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Abstract

Recently, a variety of modeling studies have been conducted to examine the air quality over South Korea during the Korea
- United States Air Quality (KORUS-AQ) campaign period (May 1 to June 10, 2016). This study investigates the impact of
different meteorological initializations on atmospheric modeling results. We conduct several simulations during the
KORUS-AQ period using the Weather Research and Forecasting (WRF) model with two different initial datasets, which is
FNL of NCEP and ERAS of ECMWF. Comparing the raw initial data, ERAS showed better accuracy in the temperature, wind
speed, and mixing ratio fields than those of NCEP-FNL. On the other hand, the results of WRF simulations with ERAS
showed better accuracy in the simulated temperature and mixing ratio than those with FNL, except for wind speed. Comparing
the nudging efficiency of temperature and wind speed fields, the grid nudging effect on the FNL simulation was larger than
that on the ERAS simulation, but the results of mixing ratio field was the opposite. Overall, WRF simulation with ERAS data
showed a better performance for temperature and mixing ratio simulations than that with FNL data. For wind speed simulation,
however, WRF simulation with FNL data indicated more accurate results compared to that with ERAS data.
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Fol TS| 8w]o] YtH(Huang et al, 2018;
Lennartson et al., 2018).

A S o] 83t 71 Ak AR OE T,
S, SRS HIAUZ FollA ofe] A& 3kt
Al ek 1 F 71 ke '] o 249 %, A,
#aja yigol 2 ek vl o] 53] melo]
o] A =S 7VHES ol Zel Fasit
(Jeon et al., 2011; Jeong et al., 2016). ©]|&3t |72
71 o] ek Aol ek Tk QAT50] A
Hom saeol 9, S| Aol ARF 7IHS
283 A7 At o HarEar QItChoi et al,
2013; Jeon et al., 2015; Kim et al., 2016; Mun et al.,
2017).

St ZElglof go] 281 Q= AkR F8 71H
© 2= FDDA (Four Dimensional Data Assimilation)
o] glom, o] IS Bl FE A 2 Ve
i, 27] 20| tiet e AlATe R mee] 271
< 741 4= QJtRyu and Cho, 2010; Choi and Lee,
2015). 3% S 2ol WRF (Weather Research
and Forecasting; Skamarock et al., 2008) HEl<]
FDDA 71491 1%(Nudging)& 743 2.5 o83+
Z 4% (Observational nudging)} 7] Y& A=2E 0]
251 241 14%)(Analysis nudging) © & W ZIc) =
Y2 AlZE A(time window) 5t 2 AREE F4 0
2 oJ8F dk3(Radius of influence) Ujof 9= =
Sate] Holghe Aol T 7iEAR F11, 4%
3} Z¥teof whe s ARRHe] ilshs Rles
A=E A ol gRith= ARle] Jlo, AEt w8t
Lo} JoF WS AASkA] o =] ogke] Y
22072 4= Q)= 227} Qltk(Lee et al., 2009). HA

o] 49 27] e Ahao] Azt B 7l
2 59 e 2] Q8 AR AT W
2 of] A1) Aol T 7} A5 vt e Choi
and Lee, 2015; Mun et al., 2017).

7] 2 e mle] 27 W A 20 AAe)
L, ol 2712 ZAIE $AIA 07 Fofof 5= 1dl9]
FQ% 24} a4E Al wiol, FeRt 271
ALmE o 8TH= A ] BO| Ao 3ol Qlof &
Q3ICHNIER, 2013; Jo et al., 2017). 7] 98 A}m2=
GCM (Global Circulation Model)2] %.2] Au}of =

|Q_|>:

|

O

i
off mx |

Eoi.l
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Al Aste] A 41 KO ol == AR
T+ 27] 99 A& 2= NCEP (National Centres for
Environmental Prediction)2] NCEP-NARR (North
American Regional Reanalysis), ECMWF (European
Centre for Medium-range Weather Forecasts)]
ERA-Interim, ERAS, NASA (National Aeronautics
and Space Administration)2] MERRA (Modern-Era
Retrospective analysis for Research and Applications)
o] AEA #=7t Qla, NCEPS] GFS (Global
Forecast System)2} FNL (Final analyses)2] -4 2=
7} 24t} Mun et al.(2017)2 =] o7& Aof|A 2
A} %<1 NCEP] FNL £4] zh(1° x 1°)9} 9] of
2] A3 At ek w8 AEE HiE ERA
-Interim A4} Z}1=(0.75° x 0.75°)F o]-83}>] WRF
2] BLO) B3l A 3eial, A Akt vlao|
4] ERA-Interim A4 2}=22] A7) FNL 54 2}
R} %9ko1F WRF 423 wo] 23} FNLo] ula =
o] Aet=r} WojHrtal Harsieict. 9k, 2 NCEP
ol 8 sldt= 0.25°9] arsi = FNL 4] AF=7t
SAFRUAL ECMWFOA R SURE = sjdI=2] Al
22 ERAS AA A=27F Al w0 e A= s =
7] Q1) A o} 8% 3742 HlaL AL By,

3, 7V Ak o] o Bae] BE W B4
G x| Ao AeA QIti(Ha et al., 2017). 4|
£ 50l 7]20] Ash, oF WS SR
(Rasmussen et al., 2011), T)7| AAE 1ES o] %
o] mNHA] FEE W ake Qltk(Miao et al.,
2017). E3F FHo] S718H, ti7] 2 =482 o)F Y
Shibof] 2 Y mA=HI(Lee et al., 2004), 0|2 313}
QA7) E3fo] RSP o]0l 0@ BAY| 1z} vk
oFd 4 Gl Wb, Y S50 R 031 Bt 2
7 4 Qlek T1e)a et 27} ool 2 Ayt
ol WHS G vAE A0 ekl Tk(Kim et
al., 2007). o], th71 421 molo]] glo] e &
A0 TR} 71 230f wiet a3t 7V 84t o
A vERe 5= 7] dieel At Alelleh F3o] = 7]
845 eS| mOfSh= o] Fasitk

wEpA, & AtoflAl= KORUS-AQ 79l 7Rt &
Qb ek A9 ddo= FNL 24 A2k ERAS Al
H Ago] B4 U ASheg wladt F, 2 A4RE 2]
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Table 1. Detailed options for WRF simulation

Domain D01
Number of grids 280 x 260
Horizontal resolution 15 km
Vertical layers 35 Layers
Time step 60 sec

Microphysics option
Radiation option

Surface layer option
Land-surface option
PBL option
Cumulus option
Initial data

Nudging coefficient (u,v,t,q)

WSM 3-class simple ice scheme

RRTM scheme(long-wave)
Dudhia scheme(short wave)

Revised MMS Monin-Obukhov scheme (Jimenez)

Unified Noah land-surface model
YSU scheme
Kain-Fritsch (new Eta) scheme
NCEP FNL / ERAS
0.003 sec”!

Time period

2016.04.15. 09 LST -2016.06.18. 09 LST

18] AFEE 0183k WRF 714} 424 10| A3}S )i
A ERL = 27) Y Ame| 7 7)) aad
| B S445 vlasted, vyl ey o] 54
off Sk= 7VFEE AMSAL Sl 7o R, Alm
&0 A AR 24 WS SR o]
A Wo| Y AIE e o= vlwslirk

2, g7 wy

21, 28 4H

+ ¢159-= KORUS-AQ 7|7t 5<to]| tisf o7 1d ==
2] HOlS 9t Ao 8 7V e AkEs ] 9
3] WRF 3.8.1 H{&A& 0]835}9t) Table. 1-& & 7
of|A] ARgEl WRF el o ot 7} -5 viehd Zlo|
o} HEE & soMoF Fole a3t 1719] w=r|¢l
O 7 FIRlaL, AR} 4= 280 x 2600]3L, 7 sl
T 15 km, 97 2 22 35702 ARSIACKFig. 1).
Ha= 717k 27 23  AJ7K(spin-up time)S 113
stal, KORUS-AQ 7|31 7|7hS 33kt 2016 44
159 09 LSTHE 2016 64 18U 09 LST7IA|= A
Aiick. o] A Eelabg o gl Bl ke
RRTM scheme(Mlawer et al., 1997)2, THilEA} ot
2 Dudiha scheme(Dudhia, 1989)2- ©]-83}th X%
H 2 E.2 Unified Noah LSM (Land Surface Model)

