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Abstract There is an increasing need to improve the air quality over South Korea to protect
public health from local and remote anthropogenic pollutant emissions that are in an increasing
trend. Here, we evaluate the performance of the WRF-Chem (Weather Research and Forecasting-
Chemistry) model in simulating near-surface air quality of major Korean cities, and investigate
the impacts of time-varying chemical initial and lateral boundary conditions (IC/BCs) on the air
quality simulation using a chemical downscaling technique. The model domain was configured
over the East Asian region and anthropogenic MICS-Asia 2010 emissions and biogenic
MEGAN-2 emissions were applied with RACM gaseous chemistry and MADE/SORGAM aero-
sol mechanism. Two simulations were conducted for a 30-days period on April 2010 with chemi-
cal IC/BCs from the WRF-Chem default chemical species profiles (“WRF experiment’) and the
MOZART-4 (Model for OZone And Related chemical Tracers version 4) (‘“WRF_MOZART
experiment’), respectively. The WRF_MOZART experiment has showed a better performance to
predict near-surface CO, NO,, SO,, and O; mixing ratios at 7 major Korean cities than the WRF
experiment, showing lower mean bias error (MBE) and higher index of agreement (IOA). The
quantitative impacts of the chemical IC/BCs have depended on atmospheric residence time of the
pollutants as well as the relative difference of chemical mixing ratios between the WRF and
WRF_MOZART experiments at the lateral boundaries. Specifically, the WRF_MOZART experi-
ment has reduced MBE in CO and O3 mixing ratios by 60~80 ppb and 5~10 ppb over South
Korea than those in the WRF-Chem default simulation, while it has a marginal impact on NO,
and SO, mixing ratios. Without using MOZART-4 chemical IC, the WRF simulation has required
approximately 6-days chemical spin-up time for the East Asian model domain. Overall, the
results indicate that realistic chemical IC/BCs are prerequisite in the WRF-Chem simulation to
improve a forecast skill of local air quality over South Korea, even in case the model domain is
sufficiently large to represent anthropogenic emissions from China, Japan, and South Korea.
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Fig. 1. (a) WRF domain with topography (b) Spatial distribution of anthropogenic NO, emission.
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Table 1. Physical and chemical configuration of the WREF-
Chem model.

Physical/Chemical Processes Option
191 x 136 (AX =30 km)
43 (Stretched grid)

Dudhia scheme

Horizontal grid
Vertical layer
Shortwave radiation

Longwave radiation RRTMG

Turbulence YSU

Land-surface exchange Noah LSM
Grid-scale cloud WSM3
Subgrid-scale cloud Grell-Freitas scheme
Gas chemistry RACM with KPP
Aerosol mechanism MADE/SORGAM
Chemical solver Rosenbrock

Photolysis rate
Anthropogenic emission
Biogenic emission

TUV (Madronich scheme)
MICS-Asia 2010
MEGAN-2

stE3t 237 she whgAe Edet 9lew, KPP
(Kinetic PreProcessor) (Damian et al., 2002; Sandu et
al., 2003)5 %3 WRF-Chemoll &-&%it}. 3s}st
1E3- Al (photolysis rate)= TUV (Tropospheric Ultra-
violet-Visible method) (Madronich, 1987) W<FS o]
s, o] Wk JBARAE WA o] ALt A
A mol® 9 $4f(hydrometeors), ool 2ES 17
Sl S54SR 2 7ol A8 E sekag &
Ao AL TR A GelA 71A1E B olo2= 8}
g A4 B O7]E oS AFE B3l Be| ATl 3
7F=] 32 ek, Kim, 2011; Lee et al., 2011). 21913
& ool ti71d ¥ 9 Blu/AdE ATFE 4
& 7)edE MICS-Asia 2010 (Model Inter-Comparison
Study for Asia 2010) (Carmichael et al., 2002) Hl]Z
EES 0|83}, SMOKE (Sparse Matrix Operator
Kernel for Emissions; Coats, 1996; Benjey et al.,
2001) 252 53] SAPRC-99 (Statewide Air Pollution
Research Center, Version 99)|7 1] &:(Carter, 2000) 3}
ghgo wel &SI 2913 VOCs (Volatile
Organic Compounds) ¥]Z& @2 Table 2° w2} RACM
AUF SA TG & mejol ARg-EHetk. 9,
A} wjE&%S MEGAN-2 (Model of Emissions of
Gases and Aerosols from Nature version 2) ZE2 ©]
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(Guenther et al., 2006).
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Table 2. Conversion table of anthropogenic volatile organic compounds (VOCs) emissions between RACM and SPARC99
mechanisms. The emission species and their description of RACM and SPARC99 mechanisms can be referred in Stockwell et
al. (1997) and Carter (2000), respectively.

