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Abstract | Across the Indo-Pacific region, rapid increases in surface temperatures, ocean heat

content and concomitant hydrological changes have implications for sea level rise, ocean

circulation and regional freshwater availability. In this Review, we synthesize evidence from
multiple data sources to elucidate whether the observed heat and freshwater changes in the
Indian Ocean represent an intensification of the hydrological cycle, as expected in a warming

world. At the basin scale, twentieth century warming trends can be unequivocally attributed to

human-induced climate change. Changes since 1980, however, appear dominated by multi-
decadal variability associated with the Interdecadal Pacific oscillation, manifested as shifts in the
Walker circulation and a corresponding reorganization of the Indo-Pacific heat and freshwater

balance. Such variability, coupled with regional-scale trends, a short observational record

and climate model uncertainties, makes it difficult to assess whether contemporary changes
represent an anthropogenically forced transformation of the hydrological cycle. Future work must,
therefore, focus on maintaining and expanding observing systems of remotely sensed and in situ

observations, as well as extending and integrating coral proxy networks. Improved climate model

simulations of the Maritime Continent region and its intricate exchange between the Pacific and

Indo-Pacific warm pool
(IPWP). Region at the
intersection of the Indian and
Pacific oceans, defined as the
area with annual sea surface
temperature above 28 °C
(FIG. 1b), coinciding with the
rising branch of the Walker
circulation.

Ocean heat content
(OHC). The quantity of

heat stored in the ocean,
proportional to temperature
integrated vertically over

a prescribed depth range.

Internal variability

Climate variability that arises
due to natural processes

or interactions between
various components of the
climate system, as opposed
to anthropogenic or external
forcing.
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Indian oceans are further necessary to quantify and attribute Indo-Pacific hydrological changes.

The oceans form an integral part of the global hydro-
logical cycle'?, with the oceanic, atmospheric and
terrestrial components linked through atmospheric
moisture transport and continental runoff’. Ocean
salinity is a key metric in this exchange, tracking and
temporally integrating characteristics of the hydrolog-
ical cycle, elevating small trends in atmospheric forc-
ing to a detectable level. Indeed, global patterns of sea
surface salinity (SSS) trends since the 1950s*-° provide
evidence for an intensification of the hydrological cycle —
that is, a freshening of rainfall-dominated tropical
atmospheric convergence regions, such as the warm and
fresh Indo-Pacific warm pool (IPWP) and a salinification
of evaporation-dominated subtropical regions® — as
expected in a warming climate’.

The Indian Ocean stands out as a region that has
experienced pronounced warming®, which raises the
question whether a concomitant intensification of
the hydrological cycle has already commenced. For
example, superimposed against a background of sus-
tained twentieth century surface warming — which
exceeds that of other tropical ocean basins’ — a rapid
rise in the ocean heat content (OHC) of the Indian Ocean
has been observed since the 2000s'>!!. At the same time,
pronounced changes in the freshwater balance have been

apparent, including strong freshening trends over the
Maritime Continent (MC) and eastern Indian Ocean.

However, distinguishing anthropogenically forced
signals of hydrological intensification can be difficult,
owing to many confounding factors. For instance,
internal variability, particularly that associated with
modes of variability such as the Indian Ocean Dipole (IOD)
and remote influences of the EI Nifio—Southern Oscillation
(ENSO) also influence the Indo-Pacific hydroclimate.
These modes are not stationary'>"'"* and, instead, vary on
multi-decadal timescales and beyond'*~*. Constraining
Pacific multi-decadal variability such as associated with
the Interdecadal Pacific oscillation (IPO) is, thus, critical
for predicting future changes in Indo-Pacific hydrocli-
mate. Moreover, limitations of the observational record
in space and time (BOX 1), and shortfalls in coupled cli-
mate models regarding their resolution and representa-
tion of key processes (BOX 2), add to the challenge to
quantify and attribute heat and freshwater changes in
the Indian Ocean.

Yet, determining whether contemporary trends rep-
resent a manifestation of multi-decadal variability or an
anthropogenic intensification of the hydrological cycle
has important implications for climate predictions and
risk planning across the region. Heat and freshwater
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Key points

e At the basin scale, the Indian Ocean sustained robust twentieth century surface
warming exceeding that of other tropical ocean basins. Yet, substantial variability
exists regarding the magnitude and confidence in trends at regional scales, especially
in the subsurface, due to the sparse observational network.

¢ Indian Ocean heat content has risen rapidly since the 2000s and concomitant
freshening occurred over the eastern Indian Ocean and Maritime Continent (MC).

* Broad-scale warming and MC freshening trends are consistent with expected changes
of an intensifying hydrological cycle in a warming world; however, the rate of observed
change since the 1980s likely results from natural multi-decadal variability associated
with the Interdecadal Pacific oscillation.

Disentangling the effects of multi-decadal natural variability and anthropogenic

change on heat and freshwater changes in the Indian Ocean and MC region — of
importance for climate risk assessments for vulnerable societies in Indian Ocean rim
countries — require sustained and enhanced observations.

Centennial trends based on coral proxies indicate robust warming and freshening

since the 1850s over the Indian Ocean and broader MC region. However, the
reconstructed century-scale trend magnitude is much lower than the rapid trends
observed since 1980, which were most likely exacerbated by recent acceleration
of anthropogenic climate warming and natural multi-decadal variability associated
with Interdecadal Pacific oscillation phase shifts.

Quantifying change in the Indian Ocean heat and freshwater balance warrants

a multi-pronged approach that capitalizes on a systematic integration of in situ
observations, remote sensing, numerical modelling efforts and palaeo proxy networks
across temporal and spatial scales.

Modes of variability

Natural, recurrent climate
phenomena with an underlying
space-time structure that
displays a preferred spatial
pattern and temporal

variation in components of

the climate system (e.g. ocean,
atmosphere and cryosphere).

Indian Ocean Dipole

(IOD). Coupled ocean—
atmosphere phenomenon

in the tropical Indian Ocean
peaking in boreal fall, with its
positive phase characterized by
anomalous cooling (warming)

in the tropical south-east
(western) Indian Ocean.

changes affect patterns of regional sea level rise and
Indo-Pacific ocean circulation®'-**. Warming ocean tem-
peratures further enhance hydrological variability”*, con-
tributing to rainfall extremes™~"'. Any changes in oceanic
evaporation could also increase its contribution to terres-
trial precipitation™*, with implications for societally rele-
vant water resources across Indian Ocean rim countries,
whose mainly agrarian societies rely on sufficient rainfall
and are vulnerable to drought and floods.

In this Review, we synthesize current understanding
of Indian Ocean heat and freshwater changes at deca-
dal to multi-decadal timescales to ascertain whether a
hydrological intensification has occurred. We highlight
the distinct characteristics of the Indian Ocean’s heat
and freshwater balance, as well as how they are mod-
ulated by local and remote drivers on interannual to
multi-decadal and centennial timescales. The observed
changes since the 1980s in heat and freshwater over the
broader Indian Ocean region are evaluated using differ-
ent data sources, with a specific focus on the MC region
and on whether changes appear dominated by natural
variability and/or are consistent with expected changes
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from an anthropogenically forced signal. Finally, we
use coral proxies to provide a long-term context and an
opportunity to elucidate how contemporary observed
changes fit with hydroclimatic trends recorded through-
out the nineteenth and twentieth centuries. We finish by
highlighting outstanding challenges and future research
priorities.

Indian Ocean climatological conditions

Several unique characteristics distinguish the climato-
logical structure of the Indian Ocean from other tropical
ocean basins, influencing its behaviour on seasonal to
multi-decadal timescales and beyond*: a seasonal reversal
of monsoon winds that drive corresponding rever-
sals in the ocean circulation and, thereby, substantial
short-term variability; the absence of steady equatorial
easterlies that lead to a comparatively deep thermocline in
the eastern Indian Ocean; and a low-latitude connection
to the Pacific that facilitates substantial heat and fresh-
water input, paired with an absence of northward heat
export, owing to the presence of the Asian continent,
which make the Indian Ocean particularly vulnerable
to anthropogenic climate change®, as pathways for heat
export from the Indian Ocean are limited.

