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Abstract
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TheIndian Ocean Dipole (I0OD) strongly affects the climate of the
Indo-Pacific. Observations suggest a shift towards stronger and
earlier positive IOD (plOD) events alongside anincreased amplitude
of seasurface temperature (SST) anomalies, but uncertainty
remains, impeding assessments of ongoing changes. In this Review,
we synthesize the available knowledge of projected changesin the
IOD during the twenty-first century under anthropogenic warming.
Compared to observations, models struggle to simulate the Bjerknes
feedback, asymmetry in the strength of positive and negative IOD
anomalies and EI Nifio-Southern Oscillation or monsoonal forcings.
Yet several models do capture important feedbacks reasonably well
and offer useful tools with which to assess IOD evolution. A plOD-like
SST warming pattern (an enhanced west-minus-east SST gradient)
alongside shifts in feedback process drive corresponding changes
to the IOD. Over the course of the twenty-first century, robust
changesinclude: enhanced IOD SST variability (as measured by the
first principal component of spring SST variability, not the dipole
modeindex); anincrease in strong rainfall plOD events; anincrease
and decrease in the frequency of strong-plOD and moderate-plOD,
respectively, as defined by SST; and anincrease in the frequency of
early-plOD events. Palaeo evidence reveals similar increases in the
magnitude and frequency of plOD events underpinned by a similar
pattern of mean state change (Last Glacial Maximum, post-1960),

reinforcing 10D projections. Sustained international efforts are needed

toimprove IOD simulations and reduce projection uncertainties.
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Introduction

ThelODis the dominant mode of interannual climate variability in the
tropical Indian Ocean. It is characterized by an SST seesaw between
the western and eastern tropical Indian Ocean', wherein a plIOD
exhibits negative SST anomalies off SumatraandJava, and positive SST
anomalies off east Africa; the converse is true for anegative IOD (nlOD).
ThelOD exhibits distinct seasonality, developing during austral winter
(June,Julyand August;JJA) and maturingintospring (September, October
and November; SON).

These changes in SST and heat transport have marked climatic,
ecological and societal impacts. For instance, plOD events dampen
biological activity (chlorophyll @) in the western Indian Ocean owing
towarm water convergence and depressed upwelling, whereas inten-
sified upwelling enhances biological activity in the eastern Indian
Ocean*’. Climatically, plOD-related SST anomalies strengthen the
zonal west-minus-east SST gradient, shifting deep atmospheric con-
vection westward®, promoting increased rainfall and flooding (and
corresponding landslides and malaria outbreaks’’) in east Africa’®™,
butdroughtinIndonesiaandsoutheastern Australia.Indeed, the strong
2019 plOD event displaced millions of people across Africa away from
flooding” and contributed to the devastating ‘black summer’ bushfires
across southeasternand eastern Australia, which caused the deaths of
more thanonebillionanimals, the destruction 0of 59,000 buildings™®,
and the release of 700 million tonnes of carbon dioxide". Further
afield, plOD-induced atmospheric circulation anomalies contribute
toreduced rainfall over Europe, northeast Asiaand South America'®"”,
and suppressed tropical cyclone activity in the Atlantic?®?',

These effects highlight a clear societal need to understand how
the 10D might respond to greenhouse warming. However, decipher-
ing these changesisacomplexissue. Onthe one hand, climate models
reveal no inter-model agreement in projected changes when using a
conventional IOD index — the dipole mode index (DMI) — based on fixed
regions of the western and easternIndian Ocean**’, On the other hand,
models consistently project faster warming in the western equatorial
Indian Ocean (EIO) thanin the eastern EI0* %, establishing a plOD-like
warming patternthat features anincrease in the west-minus-east mean
SST gradientand a correspondingincreasein plOD events with strong
rainfall anomalies®.

In this Review, we synthesize knowledge on how the IOD might
respond to awarming climate inthe twenty-first century. We begin with
adescription of observed fundamental IOD characteristics, including
itsforcings, feedbacks, diversity and teleconnection. We follow with a
discussion of how these processes are simulated in the latest climate
models participating in the Coupled Model Intercomparison Project
phase 6 (CMIP6) (ref. 29). Projected changes in the mean state, [OD
feedbacks and IOD SST variability are subsequently assessed, followed
by discussion of influences from the mean state change and possible
modulating factors, including ENSO-10D and monsoon-10D inter-
actions, mean state bias and internal variability. We then synthesize
insights into IOD properties and changes from palaeo-proxy data.
The Review ends with a discussion of research priorities.

Indian Ocean Dipole dynamics and characteristics
Examination of the IOD and its changes relies on observations. In the
Indian Ocean, however, such observations were sparse before the mid-
twentieth century (particularly for SST*°"*?), and exhibit substantial
differences across products even after 1990 (refs. 33-35): for exam-
ple, ERSST** and HadISST* cannot fully capture magnitude of strong
plOD events in 1997 and 2019 (Supplementary Fig. 1). Nevertheless,

observational and reanalysis products are frequently used to assess
historical variability of the IOD and validate climate models that are
used to make future projections. Here, the major characteristics and
properties of the IOD are described using the multi-product mean of
more realistic SST products®®*** (Supplementary Fig. 1), focusing on
feedbacks, forcings, teleconnections, diversity and changes.

Processes of 10D lifecycle

plOD events emerge through various dynamical and thermodynami-
cal feedback processes, including the Bjerknes feedback, the wind-
evaporation-SST feedback and the SST-cloud-radiation feedback.
Bjerknes feedback effectively operates during JJA and SON when
favourable climatological conditions occur — boreal summer Asian
monsoon-related”*~* southeasterly winds along the Sumatra-Java
coast that produce a mean shallow thermocline in the east (Fig. 1a),
allowing upwelling to influence the surface and strengthen air-sea
coupling®*¢, Specifically, easterly wind anomalies induce enhanced
upwelling and shoal the thermoclinein the eastern EIO, cooling the sea
surface; the strong west-minus-east SST gradient, inturn, strengthens
the easterly wind anomalies?; equatorial easterly anomalies drive a
southern off-equatorial downwelling Rossby wave; the Rossby wave
reflects as adownwelling Kelvin wave at the western boundary, driving
anomalous Ekman pumping and warm SST anomalies in the western
EIO*~°.Inaddition, increased wind speeds from the superposition of
easterly anomalies onto climatological easterlies enhance eastern EIO
SST cooling viawind-evaporation-SST feedback?. In turn, cooling off
Sumatra-Java suppresses local atmospheric convection, increasing
downward shortwave radiation that warms the surface and dampens
negative SST anomalies through the SST-cloud-radiation feedback™.

