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Abstract This study investigated the characteristics of PM, 5 concentrations and meteorological conditions during three
high PM, 5 episodes (Ep I: February 27~March 6, Ep II: March 11~12, and Ep Ill: March 19~20) observed in Seoul in 2019. This
analysis was performed based on PM, s and meteorological observations and numerical modeling (WRF-CMAQ modeling
system). An integrated process rate (IPR) analysis was used to evaluate the relative contributions of physical and chemical
processes to PM, s production in the study area. High PM, 5 concentrations during the high PM, 5 episodes were mostly
observed in the western and middle areas in Seoul. Significant differences (40~50 ug m™) in the mean PM, s concentrations
between the high PM, 5 episodes and non-episodes were estimated mainly in the western parts of Seoul. This might be
primarily due to the combined effects of the transport of air pollutants from strong source regions (e.g., Chinese emissions),
local emissions, and local meteorological conditions (e.g., high air temperature and low wind speed). From the IPR analysis,
the contribution of horizontal transport to PM, 5 concentrations in most of the areas of Seoul during Ep | and Ep Il was the
most dominant, while the vertical transport and aerosol process during Ep lll largely contributed to PM, 5 concentrations.

Key words: PM, 5 episodes, Horizontal and vertical transport, Aerosol process, Integrated process rate, Seoul, WRF-CMAQ
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and Dockery, 2006).
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Fig. 1. The nested model domains for WRF and CMAQ simulations and the geographical locations of 20 air quality (triangles)
and 20 meteorological monitoring sites (circles). “JG", “GC’, “JN’, “DB", “GJ’, and “YC" in the figure represent six air quality moni-
toring sites, Jung-gu, Geumcheon-gu, Jungnang-gu, Dobong-gu, Gwangjin-gu, and Yangcheon-gu in Seoul. The meteorologi-
cal monitoring sites are located 3~5 km away from the air quality monitoring sites.
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Table 1. Details of the grids and physical options used in the WRF and CMAQ models.

[A] WRF
Domains D1 D2 D3 D4
Cells in x-direction 58 61 67 64
Cells in y-direction 44 55 73 58
Horizontal resolution (km) 27 9 3 1
Vertical layers 30 30 30 30
Microphysics WSM 3 WDM 6
(Hong et al., 2004) (Lim and Hong, 2010)
Cumulus Kain-Fritsch scheme for D1, D2 (Kain, 2004)
Radiation (long/short wave) RRTM (Mlawer et al., 1997)/Dudhia (Dudhia, 1989)
Planetary boundary layer YSU scheme (Hong and Pan, 1996)
Surface layer Monin-Obukhov (Monin and Obukhov, 1954)
Land surface Noah LSM (Pan and Mahrt, 1987)
[B] CMAQ
Module D1 D2 D3 D4
Horizontal advection (ModHadv) Hyamo
Vertical advection (ModVadv) Vwrf
Horizontal diffusion (ModHdiff) Multiscale
Vertical diffusion (ModVdiff) Acm2
Aerosol module (ModAero) Aero6
Gas-phase chemistry solver (ModChem) Smvgear
Deposition velocity calculation (ModDepv) M3dry
Cloud module (ModCloud) Cloud_acm_ae6
Gas-phase chemistry mechanism (Mechanism) Saprc99

25% 00 UTCZE 4795}t
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Fig. 2. The spatial distributions of the emissions (kg day™")
of (a) PM, 5 and (b) NO, in the 1 km model domain (D4).
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Table 2. Summary of PM, 5 concentrations and meteorological variables at six sites for high PM, 5 episodes and non-episodes.

