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CAM3.1-RGO Model

The model we useid afully coupled system consisting efie Community
Atmosphere Model version 3.1 (CAM3.1; ref.ajda 1.5layer reducedyravity
ocean (RGO) model with flugorrection$®. The atmospheric component is part of
the Community Climate System Model version 3 (CCSM3) developed at the National
Center for Atmospheric Research (NCAR; .1t is based on an Eulerian spectral
dynamical core, with a T42 horizontal resolution &6dvertical levels. The land
surface processes in CAM3.1 are represented by the Community Land Model version
3 (CLMS; refs.7, 8), a fully interactive land model. The oceanic component is an
extended Zebiakane type of 14ayer RGO model (ref®, 10), in which the active
upper layer is divided into a fixed depth mixed layer to simulate SST variation and a
subsurface layer to parameterize the entrained subsurface temperature through the
multivariate linear relationship with thermocline depth. The oceatehumvers a
global domain (80%80N, 0°-360) with 1°atitude by 2°ongitude resolution,
which contains variability off the equatorial band (see ndetails in refs2). It
should be noted that the oceanic and atmospheric responses of the tropficatioPac
higher CQ forcing do not change if differesubsurface temperature
parameterizations are useBurther, the present model could not reproduce the

Subtropical Cel(STC) adjustments and futuseudies are needed to discuss the role
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of STC in theropical AtlanticPacific teleconnection.

Latent heat flux decomposition
Based on the standard bulk formula, the latent heat flux (LHF) is calculated as

(seerefs.5, 11 for more details):

Q. = L,Cer W(L-RHE®) q(T) 1)
whereQe is the LHF,Lv is the latent heat of evaporatid@x is the transfer coefficient,
Jais the surface air density/ is the surface wind speed, RH is the surface relative
humidity, p %, /(R,T?)=~0.06 K}, T & T,Tais the surface air teperature,
T is the sea surface temperature, gnd the saturation specific humidity. By
linearizing equation (1), we decompose the LHF into atmospheric forcing and oceanic

response (contributions from RH agailare ignoredn this studybecaus¢hey ae

less important):

Q:° Qo Quw 2)
Qe _qgT

QEO_ lJ-T T (DET (3)
JHQ: Qe

QEW_HWW WW (4)

where the overbar and prime denote the time mean and departure from the mean,
respectivelyQeo represents Newtonian cooling because of evaporatio®and
represents atmospheric forcing because of changes in wind speed (commonly known
as thewind-evaporawe-SSTfeedback). In order to diagnose LHF changes in the

IV4 experiments, the modeling data are recombined following Jia atddRtueach
ensemble member, they? IVO datawereadded in front of the correspondingy@

IV4 data to compasa 4yr long ore. We then appliedquation (3and(4) to the

new time series over the northern pole of the SST dipole-2oMl, 140W -95W)

and defind changes 0Qeo andQew as the differences between the last arst #

years of the 4yr period.
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Ocean heat transport
Based on the mixed layer heat budget, changes in the ocean heat transport can

be decomposed into:
DD, =U,, (O BU (-, OB ( T (5)
whereDy is the ocean heat transpddtjs the three dimensional currentsis the
mixed layer temperature.¢i.,, SSTinourmode§ nd @@ represents change

the IV4 and IVO results. We apetl equation (5) to the three sets of experiments and

analyzel which terms dominate.

Decadal variability of the tropical Atlantic -Pacific teleconnection

In order tostudy decadal variability of the tropical AtlantRacific
teleconnection, we computed the linear trend of SST over the NTA and the east
tropical Pacific (ETP; @°S-20°N, 18C°-90°W) based on 2@r running periods using
different datasets. The 30 windowmoves forward starting at every month from
1911 to 2005 in HadISST and CMIP5 HIST runs, 0001 to 0400 in CAIRR&D
CTRL (2CQ and 4CQ) runs, and 2006 to 2100 in CMIP5 RCP8.5 runs. Note that the
long-term linear trend and seasonal cycle were removed#fste calculating the
20-yr running linear trends. In addition, monthtyean data were used instead of
annualmean values to improveagistical reliability and only the trends above the 95%
confidence | evelttest)hwars esidavedhe aasesS that dagent 0 s
opposite trends emerging in the NTA and the BifRultaneouslyvere then
considered as the decadahle teleconnection events. The frequency of these
decadalscale teleconnection events are listed in Table S4.

