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1 Introduction

The Indian Ocean exhibits variations across different timescales, with decadal variations (encompassing periods ranging
from approximately 7years to several decades) being the least understood. Unlike the Pacific Ocean, which has been exten-
sively studied for its Pacific Decadal Oscillation (PDO) and/or Interdecadal Pacific Oscillation (IPO) (Newman, 2016;
Power, 2021), and the Atlantic Ocean, which has received significant attention for its Atlantic multidecadal variability
(Sutton et al., 2018), the modes of decadal internal climate variability in the Indian Ocean remain a “gray area” due to
limited data and dedicated research (Han et al., 2014). However, this does not imply that the Indian Ocean is devoid of
decadal variations. On the contrary, it poses a serious challenge when attributing climate change signals specific to the
region. To overcome this challenge, there is a pressing need to thoroughly characterize the natural decadal variability
of the Indian Ocean, enabling us to attribute regional climate change signals accurately and enhance our global climate
prediction capabilities for the coming decades.

There has been renewed interest in Indian Ocean decadal variability recently due to its potential involvement in the
recent global surface warming “hiatus” (England, 2014; Kosaka & Xie, 2013). It is believed that the negative IPO phase
played a crucial role by causing increased heat absorption in the tropical Pacific, but also a rapid surface warming in the
Indian Ocean, which in turn, likely contributed to this negative IPO phase by enhancing the Walker circulation (Dong &
McPhaden, 2017a; Hamlington et al., 2014; Han et al., 2017a; Li & Han, 2015; Luo et al., 2012; Zhang et al., 2019). Addi-
tionally, a substantial fraction of the Pacific heat uptake has been transported to the Indian Ocean through the Indonesian
Throughflow (ITF; Lee et al., 2015; Nieves et al., 2015; Zhang et al., 2018b). Consequently, the Indian Ocean has been
responsible for more than 70% of the increase in global oceanic heat content within the upper 700m during the past decade
(Lee et al., 2015). The fate of this extra heat in the Indian Ocean—whether it re-surfaces or remains at depth in the upcoming
decades—has the potential to influence the evolution of global surface temperature (Vialard, 2015). As a result, the Indian
Ocean emerges as a region of significant importance for decadal climate predictions.

This chapter aims to present an up-to-date review of progress made in our understanding of Indian Ocean decadal var-
iability since a seminal reviewpaper byHanet al. (2014).Addressingoutstandingquestions raised in that reviewpaper is akey
focus, particularly exploring the relative importance of external forcing and internal variability within the Indian Ocean in
generating decadal fluctuations. This chapter is organized as follows: the next section delves into what instrumental records
reveal about decadal variability in the Indian Ocean. Sections 3 and 4 then offer comprehensive reviews of recent advance-
ments in understanding internal and externally forced decadal climate variability, respectively. Section 5 presents the latest
findings on decadal climate predictions. Conclusions and noteworthy unresolved questions are discussed in the final section.
It is important to note that this chapter only provides brief mentions of decadal variability in biogeochemical variables
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(for more details, see Al-Yamani et al., 2024; Hood et al., 2024a), decadal variations recorded in paleoclimate proxies
(Mohtadi et al., 2024), future climate projections (Roxy et al., 2024), and impact of Indian Ocean decadal/multidecadal
signals on regional and global climate (Ummenhofer et al., 2024) as these aspects are reviewed more extensively in
other chapters.

2 Observational datasets

Data sparsity before 1980. To investigate the decadal variability of the Indian Ocean and differentiate it from externally
forced long-term climate change signals, comprehensive and consistent climate observations spanning the entire basin are
essential. However, the availability of high-resolution instrumental climate datasets with global coverage has been limited
to the introduction of satellites in the late 1970s. Before that, the instrumental records of climate variables were charac-
terized by significant uncertainties due to the scarcity of observations and the presence of time-varying biases in the col-
lected data (Parker et al., 2000). As a consequence, studying Indian Ocean decadal variability before the satellite era poses
considerable challenges, primarily due to the lack of reliable and homogeneous data.

SST and tide gauges. Sea surface temperature (SST) stands as a vital variable in studying decadal climate variability,
owing to its key role in large-scale atmosphere-ocean interactions. The instrumental record of SST dates back to the mid-
19th century. However, the spatial coverage during earlier periods was generally inadequate, with SST measurements
mostly restricted to shipping lanes (Fig. 1a). Although the coverage expanded to more areas in the 20th century, certain
areas, such as the tropics and the Southern Ocean, still exhibit poor data coverage (Fig. 1b and c). Another pertinent
example is the global sea level record derived from tide gauges (Fig. 1d), which offers essential information for studying
both regional and global scale sea level changes (Han, 2010; Unnikrishnan & Shankar, 2007). While some tide gauge data
provide more than a century of continuous sea level records—surpassing the duration of satellite-derived products—their
utility is limited for analyzing basin-scale climate variations due to coarse spatial sampling. Consequently, data sparsity
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FIG. 1 (a)–(c) Distributions of sea surface temperature (SST) observations from HadSST2. Shown are the percentage of months with SST observations

over the 50-year period. (d) Distribution of sea level tide gauges. Different colors represent different time length of available sea level data.
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may introduce sampling errors, leading to significant uncertainties in studying decadal climate variability and long-term
climate change signals based on instrumental climate datasets.

