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Executive Summary

The Asia-Pacific region experiences pronounced variability on annual-to-decadal (A2D)
timescales, and this low-frequency climate noise strongly conditions the occurrence of
high-impact extremes such as droughts, heat waves, cold surges, and frontal heavy rainfall.
Yet most current prediction and climate-service systems focus either on long-term climate
change (multi-decadal trends) or on short-range to seasonal forecasts, leaving a critical gap
at the 1-10 year horizon where infrastructure planning, water-resource management, energy
investment, and adaptation policies actually operate. Large-scale coupled modes such as
ENSO, PDO/IPO, and NAO evolve and interact on A2D timescales, setting the background
state that either amplifies or suppresses extremes in particular “regimes.” Understanding
these memory pathways and regime-dependent teleconnections, and improving the AZ2D
performance of prediction systems like CMIP6 DCPP, is therefore essential for providing
robust, storylines-based climate information that can directly support medium- to long-term
decision-making and climate services in a warming world.

The spring drought analysis reveals significant power at 2-3-year ENSO timescales and at 11-
17-year quasi-decadal timescales, with clear non-stationarity over 1960-2015. It demonstrates
that ENSO primarily controls year-to-year SPI-6 variability, while PDO/IPO increasingly
dominate at longer periods, and that the strength of these teleconnections changes over time.
ENSO-PDO phase diagrams and winter-spring composite circulation patterns further show
strong asymmetry: the ENSO—/PDO+ regime is associated with the driest springs via a
pronounced anticyclonic ridge and moisture divergence over East Asia, whereas ENSO+/PDO—
tends to suppress drought. Low-frequency band analysis and interaction regressions (including
ENSO xPDO) quantify PDO’ s role as a decadal background setter and confirm that ENSO-
PDO combinations modulate spring drought risk nonlinearly. Together, these results argue for
a regime-aware, interaction-based A2D prediction framework for East Asian spring drought,
rather than relying on a single stationary ENSO-SPI relationship.

We also evaluates the multi-year prediction skill for spring (MAM) drought, defined by the
6-month Standardized Precipitation Index (SPI6), using hindcasts from five DCPP models
(CanESMb5, CMCC-CM2-SR5, HadGEM3-GC31-MM, MIROC6, and MPI-ESM1-2-HR) against CRU
observations. Results showed the distinct differences in model performance for drought
prediction. MIROC6 demonstrated the highest performance in deterministic verification,
whereas CanESM5 excelled in probabilistic verification. These characteristics stem from
differing error properties: CanESMb5 showed high reliability but low resolution in its probability
forecasts, while MIROC6 exhibited high discrimination ability between drought and
non-drought events but low reliability. These findings imply that rather than applying a
uniform bias correction method across all models, a tailored correction approach that accounts
for the specific predictive characteristics of each model is necessary.



This study is conducted in two major topics to obtain climate predictors suitable for East
Asian extreme temperature in summer. First, with dynamical analysis, we obtained the
important components of the dynamical process and the atmospheric teleconnection patterns
related to the variability of the extreme temperature. Second, we assessed the applicability of
the climate predictors through multi-regression model construction designed to diagnose and
validate their predictive skills. These two research tasks laid the groundwork for leveraging
climate predictors to predict East Asian extreme high temperatures within the A2D time scale.

Using six heat-related indices, we evaluates summer heatwaves in five DCPP models over
East Asia. Summer days and warm days generally showed positive biases, while warm days
and warm nights exhibit increasing biases with longer lead times. Most indices display
overestimated warming trends, with sharp rises in warm days and warm nights after the
2000s. Predictability is highest for warm days and warm nights, and maximum value of daily
minimum temperature outperformed among intensity indices. CanESM5 shows overly strong
trends in Tmin-derived indices, whereas MPI-EMS1-2-HR achieves the best overall accuracy
across most indices.

We also defines rapid warming and cooling events in East Asia during winter and examines
the associated ocean-atmosphere patterns. The frequencies of both rapid warming and cooling
shows significant negative correlations with the NAO and AO. While the negative NAO acts
as a slow forcing that shapes the background state over East Asia, the actual abrupt
temperature changes are determined by the AO phase transitions. Given that the NAO is
known to possess relatively high near-term predictability, it may serve as a valuable indicator
for forecasting the frequency of rapid temperature variability over East Asia.

Summer precipitation in East Asia is governed by highly complex atmospheric systems.
Understanding the characteristics of each system is essential for improving near future (A2D)
climate predictions. This study identifies a significant northward migrations of the East Asian
summer front in the recent decades. Such migration has intensified heatwaves and increased
heavy frontal precipitation. These findings highlight that understanding frontal behavior is
crucial for reducing climate-related risks and improving adaptation strategies.

— i -



22 29

E33 FolAoke 4 - Ad(Annual-to-Decadal, A2D) 2=AL 2] 713 WEA °l
| 2 - oA - s - 2 - AddE] 5 A BE /\Pﬂﬁ*ﬂ
Ho 47 Al AFAA dEFE
A
o

A g 71E AT SAAE
adl @ dadl 2ol o), 2 Al 24
&)

:IJJR4>_
e om> N

| ool 7=Wst FAY AE - A L %‘
A2D A st o]s|e} Aulas oAs =35tk ENSO, PDO/IPO, NAOS} #<
Fr] REs s Ao dol ZA A3 Wi, §F 4 2Fl o 7tE - F
A -3 - JFE S T oV B AFEE AAFORE ZolAY WEe A dET &
FAdt} o]z)d =r o] r]ol(memory)¥} teleconnection T+%E TR, oZ=2d(DCPP %)
o] A2D AE& FIANE AL, H - THA - WAL - A Qlzet Bxep 22 74 |
THEs 7 AR #EH ZAE AFste ul BFFolth wEbA A2D AFE 71971 Al
el 875+ A7 7I1EAH 29 S - 43 g HAS A THteEA gAY T
do] At

SOt ot & 7w ATE F8l SPI6VF Ae—= 671d FF g
o 2L -Ad 2Ad RE dFe A A= AEEM Fo
HPPS anu} ENSO-PDO 9459} #48 Ae-8 <3 BRet SO—/PDO+°1]/H 7}7@}
=], ENSO+/PDO—of|A] 717 &3 Uehts o -9 7=
AANSRIL, AF M=@d - 53 H) dF - AR - Z45FE 37 242 PDOY} decadal
SPI-6 ®-52| w7 FeiE F4sA ENSOXPDO &=24hg 3 AN T Ade
Aoz FIANGUE AS AFesAT o2 d34E T3,

Z2=~131
T

e ¢} ENSO - PDO - IPO
bAlob 2 bl 713

=

z

) m
ol

ol Ao} & SPI-6 7}

=
1l [e)
Eo] tF A1zt AALENSO-PDO/PO)# # & -2]F& teleconnection, 18] 32 ENSO-PDO %3 2+
Lo 93] 2= B3 A2HAS AHEsta, o]& A2D 9= - 7|EAH 2 AAY JE FE
2 383 JALS AASAT

SotAle B 7HEI  #AHES, 57§ DCPP  ®d(CanESM5, CMCC-CM2-SR5,
HadGEM3-GC31-MM, MIROC6, and MPI-ESM1-2-HR)¢] 37 < Z=(hindcast) #A&¢ CRU #=
A5E AHEetY, 6719 EEATAFEPIOR AH e Fobrlol FEMAM) 7He< FdelA
—’F" W R S-S BUlstdnt. 4 Rl MRS A5 29, BEE dF 459 TR

Y. MIROC6= ZAAEAH AFolA 7HE 5 AeS XA ¥, CanESM5+= &H&
HAZAA 71 5 d5s B ol d34d5e EAL 2do A= g 2ox
A 71918kt CanESMb&= oS gHE9 AT+ Hou =7 ¥skoen, MIROC6E
A B7lteEd Y 7 Y o]

o] BA WS AL s|Eo HE

pel st 21e om @,

JI

2

SWEooft N rf
e 1@ oo oox X O

mlm

==

oflh o M é

L)
o2l
19
z
E o
[



1

9
pil

I}oh

o] ¥ kA

SEE

L —

T

1

=

3l
Z

=

2

A AZEo

AH A7) 7 = S0l A

°of

RO o mojxm, 20008 o]%F 2

7P} SRR,

| —

T—

%

=

=

. 2d¥=Z CanESM5

ol 7|ZQ1x T84
o2 Al A 7

[
=

[e)

ol A

A A2D FEOA ZolAxo} oA

9

MPI-EMS1-2-HR

=
=,

67) £ 245 283 DCPP 57/ mwle] FolAlo}l ojga

Al

=

of FehH AT, thFE2 Aol warming FA 7 &
=

AT FIS =
e dFA7]

X
T

el

ooz A

—_—

X
X
T
e
is
—_
file)
)

L0

el

Zolrol ALH 7| FA5H FEH

9]

[e)

i=3

Bt NAO

HIEE NAO, AOSH f2lv &

2

}

S

b 71 43 7
QA ok 2F HAEE HZolAlole H|AAES

©

o}

)| A, A0S 94 HEo] 7]

3]

A

ol =&

=

==

—r

L

| By

3] NAO

S

E

=

= Uepgt,

712 HES A0 A A3l 9

0

+

o

’

1l

—_
o
o
el

il

FReH, ol

FoAo} o

L

.

o}

2} A] S

o)
= A

)

—_
file)

oy

R
[~
o

ok

N



EXeCutive SUMMAry ----------mmmmm oo ii
T e v
e vi
B vii
B B vii
R 1
2. A A oo 4
3. olel A A2D ©]371F He A% 2Eged W 7
3 B T 7
32. A8 Fd 36
33 A JI 2 FHE 67
4. ol A A2D o)d71F Mwe A% HofRA W AL - 98
4.1 542 Ths ASA BIF 98
42. AFH FA ASFAH BIF - 117
5. 88 Al e AT = S 138
5.1, A Bl A A oo 138
5.2. A L AT mlE el A o 150
6. QOF Bl A B oo 159
0 162
REfEIeNCes == 163

_Vi_



|

3

Table 3.1. Definition of Extreme temperature indices ---------=--=-=--=-=m-mmmmmmmmmmoo oo 37
Table 3.2. Correlation coefficients of PC1 between TX90p, TN90p, TXx, and TNx. ------- 43
Table 3.3. Correlation coefficients of PC2 between TX90p, TN90p, TXx, and TNx. ---—------ 43
Table 3.4. Contingency Table --------=-mmmmmmm oo 63
Table 4.1 Description of DCPP models used in the study. --------------------mmmmmmoo oo 100
Table 4.2. Selected temperature extreme indices in the analysis. ----------=-====-=-m-mmmmmmen 117

Table 4.3. Configuration details of forecast systems contributing to the DCPP-A component of
the CMIPB. ~—- e 118
Table 5.1. Description of CMIP6 HighResMIP models used in this study. ----------------------- 153

