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Numerical Weather Prediction and Forecast Application
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Abstract Over the past 60 years, Korean numerical weather prediction (NWP) has advanced
rapidly with the collaborative effort between the science community and the operational model-
ling center. With an improved scientific understanding and the growth of information technol-
ogy infrastructure, Korea is able to provide reliable and seamless weather forecast service,
which can predict beyond a 10 days period. The application of NWP has expanded to support
decision making in weather-sensitive sectors of society, exploiting both storm-scale high-impact
weather forecasts in a very short range, and sub-seasonal climate predictions in an extended
range. This article gives an approximate chronological account of the NWP over three periods
separated by breakpoints in 1990 and 2005, in terms of dynamical core, physics, data assimila-
tion, operational system, and forecast application. Challenges for future development of NWP

are briefly discussed.
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Fig. 1. Performance of operational numerical weather prediction system at Korea Meteorological Administration (KMA) during
1998~2021, in terms of root mean square error of geopotential height in the Northern Hemisphere, for the projection of 24, 72,
and 120 hours (source: Numerical Modeling Center, KMA). Seasonal variability is smoothed out in dotted curves. Three break
points are evident where model error starts to decrease rapidly: around 1999, 2005, and 2010. Global spectral model (JMA
GSM) with horizontal resolution dx~120 km, using univariate optimal interpolation (OI) scheme, had been in operation since
1998. Direct assimilation of satellite radiance with JMA 3D Var started since mid-2005. 4D Var started since 2010 along with the

UM, and replaced by 4DEnVar with KIM in 2020.
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et al., 2023)°14 THEIL SlojA], Bt A& F7gel A
AL G o) $-g3hs PR AF AFT Flolt 1)
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A7 19803te] SolAin] A Sofubr] Az,
Z7lde A 9hs 7IRke R 3k WS A
dom Tt AW FHE oYL ¢ wY
oly tF Ay g At @] VIR 55
o &3t A} A =sFI tH(Kim, 1983; Lee et al., 1984;
Ha and Kim, 1987). =& oH|7} W4 x40

oF

2 Zo] yr]e 97 LFAE AHEAY, &4 E
= A% di7le] 98 Bk +RE dde=
3l A77F A3 = AJATHCho and Kim, 1983; Chung
and Kim, 1983).

A AFE AL vfg Getsia] AR HAAL
4] UNIVAC HAFHE 94282 o]&3l= Ao X
ot 2 & Ses|ed ol A FE
Cray-2S7} = =R, 9A] AHAAE AH A8
2 Zoye 2dg A7 AREAT 2719 of
A= 719, 2499 7178, vl gz st a
(NCAR)IA gt AAdA 4] A Rd-s Y3t
Al BAo] -85kt Fobr ot 2 A7|te|u
3o weEy #AHE FAAES T T o
A dde] F8 dJs HHWAY, sEF T A
71488E olslst=tl &8st th(Hong and Lee,
1987; Lee et al., 1987; Chang and Lee, 1989; Lee
and Hong, 1989; Hyun and Lee, 1990).

Aol =Ue] SR 7]E 7|Nke] FHeFH
T AAA A AR 8, 7]E F4o] §ol
3 X md S fdste ATE JBFHAT. FHA
T FAH BYe F2 SHEA A 13A «dRB
Aol 7kA] AH 43K += Fh IR o] 7
< B A ARG Ve 9FE FH51= A
Z17F F95 v A7l 7S Ede S88ke] &
A 7155 Adshs Ade] XYE A% FA R A

£ Fx8= A717F HATHKim and Wang, 1981).
71FRd o] AASH i Aol #k ATE A%
o2 HAA g2 Byg FFoE H4do] Y
(Lee et al., 1991b).

I 5 e R@ e BEAlR)e] B4
TAIAE 5314 NCARS SR A9 x| zd
MM47t =P = A SAIL] A+ Aol FHe, 71
Aol 58 AFE Cyber 93271 A5 S @3a}
3 MM4E s |ed e 7 HFE Cray-
280|M fH B FEsi wid Ar|Hoz FX]d
5 Atelrle) ol2Rt md 2732 24)Hl 7]
AAolr =3 AR =2 IWS o] &3te] niy
stath o] Z2ase 22k HA YAAHS 7S
Z MEE Aot} FAGEEE ofdAHE 714
A =Y slidE g Z2a3e FEste] 1
WL, 20039 o] FHE]E= NCAR 28| Z=za3o
2 AX} gA =AY

Sh=t7)1248ks oy 7] #3349 23 (2023)

717473 ol RGBT 19901 Al 5]
g @gd Ad o] nAEEAL,
o] FXR SFAAE B BES 2Tt o]
1980t =RHEH 7174 45 dAoists &+
go] Aot ¢4 B2l 1§ HFHE =943t
e #F ARE A= 3
=otal, 48 AAE AA 27 48 Y F2e
A=k AR B o] AEstE A HE ol
A 7155 7193t TAAS Bilshe E2EH7L

ey, oy =2 JhdstEs $AE 23
= AEsEAT A7)l A 23S Al 918
AE FAHS ASshs =3o] 4 d ol A4S
gl.o ZAo|tHOh, 2003; KIAPS, 2011).
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THNSF, 1988). 2817} 3l SAIZY GEME v]=7]
Aol =Yste, 712, &3 A T 10 A g
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At A71¢) 71 HEAS ELshs slo|v
Walo] 2 AT

A gFdt 2 Algt NS EAFos $-43)
of 2dg fdsle A7) Qlusith WA AR T &
o mdoA s, FHA EE ek i Akt
Hsia 2F=2 g gl o)F FEld F4E A
3lo] 2HE3HE HHH(Cheong, 1999b; Cheong, 2001)°]
U 53k XHE %<H(Cheong, 2005)& &85t 1d 7|
ol $-g-3kqlth vl Al7lel ARbs 5 o ¢he)
o 54 A s 7 ARAAE A S,
F3 A o g 23 Adsls 2dx sfdE o
HE 2 oo AL th(Kwon et al., 2001). ©]
Bl Z 2 (BATS)S ol&shs BIF9 4L uet F
H ARt FEEH EHE FHY] 71F Z5e Bu
AESHA Aststs Aol B4l
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3.2 22|tA

A= MM4E ©]&3te] BlFolu JFE9 A
A& B8k A7 Alg olofMth(Lee et al., 1991a,
1992a, 1993, 1994a). L&A o}Zz} Eago=z
A7t EAet 53] 2000 ZHHEE g sho]
2 d7 R 3§ 7R AL S FX] )
AA, Bl=o] HAF-AGEY G-RSMA T FEEY
MM5S 7Hte 2 sk JfEF A7F YA 53]
2d B3] #s Ayrt s E AL o] A
oA ek E2#E-S MM5S WRFI = A0
A=l AMAA SR o]&== Al7I7F FATh(Lee
and Hong, 2005).

S 715 A7) SisEHA, 92 MRI, V|5 GFDL
7+ NCAR®] %8 7|55 o] 7bzh spfjof kq)s o]
715 meojel Aol 2kolA HA L A E
e A= AP AARAe] wigtwe] #gt
A7 A STk A AFAR GT (1991~2000
Wyol] JPeHA 715 1y A7t AL,
PNU CGCM, SNU GCM3} RCM, YONU GCMe] z}
ZF ANRE A S F-t 7] JE 715 Rd ArF g
A FAEAL, 7| 2d =4 v A (AMIPS)el
= FAsHA FAtH(Gates et al., 1999). HE3F X
U3 AAF FAFE 243 AFE e o]F
Rt

& gl E KF 4L tF wete] =7 F
JFE, T4 7] 718, 749 35 T4t T
)X Je A7 (Wee and Lee, 1994), "o}
2 279 AAZF 3R NUAE wrgste] (¥ =
£ o= 458 /NAASIIAL SFATHLee and Lee, 2006).

SRR L 71

st 2 & A tiF bl A B3t
R4S 71FE Wokd =

Aol wrgste] 5.9 d& s MAdskaat it
(Hong and Pan, 1998). =} Z7]o| w2 oAz} &
& UF et o wE A= o]oHth(Park
and Lee, 2003). Lol7} A&k & ¥t SASS} Kuo %
ko] ol RIZEE B, 713 WA TRY ]
A& UF =23 Kuo HetellA SAS Wetew
tixlehs A-84 AF% Usith(Park and Hong, 2007).
i A &£ NdS A8t AAT AxdFet &
o] FA WiF ol ALHU=T, ]
4e A UFE e th(Park, 2014a).
A% EgAANME NG 7138 AS 8L 2

4o
o rr 0

b e 3t

s} wieto] Ee] AXFEH 2% t(Hong and
an, 1996). o] G Y FATLE & WS
7F GREHA NS AFste, o] WMok WE F
TR Zde] Mgl Alfe] YSU PBLo|EHE oo
SAE] B2 AFAEC] o843t Uth(Hong and
Noh, 2006; Hong, 2010).

ket 3 g giBiME A5 ¥ ol F%
5o AT 7F 55 AXHHFe] FiE A
TEHAL, A EAE v A27HA] et &
STHKim and Arakawa, 1995; Kim, 1996; Kim et al.,
2003; Kim and Doyle, 2005). ¥4 Chun and Baik
(1998) & A3 o]&o) 7|x3l AL dlFel w2 +
5 37 Y1 5% SHEAS JYslela, v
bt ZEy) g 243} Wke A9k th(Song and
Chun, 2005).