Instrumental biases. Instrumental measurements are not without biases or errors, which may even evolve over different
time periods due to changing observational practices. In the 19th and early 20th centuries, SST was gauged by collecting
water samples using uninsulated or partially insulated buckets from ships. From the middle of the 20th century, SST mea-
surements transitioned to utilizing water intake from the engine room. This change in measurement techniques could lead to
abrupt shifts in the SST record obtained from the same ships (Barnett, 1984), necessitating “correction” of the instrumental
SST data. Since the late 1970s, global coverage satellite-derived SST data have become available. However, satellite mea-
surements also carry biases, particularly due to the influence of aerosols and clouds. Additionally, unlike ships that measure
bulk temperature, satellite observations capture skin temperature (Reynolds & Smith, 1994). These inconsistencies in SST
measurements throughout the instrumental period add another layer of uncertainties when using the instrumental record for
climate research, alongside the scarcity of observations in earlier periods.

Reconstructions. The presence of significant gaps and time-varying biases in the instrumental climate record
introduce considerable uncertainties, restricting our ability to analyze Indian Ocean decadal climate variability. To
address this, modern SST reconstructions employ “interpolation” techniques to fill gaps, especially in earlier periods,
and “adjustment” or “correction” methods to mitigate the effects of the time-varying biases in the SST measurements
(e.g., Nidheesh et al., 2017; Rayner et al., 2003). Similarly, sea level reconstructions combine large-scale sea level
anomaly patterns associated with climate modes derived from satellite observations and tide gauge data to extend
the observational record back in time (Church et al., 2004; Kumar et al., 2020). These products yield homogeneous
gridded global SST and sea level data dating back to the mid-19th century. However, due to variations in the methods
employed in different SST reconstructions and the scarcity of the raw data from the instrumental record for both SST and
sea level datasets, significant cross-data differences persist (e.g., Nidheesh et al., 2017; Zhang et al., 2018b). Despite
these efforts, uncertainties in the historical climate records continue to pose challenges in comprehensively under-
standing Indian Ocean decadal climate variability.

Uncertainties in Indian Ocean decadal variability and trends. The considerable uncertainties in the SST reconstructions
present challenges in examining the decadal variability and long-term climate change in the Indian Ocean. In Fig. 2, we
explore the decadal variability of the tropical Indian Ocean SST anomalies using empirical orthogonal function analysis of
8-year low-pass filtered monthly SST data spanning 1890 to 2015 from six different products. Overall, the filtered decadal
variability explains 8% to 18% of the total variance in the six data sets. Before conducting the empirical orthogonal function
analysis, the SST data were linearly interpolated onto uniform 2.5!2.5 degree grids, and the linear trend was removed to
partly eliminate the influence of anthropogenic global warming. The first empirical orthogonal function mode (EOF1)
reveals the main mode of decadal SST variability in the tropical Indian Ocean, characterized mainly by basin-scale
SST anomalies of the same sign (Fig. 2a–f). As noted in prior studies, this behavior is primarily driven by the IPO through
atmospheric teleconnections (Han et al., 2014). However, the six SST data sets clearly exhibit distinct SST anomaly pat-
terns. Cobev2, HadISST, and Hurrell SST demonstrate maximum SST anomaly signals located in the central tropical Indian
Ocean. In contrast, the 20CRv2c and ERSSTv4 datasets are associated with the strongest SST anomalies in the South Indian
Ocean, especially near the so-called Seychelles-Chagos thermocline ridge (SCTR) or Seychelles Dome region, where the
mean thermocline depth is shallow. ERA-20C, on the other hand, shows relatively weaker signals compared to other SST
products, resulting in an explained variance of EOF1 of only 45%, smaller than others, which range roughly between 60%
and 70%. These variations in SST anomaly patterns highlight the importance of accounting for data source differences
when studying Indian Ocean decadal climate variability.

While the time evolution of the corresponding principal components (PC1) generally shows agreement across the six
SST products, noticeable discrepancies arise during specific periods (Fig. 2g), particularly in the early 20th century, which
is likely due to limited observations during that time. In recent decades, results from different SST products tend to con-
verge, thanks to the advances in satellite observations that provide high-resolution global-scale SST measurements. In
addition to uncertainties in internal decadal climate variability, long-term climate change signals also exhibit uncertainties
to some extent (Fig. 2h). For instance, although all SST datasets indicate a relatively steady warming trend in the tropical
Indian Ocean, there was a slowdown in the basin warming between the 1940s and 1960s. However, the magnitudes of the
warming trend differ among the datasets. ERSSTv4 shows a warming trend of 0.74°C/century, whereas ERA-20C reflects a
lower warming trend of 0.49°C/century. It is worth noting that such differences in warming trends may partly stem from
uncertainties in internal climate variability. Consequently, both externally forced climate change signals (assessed by the
linear trends) and internal decadal climate variability exhibit uncertainties across different SST reconstructions, posing
challenges when investigating their associated mechanisms.
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3 Internal decadal climate variability

In comparison with the Pacific (e.g., Newman, 2016) and Atlantic (e.g., Liu, 2012), the exploration of decadal climate
variations in the Indian Ocean has been relatively restricted. This section provides an overview of the existing literature
that examines Indian Ocean decadal climate variability, addressing certain pertinent questions raised by a seminal review
paper on this topic by Han et al. (2014).

