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Abstract Recent global warming is apparent in observations and seasonal forecasts as well. In
the East Asian region, however, the observed warming signal is not as strong as that of the globe
in the recent decade, although climate forecast models tend to predict above-normal tempera-
tures, similar to those of the global mean temperature. The marked discrepancies between sea-
sonal forecasts and observations of 2-m temperature (T2m) in East Asia during 2013~2022 are
corrected using a linear trend scaling method in this study. Trends of individual models are
scaled with consideration of the observations, and T2m forecasts are corrected. Then, multi-
model ensemble (MME) forecasts are generated from the temperature outputs of the corrected
individual models. As a result, monthly long-term averaged corrected air temperature forecasts
better reflect real-world conditions. Furthermore, monthly long-term averaged verification skill
scores show significant improvement and greater stability compared to the original forecasts.
The temperature correction method presented in this study accounts for the real-time operation
of seasonal forecasts by carefully selecting the training and testing periods; therefore, it is appli-
cable to the production of real-time seasonal forecasts.
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American Multi-Model Ensemble, NMME)2| A=
< AR #ASFHoh= szl sHARE ArjH o R 9
Aekele AS HoF I (Krakauer, 2019), 2% 3
FHLE = 2o M= 237t FHdHA 6=
&= Aol JtHL’Heureux et al.,

2022). APCC
(APEC Climate Center, o}A|oLElHIFAATHA 7]

SAE)E sEYYFdEMulti Model Ensemble;
MME)& ©]§3te] 2013978 g AA7tez 7]

2 (air temperature at 2 meter; T2m)2] 3/671€ 13}
A S-S AL el o] ARANME AT 2

wate] JEF2 o443 Uehtal Avk(Fig. la).
4, 237t AP = AT 712 S =
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Fig. 1. Time series of T2m anomalies from observations (black) and model forecasts with a one-month lead time from
individual models (colored) since 1980. T2m anomalies are spatially averaged over (a) the globe and (b) East Asia. Anomalies
are calculated relative to the climatology period (1991~2010) for observations and hindcast periods for MME (e.g., 1991~2010
for February 2022 forecasts). Forecasts during the hindcast period are marked with small 'x's, while real-time forecasts since
2013 are represented with large stars. Different colors indicate the issuance year.

S g A dE5ES AEse A, FR%
(training period), A& 7]7k(test period)S 2 3l= W
2ol we} o 58S JPFS W=ThRisbey et al., 2021).
w2, AA @AoiA el vks} e meelA
e 2 QAR Qs AGlS wue) oj3eo]
FFS S F UE olFstL 7129 d5S A&
b= ol Fo7F Basith Egk o)Xy 7|o] 4
sk AAd = FRZI AE717 7155 AR
< o9 A shrfel wpetA] oS58 Aol FEFS
2 g 71 A5 BlaLoA o]E Hsiof gt
(Risbey et al., 2021).

AAFH o7 E 7|0 e FAloARE A
dHo 2= 29| WMo AN 5}, 7HE, 5
T 98 FWFTE 71E371% stedl, sorrlot A
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StulE 487 = SFaL(Kim et al., 2014; Kug et al.,
2015), el o] 7ol HE o= Fo
2 QIgE FHopAo} A7|MY B59 3R oF &
s 7SV % dhe 5 2= WEAS o AAL
Aol (Ren et al., 2020) HZ= olAAH 23} F
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A7 EstAl = T sAIRE H2 201090 o)F A
AR ] AL EAEE AT HEH ForolelA =
dAA oz Hd olFe] medt 7|8 o Ste 7
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Sl Adrdel Hel WA (bias correctionyS 913
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S o83 BHAL AAA FHEET(Empirical
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A Al Sl A= wiE AR S (hindcast)}
A7} of| Z(real-time forecast)2 AJAFeit}, o] uj
AR A =L 713 7] 7 (climatology) 2 ZA 715
o], ¥ of = (deterministic forecast)> ©] &3ZolA
A3l PO BHE ] A}, oF=ZE] (anomaly)S
3lt}, 8H5-of| Z(probabilistic forecast) F=3+ 2+ A
Zol|A] B tigt ARE do o]F 7Hle g
ZF d & 717 389 §ES dSS3H(Min et al,
AFlM = A AE7NE FHIEeR,
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2 5 JATE A FHL AATE dSolA
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ol A OZ oSS olsshe 2 (fair)gh W
o2} & 4= Zlth(Risbey et al., 2021). ¥ A2l A
AR AAZE 6 & 717k 2013~202210]3L, &
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2.1 BsX=

