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Abstract A greater warming trend of sea surface temperature in the tropical Indian Ocean than in the
tropical Pacific is a robust feature found in various observational data sets. Yet this interbasin warming
contrast is not present in climate models. Here we investigate the impact of tropical Indian Ocean warming
on the tropical Pacific response to anthropogenic greenhouse gas warming by analyzing results from
coupled model pacemaker experiments. We find that warming in the Indian Ocean induces local negative
sea level pressure anomalies, which extend to the western tropical Pacific, strengthening the zonal sea level
pressure gradient and easterly trades in the tropical Pacific. The enhanced trade winds reduce sea surface
temperature in the eastern tropical Pacific by increasing equatorial upwelling and evaporative cooling,
which offset the greenhouse gas warming. This result suggests an interbasin thermostat mechanism, through
which the Indian Ocean exerts its influence on the Pacific response to anthropogenic greenhouse

gas warming.

1. Introduction

Variability of the atmosphere-ocean coupled system in the tropical Indo-Pacific region has prominent
impacts on global climate (Alexander et al., 2002; Hoskins & Karoly, 1981; Wallace & Gutzler, 1981).
Understanding how the tropical Pacific responds to anthropogenic greenhouse gas (GHG) warming is there-
fore of paramount importance for future climate prediction and climate change adaptation (Clement et al.,
1996; Knutson & Manabe, 1995; Knutson & Manabe, 1998; Seager & Vecchi, 2010; Vecchi et al., 2006; Xie et
al., 2010).

The majority of climate models that participated in the Coupled Model Intercomparison Project phase 5
(CMIP5) simulated an El Nifio-like sea surface temperature (SST) warming pattern in response to GHG for-
cing, with a larger warming appearing in the eastern tropical Pacific relative to the western tropical Pacific
(Figure 1d; Held & Soden, 2006; Vecchi & Soden, 2007b; Xie et al., 2010; Zhang & Li, 2014). The long-term
SST trends in observational data sets, however, exhibit different patterns from those in the CMIP5 models
(Coats & Karnauskas, 2017; Zhang, 2016; Zhang et al., 2018). While some observational data sets show a
weak La Nifia-like SST trend pattern with a small negative SST trend in the eastern tropical Pacific
(Figures 1a and 1b), others show negligible changes in the zonal SST gradient (Figures lc and SI;
Solomon & Newman, 2012). The differences among the observational data sets may result from the sparsity
of observations in the early twentieth century (Deser et al., 2010; Vecchi et al., 2006). The distinct model-data
and cross-data differences have led to an intense debate on whether there will be an El Nifo-like or a La
Nina-like SST trend pattern under global warming (Clement et al., 1996; Compo & Sardeshmukh, 2010;
Karnauskas et al., 2009; Knutson & Manabe, 1995; Seager & Murtugudde, 1997; Vecchi et al., 2006; Vecchi
& Soden, 2007b; Xie et al., 2010; Zhang & Karnauskas, 2017; Zhang & Li, 2014).

Various physical mechanisms have been proposed to explain the formation of the El Nifio-like SST warming
in CMIP5 models, that is, larger evaporative damping in the warm pool than the cold tongue (Knutson &
Manabe, 1995; Xie et al., 2010; Zhang & Li, 2014), different cloud feedback in the western and eastern tro-
pical Pacific due to different cloud regimes (DiNezio et al., 2009; Meehl & Washington, 1996; Zhang & Li,
2014), weakening of the Pacific Walker circulation due to enhanced tropospheric static stability (Knutson &
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SST trend in observations and CMIP5 models
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Figure 1. SST trend over the period 1920-2013 in observations and CMIP5
climate models. Units are °C/century. (a—c) Results for HadISST, Kaplan
SST, and ERSSTVv3b, respectively. (d) Ensemble mean of CMIPS5 results
(1920-2013). (e) SST trend averaged between 10°N and 10°S. Solid blue for
HadISST, dashed blue for ERSSTv3b, dotted blue for Kaplan SST, and solid
red for CMIP5 results. Red shading denotes the intermodel spread of SST
warming trend, defined as 10th and 90th percentile, for CMIP5 results.