3.1 Remote forcing from other regions

The decadal-to-interdecadal variability of SST in the tropical Indian Ocean has been observed to be in sync with the IPO as
evidenced by instrumental records (Zhang et al., 1997) and proxy data (Cole et al., 2000). Until the 1960s, the SST var-
iability of the tropical Indian Ocean was in phase with the IPO but a significant shift occurred after 1980, causing it to
become out of phase with the Pacific SST variability (Zhang et al., 2018b). Observations and coupled climate model exper-
iments suggest that this altered relationship can be primarily attributed to enhanced external forcing (Dong & McPhaden,
2017a; Zhang et al., 2018b). Zhang et al. (2018b) attributed this change to an earlier emergence of anthropogenic warming
in the tropical Indian Ocean and volcanic eruptions in the 1980s and 1990s, leading to cooling over the region. In line with

FIG. 2 (a)–(f) First Empirical Orthogonal Function (EOF1) mode of 8-year low-pass filtered SST anomalies in the tropical Indian Ocean from various

SST data sets. Linear trend has been removed prior to the empirical orthogonal function analysis. Unit is °C. (g) Corresponding Principal Component
(PC1). (h) 8-year lowpass filtered tropical Indian Ocean SST anomalies averaged in 30°E–120°E and 20°S–20°N. All SST data sets used here were inter-

polated into the same 2.5° by 2.5° grids.
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these findings, Dong and McPhaden (2017b) demonstrated that greenhouse gas forcing has contributed to warming the
Indian Ocean, overpowering changes that would have arisen from the IPO, thereby weakening the dynamical links between
the two ocean basins. Through coupled climate model experiments, it has been shown that in the absence of external
forcing, the evolution of the Indian Ocean decadal variability would be considerably influenced by the IPO.

Numerous studies have emphasized the significance of the atmospheric bridge in shaping decadal variability. Copsey
et al. (2006) attempted to simulate decadal sea level pressure (SLP) anomalies over the Indian Ocean using an atmospheric
general circulation model but encountered difficulties in doing so. They proposed that remote forcing impacts atmospheric
decadal variations in the Indian Ocean. To test this hypothesis, a recent study (Dong et al., 2016) used a coupled general
circulationmodel and prescribed observed SST over the eastern tropical Pacific, predominantly influenced by the IPO on the
decadal timescale This approach successfully reproduced observed decadal variations in the tropical Indian Ocean. Specif-
ically, the IPO exerts a"50% amplifying (or weakening) effect on the externally forced warming effect by"50% during its
warm (cold) phases. This indicates that the IPO influence via an atmospheric bridge plays an important role in the decadal
SST variability of the tropical Indian Ocean. During a positive IPO phase, the Walker circulation weakens, resulting in
anomalous descending motion over the tropical Indian Ocean. Consequently, there is reduced cloud cover and increased
shortwave radiation reaching the ocean surface. Moreover, easterly wind stress anomalies over the equatorial Indian
Ocean, associated with the weakened Walker circulation, trigger anomalous Ekman downwelling in off-equatorial regions.
The combined effect of these processes leads to anomalous warming of the tropical Indian Ocean during a positive IPO.
Importantly, these processes bear resemblance to the influence of the El Niño-Southern Oscillation (ENSO) on the Indian
Ocean via the atmospheric bridge at interannual timescales (Alexander et al., 2002; Klein et al., 1999).

However, the above-mentioned decadal atmospheric bridge exhibits seasonal dependence. Han et al. (2017a) showed
that the Walker circulations over the Pacific and Indian Oceans co-vary on the decadal timescale during boreal winter,
primarily through fluctuations of atmospheric convection over the warm pool. In contrast, during boreal summer, the
warm-pool convection only co-varies with the PacificWalker circulation and not with the Indian OceanWalker circulation.
The latter is more strongly influenced by convective activity associated with the Indian summer monsoon, especially after
the 1990s.

The role of the oceanic tunnel has also been under scrutiny. Dong and McPhaden (2016) found that an increase in heat
transport by the ITF due to stronger trade winds during the recent hiatus period, associated with the negative IPO, led to
enhanced warming in the Indian Ocean south of 10°S. A more comprehensive review of decadal sea level variability in the
Indian Ocean due to the oceanic bridge from the Pacific can be found in Sprintall et al. (2024).

Both atmospheric bridge and oceanic tunnel from the IPO are suggested to influence interdecadal variations in the Nin-
galoo Niño, a climate mode characterized by positive SST anomalies off the west coast of Australia (Feng et al., 2013;
Kataoka et al., 2014, 2017; Zhang et al., 2018a). Feng et al. (2015) and Li et al. (2017) showed that the occurrence of
the Ningaloo Niño has increased since the late 1990s owing to the recent shift of the IPO to its negative phase. The enhanced
ITF during the negative IPO is suggested to play a key role in this phenomenon. Furthermore, Tanuma and Tozuka (2020)
revealed that the local positive feedback is intensified during the negative IPO phase, facilitated by the anomalously warm
conditions to the northwest of Australia induced by the negative IPO phase through the atmospheric bridge (Li et al., 2019).