Nonlinear processes are also integral to IOD dynamics®***"*2,
During SON in particular, exceptionally strong easterly wind anoma-
lies cause nonlinear zonal advection®*’, cooling the eastern EIO by
transporting heat towards the western EIO. Concurrently, anomalous
upwelling and vertical temperature gradients cause nonlinear vertical
advection, bringing colder deep water to the surface?>*"**=>, These two
nonlinear advection terms reinforce the growth of high-magnitude
cool eastern EIO SST anomalies, as evident during strong plOD events
in 1961, 1994,1997,2006 and 2019 (refs. 6,49,51,52) (Fig. 1b). These
collective air-sea feedbacks usually operate until the IOD reaches
maturity into austral spring.

Following maturity, shifting climatological conditions cause the
termination of plOD events. Specifically, the onset of the austral sum-
mer Australian monsoonin early December reverses the climatological
winds to westerlies. The thermocline subsequently deepens, upwelling
stops, and easterly anomalies offset the climatological westerlies,
whichare not conducive to the growth of cold eastern EIO SST anoma-
lies through the wind-evaporation-SST feedback®®. These actions
rapidly terminate the plOD event.

During nlOD events, SST anomalies (warming in the eastern EIO,
coolinginthe western EIO) are generally more subdued than for plOD
events owing to weaker feedbacks. Bjerknes feedbacks operate in the
opposite manner to plOD: westerly wind anomalies deepen the ther-
mocline in the eastern EIO, warming the sea surface; the decreased
west-minus-east SST gradient, in turn, strengthens the westerly wind
anomalies; equatorial westerly anomalies drive asouthernoff-equatorial
upwelling Rossby wave; the Rossby wave reflects as an upwelling Kelvin
wave at the western boundary, cooling SST anomalies in the western
EIO. The SST responses to thermocline depth (the thermocline feed-
back) are much weaker compared to plOD events, largely because the
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Fig.1| The observed characteristics and changes in the Indian Ocean Dipole dotsindicate plOD events in the moderate regime, where the M-index (calculated
since1958. a, June-November climatological mean SST (upper panel, shading), as (PC1-PC2)/v2))is>1.25s.d.d, Timeseries and SST spatial patterns of the S-index
surface wind stress (upper panel, arrows) and 5°S-5°N averaged subsurface and M-index. e, The detrended spring canonical dipole mode index (DMI), with
temperature (lower panel, shading) and thermocline depth (lower panel, black black dots representing plOD events when the DMlis >0.75 °C. f, 31-year sliding
contour) in1958-2022. b, Relationship between nonlinear advection feedbacks trends for June-November zonal SST gradient (red; the SST difference between
and eastern equatorial Indian Ocean (EIO) SST, expressed as a quadratic nonlinear the western EIO (red box ina) and the eastern EIO (blue box in a)), thermocline
function (purple). c, The relationship between the normalized first two principal depth (blue) over the eastern EIO, and zonal wind stress (black) over the central
components (PCland PC2) of springtime (September-November) tropical Indian tropical Indian Ocean (CTIO; black box ina).Ind and e, valuesin grey and pink
Ocean SST, expressed as a nonlinear function (purple). Yellow dots indicate boxesindicate the standard deviations of the index in1958-1989 and 1990-2022,
positive Indian Ocean Dipole (plOD) events in the strong regime, wherein the respectively. Inall panels, ocean variables are the multi-product mean®*~*2. The IOD
S-index (calculated as (PC1+ PC2)/+2)) is >1.5 standard deviations (s.d.), and blue is nonlinear, with the mean state becoming more plOD-like.
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thermocline is already climatologically deep in the eastern EIO, and
hence any additional thermocline deepening has minimal effect on
the surface warming®>*>"%8_In contrast, the SST-cloud-radiation
negative feedback is greater than for plOD events, given that an nlOD
warming-induced cloud increase over the eastern EIO does not have a
limitinits curtailing effect on the SST anomalies®. Nonlinear advection
further dampens nlOD warm anomalies in the eastern EIO. For exam-
ple, as warm anomalies grow, enhanced advection from the west of
water withareduced west-minus-east gradient prevents warmsignals
becoming too warm®*>*>*® (Fig.1b). These differencesin SST anomalies
between plOD and nlOD lead to anegative eastern EIO SST skewness; by
contrast, the equivalent differences are far smaller for the western
EIO primarily because of the climatologically deep thermocline and,
therefore, low skewness. Consequently, there is a positive skewness
in the DMI*%7%,

10D triggers and modulating factors

In addition to feedback processes, the 10D is also modulated and
triggered by ENSO, largely via the Walker circulation®®®". Specifically,
eastern equatorial Pacific surface warming associated with an EINifio
weakens the Walker circulation, generating easterly wind anomalies
in the equatorial Indian Ocean*®®>®* that trigger initiation of a plOD;
LaNifia events conversely trigger anlOD through strengthening of the
Walker Circulation, driving westerly wind anomaliesin the equatorial
Indian Ocean. However, as demonstrated by the development phase
of strong plOD eventsin1961and 2019, and anlOD in 2016, I0D events
canoccurindependently of ENSO"***° through processesinternal to the
Indian Ocean®>*"%, However, ENSO-forced I0Ds tend to develop and
peaklater than ENSO-independent 10Ds, probably due to the tendency
for ENSO anomalies to peak towards austral summer®”®,

The boreal summer Asian monsoon also strongly controls the
triggering of 10D events***>’°, For instance, early onset of the Bay of
Bengal summer monsoon promotes equatorial easterly wind anoma-
lies®®”!, initiating early-plOD occurrences. These early-plOD events
develop and mature prior to austral spring, and have been observed
after the 1970s, as in 2007 and 2008 (refs. 71,72). In a similar vein, the
South China Sea summer monsoon can also induce a plOD event by
suppressing atmospheric convection over the Maritime Continent,
favouring anomalous southeasterly winds off Sumatra and Java, asin
1961and 2006 (refs. 73,74).

