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Emerging influence of the Australian
Monsoon on Indian Ocean interannual
variability in a warming climate
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The Indian Ocean Dipole (IOD) and Tripole (IOT) represent primary modes of interannual variability in
the Indian Ocean, impacting both regional and global climate. Unlike the IOD, which is closely related
to the El Niño-SouthernOscillation (ENSO), our findings unveil a substantial influence of the Australian
Monsoon on the IOT. An anomalously strong Monsoon induces local sea surface temperature (SST)
variations via the wind-evaporation-SST mechanism, triggering atmospheric circulation anomalies in
the eastern Indian Ocean. These circulation changes lead to changes in oceanic heat transport,
facilitating the formation of the IOT. Our analysis reveals a strengthening connection between the
AustralianMonsoonand the IOT in recent decades,with aprojected further strengtheningunder global
warming. This contrasts with the diminished coupling between ENSO and IOD in recent decades from
observations and model projections, illustrating evolving Indian Ocean dynamics under the warming
climate.

In the tropical IndianOceanclimate system, the IndianOceanDipole (IOD)
mode stands out as a fundamental pattern1–3. Recent studies further intro-
ducenovel concepts such as “unseasonable” IOD4, IODModoki5,6, or Indian
Ocean Tripole (IOT) modes7,8, which we henceforth collectively refer to as
the IOT. The IOD and IOT are delineated by the second and third leading
modes of monthly sea surface temperature (SST) anomalies in the tropical
Indian Ocean7,9, accounting for 10.9% and 8.1% of the variance during the
period 1970-2023, respectively (see Figs. 1a and 1b). According to North’s
test10, the IOD and IOT modes are significantly separated (Supplementary
Fig. 1a).Our investigation further reveals that the IOTmode is also captured
by the rotatedEOF3 (Supplementary Fig. 2c). Additionally, composited SST
anomalies, when the third principal component (PC3) time series in boreal
summer (July-August-September, JAS) exceeds (or falls below) one stan-
dard deviation (Supplementary Fig. 3), exhibit a pattern similar to that of
EOF3 pattern (Fig. 1b). IOD and IOT modes exert substantial climate
influences over both regional and adjacent areas11–17. For instance, the IOT
events significantly influence the surface air temperature over the western
Tibetan Plateau8.

Our understanding of the IODand IOTmodes delineates three pivotal
distinctions. Firstly, they have distinctive spatial structures and temporal
evolutions. The positive (negative) IOD mode is characterized by warm

(cold) SST anomalies in the central to western tropical Indian Ocean and
cold (warm)SSTanomalies in the southeastern IndianOcean1–3. In contrast,
the positive (negative) IOT mode is typified by cooling (warming) in the
western and southeastern tropical IndianOcean (SEIO, 95°-110°E, 12°S-0°),
and warming (cooling) in the southcentral Indian Ocean (SCIO, 65°–85°E,
15°S–5°S) (Supplementary Fig. 3)5–7,18. Additionally, the intensity of the
cooling anomalies in the western IndianOcean is relatively weaker than the
SST anomalies in the SEIO and SCIO18. Furthermore, while the IOD peaks
in boreal autumn (September-October-November, SON)19, the IOT
matures in boreal summer (JAS)18 (Supplementary Fig. 1b). Secondly, they
unfold in different periods, with the IOD observed consistently throughout
the observational periods and the IOT emerging post-mid-1970s4.

Lastly, the IOD and IOT possess disparate dynamical processes. The
IOD and IOT are associated with single-cell and double-cell Walker cir-
culation anomalies in the tropical Indian Ocean, respectively5,6. The dyna-
mical processes of the IODmode have been extensively studied, with some
events linked to intrinsic IndianOcean variability20–24, and others associated
with remote forcing from El Niño-Southern Oscillation (ENSO)15,25–31.
Notably, different types of ENSO events exert varying impacts on the
IOD32–35. Conversely, IOT events are generally independent of ENSO, fur-
ther distinguishing them from the IOD4.
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Despite various investigations, the specific atmospheric or oceanic
processes leading to the IOT remain elusive. This study endeavors to illu-
minate the triggeringmechanisms of IOT and to explore how the triggering
mechanisms of both the IOD and IOT may evolve under the influence of
global warming.