The low latitude connection is via the Indonesian
throughflow (ITF). The ITF connects the western Pacific
to the eastern Indian Ocean, with a total average trans-
port of ~15Sv (1 Sv=10°m?s™'; REF**), split across mul-
tiple passages and extending throughout the upper
800-1,200m (REF.*). On annual and longer timescales,
the ITF is influenced by the Indo-Pacific pressure gra-
dient, itself linked to the large-scale Indo-Pacific wind
field”” and freshwater fluxes that result in buoyancy
changes?'>*>%-*". The ITF accounts for substantial heat
and freshwater input to the Indian Ocean, but is not
well constrained by direct observations from within the
Indonesian seas*.

The IPWP (FIC. 1) represents another key feature
in the region. The IPWP is defined by the 28 °C iso-
therm and is associated with the ascending branch of
the Walker circulation. Accordingly, it is characterized by
high climatological mean evaporation and rainfall rates,
with the precipitation maximum tapering off towards the
western part of the basin (FIC. 1a). Lower precipitation is
found in the subtropics, with minimum values evident
at ~20-30°S off the coast of Western Australia and in the
north-west Arabian Sea™. Strong precipitation variations
are observed near orographic features (FIC. 1a), as well as
in association with monsoon systems, and ENSO and
IOD variability®.

To first order, the observed SSS (FIG. 1b) might
be expected to reflect the pattern of evaporation-
minus-precipitation, with mismatches suggesting
regions where effects from river discharge and ocean
dynamics are important. The MC, for example, is rel-
atively fresh, owing to both direct precipitation input
from the Walker circulation and Southeast Asian riv-
erine input, for example, from the Mekong River sys-
tem entering the South China Sea (FIC. 1b). River runoff
from the Ganges, Brahmaputra and Irrawaddy river
systems — which accounts for 60% of total riverine input
north of 30°S (REF*) — further produces the freshest
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Box 1| Heat and freshwater signals from observations and corals
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Different data sources can provide complementary information about
heat and freshwater changes. Direct comparison of linear trends or
temporal variability in heat and freshwater metrics arising from different
data sources warrants understanding the limitations inherent in the
measurement method or its spatiotemporal characteristics.

In situ ocean observations

Historically, the Indian Ocean is the least observed among the major ocean
basins®. Most temperature measurements in the historical record stem
from expendable bathythermographs. Frequently repeated expendable
bathythermograph transects resolve the sectional geostrophic velocity
and transport, such as the IX1 transect, which measures the Indonesian
throughflow as it exits into the Indian Ocean (FIC. 1).

Salinity profiles are particularly sparse, with most historical measurements
obtained from conductivity-temperature—depth sensors. The advent of the
Argo programme in 2003, however, enabled widespread salinity profiles to
be measured; free-drifting profilers with in-built conductivity-temperature—
depth sensors profile from 2,000 m depth to the surface every 10 days over a
lifespan of 4-5 years.

Mooring deployments permit understanding of oceanic variability
on shorter timescales. For example, fixed-site moorings provide a
platform to obtain high-resolution property time series, including velocity
measurements. In the narrow passages of the Indonesian seas, moored
arrays of instruments as part of the 2003-2006 INSTANT and 2006-2019
MITF projects have effectively returned volume and property Indonesian
throughflow transport time series*'.

Remote sensing

Since 2010, three passive microwave satellite missions provided synoptic
sea surface salinity measurements'®®: Soil Moisture and Ocean Salinity
(2010-present), Aquarius (September 2011 to May 2015) and Soil
Moisture Active Passive (2015—present). Multiple satellite-derived
precipitation estimates are incorporated into the Climate Prediction

measurements from the Global Precipitation Measurement mission
core satellite. Precipitation-measuring satellites best detect stronger
and more persistent rain'®. The AVISO sea surface height'’* product
merges measurements from 12 satellite altimeter missions since 1992.
Sea surface height in coastal areas, especially where strong tides occur,
such as in the Maritime Continent, have lower quality compared with
that in the open ocean.

Challenges for comparing satellite-derived salinity measurements with
in situ observations include differences in sampling scales (40-150-km
footprints versus pointwise measurements); differences in measurement
depths between satellite-derived fields (for the upper centimetre) and
in situ (at =5 m); and sparse in situ measurements in coastal regions, where
satellite fields are subject to contaminations by man-made radio signals
and land signal leakage'®. The NOAA Optimally Interpolated sea surface
temperature (SST) analysis'*® combines measurements from infrared and
passive microwave radiometers, blended with in situ SST to help adjust
the relative biases.

Observational-based products

Global SST analysis products, such as the NOAA Extended Reconstructed
Sea Surface Temperature'’” and Hadley Centre Sea Ice and Sea Surface
Temperature'’°, combine available SST observations with missing data
infilled using statistical methods.

Corals

Corals are important environmental archives of tropical ocean conditions
over monthly to centennial timescales'”*. Long-lived massive colonies
canyield cores extending back over 400 years and fossil coral specimens
allow for reconstructions further back in time. During calcification, minor
elements and isotopes are incorporated into the coral skeleton that
reflect surrounding seawater composition and environmental conditions.
The ratio of stable oxygen isotopes (**O/**O or §'*0) in corals reflects
both SST and the 6**O composition of the surrounding seawater (5**0, ),

Center Merged Analysis of Precipitation and Global Precipitation

Climatology Project, as well as rain gauges on land*’*'*’. The Tropical
Rainfall Measuring Mission Multi-satellite Precipitation Analysis
combines the Tropical Rainfall Measuring Mission with precipitation

El Nifio—Southern Oscillation
(ENSO). Strong year-to-year
climate variability originating in
the equatorial Pacific Ocean
through coupled ocean—
atmosphere interactions.

El Nifio—Southern Oscillation
manifests itself in anomalous
surface warming (El Nifio) or
cooling (La Nifia) that typically
peaks in boreal winter.

Interdecadal Pacific
oscillation

(IPO). Decadal mode of Pacific
variability (similar to Pacific
decadal oscillation) but with

a meridionally broader tropical
El Nifio-like warm temperature
anomaly pattern and cool
extratropical Pacific during

its positive phase.

Thermocline

Zone of maximum vertical
temperature gradient,
separating warm and cold
layers of water. The 20 °C
isotherm is often used as an
indicator of thermocline depth
in the equatorial Indo-Pacific.
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surface waters of all the global tropical oceans in the Bay
of Bengal (FIG. 1b), resulting in strong salinity stratifica-
tion in the upper 50-80m of the region*>*. Subsurface
salinity patterns in the upper 200 m within the Indian
Ocean basin primarily reflect the SSS patterns®.

Ocean dynamics are important for redistributing
the low-salinity waters exiting the Indonesian seas and
freshwater owing to local rainfall in the South Indian
Ocean. For instance, freshwater advected from the
Indonesian seas lowers the salinity from where it enters
the south-east Indian Ocean at ~10-15°S from the
surface to ~600 m depth all the way across the Indian
Ocean to the coast of Madagascar’~*’. Furthermore,
the low surface salinity along 15°S located about 6-8°
south of the rainfall maximum is likely contributed
through southward Ekman transport in response to the
dominant easterly winds found south of 10°S in the
Indian Ocean". In addition, the part of the fresh ITF”
that enters the poleward flowing Leeuwin Current acts to
erode the effect of the local evaporation—precipitation
maximum, such that relatively low SSS is found against
the coast of Western Australia (FIC. 1b). In contrast, the
saltiest waters of the Indian Ocean basin are found in
the northern Arabian Sea, influenced by the high-salinity
inflow from the evaporatively driven marginal Red and

Persian seas™.

which generally has a linear relationship with sea surface salinity
Annual density banding patterns distinguishable in X-rays
geochemical chronologies further allow records to be compared across
large distances

192,193

** and precise
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Drivers of multi-decadal change

Global mean surface temperatures have steadily risen in
response to anthropogenic greenhouse gas emissions’'.
Warming temperatures are expected to result in a com-
bination of local-scale or regional-scale dynamic (driven
by atmospheric or oceanic circulation changes) and
global-scale thermodynamic (driven by temperature-
related changes, including moisture content) responses
that affect the hydrological cycle; at times, these act in
concert, and, at other times, in opposition. Assessing
such theoretical considerations allows observed changes
in the heat and freshwater balance to be evaluated against
those expected in a warming climate.