The IOD is also modulated by various other climate processes.
For instance, persistent SST anomalies from the subtropical Indian
Ocean Dipole (aseesaw in SST anomalies between the southwest and
northeast southern Indian Ocean that peaks in December-February”’®)
influence wind anomalies in key 10D regions. During a positive sub-
tropical Indian Ocean Dipole, cold anomaliesin the northeast southern
Indian Oceaninduce southeasterly wind anomalies off Sumatra-Java,
conducive to the development of plOD events™ 77, asin1997 and 2006
(ref.77). Arcticseaiceis also thought to affect the IOD. Positive boreal
winter Arctic sea ice anomalies reduce wind speed in the subtropical
Atlantic, warming SSTs through reduced evaporative cooling, in turn
triggering a Rossby wave train that produces anomalous low pres-
sure over the northern Arabian Sea, inducing a plOD’®, Volcanism can
similarly force the IOD, as shown in models by a Pinatubo-like tropical
terrestrial volcanic eruption cooling Africa, promoting westerly wind
anomalies over the tropical Indian Ocean that force an nlOD event”.
Finally, the Pacific Decadal Oscillation exerts influence on the IOD on
decadal timescales. The positive phase of the Pacific Decadal Oscilla-
tion weakens the Indonesian throughflow, shoaling the eastern EIO

thermocline, intensifying thermocline feedback®** and promoting
easterly wind anomalies along the tropical Indian Ocean®*° that are
conducive to plOD events.

10D teleconnection

10D SST anomalies trigger tropical and extratropical atmospheric
teleconnections® *, The tropical teleconnection is an equatorially
trapped, deep baroclinic response to convective heating anomalies.
plOD-related anomalously cool SSTs in the east drive anomalous sub-
sidence and higher-than-normal surface pressure, promoting drought
conditions over Sumatra-Java. Conversely, warm SST anomalies in
the west encourage anomalous ascending motion and low pressure,
promoting increased rainfall over eastern Africa’®™.

These diabatic heating anomalies also excite equivalent barotropic
Rossby wave trains that propagate into the extratropics® . During a
plOD inJJA, negative convective anomalies coincide with cooler SSTs
in the east®, triggering Rossby wave trains with a Pacific South America
(PSA)-like pattern. This PSA-like pattern features a high-pressure centre
south of Australia, reducing the midlatitude westerlies across south-
ern Australia and, thereby, rainfall>*° (Supplementary Fig. 2a). In SON,
strengthened SST anomalies enhance and shift the teleconnectionslightly
westward®. The resulting PSA-like wave train curves eastward and pole-
ward toward the Antarctic before veering equatorward along eastern
South America. The high-pressure centre near the Amundsen Sea Low, for
example, reduces sea ice in the Bellingshausen Sea sector”, while other
pressure centres over South Americaencourage anomalously high rainfall
over Chile and southeastern South America’ (Supplementary Fig. 2b).
Inthisway, whenaplODis concurrentwithanEINifo, it reinforces EINino’s
impacts®. During nlOD events, the teleconnections are generally opposite
butastrongasymmetry existsin linewith thelOD amplitude asymmetry”.

10D diversity
Individual IOD events can exhibit substantial diversity
This diversity can be described in terms of contrasting impacts (for
instance, the intensity of floods in eastern Africa and drought over
Sumatra-Java®), contrasting forcings (for instance, whether SST anoma-
lies are concurrent with or independent from ENSO®**, or whether
the 10D is forced by the Asian monsoon or not”), contrasting devel-
opment and maturity timing (for instance, whether SST anomalies
develop and mature in austral winter, that is, one season earlier than
the canonical I0D”"7?), and contrasting SST patterns and intensity
(forinstance, the centre of maximum SST anomaliesin the east or the
west****%). These contrasts are not necessarily independent and canbe
linked to the same external forcings. For example, the onset of the Asian
monsoon can lead to either a canonical plOD that developsinJJA and
peaksinSON or an early-plOD that matures about one season early®*”’2,
ThelODdiversity that stems from the patternand strength of SST
anomalies describes two preferred IOD regimes: strong-plOD features
the dominance of cool anomalies inthe eastern pole, underpinned by
nonlinear advection linked to an exceptionally strong upwelling and
westward upper ocean current, while moderate-plOD features the
dominance of warm anomaliesin the western pole governed by Ekman
pumping®*. These two plOD regimes can be represented by an empiri-
cal orthogonal function (EOF) decomposition of SON SST anomalies
over the equatorial Indian Ocean domain (Fig. 1c) (refs. 6,34,49,52),
with the index for strong-plOD events (the S-index) calculated as
(PC1+PC2)/¥2),and theindex for moderate-plOD events (the M-index)
calculated as (PC1 - PC2)/v2) (Fig. 1d) (ref. 49); the anomaly pattern
associated with the first principal component (PC1) represents the

49,72,76,94,95
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classic plOD pattern, while that of the second principal component
(PC2) features a westward extension of cold anomalies from off
Sumatra-Java, modifying the first EOF pattern to yield inter-event
diversity***.

Observed changesin thelOD

Notable changes have been observed to the IOD. One such change
includes anincrease in the variability amplitude of the DMI under-
pinned by changesin the climatological tropical Indian Ocean featuring
afaster warmingin the west, stronger equatorial easterlies and a shal-
lowing thermocline in the eastern EIO since the late 1950s (Fig. 1e,f).
Inparticular, more frequent strong-plOD events have occurred, going
from one event in the pre-1990 period (1961) to four events in the
post-1990 period (1994,1997,2006 and 2019) (refs. 6,34,44,49,52,98)
(Fig. 1d). In addition, plOD events are also developing and maturing
earlier after the 1970s”7?, consistent with an earlier onset of the Bay
of Bengal monsoon or the South China Sea monsoon”>’*?’, However,
giventheshort observational record, itis not clear whether and to what
extent these changes are attributable to greenhouse warming, and
whether they will continue, necessitating the use of climate models.

Simulating IOD dynamics and characteristics

These observed processes and characteristics are often difficult to
correctly simulate in climate models. Indeed, there are persistent
model biases across multiple model generations (including CMIP6)
in the simulation of the climatological tropical Indian Ocean*1°°1%2,
Forexample, the equatorial climatological easterlies are overly strong,
the thermocline overly shallow, and SSTs too cold over the eastern
EIO (Supplementary Fig. 3). These mean state biases could affect the
simulation of IOD dynamics and characteristics, causing uncertainty
whenassessing the future evolution of the IOD. We next discuss model
simulations of these characteristics and their biases.