Results
Distinct triggering factors of IOD and IOT
Figure 1c illustrates the regression pattern of the SON-mean 850hPa
stream function against the SON-mean PC2 time series. The regression
coefficients reveal prominent basin-wide cyclonic circulation anomalies
across both hemispheres of the Pacific Ocean (i.e., negative values of
stream function in the Northern hemisphere), juxtaposed with basin-
wide anticyclonic circulation anomalies in the Indian Ocean for IOD
mode. As suggested by previous studies, the anomalous ascending
motion in the Pacific Ocean triggered by El Niño induces descending
motion in the Indian Ocean via the Walker circulation25,26,36,37. This
interaction results in basin-wide anticyclonic circulation anomalies
throughout the Indian Ocean (Fig. 1c), thereby contributing to the
development of IOD events. Figure 1d depicts the regression patterns of
the JAS-mean 850hPa stream function against PC3 during JAS. Here, we
observe that during IOT, a pair of regional anticyclonic circulation
anomalies appear in the eastern tropical Indian Ocean, accompanied by
cyclonic circulation in the northern Australian region (Fig. 1d). Notably,

no significant signals are discernible in the tropical Pacific Ocean. It is
hypothesized that the formation of IOT events is intricately related to the
cyclonic circulations in the northern Australian region, which may be
influenced by the Australian winter monsoon. This monsoon exhibits
easterly wind during the boreal summer and westerly wind in the boreal
winter (Supplementary Fig. 4).

Figure 1e presents the lead-lag correlation coefficients: Fig. 1e shows
the correlations between Niño3.4 and the IOD/IOT indices, while Fig. 1f
illustrates the correlation between the Australian Monsoon (AM) and the
IOD/IOT indices. The maximum lead-lag correlation between the PC2
(IOD) and Niño3.4 in December-January-February (DJF) occurs when
IOD leads the Niño3.4 index by approximately 3-4 months, elucidating the
seasonal phase relationship and explaining the peak of IOD events during
the SON season (Supplementary Fig. 1b)1,38. In contrast, the correlation
coefficients between thePC3 (IOT) andNiño3.4 indices consistently remain
below the 95% significance level, except for a near-significant correlation
coefficient when the Niño3.4 in DJF leads the IOT index by 5-6 months.
However, this significant correlation is transient, lasting only two months,
and is inconsistent with the peak phase of IOT events during the JAS season
(Supplementary Fig. 1b). Conversely, a significant negative correlation
emergeswhen theAMleads the IOT indexby 1-4months, providing insight
into why IOT events peak during JAS and persists in SON (Fig. 1f and
Supplementary Fig. 1b). Notably, the AM exhibits overall weak correlations
with IOD events.

Fig. 1 | The spatial pattern of IOD and IOT mode and their relationship with
ENSO and AM. a The leading EOF2 of SST anomalies in the Indian Ocean. b Same
as a, but for EOF3. The percentage of variances explained by each EOF mode is
shown in the top right panel of (a, b). c SON-mean stream function anomalies
regressed onto PC2 during SON. d JAS-mean stream function anomalies regressed