Thermodynamic considerations. Thermodynamic
responses arise from changes in specific humidity, in
particular, a 7% increase in moisture holding capacity
per degree of temperature change, as outlined by the
Clausius-Clapeyron relation. Thus, even when hold-
ing the circulation (or dynamics) constant, wet areas
can be expected to get wetter and dry areas drier”*>%.
To first order, higher sea surface temperature (SST)
might be expected to lead to higher oceanic evapora-
tion, and, by inference, higher precipitation”**. While
satellite-derived estimates indicate a 10% increase in
global oceanic evaporation over 1978-2005 (REF.*!),
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Box 2 | Heat and freshwater signals from reanalyses and climate models

Both reanalysis products and climate model simulations provide gridded, multi-
dimensional data of physical and chemical properties of the climate system that can
be used to assess heat and freshwater changes across a range of timescales.

Reanalysis products

Reanalyses use data assimilation to combine observations with dynamics represented
by numerical models of the ocean or atmosphere to infill gaps or missing variables and
produce gridded state estimates'*’. Reanalyses face several challenges, including
inadequacy of observational constraints related to data coverage, sampling and
uncertainty, as well as changes of observing systems; deficiencies in models, including
resolution, parameterizations, numerical implementation and missing physics, some of
which cause model biases and drift; uncertainties in model forcings; and limitations in
data assimilation methods. Data-sparse ocean regions, such as the Indian Ocean, or
regions with complex topography as in the Maritime Continent (MC), are areas where
high-quality ocean reanalyses are particularly desirable, but are also least constrained
by observations. Sparsity of observations is considered the key limitation in furthering
observed understanding of the physical world and for validating and improving its
representation in models; especially regional seas, continental shelves and near-coastal

land-sea interactions lack observations for quantifying budgets for heat and freshwater

Climate models

148

A numerical representation of the climate system that is based on physical, chemical
and biological properties of its components, their interactions and feedback'®®. The
climate system can be represented by models of varying complexity; that is, for any
one or multiple component(s), a hierarchy of models can be identified, differing in the
extent to which processes are explicitly represented, the number of spatial dimensions
and resolutions, or the level at which empirical parameterizations are involved. Climate
models are used for studying and simulating the climate and for operational purposes,
including seasonal, interannual and decadal climate predictions. State-of-the-art
climate model simulations are conducted and coordinated through the Coupled
Model Intercomparison Project, an international effort of modelling centres that
follow common protocols defined to address questions on climate variability and
change under the umbrella of the Intergovernmental Panel on Climate Change.

The MC region represents considerable challenges for numerical simulations: complex
topography, both regarding its bathymetry with shallow passages and narrow straits within
the ocean, as well as strong land—sea thermal gradients between the ocean and numerous
islands with steep elevation across the Indonesian archipelago'”. These compounding
factors have implications for oceanic transport and Indo-Pacific heat and freshwater
exchange, as well as for complex air—sea interactions that influence the diurnal cycle of
convective activity over the islands, with implications for runoff and salinity distribution.

A further challenge is large tidal mixing in the MC region*!, which most models
would need to include via a tidal mixing parameterization that is missing in many
current-generation ocean reanalyses and climate models, yet, is critical for a realistic
representation of the Indonesian throughflow heat and salt flux from the Pacific Ocean

to the Indian Ocean.

Indonesian throughflow
(ITF). Ocean currents from the
Pacific Ocean to the Indian
Ocean through the passages
of the Indonesian archipelago.

Walker circulation

Thermally driven tropical

zonal overturning atmospheric
circulation associated with
rising (sinking) air over the
Indo-Pacific warm pool (eastern
Pacific), undergoing substantial
longitudinal shifts in location

in response to the El Nifio—
Southern Oscillation, Indian
Ocean Dipole, and Interdecadal
Pacific Oscillation.

only small trends in precipitation have been observed
over the global oceans**; these evaporative changes
also include the response from enhanced wind speed,
rather than only SST, complicating the interpretation.
Hence, in observations, internal variability aliases the
quantification of such thermodynamic hydrological
changes, and, in models, uncertainties in atmosphere-
radiation interaction® result in weakened Clausius-
Clapeyron scaling, typically ~1-3% K™'. Moreover, the
‘warmer get wetter’ pattern dominates over ‘wet gets
wetter’ in many model simulations (likely as a result
of surface warming destabilizing the atmosphere and
inducing more upward motion, and, thus, more mois-
ture convergence and rain™), leading to spurious rainfall
projections”.These discrepancies between theoretical,
observed and modelled hydrological changes suggest
that dynamical changes in atmospheric circulation
might be important.

Dynamical considerations. The expected dynamical
changes to the tropical hydroclimate in a warming world
relate to the behaviour of the zonal Walker circulation
and its interaction with the upper ocean across the
Indo-Pacific. While focus has often been on the Pacific
limb of the Walker circulation, the intricate nature of the
tropical circulation spanning the Indo-Pacific™ suggests
that any changes would also be transmitted to and affect
the Indian Ocean sector. For example, changes in the
Pacific Walker circulation can induce an oceanic response
that results in planetary waves and thermocline displace-
ments that are transmitted via the Indonesian seas and
the ITF*. The atmospheric bridge can also mediate shifts
of the Indian Ocean component of the tropical Walker
circulation®. The strengths of these relationships are
likely not stationary over time*’. As the Walker circu-
lation’s ascending branch is located over the IPWP and
one of its downward branches over the western Indian
Ocean, any shifts in the position or strength of either
branch translates to substantial modifications of the
Indian Ocean freshwater balance.

Based on theoretical considerations, coupled climate
models and observational evidence, the Walker circula-
tion is expected to weaken in a warming world, owing
to differential rates of precipitation and water vapour
change in response to surface warming®*'. That is, as
the tropical oceans warm, rainfall increases over the wet
IPWP, but less rapidly than atmospheric water vapour.
Through continuity, the inflow of atmospheric moisture,
therefore, slows®. This secular slowdown in the zonal
Walker circulation and related zonal pressure gradient,
in turn, weakens the strength of the equatorial easterly
trade winds across the Pacific, resulting in a weakening
of the equatorial SST and thermocline gradient in the
Pacific®**, Over the Indian Ocean sector, enhanced
surface warming in the west compared with the east®,
along with a progressive shoaling of the eastern Indian
Ocean thermocline for the second half of the twentieth
century, were seen as consistent with a slowdown of the
Walker circulation'>'*°,

However, subsequent observational evidence has
not supported the expected weakening of the Walker
circulation or corresponding signatures in tropi-
cal Pacific winds®, Indo-Pacific sea surface height
(SSH) patterns® or the equatorial Pacific thermocline
gradient”. Instead, such metrics have shown the oppo-
site effect, that is, a strengthening of the Walker circu-
lation, contradicting expected secular changes based on
climate models. Debate persists regarding the cause of
this discrepancy, but data-set dependencies®***”" and
artefacts of residual trends from ENSO variability*>”>
have been given as possible causes. Yet, it has now been
suggested that the observed strengthening of the equato-
rial thermocline gradient in the Pacific is consistent with
climate models when accounting and correcting for per-
sistent spurious cold tongue biases that are common in
Coupled Model Intercomparison Project (CMIP)-class
climate models”™. Furthermore, the strong surface warm-
ing observed over the Indian Ocean has been proposed
to have contributed to the Walker circulation’ strength-
ening over the Pacific sector® through a remote ther-
mostat mechanism’”. The tug of war between ocean
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Ekman transport

Lateral movement of water in
the frictional boundary layer of
a fluid, directed to the right or
left of the wind in the Northern
or Southern Hemisphere,
respectively, because of the
Coriolis force.

