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Abstract The Korea Meteorological Administration has improved medium-range weather
forecasts by implementing post-processing methods to minimize numerical model errors. In this
study, we employ a statistical correction technique known as the minimum continuous ranked
probability score (CRPS) to refine medium-range forecast guidance. This technique quantifies
the similarity between the predicted values and the observed cumulative distribution function of
the Unified Model Ensemble Prediction System for Global (UM EPSG). We evaluated the per-
formance of the medium-range forecast guidance for surface air temperature and relative humid-
ity, noting significant enhancements in seasonal bias and root mean squared error compared to
observations. Notably, compared to the existing the medium-range forecast guidance, tempera-
ture forecasts exhibit 17.5% improvement in summer and 21.5% improvement in winter.
Humidity forecasts also show 12% improvement in summer and 23% improvement in winter.
The results indicate that utilizing the minimum CRPS for medium-range forecast guidance pro-
vide more reliable and improved performance than UM EPSG.
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2 A% 59 HE A5E BEFFG I

7ro] 71 F7] A Be] g7t AA] wth(Mailier,
2010).

FA 2] 7= A% A5 Haskela, o1
o] A F PHAI717] 918k FA 2] (post-processing)
71l gk A7t &Es] o] st o & &
o, 71’4 #= AFES} dB 94 7F A S AES)
of FRGR A7 AANS HEshe S oy
(Perfect Prognostic Method, PPM; Klein et al., 1967),
FRE Bl AF eats AWt 54 XA
3t du 245 AMstE 7Y &3 E4% (Model
Output Statistics, MOS; Dallavalle, 1996) 5 T =
dof] 7hsg TR $A4 2 7 el HANE AT
HATk T3, FE 2o oAE A|AGL Kok
A& F Y= F7] AEAEE 47] #1811 Ensemble
Model Output Statistics (EMOS; Gneiting et al., 2005;
Buizza and Richardson, 2017; Schultz et al., 2021)2}
Bayesian Model Averaging (BMA; Raftery et al., 2005)
T FAE 7HE AE3 YEE AR FEE N
Aste AEEo] 2lo] th(Zhang et al., 2019).

B0l A 7182 4% 9] &E 4 (Continuous
Ranked Probability Score, CRPS)E &85l Y&
299 AlF a5 Eolgle B2 Md A7 18
E A tH(Ashkboos et al., 2022). CRPSE dwrizo=
g5 o 2l 45 Frlske $AAR 5 st
2N, 2Y oS ko] 73 Fxo #59] A X
2ol & ALFstaL 2 zpol 8] A7)0 wet oS des
H7lsl= wHoelti(Rasp and Lerch, 2018; Grénquist
et al, 2021; Haiden et al., 2021; Ashkboos et al.,
2022). YHbH o2 CRPSE 2H9] o= A5S H7)
St ARE AR EARE 3] RD R o]Fox] EMOS
o HE B FAF 7|yl A&ste] mde] A
e 7+S BASE Ao F-8ETH(Gneiting and
Raftery, 2007; Jang and Kim, 2017; Hwang and Kim,
2018). Gneiting et al. (2005)E EMOSOIA Al&-3H=
3| AAIF CRPS7E H A&7t B AR S o838t
o A& 22K Root Mean Square Error, RMSE)<}
Ad) Hd 22K Mean Absolute Error, MAEYS ZH2t
9%, 7% FIA7I= AFHE EA{Th ES Rasp and
Lerch (2018)0ME FAg] 7|Ho=z AA4%W rdS
2G5 &, A7 Bl viywieE 38T W CRPS
7 Aot He AL ol&ste dF Ao N
oz PFE Bl HA CRPS A 7HsAS Al

Alatiet.

oA AF3Hule} 7ol A TxE] Yol o
FHoZ EMOS o] 2423 Q). EMOSE H]
A4 3 RYor FEEH YAE 2do o=
A Faxs Fske Ao SakE &0l