onto PC3 during JAS. Dotted areas in (c, d) represent the regression coefficients
above the 95%confidence level (Student’s t test). eLead/lag correlations betweenDJF
Niño 3.4 index and IOD/IOT. f Lead/lag correlations between the JJAAM index and
IOD/IOT. Blue and red lines denote IOD and IOT events, respectively in e and f.
Brown lines indicate the 95% confidence level (Student’s t test) in (e, f).
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To further elucidate the relationship between IOT events and the AM,
we employ scatter plots of JAS IOT indices against JJA AM indices. Our
analysis reveals a significant correlation coefficient of –0.48 between all IOT
events and JJAAM,which increases to–0.67when considering only positive
and negative IOT events exceeding ± 1 standard deviation (Fig. 2a). Fur-
thermore, 67% and 74% of the dots exceeding ± 1 standard deviation are
situated in the second and fourth quadrants (Fig. 2c).Only two positive IOT
events exceed two standard deviations, both are associated with negative
AM indices (the red dots in Fig. 2a). For IOT events with intensities greater
than ± 1 standarddeviation (the blue and redbots), four of the eight positive
IOT events occur alongside negative AM indices, whereas 10 out of the 11
negative IOT events correspond with positive AM indices. Notably, only
three out of the eight positive IOT events and three out of eleven negative
IOT events are accompanied by SST anomalies exceeding ± 0.5 °C within
the Niño3.4 region (Supplementary Table 1). This finding elucidates the
weak correlation between the Niño3.4 index and IOT events (Fig. 1e) while
highlighting the AM as the dominant forcing factor for IOT events.

To augment our understanding and increase the sample size, we use
preindustrial simulations from the CESM1 LENS, yielding a correlation
coefficient of –0.31 (above 99% significance level) between all IOT events
and AM (Fig. 2b). Notably, 60% of the data points are located in the second
and fourthquadrants (Fig. 2d). This correlation coefficient rises to–0.46 and
–0.76 when focusing on positive and negative IOT events exceeding ± 1
(blue and red dots in Fig. 2b) and ± 2 standard deviations (red dots in Fig.
2b), respectively. Additionally, 69% of the data points with intensities sur-
passing ± 1 standard deviation and 91% of those exceeding ± 2 standard
deviation are located in the second and fourth quadrants (Fig. 2d). These
findings underscore the influence of the AM on stronger IOT events, while
weaker IOT events appear to be primarily driven by Indian Ocean internal
variability or other factors.

Forcing mechanism of IOT by AM
The correlation pattern of the JAS IOT index with simultaneous Indian
Ocean SST and 850hPa wind anomalies is shown in Fig. 3a. The SST
anomalies exhibit a tripole distribution across the Indian Ocean basin,
characterized by significant cooling anomalies in the SEIO and warming
anomalies in the SCIO. Conversely, SST anomalies in the western Indian
Ocean appear relatively weak. Concurrent with these oceanic anomalies, an
intensifiedAustralianmonsoon is observed, coincidingwith significant cold
SST anomalies in northern Australia (as denoted by the purple box in Fig.
3a).Weconduct a correlation analysis between JJAAMand the SST/850hPa
wind anomalies during JAS (Fig. 3b), revealing a correlation pattern akin to
Fig. 3a. This correspondence underscores the close relationship between
AMdynamics and IOT events. To isolate the specific influence of AM from
the potential confounding effects of ENSO, we employ a partial correlation
analysis excluding the impacts of ENSO (Fig. 3c). The resulting partial
correlation pattern (Fig. 3c) closely resembles the correlation pattern in Fig.
3a, b, suggesting that the IOT variability is primarily driven by the AM
rather than ENSO.

Notably, significant latent heat flux loss anomalies are evident over
northern Australia (Fig. 3d), indicative of the cooling anomalies induced by
the intensified AM winds via the wind-evaporation-SST feedback
mechanism39. These cooling anomalies further instigate the local negative
precipitation anomalies (Fig. 3e), triggering the formation of a pair of
anticyclonic circulations in the eastern Indian Ocean through a Gill-type
response (Figs. 1d, 3a–c). These anticyclonic circulations generate south-
easterly wind anomalies in the SEIO (Fig. 3b, red box) and northeasterly
wind anomalies in the SCIO (Fig. 3b, green box). The southeasterly wind
anomalies induce offshore currents, leading to upwelling and shallow
thermocline in the SEIO (Fig. 3f), thereby causing the cooling in this region.
Simultaneously, southeasterly wind transports cooling anomalies from