2. Experimental Design

Manabe, 1995; Ma et al., 2012) and/or the slowdown of global hydrologic
cycle (Held & Soden, 2006; Vecchi & Soden, 2007b), and larger land-ocean
thermal contrast (Bayr & Dommenget, 2013; Zhang & Li, 2017). On the
other hand, Clement et al. (1996) analyzed Pacific changes under GHG
warming using an intermediate-complexity Cane and Zebiak-type model
(Zebiak & Cane, 1987) and found a La Nina-like SST response. They
attributed the eastern Pacific cooling anomalies to ocean dynamical cool-
ing effect associated with enhanced upper ocean stratification and the
strong upwelling of the mean state (the “ocean dynamical thermostat
mechanism”). These results were later reproduced by Seager and
Murtugudde (1997) using a more complex oceanic general circulation
model. Hence, the tropical Pacific SST response to GHG warming remains
controversial and thus demands further investigation.

Note that the aforementioned studies have focused on the ocean-atmo-
sphere coupling processes within the tropical Pacific basin. Recent studies,
however, have shown that variability of the tropical Indian Ocean has pro-
minent impacts on the tropical Pacific at both interannual (Annamalai et
al., 2005; Xie et al., 2009) and decadal time scales (Han et al., 2014; Luo et
al., 2012; Luo et al., 2018; Zhang et al., 2018). Yet the possible role of the
tropical Indian Ocean in modulating the tropical Pacific response to
anthropogenic warming remains unclear. Despite the significant uncer-
tainties in the Pacific SST warming trend among different SST data sets,
all of the observed SST data show a larger SST warming in the tropical
Indian Ocean than in the tropical Pacific (Figure 1), suggesting that the
signal of an interbasin warming contrast is robust to cross-data set differ-
ences. Zhang et al. (2019) formulated a simple box model to investigate
this problem and found that the Indian Ocean warming reduces the
Pacific warming response to the GHG effect. Using atmospheric general
circulation model (AGCM) experiments, Zhang and Karnauskas (2017)
showed that the Indian Ocean warming trend strengthens the Pacific trade
winds (also see Luo et al., 2012; Han et al., 2014); the response of tropical
Pacific SST to the enhanced easterly trades, however, could not be exam-
ined by the standalone AGCM experiments. In this study, we analyze
the results from a suite of experiments using coupled global climate mod-
els, to assess the role of the tropical Indian Ocean warming in causing
Pacific SST anomalies (SSTA) under global warming.

To investigate the impact of tropical Indian Ocean SST warming on the tropical Pacific under global warm-
ing, a 10-member ensemble of Indian Ocean-Global Atmosphere (IOGA) pacemaker experiments (see
Kosaka and Xie (2013) for a description of the pacemaker methodology applied to the tropical Pacific) is
conducted using the National Center for Atmospheric Research (NCAR) Community Earth System
Model version 1 (CESM1; Hurrell et al., 2013). Each ensemble member has slightly different initial condi-
tions. In all IOGA pacemaker experiments, SST in the tropical Indian Ocean and part of the western Pacific
warm pool region is restored to observed values from National Oceanic and Atmospheric Administration
Extended Reconstructed SST version 3b (ERSSTv3b; Figure 2a). A sponge layer is utilized in the northern,
southern, and eastern boundaries of the restoring region. The rest of the global ocean is freely coupled to the
atmosphere. External forcing (both anthropogenic and natural) applied in IOGA is the same as that in
CMIPS5 historical simulations (1920-2005) and Representative Concentration Pathway version 8.5 (2006—
2013). Therefore, the ensemble mean of the IOGA experiments isolates the effects of both Indian Ocean
warming and external forcing. The IOGA experiments have been recently analyzed to explore the impact
of the tropical Indian Ocean forcing in affecting the midlatitude jet (Yang et al, 2019;

