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Abstract

Purpose of Review Understanding the changes in climate variability in a warming climate is crucial for reliable projections of
future climate change. This article reviews the recent progress in studies of how climate modes in the Indo-Pacific respond to
greenhouse warming, including the consensus and uncertainty across climate models.

Recent Findings Recent studies revealed a range of robust changes in the properties of climate modes, often associated with the mean
state changes in the tropical Indo-Pacific. In particular, the intermodel diversity in the ocean warming pattern is a prominent source of
uncertainty in mode changes. The internal variability also plays an important role in projected changes in climate modes.

Summary Model biases and intermodel variability remain major challenges for reducing uncertainty in projecting climate mode
changes in warming climate. Improved models and research linking simulated present-day climate and future changes are
essential for reliable projections of climate mode changes. In addition, large ensembles should be used for each model to reduce
the uncertainty from internal variability and isolate the forced response to global warming.

Keywords El Nifio-Southern Oscillation - Indian Ocean dipole - Indian Ocean basin warming - Indo-western Pacific ocean
capacitor - Greenhouse warming - Internal climate variability - Uncertainty in model projections

Introduction oceanic teleconnections, leading to great environmental and
socio-economic impacts [3, 4].

The leading modes of SST variability in the tropical Indian
Ocean (TIO) are the Indian Ocean Basin (IOB) and Indian
Ocean Dipole (IOD) modes [5]. They also affect regional

climate and billions of people in the surrounding regions

Internal climate variability in the tropical Indo-Pacific basin
significantly impacts the global climate system. Only on in-
terannual timescales, there are several important coupled
ocean-atmosphere modes in the region. El Nifio-Southern

Oscillation (ENSO) is the leading mode of sea-surface tem-
perature (SST) variability in the tropical Pacific. ENSO de-
velops via the coupled positive feedback between the ocean
and atmosphere, which is so-called Bjerknes feedback [1, 2].
It influences the global climate through atmospheric and
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[6-9]. IOD is an intrinsic mode of Bjerknes feedback [10,
11] in the TIO while the IOB mode is mainly forced by El
Nifo via atmospheric teleconnections [12, 13]. The maximum
basin warming usually occurs in boreal spring, lagging the
peak of El Nifio by 3—4 months.

Figure 1 shows the evolution of the three modes and their
influences on the climate system over the Indo-Pacific region.
During boreal summer to autumn, El Nifio causes convection
to shifts eastward, and the weakened Walker circulation trig-
gers 10D development (Fig. 1a) [14, 15]. During December to
February (Fig. 1b), the easterly wind anomalies over the equa-
torial Indian Ocean (EIO) excite the downwelling Rossby
waves in the southern TIO, resulting in the local warming in
the southwest 10, where the climatological thermocline is
shallow [16]. This southwest IO warming generates an anti-
symmetric rainfall/wind pattern across the equator (Fig. 1c)
[17], inducing a north Indian Ocean (NIO) warming by
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Fig. 1 a—d Schematic representation of the major SST anomalies and
atmospheric teleconnection over the Indo-Pacific oceans associated
with El Nifio events (adapted from Fig. 3 in Xie et al. 2016). a El Nifio
develops and interacts with pIOD during September—November; b El
Niflo and pIlOD impact on the South IO through westward Rossby
waves during December—February; ¢ Rossby waves inducing
Southwest 10 warming, which in turn induces an antisymmetrical wind

weakening the southwest monsoonal winds (Fig. 1d) [18].
This series of air-sea interactions over the TIO extends the
IOB warming through boreal summer following El Nifio. In
turn, the IOB warming enhances the Walker circulation over
the tropical Pacific and leads to a transition from El Nifio to La
Nifia [19].

The interactions between ENSO and IOB are important for
the Asia monsoon system (Fig. 1d). When El Nifio has ma-
tured, a large-scale anomalous low-level anticyclone estab-
lishes over the northwest Pacific (NWP) [20-22]. The IOB
warming excites a Matsuno-Gill pattern [23, 24], leading to
an atmospheric Kelvin wave trough to anchor the northwest
Pacific anticyclone (NWPAC) into post-El Nifio summer [8,
9, 25]. This NWPAC can affect the East Asia summer mon-
soon via exciting the Pacific-Japan (PJ) pattern [26], also
known as the East Asia-Pacific (EAP) pattern [27]. In addi-
tion, the NWPAC interacts with the NIO warming, resulting in
positive feedback [28]. Thus, the NWPAC and IOB warming
are also an intrinsic mode in the Indo-Pacific, called the Indo-
Western Pacific Ocean Capacitor (IPOC) [29].