Fig. 2 | Statistical relationship between IOT and
AM in observations and CESM1. a Scatter plot of
JAS IOT index versus JJAAM index in observations.
Green, blue and red dots represent absolute IOT
values of <1, 1–2 and >2 standard deviations,
respectively. b Same as a, but for CESM1 pre-
industrial simulations. Linear fits for all points
(green line), absolute IOT values>1 ðblue lineÞand
>2 (red line) standard deviations along with the
corresponding correlation coefficient (R) and p
values, are shown. c Ratios of IOT values located in
the second and fourth quadrants with different
thresholds in observations. The green bar indicates
all values, and blue and red bars indicate absolute
IOT values of >1 and >2 standard deviations,
respectively. d Same as (c), but for CESM1 pre-
industrial simulations. The ratio is calculated based
on the formula Ratio ¼ NumQ2þNumQ4

Numtotal
See text for the

details of the formula.
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northern Australia to the SEIO. Conversely, northeasterly wind anomalies
in the SCIO facilitate the advection of warm climatological water near the
equator to this region, promoting warming in the SCIO. Additionally, the
anticyclonic circulation in the SCIO induces downwelling anomalies (Fig.
3f), further contributing to the warming observed in the SCIO (Fig. 3b).

To further elucidate the underlying dynamical processes driving IOT
events, we conducted amixed-layer heat budget analysis for the IOT events
during JAS. Figure 4 illustrates the difference in composited heat budget

terms between positive and negative IOT events, averaged over SEIO and
SCIO regions. The analysis identifies the mean current effect and thermo-
cline feedback as dominant contributors to the SST tendency in the SEIO,
whereas meridional advective effects and Ekman pumping feedback prevail
in theSCIO.Correlationanalysis between theAMand theheat budget terms
over SEIO and SCIO corroborates these findings (Supplementary Fig. 5),
confirming that the observed heat budget dynamics are largely induced by
AM variability. The net heat flux plays negligible or negative effects on SST
tendencies (Fig. 4), with the formation of IOT events primarily driven by
oceanic heat transport. These results collectively underscore the influence of
AM on the IOT events, shedding light on the mechanisms driving Indian
Ocean interannual variability.

Increasing influences of AM on IOT under global warming
The relationship between IOD and ENSO has undergone decadal changes
in recent years, with correlation coefficients exhibiting a decreasing trend in
magnitude since the late 1970s16,40,41, consistent with the findings depicted in
Fig. 5a. The sliding correlation on a 21-year moving window between the
IOD during SON and Niño3.4 index during boreal winter (DJF) (Fig. 5a,
depicted by the green line) has continuously declined during 1980-2012,
with the correlation coefficients reducing to 0.4 in 2010. Previous studies
have proposed that the connection of ENSO-IOD is modulated by the
Atlantic Multidecadal Oscillation41,42. Additionally, other research suggests
that the weakening ENSO-IOD relationship may be linked to the earlier
onset of the Indian summer monsoon and a decrease in La Niña intensity.
Conversely, the 21-year correlation between the IOT and AM exhibits a
discernible intensifying trend since the mid-1990s (Fig. 5a, depicted by the
purple line), with negative correlation coefficients dropping below –0.65 in
2010. It is hypothesized that the warming climate heightened the influence

Fig. 3 | Roles of AM in JJA in generating IOT
events. a Correlation coefficients between IOT in
JAS and SST/850hPa wind anomalies in JAS.
b Correlation coefficients between the AM index in
JJA and SST/850hPa wind anomalies in JAS. c Same
as (b), but showing partial correlation with AM
index by removing variability associated with the
Niño3.4 index. d Same as b, but for latent heat flux
anomalies, e Same as b, but for precipitation
anomalies. f Same as (b), but for SSH anomalies.
Purple boxes delineate the region used to define the
AM index, while green and red boxes are employed
to establish the IOT index. Dotted areas indicate
significance above the 95% confidence level (Stu-
dent’s t test). All correlations in (b–f) are multiplied
by −1.

