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Executive Summary

In this project, a series of studies are performed on providing monitoring and attribution
information of extreme events which are understandable to possible users and on developing
1-3 month forecast contents for expansion of forecast information. Main results are
summarized as follows:

Monitoring contents over East Asian extreme climate are added in near real-time web
service system built last year. Also, visualization techniques are improved. In the improved
monthly monitoring map, not only spatial distribution but also ranking information for
comparison with past 40 years is provided. Besides, average of every 10 days over the East
Asian and Korean region are added below spatial pattern. Monthly precipitation and drought
indices of similar categories are combined into one map such as ‘Combined precipitation
and ‘Combined drought map’ . For the easier understanding, additional °Analysis
guide’ is provided at the bottom of the monitoring information website.

’

map

After analyzing characteristics of various predictors of monthly mean temperature (Ts)
and heat wave days (HWD) in summer, including accuracies of the predictors depending on
decades, we also developed a detail-process verification system of the predictors and applied
to the case of summer months in 2020. The detail-process verification system, first, calculates
correlations (1981-2010) between a predictor and key thee atmospheric variables (.e.,
geopotential heights at upper- and lower-levels and vertical motion at mid-level) at each grid
point in the East Asia and the subtropical western Pacific region and, second, computes
pattern correlation coefficients between the previously calculated predictor-key variable
correlations and the anomalies of the key variable in the target month in order to test their
similarity. Application of this system to summer months in 2020 finds that the detail processes
of the April eastern Indian Ocean SST index (July Ts/HWD predictor) and the February north
Australia SST index (August Ts/HWD predictor) were similar to the anomaly patterns in July
and August, 2020, respectively. In reality, their projections on Ts/HWD (.e., below-normal Ts
and HWD in July and above-normal Ts and HWD in August) found to be correct. In addition,
the detail-process verification system is found to increase Accuracy of predictors, compared
to Accuracy when the detail processes are not considered. Meanwhile, a new predictor, spring
Polar/Eurasia(POL) teleconnection index, is also proposed, showing strong correlations with Ts
and with HWD in July and August after 1990’ s; When the February-April mean POL index
is high, SSTs in the Philippine Sea are high in spring with suppressed convections and in
summer stimulate convection in the Philippine Sea, causing anti-cyclonic circulations in East
Asia, and then high Ts/HWD in South Korea.

We assessed the applicability of land conditions as monitoring indicators for the



heatwaves over the Republic of Korea. First, the regional heatwaves over the Republic of
Korea were defined using the observed daily maximum temperatures at the 45 Automated
Synoptic Observation System (ASOS) stations for the period of 1979-2019. The Self-organizing
map (SOM) technique was then applied to the clustering analysis of the regional heatwaves to
find the regional heatwaves more influenced by land conditions rather than the oceanic
influences. The ERA-5 T2m dataset (20-50° N and 110-150° E) corresponding to the regional
heatwave dates were classified into the 3 groups using the SOM technique. Node 3 was
selected for the further investigation of the influences of the land conditions on the regional
heatwaves using a composite analysis. The results showed that the negative soil moisture
anomalies in the region between 40-60° N and 0-30° E were statistically significant at the
10% of significance level. A further study is suggested on the investigation of the soil
moisture anomalies in the region as a monitoring indicator for the regional heatwaves over
the Republic of Korea.

This study explores a possible dynamical mechanism for climate variation over the
Korean Peninsula during summer in 2020. During spring season after the peak of 2020/21 El
Nifio event, there is an anomalous warming in the north Indian Ocean by an atmospheric
bridge effect, leading to the development of anomalous anticyclonic circulation (AACC) over
the North Western Subtropical Pacific (NWSP) throughout summer season. The AACC over
the NWSP transports the warm and wet air from the tropics to the Korean Peninsula,
resulting in greater-than-normal June and August extremely warm days. The warm and wet
airs from the tropics forms the well-established front together with the cold airs which are
transported into Korea by the AACC around the northeastern part of China (NEC) in July,
leading to record-breaking increase in the amount of precipitation. The AACC over the NEC
is linked to the teleconnection pattern of the negative North Atlantic Oscillation, which is
forced possibly by the North tropical Atlantic Ocean warming due to the Walker Circulation
eastward shift during El Nifio development. It is also found that the joint effect of climate
modes in Pacific, Indian and Atlantic Oceans on the Korean summer climates can be
modulated by the phases of Atlantic Multidecadal Oscillation.

In this study, for 3-month long-range forecasts of extreme climate events in South
Korea , two statistical models are developed. Firstly, We used a method for stochastic
heatwave forecasts based on chosen neighbor years. The k nearest neighbor years were
selected from lagged correlation analyses between the atmospheric geopotential height fields
and heat wave days. The heatwave days in forecasted months were quantified as the number
of days with daily maximum temperatures higher than their 90 percentile, and their
correlations to the precedented geopotential heights were globally investigated. The neighbor
years for forecasted months were chosen by geopotential height differences in the earlier
four months at all the locations with statistically significant correlations. The proposed method
was tested with the reanalysis geopotential height and synoptic temperature observations in
Korea, and showed acceptable performance in reproducing the observed heatwave durations.



Then, the daily maximum temperature observations were used to assess heatwave risks using
the Markov-chain-based weather generator. In a probabilistic manner. the weather generator
enabled users to visualize spatial and temporal variations of heatwave risks, possibly being an
operational tool for heatwave risk assessment.

Secondly, we developed a non-parametric bayesian machine learning model using a
Gaussian Process. Probabilistic forecast information of climate extremes was produced and
visualized for South Korea as well as ten sub-regions within South Korea. Four different ways
of obtaining input data were compared: predictors with their areas and times of interest are
determined following the long-range forecast guidance (GD), areas of predictors are from the
guidance but their times of interest are determined by the correlations between the
predictors and climate extreme indices (GD_MOD), areas of predictors are determined by
clustering the correlation coefficients between the predictors and climate extreme indices
(CL), and principal components of CL are derived as predictors (CL_PC). Also, various
probabilistic forecast results have been integrated based on the Bayesian Model Averaging
(BMA). Models regarding clustering (CL and CL_PC) as well as the BMA produced better
results overall. We adopted the method of Jupp et al.(2012) and visualized ternary
probabilistic forecast results using a ternary diagram and Hue-Saturation-Value (HSV) color
scheme.

In this study, we also proposed methods for best utilizing forecast information from a
Korea Meteorological Administration (KMA) operational model that has systematic bias and low
skill scores for predicting extreme climate events. The GloSeab forecast system operated by
the (KMA) was selected for this study and the probabilistic forecasts for the extreme
temperature n the 9 divisions (Gyeonggi: GG, Gyeongnam: GN, Gyeongbuk: GB, Yeongdong:
YD, Yeongseo: YS, Jeonnam: JN, Jeonbuk: JB, Chungnam: CN, and Chungbuk: GB) of the
Republic of Korea were then assessed by AUC (Area Under the Curve) for each division and
the whole country. These results were compared with those of the ECMWF system. The top
and bottom 15% tails were determined for the extreme thresholds. Subsequently, this may
enable GloSea5 to provide the 5 categorical probabilistic forecasts (i.e., Extremely Low, Below
Normal, Near Normal, Above Normal, and Extremely High) for Tavg. Similar to the Tavg
forecasts, the 2 categorical probabilistic forecasts for Tmax and Tmin based on the median
values were found to be provided. We applied this proposed categorical probabilistic forecasts
to summer in 2020. The categorical probabilistic forecasts for Tavg, Tmax, and Tmin in June
were accurately provided, while those in July were not. This result recommends a further
study on the improvement of the GloSea5 forecast system.

The systematic error characteristics of GloSeab anomalies operationally used in KMA is
different from that of the raw forecast values of its model. When making a forecast based
on the anomalies as we operationally do, this cause wrong forecasts in real-time forecast.
Therefore, we tried to make use of simple bias correction of GloSeab for weekly forecasts in

_iv_



1-month forecast. To do this, we developed the simple statistical relationships between the
bias and bias climatology of GloSea5, and then verified bias corrected real-time forecast
against raw forecast. When applied bias correction method proposed in this study, we can
obtain reduced bias and RMSE on average. In particular, the bias correction affects
significantly maximum temperature forecast compared to the minimum and average
temperature. In terms of accuracy, the maximum and average temperature forecast are
improved as much as 7.7% and 1.2%, respectively. The accuracy of minimum temperature
forecast, however, became so worse that it needs further investigation in the future.



22 29

rfe

FAANAM= U o] 371F A7) AW AR QAS sl A7) oldshr] A%
SA7] A AR 9 A B A AL o= AR SO E A% 1-3/1E oS Ed= RS
5ERZ 3t ATV FPHAG

&
Bol ADE 5 9 oSS HoluA AT FU ANE gloln WY 15 AN AN
2 B 28U A5G A2HOR AUSAG AdE U A FRolE Folloh A
o HE R7b guz Feg 71E
1 T e e N

4ol ol#gl, % AHEm o] &3 Y WA FREL FHS oIS F
FHUS F/h2 AUSAT o UF oA F BN ARES oHILH AL, 8} ARE
SHate] @ wol B & =S Folrlol o) '

Al ZgEo] Rt st o =E Eol7] flsf S

EG B ATAE o4 1F AgelA BEHE FH AR A A 2 FoE
A dZe] MEBHS TFH /12 FAY] Aol B BA AR B4 BAFHL
AR A sty AF AR Awstel 20209 oA H g3tk ATE A

1) A DAL} A7)
ZAA(1981-2010)= Al
2 Al A

A AT ANzEe of 8l opdu) MeiBF Aol thdte] 1
8 W SGe, /S AYLE, 5 FAF) AAE HA A
7 2) A5 4o Fo tiris dAEAe] fAE S " EaA
7F 7] el Ul A= 2

ro
b
o
=
3
o B
o é
Ml |
o
QL
o
N
fo
o &
fid
g
e
5
i
2
o2
ol
s
K
[\]
we
L (o

2}
24 Polar/Eura51a(POL) A4
& ASAAZ AAEAT 2-42
A SSTE S7HAxl & oA5Hd &

4 WYAA FuEe] e FFL #

rsﬂrﬂrﬂlﬂi%ﬁ_?immlo).irﬂt—mﬁn}ijg

Ml ot & T

b
QE
2
il
K<}
>
(o]
o
2
P,L
ol
N
du
W,
kl (i,
N,
L

ol
O

AAJAZR &g Tl sl A=skao. A, ?P&E-‘ﬂ 457 EEBSAA
1979358 201937kA] 712kl thall A3 LS g8ttt ol FA g7 AR

_Vi_



o sigdsts 24 &9 ERA-5 T2m AF=(20-50° N3} 110-150° E)o] i3zl A7]Z2A A=
(Self-organizing Map) 7| O ZHE 37| oz EFSAT 3/ +F F 1H ==+ 7]
gho] st o= HE P-] e FARE FEi7F et o, 31 == HHCe2RE 3E A
o Fef ol FARSHA UEs T 3 =0 APAITel g EdTE FAELCERE, F49 T
A 3093 60Y A fFrEkAloH40-60° N3 0-30° E ) AY EY 5 EH(HFASE 90%0A
ool YEMETE olH g A2 E3l 69 FHo AR HaAAIZE 30€ T 60L T A
Aol Hl=g di"Ho] uEEth o] Ao Ad=EHE 4€3 529 A (40-60° N
0-30° E ) E¥TE 55 ZAAIIA &8 7HsAol s AeE AdE Y $E5A77F Q3

=l

MM AFS TA AAEY BHH F8 JFES Clas
713 WEe ¥clo] o 7]
bridge 7]}l oJsijA EJAEF A =
HF 7|k "xprr dEstdnh S5 A= gt Y
sle] 6€3 8 Bk T L A5 THoE dutn BEZola W ur|dA £33

= of| A1
o3}
;q-

<} 3} = d 2 7
AHo] 9= AoE BEA HoEd, &1 NAO YL AYUx g o]F 7] bridge 7] &
o3t Bd 5 du UMY dgH 25 A5y dHo] AT go] o9t e Ad WE Al
b RN HEHSF-Jd=SF-tAY AT #AYE o A F1E 7 AMO  (Atlantic
Multidecadal Oscillation) £& 71%& =7l 28 & 4 Qthe= Aol HAFHUY. ol Fuze
2 H#E A3 WEY A FEE R 71F A} A5 it 15t AAVE A F7]
715 B9l Qe mwet 2t A F At AS AAET O EE A7) 71F i A
oZ 713 QAAEY HAHe E8&& A A7) 7T BEo S aFEeE Ad W =
9} ST 7]F AA ok 2ZZFQ] E4lo] a3

a3 B AFoA o] 37 F dF AR A F FOE YA F e 5AF JNE =
dE5S 7539 A AR A57d Z99F FUHE fdE B AFdAe ias daEy
S 53 fAE & HHS AASAT Ad 4750k NueA T o Edo] TR LA
b Abole] AHEAS BEl e FELTe FoS AHs Zde B AYE 2%k O AY
o] ALax zolE Al dZFdet FAS 679 AA E FHES F AE YHES AASATH
1981d-20197}A] 717t A& 5} 7B AEE o] &8 o] WS uAASAT g
AHEE 7 s AR d=58ES FASIATE =3 FAEl 7] 2#SASE Markov chain F-2F
9 FAZIHE dEgste] @7 73RS FaAH diE ZEAFY ATHE HEAEES THA
3} st

FHAZ o473 /MY Ar]dr ZRI=E /sty ol axFow yed & de
WAl AASA v B2 o)X Bl JRAIRE ZEAM| 28] YASGES o] 8ste] A=
g A9 A7) o] FX ¢ MY FEALYAHZEE AT ol f8 AU Rr Jtold
29 A EAAe} APPAAEE o] &3 =i, 7]

3| 5

W sloldze] o) ZelAel A7t AA
z

& ol FASG] HRBAE o) §3he] A  ZHENE B =

o
&
1
ol

IEENES



el
Hue-Saturation-Value (HSV) 24} mdS- o] &3le] AR FEQZAHE
2 dAgstth

TR o]V AW AR ANA/EHE fElA SA 7R REES T
7€ 714H ddrde oS AAES o 7IE AWelA &85t ¢ al
Al g WA EuEtE 9/l B9 E(E71(GG), 7E(GN), HE(GB), F5(YD), FA(YS), A
F(N), AEJB), TH(CN), TEH(CB)E o], Feuete] AFd SN2 FEAFE S
7Vttt 7173 @9 2d@<Ql GloSeaso ™dl AUC (Area Under the Curve)E 7]|F9o.2 =
71% dF4E Hrlstdon, ECMWFS S8 715 oS35 vwstdtt. & 229 o7 d
H g eyt dAlo] tigk AUCE A E Hl=3 02 YeEyt F 2d9 37354
71EHE AUCE 71WHo 2 Tavg A5, 439 15%7F A3 on, 389 dAwe oAz
AR A 5ES dEIE 7S Ao E UEET oo FARRE WH O E Tmax$®t Tmin®
AF, VNSRS TYHLE St 289 dEV AHEZ AoE UEETh 20209 64, 7€, 8¥
o Hof o MER VEHS A &3t ARE 3} AH 6€2 Tavg, Tmax, Tmin EF #F
oF fFARSHA HWstR o, 799 A9, #FET GloSeas7t EA AWStATh o] Ao A
2 RE GloSeas?] IS4 S A F7F A7V H4F Ao = AT

e

N

]

a8 713 d ddEdE ¢
At 713H ddRdod=

o ol& g7t ol= = S
ATH kA o] AFAE TG AHEEY o

kst a2k kAT o] AFolAE TS EE Y HelgH w7

MEs T3l AAE BABT & e Beks Mdsta, AAdSA5EE
FAoh AA B AFNA AAG AXRARHE S S5

ZHrmse)7F ZHAStA T, 53] Har| oA BRAEATL 7P A vEbgo B3 A S
(accuracy)°ll Tisll HASS AFHAAME, HI7](7.7% T FF712(1.1% 7)< NAF AT 3
A9k, HA712(18.5% 1)°] B¢ 2FEC] 5+3s

_);ﬂ
fz
ox
filo
offt
QL
2
e
K
o
N
N
rlo
=
e
o
I
2
bz
ok
-0

filo

ol

Mt ok oo > o
r oy
to

- viii -



Hr

mr
N

id
ﬁo

-4

Execuﬁve Summary sssssserssesssrsserssssce

Vi

of
i
Jl_!

X

Hr

X1V

B

XVi

1

I
K

!

o

Te)

N

o

.

p
7K

1—/\]

N

‘?T

7h 07871

Te)

S @ TFAIEE AL s

S

[y
o

P °]

O € A ZRe| Rt AW F

(b ]

PAl Ee] F3t

u}]ﬂl }\g/ﬂ-

il

13

13

R AR N Rt N DS

15

15

o

-—

ad

ol

—

el

g
)

;oT

A+ 0] 7d7]

@

15

.15

% A=

b &

15

ﬁ
!
ans

xr
Tp

G

o

B

el

h
P

el

N

15

Z=  ceeseseescsesese
=

AA T

N7) ol T BA

<
ke

(3) A7 %7 3} A =(Self-organizing Map) 7] &

oh =

15

ix -



(1/]') 7(] 931 %‘ Oér] (RegiOnal Heatwave) ......................................................................... «16

(th AHEZzA2 duts ZHo] thal o ZO1AF TRA T I} cerversereserssissisisiiiesisisians 18
@D A7) %A 8} =(Self-organizing Map) 71H T4 SIS ZQ FEIZF cemeerresrissrinsrssssenssennes 18
@ SOM #e® t7]%8d 8 BB A 8 FAGTA B 19
L}, O] A7) 3 A7) AE FBIZ s 19
(D) GAF 718 Z2AI8FA Z A a2 s 19
OP ATEA L 0] 83F FAG)] T e 21
(1)) Markov-chain weather DOOSLIAPPEr «wwssssssssssssssssssssssssssssssssssnssssasasssssnssssasns 24
) NATEELG o] 83 TA7] o] 7]E 3/MY SFEALAE AAF cemrrssrrsmsrssssssssssssssssssnsess 27
P BA7] olA71E BT FQ 7)TA EAA ATA e 27
D A= L ALY Zx7] o) A7 EAGF BA BA] v, 28
@ ZA7] o)A7]1E AT FQo 71312 AFTA A s, 29
@ A7) o371 F AT A F D FIYR] FTA A e 31

................................................................................. 39
O FEAGAE S AAZ BZ7HE 7] FRAA JHEAT 5 e 32
@ 71AEEE AE B AR s, 33
@ A= g AGE FA7] o)V FAG M FEAGHE AY4E e 35
() BA7] 014713224 3/MY FEALAR FTHEA TNHE cerercemsssssssssssssssssssssssssssssssssssess 37
(@ BMA (Bayesian Model Averaging) o] &3t AW R AT worssssssmmsssssssmsssess 38
@ AR2| Tholo] 1:ML 0] L8 oA 7|E FEALHK HE eoerresserrsssres 38
(3) 37MY 7] AT E FPAICQE wormrrresmsssssmsssssssssssssssssssssssssssssssssssssssssssssssssasssasnns 40
(F1) ZFBZET] comeersssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssess 40
(L)) Z37) 5 SFEAZZAT]H . 40
@) 717373 AR dAARAS T3 HA - HAZ]2 L FEAE LE AA] seeeeeenseeeneens 43
) ZU 9] ST T AU A7) H TIF ceerrrerserressssrsssssssssssssssssssssssssssssssssss 43
@ w= NOAA-NCEP CPC(Climate Prediction Center) ssssssssssessesmssssssuscnnes 43
@ &TF 714 Bureau of Meteorology, BOM) sesssescscssssscsusesescscssasususesnsccacacass 45
@ ¥¥ =3 7]FAE(Tocky climate Center, TCC) ¥ ¥¥ 7]/*(Japan Meteorological



AGENCY, JMA) sersserrsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasans A6
@ G Z)AFAH UK. Met OFFICE) crsesesersssesessssssescnsusescsssssscsssssscssssasessasssssssssssscssass 48
P 1A AL 2A(GloSead) £ 33 L HAFRA HH s 49
D B LG TFF v aes 49
@ EAZR TULE G FZIT cnerncnsnissssississississsssssssssssssssssssssssssssssssscss 50
@ HAAL L FHIFRA HFH s 50
A S I o = | B 51
3. ZLT} cerseerssersssrssssussesssesissssisss st st st s s s s Rt 54
Th O] AT B ZFA] Hl BA SLEI L ceeesessesssssssissssissssssssssssssssssssssssassssssas 54
(D) o) A7)E 724 AR A= S 2 TFAISE FPAD ceereeemsssssssssssssssssasssnnes 54
O} 014713 A AR FAENZ B ABAE o
D 99 3t A AR By AR 271 A 2 JEAIS) s
() 013713 74 AR AEIZ BT AR ceremsrrsmssssssssssssssssssssssssssssssssssnns
D A 73 AT A7) 7] B3 AL L TEAI S e
@ 71E A g BT AAE D TEAISE e,

Q) ZolAof BTl AAE Tl TEAIZ] eeeresreesencnssncseisissenneisissenseisnisissetsnsasessasnes

(th 99 o] 47|E 74X AR B2 AES T2 L JJA e

DO €8 ol A7|& A AHE A ZAEF 7= G A ceeeesennennnnninneninnn.

@ 99 o|AV|E A AR FTZ AFF F= L TPA e,

() O] A7]1E ZHA] AR F A TFO|T AAF Hl AT cesereserisssrsessssssssssssessanes

@) o| A7 THA AR AT B AL "l Z| T eeeeeesresensensennininiiniiiinn.

(1) 7]T2E TFE B3 HXT o] A7 HUEE ZE AT cermsrsmsssisssssssssssssssssssssses
D AT o] A7]E AU FUE Y 8 227 G AT eerererrseersserssssssessssssons

(2) A AR AR FNA L SH] e

(D 202008 ZFAI 1R} B BF cevcsesercnsescsususcssssiscssuscssssssissssusissasiscsssssssssassssssasescssases 2
D ZEAIQIAF FNH BA] FA] v 62
Q) ZEAI A H Q] BTl crrrererenrnnenintnnininnseeissssssssss s s senes 66
() XA AA 8 A A= A 2EH I 2 SR e, 68
D A H3F TA A2 A 22EH TPHE corrrrrernensenssensesssssssssssssssssssssssssssssssesss 68



74

79

w78

78

5]

1
T

(D Polar/Eurasia 92 A%

80

ZZ cececsesecnsene
=

3715 EAAA T

s

7] o]

o
e

(3) A7) %23} A E(Self-organizing Map) 719 &-&

-86

b A O_ﬂlgog(Reglonal Heatwave) E-A] e,

87

veeene7

!

O A7]1%2] 8 A =(Self-organizing Map, SOM) 7]

@ SOM I &d ti7]=g

94

i

96

7]

o
el

(4) 2020

96

)

7] o]

e
k3

7h 2020d

97

104

110

=114

7] o]

o
2

(th) 2020

117

120

‘M_.nﬂo

B

124

132

132

]33

b &

142

(\}) Markov-chain 7]%

150

7] o]

2 5

3|

2 7IATFsED S o] &

4]

el 51

;s JEITTCIIS IO PIIOUSIODTIPOOIPORSORS

4

A}

=
&

F8 71%AAe] 7

A7) o] 37| % LAy

e
k3

151

i)

Z47] of

gl
3r

O Hd= 5 A

@
®

154

8 7152

A7) o7 % T F

e
k3

159

i

Lj\g—r

Gl

;oT

7] o]/47]

ol
<

(W) 7434

160

- Xii -



160

© A= ZA7) o

164

el 71

(T 547 o

171

O BMA (Bayesian Model Averaging)S ©]

@ S tolol 1R S ol &

174

3 ol

176

A

d

(3 3IME 712 A7l R 7

176

=178

182

CHATE 1Y FEA R WO A A ceeeeeeeneenn

~182

No

EEIEE R

X
pa]

o}/

L HA e #

hH Ha

182

184

@ A A 72 BIAS T RMSE H]JL sesssssssssssesessssssssssssssssssssssssssssssssssssssssssssseses

Q@ A#F4

189

: Categorica] Ciﬂ.%_ Zg Q—E(Accuracy) H] 1L ceeveessneecssnnesssnncnsnneans

A

192

Nlo
T

el

~
A

K

196

198

W 71734 =

198

,mo

199

@ guet g 712 Zr]elE ARl 7R

200

202

il
wK

or

o

208

References «eseseeeeeeesccencccencccencene

215

234

SOtAoF o] G715 Al Al=EE ORAD)

5 B &9vwe:

243

A

1=
B4

A7) o471 % <l

e
°

7= C. 2020

246

P2 D. 2020 7€ ¥ 84

- Xiii



|

3

Table page
1. Meteorological and soil moisture datasets used in this study. —eeeeeseeeeess 16
2' Statlon IDS m each lelSlOIl .............................................. 40

3. Anomalies of monthly (June~August) mean temperature (C) and heat wave days in 2020.

4. Pattern correlation coefficient (PCC_HGT200) in June over East Asia between HGT200
anomalies in 2020 and the 39-year correlation coefficients (HGT200 in June and predictor).
..................................................................................... 75

5. Pattern correlation coefficient (PCC_HGT200) in July over East Asia between HGT200
anomalies in 2020 and the 39-year correlation coefficients (HGT200 in July and predictor).

....................................................................................... 75
6. Pattern correlation coefficient (PCC_HGT200) in August over East Asia between HGT200
anomalies in 2020 and the 39-year correlation coefficients (HGT200 in August and
predjctor)‘ ................................................................ 75
7. Composite years of negative and positive POL_FMA years (£0.75 ¢) from 1991 to 2019.
.......................................................................................................................... 83
8. Characteristics of the monthly regional heatwaves for the period of 1979-2019. «eeeeeeeenees 87
9. SOM npatterns for the regional heatwaves for the period of 1979-2019. «eeeseesereessessacsncnsecnes 88
10 Reglonal heatwaves in the year 2020 ......................................................... ..94

11. Statistical features of monthly mean temperature (Tm), maximum temperature (Tx),
minimum temperature (Tn), heat wave days, and tropical nights from June to August, 2020.
....................................................................................... 100

12. Lists of El Nifio and La Nifia events classified by Atlantic Multidecadal Oscillation (AMO)
phases_ ...................................................................... ....115

13. Correlation maps between August heat days with Tmax>T90 in Korea and 500hPa
geopotential height anomalies in (a) January, (b) February, (c) March, and (d) April, (e)

May’ and (f) June for 1981-20109.  cecceescrercscrreanccrcencscrannncssansssssasesssanssscsansssssane «137
14. As in Table 13, but the heat-day record in the prediction year was not used for the

Correlatlon analyses by the LOOCV Concept .............................................. 138
15. Sea Surface Temperature predictors of the long-range forecast guidance III (2018). -« 154

- Xiv -



16.
17.
18.
19.
20.
21.

22.

23.
24.
25.
26.

Snow cover predictors of the long-range forecast guidance III (2018). sesseseseesusessnssnsnsnsnsanns 155

Precipitation predictors of the long-range forecast guidance III (2018). - 156
850hPa Geopotential height predictors of the long-range forecast guidance Il (2018). ---157

500hPa geopotential height predictors of the long-range forecast guidance III (2018). ----158

Observed percentﬂes ln each lelSlOl’l .............................................................. 181

The number of cases in each category of confusion matrix for maximum temperature.

..................................................................................... 189
The number of cases in each category of confusion matrix for minimum temperature.