Leeuwin Current
Poleward-flowing eastern
boundary current off the west
coast of Western Australia that
transports relatively warm and
fresh waters southward.

Teleconnections

Changes in atmospheric or
oceanic circulation over widely
separated, geographically
fixed spatial locations; often

a consequence of large-scale
wave motions, whereby energy
is transferred from source
regions along preferred
atmospheric/oceanic paths.

La Nina

The cold phase of the

El Niflo—Southern Oscillation,
characterized by anomalous
surface cooling and stronger
trade winds in the equatorial
Pacific Ocean.

thermostat and atmospheric dynamic responses —
leading to an accelerated or weakened Walker circula-
tion, respectively — might be timescale-dependent, the
former arising from a strengthened zonal SST gradient
representing a fast response to anthropogenic green-
house gases and the latter representing a slower response
involving extratropical oceanic teleconnections’.

Multi-decadal variability associated with the IPO. At
a global or basin scale, superimposed on the secular
warming trend is considerable multi-decadal variabil-
ity. This variability includes periods of relatively low or
near-zero warming — so-called global warming hiatus
periods — as occurred from the late 1990s to about
2012 (REFS’*”). During the hiatus, surface temperatures

a Precipitation

REVIEWS

increased more slowly, while surplus heating continued
to warm the subsurface ocean, as evident from robust
OHC increases’”.

The hiatus coincided with a negative phase of the
IPO in the Pacific, and it is believed that the IPO-related
reorganization of the Indo-Pacific climate system had
a substantial role in changing the regional heat and
freshwater balance'®'"’%-*. Much like La Nifia, negative
phases of the IPO are characterized by enhanced equa-
torial trade winds and cooler SST in the eastern Pacific
and warmer SST in the IPWP®. Changes in the hori-
zontal SST gradient subsequently strengthen and shift
the Walker circulation further westward from its cli-
matological position®. These Indo-Pacific circulation
changes enhance the redistribution of heat from the
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Fig. 1| Mean precipitation and surface ocean temperature and salinity conditions. Annual mean precipitation'®®
(panel a), sea surface salinity'® (panel b) and sea surface temperature'’ (contours, both panels) calculated over 2010-2019.
The blue box in panel aindicates the region used for spatial averaging in FIGS 3,5. Black symbols indicate locations of the
RAMA array®. White circles indicate locations of the INSTANT array®. In panel b, grey lines and coloured symbols indicate
key expendable bathythermograph (XBT) lines and sites of coral proxy records, respectively. ITF, Indonesian throughflow;

PNG, Papua New Guinea; R, river.
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El Nifio

The warm phase of the El
Nifio—Southern Oscillation,
characterized by anomalous
surface warming and weaker
trade winds in the equatorial
Pacific Ocean.

Argo

International programme

that collects subsurface ocean
property measurements using
a fleet of robotic instruments
that profile between the
surface and a mid-depth level
(1,000-2,000m) and then drift
with the ocean currents.

neighbouring Pacific through the Indonesian archi-
pelago via the ITF'*'"7>#-% and into the Indian Ocean.
Positive IPO phases, much like EI Nifio, have the converse
conditions and effects.

Opposing phases of the IPO can also modulate heat
transport and influence the background state of the east-
ern Indian Ocean thermocline. The latter has important
implications for the frequency of IOD events: during
positive IPO phases, the eastern Indian Ocean thermo-
cline is relatively shallow, resulting in more positive and
fewer negative IOD events per decade, while the opposite
occurs during negative IPO phases favouring a deeper
thermocline''"”*. As such, multi-decadal variability
associated with the IPO can interact and modulate the
frequency of interannual variability associated with
the IOD. Yet, how Pacific surface forcing and interba-
sin exchanges with the Indian Ocean are apportioned
through different pathways is less clear, whether via the
ocean, the atmosphere or a combination of the two®.

At the broad scale, there is general agreement
on patterns of hydroclimatic change arising from
these dynamic and thermodynamic changes*®",
albeit with low confidence™. For example, these
changes include enhanced precipitation and freshen-
ing in monsoon-dominated regions in the northern
Indian Ocean and tropical atmospheric convergence
zones, such as over the MC region. The changes
likely arise from a combination of thermodynamic
(atmospheric-moisture-related) and dynamic
(circulation-driven changes as associated with the
Walker circulation) processes, compounded by an IPO
phase shift from positive (~1978-1998) to negative
(~1999-2015) that similarly manifests as shifts in the
Indo-Pacific Walker circulation and the resultant foot-
print in the heat and freshwater balance over the eastern
Indian Ocean and MC region.

Contemporary heat and freshwater trends

Given the robust twentieth century surface warming
in the Indian Ocean®’, substantial changes in regional
hydroclimate might be expected. However, such
regional-scale changes are implicitly more uncertain®*
than broader-scale trends, particularly in light of limited
observations and substantial (natural) variability that
could alias anthropogenic trends. Trends in temperature,
OHG, salinity, precipitation and evaporation observed
in the Indian Ocean (including the IPWP) region over
the common period of 1982-2012 are now discussed.

Spatial trends since the 1980s. Regional trend patterns
across the broader Indian Ocean basin reveal changes
in the heat and freshwater balance, with substantial
sub-basin-scale features (FIG. 2). Global sea level rise, pri-
marily caused by thermal expansion of the ocean (asso-
ciated with the rise of global mean temperatures) and by
mass addition (from increasing melt of glaciers, ice sheets,
ice shelves), results in an overall increase of SSH over
much of the IPWP (FIC. 2a), broadly consistent with that
of SST (FIG. 2e), as both are affected by the rise of global
mean temperature and sea level, as well as by the IPO.
Both remote and local SST anomalies, along with
wind and ocean circulation, could induce changes in

the freshwater balance over the Indian Ocean. Overall,
SST exhibits marked warming over the entire Indian
Ocean and within the MC (FIG. 2¢), yet, no uniform pre-
cipitation increase across the basin is observed (FIC. 2d).
For example, in the subtropical western Indian Ocean
north-east of Madagascar and in the Arabian Sea, both
SST and precipitation increased, as would be expected in
a warming world. However, in the eastern Indian Ocean
and the western MC, a consistent relationship between
warming SST and increased precipitation is absent.
Precipitation deficits (FIG. 2d) and enhanced evaporation
(FIC. 2b) occurred in the region stretching from Sumatra
west to 60°F, where freshwater fluxes from the ocean to
the atmosphere were found during boreal summer aver-
aged for the twentieth century® and exceeding 0.5 mm
per day per year from 1979 to 2016 (REF*).

Regional differences are also evident in SSS trends,
suggesting a response to evaporation and precipitation
but also additional influences from ocean circulation
and dynamics. Clear freshening trends are evident in the
north-east Bay of Bengal and north-eastern Arabian Sea,
as well as in the south-east Indian Ocean, since the 1980s
(FIG. 21). The precipitation trends in both of the northern
Indian Ocean marginal seas indicate increasing trends
over the past few decades® (FIC. 2d), and, in the Bay of
Bengal, this increase might also translate into increased
freshening from river runoff.

Substantial SSS salinification trends occur to the
east of Sri Lanka and along the west coast of Sumatra,
stretching westward along the equator (FIC. 2. This
salinification is largely consistent with the declining
trend in precipitation and enhanced evaporation®
(FIG. 2Db,d), although the spatial patterns in SSS, evapo-
ration and precipitation along the equator and in the
western Indian Ocean do not exactly coincide. It is likely
that ocean dynamics and circulation contribute to the
mismatch in scales, as does seasonality. For example,
the underlying saltier water found at depth along the
equator and west of Sumatra could have been upwelled
in response to changes in wind stress and/or upwelling
Kelvin waves that impact these regions*'. Intriguingly,
the salty SSS east of Sri Lanka (FIC. 21) corresponds
to the location of the Sri Lanka Dome, a seasonal cyclo-
nic eddy that occurs in response to a local cyclonic wind
stress curl pattern during the south-west monsoon that
entrains saltier water entering from the Arabian Sea®”**.
Changes in the strength or persistence of this feature
could be responsible for the observed SSS trends.