#A=228E APCC A-d =Y AZAE¢] NCEP2
reanalysis data (Kanamitsu et al., 2002)2] 9% T2m
S ARgsIATh 717 19809 19 F-E] 2022 12€
e Eli=3

22 RUXtz, IS, MAIZE oS 7124
AHE-E 2ElRtEE APCC MME (Min et al., 2017)

F717ke] fANEA S-S g Aiketed, A
A&7k NERG L] FF7]7H1 1983~2005, 1983~
20100121k 20203 1991~20102-2 G = T}
(Table 1).

2022 139 (A3 1-3719Y) AFAYALS o2 EH,
MME®] #74 A& 717 19912010 1~-3L 0]l o]
Z 7]3717k0 2 4fot 2022499] 1-39 HAE o=
AEZ gl MMES] #A A7k FomdE9
B/ R A7) Wil Fodle ddRd
S0l vl e Foh HAL ddrd o] AR
= FHuigk 2A, A2 #e AR |8 #AY
AN 7 SdsHl, Bve Al7lE ldRde] 7}t
A2 JE AEE HUE 2A AL o2 dk 2}
SAEEA AE77F 0L, oF 208 + AAITE o=
3N, AlF 19)E AAIZE €= 10d(2013~2022) 7]
7+ AHg-3H T

2.3 Eojzdl

APCC MMEY] i3t mdle B o roa]e] A
717491 20133 FE 2022 37kR] A= WA, JfAE
of wet i A & uitt 718 Vs Rd =2 A
J = A tH(Table 2).

2.4 HEEH

1A RS Follol A (15-60°N, 75-150°E)
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HRou AEE EAARIHS a9
2 AEE EAMIIEeR B
Hlw ARt Holi, BA X5 o
Ajekgte}, o]of tist dwS 4%

> L
2 & o

1
P

o
o
B RN

f
o
W
o3l
3

Table 1. Real-time forecast periods and corresponding hindcast periods of APCC MME.

Real-time forecast period

Hindcast period

2013. Jan~2018. Oct (Exception 1, 2, 3, 4)
(Exception 1) 2013. Jan

(Exception 2) 2013. Feb, 2014. Jan, 2015. Jan, 2016. Jan, 2017. Jan, 2018. Jan

(Exception 3) 2013. Mar, 2013. Aug, 2013. Nov
(Exception 4) 2014. Feb
2018. Nov~2019. Dec (Exception 5)
(Exception 5) 2019. Jan
2020. Jan~2022. Dec (Exception 6)
(Exception 6) 2020. Jan, 2021. Jan, 2022. Jan

1983~2005
1983~2007
1983~2006
1982~2005
1984~2006
1983~2010
1983~2011
1991~2010
1992~2011
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Table 2. List of participating models included in the APCC MME.

& 23t A

Organization Country Model name Participating period
. CCSM3 2013~2017
APEC Climate Center, APCC Korea SCoPS 2017~present
. . CGCM1.0 2013~2015
Beijing Climate Center, BCC China CSM1 1m 2016~present
POAMA-M24 2013~2019
Bureau of Meteorology, BoM Australia ACCESS-S1 2020~2021
ACCESS-S2 2021~present
Centro Euro-Mediterranean Center SPS2 2014-2018
on Climate Change, CMCC Ttaly SPS3 2020-2020
? SPS3.5 2021~present
P . (GCM) 2013~2017
Central Weatlg:\rN ﬁdmlmstratlon, Cg;lzsie GFST119 20182020
P TCWBITv1.1 2020~present
CanCM3 2013~2015
. . CanCM4 2013~2015
E“"‘“’nmcez;:gg gc“gage Change Canada CanSIPS 2016~2019
’ CanSIPSv2 2019~2021
CanSIPSv2.1 2021~present
Hydrometeorological Research .
Center of Russia, HMC Russia SL-AV 2013~present
International Research Institute for
Climate and Society, IRI USA ECHAMA4.5 2013~2017
. MRI-CPS1 2013~2015
Japan Mete"gi/lff‘cal Agency, Japan MRI-CPS2 2015~2022
MRI-CPS3 2022~present
GDAPS F 2013~2013
Korea Meteorological Kor GloSea5GA3 2014~2016
Administration, KMA orea GloSea5GC2 2016~2022
GloSea6GC3.2 2022~present
System 7 2021~2021
Meteo-France, MetFR France System 8 2021~present
National Aeronautics and Space USA GEOS-S2S-1 2013~2018
Administration, NASA GEOS-S2S-2.1 2018~present
National Center for Environmental
Prediction, NCEP USA CFSv2 2013~present
Pusan National University/Rural
Development Administration Korea CGCMvl.1 2013~2020
(National Institute of Agriculture CGCMv2.0 2020~present
Sciences), PNU/RDA
. . GloSea4 2013~2016
United Kmﬁ‘gﬁoMet Office, UK GloSeas 2016~2021
GloSea6 202 1~present