RACM SPARC99
ETH (Ethane) ALK (Primarily ethane)

ALK?2 (Primarily propane and acetylene)
HC3 (Alkanes, alcohols, esters, and alkynes with 1.11ALK3 (Alkanes and other non-aromatic compounds with

ko (298 K, 1 atm) less than 3.4x107"2 cm?® sec’l) ko between 2.5-5x10° ppm’1 min’l)
0.40MEOH (Methyl alcohol)

Alkanes HCS5 (Alkanes, alcohols, esters, and alkynes with
kou (298 K, 1 atm) between 3.4—6.8x10™'" cm?
-l
sec”)

HC8 (Alkanes, alcohols, esters, and alkynes with
ko (298 K, 1 atm) greater than 6.8x107"2 cm®

0.97ALK4 (Alkanes and other non-aromatic compounds with
kou between 5-10x10° ppm™' min™")

ALKS5 (Alkanes and other non-aromatic compounds with koy
greater than 1x10* ppm™" min™)

sec!)
ETE (Ethene) ETHE (Ethene)
OLE]1 (Alkenes with oy less than 7x10* ppm ™' min™")
OLT (Terminal alkenes) 0.50MACR (Metharolein)
Alkenes 0.50MVK (Aromatic aldehydes (e.g. Benaldehyde))
OLI (Internal alkenes) OLE2 (Alkenes with koy greater than 7x 10* ppm’1 min")
ISO (Isoprene) ISOP (Isoprene)
TOL (Toluene and less reactive aromatics) AROI1 (Aromatics with koyy less than 2x10* ppm™ min™)
Aromatics XYL (Xylene and more reactive aromatics) ARO?2 (Aromatics with koy greater than 2x10* ppm™' min™")
CSL (Cresol and other hydroxyl substituted PHEN (Phenols)
aromatics) CRES (Cresols)
HCHO (Formaldehyde) HCHO (Formaldehyde)

CCHO (Methyl hydroperoxide; Acetaldehyde)

RCHO (Lumped C3+ aldehydes)

BALD (Aromatic aldehydes (e.g. Benzaldehyde))
ALD (Acetaldehyde and higher aldehydes) GLY (Glyoxal)

MGLY (Methylglyoxal)

BACL (Biacetyl)

0.50MACR (Methacrolein)

Carbonyls 0.33ACET (Acetone)

1.61MEK (Ketones and other non-aldehyde oxygenated
products which react with OH radicals slower than 5x107"2
cm® molec? sec™)

1.61PROD?2 (Ketones and other non-aldehyde oxygenated
products which react with OH radicals faster than 5x107' cm®
molec? sec™")

0.50MVK (Methyl vinyl ketone)

IPRD (Unsaturated aldehydes other than acrolein and
methacrolein; other ketones)

CCO_OH (Acetic acid)
RCO_OH (Higher organic acids)

ORA1 (Formic acid) HCOOH (Formic acid)

KET (Ketones)

Organic ORA2 (Acetic acid and higher acids)
acids

Atmosphere, Vol. 25, No. 4. (2015)
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Table 3. Chemical species mapping table between RACM and MOZART-4 used for chemical initial and lateral boundary
conditions. Chemical species of MOZART-4 can be referred in Emmons et al. (2010). The mapping table is obtained from the
MOZBC utility package (http://www.acd.ucar.edu/wrf-chem/mozart.shtml).