These coupled modes are the sources of predictability on
seasonal to interannual timescales. They exhibit long-term

pattern over the tropical IO during March—May; d the second 10 warming
exciting a tropospheric Kelvin wave propagating into the western Pacific,
forcing the AAC and PJ/EAP pattern to affect East Asia during the
following summer. e Seasonality of major modes of Indo-western
Pacific climate variability. Vertical arrows indicate causality, and the
block arrow emphasizes the IPOC effect (adapted from Fig. 13 in Xie
et al. 2009)

changes in properties, dynamics and climate impacts in obser-
vations. For example, ENSO activity in the late twentieth cen-
tury was anomalously high during the past millennium based
on the tree-ring record [30, 31]. The instrumental record also
shows the increase in ENSO amplitude after the 1970s [32, 33].
Coincidentally, IOD and IOB both intensified in the twentieth
century in paleoclimate and instrumental records [33-35].
These long-term changes in climate modes have not been fully
understood. Global warming due to increased greenhouse gases
(GHG) is the most significant climate change in the recent
century and a half. It is unclear to what degree these ongoing
changes are associated with anthropogenic warming. This is
one of the most critical questions in current climate research.
Understanding the responses of climate modes to global
warming relies on climate model simulations. However, no
consensus emerges in the model projections on the amplitude
and frequency of these modes [36-39]. In recent years, the
response of Indo-Pacific climate modes (ENSO, IOD, and
IOB/IPOC) in a warmer climate has been extensively investi-
gated based on state-of-the-art models from the phase 5 of the
Coupled Model Intercomparison Project (CMIPS5), revealing a
series of model consensus. In addition, the sources of
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intermodel uncertainty in mode changes were also discussed.
This article aims to review the recent progress in the projection
of forced changes in tropical Indo-Pacific modes. In the “mod-
el consensus” section, we present the robust responses to glob-
al warming across models. Most of the robust changes are in
the mean state, regulating ocean-atmosphere coupling in the
Indo-Pacific region. The “uncertainty” section discusses dif-
ferent sources of intermodel uncertainty in projected changes
in climate mode. We show that they are mainly related to the
mean state changes. Internal variability also contributes to the
uncertainty in mode changes. In the “Summary and
Discussions” section, we summarize the progress and discuss
ways to reduce uncertainties in projecting climate mode
changes. This article focuses on the responses of climate
modes to anthropogenic warming. Low-frequency variability
of ENSO and other modes during the warm and cold climates
in paleoclimate records [40] are beyond the scope of this

paper.

Intermodel Consensus: Mean State Changes
in the Tropical Indo-Pacific Oceans

How climate modes change under global warming mainly
relies on the ocean-atmosphere mean state changes in the
tropical Indo-Pacific [37, 39], which are quite robust across
models. Figure 2 shows the mean state responses to global
warming associated with climate mode changes. As thermo-
dynamic responses to radiative forcing, the dry static stability
in the troposphere increases due to moist adiabatic adjustment
(Fig. 2a) [41, 42], while the upper-ocean stratification inten-
sifies because of more heat accumulated in the surface layer
(Fig. 2d) [43].

Furthermore, greenhouse warming leads to dynamical
mean state responses, such as the spatial pattern of ocean
warming and atmospheric circulation change (Fig. 2c). In
the tropical Pacific, SST warming peaks on the equator due
to reduced evaporative damping [44, 45] and intensifies in the
eastern Pacific with a weakened Walker circulation in most
models [46]. The easterly wind trend flattens thermocline in
the equatorial Pacific (Fig. 2d), maintaining the decrease in
zonal SST gradient by suppressing ocean upwelling in the
eastern Pacific [47]. This spatial pattern of SST warming,
which is quite similar to El Nifio on interannual timescales,
is called an El Nifo-like warming pattern, even though its
formation mechanism is different from that of El Nifio [37,
45].

Tropical precipitation also shows robust changes in a
warmer climate via thermodynamic and dynamic processes
[42, 45, 48, 49]. Particularly, ocean surface warming pattern
regulates precipitation following the “warmer-gets-wetter”
mechanism [45, 50]. It is worth noting that the warming pat-
tern in the tropical Pacific is not consistent among models.

@ Springer

Several models even project reduced warming in the eastern
equatorial Pacific (i.e., a La Nifia-like warming pattern) with
an enhanced Walker circulation [51-55].