= 28313t} FEvAlkEe] B S == WSM 3-class
simple ice scheme(Hong et al., 2004)2 ©]-83}% 1,
Cumulus X243} ®JoF6 2% Kain-Fritsch scheme
(Kain, 2004y, PBL 243} WL YSU (YonSei
University) PBL scheme(Hong et al., 2006)2 ©|-8-3}
et
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Fig. 1. Model domain.

Z7] 98 A== FNL +4 A&, ERAS A =25



36 4 - ) - oleke

Table 2. Information on the two datasets

NCEP-FNL ERAS

Temporal resolution
Spatial resolution

Assimilation system

0.25° x 0.25°

1h
31km (=0.25°)
IFS Cycle 4112

Analysis method 3DVAR 10-member ensemble 4DVAR
Table 3. WRF simulations for different initializations
Nudging Initial data NCEP-FNL ERAS
off FNL base ERAS_base
on FNL gng ERAS gng

Of

242t ol g5}o] WRF 53] 19 v A1 4=ays)irk
Table. 2°= NCEP-FNL, ERAS A}z 2] EAS H|wgtH
3otk WA, FNL Ak 6417 A7F sz} 0.25°
X 0.25°0) SHFUINES 71 A AT AR B
2A0) 704 BEE olglo] AREAE A5}
+ 3DVAR (Three-dimensional Variational Data
Assimilation)E ARE31aL, GFS o|2Alo] U= A Rs
&5l GDAS (Global Data Assimilation System)
ofl 4] AAksE B Apolck

SHH, ERAS A= TARE ARZE a9} 0.25° x
0.25°9) e =s 7H A At A==, ERA
Interim thAla A1) A4EA Aolck 7|2] ERA
-Interim A4 X7} EXS HnEEH, & AaE 2
= IFS (Integrated Forecast System)E £3f 3DVAR
of A|7HA W3lE 3183t 4DVAR (Four-dimensional
Variational Data Assimilation)S Z-83}99A4k, ERAS
= 4ADVAROA 71402 QS 719 (10-member
ensemble data assimilation)S Z-85}%c} ESE 7]
9] ERA-Interimo] ¢4 A2= &-83l0] x5 A
3k WhH, ERASE 913 A=t ofue} @F, g, A
AR 5 TR S ARE S8l 1Y AE ealist
of Hr} A¥= & ARE SRR Sl
(Hersbach and Dee, 2016). ERAS A= RAF A1=29}
AR 2@ R JLEEE, 2] 27 pressure levelsQ}
model levels®2 Vo] Zc) & ALof| A= ERAS A&
X Z}729] pressure levels AHRE o] 8351911, 27| U

A5zo] Jetee} 7} g ST B 2ukg vlast
7] $18l NL, ERAS 555 64171 74 A2 o} 8314
=

2.2, M8 M7

H 7= KORUS-AQ 717k 59t 27] ¢J8 Ao
w2 WRF =] 24l 23S v)wslaiz}, FNL 4] 2}
=2} ERAS A4 2[5 o1-851] WRF 4] HL.o)5
ST E3E, ZF AR o) Ak 58t A8 avkE A
H7] $18l 24 WA 8= Y-S o8]t 7 AE
= AL Yol dieh Al A%ER Jeon et
al.(2015)l|A] AXE G2 o-85I3Ir. Table. 3-2 2
Aol =3et A AAIE vehd 2 S 28
14| kS Al5S FNL base, ERAS base® ¥7]3}aL
(base A, YHES #83 HFES FNL_gng,
ERAS_gng= 7|53t gng 3.