— vil —



g Ak

Figure 2.1. Overall task structure for “Technology development for forecasting abnormal
climate for several years to decades in the Asia-Pacific region” ------------------ 6
Figure 3.1. Normalized Fourier power spectrum of the East Asian MAM SPI-6 time series
derived from CRU precipitation. The solid black line shows the variance-normalized
power as a function of frequency (cycles per year). The gray dashed line denotes
the theoretical red-noise background spectrum estimated from the lag-1
autocorrelation of the SPI-6 series, and the blue horizontal dashed line indicates
the corresponding 95% confidence level. No single frequency exceeds the 95%
threshold, but relative enhancements are evident near the 2-3-year and
quasi-decadal bands. === 12
Figure 3.2. (Left) Local Morlet wavelet power spectrum of the East Asian MAM SPI-6 time
series from CRU, plotted as a function of time (x-axis) and period (y-axis, in
years). Shading indicates normalized power, the magenta dashed contours enclose
regions where power exceeds the 95% confidence level relative to a red-noise
background, and the black dashed curve marks the cone of influence where edge
effects become important. (Right) Global wavelet spectrum obtained by
time-averaging the local power, with the black line indicating power as a function
of period and the magenta vertical dashed line showing the 95% confidence level.
Red circles and labels mark dominant and statistically significant peaks at
approximately 2.5, 11.7, 13.9, and 16.5 years. --------=-=--=-mmmmmmmmo oo 13
Figure 3.3. Time-varying multiple linear regression coefficients between the East Asian MAM
SPI-6 index and (top to bottom) previous-winter ENSO [ENSO(D-1JF(0)],
previous-year annual mean PDO [PDO(ANNC(-1))], and previous-year annual mean
[PO [IPO(ANN(-1))], estimated with an 1l-year moving window. Red circles show
the regression coefficients for each window, and filled symbols indicate coefficients
that are statistically significant at approximately the 95% confidence level. The
light-blue shading denotes the corresponding confidence intervals, and the gray
dashed line marks zero. The bottom panel shows the standardized IPO index, with

red (blue) bars indicating positive (negative) IPO phases, illustrating how shifts in
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[PO phase co-evolve with changes in the regression coefficients above. --------- 15
Figure 3.4. Left panels: Morlet wavelet coherence between the East Asian MAM SPI-6 index
and (from top to bottom) ENSOMD-DJF(0), PDO(ANN(-1)), and IPO(ANN(-1)),
displayed as a function of time (x-axis) and period (y-axis, in years). Shading
indicates coherence magnitude, magenta contours enclose regions exceeding the
95% confidence level relative to a red-noise background, and the thick black
dashed curve denotes the cone of influence where edge effects become important.
Black arrows show relative phase, with right-pointing arrows indicating in-phase
variability. Right panels: band-averaged squared coherence (black line) in the 11-
14-year period band for each index pair, with the blue dashed line indicating the
corresponding 95% confidence level, highlighting epochs when quasi-decadal
coupling between SPI-6 and each climate mode is particularly strong.-----------— 16
Figure 3.5. Scatterplot of winter ENSO (DJF; x-axis) versus previous-year annual mean PDO
(ANN; y-axis). Each dot represents one year and is labeled by the calendar year,
with colors indicating the subsequent MAM SPI-6 anomaly over East Asia (brown:
dry, green: wet). The gray dashed lines mark zero ENSO and PDO, dividing the
plane into four regimes (ENSO+/PDO+, ENSO+/PDO—, ENSO—/PDO—, ENSO-—
/PDO+). Blue numbers in the corners denote the mean SPI-6 and sample size for
each quadrant (e.g., 0.44(6) indicates a mean SPI-6 of 0.44 based on six years),
highlighting that the ENSO—/PDO+ regime is associated with the driest springs,
whereas ENSO+/PDO— corresponds to relatively wet conditions. ----------------- 21
Figure 3.6. Composite maps of atmospheric circulation for four ENSO-PDO regimes (from left
to right: ENSO+/PDO+, ENSO+/PDO—, ENSO—/PDO+, ENSO—/PDO—). Top panels
show DJF upper-level circulation, including anomalous fields (shading), contour
lines, the climatological jet axis (green lines), and stationary Rossby wave activity
flux vectors (purple arrows), illustrating how tropical convection and Pacific SST
anomalies force distinct wave-train patterns toward East Asia. Bottom panels show
the subsequent MAM circulation response, with shading and contours depicting
mid-tropospheric  anomalies and low-level flow, and arrows indicating
moisture-transport or wind anomalies. The cyan diamond marks the East Asian
region used to define the MAM SPI-6 index. Together, the composites demonstrate

that the ENSO—/PDO+ regime produces the strongest anticyclonic ridge and drying



Figure 3.7.

Figure 3.8.

Figure 3.9.

over East Asia, while ENSO+/PDO— favors a weaker ridge and relatively wet
SPring CONAILIONS. === 24

Panels show the original annual MAM SPI-6 series over East Asia (gray bars)
together with winter ENSO (DJF; dashed red) and previous-year PDO (ANN;
dashed blue) at three levels of temporal smoothing: (top) unsmoothed annual data
(YD), (middle) 2-year running means (Y2mean), and (bottom) 5-year running means
(Ybmean). The correlation coefficient r between SPI-6 and each index is indicated
in the panel titles. As the averaging window increases, the ENSO-SPI-6 relationship
weakens slightly, whereas the PDO-SPI-6 relationship strengthens, highlighting the
growing importance of PDO at lower frequencies. --------=-==-=--====-m-momomooooe 26

Whisker plots of Pearson correlations and partial correlations (with 95% confidence
intervals) between band-mean SPI-6 and ENSO/PDO for the 2-year (Y2mean) and
b5-year (Ybmean) running-mean bands. Orange and green symbols show simple
correlations r(SPI-6, ENSO) and r(SPI-6, PDO), respectively. Blue symbols denote
the partial correlation pr(SPI-6, ENSO | PDO), and purple symbols denote pr(SPI-6,
PDO | ENSO). The results indicate that ENSO retains a significant independent
influence at the 2-year band, while PDO provides a stronger independent
contribution at the 5-year band after controlling for ENSO. ------------------nonev 27

Explained variance (R® ) and incremental variance (AR*® ) of band-mean SPI-6
associated with ENSO and PDO for the 2-year (Y2mean) and 5-year (Y5mean)
bands, with 95% confidence intervals. Green circles show the total variance
explained by a multiple regression including both ENSO and PDO, R? (ENSO+PDO).
Blue squares show AR? contributed by adding ENSO to a model already
containing PDO, while magenta triangles show AR? from adding PDO to a model
already containing ENSO. Combined ENSO+PDO explain roughly one-quarter of the
2-year band variance and more than half of the 5-year band variance, with

PDO’ s incremental contribution increasing at lower frequencies. ------------------ 28

Figure 3.10. Estimated regression coefficients for the interaction model M4, in which

band-mean SPI-6 is regressed onto ENSO, PDO, and their product term
(ENSOXPDO). Coefficients are shown for 2-year (Y2mean, green triangles) and
5-year (Y5mean, magenta circles) bands with 95% confidence intervals. go

denotes the intercept, A_ENSO and £ _PDO the main effects, and A_INT the



interaction term. The significantly negative £ _INT, especially for Ybmean,
indicates a nonlinear coupling whereby the impact of ENSO and PDO on SPI-6

depends on their simultaneous phase. ----------=--==-====---m-mmmomoeo e 30

Figure 3.11. Whisker plots of the change in cross-validated root-mean-square error, ARMSE

= RMSE(M4) — RMSEM3), for 2-year (Y2mean, green triangles) and 5-year
(Ybmean, magenta circles) bands, with 95% confidence intervals. Results are shown
for all years (ALL) and for subsets conditioned on PDO phase (PDO+ and PDO—).
Negative values indicate that including the ENSOXPDO interaction term improves
predictive accuracy. Overall differences are modest and often not statistically

significant, with some tendency for improved RMSE in the PDO+ subset. -------- 31

Figure 3.12. Whisker plots of the change in cross-validated correlation, Ar = r(M4) — r(M3),

Figure

Figure

Figure

Figure

Figure

Figure

for 2-year (Y2mean, green triangles) and 5-year (Ybmean, magenta circles) bands,
with 95% confidence intervals, again for all years (ALL) and PDO-conditioned
subsets (PDO+, PDO-—). Positive values indicate higher predictive skill when
including the ENSOXPDO interaction. The interaction model tends to yield higher
correlations, particularly for the 5-year band and during negative PDO phases,

although the improvements are not always statistically significant. ----------------- 32

3.13. Spatial distribution of linear trends for the March-April-May extreme temperature

INAICES.  ~~mmmmmm o 39

3.14. Spatial distribution of linear trends for the June-July-August extreme temperature

INAICES.  —mmmmmmmm e 40

3.15. (left panels) Spatial distribution and (right) principal coefficient time-series for

(upper) first and (lower) second EOF modes of seasonal count of days when daily

maximum temperature is greater than the 90th percentile in June-July-August. 41

3.16. (left panels) Spatial distribution and (right) principal coefficient time-series for

(upper) first and (lower) second EOF modes of seasonal count of days when daily

maximum temperature is greater than the 90th percentile in June-July-August. 41

3.17. (left panels) Spatial distribution and (right) principal coefficient time-series for

(upper) first and (lower) second EOF modes of seasonal count of days when daily

minimum temperature is greater than the 90th percentile in June-July-August. 42

3.18. (left panels) Spatial distribution and (right) principal coefficient time-series for

(upper) first and (ower) second EOF modes of seasonal maximum of daily
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maximum temperature in June-July-August. --------mmmemmmeme s 42
Figure 3.19. (left panels) Spatial distribution and (right) principal coefficient time-series for
(upper) first and (lower) second EOF modes of seasonal minimum of daily
minimum temperature in June-July-August. --—-------mmrm 43
Figure 3.20. Spatial distribution of correlation coefficients at each grid point between extreme
temperature indices over June-July-August. ---------memmemememmss e 45
Figure 3.21. Spatial distribution of correlation coefficients at each grid point between extreme
temperature indices in June-July-August averaged over 10-year runing window. 46
Figure 3.22. (left panels) Spatial distribution and (right) principal coefficient time-series for
(upper) first and (lower) second EOF modes of daily temperature range (DTR) in
March-April=-May -~ 47
Figure 3.23. (left panels) Spatial distribution and (right) principal coefficient time-series for
(upper) first and (lower) second EOF modes of daily temperature range (DTR) in
September-October-November. --------------mmmmmmmomo oo 47
Figure 3.24. (left panels) Spatial distribution and (right) principal coefficient time-series for
(upper) first and (lower) second EOF modes of Cooling Degree Days (CDDs) in
June-July=AUuguUSE ~=---====m o 48
Figure 3.25. (left panels) Spatial distribution and (right) principal coefficient time-series for
(upper) first and (lower) second EOF modes of number of summer days (SU) in
June-July-August. The SU is defined as seasonal count of days when daily
maximum temperature > 25C. 48
Figure 3.26. (left panels) Spatial distribution and (right) principal coefficient time-series for
(upper) first and (lower) second EOF modes of number of tropical nights (TR) in
June-July-August. The TR is defined as seasonal count of days when daily
minimum temperature > 25C. - 49
Figure 3.27. Spatial distribution of correlation coefficients of (upper) SST, (middle) 500hPa
geopotential height, (Iower) sea level pressure anomalies with principal coefficient
time-series for (left) first and (right) second EOF modes of seasonal count of days
when daily maximum temperature is greater than the 90th percentile in
June-July=August. - 50
Figure 3.28. Spatial distribution of correlation coefficients of (upper) 200hPa stream function,

(middle) 850hPa stream function, (lower) outgoing longwave radiation anomalies
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with principal coefficient time-series for (left) first and (right) second EOF modes
of seasonal count of days when daily maximum temperature is greater than the
90th percentile in June-July-August. --=----===-=-=mmmmmmmmm oo 52
Figure 3.29. (upper) time series of  Western North Pacific SST index and principal
coefficients (PCs) for first EOF mode of seasonal count of days when daily
maximum temperature IS -------=-=--=-mmmmmmm oo 53
Figure 3.30. Spatial distribution of correlation coefficients between Western North Pacific SST
index and principal coefficients (PCs) for first EOF mode of seasonal count of
days when daily maximum temperature is greater than the 90th percentile in
June-July-August in one-, five-, and ten-year time scales. The five- and ten-year
running mean is applied to the indices in order to estimate the correlation
coefficients in five-, and ten-year time scales. e 53
Figure 3.31. Spatial distribution of correlation coefficients between North Atlantic tripole SST
index and principal coefficients (PCs) for second EOF mode of seasonal count of
days when daily maximum temperature is greater than the 90th percentile in
June-July-August in one-, five-, and ten-year time scales. The five- and ten-year
running mean is applied to the indices in order to estimate the correlation
coefficients in five-, and ten-year time scales. ---------------mmmmmmmmmmm s 53
Figure 3.32. Heatmap of correlation coefficients between climate variability indices and
principal coefficient time-series for (left) first and (right) second EOF modes of
seasonal count of days when daily maximum temperature is greater than the 90th
percentile in June-July-August. -------------mmmmm s 55
Figure 3.33. Change in correlation coefficients of principal coefficients for the first and
second EOF modes of seasonal count of days when daily maximum temperature is
greater than the 90th percentile in June-July-August with Western North Pacific
SST index (red line) and North Atlantic tripole SST index (green line), respectively,
over the 10-year running windows. The 10-year running averaged (upper panel)
AMO and (lower) IPO indices are also shown with orange bars. All indicese are
normaliezed for simple comparison. The correlation coefficients that are
statistically significant a 90% level are indicated with dots -----------------nm- 56
Figure 3.34. Temporal change in amplitude of positive (red line) and negative (blue line)