RACM MOZART RACM MOZART

Co Co 1SO ISOP

05 05 MACR MACR

SO, SO, ALD GLYALD+CH;CHO

NO NO KET CH;COCH;

NO, NO, MGLY CH;COCHO

H,0, H,0, HKET HYAC

HNO; HNO; CSL CRESOL

N,Os N,>Os OLT C;Hg-MVK+0.5BIGENE

NH; NH; OLI 0.5BIGENE

HCHO CH,0 PAA CH;COOOH

PAN PAN ONIT ONIT+ONITR

TPAN MPAN ORA2 CH;COOH

TOL 0.75TOLUENE OP1 CH;00H

HNO, HO,NO, OP2 C,Hs;OOH+ALKOOH+MEKOOH
ETH C,Hg¢ ORA2 CH;COOH

ETE C,H, XYL 0.25TOLUENE

HC, C3Hs CH, CH,

HC;s BIGALK SULF SO,

oF 20 km®] JL=oAl 70 ppbe] e ZH=TH(Fig. 3a). ngol A 97 Exo g A7 W] %
NO,$} S0O,2] F%E 0.1ppb ©lte] We grow ¢ WH3l7F 70~350 ppbE =LA WrERdTE 7 SH 7

4 ggoz Ao #As

231 (Figs. 3e<t 3i),
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o+

RO A
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]/H 15 km 77]-7(]‘:— 7(]"‘?(4 o= 27]'?_5}-04
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TEZ AAEo] JdkFig. 3m). WRF-Chem =
EE B gHo 72
Z7] 2715 AAska, s

N
H

&3tol 33}

o7 A4 BE B

OMI Z

ekl

AN FEE o)F WAE Base A e

Zoh A4 A

=79 74

Z 71 (constant

inflow condition) 4= 5 %7 (zero-gradient outflow
condition)& A -&3}e] A 4ekch(Skamarock et al.,