....................................................................................... 189
The number of cases in each category of confusion matrix for mean temperature. -« 190
The number of cases in each category for maximum temperature. - 193
The number of cases in each category for minimum temperature. - 193
The number of cases in each category for mean temperature. sessssssseeseeseencenees 193

- XV -



g Ak

Figure page

1. Monthly average of (a) daily maximum temperature, (b) daily minimum temperature and (c)

month]y total preCIpltaUOH over South Korea' ..................................................... .6
2. Schedules on the HPC and WEB before improvement extreme climate monitoring system. 7
3. Schedules on the HPC and WEB after improvement extreme climate monitoring system. -8

4. Average of (a) extreme hot days, (b) extreme cold days and (c) rainfall amount where
RP(return period) is greater than 20 years during first, middle and last ten days of a

month over East ASla and South Koreg, ceeeeeeecccenccennccenccenceanccencccancceancccaces ....9

5. Monthly extreme climate monitoring map (a), (b) before and (¢) after improvement
visualization technique for (a) magnitude of the largest P event, (b) return period of the
largest P event, (¢) integrated map both magnitude and return period of the largest P
EVEINIL,  ceeerereserscsensceencccencceancteacceancceascecescssnsssessssssseensssescssasssssssssssssssssssssssssssassssssssssssssssssssssssssssnsssansssanssansscs 1 1

6. Monthly drought monitoring map (a), (b), (c) before and (d) after improvement visualization
technique for (a) 1-month SPI, (b) 1-month SDEI, and (c) weekly SMI, and (d) integrated
map Of drought lndlces eeessssssetecennnntssssstttecennnnassssststteenssasssssssteeessarassssssssteesnnns 12

7. (a) Before and (d) after improvement visualization technique for (a) global and (b) East

Asian extreme Chmate 111F5 Y O e IR I R R A R LR R IR IR I 13

8. Monthly extreme climate monitoring map (a), (b) before and (c), (d) after improvement
visualization technique for (a), (c) daily maximum temperature above 90th percentile and

(b), (d) daily minimum temperature below 10th percentile, «seceeseesesescece: 14

9. Conceptual diagram for regional heatwave in study area. (a) station location map and the
first two steps for the regional heatwave identification (b) the last step for the regional

heat wave ldentlflcatlon §e000000000000000000000080006000000000000800000000000000000000000008000000800000000¢000000 17
10. Architecture of a self-organizing map NEtWOTrK. —eesesseeseeseencencsnscncsncsannaene 19
11. TWO_Step framework for heat wave foreCasts seeesceeseseescseccceenceennceenncecncees 21

12. Evolution of the number of days with Tmax>T90 in South Korea from 1981 to 2019 ---22

13. Distribution of Pearson correlation coefficient (Pearson r) between June heat days in
Korea and June geopotential height (GPH) anomalies for 1994-2015. The GPH data are
from the NCEP Reanalys1s I ......................................... 23

14. Transformation of Tmax time series to the binary occurrence series of 1 for Tmax>T90

- Xvi -



and O for OtherWISe .................................................... 20

15. A probable change in P10 and P00 when assuming that hot years are selected for

neighbor VEATS,  cveereeasencsnseasencsassncsacncsncsacnasassasonasnssnssnssasnsnssassnssnsaasnassassasnasaasase )7

16. Eight input variables are selected out of 17 using a dendrogram for August TXm (LT=3). -
......................................................................................... 33

17. Optimizing Kernel parameters for June TMm (LT=1): the length parameter of 7.78, noise
parameter of 0.17, and vertical variation parameter of 1.26 are selected here minimizing

the negative Log Marginal LiKEliNOOd. sewsesserssrssrssensenssnssessensenssessensensenssessense 35
18. Probabilistic forecast results for June 2020 (LT=1). seseeeseeesesesnenencnenencnenes 36
19. Credible interval of TXGE33 fOr AUGUSL. wsewsersrsersenssrsessensensenssussensensenssnaense .37
20. Analyzing correlations between predictors and climate extreme INdiCES. «esesseseseesnseressncssacenes 37

21. Determining HSV (Hue-Saturation-Value) color scheme’ s Hue and Saturation (Jupp et al.,

2012). ................................................................................ 39
22. Visualization examples using the ternary diagram by Jupp et al.(2012). «eseeeeseesssnsensnsnsnsacees 39
23. Procedures of the determination of climate extreme thresholds. — ceessscesssssccccsccsssncccsnensinnen 42

24. Procedure of calculating probabilistic forecasts compared to temperature in a selected

year_ ........................................................................ ....43
25. One month(30-day average) outlook for temperature(left) and precipitation(right) from

NOAA CPC, sessesssessasssssasasssssssnsanisssesassusssisssssssssassnsassosassasssssssassasssssnsasssssssnsassssns 44
26. Week 3-4 outlook for temperature(left) and precipitation(right) from NOAA CPC. sweeeeeeee 44
27 GFS_based MJO ensemble forecast prOVIded by NOAA CPC .................................................. .45
28. Climate outlooks for maximum(left) and minimum(right) temperature likelihood of the

upcoming weeks, months and seasons being warmer or cooler than usual. —ssesessesseseesceneene 46
29. One-month prediction maps over Tropics and Asia regions for the first week. — ceeeeeeeeene 47

30. One-month and three-month forecast are issued at 14:30 JST every Thursday and at
14:00 JST around the 25th of each month respectively. —eeeseeseeeeeeeeess 48

31. The two-week temperature forecast from JMA. —eeeesseeesscsesescscscsencsnsnene 48

32. Probability of Months 2-4 tercile categories(left), outer quintile categories(middle), and

above median (rlght) 2m temperature TOTECASE, seeeeerevrserersncsranescrannnccsannonenes 49
33. Illustration for date-distance weighted average using GloSea5 subseasonal hindcast. ses«s-- 50
34. Diagram for bias and bias climatology definition. -sesesssssesesessessescanecacnees 51

- Xvii -



35. Korea domain averaged RMSE and MABE from GloSea5 hindcast for the period of 1~60
forecast days. ........................................................ 52

36. Week 3-4 averaged bias in each month for maximum and minimum temperature
(estimated from GloSeab hindcasts); (left) maximum temperature, (right) minimum
temperature' ................................................................... -53

37. Weekly forecast errors in GloSea5 hindcasts for each lead time; (a) maximum
temperature, (b) minimum temperature, and (C) mean {EMPErature. «wsssssesssessscscsescssccsnananans 53

38. Monthly extreme climate monitoring map after improvement visualization technique for

daily maximum temperature above 90th percentile during 2020. sessseeeseees 55

39. Monthly extreme climate monitoring map after improvement visualization technique for
daily minimum temperature below 10th percentile during 2020. esessseeseeees 56

40. Monthly extreme climate monitoring map after improvement visualization technique for
return period of the largest P event and monthly total precipitation during 2020. seessesseeee 57

41. Monthly drought monitoring map after improvement visualization technique for 3 drought

INAICES AUIING 2020, +eserssesserserssessensensensseusensensseusensensssssusenssssseusensssssssssusensssssessensssssssssssensssssessanssnssessenss 58
42. East Asia extreme climate monitoring map after improvement visualization technique

AUIING 2020, swsesserserssersenssnssensenssnssensensssasensensenssessensenssessenssnssessenssnssessensssssessansssasens 59
43. Analysis guide for climate eX{reme Maps. «wswsersesesssrsseusenssrssensenssnasense 61
44. APCC supports for providing climate infOrmation ssssesssssssssssssssssusssssusssssssssssssssssssussssssssssassnns 61

45. 39-year (1981-2019) correlation map between HWD in July and SSTs in April, b) scatter
plot of HWD in July (y-axis) and SST_IO (x-axis), ¢) SST anomalies in April, 2020, d)
21-year sliding correlations of HWD in July and SST_IO from 1973-1993 to 1999-2019, e)
time series of the SST_IO value from April to July in 2020, and f) time series of HWD in
Jul (bar with the right y-axis) and SST_IO (cross with solid line with the left y-axis). -« 63

46. a) 39-year (1981-2019) correlation map between HWD in July and SSTs in April, b)
scatter plot of HWD in July (y-axis) and SST_WP (x-axis), ¢) SST anomalies in April, 2020,
d) 21-year sliding correlations of HWD in July and SST_WP from 1973-1993 to 1999-2019,
e) time series of the SST_WP value from April to July in 2020, and f) time series of HWD
in Jul (bar with the right y-axis) and SST_WP (cross with solid line with the left y-axis).
......................................................................................... 64

47. ACC (solid line) and HSS (dashed line) of a) average temperature and b) HWD in July for
moving 21-year periods from 1973-1993 to 1999-2019 using the SST_WP index. — «eseeeeeeee 05

48. ACC (solid line) and HSS (dashed line) of a) average temperature and b) HWD in July for
moving 21-year periods from 1973-1993 to 1999-2019 using the SST_IO index. seesseseseeseene 66

- Xviii -



49. Summary of heat wave predictor, its ACC and decadal change (% numbers in
parentheses), its projection of HWD in 2020 (color of thermometer; AN for red and BN for
10 DTS T T 67

50. Map version of the summary of heat wave predictors and their predictions in 2020. -« 68

51. 39-year (1981-2019) correlations of SST_IO with monthly SSTs in a) April, b) May, c)
]une’ and d) _]uly_ ............................................... 69

52. 39-year (1981-2019) correlations of SST_IO with monthly HGT200, HGT850, winds at 850
hPa, and OLR in a-c) April, d-f) May, g-1) June, and j-1) July. e 70

53. Anomalies of HGT200, HGT850, and OMG500 in 2020 overlaid onto the 39-year
(1981-2019) correlations of SST_IO with monthly HGT200, HGT850, and OMG500,
respectively’ in a_c) Aprﬂ’ d_f) MaY, g_l) June, and ]_D July ................................................. 7 1

54. 39-year (1981-2019) correlations of SST_WP with monthly SSTs in a) April, b) May, ¢)
June’ and d) July ........................................................... 72

55. 39-year (1981-2019) correlations of SST_WP with monthly HGT200, HGT850, winds at 850
hPa, and OLR in a-c) April, d-f) May, g-i) June, and j-1) July. Black solid lines indicate
statistically significant correlations at the 95% level.  seeseeeereecscsnccncnen. 73

56. Anomalies of HGT200, HGT850, and OMG500 in 2020 (contours) overlaid onto the 39-year
(1981-2019) correlations (dots) between SST_WP and monthly HGT200, HGT850, and
OMG500, respectively, in a-c) April, d-f) May, g-i) June, and j-1) July. sececessececsesecscinsnnncadd 74

57. ACC of SST_WP (orange bar) and SST_IO (blue bar) without considering PCC
(ACC_noPCC; first column) and with considering PCC (ACC_PCC; from second to 6th
Column) ......................................................................... 77

58. Total number of cases of SST_WP (orange bar) and SST_IO (blue bar) without considering
PCC (N_total; first column) and with considering PCC (N_PCC_total; from second to 6th
Column)‘ ........................................................................... 77

59. Geopotential height (500 hPa) spatial pattern of Polar/Eurasia teleconnection pattern in
]anuary' ..................................................................... 78

60. 29-year (1991-2019) correlations between 3-month running averages of POL from
October-December to June-August and July-August average temperature (Ts_JA, red line)
and b) HWD (HWD_JA, balck line) in South Korea. — sesssesessenssecsnsnecennens 79

61. a) Time series of Ts_JA (black) and POL_FMA (red) and b) 21-year sliding correlations of
POL_FMA with Ts_JA (red) and with HWD_JA (orange).  eessseesesesneneeens 80

62. 39-year (1981-2019) correlations of POL_FMA with HGT200, HGT850, SST with winds at
850 hPa, and OMG500 in a-d) Februry-April, e-h) April-June, and i-1) July-August. s 81

- XiX -



63. North-South cross section of 39-year (1981-2019) regressed winds (arrows) and vertical
motions (contours) onto POL_FMA in a) Februry-April, b) March-May, and ¢) June-August
At 130F.  eeereereessesseessessencanssessanasasseessessaessessensssssessssssessasssssssassesstsssessessssasteseessesseessessesssesstesssssaaseessassassnaas 82

64. Standardized values of the key variables (3-month running averages from January-March
to June-August) in the a) negative and b) positive POL_FMA composite years. s 84

65. ACC of a) average temperature and b) HWD during July and August for moving 21-year
periods from 1973-1993 to 1999-2019 using the POL_FMA index. Horizontal soild line
indicates ACC for 47 years (1973-2019), which is also displayed by the number in the title.

............................................................................................ 85
66. Schematic diagram of the impacts of POL_FMA on July-August mean temperature in
South Korea' .............................................................. 86
67. Trend of the regional heatwaves for the period of 1979-2019. - 87
68. Monthly regional heatwaves classified into the SOM patterns for 1979-2019. «eseseeeneeneeneenes 89
69. Durations of the regional heatwaves for 1979-2019. (a) three classifications and (b) two
ClaSSlflcaUOIlS ................................................................................................. .89
70. Trends of occurrences of the monthly regional heatwaves (a) and SOM patterns (b) for
the perlod Of 1979_2019 ............................................ 90
71. Trends of durations of the monthly regional heatwaves (a) and SOM patterns (b) for the
period Of 1979_2019 ............................................... 91
72. Composite fields of 500-hPa GPH (shading) and 850-hPa wind vector (arrow) for Node 1
(a)’ Node 2 (b)’ and Node 3(C) ........................................ ..92
73. Composite fields of soil moisture for Node 1 (a), Node 2 (b), and Node 3(C). sweswsesesesesese 93
74. Lagged composite fields of 500-hPa GPH (shading) and 850-hPa wind vector —essesssssese 95

75. Lagged composite fields of soil moisture for 1979-2019 (Node 3) (a)-(d) and for 2020
(June) (e)-(h). (a) and (e) 0-day lagged, (b) and (f) 15-day lagged, (c) and (g) 30-day
1agged, and (a) and (e) 60_day 1agged flelds, ceeeceeeecereeceercncnnnennnnnnnnnsssssssssssssescsssenesececcesesesescasnnsenes 96

76. Spatial patterns of monthly-mean (Left) total precipitation and (Right) surface air
temperature anomalies over the East Asian region from June to August, 2020. sseeseeseeneens 97

77. (a) Monthly mean daily maximum temperature (Tx) anomaly, (b) Percentile of monthly
mean Tx, and the number of days with (¢) Tx and (d) minimum temperature (Tn) greater

than 90 percentile value of Tx and Tn, resSpectively. eeseeeesseseessessecensscesacnens 99

78. (left and middle panels) Leading two SVD modes and (right panels) their expansion
coefficients based on the analysis of June 200-hPa meridional wind velocity over the
region of (30° -60° N, 30° -180° E) and extremely warm days over South Korea during

- XX -



1981-202().  sessrssessrsresesesesssesesesssssssssssssssssssssssssssssssssssssssssssnssssassssssssssssssssssssssasesesens 100

79. Spatial pattern of correlation coefficients between JUN sea surface temperature and
expansion coefficients from the first SVD mode based on the analysis of June 200-hPa
meridional wind velocity over the region of (30° -60° N, 30° -180° E) and extremely
warm days over South Korea during 1981-2020. esssesssescssusesusescususcucuacns 101

80. Spatial patterns of (upper panel) SST, and (lower) 500-hPa geopoential height (shades) and
horizontal wind (vectors) anomalies in June, 2020.  sseseseeeesnsnsssesnsnsccnsnsaes 102

81. Spatial patterns of 1000-hPa air temperature (shades) and wind (black vectors) anomalies
in June, 2020 and their climatology (contours for air temperatures and gray-colored vectors
for 1000-NPa WINAS). seesssssessssssssssssnsssssnssssssssssssssssssssssasssssssssssssssssassssssssssssssassasasss 103

82. Heat budget analysis at 1000 hPa in June, 2020 -«weeeeereeesnssesnescsnesesnccnnee 104

83. (a) Monthly mean daily minimum temperature (Tn) anomaly, (b) Percentile of monthly
mean Tn, and the number of days with (c) monthly mean daily maximum temperature (Tx)
and (d) Tn greater than 10 percentile value of Tx and Tn, respectively. —sesssseseseesecensnens 105

84. (left and middle panels) Leading two SVD modes and (right panels) their expansion
coefficients based on the analysis of July 200-hPa meridional wind velocity over the region
of (30° -60° N, 30° -180° E) and extremely cold days over South Korea during 1981-2020.

............................................................................................. 106
85. Spatial patterns of 500-hPa geopoential height (shades) and horizontal wind (vectors)
anomahes jn July’ 2020 P 107
86. Spatial pattern of correlation coefficients between JUN sea surface temperature and
expansion coefficients from the first SVD mode based on the analysis of July 200-hPa
meridional wind velocity over the region of (30° -60° N, 30° -180° E) and extremely
warm days over South Korea durjng 1981_2020 ....................................... 107
87. Spatial patterns of SST anomalies in July, 2020. seseeeesesenssessenssssncsnsnania 108

88. Spatial patterns of July preciptation (shading) and normalized tropospheric (850-250 hPa
mean) temperature (contours) anomalies in 2020.  seesesesesessnsesesesnsnscnenees 109

89. (left panels) Leading two SVD modes and (right panels) their expansion coefficients based
on the analysis of July 200-hPa geopotential height over the region of (30° -60° N,
30° -180° E) and total precipitation over East Asia (China, Korea and Japan) during
1981_2020 ............................................................. 109

90. (a) Monthly mean daily minimum temperature (Tn) anomaly, (b) Percentile of monthly
mean Tn, and the number of days with (c) maximum temperature (Tx) and (d) Tn greater

than 90 percentile value of Tx and Tn, respectively. seeeseeseessceeseeceesncnnee 111

- XXi -



91. (left and middle panels) Leading two SVD modes and (right panels) their expansion
coefficients based on the analysis of August 200-hPa meridional wind velocity over the
region of (30° -60° N, 30° -180° E) and extremely warm days over South Korea during
1981=2002().  seerserssssssesaesassassassessesaessesaessssassassassassesasssssnesaessessesaesassasssssesssssesesaesas 112

92. Spatial patterns of 500-hPa geopoential height (shades) and horizontal wind (vectors)
anomahes ln August’ 2020 ...................................... 113

93. Spatial pattern of correlation coefficients between August sea surface temperature and
expansion coefficients from the second SVD mode based on the analysis of August
200-hPa meridional wind velocity over the region of (30° -60° N, 30° -180° E) and
extremely warm days over South Korea during 1981-2020.  sesessessersersersssssuseusensensenssnsanasnanes 113

94. Spatial patterns of SST anomalies in August, 2020. ceesseeesseenssesnssesnesnsesnsnene 114

95. Longitude-time section for composite sea surface temperature anomalies along the
equator (5° S-5° N) from (upper panel) El Nifio and (lower) La Nifia onset to their decays
(from March in El Nifio or La Nifia developing years to August in their decaying years). -

..................................................................................... 116

96. Schematic diagram describing how interactions of climate modes over the Pacific, Indian
and Atlantic Oceans affect temperature and precipitation over South Korea during 2020
SUITIITICT. seeesseerssercsreccanccasscsancsasssassscarscasscssssssassssssscsssssassssssssansssassssssssasssssssssssssasassanes 117

97. Time-latitude section for sea surface temperature (shading), latent heat flux
(white-colored contours) and 1000-hPa wind (vectors) anomalies and the climatological
zonal winds (black contours) zonally averaged in the tropical 10 (40° -100° E) from
January to August in 2020.  sesseserssessensenssesenssnsensensnsensenstsenssnsessensnasenss 118

98. Time-latitude section of regression upon ND(0)J(1) Nifio3.4 SST: SST (shaded; ° C) and
surface wind velocity (vectors) zonally averaged in the tropical IO (40° -100° E). seeseeeeees 119

99. June-July-August anomalies of (a) SST (shading), surface wind velocity (vectors), (b)
precipitation (shading) and normalized tropospheric (850-250 hPa mean) temperature
regressed against Nifio 3.4 SST index in th preceding NDJ for 1978-2010. «eeeeereeeeessecsacancas 120

100. Change in NAO index from January to July in 202(),  eereereccrenticennititniititaniitiaticttniettancsanaaes 121

101. Spatial patterns of simultaneous correlation coefficients between NAO index and 500-hPa

geopotenmal helght n July ............................................ 121

102. Longitude-time section for (upper panels) sea surface temperature (shading), latent heat
flux (white-colored contours) and 1000-hPa wind (vectors) anomalies and the climatological
zonal winds (black contours) and for 500-hPa pressure velocity (shading) and diabatic
heating (contours) anomalies averaged meridionally in 10° -20° N from January to July in
D()D(),  sovasssssessssessrssassassassnssssssssssesorssessassnssnsssssssssssssssssssstoussesssssasssssssssosserssessassassnssasse 123

- xxii -



103. Schematic diagram describing how interactions of climate modes over the Pacific, Indian
and Atlantic Oceans affect temperature and precipitation over South Korea in July, 2020.
................................................................................... 124

104. Time series of (upper panel) AMO, (middle) normalized north Atlantic SST, NAO, North
Indian SST, tropical North Western Pacific SLP and Nifio 3.4 SST indices, and (lower)
expansion coefficients from the SVD analysis of July South Korean extremely cold days
and east Asian total Precipitation. —  sesessssssessersssssenssnssensenssssenssnssensensens 125

105. Scatter plots of MAM(1) North Indian SST index and D(0)JF(1) Nifio 3.4 SST index in (a)
+AMOJ/EIl Nifio and ~AMO/La Nifia, (b) ~AMO/E! Nifio and +AMO/La Nifia, (¢) +AMO/El Nifio
and +AMO/La Nifa, (d) ~AMO/El Nifio and —~AMO/La Nifia. = seesseescesceee 126

106. Scatter plots of MAM(1) North Tropical Atlantic SST index and D(0)JF(1) Nifio 3.4 SST
index in (a) +AMO/EI Nifio and ~AMO/La Nifia, (b) ~AMO/EIl Nifio and +AMO/La Nifia, (c)
+AMO/EI] Nifio and +AMO/La Nifia, (d) ~AMO/El Nifio and ~AMO/La Nifia, sseseeeseesesaccsusas 127

107. Scatter plots of MAM(1) Tropical North Western Pacific SLP index (TNW) and MAM(1)
North Indian SST index in (a) +AMO/El Nifio and ~AMO/La Nifa, (b) ~AMO/El Nifio and
+AMO/La Nifia, (c) +AMO/El Nifio and +AMO/La Nifia, (d) ~AMO/El Nifio and -AMO/La
NIFIQ,  eeveresssressessssessesessesessssessesessssassesassessesessesessessssssassessssessssssssssssesesesassssssnssasnes 128

108. Scatter plots of MAM(1) Tropical North Atlantic SST index (TAO) and JJ(1) NAO index in
(a) +AMOJEI Nifio and ~AMO/La Nifia, (b) ~AMO/El Nifio and +AMO/La Nifia, (c) +AMO/EI
Nifio and +AMO/La Nifia, (d) ~AMO/El Nifio and ~AMO/La Nifia. s 129

109. The temporal evolution of the aggregated (left panels) monthly total precipitation and
(right) surface air temperature anomalies after a peak season of El Nifio events in a
pOSItlve AMO phase ............................................. 131

110. The temporal evolution of the aggregated (left panels) monthly total precipitation and
(right) surface air temperature anomalies after a peak season of La Nifa events in a
negatlve AMO phase ..................................... 132

111. Correlation maps between June heat days with Tmax>T90 in Korea and 500hPa
geopotential height anomalies in (a) January, (b) February, (c) March, and (d) April for
TOB1 2000,  sressssssussssssstsssssusssssssssssssssssssussssssasssssssesaissssssasssssssssssssssssssssssssusssssssssnies 133

112. Correlation maps between July heat days with Tmax>T90 in Korea and 500hPa
geopotential height anomalies in (a) January, (b) February, (c) March, and (d) April, and (e)
May fOr 1981-2010. srressssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssanss 135

113. Correlation maps between August heat days with Tmax>T90 in Korea and 500hPa
geopotential height anomalies in (a) January, (b) February, (c) March, and (d) April, (e)
May', and (f) June for 1981_2019 .................................................................... ..136

- xxiii -



114. (a, ¢, and e) Comparisons between observed mean Tmax and weighted averages of
neigbor-year Tmax for June, July, and August, and (b, d, and f) between observed heat
days and averages of neighbor-year heat days predicted in May, respectively. —ceseeeeeee 140

115. Comparisons between observed mean Tmax and weighted averages of neigbor-year Tmax
for July and August (a and c) and between observed heat days and averages of
neighbor-year heat days (b and d) predicted in June, respectively. - ~141

116. Comparisons between (a) observed mean Tmax and weighted averages of neigbor-year
Tmax and between (b) observed heat days and averages of neighbor-year heat days (b

and d) for August predlcted in Jul}/, respectlvely ........................................ 141
117. Interannual changes of (a) P01 and (b) P11 in Korea for 1974-2019. - 142

118. (a) The range of Tmax for June predicted in May, (b) the above-normal, near-normal,
and below-normal probabilities of the mean Tmax, the spatial distributions of (c) mean
Tmax and (d) 100-year-return-period mean Tmax , reSpectively. —seeesesssscscsssscssescicscsnsanas 144

119. (a) The range of Tmax for July predicted in May, (b) the above-normal, near-normal,
and below-normal probabilities of the mean Tmax, (c) histogram of consecutive days with
Tmax>T90, (d) mean Tmax and (e) 100-year-return-period mean Tmax, respectively. ---146

120. (a) The range of Tmax for August predicted in May, (b) the above-normal, near-normal,
and below-normal probabilities of the mean Tmax, (c) histogram of consecutive days with
Tmax>T90, (d) mean Tmax and (e) 100-year-return-period mean Tmax, respectively. ---147

121. (@) The range of Tmax for July predicted in June, (b) the above-normal, near-normal,
and below-normal probabilities of the mean Tmax, (c) histogram of consecutive days with
Tmax>T90, (d) mean Tmax and (e) 100-year-return-period mean Tmax, respectively. ---148

122. (a) The range of Tmax for August predicted in June, (b) the above-normal, near-normal,
and below-normal probabilities of the mean Tmax, (c) histogram of consecutive days with
Tmax>T90, (d) mean Tmax and (e) 100-year-return-period mean Tmax, respectively. --149

123. (a) The range of Tmax for August predicted in July, (b) the above-normal, near-normal,
and below-normal probabilities of the mean Tmax, (c) histogram of consecutive days with
Tmax>T90, (d) mean Tmax and (e) 100-year-return-period mean Tmax, respectively. ---150

124. Box-plots for South Korea and SUDIEGIOns. swsessssssesessssssensenssnssensenssnasens 151
125. Time-series graphs for South Korea and SUDIegions. «sssssssessssescscuseacese 152
126. Histograms for South Korea and SUDIEIONS. «wsessesssessessensenssessensensenssense 153
127. QQ-plots for South Korea and SUDIEGIONS. swssssesssssesserssssseuserssensensssasens 153
128. Correlation map between June TMm anomaly and January SST anomaly. ceesessscecscscsccecses 155
129. Correlation map between August TMm anomaly and April snow cover anomaly. s 156

- XXiv -



130. Correlation map between August TMm anomaly and February precipitation anomaly. -157
131. Correlation map between July TXm anomaly and 850hPa geopotential height anomaly. 158

132. Correlation map between July TNm anomaly and March 500hPa geopotential height

ATIOMIALY. svesrsserserssensenssnssenssnssensenssnaseussnasensensssssensssssensensssasensssssensenssensenssassensenssens 159
133. Heidke SKill SCOre (HSS). essesesesrssssssesesssuenesesssussenescsssassencssssassencsnsssassencss 160
134, TOLAl ACCUTACY. werserssessersensseasessensensssasensensensssssensensssaseasenssnsssasensssssnsssasenssnsssasense 161
135. Mean Square SKill SCOre (MSSS). «swsserserssessenserusensenssensensanssensenssnssensenssnasens 161
136. Area Under the ROC CUIVE, sweersersssssssssessesssssessesssssesnessssssssssassasssssassassassass 162
137. Comarisons of cross year validation forecast results during 1980-2020. 163

