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Following the onset of the strong 2014-2016 El Niiio, a decade-long increase of the basin-wide sea level and heat
content in the subtropical southern Indian Ocean (SIO) in 2004-2013 ended with an unprecedented drop, which
quickly recovered during the weak 2017-2018 La Nifa. Here, we show that the 2014-2016 El Niiio contributed
to the observed cooling through an unusual combination of both the reduced heat advection from the Pacific
(dominant in the eastern SIO) and the basin-wide cyclonic wind anomaly that led to shoaling of isotherms (dominant
in the western SIO). The ensuing recovery was mainly forced by an anticyclonic wind anomaly associated with
stronger trade winds that caused deepening of isotherms and upper-ocean warming, effectively suppressing
the 2014-2016 cooling signal propagating from the eastern boundary. The results presented here highlight the
complexity of the SIO heat content variability driven by remote and local forcing.

INTRODUCTION
The ocean absorbs about 93% of the excess heat, accumulated in the
Earth’s climate system due to the net radiation imbalance at the
top of the atmosphere (1). The subtropical southern Indian Ocean
(SIO) has been characterized as one of the major heat accumulators
among the oceanic basins due to its remarkable warming during the
past two decades (2-4). Heat advection from the Pacific into the SIO
has been identified as the dominant mechanism for the slowdown
of the global mean surface warming during the first decade of the
21st century (5). The accumulation of heat has led to an accelerated
regional sea level rise (6), intensifications of tropical cyclones (7)
and Indian summer monsoon rainfall (8), more frequent and
long-lasting marine heat waves (9), and coral bleaching events (10).
The interannual-to-decadal variability of heat content and sea
level in the SIO is strongly influenced by its connection with the
Pacific and large-scale climatic forcing in the Indo-Pacific region
primarily associated with El Niio—Southern Oscillation (ENSO),
Indian Ocean Dipole (I0D), and Southern Annular Mode (SAM)
(11). The remote ENSO effect on the SIO heat content is twofold.
First, ENSO drives changes in the upper-ocean heat content in the
western equatorial Pacific and, therefore, modulates advection into
the SIO from the Pacific (4, 5, 12), which we term here the “ocean
tunnel” effect. Second, local changes in wind stress curl influencing
the upper-ocean heat content in the SIO are also related to ENSO by
the means of atmospheric teleconnections via the Walker Circulation
(11), which we call here the “atmospheric bridge” effect. While the
atmospheric bridge is a rather fast teleconnection, it takes years for
the ocean tunnel signals to reach the western Indian Ocean. The
IOD events are often triggered by ENSO. However, they are not always
in-phase with ENSO because about one-third of IOD events occur
independently of ENSO events, subject to tropical preconditioning
in the eastern Indian Ocean (13-15).
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The main conduit of warm water from the Pacific to the SIO is
the Indonesian Throughflow (ITF), with a mean transport of about
15 Sverdrups (1 Sv = 10° m® s7!) (16). The ITF is driven by the
Indo-Pacific interocean pressure gradient set up by trade winds in
the Pacific and equatorial winds in the (mainly eastern) Indian Ocean
(17-20). By maintaining interocean exchanges, the ITF and the sys-
tem of currents in the SIO (Fig. 1) are important components of the
global meridional overturning circulation (21). The major part of
the ITF water is carried westward by the South Equatorial Current
(SEC) and eventually enters the Atlantic Ocean via the Agulhas
leakage and rings (22-24). Near the eastern boundary of the SIO,
part of the ITF waters also makes its way to the southward-flowing
Leeuwin Current (LC) off the west Australian coast (25). The ITF is
generally stronger during La Nifa conditions and positive IOD events,
and it is weaker during EI Nifio conditions and negative IOD events
(26-33).

Besides the advection by the SEC and LC, temperature anomalies
originated in the Pacific and entering the SIO via the ITF can affect
coastally trapped waves along the west Australian coast, which are
often produced by equatorial Kelvin waves (Fig. 1) (34-37). In the
southeast tropical Indian Ocean, these signals can radiate westward
from the eastern boundary as Rossby waves and eventually affect
sea level and heat content in the SIO interior and near the western
boundary (38, 39). In addition, instabilities of the LC generate meso-
scale eddies that propagate westward and contribute to the transfer
of heat toward the SIO interior (39). On seasonal-to-interannual time
scales, local wind forcing, through Ekman pumping over the open
ocean and coastal upwelling, is also able to generate Rossby waves
and/or modify those emanated from the eastern boundary (40, 41).