-5

FTEE 7|23 459 2 Y dS9At
THEEE AR}, AT & Bol9k TE-EA
7t NAE 7123 Rk dEAde] e
2 S tH(Hong et al., 2004).

EAF Ao e WA 71Frde H[ypelr] flgt
S52 24 A3t AYEHA T @ BARd(Oh
et al, 1994)z} A Gl tg Fu} HA} 2d(Oh,
1996)°] N&==7F shH, 28]/ =(line by line) BA}
Aegnds JIeg vwsiy g5 Ade] A
HA & Mdske 77T A ATH(Lee et al., 1994b;
Lee and Lee, 2003). & BApdGRde] #3537 &
5 B AR RES Rosty, dul Bl o
e 79 g AA, A9 S 47t BeElst
o] Alltsks Wte] AAIEATHHo and Kang, 1996;
Lee, 1998). A} A o] AA A7+S ©@&317] 6,

o foir 1o oy o
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e BAdG Aol KX Wete $83Vx st
% THLee and Jee, 2002).

S md o] JajgE ARA AN HAH R &
A4S AHAY BE4st Beks AAlsks AT s
EA3E T RAMS 2 9] 231 WS o]-&-3}¢]
A-go| UttE 4 mR= FFS B4 e=7) 8t
A (Shin et al., 1998), 3|4 E i 2Ig ©]§3}t]
AAZe] & ot]Z ®AsEAUH(Shin and Lee, 1997;
Kim and Noh, 1999) ©]& o}Ax} 59| B] 2] &
7 EgAAS mesteled 83575 3 TtH(Noh
et al., 2003).

A& tF(Lee and Park, 2002; Byun and Hong,
2007; Park et al, 2010)%} “7Z(Shim and Hong,
2006), -5 PlAEE HFol A TS
nX = UZAE d3e 957 oS Hopol|A] 7] o
=3 7] 5Hs) Rok2 Hap JoiE At AW 224
Ee 7 2 AAS dFE Sl t7] dEe
747 B0l B2 IFe e Fa% A E
g oz ZFHA, Aol F2 7|Frde 2
A ATE BIAIZI7] 18 52 AFEHSH. YONU
GCMo|| BATS AH mdlS Ajtslels e A+
7} o]X71el 8= A tH(Chun and Kim, 1997; Ha et
al., 1998; Kim et al., 2005). Z#7} 3}A x 75
dojA ti7| 2 MAS)Z AH-214-24 2d(SPS)
s w2 goji) Agetd, B v AW &
EY27t Fokrol AG7F Bojof wX e JFTFS
24317152 3 THKim et al., 1998).

3.3 X238

A md S Agolut Ate Aol §-83h= ol
A ZAFAEHA BY 27178 EA 00 dile] Btk =
71749 FY3E SES| AofsA &od AN e
o] &AL QPATIER, Bd 279 g 4
< grstHe 2718 A7 et I E AT
A AAF F B o] &she it 2dE
AEA = HAY AEE 2715 HHNNNMIDC]
Zpge BT o] 2713t Wt e PSR
I B2d A HEE APl tig AARE
(normal mode)® a3 th, T RE FoA &
do] HAY gt AH A 43S ol FA X3 A
& AAS Ak 71734 GSMe 2 Ao s
2d A4S %7135t Lee and Jhun (1996)2
@F ARG A4 Zd(shallow water equation)l]
NNMI #ebe -85k vh it gk AFA Y 24
AAFRIF ] FAzsgrE AT E A
skA] @t Al Algk A9 o] AY st At A
TEREES AFAdstaL, REe] gk F7olA B] A+t
s AdtHo g Alojstes WAS 888U THLee

Sh=t7)1248ks oy 7] #3349 23 (2023)

and Hong, 1991). 2 & &de] AFo] YolxaL o
Ho g A #3Po] FFHHE wAELS AEEsl
2A =AM, 5Y6HQ0 2713 A A= HAA =
oJ &3t}

g A iR SAR e AR AR R A
719 0] ¥ A o2 Wdste] o HAS FA QHA
7= @2ol A5 veheth A mdeA] Ro|glh g
ZT TEY A YA T AAS A, B
o] wj7d S Ao ALE-EA w7 e 277}
Ao deol=o] HE T 719 ddo] Al &
AEE A7 A H AT Kwon and Won (2002)&

5 R2de] GFDLY HIF X277 (bogusing)
7IHE A&, HF 24 Fes dshstaat
stk o] 7ML Rl HF +2E FH A%
ANA wEE st AAG F, AF] P Bx HIF
S A= A BEole W22 (Kurihara et al.,
1995), 7FHZA=L =t 29 BATSS} ©% Falol &
¢t 249 DBAReC| 717} &5 o] B4 AREE o5
sted AFE-E 9t Yol Kwon et al. (2007)S ¥
£ FRrd MM59 GFDL BAA 78S &3t
3, B SAE wet olsslivke SA AR Algh
o BF 2dS T
g oM = o] AAEA 7oy AsE
3l 71&e EYste] §83k= A7 FRE °1FAU
th AA T 2de] 7] BARe JR7|GH A )
et 7] B85 199930 = 231 H WA
HEDOoNe| =YEe] AR+ Bd 271 FAd 2~
Q. 2 F 33Y FHAPAHGDODF 33HY HE
2553t 71H((BDVar)ol 200233 20030 =214
o2 =YPHAT 94 EANFES 7)ol 12k W
FH(1DVaryg o]&3te] 4381 o, 20079 FE =
3DVarell 914 HAMS AH dgste] tir]e] 43
7123 5 BEE A5 =S 277t sk
ZA| AR A (OSSE) A HHS Agste], =
7leA] 2ol #F AE5S FE8L o|3lo] {iLd
£ d= UUEE SEEY ARPSE o]&3te] ¥
Mgk A= AATH(Choi and Lee, 2000).

AqRY 27174 E4% Aol MM4el] Wi
APEA 71 (Bamnes)ol Ut S HAWA S 28
skadet. 2Tt 200193 20030 AA =3 L
2 3DOI®} 3DVar® A= ATE 7174 ©] NCARSH
ZAPY AFE 59 4dA APs= <t MM5
3DVare 8% Qo] 7t A==E A =9 o
Elgo]& o] AL 71 L] HE
mds 75538 At Sdsi e wA, Sl
F}3kelo] i/ NCARZE 4% wWHEsHAl =wA 9
P A5E3 7 olHE FXHATH

=2 B Be AT v 71 o HA| 2

2k

-

o i



© 971 - 1)
ATA(FSLyoNA 71t E4A1A4] LAPSE 71783 ©]
19979 =915t 75 Aol $-83tHA 24355
TH(Kim et al, 2002a). $14, @old, A4 #= 2=,
METARS} PIREP & &3 #ASAEE A8t 4
IEE HES FE 33 FRE A, o}
7V A BEE AR Wb niegs AeRE
Ackss 28351t o]gA £4%8 75 AsE
g e 7)1 FR o2 X3tEo], 98t %7]3} vt
2oz mdo| Zoj7f, 71243 $5714S BAHs
A 27] 434S Eoletl o] &HATHKim et
al., 2004).

3.4 2EAA
oA =R MERde

Aoz, ol AR ol &l
A AR Hwg ofol 3

71748 9 AFE 127190 NEC7F 1999l =9
A 2d 298 AAll Ao HprF oyttt KISTI
o] +¥HFH Cray-YMPolA 97 2ishd AA)
2d GSMS NECOIA 23 53t =3t A
TFRAA AAF FRE AL Gdo] gshuA, Al
Al ZFA oA Bl &7 #5 AR5E A soF ot
@710l A 104744 oS5 717ke] soluiA w5e
24 9 A5 L3l AR AR Vs &
A =oFstdtt.

Cray-YMP= #E] 4He X ¥sl= WHH, NEC
HE AL Z2AM7E of2] 7] HERE d4" 7=
Z¥3l 9lef, OpenMP 223 = (thread) 71%F W EH3} 7]
o2 GSM FEF TR ANEEE =Y T U
ok A AL 99E 2YE B2 Yres
Sk(domain decomposition) WHOZ
of, o] Jlle] WE Aol ALt
4 Ak NEC 733 FEH = shie
HE Z2AA 7 G2 b, dA
GSM®] 735 ARgZ M= dE W
& ALtstaL, s I e AF B
ALkste] WEskE 3 SIATHKIAPS, 2011

A Bz st A17F o]ojHth Kim
(2003)2 Ao 2dl MASE MPI #7494 RSLS
gato] 3 o Jog E¥ate] WES)
oh B3 MMS 2dS ad HFE oA HE
2 AEdte 7S NESAtHKim et al., 2002b).
o7 ] MRS AFHEE)E F Se2HAA
MM5 24dS F5aHY, =& 7hl= MPL 35 )

18

1% tlo n 1o not ok Mz 3@ o M rfr

A
[t
ot toh

fu - 2 o
o o R Hr uf
S

Mo 12

-

ot
[o

o
o
il

~—

] - gl

SRR L 79

RYE zhs == oM E OpenMPES zhzt E83)
3L, UEY A 7tEE o] Il Jol A SIS o,
A 41% A A7 A7 235 B tH(Lee et al.,
2005). S 2E A 2EHS 83 MMS BY 9 7]
=3 ¥E A Ve FFYHAE A=A
(KIAPS, 2011).