There are similar dynamical responses of the ocean-
atmosphere mean state in the TIO (left in Fig. 2¢). The weak-
ened Walker circulation and easterly wind trend lead to less
(more) warming and shoaling (deepening) thermocline in the
eastern (western) EIO. The spatial pattern of SST change is
quite similar to a positive IOD (pIOD) event, called pIOD-like
warming pattern [39, 45, 56-58]. The change in precipitation
also follows the warmer-gets-wetter mechanism, displaying
decrease in the eastern TIO and increase in the western TIO.

The dynamical response of tropical mean state influence
climate worldwide under global warming [59]. In particular,
through modulating the ocean-atmosphere coupling, the mean
state changes affect the properties, dynamics and climate im-
pacts of climate modes in the Indo-Pacific region, such as
ENSO, 10D, and IOB.

ENSO Change Under Greenhouse Warming

How ENSO responds to global warming is one of the most
important issues in climate sciences. Numerous studies have
been conducted to investigate the response of ENSO to an-
thropogenic warming by using climate models. However, the
complex ocean-atmosphere coupling processes may offset
each other, leading to inconsistency in ENSO amplitude or
frequency changes among models [37, 60].

Recent studies intensively investigated the response of
ENSO to mean state changes, revealing a series of consensus
beyond the change in SST amplitude. Firstly, the precipitation
of ENSO significantly changes in multimodel projections.
Power et al. found that ENSO precipitation variability inten-
sifies and shifts eastward under greenhouse warming in the
absence of SST variability change [61]. This robust response
is tied to the surface ocean warming pattern in the tropical
Pacific, resulting in more extreme precipitation events.
Specifically, the enhanced warming in the eastern Pacific re-
duces the barrier to convective threshold approximated by the
tropical mean SST [62], leading to more frequent occurrences
of extreme precipitation over the eastern equatorial Pacific
during El Nifio [63]. This intensification of El Nifio-induced
precipitation can be reproduced in atmospheric models forced
by an El Nifo-like warming pattern [61, 64]. Besides, the
Maritime continent region warms faster than the central equa-
torial Pacific, leading to convection easier to move to the
Maritime region during La Nifa. Therefore, a smaller SST
cooling is sufficient to suppress convection over the central
Pacific, leading to an increased frequency of extreme La Niia
due to the enhanced convective feedback in a warming cli-
mate [65]. Recent studies diagnosed ENSO precipitation
change in a warming climate by using a decomposition
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The increased tropospheric stability decreases the sensitivity of zonal wind
to SST anomalies, leading to weakened atmospheric feedback of ENSO [41,
130] and IOD [56, 57], interactions between IOB and NWPAC [105, 106],
and tropical Atlantic-Pacific teleconnection [114, 115].
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Fig. 2 The major ocean-atmosphere changes in the Indo-Pacific
associated with changes in climate modes. a The tropospheric
temperature warming along the equator; b the present-day (black line)
and future (red line) regression of precipitation upon the IOD mode index
(left) and ENSO index (right) during September—November and
November—January, respectively. ¢ The annual mean changes in SST
(shading) and precipitation (contour). Blue arrows denote the weakened
Walker circulation under global warming. d The vertical structure of

method [66-69]. They found that the mean warming pattern
and the structural change in ENSO SST variability both con-
tribute to the changes in ENSO precipitation.

The change in ENSO precipitation further regulates ENSO
teleconnections into the extratropics [70, 71]. Specifically, the
intensification of ENSO precipitation in the eastern Pacific
influences the ENSO-induced Pacific-North America (PNA)
pattern [64, 72]. In an atmosphere model forced by an El
Nino-like warming pattern in the tropical Pacific, the ENSO-
induced PNA pattern intensifies and shifts eastward due to
similar changes in ENSO-induced convection anomalies on
the equator [64]. Further investigation suggested that the in-
tensification of the PNA teleconnections are more sensitive to
the central Pacific (CP) SST anomalies than the eastern Pacific
(EP) SST anomalies [73]. Also, the changes in the midlatitude
mean flow potentially influence ENSO teleconnections in a
warmer climate [74, 75].