North Atlantic tripole SST indices estimated over 10-year running windows. The
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10-year running averaged (upper panel) IPO and (lower) AMO indices are also
shown with orange bars. The amplitude is computed as the average of positive or
negative values of indices over the running window -----------------------------mooooo 57
Figure 3.35. Temporal change in amplitude of positive (red line) and negative (blue line)
Western North Pacific SST indices estimated over 10-year running windows. The
10-year running averaged (upper panel) IPO and (lower) AMO indices are also
shown with orange bars. The amplitude is computed as the average of positive or
negative values of indices over the running window — --------=-=-==-=--m-mmmooomooee 58
Figure 3.36. The proportion of years in which the extreme temperature index is (left panel)
higher and (right) lower than its climatology (total counts averaged over
1961-2016) when the North Atlantic tripole SST index is negative and the Western
North Pacific SST index is positive. The extreme temperature index is defined as
seasonal count of days when daily maximum temperature is greater than the 90th
percentile. oo 59
Figure 3.37. The proportion of years in which the extreme temperature index is (left panel)
higher and (right) lower than its climatology (total counts averaged over
1961-2016) when the North Atlantic tripole SST index is positive and the Western
North Pacific SST index is negative. The extreme temperature index is defined as
seasonal count of days when daily maximum temperature is greater than the 90th
PErCentile. —----mmmmm o 60
Figure 3.38. Composite analysis of SST, OLR, and 200hPa and 500hPa geopotential height
anomalies based on summers when the North Atlantic tripole SST index is negative
and the Western North Pacific SST index is positive ---------=-=-s-mmmmmmmmooo e 61
Figure 3.39. Composite analysis of SST, OLR, and 200hPa and 500hPa geopotential height
anomalies based on summers when the North Atlantic tripole SST index is positive
and the Western North Pacific SST index is negative. ------------=-=----m-mmmomoooee 62
Figure 3.40. Spatial distribution of anomaly correlation coefficients for seasonal count of days
when daily maximum temperature is greater than the 90th percentile in
June-July-August predicted with single and multi linear regression models and from
observations. Single linear regression models are built with (Ieft) North Atlantic
tripole SST index and (middle) Western North Pacific SST index. Multi-linear

regression model is built with both indices.  -------------m-mmmmem e 64
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Figure 3.41. Spatial distribution of anomaly correlation coefficients for seasonal count of days

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

when daily maximum temperature is greater than the 90th percentile in
June-July-August predicted with multi-linear regression models and from
observations. Multi-linear regression model is built with North Atlantic tripole SST

index and Western North Pacific SST index in (left) five- and (right) ten-year time

3.42. Spatial distribution of HSS for summer TX90p predicted with a multi-regression

model using WNPS and NAT_T indices. -------------mmmmmmmmmmmmm oo 65

3.43. (Top) Spatial distribution of the anomaly correlation coefficient (ACC) for summer

mean SST anomalies at 1 1-year lead time. (Bottom) Changes in the ACC of the
(first panel) NAT_T index and (third panel) WNPS index at 1- to 10-year lead
times. Time-series of (second) NAT_T and (forth) WNPS indices from the model

and obervations at a l-year lead time. ---------------mmmmmmrmm e 66

3.44. Daily mean temperature anomalies from December 2024 to February 2025,

averaged over 62 meteorological stations from (Automated Synoptic Observing

System(ASOS) data --------------mmmmmm oo 68

3.45. East Asian domain(100° -140° E, 25° -55° N) considered for the analysis of

wintertime dT/dt ----------mmmmmmr 69

3.46. Area-averaged wintertime daily (upper) 2m temperature and (lower) dT/dt

anomalies over East Asia. Red (blue) lines indicate rapid warming dTdt-1 (rapid

cooling dTdt-D) events exceeding 90th (10th) percentile threshold ------------------ 70
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3.61. Lead-lag composites of geopotential height (shading) and wind (vector) anomalies
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Figure 5.1. Ratio of frontal precipitation to total monthly precipitation from May to September
during 1979-2024. The values in the upper-right corner indicate the area-averaged
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temperature (right; C) against the front latitude index during the summertime,
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change due to intensity (second column), precipitation due to frequency (third
column), and precipitation change driven by the covariability of intensity and
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Figure 2.1. Overall task structure for “Technology development for forecasting abnormal
climate for several years to decades in the Asia-Pacific region”

Schematic diagram showing the three-year roadmap (2025-2027) and main work packages.
The top row summarizes the annual milestones: (1) evaluation of A2D abnormal-climate
model performance and selection of key climate drivers (° 25), (2) development of
methods to improve A2D prediction skill (* 26), and (3) pilot production of A2D
abnormal-climate outlook information (* 27). The middle blocks illustrate two core
research streams: development of regime-based storyline frameworks for A2D
abnormal-climate outlooks (left, red band) and development of bias-correction methods for
CMIP6-DCPP models and generation of region-specific outlook products (center, blue
band). The bottom row highlights application to high-impact “public concern” climate
issues, such as changes in frontal activity and associated heavy rainfall, ultimately
contributing to climate-service products for the Asia-Pacific region under climate change.
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Figure 3.1. Normalized Fourier power spectrum of the
East Asian MAM SPI-6 time series derived from CRU
precipitation.  The  solid black line shows the
variance-normalized power as a function of frequency
(cycles per vyear). The gray dashed line denotes the
theoretical red-noise background spectrum estimated from
the lag-1 autocorrelation of the SPI-6 series, and the blue
horizontal dashed line indicates the corresponding 95%
confidence level. No single frequency exceeds the 95%
threshold, but relative enhancements are evident near the
2-3-year and quasi-decadal bands.



Wavelet Power Spectrum (MAM SPI-6), CRU
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Figure 3.2. (Left) Local Morlet wavelet power spectrum of the East Asian MAM SPI-6 time
series from CRU, plotted as a function of time (x-axis) and period (y-axis, in years). Shading
indicates normalized power, the magenta dashed contours enclose regions where power exceeds
the 95% confidence level relative to a red-noise background, and the black dashed curve
marks the cone of influence where edge effects become important. (Right) Global wavelet
spectrum obtained by time-averaging the local power, with the black line indicating power as
a function of period and the magenta vertical dashed line showing the 95% confidence level.
Red circles and labels mark dominant and statistically significant peaks at approximately 2.5,
11.7, 13.9, and 16.5 years.
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Figure 3.3. Time-varying multiple linear regression
coefficients between the East Asian MAM SPI-6 index
and (top to bottom) previous-winter ENSO [ENSO(D-
DJF(0)], previous-year annual mean PDO [PDO(ANN(-
1)], and previous-year annual mean IPO [IPO(ANN(-
)], estimated with an 11-year moving window. Red
circles show the regression coefficients for each
window, and filled symbols indicate coefficients that
are statistically significant at approximately the 95%
confidence level. The light-blue shading denotes the
corresponding confidence intervals, and the gray
dashed line marks zero. The bottom panel shows the
standardized IPO index, with red (blue) bars indicating
positive (negative) IPO phases, illustrating how shifts
in IPO phase co-evolve with changes in the
regression coefficients above.
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Figure 3.4. Left panels: Morlet wavelet coherence between the East Asian
MAM SPI-6 index and (from top to bottom) ENSO(D-DJF(0), PDO(ANN(-1)),
and IPO(ANN(-1), displayed as a function of time (x-axis) and period
(y-axis, in years). Shading indicates coherence magnitude, magenta contours
enclose regions exceeding the 95% confidence level relative to a red-noise
background, and the thick black dashed curve denotes the cone of influence
where edge effects become important. Black arrows show relative phase,
with right-pointing arrows indicating in-phase variability. Right panels:
band-averaged squared coherence (black line) in the 11-14-year period band
for each index pair, with the blue dashed line indicating the corresponding
95% confidence level, highlighting epochs when quasi-decadal coupling
between SPI-6 and each climate mode is particularly strong.
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ENSO-PDO Phase Diagram Colored by SP16
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Figure 3.5. Scatterplot of winter ENSO (DJF; x-axis) versus
previous-year annual mean PDO (ANN; y-axis). Each dot
represents one year and is labeled by the calendar vyear,
with colors indicating the subsequent MAM SPI-6 anomaly
over East Asia (brown: dry, green: wet). The gray dashed
lines mark zero ENSO and PDO, dividing the plane into
four regimes (ENSO+/PDO+, ENSO+/PDO—, ENSO-—/PDO—,
ENSO—/PDO+). Blue numbers in the corners denote the
mean SPI-6 and sample size for each quadrant (e.g., 0.44(6)
indicates a mean SPI-6 of 044 based on six years),
highlighting that the ENSO—/PDO+ regime is associated
with the driest springs, whereas ENSO+/PDO— corresponds
to relatively wet conditions.
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Figure 3.6. Composite maps of atmospheric circulation for four ENSO-PDO regimes (from left to right: ENSO+/PDO+, ENSO+/PDO—,
ENSO—/PDO+, ENSO—/PDO—). Top panels show DJF upper-level circulation, including anomalous fields (shading), contour lines, the
climatological jet axis (green lines), and stationary Rossby wave activity flux vectors (purple arrows), illustrating how tropical convection
and Pacific SST anomalies force distinct wave-train patterns toward East Asia. Bottom panels show the subsequent MAM circulation
response, with shading and contours depicting mid-tropospheric anomalies and low-level flow, and arrows indicating moisture-transport
or wind anomalies. The cyan diamond marks the East Asian region used to define the MAM SPI-6 index. Together, the composites
demonstrate that the ENSO—/PDO+ regime produces the strongest anticyclonic ridge and drying over East Asia, while ENSO+/PDO—
favors a weaker ridge and relatively wet spring conditions.




