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Executive Summary

As a base study for the improvement of long-range forecasts skill and integration of
forecast information, we analyzed models’ performance of ENSO and its related atmospheric
responses in intra-seasonal scale for the APCC MME individual models during winter month.
Although the performance of the models” Nino index is highly correlated with the
observation, models have errors in tropical sea surface temperature and precipitation
responses regionally and monthly. The models show similar atmospheric response to ENSO
during winter months (DJF) but not show monthly variation such as weakened western
Pacific precipitation in January as in observation. The atmospheric responses to ENSO show
low skill in the East Asia compared to the Northern hemisphere and the skill is lowest in
February regardless of lead time. It is over estimated that the ratio of ENSO related variation
to the total variation in model simulation.

We have divided arctic events into four categories on monthly time scale during the
winter months and analyzed the frequency of occurrence of cold event in East Asia. Among
the four categories of arctic events, we have analyzed the composite patterns of deep arctic
warming and shallow arctic warming. It is found that there is high possibility of cold event
during January and February when deep arctic warming occurs. Few models can predict the
arctic events during the month of January and February, and also reliably reproduce the
atmospheric circulation patterns when they predict the occurrence of deep arctic warming
event.

For the long range forecast over Korea, the seasonal climate models have capability to
simulate the impact from both higher-latitude and lower-latitude. Both Color-Polar (CP) and
Warm-Tropical (MT) near Korea are considered as two important indicators that reflecting the
impacts from higher and lower latitudes in the forecast. The APCC MME has capability to
reasonably simulate the intraseasonal variability of CP and MT, which is also well related to
the temperature and precipitation variability in Korea. Therefore, we can select the best
model that well simulates the relationship the CP and MT variability with temperature and
precipitation in Korea. The best model chosen which reasonably simulates the climatological
feature and the relationship with CP and MT with temperature precipitation around Korea,
can improve the intraseasonal predictability in Korea. The best model, which is additionally
tailored over targeted area (here in Korea), can further improve the intraseaonal
predictability.

As to the 1-month long range forecast, the boreal summer intraseasonal oscillation is
one of the main prediction sources for the subseasonal forecast over the Asian summer
monsoon region. We investigated the predictability of the real-time BSISO index and BSISO
impact anomaly in the WMO S2S ECMWF model, currently participating in the 1-month
forecast. The ECMWF model exhibited the BSISO prediction skill out to 3-4 weeks, but it has
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weaker amplitude and slower propagation than the observation. Convective and associated
circulation anomaly patterns estimated by the BSISO index can be predicted up to 3 weeks. In
addition, predicted BSISO-related anomalies showed higher pattern correlation coefficients in
active, warm phase, heatwave phase or dry phase cases in week 3. We confirmed the
possible impact of BSISO on Changma onset/withdrawal and mean rainfall in 2022 and
therefore, the BSISO impact forecast could be useful information during the monsoon season
in Korea.

We developed 1-month temperature prediction model using deep learning technology and
established probabilistic prediction system in order to improve the accuracy of 1-month
temperature probabilistic prediction around East Asia and including South Korea. A deep
learning-based prediction model was designed using bi-directional convolutional long short
term memory (ConvLSTM), a channel-attention mechanism like squeeze and excitation block,
etc, and was evaluated. Training dataset was built using daily ERA5 2m temperature (T2M)
reanalysis data. the European Centre for Medium-Range Weather Forecasts (ECMWEF)
forecast data of week-1 and week-2, and a rolling prediction method for T2M prediction of
week-3 and week-4 were used. After building training and validation dataset using daily
ECMWF T2M reanalysis data from 1986 to 2015, we shuffled and trained the deep learning
model. The predictability of the developed model was evaluated using daily ECMWEF T2M
reanalysis data from 2018 to 2021 in two regions, East Asia and South Korea. As evaluation
methods, ROC (receiver operating characteristic) score map around East Asia and HSS (heidke
skill score) in South Korea were used. As the results of ROC score map around East Asia,
the predictability of the developed model was similar to the predictability of ECMWFEF model.
On the other hand, as the results of HSS in South Korea, the probabilistic prediction of the
developed model showed slightly higher predictability than that of the ECMWF model. In
addition, ECMWF model and the deep learning model showed high predictability of Above
Normal and Near Normal, respectively. Therefore, the deep learning-based 1-month T2M
probabilistic prediction system developed in this paper can be helpful to improve the
accuracy of the 1-month temperature probabilistic prediction. Also, if the advantages and
disadvantages of both models are utilized for 1-month T2M prediction, it can be the possible
to advance probabilistic prediction.

APCC has been operating a 1-month prediction system since August 2017 to support the
KMA’ s 1-month forecast. This system has been continuously improved with changes in
demand of operator and model characteristics. The forecast produced by APCC showed better
skill than the other climate prediction models. These results were fully shared with the KMA
and contributed to the improvement of KMA’ s 1-month forecast.
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Table 1. Description of model name and hindcast period used in this ENSO
related response study.
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Table 2. Description of models used in this study

e Atmospheric Ocean Sea Ice Seaice initial # of Hcst period
Institution ~ Model -
model model model condition Ensemble used
APCC SCoPS ECHAM5.3 POP2.0.1 CICE4.1 forecast 10 1991~2010
MRIL Interactive
) MOVE/MRLCO
IMA MRI-CPS3 JMA-GSM COM sea ice M-GE 10 1991~2010
v4.6 model
GloSeab UKMO ODA
KMA ooea UMS.6 NEMO v3.4 CICE40 , 12 19912010
GC3.2 Reanalysis
GEOS-S25-  Post
NASA MOM5 CICE4.0 GEOS ODAS 4 1991~2010
2.1 MERRA-2
GFDL GFDL
NCEP CFSv2 NCEP GFS CFSR 20 1991~2010
MOM4 MOM4
OMIP run with
PNU CGCMv2.0 CCM3 MOM3 LANL EVP 35 1991~2010
MOM3
IFS Cycle
ECMWF SEAS5 131 NEMO v3.4 LIM2 ORASH 25 1993~2016
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TESIAY. WA v = - gkgks] A 9(70~80°N, 30~50°E)ellAl 2m 7]23} 500hPa  7]L-9
1991~2020 7] %Zkell Wit HAE Fst AA A4 71xH1979~2020/2D)0 thet =3} sk
A+E A=Esidn. 55 oWlEs wbdb = - ghepsfe]  AS(0G00hPa)at  &t5@m) 7]12<
Z|Fo = ol &} o] A7IAE A3t

e Zo Az 243 (Deep Arctic Warming, DAW):
B o5 7120l B ®ESE AF 0.5EY =2 A

ws}k(Shallow Arctic Warming, SAW):
®£F3} A 05K T Ho} &% 7S EFE3 AT 058 2 A

<3 (Warming aloft):
22 EF3}F A 0558T o 35 7|2 XS A 0.58T e A9

2(Others):
7|&0] BF RFE3 A 0.5HT W2 A9

o w0

ofj

B3 olWES] W@ FobAole] J1e WEY WSS MBI s FobAoH35-50N,
80-130°E) A jo] hAE L& WPOE 2m J1e ASLE WEFHAL
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2do]  E=  oMlE dF-HFe  JHHEE  o]EX(Table &  HASHA
A &% (Accuracy)9} Heidke skill score (HSSE A4tste A2 HrbstAanh = Zdo] 2
A7 2VEE AZsPe W 2 Ueld BulTe thrle@y sHel wgs Fobrolel
e AEAel daidE 2dY Jed NS o] BIAR oul Y AnA )
wzAAe] v &2 Bk,
Table 3. Categorical contingency table
OBS DAW SAW Warming Others
Model aloft
DAW
SAW
Warming
aloft
Others
Accuracy(ACC) = Zn (1]
1 & 1 &
Heidke skill score (HSS) = =1 [ & =l [2]
@) Sedet 98 F13F A5 $Ee AR 444 R 934 B

TEvet 71 "2 Aol dig #5 AREA AEAARES EMCWFY ERASE
AFgEEATH ] 2 skl thd #= AEEE = NOAA (National Oceanic and
Atmospheric Administration) NCEP (National Centers for Environmental Prediction)e] CPC
(Climate Prediction Center)®] #Al&9] ZFgkasl&-AHoutgoing longwave radiation, OLR), 500hPa
2 850hPa2] A ¢ 11%=(Z500 and Z850), 3™ 7] <d(sea level pressure, SLP), 850hPa 7]-2(T850)2]
HAAF AAAEE AHE3ET. €9 sleH2%(sea surface temperature, SST) A5+
NOAA¢®] Extended Reconstructed Sea Surface Temperature (ERSST) Version 5 A&5&
AH-&-3F AT



Table 4. Global gridded datasets used to derive predictors.

