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Abstract In this study, we investigated the effect of assimilated meteorological fields on the numerical simulation of PM, 5
concentrations during the severe haze event observed over the Seoul metropolitan area (SMA) from February 27 to March 6,
2019. The analysis was performed by two sets of simulation experiments: (1) CMAQ simulation with base WRF run (Base) and
(2) CMAQ simulation with grid-nudged WRF run (Nudging) that includes four dimensional data assimilation (FDDA) analysis
nudging technique. Overall, the meteorological variables (air temperature, wind speed, and relative humidity) of Nudging
case showed a higher improvement than those of Base case, especially wind speed. In addition, the PM, 5 concentrations in
the Base case were mostly underestimated in the study area compared to the Nudging case. The meteorological
improvements contributed greatly to the increase in PM, s concentrations in the Nudging case, and thus, showed good
agreement with its observed concentrations, especially to the nighttime PM,; increase due to the enhancement of
atmospheric stability by reduced wind speed. In terms of spatial distributions, high PM, 5 concentrations in the Nudging case
(especially March 3~4) were mostly simulated in the western coastal area, northwestern or southwestern areas of the SMA.
Significant differences (>15 pg/m3) in the mean PM, s concentrations between the Nudging and Base cases were found
mainly in the northwestern and east-southeast areas of the SMA. The enhanced PM, 5 concentrations might be primarily due
to the meteorological conditions (e.g., reduced wind speed or wind convergence) and/or the pollutant transport from strong
emission sources (e.g., Chinese or local emissions) along northerly/northwesterly winds caused by analysis nudging effect.
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Wang et al., 2014; Wang et al., 2012; Koo et al., 2008).
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2¥cH(Mun et al., 2020; Jo et al., 2017). Mun et al. (2020)
< KORUS-AQ (The Korea-United States Air Quality
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Fig. 1. The nested model domains for WRF and CMAQ simulations and the geographical locations of 31 air quality (triangles)
and 31 meteorological monitoring sites (circles). “JG’, “SH’, “SW’, and “DG" in the figure represent four air quality monitoring
sites, Jung-gu in Seoul, Sinheung-dong in Incheon, Sinwon-dong in Gyeonggi-do, and Donggu-dong in Gyeonggi-do. “SO”",
“IC", "GY", and “NY” in the figure represent four meteorological monitoring sites, Seoul (ASOS), Incheon (ASOS), Goyang (AWS),
Namyangju (AWS) and these sites are located less than 3 km away from the air quality monitoring sites.

H 7] v 52, & BRI & el o]

474 i A=
=y 47}14 q17]7<1 =24 (JG, SH, SW, DG)= &
skt & 3170 A3 9] PM, 5 F=F 18] 1 4712] 7|4
TEAH (SO, IC, GY, NY)2 3 & 3170 A9
71884 (712, vi S)oll sl FA4 242 43
SHATH( 1‘”‘” 14 TEAA). 717384 2 PM, s 5=
o] Zy BEg ko] sl 10A (index of agree-
ment), RMSE (root mean square error), MBE (mean
bias error)E FA5H3ITE 02 1 Abe]9] g 7HA=
I0AE 19 7W7h&5 BEgtat §E3k Aol ¢4
E7t E=e2 ©]u|ehH, RMSESH MBE+= 0] 7H7h&4
5 QA7 Aot A= fARES SRRtk ERE OF(+)
©] MBE= HHROJE, & (-)°] MBEE HAROE
LiERdT
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2.2 B Y A YA XK=

2 a7e] AR 714 D U (M) 5

Amole sl
WREF (Weather Research and Forecasting, version 3.6)
9} CMAQ (Community Multi-scale Air Quality, ver-
sion 5.0.2) I Elo]tf, WRF %82 W|= NCAR (Natio-
nal Center of Atmospheric Research)2} NCEPo{|A] -5
T et & A=A ¥ 4A (fully compressible
non-hydrostatic) 74 4-S ©]- 83} (http://www.mmm.
ucar.edu/wrf/users). ©] 2@ H A2 Arakawa-C
AZAAE AHESHAL AZ AR Eulerian A% 213
AE A3t} (Skamarock and Klemp, 2008). CMAQ
ngl> u|=; EPA (Environmental Protection Agency)
oA ZHEE FHA Q! Eulerian F2lot Relo]m