In the subsurface, contrasting salinity trends in the
Indo-Pacific warm-fresh pool have been observed with a
salinification in the south-western Pacific Ocean and
a freshening in the south-eastern tropical Indian Ocean
since the 1980s*>*** (FIG. 21,h). Argo data over the period
2004-2013 revealed a comparable robust increase in
salinity over the upper 100-150m in the equatorial
western Pacific but a freshening in the Indian Ocean
over a similar depth range***°. Although there are no
direct measurements of the salt flux from within the MC,
the sharp freshening coincides with where the ITF exits
into the south-east Indian Ocean (FIC. 2f,h). The stronger
ITF in the twenty-first century resulted in an enhanced
transfer of warm, fresh water into the Indian Ocean
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Fig. 2 | Indo-Pacific trends. Linear trends in sea surface height'’! (panel a), evaporation'’” and 850-hPa winds'’* (panel b),
ocean heat content'’* in the upper 700 m (panel c), precipitation'’”” (panel d), sea surface temperature'’’ (panel e) and

sea surface salinity'”* (panel f), and for cross sections of the upper 500 m of the Indian and Pacific oceans for temperature
(panel g) and salinity (panel h). All trends are calculated over 1982-2012, except in panel a, which are calculated over
1992-2012. Subsurface data'’* in panels g and h are averaged meridionally over 0-20°S and 0-20°N, respectively.

See Supplementary Table 1 for further details on data sets.

(FIG. 2g,h). A local maximum of ~0.5% 10°Jm™ per dec-
ade in the upper 700 m OHC (OHC?700) trend occurs in
the south-east Indian Ocean, which appears to be linked
to the MC and upstream to the Pacific (FIC. 2¢).

Trends over the IPWP since the 1980s. Given the crucial
role of the IPWP in the regional and global freshwater
balance””, changes in the broader MC region that rep-
resents the core of the IPWP (90°-150°E, 20°S-20°N;
FIG. 1a) are further elucidated since 1950 (FIC. 3).

As has occurred in other parts of the global ocean”,
SST in the IPWP increased by ~0.5°C since the 1950s
(FIG. 3a), with the rate of warming increasing during the

positive phase of the IPO from the 1980s to the mid-
1990s (Supplementary Table 2). During this positive IPO
phase, a concurrent increase in evaporation also occurred
(FIG. 3e), but there appears to be little change in precip-
itation (FIG. 3). During the negative phase of the IPO
from 2002 to 2010, in contrast, marked negative evap-
oration-precipitation trends of over 2mm per day per
decade occurred in the MC, reflecting a freshwater flux
from the atmosphere to the ocean®. The freshwater
flux, in turn, lowered the upper ocean salinity (FIC. 3g),
increasing OHC700 (FIG. 3b) and SSH (FIC. 3¢), with subse-
quent impacts on the south-east Indian Ocean**". After
2012, the IPO index plateaued somewhat, reflecting a
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Fig. 3 | Time series of key heat and freshwater metrics in
the Indo-Pacific warm pool. Observational and reanalysis
time series from 1950-2020 for sea surface temperature
(SST)70176177 (panel a), ocean heat content (OHC)'"* in the
upper 700 m (panel b), sea surface height (SSH)'"* (panel c),
Indonesian throughflow (ITF) transport'® in Makassar
Strait (0-740 m depth range; panel d), evaporation*’?
(panel e), precipitation'®®">'7¢ (panel f), sea surface salinity
(SSS)""* (panel g), satellite SSS***'”? (panel h) and coral §**O
z-scores grouped by region (see inset) for the west Pacific
Ocean'***73%* (panel i), South China Sea'?’*****" (panel j),
Makassar Strait'*’'* (panel k), ITF exit regions!***3%4!
(panell) and eastern Indian Ocean'”'*'817183 (panel m). The
seasonal cycle has been removed and smoothing applied
for all panels (see Supplementary Information), with thin
and thick lines illustrating individual and averaged time
series, respectively. In panels a—c and e-h, observational
and reanalysis products are spatially averaged over the
region 90°-150°E, 20°S-20°N (FIG. 1a). In panel d, negative
transport is into the Indian Ocean. Note inverted y-axes

in panels d, g and h. Dark grey and light grey shading
indicates positive and negative phases of the Interdecadal
Pacific oscillation (IPO)***'%, See Supplementary Tables 1,3
for details on individual time series.

pause or reversal of the strengthening tropical Pacific
trade winds. This pause acted to subdue the trends in
SST, SSH and OHC700 within the MC (FIG. 3a—0).

The ITF strongly contributes to the salinity trends
observed in the IPWP and the south-east Indian Ocean™,
and also influences observed trends in temperature
stratification”-?’, SSH*? and OHC'*'"#52%-1% 'The long-
est direct time series of velocity and transport of the ITF
in the inflow passage of Makassar Strait reveals marked
interannual variability since ~2008 (REF'"") (FIC. 3d). For
example, Makassar Strait throughflow decreased during
the 2014-2016 El Nifio (FIG. 3d), with accompanying
lower SSH and OHC700 (FIG. 3b,c) in the IPWP. The
Pacific trade winds relaxed during the 2014-2016
El Nifio event, acting to decrease the sea level in the west-
ern Pacific, while a concurrent negative IOD event raised
the sea level in the Indian Ocean. The resultant changes
combined to reduce the pressure gradient between the
Pacific and Indian oceans that drives the ITF*”'**. In
addition, during El Nifio events, the passage of buoyant
freshwater through the South China Sea changes to be
via the eastern pathway, introducing a freshwater ‘plug’
at the entrance way into the Indonesian seas that dimin-
ishes the surface contribution of the ITF*. Conversely,
with the return to La Nifia conditions beginning in mid-
2016 through 2017, the Makassar Strait throughflow
increased to a record high of >14 Sv, with corresponding
changes in SSH, OHC700, precipitation and SSS (FIG. 3).

The geostrophic transport measured over the period
1984-2013 across the long-running IX1 expendable
bathythermograph transect — where the ITF exits into
the south-east Indian Ocean (FIC. 1b) — reveals strength-
ening of about 1 Sv per decade (REFS'**'*). However, it
remains unclear whether an increased volume trans-
port translates to increased heat transport, given differ-
ences in the vertical profiles of heat and velocity™?%'%.
Furthermore, the total integrated transport (FIG. 3d)
obscures extensive changes in the depth and strength
of the velocity maximum in the transport profile that
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Geostrophic

Resulting from a balance
between pressure gradients
and the Coriolis force.

Pycnocline

Layer in the ocean in which
water density increases rapidly
with depth.

have occurred'’'. Accurate quantification of the fresh-
water and heat exchange between the Pacific and Indian
oceans requires direct measurements of the thermal and
haline profiles, in addition to the ITF transport profile.

Strong year-to-year variability coupled with limited
observational records within the IPWP make it difficult
to determine if longer-term trends exist in the region.
Indeed, while basin-wide SST has warmed during the
past 30 years, trends in precipitation, SSS and subsur-
face properties indicate greater regional variability.
This regional variability confounds the ability to une-
quivocally state whether there has been a commen-
surate long-term intensification of the hydrological
cycle or heat balance in the Indian Ocean. Thus, local
SST changes might have little effect on the hydrologi-
cal cycle®, suggesting that the effect of regional ocean
dynamics could dominate at the timescales considered.