High PM, 5 episodes

Non-episodes

Sites Variables
Daytime Nighttime Daytime Nighttime
PM, 5 (ug m™) 67.6+29.5 66.8+33.5 214492 21.8+11.5
G Air temperature (°C) 9.7+39 63+25 75+4.0 3.8+3.1
Wind speed (ms™") 1.9+1.0 1.6+0.9 25+1.2 1.6+0.9
Relative humidity (%) 44+18 56+18 42+22 55+20
PM, 5 (ug m™3) 74.0+32.0 69.0+31.6 237489 23.8+113
ac Air temperature (°C) 9.7+3.2 7.3+22 7.7+33 52+28
Wind speed (ms™) 16+0.7 1.2+0.7 2107 1.5+0.6
Relative humidity (%) - - - -
PM, 5 (g m™) 7354316 73.1+348 2444102 2374114
N Air temperature (°C) 10.0+3.6 7.8+25 7.8+3.6 53429
Wind speed (ms™") 1.9+£1.0 1.6+£0.9 25+1.2 1.7+£0.9
Relative humidity (%) 47 £17 56+ 16 45+21 54+19
PM, 5 (g m™3) 726+33.9 7154349 2424121 222+119
DB Air temperature (°C) 9.5+42 55+3.1 75+4.0 32432
Wind speed (ms™) 1.5+0.9 0.9+0.8 1.8+1.0 09+0.7
Relative humidity (%) 52421 65+17 48 +23 62120
PM, 5 (ug m™3) 7474317 75.0+352 26.4+10.7 253+11.3
o Air temperature (°C) 9.7+3.7 7.1+26 7.8+3.6 5.0+2.9
Wind speed (m s™") 1.5+0.8 1.1+£0.7 2111 14+£09
Relative humidity (%) 5118 61£16 48 +22 58+19
PM, 5 (ug m™) 83.3+38.0 83.9+41.9 24.9+12.0 243+13.0
YC Air temperature (°C) 10.0+3.3 7.0+23 8.0+3.2 5127
Wind speed (m s™") 1.5+0.7 1.0+£0.7 1.7+£0.8 1.1+£0.7
Relative humidity (%) - - - -
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Fig. 5. Surface weather charts at 21 UTC on (a) 4 Mar (Ep 1),
(b) 11 Mar (Ep 1), and (c) 18 Mar (Ep Ill) in 2019.
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24 g m3O 2 Bolxlo] =T A7} eF 2 5Hf =4
LR,

AEFECL HAEE AR O] PM, 5 SR EE AHA|
S| AMEH o3y At WA e ARO B,
o] FEA A2 A LRt i 2 (913, A
2)0l| 4] 70~80 ug m~9] w2 FE7F YERGTHH
6(a)). 7Fg =2 PM, 5 5% (70 ug m )= JGOlA] LrE}
wom, Aol A9t 219 137 YCOA 68 pg m™,
A& S SZFol fIAIE GJollA] 68 ug m™S Ho]
o ohE Fofl Blel A o8 £ FEERE
Ak 1 9 Ao BE 9 FET 9 2l 914
g+ DB, JN, GC A&l A= 22} 55 ug m™, 59 pyg m™>,
63 pg m>S Hojm Jrjzor e FLiEIES B
k. RHE, Bl EE AR O] SR RME e
AR 717 AR SRR S-S H O HH(YC: 28
ug m=, GJ: 27 pg m2, JG: 26 ug m~>, GC: 27 ug m >, JN:
26 g m™=>, DB: 22 uyg m>) A0 2 e pM, F &
ERE Bk vide AnEd Ko i
T AR7IREe] B4 9 B B2 s E A1 7
O A F& B B/EAFLE A5 t718A 2m
s o7 R A Bk S7HEA)E 4o A
o2 ALRHM (I 6(a), BlalEE AFEolA = ARt
S/5AE BHEe] PM,s0] W2 FEEE] dd=
T Aoz AmETH(H 6(b)). 1EE ARt
H| 15 & AR ©] ztole] iRt PM, 5 S HEEONA =
Aol dett o1 & AE FHAY PM, s =7t
40~50 pg mE FOIRE 2fo]F K, US| F
T 2 GoflM s iAo x 22 2ol 7t yrehytth(of
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Fig. 6. Spatial distributions of the model-predicted PM, 5
concentrations averaged from all grids in the 1-km model
domain (D4) (a) for high PM, 5 episodes (Ep I~Ep lll), (b) non-
episodes (Feb 26, Mar 7~10, Mar 13~18, and Mar 21~24),
and (c) the difference in PM, 5 concentrations between high
PM, 5 episodes and non-episodes.
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Table 3. Statistical evaluation of PM, 5 concentrations and meteorological variables for the observed and model-predicted vari-
ables: results compared at six monitoring sites for the entire simulation period. The PM, 5 data sites represent six air quality moni-
toring sites within Seoul, as shown in Fig. 1. The meteorological monitoring sites are located 3~5 km away from the air quality

monitoring sites.

PM, s and PM, s (ug m™) Wind Speed (ms™) Air temperature (°C)
Meteorological

data sites* I0A? RMSE® MBE® 10A RMSE MBE I10A RMSE MBE
Jung-gu (JG) 0.86 228 5.0 0.75 13 0.6 0.90 2.4 -1.8
Geumcheon-gu (GC) 0.86 220 3.1 0.60 1.6 0.8 0.84 3.0 =25
Jungnang-gu (JN) 0.85 226 -34 0.74 13 0.3 0.88 2.8 -2.0
Dobong-gu (DB) 0.85 225 =73 0.44 2.8 24 0.91 23 -1.4
Gwangjin-gu (GJ) 0.88 21.7 1.1 0.60 2.0 14 0.82 27 -1.9
Yangcheon-gu (YC) 0.87 27.0 52 0.48 1.9 13 0.82 3.1 -2.6
2l0A: index of agreement.
PRMSE: root mean square error.
“MBE: mean bias error.
0.44~0752 AHHAHOZ Yo 215 BT, MBEZF & A4 7|o =7t B stk EA d3-2 S