2008).
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Fig. 2. Vertical sections of CO, NO,, SO,, and O; mixing ratios at four lateral boundaries of the WRF-Chem domain.
The chemical mixing ratios obtained from the MOZART4 were averaged for 30 days in April 2010.
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Fig. 3. Vertical profiles of spatio-temporally averaged CO, NO,, SO,, and O; mixing ratios of MOZART4 at four lateral
boundaries of the WRF-Chem domain along with the default chemical profiles in the WRF-Chem model. The horizontal bars
denote spatial standard deviation values of the MOZART4-simulated chemical mixing ratios at vertical levels.
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Table 4. Statistical evaluation results of simulated near-surface temperature, specific humidity, and winds for 7 major Korean
cities during 30 days in April 2010 (MBE: mean bias error, RMSE: root mean square error, R: Pearson correlation coefficient
IOA: index of agreement)
Variable City Mean. Obs  Mean Model MBE RMSE R I0A
Seoul 9.5 6.3 -33 3.9 0.88 0.83
Suwon 9.6 6.6 -3.0 3.7 0.88 0.81
Incheon 9.6 6.8 -2.8 3.4 0.91 0.86
2-m te(rf,“g)erat“re Daejeon 10.0 7.1 29 35 0.93 0.88
Daegu 11.5 6.7 -4.8 5.4 0.86 0.74
Gwangju 11.3 7.6 -3.7 4.2 0.90 0.82
Busan 11.5 11.4 -0.0 22 0.76 0.85
Seoul 4.0 4.4 0.4 1.0 0.86 0.90
Suwon 4.6 45 -0.1 0.9 0.87 0.92
) o Incheon 4.8 4.6 -0.2 0.8 0.88 0.93
Speczgj(;‘}‘f)md‘ty Daejeon 4.1 46 0.5 1.0 0.88 0.91
Daegu 4.0 4.8 0.8 1.2 0.86 0.88
Gwangju 5.0 5.2 0.2 1.0 0.90 0.94
Busan 5.1 6.3 1.2 1.5 0.90 0.87
Seoul 209.5 194.1 -15.5 23.9 0.60 0.78
Suwon 221.1 198.8 -22.3 54.2 0.61 0.78
Incheon 202.8 206.3 3.5 60.6 0.60 0.78
Wind direction Daejeon 226.9 198.3 286 75.7 0.42 0.68
(degree)
Daegu 184.4 204.8 20.3 74.2 0.40 0.67
Gwangju 172.7 189.4 16.8 75.5 0.29 0.62
Busan 161.0 180.9 19.9 63.6 0.61 0.78
Seoul 2.9 2.8 -0.1 1.3 0.63 0.79
Suwon 3.7 2.9 -0.8 1.8 0.64 0.74
. Incheon 22 4.0 1.8 2.4 0.70 0.68
WI(II‘T? :P.‘;ed Daejeon 23 3.6 1.3 2.1 0.62 0.67
Daegu 2.5 3.6 1.1 1.9 0.63 0.70
Gwangju 2.5 42 1.7 25 0.55 0.60
Busan 3.4 6.9 35 4.6 0.62 0.52
ppbel sk WA & dWst AFS BHIe THFig. 7c). &AM ZHE O okl 5 ppb
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Fig. 6. Comparison of vertical profiles of observed and simulated meteorology at Baengnyeongdo
(a-d) and Osan (e-h) radiosonde sites. The mean and standard deviation values for the 30-days in
April 2010 period were calculated and compared.
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Fig. 7. Temporal variations of observed and simulated near-surface chemical mixing ratios of (a) CO, (b) NO,, (c) SO,, and (d)
O; at Seoul during April 2010. The observed values at 25 station urban air-quality monitoring sites were averaged for
comparison to model simulation. WRF and WRF_MOZART indicate the simulation results with WRF-Chem default chemical
IC/BCs profiles and MOZART4 IC/BCs profiles, respectively.
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7Fe WRF A@eI4 32 2F 2ol 84T W How s mFo] A & melde FFS
F BAE 427, S0.2 AT Fo 0PGBI Bk NOE AL, A, B, PA Ao 23
5o AWAQ % FIE) thd FANAHTable o oJa) B sk A7 WEEo] YAl & wo)

5). 53], WRF 43& BE ZAA CO s=5 & Hi o, 4, T, 35 A vk Fa
S FA& BO(177~336 ppb)stal 1o], MOZART-  E2|EQIth SO, ¥=9 44, AL, 74, A, ¥4
siet AAl 270 AMEO R Fst AAPF A A AN FAS A RSt el FEEH,

=743 t)7] #1254 43 (2015)



olAE - FAA - o) g 651

Table 5. Statistical evaluation results of simulated surface mixing ratios of CO, NO,, SO,, and O; for seven major Korean cities
during 23 days in April 2010. WD and WS denote wind direction and speed, respectively. First 7 days influenced by chemical
initial condition were removed in this analysis.