Simulated processes of IOD life cycle
Simulation of basic 10D characteristics includes correct seasonality,
skewness and amplitude. The majority of models are able to simulate
10D maturity in austral spring, but there are differences from obser-
vations. For example, the IOD peaks in October in observations, but
in November and September in the ensemble of CMIP5 and CMIP6
models, respectively'®. In contrast, many models cannot simulate nega-
tive eastern EIO SST skewness — the greater amplitude of cold eastern
EIO SST anomalies during plOD compared to warm eastern EIO SST
anomalies during nlOD — with 19 of 24 selected models (chosen on the
basis of simulated IOD seasonality and negative eastern EIO SST skew-
ness) simulating skewness that is too small (Fig. 2a). IOD amplitude is
alsobiased, asdemonstrated by 17 of the 24 selected models exhibiting
DMl variability that is overestimated compared to observations.
Dynamical and thermodynamical feedbacks also exhibit large
spread among models. Relative to observations, the wind response
to SST feedback (Ekman pumping) tends to be underestimated in
about 90% of models (Supplementary Fig. 4a) and the thermocline
response towind overestimated in about 70% of modelsin JJAand SON
(Supplementary Fig. 4b); by contrast, the multi-model ensemble mean
of thermocline feedback is close to the observed value and exhibits
no clear systematic bias (Supplementary Fig. 4c). There is a strong
relationship of thermocline feedback with DMIamplitude, reinforcing
its dominant role in driving 10D variability. The nonlinear advection
feedback is also reasonably represented (Fig. 2b), exhibiting a high
inter-model correlation with DMIamplitude. Moreover, the majority of

CMIP6 models display arelationship in whichanincreased downward
netheat fluxinto the oceanis associated with cold SST anomalies over
the eastern EIO, which encapsulates the net heat flux from the negative
SST-cloud-radiative and the positive wind-evaporation-SST feed-
backs (Supplementary Fig. 4d); therefore, during a plOD event, the
effect of reduced cloud coverin response to anomalous surface cooling
overwhelms the wind-evaporation-SST feedback in the eastern EIO,
although the modelled net negative feedback is overall weaker than
the observed value in about 70% of models (Supplementary Fig. 4d).

The asymmetry in the strength of the feedbacks between plOD
and nlODis generally underestimated, leading to weaker skewness'**.
In observations, the thermocline feedback is stronger during plOD
events***>*71% s the climatologically deep mean thermocline in the
eastern EIO is more sensitive to easterly wind anomalies, which shoal
it. The shoaling, in turn, brings cool deep water closer to the surface,
further cooling the cold SST anomaly and enabling a plOD to develop.
In climate models, however, the overly shallow mean eastern EIO ther-
mocline increases the sensitivity of the thermocline variability to
westerly anomalies thatare conducive to warm anomalies, reducing the
amplitude asymmetry. As such, the thermocline feedback asymmetry
exhibits astrong negativeinter-model relationship with eastern EIOSST
skewness (Supplementary Fig.5a). The nonlinear advection feedback,
which is reasonably simulated, also contributes to the skewness as it
dampenswarm SST anomalies but reinforces cold SST anomalies®****
(Supplementary Fig. 5b).

Simulated major 10D triggers

Climate models capture many factors that trigger and modulate IOD
variability, including ENSO and the monsoon, although their linkage
could be underestimated relative to the available observations. The
coherence between ENSO and the 10D (the tendency for a plOD to
co-occur with EINifio development over austral winter and spring, and
annlOD with LaNifia) is arobust feature in most climate models'**'%%1”,
Their linkage is highlighted by a strong inter-model relationship
between ENSO and 10D amplitudes®'®*'°¢1% However, the strength
of ENSO-IOD coherence varies greatly across models and tends to be
slightly weaker than observed, with14 of 24 selected models exhibiting
anunderestimation (Fig. 2c). Various factors could contribute to this
weaker relationship: the relatively higher occurrence of IOD events
independent of ENSO in models'®, and the tendency for IOD events to
besimulated the year after an EINifio owing to biases in ENSO oceanic
teleconnections associated with crude representation of the complex
maritime continent topography'®.

Monsoonaltriggers of the simulated IOD also tend to be underesti-
mated. In particular, 19 of 24 selected models display aweaker relation-
ship than observations, probably related to the problematic simulation
of monsoon onset process’"""’ (Fig. 2c). Other IOD-modulating factors
such as Pacific decadal variability also tend to be underestimated
by climate models in refs. 111,112, but the observational records are
too short to confirm this, particularly when considering that the
amplitude of simulated decadal variability is comparable to palaeo

estimates'®.

Simulated IOD diversity

Aswithother factors, CMIP6 models tend to under-represent IOD event
diversity. Event diversityisrelated to the nonlinear relationship between
thefirstand second principal components of equatorial SSTs, measured
asa. Thestrength of the nonlinear advective feedback which underpins
10D asymmetry tends to increase with a (Fig. 2d). Models with alarger
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Fig.2|Simulated twentieth-century Indian Ocean Dipole characteristics.

a, Inter-model spread in September-November (SON) dipole mode index

(DMI) variability and SON eastern equatorial Indian Ocean (EIO) sea surface
temperature (SST) skewness for 24 selected CMIP6 models and the multi-

model ensemble. Dashed lines indicate observed values based on the multi-
product mean. b, The inter-model relationship in nonlinear advection and

DMl variability in SON. The correlation coefficient is indicated in the top left,

and theline of best fitin black. ¢, Inter-model spread in couplings between the
EINino-Southern Oscillation (ENSO) and the Indian Ocean Dipole (I0D) and
between the monsoon and the I0OD. The ENSO-10D and monsoon-IOD couplings

Nonlinear advection variability ("°CNm2)

are calculated as the correlation coefficients between the SON Nifi03.4 index
and the SON DMI, and between the central tropical Indian Ocean zonal wind
anomalies in May and JJA DM, respectively.d, Asinb, but the inter-model
relationship between variability in the nonlinear advection and @ in SON; ais
the nonlinear coefficientin the quadratic function between PCland PC2, that is,
PC2(t) = a[PC1()]* + BPCI(¢) + y. Band y refer to the linear regression coefficient
and noise, respectively. CMIP6 model biases include large IOD amplitude, weak
skewness and weak monsoon-10D coupling, but these are not as severe as once
thought compared to more realistic products.

avalue generally have a larger skewness in the S-index, but smaller
skewnessinthe M-index (Supplementary Fig. 6). Among the 24 selected
models, only13 capture the nonlinear feature of plOD with agreater than
half of the observed value (Fig. 2d). Thisunderrepresentation might be
related tounderestimated ENSO-10D and monsoon-lOD relationships.

Moreover, models also show diverse ability in simulating the early-
plOD. Among 63 CMIP5 and CMIP6 models, only 25% of the models
capturethe features of the early-plOD as observed, owing to deficien-
cies in the simulation of intraseasonal variability and convection”"°.
This deficiency is presumably related to model simulation of the Asian
monsoon which substantially influences the development of early IOD
by modulating zonal wind along the tropical Indian Ocean”’.

Projected change in the IOD

Prior assessments of IOD changes are somewhat contradictory, sug-
gesting increased 10D rainfall variability® but no consensus on DMI
SST variability change*?*’, However, selecting models in terms of their
ability to simulate 10D diversity produces an inter-model consensus
on changes in IOD amplitude and related feedbacks. We next discuss
projected changes to the IOD.