Decadal variability of sea level has also been observed over the Indian Ocean and shown to be enhanced during the 20th
century along the coasts of global oceans (Little, 2023). Decadal variabilities of ENSO, Indian Ocean dipole (IOD), and
monsoon largely account for the observed decadal sea level variability in different regions of the Indian Ocean (Han et al.,
2018). Surface winds associated with these climate modes over the Indian Ocean are the main drivers for decadal sea level
variability, while the Pacific influence via the ITF is strong mainly in the southeast basin.

3.2 Intrinsic Indian Ocean decadal variability

Ashok et al. (2004) proposed the existence of an intrinsic decadal climate mode known as the “decadal IOD,” which is not
correlated with decadal variability in the tropical Pacific and whose spatial pattern bears resemblance with the interannual
IOD (Saji et al., 1999). Conversely, Tozuka et al. (2007) pointed out that decadal air-sea interactions associated with the
“decadal IOD” may be a statistical artifact resulting from low-pass filtering. They suggested that it might emerge as an
outcome of the decadal modulation of interannual IOD events or as a consequence of asymmetry in the occurrence of pos-
itive and negative IOD events. Additionally, they inferred that the decadal modulations in the interannual IOD are attrib-
utable to both intrinsic and remotely forced variability.

The Indian Ocean subtropical dipole is a dominant climate mode in the southern Indian Ocean (Behera & Yamagata,
2001; Reason, 2001). Positive (negative) SST anomalies are generated when themixed layer becomes anomalously shallow
(deep), with sensitivity to shortwave radiation being more (less) pronounced (Morioka et al., 2010). Yamagami and Tozuka
(2015) conducted mixed-layer heat budget analyses, revealing that the thinner mixed layer in the recent decade amplifies

Decadal variability of the Indian Ocean and its predictability Chapter 10 233



this effect, making it possible for even weak atmospheric anomalies to trigger the Indian Ocean subtropical dipole. An
examination of the Monin-Obukhov depth revealed an increasing trend in surface heat flux, attributed to decreased wind
speeds (and increased specific humidity near the sea surface) linked to the poleward shift of the westerly jet in January
(strengthening of the Mascarene High in February), resulting in a decreasing trend of the mixed layer depth. Regarding
amplitude, Yan et al. (2013) demonstrated a weakening of the Indian Ocean subtropical dipole after 1979/80, although
the exact mechanism behind this remains unknown. More recently, Zhang et al. (2022) highlighted a decadal eastward
shift in the center of action for interannual climate modes, contributing to the recent weakening of the Indian Ocean sub-
tropical dipole, while the amplitude of Ningaloo Niño has recently increased. Furthermore, based on an analysis of coupled
model experiments, they proposed that internal climate variability plays a dominant role in these changes.

Li and Han (2015) conducted sensitivity experiments using an ocean general circulation model to investigate the mech-
anisms underlying decadal sea level variations in the Indian Ocean (Han et al., 2017b). This study revealed that the dom-
inant mechanisms vary depending on the regions within the Indian Ocean. In most of the tropics, decadal modulations of
wind stress anomalies associated with climate modes make a dominant contribution to sea level variations. However, off the
Somali coast and the western Bay of Bengal, oceanic internal variability emerges as the primary driver. In the subtropical
southern Indian Ocean, both surface heat flux and oceanic internal variability contribute, while stochastic winds become
important in the southwest Indian Ocean, especially south of 30°S.

To assess the contribution of climate modes to decadal sea level variability in the Indian Ocean, Han et al. (2018) used a
Bayesian dynamic linear model. Their study revealed that both decadal IOD and Indian monsoon surface wind variability
play significant roles in regional decadal sea level variability, with some seasonal dependence. During boreal winter, both
factors contribute to decadal variability to the northeast of Madagascar, while the Indian monsoon induces decadal vari-
ability off the Sumatra coast and along the Bay of Bengal coast. Conversely, in boreal summer, both decadal IOD and Indian
monsoon influence decadal variability in the three aforementioned regions. For decadal sea level variability north of 5°S,
the primary explanation may lie in the thermosteric sea level of the upper 700m (Srinivasu et al., 2017) induced by decadal
variations in surface winds over the Indian Ocean (Srinivasu et al., 2017; Thompson et al., 2016). Thompson et al. (2016)
emphasized the importance of the cross-equatorial cell and deep equatorial upwelling, both influencing the upper ocean
thermal distribution. The former is forced by zonal wind stress curl anomalies at the equator, and its decadal variability is
associated with changes in the strength and position of the Mascarene High associated with the Indian Ocean subtropical
dipole. However, Srinivasu et al. (2017) noted qualitative differences among different ocean reanalyzes in their finding.