Fig. 4 | Dynamical and thermodynamical processes for IOT events.The difference
in composited mixed layer heat budget terms in JASbetween positive and negative
IOT events. Blue and red bars represent area-averaged heat budget terms in SEIO
and SCIO regions, respectively. R represents the residual term contributed by the
subgrid-scale processes.

https://doi.org/10.1038/s41612-024-00879-9 Article

npj Climate and Atmospheric Science |           (2024) 7:319 4

www.nature.com/npjclimatsci


of theAMon IOT, as warmer climatological SST facilitated the triggering of
the Gill-type response43.

To test this hypothesis, we employ 30 historical runs and SSP585
warming scenarios from theCoupledModel IntercomparisonProject Phase
6 (CMIP6) to examine changes in the linkage between IOD/IOTandENSO/
AM, respectively. Among the 30 models, 20 of them indicate an intensifi-
cation in the correlation coefficients between IOT and AM in SSP585 sce-
narios compared to historical runs, consistent with the multi-model mean
(Fig. 5c). These results further corroborate observations, suggesting that
global warming enhances the influence of AM on IOT. In contrast, results
from 19 models demonstrate a weakening correlation between IOD and
ENSO in SSP585 scenarios compared to historical runs (Fig. 5b).

To further investigate the factors contributing to the differences in
simulating the relationship between AM and IOT events, we categorize the
30 CMIP6 models into two groups: one demonstrating an intensified
association between AM and IOT events, and the other not exhibiting such
intensification. In the groupwith an intensifiedAM-IOT link, the difference
in climatological JJASSTbetween the SSP585 andhistorical simulation runs
ranges from 1.5 °C to 2.25 °C in the north of Australia and southeastern
Indian Ocean regions (Supplementary Fig. 6a). In contrast, for the group
without such intensification, the difference remains below 1 °C to 2 °C
(Supplementary Fig. 6b). Notably, the largest differences in climatological
SST between these two groups occur in the southeastern Indian Ocean and
north of Australia (Supplementary Fig. 6c). This suggests that higher

climatological SSTs in the north of Australia and eastern Indian Ocean
support the initiation of IOT events by AM, potentially due to the warmer
SST being conducive to triggering the Gill response43.

Discussions
The findings presented in this paper suggest that the triggering
mechanisms of IOT events are fundamentally distinct from those of IOD
events. While it is well known that the IOD can be forced by ENSO, the
IOT shows a weak correlation with ENSO and is primarily influenced by
the AM. Anomalously stronger (or weak) winter AM conditions induce
local cooling (or warming) through the WES feedback mechanism,
initiating a pair of anticyclonic (cyclonic) circulations in the east of the
Indian Ocean via the Gill-type response. These circulation patterns result
in southeasterly (northwesterly) winds in the SEIO, transporting negative
(positive) SST anomalies from the northern Australian region into the
SEIO via themean current effects, thereby inducing cooling (or warming)
in this region. Additionally, the northerly (or southerly) wind anomalies
associated with AM drive the advection of the climatological warm (cold)
SST into the SCIO via the meridional advective effect. The complex
interactions between the atmosphere and ocean, including air-sea cou-
pling and dynamical processes, play crucial roles in the formation of
positive (or negative) IOT events.