138. Comparisons of probabilistic forecast outputs between GD (upper) and CL (lower) in
D)D), sveserrsresresesseessesessasessesessesessesssnesssssssssessesessessssesessesessesssessssesssessssesssesesesenes 164

139. Heidke Skill Scores of South Korea as well as ten regions for TMm (top), TNm (middle),
and TXM (DOLLOIMY), seeereseressssnssssnsssnnnssnissssnssssnsssnenssansssanessssnssanessnssssanesssnssssnnane 165

140. Mean Squared Skill Scores of South Korea as well as ten regions for TMm (top), TNm
(mlddle)’ and TXm (bottom) ........................................... 166

141. Area Under the ROC Curve of South Korea as well as ten regions for TMm (top), TNm
(mlddle)’ and TXm (bottom) ...................................... 167

142. Total Accuracy of South Korea as well as ten regions for TMm (top), TNm (middle), and
TXm (bottom) ............................................................. 168

143. Correlation coefficients between expected values of probabilistic forecasts and
observations of South Korea as well as ten regions for TMm (top), TNm (middle), and TXm
(bottom) .............................................................................. 169

144. Mean Absolute Error between expected values of probabilistic forecasts and observations
of South Korea as well as ten regions for TMm (top), TNm (middle), and TXm (bottom). -

....................................................................................... 170
145. Comarisons of cross year validation forecast results between BMA and various models
AUring 1980-2020. swserssesserssrssensenssrssensenssrssensensensssssensenssnssensensssssensensssssessansssssens 171
146. Heidke SKill SCOTE (HSS), sesesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsassss 172
147. TOLAl ACCULACY. swresesseuserssrsseusensenssnssensenssnsssasensenssnssensensenssnssensenssssssssensensssasessens w72
148. Mean Square SKill SCOre (MSSS). «swssesserssesserssrusenssrsssusensasssensersssssensensasasens 173
149. Area Under the ROGC CUIVE. swwrrsesssessarssassssssasssassassansssssasssassasssassssssassasasassaass 173
150. Examples where BMA outperforms various individual models. «eesesssssssssssasesssesusnsnseenscncncace 174

- XXV ~



151. Ternary probabilistic forecast maps (left) and observed temperature anomaly maps (right)

for June, July, and AUgUSt 2020. «swssssssrssssssssssrssssssssusssusssusssssssisssssasasesans 175
152. Probabilistic forecast results for Daegu-Gyeongbuk (upper) and Busan-Gyeongnam (lower)

fOr JUNE TXM N 202(). eeereeereererassassassassessessessessassassessssssssssasssessssassassnssassassassassas 176
153. Climate extreme thresholds fOr GlOSEa5., «sessssseseesessssassessessessessessesassassases 177
154. Climate extreme thresholds for ECMWE, — seeeseeseesessssessessessesassassasaesasnene 178
155. One month lead time forecast for June 2020. (a) Tavg, (b) Tmax, and (c) Tmin «eeseeeee 179
156. One month lead time forecast for July 2020. (a) Tavg, (b) Tmax, and (c) Tmin. seeseeee 179

157. One month lead time forecast for August 2020. (a) Tavg, (b) Tmax, and (c) Tmin. --179

158. Probabilistic forecasts for June 2020 compared to last year ((a), (d), and (g)), the year
2018 ((b), (e), and (h)) and the year 2016 ((c), (f), and (). ceeseecesereees 180

159. Validation of the probabilistic forecasts for June 2020 ((a)-(c)) and July 2020 ((d)-(f)). ()
and (d) for Tavg, (b) and (e) for Tmax, and (c) and (f) for Tmin. - 182

160. GloSeab hindcast bias for each lead time, which is with respect to width of time
window: orange line for +15day(=30day), blue line for -7day, and purple line for no
WlndOW .............................................................................. 183

161. GloSea5 hindcast bias for week3, which is with respect to the number of training years.
The years used are from the 2010 to the previous 5, 10, 15, 20, 26 years. seeessesseeesseencees 184

162. Scatterplot and box-plot for GloSea5 bias for lead-time week3, estimated from RAW(raw

forecast, blue) and BC(bias-corrected forecast, red). «eeseeeesscesesscssccsesanes 185

163. GloSea5 bias for each lead-time(wk3~wk6), estimated from RAW(raw forecast, blue) and
BC(blaS_corrected forecast, red) ...................................................................................................... 1 86

164 Scatterplot and histogram for GloSea5 rmse for lead-time week3, estimated from
RAW(raw forecast, blue) and BC(bias-corrected forecast, red). seseeeeee 187

165 GloSea5 rmse for each lead-time(wk3~wko6), estimated from RAW(raw forecast, blue) and
BC(blaS_Corrected forecast, red) ...................................................................................................... 1 88

166. Accuracy for confusion matrix estimated from RAW(raw forecast, blue) and
BC(blaS_corrected forecast’ red) ...................................................................................................... 1 91

167. Accuracy for each category(AN: above normal, NN: near normal, BN: below normal) in
confusion matrix estimated from RAW(raw forecast, blue) and BC(bias-corrected forecast,
red) .............................................................................. 192

168. Normal range ratio(shading) and normal difference(solid line) for weekly (top) maximum,
(middle) minimum, and (bottom) mean temperature (4-week running mean). sessessssssesesesess 194

- XXVi -



169. Accuracy for confusion matrix estimated from RAW(raw forecast, blue) and

BC(blaS_Corrected forecast’ red) ............................................... 1 95

170. Accuracy in each category for confusion matrix estimated from RAW(raw forecast, blue)
and BC(bjaS_Corrected forecast’ red). ........................................................... 196

171. Week 3 tercile-based probabilistic forecast of (top) maximum, (middle) minimum, and
(bottom) mean temperature, forecasted at Aug 3, 2020. seeeeseeeesesnsnssssssnsnsninsniessinnnen, 197

172. ROC curve and score for week3 tercile-based forecasts: (left) raw forecast and (right)
bias_corrected forecast P 198

173. A document from KMA/CPD for operational use of APCC bias correction method for the
purpose of 1-month forecast(d&FA]: 7] | S 3}-2746(2020. 11. 25.). seceeseceesecenscsnscsnsacsnsanes 199

174. (top) Released from KMA at Mary 21, 2020 for 1-month forecast and (bottom) an
example of tercile-based probabilistic forecast of maximum and minimum temperature. -200

175. An example of two-category forecasts of heatwave and tropical night from the GloSeab
bias-corrected maximum and minimum teMpPErature. —sssssessessessssesssensnenes 201

176. An example of two-category forecasts of (left) maximum and (right) minimum
temperature for each Week(forecast date Jul 16’ 2018) ......................................................... 2 02

D1. Density plots grouped by months using GloSeab (2020 VET.) — seeseseseesessusnssesnsnssnsuscsnsacnsnsacnnsd 246

D2. Probabilistic forecasts for July 2020 compared to last year ((a), (d), and (g)), the year
2018 ((b), (e), and (h)) and the year 2016 ((c), (), and (). sesesesescucusese 247

D3. Probabilistic forecasts for August 2020 compared to last year ((a), (d), and (g)), the year
2018 ((b), (e), and (h)) and the year 2016 ((c), (f), and (). ceseeeceseseees 248

- XXvii -



1. AME

APCC 7| F&X4 3= 2018'd 717440 AFo=m oA H o o]7]F zHAl B 2l
FAE FPFL Yor o o|4r)F HuEL
7l 8 =8sta Utk oA 7EA] o]}V F ®TE T AT 2dstet 7S HEdel o8 A
AT HE 71 X7} 2010d o]TE o =} 7}

A A%Ael 14 AR G PIAE AN FA70 d@ Addol B FadA
3 T (Vanos et al., 2015; Lissner et al.,, 2012; McMichael et al., 2006; Semenze et al., 1996).
£3] AA 717 ZIFWMO)dl mEH FHT 592 AA 7 ged 7)tolsler, 539
201830 = FHE A HF 37 57 9 19E 7|2 FEe oY I 2 AL
A, AAA a7t 4£E 9o, 20199 oF FHAE AE gd 7= 4?_] TA72 Qs

X

e ARAZL WS olH @ He1A, A8l AA A Fa4 wEel 2018 shuk7] APCC/
A7V 2 AR WY FolelN F47) A7) HE Auzol tiE Apcce 7]elE
2AHYL,

A7)Aelm Be Mol AA Yojuh HA7Y M= A Asfe] 3k FEoln o
2 Aulag 5 Aselzere] Adgn glol t1gsly] ofgs] WEel 14Y olakel 7] A%
o] BrAolth, Ee ANRFAA BaAolE BFHI A3 o YAF 7] AY PR o
4 @AY TR}, WAl AV RE LW B A AR AT ol o4 FFA
) g BEAL WA Goul, Bl 1A T AR AN SAEA B2 4

ot l’“ﬂ“ AN 71ee 3 tE AAFS
3k A ]

APEC 7| FAIE o A Fobalol o] tld & AARE o475 24 A 1 Aulz 2
B3} A2Ee TEE u Atk AW o YIF B 2AUN BA AR U ek,
oA g AFE A mEste] AN Helt 2 ojelgol AU olHPF o YIF TA
ARE O O Z B AN AMIE T oVE @A Aot Base, 7 7
it 30 FLWTo] ohe HIT BuE YA Fo2A U PTG ol
=Y Bast ok B 2L e B AFTS FRAA YR LAABRE, oS
e Bsel AZE Bat Aok cdel, 0% A ol E 2A ARE A4 B
S =S 7h g Anel U@ AT BUE §A ATl ok .



=

R
oo
o o

o
32
r\“
1
>

+
— 30
o

2
A\
ox,
lo
T
offl
o
filo
>
=
alae
£
o
N
Y
r
AN
ot
ot (&
N
o
H o
ofy
ko
bk
N
Hir
o
=
b
Mo Mo o
)
N
2L (o

=2

o
xR
N
N
ol
iy

o
o
O

JRF}OE«
'r’H-IJ
tlo 1o

2o

of
i
£

o Mz
. rle
Mo

Lo
i)

NN
>,
N
)
> {0k
i

-
u
£

e
2=

)
oX
HE,
i
>
r o
_>|i
N
=2

£
ol
O
N
do
ol
X
rir
)
>

LY o e

=2
o
o

me

£
fo

Ao

to i

fo off 2 ox = W 2
o
_h:?{:'l'ﬁlﬂoﬁoz
B X0 o2 rr 30 o 2 & ru > o koo

(03
o
9
k)
iy
>
ro
>
A
N -

k=)
N

RN
iy
o
o
ft
_?_L
£
AN
ox
o
l
N
)
ofs

a=)
2

o rr U
-
o
LU A=A TY
T~
>,
e
>
oy
>
12
_c|>1_|’
5
ol
1
N
>,
[»
o
fijo
=
i,
o
2
:(é
oft
:?L_',
2
i,
-
o
i,

-
2
2

rr 4
>
[
i)
flo o
=
2
of
ol
82
v
0
_?_l',
o
>
>
o
filo
[\®)
S
[\®)
(e}
rL
~J
e
lo

oo XN
ol
3R
o
RN
oft
ot
£
AN
2
gt
oo
QL
rr
%
2
bt
—_>fl~,
>,
ol
R
v}

o/
X
N
PN
™
ot
N
bt
(7
o

R
o

=

Q

B.
N,
=

[0)]

=
<)
N
i
et
oo
o
>
N
o
ox
N
o
M
1
é
o
-
AN

3 Ak ARREA] EE o AYA|7F B sta, o2 QlE ¥
E O H$A Hol, FHo] dojd HFo] A F A "doh FYFE driegoly
A2ESSTE 4o & FS Fv 20= 48R oy, EdsiEd 28 Adzde &
= = S Soh(Fisher et al, 2007; Lee et al., 2016; Zampieri et al.,
2009). o] EA BEAME Qs8] ZRHER7IHol gl o] &5 o] gkth(Yoon et al., 2018; Yoon et
al., 2020). Yoon et al. (2020)2 KNN wHEF7HS o] &3t dvt= FHAEAL S &4 vt
] 22 8} 2] = (Self-organizing map, SOM) 7|HE& &3} AEof T

AT W& 5(2018) A7

A Fdo A 248 AAsen, dddd AASH2018)2 TR oFH S3r]
54e Z4sts AT AN2AFAE 7HS AR vb 3o wEbA o] e 32 A
NN2AZAE 7IE ZEste] AntEe] WA= FY SAS 48ty AdxdFe] FaA

4) 20203 ZA7] Yol B A

AT 243} ofg) 71EZQI o] 7]EUF W3] MAsta o, tFEL ol JFE

A Aelo] gE ARE #AAMo] ol 2y EE Ao AE Yol Bajo] 3 Hojok

tiFEo] olaf7l A& A= HEI} AT Hojof gy B Ao Ao HHEI ol ¥

Al B g BAF A HE Ao, SA7] ol 715 HAEZHQ &ol7t HiA

H A bse 42 do] 2 #AHE 9 dig oldlE w7 ¥ BRAERE &85t 20204

HIE A7) ARl BAA AF AekE AAS A g ob&E 2020d AEFEH 749 ol A
Al B4 A Ad Ws REQ ARE 7|F FIgFo] B F7] 7]

_2_



2 Agkstng o,

4) AR A1 ZAT] o147 F 3L BE S A

N
s
o

ol
-

71E9] =
Z

e R
H
B
o
rhu

X, o
12
oo |
ol
rlr
o
—o
N
X
fota)
N
=
D

oo rr

T} (White and Tawn, 2016). §3| %o
ol HHAFEH M k=6l (e.g, Kaz, 1977; Foufoula-Georgiou and Gergakakos, 1991;
Woolhiser, 1992; Lettenmaier, 1995; Katz and Parlange, 1995; Wilks and Wilby, 1999), °|= 7
Aol Az EARC] AR g7 wwol AT ALS FAERP mHdorgde or gt
ole} mIIA R A&KEE AR AT A UEue FHEE AEE ASE 7 A7 o
o 72A5e] A|dREdS 1EE F de TAEH LS A B5ZHolth (White and Tawn,
2017). & AT FATgH ZHdS Ry HAUr|sH dFEe FIIdTee dads
ZIRko 2 3k fFARlE WA AR fFAEe #S571E5S 1Hd Markov chain BE& ] A&
3 ZHEAPS AlFHL | =3t

ol71%e] WMuwE WA 1 NEe] FrldE BTEL ARl Arldue 28, A
B 7le AR AT o 1NLAALY o371 F el BE Au ALL u]$ mF
g abgolth m@ A7) AW ARE FESHIL ADSHE Yoko] U ThFE AT} o}F o) %
o7 EaGTh B AT o|47F 3L AVR TU2E AU 0B aHHow
GERd 5 Qs BAWAL AASLA BT olE 98] HolA FE AW wdel A4S AL
z2A 2o AARES B9 ol FAST HBASHPRE AT » !

} s

HT FEH 22 729 BT o) F Aol AF HAste T SHb AFEH S
719 #Bxo gk #Ao] HAAAL Ut} Bamnston and Mason (2011)2 International Research
Institute for Climate and Society (IRD)S] AA|ZF Al SE A S et 7] d&] d-35h2
ISHAEY S F3aY 7IEo 2 ste Sy ST GE9EY 434S HUigk b
21t} Barnston and Mason (2011)2 3 AFoA] 7]20o] FFHT} o SAo] Eopal B3ty
o} Becker et al. (2013)& A= AZF FRAA F3 7] L3 Z3 Ao A A=A 3+
A dEES Bk vk ok o] dFdAE SRS wEste AV BRAGAHE A o
g 713 FoE WYt ol 7S BEste SR B Z=AHsMe Adsiy
AZAHS H7Iste 3/E 712 Ar|d B JfHQks vt A gt

r
Ty

fllo
Ol

o
b
it

-

5 71744 ddEd AR T HAL-HAT|

ok

N SEAE Yt AA

Ad @ AR IR E 9% FAZREY AEAEE wam ok et A% 0



2 geton, o2 qls AR ojelge Aolfth AFAZRDe] A, B ARG
g BAs] T AR AL AZPRE P % A
o Zleld + gt APV BRI whebA] B AFelME Jle 3r1a% 3}
L@, AL HATe AT Aus el 7o) e 7T Snd o b
Austanh. 53, 143 ddude ou ohwwee AFH oo HA gl ATA
eA5Rel A 45}453, &4 warm 347 UERIE ohewelE 5@ cunc, 4@
L oeke i@k olsh @7l AS 1 Folw(EYg WA

o

= =3l 3
el A el AelsuA Beh w2, Hdg WA D A4 e maxzel AR
Nt A 5E st A AA/ L 1L A AR Aol geanA B,



7t o1 471% A B B4 Zdx
D °o1471F A HE A= o) E 7238 A

OD o1371F ZA AR A= Fo
O €492 A AR J7F AR F71 B4

NCEP/NCARS] AAF ARAAAE = A Hu D HA 7]ex29 CPCel AAT o 7}
F A8 55 o83ty FA 7)7H1981-20103)0l thEk YH 9om R kT 10MEY S A
WA, olF olWVIF FA JIFoR At wmF BAsHs oldUF BAY F
(days)9} A% AFE AA3IAT. 71L& 27 F7 AAEE T62 7MSAQH I8EgE AR
1927) x $1%= 92789 a8 =E 7HAAL FrAne] g3t A EE 05
x 0552 7|2RY HL _316]]?\1- o], 5 1_
T A AR E ARS AT BEA ALS 8 &d0eY 29UAE

2019 @ F-E APEC 7|SAIHAAM = o473 A AR AbS F3l & AAT o373

A ARE Fr|H o2 Agkstal, AAF E Folrlol A Ho thE EESHe ARl AA

T-Fote] o] 37| E Al BR ¢ AMul=E A 015} g AlEE Fdl BEHE AA A
2e 99 o/, 2 4] F 1070tk F 10719 A Fe BF Forlol XY g 2t A9
/58 A AR I BEXE EE5H zﬂ*aﬁ o, olgg ¥t REEE 5 &
ZA 712 B A A Ho|A o] 7] &t HIREHA YE=A ZF A FEE vwste] 81E
T ATh SHARE ZF o tigk o] 3V F A AR dAY RS Wgste EEsa
of IA el vyt FE By oy, € 2 FE F 1079 A ARE AAHoR F

olgfst= Tl & oj# =l AU

)

 Arl2= Fold o7 7 o2 Aitetel TS 0147 %
A R g ol =E EolaA Atk €W o]V|E A HES} A AFHe Fb A
H2 ehits Qo tiek A 713 vl dAe] =95 F7F AAstAnh 20199 R 2
Al AR SIAH 2 A 2"l s FA A 7I3Ee tiE o]V F % TEe wet AAE &
Al ARRE 2E357] 2ol BEH o = AR £ A 3ot
7F o H . olo Wig #7F BEE A A & 29 ARE =7)1A
o2 Aikste], AA A7 dinl A A
7]

o
o
>
ol
f
K3
z
N
L
ol
f
i
B o

A=A & ol A FetgozZH o)A s 48 59 & ok
4l A AR £9 AR d Hur|eo € HA, d HAUILY € HHE, 4 78 A5
gFoz 7+ WSo 37|t X}L(1981L4~2019Lﬂ) ZEA) diBl dA 2A520209) #s ZHE
(H 7L wA HA 7| A A 25MNZ 59T € A FR £
o AERE 4 HurY € B, d HAUI2e € B, € T AFF 4 W #AY

ZF ZFE(19819~2019'3) Zh(3] A1) EHHl A 27(20209) #S A E EA3YhFigure 1). ©



FNTE A 71ES AFE S8 WEIEL Aol ©]83F base period= 1981-20101d 0] A 9k,
) A z
2]

7}V ARZE A A st dH /L TE 39 =9 AR+ 198120208 A=) o8 AT

(a) (b) (c)
1981-Present 1981-Present 1981-Present
O ¥ tso A _ | 90

L 0.0
Bl ite § Bl s,
T 2.0 T L 20 E
§ N o % 20
2 > 1
£ 20 £ s - 0
s - L 6.0

Figure 1. Monthly average of (a) daily
maximum temperature, (b) daily minimum
temperature and (c) monthly total precipitation
over South Korea. (grey: 1981-2019, color:
present(2020))
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Figure 3. Schedules on the HPC and WEB after improvement extreme climate
monitoring system.
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Figure 4. Average of (a) extreme hot days, (b) extreme cold days and (c) rainfall
amount where RP(return period) is greater than 20 years during first, middle and
last ten days of a month over East Asia and South Korea.
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Figure 5. Monthly extreme climate monitoring map (a), (b) before and (c) after
improvement visualization technique for (a) magnitude of the largest P event, (b)

return period of the largest P event, (c) integrated map both magnitude and return
period of the largest P event.
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Figure 6. Monthly drought monitoring map (a), (b), (c) before and (d) after
improvement visualization technique for (a) 1-month SPI, (b) 1-month SDEI, and (c)
weekly SMI, and (d) integrated map of drought indices.
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Figure 7. (a) Before and (d) after improvement visualization technique for (a) global
and (b) East Asian extreme climate map.
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Figure 8. Monthly extreme climate monitoring map (a), (b) before and (c), (d) after
improvement visualization technique for (a), (¢) daily maximum temperature above 90th
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B 5 AdAH ] FHAdS BT s ZHE Hostr] HE ARE 457
EFHZSAF S A A= Figure 991 =AsHA T ERA-59 500GPH, 850hPa wind, T2m< 6
hourly A8 E W E7] 3t dEAEE AP o, ESFFTEASE 3 howrlyAH 5 E W wE

B2 WY FIHEIAEE ERA-SSARE BT 0.25°%0.25°0.2 £33 o
of A%& st BAEE 722 49 A HIbste] ARESEAT dE =
°], ERA-5 T2m®] 7ZA-F, &R Ar&stA =, 1°x1°2 BIisle] ARSI o] AF-olA
A 2R 9] 7] BF 19793 K 2019W@ 71A] o] T

Table 1. Meteorological and soil moisture datasets used in this study.

Data source

ASOS https://data.kma.go.kr/data/grnd/selectAsosRItmList.do?pgmNo=
36

ERA-5 500GPH

ERA-5 850hPa wind https://[www.ecmwf.int/en/forecasts/datasets/reanalysis-dataset

ERA-5 T2m sferad

ERA-5 soil moisture

(P A9 Z=<H(Regional Heatwave)

9 HE
T 3gAl 2A 7 & Jded, 1A, 7138 9 Aol wel EAT el dFH a7
¥ < Addn. olgA Y AFAHE “hot station”OE 7§ | TH(Figure
FEA F@ BF5AA). olE2A A4 H hot stationd HEH 80 km oW TE
FZAA 59} hot station?] 9 Hl(e)E TH EEF 9 #2 0.3-0.692] HP(Ren et al,
2012; Stefanon et al., 2012; Wang et al., 2017)& 7}IA=H], ©] AFAE dA9E I & YE
d4 e 2715 AW (trial and error) .2 A ESIY T AR o Hojx AY
o] 77] AEE YEM= o &2 0.6°13TE ©] 32 Yoon et al. (2020)°] FHIE X HZ2H-&
EReed AHEE gt sdsith A94 LT hot stationTHE &S] 8, o 7F 0.6HTh
Z+9 hot stationS BT A A Hed), o] WMo g F A o2 EE H hot stationS 25T A
HAAA BhFigure 99 @). IR 2 AES o5 E hot stationd o] O @F HHEgH
%, AE FHE hot station®] 7N (Figure 19]Q2] zpagbA AFFF)7L o] F hot station®]
30%01°3 0l TYE AHZ Ao R Hdth(Figure 99©Q). ©]21d W& Folo, S 457
EFAZA 2] 1979201974 AEH(6€, 7€, 89) AIZA L 445,
ot B A ®H-S Yoon et al. (2020)3} Stefanon et al. (2012)°] A ™
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Figure 9. Conceptual diagram for regional heatwave in study area. (a) station
location map and the first two steps for the regional heatwave identification
(b) the last step for the regional heat wave identification.
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(th ARzAe] Nt Z o g 9&FUA &84 Bt

H

O A71%3Z 3R =(Self-organizing Map) 71 &8 = ZY FJHER

Z}7] 22 8} 2] & (Self-organizing Map, SOM)2 134173 W (artificial neural network)e] €& o
Z H|A X 8 <5 (unsupervised learning)oll &3+ X &F 7] (clustering method)©]TF. Figure 103}
o] BHE AHZ(input vector)®} = F(feature map) =2 FAE o, F Y F& HAA
F(fully connected)= o] Ak SOMS =A T A (training processes)? v F Z (mapping
process) &2 U F lom, FAAR AR A4 d¥E oY #HHe P fAE 4

2

F{

AREE 2t 29 wAE 72
H M A QAAEE 2 29 wdE A S (winning node)\j/]' 75“:]' O] Fﬂ Els SOM7]‘jq
< s VI g A4S ERsked AR E Stk dE 9, 999 A E(2018)
v AE5E SdE EA4E SOM7IHS Fotd /& v i, A2 HEAH2011)
= SOM7|H & ©] 83t FolAolEe Ad U E F&E% vk
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Al

o P ERE AEIPL HEHo =2 old

& B3t & 37] =E(°]3, SOM JHE%)E THEFE AA
3T SOM 7] kohonen R-package (Wehrens and Buydens, 2007; Wehrens and Kruisselbrink,
2018)E8 AM&3Fth. T3k ERA-5 500GPHI} ERA-5 850hPa Hlgo] itz A HZ o) o
& 7+ soM W FHFEe Tk FE AGZPdo] Bt 1 SHS BT B
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Feature map

Input vector

Figure 10. Architecture of a self-organizing map network. (Adapted from
http://gorayni.github.io/blog/2014/10/08/som.html).
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AEo] AES7] o FF oJFoE
Tk =Nl A 2 ¥ FA= Aee B2V W
EA4S 388 9¥S HUbs|oF -tk (White and Tawn, 2017). 35 ©]
1 = I3 LEOE A os AT A&Lsk= W Heol
N & FEFE PR mggA ZE AT AL B VE oY &5
7F 23 A1) (e.g., Balwin et al., 2019; Winter and Tawn, 2017) &3t% W2 F2 %
H (e.g., Yoon et al, 2020). = 7]4AH LS FAFOE AH 7] (Tmw)©l 33T ©| 4
£ e A2 A3ty o B dAFdAe 72y AlEtd HEA
o] H)71Fo] obd MAZN AT Tmx 90 percentile(Toy) KO E ZF7|FS AAHZHL 171
4 T 7EE doAAME 4FE VIR Y Ut fFARE B4
<
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K
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o
o
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H 35 7150l s oEsts WHolt mEtA #AFHA Fe VIS TS dS5ss
WHozE AMREHY Hue 9849 A4z HEA oA 9 e Brbstes B
Holgh & = vk FE4 FHASE F GARE o] Fo A= (Figure 11), A WA A= 4
5 9o ALt A Do 7] A 9] L% (Geopotential height; GPH)2HS] F#E S HIB O =R
FrAbel (Neighbor years)E FE38t= Zloltt. @ A HollA AR Fd, &5, 9}, 7= 22
o] 71% AR AIHTA S A HGTY als-de=d AdisAds A48 dstes A2
71748t A SR Aoyt AJEAN S sl &3] AREHETH(TIZA, 2018). F WHA EA=
N A FABNS Tnx AARE FA182] Weather generatorol] = 3te] wHE-2 AMZHH S 53
Zd APE gEHoRE AHEFsste Aol o] TdAolA A8-E = weather generator®] &5l
wet YL o A FAo] Thsstth FE2E A Y T AAIERES ARESH] W&
o 2715 weather generation©|2tal & = QoW FAGHORE UAH T AEE Toal AF
STAE AAD F A Tk ARTIE dF7¥ol7] Wi T 2ol T B

A5(FE 30 ol’h7E e etk AAE el AR Ths skt
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1. Identifying Neighbor Years 2. Quantifying Heatwave Risk
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Figure 11. Two-step framework for heat wave forecasts (Selection of neighbor years via
correlation analysis — Application of weather bootstraping method)
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Figure 12. Evolution of the number of days with Tmax > T90 in South Korea from 1981 to
2019
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Figure 129 F9 YT ASE 74 ¢9HEHE v 323 AP GPH AXAA LA A
Ao AHEE F A dE =9, Figure 132 1994-2015'd 7]17te] 69 500hPa GPH Hx}e}
717 62 ZHLG9)] Pearson T A(Pearson 1)E YER=H o] & o] &3] 6¥ =<
of tr|eddS B oR AAs] dio] Jhedtth 714 H2018) A= olet sLT
£ ol&3l 6¢¥ Holeo] FAEHEY A AHrIGAE ARt ez =8 FZo A7|SH
A7l 2 o FolAe AL AR, ol Eu A FolA TSt &2 s
To thgk thr]Rkg o ® AWttt o] £42 dRtHoR oo =8 1r|qte] WEE w -
gyt 54 7]0] 343 TE Tachibana et al. (2004)2] #43 U x| 3
A 6d FHLTIE 55 HAA & F2Y 17U wAke #AME AR &

=

o O on e

md

SHIAIYE Z2HAAFTE d=35H7] A= Figure 133 22 sAGHo] ofd A3 GPHSE
o, 68 F ALt 399 GPH HAt Atolo] F#E), ol ¥
B4 edEs AP gL vk A% Sof w1
9] NCEP(National Centers for Environmental Prediction) Reanalysis 1 RN A5 olFE xR
ZE s o Wil 69 EFASE sl Aaratr] AslAE 49 olHe] GPH Aaure] 4
HEA | AHEE F ATt 593 6¥ GPHFY BA-S Al 7] F o Z(seasonal climate forecasts)
ASe et etk WA R4 A fAd FEL AT ARARE FRERT
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Figure 13. Distribution of Pearson correlation coefficient (Pearson r) between June heat days
in Korea and June geopotential height (GPH) anomalies for 1994-2015. The GPH data are
from the NCEP Reanalysis L.