03ms'~24ms! J=2 eRt oFeh i olrt
UERTh 7123} F<50] tiet RMSE= B+ 23
A 717} 3.1°C9F 2.8 m 7! W|REE] @27 LERTE. o]
Ze 20079 712 9] 71487 oo vt HS5E
¥}, 2 7123k F4:9] 10A (ZH2} 0.70, 0.45)2F RMSE
(77} -4.6°C, 25 m sTHETE 52 $F019 0P (Lee
et al., 2013), 2013 $E=AX 9] 7|23} F<£ [0A
(Z¥Z} 0.80, 0.52 ©]AH ¢} RMSE (22} 4.1°C, 2.1 m s7*
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Fig. 7. Temporal changes in mean PM, 5 concentrations derived from various physical and chemical processes at six sites (JG,
GG, JN, DB, GJ, and YC) in Seoul during three high PM, 5 episodes (Ep |, Ep Il, and Ep IlI).

& PM,; A4 9] G2 FAoal gaE, a4
o A S wiE A4 71019

A E4E BH, 1% PM, 5 AHI7ITE (Ep
I~I0) F3F i 2139 ofle]= % 434 (AERO) 7]
= A 0 = WEE AR7} H| A E I AR H
E2 TS B o & S01, 7] ¥l AERO 7]
A EEpIof 6.3ugm=h™, EpIIof 5.6 ugm™>h7}, Ep
1o 7.2 ug m™ h™'2A4] H|5E Al (4.8 ug m™
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Table 4. Comparison of the integrated process rate (IPR) (ug m™ h™") for PM, 5 obtained from six air quality monitoring sites
for high PM, 5 episodes and non-episodes. The processes of the IPR include Aerosol process (AERO), Horizontal advection/dif-
fusion (HTRA), Vertical advection/diffusion (VTRA), Primary emission (EMIS), Cloud process (CLDS), and Dry deposition (DDEP).

Daytime Nighttime
Content
JG GC JN DB GJ YC JG GC JN DB GJ YC
Epl 5.2 9.3 2.8 33 83 8.9 13 0.4 1.0 1.2 0.3 26
AERO Epll 45 5.1 6.5 3.0 7.5 7.2 1.4 7.5 4.0 2.1 3.2 3.7
Epll 5.9 13.6 1.6 2.0 12.8 7.1 10.5 7.1 5.1 35 74 8.7
Non-episode 35 8.0 43 15 5.7 5.9 1.4 0.3 0.7 0.9 0.5 1.5
Epl 123 118 25 35 -108 68 238 -98 34 160 -6 50
HTRA Epll 101 40 -147 44 =279 76 80 -3 -64 295 -42 84
Epll -1 81 52 47 -161 69 -146 139 10 =215 -99 -88
Non-episode 1 32 -18 -8 -99 58 73 -29 22 92 =31 64
Epl -141 -134 =23 -39 72 -93 -259 83 -49 -168  -17 -79
VIRA Epll -120 =55 135 -54 239 -104 -101 -26 50 -300 17 =107
Epll 7 -14 -38 -46 108 -47 91 -176 -25 199 36 28
Non-episode -23 -48 12 4 65 =75 -103 17 -35 -98 6.5 -94
Epl 24.6 16.6 15.9 6.1 25.1 25.1 24.7 16.6 15.9 62 252 25.2
EMIS Epll 255 17.2 16.6 6.4 26.1 25.9 255 17.2 16.7 64  26.1 26.0
Epll 248 16.7 16.2 6.2 254 253 25.2 16.9 16.5 63 257 25.6
Non-episode 25.2 17.0 16.4 6.3 25.8 25.7 254 17.1 16.6 64 259 259
Epl 0.4 0.2 02 >0 1.0 4.5 0.4 0.5 02 >0.1 14 10.5
CLDS Epll -1.2 0.4 0.1 >0.1 0.7 34 0.8 0.2 >0.1 >0.1 09 >01
Epll 2.4 -0.4 -03  >0.1 5.5 >0.1 1.3 4.8 29  >01 206 443
Non-episode 0.5 0.1 >0.1 0.1 0.5 2.0 1.0 0.3 0.3 >0.1 1.4 43
Epl -164 -158 -18.1 -4.0 -12 -169 -1.9 =25 -1.2 -1 -13 -29
DDEP Epll -156 -151 -182 -34 -15 -133 -3.0 -4.9 -23 -08 -14 -34
Epll -26.7 -602 -26.8 -39 -21  -259 -152 -281 -10.1 -31 -29 -106
Non-episode =71 -9.8 -9.5 -2.6 -0.9 -9.5 =25 -3.6 -1.9 -05 -1.0 -29
ol 78 Ao Bylor], Yoo E] Al B ojol2E 44 r1dws} el golglont,
o LEFo] B2 JG, G, YC AHelH 7lolmrk 54 oRlo] 90 ko R A AFL B B¢
Urebeth 11 9] BE ZelA 14 AT E . NO,” E NH; Y9 ¢, ofhe] e A s