In recent decades, a notable trend has emerged, indicating a
strengthening relationship between the AM and IOT. Projections from

Fig. 5 | Evolution of the relationship between IOD/
IOT and Niño3.4/AM under global warming.
a 21-year sliding correlation between the IOD/IOT
and Niño3.4/AM in observation (green line shows
the correlation between IOD and ENSO, and purple
line shows the correlation between IOT and AM).
bCorrelation coefficients between IOD andNiño3.4
in CMIP6 models. c Same as (b), but for the corre-
lation coefficients between IOT and AM in CMIP6
models. Blue asterisks indicate correlation coeffi-
cients significant above the 95% confidence level
(Student’s t test) in (b, c). Horizontal lines in MME
indicate interquartile ranges between the 25th and
75th percentiles in b and c.
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CMIP6 suggest that this linkagewill intensify further in response to ongoing
climate warming. This intensification can be attributed to the increased SST
to trigger a robust Gill resonse. Conversely, there has been a diminishing
association between IOD and ENSO in both recent observations and pro-
jected future warming scenarios. Given the evolving nature of these rela-
tionships, AM emerges as a more reliable predictor of Indian Ocean
interannual variability compared to ENSO. Consequently, increased
attention to monitoring and understanding the variability of the AM is
imperative. Such efforts hold substantial promise for advancing the pre-
diction of Indian Ocean interannual variations and the subsequent climate
impacts associated with these changes. The underlying causes of the
declining relationship between the IOD and ENSO remain unsolved and
require further investigation in the near future.

Methods
Data
This study investigates the mechanisms triggering IOT events and their
associated changes under global warming. The datasets utilized include
monthly SST, SSH, 850hPa wind, precipitation, latent heat flux, ocean
currents, ocean temperature and net heat flux. The monthly SST reanalysis
data is from the Hadley Centre Sea Ice and SST dataset (HadISST), with a
horizontal resolution of 1.0° × 1.0°44, covering the period from1970 to 2023.
Monthly 850hPa wind, SLP, and latent heat flux datasets are derived from
the National Centers for Environmental Prediction/National Center for
Atmospheric Research Reanalysis45 at a horizontal resolution of 2.5° × 2.5°,
spanning from 1970 to 2023. Precipitation data are obtained from the
Global Precipitation Climatology Project (GPCP) v2.3 with a resolution of
2.5° × 2.5°46, focusing on 1979 to 2023. Monthly SSH, meridional, zonal,
vertical currents, net heatflux, and ocean temperature are acquired from the
German contribution of the Estimating the Circulation and Climate of the
Ocean project with a resolution of 1.0° × 1.0°47, spanning from 1970 to 2018
in this study. All these reanalysis data have been deducted from the seasonal
cycles and detrend before analysis.

To expand our analytical scope, we use a 2200-yr preindustrial simu-
lation produced by the Community Earth System Model, version 1
(CESM1)48, focusing on model years 400–2200. Additionally, we examine
30 CMIP6 models, encompassing historical and high emission scenarios
(SSP5-8.5) for the period 1950-2014 and 2015-2099, respectively. Thirty
CMIP6 models are selected in the study: ACCESS-CM2, BCC-CSM2-MR,
CanESM5, CAS-ESM2-0, CESM2-WACCM, CIESM, CMCC-CM2-SR5,
CMCC-ESM2, CNRM-CM6-1, CNRM-ESM2-1, E3SM-1-1, FGOALS-f3-
L, FGOALS-g3, FIO-ESM-2-0, GFDL-CM4, GFDL-ESM4, GISS-E2-1-G,
GISS-E2-1-H, HadGEM3-GC31-LL, INM-CM4-8, INM-CM5-0, MCM-
UA-1-0, MIROC6, MPI-ESM1-2-HR, MPI-ESM1-2-LR, MRI-ESM2-0,
NESM3, NorESM2-LM, TaiESM1, UKESM1-0-LL.