personal communication).
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SST trend during 1920-2013
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Figure 2. Trends of SST (°C/century) and surface wind stress (dyn cm™2
century_l) over the period 1920-2013 in the ensemble mean of IOGA
(SST in the Indian Ocean is restored to observations in addition to prescribed
external forcing, “IO + ext”), and CESM-LE with external forcing only (“ext
only”). The solid line in (a) (approximately 28°E-161°E and 16°S-14.5°N)
indicates where SSTs are restored to observations, and the area between the
solid and dashed lines denote the sponge layer. (a and b) Results for [OGA
and CESM-LE, respectively. (c) Differences between IOGA and CESM-LE
(IOGA-CESM-LE) which, by subtracting out the external forcing in the
CESM-LE, leaves only the influence of the Indian Ocean SSTs (“IO only”).
Shading and vectors in (a)-(c) denote results that are statistically significant
at 90% confidence level based on two-sided Student's ¢ test. (d) SST trend
(°C/century) averaged over the tropical Indian Ocean (15°N-15°S, 60°E—~
120°E) and eastern equatorial Pacific (5°N-5°S, 150°W-80°W). Red for
IOGA and blue for CESM-LE. (e) Percentage differences of SST trend (%)
between IOGA and CESM-LE. First column shows result for the tropical
Indian Ocean, and second column shows result for the eastern equatorial
Pacific.

Since we focus on the impact of the tropical Indian Ocean SSTA on the tro-
pical Pacific, we further analyze the CESM Large-Ensemble (CESM-LE;
Kay et al., 2015) experiments to extract the effects of the external forcing.
CESM-LE has 40 members with roundoff level perturbation added onto
the initial atmospheric temperature conditions. Since internal variability
is not synchronized across different ensemble members, the ensemble
average can filter out internal variability and primarily represent the effect
of the external forcing. Therefore, the differences between the ensemble
means of the two sets of experiments result mainly from the effects of addi-
tional Indian Ocean SST warming in observations compared to CESM-LE
(Figure 2). Whether or not the different magnitudes of Indian Ocean SST
warming between climate models and observational data sets result from
natural climate variability will be addressed later. Note that the model
configuration and external forcing applied in IOGA and CESM-LE are
identical. The only exception is the ozone forcing. While CESM-LE used
Whole Atmosphere Community Climate Model (Marsh et al., 2013) ozone,
IOGA was forced by Stratosphere-Troposphere Processes and Their Role
in Climate (Eyring et al., 2013) ozone data. This difference in external for-
cing causes statistically indistinguishable differences in simulated tropical
climate in CESM (e.g., Schneider et al., 2015), and therefore has minimal
influence on the results discussed here.

Observational SST data sets used in this study are from the Hadley Centre
Sea Ice and SST (HadISST; Rayner et al., 2003), the ERSST (version 3b
(Smith et al., 2008), version 4 (Huang et al., 2015), and version 5 (Huang
etal., 2017)), and the Kaplan SST (Kaplan et al., 1998). The analysis period
is 1920-2013, the same as the simulation period of the numerical experi-
ments described above. SSTA is obtained by removing the monthly clima-
tology during 1920-2013. Due to sparse observations during the early
twentieth century, the 1920-2013 trend of the atmospheric circulation
exhibits large spread across different atmospheric reanalysis data sets
(DiNezio et al., 2013). Hence, we mainly rely on model experiments to
examine changes in the Pacific Walker circulation under global warming,
although we used wind data from National Oceanic and Atmospheric
Administration twentieth-century reanalysis version 2c (Compo et al.,
2011) to analyze its mean state distribution. As a comparison, we also ana-
lyze the SST trend patterns for 1920-2013 from the historical simulations
and the Representative Concentration Pathway version 8.5 experiments
of 32 CMIP5 models (Table S1 and Figure 1d).