AEH 712 9FS F= Ak FrEg2 Ak AF A
W 25 Wstel JHd WATE AARHIEA, 2018), =
Shet. weEbA ATl

H
aHSRL dS Fd 4

Al A3dBEAANA 5% FolgEe] ol YosE BE AY9 GPHANOIE o] &
af dAEAS. dE 5o 2020 6ol AL LTS AFAHA F

= 299 20209 19%E 4¥€7bA9] GPHE 1981-2019d 717t Ztsfo] 1€93E 4971%] 9
GPH®| #to] & Euclidean A€ A3 714 &2 siFH 718 21 3 €42 A4 & 49
67 A= 202032 FAHE ZAASHT}E Euclidean A8l= 23 Pearson r kel AU XE 7}
FTAE o] &3tATt. wetA AL d S8 Abole] Euclidean distance™ T o] e

% qle,

L 2
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=/ Xlrl[GPH(y,)~ GPH(y,))? [1]

A7|A, d& AZF3 y, 3 S8 y,Ael 9] Euclidean distance (unitless), 2% 5% &3] 4
Eht @ Aol GPHAASE Yo EHLS Abolol LrER Pearson r gholth A A
2 fog Aol Yeld ZE 99 500hPa GPH #olE s F & Ako]9] Euclidean
distanceE A4S 72T ol UERUYA] 2 A2 ALtolAl ALH AT AFBREA
= AEd A= T 7P |dHlelEZE wE  NCEP R1 AEVF ARSHAT
(https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html).

(1} Markov-chain weather bootstrapper

GPH #xt A& ol &al fFAtel7E AAFHE FAE ol B35 T AAIES FAHHL
2 F4= weather bootstrap”| 0.2 A FEH = T BHE €A 7 F AT AT Tpu>
Too O] AH R ZHHYS 7P SH= weather generator ol A2 WS AHEE A5
T ZELTFE AFL Jedhd Fe] d&5de 39T F e AEe Ao EVbssith
dA AT e e AL SHALE o) FHo] Aty AKHE Tt & % T
7] il (Donaldson et al, 2003), AZFAEAES L3 weather bootstrapper7]- A olth

Winter and Tawn (2017, 2016)2 Tmax > Too FEI7F AlS o] &R olyH vlZ F3
g 4o dEFL AL o] AZFYEA ] AHEHA RS FANY U= A8H0lA
T Aees AXRIAT. TEA B dAFodAAE FE B HEo] EAHS Aol FE(transition
probability) 7|'\d &2 Zttt3] E‘%‘ﬁ]— 3} Markov-chain weather bootstrappers ©] 83l %4 93
< BT

ruﬂ
R
o
o &

-8

[

2l ATE Winter and Tawn (2016)5 &
O%8A] e ES 092 3= Binary series
< FAsta, A5"E F Y Tow 28SE
A2l Frequentist®] FA314 7|Hozw &

Markov Chains ©]&3] FHS A3 thxEAQ
STk o WHE Tt 712 I
ol 5 Markov chain®] #1©]%}&(Transition probability)
LEFTFE o838 T &EF HAE 73 dF
= 3l Markov chain®. 2 ZFWAY o] AI7HE mHAES
Tawn, 1996)= Est= HHolzt & 4 S} shA R %"Z_’b]'l*évg I H3HA| ?%1: point-scale
4 e r £ Y FF FRE HULSHA Xohe a

ok o]l& HE7] Yl B AFo|A= Markov chaing ©]83tHAl A 3 AAAEE A AL

5T 4 9= Appipattanavis et al. (2008)2] semi-parametric weather generators T, ¢lZol AF-&

S
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Appipattanavis et al. (2008)%] weather generator= U FTAAEE EASE 7IHo=E )
HAARE T NABE 71E25(To)E ©l-83 Binary AAIEZ Wo] 7Hs3str] o
ST AAGANE HEo] 7Hed Aoz ARt HE A (Intermittency)©] A= A AIA
AEZQ 712 AAES FASGACE g AR SAS ZAT 25 AAddE 5
(Threshold) & ’q%o} 8PS ZA Hol HolgE ANdEes F8FT & UA Huh. Markov
chaing 7t obd SEAAIE A &ete AL e om uE zhed Aerli T

v}

=
=
]

o
tot _llm
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https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
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Appipattanavis et al. (2008)] weather generator= 7F'HA AlAIE-S Markov chain ZEA|
25 E2s o2 /A A5 A=A k-nearest-neighbor(KNN) WHOoZ A F&F
& Akt ot AR AAIES HolgES Eg(parameter) = ©]-83Fal 7] WY
UEZTE AFEsHA Ra A BoA AH F23H= ¥ B3 (non-parametric) =

ol Semi-parametric weather generator® &FETE T eEokA HIEFE AR
WA 7| AP BXoA viE FEFst= 7H agk W E-E(e.g., Semenov and Porter,
1995), data annealing (Bardossy, 1998), A17d™ 7]'*H(Trigo and Palutikof, 1999), kernal density
estimator (Rajagopalan et al., 1997) & S #AFE B WHo| AQtxo] AT Weather
bootstrappers== Young (1994)9] 7} bAgE WROlA] Lall and Sharma (1996)2] k-NN
bootstrapper, ©]%& TR A7 H(Yates et al., 2003)0.2 HAZAE =0 Appipattanavis et al.
(2008)<= Lall and Sharma (1996), Rajagopalan and Lall (1999), and Buishand and Brandsma (2001)
2 olojx AFZ e o AAAg Byl

WA, Zgo|y} 4ol d9 WA (occurrence)S WAl AR Mo E 7HEE F
rsE 121 Markov chaing AAIE S o] &3 (Figure 14). Zo|&EL2 AlZto] oA 1,2 H
oy} At A AY HE 2AFR gEoT. S,

;

ek |1
=)
1
g

f(ximifl?*gi“\gifl) (2]

A71A, S Suv Ay 9 BA stateQlu] B AFANA = 17019 Threshold Top= A3}
7] W&ol 2709] state, 0 o} 1L °ojngit}. wlebA 2-state 12} Markov chain®] #Ho|&E&E-&
Aol Zdo] TWASHA Fks wf FHo] TASA & FE (0 — 0; P00), Aol FHo
HHAISEA] QkokS W] ZFo] AT FE (0 — 1; PO1), Hgo] ZHo] HAPS w ZFo] &
AetA] e &E (1 — 0; P10), Mdo] o] TS wf FHo] YT &FE(1 — 1; Pl
Mol 247 FEZ FAET FHo 2L FEH TASHA Fs GEY F2 10]17] dE
PO0+PO1=1, P10+P11=1> &/ k= ojok gt} Appipattanavis et al. (2008)Al= 73 LAY
A AL S dry, wet, extremely wet 3712] state2 Ui 3-state Markov chaine AFE3FAA T T
St HA 7S YU|SlAl TS 1 % 90 percentiles 21| 3}7] w0l extreme heat®] 7]FS
Agsla Yde Ao Al 2state RHOZ ] HEES) ST 3 state BE L T AAIE

4z o § o

of H§T A9 Fdel Holrh wAHoR wELolt AAYGI T FG A ETe] YB
HE BEs) Ax BHe A Ho] 93 B4 £A @S Ao Bustar
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— P11
‘ Binary or categorical
transformation — POO .
P0O0=0.89 P10=0.44 — P10
P01=0.11 P11=0.56
v PTG Ty ST ST S ) =T ST 2rr018 O —_—t O s

////////

Figure 14. Transformation of Tmax time series to the binary occurrence series of 1 for Tmax
>T90 and 0 for otherwise. If 3 states are used for the transformation, the state series should
become categorical such as 0, 1, and 2 with transition probabilities being 3 3.

qoz g
A o|qkE2] Binary state A|AIEo] A ET Binary AlAIEol7] WiEol F HAFF A H5A
= %@ F Ide ARoln Y A= ARE HdiAE FUHH S E Binary ¢ TAANA LA
UAE Tows F=3NoF T Appipattanavis et al. (2008)-> 3-state Markov chain®. 2 YA Z]
A AAEH dRd AT HEE S A8 KNN HHS AR 2 Oﬂ:rLoﬂf‘i‘: 5
d JHOE Towe MEH 3T SR L ik FATA8 AAIE] 0—-1 Hgkd A

A £ 159 window QFolAM 0—102 HATH TE Ty FS S
2O Tput 7 #=H O 7143BF5XE<L Euclidean distances 73 #2 oAl 1

=

714, j& Euclidean distance®= A =& v gt} Kerel 3
H|3lal Euclidean distance”} 7H& &2 AlE&o] 7H & HAFEES A= A
dex wiy HEE REYARAVAA AHE LATAL 2349 K

03 1 Abole] FAFE ‘%"37\]74 AR *c"r%% stus ZEpith 01]% %Oi 30 A
B7F dud 7d =€ AT W FE2E 5 3
Bol AR S0t FEHEA SONR BT ALY AF Komel §52 EERMER
Wzl I 5 At ke 7 F stuE Adgsks Zlolth Lall and Sharma (1996)= ©]
KNNHHO) bRkl molA BAX Ml ARe Asow olnl BRI GE ATl
A% FARE A37F YEFS T (Rajagopalan and Lall, 1999; Yates et al., 2003).

Ty & dFedAE fFABIE AU o A4 397 s Veol TIEe® o/fE AdYst
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7] 2ol K@te A2 wf V& & W U HE&IAE FATh FARY AdEoz s o]
Toox AECl B3] ol 2SU7] WEA o714 FH o Vo 71EES A&sHA HH A&
FH Ton®l M-Sl Eol=s A7 TAIH. FA Y T, HeAS EE87] 9T 9%
2 Aozt & 4 vk kNN WHO 2 HAEHEHE Tow 2F A" BFAFE 715017 W&
o 22 Alfd 22 AFNA #AFH & HFs I HEHs T o] Hau ZE
A F5E A 29 TawEs 7 AAEFSHE OAF DAl drh B AHEE Tuw &

THBASAH L FoAol AEFd Ao #5d EE AFARE A FEZ8HE T

rr g
S,

E7Fsstth. kAT
Ha2 AR S ZQOH w}a} ﬂﬂl HE = Stk oA L3t FAR 23l og 4
g Brizi¥elzt & 5 Aok wkef A FARS Tao/t #571%F o EY 09 Figure
150 YeEbd AAH A PIOET P119] &Eo] HoAA HA £ Tuw HSE°] KNN WHHol| 9
& FZ=4A At

State 1 State 1

[— 1 ——m

— P11
— P11

— P10
— P10

0 —4— - 0 41— —

Normal Heatwave likely

Figure 15. A probable change in P10 and P00
when assuming that hot years are selected
for neighbor years.

@) 7NAGEED S o] &3 FA7] o]37]F MY FEATHE A4t

Ob EA47] o]471%F AR F8 7]|FAARS FAF B4
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O A= 8 AQE ZA7] o371 FAF A &4

OJF7IEA T A E A A4S 98 v FHI)FBZ(AS0S) 470 = 4570 <
AF= 20 AW 9 H3, F4 2D HA 722 19739 19 1Y o] 7|7k sl
st Th.

ZA7) o)drIFE= otgel ol AAZAZITF(WMO)S  ET-SCI  (Expert Team on
Sector-specific Climate Indices) A2} $-Elyel 7|&=& 183 A 55 HESS AAH T

® SU (Summer days): Number of days when TX (Daily Maximum Temperature) > 25C
® TR (Tropical nights): Number of days when TN (Daily Minimum Temperature) > 20C
® TXx (Max TX): Warmest daily TX

® WSDI (Warm spell duration indicator): Annual number of days contributing to events where

6 or more consecutive days experience TX > 90th percentile

® WSDI3 (User-defined WSDI): 6 o] &9 7|Fo 2 =FH o|47|$9 W=7} wof 3¢
o4l 7lEE AH&ste] Hlw H7}

® TXge30 (TX of at least 30C): Number of day when TX >= 30C
® TXge35 (Tx of at least 35C): Number of days when TX >= 35C

® TXdTNd (User-defined consecutive number of hot days and nights): Annual count of d
consecutive days where both TX > 95th percentile and TN > 95th percentile, where 10 >=
d>=2 (=39 7|&< o83t 4A)

® TNx (Max TN): Warmest daily TN

® TMm (Mean TM): Mean daily mean temperature; TM: Daily Mean Temperature
® TXm (Mean TX): Mean daily maximum temperature

® TNm (Mean TN): Mean daily minimum temperature

® TX90p (Amount of hot days): Percentage of days when TX > 90th percentile

® TN90p (Amount of warm nights): Percentage of days when TN > 90th percentile

® HWN (Heatwave number, EHF(Excess Heat Factor)/Tx90/Tn90): EHF, Tx90, Tn90< Z}Z;
o] &

® HWF (Heatwave frequency, EHF/Tx90/Tn90)

® HWD (Heatwave duration, EHF/Tx90/Tn90)
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® HWM (Heatwave magnitude, EHF/Tx90/Tn90)
® HWA (Heatwave amplitude, EHF/Tx90/Tn90)

® TXge33 (TX of at least 33C, Mon/Ann, days): Number of day when TX >= 33C, $-2/u}t
71=E ol &

o] ¥ F9A <l HWN, HWF, HWD, HWM, HWA <H4 A AEH= 7S£ 2= EHF
(Excess Heat Factor), TX90p, TN90p”Z} $1+=Hl EHF A4t Aleoll= 71 717H1981~2010 2 30‘5
717 AR BEE E(1.1.~1231)8 €3 ARE o] &8y, TX90p, TN9Ope] 74-f-ol+= 15¢ <

EFE o]&FHI=7IRE 308 x 159). °] 57HA AFE AL} WEY JRAE o] &dt= ©f
BANFAFEL 59 =S o] &AHIIE7IZE 309 x 5¢Y). 59 WES] 7| AFE ARE
st G ol VIR AAES At dd AxTE ZIE TItel &t A AMED
etz Qs 71 713t AlAtE £ Fio] HAEAR] F3to] TAEH, ol& QI ABl FA
ol Uelg & Atk metA Zhang et al. (2005)°] AP E FE 2 E ] (Bootstrapping) 71
< o83 AMEPF S AE3t AR EAELS AAY F J=F 2209 I=E AAs
Att.

A=AF=,

n 7} gtAle) 97l Aol tisl ASOS AH o
& BT A7 T5eke A wE 7}%—‘1—%

A

|

A3tAth AF=E BAE 93] 19733 F-E
A57F 7HERE 270 AR S FUFst AT 1 AE189), AFE Ao )3t el T35}
o A¥E WA JtEAE AHAsiAT. 2 1 °1 &l gHAlgS o] &5t AP+ dE H
HA 2 FA2E AAE ASE FFa o7 FAFTE Bt A+, A¥E
245 AHgstal gHAIW S o] &3t A AP o] 7| EAFE A sk

ATt

@ A7 oA F BT F2 A FARY FBY B

Sx7] o] 471F B Fo 7|FAA B BAE HE A SA7] o) Ty

= g FHRAE AAEAS. 53 v A4A Ve 2 %

(Y E3], 2018; U&3], 2019)9 A7 H 7lold 2 MM(2018)S FA o2 vzt

SA7] Aol dFE FE UIFAAL} VFE AESY e 22 d3FAA ARE F3E

At T 2 dEAA ASE 19799 o] F9 r|ztel| didl FHsIIeH rEr|zE
(1981-2010) H¥S o] &3t HAo AAES 42HA A

=
dr

® I ulEAL (NOAA NCEP CPC GLOBAL monthly olr), At& Z%*]: IRI Climate Data
Library (https://iridl.ldeo.columbia.edu/)

® 3l - 2% (ERSST v5), =1 =4 NOAA Physical Sciences Laboratory
(https://psl.noaa.gov/)

® J<7(GPCP), A= &%*: NOAA Physical Sciences Laboratory (https:/psl.noaa.gov/)
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TEYNCED: 4 ASE FH3e €¥ A52 W3, A5 E4: NOAA National

Centers for Environmental Information (https://www.ncei.noaa.gov/)

850hPa AL E=(NCEP1 A|&4 A7), AE S*: NOAA Physical Sciences Laboratory
(https://psl.noaa.gov/)

500hPa A 9] IL=(NCEP1 A2 #7), AF Z=*: NOAA Physical Sciences Laboratory
(https://psl.noaa.gov/)

S (NSIDC): Concentration L83+ A&, A5 E4: NOAA National Snow & ice Data
Center (https://nsidc.org/)

NOAAOA AFete= thrlsfF dSQAet o] 7] TRt A= A5 A
H o7l A A= ol et ZoH(AE EA: https://estl.noaa.gov/psd/data/climateindices/list/).

NAO (North Atlantic Oscillation)

EA (East Atlantic Pattern)

WP (West Pacific Pattern)

EP/NP (East Pacific / North Pacific Pattern)
PNA (Pacific North American Index)

EA/WR (East Atlantic / West Russia Pattern)
SCA (Scandinavia Pattern)

TNH (Tropical / Northern Hemisphere Pattern)
POL (Polar / Eurasia pattern)

PT (Pacific Transition Pattern)

PDO (Pacific Decadal Oscillation)

QBO (Quasi-Biennial Oscillation)

SOI (Southern Oscillation Index)

AO (Arctic Oscillation)

Nifio 1+2 (Extreme Eastern Tropical Pacific SST)
Nifio 4 (Central Tropical Pacific SST)

Nifio 3.4 (East Central Tropical Pacific SST)
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® ONI (Oceanic Nino Index)

® Nifio 3 (Eastern Tropical Pacific SST)

® TNI (Trans-Nifio Index)

® WHWP (Western Hemisphere warm pool)
® TNA (Tropical Northern Atlantic Index)
® TSA (Tropical Southern Atlantic Index)
® AMO (Atlantic Multi-decadal Oscillation)
® AMM (Atlantic Meridional Mode)

® NTA (North Tropical Atlantic Index)

® CAR (Caribbean SST Index)

715 Thold =9 o SR1Aket NOAAS] t7|sf ¢ dSdA 25 APAHS AdE 12
J

2 -
EEH EIZIAHE - (A= LT + WIE7HAZE AAs5 o d3d 4L 1980-20209] 414

o) 71zkel Tl ST,

Q@ FA7] 0|71 F TAF N 7|F 5 FAR FAY £4

97 dFAAe] vt ZA7] o7 F Bl Y JFS AFHoE HT F 9l
ouf, AAE o375 AL o3 A A FAAe] IdFH AP gt FAHR] FA
g Fzzgor g2 yeid ¢ Ao 2 H e A%, A=Y A8 Ak,
A}, B AFeS), B¢ d 259 7F g a3 AR e wWEeHA 7oy F5Rg
e BEGTES A AEHE o8t AW o]dr]|F A Aort o]Hd sadde= A
FE F A=A dTI ALY T o)V F Aot FHAd B4e FE A=A ol fl
A 7% 8l IAHRE off e} o] st WA AT,

o A2l A=x, AxE 7 A9 tis] 0.05 x 005 FE IE=E ALt UTM
Zone 52N Z3EAZ reprojectd}] zonal average3t

o X3Pl I+ GTOPO30 e FREF o (A= =4 USGS
(https://www.usgs.gov/)) ©|ZF-E 7J Alslope), ZF(aspect)E QGIS AZEYAE ©]&3+
Asta, 1%, AAE el tidl 0.05 x 0.05 4= 1T = resampledte] X HE=Z

zonal average%t

® 7|37k Ay A Lx J)F ZHS 477) ASOS A AHANA 107] A, == Ao tis
B @S o] g5ty d¥H=E 4HA
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o I EFTE: 20159 4€-~20201d 2€o] thHal SMAP L4 monthly geophysical data
rootzone (1m vertical average) soil moisture2] 3-hourly A}E & earthdata®ll Al FF 35t €
HE A8l 0.05 x 0.05 S I8 EE resample, UTM 52N FH3EAE reprojectdt ]

zonal average%t

o YA EFTE: 1948 1€~2014d 12€ GLDAS Noah Soil Moisture A5 V2.0 33}
320000 1€~20199  12€97bA] V2l AR FHEHS™ 'SoilMoi0 10cm inst',
'SoilMoil0 40cm _inst, 'SoilMo0i40 100cm_inst'E ©]-&3Fd 1m 7FA 9  rootzone soil
moisture 7% Uzl FHE ARE SMAP ©] &3t AT 4 UE= linear scaling

HO 2 GLDAS A= E bias correctiondtal resample, reproject, zonal average3t

e AL AAAF: MODIS Terra 949 MODI3C2 AEE 20009 2€-~20200 2¥€7}17

earthdata®l| 4| 33} S ™ resample, reproject, zonal averaged:

o A HAAg: HA A"= NASAoIM A7 FHHOE 19819~201437bA] A &3k
VIP30 ARE FF. ESFEI vl7IAZ linear scaling ©]-83F% VIP30 A= E bias

correctiond} 1l resample, reproject, zonal average3dt

98, A58 48 ARE TEIL FAARAS SSRGS AT FE 2= G A
o A% WA} EFFE, AAAS, A5 L LETXmE BE 49 HLLE, TNmS B 7
$+ AALE, TMmE BE 3% YRFEE A 71T @ A%, A5, 15, A4, B9 A% 2
Ao waksh A% WAl A4S U4 WS ol gaAG AT % AGo] s BEAFE 3
g Ade] A5 B, Yy WEE AT e AT FRE AFe B, EFFE A
AAY WA - AR W, AAAT BAY] HAY BA - 2T WhH} I 5 L L%
o A% kel WA A, A%, A%, 1=, A, Fo WA A, 2w Age e AT
BEE Aol B, EFFE B AHAY BT @b, 44T B HAG @2

- A WARHE A

(B 7H-AE Z2A2F o] 8% AT E NGE FA7] o] 37| FAF MY AYAHE Y2k

O FEABYR PLE AT FEW A1FAR JIAR 7E

A7) B Ttold o A AAG Wyt AYGE 7R R =23 9 F0A2F NOAACA Al
ot 7|l AAE 7IRte R &3 A SRAAE FFst A, oA, €,
APAIZE ZA 7] o] 7|3 A+ AW Bd e 93 oY ASE 7T AXE HeEE B
T AHgsteE A9 gsdAdd 2 €T E AASt &8ss A5 4 HAESAY. o
FTEAAR AAE oTIFAFE, €, AYVEE ARBE JdEvTE THEHE S
(Hierarchical Clustering Methods % Ward’s method AM-8) IFO2 Fil

o
i
N

Variance Inflation Factor’} 5.0 ©]3}7} E=E Dendrogramol A 1&3F] BIFAA S UE}
Age] dx=2 02H 0.148 Z7MA7H VIF & dEi5S A A8 tHFigure 16). A A HS

UESIA SAAe] MFERE A AES 1A FRIIL, DA AAES Ro} HAH L

A
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Figure 16. Eight input variables are selected out of 17 using a dendrogram for
August TXm (LT=3).

@ 7AEERd AE 9 434

o] At WHEL F3tA 3= TEHT yoll A8t AARA= & f(x)e 2

5 59, 1&3 A¥FE 2= A AF 01, 02)° g FEREXE ol =0,

GP+= HIE2] H|o] Ak TEHT yoll S, #SAEY d98) ZE ks

3k g fix)oll sk FEEXE 2uA st 7F$-A]9F Z 2 A 2 (Gaussian Process, GP)&= (A5

< 7HA= NS A E dEsrt e W) dole) #A x1, .., xnoll A e FE < (random

variable) f(x1), ..., f(xn)e] 7} AFIEEEZR] p(fixl), ..., fxn)Z H 2= = FE 34 (random
process, stochastic process)©] T}.

[‘Xﬂ.

GP AP &3 (prion)= T3 22 s AFEEIE,
p(f1X) = N(f1p, K) [4]
J= ), s flay)p=(m(z,),....m (X)), K; = s (z,2;)

me FHFIF5O)H(BE m(xn) = 002 AAZAY AR HF oz HA) k= ¥
o] XS (positive definite) FEAHES kernel) =, GPe] EoFo] Kol 93] Z2AHT. &
Eﬂ-r (xl), fx2) F /Mo AFFERLEZE AZ8IH kernel kol 28l (xli, x2i)9F (x1j, x2j)7F 7}
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7h$-1, o] 1A A p(fixli), f(x2i), p(fixlj), f(x2j)= 7+t

HEA5 yE F3 GP AR EEE GP AR (posterior) p(flX, y)& A& 4+ S,
o]F o] &dtq] MEL 4 X*rol tF v A%} 5 7 F Avh olw, oln] #HZHF A
T oyet Y ASF o AFSGEREE ofge Forg

K K
) y
(f*) Mo TK)) 5
K, = k(X X)+ o= K+ o LK =r(XX), K = (X Xo)

O AFEEQ] GP A& F X (posterior predictive distribution)= Th3 Zo] YeRE
T ATH

p(FAXX0) = [ p( L5 () df = Nl 52, 61
o = KKy 50 = Koo — KKK

Radial-Basis Function (RBF) kernel= ©]-83}%=Ul, ©]&= Squared exponential kernel ZE+&
Gaussian kernel® Zrom A8 7o Aol AFOE FAAHS A3

1
K (X, X;) = ojexp (— o — (2, — ;) (2, —z,)) [7]
® Vertical variation parameter o f: 352 vertical variatione A ost=H, o7} AAH &
dAxtge] He vow ¢ Y& AF A3 VA A 2

® Length parameter I: &2 w112 % E(smoothness)E A o] 3}=tl, 1°]
HA EAAB &) AZA =S 3t 1°] Fed F ¢ FEFES
oo W& 41 #3& VHAESE H

AAE o v
Al

FAAE A

® White kernel®] Noise parameter cy: WX alphas A% 3}AH U RBF kerneloll white noise

= 24
kernel & T8t EHAE 9] global noise TT= EAE + U=, oy7F AA™ noise7}
B2 A5 HAFS I3 coarsedt dEFS & 4 . Tikhonov regularization (L2
regularization)®} o] 283

2
al

g rE Fo JdEHAES kernel parametersZ2H-E #HZ yE IS FEo|lE=Z
LML(log marginal likelihood)E HW3lst= #o 2 HAATT Ao = AWKHR7] 3l of=1
A A9 13 oyl W3l 2 -LMLS W& AW HEHE U5 <Figure 17>9F 2T}

1., 1 N
logp(ylX) =log Nlyl0, K)) = — 5y K,y — FloglK| — F-log(27) 8]
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-LML for tmm, m=6, lt=1

¥

482 x 101
4,61 x 10°
103 441 x10?
422 x10°

10 4.03 x 10!