(https://www.cmascenter.org/cmaq/), 7] L G242

olgg 7147 718 mae 77

Ry

5%, A1 5 old 294 B0 oY) 3 Patere
EFE A St BES So) 37l B7oA

AIZPE g7] @ GEA 0] w2 A3} (Byun and
Ching, 1999). WRF 2&-& o]&af Ag4itH 744732
MCIP (Meteorological Chemistry Interface Processor,
version 4.2)& E3 CMAQ 29| 912 2tz g2 Mgt
et 2 A4 CMAQ @S $]5)| 0]-8-3t 5}
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W7 UZ-2 SAPRCY9 (Statewide Air Pollution Res-
earch Center version 99, Carter, 2003)°]H, oflo]2&
A% WEE AERO6S ©|-85t3Th

WRF 20| 2|2 0] o2 I3 13} o] & 4
e} G =, sotrot 9 (D1, +HHMIE 27 km),
T F (D2, 9km), HRF ¥ (D3, 3km), T=H
P (D4, 1km) 2= Z75FGATh of 7|4 melo] o
D 2 g ALo]E feedback 5= Fer AHS 5
2| AZ}A| (two-way interacting nested grid system)&
2 g-sto] Aottt o] 27] 9l AA XS 64
7+ 22 9] NCEP GDAS/FNL 0.25° A4 Z=2E A
gatlon, 2 ol olgH A 7], 9A F
T, =94 FAEE F 1o AAISHh &, A4 S
F 307 Sog AFstglen 954 F nAlEd
42 D1 WRF Single-Moment 3-class scheme
(Hong et al., 2004), Y} 2] D2~D4°]| WRF Double-
Moment 6-class scheme (Lim and Hong, 2010)2 AHE
sttt ©uket Fuk FZAto] i 2+ Dudhia
scheme (Dudhia, 1989)7} RRTM scheme (Mlawer et
al., 1997)-& 0|85} 11, YA 7 A= YSU PBL scheme
(Hong et al., 2006)¥} Z| & E4=3} 5-layer thermal dif-
fusion scheme (Dudhia, 1996)2 ©]-&5}%tt. o]2]o]
I, WRF 2= USGS (US Geological Survey)o4] A
F5h= 247 139 land-use AF= (302)9} AP A=
(302)E ol-8ske] Y= ATh(USGS, 2008). E3F ©]
23t Zkm s 2837t 7143 o] H3E MODIS_IGBP

(International Geosphere-Biosphere Programme)2] 21
7N 54 land-use (30%) A= (Friedl et al., 2010)5 &
88 Aot vl wskeich Ry 7|7k 2 Ao A
FAR DS Zebobal 7U47k0] 27]12-§-AIZt (spin-up
time)= 17 2{5to] 2019 29 199 00 UTCHE 34 9
2 00 UTCE A5tk

71 2 o7 e ROje] Fe e flshA]
A VSRS 7] 213 A 2719 Bt &
Yo ™ Q 51 (Desroziers and Ivanov, 2001), ©] S €]t
Azsst S di719] a5 AAe 7l €7
9lsfl o]& 7Fert e HEE E-8RItt (Talagrand,
1997). A}253} 71 3 4319 A 253} (FDDA: four
dimensional data assimilation)= 2A+& &°]&= H|
S22l o g A, IEAE A Uik =
A FWHES mEE BEAE o8l BA 24
HSIA713 AR FE R Yitshs 24 WAl 2l
(Shafran et al., 2000). & Aol A= BEY 7|7t &
2478 (NCEP GDAS/FNL)& ©]-8-5F%f 6413t ZF
oz 74 WA 2AtzEet 712 A-85 A (Kim et
al., 2018; Yoo et al., 2017). o= 7]& v} A37¢o] A2
W 5 Afo] 9] atolE Foto] Al 271749 A3t
Hom UastiA Mz ko] e Sole WHol
t} (Jeon et al., 2015; Bowden et al., 2012; Otte, 2008;
Shafran et al., 2000). & A72] ZH|9l2 4749] FF
o175t otAlo} Jelel D1ojgt 14 WS 4§}
931, Da~Dacl SI%sh Y oJejztel )

o & ol

oo I

Table 1. Details of the grids and physical options used in the WRF model.

D1 D2 D3 D4
Horizontal grid 126x118 148 x 160 151X 166 91x43
Horizontal resolution (km) 27 9 3 1
Vertical layers 30 30 30 30

Microphysics

WSM3 (Hong et al., 2004)

WDM6 for D2-D4 (Lim and Hong, 2010)

Short wave radiation
Long wave radiation
Planetary boundary layer
Land surface

Surface layer

Cumulus

Dudhia (Dudhia, 1989)

YSU (Hong et al., 2006)

Rapid radiative transfer model (RRTM) (Mlawer et al., 1997)