3. Results

Despite the uncertainties over the Pacific across different data sets due to
the different methodologies used to derive these gridded data sets, all
observational data sets exhibit a prominent warming trend in the tropical
Indian Ocean, which clearly outpaces the warming rate of the tropical
Pacific, although this interbasin warming contrast is smaller in

ERSSTv3b than that in HadISST and Kaplan SST (Figure 1). This result is different from the CMIP5 model
results, which show a similar (or smaller) magnitude of warming in the tropical Indian Ocean as (than) that
in the tropical Pacific. This interbasin warming contrast between tropical Indian and Pacific Oceans is robust
to uncertainties across different observed data sets, but it is totally missing in the climate model simulations.

To assess the impacts of the Indian Ocean warming and the external forcing on the Pacific SSTA, we analyze
the ensemble means of IOGA and CESM-LE experiments. Note that although part of the observed SST
warming in the western tropical Pacific is included in IOGA, the maximum warming in the region is mainly
located in the tropical Indian Ocean (Figure 2a). Under the influences of both Indian Ocean warming and
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SLP trend during 1920-2013

GHG forcing, the Pacific zonal SST gradient increases in IOGA, with a lar-
ger (smaller) SST warming in the western (eastern) tropical Pacific.
Correspondingly, easterly wind anomalies appear over the tropical
Pacific, suggesting an enhanced Pacific Walker circulation (Figure S2).
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The enhanced Pacific zonal SST gradient in the IOGA pacemaker experi-

15 ment is different from the SST trend pattern in ERSSTv3b, but consistent

1.2 with HadISST and Kaplan SST results, although the IOGA experiments
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120W  B0W 0 09 kened Walker circulation in the tropical Pacific region (Figures 2b and
1.2 1d). In the tropical Indian Ocean, easterly wind anomalies and a larger
s (smaller) SST warming in the western (eastern) Indian Ocean appear in

CESM-LE, which are consistent with the bias identified in CMIP models
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(Annamalai et al, 2017, Gent et al., 2011; Zhang & Li, 2014).
Corresponding to the opposite changes in the tropical Pacific SST and
N winds between IOGA and CESM-LE, precipitation changes in the two
0

120W  60W experiments are also opposite (Figure S3).

These differences between IOGA and CESM-LE highlight the important

-~ 17 —IOGA ——CESM-LE ) : T . .

‘> role of the tropical Indian Ocean warming in affecting change in the

% 051 Pacific (Figure 2c), and this effect is underestimated by the conventional

o 0 climate models. In response to the additional tropical Indian Ocean SST

£ 05 warming in IOGA relative to CESM-LE, pronounced strengthening of
0 6 CI)E 120E 180 120w 6ow 0 the easterly wind occupies the entire tropical Pacific, together with eastern

Pacific cooling anomalies. The tropical Indian Ocean is dominated by wes-

Figure 3. (a-c) Same as Figures 2a-2c but for SLP trend (hPa/century). terly wind anomalies, which are likely a Rossby wave response to the
Shading and vectors denote results that are statistically significant at 90% basin-wide SST warming and the associated positive precipitation anoma-

confidence level based on two-sided Student's ¢ test. (d) SLP trend averaged
between 5°N and 5°S. Red shows IOGA results, and blue shows CESM-LE

results.

lies (Gill, 1980). Overall, the observed Indian Ocean SST warming is
~73.5% larger than that in CESM-LE, which induces ~35.8% reduction of
warming in the eastern tropical Pacific in IOGA compared to CESM-LE
(Figures 2d and 2e). A recent study by Luo et al. (2018) also found that cli-
mate models tend to underestimate the interbasin warming contrast since the 1980s, which could contribute
to the simulated El Nifio-like SST warming pattern in recent decades.