(Gneiting et al., 2005). 3
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ol th3 712 % F= FA2] =2 pd

o] B4 Alge) 3 AGE S W CRPS7} A}
S ARE Fob AYskehe WHEcl AHE] %
TH(Gneiting et al., 2005; Seong et al., 2015; Han et
al., 2016; Hwang and Kim, 2018). ¥ 7= 7|43
g rdel 53 o 29 (United Model Ensemble
Prediction System of Global, UM EPSG)S 7]Wle2
g EMOS®l &A14 7192l &4 CRPSE 283}
Z7] A AR Jte|d g AN staa) ek ARl F
7] 7told e & A7 1297HA] 37 71A 9] A
A dSAZE Artste] o uAoA AFstL Atk
SHAITE =X Rdlo] Al QAE FHAslsle $XE
7ol ALHA & 7] wiEe, &3t A5E &
TIhE FRE SFAIZIA Rl ) old 7|3
wEd tajel o A F7) S sl Ag
NS AMAE S71d 2 Teld o] HgHd A
< Hrish] 8l AEE A 71 7, o
olrt A5 EHT ALH F3 712l diEiME Hot
s Bkl 2= AFEE A5} CRPSE A-&3t
WHES 7|&sI3 T 3= 2l S Ad
a2 BN, F7]dR Jtoldxe] Fad A
£ A8 HI &t ALH A 2&
=g 717 FAR FAF gt 45 7}
BT} mRete 2 4o A= o] AT ZHe
=9l

=

Ul o
o o

N
olr
O_>C, OEL"L
o

£

)
N
-

|
3t
"

A

h

-

ofr
=

21 X2

7123 FEd digh AgE =2 oK
ofg] oA tFEI Utk dE &
T8 AF, AR G5 T os okl 8% A
B2 A-8-¥U(Teisberg et al., 2005; Han et al., 2009;
Kang et al., 2016). o]el] & AFoM= 7|23 F=
9] F7] FAG K JtoldAE WAt A; BT A
TN E 714H 89 &9 T AAF PE A=
A|Z=EI’l UM EPSGS] 3A17F 7+ 7], HiL 2%,
HA 2%, F% AEE ARSI UM EPSGE &
250 E WE A don, S EE
32km, 4 FFE 705 olth =5 129 (~2884] 77}
A &3S 39 0000, 1200 UTC 8% & 29 34]
7 244 o & A8 E AT UM EPSGE] AR 7]
7+ 2017 12€95E 2023 29714 F 59 Y
o, o] F 2017 1295H 20214 2¥7HA = &<
A5 2, 2021d 3E5-E 20239 297HA1= HAEAE
R

g5 A5 A AMEE #AEAEREE TRV
*J#=2~(Automated Synoptic Observing system, ASOS)
917 A3} AFE7174Z4(Automatic Weather Station,
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AWS) 1567] A A8 5 Fgsted A= 24770 A4
9] 2017 1295E 20239 29714 & 593 37499
Ztg0ltt, 24 (UM EPSG) WA Z AME-H &+
=259 A 717 5 el 39 e dHAEE,
Umz] 2d 5= A5 AEE AASINIL AFEEST
T 243} Fdsitt

5 AHLE 714H A AFAH R ARE-31aL 9
= 2470 AR AXE AT 53] 2 oS5 2
EE AY BIYE olgste] Wisida, AdEHE
IS A5k o, Bd Axl= 7+ #5F AH
Ao 71 ke BY ARE ARSI Sy
Algo] FgE H7e 6A17HEE 288A17H7HA] <
AR o] FojH T

I o o, b

2.2 A% &2 &8 H+(CRPS)

Gneiting et al. (2005)°] #|A]g+ 7 A
37 2dl EMOSE c&EAE°] zhe 4t A¥
Aoz JepH (1) 22 A BEX2 28T
T Uth

N(a + b]/Y] + bz/Yz + ...

>

+ X, ¢ + dSP) e

2 AedME 2(1)e] SAAGT FHUHOZ CRPS
£ AT t=E UHS ARSI T Gneiting et al.
(2005)° W=™ H2A CRPS WL |83 A F
Ask= Al =FAR Bls) A 24 FHE 3
AsHs Aol Ak olo] AFelA] AHE-E CRPS A
e A@)¢t 2.