The IPO oceanic connection. Multi-decadal Pacific
variability associated with the IPO can affect heat and
freshwater changes in the broader Indian Ocean region
through an atmospheric and oceanic teleconnection, the
latter of which is now discussed.

The pattern of SSH trends in the IPWP and the
Indian Ocean basin reflect the combined effects of
global sea level rise and the IPO'*"'*?, The IPO induces
the horseshoe pattern on the Pacific side of the IPWP
(FIG. 4), which intensifies the SSH changes in the west-
ern tropical Pacific relative to the background SSH in
the entire IPWP domain (FIC. 2a). Changes in SSH in the
western tropical Pacific are transmitted through
the Indonesian seas via coastal Kelvin waves, impacting
SSH in the IPWP and south-east tropical Indian Ocean.
This process operates on interannual to multi-decadal
timescales™'*''* and reflects the linkage of upper-ocean
steric height signals (primarily in the pycnocline)
throughout the IPWP. The signals include both a ther-
mosteric (FIG. 2¢) and halosteric contribution (FIG. 2h),
such that both warming and freshening can contribute
to the steric height changes across the region (FIC. 2a).

In the mean, the Indo-Pacific pressure gradient
is mainly driven by the large-scale wind field and the
thermosteric component of steric height. However,
the halosteric-driven pressure gradient is particularly
important for regulating interannual and long-term
ITF variability”. Indeed, the regional water cycle of the
MC has proven to be critical in regulating both the ITF
strength (via changes to the halosteric pressure gradi-
ent) and the vertical structure (via formation of buoyant
surface pools that impede surface transport)***%, with
impacts for the oceanic circulation, MC water properties
and the downstream Indian Ocean®*****>*, For exam-
ple, fed by the large salinity-driven signal in the MC and
ITF exit region, the Leeuwin Current strengthened by
30% in austral summer 2010-2011, contributing to an
extensive marine heatwave off Western Australia®'.

The change of the IPO index from predominantly
positive to negative values from the 1990s to 2000s, asso-
ciated with an observed strengthening of the Walker cir-
culation and the tropical Pacific trade winds®"*, caused
dramatic changes in the IPWP region as a result of a
strengthened ITF (FIC. 4¢). The increased ITF during this
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hiatus period (2000-2010) led to a marked OHC increase
in the main thermocline (100-350 m) of the Indian
Ocean'*'""#%, Enhanced precipitation over the IPWP
during the hiatus also acted to strengthen the advection
of freshwater anomalies within the ITF**. The largest
OHC and salinity anomalies were mainly confined to
the south-east Indian Ocean®>***¢ (FIGS 2¢,g,h,4). Models
suggest that it might take around a decade for the ITF
waters to completely traverse across the Indian Ocean'”,
explaining why the thermal and haline changes were
not as pronounced in the central and western tropical
Indian Ocean basin. In addition, the locally wind-forced
upwelling®>'' combined with Rossby wave propagation
from the eastern boundary'" together can act to con-
trol the zonal propagation of the ITF influence into the
central and western Indian Ocean'".

The IPO atmospheric connection. The atmospheric
teleconnection is also important. The reversals in
near-surface salinity trends observed in the western
Pacific are also driven by intensification of the Walker
circulation associated with the strengthened Pacific
trade winds during the negative IPO phase that sub-
stantially enhanced the precipitation over the MC, at the
expense of that in the Pacific*** (FIC. 4). Composites fur-
ther reveal increasing summertime precipitation trends
in the Bay of Bengal and the eastern Arabian Sea during
1996-2016 (IPO negative) compared with 1979-1997
(IPO positive)®'. Using a moisture budget approach,
51% of the increased evaporation—precipitation trends
can be attributed to enhanced dynamic divergence in
the central eastern Indian Ocean associated with the
westward shift of the Walker circulation® (FIC. 4). In
the south-western Indian Ocean, 34% of the enhanced
moisture supply can be linked to a stronger dynamic
advection in response to the land-sea thermal contrast.
The atmospheric teleconnection from the Pacific
Ocean to Indian Ocean can also induce OHC changes
within the Indian Ocean basin. Decadal western Indian
Ocean OHC variations primarily arise from oceanic
Rossby waves triggered by anomalous wind stress curl
and Ekman pumping in the central Indian Ocean, itself
induced by a remote atmospheric response to Pacific
IPO forcing through the zonal Walker circulation®''>'*°,
As such, both remote Pacific winds and local wind forcing
from within the Indian Ocean basin influence regional
heat and freshwater balance, though their spatial foot-
print differs. In the eastern Indian Ocean, conditions are
more directly affected by Pacific winds, while the western
Indian Ocean region is more affected by local winds* that
can generate upwelling that impacts the thermocline and
brings up saltier water from below'**!'>!?’ (FICS 2,4).
IPO-related changes in the Walker circulation and
wind forcing can modulate OHC changes via both the
oceanic and the atmospheric bridge'*’, contributing to
the observed changes discussed earlier in this section:
for the oceanic pathway, equatorial Pacific wind forcing
results in western Pacific OHC and thermocline varia-
tions, affecting ITF transport, which are then transmit-
ted through the MC to the eastern Indian Ocean. For
the atmospheric pathway, local IPO-driven wind forc-
ing over the Indian Ocean generates Ekman pumping
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< Fig. 4| Impacts of anthropogenic warming and multi-decadal variability associated
with the Interdecadal Pacific oscillation on Indo-Pacific climate. Mean climatological
Indo-Pacific climate conditions (panel a) and expected changes in a warming world from
an atmospheric (panel b) and an oceanic (panel c) perspective. Salinity, temperature, upper
700m ocean heat content (OHC) and thermocline anomalies during positive Interdecadal
Pacific oscillation (IPO) phases, when the Walker circulation and Indonesian throughflow
(ITF) are weaker (panel d), and during negative IPO phases, when the Walker circulation
and ITF are stronger (panel e). Positive and negative subsurface temperature changes are
indicated by solid and dashed contours, respectively, drawn at 0.1 °C intervals. Idealized
time series of global surface air temperature, equatorial Pacific zonal wind stress anomaly
(with arrows indicating easterly or westerly anomaly) and Indian Ocean upper 700 m OHC
anomaly (panelf), highlighting warming surge and slowdown periods during positive and
negative IPO phases. SSS, sea surface salinity.

§'®0

Oxygen isotope composition

in ‘delta’ notation, referring to
relative departure of sample
oxygen isotopic ratios '*0/'°O
compared with a standard.
Coral calcium carbonate §'*O
reflects combined sea surface
temperature and seawater §'*O
influences.

in the central Indian Ocean that results in thermocline
adjustments in the west™.

Long-term context

Given substantial multi-decadal variability of the
Indo-Pacific climate system, contemporary heat and
freshwater changes need to be put into a longer-term
context to aid the attribution of Indian Ocean trends
to anthropogenic versus natural forcing. Continuous,
multi-century records of hydrologic and thermal var-
iability from coral climate archives (BOX 1) provide a
long-term context for tropical ocean regions, where
in situ observations often only extend a few decades.

Centennial trends. While the lengths of the coral
records vary, the majority of Indian Ocean'’' and
IPWP (FIC. 3) corals indicate warming and freshening
since the 1980s, consistent with instrumental records.
Moreover, compared with the second half of the twen-
tieth century, individual IPWP coral records that
extend back to the 1800s are consistently characterized
by cooler and saltier conditions (FIC. 5). Multi-century
reconstructions of tropical Indian Ocean and tropical
western Pacific SST from a network of corals further
indicate that the tropical Indo-Pacific Ocean gradually
cooled until modern industrial-era warming began
around the mid-nineteenth century'?"'*. Since 1850,
coral-based reconstructions estimated that the average
rate of warming across the tropical Indian Ocean has
been 0.04°C per decade, and, in the western Pacific,
0.03°C per decade'”'.