MNoise-level

3.86 x 10?

3.69 x 10!

lu—l 4

3.53 = 10?
337 %100

1072 — — T |
102 107! 10@ 1t 10¢
Length-scale

3.23 = 10?

Figure 17. Optimizing Kernel parameters for June TMm
(LT=1): the length parameter of 7.78, noise parameter of
0.17, and vertical variation parameter of 1.26 are selected
here minimizing the negative Log Marginal Likelihood.

©® A3 2 AHE ZA7] o] 371FAF 3AY FEATHR B4

T3t 2ol JE¥rTy 745 At FEHAUARY d3AHsS 6¥ LTI, 7€
LT2, 82 LT3 o =of thsle] vl sl

715 Ttold 20 dEAAtet HYHAIAF & o] &7 EH(GD);

o 7| B Jlold o] oESAAte}t AYAAANLE o] 7| EX g0t FABAE o] &3}
o] A43 =d(GD MOD);

o] T THEANE T3 dESUAE =& W2 AV|dE JtoldxdA &3 Y
S ALY mE HEEIFHEE, 7, AulEAL 500hPa 2 850hPa A%, wH U)ol thst
o Z} Azt il g W9 o] A7) FEA4H(TXm, TMm, TNm)2] 1980-2020 7]17toll thdk A
ul

obgfje} o] QIAER THAAY S Y7 Agsta(dey dAE A dF2 BEF4ddo] A

B2) 22 R ARl A o] AAHA FEE T MFE SME AAsAT. =5F

T3 F 1980-20209] 413 7|7t = validation yearS A 23+ 717bol thall 2 - A=A}
o

o AL T: FIAF A £)(0~90S, 240~360E), A A= A 2)(30N~90S, 0~60E), Fre}Alo}
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A 21(90~30N, 0~120E), 1% A F A 2](90~70N, 40~90S)
o 9 Buky F9=vk 12 (60~30N, 0~180E)
® ol AulE AL 30N~40S, 60~210E A7+ 117
o AHi%x: IAEE AT FHH(70~0N)TF 11
o o mA o ZAAY 2.5 x 2.5 AAE 157) ©l3}h) A<

28 AWZ S(cross year validation®] 22 4070 2] AlZ)ol H|sle] AAE AWEA = 7

==
$An we Fo 948 Wi 2ASe wd

al
< FE7] S FA &4 (Principal
Component Analysis; PCA)S ©| &3t HEEs IEHCE E&5H JSAAESZFH A
A2k (feature)®] variance®] 95%E AWdl= Mo FARPOS =&, E&3AUTh

i
1,
o

o AR ATFRLES BEOE Folxl BEW EXUAE o g3t FBUSY

T} FAHAUESS Aol Jhesith metbA 39 (above normal, near normal, below normal)$]
Z+ 23 3d(1981-20101d), 90-HAEY, A%, H 599 B, 2016'd, 2018 ] th3t 2
9o 2 el dis) 2 gEe AANY 7 JEF AAstst A th(Figure 18). =3 389, 2
29 7 p3bel i@ & AN B ohie} WAL AR e GFTNE ATY F 3
55 £F Weks /NS A SH(Figure 19).
Fi ndtr_tele_reduced_sk_tmm_mé_[tl
/ — Estimatad tmm
0.8 — 2g-above-mean (65.07%)
g — 2g-above-recentl (55.31%)
E 2g-above-recents (12 89%)
= 08 2q-above-90th (3.71%)
= 20-above-y2016 (1.66%)
= \ — 20-above-y2016 (2.19%)
i) 0.4 3g-above-normal (40.41%)
= \ 3g-near-normal (44.14%)
a 3g-below-normal (15.45%)
02
0.0 \\*

05 210 215 20 25
Temperature

Figure 18. Probabilistic forecast results for June 2020 (LT=1).
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ndtr_mme_reduced_sk_stxge33_1 m8_[t3

08

— Estimated stxge33 1
= Clim mean {-0.0-> 4.1)
— Estimated mean (0.9-> 9.1)
95% CI (p + 1960} [-0.0, 1.8]-> [4.2, 16.7]
80% CI (u + 1.280) [0.3, 1.5}-> [5.6, 13.8]
65% Cl (p+ 0930} [0.5, 1.3]-= [6.4, 12.4]
B 50% Cl{(p 06701 [06, 1.2]->[7.1,11.4]
B 35% Cl{p = 0.450) [0.7, 1.1}-= [7.7, 10.6]

Density of probability
= =
= o

=
P
P

00

0o 05 10 15 20
stwge3i 1

Figure 19. Credible interval of TXge33 for August.

importances 4H4
dol] &3S o =7
OZZHAS AASA &L Ade ¢
A UEE T s A we
ol AAR FToT WFYS & F
]

(Figure 20).

= 201911, I
sst_21_11 vs. 63 TXm anomaly

o* 60°E 120°E 180° 120°wW e0°wW

Erf 9= -10~0N, 90~105E
Ao 118 =8 =2 i}

sst_21_11, txm, m=6, t=1

— y=126x +2659(r
o ® | Estimated txm

215 based on SLR (25.56)
o Traindata

210

£ 1985

wale 127 e o
e fo__
~1.00 -0.75 -0.50 -0.25 000 025 050
st 2111
60°E 120°E 180° 1200w 60°W

20194 118 20| -0812 ¥E
19979 -1.05 > 2448 -3 =2 -1
1985 -0.94 > 2576
20064 -0.49 > 26.82

Figure 20. Analyzing correlations between predictors and climate extreme indices.

() ZA7] N FASF D FEATHR BAFA L
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@ BMA (Bayesian Model Averaging)2 ©]-&3F A4AR AF

Raftery et al. (2005)9] ®'Hol we} BMAE & &3t k=1,
=9 2% PDF= 7IE =9 PDFY oS4 = (predictive density)®] 7}5 #H+3%

ojj, y= #ZF#, y,= 2D kY dIFH, w,E
o] Hojof gt} fE R AFEEE WETG T
x99 F4F2 Expectation-Maximization(EM) &Il
et al. (2005)NA = TAHEA =2 YAFES 2T %}
2AS, B AT A9 oY FBZ AnE
FEER Pae] EAUT. G4 7 mue 7}
e,

EM ¥alg]&< Expectation ©A12} Maximization T©HA|E iterationd
SA A= Latent variable}] z& 4Hg g},

wi_ lfk (yt|szt7 ‘72%_1)
[10]

2y =
—1 2,7—1
Zwi fk(yt|fkt70 ! )
k=1
olwf, j= jHA iteration, t=1, .., T+ THAF, fkt"‘f kHA NEEA ] tHA FHAE

Al PDFe] BBUE, oy kA AEEe] EZHA] T,

b

Maximization @AM = 7l wg 443 2O %3h4 Lo WEr} ol X

(le-8) T} 2Fo} x| iterationS H=T}.

1 .
wl =137 n
t=1
L(wy, ..., w,, ak Zlogzw,@fk yt|yk,t,ak) [12]

t=1

@ AHES] tolo] 1S o] &7 o]V F FEAYARE BH
Jupp et al. (2012)2] U2 HSV (Hue-Saturation-Value) A/d @& o] &3t HHE9 oF
ol 1S THEo] FEXYS AP T HSV (Hue-Saturation-Value) A4/d =@ ] Hues 4+
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7ol A Above Normal& e Q1 OAS} Climatology® 13 AH<l QF ol A
I, S dF AMe UEhl= pekel A4=E o] 8sto] ZAHIH. Saturation Q2 P ARo] 2]
cross entropys 4H43Fe] o] 7]l A information gains 4HF3t] AA3H Valuew 12 1A A
A9 tolol 1S SAdAE 5 UATh(Figures 21, 22).

@) (IR b)

magenta
) | O — e
) 4
7: (T8 | RECTT, SR—— H

=
= ‘ green 3
1164 ~yellow -4
04 Piq i Tee
T T T T T T T T
0 B3 12 1 0 /4 112 R I
dominant category information gain Elp, q)

[(8(p. q)-8,) mod 2x]/2%

Figure 21. Determining HSV (Hue-Saturation-Value)
color scheme’ s Hue and Saturation (Jupp et al,
2012).

termary precipitation forecast ternary precipitation forecast
issued: Nov 1997  valid: DJF 1997 issued: Nov 1997 valid: DJF 1997

R

ALl
IEEE

EIL.AA BL.A*

Figure 22. Visualization examples using the ternary diagram by Jupp et
al.(2012).
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Q) 37HE 712 Z71QE ALt

b AETH

T o5H TR FEASAH HUIE Y8 457 BEIASAY dHuUL, €HA
71, HA7EE 19799 FH 20199 744 FREIH o, ZHzbe] 97] A (Table 2)H B+t
2 AA HAaes o AYE F sl XU, €U, €AV goE 4

== ]
=

St o] ZH8 Aostr] 8l AMES 457 EFEAH S Table 294 2t} 97
%! (YD), GA1(YS), DE(IN), AE(JB), FE(CN), &
HEAHTE Bon, A& 107 &=

o
N/
(@)
T
of?
offt

A

(CB)elH, FA 2} BEBEAHOE 713 He B2
AMow 4 B BEAHNSE BASL = Ao eyt

HE 5Y, 649, 7€

5k, GloSea59] gF

Ad5H SR FEAFAES Hus|dlsE, $1o €8 ECMWF d3A8E WMO A%

E{(WMO Lead Centre for Long-Range Forecast Multi-Model Ensemble, https://www.wmolc.org/)=

2 YHur]sle] AT hindeast”7] 7S GloSea52F ECMWFZF Z+2F 1991-2010, 1993-2016
o7 Aolte], THEE 7ITHF, 1993-2010)< hindeast 7]XFO. 2 A S Th.

Table 2. Station IDs in each division.

Divisions Station IDs

GG 108, 112, 119, 201

GN 152, 159, 284, 285, 288, 295

GB 130, 135, 138, 143, 272, 278, 279, 281
YD 90, 105, 211

YS 101, 212

IN 156, 165, 168, 170, 160, 261, 262

JB 146, 243, 245, 289,

CN 129, 235, 236, 238

CB 114, 131, 221, 226, 232

W S71F FENSFE71Y

A 718 dBdrieY JFHARE VIeeR BdE@gET =& FE(Above

Normal), 333 ¥l &-E(Near Normal), BIETH XS &E(Below Norma)E 389 dRBE



sty Yok I3]0 s FEGSES Y, 389l =3 (Extremely High: EH,
Extremely Low: EL)S 34 F71ste] 589 i 434 BFr7HE 9o 539 7|&3<
Aetr] 28, 10 HAEY, 15 HAEY, 20 HAEL 3 80 HAELY, 85 HAEY, 90 HAEFY
kel 3l GloSeas$t ECMWFEE o =2] AUC(Area under the Curve) at= B3It AMZ &
FF3te] VE=@HS AASE WS Figure 239 =AISFATE WA 10/15/20, 80/85/90 T ANEFY
of dgdst= GloSea52t ECMWFEE hindcast®] 7](Tavg, Tmax, Tmin) -T2 &X3
(Cumulative Distribution Function, CDF, Figure 2394 2]2 '1,7—@)01 A Zbzk o] 71 &3k(dE &1
Figure 2328 T:4 Ty)= &=tk 1 te, 28 B8 o5 d4ES 83 F4 &L (Figure
23bo] HAAM) A Zb 2xof e HAEIL ke ¢ ﬂ Ho} olgA T3 AS5gES &
=3 Hlwst] AUCHHS 4AHgst HA o =3 7|Eaks AAsAT
ol¢} FASH WO R EAHARY 7|23 Hludte EAY @S SEHS AT
tl, Figure 24°) 3l WHES YeEIH AT WA, #= hindcast CDFoﬂ/H ERdUTo 7| 23T,
o dFste HAEFL R ET)S A3, 0]5 83t &2 hindcast CDFOlA ©]
B} o OH‘:LOP (T ,0) S S E=THFigure 242 D). L thg, o] 7]Lgkol sigsls Al
3 = G4E CDFolA AHA @ h(Figure 249 @). ©] o, EHdE
T,,)°™, 584z rlexg ve gEHS AT, )7t Bt

o] W o2 20201 6¥, 7¥€, 8¥ 2] Tavg, Tmax, Tmino] H-ESIAT o] AFNA= o|FdEE
o} A Zgo] AW F 2016\, 2018@)9] L= (Tavg, Tmax, Tmin)et Hlw o] EAY v
< FE9EE AT
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Cumulative distribution

§ 80, 85,90 % (a)
S
2 Climate distribution
m . . .
g ____________ Obs _________________________________ HCST. distribution
+ ]66.7%
Q
Q
(@]
X
()]
21 33.3%
R
C
o
°
o

10, 15,20 % : i

T To T, 4 Ta
Temperature (°C)
Cumulative distribution
g (b)
% HCST. distributio
-
(7p]
O L EH: 1-F(TY%
= 166.7%
(O}
S LAN-HT% ]
x
w i
E 333% BNS distribution,
o . ACST
o I BN:F(T)%
o |
O N EL:F(T;)%
T T T, |T

Temperature (°C)

Figure 23. Procedures of the determination of climate extreme thresholds.
CDF of the observed, hindcast, and forecast ((a) the observed and
hindcast and (b) the hind and forecast CDF).
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HCST. distribution @

A

ARl

—
-

Above: 1—15(7A'yea,) Jodt FT)
/ )

ENS distribution, FCST >

Figure 24. Procedure of calculating probabilistic forecasts compared to temperature in a
selected year (last year, 2016, and 2018 for this study).

@) 717373 LR HARAFS 3 Hx - HAZ]|2 AL FEQE Gt AA

b FUY FEAH AFY ZAr9R A
@ ©)= NOAA-NCEP CPC(Climate Prediction Center)

Hl= 7]77d (NWS; National Weather Service)®| 321X AA= 0~48A1%F, 3~74, 6~10
A, 8~14%, 183 ¥ (monthly)d] B, 7|4 (seasonal)dl L E o] Fojx ¢lom, NCEP 4+t 71&
A ZAE|(CPO)E 6~10Y, 8~14Y, € B, A-GEE Aista Yot E3], 171L30Y)
A-Y AdHE HsiA w= A9 dHFF 723 Aol it AdRE A4H(Figure 25;
https://cpc.ncep.noaa.gov/products/predictions/30day/) st =1
(Above, A; Near-Normal, N; Below, B) X X5 E A &3ttt 7|
sk, 7ol BdEY =& Ze® q3He A A
2 TR, A5Gl ARG Be AR ddEE A =4, AL Ao

2A o HAS] AFF

N,
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Figure 25. One month(30-day average) outlook for temperature(left) and precipitation(right)
from NOAA CPC.

Hl= CPCAlA = 171 die} TES, 345 AP 7|2 ZFAHEAZ)A dsiax
ASARE AT FHFigure 26). 3-4F A Ho] i< 289 JEE kil A=H, abovest
below?] &Eo] 50% ¥ u] equal-chance & dR3I Tt 53|, 7T dZo|A 34F dRE =4
o] 7V e VIO E, 3455 XIAF AHY dF HAIGEE Fol7] 93 BE ATVt ol F

o1#1aL Tt

s

_ 5 - s
LDOK /mf\_*s o RIMENTAL OUTLOOK /mfx_*; o
PROBABILITY S0 CHANCES < PROBABILITY /50 CHANCES c

£
EC 2020 - 2 -
D 3612020 - JAN 08 2023 = ' - JAN 08, 2023 WG NORAL - <&
1 ¥

Figure 26. Week 3-4 outlook for temperature(left) and precipitation(right) from NOAA CPC.

A-Y o= AL, AFWRFMIO; Madden-Julian Oscillation)®] &% = o Zo] F a3}
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o mgkA CPCAAE ol #HEIG  AdFAFHRE AFSta UATHFigure 27,
(https://cpc.ncep.noaa.gov/products/precip/CWlink/MJO/foregfs.shtml). MIJO+= A7+ Z3 FALEF
(Outgoing Longwave Radiation; OLR)3 800hPa, 200hPa <EUjul#S A3t A4S
RMM(Real-time Multivariate MJO) A|<~(Wheeler and Hendon, 2004)E F3| A<jE MJO A
7Rk 2 o Fof] AEFTE CPCOlA = YFE GFS RdA A oS8 RMM A5 7|4t
+1497bA1 9] MJO AZAHEE A Fsta Ytk MIOO] e Aot 5o Wl wIE A
A o2 329 7159k D3 Aol Qlo, o]et #HF w2 A7t M Ho stttk 53], &

HF 53 AHE SA Zod FFS v E B ooy}, ool 5 W olx gyl EEdE
FFE PG =3, A A7 EFolyd TR dRAILRAE FFo] o, ENSOY
HEAANE dTFS A= A= d#HA Ati(Camargo et al. 2009, Chand and Walsh, 2010,

Hall et al., 2001, Wheeler et al., 2009, Taraphdar et al. 2018, Li et al. 2017).

o ¥
= Rt

O
0;

.

[RMM 1, RMM2] forecast for Dec-13-2020 to Dec-27-2020

Western
7 Pacific 6

s NCEP GEFSBC

]

8 5
I
1]
g [ B2 0=
- o= S B
< o =
2 O yu= SE
= | uE E3
za o
-1
1 4
.
-3
"~ Indian 3
3 = Ocean =

-4 -3 -2 = 0 ] 2 3 +
RMM I

Figure 27. GFS-based MJO ensemble forecast
provided by NOAA CPC.

@ 3% 7143 Bureau of Meteorology, BoM)

ST 7IAAHL ~36AH(RY)), ~4d(FThA RS} A, Ha-HA T2, FrEed tEl F
Hg 9 25 He), €EME He), AZEGMNE F) ¢k 289 & dERE AlFst
3 ok (Figure 28). Hi-HA 7|22 289 FEAEE A= A 308312 5 Fh(median)
< Hold & i dF HEE AFsta, ZForFd teixe EF AT o 3Y FE
(o, 24 10mm, 50mm, 100mm%5)Y FE3 7 A 30872 FFF SUHS dojd &
o] 75%, 50%, 25% Y] FEAHE T ATt FE dEE 1T F H, 48, AFE
drol A FHIZ JRAFTE A FITHwww.bom.gov.au/climate/outlooks). dl X AT E A4S}
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https://cpc.ncep.noaa.gov/products/precip/CWlink/MJO/foregfs.shtml

71 YA IE7) 4 UKMO =L 7jHito g zA 7128 ACCESS-S =@-8 AL&3l1 ¢t}
71% #d HARIZE TF AY 73 7P 23 9SS HH ST A=Y FFH 2
T2 333 dyw/guUt, ) 2YUEHOE MJO, €Y A7IYgS AFstE 33, Southern

Annular Mode(SAM), A=%F2] tho]Z A 4(Indian Ocean Diapole; 10D) A+ &= o =3t
=2

Temperature—the chance of above median maximum temperature for 19 Dec — 25 Dec (i ] ‘ Temperature—the chance of above median minimum temperature for 19 Dec — 25 Dec (i)
1 week 2 week 1 month 3 month 1 week 2 week 1 month 3 month

19 Dec — 25 Dec 26 Dec— 1 Jan 19 Dec —1 Jan 26 Dec — 8 Jan 19 Dec - 25 Dec 26 Dec — 1 Jan 19 Dec -1 Jan 26 Dec — 8 Jan

s.if‘) ~ci_’f?5 )

v

e
!
[
E
=
d
e
‘Ls
// y
H

0 0 By,
N

80 3 80 ¥

1+ |2 ® @

Chance of exceeding median max temp ('
hance of exceeding median min temp (%

Sydney
“\Canberra, o
S ¢

Issued: 14 December 2020 Issued: 14 December 2020

Figure 28. Climate outlooks for maximum(left) and minimum(right) temperature likelihood of
the upcoming weeks, months and seasons being warmer or cooler than usual.

@ Y9E =3 7|FAE(Tocky climate Center, TCC) ¥ £ 7]F#H(Japan Meteorological
Agency, JMA)

dE 7|ZAE A= HA-HA 7o e dEE BEE AFsHA gou, 7 2 A
of tisl] MPAIZE 15:3~6Y H), 257(10~16¥ H), 3-4F(17~30¥
(3~30¥ HH)Ao| thet d R E AFstar A Thhttp:/ds.data.jma.go.jp/tec/tec/). T 7]

B, 1714

£ HaEs Rkt thaf A 500hPa A 91al%, 850hPa =%, 3 W 7]QH(SLP)&S Al&3tal
B9 602~ 60% % ofAJo} A Yo ts| A= stream function, velocity potential, 7<=, #|3E
71& & AFsta AThFigure 29). olAg 1 ASFAEE A4etr] A AT FE
o & A|2EI(ESP)S 7|Hto 2 3 Ed, 7| R (AGCM)2 IMA-GSM< 7|Hte 2 &, 18
d olH7FA = TL4T9, 18Y °]Fol&= TL319 EdS AHE-3t
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RAIN (FORECAST) day 3-8 init:2020/12/08 [mm/day]
5 a3 <]

g

SST ANOMALY date : 2020 12 08 00 [C]

i §

Figure 29. One-month prediction maps over Tropics and Asia
regions for the first week. Shaded patterns show anomalies with
respect to the each total field.

U B 7] (Japan Meteorological Agency; IMA)I AT JEA S HF7]|L, o] ois)
A e, 1~2F B AEY RS AFeta lon, olg tiEo] 1/hY A
o7 2V RE ATt Aok 5, 1€ F MY T, A, A2, AT A
sl 329 FECAEE AFstn dew, 74 A9E FEE AFeal UAk(Figure 30
http://www.jma.go.jp/en/longfcst/). 7]l thalA= HART EAY H=SAY, & AS=E 9
FEE FEHS AFst Ao, 389 T FEO| 40% °1FS HFE A e

3l A= Figure 313 o] dESARE A Fsta J=d, 7155 33%E 71F0 2 5719 7}
e il v Es, 5, W9 v, @2, v @5 7 glElagdd s $EAHRE
AFata ot 53], w5 -

EQEE UEin.
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Average Temperature Precipitation
12 December - 11 January 12 December - 11 January

Probability of b:low normal(empermure (cold), near-normal Probability of below-normal precipitation (dry), near-normal
rmj for precipitation (average), above-normal precipitation fwet) for
ea:h area. (olored areas have a4l1% prubabllnyor more of each area. Colored areas have a 40% probability or more of

below-normal or abowe-normal prec |p|tanon
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Figure 30. One-month and three-month forecast are issued at 14:30 JST every Thursday and
at 14:00 JST around the 25" of each month respectively. Warm- and cold-season outlooks
are issued in February and September respectively in concurrrence with three-month
forecasts.

Two-week Temperature Forecast (Issued: 14 Dec 2020)
Five-day average temperatures (period: 22 Dec - 26 Dec)

B Very High
High
Normal
Low

B very Low

All nghta eserved Copynghi © Japan Meteamiogscal Agency

Figure 31. The two-week temperature forecast from JMA.
This shows categorized five-day average temperatures from
eight days ahead, with red and blue indicating values
expected to be very high and very low, respectively, at
probabilities of 30% or more. Orange and light blue
indicate values expected to be high and low, respectively.
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Figure 32. Probability of Months 2-4 tercile categories(left), outer quintile
categories(middle), and above median (right) 2m temperature forecast.
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dq =79 Exol F3l= hindcastE AYLFSFTH(Ham et al. 2017; Figure 33). €= UKMO°IA%=
AR WO R 7|2 ghs AlAtste, oSkl tid WA HAS stal Jlerng 9 WHER
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MacLachlan et al. 2015).
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(FCST issued date)

i wi
Clim= HCSTL * m

Figure 33. Illustration for date-distance weighted average using GloSeab
subseasonal hindcast.
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(sampling) 31-day time window
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forecast Bias(2week) Bias(3week) Bias(4week) Bias(5week) Bias(6week)

time FCST 1 week FCST 2 week FCST 3 week FCST 4 week

Figure 34. Diagram for bias and bias climatology definition.
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Figure 35. Korea domain averaged
RMSE and MABE from GloSea5
hindcast for the period of 1~60
forecast days.
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Figure 36. Week 3-4 averaged bias in
each month for maximum and minimum
temperature (estimated from GloSea5
hindcasts); (left) maximum temperature,
(right) minimum temperature.
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Figure 37. Weekly forecast errors
in GloSea5 hindcasts for each lead
time; (a) maximum temperature,
(b) minimum temperature, and (c)
mean temperature.
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Figure 38. Monthly extreme
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Figure 39. Monthly extreme climate monitoring map after improvement visualization
technique for daily minimum temperature below 10th percentile during 2020.
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Figure 40. Monthly extreme climate monitoring map after improvement visualization
technique for return period of the largest P event and monthly total precipitation during
2020.
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Figure 41. Monthly drought monitoring map after improvement visualization technique
for 3 drought indices during 2020.
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Figure 42. East Asia extreme climate monitoring map after improvement visualization
technique during 2020.
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Figure 43. Analysis guide for climate extreme maps.
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AE Bolil JTH(Figure 45a). 71E 7€ 712 A AAR] 429 FAE¥ SST(SST_10) 19 2~
+ Figure 4522 24 vlx 2 ¥(90~105°E/10~0°9)2] H SST #HOo=ZH ZXU(HWD)S+
29 AHAA(r=-0.19, 1973-2019)Z A JTthFigure 45a-b). HZ 53(2015-2019)2] 7 -$~(Figure
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Figure 45. 39-year (1981-2019) correlation map between HWD in July and SSTs in
April, b) scatter plot of HWD in July (y-axis) and SST_IO (x-axis), c) SST
anomalies in April, 2020, d) 21-year sliding correlations of HWD in July and
SST_IO from 1973-1993 to 1999-2019, e) time series of the SST_IO value from
April to July in 2020, and f) time series of HWD in Jul (bar with the right y-axis)
and SST_IO (cross with solid line with the left y-axis). The box in a) and c)
indicates the region of the SST_IO index. Red crosses in b) indicate the recent
five year (2015-2019) cases while blue star does 39-year average value.
Long-dashed lines in d) show statistical significance at the 95% level. Short-dashed
lines in e) show +0.5¢ levels.
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ATHFigure 46a). 71 7€ 71 A AR 4€9] A3 SST(SST WP) Ud 2= Figure
46a2] LA vFx 2] 9(120~140°E/0~20°N)2] H SST Ha} o zH ZTAdS=9} oko] A
FA(r1=0.27, 1973-2019)5 X o] =H|(Figure 46a-b) < 532 7 $(Figure 46b, &2 AR EA)
E X33 21 ol AAAAE BH HIT #A-EAFo] o TAaSAT &3 2020 49l =
0.5% 0 #& 35t &l a4 HI 7] wEol(Figure 46¢c and e) 7¢ A4 ¥57F HdxRo &
S Aoz Aoy HA 02Y(-2.8¥€2] HAPo] HLE Z A U< (Figure 46b, 2 HHEA))
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Figure 46. a) 39-year (1981-2019) correlation map between HWD in July and SSTs
in April, b) scatter plot of HWD in July (y-axis) and SST_WP (x-axis), ¢) SST
anomalies in April, 2020, d) 21-year sliding correlations of HWD in July and
SST_WP from 1973-1993 to 1999-2019, e) time series of the SST_WP value from
April to July in 2020, and f) time series of HWD in Jul (bar with the right y-axis)
and SST_WP (cross with solid line with the left y-axis). The box in a) and ¢)
indicates the region of the SST_WP index. Red crosses in b) indicates the recent
five year (2015-2019) cases while blue star does 39-year average value.
Long-dashed lines in d) show statistical significance at the 95% level. Short-dashed
lines in e) show +0.5¢ levels.
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Figure 47. ACC (solid line) and HSS (dashed line) of a)
average temperature and b) HWD in July for moving
21-year periods from 1973-1993 to 1999-2019 using the
SST_WP index. Horizontal soild (dashed) line indicates ACC
(HSS) for 47 years (1973-2019), which is also displayed in
the first (second) number in the title.
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Figure 48. ACC (solid line) and HSS (dashed line) of a) average
temperature and b) HWD in July for moving 21-year periods from
1973-1993 to 1999-2019 using the SST_IO index. Horizontal soild
(dashed) line indicates ACC (HSS) for 47 years (1973-2019), which
is also displayed in the first (second) number in the title.
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Figure 49. Summary of heat wave predictor, its ACC and decadal change (%
numbers in parentheses), its projection of HWD in 2020 (color of thermometer; AN
for red and BN for blue). Heat wave predictors in grey color are predictors with
the value less than +0.5¢. For more details, refer to the description in the main
manuscript.
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Figure 50. Map version of the summary of heat wave predictors and their
predictions in 2020. For more details, refer to the description in the main
manuscript.
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Table 3. Anomalies of monthly (June~August) mean temperature (Tm,
) and heat wave days (HWD) 2020.