The La Nina-like conditions that persisted in the Pacific in
2005-2013, as shown by the Multivariate ENSO Index (MEI), ended
rather abruptly with the 2014-2016 El Nino, which happened to be
nearly as strong as the strongest on record 1997-1998 El Niflo event
(Fig. 2A). The superposition of the 2014-2016 El Nifio and the lowest
on record negative IOD event in 2016 (Fig. 2A) led up to 40%
decrease of the ITF volume and heat transports (12, 33, 42). As
evidenced by satellite altimetry measurements and the thermosteric
sea level component derived from Argo temperature data, the
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Fig. 1. Schematic showing the dynamic processes affecting the subtropical SIO heat content and sea level. Color shows the mean dynamic topography (MDT) in
the horizontal plane and temperature climatology in the vertical planes. The atmospheric circulation in the SIO is dominated by southeasterly trade winds. The general
ocean circulation consists of the Indonesian Throughflow (ITF) that feeds the South Equatorial Current (SEC) and the Leeuwin Current (LC), and the South Indian Counter
Current (SICC). ENSO affects the SIO heat content via the ocean route (ITF) and atmospheric route (atmospheric bridge due to Walker Circulation). The ITF volume and
heat transports into the eastern SIO (ESIO) increase during La Nifia conditions (stronger trade winds in the Pacific) and decrease during El Nifio conditions (weaker trade
winds in the Pacific). Besides advection, signals generated in the Pacific reach the coast of West Australia as coastally trapped waves. Then, these signals propagate toward
the western SIO (WSIO) as eddies and Rossby waves. Local wind stress curl can modify the waves radiated from the eastern boundary and/or generate other waves.

decade-long accumulation of the upper 2000-m heat content in the
SIO subtropical gyre in 2004-2013 also ended with an unprecedented
(in observational record) cooling in 2014-2016 (Fig. 2A). However,
heat content in the SIO nearly recovered during the next 2 years,
following a switch from the strong 2014-2016 El Nio to the weak
2017-2018 La Nifia. Such a rapid response is compelling and, as will
be shown below, cannot be accounted for by the westward propagation
of warming anomalies originated in the Pacific. What is also puzzling
is that the response of sea level (and presumably heat content) averaged
over the SIO subtropical gyre to the strongest on record 1997-1998
El Nifio was much weaker than that to the recent 2014-2016 El Nifio
(Fig. 2A).

The main objective of this study is to investigate the fate of the
unprecedented 2014-2016 cooling in the SIO subtropical gyre and
to elucidate the mechanisms responsible for this cooling and for the
subsequent recovery in 2017-2018. Prior periods back to the advent
of high-accuracy satellite altimetry in 1993 are also considered, with
a particular objective to characterize the difference in oceanic and
atmospheric conditions during the two strongest on record El Nifo
events in 1997-1998 and in 2014-2016.

RESULTS

Observed sea level and heat content changes

On the basis of satellite altimetry and Argo data, sea level and heat
content, expressed as the thermosteric sea level component, in the
SIO subtropical gyre were increasing in 2004-2013 (Fig. 2, A and B)
associated with La Nifa-like conditions in the Pacific and driven by
an increased ITF transport (4). The gyre-scale release of the accu-
mulated heat followed the onset of the very strong 2014-2016 El Nifio
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and brought the heat content values below the levels observed at the
beginning of Argo era in 2004 (Fig. 2A). Consistent with this change,
satellite altimetry data show the gyre-scale reduction of sea-level
anomaly (SLA) from 2014 to 2016 (Fig. 2, C and D).

Geostrophy implies that the SEC, situated over the latitude band
of about 10° to 20°S, was stronger than the average in 2014 (Fig. 2C)
and became substantially weaker in 2016 (Fig. 2D). This is expected,
because the ITF, which contributes to the SEC transport, also decreased
in 2014-2016 (33, 42). In addition, westerly equatorial wind anomalies
led to a negative IOD event in 2016 (blue curve in Fig. 2A), associ-
ated with a deepening of the thermocline and higher sea levels to the
west and south of Sumatra and Java (Fig. 2D), and thus contributed
to the reduction of the ITF transport (43).