Yet, warming and freshening has not occurred at a
uniform rate everywhere across the IPWP or within the
tropical Indian Ocean. In general, contemporary and
long-term trends in coral §'*0 are strongest in the west-
ern Pacific Ocean, decreasing in magnitude along the
pathway of the ITF to lowest trends in the tropical east-
ern Indian Ocean (Supplementary Table 4). In addition,
warming and freshening of the tropical south-east Indian
Ocean is reduced compared with other parts of the trop-
ical Indian Ocean'” (FIC. 5). These differences have been
attributed to an increase in seasonal upwelling in the
eastern Indian Ocean, resulting in the tropical Indian
Ocean trending towards a more positive IOD-like mean
state'”. More generally, however, long-term coral §'*0
(combined freshening and warming signal) and 6O,
(freshening signal) trends across the Indo-Pacific have
been attributed to an intensification of the hydrologic
cycle'¥, supporting multi-model projections'*.
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Spatial patterns. The location of coral 80O samples
along the pathways of oceanic exchange that connect the
Indo-Pacific also offer unique long-term insights into
the interactions and influences of interannual and decadal
climate phenomena that are difficult to ascertain using
coarsely resolved models, short observational data sets
and sparse in situ and simulated §'*O,, data (FIGS 3,5). For
instance, a strong negative excursion in coral §'®0O in the
western Pacific records in the year 2000 (FIG. 3i) not only
coincides with excursions in SSS (FIG. 3g,h), precipitation
(FIG. 3, SSH (FIC. 3¢), OHC (FIC. 3b) and, to a lesser extent,
SST (FIC. 3a) and evaporation (FIC. 3¢) but also appears in
some coral regions, such as the ITF exit region, where
the excursion is evident in ~2002 (FIC. 3]). While not all
excursions are as evident at all sites, it is clear that the full
coral network must be utilized in synthesis with ocean
and climate models to understand Indo-Pacific oce-
anic exchange and the underlying climate drivers, their
interactions and their non-stationarity.

The network of palaeoclimate coral time series across
the IPWP reveal spatial variability in dominant drivers
of climate variability. In the western Pacific, interannual
variability (namely, ENSO-driven advection) domi-
nates thermal and hydrological variability for the past
several hundred years'**'*-"** (FICS 3,5). However, for
coral records in the MC and eastern Indian Ocean, more
complex and non-stationary combinations of interan-
nual to multi-decadal variability (ENSO, IOD and IPO)
emerge. At the Luzon Strait entrance to the South China
Sea, for instance, strong influences of ENSO, as well as
the IPO, alter the strength of the Kuroshio intrusion
over the nineteenth and twentieth centuries'*”!*>!3¢
(FIG. 3j). Farther downstream in the southern Makassar
Strait (FIG. 3k), influences of ENSO are also evident over
the nineteenth and twentieth centuries'”-'*. Here,
however, the impact of the IPO with its characteristic
ENSO-type spatial pattern is inconsistent, likely owing
to non-stationary climate interactions that become more
apparent on longer timescales.

Coral sites within and immediately downstream of
the main ITF exit passages (Lombok Strait and Timor
Passage; FIC. 3) resolve a combination of Pacific decadal
variability, ENSO, IOD and monsoon influences'>**-!*!.
At Cocos Keeling (12.16°S, 96.87°E), for example,
enhanced ITF transport during negative IPO intervals
results in fresher surface ocean conditions'"', suggesting
an important role of Pacific decadal variability in influ-
encing ITF strength. Notably, this mechanism could also
explain the modulation of tropical Indian Ocean warm-
ing rates that contributed to global warming slowdowns
or accelerations over the past two centuries'*'. Such pro-
cesses are consistent with inferences made from obser-
vational data on the role of decadal variations in Pacific
trade wind strength in modulating ITF transport and, in
turn, altering the spatial pattern of Indian Ocean surface
warming trends®. Coral compilations further indicate
that the magnitude of decadal variability was stronger
in the tropical Indian Ocean during the late nineteenth
century compared with the twentieth century, suggest-
ing that the modern instrumental record might not fully
estimate the effects of the IPO in the Indian Ocean, given
the short (~15-year) extent of observations.
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Fig. 5| Time series of sea surface temperature and coral proxy reconstructions

over the Indo-Pacific warm pool. Time series for the period 1850-2020 of sea surface
temperature (SST)'/%7%77 (panel a) and coral §**0 z-scores grouped by region (see inset)
for the west Pacific Ocean'****'** (panel b), South China Sea'”***'® (panel c), Makassar
Strait”*”*** (panel d), Indonesian throughflow (ITF) exit regions'#*****'** (panel e) and
eastern Indian Ocean'*"*'*"%3 (panel f). The SST products in panel a are spatially averaged
over the region 90°-150°E, 20°S-20°N (FIC. 1a). The seasonal cycle has been removed and
smoothing applied for all time series (see Supplementary Information), with thin and thick
lines illustrating individual and averaged time series, respectively. Dark grey and light grey
shading indicate positive and negative phases of the Interdecadal Pacific oscillation******,
respectively. See Supplementary Tables 1,3 for further details on individual time series.
PNG, Papua New Guinea.

In the eastern Indian Ocean, corals from the upwelling
region instead more clearly resolve the IOD, making it
possible to reconstruct IOD variability to better under-
stand its interactions with ENSO and the IPO. These
IOD reconstructions are critical, given that sparse, mod-
ern in situ data have such a limited temporal record for
the examination of IOD-ENSO interactions and their
non-stationarity, causing considerable debate through-
out the climate community'*-'**. Multiple centuries of

reconstructed IOD variability indicate that positive IOD
events have become more frequent and intense since the
1960s'>"*, and will imminently move outside of the range
of pre-industrial variability if current trends continue'*.
Reconstructions of twentieth century IOD variability
from the tropical Indian Ocean reveal that the strength of
the year-to-year relationship between the IOD and ENSO
has varied'>'**'*%, and that this interaction is strongest
when ENSO variability itself is strong'?. A longer per-
spective over the last millennium further demonstrates
a tight and persistent coupling between the magnitude of
IOD and ENSO variability, highlighting the importance
of the interactions between these two climate phenom-
ena in shared Indo-Pacific climate variability'>'*. At
multi-decadal timescales, a comparison of CESM1-LME
model simulations, observational data and the last millen-
nium coral reconstruction additionally indicate that the
IPO modulates positive IOD event recurrence', with ther-
mocline depth variability in the eastern equatorial Indian
Ocean having an important impact in preconditioning the
development of positive IOD events®”.

Implications for contemporary changes. Owing to the
importance of constraining past behaviour to give
context to contemporary and future changes, coral-
based reconstructions of SST and the hydrological cycle
are common.

Indo-Pacific variability over the nineteenth and
twentieth centuries from coral reconstructions indicates
long-term freshening and warming trends throughout
the region that vary in magnitude between the west-
ern Pacific Ocean, eastern Indian Ocean and western
Indian Ocean'”'~'*. At the same time, Indo-Pacific coral
records resolve strong interannual to multi-decadal var-
iability that is driven by spatially and temporally shift-
ing interactions between ENSO, the IPO and the IOD as
signals propagate to the Indian Ocean via the ITF and,
more broadly, the MC oceanic bridge. Untangling past
changes in these spatiotemporal interactions will require
expanded regional proxy syntheses and proxy-model
comparisons, which, together, have the potential to pro-
vide critical long-term hydroclimate perspectives and
context for the observational and remote sensing data
sets of the last 20-30 years, as well as future projections
from climate models.

Summary and future perspectives
At the basin scale, the Indian Ocean has warmed
throughout the twentieth century, the trends of which
can be unequivocally attributed to human-induced cli-
mate change. At regional and short temporal timescales,
however, there is inconclusive evidence about whether
contemporary warming and freshening trends observed
in the eastern Indian Ocean and the MC region are a
result of anthropogenic forcing. Instead, observed heat
and freshwater changes since 1980 likely result from IPO
phasing (specifically, the negative phase of the IPO since
the 2000s), as reflected in changes of the Walker circu-
lation, and the resultant footprints in precipitation, SSS,
OHG, SSH and ITF transport (FIC. 4).

