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a) Future annual precipitation change (MMEM) b) Spread of precipitation change
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Supplementary Figure 1. Inter-model consistency and uncertainty of future global annual
precipitation changes from 38 CMIP6 models. a) Projected precipitation changes (shading) and
area of high model consistency. Red stipples illustrate the area where same sign of changes in
CMIP6 (> 80% , 31 of total 38 models). b) Inter-model spread (one-standard deviation) of
projected precipitation changes among CMIP6 models. Units are percent (%) for comparing
relative changes among models. Purple horizontal lines illustrate the tropical boundary (30°S—
30°N). Precipitation is normalized through dividing by the global mean surface temperature

anomalies of each model.



26

27

28

29

30

31

32

33

Manuscript to be submitted to Communications Earth & Environment

a) Present-day IPWP [1950-1999]
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Supplementary Figure 2. Warm pool area of 38 CMIP6 models and SST difference from
average of 5-models with largest IPWP size minus average of 5-models with smallest IPWP
size in the present-day. a) Tropical warm pool area (SST > 28°C) of each model from small IPWP
size models (blue) to large IPWP size models (red). b) SST difference between 5-models with
largest IPWP size and 5-models with smallest IPWP size in the preset-day. Stipples indicates the

area where SST difference is significant at the 99% confidence level using student t-test.
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a) Present-day [1950-1999]
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b) Future climate [2050-2099]
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Supplementary Figure 3. Correlation between eastern edge of the IPWP and western edge

of the Walker circulation’s branch in a) the present-day and b) future climate.
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a) Inter-model relationship between warm pool and rainall change
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Supplementary Figure 4. Inter-model relationship and regressions of projected changes
under RCP8.5 onto the present-day IPWP size from 26 CMIP5 models. a) Inter-model
correlations between projected precipitation changes and the present-day IPWP size among
CMIP5 models. Shading indicates the statistically significant size at a 95% confidence level in a
student t-test. Dashed boxes denote the CETP (5°S-5°N, 160°E-150°W, same as Nifio 4). b)
Regressed future changes in 500hPa vertical velocity (x 10*Pas™!, the upward motion is negative),
200hPa velocity potential (contour interval: 0.3 x 10%s™!), and divergent wind (vectors, ms™'). c)
Regressed future changes in zonal stream function (shading, 108 kg s™!) along the equator (5°S—
5°N mean). Contours indicate MME mean of zonal stream function (10%° kg s™') in the present-

day (1950-1999). Stipples indicate regions of significance at the 95% confidence level in a t-test.
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a) IPWP size and present T50m b) present T50m and stratification change
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Supplementary Figure 5. Inter-model correlation of future zonal SST gradient anomaly
against the IPWP size in the present under SSP5-8.5 among CMIP6 CGCMs. a) Simulated
IPWP size (%) in the present-day versus the average temperature (°C) of the upper 50 m of the
ocean in the eastern Pacific during the present-day. b) Upper 50 m ocean mean temperature in the
present-day over the eastern Pacific versus future anomalies of ocean stratification, defined as
upper 50 m mean temperature minus 150 m ocean temperature in the eastern Pacific (°C). ¢) The
future anomaly of ocean stratification in the Eastern Pacific versus future anomaly of the upper 50

m ocean temperature (°C). d) The future anomaly of the upper 50 m ocean temperature versus that
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60  of the zonal SST gradient (western Pacific minus eastern Pacific). The inter-model correlation
61  coefficients (r) displayed in each panel are statistically significant at the 99% confidence level.

62  Models with a red label do not provide potential ocean temperature.
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a) IPWP area and Walker circulation b) Walker circulation and PR

o
£ = =-0.66 :
2~ © i
g o Em g, |Slope=-034 !
= O — ]
B, 01— - A E p<0.001 Wy !
c
s g S
T2 &
==l K
§ - o 0.5 4
e . | =
5 21 R=-0.62 A A 4 =
x © ‘T
T 5 Slope= -0.02 E
= p < 0.001 & o
[
. T - T - ) - T - I
20 40 -1 0
IPWP size (%) Walker circulation strength
change (10" kg s™ °C™)
Il CNRM-CM5 B MIROC-ESM-CHEM [7] MIROC-ESM [ GFDL-ESM2G  [7] GFDL-CM3 B MIROC5 Q IPSL-CM5A-LR
@ croLeEsvev @ HadGEM2ES ) CEsMi-CAM5 @) becesmi-t ) IPSL-CMSBLR A ACCESS1-0 A inmcm4
A HadGEM2-A0 A CanESM2 A\ cMcc-cM A cesmiBcc < ccsm4 <« cvce-cms « FIO-ESM