Heat content in the SIO subtropical gyre quickly recovered in
2017-2018 following a switch from the 2014-2016 El Nifio to the
weak 2017-2018 La Nifa (Fig. 2A). Satellite altimetry data in 2018
suggest that heat content recovery was not associated with a gyre-
wide increase of SLA (Fig. 2E). Instead, sea level increased in the
western SIO (WSIO; west of the Ninety East Ridge), while the eastern
SIO (ESIO; east of the Ninety East Ridge) still exhibited low SLA
remaining there since the 2014-2016 El Nifo. This observation
raises a question on whether the weak La Nifia in 2017-2018 and
the westward propagation of associated temperature anomalies
from the eastern boundary had any notable contribution to the heat
content variability in the WSIO in 2014-2018.

A longitude-time diagram of SLA averaged between 10°S and
30°S and stretching from the eastern boundary at 115°E to 55°E
(Fig. 3A) shows that the westward propagation of interannual SLA
signals has been the most prominent feature over the entire satellite
altimetry record since 1993. However, one can note that some signals
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Fig. 2. Sea level changes, ENSO, and IOD. (A) Time series of (color shading) the standardized (divided by standard deviation, SD) MEI (El Nifio/La Nifia conditions are shown

by blue/pink shading) and (blue curve) IOD index; (black curve) sea-level anomaly (SLA)

115°E and 10°S to 30°S. The time series are low-pass filtered with a cutoff period of 1 year.

from altimetry, and (red curve) thermosteric SLA from Argo data averaged over 55°E to
(B) Dynamic sea-level trends in 2004-2013 (global mean sea level is subtracted). During

this time, the SIO was characterized as one of the major heat accumulators among the oceanic basins. (C to E) SLA relative to the record mean value and averaged in 2014,
2016, and 2018, respectively. The approximate location of the SEC is shown by red dashed arrows. Blue contours show the bottom topography for 2000, 4000, and 6000 m.

observed at the eastern boundary were able to reach the western
boundary, while others were disturbed by local processes and hardly
able to cross the Ninety East Ridge. For example, two positive SLA
at the eastern boundary, associated with La Nifia conditions in
1999-2001 and 2010-2013, propagated westward and reached 55°E
about 2 to 3 years later. The amplitude of the 1999-2001 anomaly
substantially decreased to the west of the Ninety East Ridge. The
strongest on record 1997-1998 El Nifo event generated a negative
SLA at the eastern boundary, which was amplified to the west of the
Ninety East Ridge and reached the western boundary around 2000.
Among those SLA signals that did not propagate far beyond the Ninety
East Ridge are the 2003-2007 and 2015-2016 negative anomalies.
Displayed in Fig. 3 (B and C) are the time series of SLA from
altimetry, and the steric, thermosteric, and halosteric SLAs computed
from Argo data, averaged over the WSIO (55°E to 90°E and 10°S
to 30°S; Fig. 3B) and over the ESIO (90°E to 115°E and 10°S to 30°S;
Fig. 3C). The variability of sea level in both regions is mostly steric.
Although the halosteric component has an amplitude of about 1 cm
and, thus, makes a sizable contribution to the variability, the thermo-
steric component is dominant. This suggests that SLA from altimetry
is a good indicator of heat content changes in the entire SIO sub-
tropical gyre. The variability of SLA in the WSIO and ESIO is quite
different, although the westward propagation can be easily traced in
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many cases (compare to Fig. 3A). The SLA signals that radiate westward
from the eastern boundary are strongly linked to ENSO (Fig. 3C).
This suggests that their origin is very likely related to the ocean tunnel
effect, i.e., the ITF and coastally trapped waves that rapidly transfer
anomalies generated in the Pacific along the west Australian coast.