2.4.1 AYFA =4

A8 24 (linear scaling) WH> #=
E A3t Bde] #HJE BA

7188 7] A35A 15 (2025)

(Teutschbein and Seibert, 2012). ¥ Ao o=
83t o) BA AT 2ol B MYPFA
(mod)E AASIL BZ(0bs)e] AFFAE Y3, =
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AE AP FA, B AT (corrected coefficient) oE ©|
gste] BAZ AdFAle 353 2de] FAH
5740 v2Eg HdS AASY ZEHHeE W
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717} AAR freluly BAEE a%A 22 5
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e Byl FaAE AL oviaT. U4 wEe 4
Q)X e} o] 2| BHAAF, oF o] &S 2P
< 2d9] FFESE ofx==E AZFFE) Yl
e},
Fr=(F, + ax Ayrs) x Gua = Fu + (@ X Ayrs X Goa)
(F, = Normalized forecast anomaly, Gy.q = std. of model),

F, = Fo/Cuu (F, = Forecast anomaly) 2)

ChA] s, 2dle] ofka] o S34(F,, °C)ell A
AG (e, yr)et AZHArys), 715717he 33 28 %
(unitless)oll 2] EFHARN( 0,00, OV F3F 712 B
AICIE Yot B mdeo] o S3HF, °C)S +
steh, &, 2dlo] o SgtollA mde] MFFAZ st
712 W3S w3 (detrended), =2 A8
gk 7)1 Wsigks gl BY o Fe] A|FAME
she Zolth o714 EFEsHE e AMgstE Al
Az 23 WEsEs xgste 2dz #=9
45 aEsr] flsiA el

ol st HAAS 7} AzloA Wi, M mUE=Z
Zgsle] B 3 MME 71HS 2 &3te] By d=,
FE= 1Y 712 A=
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A2 Rl 5] HelE HAS] 9
sl ¥4 2](3)7 7ol ECDFS A3kt

F' = ECDF ,; (ECDF,,,{F)) 3)

A71X ECDF, o ECDF )= <% 2ol A A4
7174 tidk 2d ECDF(#3 ECDF2 984)E 9
gttt & B4 A3l BAEEHE 712 dS3%E)
2 Y o =g(F)2l ECDF #97} #= ECDF<|
AEE tf-&3hs wholth. mRIAR 72 ARt A
g, 7 RddEE B4 §, MME 7|9& 483t
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25 U=
AAZF dZ 7]17421 2013~2022, WY ABAtE 1A

AL ASAES} BSARE ]88t oY d+
ZHAl(Anomaly Pattern Correlation Coefficient; PCC)<}
Relative Operating Characteristics Score (ROCS)E 7|
ARtal B AF oS35S Hrkekdeh B3k o] &
ZEL2 APCCOA AAZE A, gE oS AsS
7hEsh7] slal v AgakgT

PCCE B Aol T =S (Palmer et al.,
2004; Smith et al., 2008; Pattanaik and Kumar, 2010;
Min et al, 2014), ROCE &&E5S AF37]
e A AdTrollA] AR5l (Mason and Graham, 2002;
Palmer et al., 2004; Min et al., 2009; Verkade et al.,
2013), WMOdIA A &S HFshe BFo= A
33k 2Z o]ti(Graham et al., 2011). PCCE= —19]4] 1
Atole] k& 7HAH, 19 7V o F o] F
S AR, #33% B opdy] o5 Afe]o I
A dAdAE WA gelth ROCE #3537 =Y
ol Z-<] 7| e AdgHit) Aol (false alarm)®] ¥]
22 a928 a9y, o 34 okl WAL e
ROZ, 04 1Akl 9] ke 7HAIH, 19l 77k
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ojmg 248 7IRIvta & 4
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3. SORA|O} CHAIX|] M2t
Suist 24