3502 28

AR oA Ao mdof o]27]7kA] vkt
28 71748 FHHFE A A FEste] A
= A7 E AsAL, dw oAAA e HaE S 9l
= BAES AT 7T CR sojutth A
A4 Bdo] o &G-S wFFOE Aol MMS 2d <]
271E EAE ¢ A HEA, 7R YrIEe F
Ax A FgEACE T R FHAFE ALY
< o] galo], thfet Bl 27| elA GFE oS =}
EE AL oS g5 ARE AT =HA), &
71014 7174 ol 5 Al Rle Y]dlE ARj2e] B
7 vl E QT A golE AR tE B4 AFe 2
714S ol g3t PFE S TR, 2 5w
2A AFste AY v RS v A (bred
vectory &85t YFE AT A WS JEFe)
% THKoo et al., 2001; Chung et al., 2007).

A oM = HE AGRIS o &3 Al
o} ol WIZtE A7 @A AT T
7174t el = MMS 29S8 d7]eHel 383ttt
200731 WRF RdZ A3 thByun et al.,
2011). A7} 3P ofrfote] Al Wl wijE 2
< t71d 7Y CMAQol Wrgste, At 54 &
Bolgte= 2] AdEo] WYUK Chung and Park,
1997; In and Park, 2002; In and Park, 2003). ©| 3}
AR (ADAM) 7173 ol o] = o] @] AL T
of Hol 2xo]A =ATh A Y dR1E Y] 9
3 s rdo] e =dE At At HAE olE
at7] 918 19921 1At 2R E(DSA-5)S A4S
2, 340 d=HEdWAM)S #1A, 2003 ©] FH-E
= WW3 7|5ke] Jaj e stgrdo] ddex 24
= At

FR RG] /faE writt €S S40] GERRE,
A A5 A aruitt FARES A=
T o ¢F HFUtt oYt A BHE]
el FHoR= A8y FA 7ol AFEAL, o
2 Yoz BMxERe R 57 4] ol PPM
71l A7t gHset olojxih ARt FE 7S
3L FHA 7] @rleRe] WA $-8= 3 (Lee et al.,
1999). AX|7+ 2d GSMeA T7] d|SA857F A4
H2p 5 oo ] 71 rEE R 7HA|
) 245 AhSohn and Kim, 2001).

=
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199083 Zukol= L& 7743 2] )

2 R
Ao} AP Yo 7] eol

>~ FL= O
FrEES
_‘
=
(e}

s
)

T

A&k FAR] MAENY, MM4 29 o= 4
= PPM ¥ o2 EA|F o2 sfAsl=t AHRE S
t}(Choi and Cho, 2001; Choi and Cho, 2002). A
A A 714 20059 AFE YAEAHAF]
sdlo i) 71 el ZpEshEA] Ao AgkS 9
"o}, ke S Skm 7H49] 2EWe R FAS
A, o5 39 SA 7S Ak 2 AR e
71, vt 55, ArgE T 2 84AE AT o
A= did sl 7w NES Aol o] 7]&-E 2007
W7HA] AHA 02 Algd & A AH|E=R 3]
St} vl E A NDFDEHE YA E o1 21&
S W7k dtol] At AHIEE JHAIEH =
(Glahn and Ruth, 2003), ©] 7/Hd-S Mx|nl= &t =
W AZgel stAl A Aotk suldE A 7ls

o Bold e, Aoto] Be Bake AYelN =

gel W ARk ARE BAE 2] o] /)%
B4 WS £83rhe Rolth, Aete] =, AP
e A BYL wels) A, PRISM 718

2115 rlo

st AT AR e BAFeR 3=
4] 8399 th(Hong et al, 2007; Shin et al., 2008;
Ahn et al., 2014).

2o dqEAs8s WstER, Agkd AIZF Qo
zdo] Tkt 548 2713 getslr] oy =Y
o] 718 W} o5 7hF e Xk WSS ops W
2102 dre] AHnr] A =eFe X 7t
A&t =7F Aol ARgAF e H o) FEHE
7lHke o] Ex7F F o3k v, nF7A B
A" AT (FSLyolA et 2dxts 2% AY
033 =5 AWIPS7} 7173 == 2ds) o
Hao] 7hw e A HUTh A BY e
A F AZrt d=dh ARR7E Bol Bxdt A
PzAoNA 7hS Bxo A&AS fAEH =d 7
FHES HASIEY, b B4 X Mo 2E 3
7F ATt dre] FHH o Az AT e
A 24T $ Jde BY AEH |27} A=
A (Park et al., 2005), LT oK An]27} A O
2 AFEST 20039 e X Y=Y AT
9o FRHAoZ AHNL aEUAY SXAL B
BAEE A Yste A =77 M= ATHKIAPS,
2011).

YD)

4. 7|1& T2H2006~)

54
qs}sio] Lol FRAM ol F Feo 48
ARG ok 58 WPl vl Aike et

of RdlgstE= A7 A4 FrfE AH(Cheong and
Kwon, 2007). ©] Xkt WH-2 G-RSM?| 3} soj&
T AAol A S&stH e ATt 2HEH GRIMs
o] g Fo= = ATh(Cheong, 2006).

AT ARl A A8 mdlF} Hlaaste] B
g mdlo] BEAg ZARBRE A7t 8= ATE. NCAR
MPAS AR A A A 9 S Qle|2 FAste] 3|
AEE =2 o IR gAIe} BGEA o S
oA FALYE T3l FAFS=TE S (Klemp et
al,, 2015), ‘Fokrol 39 AHIE FallA + 98
Aol E4& #4571 = 3199 th(Jang and Hong, 2016).
g HIAY AAAA ] JetaolE vE dFE 9l
itk oAl A eg Adste AddAe
MPAS®] 7HFAARA A A de F93 aLald
T @Y Atolol| a9 eff=ro] mm]gh vhH, WRFE]
FA AAA AN = SHAARASE Qs 359
sharo]l UEbES HATHPark et al., 2014). 5L 74
o] 7hAz 2d GMES =¢dsted, 7ol st
20708 &2+ ARAA A ZHE AR ZA, 4
S BAAY A FERELs &5k
AF7F I H 7%= AT Wu et al., 2009; Kim and
Oh, 2010).

YAbe S e 24 2dE HE AR 29
sttt @ wf, HERYe 2R VM g EYA
A (Gibbs phenomena)Z <13 ¥7+d o2 W37} 4
gt £ 3 2 dHoy AFS HESIE o
#o] mErh £ 18R A (semi-Lagrangian) * W
2 odd HollA et FHol oA, A B =
ol 4 2d4E F HagAAd PR Fojy
= A7 =7 S Koo and Hong, 2012;
Chang and Yoshimura, 2015). A]ZFe] Tt T &
WS Agete, $7 AAHL] AR Edele &
W X E AL, 121 ol 7S 28] WHESo
22H ol F AR S FoHlTh

AZE 2Rt Ho R =, ZAA oA S BI=
7 BAAEE BAA Al tig A7t I E AT
218 WA)F 7]% (split-explicit scheme)S =2]A %
Fohe olFA#2d HFH MEA Fse T
4 EElste] AlZF HEs= AJd, LTS
FaA oA 7Ige] AAES ALEE Bl EA 6t
S th(Park and Lee, 2009). A A ®Hel Al7F A&
A met J559-9 oy Az 35
Hsh7b o A AEs Wzt @
3] WA e #gel ¥ B2 dFS w2 A
2 ZAFEATHLee and Lee, 2006).

9 Az wet Bl S A Dt
Ak AR A5 FA AAZRAN wet, A 7]
F BAF EAo] A geA= Fol 77 E Aok



ol - i - AU - AR 81

(Oh et al.,, 2013). M]=71%43 A9 352D RSME
o] &3t 7| = JAs AFollA(Yhang and Hong,
2011; Hong and Chang, 2012), th¥3t £33 449
=7 AT B YA A2 A grdo)
o] 7bse &5 oA & R 252 /s
gk AAF 2l dAE 2 sHAAME, 22 A
12O 52 AT 2] AN Blojup 2]
2] 7§ 54 wgstE = vUA B ol ti7]
FEollA B npEAd el ik 98t vUAE As
o 7P 58 A34E Ak 277t sk Aot
71 BEE = GUTAHE 71 715 AL HE]
A= A tH(Lee and Hong, 2014). AgRde 53] 7]
TR FREA B AgEE, 2
£7} EolAE 715 BA) SloiA 75 R} )
Mg AoE YEPTth(Lee et al, 2008). AR 7135
Rd3 Ao 7R d 7k 8- Ao o], &
W AAZRASR U] e wE ®o| B8
i3t 24AM| St 2]+ Hong and Kanamitsu (2014)° 1
=g

A &85 HFH LR 3 AAols IHE FH
B wmd i AFY(2011~2019)0] Y =HA] 24
Z o2 7hukE] 2 th(Hong et al., 2018). 3ol W3k
SHAFAAN T2 ARAAE A sto], FAAAM =
BAAAN FAA S EREHTH(Nair et al,, 2009;
Choi and Hong, 2016). A& =345 WFYshHAM= |
Frei71elA Z1sk EA S ols A7l f1siA, Al
ank-7)9F stelBEl= H(FAE At Ao
= AxF7ld g A5 7Iks AR At
, BY Hies BAl=TF ARKe WAow A F
7 Wl wjFstATH(Choi et al., 2014). A3t +3
A& wEshe 7124 tig s Awvh 7R A
7IYAEE S AL, Atetel] o AN eAE F
S Th(Laprise, 1992; Skamarock et al., 2012). A7+ &
B wAA Were AFgslel B Qlato] £ola
SFaL(Kelly and Giraldo, 2012), W24 F3l= S
AR =Y M RS RS AN 288 =3
thH(Scamarock and Klemp, 2008). ©|&13F 7|& 7eke
FAA, TR 29 WRFZF 2t 984 B4 &
F 84 o R AT gl FejH g Fst
Al = AcH(Skamarock et al., 2008).

