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Supplementary Table 1. Details of the four CMIP5 ESMs used in this study, along with references and data used.

Model name
Model information
CESM1-BGC IPSL-CM5A-LR MPI-ESM-LR NorESM1-ME

Resolution (lat x lon) 0.9°x1.25° 1.9°x3.75° 1.875°x1.875° 1.9°x2.5°
Global land mean T/ET 0.53 0.58 0.64 0.50

Stomatal conductance Ball-Berry* Ball-Berry* Knorr? Ball-Berry*
Planetary boundary layer Holtslag-Boville® Rio-Hourdin* Mailhot-Benoit® Holtslag-Boville®

Shallow and deep convection Hack®, Zhang-McFarlane’ Emanuel® Tiedtke® Hack®, Zhang-McFarlane’

Turbulence closure

Horizontal and vertical diffusions

References

Monthly data (including
single-forcing, RCP8.5 and
historical simulations)
Daily precipitation (including
single-forcing, RCP8.5 and

\Vogelezang-Holtslag™
Boville-Bretherton™
(Lindsay et al., 2014)"

Yes

Yes

Mellor-Yamada®*

Laval**
(Dufresne et al.,

2013)%

Yes

Yes

Lenderink-Holtslag™
Boville-Bretherton'®
(Giorgetta et al., 2013)?

Yes

Yes

Vogelezang-Holtslag™

Boville-Bretherton®®

(Tjiputra et al., 2013)*

Yes




historical simulations)

Daily runoff Yes™

* Adopted from a similar experiment following the protocol of the carbon-climate feedback experiments in CMIP5 from Kooperman et al. (2018)
(see Methods).



Supplementary Table 2. List of the three single-forcing CMIP5 simulations used in this study.

CMIP5 Varying CO; in Varying CO; in land
Simulation name Focus
terminology atmospheric model surface model

ALL 1pctCO, Yes Yes Both vegetation
physiology and
climate forcing

VEG esmFixClim1 No Yes Vegetation
physiology only

RAD esmFdbk1 Yes

No Climate forcing only




Supplementary Table 3. Signs of precipitation, vertical advection and horizontal advection changes in different periods. The symbol “+”
or “-” represents whether the change is either positive or negative in sign. The cell with grey background indicates the sign of change is opposite

to the sign of mean change of the five regions.

Monsoon regions
S.Asia E.Asia Australia N.Africa S.Africa Five mean

Processes change

Annual mean Precipitation + + + + + ¥
Wet season  Precipitation + + + + + +
Vertical advection + — + ¥ + +

Horizontal advection = + + + - +

Dry season  Precipitation + + + + _ +
Vertical advection + + + + + +

Horizontal advection — + - - _ _




Supplementary Table 4. Precipitation minus evapotranspiration (P-ET) and
calculated wet and dry seasons in East Asia monsoon region based on
observation and 4 model mean data. Months with white (grey) background
represent wet (dry) seasons. Wet season is defined as the months where ET <
precipitation, and vice versa (see Methods). Observational ET are obtained from the
Global Land Evaporation Amsterdam Model (GLEAM) version 3.3a dataset*®*°,

Observational precipitation are derived from Climatic Research Unit Time Series

(CRU TS) v4.01%.
P-ET (mm day™)
Month
Observation 4 model mean (x SD)

January 0.12 0.13+0.38
February 0.10 0.37£0.29
March 0.08 0.67 £0.28
April 0.47 1.48 +£0.38
May 1.30 1.98 + 0.67
June 2.52 2.64 +0.67
July 251 2.30 +0.65
August 2.11 2.03+0.44
September 0.96 1.24 £ 0.56
October 0.42 0.30£0.34
November 0.43 0.10+0.08

December 0.23 -0.08 £ 0.22




1 Supplementary Table 5. Changes in wet and dry season lengths based on monthly precipitation and evapotranspiration (ET). Wet season
2 is defined as the months where ET < precipitation, and vice versa (see Methods). Changes are quantified by the differences of the years 121-140
3 (COs-enriched) of the simulation and the years 1-20 (historical). The unit is month. The length changes in both dry and wet seasons are not

4 significant (P > 0.1, t-test) over all monsoon regions based on the results of the four ESMs.