0%

-

23 HE Xz 9 84 X7

2 AT Ao AERERe] ti7 1 53] Koo
Slo] Fa3k 71, B, Bahle] A W 1F 4
O AW vlwslara} sigik. ofofl M= 937 A1 S
71A3%=4~(Automatic Synoptic Observation System;
ASOS)2] UAIZE 712, 35, Eaho) Aol 15 97H A
AW, 575, QAL 23, A, 35, A, a1l
EEAlE]) 2ht] eEH|(Radiosonde; SONDE)o]A] 1
23] T 43] ol V1, B4 Eab) Zajel 4

= ol-83IAtKFig. 2).
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P2 ARE viow e ks AuHow
7| Y8l EAA3%2 MBE (Mean Bias Error),
RMSE (Root Mean Square Error), IOA (Index Of
Agreement), R (Correlation coefficient)E AE-5}3T)

a2

126%

K

RES

£ & &

Fig. 2. Observation sites in Korea (ASOS: black cross;
SONDE: red star).

3. Zut

3.1, 2Al X2Zte| Hlm

WRF 23] 12.2] 23} H]30] 2b4), 1 A50]4] A
94 Amo) 54 9 Heheg vl BAshad 619
o}, o] w, §1x] p520] ZAx} 70| oF 25 kmsz H]H
A7) wjo] 7j2jo] et 7 HaS o83t A} 7k
£ S, ol 2 TS Zha} vlmsle] £ AukS A

Z3ItH(Mooney et al., 2011).

311 KA 7|4 QA Hlm
Table. 4= KORUS-AQ 7]7} E<to] FNL, ERAS
YA AR A 712, B, SIS 937 ASOS
= Q9] g vlaste] epd B4 Axtolct. 71
9] 7% & AH H5 MBE glo] 8% U= Wt 2k
APgElE ZgFo]l VERSAL FNLO| H[3] ERA5||A]
RMSE, MBE 7= 0] 7}, I0A, REE 10 7F4A|
LERE7] dfiZoll ERAS 2] et} vl ad] s=rtal 3 4=
itk £3], RMSE 2jo]7} 1.217C 2 Bz 2 2jo|=
Kot F4:0] A9oll= MBEZ} 02} 37| Yeht 1}
o] AP == ZgFo] el AL, 7 FA| 2 ERAS 2179
Are7} =7 Uelg=d], RMSE 2[o|740.171 m/s&2
712of| Hlsl) Z ZolE HolAi= grglet. &3] 2] 79
of = FNL-& ThA A4, ERASE THj] AF == AHgko)
LEREIL, Bt MBE 31 A|Lfgh U 2] SA] Ao
A ERA5 2] &7} 7] YRt
312 0& J|A QA HlT
Fig. 32 9A] A}R9] 115 71 AZeE vlasp|
Sl =t 971 2172 efr] o] 291, F<5, S| T
= gt B9 GRS 747} wlaste] 21 B+ MBE,
RMSE Z2ulS vpebdl oot WA 29 22}
UO] 79 Al B 1000 hpa I1m=oflA] 45 Hrf o
Al APgEE S B9, AN o= ERAS9)
RMSEZ} FNLe| HJsf| 21A] vebsitt 3452] 74-9-oll=
1000 hpa =0 th3] ERASE BEHT) 7] ARgE
Y, FNLS S H T} W) AP =|9ict. 1 M RMSE
E AhHE, 700 hpa T%E7HK= FNL2] RMSE7} 2o}
Tt E9roL, S0 ZA4=5 ERAS S| Hgwrt

Table 4. Statistics of temperature(T2), wind speed(WS10) and mixing ratio(Q2) for the raw initial data during KORUS-AQ.