A% ol VR AN BP ah ARHE
A

BN R

oMM, the et rRRI R o A Al
b Fherol gt mdo] vl olF HAHS H
Fotod, 25 EulgolM frdEe A2 e A
b ol A AN B S TR R £ aat
A AR w3 g Alofgek(Park et al.,
2011; Cheong et al., 2021). Cheong and Kang (2015)
S} Choi (2018)2 ZH2h AGANA AT AxkAke] o

fr FAE Y] 58S AL AL Y 215 vk
te AT E AAETh - Yo e
FoAH AP F3E AAL, UHE =Y
CAE B3] FE A

o AEoZ B3, AR
o dsire 7 HEAR sAske A4 1xE
I o7 = Ak (Schar et al., 2002)S =3
A7 29 KIMel| 8-8-3F= A7t 213 F-o]th(Choi
and Klemp, 2021).

ox Hd
2 fo Mz omj Y S AN

4.2 22|18

20009t & A ot SR ZdEe] 7
Aol 2xo]A =Tt 53] vl=oA NdE HE F
FR2d MM5/WRF 9l9]% ARPS, LAMS =do] A}
g Aol ®ol 2t} B A3rt SR E A, A
g Aoy Ao 715 Be] HAH A AE A
o] IALE BAde AT A TSI A8
S0 AL tiFol g wehd ¥y dTEe
Hong and Choi (2006), Park et al. (2010), Ham and
Hong 2013)2 & & Ut} A2 AL uiiwete] +
8 BFE WASAY AR B3-S siAEt |
2 BX5sE dFE Zo] Usgkth Lee and Lee
(2006Y= KF et AAZ GF oluxe] 42
ol 2148 Aele] 5 3¢ MRS ARG
%3, Byun and Hong (2007)2 & &9 &3, 5%
AA FE, 77 FEHS IS
AZ o Ze nX e UPES 245
St SASOIAM = Fo dFS F71& KU
and Pan, 2011), &3] w2} 4= A8 HAIIA
Th(Han et al., 2016; Han et al., 2019). 38 ¢ 3
$& tFo el = Tiedtke (1989) HetollA Wi 2
b Aol oiF Wols 2748 /RS, GRIMs?
o & WA=E 459 th(Hong and Jang, 2018).

AAE BN e FHL A5 A9 FA}
Wzhs} sEe] BAl §4 202 fuEe €44 &
Y RS AAst, AAIFe] A4 & A S
BAFEE Weto] M=t (Lee et al., 2018a).

(ot
o,
o
M
£ -
o
ot o

2-g35, S48 tF BATe] £ 8]
T SR FA] AAF LEE Yol TS 94|
e HS RoF7]= s th(Park and Kwon, 2018).

sket ZE kg tiaia e, obARE Akeke] Bl
A wE s v w3 gz} Aket 9
S 32E 7179 AR &FHE JJAEe], GRIMs &
dojx o & WAEE A5 tH(Hong et al., 2008;
Choi and Hong, 2015). ] 2k} F2u} g+=o] s
A, Aol ot FEute] vAPAA ) e a3
£ R348 (Chun et al., 2008), 33+ 8 wlEA
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A3 48 olF £55 IE A =AU tK(Song
and Chun, 2008; Choi and Chun, 2011; Kang et al.,
2017; Kim et al., 2019a). KIMoll&= & ¥ olz}
= Adde] T8 JHe B5sieh Wito] 2
°]3. 1tH(Choi et al., 2018).

BRI 49 A mE FE B
SR el wet WA £33 w f3 v
Weke 2 ¥ s hek(Lim, 2019). ©a f3 2] mA|

).

Kl

X
e

e 7
[
oE
ﬁ
(o3
4
0%
1A
Y
W
~N
2
=
r T2
of
ﬂ
Y 2orfo i Lo Be o L

Aelnmdel} /| FRAFOE o
(Dudhia et al., 2008; Juang and Hong, 2010; Lim and
Hong, 2010). ¥Hd ¥l w22 544 A7]9] nE 5=
2 ¥Ea] el g8 dddoz MY Be
7ol Awd =g S ey dde 79
37 918 vo] F2 AMgsl $rhlee and Baik,
2017; Jin and Baik, 2020; Jin et al., 2019, 2022).

g dlojREo] FEHF A= P EH] &
3 A7% A=A Lim et al. 2011 27] <4
o] FEEE MANIIAA dojREo] oFRUE
nAlEE g 2| FE wee) vRe 2FE &
218121t} Kang et al. (2019)> GRIMs 22o] WRF-
Chem?| 5% §54 o2& HEES 2Fstd, &
o] & T ZUtel mE duk 2w gakel b A
3 &3 298 BU= Sh

TFEFo HalM e oAz E8H4 o aHE BkY
g oot W Aol JREAEH, 53 AXAE
(CloudsatyE Fr=sto] 22 thiol o3 +5F2 ¥
315 ndge Fo] EXo|th(Park et al., 2016). o}
A okel TEFE TEstel, TEo| EAIHE Ao
Aol Fust 250] gl AcolMe] gARYE @
Axoz molsh vlAEL Aol AuEE B
Th(Kim and Hong, 2018). Lobrh s43e] #anH
2 WYY W obAAelN A Rl neh Wy sk
TEE, A2YA, £ TR Htstel, TEE
S} BARHg ] A4S SushlE S9rhBac and
Park, 2019).

obx FEFE FEAS] BHUYS Aesiel 5
Hxo tike W0 el 7hssith KMl
Hoj-de] +2 & HZ (maximum-random overlap)
Wokg 23 glovk, AME FEFolehw /4 22
of uje} de] HHS &-83l= Wt(exponential-random
overlap) &2 < 7| Fol drt dE He F&
o2 I F¥S AT, Al 75 540 wet

2 A

Sh=t7)1248ks oy 7] #3349 23 (2023)

g5 &5 £ 74 A AR 5o AlEsty
717y A e dolH 7 5 AAS RdYsE =
o 53s AR Wtz N ok (Park, 2017). &
PAFe] F38F ZlolE Awele Wkt mE WiE

EA 351 (Hong et al., 2009), &3te] LU=}
HAA L A, T Ak A, vglY 24
T2 AYste A7= Y= AthJee and Lee,
2013).

ARG O dEir e, 718 Bl FaE 7IHe
A8k JhAdskE A77F ol BH(Kim et al., 2009;
Lim et al,, 2009). 38 &8 HFHOE ARG &
g sto] ©Eslstal(Zo et al., 2014), oFAAMS] X E 73
A, BtEAIAlS A, HO ™A AbEste] AW
of medle A At Abet dAMFE 747 A
e A= TP ArhJee et al, 2017).

O]FRUE wAMEZHGS] FEEE o]&st F
el FENAE S A6 o] E FEAYGY BAM
ol &83h=7 3l (Bae et al., 2016), oFAA}F 715

S FaNg Akl ukdsle] B
A7 A3 S =23 THBae and Park, 2019).
Back (2017 o}AzNA 2 5 HZ 7P+ +
%9 H &S TEohe oY MY R 7E 75
st 24 71SHE gE g3e] AL 24 S
ARA 3t so] FIAFE FASAME AL vE
< A7kt

A oA = 7] /e ARG U=,
EY 25, EY R 7] =S S AHE
do] 548 EAsks A7 Bol 8= tk(Suh
and Lee, 2004; Kim and Hong, 2007, Kang and
Hong, 2008; Park et al., 2017 5). A|HEH ] UF2l
Noah LSM=> KIMol| o]2]x|o] &7ge|x] 2ko]3 Qlrk
(Koo et al., 2017), 29| = F7l| & A&
I B xo AYs), aga old mE oS wizk
55 BAsks A7t oloRthelE E¥ Kang et
al, 2007; Ha and Lee, 2011). A% 7 &=|e] £
7t B RS Sl Bl AY 7S5 miAl= @
g ZAEATHE S E9 Rha et al, 2005; Oh and
Suh, 2019). AT EA] FH & 2=0tE 714 A4

7R AR (WISE; 2012~2016)°] & E= 7]71d]
, WRF 29 = 0.5~1 km 23T AAE A6k,
A AHe] AW HEolu AT wE o5 =

ZAVe = sk th(Park et al, 2015; Jee et al.,
16). 3= AP L o] &3l 7|3 F&e] oS
< 2 F UAT, A A5 dsiMe 4
o ujg} Aolgk A7E B Th(Lee and Hong, 2014;
Jee and Kim, 2016). 31 £5 & AW 9] AAxA
o] Byl 7|30 mA= o N e B2 =
FAAE A7t FYHAHEE EH Min et al,

o > wo

Hox 8 oa kol [
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Table 1. Physical parameterization used in Korea Integrated Model (KIM).