Variable Dataset Origin (Upper Resolution
Left Corner)

Outgoing Long wave NOAA NCEP CPC GLOBAL 91.25°N, 0.0°E 2.5 dd

Radiation (OLR) monthly olr (73x144)

Sea Surface Temperature | NOAA ERSST V5 89.0°N, -1.0°E 2.0 dd

(SST) (89 x180)

500 hPa Geopotential NOAA NCEP/NCAR Reanalysis | 91.25°N, -1.25°E | 2.5 dd

Height (Z500), 850 hPa 1 (73 144)

Geopotential Height

(Z850), 850hPa Air

Temperature (T850), Sea

Level Pressure (SLP)

@ =das

2do d34 4S5 98l APCC MME$ SST, PRCP, 7500, T2M, T850, U200, V200,
U850, V850, SLP A£& AM&stAth tF =AY EA4S 1dst7] 9ste APCC MMEo
Folets 7HER MERD S EF ARSSHTh wol wEh Aolrh ey FdAH o= APCC
MME= 104 7He] =&, 300 7H¢] ¢3E WH=E 74"



Table 5. APCC one-tier dynamic seasonal prediction models

Institution / Center Ensemble size (F/H) Hindcast period
APCC (Korea) 10/10 1983~2013
BCCC (China) 24/24 1991~2015
BoM (Autralia) 11/27 1981~2018
CMCC (Italy) 20/20 1993~2016
CWB (Chinsese Taipei) 30/30 1982~2019
HMC (Russia) 20/10 1990~2015
JMA (Japan) 50/10 1991~2020
KMA (Korea) 42/12 1993~2016
METFR (France) 51/25 1993~2016
ECCC (Canda) 10/10 1980~2020
NASA (USA) 10/4 1981~2016
NCEP (USA) 20/20 1982~2010
PNU (Korea) 35/35 1983~present
UKMO (United Kingdom) 42/28 1993~2016

Wh 9542 EAEB IR B9

TEvet A8E T F FFE PAE 7IERIA F Shue BAEE GGl
EAHFE SIS A5EH 4
Atk B AfFAFoNAN FASB IS HoT v A=,
FE(Li et al. 2021; Paek et al. 2015; Huang et al. 2020; Hong et al. 2014; Xiang et al. 2013;
Liu et al 2019), EA el Farite] 71zl 9X|(Zhang et al. 2020; Lu 2001; Liu et al
2019; He and Zhou 2014) &o] ZIAcolth. o] dAFodA= EAEHEIFL7|¢e] WHEEES
A8 sl tefe SRS sl FHHoE EAEAH. 71E A AT ZIRkete, 4
Mo A5 AHESATH AA, 500hPa A911x AXE E9 0~45% A H FA4WF F
e Aol A YG~40°N, 110~180°E)e] Hwo = A3ttt &R, EHBE I
7PAE] AR F74 140-160 AbololA A= FFH THE AFol Wye % =2
Aojstatt.  AA, A=E YeEdrl fal 5Z020~40°N, 120~180°B)3  EZE(5~15°N,
120~180°B)oll A1  850hPa s Autgre]  xlol= AT UA, HAd AFEEA,
EAEE S HA T4 9X00~30°N,  120~160°E)A1¢]  MSLPe] HIF@go=
Aottt 53], EAHEGLIIGY HAdAEE AFEH obror E&d EXI #AVL

KR

Ao, ZFe 5o FddAE YeEbdth
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2 vet 71?—0115—% Aalde mdo] 19E P AYEEHEY FFS F Rs|of
gt 53 vl FH9 ]%‘74] T ﬁl’éﬂ%ﬂ]@. TEAA F8 7FHA Q4=
AHEEBEE, o]l € 7|F S5 S &SR I & 19E ¥ AR FEFS
kg slz] 9184 Cold-Polar (CP) % Warm-Tropical (MT) 7S
A= 3 2o

80N

60N = =

CP

KOR
B — |

40N =

1

20N = EA —

EQ T T T

50E 80E 110E 140E 170E

Figure 1. Cold-Polar (CP) and Warm-Tropical
(MT) around Korea.

) 24 2344 A9

2d A=A 24 B3 E Fetslr] g3 AEE gmEFHA A9
Al & o) &H5-v](Signal-to-Noise, S2N)o|t}. ojmf 2lS(signalv GEE Hde dWs(Eihe
AostH, Frsnoise)= YAE Bol digh 2 /ME GFE e E4F AEE AHojHt
meba o] 9] HEES AEZWFSHE HYsta, Asrt S5 SN2 AAH, 2 F5ol
F4E SINS Folpzit

T e g B3 gt mEHR o752 4H(Ratio of Predictable Component,
RPOE A&stdth RPCE BEE AS5#a AA #353e #ACGERA 22 A7t
7HA = Al&E(signaDe] Wl&= dehdn mekd RPCZF 19 of 3 o So] =m RPCI}
12t & we 2d9 AE7t Ui Fopa Bdl A9 SRl (AA #FET) F5&
olulstH, RPC7F 180 & wie g A9 dFAEc] (AA #SFHRY) AAT, #5749
AAAGF7E FeS oumEitt thA] @a) RPC7F 1®th 2 wE= underconfidentdt o232

B=3o FAATE o, YAE HFoR FIAHE AF vl FHLo] AtE AL
o)m) 3t} "W E RPC7} 12t e u= overconﬁdenf{ dzog FH=3lo] AAA L=
2y, 2d o= zA o] B A(spread) AHAIVE FEA] FeS YERIT



. 1I/ME Ar|dr QA
(D) BSISO d&4 RS &4% ST 14YE A7]dE AN

(b BSISO A4+ 3l F9FAAR

WMO ECMWFE Al-dY o= =de 2016dFH i H8d e 9899 274&
1Mo R AEABE At A 22d ZU)A Jd=AdE 2017971A, €Y =A
o Z43%+= 2021Lﬂ77}7<] Aol &8I sstth. wetA 2016 FE 20219 71A] 5€~10€
BSISO A4 9 AgH Ao thdk AA 7o Z(real-time forecast) REolAd%S H71sh4 T
HA, dPF OLR 2 850hPa A1 Wk o Zgkol erﬂxﬂsﬂx}g(Hmdcast)ﬂ 204 BFH
7133 2 A 1209 HA#S AAS Fd HEd A7 &35 AATS F ofrof E
A HAH FFEANE A AARE TFo hHFHIH A nTSMV-EOF) B9

b =

Fgoted T 46dol W ASATE AibstAnh =3, widol] e «dE 44—’—?— ?E “Poﬂ
AZAFERH de A 2 A= BERE Z

FHFHRE AT ARMA=e A NOAA (National Oceanic and Atmosphenc
administraion)¢] OLR 2 NCEP/NCAR (the National Center for Environmental
Prediction/National Center for Atmospheric Research) reanalysis 1] 500hPa X931 %
slzute, AR A BFRLESFEE ECMWE (the European Centre for Medium-range Weather
Forecasts) ERA5 7 1 77t AFEE T ECMWE oS82 712 FH3dEE 1.5° =
AEAARY THAGEE B FHAGER 5= AAA HA o] Qs

. flo
g

(Wb A8
BSISO1 RE+ OHIZFE AR A ud+MV-EOP) A WA}t F+ WA =Rt FAE
ANAE (PCL, PCO= /454l BSISO2 REs= Al #A 2 ‘—ﬂ HA meol FAHZE AL (PCS,

PCHZ FAHT. BSISO1 ¥ BSISO2 A= 742t @9 A9} 2Zo] A9 e Atstd
o] M7 A2 M Real-time Multivariate MJO (RMM) X4 A% W EZ 2~(Rashid et al., 2011)<}
Y3 Wy o= Bivariate Correlation Coefficient (BCC), Root-mean-square error (RMSE),
Amplitude error, Phase errorol]l ©is] H7}stdch olHzFNH ]—r(BCC)L HE53 d=9
Y AT U3 NdoE XE A= F4Sal 94 LA} W ‘3}1’/} BCC2]
AZFAAZL 05017 1o JMhEssE & d34S Yehdth -lé;FZﬂ% L ZHRMSE)+=
AZ3 93 25 a8 Aozl =7 ZolE SAse Fo=2A AF2Z JdAE
J2olth A=) Ak A o # SHAI(M=A) ®oJstal 59 Fhe
#AZSHT A= A) BoFE Yr|stH 5=

3. = ol

S e Al =(Pattern  Correlation Coefficient, PCOE 443G 10 77h&5= 493k
Fo] AFAAE Yrdth WA= AAdY BIHE S #5Y AEAUd ZFAX ] dig
o= AdY ZFEHAL HE FOE B2 Ui o= JIFHEAFY AUFHA A=EE
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(2 B34 7les & Uid 71L& FEAF N2 75
Ob 713&A=
@ ERAS A &A2=

935719 BAE(ECMWF, the European Centre for Medium-range Weather Forecasts)+=
7] ERA-Interim reanalysis A& 5 7§43 ERAS reanalysis AF55 0.25° X0.25° AAAEZ
AlFeth, B A= 313 T2M, Z500, PREC, MSLP, TMIN, TAMX, SP, Q850, SST, V850,
U850, V200, U200, OLR A& oA T2M(2 meter temperature) A2ZS o] &3} tHTable 6).
AEE 6AIZE @9 ARE d GAAEE WEst AT

Table 6. Summary of ECMWF ERA5 reanalysis data downloaded in this study

Variable Long name Unit
T2M 2 meter temperature K
7500 Geopotential height at 500 hPa m? s
PREC Total precipitation m
MSLP Mean sea level pressure Pa