3.1.5. ENSO-PDO A% - ¥lAd¥ 7] ¢} #A|F3 SPI6 AE71HsA H7t

f

2 A 31594 & AB.1.3-3.1.40014 =<1g ENSO-PDO-SPI-62] #A & #AE
O Koz Hristr] fsl, (D) A7 M= HF A A E(Y2mean, Ydmean) < T3+, (2)
o]0 gk A& - AT L AP ELR® |, AR® ) & vHlwSH, (3) ENSO2 PDOS] 524
FHENSOXPDO)& 233 I ARF M) & Al d= de5S B4 Figure 3.7-3.12& ©

rtl

_4

g 249 FAHe AR HoFy, 53 29 olsH(Y2mean) I} 59 olFHT
A Fuh W=o A ENSOSF PDOS} Zth4d - && 7197} of9A 2ehA

El

(YSmean) 2.2 Y EFHE=
=AE ZFx3Yg. 54 B4
7] &

Storch and Zwiers(1999)=

L
7M. 89 - B2 R

Fuedor gt

A= 5)& Wiks(2011), von

’

A Figure 3.7 YAl &3 SPI-6, ENSO, PDO AlAL(YDH, 2d/5d ol 5HFS 3
A0t sl =(Y2mean, Yomean)S Ueks] HodFEoh Ad gde 9A 48 MAM SPI-6¢F AL
ENSO(DJF), A% A%+ PDOANN)O] A o]tk ENSO®} SPI-69] <= A#ATE oF r=
0.572 493 =A% PDO%Le] AL r=—0.1002 wueksit) o= <AH(interannual) =AY
oA SPI-6 WE& FE ENSOo| 3] A™= i, PDOS EHZ A3sE A9 toux &4ss
olm gttt 719 Y2mean #d-& SPI-6, ENSO, PDO R5ol 2d o5 S A&s 159 =
o|ZE A|A% H, &L HAA vl Aot} o] A-$ ENSOt SPI-62] 43#& r=0.25
o8 ZadtE Wi, DOQ} SPI-69] }6“1’_]' ~—025 A== Aujgto] AXT} o= olxHH
717E 2deg & ENSO¢] mF3 ¥E(2-3d ENSO 2AY) F A3 REo] A
Yt 2 PDOC] = %01 o & cues a3E5 BoE stde] Yomean 3d-S 59 olF
HTS A3 Aot o714 = ENSO-SPI-6 A#o] r=0.24 &2 A9 WalA AT,
PDO-SPI-6 #& r=—0462 AA #Z3ddt ZF, 53 Hd F59 vj$ AF3 HEors
PDO7} ENSOX T O 4% AW EE 7HAH, & 7He2 “WiA =" & 28t g4 AF3
RE9S AAEITE o] PDO/IPO7F FolAlol &% - 49 decadal HES ZdE3chE oy
sy At} Wehs o] g

r l
rlo
N

K

Of

Figure 3.8& ©]#3F Y2mean¥} YSmean Azl thall A4ket A3AS 2 AAAAF(95%
AFFD & o83t gdEe OE & EEE SAT GHAdAY &F
stH, F Rt A2 d#Eo & W(ENSO-PDO FE4F &A1) 7 2=
st o f83ith Y2meanol Al F3A4 r(SPI-6, ENSO)+= th=F 0.3 W99 <k 2+ 7kAH,
95% A F 3ol 0& A& A3|3ch 2E2A r(SPI-6, PDO)E 59 & 7FA A q, Al 310
< X33 FAFCEE A& EFAst. vkdA, &k pr(SPI-6, ENSO | PDO) + 0.4-0.5
Foll Al 95% AEF3ro]l FElo] ke FHol fAS, PDOS FFES AAT Fod = ENSO7L 2
Y F SPI-6 sS A3 Fo3tAl Agse HoFr. Bk pr(SPI-6, PDO | ENSO) +
°F —0.4 A= &9 #o=E, ENSOE A% HE PDO7F 5534 dx 4AsE 2t A
< AAFSEAIEE, Y2mean ©HA o A= Ol AA AlZ]F3ke] B4 Wk Yomeanoll A= o] 27k 7
ol tS FHsfxth. ENSOLS] T 4#2 A3 49 zh(eF 0.3-04H)o2 FAHAGL, &
3] pr(SPI-6, PDO | ENSO) 7} —0.6 1419477}11 AAH Al F3ro] 05 FEo] sk dTh o= 5
QA Hd 59 olF AF3 SPI-6 MEolA, ENSO 43S AAS Fo= PDO7} #43 ZHZH
ZlEs A5 E AFdds Yujojtt. HHE pr(SPI-6, ENSO | PDO)= 2@ HAY wjrRt

(5

l‘.t_,



T oA, ENSOS] %8 717t AF sl A grjHos ZojEr
“AFIHYRE

3.13-3144d9 ~AEY -

L —

|

Y1: SPI6_MAM vs ENSO_DJF (r= 0.57)

e AAE o 2
1FEste] o AFED

A3 243 s A3

Y1: SP16_MAM vs PDO_ANN (r=-0.10)

]
A=
T

3.0 o 3.0 o
2.0 - 20 -
1.0 5 1.0
0.0 3 0.0 5
1.0 _: 1.0 —:
2.0 - 2.0 4
W77 T T T T T T T T T1 ¥ TT T T T T T T T T T 1
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Y2mean: SPI_band vs ENSO_band (r= 0.25) Y2mean: SPI_band vs PDO_band (r=-0.25)
3.0 — 3.0 —
2.0 - 20
1.0 o 1.0
0.0 = 0.0 —
1.0 3 1.0
2.0 - 2.0
. ——SPl6 .
WT—T—T7T T T T T T T 1 T 1 T T T 1T T T T T T T T 1
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Y5mean: SPI_band vs ENSO_band (r= 0.24) Y5mean: SPI_band vs PDO_band (r=-0.46)
3.0 o 2.0 =
] T /
1 ] '\
2.0 ]
- 1.0 —
1.0 5 ]
0.0 3 0.0 -
1.0 ]
a 1.0 — /
2.0 — ] X--Pbo
1 —SPl6 1 ——5Pl6
80 T T T T T T T T T 0 T T T T T T T T T
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 201

Figure 3.7. Panels show the original annual MAM SPI-6 series over East Asia (gray bars)
together with winter ENSO (DJF; dashed red) and previous-year PDO (ANN; dashed blue)
at three levels of temporal smoothing: (top) unsmoothed annual data (Y1), (middle) 2-year
running means (Y2mean), and (bottom) 5-year running means (Ybmean). The correlation
coefficient r between SPI-6 and each index is indicated in the panel titles. As the
averaging window increases, the ENSO-SPI-6 relationship weakens slightly, whereas the
PDO-SPI-6 relationship strengthens, highlighting the growing importance of PDO at lower
frequencies.



Correlations & Partial Correlations by Band (95% Cl)
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Figure 3.8. Whisker plots of Pearson correlations and
partial correlations (with 95% confidence intervals)
between band-mean SPI-6 and ENSO/PDO for the
2-year (Y2mean) and 5-year (Ybmean) running-mean
bands. Orange and green symbols show simple
correlations r(SPI-6, ENSO) and r(SPI-6, PDO),
respectively. Blue symbols denote the partial
correlation pr(SPI-6, ENSO 1 PDO), and purple
symbols denote pr(SPI-6, PDO | ENSO). The results
indicate that ENSO retains a significant independent
influence at the 2-year band, while PDO provides a
stronger independent contribution at the 5-year band
after controlling for ENSO.
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Figure 3.9. Explained variance (R* ) and
incremental variance (AR? ) of band-mean SPI-6
associated with ENSO and PDO for the 2-year
(Y2mean) and 5-year (Y5mean) bands, with 95%
confidence intervals. Green circles show the total
variance explained by a multiple regression
including both ENSO and PDO, R* (ENSO+PDO).
Blue squares show AR? contributed by adding
ENSO to a model already containing PDO, while
magenta triangles show AR? from adding PDO
to a model already containing ENSO. Combined
ENSO+PDO explain roughly one-quarter of the
2-year band variance and more than half of the
5-year band variance, with PDO’ s incremental
contribution increasing at lower frequencies.
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Figure 3.10. Estimated regression coefficients for the
interaction model M4, in which band-mean SPI-6 is
regressed onto ENSO, PDO, and their product term
(ENSO X PDO). Coefficients are shown for 2-year (Y2mean,
green triangles) and 5-year (YSmean, magenta circles)
bands with 95% confidence intervals. £o denotes the
intercept, A_ENSO and £ _PDO the main effects, and A
_INT the interaction term. The significantly negative /A
_INT, especially for Ybmean, indicates a nonlinear coupling
whereby the impact of ENSO and PDO on SPI-6 depends
on their simultaneous phase.
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Figure 3.11. Whisker plots of the change in cross-validated
root-mean-square error, ARMSE = RMSE(M4) — RMSE(M?3),
for 2-year (Y2mean, green triangles) and 5-year (Y5mean,
magenta circles) bands, with 95% confidence intervals.
Results are shown for all years (ALL) and for subsets
conditioned on PDO phase (PDO+ and PDO-—). Negative
values indicate that including the ENSOXPDO interaction
term improves predictive accuracy. Overall differences are
modest and often not statistically significant, with some
tendency for improved RMSE in the PDO+ subset.
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Figure 3.12. Whisker plots of the change in
cross-validated correlation, Ar = r(MM4) — r(M3), for

2-year (Y2mean, green triangles) and 5-year (Ybmean,
magenta circles) bands, with 95% confidence intervals,
again for all years (ALL) and PDO-conditioned subsets
(PDO+, PDO—). Positive values indicate higher predictive
skill when including the ENSOXPDO interaction. The
interaction model tends to vyield higher correlations,
particularly for the 5-year band and during negative
PDO phases, although the improvements are not always
statistically significant.
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Table 3.1. Definition of Extreme temperature indices

A3
s %_‘Haﬂi ﬁé 7HE ot

Extreme Definition Units
TX90p Seasonal count of days when daily maximum D
ays
(24 temperature is greater than the 90th percentile Y
TN9Op Seasonal count of days when daily minimum D
ays
(2op) temperature is greater than the 90th percentile Y
TX25d Seasonal count of days when daily maximum D
ays
(=AU temperature is greater than 25°C Y
TN25d Seasonal count of days when daily minimum D
. o ays
(Etfjofd 4) temperature is greater than 25°C
TXx Seasonal maximum value of daily maximum ‘c
(Y2172 AEFY) temperature
TNx Seasonal minimum value of daily minimum ‘C
(A2 A7) A-EL2H) temperature
DTR Daily Temperature Range: Seasonal mean
) difference between daily maximum temperature and °C
(YA .
daily mean temperature.
90
CDD E —24),if T =24 , T, is daily mean ‘C
(FYred) B
temperature
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Figure 3.13. Spatial

temperature indices.
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Figure 3.15. (left panels) Spatial distribution and (right) principal coefficient time-series for
(upper) first and (lower) second EOF modes of seasonal count of days when daily maximum
temperature is greater than the 90th percentile in June-July-August.
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Figure 3.16. (left panels) Spatial distribution and (right) principal coefficient time-series for
(upper) first and (lower) second EOF modes of seasonal count of days when daily maximum
temperature is greater than the 90th percentile in June-July-August.
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Figure 3.17. (left panels) Spatial distribution and (right) principal coefficient time-series for
(upper) first and (lower) second EOF modes of seasonal count of days when daily minimum
temperature is greater than the 90th percentile in June-July-August.
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Figure 3.18. (left panels) Spatial distribution and (right) principal coefficient time-series for
(upper) first and (ower) second EOF modes of seasonal maximum of daily maximum
temperature in June-July-August.
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Figure 3.19. (left panels) Spatial distribution and (right) principal coefficient time-series for
(upper) first and (lower) second EOF modes of seasonal minimum of daily minimum
temperature in June-July-August.

Table 3.2. Correlation coefficients of PC1 between TX90p, TN90p, TXx, and TNx.

PC1 TN9Op TXx TNx
TX90p 0.91 0.74 0.82
TN9Op 0.58 0.79

TXx 0.89

Table 3.3. Correlation coefficients of PC2 between TX90p, TN90p, TXx, and TNx.

PC2 TN9Op TXx TNx
TX90p 0.70 0.69 0.73
TN9Op 0.35 0.65

TXx 0.81
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Figure 3.20. Spatial distribution of correlation coefficients at each grid point between
extreme temperature indices over June-July-August.
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Figure 3.21. Spatial distribution of correlation coefficients at each grid point between extreme

temperature indices in June-July-August averaged over 10-year runing window.
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Figure 3.22. (left panels) Spatial distribution and (right) principal coefficient time-series for
(upper) first and (lower) second EOF modes of daily temperature range (DTR) in
March-April-May
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Figure 3.23. (left panels) Spatial distribution and (right) principal coefficient time-series for
(upper) first and (ower) second EOF modes of daily temperature range (DTR) in
September-October-November.
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Figure 3.24. (left panels) Spatial distribution and (right) principal coefficient time-series for
(upper) first and (lower) second EOF modes of Cooling Degree Days (CDDs) in
June-July-August
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Figure 3.25. (left panels) Spatial distribution and (right) principal coefficient time-series for
(upper) first and (ower) second EOF modes of number of summer days (SU) in
June-July-August. The SU is defined as seasonal count of days when daily maximum
temperature > 25C.
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Figure 3.26. (left panels) Spatial distribution and (right) principal coefficient time-series for
(upper) first and (lower) second EOF modes of number of tropical nights (TR) in
June-July-August. The TR 1is defined as seasonal count of days when daily minimum
temperature > 25C.
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Figure 3.27. Spatial distribution of correlation coefficients of (upper) SST, (middle) 500hPa
geopotential height, (lower) sea level pressure anomalies with principal coefficient time-series
for (left) first and (right) second EOF modes of seasonal count of days when daily maximum
temperature is greater than the 90th percentile in June-July-August.
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Figure 3.28. Spatial distribution of correlation coefficients of (upper) 200hPa stream function,
(middle) 850hPa stream function, (lower) outgoing longwave radiation anomalies with principal
coefficient time-series for (left) first and (right) second EOF modes of seasonal count of
days when daily maximum temperature is greater than the 90th percentile in
June-July-August.
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Figure 3.29. (upper) time series of Western North Pacific SST index and principal coefficients
(PCs) for first EOF mode of seasonal count of days when daily maximum temperature is

greater than the 90th percentile in June-July-August, and (ower) time series of North
Atlantic tripole SST mode and PCs for second EOF mode on (left) one-year, (middle)

five-year, and (right) 10-year time scales.