5
Monsoon Wet season length change Dry season length change
region CESM1-BGC IPSL-CM5A-LR MPI-ESM-LR NorESM1-ME CESM1-BGC IPSL-CM5A-LR MPI-ESM-LR NorESM1-ME
S. Asia 0 0 0 1 0 0 0 -1
E. Asia -1 -3 1 0 1 3 -1 0
Australia 2 0 0 2 -2 0 0 -2
N. 0 0 -1 -2 0 0 1 2
America
S. 1 0 0 0 -1 0 0 0
America
N. Africa 1 0 0 1 -1 0 0 -1

S. Africa 0 -1 0 0 0 1 0 0
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Supplementary Figure 1. Comparisons of monthly precipitation and evapotranspiration
(ET) between flux sites and ESMs at the field scale. Modelled values are extracted from the
pixel that contained the corresponding flux site. Modelled monthly averages are from the
historical periods in ALL simulation (years 1-20). The shaded area indicates standard error of

the mean over the periods of observations or simualtions.
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Supplementary Figure 2. Comparisons of monthly precipitation and evapotranspiration
(ET) between observation-based products and ESMs at region-averaged scale. The
observational period is from year 2000 to 2015 for both precipitation (CRU) and ET
(GLEAM), corresponding to CO; ranges of 370-400 ppm in ALL simulations (27-35 years).
The shaded area indicates standard error of the mean over the periods of observations or

simualtions. Monsoon region as marked.
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Supplementary Figure 3. Comparisons of changes in precipitation, runoff and
evapotranspiration (ET) between ALL simulations and RCP8.5 scenario. Mean changes
in the RCP8.5 scenario (2081-2100) are calculated relative to the historical period
(1986-2005). The error bars indicate standard errors of ESM means over the 20-yr simulations
in RCP8.5. The red dots are the mean changes (i.e. across four ESMs) in our ALL forcings

4xCO, simulations (years 121-140) and historical simulations (years 1-20).
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Supplementary Figure 4. Comparisons of changes in monsoon onset, retreat dates and
duration between ALL simulations and RCP8.5 scenario. Mean changes in the RCP8.5
scenario (2081-2100) are calculated relative to the historical period (1986-2005). The error
bars indicate standard errors of the mean of the three ESMs used. The red dots are mean
changes (i.e. across four ESMs) in our ALL forcings 4xCO, simulations (years 121-140) and

historical simulations (years 1-20).
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Supplementary Figure 5. Comparison of changes in annual, dry and wet season
precipitation between SP-CESM1, CESM1-BGC (CMIP5) and CMIP5 4 ESMs mean.
Changes in the convection-resolving model SP-CESM1 are calculated between 4xCO,
(2180-2184, 1140 ppm) and pre-industrial periods (1880-1884, 285 ppm). Changes in the
mean of CMIP5 ESMs are calculated between 4xCO, (121-140 model years, 1036 ppm) and
historical periods (1-20 model years, 314 ppm). Error bars indicate standard errors of the

mean over the periods of simulations.



Q
—_

Annual change

%‘_’“ 0.5
c >
o ©
c T 0
o
5 E Bl sP-CESM1

~ -0.5 I Il cESM1-BGC

1 CMIPS
_1 1 1
b 1 : : :
Wet season change

g‘:* 0.5
S @
c © 0
©° E
o E

~— _05 - 4

¢ 1 . . .
Dry season change

8)‘_"‘ 0.5 1

5

£ © 0

° € l! EE b

o E

w = 05} ]

S P&\la < P‘%\l’b >

vy -
S 0
5\.‘ N(\a

P P P
P ps“e' W la 5. s

5.