Thereare 11.5% of allite overlapped events detected in Hadl8#fibitthe
decadal AtlantiePacific teleconnection, most of which occurred during the recent
decade (global warming hiatus). However, only a few CMIP5 models could reproduce
a similar percentage in the historicahs and almost none of these events occurred

after 1990 (not shown). Moreover, most models that produce weakened (enhanced)
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responses at interannual timescales also have less (more) teleconnection events at
decadal timescale (see Table S3 and models mavrikieadolors in Table S4),

indicating that the net effect of individual events over a decadal period may result in
overall changes at decadal timescales. Regardless of interannual responses, both the
CAM3.1-RGO model and the majority of CMIP5 models (16h&f 27 models) show
lessfrequent occurrences of the tropical Atlariacific teleconnection at decadal
timescales due to greenhouse warming (the conclusion will not changgrif 1®yr

or 25yr running window is used). Although the interannual archdal changes
correspond well in our analysis, the dynamic processes and mechanisms may be
different. Future studies are still needed to further confirm the decadal responses in

detail.
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Table S1| CMIP5 models used in this studyNames of mods| theassociated

institution and countries.

Model name Institute Country

Commonwealth Scientific and Industrial

1. ACCESS1.0 Research Organization/Bureau of Australia
Meteorology

2.BCC-CSM1.1 Beijing Climate Center, China China
Meteorological Administration

3. CanESM2 Canadl_an Centre for Climate Modelling and Canada
Analysis

4. CCSM4 : . :

= CESMLIWACCM National Center for Atmospheric Research| United States

6. CMCCGCMS Centro EureMediterraneo per | Cambiamer Germa

7. CMCG-CM Climatici y

8. CNRM-CM5 Mécf) -Fra_nce/Centre National de Recherc} France
Méédrologiques
Commonwealth Scientific and Industrial
Research Organisation in collaboration wit} :

9. CSIROMK-3.6.0 the Queensland Climate Change Centre of Australia
Excellence

10. EC-EARTH EC-EARTH consortium Europe

11. FGOALSg2 The First Instiute of Oceanography, SOA China

12. GFDL-CM3 National Oceanic and Atmospheric

13. GFDL-ESM2G

14. GFDL-ESM2M

Administration/Geophysical Fluid Dynamics
Laboratory

United States

NationalAeronautics and Space

15. GISSE2-R Administration/Goddard Institute for Space| United States
Studies
16. HadGEM2CC , United
17 HadGEMZES Met Office Hadley Centre Kingdom
18. INM-CM4 Institute for Numerical Mathematics Russia
19. IPSL-CM5A-MR
20. IPSL-CM5A-LR | Institute Pierre Simon Laplace France
21. IPSL-CM5B-LR
University of Tokyo, Atmosphere and Ocea
Research Institute; National Institute for
22. MIROCS Environmental Studies; Japan Agency for Japan
Marine Earth Science and Technology
23. MPI-ESM-LR .
>4 MPLESMMR Max Planck Institute for Meteorology Germany
25. MRI-CGCM3 Meteorological Research Institute Japan
26. NOrESMIM Norwegian Climate Centre Norway

27.NorESMI:ME




99 Table S2| Selection of modelsCriterion usedis skill score (S)which is calculated
100 by S=4(1+R¥[(SDR+1/SDR¥(1+Ro)*. Where SDR and R denoteatip of standard
101 deviationsandpattern correlation coefficientetween CMIP5 and HadISST data,
102 respectively. Requals 1 for one ensemble member. Wdieg{® toeach model HIST
103 run against HadISSduringthe period of 190@005 and over théropical Pacific
104 and Atlanticregion(30°S-30°N, 11C0E-20°E). The multi-model ensemble/as
105 evaluated by a simple average2@fmodels(MME27). Bold denotes modethat have
106  skill scores higher than MME27.