June July August
Tm 1.6 -2.5 1.5
HWD 3.4 -2.8 2.9

© 2A A8 34 AT A=d AL

A QA7 Sl Z2Y o) nX = JEFS AH R 95ke] SST, 43200 hPa) A ¢
(HGT 200), 3}5(850 hPa) A9 IL=(HGT 85), S%(500 hPa) F2-2%5(OMG 500)% Al <l

2 YHEE ARt ARdA= 19819 FE 20199, 39de] 7]HESFATE SSTS}
o] 4d#A AIKFigure 51)°] W2 SST 10+ 49 AUl T5 BIH S o] A#AdA, A=
do] FTB/AE ZEd o2 AEHG~6R)0 UAERFH] AFHRAAE FAHE E 4

s
=
A

]_

M

37’]— T = ﬁ T
g 5 Bl SSTEe HdaAZE A4d3] ofsxe AL S8 5 Aot o4 e A
2 delx o] HESIH AEY SST A5l &, A5d7A ©]oJA = Indian Capacitor

_68_



Effect(Xie et al. 2009)¢} -A}a}tt.

-0.84 -0.60 -0.36 -0.12 0.12 0.36

0.60

Figure 51. 39-year (1981-2019) correlations of SST_IO with monthly SSTs in a)
April, b) May, © June, and d) July. Black solid lines indicate statistically

significant correlations at the 95% level.
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Figure 52. 39-year (1981-2019) correlations of SST_IO with monthly HGT200,
HGT850, winds at 850 hPa, and OLR in a-c) April, d-f) May, g-i) June, and j-1)
July. Black solid lines indicate statistically significant correlations at the 95% level.
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FARFAIE &letr] 8] e FHA| G thal] A ARt oA ek Adstal
2} b= el tiZIWS Ak b 3 siE AHIA A S(pattern correlation coefficient, PCC)E

A& 50 7€ ZA A AAR] SST 109 4% A=A A9, SST 109+ 7€
HGT2009] #A 39d AadA As-EAE)e 59 799 HGT200 HAXH(AAE)ol| thste]
HES FH X 9 (90E~165E/10N~50N, Figure 53014 SHI=E 3k AR 29) 52770(=31x17)
o] Az dis] PCCE Fatd . A ti7IH 4= HGT200, HGT850, OMGS002. 24 3}u}2]
ZHAl Aol s HGT200, HGT850, OMG5000] 3k A 7§e] PCC #to] €¥= A&EdHrth
Figure 532 20201d Z+ €] #Hz} ZHHGT200, HGT850, OMG5000] thall Ztzh)S HEAZE FA
gk 9ol SST 109 thgh FAZ|ZE Fougt FAAAE 2= AAE Jo2 FAS Y s
FHA ol g PCCHS 23T toll BAISHS T
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SST 109 7% 4dole Al ¥ EF 59 PCCE HolAWt 5¥7E 7714 54
HGT200 ZA$-Z A &3 =E Z$ol 0.17~0.442] o] PCCE XY E3] OMG5009] 7%
¥, 69, 7€ thsl] 0.44, 0.28, 0.399] =& PCC %S Hol=d SST 109 #HAHE A3
Hol O F dA9 shits vl2 & dlF el EAo] Fd s€RE 79714 A&H o
eSS ondth. &, SST 109} ##dH 7]%to] &3 &3 vehy™ SST 1071 7€9
2 1A 9 IAYF IFS v HoE F2T 4 QU

| EE——— ]
-0.70  -050 -030 -0.10  0.10 0.30 0.50 0.70

Figure 53. Anomalies of HGT200, HGT850, and OMG500 in 2020 overlaid onto the
39-year (1981-2019) correlations of SST_IO with monthly HGT200, HGT850, and
OMG500, respectively, in a-c) April, d-f) May, g-i) June, and j-I) July. Red and
blue dots indicate statistically positive and negative significant correlations at the
95% level, respectively. Numbers in parentheses are the pattern correlation
coefficients between the anomalies in 2020 and the 39-year correlation coefficients
of each variable (i.e., HGT200, HGT850, and OMG500) in the black solid box
including Korean Peninsula.

@ SST WPl A5 449 Ith AMefg FollA Fefsg <t SSTS Fof FadAE € &
HEF SSToh= =9 F#BAE Z=dl(Figure 54) °o1H 3 Uk FAF 38 dd2 6€

7HA AT 7] A E(Figure 55) IEAto|y W= E 233 dola|olel e sfjoljA A
7194 ZF(Figure 55b, e, h, k)3 thF ZF3h(Figure 55¢, f, i, )7} 4857 H 747HA] A& o=
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Figure 54. 39-year (1981-2019) correlations of SST_WP with monthly SSTs in
a) April, b) May, ¢ June, and d) July. Black solid lines indicate statistically
significant correlations at the 95% level.

A 712 &l PCCY 7 $-(Figure 56) 49olle Al W4 2% 9Fo] PCCE HolA|
5L RE 7E7EA] RS kol 0o THEAY 59 #E ERlt 53] HGT8509 7t 54

6, 7€ tis] 27k -0.26, -0.21, -0.169 =] PCC #= Eo|=H °o|& SST WP} #H#HH %
gAs] T i Aot Rt 17| 559 5o &3 YEUA fFtes ord
ot} 29 202090 4o SST WP%kol HIRT AT shitse] £H8 fddls 19
#EE 7%l &3] UEhA ZskSS ov|siy AAE #SH 20200 799 @Fe v|2@A
2 SALFTL oleld A %leff“:}
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Figure 55. 39-year (1981-2019) correlations of SST_WP with monthly HGT200,
HGT850, winds at 850 hPa, and OLR in a-c) April, d-f) May, g-i) June, and
j-) July. Black solid lines indicate statistically significant correlations at the
95% level.
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Figure 56. Anomalies of HGT200, HGT850, and OMG500 in 2020 (contours)
overlaid onto the 39-year (1981-2019) correlations (dots) between SST_WP and
monthly HGT200, HGT850, and OMG500, respectively, in a-c) April, d-f) May,
g-i) June, and j-D July. Red and blue dots indicate statistically positive and
negative significant correlations at the 95% level, respectively. Numbers in
parentheses are the pattern correlation coefficients between the anomalies in
2020 and the 39-year correlation coefficients of each variable (.e., HGT200,
HGT850, and OMG500) in the black solid box including Korean Peninsula.

@ A 48 A4 AT A= F&

69, 7€, 8¥ ZA Uig A A= FAIEH(S Lag 0) PCCE Table 4, 5, 69 Z+2}
EA8LE T 622 HF dE $9] AABA E= 0o 77 PCC #HE Hola ¢l

o 799 A9 49 FAXEF SST(ie, SST I0) ¢1Ae] PCCe REF ko] ZHo 2 HGT2003

OMG5002] 7d-%- 025HTF =2 e HAT 899 A% 2¢€ &F HZ SST OIXH PCCE =

T oFY FOE A HEF BT 025ET 2 s Btk oldd A o] F ¥WTY A¢

A 9 7123 g3 o] HAo] AP

1 o]3KBN), 8€ol Hd o] d(AN)
A

AT

offt 1o
N

=X =
DX gk 2108 HoK(Table 2) 4¥ STRAEY SST AAE 7€ A2 2 Hd o]dt SA Lo,
29 TFEZ SST A7 8€e] 12 9l Hd o) FALsel 7193 Aoz FZ5H. 579
789 7% W olHAN)9] 12 B FAM deE ANAY A JAAE@d YA SST, 5
o4 EHEF SST, 49 Hv| A9a= oo PCCE HIF-E +9 @S BAed oe ol
A QAR 718k 7] Ae 202030 HSE s Aol E2S vy A= w3 o9}
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Table 4. Pattern correlation coefficient (PCC_HGT200) in June over East Asia
between HGT200 anomalies in 2020 and the 39-year correlation coefficients
(HGT200 in June and predictor). PCC_HGT850 is the same for HGT850 but
HGT200, and PCC_OMG500 is the same for OMG500 but HGT200. PCC values
greater than 0.25 are in bolds.

ZAR I, PCC_HGT200  PCC_HGT850 PCC_OMG500
44 Hejdsf SST -0.09 -0.21 0.02
5¢ HejH < SST 0.00 0.17 0.01
14 oM ef < SST -0.41 0.22 0.02

Table 5. Pattern correlation coefficient (PCC_HGT200) in July over East Asia
between HGT200 anomalies in 2020 and the 39-year correlation coefficients
(HGT200 in July and predictor). PCC_HGT850 is the same for HGT850 but
HGT200, and PCC_OMG500 is the same for OMG500 but HGT200. PCC values
greater than 0.25 are in bolds.

A A3 PCC_HGT200  PCC_HGT850 PCC_OMG500
44 Hejdsf SST -0.20 -0.16 -0.33
5¢ HEjgF SST -0.18 -0.22 -0.39
49 En|A] 1% *}ol 0.07 0.18 -0.13
49 FJAEY SST 0.27 0.17 0.39

Table 6. Pattern correlation coefficient (PCC_HGT200) in August over East Asia
between HGT200 anomalies in 2020 and the 39-year correlation coefficients
(HGT200 in August and predictor). PCC_HGT850 is the same for HGT850 but
HGT200, and PCC_OMG500 is the same for OMG500 but HGT200. PCC values
greater than 0.25 are in bolds.

A A2 PCC_HGT200  PCC_HGT850 PCC_OMG500
44 Hejdsf SST 0.02 -0.45 -0.08
5¢ EEjH < SST -0.13 -0.67 -0.18
249 TFEZ SST 0.43 0.44 0.29
49 FIAEF SST -0.14 0.12 0.04

Q A I8 #H HF AN2Fe] &8 It Ak
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ARFet7] fste] A 39»3_011 3t Lead 270 € W oﬂfﬂ PCCE 18 4T A< PCCE 1
Hg A A AR Acce {gtE A¥HEYgTH pCCE o 1yE AT AHfe
ACC(=ACC_noPCC)= 389 7Z2AHTFEEE /1A I3 4043 0)A A 227 AN EE BN
et A2 F(=Ntotal)ol]l Thst] ZA 571 A5 A9 F(=N_correct)®] HIE&EH
o537 2ol FAEAT A 1A NNQI A5 #A o] oty r] wfEel a3t &k
=3

N_correct <100

ACC noPCC= Vi [15]

PCCE 1IHT 7459 ACC(=ACC_PCC)= Al <1A7F AN E+= BNol| 3j@ste= Al
Al 78] PCC %Fk(i.e., PCC_HGT200, PCC HGT850, PCC_OMG500) % 5 71 ©]o] PCcCcel 715
% (=Threshold PCC, 0.1~0.3) °]<l 74-¢-2] 4°(=N_PCCtotal)ll thslo| ZA L7} A7t 47
9] 4 (=N_PCC correct)®] B EEZH 53 o] EASAT

ol

N_PCC _correct <100

ACC_PCC= —— 550l [16]

799 T 7A Azk4Y P AF SSTS 49 FA=F SST)o ] PCCE 1l 3HA] ¢e
A$e PCCE 1HIT A$9 ACC #S Figure 5791 YEMRAJT PCC 1HA]  71F#<
Threshold PCCE 0.1%-¥ 0.37}A] 0.052] zol& Fi thdstAl Al=3sFAT

T A PCCE aE ¢ & A$ ACCTF 40% OlFAAT PCCE nH T S 40~75%2]
ACCE Holm ACC7} F7tete Aol F Aol #5382 Uewt. 53] 49 FAEY
SSTO] 749 PCC Hl AH A 28%2] ACCE HA|AAR 039 7|FoZ PCCE 1HT
2 343 F7stAth ol PCCE 18T 45 A Ao dF8o] Frhsty 7 5o wet
¥4 f& &9 ol 7Hsde AlAET 1 FEAA @7kA aEsioF & A PCCE 1L
B @55, 283 7EHe] 2odTE ddete A9 g7 S0t Aot Figure 589

A &< —°r°ﬂ Z 39709 AL = 33349 A7} o] 3]11:10}1]1:}
THE A I FIF 12(14~16/HAEE 918

0.1 719 PCCE 0.3 71&9 pPCCY 7
1/8(47Me] 7A$-=E ZoEt} o] A= PCCE 1HL 1 7FHS EUFE Z:/\IOIXH 011
82 Frtsty ol dgste A¢Y v AUHLE FASEE 939 {84 oA
© BT F Id5S 9uigt mebx FE HAHI PCC 7E e ARSI dFY sz
Fre&Ae A4d3] nHITE A 717 AF: A="ES o] &t THA Ao o SFES HT
F 9L Aow JgHETT
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Sensitivity of Accuracy to PCC
(Lead 2 mon: May)
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Figure 57. ACC of SST_WP (orange bar) and SST_IO (blue bar)
without considering PCC (ACC_noPCC; first column) and with
considering PCC (ACC_PCC; from second to 6th column). When
considering PCC, values of PCC (Threshold PCC) vary from 0.1
to 0.3. Among HGT200, HGT850, and OMG500, if PCCs are
greater than Treshold_PCC for more than two variables, it is
considered to be a hit.

Number of Cases
(Lead 2 mon: May)

40

35

30

25

20

15

E II I

5 1 In

5 ] | ll
FEE_l_E:l 0.1 0.15 0.25
o mSST_ WP  S5T_I0

Figure 58. Total number of cases of SST_WP (orange bar) and
SST_IO (blue bar) without considering PCC (N_total; first
column) and with considering PCC (N_PCC_total; from second
to 6th column). When considering PCC, values of PCC
(Threshold_PCC) vary from 0.1 to 0.3. Among HGT200,
HGT850, and OMG500, if PCCs are greater than Treshold_PCC
for more than two variables, it is considered to be a hit.
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Polar/Eurasia 44d% I (POL)2 Hu|t5, Fotrof 51 HMEH S, ot o}
T W2 A WeAdd dFH Utk(Figure 59). AedF SHos 53]
oo/ =8, B ofdd BlH G I Afa=ge] Az e o=
Aol A7) B, BHE BEA 171974
o AZIABE7IHAE) 52 FEHE HAo
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Figure 59. Geopotential height (500 hPa) spatial
pattern of Polar/Eurasia teleconnection pattern in

January (from
http://www.cpc.ncep.noaa.gov/data/telecod/poleur.sht
ml).

POLF} 3ule SN ABAES AvE7] s POL A9 3709 HFgk(elds)
10€-129 7 E 6-8L7kA) 3 SHt= 7-89 HF 25(Ts JA) D S LS (HWD JA)S2] A3
A(29d 71%F, 1991-2019)F Figure 600 =AISHA T 1 A3 ALEHA FH dhFE Fom]3h
=9 AHAAE Hole 7h&Hl 53] 2-4¥ HH(POL FMA)S 7-8€ Hi 259 -0.71, 54
dotsE 0579 =2 FHAAE BYH

-
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Figure 60. 29-year (1991-2019) correlations between 3-month
running averages of POL from October-December to
June-August and July-August average temperature (Ts_JA, red
line) and b) HWD (HWD_JA, balck line) in South Korea.

o

POL_FMA*(-1.0)2} Ts JAS] A|A L (Figure 6la)S AHHEM 1980dT) FTHHE F A
dEAol =obxl 7k 2010 o] F FHAC] vl w2 ALz HAY 53] 7|54 FHo
TAPE 2013, 20161, 2018 @<l POL FMAS] 3t =3 vl dgkon Jujdoz Me3d
2015, 2019, 20201dl:= POL_FMAS] Fkol %9 #<
T HZ S0] 53 Lot AABAVE Wlg SUHlee &0 €5 Atk (Figure 61b).
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a) Ts_JA(black), POL_FMA(*—1.0, red)

1980 1990 2000 2010 2020

b) 21—yr sliding cor of Ts_JA/HWD with POL_FMA(*—1.0)
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Figure 61. a) Time series of Ts_JA (black) and POL_FMA (red) and b) 21-year
sliding correlations of POL_FMA with Ts_JA (red) and with HWD_JA (orange). For
convenience, the POL_FMA index is multiplied by (-1.0).

POL FMA7} 3% 7-8¥€ 250 mX& 7|28 B4317] 9sle] HGT200, HGT850, wind
850, SST, OMG5003}2] J#AA S A4Hsle] Figure 6291 UYERAT. FAZTRIAE 2v]s)
= 2-49Y(February-April, FMA) 713t 235t 71(200 hPa)oll A +=(Figure 62a) AWl o3, dHHl=
& dE 9 HF S dol] - AAdA sjeo] vEly ol= 59 POLHE
A7 AT Fo FHdAE AR dEas] 2 FHAYAE YEd. 3 &)

oy T g 395 AYoAE A FARE "ol vbEye=
S Holm ZAYthr]e dEls RoFTh

O

=
rE
o
bt
1
rl
:g
i)
AL
rE
ol
N
('
=2
X
rlr
o "
o
o
rJ
s
X,
i

el E5s HA7E Mg wel A s)e] SST7F F71skAl Fth(Figure 62¢). E=3F <
=

(Figure 18d) at&FtratEA7y Z7hstan(1d Qls) L= Qe SST F7toll 71dstes 2o g2 ®Al
%S

2 Z7VsHAl | k(Figure 62f, g).

7-84oll= 2o s et FAEY Aol tF7E s ol whek(Figure 621) HH
S 2 Rossby wave HIol ol I EE EZI3 FolAol A Yo AT T|PAE sEo] WE
SHAl Holl wek(Figure 62i) HHES o] o] TAYSHA Hot.

_80_



_500 _—
.

-0.70

-0.50 -0.30 -0.10 0.10 0.30 0.50

0.70

Figure 62. 39-year (1981-2019) correlations of POL_FMA with HGT200, HGT850,
SST with winds at 850 hPa, and OMG500 in a-d) Februry-April, e-h) April-June,
and i-1) July-August. Black dots in a-f and j-1 and balck solid lines in g-i
indicate statistically significant correlations at the 95% level. For convenience, the
POL_FMA index is multiplied by (-1.0). Black boxes indicate the specific regions
for key variables in Figure 64.

B o ulgba s POL FMA*(-1.0)9] A 3337 (Figure 63)0°] A]

H27HA A
71577} &3
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=

(Figure 63a, b)ETh7} A FZHo] Hof thiFrt &) A
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Figure 63. North-South cross section of
39-year (1981-2019) regressed winds (arrows)
and vertical motions  (contours)  onto
POL_FMA in a) Februry-April, b) March-May,
and ¢  June-August at 130E. For
convenience, POL_FMA values are multiplied
by (-1.0).

olg3t 71&e Fstry] 9sl A3 29 POL FMAs| el dAFS FASY F2 W
gk 1€95H 371 A4Gliding) v AAIES AHREJT FA3= 199120199 7|3 &<
POL FMAZte] +0.75*¢ ©]%F = -0.75%¢c ©|3}9] 3IE %ol 3(PosPOL FMA), <2 3l
(NegPOL_FMA)E Z}7} A& (Table 7)3t &A1tk 8 WTEE Figure 620 FEAIZH gl

3% 7]%(H200 EA), €l MeiE Y FF(U WTP), Z2]H3| SST(SST WP), ZgHs| 3}
Al EAHDSWR_WP), Z ]3] J&FFIEA(OLR WP)E X33t} Figure 64a°] o=
negPOL_FMA &l SST WP7} ALHFE F7tsted FHMAM) Hazxd o8& ¥ Ha

b

0

]
A3tE EHEe Holed A~EF 7Eet ddul AHE s FFHAHU WIP)ZF A& =
= A8tE = Aol SHFTIEANDSWR WP) A 9] 3h& Hols & SST WPE F7tol 7]
g Ao = HITh o] 7]zte] OLR WPE %9] #hg Holed ole IgAdf A izt o
AHDe ougitt ¥H ofE3do] HWA OLR WPo| 9] o2 H3HM tFrl @asiA
Shts 313 7)o 1A s8] 343 wEste JEE Bk o] FAd 8l (Figure 64b)
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o= o]¢t= vl djEo] YePdS AT 4 At} Table 79 FAIH &Adslel 329 7-8€
ol 200432 A LT Aol AN 2%

HEZEE AHHTHE NegPOL FMA 2 HYgowH
PosPOL FMA 3ol BN EE NN 2% AL RHolw rh ol8d 44 24 AFf:
POL_FMA©°] AEjH ¢ sf+H 259 fFZ s ZHICEHN e oAF 259 SAE

N

FRVTE B7] 718 B4 @ A FAAAR

Table 7. Composite years of negative and positive POL_FMA years (£0.75 o)
from 1991 to 2019. Red, black, and blue colors indicate above-normal,
near-normal, and below-normal July-August mean temperatures, respectively.

A3 3l Composite years between 1991
NegPOL_FMA(-2] 3l) 2000, 2004, 2010, 2013, 2016, 2018
PosPOL_FMA(%9] &) 1991, 1993, 1996, 2003, 2015, 2019

O
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Stand. values of —POL_FMA composites

-2 . 1 1 1 1
JFM FMA MAM AMJ MJJ JJA

Stand. values of +POL_FMA composites
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H200_EA: $Hit5% 200 hPa 11 7|2
U_WTP: B MEfE L 850 hPa 5
SST_Wp: 2| Hof ssT

OLR_wp: E2| sl £ OoLR

Figure 64. Standardized values of the key variables (3-month running
averages from January-March to June-August) in the a) negative and b)
positive POL_FMA composite years. The regions (EA, WP, WTP) of the
key variables are shown in Figure 62.

E Yo tE POL FMAY] o 2A4S B 2E BTt 1973~20199] 4739 tis] 7€
89 ZAYS 3EAE 44 Ue T ACCE 7& A7 79 dsA= 53.2%, 890l tisiA&=
44.7%% ACCE HATE ACCY decadal WSS AW R 7] 93t 1973\ dFE 20199744 21
ol5 ZIZk(l, 1973-1993, 1974-1994,,,,1999-2019)°] sl ACCE 22t T3t Figure 659 =
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Figure 65. ACC of a) average temperature and b) HWD
during July and August for moving 21-year periods from
1973-1993 to 1999-2019 wusing the POL_FMA index.
Horizontal soild line indicates ACC for 47 vyears
(1973-2019), which is also displayed by the number in the
title.

AANA EA4% POL_FMA©] 7-8€ FREE 259} Z Ao wHX& FoF
Figure 669 X2 %ol ]33t
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Figure 66. Schematic diagram of the impacts of POL_FMA on
July-August mean temperature in South Korea.

Q) A71=2 8 =(Self-organizing Map) 7" &-& FA7] o|47|F EXAA 75

D A9 Z<L(Regional Heatwave) SA

RO A 19793 FE] 20199 7bA] HA G A HFH S Table 8ol QoFate] A A8t 3
1Bt F 1723 AHEdo] IS Ao R Jehygton, 7€o] 8332 JH Bk, 649
193512 71 AA A H T 29 A &Y (Heatwave duration , HWD)©] 3692 71 71 A
ZHL 2018.7.12.FE 20188.16.7kA A&HEH HHo|i, I FHE ol 1994.7.3.00 A
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242 ZAXEUE 71 Ak, 7¥€0] 552 EAAELEYE VA ) Ao E eyt 28 77t
e Azt F4 J% Ao FAE Ay EW(Figure 67) vitd 0.0373]9] wi-g- oFstAl ek
FAolal, FogES < 90%ANA 2 3tH T

Table 8. Characteristics of the monthly regional heatwaves for the period
of 1979-2019.

Mean Standard deviation
Month Occurrence
(day) (day)
6 19 2.42 0.69
7 83 5.52 5.83
8 70 4.19 3.31
Sum 172 - -
8 y=-69+0.037 x @]
R?=0.06,p=0.13 o e o
6 °® e o (Y e o
= o0 © ® e (X e o o —
8 4 _—_.—.____'___._f
e ® o ° o °® °® o
2 °® ° ® ®
© ° °
1 9I79 1 9‘84 1 9l89 1 9I94 1 9I99 20l04 20I09 20‘1 4 2OI1 9
Year

Figure 67. Trend of the regional heatwaves for the period of 1979-2019.

(b ARzde] Nt Z ol Ui 93U &84 Bt

O A7) =27 3} A =(Self-organizing Map, SOM) 71 && 3wts T HEHEF

% 37) SOM IE(=E)o2 1979dFE 2019@71A] 17238]2] A<
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Table 9. SOM patterns for the regional heatwaves for the period
of 1979-2019.