Projected meanstate changes

Changes in the tropical Indian Ocean mean state have a strong bear-
ing on the 10D response to greenhouse warming®*****’, In response to
increased greenhouse gas emissions, the western EIQis projected towarm

Nature Reviews Earth & Environment



Review article

faster than the eastern EI0?**°, weakening the Walker circulation*+¢
and causing anequivalent change inmeanrainfall between west and east
(Fig.3a). The enhanced west-minus-east SST gradient is associated with

a Change in SST and rainfall

strengthened climatological easterlies along the tropical Indian Ocean,
driving an west-to-east upward thermocline tilt” (Fig. 3b). The magnitude
of such a plOD-like warming pattern increases linearly with the global

b change in thermocline depth and zonal wind
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Fig.3|Projected changes in the mean state and feedbacks. a, Mean state
change in sea surface temperature (SST; shading) and rainfall (contours)
between the twentieth and twenty-first centuries in June-November for the
multi-model ensemble. Green and purple contours represent positive and
negative rainfall changes, respectively, drawn at intervals of 0.2 mmd™°C™.
Dotted areas and thicker contours indicate statistically significant differences
above the 90% confidence level, as revealed by a Student’s ¢ test. The projected
changes have been scaled by the corresponding increase in global mean surface
temperature in eachmodel. b, Asin panel a, but for projected changes in thermo-
cline depth (shading) and surface zonal wind stress (contours). Blue contours
represent easterly wind anomalies, drawn at intervals of 0.002Nm™2°C™.

¢, Theinter-model spread in the simulated and projected thermocline feedback
forJJA (grey) and SON (orange). d, As in panel ¢, but for simulated and projected
wind response to SST feedback. e, Comparison of SON nonlinear advection
variability over the twentieth (blue bars) and twenty-first centuries (red bars)
across different models and the multi-model ensemble (MME). Seven models
that simulate areductionin variance are greyed out. Error bars in the multi-
model mean correspond to a one-standard-deviation range of the uncertainty
based on abootstrap method. Projected positive Indian Ocean Dipole (plOD)-
like mean state change leads to a stronger thermocline feedback and oceanic
nonlinear advection, but weaker response of zonal winds to SST anomalies.
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a Spread in model SON PC1 variability
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mean temperature rise’®. In addition, the atmospheric air columnis pro-
jected tobecome more stable as the troposphere warms faster than the
surface'”"® reducing zonal wind variability*>**""’ (Supplementary Fig. 7a).

Projected changes in the feedbacks
Shiftsin the meanstate are expected to cause corresponding changes
in 10D feedback processes. For instance, shoaling of the eastern

f Changein SON IOD teleconnection

2.4¥10°

24 16 -08 0 08 16
A500-mb streamfunction response (m?s°C-)

EIO thermocline is conducive to a strengthened thermocline feed-
back?**'°, as found in more than 90% of selected models in JJA and
SON (Fig. 3¢c). As a consequence of the more stabilized atmosphere
and weakened zonal wind variability, there is also strong inter-model
agreement for a weakening of the wind response to SST feedback?>*
(Fig. 3d) and the thermocline response to wind feedback in SON
(Supplementary Fig. 7b). These changes in the thermocline feedback

Nature Reviews Earth & Environment



Review article

Fig. 4 | Projected changes in first principal mode SST variability, the

strong- and moderate-plOD regimes, and changes in 10D teleconnection.

a, Simulated variability of the first principal component (PC1) of tropical Indian
Ocean seasurface temperature (SST) during September-November (SON) in the
twentieth (blue bars) and twenty-first century (red bars). Models that simulate
areductionin variance are greyed out. Error bars in the multi-model ensemble
(MME) mean correspond to the one-standard-deviation range of the uncertainty
based onabootstrap method. b, Relationship between the first two principal
component time series of equatorial (5°S-5°N, 40°E-100°E) Indian Ocean SST
anomalies for the twentieth century based on the eight CMIP6 models that
simulate at least half of the observed nonlinearity. Yellow dots denote strong-
positive Indian Ocean Dipole (pIOD) events when the S-index ((PC1 + PC2)/v2)
is>1.5s.d., and blue dots denote moderate-plOD events when the M-index
((PC1-PC2)/¥2)is>1.25s.d. The frequency of strong and moderate events is
noted, with a one-standard-deviation range indicating the uncertainties based
onabootstrap method. The purple line indicates a quadratic fit using PC1

and PC2 time series from the aggregate of the eight models. ¢, As in panel b,
but for the twenty-first century. d, As in panel a, but for July-August (JJA) PC1
variability, with the models that simulate areduction in variance greyed out.
e, The twentieth-century IOD teleconnection pattern (contours), calculated
asthe 500-mb streamfunction regressed onto the JJA PC1 timeseries, and the
difference in regression patterns between the twentieth and the twenty-first
centuries (A; shading). Solid grey and dashed black lines indicate positive and
negative streamfunction anomalies, respectively, from -9 to +9 x 10° m?s™ °C?,
atintervals of 3 x10° m*s™ °C™%. Dotted areas indicate statistically significant
differences above the 90% confidence level, based onaStudent’s ¢ test. f, Asin
panel e, but for SON. Thereisinter-model consensus on a projected increase
in1OD variability in austral winter and spring with a correspondingly stronger
teleconnection. The increase in 10D variability translates to a decreasing
frequency of moderate-plOD but anincreasing frequency of strong-plOD
and early-plOD.

and wind response to zonal SST gradient offset each other, leading to
muted changes in DMISST variability?>**. In addition, faster warming
in the west compared to the east means that there is an easterly wind
trend in the mean state change and that the centre of atmospheric
convectionis easier to move westwards; as such, asmaller perturbation
isrequired to generate the same size of easterly anomalies, conducive
tononlinear advection feedback in the twenty-first century®* (Fig. 3e).
Moreover, thereisanincrease in thermal damping as the background
SSTincreases (Supplementary Fig. 7¢).

Increased strong plOD rainfall

Based on rainfall anomalies, future pIOD events are anticipated to
become more extreme. This process occurs even if IOD SST variabil-
ity does not change. Namely, the pattern of projected SST warming
facilitates the movement of atmospheric convection to the west,
with anincrease in plOD events characterized by anomalously higher
rainfallin the western Indian Ocean and eastern African countries®'®%,
Feedback processes also contribute to these changes: the westward
movement of convection moves initial cold and dry anomalies in the
east westward; these push easterly anomalies and the western Indian
Ocean convergence further toward Africa; corresponding equato-
rial upwelling and the westward oceanic current increase nonlinear
advection feedback; cold and dry anomalies are amplified in the east,
reinforcing a strong plOD.