2

CRPS(F, y) = jf’ [F(x) - 1.5 ] dx Q)

x2y
Qe Foek &5 3 b 5o we] Aejelw,
Fxye 74 wX a4 439 38 X994 #%
x Bop AU 22 SES VERITH o714 1(x>y)
& A A, 54 ghol Jgdl £33t 12 ¢
mEtal &ekA] reThE 02 ofnsit) Rl #S
A EE y Abele] AolE Fx) - 12 EHH, o]
ztol7t 0B Th Zto W mdo] #Z5 ghuth HA Ko
St Aolm, oxth AW mdo] A= Fholl H]s] o)
Rogk ZAoR st EF, Fx)st yo AfelE A
F3te] &9 2ats FFE wHEo] Atsled), ol
= ol FEFE 2Y o3 35 I st
g Z o] HoldS efngith

& AFlXE CRPS gol AS45 =Y o5 A
o] Hojd Aoz A & F e e o]&3dt
o, Fig. 13} 7o] CRPS7} FHAighko]l 2 w9 y k&
mdeo] oz FHste] AU 54 Al #5
I ol ko] Aol thate] +6AIZHEE +288A1ZH7HA]
3AIZE ZAS R 7123 Frol tiate] 28353t
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Fig. 1. Schematic diagram of CRPS. CRPS is calculated as
the sum of the red area. y, represents the point where the
sum is at their minimum values.

H Al¥ L2H(Mean Square Error, MSE)E # 43}

A A BEE w2t 2l %S Fs}
sled 4 A o] th(Murphy, 2012). ool we}, B
AT 8 EX F e MSEE /A3t F71
FAd R TPz ASS AN Aol AS
717k B¢t 7123 559 MSEE Table 13} Table 2
of Ztz Attt 7123 $55 Hd 35% ol
MSE 7HA1-& ®elth 2022 0000 UTC 71& B4 7]
2 MSE /A& AEERZ B 46.1%, 95 32.6%,
7HE 38.9%, AL 384%°|H, FEE & 45%, A&
20%, 7+ 36.9%, A% 38.5% MAHATE AAF B
2 Abes oS Hold 71&38ki T

3.1 MSE MZ =38l &z

37 AEJD MSEAR wdle T =Y Al
ol X E=ZE AEFHo] ti(Geman et al, 1992;
Kioutsioukis and Galmarini, 2014; Sinha et al., 2014;
Mazrooei et al., 2015; Lyu et al., 2022). ©]ol| th3s}e]
21(6)E vERE At

2

MSE=135(m = 0)  (d;=m,~0) 3)
12 = 2

- ad) @

- }%Z,’"(d —a+ Z%Zf(d— Dd+d )

= 15@-ay & ©)

A7 mot o= S AZFlA o] B A0S
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Table 1. Bias squared, variance, and mean square error of surface air temperature for both 0000 and 1200 UTC forecasts from
UM EPSG and CRPS.

UM EPSG

Bias squared Variance
MSE MSE

0000 1200 0000 1200 0000 1200 0000 1200 0000 1200
UTC UTC UTC UTC UTC UTC UTC UTC UTC UTC

Spring 2.07 2.03 8.71 8.85 10.78 10.88 19.22 18.69 80.78 81.31
Summer 0.77 0.67 5.52 5.53 6.29 6.20 12.28 10.86 87.72 89.14

Season Bias squared Variance MSE

2021 Autumn 0.76 0.76 7.70 7.52 8.46 8.28 9.03 9.19 90.98 90.82
Winter 0.97 0.99 10.32 10.15 11.29 11.14 8.61 8.92 91.40 91.08

Spring 3.34 3.25 9.12 9.04 12.46 6.71 26.8 26.48 73.21 75.53

2022 Summer 0.80 0.66 6.07 6.06 6.87 4.63 11.6 9.79 88.37 90.22
Autumn 0.78 0.76 9.09 9.09 9.87 6.03 7.9 7.74 92.08 92.27

Winter 1.49 1.56 12.08 12.07 13.57 8.36 11.0 11.44 89.05 88.57

CRPS
Bias squared Variance
Season Bias squared Variance MSE
MSE MSE

0000 1200 0000 1200 0000 1200 0000 1200 0000 1200

UTC UTC UTC UTC UTC UTC UTC UTC UTC UTC

Spring 0.07 0.07 6.83 7.01 6.89 7.08 0.95 1.00 99.05 99.00

2001 Summer 0.10 0.11 3.74 3.75 3.84 3.85 2.58 2.73 97.43 97.27
Autumn 0.06 0.06 5.11 4.92 5.17 4.98 1.22 1.21 98.79 98.80