To be able to unequivocally detect and attribute
further anthropogenic change in the Indian Ocean’s
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heat and freshwater balance at a regional scale — of
importance for climate risk assessments for vulnerable
societies in Indian Ocean rim countries — many key
questions need resolving.

On long timescales, warming trends appear to
increasingly dominate OHC variability in the global
ocean, compared with the contribution from multi-
decadal variability on regional scales, such as associated
with the IPO'". Yet, the adequacy of sufficient ocean
observations for attribution of regional heat and fresh-
water trend estimates remains suboptimal in many areas
of the world ocean'**. In addition to the relatively short
record that can be affected by the residual of interannual
variability that is filtered out of the trends, the fideli-
ties of some data sets also pose a challenge in providing
accurate quantification of the trends. These include the
uncertainties of the evaporation estimates from OAFlux
(in fact, for all evaporation estimates'*) and the uncer-
tainties of ORAS4 in representing salinity in regions and
periods when there is a lack of observations (within the
MC or prior to the Argo period).

The case for detecting and attributing trends in the
oceanic water cycle is even more complex, whether con-
sidering the aliasing by the IPO or trends arising from
anthropogenic forcing. For example, it remains unclear
whether the freshening in the MC and the eastern Indian
Ocean is caused by an enhancement of local precipita-
tion, enhanced advective freshwater flux through the
ITF or both. Even if the cause is advective freshwater
flux, it is unclear whether it reflects a transport signal
or freshwater input; that is, if the ITF is transporting
more or less freshwater, is that because water sources
are becoming fresher or saltier, or because there is an
increase or decrease in the overall ITF transport? These
specific issues and questions motivate future effort to
address higher-level science questions associated with
the emergence of anthropogenic signals in IPWP subre-
gions and the relative contributions of atmospheric and
oceanic drivers to multi-decadal change in the IPWP.

However, addressing these research questions is chal-
lenged by several factors in the broader Indian Ocean
region, including the sparsity of high-quality in situ
observations for validating satellite SSS and the differ-
ences in the sampling scales between satellite SSS with
40-150-km footprints and in situ pointwise measure-
ments. Furthermore, a lack of systematic measurements
of (sub)surface salinity in the MC hamper quantifying
freshwater transport by the ITF and its change. Hence,
maintaining and expanding the current observing sys-
tems, both of remote sensing and in situ observations,
will be crucial. Understanding the vertical profiles of
transport and properties of the ITF and how they change
in response to wind and buoyancy forcing is a key con-
sideration for their subsequent impact on the heat and
freshwater balance in the Indian Ocean’®”. ITF velocity
profile measurements in particular will help address
uncertainties in heat and freshwater transport through
the Indonesian seas and its variability over time.

For remote sensing efforts, satellite SSS resolution,
continuity and calibration across continuity missions
are critical factors influencing the capability to study
ocean-water cycle linkages in the IPWP region. Indeed,
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while the SMAP and SMOS data have provided relatively
consistent characterization of SSS variability in the MC
and Indian Ocean region®, the continuity of satellite SSS
beyond these missions is not ensured. Observations of
in situ SSS need to be enhanced, especially in the MC
region, as they are essential for satellite SSS validation.
In the ITF exit region and within the MC with its com-
plex topography, substantial benefits could be realized
from improved coastal altimetry'*° to refine estimates of
the anomalies of surface geostrophic flow and the mean
dynamic topography used for obtaining the time-mean
surface geostrophic flow"'~'**,

The combined use of observations with model sim-
ulations is considered the most viable method to sepa-
rate the forced signal from noise and ascertain primary
drivers of variability and change'*. Yet, the presence of
spurious model drift at present often complicates the
detection of real trends'*. Hence, improvements are also
needed for resolution and parameterizations of climate
models to more skilfully represent the MC region and
the intricate heat and freshwater exchange between the
Pacific Ocean and the Indian Ocean, and reduce spuri-
ous model drift in the heat and freshwater balance. Given
the large tidal mixing in the MC region*, the inclusion
of a tidal mixing parameterization that is largely missing
in most current-generation ocean reanalyses and climate
models is critical for a realistic representation of the heat
and salt flux at the ITF exit. A focused model intercom-
parison project for CMIP7 could harness community
efforts towards these model improvements'>>~'%,

Another research question more fundamentally beck-
ons as to how to link the ‘short’ observational records
with interannual (ENSO, IOD) to multi-decadal climate
phenomena (IPO), especially in light of a non-stationary
climate that, in turn, likely leads to changing character-
istics of these same climate modes. While coral proxy
records provide a useful tool for addressing these types
of questions, coral-based reconstructions can themselves
also be challenged by the non-stationarity in the climate
system. This Review highlights the utility of palaeo
archives for extending records of heat and freshwater
changes in data-sparse regions farther back in time.
Yet, further efforts are required to better understand
the underlying cause for, and to resolve discrepancies
between, palaeo proxies and modern in situ observa-
tions in identifying relationships between climate modes
that are non-stationary and/or that might vary across
timescales, such as identified here for the MC region.

Fortunately, some of these efforts are already under-
way, for example, through the development of the Past
Global Changes (PAGES) CoralHydro2k coral proxy
database that will, in part, be used for regional recon-
structions and syntheses. Alongside regional synthe-
ses of existing coral records, expanding the network of
coral proxy sites would help to improve the quality
of early SST products*'®’, when direct observations
from the Indian Ocean region were sparse. For exam-
ple, the long-term trends in the IPWP from multiple
coral 80O records during the 1800s do not match cor-
responding SST products derived from sparse observa-
tional data (FIC. 5), raising questions about the fidelity of
early SST records'®'. Sparse in situ and simulated §*0,,
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measurements through space and time similarly limit
the utility of gridded §'*0,,, products'*>'*’ in examining
multi-decadal and long-term hydroclimatic variability.
Expanded 60, sampling and monitoring networks
that operate alongside expanded observational net-
works would complement the continuing collection
of other observational data, all of which is crucial for
calibrating and validating coral palaeoclimate records.
Overall, expanding the network of palaeo records and
using them more widely for regional reconstructions can
be of great benefit to complement our relatively short
observational perspective.

Given the substantial interbasin heat and freshwater
exchange from the Pacific Ocean to the Indian Ocean
and the large changes seen in the MC region, a key
outstanding question relates to the fate of the heat and
freshwater within the Indian Ocean basin. Future coral
syntheses provide opportunities to track the propagation
of the ITF heat and freshwater signal into the central
and western Indian Ocean. Modelling has shown that
the ITF is a major contributor to the Agulhas Current'*,
most likely via the South Equatorial Current'®®, although
it can take a decade for these waters to completely tra-
verse the Indian Basin'"®. There are few observational
studies that provide an unambiguous link from the ITF

to the Agulhas and Atlantic: the ITF surface freshwater
signal is traced to the Seychelles—-Chagos Thermocline
Ridge''®'*°, as is the Indonesian Intermediate Water to
around the same longitude®. The trail goes cold after
that because of mixing with the salty Red Sea water and
other water masses. Hence, as already flagged as a pri-
ority research area by the decadal review of the Indian
Ocean Observing System (IndOOS)*, maintenance of the
tropical RAMA (Research Moored Array for African—
Asian-Australian Monsoon Analysis and Prediction)
array'?, the 32°S GO-SHIP hydrographic section and the
expendable bathythermograph line across the Agulhas
Current (FIC. 1) in the south-west Indian Ocean are cru-
cial for closing the heat and freshwater budget of the
Indian Ocean on multi-decadal timescales.

To address these outstanding challenges for quanti-
fying change in the oceanic heat and freshwater balance
in the Indian Ocean, as well as within the IPWP that
represents a critical pivot in the global climate system,
a multi-pronged approach is warranted that capital-
izes on a systematic integration of in situ observations,
remote sensing, numerical modelling efforts and palaeo
proxy networks across temporal and spatial scales.
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