55°N 55°N +

TMAX90pvsWNPS, JJA
4

TMAX90pvsWNPS 1pyr-ryn
4

45°N

35°N

25°N

15°N 15°N + T T T 15°N + T
70°E 90°E 110°E 130°E 150°E 70°E 90°E 110°E 130°E 150°E 70°E 90°E 110°E 130°E 150°E
R e i i — ——— —— — —— [ I I S S ——— —— — — — ] [ I i i ——— — —— — — —
-09 -0.7 -05 -03 -01 01 03 05 07 09 -09 -0.7 -05 -03 -0.1 01 03 05 07 09 -09 -0.7 -05 -03 -01 01 03 05 07 09

Figure 3.30. Spatial distribution of correlation coefficients between Western North Pacific SST
index and principal coefficients (PCs) for first EOF mode of seasonal count of days when daily
maximum temperature is greater than the 90th percentile in June-July-August in one-, five-,
and ten-year time scales. The five- and ten-year running mean is applied to the indices in
order to estimate the correlation coefficients in five-, and ten-year time scales.
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Figure 3.31. Spatial distribution of correlation coefficients between North Atlantic tripole SST
index and principal coefficients (PCs) for second EOF mode of seasonal count of days when
daily maximum temperature is greater than the 90th percentile in June-July-August in one-,
five-, and ten-year time scales. The five- and ten-year running mean is applied to the
indices in order to estimate the correlation coefficients in five-, and ten-year time scales.
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Figure 3.32. Heatmap of correlation coefficients between climate variability indices and
principal coefficient time-series for (left) first and (right) second EOF modes of seasonal
count of days when daily maximum temperature is greater than the 90th percentile in
June-July-August.
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Figure 3.33. Change in correlation coefficients of principal coefficients for the first and
second EOF modes of seasonal count of days when daily maximum temperature is greater
than the 90th percentile in June-July-August with Western North Pacific SST index (red line)
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Figure 3.35. Temporal change in amplitude of positive (red line) and negative (blue line)
Western North Pacific SST indices estimated over 10-year running windows. The 10-year
running averaged (upper panel) IPO and (lower) AMO indices are also shown with orange
bars. The amplitude is computed as the average of positive or negative values of indices
over the running window
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Figure 3.36. The proportion of years in which the extreme temperature index is (left panel)
higher and (right) lower than its climatology (total counts averaged over 1961-2016) when the
North Atlantic tripole SST index is negative and the Western North Pacific SST index is
positive. The extreme temperature index is defined as seasonal count of days when daily
maximum temperature is greater than the 90th percentile.
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Figure 3.37. The proportion of years in which the extreme temperature index is (left panel)
higher and (right) lower than its climatology (total counts averaged over 1961-2016) when
the North Atlantic tripole SST index is positive and the Western North Pacific SST index is
negative. The extreme temperature index is defined as seasonal count of days when daily
maximum temperature is greater than the 90th percentile.
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Figure 3.38. Composite analysis of SST, OLR, and 200hPa
and 500hPa geopotential height anomalies based on
summers when the North Atlantic tripole SST index is
negative and the Western North Pacific SST index is
positive
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Figure 3.39. Composite analysis of SST, OLR, and 200hPa
and 500hPa geopotential height anomalies based on
summers when the North Atlantic tripole SST index is
positive and the Western North Pacific SST index is
negative.
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Figure 3.40. Spatial distribution of anomaly correlation coefficients for seasonal count of days
when daily maximum temperature is greater than the 90th percentile in June-July-August
predicted with single and multi linear regression models and from observations. Single linear
regression models are built with (left) North Atlantic tripole SST index and (middle) Western
North Pacific SST index. Multi-linear regression model is built with both indices.
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Figure 3.41. Spatial distribution of anomaly correlation coefficients for seasonal count of days
when daily maximum temperature is greater than the 90th percentile in June-July-August
predicted with multi-linear regression models and from observations. Multi-linear regression
model is built with North Atlantic tripole SST index and Western North Pacific SST index in
(left) five- and (right) ten-year time scales.
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Figure 3.42. Spatial distribution of HSS for summer TX90p predicted with a multi-regression
model using WNPS and NAT_T indices.
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Figure 3.43. (Top) Spatial distribution of the anomaly correlation coefficient (ACC) for
summer mean SST anomalies at 1 1-year lead time. (Bottom) Changes in the ACC of the
(first panel) NAT_T index and (third panel) WNPS index at 1- to 10-year lead times.
Time-series of (second) NAT_T and (forth) WNPS indices from the model and obervations
at a 1-year lead time.
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Figure  3.45. East Asian  domain(100° -140° E,
25° -55° N) considered for the analysis of wintertime
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Figure 3.46. Area-averaged wintertime daily (upper) 2m
temperature and (lower) dT/dt anomalies over East
Asia. Red (blue) lines indicate rapid warming dTdt-I
(rapid cooling dTdt-D) events exceeding 90th (10th)
percentile threshold
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Figure 3.53. Lead-lag composites of daily 2m temperature anomalies from day -10 to

day +4, at 2-day intervals, centered on dTdt-I events. The dots denote the 90%
confidence level based on the student t-test
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statistically 90% significant based on the student t-test
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Figure 3.64. Composites of 850 hPa meridional wind (shading) and 250 hPa
streamfunction (black contour) with wave activity flux (purple vector) anomalies on
positive NAO phase from day 0 to day 15, at 3-day intervals
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Figure 3.65. Composites of 850 hPa meridional wind (shading) and 250 hPa
streamfunction (black contour) with wave activity flux (purple vector) anomalies on
negative NAO phase from day 0 to day 15, at 3-day intervals
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Figure 3.67. 1l-year sliding correlation coefficients
between the dTdt (dTdt-I and dTdt-D) indices and
climate (Nino3.4 SST, North Indian Ocean SST, North
Atlantic tripole SST, NAO and AO) indices. Closed dots
indicate correlations that are statistically significant at
the 90% confidence level based on the student t-test
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Figure 3.68. Time series of the (upper) NAO and
(lower) AO indices (bars). The 1l-year moving
averages are shown as thick solid lines, while the thin
solid lines indicate the linear trend
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Figure 3.69. 1l-year to 10-year sliding correlation
coefficients between the dTdt (dTdt-I and dTdt-D)
indices and NAO index. Closed dots indicate

correlations that are statistically significant at the 90%
confidence level based on the student t-test
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Figure 4.1. The Process for calculating the Standardized Precipitation Index
(SPD) (Adapted form Keune et al., 2025).
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22 MAYZS FHE U s A3 (Component )22 AA3 o] 2t (Boer et al., 2016).
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Table 4.1 Description of DCPP models used in the study.

Mont
. of
o Resolution Ense | .
No. Model Name Institution Country initial Reference
(latxlon) mble .
1zatio
n
Swart et al.
1 CanESM5 CCCma Canada 128%x64 20 Jan
(2019)
Nicoli et al
2 CMCC-CM2-SR5 CMCC [taly 288%192 10 Nov (2023)
Met Office Williams et
3 HadGEM3-GC31-MM UK 432X324 10 Nov
Hadley Centre al.(2017)
Tatebe et al.
4 MIROC6 MIROC Japan 256X%128 10 Nov (2019)
MRI-M DWD Muller al al.
5 MPI-ESM1-2-HR Germany 384%192 10 Nov
DKRZ (2018)

4113 #Z A=

DCPP &®e] A hindcast &S ABHOZ AFsr] 918 #=F AE=E, FolAo}
(20° N-60° N, 70° E-150° E) g9 oisl] 34 =(0.5° x 0.5°)E FZF% University of
East Anglia 7] 3494 A|&3t= CRU (Climate Research Unit) TS 4.03 €3 75 A8

S &3t o] Aue A AAFSE X3 7Y #5490 A #ESES 7] JEE A
g 2 7Es AZE AA FE5EH ARE, AV 7F FAe HEA

Ro] 71Z R A7 544 HUle o] EFAH AF ARE dy &
al., 2020). 2y A5+ A7 AL dE A5 EAAL o IF
W&o B AFoAs CRU #= ARE 7|22, ERAS 2 GCPP A& 7oA A&
SPI6ZFe] A AE A& Ala(Temporal Correlation Coefficient)E ®lw E2AJ3te] xg8 7] FAF

= o i

H i ﬂll

4 W7HE YA Figure 4200 vhebd mps} o], F2 BARo AR JIe AT )
BRo| A AdelA 08 ol4e] Wi ¥ W BAJ BSHAUT 53, % A5 I3
¥ ERA5 7]vt SPI67F 0.88, GCPP 7|4t SPI67} 0.930.2 4+= , T AEN AR BF
CRU B3 225t & 29 A0 A4S 143 AL Sskach Bebd CRU B3
AR TS A= B Ao BHEo] (RU BZARHE B ALaAT. oF 24
AAE Bk B5 AR Bef F YL Aol AL el CRU BSAS DCPP =

— 100 —
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Figure 4.2. Spatial distribution of the temporal
correlation coefficients of SPI6 based on (upper)
CRU and ERA5, and (lower) CRU and GPCC
datasets..

4114. AF

B ATE R 39 gaw ke A8 AYEH A3 FEEA
Stk 53 DCPPE] 4ol 4] 4l 712k BQke] 7hEdl% 54 B3ty 918 HaAz
d, 2~4d i, 2~6d B, 2~109 FFoE TR BAE St

AEEZ 7AZES 9= Heidke Skill Score(HSS)E &8sl mdo] 71&E o= A%
ASstAth HSS= 7Hr #AYes)/ M #HANo)2] dZo] drfy AP =AE Hriste AxRE
PFE e SPI67F -1.0 HY o VHE dE(Yes) o E 1F3te] Figure 4.39] 2x2 &%
(Contingency Table)Z 7|Hto. 2 Axtdth HSS+= F2H9] o =[Random forecast) Rt} duj
O U2A & Hrtste =2 A By ojg ¢4 IAE 9d 58 I 133
12 $9g o=, 02 F3% d&7 5Y, 209 @2 FAERG 23 oS 9usiy, &
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Event observed
Event

Forecast Yes No Marginal total HSS
(H+C)—
= (H+ FY(H+ M)+ (M + C)(F + C)
N

(H + FY(H 4+ M) + (M + C)(F + €)
N

Yes Hit (H) False Alarm (F) H+F

N —

No Miss (M) Correct Rejection (C) M+C

Marginal total H+M F+C H+F+M+C =N

Figure 4.3. Contingency Table and the formula to calculate the Heidke Skill
Score(HSS).

