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41  Supplementary Table 1. Details of the nine dynamical models in the period of 1993-2016 used
42 in this study. These nine dynamical models are provided by the China Meteorological

43  Administration (CMA) and the Copernicus Climate Change Service (C3S).

Number Full name of the model and reference Abbreviation Atmospheric Hindcast
horizontal resolution ensemble size
1 BCC-CSM1.1m from the China Meteorological Administration' CMA T106 24
2| S e el ol Chngs (€ | e | s 0
3 Deutscher Wetterdienst GCFS2.0° DWD T127 30
4 GEMS5-NEMO of Environment and Climate Change Canada* ECCC 1°x1° 10
5 European Centre for Medium-Range Weather Forecasts SEAS5® ECMWF Te319 25
6 Japan Meteorological Agency Coupled Prediction System version 3° IMA TL319 10
7 Météo-France System 8’ MF TL359 25
8 CFSv2 of National Centers for Environmental Prediction® NCEP T126 24
9 The United Kingdom Met Office GloSea6’ UKMO N216 28
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Supplementary Table 2. The information of six climate indices and corresponding correlations

with six precursors. Column 1 lists the six climate indices denoting climate variability modes

influencing East Asia rainfall variability, and columns 3-8 represent the correlation coefficients

between climate indices and precursors in this study. Endings with two (one) asterisks indicate the

values exceeding the 99% (90%) confidence level.

Definition and Reference

Data
Source

Abbreviation

Autumn

IAP

Spring

EIP

Winter

EWP

Autumn

ET

Winter

ESAP

Spring

EPT

Spatial mean of near-surface air
temperature (SAT) over north Pacific
Ocean (30° to 50°N, 140 °E to
140°W)"°

NPSST

-0.45%

Snow depth anomalies in Tibetan
Plateau (26° to 40°N, 73° to 105°E)"!

TPSD

0.44%%

0.48%*

Spatial mean sea level pressure over
Mascarene (25° to 35°S, 40° to 90°E)"°

MSLP

-0.35%

Meridional land-ocean SAT contrast
between East Asia (20-60N, 60-120E)
and south Indian Ocean (0° to 40°S,
50° to 110°E)"°

MLOC

0.52%*

-0.54%*

-0.51%*

0.57**

Western Pacific  subtropical high
defined as Usso (25° to 35°N,120° to
150°E) minus Usso (10° to 20°N,130°
to 150°E)"?

WPSH

0.39%*

Sea surface temperature anomalies
over eastern tropical Pacific ocean (5°S
to 5°N, 150° to 90°W)"?

Nifio 3

0.96%*




51

52

53

Supplementary Table 3. Details of three satellite-gauge-based precipitation datasets for the

period of 1980-2022.

Number | Full name of the dataset | Abbreviation Provider Resolution Uniform Resource Locator
and references
1 Global Precipitation | GPCP NOAA Physical | 2.5°x2.5° https://psl.noaa.gov/data/gridded/data.gpcp.html
Climatology Project Sciences
analysis product'* Laboratory (PSL)
2 Climate Prediction | CMAP NOAA PSL 2.5°%x2.5° https://psl.noaa.gov/data/gridded/data.cmap.html
Center merged analysis
of precipitation'’
3 Global Precipitation | GPCC NOAA PSL 0.5° % 0.5° https://psl.noaa.gov/data/gridded/data.gpcc.html

Climatology Centre
precipitation dataset'®
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57

Supplementary Table 4. A list of data sources for the climate indices listed in Supplementary

Table 2. The information includes the dataset name and the Uniform Resource Locator.

Number ' Dataset name ' Uniform Resource Locator
1 ' HadCRUT ensemble mean 1 hitps://www.metoffice.gov.uk/hadobs/hadcrut5/data/HadCRUT.5.0.2.0/download.html
2 ' Daily snow depth dataset 1 https://data.tpdc.ac.cn/en/data/df40346a-0202-4ed2-bb07-b65dfcda9368/
3 ' NCEP/NCAR reanalysis 2 | https://downloads.psl.noaa.gov/Datasets/ncep.reanalysis2/Monthlies/surface/
4 ' NCEP/NCAR reanalysis 2 | https://downloads.psl.noaa.gov/Datasets/ncep.reanalysis2/pressure/
5 : Nifio 3 \ https://psl.noaa.gov/data/correlation/nina3.anom.data
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Supplementary Figure 1. The monthly rainfall patterns of the three spatiotemporal patterns
of East-Asian rainfall anomalies in boreal summer. The three rows from top to bottom represent
the monthly spatial patterns of the three distinct spatiotemporal patterns identified in the training
period of 1980-2009. Unit of the color bar is mm d!. The five columns from left to right are spatial

rainfall patterns for May, June, July, August, and September, respectively.
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Supplementary Figure 2. Spatiotemporal patterns of continental East-Asian summer rainfall
anomalies derived from GPCP observation. The left panels (a, c, e) display the spatiotemporal
evolution patterns corresponding to the leading three modes of empirical orthogonal functions
(EOFs) derived from monthly precipitation anomalies zonally averaged over East Asia during
training period of boreal 1980-2009 summers. The unit of the color bar for the spatiotemporal
patterns is mm d-!. The bars in the right panels (b, d, f) are the year-to-year variability of

normalized principal components (PCs) of the three spatiotemporal patterns.