Physics component Scheme References
Radiation Revised RAD (RRTMK) Baek (2017)
Land surface Revised LSM Koo et al. (2017)

Vertical diffusion

Gravity wave drag
Nonorographic GWD
Deep convection

Shallow convection
Microphysics
Cloudiness

WSMS MPS
Prognostic CLD

Scale-aware nonlocal PBL
Subgrid orographic GWD
Scale-aware mass-flux CPS

Scale-aware mass-flux SCV

Hong et al. (2006); Shin and Hong (2014);
Lee et al. (2018)

Hong et al. (2008); Choi and Hong (2015)
Choi et al. (2017)

Han and Pan (2011); Han et al. (2016);
Kwon and Hong (2017)

Han et al. (2017)

Hong et al. (2004); Bae et al. (2016)

Park et al. (2016)

2017; Kim et al., 2019b).

7R dm Au e 2L gr]doz o))
Sl8l, 2010 AL AlAl 291 F71AF s
= TEEL UMY =H30 . UM @574
Add Bol o] 27717 sh}e] Er Aoz TA}
BEE g ZHL QlojA, A2 g oz o] 2A)
= MH&E AlFste s 713 e HAAe & Fget
FeH, UMM Adskes dd7lsrds 485

td

oo
£ & 0N

O

5t

A& Ao dRRy, FEAT B, BATE

2

AsA-g ol BY oF dFo vA= WTE
2 43712 39 THKim et al., 2014c). -, &4

oA s & ot Bl ATe S|
Hrd JPEAelS FaiA A& st KIM
o] 2020 SYHE] UME thAlste] FatA WA,
a7k e B E KIMol A2Eoe] a7 X
of| ol 220]A] S tH(Table 1). KIM E&97|x& &
2ol Agstes AL FASHA ANEs
e Fuisket BARE S A8-8 7 (Back, 2017),
T2 o ehiekPark et al, 2016)% wAIEE] 3F
W FEF A F8 Wek(Partial Cloudiness, Kim and
Hong, 2018) 5& &3l +EXREe] JAsE F+3
71% 3kt

FAHCRE AR S S&st] X975 A
H A F (CORDEX)l gt A AFe 3] ot
FtHeE =9 Kim et al, 2014a; Choi and Ahn,
2017; Kim et al., 2020). =3} WMO GEWEX Z=&21
H Aksl AR W] AlAE AT AFIEH(GASS)O]
Tt 24 293P PR A ¥ (Zeng et al., 2018)
o= AT i, AMEde] &% % A 27
stol] W& t7]1¢] AFASES HlskA Y Xue et
al, 2021), Bdo] zl= ofAz R FHI} 3
(Niekerk et al., 2020), &% thFol] W 7= 3}
(Tang et al,, 2022) 542 43| = sttt &2
Aol digk AE o]l A FEN, 2D N

3
=3
238t 7le WY FAHAFE e
, 2de] S EE Alg FobA, 34, A,
& Ao FAae g wdy A e
717 @Al A Aljte] 7Hsd Yo R Y
FYolM = 25% SHHOE
P i B EC] FHEER, o8 &
< TEHA AR At AY dBAEE Eol
FAY de A gRe &
Iro 2 U3}slal(Han and
an, 201 AZe ¥ =4 A= 2

Weto g2 thA sty =4 AL AAIT
oluz|9] FrE Bstshe A7t 218 = 9tk (Han
and Bretherton, 2019). $HH o} A} gl A = ]
HollA Edbele thst bF A5 7Pgeta 74 A
Fo] FAsh= TR YHES FAHE, AASY
A% F5 UF9 53¢ A R (forced convection),
Fe AL Ui, A AL giiel o277k A3
=3 28 S shuhel WRESE Awshe WRbE
A= A th(Park, 2014a, 2014b). L}o}7} o} =}e] 3t
FYS HWAFOR dSFFoaN, E F

il

ol

>
4=
s

N

&
ghek SZ AN 2HE A8 29 dREsol
A Al A= FaAs AFE HAHCR WYy
ato], TR A% 2HAE 2ot adHor wod
= A =Tk

A2} 74A0] S km o2 FolA|= 3] A At (gray
zone)ol A=, obAR} qFRe] Rpstel AXNPR S &
glAge] 9 THol EEAER AR Rl uel
=AY e ASafof Ak A2 Besh k= s
o mE e 5 dS5 540 e, 59
5km olste] M e FodME A EystE A
AHA e A=7h FeliAle S-S HATH(Lee and

T
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Lee, 2011). & & A& tF #tolX = +F s
A7 A7 FEH2, giF 9A =4, 75 WEE 4
A A719] 42 AWst=7} 3 (Kwon and Hong,
2017; Han et al., 2017; Han et al., 2020), 27415 %
QM A7 ot] FYHAE A olt] i v
A JEoz FE3AL Zbzk AR 3719 48 F
& =& thShin and Hong, 2014). oFA=} W42
abet B wE} Frtske WRe v AX 23
=, A8 23 BEFEE AAgste] wdsr= 5k
THKoo et al., 2018). 27 Ax}8-¢ 9] 7H&
AT AFe = 2 NS AR HE oo A
Al FA]e B 2d 7 AR (2020~-2026)01 = &8
2 o Holtt.

ARH o B = Bdo| 57 o At AV
=US o] FHEoR FiA, AF5He 2F
of thet #4H%= S7FIAH. Jeong et al. (2016)
F3}1st Ao AY aAE NP3 TAH o=
o & Rdg AR Bl H{jtete o & vg=E
ZAVSIATE AT A 2d s AR oA =
AE 22 B4 BdE KMo F3ste, 9F9 o
I BApe] w2 mdle] A5 7|TRe] FHS =9
3 Yozt FEuke] g Avte] wE I g3
A= AES ] H5ag AAS N = A7t
Z18) Folt}.

S A FAIEHRE S §85te] TErlolA AE
W 50l o]27171A] o] gAl §lv FAHEE T+
Al i = A7 AMAZH o= Frtsks AT 7]
oM = UM 719He & A A28 2dS 36
N A o= 3-8k eom(Jeong et al, 2017),
MoM/CICE 3 %/al 222 OASIS3 AjdstA=
UMol| 443t 71549 AlUe]| 98 AHEstal, CMIP
A WA Aol Foda] 237 ok(Lee et al,
2020a; Kim et al., 2021). AFA 282z} A=)
7imde] o & A vladt A3, AFALHER
do] @7 75 ti7HSe] oSl oA A
T d712dg A s M S des wel
vl Ath(Lee et al, 2016). HZole AFA| 2w
of ti7] sstadS Afshe wez s F
ATk, AFA 28 2d GRIMsol| 7] 38t d GEOS-
CHEME A3l Ul7] & && A ooj2& &
XE Adst=rt sHJeong et al., 2019b; Lee et al.,
2022d), UK ESMel| a4k 2ol m& shetayg S 4
et &4 3 71 JES BAEIE STk
(Lee et al., 2021).

A 7] FH15~308)y2 271X EAC|HA T
Alell AA 2719] F3Fo] F7kehe &3 FrolEkA,
FA A B FAE A A 2E R ] AN H2
glok steh. AT R Bd JEAgelx = g

A

rlo F—[!I o,
Fe ol

g

Sh=t7)1248ks oy 7] #3349 23 (2023)

=9 Rl 7Rk ffelA, HE AA RdES 2
sto] A F71 7 HEF A= RS AT
olth, FYEIZ= NEMO, s ELL SI3, AHE
22 Noah-MPE 742t AEisto], MCT He A4kt
£ &3l o] BARLE AT AR+ 2o Agtet
& Alg Folth. T WRF-CHEM®| E& ol
A NS FHA co2E 5%l g st

S vAlEE ol Agtsted, ool=Ee] 7Hy
e FHREY wkgstaat A Foloh

ofN

Lo X Qo

4.3 X2ss}

ECMWFS} 2717432 200592 7oz 747}
AAFRE T A9grd gt 431 Wi A 553}
71 @DVar)yS dste] dFoA 24 =3, 7]
}g-e A= 3DVars 7|Wte 7 3 A 5F3} V)
of MERITE GAl dAlNA = 4DVars 8¢ &
T o & Mis XA A7 s o) F
Y wjo]the]E % Lee and Chang, 1997; Lee
and Lee, 2000; Park and Kalnay, 2004). =17} s}H
OSSE A< WS A s, A2 golA F&3 =
o] A= A7} FHE Y MM59 HIE 2 o=
o FXE WAEE EAIVZ st th(Park et al,
2008).