Supplementary Figure 6. Comparison of changes in annual, dry and wet season
evapotranspiration (ET) between SP-CESM1, CESM1-BGC (CMIP5) and CMIP5 4
ESMs mean. Changes in the convection-resolving model SP-CESM1 are calculated between
4xCO;, (2180-2184, 1140 ppm) and pre-industrial periods (1880-1884, 285 ppm). Changes in
the mean of CMIP5 ESMs are calculated between 4xCO, (121-140 model years, 1036 ppm)
and historical periods (1-20 model years, 314 ppm). Error bars indicate standard errors of the

mean over the periods of simulations.
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Supplementary Figure 7. Comparison of changes in annual, dry and wet season
precipitation minus evapotranspiration (P-ET) between SP-CESM1, CESM1-BGC
(CMIP5) and CMIP5 4 ESMs mean. Changes in the convection-resolving model
SP-CESM1 are calculated between 4xCO, (2180-2184, 1140 ppm) and pre-industrial periods
(1880-1884, 285 ppm). Changes in the mean of CMIP5 ESMs are calculated between 4xCO,
(121-140 model years, 1036 ppm) and historical periods (1-20 model years, 314 ppm). Error

bars indicate standard errors of the mean over the periods of simulations.
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Supplementary Figure 8. Comparisons of changes in monsoon onset, retreat dates and
duration between SP-CESM1, CESM1-BGC (CMIP5) and CMIP5 4 ESMs mean.
Changes in the convection-resolving model SP-CESM1 are calculated between 4xCO,
(2180-2184, 1140 ppm) and pre-industrial periods (1880-1884, 285 ppm). Changes in the
mean of CMIP5 ESMs are calculated between 4xCO, (121-140 model years, 1036 ppm) and
historical periods (1-20 model years, 314 ppm). Error bars indicate standard errors of the
mean over the periods of simulations. The changes in North America from SP-CESM1 and
CESM1-BGC are not available due to model dry bias of CESM1-BGC (Supplementary Fig.

2d) and significant precipitation reductions at 4xCO, (Supplementary Fig. 11d).
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Supplementary Figure 9. Changes in multi-model mean vertical profiles of air
temperature and specific humidity for wet and dry seasons in the physiological (VEG)
simulations. The changes are quantified by the differences of the years 121-140

(approximately 4 x CO,-enriched) of the simulation minus the years 1-20 (historical).
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Supplementary Figure 10. Change in anomalies of leaf area index (LAl),
evapotranspiration (ET) and transpiration with CO, in physiological (VEG) simulations.
a-b, Changes in anomalies of multi-model mean a) LAl and b) ET with CO, over all
monsoon regions in VEG simulations. ¢, Sensitivity of transpiration to rising CO, in the last
20-year period of VEG simulations (years 121-140) (dark blue bars). In panel c, the response
of transpiration to rising CO; is further partitioned into the parts caused by stomatal closure
(light blue bars) and LAl increase (orange bars) (see Methods). The sensitivity is estimated by

a linear regression between the transpiration and CO, concentration. The error bars indicate

standard errors of the mean of the four ESMs.
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Supplementary Figure 11. Seasonal cycles of daily precipitation and runoff in
pre-industrial and 4xCO, periods. Shown are the 20-year means in pre-industrial and
4xCOy ALL simulations and from the CESM1-BGC climate model. The daily precipitation
and runoff are smoothed with the sum of the first 12 harmonics of daily values. The shaded

area indicates standard error of the mean precipitation or runoff over the 20-year periods.
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Supplementary Figure 12. Sensitivity analysis of monsoon onset, retreat dates and
duration to different precipitation thresholds. Relative changes in monsoon onset a),
retreat b) and duration c) in response to -10%, -5%, +5% and +10% changes of precipitation
threshold (5 mm day™) as widely used in previous studies?*#%. The error bars are standard
errors of the mean of the three ESMs with daily precipitation. The sensitivity test is conducted

for the historical period (1-20 model years) and in the ALL simulation.
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Supplementary Figure 13. Comparison of monsoon onset, retreat dates and duration
calculated by two different methodologies. The bars indicate results from the precipitation
threshold-based method of Wang and LinHo ?°. The red points are results from the fractional
accumulated precipitation-based method of Sperber and Annamalai %. The error bars are
standard errors of the mean of the three ESMs. The comparison is conducted in the historical
period (1-20 model years) of the ALL simulation. Note the onset and retreat dates of monsoon
regions in the Southern Hemisphere are counted from 1% June for easy comparison with other

regions.