Number of

Node Number of days
occurrences

1 63 584

2 88 464

3 21 49

Sum 172 797

SOM HEH 64, 7¢, 8L LA AFGZHe & vlus EH(Figure 68), 6€o T4
g AGEELS dEE 30 =B EREACH, 79 P AFEZ AL 2 =0 tiEE
3t 1

Hi-Soll= 8o A3 ZHo oF 70%7F 1H o EFEAeH, UH

A BEE= 2 2o EFEAT 7€) A AHZEFL 1 o 3 kTox e H
Holx|ut EF77} Hol, 37] SOM el 2% 7o AT & = Aoz Yehygt o9t
27 6o WAEE ZHE FAFAY 2H E T AT £ YAT 1H == Ay

ZAAEL S 7|Fo 2 37 7]ZK(short: <3, mid: 4Y<HWD<7¢, long: =8¥)o 2 U+
A (Figure 69a), 271 71ZF(short: <4, long: =5%Y) S Z(Figure 69b) Z+2t o], SOM &
2 ZAEFA T Figure 69914 RAFE= A o], 37] 7|72 YFAEs w, 3/ ===
ZHJA&Lo| short? mid EFHO] Q3 1M =9 2¥ =Z9= short, mid, long =5 X
FEE AoE Yeyt. g, 27) 7o R Urdls de, 3 R FEAEY] short
gk AN ZFE AL, longd FHS 1H =59 2 = Eo HlwZ vt A EJE Q
E ZE Table 33 A T3t AHHHAE, 6dof TSI AFZHLS i E FHAE
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Figure 68. Monthly regional
heatwaves classified into the
SOM patterns for 1979-2019.
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Figure 70. Trends of occurrences of the monthly regional heatwaves (a) and
SOM patterns (b) for the period of 1979-2019.
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Figure 71. Trends of durations of the monthly regional heatwaves (a) and SOM
patterns (b) for the period of 1979-2019.
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Figure 72. Composite fields of 500-hPa GPH (shading) and 850-hPa wind vector (arrow) for
Node 1 (a), Node 2 (b), and Node 3(c).
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Figure 73. Composite fields of soil moisture for Node 1 (a), Node 2
(b), and Node 3(c).
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Table 10. Regional heatwaves in the year 2020.

RHW_s? RHW_eP HWD (day)
2020.6.8 2020.6.9 2
2020.6.21 2020.6.23 3
2020.8.13 2020.8.20 8
2020.8.24 2020.8.26 3

a RHW_s: regional heatwave starting dates
b RHW_e: regional heatwave ending dates.
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Figure 74. Lagged composite fields of 500-hPa GPH (shading) and 850-hPa wind vector
(arrow) for 1979-2019 (Node 3) (a)-(d) and for 2020 (June) (e)-(h). (a) and (e) 0-day lagged,
(b) and (f) 15-day lagged, (c) and (g) 30-day lagged, and (a) and (e) 60-day lagged fields.
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Figure 75. Lagged composite fields of soil moisture for 1979-2019 (Node 3) (a)-(d) and for
2020 (June) (e)-(h). (a) and (e) 0-day lagged, (b) and (f) 15-day lagged, (c) and (g) 30-day
lagged, and (a) and (e) 60-day lagged fields.
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Figure 76. Spatial patterns of monthly-mean (Left) total
precipitation and (Right) surface air temperature
anomalies over the East Asian region from June to
August, 2020.
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Figure 77. (a) Monthly mean daily maximum temperature (Tx) anomaly, (b) Percentile of
monthly mean Tx, and the number of days with (c) Tx and (d) minimum temperature (Tn)
greater than 90 percentile value of Tx and Tn, respectively. Taken from (co-anal.kma.go.kr)
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Table 11. Statistical features of monthly mean temperature (Tm), maximum temperature (Tx),
minimum temperature (Tn), heat wave days, and tropical nights from June to August, 2020.

Jun Jul Aug
Rank Total/Anomaly Rank Total/Anomaly ~ Rank Total/Anomaly
Tm 1st 22.8/+1.6 44th 22.71-1.8 6th 26.6/+1.5
Tx 1st 28.0/+1.5 46th 26.3/-2.5 14th 30.7/+0.9
Tn 2nd 18.4/+1.7 41th 19.8/-1.3 2nd 23.7/+2.2
Heat Wave g 2.0/+1.4 45th 0.1/-3.8 19th 6.4/+1.1
Days
Tropical
Night Days 14th 0/0 43th 0.3/-2.0 5th 7.9/+5.2
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Figure 78. (left and middle panels) Leading two SVD modes and (right panels) their expansion
coefficients based on the analysis of June 200-hPa meridional wind velocity over the region
of (30° -60° N, 30° -180° E) and extremely warm days over South Korea during 1981-2020.
(upper) first and (lower) second SVD modes. Contours and shadings are the regressions of the
500-hPa geopotential height to the corresponding expansion coefficients.
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Figure 79. Spatial pattern of correlation coefficients between JUN sea surface temperature
and expansion coefficients from the first SVD mode based on the analysis of June 200-hPa
meridional wind velocity over the region of (30° -60° N, 30° -180° E) and extremely warm
days over South Korea during 1981-2020. Black contours indicate the correlation coefficients
corresponding the 5% significance level based on a student t-test.
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Figure 80. Spatial patterns of (upper panel) SST, and (lower) 500-hPa geopoential height
(shades) and horizontal wind (vectors) anomalies in June, 2020.
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Figure 81. Spatial patterns of 1000-hPa air temperature (shades) and wind (black vectors)
anomalies in June, 2020 and their climatology (contours for air temperatures and gray-colored
vectors for 1000-hPa winds). The climatology is defined over the period of 1981-2020.
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Figure 82. Heat budget analysis at 1000 hPa in June, 2020: u’%, it g4t AT
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Figure 83. (a) Monthly mean daily minimum temperature (Tn) anomaly, (b) Percentile of
monthly mean Tn, and the number of days with (c) monthly mean daily maximum
temperature (Tx) and (d) Tn greater than 10 percentile value of Tx and Tn, respectively.
Taken from (co-anal.kma.go.kr)
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Figure 84. (left and middle panels) Leading two SVD modes and (right panels) their expansion
coefficients based on the analysis of July 200-hPa meridional wind velocity over the region of
(30° -60° N, 30° -180° E) and extremely cold days over South Korea during 1981-2020.
(upper) first and (lower) second SVD modes. Contours and shadings are the regressions of the
500-hPa geopotential height to the corresponding expansion coefficients.
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Figure 85. Spatial patterns of 500-hPa geopoential height (shades) and horizontal wind
(vectors) anomalies in July, 2020.
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Figure 86. Spatial pattern of correlation coefficients between JUN sea surface temperature
and expansion coefficients from the first SVD mode based on the analysis of July 200-hPa
meridional wind velocity over the region of (30° -60° N, 30° -180° E) and extremely warm
days over South Korea during 1981-2020. Black contours indicate the correlation coefficients
corresponding the 5% significance level based on a student t-test.
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Figure 87. Spatial patterns of SST anomalies in July, 2020.
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Figure 88. Spatial patterns of July preciptation (shading) and normalized tropospheric
(850-250 hPa mean) temperature (contours) anomalies in 2020.
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Figure 89. (eft panels) Leading two SVD modes and (right panels) their expansion
coefficients based on the analysis of July 200-hPa geopotential height over the
region of (30° -60° N, 30° -180° E) and total precipitation over East Asia (China,
Korea and Japan) during 1981-2020. (upper) first and (lower) second SVD modes.
Contours are the regressions of the 500-hPa geopotential height to the
corresponding expansion coefficients and shadings are the SVD modes for
precipitation.

@ 84

- 109 -



8¥€2 Arprt vt Eet FEALAA 16Y€ T8k 1973 olF oo 7M1 At
(54HE 71EHA stRoH, HE o]F Y FR7kA £ 9 dujoprt A &Ko 7|20l g4
3] F7Mete MRS EAFAT. €38+ 4 HA72(23.7C/HEd 21.5C)2 29E 715350

=okton, Aol E(7.9Y9/8d 2.7Y9)E SR E=UT €T 7|28 69 E gk, A 7
22 14912 7153t %A =A &% tH(Table 11).

™

HI-F o]o
Ve

71521 849 ejvtel Eeke] HA o] g Bd A}
= X (Figure 90a, b)E BH HREAHOZ H A Ho|A 2T o]
2 90HA ol For EUTh 53 AUE AR 4, xﬂiétﬂx}x}
AN HA7|Lo] HART 25T o] =UTh Y9 e Aol A %ﬂ%ﬂ:
F5] wted Ha 15-179 o]dol A Th(Figure 90d). 8¢ o]’ i
693 Hl=5HAl SEvhel |k SR FR A GoA A H R =AU with

o
oL

_Xl[‘ll‘
)
Sy

18 ofl =

A g oo
2

0
=

}

z
4
P
ol
SRS -

O
i |t ) o 4
rr 12 2 r

(VT
A 4
I

79 N olgue WA BA Wy £ WEY Fao REE 237 S8 7
200-hPa H W vlEAS b= 437) FZLoA ol 2 Edl thste] SVD #4&
T3t hFigure 91). 3 WA SVD 2= @ e} ¢Ek o) n2 gf REE e
A ool e & FUHE UEhATh o] REe} #AFE 500-hPa AT WA BREE
2ol AfebAol Ads SR A Fuex 4YE we o AT Wxpeh I Aol
s Fu e AR WAL EASE 54 HolEd, ol el 444 )
H3} A3 FAFSCH(see figure 5 of Choi et al. 2019). °o}=1] "1 frefalof A9 dFAF Ao
oA EZHo] EAsta I Fw <o AIE HAL AASte £ Efolth F ik
= AYelA ol 19 FVHe ARFTFAHLFAE BERHo] @‘1%% & dohes A A4
gk A WA SVD RE9] ECO AAIES HH 2010 o] F Friste A¥S Holed, HI
bzl £ Frbol giel 2ztulol 97 4w sHel JEe) Fv Aol rke A
AT Arel dAHATHChoi et al. 2010).

% WAl SVD RES] olF ;e Yo BEi Seuet d@ dRAGe] JH o of
A e G5t Ba BE Ao e 5L Btk #AH 500 hPa A IE WA BE
E NEE AR BAM HE A F3E 1794 €8 B3 283 AFoR QE F
W V)G £8 WA O AdelN BAZoR AYGAH 89 LU 8 BRI ol
A EAStE 5AS Bt o] Y-S CGT Y 43| FAFSHH(see figure 5 of Choi et al
2019), o] 2=} #HH ECt A AFE& A Holx| &uth. F WA SVD RE9 ol 1

2 9 AYux AxFe] Bzl 2020 89| EE(Figure 90c 9F 92)¢} A3
ddf e FolX Y FAHS E438t7] A F HA SVD &

25 faek AT AES A ATHFigure 93). T3 FHAT HES
5 ootdd A golA st 259 ¥ FABAE e AS 4 &
= =

o
i
[
.
o
2
fu)
ok

- 110 -



d TN - Anomaly

Aug(2020.08.01 - 2020.08.37)

urit: °C

38N — e d\Q :
=Y
N — . “\) C’,
Goo,
36N — » z
BN —| _)2(—//7
i C.—
34N b
7
5N I 1 I !
1256 126E 1278 128E 1292

-5 35 25 -1.7

Data : KMA (47 Stations)  CLIM : 1981 2010

105

130E

N —

25 & 5

Creaed on 2020-12-14
Ciirrate Exiremes Analysis and Assessmen’ Team/ KNA

C Warm Days (TX90p)
Aug(2020.08.01 - 2020.08.37) unt: days
©
38N o %’ 12
0 K®) Q
20 @ 11
2 0 3
3TN — 4 . 9 O
0O O -2 7
e %0 ?% ¢
392 0°9@5 2
3N . o %) 380 % %
s (90 1%’ @
6 ®3 0.9
8
35N —| 5 %)
.00
59 7
11
34N —
@
15
3 —4— T T
1256 126E 127E 128E 1282 130E

1 2 3 4 &

Nata - KMA (47 Stations)  CLIM * 13812010

& 3 1

cli E

o1

2 15 20 25

Created 5n 202)-12-14

Analysis and

Data : KMA (27 Stations)

Natz - KMA (&7 Stati I 1GR1-2000
Team / KMA {47 Statone)

b TN - Percentile

Aug(2020.08.01 - 2020 03.31)

130E

3N —
36N —
38N —
t
N — " -
N | | | |
125E 126E 127E 128E 129E
10 30 70 a0

Crealed on 2020-12-14

d

Warm Nights (TN90p)

Cimata Exiremes Analvss and Assessmen! Tzam/ EMA

Aug(2020.08.01 - 2020.08.31) unit: days
O
38N . % 11
@
{.2. o @ 12
B 128 ®
N 10 7 THe @
Q O 5 13
12 3 %@ o ®
0@ g aQ 12
aeN —| 14 2@ g Q 12@ @
: @13 120 11 18
n  O¢ )
1
@5 35 10
35N — g CB)
ace &
%‘4 121
4
34N —|
e
2
3N T I T T
1256 126E 127E 128E 129E 130E

1 2 3 4 5 [ 8 10 12 1E

Created on 2020-12-14
Climate Extremes Anzlysis and Assessrent Team /KMA.

20 26

Figure 90. (a) Monthly mean daily minimum temperature (Tn) anomaly, (b) Percentile of
monthly mean Tn, and the number of days with (c) maximum temperature (Tx) and (d)

Tn greater than 90 percentile value of Tx and Tn,

(co-anal.kma.go.kr)
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Figure 91. (Ieft and middle panels) Leading two SVD modes and (right panels) their expansion

coefficients based on the analysis of August 200-hPa meridional wind velocity over the region

of (30° -60° N, 30° -180° E) and extremely warm days over South Korea during 1981-2020.

(upper) first and (lower) second SVD modes. Contours and shadings are the regressions of the

500-hPa geopotential height to the corresponding expansion coefficients.

a3 5 WA SVD EEF CGTeF dAAZGH, CGT A9 = 2¢ 948s 13T
% 9thDing and Wang 2005). Figure 92014 Q1 =ckol A Hlgad EXE HH Q% ELo] A
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Hetd 7hgol o3k AAlgo] F A 2E M JA 7|3 AR HIAT
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Figure 92. Spatial patterns of 500-hPa geopoential height (shades) and horizontal wind
(vectors) anomalies in August, 2020.
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Figure 93. Spatial pattern of correlation coefficients between August sea surface temperature
and expansion coefficients from the second SVD mode based on the analysis of August
200-hPa meridional wind velocity over the region of (30° -60° N, 30° -180° E) and
extremely warm days over South Korea during 1981-2020. Black contours indicate the
correlation coefficients corresponding the 5% significance level based on a student t-test.
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Figure 94. Spatial patterns of SST anomalies in August, 2020.
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7] 94843 WS HIA = 7] bridgee] FFol oA o] 753tk (Klein et al.,
1999; Enfield and Mayer, 1997; Alexander et al., 2002).

Table 12. Lists of El Nifio and La Nifia events classified by Atlantic Multidecadal Oscillation
(AMO) phases.

Classification Years
57/58, 97/98, 02/03, 04/05,06/07, 09/10, 14/15, 15/16,18/19, 19/20 (
1174)
50/51, 54/55, 56/57, 61/62, 96/97, 89/99, 99/00, 00/01, 05/06, 07/08,08/09,
10/11, 1112, 17/18 (& 157H)
63/64, 65/66, 68/69, 72/73, 7677, 77/78, 82/83, 86/87, 87/88, 91/92, 94/95

OB

+AMO/EI Nifio

+AMO/La Nifa

~AMOJ/EI Nifio ]
(& 1174)
g 62/63, 64/65, 66/67, 67/68, 70/71, 71/72, 73[74, 74/75, 75/76, 83/84,
-AMO/La Nifia ]
84/85, 85/86, 88/89, 94/95, 95/96 (& 147H)

ol¢} 2 AUk olF JAEFH MGl s 2= Wsts 54 HE IS I
BE5ZAA 171k <8 fx I IFS AT Figure 962 = 20201 AF Z417]
oI o) e AN BEHE 9FES AW UG 2 =oltt 201920 AU T
g olF =2 & FH AFH 7HA BUEYG daw 2= Aol fAENe, ddd 1%
o] AF WUl HAM e el FA Hol Fv=ol ol 7] FU9 dde] HATh FEF =
T 3718 frdeE 683 e o] a2 ST Wdlo] HYoH, 74 o AL
2 NAO #d3 F= &5 17y WEd FE77F FaH o A F489 zxds
REERAL, o] wiEel LA AR o Aol S
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Figure 95. Longitude-time section for composite sea surface temperature anomalies along the
equator (5° S-5° N) from (upper panel) El Nifio and (lower) La Nifia onset to their decays
(from March in El Nifio or La Nifia developing years to August in their decaying years).
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Figure 96. Schematic diagram describing how interactions of climate modes over the Pacific,
Indian and Atlantic Oceans affect temperature and precipitation over South Korea during 2020
summer.
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Figure 97. Time-latitude section for sea surface temperature (shading), latent
heat flux (white-colored contours) and 1000-hPa wind (vectors) anomalies and
the climatological zonal winds (black contours) zonally averaged in the tropical
IO (40° -100° E) from January to August in 2020. For latent heat flux
anomalies, its positive values indicate increase in fluxes going out from the

ocean.
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Figure 98. Time-latitude section of regression upon ND(0)J(1)
Nifio3.4 SST: SST (shaded; ° C) and surface wind velocity
(vectors) zonally averaged in the tropical 10 (40° -100° E). Zonal
wind climatology is indicated with black contours. Taken from Xie
et al. (2016)
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Figure 99. June-July-August anomalies of (a) SST (shading), surface wind
velocity (vectors), (b) precipitation (shading) and normalized tropospheric
(850-250 hPa mean) temperature regressed against Nifio 3.4 SST index in th
preceding NDJ for 1978-2010. Taken from Xie et al. (2016)
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Figure 100. Change in NAO index from January to July in 2020.
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Figure 101. Spatial patterns of simultaneous correlation coefficients between NAO index and
500-hPa geopotential height in July: Upper panels are for 1981-2020 and lower panels for
1991-2020. Left panels show the analysis for detrended data.
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- 121 -



g3} 500-hPa ¢

HTE 7}

L —
|

= 37

o] HAtt

of <t thA

7}7F sl

=
=

o

=

20203

%3} o] A7lel el MBd e FEFY

A SH(lower panel of Figure 102).

=
—

2

193 tH(Figure 103).

(<

e

3

8

- 122 -



2020 TO SSTA(shade), Ihflx (white cont,)
winds (vector), uwind Clim (black cont.

am——

\
.

‘e

L

‘l"
i

30°E 90°E 150°E 150°W
-1.0 -0.8 -0.6 -0.4 -02 00 02 04 06 08 1.0
2020, T0 w500 (black cont), diabQ(Shade)

30°E 90°E 150°E 150°W

T T 1 IE

-10 -8 -6 -4 -2 0 2 4

Figure 102. Longitude-time section for (upper panels) sea surface temperature

(shading), latent heat flux (white-colored contours) and 1000-hPa wind (vectors)

anomalies and the climatological zonal winds (black contours) and for 500-hPa

pressure velocity (shading) and diabatic heating (contours) anomalies averaged
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Figure 103. Schematic diagram describing how interactions of climate modes over the
Pacific, Indian and Atlantic Oceans affect temperature and precipitation over South
Korea in July, 2020.
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Figure 104. Time series of (upper panel) AMO, (middle) normalized north Atlantic SST,
NAO, North Indian SST, tropical North Western Pacific SLP and Nifio 3.4 SST indices, and
(lower) expansion coefficients from the SVD analysis of July South Korean extremely cold
days and east Asian total precipitation.

H&o] #A AF719 AMOZF @579 REEZe #Al FFS v F AoeE AT
Eo] o] 3 HA=dl, 53] ENSO NAOS #AE AMO7F 24T + Ut+ HA A
7} QATh (Zhang et al. 2019). ENSO9} AMOZ} 22 974 uwl NAO<e] IAVE FR3AT=
ATFZA, & &9 AMOFolA dYet 59 NAO TAZE Fostal, &9 AMO $17delA]
gyiiel ko] NAOS #AZF fFosttta grsjulth. 2822, AMO7ZF £ AFollA] 43
AU REF-tAF T8a FolA ot A5 7|$ AAE 2Ho 948 & + 9
Vs ol EA g

o = rr

YRR, AMO YAEE 1950 o]F 9] ENSO °o|HIEES E7F319(Table 12), P iz-2l
5 $2-EAHEYG 1718, AYE-SHAY S22 NAO-IIE S55F A9 17t &
A #E AFE] tiste] ENSO 43 AMOSIAo®E FE3lY AxX® BAe F3sidtt
(Figure 105-108). 2] AMO 917dolA 11719] Ay ojES} 157]2] gy oWl EY} WA}

- 125 -



Ao, 29 AMOIAlA 11719 AYx o|HES} 147]0] YLy o|HEV}

ENSO%}2] 917

el BA <

21 < TAZE 49 AMO 9 € W &9 UEoy, 59 AMO 94
g o I AAVE FSEA @k
(a), +AMO/EI, —AMO/La, (0.77) (b), ~AMO/EI, +AMO/La, (0.42)
1.0 - 1.0 1
o
7 : o0 T ®
P
S 0.0 1 ° S 00 ——0—’. )
=z . © ‘ z : ) O
° ] ®
] | ¢ o
-1.0 1 —1.0 A
-2.0 0.0 2.0 -2.0 0.0 2.0
NINO3.4 NINO3.4
(c), +AMO/EI, +AMO/La, (0.77) (d), —AMO/EIl, —AMO/La, (0.39)
1.0 - 1.0 A
o
i : oo . ®
0y ©
O @ o | 8]
z 0T %@ @ = 001 ¢4 ®o o
e ® ®
] e @ l
—-1.0 - —1.0 A
~-2.0 0.0 2.0 -2.0 0.0 2.0
NINO3.4 NINO3.4

M2 ALH ENSO A 59} o] 53] B Bolwok

9|
Z=
<)

}o] 2+& uw(Figure 105) A& ASF 3

ol %

e

O

o

H \__1__—“—

A eke] A
doid ez ok Jyu o W AMO
T 25 s BAC i el LY ZA Fof Helth

AT

= AMO%}

FAw

Figure 105. Scatter plots of MAM(1) North Indian SST index and D(O)JF(1) Nifio 3.4 SST index
in (@) +AMO/EI Nifio and ~AMO/La Nifia, (b) ~AMO/El Nifio and +AMO/La Nifia, (c) +AMO/EI
Nifio and +AMO/La Nifa, (d) -AMO/El Nifio and -AMO/La Nifia. Correlation coefficient is
shown in a parenthesis on the upper right side of each panel.
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Figure 106. Scatter plots of MAM(1) North Tropical Atlantic SST index and D(O)JF(1) Nifio 3.4
SST index in (a) +AMO/El Nifio and ~AMO/La Nifia, (b) ~AMO/El Nifio and +AMO/La Nifia, (c)
+AMOJ/El Nifio and +AMO/La Nifia, (d) -AMOJ/El Nifio and -AMO/La Nifia. Correlation
coefficient is shown in a parenthesis on the upper right side of each panel.
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(b) —AMO/EI, +AMO/La, (0.03)
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Figure 107. Scatter plots of MAM(1) Tropical North Western Pacific SLP index (TNW) and
MAM(1) North Indian SST index in (a) +AMO/El Nifio and -AMO/La Nifia, (b) ~AMO/El Nifio
and +AMO/La Nifia, (c) +AMO/El Nifio and +AMO/La Nifia, (d) -AMO/El Nifio and -AMO/La
Nifia. Correlation coefficient is shown in a parenthesis on the upper right side of each panel
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Figure 108. Scatter plots of MAM(1) Tropical North Atlantic SST index (TAO) and JJ(1) NAO
index in (a) +AMO/El Nifio and -AMO/La Nifia, (b) -AMO/El Nifio and +AMO/La Nifia, (¢)
+AMO/El Nifio and +AMO/La Nifia, (d) -AMO/El Nifio and -AMO/La Nifia. Correlation
coefficient is shown in a parenthesis on the upper right side of each panel.
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Figure 109. The temporal evolution of the aggregated (left panels) monthly total
precipitation and (right) surface air temperature anomalies after a peak season of El
Nifio events in a positive AMO phase
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Figure 110. The temporal evolution of the aggregated (left panels) monthly total
precipitation and (right) surface air temperature anomalies after a peak season of La Nifa
events in a negative AMO phase
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Figure 111. Correlation maps between June heat days with Tmax > T90 in Korea and 500 hPa
geopotential height anomalies in (a) January, (b) February, (c) March, and (d) April for
1981-2019.
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Figure 112. Correlation maps between July heat days with Tmax > T90 in Korea and 500 hPa
geopotential height anomalies in (a) January, (b) February, (c) March, and (d) April, and (e)

May for 1981-2019.
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Figure 113. Correlation maps between August heat days with Tmax > T90 in Korea and 500
hPa geopotential height anomalies in (a) January, (b) February, (c) March, and (d) April, (e)
May, and (f) June for 1981-2019.
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Table 13. Correlation maps between August heat days with Tmax > T90 in Korea and 500 hPa
geopotential height anomalies in (a) January, (b) February, (¢c) March, and (d) April, (e) May,
and (f) June for 1981-2019.

Year Neighbor years Year Neighbor years
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Table 14. As in Table 13, but the heat-day record in the prediction year was not used for
the correlation analyses by the LOOCV concept.

Year Neighbor years Year Neighbor years

1981 | 2017 1997 2000 1992 2009 2008 | 2001 |2019 2006 2012 1991 2017 2003
1982 | 2014 2015 2003 1985 1995 2016 | 2002 | 1990 2000 2015 2009 2008 2005
1983 1992 2017 1987 1984 1991 1999| 2003 | 1982 2011 2015 1981 2014 2001
1984 | 1987 1991 2012 1999 1988 1983 | 2004 | 2016 1998 2003 1982 2015 1991
1985 | 1982 2014 1988 1995 2015 2013 | 2005 | 2009 2012 1988 1981 2013 1984
1986 | 1991 1983 1984 2001 2003 2017 | 2006 | 2009 2001 2012 2005 1984 2008
1987 11999 1992 1984 1983 2012 1996 | 2007 | 2017 1988 2009 1987 2005 1984
1988 | 1985 1984 2005 2015 2009 2003 | 2008 | 1997 2000 2017 2009 1989 2002
1989 | 2008 1993 1997 2017 1992 2007 | 2009 | 2006 2005 2019 2017 2008 1990
1990 | 2002 2011 2001 2013 2000 2009 | 2010 | 1983 2017 2001 2007 1987 2005
1991 | 1984 1986 2001 1983 2017 1992 | 2011 | 2019 1990 2003 2001 2002 2009
1992 | 1983 1987 2017 2000 1991 1996 | 2012 | 2006 2009 2000 2001 1984 1999
1993 | 2000 1989 1997 2008 2007 1987 | 2013 | 2005 2016 2011 1990 1994 1985
1994 | 2000 2017 1990 1982 2009 1995 | 2014 | 1982 1985 2016 1995 2015 2005
1995 | 2015 1982 2014 2016 1988 1985| 2015 | 1995 1982 2016 1988 2003 2007
1996 | 1987 1992 1999 1984 1991 2012 | 2016 |2004 2015 1995 2014 1998 2013
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Figure 114. (a, ¢, and e) Comparisons between observed mean Tmax and
weighted averages of neigbor-year Tmax for June, July, and August, and
(b, d, and f) between observed heat days and averages of neighbor-year
heat days predicted in May, respectively.
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Figure 118. (a) The range of Tmax for June predicted in May, (b) the
above-normal, near-normal, and below-normal probabilities of the mean Tmax,
the spatial distributions of (c) mean Tmax and (d) 100-year-return-period mean
Tmax , respectively.
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Figure 119. (a) The range of Tmax for July predicted in May, (b) the
above-normal, near-normal, and below-normal probabilities of the mean Tmax,
(0) histogram of consecutive days with Tmax > T90, (d) mean Tmax and (e)
100-year-return-period mean Tmax, respectively.
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August temperatures predicted in May
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Figure 120. (a) The range of Tmax for August predicted in May, (b) the
above-normal, near-normal, and below-normal probabilities of the mean
Tmax, (c) histogram of consecutive days with Tmax > T90, (d) mean Tmax and
(e) 100-year-return-period mean Tmax, respectively.
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Figure 121. (a) The range of Tmax for July predicted in June,
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100-year-return-period mean Tmax, respectively.