Owing to the limited availability of sea level observational data over an extended period and inconsistencies among
different ocean reanalysis products, Nidheesh et al. (2019) turned to control runs of phases 3 and 5 of the coupled model
intercomparison project (CMIP) (Meehl et al., 2007; Taylor et al., 2012) to investigate decadal variations in sea level over
the Indian Ocean. The leading mode of variability, explaining about 38% of the total variance on the decadal timescale, is
associated with the decadal modulation of the IOD, which shows only a weak correlation with ENSO. During its positive
phase, negative sea level anomalies occur in the eastern tropical Indian Ocean, with minima found along the Indonesian
coast and west coast of Australia. Simultaneously, positive sea level anomalies are found in the western tropical Indian
Ocean with a maximum located along 10°S. Conversely, the mode of variability, explaining around 14% of the variance,
is characterized by positive sea level anomalies east of Madagascar. The mechanism driving this mode is model dependent.
In some models, downwelling Rossby waves induced by anticyclonic wind stress anomalies in the southeastern tropical
Indian Ocean (Nidheesh et al., 2013) associated with the meridional shift of the Mascarene High contribute to this mode. In
other models, positive sea level anomalies induced by alongshore wind stress anomalies off the west coast of Australia are
radiated away from the coast as westward propagating Rossby waves and also play a role. Zhuang et al. (2013) highlighted
the importance of wind stress curl anomalies in the region of 70°E–95°E for triggering the Rossby waves, using a baroclinic
Rossby wave model. Additionally, Zhang et al. (2019) demonstrated that the meridional shift in theMascarene High, which
is uncorrelated with ENSO, contributes to the generation of sea level anomalies east of Madagascar, emphasizing the
importance of intrinsic Indian Ocean variability.

4 Externally forced signals

4.1 Detection and attribution of Indian Ocean warming

Over recent decades, the Indian Ocean has undergone a rapid basin-wide warming trend, exceeding that of other tropical
oceans (Han et al., 2014; Luo et al., 2012). Despite being detectable amidst background “climate noise” (Gopika et al.,
2020), the underlying cause of this warming remains a topic of debate. The Indian Ocean warming in observations is likely
the result of external forcing, particularly greenhouse gas forcing (Alory et al., 2007; Barnett et al., 2005; Dong et al., 2014;
Dong & Zhou, 2014; Knutson, 2006; Pierce et al., 2006; Roxy et al., 2020). To evaluate the exact contributions of
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greenhouse gases and anthropogenic aerosols, including direct and indirect aerosol effects, to the Indian Ocean warming,
the CMIP protocol encouraged simulations encompassing all forcing, greenhouse gas-only forcing, natural-only forcing
simulations, and anthropogenic aerosol-only forcing.

Fig. 3 compares the time evolution from the basin-averaged warming in observations and the multimodel ensemble
averages of different forcings. A significant warming trend during 1870–2005 is evident in the observations, particularly
rapid in the latter half of the 20th century (Fig. 3a). This warming trend is well reproduced by all forcing runs (Fig. 3b).
Greenhouse gas forcing exerts the dominant role on the Indian Ocean warming trend, with a persistent warming effect
throughout the 20th century (Fig. 3c). In contrast, the total anthropogenic aerosols effect (including both direct and indirect
effects) cools the basin-averaged SST and slows down the warming trend (Fig. 3d). The direct aerosol effect reduces
shortwave radiation reaching the Earth’s surface by absorbing or scattering the sunlight, while the indirect effect of aerosols
affects surface radiative flux through its influence on clouds. Notably, the cooling was more pronounced after the 1950s due
to the increased emission of anthropogenic aerosols with postwar economic growth (Xie et al., 2013). However, when con-
sidering only the direct effect of aerosols, the cooling effect is weakened (Fig. 3e), although the SST anomaly signals may
still contain natural decadal variability due to the limited number of ensemble members. The observed trend of 0.40K
century#1 closely aligns with all forcing runs of 0.41$0.16K century#1 (standard deviation of intermodel variations).
Under greenhouse gas-only forcing, the warming trend is stronger than in observations and the all forcing run
(0.66$0.14K century#1). For each of the 17 CMIP5 models, the warming trend under greenhouse gas forcing is positive

FIG. 3 Time series of Indian Ocean (40°S–15°N, 40°–100°E) annual mean (bar) and 8-yr running average (line) sea surface temperature anomaly

(SSTA) from (a) observations, (b) all forcing runs of 17 models from the multimodel ensemble (MME), (c) Greenhouse gas (GHG)-only forcing runs

of 17 models of the MME, (d) Anthropogenic aerosols (AA)-only forcing of 13 models from the MME that include both direct and indirect effects,

and (e) AA-only forcing of four models from the MME that only include direct effects. Only one member is used for each model. SSTA is relative
to the period of 1870–2005 mean. Units: K. The numbers on the top right of (b)–(e) denote the trend values and standard deviation of intermodel variations

(in K century#1), respectively. (From Dong and Zhou (2014). © American Meteorological Society. Used with permission.)

Decadal variability of the Indian Ocean and its predictability Chapter 10 235



with the multimodel ensemble mean accounting for about 163.6%. In contrast, the emission of anthropogenic aerosols has
mitigated the warming trend, with negative contributions to the warming, except for CCSM4, which exhibits weak
warming. Based on the result of the multimodel ensemble mean, anthropogenic aerosols reduce the warming trend of
all forcing runs by 72.7%. If only the direct effect of aerosols is considered, there is a weak cooling trend of
#0.08$0.12K century#1 (Fig. 3e). However, when including both direct and indirect effects, the cooling trend is enhanced
to#0.34$0.19K century#1 (Fig. 3d), offsetting roughly half of greenhouse gas warming. Consequently, the warming rate
of the Indian Ocean, though faster than the global mean, reflects the competing influences of greenhouse gases and anthro-
pogenic aerosols on the Indian Ocean SST changes, akin to their effects on global mean SST (Han et al., 2014).