It should be noted that owing to the nonlinearity of ENSO,
the change in ENSO precipitation is also asymmetric between
El Nifio and La Nifia [76-79]. The El Nifio-induced precipi-
tation mostly increases in the eastern equatorial Pacific, while

T T
135°W 90°W

ocean temperature changes (shading) with thermocline depth
(represented by the maximum vertical temperature gradient) in the
present-day (dashed line) and future (solid line). All the mean state
changes are calculated by the multimodel ensemble mean difference
between future climate (20462095 in RCP8.5) and present-day climate
(1950-1999 in historical simulation) from 34 CMIP5 models. The main
effects of mean state changes on climate modes are summarized in the
figure

the more suppressed convection appears in the central Pacific
during La Nifia [63, 65, 80, 81]. The nonlinearity of ENSO
SST also changes under greenhouse warming. A weakened
asymmetry of ENSO appears in most models due to both
oceanic and atmospheric dynamical responses [82, 83].
ENSO diversity or complexity is another essential charac-
teristic of ENSO [84, 85]. Previous studies suggested that
there are two types of El Niflo in observations and model
simulations—the canonical EP El Nifio and CP El Nifio
[86—88]. The increased frequency of CP El Nifio in recent
decades is regarded as a response to greenhouse warming.
Yeh et al. [89] found an increased frequency of the CP El
Nifo centered at Nifio4 region (160° E-150° W, 5° S—5° N)
under global warming, compared with that of the EP EI Niflo
centered at Nifio3 region (150° W—90° W, 5° S—5° N) in most
models. They suggested that the westerly wind trend shoals
the thermocline in the western to central equatorial Pacific,
increasing local SST variability and leading to more frequent
CP El Nifio events. However, changes in the intensity and
frequency of CP El Nifio remains controversial in CMIP5
models [90-92]. Taking into account that the locations of El
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Nifio differ among models, Cai et al. [93] pointed out that
indices of fixed location (e.g., Nifio3 and Nifio4) cannot well
represent the two types of El Nifo. Alternatively, they used
empirical orthogonal function (EOF) analysis to extract the
nonlinearity of ENSO and distinguish the locations of the
EP and CP El Nino [94]. Under this definition, the variance
of EP El Nifio increases under global warming with a robust
intermodel consensus. Their further analyses suggested that
the enhanced ocean stratification at the zonal wind anomaly
center, which locates west of the maximum SST anomaly, is
critical for the intensification of EP El Nifio via strengthening
the ocean-atmosphere coupling [93].

The above consensus is independent of the change in
ENSO SST amplitude, which is not consistent among models.
However, the SST amplitude of ENSO shows a significant
temporal evolution under global warming. Under greenhouse
warming, ENSO amplitude increases in the first few decades
and then gradually decreases [95]. This non-unidirectional
response is related to the change in sensitivity of thermocline
to wind forcing in the equatorial Pacific, which is modulated
by the unsynchronized warming rate between the tropical
Indian Ocean and Pacific.

In addition to dynamical processes, thermodynamical
damping also affects ENSO development. Particularly, the
cloud-radiation negative feedback is critical for the intensity
and frequency of ENSO [96, 97]. The response of ENSO
thermodynamics and its contribution to ENSO amplitude
change under global warming have not been fully understood.

Responses of Climate Modes in the TIO
to Global Warming

In observations, the occurrence of pIOD gradually increased
over the last 150 years [34]. This intensification of IOD is
related to the easterly wind trend over the EIO associated with
the weakened Walker circulation under global warming (Fig.
2). The easterly wind further shoals the thermocline in the
eastern EIO, leading to enhanced thermocline feedback of
10D [39, 56, 57]. However, there is no significant change in
IOD amplitude in most models [38, 57]. Further investigations
suggested that the increase in atmospheric stability weakens
the sensitivity of zonal wind to IOD SST anomalies, offsetting
the effect of increased thermocline feedback [56, 57]. The
increased occurrence of pIOD in observations is likely to re-
flect the plOD-like mean warming pattern. After removing the
long-term trend, the pIOD frequency stabilizes both in obser-
vations and model projections [39].

Similar to ENSO, the IOD-induced precipitation exhibits a
robust response to greenhouse warming. Cai et al. [98] found
the anomalous dry condition extending to the central EIO and
atmospheric convergence shifting farther west during several
strong pIOD years, leading to more extreme climate and
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weather events. They defined this kind of pIOD event as the
extreme plOD. Under global warming, the plOD-like
warming pattern and easterlies trend over the EIO facilitate
the eastern cooling of pIOD strengthening and extending
westward (Fig. 2b, c), leading to more extreme pIOD events.
Based on the scenario of the Representative Concentration
Pathway (RCP) 8.5, the frequency of the extreme pIOD is
projected to increase by almost a factor of 3.