A positive SLA observed at the eastern boundary during the
1996 La Nifa reached the WSIO in 1997-1998. A negative SLA
observed in the ESIO during the 1997-1998 El Niilo reached the
WSIO in 1999-2000, at the time when a strong positive SLA associated
with the 1999-2001 La Nifa was already present at the eastern
boundary. Note that in 1998, an in-phase SLA response to 1997-1998
El Nifio in the ESIO was compensated for by a delayed SLA response
to the 1996 La Nifia in the WSIO (Fig. 3). Therefore, although ENSO
signals in 1996-1998 did influence the regional SLA via the ocean
tunnel effect, the net basin-wide change of SLA during this time was
small (Fig. 2A). The 1999-2001 La Nifa signal (positive SLA at the
eastern boundary) reached the WSIO in 2002-2003. Relatively high
SLA persisted in the WSIO until 2010, while strong negative SLA
was present in the ESIO in 2003-2006 and barely propagated west
of the Ninety East Ridge (Fig. 3).

A negative SLA in the WSIO in 2011-2013 was notably stronger
and more robust than a weak transient 2010 anomaly in the ESIO
(east of 110°E; Fig. 3A), which suggests that it was largely generated
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Fig. 3. Sea-level variability and Rossby waves. (A) Hovmoller (longitude-time) diagram of the low-pass—filtered SLA with a cutoff period of 1 year averaged between
10°S and 30°S. (B and C) Low-pass-filtered MEI (shaded area) and sea level components averaged over (B) 55°E to 90°E and 10°S to 30°S (WSIO) and over (C) 90°E to 115°E
and 10°S to 30°S (ESIO). The sea level components include (black) SLA from satellite altimetry and (blue, red, green) steric (SSL), thermosteric (TSL), and halosteric (HSL)

SLAs, respectively, computed from Argo data.

by local processes rather than propagated from the east. Last, although
a strong negative SLA at the eastern boundary in 2015-2016 was
likely associated with an SLA minimum in the WSIO in 2016
(Fig. 3, B and C), its westward propagation can only be traced to
about 95°E (Fig. 3A). Consistently, the negative SLA in the WSIO in
2016 occurred almost simultaneously everywhere west of the Ninety
East Ridge without any sign of westward propagation. The follow-
ing increase of SLA in the WSIO in 2016-2019 was apparently
caused by local forcing rather than propagated from the ESIO,
where negative SLA persisted in 2015-2019. This suggests that local
processes can at times be the dominant drivers of sea level and heat
content changes in the WSIO. In the following sections, we will
explore in more detail what mechanisms can strongly modify or
even suppress the ENSO-related signals in the SIO.

Local wind forcing

On annual average, the lower atmospheric circulation over the SIO
is dominated by southeasterly trade winds, which are part of the
large-scale anticyclonic circulation. The associated positive wind
stress curl drives Ekman downwelling (negative Ekman pumping)
and leads to downward-doming isotherms centered at around
20°S. Therefore, cyclonic (i.e., clockwise) and anticyclonic (i.e.,
anticlockwise) wind anomalies in the SIO lead to the upper-ocean
cooling and warming, respectively (represented by the blue and red
shadings, respectively, in Fig. 4).

The regression of wind and Ekman pumping anomalies on MEI
(Fig. 4A) shows that El Nifio events (i.e., positive MEI) are associat-
ed with weaker trade winds in the SIO and easterly wind anomalies
along the equator. This atmospheric circulation pattern favors neg-
ative Ekman pumping anomaly in the northeastern SIO and positive
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Ekman pumping anomaly in the southwestern SIO, leading to
the upper-ocean warming and cooling, respectively. The opposite
occurs during La Nifa events (i.e., negative MEI). The regression
of wind and Ekman pumping anomalies on the IOD index (blue
curve in Fig. 2A) shows that easterly equatorial wind anomalies
can lead to the upper-ocean warming between about 15°S to 15°N
during a positive IOD phase and vice versa during a negative
IOD phase, with a rather small response in the subtropical SIO
(Fig. 4B).