Minimum temperature at 2 metres since
TMIN . . K
previous post-processing
Maximum temperature at 2 metres since
TMAX , . K
previous post-processing
SP Surface pressure Pa
Q850 Specific humidity kg kg™
SST Sea surface temperature K
V850 V component of wind at 850 hPa m s
U850 U component of wind at 850 hPa m s
V200 V component of wind at 200 hPa m st
U200 U component of wind at 200 hPa m s
OLR Top net thermal radiation J m?
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HAARE #7] 3090 ohdg BA 159S 7F0R A4E RS o] git

n
- p;ldday,lati,lon] [3]

Climat()l()gyday,lati,lonj -

S

AZNA, day= DA, a2 (WA IR, don= SRR BE, dyyy e e (9 SRS}
JHA Ao F 712 T pHA day R AE, n,,, T YHAE 7IFSE A 15d 7)3HY
day 258l F HlolH ol 2€ 2992 &Yool EZFE S o wek Holy e

ekt

Wb Vid 712 FE4FS A% d3d 2d 24
@ APEC7|FAlE 9] 1714 7I23% Y9 +9F 4 2 =49 4A ¢

APEC 71F4IE1E ulF 1Y 71ed3e 93 AN AR AR T AR
olgatel uF v]edZe] B Y L JLdSe RATE AEE T H1FE
Sho} +370N +6F AolE Waul, BFL Ai 177 SPuth oF Sol, EOMWE

A B AF7F 2021 08¢ 2ol HAEHACH B 15+ 25 <A 849 16¥o] At} (Figure 2).

2021 August 08

MON TUE WED THU FRI SAT SUN

P10 1523101 {AAN D]

F1(W+1)

F2(W+2)

Figure 2. Example of an one-month forecasting schedule operated by
the APEC Climate Center
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Aol U7HA 9] S 7hed e Hrh B APATE BEUZ A UI7HA dSehes Zls
At aA ok a8y 149 dRF JFOR +1F9 25 sEgor AA 1742
Z12kel sl et +39k +F = ASsh] ofdth TEA & A7l = ECMWE o S48 9
t1Fof 25 ARE YHARE BRI 359} HFE cSshe THe Adsa ECMWE
#3579} +450) oS szt g,

d8yd 2de o]&sle] 14Y o =3E= W= 2 F o =(direction  prediction),
<=3k Z(rolling prediction) 59 W o) 9}1:}. A7 FS Bdo] o Fo Fog AV
g Wl a3t 740]“4 £#A S ASHE JHRHE QARSI AATIEE d S8k
s otk AFAFS A A SF7|NE & Hol| dF3te A Fe R/ FHHE AS
WA & Atk ILT’JUr 273 A=) Agshe HE¥d REe d=7|3ko] Ao wet
ANAE A5 Aado] AHAlE wA7F Utk 85 dF77F FHHIE AT
e Sadol wa] mE HATE g AR steEdol2R Shgo] &3 Axlo] Utk
E3L A EEE QS AA A Hxe FU) HolHE JdEAERE F8T F v A=
ATE B AFolA = =SS HE S A&t thFigure 3).

Initialize data n iterations

Figure 3. Example of rolling prediction method for predicting 14 days

@ g 7124955 A% d8d 2d 44

2 dFdA= 202199 H2ES 2d F 7HF d34do] =3k BCDU-Net-Depth3 +
SE(Squeeze and excitation) blocks(e]s} 2021d =d) RdS 7|22 N2 2dS /s
20213 29L& Azad et al.(2019)7F A|¢He mdE rwtoZ U-Net =do] ©yel Al1do]
AEAE A4S NS Y8 AWE1991-20200 Y1E EPURe 27 d¥ARE
AL8-8F 3 thFigure 4).

1

o

2 AFodA AT Rde 202195 Bd $UEA 499 dEAR Hole 149,
8259 dole 1¥4=2 AASAtHFigure 5). YHAEL @ele= €ololtt Contracting
path #3ZtollA= 7] Conv2D + Conv2D + BN(batch normalization) + activation®o. 2 A%



A& Conv2D + Conv2D + oJEl A E-E(attention block) o2 AA AT o8l E2& Hu et
al.(2018)o] A|<¢k3l squeeze-and-excitation networks(e]3} SEblock)S ]33 th.  SEblockS
Ad ojel A W7 Z(channel attention mechanism)S Hl® o Z AHAFHOH, A Gz
VA E FAsta ou] e Ade] HEE OF UEYIE 94 F Ade Aol Ut
Expanding path 7+7+& 7]|& 2d3y FU3}A Conv2D + Conv2D + SEblocko. & FA31% oM,
Predction 7-7Fe o] =R = Folo] 1A BWxEe] sk 34 glo] contractin path
T2re] dlolo] 1dA dol2 ARE input 2 Az WHS niE AREsioy, AAdd
Rdo A= BlE2 ARE3FA] & Conv2D + Conv2D + SEblock2 S W A%l ZFo| prediciton
GAE Jol7t=& AT Prediction @A YA+ input 2259} expanding path T-3h&
233 doleE ¥WEsta Conv2D + Conv2D + SEblock + Conv2D + Conv2D #A& AX

Zo H% 2R ST

Input 2
1991-2020
climatclogy data

Input 1
ERA-5T2M :
reanalysis data  ©

Skip connection with BConvl STMblock
BConvLSTM —»
Block

5 Max pocling Conv (+BN+Act.) o
- H ]
8 — o
c o
w @
¢ - - T Up sampling & Conv
BConvLSTM Block
-(—. Bottleneck ) | |ty [— —
(densely connected convalution) Blockl Block? Block3 Block N
Figure 4. Design of the developed model in 2021
Prediction

Input2

Input 1 ; :
skip connection Y

W, H ‘ Wf2, Hf?

I oW He

.- 4

A wa.nia

W8, H/8
‘ / /’_, Input data

BiConv2DLSTH ‘ ConvaD 1x1

ConvZDTranspose
+BN + Act.

Conv2D 3x3

Attention Block Concatenate

Bottleneck
(densely connected convolution)

Max pooling Dropout

. Y e
— AR

Figure 5. Design of new model



Q@ e 71L& FE4SS AT FEHEAR AL HE 44

FGEASE dF AU EE dFAE7F A oloF Zhestth dREEQ Hed 2de
A HolHE 53 HEE ENRE O AUZLE o Fsr] wEe] o3t Alued
dZFo] ofgtt. IdE=E B AT e ECMWF & dEAR +15F¢ 25 ARE
o] &3l +3F9} #Fo] J|&SEYZFE st . ECMWF d®A5+= CF(control file)
170, PF(perturbed forecast) 507} A& & & 51/ YL A52 FA4 =M, hindcast A5+
CF 174, PF 107} A& & F 1V} 35 A5=E 788 oA A" dHed 2ds
o] &3t o B A7} hindcast AAF EF +1-2F H|o]HE o] &3l +3~4F5 o =3oHFigure
6)

ECMWEF Forecast data Deep learning forecast data
51 ensembles (1-2week) 51 ensembles (3-4week)
CHOy A )
{
A T L Y A U THY |
PF (50) : :

(@

ECMWEF hindcast data Deep learning hindcast data
11 ensembles (1-2week) 11 ensembles (3-4week)

() O )

PF (10) ‘

()

Figure 6. Production of deep learning +3~4 week forecast data using ECMWF +1~2week
forecast data: (a) forecast data, (b) hindcast data
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@ 1IME 718&E49= U

MY 71e¢ 592 o=zkS hindcast A89 7|EHWAZka vBlwske] AN(above
normal), NN(near normal), BN(below norma)S. & 3E<% 4= I 389 Z+ o= Fo A
GFE AR5TE YTo] 4 3B SdEES 283t d3 Y hindcast dFAE

£ ol &3tH
AZEZ AN, BN YAIfkS AArgo olw, dAIZS AAE Hd3 A4S o] 83t CDF
(cumulative normal distribution) 7|H .2 A4}
A%4HE hindcast AN, BN eq. 49} 5& o] &3l AAERE gE9=S ).
_ |1, if DL forecast < DLhindcastclimate BN
BN, = .
ens.isj 0, otherwise
_ |1, if DL forecast > DL hindcastclimate AN
AN, = .
ens.i.j 0, otherwise
1, if DL forecast = DL hindcast climate BN
BNp; = and DL forecast < DL hindcast climate AN [4]
o 0, otherwise
ensemble count ensemble count
J AN, DL, 2 NN DL,
AN Prob. = —22 =1 , NN Prob. = —<=2—1
ensemble count ensemble count
ensemble count
BN, Lo (5]

ens =1

BN Prob. =

ensemble count

@ FotAotAY 1/1d &S H7PTE

FolAlol Y FEd=9o HrypHoegr Z+ AAERE ROC (receiver operating
characteristic) curveE Al4bsta Hla Brpet A thFigure 73 8). ROC H7hell A= curve
ol#o] WAL AUC (area under the curve)zgta &tH #¥H 2~ gele 050t #HHA~
Zels dolZkd d3Ael w1, oldE It d3FAdel ¥na HrE £ Ao B
AFoNA= 0~1 Aol 0.1 A= Uiro] AlLksta atste] AUCE Alqtstdt.