5-layer thermal diffusion (Dudhia, 1996)
Monin-Obukhov (Monin and Obukhov, 1954)
Kain-Fritsch scheme for D1 and D2 (Kain, 2004)
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(feedback) FFo] U X =5 (L SIS} 71H)

d-S Y5kt (Park, 2020). =
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9] 7% 0.25°% 0.25° FHWFEE 71 MICS-Asia
(Model Inter-Comparison Study for Asia) 2010 $14]
Z v & 28 & 0]-85F%1 11 (Carmichael et al., 2002),
Het 999 B¢ EF =7 A A AT o A
A|55H= CAPSS (Clean Air Policy Supporting System)
20159 HiEE AA=2E ©]853ATh (http://www.air.go.
kr). A At Fofl et AAA] vjEF-S MEGAN
(Model of Emissions of Gases and Aerosols from Nat-
ure) version 2.04 A& 53| AMAE AiLE 0]85)%
T} (Guenther et al., 2006). 2+ L =2 wiEF2 A
Ah 29 (MATLAB 5)2 ©]8sto] 1914 vi&
3} Apd el goz Asiglen, 217te)
17 %9 domain)°ll 27 A2x}shete] HEH 0
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Fig. 2. The spatial distributions of the emissions (kg day™")
of (@) PM, 5 and (b) NO, in the 1 km model domain (D4).
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2 (7], B4 AHEE) 2] v wE vehiict 2,18
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ot Wofi7t gl A o= AAskleh (1™ 1). Ayt
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H ANE Btk g, 2 oA o]-83F USGS
land-use Zk== WA ()9 A& 540 &
F A= gHgE]of 91A] efot Base H7l0] @ 2=t
A& & 4 9191, Nudging &37F o]&|gt o2& A
sto] B @ 275 Hel Zo= AtmEch Hoh
ZHA5] AHE 7] £]5l, MODIS land-use AH=E ©]-&
5to] Base ¥ Nudging 28-S 435}l ©]E USGS
land-use ZAF=E ©]-83F A} vl Wt (T1E Al
o)), iAo g 72 FE4-2 R TESA A
USGS land-useE ©]-83t 5 A3 (Base2t Nudging) 2]
2pol7t o A7 Yehgon, ol RO HFS 9%t F
AA N & F217E Zfo] 7t SRIFH QI S 501, 4
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Air temperature (°C)

Air temperature (°C)
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Air temperature (°C)
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Time (LST)

Fig. 3. Time series plot of the observed and simulated air
temperature at four meteorological monitoring sites (SO, IC,
GY, and NY) (<3 km away from the air quality monitoring
sites) for Base and Nudging cases during the entire simula-
tion period (February 26~March 8, 2019).

0.087} 0.01~0.212 YERECH, MODIS land-useS
28308 ] ZFzF 0.001~0.037} 0.01~0.05% LERY
USGS land-useE -3t 797} v 27 =it
St AASEE 2714 land-useE ©]-8SF Base &
Nudging AF0]€] 2ke]7} A & H]Z=5kA] UEFgTH(IOA
2tol: ¥z 0.04~0.082F 0.06~0.08).

7)2of| disl ZpAle] AmEH (1" 3), F AE &2
T A& (50)} I (IC) A1 ollA A7 %= 213 (GY <L}

2N Y M2SEtPM, s S= 2ol0f OXl= 2t

o OBS SO

Nudging

‘Wind speed (m sh
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Fig. 4. Same as Fig. 3 except for wind speed.
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UERGTE E9 A9HA © 2 Nudging A @2 77T Base
AR #EGke] o 7PEA] RO GO Base A
Aol o 7HA BolH AR E A5 UET dlE
50, FA R 7|7ke] otk @ ATt of 2teE
315 283 Nudging AF 277} Base A @ ol H]sH
A2 it A aE Hlov(55], 39 3~4
), Yi 2 A (P L A olle A=sdtE d8
SHA] 942 Base ARoA & o 4E RojAE Lt
Epyith $459] A, 712 vhA tEA 42 B
T Nudging 22317} Base Z3}H o} 31514 F4
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Fig. 5. Same as Fig. 3 except for relative humidity.
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=4 (I0A= 0.01 7} RMSE= 0.2 m/s Z4), 0|72
AAA) 1C A Ao] et Aty B Ao
SRl B 290 fA|ste wh, R =
FI U 2 7—%1} o= AP E o] ool @ Aprh
Astel7] Mg o2 FAHEN Rt SRS I0A
= FHx o.53~}4ﬂ1 0.72°14] 0.60~0.762.2 7§41 =]
O (All: 0.59 — 0.66), RMSE= 2|4 16.3%~ |t}
30.1%°114] 14.8%~26.3%2 227} Z+4 (All: 27.5%
— 241%)3t Ao 2 FAHECE o]k, 7|44
o] #=gholl tholl Nudging % Base A3l 9] 7]-2-2 o
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Table 2. Statistical evaluation of the meteorological variables and PM, s concentrations between the observed and simulated
values for Base and Nudging cases: results compared at several monitoring sites (“All", 31 sites each for meteorological vari-
ables and PM, s, including SO, IC, GY, and NY (for meteorological variables) and JG, SH, SW, and DG (for PM, ), during the
entire simulation period (February 26~March 8, 2019).