dosse2n qaissEzHce  {beocesmi-tbm W GISSE2R W GISS-E2-RCC

Supplementary Figure 6. Inter-model relationship between the present-day IPWP size and
future projections in RCP-8.5 among CMIP5 CGCMs. a) Simulated IPWP size (%) in the
present-day versus future change in Walker circulation strength (10'°kg s2). b) Future of Walker
circulation strength versus that of Central Pacific precipitation (mm day?, 5°5-5°N, 160°E—
150°W). The inter-model correlation coefficients (r), slope and p-value are displayed in each panel

are statistically significant at the 99% confidence level.
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a) Linear regression PDF b) Liner regression and OBS PDFs
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Supplementary Figure 7. The probability density function (PDF) of the emergent
relationship combined with the observational constraint. a) The PDF of the linear regression
between projected precipitation changes in the CETP under SSP5-8.5 and the simulated IPWP size
in the present-day from 38 CMIP6 models. b) The PDF after emergent constraint based on
observations. The solid black lines indicate the linear regression of CMIP6 models and the dashed
black lines provide the prediction error (1 standard deviation, 68% confidence intervals). A solid
purple line (shading) indicates the average (1 standard deviation) of observed IPWP sizes among

three datasets (HadISST, ERSST, and COBE SST).
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Supplementary Figure 8. Emergent constraints on the central-to-eastern tropical Pacific
(CETP) precipitation changes in CMIP6. a) Projected precipitation changes in the CETP under
SSP5-8.5 across the CMIP6 models versus the Tropical mean SST in the present-day (1950-1999).
The solid black line follows the linear regression of 38 CMIP6 models, while the dashed black
lines indicate prediction errors with one-standard deviation (68% confidence intervals). A solid
purple line (shading) indicates the average (one-standard deviation) of the observed IPWP size
among three datasets: HadISST, ERSSTv5, and COBE-SST2. b) Probability density functions for
the projected precipitation changes in the CETP under SSP5-8.5, before (“CMIP6 prior”,

transparent) and after (“after constraint”, opaque) the emergent constraint is applied.
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Supplementary Figure 9. Emergent constraints on the Central Pacific precipitation changes

in CMIP5. a) Projected precipitation changes in the CETP across the CMIP5 models versus the

Indo-Pacific warm pool (IPWP) size in the present-day (1950-1999) under RCP8.5. The solid

black line indicates the linear regression of the CMIP5 models, and the dashed black lines indicate

the prediction errors (68% confidence intervals). A solid purple line (shading) indicates the

average (1 standard deviation) of observed IPWP sizes among three datasets (HadISST, ERSST,

and COBE SST). b) Probability density functions for the projected precipitation changes in the

CETP under RCP8.5 before (“CMIP5 prior”, transparent) and after (“after constraint”, opaque) the

emergent constraint is applied.
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Supplementary Figure 10. Sensitivity test using independent observations and 20-year
moving time-window for considering internal variabilities. Each data sets of HadISST (red),
ERSSTv5(blue) and COBE2 (black) is used for observational constraint on the each 20-year
moving emergent relationship. Emergent relationship among 38 models in CMIP6 is calculated by
every 20-year interval and constrained by observations at same period from 1950 to 1995.
Shadings indicate one-standard deviation of emergent constraints. Solid green line illustrates
MMEM of future changes in CETP precipitation with unconstrained uncertainty range (dashed

green lines) from inter-model one standard deviations.
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Supplementary Figure 11. Emergent constraints on the central-to-eastern tropical Pacific
(CETP) precipitation changes in CMIP6 climate models using the information theoretic
approach. Projected precipitation changes in the CETP under SSP5-8.5 across the CMIP6 climate
models versus the Indo-Pacific warm pool (IPWP) size in the present-day (1950-1999). The solid
black line follows the linear regression of 38 CMIP6 climate models, while the dashed black lines
indicate prediction errors with one-standard deviation (68% confidence intervals). A solid purple
line indicates the PDF of the observed IPWP size in HadISST using 200-ramdom bootstrap. The
raw model spread of the future CETP changes is compared with posterior PDF using its weighted
average, given the observed IPWP area in the present-day. The bars and error bars in the right y-

axis indicate 66% and 90% confidence interval (one- and two- standard deviation among CMIP6
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climate models with/without constraint). Circles indicate multi-model means of future

precipitation changes over the CETP.
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Supplementary Table 1. CMIP5 and CMIP6 models used in this study and the corresponding

model center. CMIP5 models are written in italic.