The values are averaged for 93 ASOS stations

Variables Initial data OBS RAW RMSE MBE 10A R

NCEP-FNL 17.114 3.159 -1.853 0.884 0.848

T2 [°C] 18.967
ERAS 18.690 1.942 -0.277 0.948 0.912
NCEP-FNL 2.920 1.857 0.865 0.778 0.699

WSI10 [m/s] 2.055
ERAS 2.886 1.686 0.831 0.792 0.703
NCEP-FNL 8.664 1.696 -0.116 0.857 0.769

Q2 [g/kg] 8.780
ERAS 9.082 1.336 0.302 0.925 0.871
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Fig. 3. Vertical profiles of mean difference(MBE, RMSE) between radiosonde(potential temperature, wind speed, mixing

ratio) and datasets(NCEP-FNL, ERAS).

57 Uehgte). mhxjeto @ S auhole A,
S A} 55 MBEZ} 01t o} 715 R} v 414
= 72 B om, 1000 hpa 11=5 A|LJ5tal= FNL
T} ERAS 9] Haher} a7 Lhebiel.

3.2, 7| Y3 X2 WRF £x| 2o| Zu} H|m

321, X% 714 2ol 23t tlm
27] 9 A WRF A4 714 20 23 v
317] §15} ASOS 21 A5} 2 AEE WRF 4%] &

o] ko] 2jo| S ieto R §7) ATHE 41551] Table.
so ERHgic 7 74 fe] 4 me] ke Al
1, 7120 79 mE AFol4 MBE7} 020} 2o}
welo] o] wja) T mofols AFS e, ¥
4 MBE7} 0mc} =17 Ui} elo] whej mofsi
74952 Bgick E3119] 792 FNL_basee} FNL_gng
Aol melo] Tk WOJE 51915, ERAS base®}
ERAS gng Alglolis mdlo] wh] mofshs A5
Hich
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Table 5. Statistics of temperature(T2), wind speed(WS10) and mixing ratio(Q2) for WRF simulations during KORUS-AQ.

The values are averaged for 93 ASOS stations

Variables Exp. OBS WRF RMSE MBE 10A R

FNL_base 15.033 4.928 -3.860 0.753 0.780
ERAS5 base 16.184 3.929 -2.709 0.819 0.809

T2 [°C] — 18.893
FNL_gng 16.903 3.170 -1.990 0.889 0.864
ERAS5 gng 17.578 2.589 -1.315 0.921 0.888
FNL base 4.226 3.200 2.153 0.576 0.533
ERAS base 4.303 3211 2.230 0.573 0.532

WS10 [m/s] ————  2.073
FNL gng 3.125 1.922 1.052 0.755 0.676
ERAS5_gng 3.258 1.990 1.185 0.744 0.675
FNL_base 7.855 2.242 -0.887 0.757 0.640
ERAS base 8.891 2.035 0.149 0.816 0.679

Q2 [g/kg] —— 8742
FNL_gng 8.447 1.732 -0.295 0.852 0.765
ERAS5 gng 8.874 1.469 0.132 0.905 0.834

Table 6. Nudging efficiency of the simulations
Nudging efficiency [%] T2 WS10 Q2
FNL 35.674 39.938 22.748
ERAS 34.105 38.026 27.813

WRF =2] 19| A AnE ulwsty] flef A, U
A& A8HA] 2 base AFO| AIE AHEW, 712
I} 23H119] 74-9<= ERAS base A3] 9] 10] Agk=r}
FNL_base A3 2t} £ el 349 4eol=
FNL_base H¥¢] 10| e} =] velilth o=
QA A Aol Aok Bl Ak Aoldt At
oftt. 72} E3u]] Z9+= ERAS ] 2o et
L7} FNL A 2ot 3431, WRF $22] K9] ZAajofAf
T FUS At vehgo), 3459 A9olli= ERAS
A 0] Heert EokSolle B6kal, WRF 4°7] 19|
A1} FNL base A9 W O] A7} ERAS5 base 4!
2ot =7 vebgeh US 283 gng AE ] At
o= base AL FUSHA Tl Sl
ERAS_gng A9jo], S FNL_gng A9jo] Hu} gt
k] mLo] Auks vyt