Apart from the centennial and multidecadal warming trends, the Indian Ocean SST also exhibits decadal-to-
interdecadal variability (Fig. 3) arising from both internal climate variability (Section 3) and external forcing. As discussed
in Section 3, strong external forcing weakens the dynamical connection between the Indian and Pacific Oceans, resulting in
the inability of the negative phase of the IPO after 2000 to induce a cold SST anomaly over the Indian Ocean in observations
(Dong & McPhaden, 2017a). This enhanced external forcing after the 1980s can be primarily attributed to greenhouse
gases, with anthropogenic aerosol forcing and natural forcing exhibiting relatively weak impacts (Dong &
McPhaden, 2017b).

4.2 Nonuniform warming patterns

The Indian Ocean basin-averaged SST displays a robust warming trend, yet this warming is spatially heterogeneous, exhi-
biting an uneven warming pattern. Understanding this pattern is crucial for comprehending the global climate response to
increasing greenhouse gases. For instance, this SST warming pattern strongly constrains the regional distribution of pre-
cipitation changes over the tropical ocean, following a warmer-get-wetter mechanism (Grose et al., 2014; Kent et al., 2015;
Kosaka &Xie, 2016; Xie et al., 2010). Additionally, the pattern of tropical SST change can influence large-scale circulation
in the tropical atmosphere, exerting a notable impact on extratropical climates (Lee et al., 2022; Trenberth et al., 1998) such
as in the North Atlantic and Arctic regions (Hoerling et al., 2004; Hu & Fedorov, 2020; Xu et al., 2022). Consequently,
detecting the spatial warming pattern in the Indian Ocean and exploring the associated mechanisms are of utmost
importance.

Attribution of spatial patterns. Fig. 4 illustrates the pattern of SST trend in the Indian Ocean during 1870–2005 based on
observations and multimodel ensemble simulations with various external forcings. Observations display basin-wide
warming trends over the past century, with the most substantial warming observed in the western tropical Indian Ocean
and relatively weaker warming in the tropical south Indian Ocean, resembling the positive IOD-like SST pattern (Cai et al.,
2013; Du & Xie, 2008; Roxy et al., 2014; Xie et al., 2010; Zheng et al., 2010; see Fig. 4a). Externally forced enhanced
warming in the Arabian Sea and western tropical Indian Ocean relative to the rest of the basin simulated by CMIP models
is already detectable, which aligns with observations. The multimodel ensemble mean of all forcing runs captures a sig-
nificant portion of the observed east-west dipole warming pattern (Fig. 4a and b), predominantly due to greenhouse gas
forcing (Fig. 4c). This pattern weakens the Walker cell, leading to easterly wind anomalies in the equatorial Indian Ocean
and consequently the positive IOD-like warming pattern (Cai et al., 2013). However, observational analyses present con-
flicting views on the Walker cell changes in recent decades (Han et al., 2014). In contrast, direct anthropogenic aerosol
forcing results in a weak but opposite SST change pattern, counteracting the effect of greenhouse gas warming
(Fig. 4e). The total (direct and indirect) aerosol forcing yields stronger cooling in the north Indian Ocean and comparatively
less cooling in the subtropical south Indian Ocean (Fig. 4c and d). Moreover, the warming (cooling) rate in response to
greenhouse gas (anthropogenic aerosol) forcing is more pronounced in the northern basin than in the southern basin
(Fig. 4c and d). The stronger cooling effect from anthropogenic aerosol in the northern basin may be attributed to the
presence of anthropogenic aerosols originating from Asia.

Mechanisms. The mechanism underlying the Indian Ocean response to the greenhouse gas forcing remains a subject of
investigation in climate models (Du & Xie, 2008). Some studies suggested that basin-wide SST warming is directly trig-
gered by atmospheric processes, initiated by the increase in downward longwave radiation due to greenhouse gases, and
then amplified by the water vapor feedback and atmospheric adjustment in climate models (Du & Xie, 2008). On the other
hand, other studies suggest a link between this SST change and changes in ocean heat transport. For example, Indian Ocean
basin-wide warming is associated with ocean wave-induced thermocline changes (Li et al., 2003) or a decrease in upwelling
related to a slowdown of the wind-driven Ekman pumping (Alory & Meyers, 2009). Few modeling studies have indicated
contributions from both atmospheric and oceanic processes. Ocean temperature advection is regarded as the dominant
process for the increase of the northern Indian Ocean heat content, whereas control by surface heat fluxes prevails in other
areas of the Indian Ocean basin (Barnett et al., 2005).
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Water cycle. As for SST, the observed sea surface salinity (SSS) trend patterns from 1950 to 2019 are reasonably cap-
tured by the multimodel ensemble mean of CMIP6 simulations, albeit an underestimated amplitude (Fig. 5). Both the
observed and simulated SSS changes generally enhance the mean SSS patterns, resulting in fresher conditions in the
Bay of Bengal and equatorial basin, where mean salinity is low and precipitation (P) exceeds evaporation
(E) (E-P<0), and saltier conditions in the subtropical south Indian Ocean, where mean salinity is high and E-P>0. These
findings suggest an intensified water cycle driven by greenhouse gas forcing (Durack, 2015; Eyring et al., 2021), with an
8% pattern amplification for E-P change, which is close to the 7% increase in tropospheric relative humidity, corresponding
to each degree of global surface warming (Douville et al., 2022; Durack et al., 2012). Projections from climate models
indicate that this pattern of amplification of SSS is expected to increase by the end of the 21st century.