Base case Nudging case
Site Variable

IOA® RMSEP MBE® IOA? RMSE® MBE®
SO (ASOS) TEMP 0.90 2.10 -0.92 0.91 2.05 -1.61
WS 0.48 1.43 0.64 0.69 1.01 0.31

RH 0.53 30.1 27.2 0.60 26.3 241
IC(ASOS) TEMP 0.78 2.39 1.82 0.85 1.87 1.44
WS 0.57 1.67 0.89 0.58 1.47 0.65
RH 0.72 16.3 10.3 0.76 14.8 7.28
GY (AWS) TEMP 0.83 3.16 0.47 0.88 2.70 -0.26
WS 0.53 1.95 1.44 0.69 1.26 0.79

RH 0.67 22.7 18.8 0.74 19.2 15.7
NY (AWS) TEMP 0.85 2.74 -0.17 0.89 245 -0.82
WS 0.42 2.13 1.14 0.61 1.36 0.56

RH 0.64 24.9 21.0 0.70 21.8 184
All TEMP 0.86 242 -0.61 0.88 2.39 -1.32
WS 0.42 1.88 1.13 0.52 1.47 0.74

RH 0.59 275 233 0.66 241 20.4
JG 0.71 41.0 -23.7 0.86 25.6 -13.9
SH 0.64 54.9 -40.1 0.69 46.1 -34.5
SW PM, s 0.64 51.7 -39.9 0.79 36.3 -26.9
DG 0.70 39.7 -29.7 0.87 256 -15.1
All 0.67 47.2 =323 0.82 32.7 -20.1

2|0A: index of agreement, "RMSE: root mean square error, “MBE: mean bias error
TEMP: air temperature, WS: wind speed, RH: relative humidity

& Ao Fame] FEN SR A" 2 S A (50,7), BAFA (NOy), FEE (NH, D)2 &
5 T EO| o= A Fo] et mehA] Hddyt ' AAGR Zo] E4sIolnt Aoz, B S
o) A<= FEHET, 71 ArTHE AT AM@AH BF) 71 ARESHE 483 Nudging
Nudging 49| g9 2 A9 PM,s & AE2I7F Base Aol Bls| #=5ata o fASH
E2E| §FE Fol B g B l”" I ANE Utk AR AA|e] A EE
Atk HA A& ]G 2139 Base AHET= HIFE PMy5

= o Y-S wErkA] Eohal gle Rh,

3.2 PMps S 01RO OIRk= 718 MBSO\ oing ATt g2 B2t} SR 2GS B
8 HaY 6). 2 Sol, o] A9 39 197 599 o]
3.2.1 PM,s AlAIE 24 £ ofgell Base 42 TS 2] PM,5 T2
1Y 62 AT 7|17 B9t S5d W 4] tr1d A (D 9F 122 pg/m?, 228 pg/m’)o] LERG O,
B=AH (G, SH, SW, DG)= 2= Nudging ®  Nudging A¥h= F 0 2 #=ghat vil-¢- FAH

Base 0] PM,, 520 2 Smote] S et BOJSlo] (oF 71 pg/m’, 158 pg/m®) A AN 2L
Ytk E8F Nudging A18 9] PM, 5 27 7] o4 R SISty B8] 39 39 ot~49 ob7HA Base
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Fig. 6. Time series plot of the concentrations of observed and simulated PM, s, including SO,%~, NO;~, and NH,* in PM,
(Nudging case only) at four air quality monitoring sites (JG, SH, SW, and DG) for Base and Nudging cases during the entire sim-

ulation period (February 26~March 8, 2019).
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Fig. 7. The differences in air temperatures between the first
model layer (about 30 m) and surface level (2 m) simulated
by the WRF model at four meteorological monitoring sites
(SO, IC, GY, and NY) for Base and Nudging cases during the
entire simulation period.
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Fig. 8. Spatial distributions of the simulated PM, 5 concen-
trations averaged from all grids in the 1 km model domain
(D4). (a) Base, (b) Nudging, and (c) the difference in PM, 5
concentrations between Base and Nudging cases.
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