Theseincreases are apparent across several generations of mod-
els. For instance, an ensemble of CMIP5 models that are selected
following similar model selection criteria reveal a 150% increase
in the frequency of such strong rainfall plOD events (from 5.8 to
15.9 events from the twentieth to twenty-first centuries) under the
Intergovernmental Panel on Climate Change (IPCC)’s Representaive
Concentration Pathway (RCP) 8.5 (ref. 6; in RCP8.5, emissions con-
tinue to rise throughout the twenty-first century). Selected CMIP6
models suggest slightly stronger changes, projecting a shift from
3.6 to 17.0 events per 100 years under the IPCC’s Shared Socioeco-
nomic Pathways (SSPs) 5-8.5 (SSP5-8.5 have very high greenhouse gas
emissions; Supplementary Figs. 8a and b). The evolution of green-
house gas emissions, however, isimportant for the trajectory of IOD
changes; CMIP5 models forced with RCP2.6 (very stringent reduc-
tion in carbon dioxide emissions) indicate that strong rainfall plOD
frequency stops increasing at approximately 2050 when the global
mean temperature stabilizes®.

Increased strong-plOD and reduced moderate-plOD
Simulated IOD SST anomaly centres are vastly different across models,
meaning that any assessment should be based on the variability centre
unique to each model'®, as represented by the dominant principal
component. Averaged across all events, IOD SST variability tends to
increase under greenhouse warming. For CMIP6, thereisinter-model
agreement on the projected changes in the first principal mode of
SON SST variability from the twentieth to twenty-first century; 18 out
ofthe 24 models project anincrease, aninter-model agreement that is
greater thanwhen the DMlis used (Fig.4a and Supplementary Fig. 8c).
Theresponse of the average pattern does notreflect the response
ofalltypes of plOD event, but encompasses anincrease in strong-plOD
(S-index) and a decrease in moderate-plOD (M-index), dominated by
cool anomalies in the east but by warm anomalies in the west, respec-
tively (Fig. 1d). The majority of models perform poorly in simulating
the distinctanomaly centres of moderate- and strong-plOD, with only
15 CMIPS5 and five of the then-available CMIP6 models capturing at
least 50% of observed regimes*. Those modelsindicate a22% increase
in SST variability of the strong-plOD regime and a15% decrease in SST
variability of the moderate-plOD regime®. Findings are broadly simi-
lar when using only CMIP6 models that meet the same criterion: the
S-index amplitude increases by 23.2% (strong-plOD events increase
infrequency from 3.6 to13.0 events per 100 years), while the M-index
amplitude decreases by 13.6% (moderate-plOD events decline in fre-
quency from11.0to 5.2 events per 100 years) (Fig. 4b,c). These changes
areunderpinned by strong inter-model agreement.

Increased early-plOD

In addition to a projected increase in the frequency of strong-plOD,
early-plOD events are also expected to become more frequent. While
not all models are able to reproduce the characteristics of observed
early-plOD events, in part because of a poor simulation of the monsoon
onset process™’, six CMIP5 and ten CMIP6 models performsimilarly to
observations. 75% of these models simulate an increase in early-plOD
events under SSP5-8.5; their frequency rises 73% from 1.90 events
every 31 yearsinthe beginning of the twenty-first century to 3.28 events
in 31 years at the end of the century’. The increase is underpinned by
astronger thermocline feedback in JJA (Fig. 3¢) and an early summer
monsoon onsetin May”'?, Consistently, JJA SST variability associated
with the IOD (PC1) increases in 18 of 24 models, and with statistical
significance in the multi-model ensemble (Fig. 4d).
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Intensification of teleconnections

Although there is seemingly consensus on changing 10D variability,
potential changes in their teleconnections remain little explored'*.
However, several teleconnection changes can be inferred from the
changes in the mean state and in 10D variability. First, sensitivity of
rainfall anomalies to the IOD would increase even if IOD SST variabil-
ity does not change®; this change occurs as a result of the SST warm-
ing pattern, an increase in atmospheric moisture?'** and associated
enhancement in evaporation. Second, the overall impact of any tel-
econnections will increase, given the intensification of circulation
anomalies from the projected increase in IOD variability. A stronger
tropical response will drive more extreme short-rain season floods in
eastern African countries but more severe drought over Indonesia'*.
The stronger extratropical response (Fig. 4e,f), which features stronger
high pressure south of Australia®, will lead to more severe drought over
Australia. Such exacerbated impacts are expected inregions affected
by downstream anomaly centres, such as Chile and southeast South
America®. The impact would be particularly extreme during future
strong-plOD events in SON given thatincreased 10D variability arises
fromincreased SST variability associated with the strong-plOD regime.
Inaddition, during future moderate-plOD events, the reduced impact
associated with the weaker circulation anomalies is compensated by
theincreased sensitivity to the mean state changes.

Bringing these collective changes in 10D together, it can be
inferred that strong-plOD variability in rainfall and SST anomalies
will increase by 2100 under continued greenhouse warming. Simi-
larly, early-plOD SST variability will continue to increase. In contrast,
moderate-plOD SST variability will tend to decrease.

Factors influencing 10D projections

Understanding the dynamics behind the projected IOD changes is
essential to reduce uncertainties. We next discuss the shiftin themean
state, which has strong bearing on the IOD projection, as well as the
influencing factors of ENSO, the monsoon, internal variability and
the mean state biases.

Impacts from mean state change

Increased variability of strong-plOD (represented by the S-index) is
underpinned by faster warming in the west compared to the east®*’,in
turn, linked to aweakened Walker circulation*?%*"*, The associated
strengthened easterlies and westward shift of the atmospheric convec-
tion centre mean that a smaller perturbation is required to generate
the same size of easterly anomalies, conducive to strengthening of
nonlinear advection feedback, with a strong inter-model agreement
(Supplementary Fig. 9a) (refs. 6,49). The reductionin moderate-plOD
variability (represented by the M-index) is supported by amore stable
atmosphere because of afaster warming in the lower troposphere than
the surface, drivingareductioninzonal wind response to SST feedback
and, therefore, in zonal wind variability (Supplementary Fig. 9b). The
decreasein the easterly wind anomalies limits Ekman pumping, which
drives warm anomalies of the moderate-plOD*.