Hit rate

False alarm rate

Figure 7. ROC curve

Obs data

—_—

Positive Negative

N True False

Positive esifmm Positive
(TP) (FP)

Predicted
data
) False True
Negative Negative Negative
(FN) (IN)
HR(x) = TP(x) FAR(x) — FP(x)
)= 150 + FNG) &)= Fpo) + NGO

Figure 8. Calculation of HR and FAR

3z o 1/1Y SEg2e FAS 57 Ao HFZES o] 8&3te] HSS (heidke skill
score) 418 E3] ASOS HlolHE 7|FARE R &835te] o =4S Hrlsld thFigure 9). 3E¢

)
o 52 HSS At WH-e Figure 103+ Eq. 63 2t HSS e -co<HSS<1 W #jo]m, 0o
H



Figure 9. Design of the
developed model in 2021

Observation
Forecast
AN NN BN
AN a b ©
BN d e f
NN g h i c
D E F

Figure 10. Summary of probability forecast
results of observation and forecast, and
formulas for HSS.

pitrate = ML = AX B+ (BX E)+ (Cx F)

’ 2
n

HSS = (hitrate — ref)/ (1— ref)
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A ASA 2" S &8, 5 JEESS T8 APCCY /HY FA3E AHtstal St
olf /i Y dgIFA2ES WMO A7ldE AzAEe] AMY o= 22 A85E

EAzHe SUUel sl 35F A3 ¥E ASWHE Aty
o) o

A=ZA3E BES 9
APCColl A= otelf Figure 113 22 A% dAHd wet w5 Uid dSAHRE gAsta
gt WA wF Fads dadd WMO AVldE HEAE AN AZAz" @
2AE wEt AAY == forecast AEE 4418lx, hindcast A8 & AE7}
AZTHE A 23 FAZ $435t Udth. APCC 11¥ A4S 93 F713Qd Aze
WMO 7B A=Ay AHY d3IA="dads #EE FAsH, 45 dE5:S 9%
2729 22 2718 ECMWF o248 ol sigat. nF 32y oF red
A58 AFile] 5™, MME oSS F338tal oS = ojm x| A4k g o® LEA S
29k THET o] & APCC /|9 AW RESE AH APCCY HE onE YT
1
[ WMO AHHEL MME 0% [ BE/EXE F71 +H [ APCC 17H€ o542+ J [ 7148 g EEQ| Y HE
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Figure 11. Operation schedule for APCC 1 month forecast.
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Figure 12. Sample of APCC 1 month forecast charts.

e A A5A5 F dAFAol P sk, b waEA HAle gFAdE £
T = ECMWF AdY =& F7h oz &gsto] APCC 37Hd Aol Adsta it
olg Fd dsmde] dFst= M HZ AFHE E8E F A Atk &, ECMWF
AR 5 Hd 46Yclm, APCC WF 3/MY dEESE g 16Y M5 Psinz
drE A 74 HAe ECMWE AldU d3AZE 1190 158 Atole] 2714& A3
A7t Ao

Figure 13& ECMWF A8y el Z238 Agstel thg 2 1837 o3 vpxzt #744
BEY ARE BEE AW, FolAol Fol tskel 500hPa A9 w=sh swsISk
850hPa HEY, 71 HE IF 254 TE AF REE ATV FHOR duE
Jol SFEE 5 AAHE BEY Jled F5Fe FEAS AR SA0 AT
of ArE 1EY MY AW dAZEd mrh A2 YA W 5
ZATolne wul o=Aste] Wak HFE sorsts
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ECMWEF Sub-Season (init. : 2022-11-14)
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Figure 13. Sample of subseasonal model output for APCC 3-month forecast.
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Table 7. Characteristics of GPC data for WMOLC-LRFMME subseasonal prediction.
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Table 8. Operational setup for subseasonal MME prediction system.
GPC name Forecast Forecast Forecast Hindcast Hindcast Common
(Center) Init. Date Time range Ens. Size Init. Date Ens. Size Hind. period
2 weeks ago
Beijing Sat - last 4(10) ~45(51) 28 (4°7) Same date as A 2000~ 2010
(CMA) i days fost
ECMWF Same date as
(ECMWE) last Thu 5~46 days 51 ‘ot 11 2000~2010
2 weeks ago
Exeter 4(10) ~45(51) N Closest date to
(UKMO) Sat . last days 28 (4*7) fost 7 2000~2010
Meloourne last Thu 5~46 days 33 Closest date 1o 33 2000~ 2010
(BoM) fest
Montreal Same date as
(ECCO) last Thu 5~32 days 21 st 4 2000~2010
2 weeks ago
Seoul Sat - last 4(10) ~45(51) 28 (4°7) Closest date to 3 2000~ 2010
(KMA) = days fost
Tokyo Closest date to
(UMA) last Wed 5~32 days 50 ot 5 2000~2010
Washington Same date as
(NCEP) last Thu 5~39 days 16 fost 4 2000~2010
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gFol M= 87 GPCol dSZ2HE EF AMESHARE 65 oS4 Table 99} o] S7ivk&
ARERIG 20200 10€ o] F == Table 103 o] 7o) Rdo] F7l2 F0]50] 4F oS0
S0 2t FostA = AT

Table 9. Participating GPCs in subseasonal MME prediction each forecast before November
2019.

Tifnoerercjr?;e Participating GPCs in subseasonal MME prediction

1~4 weeks Beijing, ECMWF, Exeter, Melbourne, Montreal, Seoul, Tokyo, Washington
5 weeks Beijing, ECMWF, Exeter, Melbourne, Seoul, Washington
6 weeks Beijing, ECMWF, Exeter, Melbourne, Seoul

Table 10. Participating GPCs in subseasonal MME prediction each forecast since October
2020.

Tiiﬁoerercjnsée Participating GPCs in subseasonal MME prediction
1~4 weeks ECMWF, Exeter, Montreal, Seoul, Washington

5 weeks ECMWEF, Exeter, Seoul, Washington

6 weeks ECMWF, Exeter, Seoul
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Table 11. Used data list for subseasonal MME prediction system.

Data . Download
Variable Purpose
Name frequency
- Sea Surface Temperature
- 2 metre Temperature
- Mean Sea Level Pressure - weekly :
GPCs - Total Precipitation ECMWEF, Melbourne, - Subseasonal
Forecast - Outgoing Longwave Radiation Montreal, Tokyo, Washington MME prediction
- Geopotential Height at 500hPa - dally : Beijing, Exeter, Seoul
- U/V wind component at 850 hPa
- U/V wind component at 200 hPa
- Sea Surface Temperature
- 2 metre Temperature - First one time :
- Mean Sea Level Pressure Beijing, Tokyo, Melbourne,
GPCs - Total Precipitation Washington - Anomaly and
Hindcast - Qutgoing Longwave Radiation - weekly : PDF calculation
- Geopotential Height at 500hPa ECMWEF, Montreal,
- U/V wind component at 850 hPa - non periodical : Exeter, Seoul
- U/V wind component at 200 hPa
ERA-Interim - 2 metre Temperature L
daily - Total Precipitation  monthly + Verlfication
- 2 metre Temperature
NCEP - Mean Sea Le.ve\ Pressure : Verificatioh
Reanalysis 1 - Geopotential Height at 500hPa - weekly - 1SO momt.ormg
- U/V wind component at 850 hPa and prediction
- U/V wind component at 200 hPa
NOAA - Verification
Interpolated - Qutgoing Longwave Radiation - First one time - MVEOF mode
OLR calculation
NOAA - 1SO monitoring
Uninterpolate - Qutgoing Longwave Radiation - weekly L
4 OLR and prediction
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Figure 14. The variables and covering periods of graphical products for subseasonal
prediction.
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Figure 15. Climatology of the sea surface temperature (SST) in the equatorial (5°S-5°N
averaged) Pacific. Black and color solid curves show the observation and individual model.
Gray dashed curve show the MME. L1, L2, and L3 indicate 1-month, 2-month, and 3-month

lead.
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Figure 16. Normalized root mean square error (NRMSE) between observation and model
curves in the climatology of the equatorial (5°S~5°N averaged) eastern Pacific (150~270°E)

SST.
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Figure 17. Climatology of the precipitation in the tropical (10°S~10°N averaged) Pacific.
Black and color solid curves show the observation and individual model. Gray dashed
curve show the MME.
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Figure 18. Climatology of the precipitation in the eastern (150~90°W averaged) tropical
Pacific. Black and color solid curves show the observation and individual model. Gray
dashed curve show the MME.
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Figure 19. Scatter plots between the temporal correlation coefficient and
normalized root mean square error (NRMSE) of the Nino3.4 index.
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Figure 20. Regressed equatorial (5°S~5°N averaged) SST anomalies onto Nino3.4 index.
Black and color solid curves show the observation and individual model. Gray dashed
curve show the MME.
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Figure 21. Normalizes root mean square error (NRMSE) between observation and model
curves in the regressed equatorial (5°S~5°N averaged) SST anomalies onto Nino3.4 index
over the eastern Pacific (150~270°E).
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Figure 22. Composites of the Nino3.4 index for the El Nino and La Nina years.
Black solid line and gray dashed line show the observation and MME
respectively.
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Figure 23. Regressed tropical (10°S~10°N averaged) precipitation anomalies onto Nino3.4
index. Black and color solid curves show the observation and individual model. Gray dashed
curve show the MME.
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Figure 24. Normalized root mean square error (NRMSE) between observation and model
curves in the regressed precipitation anomalies onto Nino3.4 index over the tropical
Pacific (100~270°E, 10°S~10°N).