How does the Indian Ocean warming affect the Pacific air-sea coupled system? As found in Zhang and
Karnauskas (2017), the additional warming in the tropical Indian Ocean relative to the tropical Pacific
enhances the Pacific easterly trades through an atmospheric bridge. Indeed, IOGA results show that warm-
ing in the Indian Ocean induces basin-wide negative sea level pressure (SLP) anomalies, which extend to the
western tropical Pacific as a Kelvin wave response (Figures 3a and 3c). Convective heating due to positive
precipitation anomalies associated with the tropical Indian Ocean warming likely also contributes to the
negative SLP anomalies in IOGA (Figure S3a; Gill, 1980). As a result, the zonal SLP gradient over the tropical
Pacific is enhanced compared to the mean state, inducing strengthened Pacific easterly winds (Figure 3d).
The agreement between previous AGCM results that are forced by tropical Indian Ocean SST warming trend
(e.g.Han et al., 2014, Luo et al., 2012, Zhang & Karnauskas, 2017) and IOGA results further supports that
change in the Pacific between IOGA and CESM-LE is primarily due to the Indian Ocean effect, although part
of the western tropical Pacific warming is included in IOGA experiments. By contrast, CESM-LE simulates
positive SLP and negative precipitation anomalies in the Indo-Pacific warm pool region in response to the
external forcing, which then drive westerly wind anomalies over the tropical Pacific (Figures 3b and 3d),
favoring the El Nifio-like SST warming. It is also noted that there is a significant connection to the
Atlantic as well, with positive SLP anomalies there associated with the SST forcing in the Indian Ocean
(Figure 3c), which could also contribute to the strengthening of the Pacific Walker circulation. Previous
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Ocean temperature and current trends
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studies have indeed shown close interbasin connections for the tropical
Atlantic-Indian Ocean (Li et al., 2016) and tropical Atlantic-Pacific
(England et al., 2014; Taschetto et al., 2015).

In IOGA, the enhanced Pacific easterly trades further cause Pacific cooling
anomalies (Figure 2c). Through strengthening the equatorial Ekman
divergence, the anomalous easterly trades enhance oceanic upwelling
and thus cause SST cooling in the eastern tropical Pacific, which partly off-
sets the anthropogenic warming effect (Figures 4a and 4c¢). In addition, the
surface westward ocean current anomalies driven by the easterly wind
anomalies increase the transport of the cold water from the eastern basin
to the central tropical Pacific. In the western tropical Pacific, enhanced
oceanic downwelling contributes to the prominent subsurface warming
anomalies. Consistently, negative (positive) sea level anomalies show up
in the eastern (western) tropical Pacific, suggesting shallower (deeper)
thermocline depth (Figures S4d and S4f). In addition to the ocean dynami-
cal effect, increased surface wind speeds over the tropical Pacific cause lar-
ger surface latent heat loss and thereby further cool down the ocean
surface (Figures S4 and S5). This effect, however, is confined in the central
equatorial Pacific, while in the eastern equatorial Pacific, the surface latent
heat flux trend is positive (less surface latent heat loss), which is due to
lower SST in situ. In the tropical Indian Ocean, westerly wind anomalies
drive eastward surface ocean current anomalies, piling up the warm water

400 )

500

¥;44.

in the eastern tropical Indian Ocean. Upper ocean current and tempera-
ture anomalies as well as sea level anomalies and surface wind speed
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anomalies in the tropical Indian and Pacific Oceans exhibit opposite

120w changes in CESM-LE compared to IOGA (Figures 4 and S4).
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The above results clearly show that the interbasin warming contrast, that
is, the greater warming in the Indian Ocean than in the tropical Pacific,
plays an important role in causing Pacific changes under global warming,
but this effect is not well simulated by climate models. These model-data
discrepancies could be due to the model biases in simulating the Indian
Ocean warming, and/or influences of natural internal climate variability.
To further shed light on this issue, we compare observational results with those from each member of the
CESM-LE and CMIP5 models. Note that differences among different ensemble members of CESM-LE are
solely due to influences of internal variability, while the spread of the CMIP5 model results is associated with
both internal variability and differences in model physics and structure. We find that the interbasin warming
contrast in the three observational data sets is well above the 90th percentile of that in CESM-LE and CMIP5
models (Figure 5a). The slightly negative mean and median values in climate models suggest that the simu-
lated Indian Ocean warming is actually smaller than that in the tropical Pacific. These results suggest that
the model-data differences of the interbasin warming contrast cannot be explained by influences of internal
variability, and thus could be primarily attributable to model biases in simulating external forced signals. It is
worth mentioning that the above comparisons have not fully taken into account the model biases in simulat-
ing natural internal climate variability; weaker-than-observed internal variability in climate models would
lead to underestimation of their impacts on the centennial trend and the small model spread in Figure 5,
which might contribute partly to the model-data differences.