Sea level trends. Distinct spatial patterns of sea level trend since the 1950s have been identified after removing the
global mean sea level rise, showing regional sea level fall in the southwest tropical Indian Ocean and rise in the eastern
Indian Ocean (Fig. 6a–d; Dunne et al., 2012; Han, 2010; Han et al., 2018; Schwarzkopf & B€oning, 2011; Timmermann
et al., 2010). While thermosteric sea level dominates the upper 2000m total steric sea level trends for the 1950–2008
period in most regions of the Indian Ocean, halosteric changes associated with the water cycle can be the leading

FIG. 4 Trends of SST in the Indian Ocean during 1870–2005 from (a) observations, (b) all forcing runs of a 17-model multimodel ensemble (MME),
(c) Greenhouse gas (GHG)-only forcing runs of a 17-modelMME, (d) Anthropogenic aerosol (AA)-only forcing of a 13-modelMME, and (e) direct effects

of AA-only forcing of a 4-modelMME. The dotted areas are statistically significant at the 1% level by Student’s t-test. Note that the color scale intervals are
not the same for each figure. Units: K (100year)#1. (From Dong and Zhou (2014). © American Meteorological Society. Used with permission.)
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contributor to total steric changes in the tropical southeast Indian Ocean and subtropical South Indian Ocean (Durack
et al., 2012). Indeed, the importance of salinity in causing positive sea level trends in the tropical southeast Indian Ocean
for the 2005–2013 decade has also been shown, due to enhanced precipitation in the maritime continent region and
strengthened ITF (Llovel & Lee, 2015). In addition, halosteric sea level shows large-scale decreasing trends due to
increased salinity in the North Indian Ocean (10°S–20°N) and increasing trends due to decreased salinity in the South
Indian Ocean (30°S–10°S) for the 2005–2015 period. Trend patterns of dynamical sea level (global mean removed) from
large ensemble experiments using two global climate models bear some resemblance with the observed patterns, par-
ticularly the sea level fall in the southwest basin (Fig. 6e–h). This relative decline was primarily attributed to internal
climate variability with external forcing contributing "19%$2.4% (Han et al., 2018). However, significant qualitative
and quantitative differences exist between the two climate model simulations in most regions of the Indian Ocean, intro-
ducing considerable uncertainty in the climate model’s ability to simulate the forced signals of regional sea level
changes.

FIG. 5 Multidecadal salinity trends for the near-surface ocean (in Practical Salinity Scale 1978 [PSS-78] per decade). (Top) Observed trend. (Bottom)
Simulated trend from the CMIP6 historical experiment multimodel mean (1950–2014). Black contours show the climatological mean salinity in incre-

ments of 0.5 PSS-78 (thick lines 1 PSS-78). (From Eyring et al. (2021).)
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FIG. 6 The linear trends of regional sea level over the tropical Indian Ocean from 1958 to 2005. Monthly data are used, with the 1958–2005 monthly

climatology and global mean sea level rise time series removed from each dataset before the trend calculation. (a) The ECMWFOceanReanalysis System 4

(ORAS4) reanalysis; (b) the Simple Ocean Data Assimilation (SODA) reanalysis; (c) the world ocean atlas 2013 (WOA13) upper 700m thermosteric sea
level; (d) Ishii upper 700m thermosteric sea level; (e) the Max-Planck-Institute of Meteorology (MPI) 100-member ensemble mean dynamic sea level;

(f) the National Center for Atmospheric Research (NCAR) community earth system model version 1 (CESM1) 40-member ensemble mean dynamic sea

level; (g) MPI ensemble mean for members 1–40; (h) MPI ensemble mean for members 41–80. The two boxes show the maximum sea level fall and rise
areas in both the ORAS4 and SODA dynamic sea level, with Reg. 1 located in the thermocline ridge of the southwest tropical basin (50° E–85° E, 17° S–5°
S) and Reg. 2, eastern equatorial IndianOcean (90°E–103°E, 7° S–7°N). The number in each box shows the trend value of SLA averaged in the box. Trend

values exceeding 95% significance are shown in color contours, and those below 95% are shown in white. (From Han et al. (2018).)
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5 Predictability

Earlier CMIP (CMIP3 and before) have demonstrated that near-term climate predictions, ranging between 2 and 30years,
were influenced by a combination of external forcing and internal variability (Doblas-Reyes et al., 2013). However, to
bridge the gap between subseasonal-to-seasonal predictions and climate projections, the focus has shifted to decadal pre-
dictions, which have become a prominent area of research since CMIP5 (Doblas-Reyes et al., 2013; Kirtman et al., 2013).
Coordinated experiments, as conducted in CMIP5, have explored the potential of initializing coupled models with obser-
vational data. This initialization allows for the prediction of internal variability in addition to changes associated with
external forcing, offering valuable insights into decadal climate trends (Doblas-Reyes et al., 2013; Kirtman et al.,
2013; Smith et al., 2007).