(th =d9] ALE ENSOSF #dE tir] Hvkg £4
ol

AEd MERDES ENSOS #Hdd 9443 2o A5S ARt Figure 25~27
Nino3.4 Aol 3] #2443 500hPa =] $]L 719t |AE ENSO9F ##d dir] 6k
Uepdth #=oA = ENSOo| thsk whgo =z 129 500hPa A9 xoA FHHt=RE <
z BAgEY Aoz 1urdA 3k bkgo] Ueysd APAFAAE o U

TER

FEAL 1r|de g AHYFPTk (Son et al. 2014). AA7IYAAE oA &

)
i)
i
:?L_',
K
N

! b (oFdT) EAEEE 17190 et
FEAe TG "R AR ohewe Feold uUrhls 1%e 7
oA YEA et dYx 8 o

e 2
Yyl @ vlE Fx Ax3 d5ke
o
=

o
WA "tk R AR dNiEel JdE oz wY|gA 38 YERE BCCe PNU F 71
HE-g-o]

g AHn FEAS /% wel verdth aed mde wrby wwe Azt
BEng okaly A7l dWES YR FHow @HHo BEMT F AdolA ehhe
Aol7k Qoith. male] AWAGEe RANBY Aol A 1/ Wee Hel BEI A
Holb Folzh Uitk BEHAMNE YB FEOR FPHOT FIF TEAS I/|Yol
5714 olojd Mo UehAY, mde "ds) nrigle] BABoR Hgd B

EFo2 Yeys Zol7t AT

dell= 1283 g2 #5oA FEAL a7]ste] AbpAw 500hPa A 9ja== 3kt
FHoR A7 Ade]l vEuA fsith sHridE it=: FHoew a7|9bd
UERA] o ofdd] EAEE A HelA BEjds) aristel &

BT B3 SEE G T8 A7 =23 Hotvgztel a9k

o] vt AVIYA &3 v 12980 dEEoA Aol Uewth 2A L
Hls) =Aed s 7]t PNA sjdo] Fale= AL 7€ d7olA ol Husint

(e.g. Wang et al. 2000; Wang and Fu 2000). =2 2] 500hPa A1 =E #=3} th2A 12¢€3
AR ®Eg-o] ool =Tl A7l i AAT HEEeL JdE FHORE VYA &S
Uebd L, i 7|ehS 1243 FARSHA dejAs] argfe] B or WEd RFo g Yy

B23 G mel HUth RUAE d
AsA T PNA elo] Zseo] et FAL SRt BA%0 9230

3
Bdo s WS BEO /g4 «Be BostA Raka LU A/GH e
#2ut BA%oE FAHA mod Aol nth AW/YE VS N HEEo|
TG WS Bgou mEdAE uvehdA etk 29 $ede 71& FSsh Nino
Aske] gmA e HA M| AT kel Fol FwAgel FrhMEU, AL dehte
LA I/ GFTE T2 FRE BE:oE Umuis w9l «@#d #dd
Ao B 4 gk AYATANE AT ALA NPO el 1A WM Agw



Beig el 719k sigke] F WA A= =<2 NPO/NPGO =7t ARG =A 3=
How, PDO9F AMO £l A2 wHitid of thA o] ozl F&FS Fo AAw
H3lAZ & A AAEAT (@3S 5, 202D. &4 7]2Q1 1993/94~2014/159 &
PDO®} <] AMO 93¢l sidste AlZIZ2 9o H¥ Sy Ao F5z8, S
t7)-a o A3 2go] AL =t WA ENSO9 HFS 3 =A4L¢l 2¥9d thEA
Aoz HRt RddME HAL} gl F4oAEe ZodA RFor AL Uy
W02 mols #SHe Aolvt AA UERG AL =

o L &
M o2 o ot do
o © o 1o o mo

>

]_

Reg. Nino3.4 / Z500 & SLP (DEC)

BCC_CSM1.1M BOM_ACCESS-52 CMCC_SPS3.5
1 1 1 1 1 L

1 |IIII '|I..' T T T T e T || T
890E 120E  150E 180 150W  120W 90E 120E 150 180 1500w 120W 90E 120E 150E 180 1500 120W

CWB _TCWB1Tv1.1 JMA_MRI-CPS2 KMA_ GLOSEASGC2
1 1 1 1 - }
7 i

B I 3
90E  120E  150E 180 150W  120W 90E 120E  150E 180 150W  120W 90E 120E 150E 180 150W  120W
METFR_SYS8 PNU_CGCMv2.0

1 1 4 Il 1

90E 120E  150E 180 150W  120W 90E 120E  150E 180 150W  120W 90E 120E  150E 180 150W  120W
UKMO_GLOSEA6 ECMWF_SEASS
- - 1 1

(L

205 208
90E  120E  150E 180  150W 120W 90E  120E  150E 180  150W 120W 90E  120E  150E 180  150W 120W
[ N O O Cl=05
30 24 18 12 0 6 30

Figure 25. Regression of (shading) 500hPa geopotential height anomalies and (contour)
sea level pressure anomalies with respect to Nino3.4 index in December. The diagonal
and thick line indicate statistically significant at 95% confidence level.
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Figure 26. As in Figure 25 but for January.
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Figure 27. As in Figure 25, but for February
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Figure 28. Scatter plots between the pattern correlation coefficient (PCOR) and
normalized root mean square error (NRMSE) of the 500hPa geopotential height
anomalies and sea level pressure anomalies regressed onto Nino3.4 index over the
Northern hemisphere (0~360°E, 20~85°N) and East Asia (110~160°E, 20~50°N).
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Figure 29. Correlation coefficient between observation and model responses (bar and
circle), and relative difference between correlation coefficients (diamond and line).
Eq.SST, Tro.Prcp, NH.Z500, and EA.Z500 indicate pattern correlation coefficient of
equatorial SST anomalies (120~270°E, 5°S~5°N), tropical precipitation anomalies
(100~270°E, 10°S~10°N), northern hemisphere 500hPa geopotential height anomalies
(0~360°E, 20~85°N), and east Asia 500hPa geopotential height anomalies (110~160°E,
20~50°N) regressed onto Nino3.4 index, respectively. Bar and gray diamond show MME
results.
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Figure 30. Regression of precipitation anomalies with respect to Nino3.4 index. The
diagonal indicate statistically significant at 95% confidence level.
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Figure 31. Composites of the precipitation anomalies over the western Pacific
(WP; 110~150°E, 5°S~15°N) and the central Pacific (CP; 160~210°E, 5°S~5°N).
Black solid line and gray dashed line show the observation and MME
respectively.
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Figure 32. Multiple regression of 500hPa geopotential height anomalies with
respect to precipitation anomalies over the western (110~150°E, 5°S~15°N) and
central (160~210°E, 5°S~5°N) Pacific. Contour and shading show coefficients for
western and central Pacific precipitation, respectively. Diagonal indicates area
where the relative importance of the western pacific precipitation is greater
than central pacific precipitation.
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Figure 33. (a) Standard deviation of the northern hemisphere (20~85°N averaged)
500hPa geopotential height anomalies. (b) Difference of the ratio of ENSO related
standard deviation to the total standard deviation for the mid-latitude (20~60°N
averaged) 500hPa geopotential height anomalies between model and observation. The
standard deviation in (a) is normalized by their maximum. Black and color curves
show the observation and individual model. Gray dashed curve show the MME.
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Figure 34. Scatter plots between the correlation coefficient of Korean temperature
precipitation anomalies with Nino3.4 index. Each number indicates model number in
Table 1. Number 12 indicates coefficient for observation.
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Figure 35. Classified arctic events and
temperature over FEast Asia and South
Korea. Fish-eye indicates deep arctic
warming, point indicates shallow arctic
warming, circle indicates warming aloft,
and no symbol indicates no arctic event.
Lower left triangle in each cell is showing
standardized 2m temperature anomalies
over East Asia and upper right triangle in
each cell is showing standardized ASOS
temperature in South Korea.
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Figure 36. Percentage of occurrence of cold event in East Asia during
each arctic event by month.
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Figure 37. Composite maps of DAW and SAW during
December. The first row shows the composite pattern of
2m temperature, 500hPa geopotential height, and 300hPa
zonal wind. The second and third rows show the
composite of sea surface temperature and vertically
integrated moisture influx.
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Figure 38. Same as Figure 37, but for January
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Figure 40. Schematic diagram of (left) deep arctic warming and (right) shallow arctic
warming.
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Figure 41. Time series of standardized (top) t2m and
(bottom) Z500 anomalies over Barents-Kara Sea during
December. Black solid lines indicate ERAD, colored lines
indicate each model and red dots indicate MME.
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Figure 42. Same as in Figure 41, but for January.
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Table 12. Time series correlation coefficient of 2m temperature and 500hPa
geopotential height over Barents-Kara Sea between reanalysis and models.