The amplitude of pIOD events is usually larger than negative
10D (nIOD) events, which is referred to as the asymmetry of
10D amplitude. The IOD asymmetry is associated with the deep
thermocline and nonlinearity of oceanic feedback in the eastern
EIO [56, 99, 100]. Shoaling (deepening) thermocline during
pIOD (nIOD) causes a stronger (weaker) thermocline-SST feed-
back, further strengthening (weakening) the amplitude of pIOD
(nIOD). In a warming climate, shoaling of the mean thermocline
in the eastern EIO decreases the nonlinearity of thermocline-
SST feedback, indicating a reduced asymmetry of IOD ampli-
tude in models [47, 100]. The weakening of IOD asymmetry
further leads to a positive change of precipitation skewness in
the eastern EEIO (not shown). Note that the reduction of IOD
asymmetry is not contradictory with the abovementioned in-
creased frequency of extreme pIOD, because the extreme
plOD refers to the dry condition (negative precipitation) over
the central EIO [98]. The increased frequency of extreme pIOD
characterized by precipitation cannot help increase SST asym-
metry in the eastern EIO. The weakened precipitation asymme-
try in the eastern EIO and increased extreme precipitation in the
CEIO both indicate the westward shift of IOD-induced precip-
itation anomalies under global warming (Fig. 2b).

For the IOB/IPOC mode, there are some robust chang-
es associated with the local air-sea interaction over the
TIO and NWP, despite the mute response of ENSO am-
plitude. Some studies suggested that the IOB mode will
strengthen in a warming climate because of increased wa-
ter vapor and intensified tropospheric warming over the
TIO [101, 102]. The strengthened I0B mode further pro-
longs the anomalous NWPAC via the IO capacitor effect
[101, 103]. In particular, the intensification of anomalous
NWPAC is more pronounced following the short
decaying El Nifio event that fast transits to La Nifia, be-
cause the NWPAC is further intensified by the enhanced
La Nifia-induced precipitation anomalies over the central
equatorial Pacific [104]. In contrast, some other studies
suggested that anomalous NWPAC will weaken in a
warmer climate [105, 106]. They pointed out that the in-
creased atmospheric stability weakens Kelvin wave re-
sponse and reduces the El Nifo-related SST gradient be-
tween the TIO and the NWP, further attenuates the posi-
tive feedback between the NWPAC and IOB warming.

There is also a view that the interaction between the annual
cycle and interannual variability plays an essential role in the
development of the NWPAC [22, 107, 108]. Thus, the change
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in annual cycle under global warming, which shows a season-
al delay of subtropical mean state [109], may also influence
the IPOC mode in the future.

The Role of Interbasin Interactions in Climate
Mode Changes

Most of the above studies focused on the effects of local mean
state changes (e.g., SST warming pattern, circulation change,
stratification change) on the responses of climate modes to
global warming. Besides, interbasin interactions over the trop-
ical region is also an important part of internal climate vari-
ability and crucial for the development of climate modes
[110]. For example, the interactive feedback between ENSO
and the TIO climate variability (IOD and IOB) plays a crucial
role in the development of these modes [14, 15, 19, 111]. The
tropical Atlantic-Pacific teleconnection is also a potential trig-
ger of ENSO [112, 113]. However, the responses of interbasin
interactions to greenhouse warming and their potential roles in
mode changes have not been fully explored yet. Increased
tropospheric stability, which is one of the robust mean state
changes, tends to weaken the interbasin interactions. Indeed,
the tropical Atlantic-Pacific teleconnection is attenuated in
most model projections [114, 115].

There are also interbasin interactions on interdecadal and
lower timescales that influence ENSO and other climate
modes (see Fig. 3 of Cai et al. [110]). For example, different
warming rates between the tropical Pacific and the TIO
change the Indo-Pacific zonal SST gradient and thus the mean
zonal wind over the equatorial Pacific, further changing
ENSO activity via modulating the Bjerknes feedback [95].
The Atlantic decadal variability also affects ENSO intensity
and diversity by modulating the mean zonal and meridional
winds over the tropical Pacific [116—118]. How these process-
es change in a warmer climate needs further investigation.

Most abovementioned studies on mode changes are based
on high or medium GHG emission scenarios or idealized ex-
periments with a steady increase in radiative forcing to high-
light the importance of greenhouse warming. However, the
Paris Agreement called for a low-emission scenario to limit
global mean temperature (GMT) increase to below 2 °C or
even 1.5 °C at the end of the twenty-first century, requiring a
“peak-and-decline” GHG emission trajectory. It is also of im-
portance to understand the changes in climate modes under a
low-emission scenario. Based on the scenario of RCP2.6 (the
lowest emission scenario in CMIPS), Wang et al. [119] report-
ed that the extreme El Nifio events would unexpectedly con-
tinue to increase after the GMT has stabilized, but not follow
the peak-and-decline GHG trajectory. Further investigations
suggested that this continued intensification of El Nifio pre-
cipitation is associated with the slow oceanic response to glob-
al warming, which results in similar enhanced warming in the

eastern equatorial Pacific after GHG has stabilized [120-122].
These results highlighted the urgency of reducing GHG to
avoid more frequent El Nifio-related climate extremes in the
future. By contrast, the slow SST response in the TIO exhibits
a nearly uniform pattern, leading to a stabilized frequency of
extreme plOD after GMT peaks [123].