- 148 -

(d mean Tmax and (e)



—_—
Q
N—

Daily maximum temperature (deg.C)
22 24 26 28 30 32 34 36

(b)

Probability density
0.2 04 06 08

00

(d)

1
020
]

August temperatures predicted in June

— Prediction mean

T T T T T T T
0 5 10 15 20 25 30

Day of month

(c)

— Prediction
— Climatology

0.15
l

Relative frequency
0.10
|

w
o 4
o
8 =

T T T T 2 | T T 1

26 28 30 32 0 5 10 15
Daily maximum temperature (deg.C) Consecutive days with Tmax > 33 deg.C
(e)

Expectations for August, 2020 100-year-RP predictions for August, 2020

Figure 122. (a) The range of Tmax for August predicted in June, (b) the
above-normal, near-normal, and below-normal probabilities of the mean Tmax, (c)
histogram of consecutive days with Tmax>T90, (d) mean Tmax and (e)
100-year-return-period mean Tmax, respectively.
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100-year-return-period mean Tmax, respectively.
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Figure 124. Box-plots for South Korea and subregions.
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Figure 125. Time-series graphs for South Korea and subregions.
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Figure 127. QQ-plots for South Korea and subregions.
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@ A7 oA F WA F2 A FARY FBY BA

A7 B ZFold 2 1I2018)0 FEHE ZA7] 7| W A dSAAet o)A Y
S AU SiFHREY A UMY A9 AY A, FHEG, EJAEY, Ed
AEE S, EAEE, SF5ZE, dURIEY, SdAY 5 B2 AYdA o] drEA 59 F
AXSE Fo3t FAAAE Holed 43 Aol wep oA AJolsiAl UEF TH(Table 15,

% AUl AelE g ABASTE 0572 Wl$ =op <

0.001).

Table 15. Sea Surface Temperature predictors of the long-range forecast guidance III (2018).

Target Target Time of Area of :
Variables Period Interest Interest latS | 1atN | lonl, lonR Static
North 55 | 60 | 300 | 345
April Atlantic Anomaly
North 20 | 45 930 320 Difference
Atlantic
(April 11 ~
. Temporal
April 30) North o) | a5 | 160 | 210 | Anomaly
(March 22 Pacific Differen
Prec Changma | ~ April 10) erence
. Tropical .
April Mid Pacific 15 10 | 200 220 Anomalies
April North | 4y | 99 | 67 | 85 | Anomalies
Indian
March Bering 55 | 65 175 195 Anomalies
May | NOrtWest | b o | 110 | 140 | Anomalies
Pacific
Tropical
June January West -10 | 15 145 180 Anomalies
Pacific
East Indian
~ East of | -40 | 20 90 140
July April Philippines Anomalies
Tair East of |1 99 | 120 | 140
Philippines
August | February | LMo o0l o | 110 | 145 | Anomalies
Australia
July ~ April Tropical | 151 o | 90 | 105 | Anomalies
Indian
August North
Mean April : 55 | 65 320 360 Anomalies
Atlantic
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Figure 128. Correlation map between June TMm
anomaly and January SST anomaly.

T 693 8L o] T FAF
JHBAE Hol=d], 792 F
TH(Table 16, Figure 129). olE& £ 8¢ TMm¥ 49 FolAJof-AofA|o} 2| xpe] AFA S

0.55%2 A YETHp < 0.001).

obel Eo A9 BE x

= E
T RERol F) A vy

Table 16. Snow cover predictors of the long-range forecast guidance II (2018).

Target Target Time of | Area of .
variable Period Interest Interest lats | 1atN | lonL. | lonR Static
Pre Changma March ~ Euras@a 50 60 20 50 Anomaly
May Eurasia 90 60 100 | 130 | Difference
June March Northeast 45 50 103 133 Anomalies
Chima
’ August April East Asig 48 60 105 | 135 Anomaly
Tair West Asia | 45 55 50 70 Difference
July ~
August April Manchuria | 40 50 120 | 140 Anomalies
Mean
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Figure 129. Correlation map between August TMm
anomaly and April snow cover anomaly.

Aol AL 69 TMmS W= 129, TNmS 399 53 2& 7}

HolH 8¥9 AS TNme] 2¥€ 33 2 7
= kel

fr o
o
o
ry
X
—

ot} 8¢ TXm, TMm, TNm E5F 5F EZi:= = 2= ol
DdEjohs A% Fo FHBAE, 2€ A ofnElge % 5o AUBAE HATK(Table

17, Figure 130).

Table 17. Precipitation predictors of the long-range forecast guidance III (2018).

Target Target Time of Area of .
Variable Period Interest Interest at5 | latN-| lonL | lonR Static
Near 1oy | 35 | 185 | 200
: Australia Anomaly
June April Near Differen
Tair . 25 | 35 | 120 | 180 erence
Australia
Near .
August March . -20 -5 110 | 180 | Anomalies
Australia
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Figure 130. Correlation map between August TMm
anomaly and February precipitation anomaly.

850hPa A #|3L=2] A5 TAE(H) ALAEGHY A=A AHES AHEES Hof gloEz
3

A A9e AR IS AGQeg Uro] Z447be] A3 A zpef o] 7| FA 49 &
#A S B2 5 tH(Table 18, Figure 131). 722 TXm, TMmS 1% XY 4€9] A9jux H
ket SO AHBAAE 7HAH 49 9 2499 FHAE A9 AY1E A} & *Jﬂr%ﬁl% 7t

o]
ABZ 49 NG 29t 2o ABAAE 7HZT 799 TNmS FHE A 979
7F AY zpeke] 29 AAAAE 7HATH 8¥€ TMm, TNmE 850hPa A9 L =9}
AZF Atk dE E0, 7€ TXm¥} 49 A Y AGA= FBATF 0502 =2
7F o = 0.0013).

Table 18. 850hPa Geopotential height predictors of the long-range forecast guidance III
(2018).

Time
Ta?get Target of Area of latS | latN | lonL | lonR Static
Variable Period Interest
Interest

20 65 299 300 Anomalies
Tair July April Atlantic 90 65 295 300 Anomaly
20 45 255 300 | Difference

- 157 -



txm_m7_850hpa_ano_m4

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Figure 131. Correlation map between July TXm
anomaly and 850hPa geopotential height anomaly.

500hPa A 1L=9] B¢ FAE(H) LAEHS A=A HHs dHEESE Ho Jonz
FrefAol S TR} IS Ao R yiro] 447 A9 A 2} o] BT T A9

IS B2 THTable 19, Figure 132). 6, 7, 82 TXm, TMm, TNm¢| A ZH o= v =,
FTHAE A9 500hpa A= HaLet FABAAE Hol=d 53] 7€ TMm, TNmo| Fa3A 7}
sttt ol & S 7€ TNm¥ 3€ fFEprlof AQates FaAAT 0599 52 29 4HAAAE
7HtHp < 0.0001).

g

Table 19. 500hPa geopotential height predictors of the long-range forecast guidance III
(2018).

Target Target Time of Are of lo .
Variable Period Interest Interest lat5 latN nL lonR Static
20 70 0 90 Anomalies
Tair July March Eurasia 50 75 | 0] 60 Anomaly
20 45 0 90 Difference

- 158 -




tnm_m7_500hpa_ano_m3

0 60°F 120°E 180° 120°W 60°W

'.'?_,.,}
Al
—2 & &

0° 60°E 120°E 180° 120°wW 60°W

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Figure 132. Correlation map between July TNm
anomaly and March 500hPa geopotential height
anomaly.

A7V n Fhol el sl ZQAst HARAALES o7 A5 e FRBAE o] g3}l
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o o

Q@ ZA7] o471 F AR AHGE 7F 2 FHARY 4AY E4

Egsie] A9 A% BT 62 TNme 389 EFFES 4BAS 0369 oF %)

FHBAE THTHp = 0.02). HAAFY [ A= BEd 68 TXm 128004 34714 9
AR ot o] FBAAAE A= 3dHe ARaATE 7 AsiA vER T A= H st

62 TMm, TNm= 11€oA 3L71R 2] 2R Fe} Feo] FAAAE 7IA=d TMmS 3¢ 2
12€, TNmE 12€93% 433471 7H 29 7€ TXm, TMm, TNme] 11€2] 242
o} ool AAAAE Holw gdol= TNmo| ALEH 2R F2} o] AFAAAE el

AA AGE BE EFE OFHALY A% BEH} 4 A9 A% WAL @ 4
MEE AT ASBARL A4S GEIARYRG AT BT A5 B, EFFE BR
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el olE WSt ot Jleidntn ¥ & ok ANHOE 70-90% YHHE A
E o Uyt A998 bFAARAe FEASE AF Ade] A5 6, 4N
AT BT A5l B, EFFE B AAY B - AT B, 4AF A= KA



o

o Hak - A= "WahE AAgste st A

Q)
AAH 2 10~99%] AY #HA A9 9s /A= A= YEy

A ahel FAQ 89 F 53 EFFE SO AYH oYy F B4l AolE A
B 4 ATk AT o 4V1F WAel Urhhs A1FAAe] Gao] AT BEH FF
I el A AWE FRadoRE A WA FolE FAF MUY F it AGol
glenm B AN o4V FAF FEAY wde) TEe] AW ST D FUYRE Y
34 9m A% W 9 APz $E5a% 2de A7 TEAYT 2% F4 2de 2
Zoto] AW wAL THIE o] wFH st

WD 7HeAGE Z2AAE o] 87 A B AGE FA7] o7 FA e 3Md AR AL

O A= F417] o371 FAT MY FEAGRE B4

GD, GD_MOD, CL, CL PCe] =g tj3l] 6, 7, 8€ ©]47|FAF 3/Md FEIAYAHRE
Arkstn A 9 dsS Hws gk HEAS Bl d3AAE =5 9 &I A FA
7] olB71FAF dF Aol FHHENTS & F UTh(Figures 133~136). 53] 20201 6, 7, 8

49 FE54dF d3hs B S-S 283 CLY 4% 53] 7€ AZFo] /i H A H(Figures
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Figure 133. Heidke Skill Score (HSS).
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Figure 134. Total Accuracy.
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Figure 135. Mean Square Skill Score (MSSS).
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Figure 136. Area Under the ROC Curve.
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Figure 137. Comarisons of cross year validation forecast results during
1980-2020.
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Figure 138. Comparisons of probabilistic forecast outputs between GD (upper) and

CL (ower) in 2020.
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Figure 139. Heidke Skill Scores of South Korea as well as

ten regions for TMm (top), TNm (middle), and TXm
(bottom).

Mean Squared Skill Score®] ¢ FFHd2] 6¥ TXm =2 74-$ MSSS = 02322 7}

g owston RBAAE 68 TNm A5 gl 88 TNm =2 A97F 082 %0l
7HE -S43 A th(Figure 140).
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Figure 140. Mean Squared Skill Scores of South Korea as
well as ten regions for TMm (top), TNm (middle), and
TXm (bottom).

Area Under the ROC Curve®] 7% dl774 53 F4HEE9] 79 TNm o3 A AUC = 0.76
o7 7P yvgton ZAYUdgre 8¥ TNm d= Al 0942 7FF 53 AH5E HATHFigure
141).
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Figure 141. Area Under the ROC Curve of South Korea as
well as ten regions for TMm (top), TNm (middle), and
TXm (bottom).

Total Accuracy®] 745 Z¥Ud952 62 TXm =9 ZH$7F 0512 7P don By
9l 6¥€ TNm d =3 7€ TXm <lZ0] 08F 7H = Th(Figure 142).

- 167 -



Total Accuracy for TMm

0.9
0.8
0.7

0.6
05
0.4
03
0.2
01
0
\3\ '1\ vb %

2 .
P P 4-‘*% M

43?5 & & L TP

Wun mJul mAug

Total Accuracy for TNm

0.9
0.8
0.7

0.6
0.5
0.4
0.3
0.2
0.1

0

3¢

2 \5 N B G *‘% "?f~
2 o oM B J
v 9?; ‘qub ,iﬂ@ & 03 r

.}
")‘ % "x‘\/

WJun ®mJul =Aug

Total Accuracy for TXm

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
& 4 N v}} & «-}}“’
}% o:b v\% dﬁ\ ’9:

Mjun Ejul =Aug

Figure 142. Total Accuracy of South Korea as well as ten
regions for TMm (top), TNm (middle), and TXm (bottom).

GECA S 7H#Y 53] FaATY B FFAEY 6€ TXm A5 B-97t o
AT 0512 7 w1 ZFddAe 82 TNm oS53 F4EEe 62 TNm o =9 297 43
AT 092 7 =& 7S XA TH(Figure 143).
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Figure 143. Correlation coefficients between expected
values of probabilistic forecasts and observations of South
Korea as well as ten regions for TMm (top), TNm
(middle), and TXm (bottom).
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Figure 144. Mean Absolute Error between expected values
of probabilistic forecasts and observations of South Korea

as well as ten regions for TMm (top), TNm (middle), and
TXm (bottom).
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Figure 145. Comarisons of cross year validation forecast results between BMA and
various models during 1980-2020.

- 171 -



Heidke Skill Score

0.70

0.60

0.50

0.40

0.30

0.20

010

0.00 .l

010 | Jun Jul Aug Jun Jul Aug Jun Jul Aug

TWMm THm Tim

mEMA ECL ECLPC mGD mGD_MOD

Figure 146. Heidke Skill Score (HSS).
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Figure 147. Total Accuracy.
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Figure 148. Mean Square Skill Score (MSSS).
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Figure 149. Area Under the ROC Curve.
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Figure 150. Examples where BMA outperforms various
individual models.
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Figure 151. Ternary probabilistic forecast maps
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Figure 152. Probabilistic forecast results for Daegu-Gyeongbuk (upper) and
Busan-Gyeongnam (lower) for June TXM in 2020.
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GloSea52] hindcast (2019v¥ 2020v)+= Tmax 2% 6%, 79, 8¢, JJASA] cold bias7} oA
HH, Tmine] 7%+ warm bias7} TAEJATH(HFF D2 Figure D1). ©] AFoA AL&3t= WH
o] AUF2] Empirical Quantile Mapping(EPM)2] Bias Correction®d o] 22 H % 9] Bias Correction
S AR Z3hTh GloSeasE o] A 3ES] o RoA sES dr=zo] IS H7E)
A8l 10/15/20 HAELL 2} 80/85/90 HAEL S 7|E/k = A<= 45, FEA R 3 AUCH =
Hlalske] Figure 1539 =AISHA T S3H712 7S4S JJAS oS4 sl 4 138k, 6
¥, 74, 8¢9 dAYHE o FAo] 7P B2 ATE AYstAth A& E9, Tavg 4% p85(85
HAEtd)oN A JJA <S40l 7HE =3kal, 6dol A< 80/85/90 HAELL A5 oS40l 25 <t
Fokout, 743 8d2 p8sollA oS4l WlwZ Eof, p8sE SN oI AIEFH,
Tavg® 7d-%, pl5¢t p85< F7}sthod S-Ev‘-‘ﬂ dr7t 7tsd Ao E FTEEATE Barnston and
Mason (2011)2 85HAEIL S 7|E#H o2 & 4%, IRI 329 ADALH H=3 45 FE&
Bty st olek fAFRE
228 gyt s Aow

FHO 2 Tmax2} Tmindl DA E 7|E3k< Ao, ps0l
Z gaEdn. g, olH e A3= ECMWF(Figure 154)2] o=
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Figure 153. Climate extreme thresholds for GloSeab.
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Figure 154. Climate extreme thresholds for ECMWF.
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2 Tavg®] 729$, 90% ZEZ Extremely high (>p85)7} 7F4 &Eskom, HAdHT TavgZl &
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Figure 157. One month lead time forecast for August 2020. (a) Tavg, (b) Tmax, and (c) Tmin.
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Figure 158. Probabilistic forecasts for June 2020 compared to last year ((a), (d), and
(@), the year 2018 ((b), (e), and (h)) and the year 2016 ((c), (f), and ().
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Syl 20209 623 799 #Z= Tavg, Tmax, Tmin® #GE 2 $gyet AA HAlet
d-& Q9Fsle] Table 209 AASEFTE 6¥€L 8 Uete] Tavget Tmino] Hirjs 7158 A
2 ¢ %3, Tmaxv 95 HAEIL o sidste i o Dot AFEEZE Tavg
Tmin® 74-F, tHFEY dFolA Hir|s 71531, Tmaxe] - 0HAAELE 7|53
FEAFEANE AATh T2y 7€ A%, Tavg, Tmax, Tmin 25 15HAELY o]ste] HAdH
o w9 Be 7] 2g V1S5t GloSeaSE &3t MW FEASHS #S
% 7}k A th(Figure 159). Figure 159a-c= 699 52 o|H, Figure 159d-fr= 7€¢ AS4 0]
T}, Figure 1559141 HoF%0], 692 Tavge] 749, Extremely high &S 7 =4 A
H, Tmax®} Tmin® A% TYHETG =& FES 7M =4 d%4sd, ol #SFA AR
2 Yehy, d o] BF AFetdnh. 18y 7499 A9, #S5o A= Tavg, Tmax, Tmin BF %
AZET v 2o, GloSease A3 EA HWstd], d3o] mF & AHAE B
GloSea59] o5& 7|2 gt &3 283 #AFolA 7l Foll g F7F d+5 S35t
o GloSea5e] FEANFHS /MG dart o

=

Table 20. Observed percentiles in each division.

June 2020 July 2020
Division

Tavg Tmax Tmin Tavg Tmax Tmin
GG 0.95 0.85 1.00 0.15 0.15 0.15
GN 1.00 0.95 1.00 0.10 0.05 0.10
GB 1.00 1.00 1.00 0.10 0.10 0.10
YD 1.00 1.00 1.00 0.15 0.25 0.10
YS 1.00 0.95 1.00 0.15 0.10 0.15
JN 0.95 0.85 0.95 0.10 0.05 0.10
JB 1.00 0.80 1.00 0.01 0.01 0.05
CN 1.00 0.90 1.00 0.00 0.05 0.15
CB 1.00 0.95 1.00 0.15 0.05 0.10
KR 1.00 0.95 1.00 0.10 0.05 0.10
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Figure 159. Validation of the probabilistic forecasts for June 2020 ((@)-(c)) and July 2020
((@-(). (@) and (d) for Tavg, (b) and (e) for Tmax, and (c) and (f) for Tmin.
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Figure 160. GloSeab hindcast bias for each lead time, which is with respect to
width of time window: orange line for =+15day(=30day), blue line for -7day, and
purple line for no window.
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Figure 161. GloSeab hindcast bias for week3, which is with respect to the
number of training years. The years used are from the 2010 to the previous 5,
10, 15, 20, 26 years.

@ A%FH 7% BIAS ¥ RMSE Hlu

HatR A mE AFH HFES 98] Bias®t RMSEE Hl w3t th. Figure 1622 A d S
71720173 1€~202013 9¥) F<F HAARAH ARAW)T F(BC)2 Ha, HAA, HF7|2o gk
bias 9] E*i‘g etk E2o 4 & ¢ = kel Zol, HARA W Hi7]29 biase= HA
712 9 H7]29 bias BT} A YERGET, HaEAY §35 Har|oe] /M I3, FH
A 7] Té%ﬂi«l H] 52 51A| UrE]"’“jr lﬂﬁ HARA F A9t BA QO] biasE 09 7}
A et Bg, HarAge] a3E FElo] & & AUtk BHHoEE HiU|29 biase
2.6%, zl%iﬂ%% 0.65, 4%71&0 03% Za '63 Ao Z YER oW, lead-timed] WE Zo]=
+ 222 e tH(Figure 163).
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Figure 162. Scatterplot and box-plot for GloSeab bias for
lead-time week3, estimated from RAW(raw forecast, blue)
and BC(bias-corrected forecast, red).
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Figure 163. GloSeab bias for each
lead-time(wk3~wko6), estimated from
RAW(raw forecast, blue) and
BC(bias-corrected forecast, red).

Fo 2 ZF e dxRAY A, o fis] HaAEILAHRMSE)E A Hlask itk
(Figure 164). RMSE®] 7% bias®} WIR7HA 2 Ha7]29 #HARAY A A FH(MABE) 24}
7b A vEba, Bl HA7] dAd@ LAe Hsd FEoE JEgT A 9
Z712bel g HHAFITeA £, Har)eo] 7 33, HAAVE E Fd]22 vk
AARAY § Hurje BAZEHAVF 7P A deElged, dFECd ds] Har)ee -
40.65%, HA7|2L -486%, HTE7|LL -750% AHAEZ NAEJC Biaset vIIIA R
lead-timedll W& RMSE Z4& zols IA g2 AR Yeigtorn=a B AFdA] AAE A
bR o R =8 1Y drRV AHES & Ah(Figure 165).
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Figure 164 Scatterplot and histogram for GloSeab rmse for
lead-time week3, estimated from RAW(raw forecast, blue) and
BC(bias-corrected forecast, red).
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Al AL HA B2 HARAS T3 gES0] B33 TH(Monhart et al. 2018).
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Figure 165 GloSeab rmse for each
lead-time(wk3~wk6), estimated from
RAW(raw forecast, blue) and
BC(bias-corrected forecast, red).
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2 ASHA AFESE AACS7Ee 2017d 1€53F 20209 8€0o]at, o] 7|3 &3 wF
INLEFE) d5< v g5 W, 357 A5 W& 7 category 355 Table 21~Table 23
of FE3AT B AT AFo AT AAd ST HdolHAN)] AT AEHA
e, ol AF2udstet #do] Qo ol#Hd Ak Ha, HA, WAV EFolA Y
SHAl UEI S-S & 4 Atk 53] #=9] HWAo|skBN)Q! ARG, 7|FdSmdoA Hdo]

o

38 A9 dZehA @ Ao Uehgow, BEolAe Fdol4(AN) Ex BENNE F5
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bias® B! =% Bast 94e Btk

Table 21. The number of cases in each category of confusion matrix for maximum
temperature. Bold numbers indicate accurate forecast

Observation
AN NN BN Total
AN 71 35 20 126
NN 22 17 22 61
Forecast BN 0 0 3 3
Total 93 52 45 190

Table 22. The number of cases in each category of confusion matrix for minimum

temperature. Bold numbers indicate accurate forecast
Observation
AN NN BN Total
AN 77 42 16 135
Forecast NN 22 18 14 54
BN 0 0 1 1
Total 99 60 31 190
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Table 23. The number of cases in each category of confusion matrix for mean temperature.
Bold numbers indicate accurate forecast

Observation
AN NN BN Total
AN 75 41 21 137
Forecast NN 19 19 13 51
BN 0 0 2 2
Total 94 60 36 190

Figure 166 A 3x3 Zhe|argle] ik AA| A& =(accuracy)E YERATH TS 7133k
717H(1981~2010)2] Hl=H Ll w2 AHAFTE A, Hur|H HH7|e A HEg=7)
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Figure 166. Accuracy for confusion matrix
estimated from RAW(raw forecast, blue) and
BC(bias-corrected forecast, red).
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Figure 167. Accuracy for each category(AN: above normal, NN:
near normal, BN: below normal) in confusion matrix estimated
from RAW(raw forecast, blue) and BC(bias-corrected forecast,
red).

@ 7137 WA wE AR IF B4 E 4348 HAF

A AF3 nbie} o], 20213 #H= 7|33k ‘%‘iﬁ(1981~2010Lﬂ%1991~2020Lﬂ)0] o A =] o]

A=, ole HZY AF2ds A wet FEIVHAT Aotk wepA B AFdAE 7]
S WA ME FdHee WslE AR, °l o m& confusion matrix FollAe] 4= A&
TE A4 AHRdT

Table 24~Table 26 7]—?—%% H3H(1981~2010—1990~2019)] W& HAWHL S &7 93|
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Table 24. The number of cases in each category for maximum temperature. Bold numbers
indicate accurate forecast

90-19
AN NN BN Total

AN 79 14 0 93

NN 0 46 6 52

81-10 BN 0 0 45 45
Total 79 60 51 190

Table 25. The number of cases in each category for minimum temperature. Bold numbers
indicate accurate forecast

90-19
AN NN BN Total

AN 78 21 0 99

NN 0 49 11 60

81-10 BN 0 1 30 31
Total 78 71 11 190

Table 26. The number of cases in each category for mean temperature. Bold numbers
indicate accurate forecast

90-19

AN NN BN Total

AN 83 11 0 94

NN 0 55 5 60

81-10 BN 0 0 36 36

Total 83 66 41 190
oo tis] & o &AM AHRI Y3 Figure 16814 = 7153k W74 A/Fo g Hd
A9 HIEF T AolE AH Rt AAHoE ALH(ES 12€9)S AQst Hdgol 7
st Ao g Yty Harjee A9, 3 W9 S/ FREEEAL 11E), BEHEY] =
g 0.7ul~130 AER YEET. HAA722 o5d Bd S7PF FRICHEFH L 0955), %
WS =3 SI7HA I 167t FEI =, olZe] HdF HIHANN) F7F 8<lo] HATH
et 7|35 WA mE 1Y FE R A o5FH iR =& o BA Forl s}
22 33 ¥d F7H09=)7F FEsHAl vEsta, BdaH e 0.89~1.39) F7F =3
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Figure 168. Normal range ratio(shading) and normal
difference(solid line) for weekly (top) maximum, (middle)
minimum, and (bottom) mean temperature (4-week running
mean).
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Figure 169. Accuracy for confusion matrix estimated from
RAW(raw forecast, blue) and BC(bias-corrected forecast,

red). Dashed box indicates present climatology, and solid
box shows upcoming climatology.
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Figure 170. Accuracy in each category for confusion matrix estimated
from RAW(raw forecast, blue) and BC(bias-corrected forecast, red).
Dashed box indicates present climatology, and solid box shows upcoming
climatology.
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Figure 171. Week 3 tercile-based probabilistic forecast of (top) maximum, (middle)
minimum, and (bottom) mean temperature, forecasted at Aug 3, 2020.
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Figure 172. ROC curve and score for week3 tercile-based forecasts: (left)
raw forecast and (right) bias-corrected forecast.
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Figure 173. A document from KMA/CPD for operational use of APCC bias correction method
for the purpose of 1-month forecast(d-&A4]: 7] ¥4 &3-2746(2020. 11. 25.).
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temperature.
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Figure 176. An example of two-category forecasts of (left) maximum and (right)
minimum temperature for each week(forecast date: Jul. 16, 2018).
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#ibin/bash

module load nelf6 4.0 graded2 Lo pe netedfid 3.2 wenib/1B L Ta wgmb2i20.1 R-lnsiallPackapec/3 6.0
Rf3.6.0

export PATH=fusr/locabibin:hu=rfbin hin.

export MCARG_ROCT=japp/zwincarg/s 4 Oigmu-bin

CodeDur="/ifz/datal I Monitoringicods™

gchy “Hedwiibbe o start for Hagt Asiptriertieedeiesbbieees 2
§iCodaDirinci_emor_monthly.log

tappfawincargs. 4. 0fgmue-binfbinfnel #Codelirli Leal)ine: count_snomaly_using. daily_percentile_Finalncd
7 SiCodeDirlingl_srror_monthly log
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Figure D2. Probabilistic forecasts for July 2020 compared to last year ((a), (d), and
(@), the year 2018 ((b), (e), and (h)) and the year 2016 ((c), (f), and ().
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Figure D3. Probabilistic forecasts for August 2020 compared to last year ((a), (d),
and (g)), the year 2018 ((b), (e), and (h)) and the year 2016 ((c), (f), and (D).
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