ESL U A8 autks vluwsh] ffsl vUdS 485t
A] ¢ base AT} LS 21835t gng A =29 4
SheE H|wsE, FNL AS(FNL_base, FNL_gng)

7} ERAS A3(ERAS base, ERA5 gng) X5 gng Al
9] 29| Fe7} base AR R A Vel FRF
Aog vy Ag ants Awir] 9Jsf, 4] 3.17} Zo]
YA 88 E,,.)Z AEste] Table. 60f] YERHSICE 1
A}, 712, 35, S LA B8] FNL AdelA 2+
7} 35.674 %, 39.938 %, 22.748 %, ERAS A& o)A 2+
7134105 %, 38.026 % 27.813 %= LRI F AlE
LT FEollA U Jmfo) 7P FA YeRaL, FNL Al
HollA 7123}k $<520] YA B80] ERAS A3 Kt =
Al JEHIL, ERAS A= S]] U a-80|
FNL A% R} A epsich

RMSE ,,,, — RMSE

— gng 0
Eoua RMSE %100 (%) (3.1)

3.2.2. X|HY¥ WRF £X| 29| Zu}
Ao mo] Aw} 2jo)S 4] B4lel] Sl 2+ A
A A 718, B Exh] 4% mo] Awe] XA
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ERAS5 base- FNL base

ERAS5 gng- FNL gng
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ARMSEq, [g/kg]

0.1 0.5 1.0 20 3.0

Deviation of RMSE

Fig. 4. Comparison of RMSE deviation of temperature(a,d), wind speed(b,e) and mixing ratio(c,f) for the simulations

(FNL base, ERAS base, FNL gng, ERAS gng).

RMSE 2}o]2 Fig. 4] LER|gick. 52 Alof] 7718
£ FNL base A3(¥+= FNL _gng A1&)2] RMSE 7t
o] tf A1, "gt Aoj| 7p7h&5 ERAS_base HH(E
+ ERAS_gng A9])2] RMSE glo] o 22 25 ofn]
Bl WA 718 mo) AnkE Almuw, base AlEtk v]
aoflA AR U A Alelskar thEe] x|xdollA
ERAS5 base A3 0] FNL base A& R} 20| A7}
A Uehtar, 53] dell 2 Alsf $A2kx| o4 RMSE
#jol7} 27| Uhehdei(Fig. da). U412 483 eng 4%
2k Bl A= ofds] o] A|5oflAl ERAS_gng
O] =7 FNL_gng AR w7 Webgont
T A Zpo7) base Ao vlaf vlad A viehd
7] QIQFCK(Fig. 4d).

I o] Avls Aw B base A7) v)aolA 7+
A AP A AR AFES AlQlskar HukAes

FNL base 43| o] A=w=7} ERAS base A¥Hol
]l 7| UEbgth(Fig. 4b). gng A7 H]arof A of
20l AFelA FNL_gng A9 HO] Heh=r}
ERAS gng A9 ¥} #=A vyt U4 48 3+
A o] el 2fo]7t base AL ApoH} B A o
ERJTi(Fig. 4e).

upA|eko g2 S3he] 1o] ALE A HH, base AF
Zh vlaLof A= A8l A%t A HellAi= ERAS _base A ¥
o] wo] A7} FNL base A3 BT} =7 YepRta,
71 9] thFEe] WIS X ol|Ali= FNL _base A3 9] 1.9]
Ae=7F = A UeltHFig. 4c). ?HH, gng A9THH]
wofli= base AP P o] XZollA
ERAS gng A39] mo] elwer} =7 UepsitiFig.
4f). FoellEw, ZF 714 el tigk FNL Adat
ERAS A3 2] U7 a8 Zjol& Qlafl, 27| U =
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Fig. 5. Vertical profiles of mean difference(MBE, RMSE) between radiosonde(potential temperature, wind speed, mixing
ratio) and the simulations(FNL base, ERA5 base, FNL gng, ERAS5 gng).
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