Cco NO, SO, 03
WRE MBE/RMSE ~180.0/233.8 0.4/15.0 3.3/5.1 -16.2/20.2
Seoul R/I0A 0.43/0.52 0.53/0.73 0.37/0.34 0.6/0.6
cou
MBE/RMSE ~101.0/188.6 0.9/14.6 3.5/5.3 -16.1/20.7
WRF_MOZART
- R/I0A 0.35/0.55 0.5/0.71 0.41/0.35 0.56/0.6
WRE MBE/RMSE ~363.4/393.3 -9.8/17.4 12/3.5 -8.7/14.8
o R/I0A 0.28/0.38 0.61/0.67 0.47/0.6 0.62/0.71
uwon
MBE/RMSE ~290.7/329.3 -9.0/17.0 1.4/3.6 —6.8/14.4
WRF_MOZART
- R/IOA 0.23/0.41 0.61/0.66 0.49/0.6 0.58/0.72
WRE MBE/RMSE ~252.2/282.0 -2.1/122 12/3.7 ~11.8/15.3
R/I0A 0.54/0.47 0.62/0.78 0.51/0.64 0.68/0.67
Incheon
MBE/RMSE ~173.9/218.6 —0.4/11.6 1.7/3.8 ~11.0/15.1
WRF_MOZART
- R/I0A 0.48/0.53 0.63/0.79 0.54/0.64 0.65/0.68
WRE MBE/RMSE —240.8/272.2 -3.9/12.7 —0.4/1.9 —7.4/15.0
_ R/IOA 0.16/0.41 0.48/0.68 0.43/0.65 0.6/0.73
Daejeon
MBE/RMSE ~170.4/215.2 -2.5/12.4 —0.3/2.0 -43/14.9
WRF_MOZART
- R/IOA 0.11/0.44 0.48/0.69 0.42/0.65 0.55/0.73
WRE MBE/RMSE ~282.7/301.1 ~6.6/13.4 -1.6/2.8 -5.8/13.1
b R/I0A 0.31/0.37 0.51/0.67 0.19/0.47 0.65/0.77
acgu
€ MBE/RMSE —214.2/239.1 —5.4/12.5 —1.4/2.7 -1.7/12.7
WRF_MOZART
- R/IOA 0.27/0.42 0.54/0.7 0.23/0.49 0.62/0.78
WRE MBE/RMSE -309.1/331.1 —6.6/11.6 —0.5/1.9 -5.2/12.7
_ R/I0A 0.2/0.36 0.45/0.61 0.27/0.52 0.53/0.7
Gwangju
MBE/RMSE ~250.4/280.8 ~7.8/12.3 —0.6/1.9 1.2/13.0
WRF_MOZART
R/I0A 0.11/0.39 0.42/0.58 0.3/0.54 0.44/0.67
WRE MBE/RMSE ~235.6/252.9 -1.9/9.6 2.8/4.8 -5.5/11.3
5 R/I0A 0.44/0.39 0.59/0.76 0.37/0.42 0.66/0.77
usan
MBE/RMSE ~168.8/193.5 -0.7/9.2 3.2/5.0 —0.8/10.4
WRF_MOZART
R/I0A 0.39/0.45 0.62/0.78 0.4/0.42 0.66/0.81
shet A 2719 @F2 tE B Hlal w205 33 2YPSH U &= 54
pb o) A4S Holth. MOZART-4 318t AA = Figure 9= WRFS} WRF_MOZART 2 3o|A 72
79 AHEO R BRE ZAA 0; &9 B Hap H F8 QHEHS Wit AEE FEXEE YUY
aste] FAE dF des HoFoy, £ AUTh 2H=H T BEIE J A7 MEde I+
Ao A o] RE o] FHA FO|(5~16 ppb)7t FEBAL F(Fig. 1b)2} 2 A8, F8 wiEY XFox &
stet AA 279 = WA0.1~1.8 ppb) UHEFES. A} 29 EH<] CO, NO,, SO,® %E‘: =7 vehd
Uﬂ 4H4.7 ppb)t FF(6.4 ppb)E TE FH- A€ th 0;9] FE= T2 A9F wiEd AYGoA e
EAEAN EE Ha sk F7HE B2tk F5E(5~20 ppb)S HolH, E]W 1% A9 54 H
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Fig. 9. Spatial distributions of near-surface CO, NO,, SO,, and O; mixing ratios over the East Asia domain from WRF-
Chem simulation with MOZART4 chemical IC/BCs (left panels), WRF-Chem simulation with default chemical IC/BCs
profiles (middle panels), and difference of the two simulations (right panels). The simulation results were averaged for 23

days from 8~30 April 2010.
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Fig. 10. Spatial distributions of near-surface CO, NO,, SO,, and O; mixing ratios over South Korea
from WRF-Chem simulation with MOZART4 chemical IC/BCs (left panels), WRF-Chem
simulation with default chemical IC/BCs profiles (middle panels), and difference of the two
simulations (right panels). The simulation results were averaged for 23 days from 8~30 April 2010.
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