The Indian Ocean stands out as the region with the highest decadal prediction skill for SST over the global ocean in 2–
9years lead forecasts. Guemas et al. (2013) demonstrated that anomaly correlation coefficients of SST anomalies averaged
over the Indian Ocean (40°S–30°N, 20°–120°E) remain consistently high at 0.7 for 2–9years lead forecasts, surpassing
other basins. This enhanced prediction skill can be attributed to the predominance of varying radiative forcings linked
to increasing anthropogenic greenhouse gases and volcanic aerosols, which exert a stronger influence than relatively weak
internal variability. Interestingly, initializing coupled models with observed climate states did not lead to significant skill
improvements in the Indian Ocean due to the dominance of external forces. This is in stark contrast with other basins, where
natural decadal climate variability plays a more significant role. However, in the western Indian Ocean, multimodel decadal
SST predictions from the CMIP5 models indicate some improvements with initialization, even though SLP forecasts dete-
riorate (Smith et al., 2019). This contrasting impact of initialization on SST and SLP suggests potential issues in the rep-
resentation of ocean-atmosphere interaction over the western Indian Ocean or the involvement of different mechanisms
governing their predictability. Morioka et al. (2018) conducted a study on decadal climate variability in the southern Indian
Ocean. They found that observed decadal SST variations were particularly large east of Madagascar, off the west coast of
Australia, and in the Agulhas Return Current region. Furthermore, their coupled model demonstrated relatively high skill in
the Agulhas Return Current region for a lead time of up to 9 years. They suggested that this enhanced predictability may be
attributed to the model’s successful representation of eastward propagation of anomalously warm SST coupled with pos-
itive SLP anomalies from the Atlantic and local air-sea interactions.

6 Conclusions

In Section 3, our review has highlighted recent advancements in understanding decadal climate variability in the Indian
Ocean, arising from both remote forcing from other basins and intrinsic processes. Remote forcing, particularly from the
IPO, exerts its influence through both the atmospheric bridge and oceanic tunnel, with the Walker circulation and the ITF
playing key roles. However, the relative contributions of these effects still require further quantification, and improved
coupled general circulation models are needed to realistically simulate interbasin interactions. Regarding intrinsic vari-
ability, research has explored how interannual climate modes like IOD and Indian Ocean subtropical dipole vary on decadal
timescales. Yet, there is a need for more in-depth investigations to fully uncover the underlyingmechanisms. One intriguing
question that warrants future exploration is the potential role of reemergence in decadal climate variability, particularly in
the subtropical southern Indian Ocean. Reemergence is a process by which wintertime SST anomalies that extend
throughout a deep mixed layer are preserved beneath the thin summer mixed layer after the mixed layer shoals, but when
the mixed layer becomes deeper again in the subsequent autumn and winter, subsurface water with temperature anomalies
is re-entrained into the mixed layer and SST anomalies with the same sign recur. While reemergence has been implicated in
the PDO (Newman, 2016), its significance in the Indian Ocean remains relatively unexplored.

In summary of Section 4, our understanding of externally forced signals in the Indian Ocean heavily relies on multi-
model ensemble analyses. We have quantitatively compared the relative contributions of greenhouse gases and anthropo-
genic aerosols, revealing greenhouse gases as the dominant factor driving rapid warming and anthropogenic aerosols
mitigating the warming rate. The mechanisms governing the basin-wide warming pattern have been attributed to atmo-
spheric processes involving radiative and turbulent fluxes, while the positive IOD-like warming pattern is closely related
to the surface wind anomalies. Nonetheless, uncertainties persist in climate model simulations, warranting further inves-
tigation into the relative impact of model biases and internal variability in reproducing and projecting the multidecadal
warming, sea level, and SSS spatial patterns. Quantifying and understanding these uncertainties are vital for providing
informed and reliable projections of future changes.

In Section 5, we delved into decadal predictions in the Indian Ocean, where SST prediction skill is notably high, pri-
marily driven by varying radiative forcings linked to anthropogenic greenhouse gases and volcanic aerosols. However, our
ability to predict internal variability on decadal time scales remains limited and requires further advancements.
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As stated in the introduction, a crucial motivation for understanding decadal variations in the Indian Ocean is its
potential role in the global warming hiatus. While the extra heat absorbed by the tropical Pacific is largely transported
to the Indian Ocean via the ITF (Lee et al., 2015; Nieves et al., 2015; Zhang et al., 2018b), the ultimate fate of this heat
is still uncertain. Unraveling whether the extra heat is released back into the atmosphere within the Indian Ocean or trans-
ported southward to the Southern Ocean (Vialard, 2015) remains an outstanding question. Both observational data analyses
and model studies are necessary to address this important issue in the coming decade.

Although Section 2 has reviewed the continued efforts in observing the Indian Ocean (Beal et al., 2020; Hermes et al.,
2019), historical observational datasets still exhibit large uncertainties, particularly in earlier periods. Hence, establishing a
sustained observational system in the Indian Ocean is essential to extend data coverage with improved quality and enhance
our understanding of its decadal climate variability. The IndOOS initiative, as detailed in McPhaden et al. (2024), plays a
critical role in this endeavor, and incorporating subsurface observations can further enhance our understanding of decadal
variations in the Indian Ocean, including the fate of extra heat stored in the Indian Ocean during the recent hiatus in global
warming.

7 Educational resources

l The Decadal Climate Prediction Project of the World Climate Research Programme (WCRP) (https://www.wcrp-
climate.org/dcp-overview).

l WCRP Grand Challenge on Near-Term Climate Prediction (https://www.wcrp-climate.org/gc-near-term-climate-
prediction).
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