A comparison of atmospheric circulation patterns during the two
strongest El Niflo events in 1997-1998 (Fig. 4C) and in 2014-2016
(Fig. 4E) provides another explanation why the basin-wide oceanic
response to the former was much weaker than that to the latter. The two
main differences between these two time periods were the presence
of strong easterly equatorial winds in 1997-1998, which was not ob-
served in 2014-2016, and the presence of basin-wide cyclonic wind
anomaly in 2014-2016, which was not found in 1997-1998. It
should be noted that the 1997-1998 El Nifio happened in phase
with a strong positive IOD (Fig. 2A), which led to an amplification
of easterly wind anomalies in the tropics (Fig. 4, A and C), inhibiting
the formation of a cyclonic wind anomaly in the subtropical SIO.
Strong equatorial easterlies in 1997-1998 generated downward
Ekman pumping anomalies and favored the upper-ocean warming
in the tropics, apparently compensating for the El Nifio-generated
cooling in the ESIO from the ocean tunnel effect. In 1998-2001,
westerly wind anomalies associated with a strong La Nina (Fig. 2A)
developed along the equator, and trade winds over the SIO strengthened
and shifted westward, leading to the upper-ocean cooling in the
northern-northeastern SIO and warming in the southern-southwestern
SIO (Fig. 4D).
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Fig. 4. Wind forcing over the Indian Ocean. (A and B) Regression of Ekman pumping (color shading) and 10-m winds (arrows) on (A) MEIl and (B) 10D index, expressed
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to 30°S) used to plot a longitude-time diagram of Ekman pumping anomaly in fig. S1A.

The 2014-2016 El Nifio featured a weak positive IOD in 2015
and the lowest on record negative IOD in 2016 (Fig. 2A). The abrupt
release of the accumulated heat in 2014-2016 and the following
heat content recovery in 2017-2018 in the SIO align well with
wind stress curl anomalies during those periods (Fig. 4, E and F). In
contrast to the 1997-1998 El Nino, the 2014-2016 El Nifo was
characterized by weaker southeasterly trade winds and a cyclonic
(clockwise) wind anomaly over the entire SIO (Fig. 4E). This led to
Ekman divergence and associated (upward) Ekman pumping
anomalies, which favored the observed reduction of the upper-ocean
heat content. In 2017-2018, southeasterly trade winds strengthened,
leading to downward Ekman pumping anomalies over most of the
SIO (Fig. 4F). This change in the surface atmospheric circulation
was largely responsible for the observed recovery of heat content in
the SIO, which will be qualitatively and quantitatively demonstrated
in the remainder of the manuscript.

The observed differences in local wind forcing during the 1997-1998
and 2014-2016 El Nino events challenge the effectiveness of the
atmospheric bridge. However, the atmospheric bridge was apparently
efficient during the strong La Nifia conditions in 1999-2001, 2008,
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and 2010-2012, as demonstrated by a longitude-time diagram of
Ekman pumping anomalies averaged over 10°S to 30°S with the over-
laid time series of MEI and IOD index (fig. S1A). During these time
intervals, trade winds strengthened, and cyclonic (clockwise) wind
anomalies developed in the ESIO and led to the upward Ekman pump-
ing anomalies and upper-ocean cooling (e.g., Fig. 4D). Statistically
significant (at 95% confidence level) negative correlation coefficients
between the Ekman pumping anomalies averaged over 10°S to 30°S
and MEI are obtained to the east of 95°E (fig. S1B). This indicates
that there is wind-driven upper-ocean warming in the ESIO during
El Nifio, which partly balances respective cooling anomalies advect-
ed from the Pacific via the ocean tunnel effect and vice versa during
La Nifa. Correlation between the Ekman pumping and IOD index
is also negative and marginally significant in the ESIO (fig. S1B).
This is because the IOD-related equatorial winds directly contrib-
ute to Ekman pumping anomalies in the ESIO. More specifically,
easterly equatorial winds during a positive IOD phase are associ-
ated with downward (negative) Ekman pumping anomalies and
vice versa during a negative IOD phase. In the WSIO, neither MEI nor
IOD index is significantly correlated with Ekman pumping, suggesting
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that none of these climate modes are able to explain the complexity
of local wind variability.