Tee DEC JAN FEB

T2m 2500 T2m 2500 T2m 2500

APCC 0.50 -0.25 0.62 0.47 0.56 0.24
IMA 0.21 0.21 0.16 -0.13 0.71 0.00
KMA 0.31 -0.05 0.78 -0.15 0.68 0.48
NASA 0.27 -0.05 0.43 -0.40 0.62 0.56
NCEP 0.31 0.01 0.70 0.03 0.60 0.56
PNU 0.65 -0.14 0.57 0.12 0.76 0.09
ECMWF 0.24 -0.19 0.65 -0.38 0.55 -0.16
MME 0.42 -0.09 0.65 -0.14 0.72 0.75
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Figure  44. Arctic events and 2m
temperature anomaly over East Asia from
each model and from reanalysis during
January as an example. Reanalysis column
presents the same as in Figure 35.
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Figure 46. Composite maps of (shade) 2m temperature and (contour) 500hPa geopotential
height from reanalysis and models during December.



Figure 47. Same as in Figure 46, but for January.
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Figure 51. Vertical distribution of temperature
anomalies over Barents sea from 1 December to
28 February.
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Figure 52. Time series of anomalies associated with deep arctic warming
event: area-averaged anomalies of 500hPa geopotential height in Ural sector,
SLP anomalies in the west and east of Ural sector, SAT and 500hPa
temperature anomalies over Barents-Kara sea, 300hPa zonal wind anomalies
at mid-latitude, and 2m temperature anomalies over South Korea. Left panel
is for January and right panel is for February. All indexes are calculated a
5-day moving average.
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Sea ice extent & ASOS temperature
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Figure 53. Time series of temperature anomalies in South Korea (yellow) and
sea ice extent in Barents (blue) and Kara (turquoise) from 1 March to 30
April.
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Figure 54. Vertical distribution of temperature
anomalies over Barents sea from 1 March to 30
April.
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Figure 55. Same as in Figure 52, but for (left) March and (right) April.
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500hPa geopotential height.
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Figure 57. Interannual variability of precipitation, climatolgoical position of several fixed

geopotential height at 500hPa, and low-level wind vectors at 850hPa for 22 vyears
(1993~2014).
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Figure 58. Monthly interannual variability of precipitation, climatolgoical position of several
fixed geopotential height at 500hPa, and low-level wind vectors at 850hPa for 22 vyears
(1993~2014).
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Figure 59. Summer climatological position of several fixed geopoential
heights at 500hPa (contour), geopotential height deviation (shading)
from its zonal mean, and wind fields at 850hPa; M1~M7 indicate each
model used in this study and numbers in parentheses present pattern
correlation of the climatological geopotential height deviation over the
region.
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Figure 60. Summer climatological position of several fixed geopoential
heights at 500hPa (contour), geopotential height deviation (shading) from
its zonal mean, and wind fields at 850hPa from ECMWF.
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Figure 61. Time-series of Z500 deviation in the WNP, western ridge, strength and maximum
intensity to represent the interannual WNPSH variability.
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Figure 62. Scatter plot of (a) correlation coefficients (CORR) and
root-mean-square error (RMSE) for Z500 deviation in the WNP, (b)
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maximum intensity to represent the interannual WNPSH variability.
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Z500 anomalies regressed onto the observed Strength index
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Figure 63. 500hPa geopotential height anomalies, 200hPa velocity potential,
divergent wind anomalies, precipitation and 850hPa wind anomalies regressed onto
the observed strength index.



Correlation of precipitation anomalies
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Figure 64. Anomaly correlation coefficients of precipitation in (a)
MME-A and (b) MME-B.
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Figure 66. 850hPa low-level wind, sea surface temperature and precipitation
anomalies regressed onto the observed Nino3.4 index in preceding winter.
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Figure 68. Sea surface temperature, 500hPa geopotential height, precipitation and
850hPa low-level wind anomalies regressed onto the EOF1 in JJA.
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Figure 69. Sea surface temperature, 500hPa geopotential height, precipitation and
850hPa low-level wind anomalies regressed onto the EOF2 in JJA.
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Figure 70. Signal-to-noise of SST in December (1-month lead) for

model and MME.
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Figure 71. Signal-to-noise of 500hPa geopotential height in December
(1I-month lead) for individual model and MME.
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Figure 72. Ratio of predictable component of SST in December
(1-month lead) for individual model and MME.
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in December (1-month lead) for individual model and MME.
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Figure 74. Anomaly Correlation Coefficient (ACC) over EA for each individual model and
MME at each month (1-month lead).
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Figure 75. Ratio of predictable component (RPC) over EA for each individual MME at each
month (1-month lead).
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Figure 84. Scatter plot of RMSE and Bivariate Correlation Coefficient for
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Figure 87. Anomaly correlation coefficient of MJO-related(left) and
BSISO-related(right) convection anomalies during the extended summer.
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2doA o8 AeAIEAL 500hPa A 9%, 850hPa &4 2L WEHLH] ok
FFAAET BSFoA Uehe F AEW dJxETe] FIhalY @A (Pattern Correlation
Coefficient, PCOE FEH=Z 4F4s] ®H )t Figure 892] (a)~(d)oll A4 BSISO o= < &FH 2743}
#53e] PCCe X Moz Yl A5+ HuEs s ECMWF FTHAE
o #AFHe PCCE AT Moz F7|stAth. +1FHE +2F71A = ECMWFE
HAapge] PCC7F =2 #= Holtk 35+ wvl=3g Fho]l yehva +4F5E BSISO
HAzFol H w& e HAY o] ECMWF =mde] xkAl o SAo] +33FHH JF
HojA = EAo] wigd AAE AdHE. e AWoA target week®E FHES T U+
+35F o =2] PCC #tvt w2 2w B tti(Table 13). 5L 5 10¥€71A] & HFZ o2 BSISO
Aol OLR 2 7500 FHgddA= 029 % 027019 & ®H4JE%E ECMWF

L of
o o o

—

A g +35 PCCoF frAReE #e2 ECMWFEF =2d3 Ao Fd3 dF5ES
HolZEo, t&o] ¥hg Zxo tid ZoAdEs AHEIA #AZd g dF FEHA
Hl &2 ‘Relative Amplitude” & AH3tF . Fkel 1o 7MedsE #5H FARE AEE
7= As onokFigure 89(e)~(h). +15F¥ BSISO FFHAELS 1HT & Fo=E
oFetA WhEsle AS B ¢ U +3Fol= ALY 05 ot #k& 7o ECMWFE Fd A4
T 417009 10 7H7hE #he Rolth £2FRE e 43 RolAE AL & F Aok BSISO
AR AEe dFE AT A= o AAHERE dFAF AATE FAR =
EXo] Rigd AAE BT EF, o9F FFEALE A=cte FAHAA WA HE el
gk Zt 2oyl AWE 4+ e HEFY Hlgo] VISXE EoUy] wE o] Alade] »~Fd
He &3 Ao

Table 13. The pattern correlation coefficient for +3week forecast, evaluated from
May 2016 ~ October 2021. The PCC for (a) ECMWF total anomaly, (b) BSISO-related
anomaly, (c) strong BSISO-related anomaly, (d) strong BSISOl-related anomaly, (e)
strong BSISO2-related anomaly.

(a) ECMWF (b) BSISO (c) S.BSISO | (d) S.BSISO1 | (e) S.BSISO2
OLR 0.29 0.29 0.51 0.45 0.38
2500 0.31 0.27 0.52 0.41 0.33
U850 0.34 0.35 0.69 0.57 0.43
V850 0.22 0.20 0.41 0.32 0.26
T2M 0.22 0.24 0.32 0.33 0.23
PRCP 0.22 0.22 0.45 0.36 0.30

+350] BSISO tiRZso= op7|He deEokiel A9 dirled HdE 3 A=

Rold 5ol ECMWE &3 vl=3 FFo|A 9 A a3 & 32 ofy~]o BSISO A& ¥
el WE AFAE A4 HUbslEJT. A WHAEZ +35o] BSISOS] FHF Fo] 1.5
o]’FQl 495 “‘Strong BSISO* 2 &FAo]l A Aoz AHostHom BSISO F B= FAl9
2 w(=4), BSISO1 RErt ZE oj(F%4), BSISO2 =Evr g wj(EFH)E o

2 B gkoh(Figure 89). Al 7FA] Aol thsl =E W47l ECMWE EF# x4 PCC Ztrth
ZAY B2 7S Btk E3d] BSISO T /e =7} BA¢ 7 wf OLR, 500hPa A Y=



850hPa sAHIE HAAL 05 ooz L AUAAE HAFEHTable 13). F HAZ
484 vt 71 2 A W = Sl TAYgEs W A=A e
3 7}sl 2ok th(Figure 90). +35 oS0l A $-g S A7l 7198te $123HBSISO1
A 6 2 BSISO2 97 1-2) == A2 AE Fdste 97HBSISO1 9174 8 2 BSISO2 914
4-5)0] Hojx 3Y o] HAYS w PCC Ftol 0.5 ooz o5F B+ ECMWF R s
S7tsteE AxE Jehdth. ‘warm phase’ ¥ ol ECMWF =doA  o=¥  BSISO
FHAAAS A HEAFigure 91) ofEdl AMEjHFAA OiFrt AstEan Pyl F
dA8 &% JAAVF FEFHEA fEIUErE 238t EEotAoF AYolA 7o) A5t
o] Z yepdty T3 ‘dry phase’ 9 W A FEI OlF AT R

o

7
1 tHFigure 89 e~h). F& I o)
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o) == oh(Figure 90 e~h).
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Figure 89. The pattern correlation coefficient and relative amplitude of OLR, 500hPa
geopotential height, 850hPa zonal wind, 850hPa meridional wind anomalies associated with
ECMWF (sky blue), BSISO (blue), strong BSISO (green), strong BSISO1 (orange), and strong
BSISO2 (pink) over East Asia region.
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Figure 90. The pattern correlation coefficient and relative amplitude of OLR,
500hPa geopotential height, 2m temperature, precipitation anomalies for +3week
forecast during the extended summer (MJJASO), warm phase, cool phase, wet
phase, and dry phase. Blue open circle(sky blue filled circle) indicates the
ECMWF total anomaly (BSISO-related anomaly).
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Figure 91. BSISO associated anomaly composites of warm phase
case and dry phase case for +3week forecast.
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Figure 92. Summary of skillful BSISO impact forecast with 3-weeks
lead time in East Asia during boreal summer.
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Figure 94. Observed weekly mean of BSISO-related anomalies for
20~26 June and 18~24 July 2022, respectively.