S dry B4 Ao A 88 dvhy A dSAeA Brishe
g AbEETH —F: ATl A= Brier Skill Score (BSS)®} Relative Operating Characteristics
(ROCS) £4 <= &8st Fotrot AY w4 7 T &F d59 Ass F7hsidth

BSSE & d=9 HF¥=e MIAEE HFHoz Hriste ARZE, dFH FE £
AA #HS A o] FF AF A1 Beolo] H&Brier Score, BE 71¥3HH U AF
o] Bglolo] HE4(BS_clim)e} Hlwdle] AH&ICHBSS = 1 - BS/BS_clim). BSS7F 191 4971 &
HEk g ZFo fFEHH, 0% A= 7153 A5 FLEF¢ES, 18 BSSTF F Bee 71F
FET e Aes /HRITE AS oristh 53] BSSE Rde $E JdF FHo W 7$
Hoarnog depg AAEA=AE YEE G823 A5S Frkie =2 &89

—J
o
®)
wn
M
1%
rlo
Jﬂ

SHE A H7L /oty et e F FF] tigk AAE drht F s
=], & o xol 2¥#E(Discrimination) e #7}slE ©H 83t ROCSE o B JAZS WH3HA
71WA o B AZEHit Rate)¥t <7 2 -&(False Alarm Rate) 7+e] #AS gz 2 e H,
ROCS =X ol#f¢] wWH(Area Under the Curve, AUC)S dR A¥o F8 AXE AgHTh
AUC ol 1 77he5 83 A¥EgE orsty, 0.5+ 739 453 s¢ds vl
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412. A7 Az
4.1.21. #= 7)|dk FolAo} BAE 71E9 A|EI EA

DCPP =H 9] & AsS H7lstr|ol oA, FotAor B3 7hEe] #5 EA4S A4ungt
t}. Figure 4.4= 1961-2018 717t &<9te] A =® SPI6e} FolAlol XY 7 WA WA S yEl
Ao}, FolAlol AYe]l HF SPIb= FHSE AH TS B 1965692 SPI7} -1.0o &7
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Figure 4.4. Time series of Drought Area (%, Brown Bars) and
Spatial Average SPI6 (Green Line) from 1961 to 2018.
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a) Driest Year: 1965 b)

Wettest Year: 1990
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Figure 4.5. Spatial distribution of SPI6 f
Wettest Year (1990).
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Figure 4.6. Spatial distribution map showing the classified occurrence of a)
Drought in the Driest Year (1965) and b) Wetness in the Wettest Year
(1990) over the study region. The map categorizes areas into Drought
(Brown) when SPI6 < -1 and Wet(Teal) when SPI6 > 1, highlighting the

spatial extent of significant extreme con

ditions.
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Figure 4.7. The linear trend of the 6-month Standardized
Precipitation Index (SPI6) from 1961 to 2018 over East
Asia. Positive trends indicate a wetting tendency, while

negative trends indicate a

drying tendency. The dotted

areas indicate regions where the trend is statistically
significant at the 95% confidence level.
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Figure 4.8. The Maximum Drought Duration for the
periods 1961-2018.
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Figure 4.9. Spatial distribution of the Mean Precipitation Bias (Model minus
Observation, mm) over East Asia for each DCPP models at various lead times. The
bias is calculated as the difference between the model’s mean precipitation and
the corresponding observation for forecast ranges of lead times: 2yr, 2-4yr, 2-6yr,

and 2-10yr.
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Figure 4.10. Spatial distribution of the difference in standard deviation of spring
precipitation (Model minus Observation) over East Asia for each DCPP models at
various lead times.
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15.2) Observation s b) CanESM5 o5 &) CMCC-CM2-SRS
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Figure 4.11. Comparison of Probability Density Functions
(PDFs)  for spring (MAM) precipitation  between
observations and DCPP models at lead time 2 year.
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Figure 4.12. Spatial distribution of linear trends in spring precipitation
(mm/mon/year) over East Asia for 1961-2018.
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Figure 4.13. Spatial distribution of the Root Mean Square Error (RMSE) for spring
(MAM) SPI6 hindcasts across five DCPP models with different lead times(2yr, 2-4yr,
2-6yr, and 2-10yr).
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Figure 4.14. Spatial distribution of Temporal Correlation Coefficients (TCC) between
observed and DCPP ensemble mean SPI6 for the spring season (MAM). The rows
correspond to different lead times (2yr, 2-4yr, 2-6yr, and 2-10yr), and the columns
represent the five individual DCPP models. The values in the bottom right corner
of each panel indicate the spatially averaged TCC over the study domain. Red
hues indicate positive temporal correlation, signifying high skill in capturing the
phase and timing of variability, while blue hues indicate negative correlation.
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Figure 4.15. Heidke Skill Score (HSS) for spring (MAM) SPI6 forecasts across five
DCPP  models(CanESM5, CMCC-CM2-SR5, HadGEM3-GC31-MM, MIROC6, and
MPI-ESM1-2-HR) with different lead times (2yr, 2-4yr, 2-6yr, and 2-10yr). The
percentage value in the bottom right corner represents the spatial coverage of
grid points with positive skill (HSS > 0).
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Figure 4.16. Percentage of the study area with
positive Heidke Skill Score (HSS > 0) for spring
(MAM) SPI6 forecasts.
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Figure 4.17. Brier Skill Score (BSS) for spring (MAM) SPI6 forecasts across five
DCPP  models(CanESM5, CMCC-CM2-SR5, HadGEM3-GC31-MM, MIROC6, and
MPI-ESM1-2-HR) with different lead times (2yr, 2-4yr, 2-6yr, and 2-10yr). The
percentage value in the bottom right corner represents the spatial coverage of
grid points with positive skill (BSS > 0).
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Figure 4.18. The Brier Skill Score (BSS) of five
DCPP models(CanESM5, CMCC-CM2-SR5,
HadGEM3-GC31-MM, MIROC6, and MPI-ESM1-2-HR)
across different lead times (2yr:green, 2-4yr:orange,
2-6yr:blue, and 2-10yr:pink).
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Figure 4.19. Spatial distribution of Receiver Operating Characteristic Score (ROCS)
over East Asia for each  DCPP  models(anESM5, ~ CMCC-CM2-SR5,
HadGEM3-GC31-MM, MIROC6, and MPI-ESM1-2-HR) at various lead times.
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Figure 4.20 Receiver Operating Characteristic (ROC) curves for spring (MAM) SPI6
probabilistic forecasts across four different lead times. The panels (a-d) represent lead
year 2, 2-4, 2-6, and 2-10 averages, respectively.
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Figure 4.21. Comparison of probability
density histograms for spring (MAM) SPI6
drought forecasts between CanESM5 and
MIROC6. The orange bars represent the
distribution of forecast probabilities from
MIROC6, while the blue bars represent
CanESMS.
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Table 4.2. Selected temperature extreme indices in the analysis.

Label Index Name Units Variable
Number of summer days:
TX25 annual count of days when TX (daily Days  Max. temperature
Max. temperature) >25° C

Number of tropical nights:
TN25 annual count of days when TN (daily Days  Min. temperature

min. temperature) »25° C
Frequency

Number of days when daily Max.
TX90p  temperature is greater than the 90th  Days  Max. temperature
percentile

Number of days when daily min.
TN90p  temperature is greater than the 90th  Days  Min. temperature
percentile
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4212. 24 AR

B AFto A= CMIP6(Coupled Model Intercomparison Project 6)2] DCPP-A(Component A
of the Decadal Climate Prediction Project)el]l Frdst= oS Al2=HlAA A4kE = ¥ 10d
A5 AEE AMESEATE T dF A2EY = 10 7 ol do]A R B AFolA= 5719
oA S A"l A AAEE ARE ARSI oW oS A|2HY YFE W, I AR,
%718} Al7] m=3k Table 4.3 Ao Qth. AFol AHEE A5+& ERAS(ECMWFE Reanalysis
vo) AEAEet B A5 9 AEA A5 BT 1° X1° 9 F3 AEEE AAAS &

AR

Table 4.3. Configuration details of forecast systems contributing to the DCPP-A component
of the CMIP6.

L DCPP Spatial Initialization
Forecast system Institution ] Reference
members resolution month

CanESM5 CCCma 20 2.8° x2.8° January Swartetal. (2019)
CMCC-CM2-SR5 CMCC 20 0.9° x1.25° November Cherchietal. (2019)
HadGEM3-GC3.1-MM MOHC 10 0.55° x0.83° November Sellaretal. (2020)
[PSL-CM6A-LR IPSL 10 1.25° x2.5°  January Boucheretal. (2020)
MPI-ESM1.2-HR DWD 10 0.9° x0.9° November Mulleretal. (2018)
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% = SHA B
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1961 1961 | 1962 1963 1964 1965 1966 | 1967 1968 1969 1970 1971
1962 1962 | 1963 1964 1965 1966 1967 | 1968 1969 1970 1971 1972

2014 2014 | 2015 2016 2017 2018 2019 | 2020 2021 2022 2023 2024
2015 2015 | 2016 2017 2018 2019 2020 | 2021 2022 2023 2024 2025
2016 2016 | 2017 2018 2019 2020 2021|2022 2023 2024 2025 2026

Figure 4.22. Temporal configuration of DCPP hindcast experiment showing start

years and corresponding lead years. LY1-5 (LY1-10) means average of LY1 to LY5
(LY1 to LY10).
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Figure 4.23. Mean bias of summer days (TX25) from DCPP hindcast models over East Asia
for June-August. Each lead year (e.g., LY1, LY2, etc.) spans 57 years (e.g., 1961-2017 for
LY1, 1962-2018 for LY2). Positive (negative) bias indicates that the models simulate more
(fewer) TX25 than observed. M1, M2, M3, M4 and M5 denote CanESMb5, CMCC-CM2-SR5,
HadGEM3-GC3.1-MM, IPSL-CM6A-LR and MPI-ESM1.2-HR, respectively.
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Figure 4.24. Same as Figure 4.2 but for warm days (TX90p).
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Figure 4.25. Same as Figure 4.2 but for maximum value of daily maximum temperature (TXx).
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Figure 4.26. Same as Figure 4.2 but for summer nights (TN25).
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Figure 4.27. Same as Figure 4.2 but for warm nights (TN90p).
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Figure 4.28. Same as Figure 4.2 but for maximum value of daily minimum temperature (TNX).
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Figure 4.29. Decadal trend of summer days (TX25) from DCPP hindcast models over East Asia
for June-August. Each lead year (e.g.,, LY1, LY2, etc.) spans 57 years (e.g., 1961-2017 for
LY1, 1962-2018 for LY2). M1, M2, M3, M4, M5 and obs denote CanESM5, CMCC-CM2-SR5,
HadGEM3-GC3.1-MM, IPSL-CM6A-LR, MPI-ESM1.2-HR and ERADS, respectively.
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Figure 4.30. Same as Figure 4.8 but for warm days (TX90p).
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Figure 4.31. Same as Figure 4.8 but for maximum value of daily maximum temperature (TXx).
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Figure 4.32. Same as Figure 4.8 but for summer nights (TN25).
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[TN90p ] Decadal Trend
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Figure 4.33. Same as Figure 4.8 but for warm nights (TN90p).
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Figure 4.34. Same as Figure 4.8 but for maximum value of daily minimum temperature (TNx).
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Figure 4.35. Timeseries of summer days (TX25) from ERA5 (black
thick line) and DCPP hindcast models (colored dots) over East Asia
for June-August. Each lead year (e.g., LY1, LY2, etc) spans 57
years (e.g., 1961-2017 for LY1, 1962-2018 for LY2). Thin black and
colored lines indicate the regression trends of ERA5 and the
models, respectively.
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Figure 4.36. Same as Figure 4.14 but for warm days (TX90p).
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Figure 4.37. Same as Figure 4.14 but for maximum value of daily
maximum temperature (TXx).
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Figure 4.38. Same as Figure 4.14 but for summer nights (TN25).
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Figure 4.39. Same as Figure 4.14 but for warm nights (TN90p).
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Figure 4.40. Same as Figure 4.14 but for maximum value of daily
minimum temperature (TNXx).
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Figure 4.41. Temporal correlation and root mean squared error of detrended
summer days (TX25) between ERA5 and DCPP hindcast models over East
Asia for June-August. Each lead year (e.g., LY1, LY2, etc.) spans 57 years
(e.g., 1961-2017 for LY1, 1962-2018 for LY2). M1, M2, M3, M4 and M5
denote CanESM5, CMCC-CM2-SR5, HadGEM3-GC3.1-MM, IPSL-CM6A-LR and
MPI-ESM1.2-HR, respectively.
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[TX90p] Temporal Correla’rion
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Figure 4.42. Same as F1gure 4.20 but for detrended warm days (TX90p).
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[TXx] Temporal Correlation
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Figure 4.43. Same as Figure 4.20 but for detrended maximum value of daily
maximum temperature (TXx).
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Figure 4.44. Same as Figure 4.20 but for detrended summer nights (TN25).
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Figure 4.45. Same as Figure 4.20 but for detrended warm nights (TN90p).
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[TNx] Temporal Correlation
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Figure 4.46. Same as Figure 4.20 but for detrended maximum value of daily
minimum temperature (TNx).
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Figure 4.47. Temporal