Winter 0.05 0.09 7.16 7.08 7.21 7.18 0.65 1.32 99.36 98.68

Spring 0.12 0.11 6.59 6.57 6.71 6.67 1.80 1.60 98.20 98.40

2022 Summer 0.01 0.02 4.62 4.61 4.63 4.64 0.32 0.49 99.68 99.51

Autumn 0.05 1.76 5.98 5.95 6.03 4.00 0.91 1.00 99.10 99.17
Winter 0.16 1.17 8.20 8.21 8.36 8.34 1.88 1.56 98.13 98.44

HER, d = m - ofs 2SR5 AN, g e golnh MSESIA oF 85% o4 AA8
d= AR B vepih. 25 2l -aay T e B 7 45710 §9 HaHow
n E

. °F 3.24°C o) A&, YAl 15%= 24A| 5t
2= 5] A () 7+ = oy P= B - ’
°) 09 TRHALL H(O:F o) MSE= 9 A5 5 g)r way Amgel Dol o Ls4C s,

el Axp AR wAgeR AR F AT o 2 ygp= answ e AR 5 2] Aol
7PN Bl AR 2ol A5 WM AU gy o)2ojA S-S 91 @ & Utk o) CRPSE 4
Ao AEshe Zoin, U AFFS Bdo] A= g3l a7 7o) B2 HEA A o] UM
o] Het 54L& Adsks Aee AEset Aotk EPSGETH ¥ 78S JeRdTH

W7} A1 EQ] MSEE AMl#3}sle] UM EPSG =437} EAZ MSEE TASHE AEES9 v& ZHolA
F22 7IHS FE3 7] FA R 7fold(CRPS)  ©l3E 4 itk UM EPSGOlA WA sh= MSE A&

=
R

T
o=
o,
to
)
{0,
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™
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3}, MSE 74 84 H]-&o] CRPSAIA oJEA WHl=AE EATo=ZH,
o N AEE A B8 2(6)2 71Nt o &S JAste Aol B9 AA A

2 MSE /A2 ZA F 71K SHelA siAE 5 2 o a3HAA At rbesit) olH s B4 2l
ok AA, MSE 7744 A9 diAR] 27] WslE vt 2 B4S Aol olal & 4 Ut olE 5], MS
o 2 olg] 7Fs3dlth Table 1S 717 5 UM oAl XA el= HAF AFEe] vlgo] A w
EPSG2} CRPS¢] 0000 UTCS} 1200 UTC A4 71L& CRPSol|A & 7] dojdthd, HA A
Hz} A, B4 MSE 59 544 ARE A-E B2 S st Bdle] oS HEA