0 0.25 0.5

-1
cm S

The warming trends in the tropical Indian and Pacific Oceans are further shown separately and compared
against each other in Figure 5b. The different interbasin warming contrast across different ensemble mem-
bers of CESM-LE is mainly due to variations in the simulated Pacific Ocean warming trend, which is due to
the influence of the Interdecadal Pacific Oscillation (IPO). The spread of the Indian Ocean warming in
CESM-LE is much smaller, indicating that the anthropogenic warming trend dominates its relatively weak
decadal variability (Zhang et al., 2018). By contrast, in the CMIP5 models, magnitudes of the warming trends
in the two ocean basins are tightly linked, with a large (small) Indian Ocean warming corresponding to a
large (small) Pacific Ocean warming, which may be related to different model sensitivities to the
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Figure 5. (a) Differences between tropical Indian Ocean warming trend (50°E-120°E, 20°N-20°S) and eastern tropical
Pacific warming trend (180°-90°W, 10°N-10°S). Positive values mean greater Indian Ocean warming trend than that in
the eastern tropical Pacific. First column shows results from observational SST data sets. Circle, square, and triangle denote
results from HadISST, Kaplan, and ERSSTv3Db, respectively. Results using ERSSTv4 and ERSSTVS are similar to ERSSTv3b
and thus are not shown. Second column shows the percentiles of the interbasin warming contrast in CESM-LE. Third
column is the same as the second column, but for CMIP5 results. Hollow circle and cross sign in second and third columns
denote the median and mean values. Gray bars and vertical lines denote 25th-75th and 10th-90th percentiles.

(b) Scatterplot of Pacific Ocean warming trend against Indian Ocean warming trend. Black circle, square, and triangle
denote HadISST, Kaplan, and ERSSTv3b results. Blue (red) dots denote CESM-LE (CMIP5) results.

anthropogenic GHG forcing. None of the CMIP5 models or CESM-LE can simulate an interbasin warming
contrast as large as that in observations.

4. Summary and Discussion

The spatial pattern of the centennial (1920-2013) SST warming trend in the tropical Pacific under influences
of anthropogenic forcing is still uncertain due to the cross-data and model-data differences. In spite of these
uncertainties, we find a robust signal of interbasin warming contrast from observations, with a larger rate of
SST warming in the tropical Indian Ocean than that in the tropical Pacific. This interbasin warming contrast,
however, is not captured by climate model simulations. By analyzing the ensemble mean of IOGA pace-
maker experiments and the CESM-LE, we isolate and compare the impacts of tropical Indian Ocean warm-
ing and external forcing on Pacific SST and Walker circulation under global warming.

The ensemble average of the CESM-LE, which measures the effect of external forcing, shows an El Nifio-like
SST warming in the tropical Pacific with an underestimated Indian Ocean warming rate. Instead of a faster
Indian Ocean warming, the model produces similar warming magnitudes in the tropical Indian and Pacific
Oceans. This result is consistent with the ensemble mean of CMIP5 models. In IOGA, which measures the
effects of external forcing plus realistic Indian Ocean warming, the tropical Indian Ocean warming rate out-
paces that in CESM-LE, introducing an interbasin warming contrast in the tropical Indo-Pacific region. The
prominent tropical Indian Ocean warming induces negative SLP anomalies that extend eastward to the wes-
tern tropical Pacific, which enhance the Pacific zonal SLP gradient and drive easterly wind anomalies. The
strengthened Pacific easterly trades enhance the oceanic upwelling, westward zonal currents, and latent heat
loss to the atmosphere, cooling the SST in the central and eastern tropical Pacific. Positive SLP anomalies in
the Atlantic Ocean due to the Indian Ocean forcing may also contribute to the strengthening of the Pacific
Walker circulation.