RMSE and TCC of Tmax and Tmax-related indices

RMSE and TCC of Tmax and Tmax—related indices
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correlation and root mean squared error of

undetrended (a and ¢) and detrended (b and d) daily maximum/minimum
temperature (black symbols) and their associated heat indices (colored
symbols) between ERA5 and DCPP hindcast models over East Asia for
June-August. Only LY1 data is analyzed here. M1, M2, M3, M4 and M5
denote CanESMb5, CMCC-CM2-SR5, HadGEM3-GC3.1-MM, IPSL-CM6A-LR,
MPI-ESM1.2-HR, respectively.
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Figure 4.48. Mean bias, decadal trend, temporal correlation and root mean squared
error of detrended heat indices (TX25, TX90p, TXx, TN25, TN90p and TNx) between
ERA5 and DCPP hindcast models over East Asia for June-August. M1, M2, M3, M4
and M5 denote CanESM5, CMCC-CM2-SR5, HadGEM3-GC3.1-MM, IPSL-CM6A-LR and
MPI-ESM1.2-HR, respectively. Yellow stars are marked on the models with the lowest
absolute bias, highest trend, highest correlation and the lowest error.
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5. i EH o E HE =29 54

51 A # AA

o

2~
S
511 47 wiF

Fotro AFH e dE-HFY &
s 5o 247t BERHor Agste FAHH
2004; Moon et al., 2020; Oh et al., 2018). o] =l
#Hslol wizkste] wkgatH, A 74 @ T FobAol MHolA A
T, F99 A7 5 FEIS W3 #5EH vk Ha et al, 2020). =
S MR 7I3RY 7|E dSFoA M =2 BESAAS st 84 F ShUE #

. , A

(Kim and Min, 2025). w&}A A2D 7]1% Ao AFEE Zol7] YajAe
3 }

FolAol 5 AL AR neTEE 7

BACNA BAEEM, AFE FA Ao 50% olde AdWste tiEAd e Al=H
(Figure 5.1). A2 tivtE di7] <&, 57 €892, AY 72 7= weh Xk F=7
Hgtste, 7 ks Ao 7]l HtgHER Fastt sHAR V€ dES dEE AE H
o, 4 H, T2 AT A 7Y Aol oEsike™ (Min et al, 2011; Wang et al,
2013), AA ZA7F ©EOAE AAHS Ve g 3 ML AuFoer REZFIHT kA A
A B AT 54 H3E olsfiste AL FotAloh o F AE olsista 2 7%l w
& o ¥3tE ddsted EgAAEE 29 7 dS AR JdEd
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Figure 5.1. Ratio of frontal precipitation to total monthly precipitation from May to
September during 1979-2024. The values in the upper-right corner indicate the
area-averaged precipitation ratio over South Korea[33N-38N, 124E-131El].

HalA BAste o T Ax =3 AR T
dol FA Yehdel wet & s L3k At
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T 20251 69 FolE FRHANA FHFRIE IR E A S A A A A
g 60mm o]de] ZIEZHQ HEE-ert TS HZ S0l 59 F o] dolof yE
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Figure 5.2. (a) Percentile distribution of precipitation and (b) anomaly of mean
temperature over South Korea in July 2024.

5.12. A8 & B4 9y
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EPT;
d 850h Pa

> 0.04 K/ km [5.1]
dy

dFefe] YEAEE 1Y A% U Ve F59 dinvlE gX3Ht 4 [5.11&
e 99 T HUGE 2 IEE B9 dAdo®E Aot A #AE A
Keo) JAE 7EoRE HAHAY T4 500km B el dAT AR AFYsiHnh o wf, A
7445 Imm/6hr o]l Zwt HFstAom ozt Aoge A AN BAo] =&
Ag Adete b aszoln AAA Z4e) A WA YREA A4S £ A= @
o} (Figure 5.3). Ao 28 YelvE &% (AAEP)E AXZS 257 10mm/6hr ooz
7 o] 3t At
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Figure 5.3. Schematic diagram of front and frontal precipitation. The
hatched area indicates the region satisfying Equation [4.1], red dots
represent the detected frontal positions, and the shading denotes
frontal precipitation. The area corresponding to heavy frontal
precipitation is outlined with black contours.

A A ugF AEEE Hrier] flste, dr71xdd #2419 dAdE 7dre g A%
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71Ze g2 9 Argdtk (Moon et al, 2023). E dAFo| A= Utsumi
al. (20149 A AF=s 20003~2010 3 71A] &= 119 7Ee] 6A1ZF 18 A AR5 E o] &34
AFHo R Hrtstr] st WA = Ut FIaS ol 83}
3} E Aot drI=e X" A tE f=d st dEEE T
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9o FEUER BAAAL WolE YrI%g} 2TYEL Bl AW AY 1 Fo AR
7F & YehdS T dAo]l & RoHASS 1At (Figure 5.5). BXE Aol d7x
o] AAMAHRG Q= BEXEHES 3o o= €U|xE 49 A2 1000hPae] A% Hi7
Ao 7|2 BAREY] il Z AsdET I A5 82 Ad HE: 23 A
S FRH3I= U 8% 98 3y, A 7 A5 B4 2 AV|EE §A 9] BEEE =9
=8 71o3ATh
0.10
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=2
wnl
[ e
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Median latitude (°N) of fronts

Figure 5.4. 1-dimensional probability density functions of the
representative latitude of the fronts at 6-hour intervals from May
to September during 1979-2024, derived from (solid line) the
weather chart front and (dashed line) the fronts detected by the
algorithm.
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Figure 5.5. 2-dimensional probability density functions of the
representative latitude of the fronts at 6-hour intervals from May to
September during 1979-2024, with (x-axis) weather chart fronts and
(y-axis) algorithm-detected fronts.

5.13. A EA W3

1979-2024'3 713t &<t FotAof AFH el 54 WHIE £457] fsto, &4 713
= A 20 (P1, 1979-1998)7 < 20 (P2, 2005-202)= &3ttt 1 Ay, dAef

}.
A AZIE - AGEE FYH|E ZolE HYorw, 3NtE FH9}
X8t Aol yErwtth P1 71343 Hlaste], P2 7|3ke] 4o H
(Figure 5.6). &oFAloF A Fef tiate] e 91=7F 5€ (+0.17N), 64
8¢ (+1.36N), 949 (+0.78N)&2 wW3}stglom, 53] 7-9d9o = Fo e % do] FEst
A YEFSTE AR & X3E AAEE 2% A, P2 7k 5% 9ol TAHL
2§ A o] B#FHIoH, ols =gl Y B Aol AsEHASES AAE
t} (Figures 5.7-5.8). oJ&3 AAX o thx =7t H#F 055N, Ho) +1.22N7HA] BEAsl ) o]
+ = FAA thdzhR o Agd jEste AR Aol HA HEto 3.7% B
st =2 on gt

debh fEURh AT (GIE 3B0E JlEe Wiel JTE TE AVl RIS
BA 69 28U-99 6U7HA F 7197 AM FFdol FHW W@, H2 2082 69 259 -
0U 199 etk BHS FPWAA T Aol 3 ol2A et A4S Fol
oF 27 b @) APl wek feiuet o el FHAY YFL AA PINL S-S
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Figure 5.6. Monthly frontal occurrence ratio (shading, %) and representative frontal position
(contour) during the P1 (1979-1998) and P2 (2005-2024) periods.
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Figure 5.7. Evolution of the fronts from May to September during the P1 (1979-1998;
black) and P2 (2005-2024; red) periods within 110-140E. The open and closed circles
indicate regions that are statistically significant at the 90% and 95% significance
levels, respectively.
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Figure 5.8. The probability density functions (PDF) of

latitude of fronts during the P1 (black) and P2 (red)

periods. The red shading indicates regions where the PDF

values during P2 are higher than those during P1.

5.14. A 5 4F B7}

Fotrol el gd Aol BEoz ol met el I REE FI WHE nel
o Ade metad BAEN Aidos a9 9w 2707 wibs AN 49
D2 Ade) BAe T A%de) s fEdTY. Ao Badt 49, dE FRA
2% ABWEAE QUL 457} Frbel GFL WHT Figure 5.9). Wd FF GF 2 A
A% AGe s AAZS Bk gaste] FolAlot] BFA see] hehdm A9 1} 44
Badol AsEe opdol ARINU. YEE T B4 ARt 243 Az, FolAo}
ANFFY BE Z7h 3% kst 34 sRle] FES Uebuth (Figure 5.10)

40°N

35°N 35°N

30°N| 30°N (7

¥

?_.

110°F 115°F 120°F 125°F 130°F 135°F 140°F 110°E 115°E 120°E 125°FE 130°E 135°FE 140°F
dER840 0 dENR88 T
-2 -1 0 1 2 -1.0 -0.5 0.0 0.5 1.0
mm/day °C

Figure 5.9. Regression coefficients of frontal precipitation intensity (eft; mm/day)
and wet bulb globe temperature (right; ‘C) against the front latitude index during
the summertime. Hatch denote values significant at the 95% confidence level.
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Figure 5.10. Regression coefficients of monthly frontal precipitation
intensity (left; mm/day) and wet bulb globe temperature (right; C)
against the front latitude index during May to September. Hatch denote
values significant at the 95% confidence level.
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Figure 5.11. Regression coefficients of frontal precipitation intensity (left; mm/day) and
mean temperature (right; C) against the front latitude index during the summertime,
derived from ASOS observational datasets. Larger circle denote values significant at the
95% confidence level.

ol
ol
E’
o
v
i)
offt
i)
>
o
£
al(f
m}g
N
Y2 rio

S o] B& FEsHA Uelhdth dAdo] HX1gel| wel sobAlof HRke] I FUle=
AEH PHF 7] D gl 729 PFoAx Bt} (Figures 5.9-5.10). ASOS #HZA A=
G Ao 53] A HFCE QIFE o] FEHEA Fecte Fol UEwt. & 9
Uetes dAY H4osE FHRANY A4 Er7t F7ketd F-59 =52 7leAdo] EolAH,
GRAGE 72 FsoR Zdd =2d 91380 AXSS USAT FH =E:He NE
TS FolAlol Hube] Friste] Uepdo =z Ao wWEAd 2 EX A4S ol&dE 48Ut
At

— 147 -



AGH Re (WBGT95p freq, FLAT)

40°N

Reg(FPRI95p_freq, FLAT)

35°N 35°N i

30°N | o Wi 30°N

110;’E 115°E 120°E 125°E 130°E 135°E 140°E

2

0 1

No./year

) -1

110°E 115°E 120°E 125°E 130°E 135°E 140°E

-4 4

0 2

No./year

-2

Figure 5.12. Regression coefficients of frequency of heavy frontal precipitation (left;
No./year) and heatwaves occurrence (right; No./year) against the front latitude index
during the summertime. Hatch denote values significant at the 95% confidence level.
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Figure 5.13. Regression coefficients of (a) upper-level geopotential height (shading; gpm)

and

zonal wind (contour; m/s), (b) lower level geopotential height (shading; gpm) and wind

(vector; m/s), and (c) 2m air temperature (K) against the front latitude index during the
summertime. Hatch denote values significant at the 95% confidence level.
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Figure 5.14. Regression coefficients of lower level geopotential height (shading; gpm) and

wind

(vector) against the front latitude index during (a) P1 (1979-1998) and (b) P2

(2005-2024) periods. Hatch and vector denote values significant at the 95% confidence level.
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Figure 5.15. Changes in western North Pacific Subtropical High
(WNPSH) and latitude of front (FLAT) during P1 (1979-1998; black)
and P2 (2005-2024; red) periods. Starts indicates the point where the
probability density distribution reaches its maximum. Dashed lies
denotes the maximum density value.