m

sh=r7)108ks U] 41349 15 (2024)
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Table 2. Same as Table 1 but for relative humidity.
UM EPSG
Bias squared Variance
Season Bias squared Variance MSE
MSE MSE
0000 1200 0000 1200 0000 1200 0000 1200 0000 1200
UTC UTC UTC UTC UTC UTC UTC  UTC UTC  UTC
Spring 131.89  131.13  293.34  298.82 42521 42994 31.02 30.50 6899 69.50
2021 Summer 21.22 1952 108.74 109.96 12996 12948 1633 15.08 83.67 84.93
Autumn 22.28 2193 17566 17743 19793 19935 1125 11.00 88.75  89.00
Winter 82.80 8749  259.09 262.68 341.88 350.15 2422 2499 75.78  75.02
Spring 17525 171.60  267.73 26739 44297 43898 39.56 39.09 60.44 6091
2022 Summer 21.90 20.55 12035  122.80 14224 14334 1539 1433 84.61  85.67
Autumn 65.63 66.84 21460 21638 28022 28321 2342 23.60 76.58  76.40
Winter 70.99 70.40  267.57 263.67 33854 334.06 2097 21.07 79.04  78.93
CRPS
Bias squared Variance
Season Bias squared Variance MSE
MSE MSE
0000 1200 0000 1200 0000 1200 0000 1200 0000 1200
UTC UTC UTC UTC UTC UTC UTC  UTC UTC  UTC
Spring 0.93 0.87 269.22 27439  270.14 27525 0.34 0.32 99.66  99.69
2021 Summer 0.26 0.35 96.51 97.13 96.77 97.48 027 0.36 99.73  99.65
Autumn 0.28 0.45 143.04 14447 14331 14491 0.19 0.31 99.81  99.70
Winter 2.66 3.11 19558 196.76 19824  199.86 1.34 1.56 98.66  98.45
Spring 3.06 2.69 240.43  239.19 24348  241.87 1.26 1.11 98.75  98.89
2022 Summer 0.44 0.47 113.32 11531 11376 11578  0.39 0.41 99.61  99.60
Autumn 5.22 5.12 17152 172.69 176.73  177.80  2.95 2.88 97.05 97.12
Winter 8.96 8.70 199.40  200.60  208.34 20929  4.30 4.16 9571  95.85
4 % 92 Zlolth. Table 1914 29 A AF tf  Fo] Lpphil, CRPS FAE YW AEF FS-
st 025 FAStE AR ¥g HEE ERlsEsdth. ol HA A fhel OE AEY fAE e
7B 2Hl UM EPSGE= MSE 5 #at Alwde]  7AAES & 5 vk ol CRPS7F 2449 A% &
Hl o] 10% WS AAFP o, CRPSE L H|&9] A A Rl FHolu d5e] W 542 Ad
1% Wel2 ZA Utk o] CRPS ¥4 7Y 3 &= el lolA S3tdS yehdinh
€ Al MSEE 748t e AR & A Al o, AF717F F 2022 532 CRPS ¥4 4

Mdo] A dAwSS ofnlgth. 5, MSES] o}
U= A QRESE Bd} #S Alole] WA elr]
&0 MSEE #HAA717] flaf EAkake] @
d F Ae 7Ies FFE L 2ot ok

£3] CRPS $A42] 7|H<S &39S o HX}
F&o] Jfde] EAH} AR o MRS &
Atk =9 AL 7]LH T UM EPSGolA MSE &
Ha} AlFgo] 2Rk v &o] HHEHoZE ¢ &4
Uehstth o2 Eo], 20219 EF 0000 UTC7]&-2)
MSE & #x} AFFS 19.22%I A T (Table 1), 55
£ 31.02%°]THTable 2). =3t T} 2 A& H]3le] &
Aol 7123 $% 25 UM EPSGolA & #Hal Al

& Al 2021950 H]ste] 7123 FE9 MSE7} H
A ML €8 E9f, 7129 A% 20219
36% [=(10.78 — 6.89)/10.76]°]1 3L 20222 46%2] 7
AES Bt B3 $5= 77 36%, 45%2] 7R
&5 welt} o] xolE 2022 E2 2] UM EPSG
Hap Algado] diid oz z17] wiEed vehe= 4
d HEAo R BT 2022d B A Ha V)
2o] Hd fi¥] +13°CE H 50d F 7HFY =%,
= 717k 195E 597t
A Wit Aol Wdo] vla] wi9- ZSItHKMA,
2022). =, 20229 #HLE S5AtEC] AMEH AEA
F 71742018~202010 &-&)ol vste] =7t =2 A

Atmosphere, Vol. 34, No. 1. (2024)
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Lo}"iﬂ el 20221d9] Azt ohE Wzl Hs|
M s FA4T ‘F ek €5 W, 2022d UM
EPSG«] 24 Hat Al =

2717 g2 AS dxsd
2021 B} =9k 2021 0000 UTCS) HAx}ae]
H|Z2 19.22%0] 37, 20223 ¢ 7§T 26. s%olt}(Table
1). ok, ARS-SE S 717ke] 21 Biol] HX] go} F
T AS71ZF &g Fote] F7 }%*4 | 298 3o
2 AlgFErh
32 AEY o5 Ms "It
2 oM A F7Hd oS s HUst
322} gt} Figure 2 AR AS717F 2@ B¢ AA