<5 300~
LAI (Obs.) © . (a) East Asia” .~~~ . T
— — = LAI(ESMs) K E 200 . 5
ET (Obs.) 5 53 Qg
— — = ET(ESMs) Z o o«
GPP (Obs.) Se? oo S
~ = = GPP (ESMs) N1 o)
= 0 “’
JFMAMJJASOND
<5 300 ~ <5 300~
o (b) South Asia i © (c) Australia i
— 4 = — E4[= ~ =
w g '200& o w g N 7 200CL o
<% 2 100 = <% 2 100 =
o 1 ) o B
£ 0 - E 0 =
JFMAMJ JASOND JFMAMJJASOND
5 300~ <5 300~
o (d) North America T © (e) North Africa N
— g4 = — E4 =
w £ 1200 , S W g 200 , G
B PR - o E B = 3 o -
- © s 7 ~ O o = © O o
LN ST~ {100 ~ ' <2 100 ~
N ) S )
£ 0 = £ 0 =
JFMAMJ JASOND JFMAMJJASOND
5 P 300 —~ <5 oo AT 300~
o 0 merica o © ou rica o
~ E4 £ _uf__. ~ S - g4 g}"’ - S
w £ ~ ~ 1200 o w g Ny # 1200 5]
= 3 o £ L 3 A\ o £
© o o G 5 o
<92 100 © <2 100 @ %
J's E 4 ' £
R % N LD)_J
E 0 = E 0 =
JFMAMJ JASOND JFMAMJJASOND
Month Month

Supplementary Figure 14. Comparisons of monthly leaf area index (LAI), gross primary
productivity (GPP) and evapotranspiration (ET) between observations and ESMs at
region-averaged scale. Presented are observational monthly mean values of LAI, ET and
GPP, obtained from MODIS C6 (2000-2015), GLEAM v3.3a (2000-2015) and MTE
upscaling from FLUXNET (2000-2011), respectively. Modelled results are from 27-35 years
or 27-33 years in ALL simulations, corresponding to the CO, ranges of years 2000-2015 or
2000-2011. The shaded area indicates standard error of the mean over the observed or

simulated periods.
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Supplementary Figure 15. Relationship between the ratio of global land mean
transpiration to total evapotranspiration (T/ET) of ESM and the sensitivity of water
cycle component to rising CO, concentration. a, Comparison of global land mean T/ET
from six ESMs (blue bars). Green solid lines denote global land mean T/ET, while green
dashed lines indicate one standard deviations from isotope-based observational results of
Good et al. (2015)* (and similarly in b-c). b, Relationship between global land mean T/ET
and sensitivity of transpiration to CO; radiative (RAD) forcing (Sggj’) for the six ESMs (read
line). The sensitivity is estimated by a linear regression between the transpiration and CO,
concentration in RAD simulation. ¢, Relationship between global land mean T/ET and the
sensitivity of transpiration to direct CO, physiological (VEG) forcing (SEPOHZY) for the six
ESMs (red line). The sensitivity is again estimated by a linear regression, but now between

the transpiration and CO, concentration in VEG simulation.
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Supplementary Figure 16. Wet and dry season for each monsoon region. Monthly
precipitation and evapotranspiration (ET) values are first averaged over each monsoon region
within the boundary in Fig. 1. The wet season is defined as the months where ET <

precipitation, and vice versa for the dry season (see Methods).
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Supplementary Figure 17. Runoff threshold used to calculate abundant water-resources
period for each monsoon region. Runoff thresholds are calculated as the runoff values at the
date corresponding to monsoon onset date, as based on the historical precipitation analysis

(see Methods for details).
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