- 105 —



stAl YEt= BSISO

of 7h& ®id

1

Z}e
A

198178 201613744 A mp Al

1374 4% 7E
A4 A RgkokFigure 95). = BSISO1 =& 94 5, BSISO2 R+ 9744 79 AT of
e e R e R

7

ol -2 uetel

o4&

1
|

s

v}

pis

3

35

A=

Ao ofdn] BAEHE Lol tFI} oFsE

21 tHFigure 96).

al il

(6/23~7/25) %

N
Ho

0

N
o

ﬁo
)

1
|

Bl weba BSISO1 €174 5 9 BSISO2 9174 7 Al7lodl BAxAdo] mhEoiA]

A, ARWAEE, 30~60

el %
. 30~60

BSISO2 =7} 7 WHEA ¢ ©o| 7|4

]

i

B

Q)
=

ks

A At} Figure 97-&

[¢]

70]

10~20

Kol
| .

70 o %

= Aoz Rolm #ul A7)

S

QJ
=

1
|

d F714< 7HA

o

oju

BSISO1 ==X} BSISO2 REo] &Eo] T

|
) By

Changma onset day (1981-2016)

BSISO 1

Bay of Bengal & South China Sea

BSISO 2

N.EastAsia = S. East Asia

Bay of Bengal

Phase 4

4 &

g oseud 1 eseyg

T

|
|
|
|
|
|
T
-
JIdEd YLON uielsep U0 uelpu|
£0d pazielwioN
India & Maritime Continent
1 | | |

Phase 4

s
A e
7

goseud 1 eseyg

Phase 2

. N

Ve

il

.
|
|
|
|
|

B e N B
o

o - -

3
J)ji0Bd YHON WidlSapN UBSOD uelpul b3

+0d pazijeulonN

1 Southern part

24 Jeju ~
. {Midle part

India & S.China Sea

Normalized PC4

Philippine Sea

Indian Ocean & East Asia
Normalized PC2

Figure 95. Changma onset phase space diagram based on the

BSISO1/BSISO?2 index for each year from 1981~2016.

— 106 —



P5 PRCP P5 OLR &850hPaWind P5 _ ‘I.YISLP & 5880gpm 00 P5 Vertical velocity&Uwind .

- B A5 ‘; | -] 2 200 @ ; |12

BSISO1 ~ 3

P5 . - ! B
BSISO2 "]
P7 . o]

Figure 96. Composites of precipitation, OLR and 850-hPa wind, MSLP and 5,880gpm,
1000-700hPa vertically integrated moisture transport and convergence, vertical velocity and

zonal wind anomalies during BSISO1 phase 5 and BSISO2 phase 7, respectively.
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Figure 97. The variance of (a)
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10~20-day filtered rainfall
anomaly during Changma.
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o B2 Zort aEHE dHoR q45FHAUH.

ECMWF (I.Date: 20220606)
OLR(shading) & 850hPa Wind 500hPa Geopotential Helghl 1000-700hPa Moist. Convergence

ECMWEF (I.Date: 20220704)
OLR(shading) & 850hPa Wind 500hPa Geopotential Helght 1000-700hPa Moist. Convergence

180

Figure 98. ECMWF weekly mean of BSISO-related anomalies for
20~26 June and 18~24 July 2022 at 3-weeks lead time,
respectively.
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BSISO Forecast for 25July2022-4Sep2022
WMO S28 ECMWF (I.Date: 20220725)
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Figure 99. BSISO phase space diagram of heavy rain event for observation (left) and +3week
forecast (right).
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Figure 100. Weekly mean of observed BSISO-related anomalies from 8~14
August 2022.
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Figure 105. Process flowchart of removing and restoring trends and
seasonality in deep learning training and inference.
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Table 14. Summaries for training, validation, and test dataset

Name Content
Dataset daily ERA5 reanalysis data
Variable Name T2M
Input 1 Train/Validation ratio 70% | 30%
Training and validation period | 1986 - 2015
Test data period 2018 - 2021
Dataset daily ERA5 reanalysis data
Input 2 Variable Name T2M
Climate average period 15 years

Table 15. Initialize values and hyper-parameters for deep learning training

Name Content
Input data length (#1, #2) |14
Output data length 1
Activation function relu
Kernel size 3 X 3
Polling method MaxPooling
Dropout rate 0.5
Maximum epoch 300
Optimizer ADAM
Learning rate le-4
Loss function MSE (Mean Square Error)
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Figure 108. Results of deep learning training and
validation losses
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(a) MSLP (07 Jan 2019 to 01 Nov 2021, 148 fest) 10 (b) Z500 (07 Jan 2019 to 01 Nov 2021, 148 fest)
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Figure 117. Anomaly correlation coefficient of weekly mean prediction of (a)
MSLP, (b) 7500, (c) MSLP (3set-1set) and (d) Z500 (3set-1set) for the period Jan
2019 to Nov 2021 over the East Asia.
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Figure 118. Sample of 1-month ECMWF prediction for T2M/PREC.
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ol#3t AIE nigo g APCC 1/¥ AW o SA2"HoA = ECMWF d&& F33 o
hindcast X}ET‘:— H—’F S9A] B85 oz JJAHEFPT. WAR Asre 20224
29X E dYo AHLHQOW, 1= ECMWFE 9=Z23 =L MME 9% A= wHo=m

W7 ste] A ﬁ]ﬁo}ﬁiﬂ‘r.

ECMWF o & W&o WAy giEo d=4d3 Uuxge] 5% FEE 9% 34
s9lth. Figure 1187 #Zo] ECMWE 7]e3 #5% S8d=A7 S & #Holxo] 2o
FEHPom, FoAokAG] HEel S 7
Feuet 99 Bewk T M =2 FE

@ Washington/Montreal dl&x5 F7} € HZ 4347 HAF 2244 A4

MY AW A AMgEE mE 3 GloSea AR mde] BAe sAHA FYHoE
G371 2 8, APCC= ECMWESF th 2 AdY o SEdS B AAM3] EA437|2 o3
wlol wel 1Y AW BEARE AA $ASYT. 1o we ECMWE 9248 ¥Ee

et om, AErd o= Axg Washington =23 Montreal 229 A4S 3789t

A Hol IR g 2R o Fo] oWt =A Hlwstr] fls) Z500 HA
AZAANE 17 oA 4F A7tA AHRE Udstd HoFa Jdoh(Figure 119). ojw)
A Fsle 2dS SCM3 ECMWF, Washington 22l & 3lith 7500 A% A=A ®&3
MSLP #2743} 850hPa vl HAaA & 2= SCM3} \X/ashington, Montreal =d2o] A=
2ol HoFH(Figure 120), ECMWF= X9 Fo]A| oA HZIEF T3S

AAY dZEdel Sve sled A5F FE ASAT AFEA HoXE
Asteigith. Figure 1210 Rl whel ol AdF et sed A5d FHELE @e
PMMES} 7t 7l o] 4F1%E ofgA dZsister Yehidnt o1& F3l AdF 7L,
Bege] ta 7 mde) Cﬁlfé% MR, dZ AP ghao] wat dF Aol
olGA MHANEA 54L& F YA=S Ytk B 2 Yo AT 1253t Ve 4P
3% A dEe ®m Udsty, A Ztel o AFge wAS 74 mde] 54L
Mas & 5 JAEs FASAT
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AI224M [8.1~8.7]

% 500hPa X|¢| 1 & HHX}E

NRA1

Figure 120. Sample of 1-month SCM, Washington, and Montreal prediction for Z500.
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+ 712 3F 0|z S Fat (&2 12F)

Month May 2022 Jun 2022 Jul 2022 seore

Day w23 |30 | o6 | 13| 20|27 | 04| m | a8 | 25| ;| PC 0SS
Obs.