Impacts from changes in ENSO and monsoon

Present-day relationships between ENSO and the IOD imply that any
projected changesinthe IOD might arise fromrelated changesin ENSO.
Specifically, models with stronger ENSO variability tend to simulate
greater IOD variability in the current climate®'**'%%'%°, Given that most
models project anincrease of CP-and EP-ENSO variability under green-
house warming'?*"**1% it is possible that projected increases in IOD

variability are forced by changes in ENSO-10D coupling. However,
the absence of inter-model consensus on projected ENSO-I0OD cou-
pling (Fig. 5a) suggests that IOD changes are unlikely to occur owing
to changes in ENSO®*'2¢,

Likewise, a change in monsoon-10D coupling is also expected
to contribute to IOD changes. Despite the poorly simulated Asian
monsoon and its onset in many CMIP6 models’'*"'*, monsoon-10D
couplingis projected tointensify under anthropogenic warming with
strong inter-model agreement’". Indeed, the correlation between
monsoon onset (as represented by May CTIO zonal wind anomalies)
and the JJA 10D index (PC1) becomes more negative in the majority
of models (Fig. 5b). This change is consistent with more frequently
simulated early-plOD events” and therefore increased austral winter
10D variability (Fig. 4d) (ref. 126), given that the Asian monsoon is
their maindriver.

Internal variability and mean state biases

Internal variability is one main source of the uncertainty in climate
projections'”’. Using a large ensemble of simulations from a single
climate model in which the only difference is the initial conditions
with small perturbations, the spread of IOD amplitude change caused
by internal variability can reach up to 40% of the inter-model spread
of the CMIP5 multi-model ensemble'”. The spread can be driven by
ENSO', or the mean eastern EIO thermocline depth™°, whichis differ-
entacross experiments. To minimize the influence from internal vari-
ability and maximize the climate change signal, a‘model democracy’
approach™ is often used to assess the inter-model consensus in the
projected changes, which uses one experiment from each model to
avoid dominance by models with many experiments; comparing two
century-long periods could also help. However, the difference might
still contain acomponentinduced by internal variability°.

Common mean state biases in the tropical Indian Ocean per-
sist**2* and could modulate IOD projections. Generally, such biases
are conducive to an overly strong Bjerknes positive feedback giving rise
to greater IOD amplitude'®>'®’, Accordingly, the projected frequency
increase in strong-plOD events could be overestimated'”**. However,
asystematicinter-model relationship between the projected changein
suchstrong-plOD and biases in the thermocline implies that the shallow
thermocline bias inhibits further thermocline shallowing, suggesting
anunderestimationin the projected frequency increase”°>'2, Indeed,
the majority of models tend to underestimate their projected increase
in strong-plOD SST variability and frequency”'** (Fig. 5c).

Although the projected change in IOD variability is primarily
determined by mean state changes®*****’, changes in ENSO and Asian
monsoon also contribute. In addition, projection continues to be
uncertain owing to internal variability and model biases.

Palaeoclimatic perspectives

The brevity of reliable SST observations and climate model biases
hampers our understanding of the IOD, contributing to the uncertain-
ties ofits changing behaviour*'”, Palaeoclimate data from a range of
proxy types (and often interpreted alongside palaeoclimate simula-
tions) offer an additional stream of evidence with which to assess IOD
variability in a warming climate, and include: coral and fossil coral
records to reconstruct IOD variability since the mid-1800s"® and fur-
therbackin time®***°, respectively; marine sediment cores to recon-
struct century- to millennial-scale changes in tropical Indian Ocean
mean SST*% isotopic analysis of individual foraminifera in marine
sediments to reconstruct interannual SST variability during the Last
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Fig.5|Projected changes in ENSO-10D and monsoon-10D couplings,

and impacts of mean state bias on the IOD changes. a, Inter-model spread in
simulated and projected coupling between EI Niflo-Southern Oscillation (ENSO)
and the Indian Ocean Dipole (I0D) for the selected CMIP6 models. b, Asin panel
a, but for monsoon-10D coupling. ¢, The inter-model relationship between
twentieth century climatological mean central tropical Indian Ocean (CTIO)
zonal wind stress and projected S-index sea surface temperature (SST) variability

changes (A) across the selected CMIP6 models. The dashed vertical line indicates
the observed climatological mean CTIO zonal wind stress. The correlation
coefficient (r) and p value are indicated in the top left, and the line of best fit in
black. Although there is no inter-model consensus on changes in ENSO-10D
coupling, monsoon-10D coupling intensifies under greenhouse warming, and
overly weak westerly winds along the equator potentially reduce the increase in
strong-plOD.

Glacial Maximum'?; and lake and marine sediment leaf wax isotopes to
reconstruct hydroclimate changes linked to the Indian Ocean Walker
circulation™*',

These palaeoclimate data indicate an enhanced frequency and
magnitude of plOD events™®. In particular, discontinuous time slices
over the past millennium reveal only ten strong plOD events, four
of which occurred after 1960 (ref. 44). This change coincides with a
shift to a more plOD-like mean state™®>*%, If current trends continue,

assuggested by climate projections®**'*, then the frequency of plOD
events will imminently emerge above the range of natural variability
over the last millennium (Fig. 6a). Nevertheless, evidence of strong
events during the seventeenth century suggests that the magnitude
of 10D variability could remain within the bounds of natural variabil-
ity. For instance, coral data identifies an event in around 1675 that
was around 27-40% stronger than the extreme 1997 and 2019 events
(Fig. 6b,c) — the largest events in the instrumental record**.
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d, Schematic of Indian Ocean mean state and eastern IOD variability changes
during the Last Glacial Maximum. e, As in panel d, but contemporary changes.
Palaeoclimate data indicate thata far stronger plOD is possible, particularly in the
eastern pole where SST variability is projected toincrease substantially, and that an
increase in 10D variability isaccompanied by astrengthening in the west-minus-east
mean SST gradient.

Times of enhanced 10D variability, as exhibited post-1960 and
during the Last Glacial Maximum, related to periods of an enhanced
west-minus-east SST gradient owingto faster warming over the western

EIO than the eastern EIO™ (Fig. 6d,¢). Indeed, during the Last Glacial

Maximum, there was a near-doubling of interannual variability in

the upper-ocean mixed layer of the eastern IOD upwelling region'*.
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An increase in the west-minus-east SST gradient resulted from
restricted Indonesian throughflow of warm waters from the western
Pacificinto the Indian Oceanand, therefore, enhanced eastern EIO cool-
ing, alteringatmospheric convection over the exposed Sunda and Sahul
shelves? (Fig. 6d). Accordingly, evidence of the mean state impacton
10D variability strengthened and more frequent plOD events suggest
that future IOD impacts could be even more extreme than experienced
intheinstrumental record.