5.2. A R AAdF o] vzt M7

5.2.1. 4 "7

HA 71Fd A A g AAe] vx= G g EAS Bz 21| F 3}
o m Mol teixE E4ste] Z]FHstel] dive Hart Atk FF F4 9 e FopA
o AEH 7137 XA g 238 HI HrFY F5717F Sl we oS e E3
d9std thH|E BY Aoz o =dtt (Moon and Ha, 2020). o]3 Wal= Ao dAx &
A 231& FEACE WAL F olom Aol fAEte A%, AE, W= 9 d4 54
A= WHIE 2T 7tsAdol Ank. 53], mld 2733 Alyg oA BEAEEYG 175k &
4 R GAE 57 59 AU ASHow BT Aoz HAugd wet, Ao HFE 9
Ao th3k HEAol F VAR AVE Utk o3k Hales FHiE FR 8l ABE oA
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29 I AR d4E o 34402 AL F vk Aol Utk dFddA= 53] 3l
FH 2% (Sea surface temperature, SST)E HWzHo=Z &3 highresSST-present
(1950-2014)2} SSP585A|U+e] o] mE highresSST-future (2015-2050) A3 -S &-&3}of, 243}
H sl 2 x30] Fobror A Fx Bl A B4l ojwd WMEE fEst=A BUhekd

=

HighResMIP¢] 571¢] ==& (CMCC-CM2-VHR4, CNRM-CM6-1-HR, EC-Earth3P-HR,
HadGEM3-GC31-HM, MPI-ESM1-2-XR)& ©| &3l &4 2Pttt (Table 5.1). &4 713k
highresSST-present A &Ed@ o] 2] 1991~2010d 344 7]% 9} highresSST-future A]E&E @ o] 2]
2031~20501 - w7 F 7o 2 AAQGHt. FHIASEE 50km AFE=E AAASE =
g F HaE SPen ARESE 57 Edlo] tigh YFEH (Multi-model ensemble, MME)&
AAste] mlg WH3lE AWtk o] 2 g HighResMIP s+ skt thr] o A28 A7
g el A E SST Wste] e A= BT F o], Ao EA W3 dd459
A714 st AFs qFHsten 783 A5E AFEEH A

Table 5.1. Description of CMIP6 HighResMIP models used in this study.

Horizontal . .
Model : highresSST-present highresSST-future
resolution
CMCC-CM2-VHR4 25km 19500101-20141231 20150101-20501231
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CNRM-CM6-1-HR 50km 19500101-20141231 20150101-20501231

EC-Earth3P-HR 50km 19500101-20151231 20150101-20491231

HadGEM3-GC31-HM 50km 19500101-20141230 20150101-20501231

MPI-ESM1-2-XR 50km 19500101-20141231 20150101-20501231
Y E Bl A e FRE BT dAFoE Y F doe AHo] ok &
Zo A AFEE 4 [6.11& o] 838 A ©@X ¢augFES E83te] HiighResMIP Al &8 o] 4 2
AXES gx3gt mdoA moldts AXMS Awslr] $13te] highresSST-present © o] B S
o] &3t Mo HXE EAG A, #FI nVHAE REY AANELAE=7F 30-40No
Bxaty JSS g8t (Figure 5.16). 5719 =¥ % CMCC-CM2-VHR4, EC-Earth3P-HR,
MPI-ESM1-2-XR+= 35-40Nof| Al o] o] RoHE Zog Hop MM X7l #534

T3 AR AA FeFY 50% oS AAYUANE AEAAE A AL Adtel EE
(Figure 5.1, ®ERolxe AA447E a4 o= (Figure 5.17). 724 sjd e s
ZF mojsta oy A @EFo] sh ol we 799 AaE EdodAe HAaR s

Ao 2 ettt highresSST-presente] SMMES] A= 1991-20101 2] 717H5<t 59 (37%), 6
(44%), 72 (35%), 8L (34%), 181 99 (56%) = AXZRFo Z=Z oFstA =ost U
=, A= e vl sto] highresSST-present Al & o] oA Fofrlol AFH AL H

BZoE mofstn gYlow, AALSE Fi BoHE 54 By,

¢

o L ople rIr
5
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Figure 5.16. 1-dimensional probability density functions of the
representative latitude of the fronts at 6-hour intervals from May
to September during 1979-2024, derived from (solid line) the
weather chart front and (dashed line) the fronts detected by the
algorithm and highresSST-present (colored line).
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Figure 5.17. Ratio of frontal precipitation to total monthly precipitation from May to
September during 1991-2010 based on MME of highresSST-present simulations. The values
in the upper-right corner indicate the area-averaged precipitation ratio over South Korea
[33N-38N, 124E-131E].
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5.23. A H AAF+ HE} A%

ARAARE e 7 71 TN Foprol g Al Br B4E setatgct )
B 2w J1F AU AE oo wud WMo Bd Aol Uebs
highresSST-present ¢} highresSST-future Al &d oS ALEste] A9 RgE EAsFT
(Figure 5.18). #A7]|FollA 7~94 9 = Fo| A FXlo] {Fofm|s

Mo EdoAE ALY o] dHHE FAo] RYHZA Ltom mdd
CNRM-CM6-1-HR (+0.73N), EC-Earth3P-HR (+0.82N), HadGEM3-GC31-HM (+0.43N
Aol mlted wg 7oA Ao Bxlo] yEtton, 53] 849 T ~ 94
Btk 2duith A 5EX9 §A0] Z7] b2A Rojxo] Jd#d v HAHg 7]
o] EAZt. ol R FHIYE Z& A A=wHY AP dAdA HIFRH AL

s 41 o},

m{o

o b
it
rlo

0O

w3, A4S 549 v WsE BAs) gstel ddds 4= 9 uxel Wss o
¥ B gttt
AFPR=FPR —FPR=(F+AF) « I+ AI)—F + I [5.2]
=AF e J+F e AT+ AF e« AT
o7]14 FPRE TG FEFS ovletd, '+ vH7IFdAA #h& ovdth Fe A
] NEE, I+ A% A=(ntensity) & WE I, As vfe} AR ztol& o7
. 2] [6.2le FAAZSE] v ¥WsE vxe mE Wl (AF. ), F=o o3 Wst
(FeAD, 283 W28} Fxo] FHF o TAss ¥t (AF. AD & FE3to] UERd
o]t}

=i
e
i
_E
e

HighResMIPE o] &3le] #A7| %ol me)7] el Al AHA5e] Wees )
32 ZF b2 syt Ad9WE AT (Figure 5.19). b€ Aol F3ko] ©x e

9A gewd % A%
So) Wslr} folvul WEsl GEA ehtth BolAlol oA dAe] dako] BAow A
AE 698, ANASe] A5 B NEe] F/2 st F AARFE £ SIS A Fol
Sl AB AR A9 TR etk we 798 gaus g e dags
A% W NETL gadel wet MBSl gasts AFe] Uil 8¢ Ed AR
A% AR st  AARFTo] ZasAh B mdolq Ao o] AUHUW 9
o, ANAFe] ARG} MBI BE 275l wheh 99 ANgTFe]l FrEHE B4e B
Ak Rl AL 693 990] F AMAGH] FIlehE AFo] YBhnE euss) A% 9
5% See dEAgel €8 HE9a AAR5T dehd sAe] Selh
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Figure 5.18. Evolution of the fronts from May to September based on
highresSST-present (1991-2010; black) and highresSST-future (2031-2050;
red) within 110-140E. The shading indicates the 0.5 sigma range.

— 155 —



AFPR FAT iAF AFAF

aon (ALAFPR__ May .y (B) FAL May gy (CLIAF May s (d) AIAF
. LR = - | TREE
o 3N (\ I LT R 35°N 35°N
) d = b
= - N F
30°N [P i 30°N 30°N 0N[> S i
; :._-‘. r: ‘I; e L (", )- a
250N (2 25°N L 25°N 25 N2 e
120°F E 120°E 130°E 140°E
40=N_(?) AF?R _— - un ey 20°N
Sy > 3 2 i
Z ) Pa
35°N 35N
2
30°N| % 30°N ) N
i y BFT e
y - Gl
250N pr s £ i 250 i g
°E 120°E 130°E 140°E 120°E 130°E 140°€
PO — o BFAL__ Ml gy (IOl (@) MO
= el B &Sl 7 e S N
3 Talh - i P ™ Vo s 'y'\% } L
= BN G il 350N & : : 35°N SRS S /N R
(9: e A ( v i \
= - ﬁgxﬁ& & e 3 LTS
N[ R N 30°N N[ T
7 o, & . PR o i « f
BN e 130°E e N e 130°E oE 2 0 ToE 130°E o DN 1208
40°N r(a)_“’f\F?R — Aug 40°N (b),FN,:
S Lt g
g Fed ! < i 3seN|
5
= o
30°N '-'j?e
% g i
s 7 3 3 L5
25N s _ - 3 5 25N x
140°E 120°E 120°E 130°E 140°E 120°E 130°E 140°€
SeP 4oy (P)_,FA[ s 40°N goon (AL AIAF
/ t - 3 oy 13
; Ayen S, 4
o 35°N G~ 35°N 35°N | '.’_6, i
w - et P <
30°N| T Y »‘ : 30°N v : 30°N 2 *
g2 f 3 . Fg .
/ Cr' S W o BFoe . A
s g« AT
25°N 2 . 25°N 2 3. A <) 5o
140°E 120°€ 130°E 140°E 120°E 130°E 140°E 120°E 130°E 140°€
-800 —600 —400 ~200 0 200 400 600 800

mmjday

Figure 5.19. Spatial distributions of total frontal precipitation (first column), precipitation
change due to intensity (second column), precipitation due to frequency (third column),
and precipitation change driven by the covariability of intensity and frequency (fourth
column) for May to September. Hatching indicates grid points where the five models do
not share the same sign of change.

A4S ZA=7F 10mm/day ©]/dR] AT SE tide=z 4% A3, 6¢€39 9ol ¢
gduel GRALES FAHE AAS S HNE FUte) oo wE F Ao SUMF FREHA U
g Ao = HAEATh (Figure 5.20). A, #A 7|3He] A &4 SN A= 69~9€ &< FA4
H A5HAY A B Aol AAAT AE F FATTF SUHE FES ZoE SME
of w2}, highResMIP 7]14ke] mjg] AlEd ol Aol Aold 33 EAS BT ol A
o] B4 W3, AT F3HE BX o], 2 A HE: dugs 484 dAseE 72
2 gkA Tol ol#g zpole] Yoz mHE 4 St wEtA u AAGS Wske A&
AaMe A Fxo AP F, a8 JAA HE daEE A8 AP U FUEd
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Figure 5.20. Same as Figure 5.19, except for total heavy frontal precipitation.

5.24. A 9 AR ¥ WiAUF

CMIP6 HighResMIPS o]&3%t wig] AlE#H A 23}, 6€3 9€o] FolAlo F A
o] Z7tsk= Aol FAHAUTE olH S WHIl= EAMHEG 1t Fst g 54
ANEoA FHEE T20E3 3719 o] FUteta, oo mak A /A2
o] Asld A= éﬁéﬂ%‘ 4 Ao} (Figure 5.21). %3}, Clausius-Clapeyron A il E}—E—
wsle] o 7] F E3FFUIHY] SV A €98 ginlE FEAA 4 A
I/ %<1t (Moon and Ha, 2020). o8& WAUZE 91917 ezl BAlge] Fa o

oN [0
é%imgg

W = 2
[0 dlo rlo ot & ol
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Figure 5.21. Changes in moisture flux convergence (MFC) and western North Pacific
Subtropical High (WNPSH) based on with (HIST) and without (XGHG) greenhouse gas
simulations. Trends and probability density distribution of MFC and WNPSH indices
during the earlier (1958-1982, P1) and later (1991-2015, P2) periods based on HIST
and XGHG simulations. (Adapted from Moon et al. (2023), Figure 4)
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