FAHOZE FXAR 7|ES PS5 1 Ao ut
9§ THORPEX Ate] Z&=HA, 2553} 7Y
< 383t A5 A5 dF RUYEE G &
P

2 I\ o oX

o= T =
4 BASEE AAshe AT AlYe] AER gds)
Al 43 = A th(Park, 2002; Parsons et al., 2017). °}A|
oldoME HAEEY HSHZ(T-PARC) AHHS &
A EF oS A7 Wol I FjellA
£ MMS59] HER 9 (adjoint model)S -3-&3fe] W=
A Adsle 45 +2E HWARKIm et al.,
2008a), & WIAETF 2 BEFolH AHE Zo}
© A77F A o]o)ATHKim et al., 2011; Jung
et al., 2013; Kim et al., 2013b; Kim and Kim, 2017).
e AEH FJTHAS ARE 28T e 4Y
ANxe 53] 71 eIt et AGAERHS(AWS) AR
7b AT Exo] dF AexE Eoled 7o
< ®Ath(Lee et al, 2010). T-PARC AEZ A-&3F
Ao AP e 53 =F U HF AR ¢
W] Wolegl S W Bl o] IE oS Fgert
ol E A& EAtHJung et al, 2010; Kim et al.,
2010). 3 CAM-SE®] #3224 stz o] t)-3-3}
= A3 A rdy e 2 sfdsle At
23 5 THJung et al., 2014; Kim et al., 2014b).
FAEdo] JE wiritt FA Y 2 gt
Rdx 37 welelof sk FE wiitel, SujellA
4DVar 7= Ao m e Frtol] ATt 7]

i AR =



$70] 2010878 UME £, 227
UMS] 4DVarg 37 =592, oI F g 7
o} FRAS A WA SolHelS PP 4DVar
g 200 B9k PYE AZ 7ol B oJnel 3

HesA &EEEA, o] 7S 8% AEEs A
7= A% =AUk UM A553sE A=
}3

[

S5 HEolth YEE A5 MFTE 247004 48
NE Eoluy Y8 o= s vold ZAS g9l
3}3l(Kay et al,, 2013), A< 729 548 43}
71%= 3t th(Kay and Kim, 2014). 22 & $=3] 24
ARG O] 201158 Al=FeaA H3E 4DEnVar
A7} 2] o] Fo]H T} Shin et al. (2016)S FA]
e A8F3} 7MW (LETKF)E S$HAT7 AAAA)

T
o] A4S B35 e AEFSIH

ool o] golgk R, HE
2 AF2FsdE 7 tsle EAES
o], A 7|H e HE A853} 7/HY %
ZA2He AR stolHels WAL F2 AL
TH(Song et al., 2017c).

KIMe| 2713-& AFst7] flal, SAAF AR
4] 3DVar7t HA 7dE $(Song and Kwon, 2015),
¢do]o] LETKFE 3DVar®l &3k slo| B = s
2553} 71", 4DEnVar7t 7= A thKwon et al.,
2018a). LETKFolA 2t&d 27148 AI7F 213514
GFE dF ARE Ateta, ol Wi AAEF sl
Hrdsle] ad 2o Y 9AE #A4lo & & Y
T2 &9 tH(Shin et al., 2016, 2018). FAHE wlG @
ab SR AR FAA T A7) wEk HA]38)
(localization)= €] AWst= B2l AFsHArH(Song
et al, 2018). T3k 25538} 24 Wpo| 2ol
FHA Mo AETS v A=
(Song et al., 2017b). W7 2.2} FE4ke] Al7F B A
e pHaxst ¢ F7kdA 7 o, SHAEE
A5 ARA @A SHAF ShAANA A A
S P st WHS /E3F9 tH(Song and Kwon,
2015). HE Axkzg oA 28 <=FHouter loop)2] B
£ 357t sojdrE 22 geolvt X3} o]
A =S 39T A 5Este Fas Ao &S
A-gst7] Y3l 52480 #H= AxE] A% KPOP
< sty ANZOR BES AZIIEE St
(Kang et al,, 2018). o|Z2A 7|&st 4DEnVars 713
AR KIMS] 27173 Alg-sh=dl 220l 9}
THKwon et al., 2018a, 2018b).
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=N
(S
S
N
(=)
AT

o)
ro
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o
%
(o)
i

S P FN B ot ATt o Bl
QAIEE o3l A% WPEE FAANL @
=3 »do] LETKF Y3E AE53 AAE o83
of #Z WES BAshs 7T A7t A8 Foltk

ol At A7 AlE o]oJATh Ha et al. (2007
(2007)

P SSMI 4 el el wxE F4
3, 8 WA WA o= WRF 299 7] |
-

%

2~
T
Z718keto, o] & 2k 10A7F BT = b o
dsol MAdE F dSS BTk 71 A
< oy WiiEE FHY3 Ards FIE S
o, 98k3 YA oz UM 249 thr] WRE
7185ttt S LAPSE 7Wlo = 3 1§ 5 =
3

1

7182 WISE MEAIE S FallA ZA] 7]
22 THChun et al., 2014). F2ol+=

A553 WS 835t Fol
b, ARAT Y] 8 7
= A7 Ay Fo
ol7] {8l =A3} Ak
sl ISdE F= FRI}

=

99 A W AR5 g e
5

2
H

o X

O
oz
te

¥
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EnY
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gl
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ol ~
=
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X 1ok
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a1z :L] FUI]I l‘\l
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dr =
>

of off ox il fo fo mr > P ol 2 I gft O rlo N
ML
ML
=
T,

_O,L_IE_HJH‘I_MMMF
me oy
oft 1L 8
ghen
A
o =21
— b
o [N
e
=
2y
N
e 3
-
M
[
i
k)

=Uell A 1AU el A7 ZEHE 2835}
SES F4 glo] 2l FUsH= FGAT W4
o] At (Lee, 2005)7} ©]oiA| 3L SlTh. KIM®] 4DEnVar
| = IAU ®Qto] 2xo]ar .

=UlelA 9148 BEANES A4 Fslete 7lee
2 A oA 2. F4 AEE 7E F
g 855 aRHoR AAs =Y JAFITh 2719
£ IDVarZ 534 ATOVS A#ZSo 2 HE T)7)
o] A7 7123 FEF B4399tHJoo and Lee, 2007).
a2tk UM 3 4DVar7h @Al == AL,
ATOVS 3t o}zl IASI, SSMIS, GPS-RO, AIRS
59 94 BEANE #F AEUt A3 FsEHEA, B
o] g Aol ZA FFEAE 53] 500 hPa A
P35, 850 hPa F<& B FE=9] 7i4le] FEHAT
(Lee et al., 2011).

KIMe| X1 @] 2ho]HA], t7] 2o ¥l
73t mlo]a 2l 9149 MM AMSU-AS AlZto=Z
N BN A5Es At wEA Skl Sk
5o 917+ MHSES 3DVare} LETKFES %3] &3}
s 719 S8k v BAE PEEAY A5E
slol] 2xoli= 94 BAFS A& gjjge, wlo]a=
vl e 2= ATMS, SSMIS, SAPHIRS H]£3}o], %
13 2 9Alxel 1ASI CrIS, $14 2] 2rE AMSR2
2 A% S=Elrh(Lee et al., 2018b). LETKFo GPS-

e
> b oo to 1 wlo Ko

°
2 N
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fe bR
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2,
R
o
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e
=
o
rd
Ay
lo
re
)
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oy
k1
2
R=)
i

A g o Aol g IAEE 31 th(Ha
et al, 2018). 914 4 A& B3l FHT W7l
SHEH AMVE A5 FstsiA "ol wet, vk 35
W Aol 9r 50~70°2] NI RE A Fde
LEOGEO AMVE F712 7t5-53lo] &85, vigt
Bk oluE 2x9] dF sl §o4 A A
A THLee and Song 2018). =3+ ALADINS] HLOS H}
443 ARE Folele 71ES Este] g ¥
A=A v Bax A H(Lee et al., 2022c).

AMSU-A®] BAlge] 71z O /AL, FEAIA, B
93 HxE 3 F2 AAL AFRA, Follrl F
o] $IH= HATE 71ES KPOP H7|X|of &3}
ATH(Lee et al., 2013b). -3 HIFH A H(Adaptive
BCO)S 7Hdsted, 41 Aldle] wid gt #57ge] 2t
ool A B]FEg A Ee] AL AE HHEFoZ 1B
Aot 248 HAHA E A tkJeong et al., 2019a).
o7t VarBCE 7Ndste], Wit A5F3l A olA
A 0x2 AAZNoE BHASHA =HUTh VarBCE
MHS $14 A5l ¢4 A83193, dx o2 94
252 A8 H1E dHsh= ol

71E9 914 BAF AFRFsele FE gl AA
H ARG A5l 85 A=T, ECMWFE ¥
S E AL EEo| A9
Feke Wol whe Ada FX9 94 AFE o)L}
= WEFo g sk FATh FllelAl= MHS AX
AL ASE 3DVardl] AEste F8she Ve N
e Wrksle A7 FAEUASY. 5

BEAMAE A5 E 2] W, AR
Fo] 2t FEO o F Aol
2 & Jdue 715A8E AAAY(Lee et al., 2020c).

28 BALE ARE IDVarg F3l
e &9, 5 F93 S70A mfola=s ¢
= g AF5Fs] gt A+

I OIFE 248 fEA deold #5&
A g2 53}l o] &slH = go] X&E L T Lee et
al. (2020b)> 3DVar®} stolH|= 2553} Wetks
ARESle] gloly WMAIEE FIlela T Wk B4
< HlAs. stelHelE 2553t HetelA] At
HoR 7 o & Asol 4T o] slolBEE= A}
B53t 75719 WIE o Z nesle, ui7]
ol Frrshe] W2 Aoz BAFHIJL g 9
F(null echo)g &3t R85 49, 7] 4
Al A dF QxF FoJE RO E BAFHUTHLee
et al., 2020b). LETKF$} 3DVare] #lo]t] WAL= 9} A]

Sh=t7)1248ks oy 7] #3349 23 (2023)

Ae&w 553 E4S W wshH, LETKF7} 3DVar
of vl vl ] FgshA Bojeh tiFH sH-e]
T FH e FAagrgre] ERIEAT. 2Ee)
FE HERRE L E Altele d=Askate] #
F7b 357 Ao TasA Agshke AeE A
= tHLee et al., 2022b; Min et al., 2022).