Note that it is the interbasin warming contrast, that is, the additional Indian Ocean warming relative to the
tropical Pacific, that enables the tropical Indian Ocean to actively affect the tropical Pacific. This is because
SLP anomalies are essentially a form of mass redistribution, and hence, it is the relative SST warming (com-
pared to the tropical mean warming), instead of the absolute SST warming, that is directly applicable to infer-
ring SLP anomalies, which are critical in driving large-scale wind anomalies. Such an argument is similar to
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the so-called “warmer-get-wetter” mechanism (Xie et al., 2010) and the dependence of changes of hurricane
activity on the relative SST warming (Latif et al., 2007; Lee et al., 2011; Vecchi et al., 2008; Vecchi & Soden,
2007a). Assuming a smaller warming rate in the tropical Indian Ocean than the tropical Pacific under global
warming, one would expect that the tropical Indian Ocean changes would be dominated by the remote
Pacific forcing, which seems to be the case in climate models.

One important question is what causes the smaller warming rate of the tropical Pacific than the tropical
Indian Ocean initially, which allows the latter to further suppress the warming response in the former region
via the interbasin atmospheric bridge, maintaining or amplifying the interbasin warming contrast. One plau-
sible hypothesis is the “ocean dynamical thermostat mechanism” (Clement et al., 1996; Sun & Liu, 1996).
The strong and persistent upper ocean upwelling in the eastern equatorial Pacific damps the surface warm-
ing caused by the anthropogenic GHG forcing, leading to a smaller warming rate in the tropical Pacific. In
the tropical Indian Ocean, the mean oceanic upwelling zone is located in the southwest tropical basin off
the equator, and therefore, the equatorial Indian Ocean SST increases faster than that in the tropical
Pacific under global warming, resulting in an interbasin warming contrast. Subsequently, the greater
Indian Ocean warming further reduces the Pacific positive SSTA. Hence, this is an interbasin
thermostat mechanism.

We further compare interbasin warming differences in observations with those in individual ensemble mem-
bers of CESM-LE and CMIP5 models and find that the observed values are well above the range of simulated
ones. This result suggests that the model-data differences may not be due to the influences of internal varia-
bility, but may be mainly caused by model biases, such as model biases in local air-sea interaction processes
in the tropical Pacific (Luo et al., 2018), and/or misrepresentation of the eastern equatorial Pacific circulation
and coupling (Coats & Karnauskas, 2018), both of which may lead to too weak ocean dynamical cooling
effect. Biases in the Indian Ocean mean states (SST is too high in the west) and associated biases in precipita-
tion and winds also likely contribute to model-data differences in the pattern and magnitude of the Indian
Ocean warming trend (Annamalai et al., 2017; Gent et al., 2011). The other possibility is that because the
Pacific cold tongue extends too far west in climate models, the simulated Pacific easterly trades are overly
strong, which may yield too strong influences from the Pacific to the Indian Ocean. Indeed, it is found that
the biases in the cold tongue and zonal winds are reduced in the IOGA experiments compared to the CESM-
LE, thanks to the realistic Indian Ocean SST forcing in the former (Figure S6).

The comparisons between observations and climate models, however, have not fully taken into account the
discrepancies of internal climate variabilities between them. Previous studies have at least partly attributed
the SST cooling trend in the tropical Pacific since the late 1990s to the negative phase of the IPO (England et
al., 2014; Kosaka & Xie, 2013; Zhang, 2016), yet the IPO amplitude is generally underestimated by CMIP5
models (Kociuba & Power, 2014). Therefore, the significant model-data differences of the interbasin warm-
ing contrast could be partly associated with model biases in simulating the natural internal climate variabil-
ities. Given the prominent role of the tropical Indian Ocean warming in contributing to Pacific changes
under global warming, it is important to explore in detail the causes for the large discrepancies in the
Indian Ocean warming magnitude between observations and climate models, and a future study targeting
the relative roles of external forcing and internal climate variability in causing the interbasin warming con-
trast is warranted.
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