76
77

78

Latitude

Latitude

Latitude

GPCC Precipitation

(a) EOF1 27.3% (b) PC1
42°N 1 0.40 Corr = 0.95
36°N - 0.20 | ‘ | |
a— : I ol
30°N 0.00 - II II.-I I-Il II I III T 'uI 1 |III
o | i | " | ’
g .
N 1 1 .I
(c) EOF2 14.0% (d) PC2
42°N - 0.40 4Corr = 0.91 :
] ]
0.20 ]
36°N 1 ] | I | H
S | TN T R R E T
30°N - T I "'| ’ I I 1 || I'
-0.20 H
1 H
:

-0.40
M 1
(e) EOF3 11.1% (f) PC3
42°N A 0.40 {Corr = 0.66 H
] ]
36°N - 020
0.00
30°N 1
-0.20
24°N A 1 040 =
. r . . . - ———T T -
May Jun Jul Aug  Sep 1980 1990 2000 2010 2020

Month

—EEE
-54 -48 -42 -36 -3.0 -24 -18 -12 -06

Year

0.3 00 03 06 1.2
mmd”’

Supplementary Figure 3. Same as Supplementary Fig. 2, but for the GPCC.

e —
18 24 30 36 42 48 54



79
80

81

CMAP Precipitation

(a) EOF1 32.8%
42°N 1
8 36°N 1
2
T 30°N 1
(c) EOF2 13.2%
42°N 1
8 36°N 1
g a4
® 30°N 1
(e) EOF3 11.4%
42°N 1
8 36°N 1
2
T 30°N
24°N
May Jun Jul Aug Sep
Month
—E——

-54 -48 -42 -36 -3.0 -24 -18 -1.2 -06

0.40

0.20

0.00

-0.20

0.40

0.20

0.00

-0.20

-0.40

0.40

0.20

0.00

-0.20

-0.40

-0.3

(b) PC1

Corr = 0.94

| SO OO

(d) PC2

—Corr = 0.82

(f) PC3

—Corr = 0.62

II|||| . lII"_,Ill.llll . EI.l||||,|
L L L
1980 1990 2000 2010 2020

Year

I ——
00 03 06 12 18 24 3.0 36 42 48 54

mmd’

Supplementary Figure 4. Same as Supplementary Fig. 2, but for the CMAP.
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Supplementary Figure 6. Prediction skills of spatiotemporal evolution based on the three
spatiotemporal patterns of East-Asian rainfall anomalies in the physical-statistical
prediction model. (a) The observed spatiotemporal evolution using the three spatiotemporal
patterns in the independent prediction period. (b) The predicted spatiotemporal evolution
reconstructed from the three spatiotemporal patterns and their predicted principal components
(PCs) in the independent prediction period. The ordinate is latitude and the abscissa is day of boreal
summer in each year. (c) The prediction skills are assessed by the spatiotemporal pattern
correlation between the predicted and observed spatiotemporal evolution only based on the three
patterns in each boreal summer. The black vertical line separates the retrospective prediction skills
in the training period of 1980-2009 from the independent prediction skills in the period of 2010—

2022.
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Supplementary Figure 7. Prediction skills for individual dynamical models. Multi-year mean
forecast skills of the spatial pattern correlation against the total rainfall anomalies in individual
months for each dynamical model and the physical-statistical prediction model (PSM). Grey dots
indicate the multi-model ensemble (MME) mean forecast skill during 1993-2016 derived from
nine dynamical models. The blue, red, and pink bars represent the prediction skills of the individual

dynamical model (1993-2016), PSM (1993-2016), and PSM (1980-2022), respectively.
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Supplementary Figure 8. Seasonal prediction skills for the spatiotemporal evolution of
rainfall anomalies over East Asia. The forecast skills of temporal correlation against total
observed anomalies of monthly and spatial rainfall anomalies in boreal summer using the physical-

statistical prediction model (PSM) during (2)1993-2016 and (b) 1980-2022.
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Supplementary Figure 9. Prediction skills of summer rainfall anomalies over continental
East Asia. The prediction skills of spatial pattern correlation against the observed summer rainfall
anomalies predicted by the multi-model ensemble (MME) mean of the dynamical models and the
physical-statistical prediction model (PSM). The multi-year mean prediction skills during 1993—
2016 for the MME and PSM are 0.07 and 0.43, respectively. The blue line segments represent the

ranges of prediction skills derived from individual dynamical models.
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121  Supplementary Figure 10. Prediction skills against the observed spatiotemporal evolution of
122  East-Asian rainfall anomalies in individual months. The multi-year mean forecast skills of the
123  spatial pattern correlation against the total rainfall anomalies in each month during 1993-2016 in
124  the multi-model ensemble (MME) mean of the dynamical models and the physical-statistical
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Supplementary Figure 11. Seasonal predictions against the observed spatiotemporal
evolution of rainfall anomalies as function of latitude and month over East Asia. The
spatiotemporal evolution is denoted by (a) the total rainfall anomalies derived from GPCP
observation, (b) the predicted field from the physical-statistical prediction model (PSM), and (c)
forecasted field from the multi-model ensemble (MME) mean of the dynamical models. The
ordinate is latitude and the abscissa is month of boreal summer in each year. The overall forecast
skills shown in the top right corner in (b) and (c) are assessed by the spatiotemporal correlation
coefficient between forecasted and observed evolution of East-Asian rainfall anomalies for the

period of 1993-2016.
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Supplementary Figure 12. Same as Supplementary Fig. 11, but for the GPCC.
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(a) CMAP Observed spatiotemporal evolution
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Supplementary Fig. 14. Schematic diagram of the independent retrospective prediction in a
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