A9} Folrjol A Ha 7|9 AU A g
AL AR 8 71 oledE] dEEA A,
AA 7N A= 9l AALDS S oHFig ).
Bd olx=E] 32 AFE7]17H2013~2022) A4+
ztzre] A Q@A77 Hgel gk RS =3 A
oz ME mde] A AE7|7te] AIV|EE 2B
2 7137+ W Aoy AR 20 A Eolm (4
2020 AabE A AE717He 1991~2010) HZA)
B 71%ge] Ha 717+8 1991~20103 0]t} ©] AlA
g2 At FotAol XY Hast Aow, A5 =
4 2% 243} 432 318 (Fig. 1; Table 3), &
A ZF o & 717k 2013~2022 B 7L AL T
oo} B 7]5 7|7k H]El] mEEstH(Table 3). TF
TF FolAlo} #Zo|A] AT CF7|7F HF| e
715717kl B8] 0.25°C &3y wde ojwt} 7
A L3k 712(0.32°C xFo))S =3}

1991~20109 7]717F AEE B=3 2dlo] A3
FA9] 74 HES AEEH(Figs. 2, 3), SoFAlof
AHoA] mde #HZHT}E Fo] AFFHE A=
A meldith 53] AAR ALl AE Hxpr}
371 AR FolAlo} AR AAoqM = o] MYPF
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Table 3. Averages and standard deviations of spatially averaged T2m time series (global and East Asian regions) from model
forecasts and observations as shown in Fig. 1. Hindcast period (1991~2010) and real-time forecast period (2013~2022)
temperature anomalies are averaged, and their differences are compared.

Global East Asia
Model Observation Model Observation
Period avg std avg std avg std avg std

1991~2010 0.04 0.15 0 0.22 0.07 0.27 0 0.57
2013~2022 0.31 0.20 0.35 0.15 0.39 0.36 0.25 0.59
Difference 0.27 0.35 0.32 0.25

t2m Trend

Obs,  (b) WA 1 obs,

o e emme

20N

L e

Trend [Cyr-1]

-0.15 -0.12 -0.09 -0.06 -0.03 0.00 0.03 0.06 0.09 0.12 0.15

Fig. 2. Seasonal mean T2m linear trends from observations (NCEP2) during the period 1991~2010. Black dots denote regions

where the t-test confidence level exceeds 90%.

A7} Z3sHAl debded Rddixs AP FA1e] 29
H AXE Bojekx] X W olue} fEkalo HA7t
o] AP FAMRE vepdt), g Bde Foljo} 7]
29 WEAdel HEUF A & 7] (standard
deviation in Table 3) ¥ APFA 7= &= ¢
- AGRT oFatA UEREARE ttestE T3l A=
B2 Aol A] HAFA7E 90% FolA fFrelmghs
& 4 Aok

2013~2022'4 AAZE o= 717, Aok A Ha
#= )2 BF3E ofdy], B o= ¥F3}
| ohiety], gEFolM Hd o) FHH o] g
ES 9 E Y AthFig. 4). A= 20139

o]

7188 7] A35A 15 (2025)

T A7, g, Eubpellx s giFEe] Al7]¢ 0430
ool W o] 7ol BEHU=H vtk 2013,
2018, 2022'd¢] EiAFA vehte Hd $E9
712 o] A7) vEbgd 2huke] gl Ao 3
GETh o7 10430 FFEEAAM B o)
(33.3%), H'd FE(33.3%), Fd 18133.3%)°] &
TEE 7] 918 zscoreo]th. gHA, FolA|ofol A
T =@ dehte Hd s FE9 7eE 1
Aot Webgta, daEn W 25, sk o 1
Bl FdET 22, 0430 05k 712k T U
Ehdth W, 93 3 o5 A, B, A
Wk o} FopAlof Aol m thRE g o]
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t2m Trend
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Fig. 3. Same as Fig. 2, but derived from the averaged APCC individual model outputs issued in 2021. The linear trend period is
1991~2010.