H 2nol F=d tigk HAkel RMSES box plots
HojFoh, AdER HokS ), oJFHe] RMSE %ol
e AL 39l & 4 9 2022 0000 UTC UM
EPSGY] AEY 7]& RMSE= ¥ 3.5°C, 9J& 2.2°C,
7+ 3.1°C, AE 3.7°CE oJ&3 RMSE Z7]7} tf&
Aol vla] 2tk 2 AFAAE=RMSES 7Hle =

g AEH 71 AE dF AT e A
vl3] =& 7S ¥l Hyun et al. (2020)3 H]5=3F 2
HAE Felskdt
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UM EPSG 7122 &= vlal] 722 AldddA

X 2ITH(Fig. 2a). CRPS 542
molstd Hagko] MM
T3, Hagkel ©e 9] BE A-eA 7S A
735 #ASol s FHo 29
74 gfo] 7H*4EW 7|23 nRA R e B2
E A-dA EAEATKFig. 2¢). =2 A
E H 7fAE0] 23.5%, 17.5%, 20%, 21.5%=
A ANENLH, FE T3 23%, 12%, 17.5%, 23%
MA=ERS. 2d F 22 AE 52U RMSES bﬂ%%
L HE RS B o8 B9, 719 A
202134 20228 ¥ 7H7F 3.3°C (UM EPSG)2t 2.6°C
(CRPS) A 3.5°CS} 2.6°CE 2 =7] Wslol] xjo]7}
Ao, Fro ALT 20.5% 16.4%4 21.0%
9} 15.6%% W3R}

CRPSE 83 7|2 A2 AZ AHER o] F o]
Hnom, o= 7|2 BAo] AHH % gol wet oE
T Atk FE At dE , Aot A g o]
o Eik WS 7ke] vjg xjole} 7“’ A2 HE
_&it BA w3 g3k 7 7] Wi, 7t

g = T M
J2 A58 S8l g AgelM 71 BAS A
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Fig. 2. Box plot of bias (left) and RMSE (right) for surface air temperature (top) and relative humidity (bottom) for UM EPSG

(black) and CRPS (red) from both 0000 UTC initial forecasts.
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Fig. 3. Improvement rate of RMSE for surface air temperature (top) and relative humidity (bottom) from 0000 UTC initial
forecasts in 2022. The rate is computed by the following equation: (1 — RMSEcrps/ RMSE ysr £psc)-

TalSith(Fig. 3). A A o] HF A HellA]
712 1A Axo A7 Zo|7} U5 HEEA
th A& S0, AFEet AdE sfieh g Aukm 5
oA Al-e AHglo]l Ee LS HojFT At
Ao FRAGRELL HA AFIErh A 14
37] wlell, T=7F & AGeA ¢ E 235 B
ol Zdgko] ATH(Yun et al, 2021). )23 22} 7
Ao F2 A R PPM 59 IEHAPS 5
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Fig. 4. Taylor diagram of (left) surface air temperature and (right) relative humidity by season. Symbols represent the forecasts
at1,3,5,7,and 10 days. The red, blue, green, and cyan colors indicate spring, summer, autumn, and winter, respectively.
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Table 3. Same as Table 1, but for daily maximum temperature in summer and minimum temperature in winter.

UM EPSG
. . Bias squared Variance
Season Bias squared Variance MSE
MSE MSE
2001 Summer 2.61 7.34 9.95 26.23 73.77
Winter 1.33 13.00 14.33 9.26 90.75
2022 Summer 0.73 8.40 9.13 8.01 91.99
Winter 0.22 15.55 15.76 1.38 98.62
CRPS
. . Bias squared Variance
Season Bias squared Variance MSE
MSE MSE
2001 Summer 0.03 4.93 4.96 0.54 99.47
Winter 0.06 9.44 9.50 0.60 99.40
2002 Summer 0.03 6.31 6.34 0.44 99.56
Winter 0.70 9.30 10.00 7.04 92.96
Maximum temperature Minimum temperature
(a) (b)
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Fig. 5. Time series of (top) bias and (bottom) RMSE from (left) daily maximum air temperature in summer and (right)
minimum air temperature in winter. Solid and Dashed lines denote 2021 and 2022, respectively.
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