Model name

Modeling center

ACCESS1-0 (Bi et al., 2013)

ACCESS-CM2 (Bi et al., 2020)

ACCESS-ESM1-5 (Ziehn et al., 2020)

The Commonwealth Scientific and
Industrial Research Organisation (Australia)

AWI-CM-1-1-MR (Semmler et al., 2020)

Alfred Wegener Institute Helmholtz Centre
for Polar and Marine Research (Germany)

bce-csml-1 (Wu et al., 2013)

bcec-csm1-1-m (Wu et al., 2013)

BCC-CSM2-MR (Wu et al., 2019)

Beijing Climate Center (China)

CAMS-CSM1-0 (Chen et al., 2019)

Chinese Academy of Meteorological
Sciences (China)

CAS-ESM2-0 (Dong et al., 2021)

Chinese Academy of Sciences (China)

CanESM2 (Arora et al., 2011)

CanESMS5 (Swart et al., 2019)

CanESM5-CanOE (Swart et al., 2019)

Canadian Centre for Climate Modelling and
Analysis (Canada)

CCSM4 (Gent et al., 2011)

CESM1-BGC (Meehl et al., 2013)

CESM1-CAMS5 (Meehl et al., 2013)

CESM2 (Danabasoglu et al., 2020)

CESM2-WACCM (Danabasoglu et al., 2020)

National Center for Atmospheric Research,
Climate and National Center for
Atmospheric Research, Climate and Global
Dynamics Laboratory, (USA)

CMCC-CM (Scoccimarro et al., 2011)

CMCC-CMS (Scoccimarro et al., 2011)

CMCC-CM2-SR5 (Cherchi et al., 2019)

CMCC-ESM2 (Cherchi et al., 2019)

Fondazione Centro Euro-Mediterraneo sui
Cambiamenti Climatici (Italy)

CNRM-CM5 (Voldoire et al., 2013)

CNRM-CM6-1 (Voldoire et al., 2019)

CNRM-CM6-1-HR (Voldoire et al., 2019)

CNRM-ESM2-1 (Voldoire et al., 2019)

Centre National de Recherches
Météorologiques (France)
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EC-Earth3-Veg (D6scher et al., 2021)

EC-Earth consortium, Rossby Center,
Swedish Meteorological and Hydrological
Institute/SMHI (Sweden)

FGOALS-f3-L (Li et al., 2020)

FGOALS-g3 (Li et al., 2020)

Chinese Academy of Sciences (China)

FIO-ESM (Qiao et al., 2013)

FIO-ESM-2-0 (Bao et al., 2020)

First Institute of Oceanography, State
Oceanic Administration (China)

GFDL-CM3 (John P Dunne et al., 2012)

GFDL-ESM2G (John P Dunne et al., 2012)

GFDL-ESM2M (John P Dunne et al., 2012)

GFDL-CM4 (Held et al., 2019)

GFDL-ESM4 (J. P. Dunne et al., 2020)

National Oceanic and Atmospheric
Administration, Geophysical Fluid
Dynamics Laboratory (USA)

GISS-E2-H (Schmidt et al., 2014)

GISS-E2-H-CC (Schmidt et al., 2014)

GISS-E2-R (Schmidt et al., 2014)

GISS-E2-R-CC (Schmidt et al., 2014)

GISS-E2-1-G (Kelley et al., 2020)

Goddard Institute for Space Studies,
National Aeronautics and Space
Administration (USA)

HadGEM2-ES (Collins et al., 2011)

HadGEM3-GC31-LL (Williams et al., 2018)

UKESM1-0-LL (Sellar et al., 2020)

Met Office Hadley Centre (UK)

IITM-ESM(Swapna et al., 2018)

Center for Climate Change Research, Indian
Institute of Tropical Meteorology Pune
(India)

INM-CM4 (Volodin et al., 2010)

INM-CM4-8 (Volodin et al., 2018)

INM-CM5-0 (Volodin et al., 2017)

Institute for Numerical Mathematics,
Russian Academy of Science, Moscow
(Russia)

IPSL-CM5A-LR (Dufresne et al., 2013)

IPSL-CM5A-MR (Dufresne et al., 2013)

IPSL-CM6A-LR (Boucher et al., 2020)

Institut Pierre-Simon Laplace (France)

HadGEM2-AO (Baek et al., 2013)

KACE-1-0-G (Lee et al., 2020)

National Institute of Meteorological
Sciences/Korea Meteorological
Administration, Climate Research Division
(Republic of Korea)

MIROCS (Watanabe et al., 2011)

Japan Agency for Marine-Earth Science and
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MIROC-ESM (Watanabe et al., 2011)

MIROC-ESM-CHEM (Watanabe et al., 2011)

MIROC-ES2L (Hajima et al., 2020)

MIROCSG (Tatebe et al., 2019)

Technology (Japan)

MPI-ESM-1-2-HR (Mdller et al., 2018)

MPI-ESM1-2-LR (Mauritsen et al., 2019)

Max Planck Institute for Meteorology
(Germany)

MRI-ESM2-0 (Yukimoto et al., 2019)

Meteorological Research Institute (Japan)

NESM3 (Cao et al., 2018)

Nanjing University of Information Science
and Technology (China)

NorESM2-LM (Seland et al., 2020)

NorESM2-MM (Seland et al., 2020)

Climate modeling Consortium consisting of
Center for International Climate and
Environmental Research (Norway)

TalESM1 (Wang et al., 2021)

Research Center for Environmental
Changes, Academia Sinica (Taiwan)
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