Indices
The dipolemode index (DMI) for IODevents is defined as the SST anomaly
difference between the tropical western Indian Ocean (50°E–70°E,
10°S–10°N) and the tropical southeastern Indian Ocean (90°E–110°E,
10°S–0)1. The IOT index delineates the SST anomaly differences between
two designated areas: the SCIO (65°–85°E, 15°S–5°S) and the SEIO
(95°–110°E, 12°S–0°)18. ENSO events are commonly discerned through the
Niño3.4 index, which averages SST anomalies over 170°–120°W, 5°S–5°N.
TheAMindex is defined as the 850hPa zonal wind anomalies averaged over
5°S− 15°S and 110°–130°49

To quantify the role ofAM in influencing the occurrence percentage of
IOT events, we usee the following formula:

Ratio ¼ NumQ2 þ NumQ4

Numtotal

Here,NumQ2 represent the numbers of positive IOT events associated
with a negative AM index, occurring in the second quadrant. NumQ4
represents the number of negative IOTevents associatedwith a positiveAM

index, occurring in the fourth quadrant.Numtotal represents all IOT events
that with different thresholds in the observations and CESM1 preindustrial
simulations. Ratio denotes the percentage of IOT events that fall within the
second and fourth quadrants out of all IOT events.

EOF, REOF, correlation, sliding correlation, partial correlation,
regression, composite analysis, and mixed layer heat budget
analysis are performed in this study
Weconduct empirical orthogonal function (EOF) and rotatedEOFanalyses
to themonthly SST anomalies over the IndianOcean domain (40°E–120°E,
20°S– 20°N). To exclude ENSO impacts and achieve the “pure” relationship
between the IOT and AM, we applied a partial correlation analysis.

RAB;C ¼ RAB � RAC � RBC
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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2
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where A, B, and C represent the three variables: IOT index, AM index, and
the Niño3.4 index, respectively. R denotes the correlation coefficient, and
RAB;C for partial correlation coefficient between the variable A (IOT index)
and B (AM index), after the influence of C (Niño3.4) is removed from B.

Significance tests
The statistical significance of the correlations and regressions was deter-
mined using a two-tailed Student’s t test.

Mixed layer heat budget analysis is based on the following
equation50,51
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Here, T , u, v, w present SST, zonal, meridional and vertical current
velocities respectively. Q denotes the net heat flux into the ocean, and ε
represents the residual term contributed by the subgrid-scale processes. H
signifies the mixed layer depth defined as the depth where the temperature
deviates by 0.5°C from the surface temperature52. ρ ¼ 1022:4kg=m3 is the
density of seawater, andCp ¼ 3940J=kg=°C is the heat capacity of seawater.
Overbar and prime indicate the climatological mean and anomalies,
respectively.

On the right-hand side of the equation, besides the net heat flux (Q)
and residual (R), the remaining terms could be categorized into six feedback
processes: zonal advective feedback (ZA), the meridional advective effect
(VA), the Ekman pumping feedback (EK), mean current effect (MA), the
thermocline feedback (TH) and nonlinear dynamical heating (NDH).

Data availability
The datasets analyzed in the current study are publicly available and can be
downloaded from the corresponding websites. The HadISSTv1.1 data is
obtained from the Met Office Hadley Center archives at http://www.
metoffice.gov.uk/ hadobs/hadisst/data/download.html. NCEP/NCAR rea-
nalysis data for monthly zonal and meridional wind at 850hPa and heat flux
dataset are available at http://www.esrl.noaa.gov/psd/. The SSH, ocean tem-
perature, current and net heat flux used in the heat budget analysis from
GECCO3 are available from http://icdc.cen.uni-hamburg.de/projekte/easy-
init/easy-init-ocean.html. GPCP version 2.3 are downloaded from https://
www.esrl.noaa.gov/psd/data/gridded/data.gpcp.html.The2200-yearCESM1
simulation is available via the Earth System Grid at https://www.cesm.ucar.
edu/projects/community-projects/LENS/data-sets.html. CMIP6 model out-
puts are publicly available at https://esgf‐node.llnl.gov/search/cmip6/.

Code availability
The underlying code for this study is available from the corresponding
author upon reasonable request.
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