AATF FH R & F 7|7be] ©F7] o|F= g
A =HA, A3 B4l A5 Fsle] tist A= A
& o7t FAITE 713H L G718l A
= AlZ="(GloSeas)S =Y S&3lHA, Y A5F
3} A A2l NEMOVARE 383 sl YR85 81 2=H]
(GODAPS)S &% %o|tHChang et al., 2021). 3l
HASARE o] &3 Y WS A8Fs A" HUt
Al E W= SiYEd HYCOMS HadS df,
GODAPS?] sl 259f 2 Z2ukel, s o] &
A 2P EoEe A UKo et al., 2018; Hyun
et al,, 2022). ke Z3olA] gL e] o= Wzt
T ZAPAME 3 Fol(Argo) #E A8V F39
F23 Qi T A UF = B4 f8e 8
FTHChoo et al., 2021). Z#7} & Argo ¥ A&
o 3DVarg &3t s HEE £k, A% 7
59 PNU-CGCM®| A oS4 5 & A5
g d34e FAARS S 2ARPIE St
(Ahn and Lee, 2015; Kim and Ahn, 2015).

AEA Aze] W] AAE S o]8ete, 715 WS}
Ay 2o mE e B RS AW st
A (Park et al, 2017), 715 W53l FFsHA EY
TS A3t ¢ & AgEded dgstd g 7]
2 5o NAEE #HI7IE SATHSeo et al,
2016). &7} sPH U 7S 3835t AW By
o] HAM7o] A #H= AF(JCDAS) ZHII==
z718k8t] AE AEAHE B4 E S TH(Shim
et al, 2015). #5 AEE olgst] EF FES 4
A T8ke AT AlElEE, ASCATY] &89 BEYF
=AEE A 2l A5 F3lete] KIMe] 27] A
HYHZ &8 Jun et al. 202D & F AUtk o]
25 F3F AFE BEA, d7] FekeolM R
W molela 7] B melske KIMe| W &
2k7y ZHashe Zlo] RIS

A A B R AFGoll A= o A% W
2o g AT Al=Fe] A5Fs} 7IHES i ol
o] 71 7} AARY with 7t7] AEE3t s
EHAoR Agsta, 4% 2o HEAFA A
T Al2E 947 Avke] g9E e w4 Al 8l
Ao %3—].] u]-ogs].l‘} Hol—)_\}o]u].' @—7]75, = Adlo

gl = H -
we] PPES olgtel AF oA FEAL wels
5, ER0) WEEF Gl oi7]e] e

7

o=
B
FeiHTE 3
Aot 7hs A% AEFs T %

s
A
=4

(R, o ]

E Fo|t}.



o]_?_;ﬂ . t_l_}—ﬂ] A

4.4 SHAA|

o] 717+ Bt 71 A= A Bde] 20104
UM E wAEE 2 "7t Stk £33 Agrd
2 z7]9 MM5E AME3ItHE ¥4 ¥l WRFZ
|5l %P3t &, UMe] E0]2 o]l dF]
dz2uk AR =9tk KMo 71EE =l UM
Al KIMS.2 ZA E Atk KIMS 202058 7]
Aol A 4=X]of| B M B] 20| 220] 7 EH, Fig.
& RMSE A5 7]2o 2 3 HAF 7
AT AAAH LR 5~89] AlOlE @71t}
FHAFEZE 20050 23718 wAHHA, 24
o T4 wmE ¥E Z2AA Bohes 22 brg
W 22 MM 7F Z71ee FEE ol A 7t MR
a3 2d HE83lE Open-MP H.TH=E MPI9]
o] FAHE WFow NPTt ol HE
FA= olF 1597 A FEIZE 33 wA ==
el = Al FojE| A
S 712 -NCARZE g8 AlQe] A7 213
WA, WRF 3DVars B 83} sh= 2o 35
o] AFdE FalA 71 A AREIAA
257} k. WRF Rd 3 21853 A=
T2k A S A, 2 HE JdzgE A
she =gloln] Al Alolo] A&3E QlEH o] AE A
o= 7 AFe® AAIEY] UthMichalakes et
al, 2001). T3k @ Z2AA, FF Wz 7|9 3
3}, Bk Wiz 7ja HEs), o|REe &3 WY
ShE 25 A 9shk= 28 7IRke] ZHA qlojA, B
s} Aol £2 E2R77F . g Bl 5ol
U Bem= AL o] FfelA ARFA &tk A
A4 29 GRIMsE 1052 AFEAA &34,
gy, #AF AA =7, HHsE £, ied oA
(round off error) 2] Walo] B o= A4t wlX]
= FEFS 24 A5, Asb] 715l wEk 109 o
7] F%5 A=EFOA oF 2% W&o eAE HIAY
(Hong et al., 2013b).

Kim et al. (2008b)y> QB o2 AZAH o= Hir
& o]gslo] A 4 e mdS yHEs) st
T3k vl ok 2# 7} s GPU 7|Hke] X WE Z
FE SAolA nde FEal] fg HEHs Ay e
2839t} Kim et al. (2013¢)S CUDA T2
Ao]E A8l WRF E2]#g S #4F GP-GPU 22
AxollA SMIT Wl o2 drksle® ) 293 vf ok

Sty SRR SN ARGl Al 2011d
FHo= HEl FE(Peta-scale)d] R 2485 AT
30 gigo], v mdx HE g ¢
T 7154 8718 ook gt KIMe| o ghaio]
of ST AR 719ke] 332 AW (spectral-element
method)e] H&H A=, ¥E S 1 2o
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THChoi and Hong, 2016). & 8t50]Z H|Z8|A 2E
53l AFA Y E £Zsh= AW SR A28 E A)
2 FEdhe AN, FA R SGAA Akl 4
= WEs-x4s} 7]go] W= Al717F HALh oF
28 718 FEHFEIT 437, 572 WAEY,
Azr WA= A vl Re] Al2gle] ghio] 42X
A1 SJAAE NPl B, MPI HE 7] 7]
< B A =k

WA gtFolo M AT A IS -
g X (space-filling curve) &2 Z5-H(stripe) W
Hoz Ratsle], At REE oy ZRAAZ Uy
o] FATH E3 2 A(element)e] AANNE 714 &
o A& BAS] 413 DSS Fake AX=d,
o] #of| FRkE= FAS FAITHKIm et al, 2018).
Akl st Ha AR 7 FEL, S F
sh7F AastiA] WE ALk g80] =obA, 12km &
9 Az A= 2 AP E 109 CPU Fo|7HA]
HE Aol gERlE AT
AT ARFstollAe qotatee] SHAT A
Fof FHRSGG FA HolE WME AW
3% Wkshe g ellA] Z2A 2 7k Wl
Ale] @ F-=ETHSong et al., 2017a). 53] H&
Z(outer loop) TAIEZ I3} Awte] F7+
A, Mg W3 o] wHEEH Falo
=], o] 8-S WE X2lete] 50 km 3=
dl 3 CPU Zoj7kA] W4 gL Fg1e
ATH(Song et al., 2018). #ZAE AA T A NX =
=5 FTHR ASAE A FHE ZEAS HE
27 @3ste] HE3}t 3Fth(Kang et al, 2018).
LETKFolA 2 Azbd d2 g $8sts HE 7
Ao mdlo] g9 EEI} fARgE WA o Akl
CH(Shin et al., 2018). Zdlo M= Woist xt7 &}
=% }4S Aget, AsFs} A E B B
5 A5t e ASE Aok gtk A=Y #
Aol FutE= B4 F3k #AE sidsh] flaA,
MPI-IOE ol&3te] &8 AL WHEslehes Wt
S A= sk, KIMe 29 A Al A-&3skdTh
(Kim et al., 2018).

Fo = WAT AFHE &) st 249
=Lt A Al=E Aj a4 BT Skt
3, 918 A5G ARE QIEML 7IRke] viAE 35 2
7t 7IskErA o2 STk, ASAEE AR T
stste] RS FEete A AL Bl R A &A
o2 7K Fojnz, SGAA oA HHsle} F
A5l 71&S PAANAE AL AL SARE Folsl

a3

Yo
oo

rye 2 9 N @y ol

d

r

N

I

45 02 S2
o e HE X r2d WRF, ARPS, RAMSS
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o] &3t A7ld B XA Fo] F AA7ES Z (quasi real-
time) Y ATHEE E9, Lee et al., 2010). KAF-
GRIMs BH-& F717 7o) o2 =] dgelx &
43174 = A tH(Hong et al., 2013a). =& F122| 43
AE B, A oy AF T A Sol 7%
A4S st Yolrt ol B IS 2 Ydsk= sk
FY = A ool tHKwon et al., 2006). 53
il /‘X]f’ﬂ W}E A e] Al gk FAHE S 5
A fEE 7E Ae A7 8EErt e

© ‘I'I‘
(Lee and Lee, 2003) A AFel e 72 AEEs
ATHelE

]

>,
o:

¢

O oN oo o

E3)] A ZFe 9B J|ed AYI=
£ Park and Han, 2021).
7173478 UME] vl oS AR E wol A}
& FEsted, A% PMI0 FE9F AF AR R
A E (TSP)~ o Bal=t o]§siith Bl %
7] AL e PMI0 #53HS HAFUAHe R +4
3leo] 3 t(Lee et al, 2013a). Yo}7} MODIS $14
o] ooj2F F3F FA(AOT) FHIS 22 2o
2 BA35ItHLee et al,, 2017). AOT 2442 T
A BAE B3l A2 A sEE Wststo,
T4 277l WHdEAth dEFEAME dF B
Aol B v)Fo] goldt vE HE dSAE
o] && W7 "otk HFE 27 Aoy =
2 dES AABIAY, YEE dF AEE st
7 1=
A

r{m Hj

7 Z7Fsdtt. 71733 A= %“&
e A weoke 249 bred-vector 2] ol A
ETKF W2lo 2 tix|slaA], J/dEe] 2ojshe .9
A7} B2k (spread)o] 7N =)

3 WMO9] #= o|B A7 X2 73¢9l THORPEX
oME oA Qe dE AAZ 557 3 =3
0% GIFS-TIGGE A& AY AUL =231 =9
3I(Swinbank et al., 2016), S-EUete @G} A+ =
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ACRONYMS

ID Variational data assimilation
3D Variational data assimilation
4D Variational data assimilation
4D Ensemble Variational data
assimilation

Anomaly Correlation coefficient
Asian Dust Aerosol Model
Atmospheric InfraRed Sounder
Atmospheric Laser Doppler
Instrument

Atmospheric Model Intercomparison
Project

Advanced Microwave Scanning
Radiometer 2

Advanced Microwave Sounding Unit-A
Atmospheric Motion Vector
Aerosol Optical Thickness
Advanced Regional Prediction
System

Arakawa Schubert

Advanced Scatterometer
Advanced Technology Microwave
Sounder Temperature channels
Advanced Technology Microwave
Sounder Water Vapor channels
Advanced TIROS Operational
Vertical Sounder

Advanced Weather Interactive
Processing System

339 23 (2023)

AWS
BATS

BATS

BMA
BUFR

CAM
CAM-SE

CCM
CGCM
CICE
CLD
CMAQ
CMIP

COMS

CORDEX

CPS
CrlS
CSR
CUDA
DA
DSA-5

DSS
DVAR

ECMWF

EMOS
ERA
ESM
ETKF
FGAT
FSL
FV3
GASS

GCM
GEM
GEOS-CHEM

GEWEX

Automatic Weather Station
Barotropic Adaptive-grid Typhoon
Simulation

Biosphere-Atmosphere Transfer
Scheme

Bayesian Model Averaging

Binary Universal Form for the
Representation of meteorological data
Community Atmosphere Model
Community Atmosphere Model with
Spectral Element dynamics
Community Climate Model

Coupled Global Climate Model

Los Alamos Sea Ice Model

Cloud fraction scheme

Community Model for Air Quality
Coupled Model Intercomparison
Project

Communication, Ocean, and
Meteorological Satellite

Coordinated Regional Downscaling
Experiment

Convective Parameterization Scheme
Cross-track Infrared Sounder

Clear Sky Radiance

Compute Unified Device Architecture
Data Assimilation

Densités Spectro-Angulaires model
version 5

Direct Stiffness Summation
Double-Fourier-Series BARotropic
Typhoon-Prediction Model

European Centre for Medium-range
Weather and Forecasting

Ensemble MOS

ECMWF Reanalysis

Earth System Model

Ensemble Transform Kalman Filter
First Guess at Appropriate Time
Forecast System Laboratory
Finite-Volume Cubed-Sphere

Global Atmospheric System Studies
Panel

Global Climate Model

Generalized Equivalent Markov
Goddard Earth Observing System
Global chemistry transport model
Global Energy and Water Exchanges



GFDL

GFS
GIFS

GloSea5

GME
GODAPS

GP-GPU

GPS-RO

GPU
GRIMs

G-RSM
GSM
GWD
GWDo

HLOS
HYCOM
IASI

IAU
ICON
IFS

/o
JCDAS

IMA
KAF
KF
KIAPS

KIM
KISTI

KLAPS

KMA
KPOP

KVAR

LAPS

o} 71 - pehad -

Geophysical Fluid Dynamics
Laboratory

Global Forecast System

THORPEX Interactive Grand Global
Ensemble

Global Seasonal Forecast System
version 5

Globales Modell

Global Ocean Data Assimilation and
Prediction System

General-Purpose Graphics Processing
Unit

Global Position System-Radio
Occultation

Graphics Processing Unit
Global/Regional Integrated Model
system

Global and Regional Spectral Model
Global Spectral Model

Gravity Wave Drag

Gravity Wave Drag induced by
Orography

Horizontal Line-Of-Sight

Hybrid Coordinate Ocean Model
Infrared Atmospheric Sounding
Interferometer

Incremental Analysis Update
Icosahedral Non-hydrostatic
Integrated Forecasting System
Input/Output

JMA Climate Data Assimilation
System

Japan Meteorological Administration
Korean Air Force

Kain-Fritsch scheme

Korea Institute of Atmospheric
Prediction Systems

Korean Integrated Model

Korea Institute of Science and
Technology Information

Korea Local Analysis and Prediction
System

Korea Meteorological Administration
KIAPS Package for Observation
Processing

KIM VARiational data assimilation
system

Local Analysis and Prediction System

LENS
LEOGEO

LES
LETKF

LIS
LSM
MAPLE

MAS
MCT
METAR
MetOp-B
MHS
MIJO
MM
MODIS

MoM
MOS
MPAS
MPI
MPS
MRI
NCAR

NCEP

NDFD
NEMO

NEMOVAR
NGGPS

NIM
NNMI
NOAA
Noah-MP

NWP
OASIS3

OSSE

91

Limited Area Ensemble Prediction
System

Low Earth Orbit-Geostationary
satellites

Large-Eddy Simulation

Local Ensemble Transform Kalman
Filter

Land Information System

Land Surface Model

McGill Algorithm for Precipitation
nowcasting by Lagrangian
Extrapolation

Mesoscale Atmospheric Simulation
Model Coupling Toolkit
METeorological Aerodrome Report
Meteorological Operational satellite-B
Microwave Humidity Sounder
Madden Julian Oscillation
Mesoscale Model

Moderate Resolution Imaging
Spectroradiometer

Modular Ocean Model

Model Output Statistics

Model for Prediction Across Scales
Message Passing interface
Microphysics scheme
Meteorological Research Institute
National Center for Atmospheric
Research

National Centers for Environmental
Prediction

National Digital Forecast Database
Nucleus for European Modeling of
the Ocean

NEMO Variational Data Assimilation
Next-Generation Global Prediction
System

Non-hydrostatic icosahedral model
Nonlinear Normal Mode Initialization
National Oceanic and Atmospheric
Administration

Noah MultiParameterization land
surface model

Numerical Weather Prediction
Ocean Atmosphere Sea Ice Soil
version 3

Observing System Simulation
Experiment
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PBL
PGF
PIREP
PNU
PPM
PRISM

QC
R20
RAD
RAMS

RCM
RMSE
RRTMK

RSL
RSM
RTPS
SAPHIR

SAS
SCAN

SCV
SEM
Si3
SIB
SMIT
SNU
SPDT

SPPT

SPS
SSMIS

SST
THORPEX

TIGGE
TMPA
T-PARC

TRMM
TSP

FA R G} o 5

Planetary Boundary Layer

Pressure Gradient Force

Pllot REPort

Pusan National University

Perfect Prog Method
Parameter-elevation Regression on
Independent Slope Model

Quality Control

Research to Operation

Radiation scheme

Regional Atmospheric Modelling
System

Regional Climate Model
Root-Mean-Square Error

Rapid Radiative Transfer Model for
KIM

Runtime System Library

Regional Spectral Model

Relaxation To Prior Spread method
Sounder Atmospherique de Profil
d'Humidite Intertropical par
Radiometrie

Simplified Arakawa-Schubert scheme
System for Convection Analysis and
Nowcasting

Shallow Convection scheme
Spectral Element Method

Sea Ice Modeling Integrated Initiative
Simple Biosphere model

Single Instruction Multiple Threads
Seoul National University
Stochastically Perturbed Dynamical
Tendency

Stochastically Perturbed Physical
Tendency

Soil Plant Snow model

The Special Sensor Microwave
Imager / Sounder

Sea Surface Temperature

The Observing System Research and
Predictability Experiment
THORPEX Interactive Grand Global
Ensemble

TRMM Multi-satellite Precipitation
Analysis

Pacific Asian Regional Campaign
Tropical Rainfall Measuring Mission
Total suspended particulate

Sh=t7)1248ks oy 7] #3349 23 (2023)

TYM Typhoon Model

UAM Urban Air Mobility

UK United Kingdom

UM Unified Model

UMOS Updateable MOS

UsS United States

UTC Universal Time Coordinates

VarBC Variational Bias Correction

VDRAS Variational Doppler Radar
Assimilation System

VSRF Vert Short Range Forecast scheme

WAM Wave Modelling

WMO World Meteorological Organization

WRF Weather and Research Forecasting
model

WRF-Chem Weather and Research Forecasting
coupled with CHEMistry

WISE Weather Information Service Engine

WSM WRF Single-Moment microphysics
scheme

WW3 Wave Watch III

YSU Yonsei University

YONU Yonsei University
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