Uncertainty: Intermodel Diversity in Changes
of Indo-Pacific Climate Modes

Although previous studies obtained a series of consensus on
the changes in climate modes, large uncertainties remain
across models [37, 39], challenging our understanding of this
issue. Some of the abovementioned results are based on a
sample of selected models. That is, the related mode changes
are more robust in models that well simulate a particular as-
pect of the climate modes [63, 65, 93, 95, 98]. Recent studies
strived to explore the sources of uncertainty in mode changes.
Most of them attempted to link the uncertainties with those in
mean state changes, which effectively modulate climate
modes under global warming.

Among these mean state changes, the SST warming pattern
plays a crucial role in modulating climate modes. The
intermodel diversity in ENSO amplitude change is closely tied
to the spatial pattern of SST warming in the tropical Pacific
[124]. In models with enhanced warming in the eastern equa-
torial Pacific, the mean surface warming reduces the barrier of
mean SST to the tropical convection threshold and further
intensifies convective feedback and hence interannual SST
variability. Since the mean SST warming pattern is a major
source of uncertainty in projections for mean precipitation and
atmospheric circulation over tropical oceans [125], many oth-
er studies suggested that the change in ENSO SST amplitude
is also related to those in mean precipitation and atmospheric
feedback across models [126—128]. Besides, the mean
warming pattern reflects oceanic responses in the tropical
Pacific, which potentially influence ENSO amplitude. For ex-
ample, the change in subtropical cells linked with that of
Walker circulation is another potential explanation for the di-
vergent projection of ENSO amplitude change under global
warming [129].

Figure 3a shows the scatterplot between the mean warming
pattern and ENSO amplitude change among 37 CMIP5
models'. Here the Nifio3 SST change relative to the tropical
mean (AT Nizos) represents the spatial pattern of mean
warming, and the standard deviation of Nifo3 SST (0 7\iz03)
represents ENSO amplitude. The significant intermodel
AT Ninos—A 0 Thinos correlation (= 0.51) indicates the impor-
tance of the mean warming pattern to ENSO amplitude

% Including 34 CMIP5 models with a single run and 3 sets of large ensemble
experiments.
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Fig. 3 a Intermodel scatterplots
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change. Similar positive correlations can also be obtained by
using the amplitude changes in Nifio3 precipitation and
Southern Oscillation index instead of Nifio3 SST [125]. It
should be noted that the horizontal intercept of the
AT Nisos—A0Tninos linear regression is negative, indicating
a decreased ENSO amplitude with uniform warming
(AT \isos = 0) in tropical oceans. This weakened ENSO ac-
tivity is associated with decreased atmospheric response to
SST anomalies because of the increased tropospheric stability
[130].

Intermodel uncertainty in IOD change is also associated
with the mean state changes in the TIO. In models with larger
shoaling thermocline in the eastern EIO and easterly wind
trend along the equator, there are increased amplitude and
reduced asymmetry of IOD and vice versa [57, 100].
Although IOD is interactive with ENSO, no intermodel cor-
relation emerges between amplitude changes of the two
modes (Fig. 4a) [57]. For the IOB mode, intermodel diversity
in amplitude change is significantly correlated with that in
ENSO amplitude change (Fig. 4b). By contrast, there is no
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evidence to show that the intermodel change in IOB amplitude
is related to that in local air-sea interactions over the NIO and
the NWP [105].

The Role of Internal Climate Variability

Besides the model uncertainty, internal climate variability is
another important source of uncertainty in model projections
[131]. Internal variability can regulate not only the warming
rate of GMT [132, 133] but also climate modes. In paleocli-
matic and instrumental observations, there are significant low-
frequency modulations of coupled modes in the Indo-Pacific
[30, 31, 35, 134-136]. In models, ENSO amplitude also ex-
hibits pronounced multidecadal modulation interactive with
decadal variability in the tropical Pacific. Specifically, a zonal
dipole-like tropical Pacific decadal variability is significantly
correlated with ENSO amplitude in long-term control run
without external forcing [137-141].
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Fig. 4 Scatterplots of the ratios of Nifio3 SST amplitude with a IOD
amplitude and b IOB amplitude between future climate and present-day
climate in CMIP5 multimodel ensemble (red dot), CESM-LE (green
square), GFDL-LE (yellow diamond), and MPI-GE (blue triangle). The