o] 7]o] e, & oSl vk Al7] E AR o] AY RAAME & FAHS THA,
o 29 Fd Axe] dFo] Yedrt 53] gF 1991~2013)7F YEPGIL, HI7HA 9] AS5eX = &
=2 20134 0|32 RE Wloﬂ 2o md o] Hyd ZA (7 3bA, 1991~2020)7F YERGTE wheka AA)
Hot 52 7|28 5339 202 vepdt). wEhA o} 733k 2dstE esA7]A Hed], Ao 7
AAZE o & 7|7 = Folrof AL AZSof H]F| A EH)S 29 oz FH 5o HAH 7]
Wik 7]1-0] ZsHAl ol SE ATt Qoﬂ*(ﬁﬂ*ﬂ B2 29 7S Yehdth 7243
o] HAL A2 2ot o] o] xFstE 7]
4. 0|F 7|22 &V |HE &H & AZZHF,, unitless) BAAT(a, yr B39
71%7171991~2020) 3+ HAZS o sHop(e] 714
7120 A7173%S BAs] fE #5 249 = 59 #). Figure 504 BoAX= HAE 7|25
APFAE ol8ste] 71 43S AT 241 A (purple asterisk)> EF3HE gholz, o] Zlo] ®He] &
=] o] WS 7 Ao wdrdEE ¥ FHIKG,.WE Tl BF 2©2)e BAHE 7=
3hE ofmE| o] HEFFAE T, A7l B ()2 deth B, gEdS, & UdsRAEES
deo] A717eE AAsIL #F0 ZoR dAlshe &5 NERYS BAY $ oS MME 7IHS 4
Zolt}. Figure 5= HA2] 3 A2 20219 549, & -3t}
oprlo} g ARpellA APCC scopsg} HZo] w73} 7] e =2 BA o] F7rolA oEA YR A
H ohmdE] AAY, dFFA, Ao 13k 719— HE7] S8 v R 20219 59 ©Ed 3] 2A
oF, HAYE 7| 2d5S 131 74014 7] A A5 op=y] 7]24S HHS Fig. 60 AA AT
o] AEFA= A2 7154FS vrdstr] S8l @lﬁ dH L] o SFeM e Fobrlol tiF-E Agdx] Hd
ol s7kAe] ARE HS ARSIt s o] 712& VeI, B £ Folalole] AR
ol S AR Ae Ty #E9o wWEAol B AgoA Hd FF Ze Hdug B 7S
t27]] o]5 1# st APYFHE 25| A o &3t ol HAAL, oF SAME 1T 2

(<3

oltt. B AL, BHoA o]Hd FAE HolFAE o BAATE BA H)elM o] grold 2l
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Fig. 4. Seasonal mean T2m (a) normalized anomalies from observations, (b) normalized anomaly forecasts from the
deterministic MME (DMME), and (c) probabilities of above-normal categories from probabilistic MME (PMME) forecasts
since 2013, spatially averaged over East Asia (EA), the Northern Hemisphere (NH), the Tropics (TR), and the globe (GL).
Observation anomalies are calculated as deviations from the 1991~2010 climatology, while MME forecast anomalies are based
on hindcast periods as described in Table 1.
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Fig. 5. Time series of T2m normalized anomalies with one-month lead time forecasts from an individual model (APCC
SCOPS, black solid line) and observations (NCEP2, orange solid line) in May 2021 at one point (longitude 90°E, latitude
30°N). The linear trends of the model (black dashed line, 1991~2013), observations (orange dashed line, 1991~2013), and
longer-period observations (red dashed line, 1991~2020) are also plotted. In the scaling process of the linear trend, the model
and longer-period observation linear trends are used. The original (black asterisk) and corrected (purple asterisk) normalized
anomaly forecasts, along with the observed (orange asterisk) normalized anomaly, are marked. The final forecast anomaly is
obtained by multiplying the purple asterisk by the standard deviation of the model.
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Fig. 6. T2m anomalies for East Asia in May 2021: (a) original SCM model with one-month lead time forecast, (b) corrected
SCM forecast, and (c) correction coefficient (o). The correction coefficients are calculated from individual models and
averaged.
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Fig. 7. Monthly mean correction coefficient () used to correct T2m normalized anomalies with one-month lead time forecasts.
Monthly correction coefficients from individual models are averaged over the period 2013~2022.
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