PMME (%) PMME | 46 65 | 60 0.67( 0.00
ECMWF (%) ECMWF | 41 W | 4 57 | o8 058 .01
’ ‘Washington (%) 11/39/50 Washington 64| 46 | 52 68 | 44 0.58]-0.11
Exeter (%) 20/29/51 Exeter 42| 8 | 42 w0 | 64 0.50] -0.20
Seoul (%) Seoul 4 B4 | 48 4% 0.64 | -0.10
Maontreal (%) 22{29/50 Montreal 72 | 52 7| 64 0.67| 0.00

25y
« Y 3F 0F HE F &2 12F)
Month May 2022 Jun 2022 Jul 2022 score
Eﬁ. : 53'2 %”e(N) Day 16 | 23 | 30 | 06 | 13 | 20 [ 27 | 04 | 11 | 1% | 25 | 01 | PC [HSS
R —t Model Aw 2w 3w dw Obs. 82 s
PMME (%) 19/39/42 26/37/37 27/36/36 34/30/35 PMME | 3 ﬂ 47| 3| 46| 0 | 40| 36 | 033] 0.04
ECMWF (%) 27/35/38 35/36/29 40/31/29 ECMWF 41 | 43 a 43 45 | 4 36 | 0.67] 0.52
Washington (%) 19/30/51 25/54/21 20/44/36 48720032 Washington % 3| = a 6| | e 050 0.24
Exeter (%) 19/37/44 36/27/36 24/51/26 26/34/40 Exeter 15 D £ ﬁ | 40| 62| & 0.50( 0.24
Seoul (%) 30/28/42 21/35/44 24/31/44 Seoul iy vl 68 | 44| 48| 51| o0 | 40 [NER | 0as]-0.21
Montreal i%) 18/40/42 20/34/46 34/20/46 25/35/40 Montreal W 44| 40| 35| 40| 3K S5 | 43 | 40 | 46 | 0.25].0.04
3

Figure 121. Sample of verification of 1-month prediction for T2M and PREC.
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Figure 122. Sample of 1-month ECMWF prediction for Tibetan/WNP High.

@ Daily AO index o= A4k

E 525 (Arctic Oscillation; AO)2 APECZ|EAlH HAFRIA(AAH, 2016)3 7] B
A~(71743, 2022)014 HQl npe} o] FopAote] AH 7|23 A#Ade] #We =
71317 5 shvolth. A0 Aol webA H=9] j77F o9 A Fo R detste] dku
A Jezo=w Aol Z Hof lom, 53] @ FoA o|F dHo]| & &Es}

oqst mdo] ZEA A e A= ZIHA dSAe AR ACY AgFA =
A7) S &g3sl7]ol dF 7Izte] dAFEE 7HAL ATk IR E EFeta Euve 11€
A i 713k ECMWE Al-W =Edolu GloSea Ed9 o F 7+ Ex=HE 144
o] HE AlFEtE®, AHY AdFrdE A0 AFE dFa Hkow, Y Aol &8st=

o o K m[m rlo

)= National Oceanic and Atmospheric Administration (NOAA)®] Climate Prediction
Center (CPO)IA AF3sa Ue A0 FH=Z 2L AgSASE HAF 7I2#He=
A 5] o ™ (https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao.shtml), #=
A5 2 NCEP Reanalysis IINRAD3} 2(NRA2)E AFE3IRTH AO o Zdl= 21000 H4E AAIZE

FAE & gle FAZ ECMWE =29 MSLP H4E ARESHS T Figure 1232 CPCollA4l AO

- 130 —



A ¢ o= w AFRSEE 21000 W49 leading EOF regression map® o] Aol A] AL&g
MSLP W2 wW7Asle] A4ESE leading EOF regression mapS ®luwshe] Xkt Figure
123(b)ek #o] NRAL #A:¢] MSLP W& AMESIS Wx Z1000 ¥ thul wf-9- fAFRH
HE-S BT oS st

(a) AO leading EOF (NRA1, Z1000) (b) AO leading EOF (NRA1, MSLP)
Leading EOF ( 18.9%) shown as regression map of 1000mb height (m) Leading EOF ( 19.5%) shown as regression map of SLP (mb)
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Figure 123. Regression map of (a) Z1000 and (b) MSLP during 1979~2000.

278 CPColA #1538 Monthly AO9} daily AOS} APCCollA o] <AFolx NRAlz}
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EE AFolAd A0 Age g vl ks B¥om, NRA1 A59 MSLP ®H4E AMES
7 $-o] = Monthly AO @ Daily AO =5 A#A47} 0.990]8, RMSE #t-& Monthly A0S 7 $-
0.09, Daily AO9] #$ 0.249] < BT},

(a) Monthly AO Daily AO
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Figure 124. (a) Monthly and (b) daily Arctic Oscillation for the period from 1979 to 2021.
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NRA1 #5852 MSLP & AF&-3t leading EOFE 7|22 ECMWF A&W =g MSLP
AZZAHAE AHES 469 o= dally AO A+E A4St ol Figure 125& 2018 F-H
2022\ 447kA 2233] 53 AO Aol gk o= A3 Az 8 TCC (Figure 125(a)), RMSE
(Figure 125(b)) HS#tolth. ECMWF &4E oW 3 Jide AR&ste] 53 A0 A<
A ddo=m A oH, S/ s WHIE d53 A0 A= é‘%%&% >4, 5170
GdE WL AE53 AC Ao TGS A dHdos gAY, B %“’J%k 25
FARRE A SAS HoA A0 AT HI@S Aol ARgste Aoz *d 25kt ECMWE
daily AO A& Big A5 219 AZ7-A TCC Feol 0.5 o= EJdh 7133 e
AelA Bad 3F AF 7IZ7FA TCC greol 05 ol dde= djjol #&stA &8F =+
Ns AoE AT

(a) AO forecast, TCC (b) AO forecast, RMSE
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Figure 125. Verification of daily AO forecast for the period from Jan 2018 to Apr 2022.
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AL Index : Observed & ECMWE Forecasts WMO LC LRFMMEAPTT

F1(12.12~12.18)
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Figure 126. Sample of ECMWF daily Arctic Oscillation forecast.
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AFstgont, v FHF 7lee Bdd vz 22 o) Sk HFigure 1270), (d).

Figure 1282 < Atzlel o] 59 F<& 7500 HAPolA wiolZs FZo| 7|50
fAAEaL, FNtE FHo s o HATE LAS Abgolth & e MSLP #ApAe] witiz
Aol Aoz ko] A}, et FHoE Fo AL YElgthFigure 128(c). 3F4
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Figure 127. Anomaly map of NCEP reanalysis 1 and ECMWF +3week forecast for 16~22 May
2022.
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(a) 2500 (NRA1) (b) 2500 (ECMWF +3 weeks)

500hPa Geopotential Height (gpm) Anomaly 'WMO LC LREMME/APCC 500hPa Geopotential Height (gpm) Anomaly WMO LC LRFMME/APCC
Contour : FCST(int. 60). Shading : Anomaly (FCST - HCST) NCEP/NCAR Reanalysis 1 Shadi ECMWE
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(c) MSLP and 850hPa wind (NRA1) (d) MSLP and 850hPa wind (ECMWF +3 weeks)
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Figure 128. Anomaly map of NCEP reanalysis 1 and ECMWF +3week forecast for 18~24 May
2020.
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Figure 129. KMA ASOS precipitation data, anomaly map of NCEP reanalysis 1 and ECMWF
+3week forecast for 20~26 Jun 2022.
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Figure 130. KMA ASOS precipitation data, anomaly map of NCEP reanalysis 1 and ECMWF
+3week forecast for 25 Jun ~ 1 July 2018.
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Figure 131. Anomaly map of NCEP reanalysis 1 and ECMWF +3week forecast for 8§~14 Aug
2022.
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Figure 132. Anomaly map of NCEP reanalysis 1 and ECMWF +3week forecast for 16~22 Aug
2021.
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Figure 133. Heidke skill score for 2m temperature forecast of GloSea, ECMWEF and APCC
from Jan 2022 to Oct 2022.
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Figure 134. Heidke skill score for precipitation forecast of GloSea, ECMWF and APCC from
Jan 2022 to Oct 2022.
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Figure 135. 12 weeks moving window Heidke skill score of GloSea, ECMWF and APCC for
temperature forecast. Table is +3week forecast results.
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Figure 136. 12 weeks moving window Heidke skill score of GloSea, ECMWF and APCC for
precipitation forecast. Table is +3week forecast results.
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Figure 138. Anomaly correlation coefficient (ACC) of weekly mean real-time
subseasonal forecast of (a) T2M, (b) PREC, (c) MSLP and (d) Z500 for the period of
Jan 2016~Aug 2022 around the globe. ACC for SCM prediction is indicated by black
line.
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Figure 139. Anomaly correlation coefficient (ACC) of monthly averaged +3week real-time
subseasonal forecast of (a) T2M, (b) PREC, (c) MSLP and (d) Z500 for the period from Jan
2016 to Oct 2022 around the globe. ACC for SCM prediction is indicated by black line.
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Figure 140. Root mean square error (RMSE) of weekly mean real-time subseasonal
forecast of (a) T2M, (b) PREC, (c) MSLP and (d) Z500 for the period from Jan 2016
to Oct 2022 around the globe. RMSE for SCM prediction is indicated by black line.
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