Previous studies on projections of climate modes often
used a multimodel ensemble (MME) with only one simulation
for each model. In this case, the diversity in model projections
does not only come from model differences but also partly
attributed to internal variability [142, 143]. It is necessary to
understand the influence of internal variability on projections
of climate modes. Recent studies used large ensemble simu-
lations to assess the effect of internal variability on ENSO
future change [144-146]. In a large ensemble experiment, all
members use the same model and external forcing with small
initialization differences. Thus, the intermember diversity in
climate mode changes is solely attributed to internal variabil-
ity. Based on the large ensemble for Community Earth System
Model (CESM-LE) [143], Zheng et al. [144] estimate the
influence of internal variability on uncertainty in ENSO pro-
jections. The intermember uncertainty in ENSO amplitude
change is comparable with the CMIP5 intermodel uncertainty
that results from both model response and internal variability.
Therefore, it is difficult to disentangle the model response of
ENSO from internal variability based on CMIP5 MME with a
single ensemble member for each model [146]. A medium
ensemble (~ 15 members) is needed to detect the forced re-
sponse of ENSO amplitude in the CESM RCP8.5 scenario
[144].

To assess the influence of internal variability on projected
changes in ENSO, we analyzed three sets of large ensemble
experiments, which are the 40-member CESM-LE, a 30-
member GFDL-ESM2M Large Ensemble (GFDL-LE)
[147], and a 100-member MPI-ESM Grand Ensemble (MPI-
GE) [148]. All of them are forced by historical and RCP8.5
external forcing until 2100. The spreads in ENSO amplitude
change for three large ensembles are all comparable with the
CMIP5 intermodel spread (Fig. 3b). By contrast, the
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green, yellow, blue, and red stars denote the ensemble mean of CESM-
LE, GFDL-LE, MPI-GE, and CMIP5 multimodel, respectively. The
dashed line denotes the linear regression in CMIP5 ensemble

intermember uncertainty in AT wizo3 for each large ensemble
is much lower than that in CMIP5 models, indicating a robust
model response of mean warming pattern over the tropics
[131, 142]. Also, the relatively large intermodel uncertainty
of mean warming indicates that the warming pattern in the
tropical Pacific is mainly determined by model biases, such
as excessive cold tongue [54, 149], unrealistic cloud-radiation
feedback [150] and equatorial ocean dynamics [151].
Comparing the model responses (i.c., the ensemble mean)
of three large ensembles and CMIP5 MME mean (bars in Fig.
3b), 0TNino3 tends to increases (decreases) with enhanced
(weakened) AT Nisos, following the linear
AT Nisor—A 0 TNiso3 relationship (Fig. 3a). A similar but
weaker AT Nino—A0Tinos relationship also exists in each
large ensemble. Additionally, internal variability influences
the intermodel AT Nizos—A0Tninos relationship. The
intermodel correlation for all models (CMIP5 MME and three
large ensembles) varies from 0.35 to 0.6 if only one member is
selected to represent each large ensemble (Fig. 3c¢).
Particularly, when the ensemble mean represents the model
response for each large ensemble, the intermodel
AT Nisos— A0 Tninos correlation is 0.5, near the median of
the distribution for all AT Nize3—A0Tnizes correlations.
Internal variability also influences the model projection of
10D change. Hui and Zheng suggested that the intermember
uncertainty in IOD amplitude change from CESM-LE is about
40% of that from CMIPS MME [152]. In large ensembles, the
intermember spread in IOD amplitude change is significantly
correlated to that in ENSO amplitude change (Fig. 4a),
reflecting the importance of ENSO for 10D development.
The internal variability of mean thermocline depth in the east-
e EIO also influences changes in IOD amplitude and skew-
ness via modulating the Bjerknes positive feedback [153]. The
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intermember diversity in IOB amplitude change is highly cor-
related to that in ENSO amplitude change for all three large
ensembles (Fig. 4b). Till now, no study investigates how in-
ternal climate variability influences projected changes in local
ocean-atmosphere interactions of IOB/IPOC.