107
Model name SDR R S

1. ACCESS1.0 1.003 0.931 0.869
2.BCC-CSM1.1 0.866 0.907 0.810
3. CanESM2 1.101 0.942 0.880
4, CCSM4 0.936 0.952 0.903
5. CESM1-WACCM 0.946 0.918 0.843
6. CMCC-CM 1.058 0.929 0.863
7.CMCC-CMS 1.012 0.927 0.861
8. CNRM-CM5 0.866 0.893 0.786
9.CSIROMK-3.6.0 1.244 0.928 0.824
10. EGEARTH 0.847 0.941 0.863
11.FGOALSg2 0.921 0.880 0.776
12.GFDL-CM3 0.957 0.920 0.848
13. GFDL-ESM2G 0.936 0.911 0.830
14. GFDL-ESM2M 0.900 0.891 0.790
15. GISSE2-R 1.035 0.911 0.833
16. HadGEM2-CC 0.980 0.929 0.865
17. HadGEM2-ES 0.995 0.930 0.868
18. INM-CM4 0.972 0.904 0.821
19. IPSL-CM5A-LR 1.131 0.908 0.816
20. IPSL-CM5A-MR 1.178 0.924 0.834
21. IPSI:CM5B-LR 0.973 0.830 0.700
22.MIROC5 1.016 0.908 0.828
23.MPI-ESM-LR 0.958 0.924 0.855
24. MPI-ESM-MR 0.935 0.928 0.860
25. MRFCGCM3 0.933 0.871 0.762
26. NorESMIM 0.973 0.886 0.791
27.NorESM1X:ME 0.987 0.891 0.800

MME27 0.987 0.914 0.833
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Table S3 | Model performance insimulating the tropical Atlantic -Pacific
teleconnection and their changes in the RCP8.5 ruty (N) in the second column
denotes that the model could (could not) reproduce a sitrolgical AtlanticPacific
teleconnectioras that in HadISST. The third afaurth columns indicate response of
thetropical AtlanticPacific teleconnectioand warming pattern of the tropical Pacific
mean state under RCP8.5, respectively.

Model name

Validity

Response

WarmingPattern

1. ACCESS1.0

N

2.BCC-CSM1.1

3.CanESM2

weakemred

El Nifo -like

4. CCSM4

weakemred

El Nifo -like

5. CESMIWACCM

6. CMCCGCM

7. CMCCGCMS

enhancd

El Nifo -like

8. CNRM-CM5

9. CSIROMK-3.6.0

10. EGEARTH

11. FGOALS-g2

enhancd

La Nina-like

12. GFDL-CM3

13.GFDL-ESM2G

14. GFDL-ESM2M

enhancd

La Nina-like

15. GISSE2-R

16. HadGEM2CC

17. HadGEMZES

weakemred

El Nifo -like

18. INM-CM4

weakemred

El Nifo -like

19. IPSL-CM5A-LR

20. IPSL-=CM5A-MR

21.IPSL-CM5B-LR

enhancd

El Nifo -like

22.MIROC5

enhancd

El Nifo -like

23.MPI-ESM-LR

24. MPFESM-MR

25. MRIFCGCMS3

26. NorESM1IM

27.NorESM1X:ME

ZZ21Z2Z2|I1Z2|I¥K|K|1Z|IZ2|X|K¥KIZ|I1Z|IK¥K|Z2|1Z2|<|Z2|Z2|IZ2|K|Z2|Z2|<X|<X|Z2
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Table $4 | Statistics of the tropical AtlanticPacific teleconnection at decadal
timescale.We divided the number of events that have opposite trends of SST between
the NTA and ETP by all the events that have significant trends in both the NTA and

the ETP. Model# blue (red) are the ones that have weakened (enhanced) response at
interannual timescales listed in Table S3. The second column shows results derived
from HadISST, CAM3.IRGO CTRL and CMIP5 historical runs. The third columns
shows results derived fromAB13.1-RGO 2CQ/4C(C; and CMIP5 RCP8.5 runs.

Bold denotes models that have lespical AtlanticPacific teleconnectioavents at

decadal time scales in RCP8.5. See text for more details.

