=1.16x -0.28
1 r=0.97 1 11~ r=0.96
E €
:2 0 — 3 OT
A “a
1 £t
a a
o @, S
2 -2 = -2
3 £
-3 -3
-4 ; -4
-4 -3 =2 -1 0 1 2 —4 2
APM; 5 [ug/m?’] APM, 5 [ug/m?]
(c) (d)
2 2
1:1 line 1:1 line
y=1.07x -0.05 y=1.12x -0.26
11~ r=0.98
o £
(=] o
oo i =1
= ba =
g? 5
9] [v]
2 5 | =
o | o
< ‘ <
-3 ‘
-4
-4 -3 =2 -1 0 1 2
ALTI [ug/m?] ALTI [ug/m?]
(e) (f)
2 T 2
1:1 line 1:1 line
__ y=0.99x 0.06 _ y=1.09x-0.05 o
1] r=0.95 1 r=0.93
) T o
= KN )
= =
frrid -1
= =
cgJ g
z 2 ‘ E -2
< <
=3 =3
|
[
—4 -4
-4 -3 -2 -1 0 1 2 -4 -3 =2 -1 0 1 2
ALEI [ug/m?] ALEI [ug/m?]
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