2 8 A e Fe 25 Holn PM, 59
274 Bgell & VS PR A FoHal:

£ PM,; F&9 27t ofol2F &4 (50,7,
NO;~, NH, el tfgh oflol2F 34 14 9] 7o s
Ltebdic Aubz o 2 NO,” ¢ INS Alejjt BE
Z|Hof|A IFE PM, 5 Al 717 (4.93 ug m™ h'~
16.47 ug m™> h™")o] H|ILFE AF| (2.17 pg m™ h™!~
7.64 g m™ h™)oll Hlal =] ehgih 37 9 ofgt
E402 50, = Ftelle Ak A} vl s E

%

A7) e A BoH ofhe] iEk At
#71ZF NOy™ & S7H (4.38))°] F3Fe] 37k
Q1) ET EA vehd 2o s Hop NO, ¢ wheeh
Ozt o] A H1-S-(heterogeneous reaction)©] UH 4
s £ AoR FHHL & £0°], Pathak et al.
(2011)2 ozt &2 At Sk 75}l A N,0,9]
o]&& 7}4=-E3] (heterogeneous hydrolysis, N,O5+
H,0 (aq) — 2HNO;)7} NO;~ o|o|2&9] 5k F7t
£ 9IR1 °F Qlek ERL of2Iet Ak NH, ol ot
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Table 5. Comparison of the AERO of integrated process rate (IPR) (ug m™ h™") of SIA for PM, 5 (50,2, NO5~, and NH,*) at six air
quality monitoring sites (JG, GC, JN, DB, GJ, and YC) in Seoul for high PM, 5 episodes and non-episodes.

Daytime Nighttime
Content  Variables
JG GC JN DB GJ YC JG GC N DB GJ YC
50, 0.178 0.18 0.07 0.06 0.04 0.15 -0.06 -0.04 -0.05 -0.04 -0.06 -0.08
4 (0.19)° (0.17) (0.06) (0.07) (0.05) (0.17) (-0.04) (-0.03) (-0.04) (-0.03) (-0.05) (-0.07)
AERO NO.- 493 15.31 2.12 16.47 9.84 9.34 0.58 3.10 1.24 1.99 1.02 1.19
3 (217) (7.64) (2.84) (5.62) (445 (5.07) (0.34) (0.52) (0.26) (0.43) (0.31) (0.22)
NH.*+ 2.71 5.08 0.75 5.57 3.13 3.80 3.44 2.24 0.82 0.55 2.07 2.26
4 (3.28) (4.71) (203) (3.35) (235 (3.28) (0.83) (0.39) (0.40) (-0.06) (0.09) (0.52)
2High PM, 5 episodes.
Non-episodes.
PM, ;s A7 (0RE: 538, 31 118)) o] o] A spekat JG) E AFA] < (o], YO) o] PM, 5 5 (ZFZ} 70 pyg m™
9] Aatg SR 7} 68 ug m~)= tHE A3} vlwste] 7Y =] S
AE QI o] 2|94 2] PM,; % 7 S &
Ad] BiEY o 2RO o 553 24| vlE 2F
4, QF QN A& B4 5 59H4 o] 9 AUl Ao AtmHrt
E3F IPR £A4S FolAE o]2]et 15k PM, 5 A4
B Al 2220194 39) Ao o] et = ol tiek 22 ofshy 34 o] AiA 7| eg St
A% olAAA] AL (Bp I~Ep DS o2 PM,, 27 T2 Aol Ep 13 Bp I ARl HdfiAl=
B 7 EAS BEslon] Sxmols g5 580l Ep LAl tislid= 2aE3} oflof
T PM, 0 BIHEE 9 pM,, Ao gt & 2 Al ofFt 71 =rt 7P ¢ AISHAH. A,
2] . ofeld A4 7)oz e Wrlstn Autdgog,  Ael AR Aol WAl /1Tt HEo] Wi E
T AF|7)ZH(Ep I~Ep TID) 52t PM,; B2 s ©f 2lo] L= AA| vzl ofet PM,; 78

J5t 74 ug m™)E= H| 15T AH] (24 ug m~) o] H] 3]
oF 3ul] Ax =9rom, £3] Ep 1A 7 S-S5k
UFERgTY, o] 2-E PM, ; 4211 ] ATIA L Sl
S, & T A 9t A4 (1 km 2EY
o) 9] AR} Fat FIE (9F 59 pg m™)= H| A5 AL
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