Palaeoclimate data further demonstrates a close coupling of the
magnitude of interannual IOD variability with ENSO and the monsoon.
During the last millennium, this ENSO-IOD connection amounts for
45% of the shared variance*, with multi-decadal modulation of the IOD
and ENSO variability closely following changesinthe zonal SST gradient
across the equatorial Pacific Ocean'®. Prior to the fifteenth century,
10D and ENSO variability were reduced by around 30% compared with
their1961-1990 climatological means, and the equatorial Pacifichad an
enhanced west-minus-east equatorial SST gradient**. During the mid-
Holocene, when ENSO variance was muted*”**but the Asian monsoon
was strong®*'*’, there were several strong plOD events that exceed
historical events in amplitude®'”, further enhancing the potential
for stronger future plOD events than those observed since 1900.

a Time of emergence for eastern EIO climatological mean
21007

2080
2060+
20401
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Palaeoclimate data provide evidence that the frequency of plIOD
fluctuates vastly, with the tropical Indian Ocean harbouring stronger
plOD events than the strongest in observation. However, under con-
tinued greenhouse forcing, twenty-first-century IOD SST variability
will probably increase above the maximum natural variability for the
last millennium.

Summary and future perspectives

Among models that can simulate the amplitude asymmetry between
plOD and nlOD**"""?!, there is an emerging consensus toward enhanced
10D SST variability in austral winter and spring in the future. These
changes translate to more frequent strong-plOD and early-plOD
events (withacorresponding intensification of the tropical circulation
response, extratropical teleconnections and thereby rainfallanomalies),
butless frequent moderate-plOD events (with no obvious changeinthe
associated rainfall anomalies because rainfall sensitivity to SST anoma-
liesisincreased owing to the meanstate change). The projectedincrease
instrong-plOD SST and rainfall variability is consistent with palaeocli-
matic evidence that suggests that IOD variability has increased since
the1960s compared with past centuries, and that 10D variability ampli-
tude tends to increase with an intensified west-minus-east equatorial
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Fig.7| Time of emergence of climate change signals in the tropical Indian
Ocean. a, The time of emergence (ToE; the year when anthropogenic signals
emerge from noise) of annual mean sea surface temperature (SST; red) and
rainfall (blue) over the eastern equatorial Indian Ocean region for 24 selected
CMIP6 models and the multi-model ensemble (MME) mean. Signals are obtained
by regressing annual mean time series in each grid point onto asmoothed version
of the global mean (60° S-60° N) by fitting a fourth-order polynomial™°. Noise is
taken from the corresponding piControl using all available data. ToE is defined

as the year when the signal-to-noise ratio exceeds +1 for SST but is below -1 for

T T T T T T
M2 M3 M4 MI5 M6 MI17

Model
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— SST — Rainfall |

rainfall. b, The ToE for interannual variability in SON PC1based on both SST (red)
and rainfall (blue). Signals for variability are obtained by calculating variability
ina71-year running window from the start of the piControl simulation to the

end of the twenty-first century. Noise is defined as one standard deviation of the
piControl timeseries. The ToE for variability is defined as when the warming-
induced signal-to-noise ratio first exceeds +2 and remains above +2 for both

SST and rainfall variability™'. Models that do not have ToE before 2100 for

both SST and rainfall are greyed out. ToE for mean SST is earlier than ToE

for mean rainfall but the reverse is true in terms of IOD SST and rainfall variability.
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zonal SST gradient on long timescales** and with a strengthened
Asian monsoon®,

However, thereislarge uncertainty inIOD projections, as character-
ized by large inter-model spread. This spread highlights persistent (but
varying) biases in the mean state (overly strong west-minus-east SST
gradient, atoo-steep thermoclinetilt towards the east,and overly strong
JJAand SON easterlies) and subsequent effects on 10D feedbacks, as well
astheimpact ofinternal variability (for example, the subtropical Indian
OceanDipole™”” and the multidecadal Pacific Decadal Oscillation®%*%),
How toimprove the simulation of these factors and their corresponding
impact on IOD projections is unknown, but the use of large ensemble
experiments might address keyissues, including whether the observed
10D variability has already been affected by greenhouse warming.

Indeed, the use of large ensemble experiments allows the quantifi-
cation of the time of emergence (ToE) — when anthropogenic changes
emerge from the background noise of internal variability'***"*!, Under a
high-greenhouse-gas-emissionscenario, the ToE formeaneastern EIOSST
is earlier than mean eastern EIO rainfall (Fig. 7a); mean SST signals have
already emerged, whereas mean rainfall signals are projected to occur
by 2050 when averaged across all models. In contrast, changes in IOD-
related rainfall variability emerge earlier thanfor SST variability when aver-
aged across the models (Fig. 7b), but are not expected to emerge before
2100 for either variableinmore than halfthe models. A systematicinves-
tigation of the detectability of IOD changes is needed. For example, the
10D response might be nonlinear, such that beyond 2100 the reduction
in wind variability from the more stable atmosphere could reverse the
increase in variability of the S-index, leading to decreased strong-plOD
events™”. The reversal could be areason for the lack of the ToE.

In general, progress is lacking in improving model representa-
tion of the IOD and, therefore, in understanding IOD changes in the
future, especially in comparison to ENSO. For instance, the role and
simulation of nonlinear feedbacks'°**, the influence of mesoscale and
sub-mesoscale eddies in the heat budget™* ™, and subsequentimpacts
on the high latitudes®**'*° are all better developed and understood
for ENSO than for the IOD.

Therefore, international efforts like those devoted to ENSO pro-
jectionresearch, for instance, the CLIVAR ENSO Task Team, the ENSO
Metrics Team'®, and the ENSO Conceptual Model Working Group would
offer effective pathways to fast-track progress and improve understand-
ing of the mechanisms and their representation in climate models. Pri-
oritiesinclude: enhanced collaboration between observationalists and
modellersto accelerateimprovementinsimulation of the Indian Ocean
climatological circulation, nonlinear feedbacks and 10D interactions
with the monsoon and other modes of variability; an increased capac-
ity to analyse available model outputs focusing ontheimpact of model
biases on10D future change and its rectification; abetter understanding
oftheroleofinternalvariabilityin projected IOD changesandtheimpactof
achanging 10D on global climate; and an enhanced effort to examine
therole of mesoscale and sub-mesoscale processes in IOD dynamics.

These efforts willimprove our understanding of IOD dynamics, inter-
actionswithmodes of variability outside the Indian Ocean, such as ENSO,
anditsrepresentationin climate models, ultimately reducing uncertainty
inprojected 10D changes —essential for informing adaptation strategies
for the affected communities. These advances will also benefit research
on ENSO and other modes of climate variability under the framework of
pan-tropical climateinteractions, and will ultimately benefit society given
the global socio-economic ramifications of these climate modes™*'**,
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