Summary and Discussions

Interannual climate variability has great impacts on global and
regional climate. This article reviews the recent progress in the
responses of interannual climate modes in the tropical Indo-
Pacific to global warming. Based on the state-of-the-art model
projections, studies revealed a series of consensus on changes
in ENSO, 10D, and IOB/IPOC modes. The spatial pattern of
mean ocean warming leads to robust changes in ENSO-related
atmospheric anomalies despite the disagreement among
models regarding changes in ENSO SST amplitude.
Specifically, ENSO precipitation and teleconnections
strengthen and shift eastward in most models on account of
the enhanced warming in the eastern equatorial Pacific. Mean
state changes also influence other properties of ENSO, such as
diversity and asymmetry. Similarly, the changes in IOD are
associated with the mean state changes in the TIO. For exam-
ple, the pIOD-like warming pattern leads to an increased fre-
quency of extreme IOD events, while the shoaling thermo-
cline in the eastern EIO weakens the asymmetry of IOD am-
plitude. For the IOB/IPOC mode, the capacitor effect on
anomalous NWPAC weakens, even though the IOB warming
seems to strengthen in a warming climate. It is noted that
ENSO precipitation will intensify due to slow oceanic
warming, leading to a continued increase in extreme El Nino
frequency long after the GMT stabilization.

Despite the abovementioned consensus, there are still large
intermodel uncertainties in climate mode changes, which are
associated with those in mean state changes. Specifically, the
spatial pattern of SST warming is a major source of uncertain-
ty in projected ENSO and 10D amplitude change across
models. Internal variability is another important source of un-
certainty in climate mode changes. The uncertainty in ENSO
amplitude change from internal variability is comparable with
that from the model response. Reducing the considerable un-
certainty in mode changes is in urgent demand for understand-
ing the climate mode changes in a warming climate.

Intermodel uncertainty from the model response is associ-
ated with different physics and dynamics across models. Most
coupled models still suffer from a lot of common biases such
as double ITCZ, excessive cold tongue and overly easterly
wind along the EIO [154—-156]. These biases influence simu-
lations of the present-day climate modes [36, 157—-162] and
the mean warming pattern [53, 54, 149, 163, 164], which are
both crucial for projected mode changes. Therefore, many
abovementioned consensuses on mode changes are based on
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a sample of selected models with more realistic simulations on
the present-day climate (e.g. [63, 65, 93, 95, 98, 105]).
Furthermore, previous studies also attempted to link the
intermodel diversity of projected ENSO amplitude change
with that in the present-day climate simulation [165, 166].

Recently, an emergent constraint (EC) approach is applied
to reduce the uncertainty from the model response [167-170].
This approach is based on dynamic mechanisms to find sig-
nificant relationships between current climate simulations and
projected climate changes among models. According to the
difference between the present-day climate simulation and
observations, we can get the corresponding reliable climate
projections. By using the EC approach, previous studies have
corrected the mean warming pattern in the tropical Indo-
Pacific that is of importance to mode changes [53, 54, 171],
implying the feasibility of this approach for correcting the
projected climate mode changes. Li et al. [171] used the EC
approach to correct the projection of IOD. They suggested that
the model biases in the TIO cause a specious plOD-like
warming pattern, further leading to an increased frequency
of extreme I0D. After removing the effect of model biases
by the EC approach, there is no significant change in the
frequency of extreme pIOD. However, given other model
biases such as overly shallow eastern EIO thermocline and
low eastern EIO SST and rainfall, another study suggested
models underestimate the increase in the frequency of extreme
pIOD under global warming [172].

Different model biases in the tropical Pacific also have
opposite effects on ENSO changes because of complex
ENSO dynamics. By using the EC approach to removing the
effect of equatorial Pacific cold tongue bias, most models
consistently project an El Nifo-like warming pattern [53,
54], which favors an increase in ENSO amplitude [125]. In
contrast, other studies suggested that a model without the
biases of upper-ocean thermal stratification tends to project a
La Nina-like warming pattern associated with a weakening of
ENSO variability [163, 164]. How to use the EC approach to
improve the reliability of climate mode projections still needs
further investigation, which requires a better understanding of
ocean-atmosphere dynamics in observations and models.

The effect of internal variability on uncertainty in climate
projections can be estimated and reduced by large ensembles.
However, only a few models provide a large ensemble exper-
iment until now. Here, we suggest large or medium ensembles
instead of a single ensemble member for all models to inves-
tigate the projected changes in climate modes, despite sub-
stantial computational and storage resources required [143].
Based on the multimodel large ensemble, we are able to get
the real forced responses of climate modes, which will im-
prove our understanding of intermodel relationships between
mean state simulation and climate mode changes. This will
further help us reduce uncertainty via the EC approach.
Overall, insightful understanding of climate mode dynamics
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and improvements in model realism with large simulation
samples are essential for reliable projections of climate mode
changes in a warming climate.
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