Name Frequencyn HIST Frequencyn RCP8.5
HadISST 19112005 0.115 -
0.267 (400-yr 2C0O»2)

CAM3.1-RGO 0.341 (400yr CTRL) 0.12 (400yr 4CO2)
1. ACCESS1.0 0.216 0.389
2.BCC-CsSM1.1 0.085 0.015
3. CanESM2 0.149 0.023
4. CCSM4 0.007 0
5. CESMI-WACCM 0.051 0.038
6. CMCC-CM 0.040 0
7. CMCC-CMS 0.011 0
8. CNRM-CM5 0.021 0
9.CSIROMK-3.6.0 0.138 0.351
10. EGEARTH 0.054 0.007
11.FGOALSg2 0.2@ 0.290
12.GFDL-CM3 0.058 0.036
13.GFDL-ESM2G 0.219 0.188
14. GFDL-ESM2M 0 0.600
15. GISSE2-R 0.039 0.794
16. HadGEM2-CC 0.302 0.257
17. HadGEM2-ES 0.191 0.090
18. INM-CM4 0.016 0
19. IPSL-CM5A-LR 0.049 0.014
20. IPSL-CM5A-MR 0 0.032
21. IPSI-CM5B-LR 0.179 0.221
22.MIROC5 0.107 0.190
23.MPI-ESM-LR 0.219 0.007
24. MPI-ESM-MR 0.125 0.040
25. MRFCGCM3 0.018 0.228
26. NorESM1M 0.013 0.091
27.NorESMX:ME 0.247 0.430




130

131
132
133
134
135
136

30

- ——
P

P

N - " y 15
150°wW 120°wW 90°W 60°W 30°W 0° -

‘ 150°E 180°W
Figure S1| Seasonal contrast of climatologya, b, DJF and JJA climatological
precigtation (black contours at 2 mdh intervals; the minimum value for contours is
4 mmd?), SST €; shaded) andwind vector at 10nfm s; vectors) in model
experimentCTRL. All the maps were generated in MATLAB.
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Figure S2 | Observed and simulatedENSO properties.a, b, First empirical
orthogonal function (EOF1) of SST anomaliesived fromthe HadISST (year

1901 2000; variance explained: 53.86%anpdmodelCTRL experimen{last400 year;
variance explained: 42.18%gspectivelyc, d, Standard deviation of Nifo3 index
(defined as monthly mean SST anomaly ini®8l, 150°1 90W) derived from the
HadISST and mode€lTRL, respectivelyAll the maps were generated in MATLAB.
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Figure S3 | El Nifb -like response othe tropical Pacific mean statesunder increasing CO2 forcing.
Changes othetropical Pacific mean states in the 280n (left column) and 4C&run (right column)
compared withthe CTRL experimentrespectivelya, d, SST (), b, e,thermocline depth (m; shadeahd
surface currentnf s?; vectors),andc, f, sea level pressur@4; shadedand surface windhf s*; vectors).
The tropical Pacific mean statedicate climatological man during the equilibrium statiast 100 years)f
the experimentAll the maps were generated in MATLAB.
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Figure S4| Tropical Pacific climatology under different COz forcing.
Climatological mean zonal currents (U, \dpwelling (W), surface zonal wind speed
(UW), zonal SST gradient {8ST) and meridional SST gradien$&T) inthe CTRL
(bluebars), 2CQ (orangebars) and 4C&(red bars)experimentsrespectively. The
first four values are averaged in the cengr@asten Pacific (10S-10°N, 18C-9C°W).
The zonal SST gradient is calculated as the SST difference between the eastern
(10°S-10°N, 150W-90°W) and western ($-10°N, 13%E-175°E) tropical Pacific.
The meridional SST gradient is defined as the SST differeneeéetthe east
off-equatorial region M-10°N, 15CFE-90°W) and the eastern equatorial region
(2.5°S-2.5N, 155E-120°W).
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Figure S5| Latent heat fluxdecomposition and their changesinder different
CO2 forcing. Ensemblemean changesf latent heat flux componenits the
IV4-CTRL (left), IV4-2CO, (middle) and IV44CQ; (right) experimentcompared
with thecorresponding IVO rund’he decompositiowas applied wer the northern
pole (5N-20N, 140W -95W; i.e., red box region irFigure 3a)of the SST dipole
during MAM seasonTheblue, orangeandredbars denot€eo, Qewand sum of the
two, respectively. Standard deviation bars based on the standard deviation of
ensemble members are also shown.
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Figure S6 | Changesof zonal advection of mean temperature by anomalous currentsnder different
CO2 forcing. Ensembleand seasonahean changesf zonal advection of mean temperature by anomalous

zonal currents (unittx107 € s4- D( TW XL ) in theV4-CTRL (left; a-d), IV4-2CO, (middle;e-h) and

IV4-4CC (right; i-1) experiment€ompared with theorresponding 1VO run®©nly valuesabovethe 95%
confidence level are showAll the maps were generated MATLAB.