Upper-ocean temperature changes
As demonstrated in the previous section, wind stress curl anomalies
in 2014-2018 were consistent with a strong reduction of the upper-
ocean heat content in 2014-2016 and a quick recovery in 2017-2018.
It is instructive to analyze how the upper-ocean temperature struc-
ture observed by Argo floats was changing with depth and latitude
over these time intervals. Similar to other subtropical ocean basins,
the zonally averaged upper-ocean temperature profile in the SIO is
characterized by downward-doming isotherms, with a maximum
heat content centered at about 20°S (e.g., see Fig. 5, A and B),
bounded by the SEC to the north and the South Indian Counter
Current (SICC) to the south (Fig. 1). In 2014-2016, the upper
1000 m of the subtropical SIO experienced rather strong cooling
south of 10°S, with a maximum temperature reduction of up to
0.8°C observed at about 300-m depth below the Ekman layer
(Fig. 5, A and C). At the same time, temperature increased by more
than 1°C in the upper 200 m to the north of 10°S. These changes are con-
sistent with a wind-driven divergence and upward Ekman pumping
anomaly between 10° to 30°S and a wind-driven convergence and
downward Ekman pumping anomaly to the north of 10°S (Fig. 4E).
During the recovery of heat content and sea level in 2017-2018,
temperature increased in the upper 1000 m south of 10°S with a
maximum warming of up to 0.7°C between 100- and 300-m depth
(Fig. 5, B and C), consistent with an anticyclonic wind anomaly and
downward Ekman pumping in the subtropical SIO (Fig. 4F).
Temperature changes in 2014-2018 were associated with both
the vertical and meridional displacements of isotherms (see contours
in Fig. 5, A and B). The meridional Ekman transport anomalies
appear to have had a minor impact on temperature changes in the
upper 50 m. On the other hand, wind stress curl that drives Ekman

pumping affected the entire upper 1000-m water column by raising
the isotherms in 2014-2016 and deepening them in 2016-2018.
Furthermore, changes in wind stress curl and Ekman pumping are
associated with changes in the meridional Sverdrup transport.
More specifically, the upward Ekman pumping anomaly in the sub-
tropical SIO in 2014-2016 translated to the southward Sverdrup
transport anomaly in the entire water column, and vice versa for the
downward Ekman pumping anomaly in 2016-2018. These are well
reflected in the meridional shifts of isotherms between 10°S and 20°S,
suggesting a contraction of the SIO subtropical gyre in 2016 and an
expansion in 2018. Because the upper-ocean heat content at 20°S is
greater than that at 10°S, these processes lead to cooling and warm-
ing of the SIO subtropical gyre between 10°S and 20°S, respectively.

Local versus remote (of Pacific origin) forcing

We have demonstrated so far that in 2014-2018, the local wind
forcing had a considerable impact on the variability of the upper-ocean
heat content and sea level in the SIO and altered the signals propa-
gating from the eastern boundary. Signals at the eastern boundary
are strongly linked to ENSO (Fig. 3, A and C) and, thus, are largely
forced by processes in the equatorial western Pacific (33, 36, 38). In
this section, using a linearized analytic 1.5-layer reduced-gravity
model (see Materials and Methods), we quantify and analyze the
combined and relative contributions of the eastern boundary forcing
and the local wind stress curl to the interannual variability of the
SIO heat content and sea level.

As illustrated in Fig. 6 (A and B), the 1.5-layer model simulates
the observed SLA reasonably well. During 1995-2019, the model
(the sum of the eastern boundary and local wind forcing) explains
50 to 70% and above 70% of the observed SLA variance in the WSIO
and in the ESIO, respectively (dotted black curve in fig. S2). During
2010-2019, the portion of explained variance in the WSIO increases
up to 90% (solid black curve in fig. S2). The eastern boundary forcing
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Fig. 5. Upper-ocean temperature changes. Profiles of the low-pass-filtered potential temperature, 6, averaged between 55°E and 110°E: (A) in 2016 (8,016; blue contour), in
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(color); and (C) 82016 — 02014 (blue line) and 0,015 — 82016 (red line) differences averaged between 55°E to 110°E and 10°S to 30°S.
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alone (the first term on the right side of Eq. 4; Materials and Methods)
exhibits slowly decaying Rossby waves (Fig. 6C). In general, the
eastern boundary forcing adequately reproduces the signals that
were able to propagate all the way from the eastern boundary to the
western boundary, for example, the anomalies generated in
1997-2001 and in 2007-2009 (Fig. 6, A and C). As expected, the
eastern boundary forcing, i.e., signals of the Pacific origin and
strongly linked to ENSO variability (i.e., ocean tunnel effect), is
dominant in the ESIO, where it explains most of the SLA variance
to the east of 95°E (blue curves in fig. S2). The surface forcing from
the local wind stress curl (the second term on the right side of Eq. 4;
Materials and Methods) exhibits anomalies of similar amplitude
that are generated in the SIO interior and also propagate westward
as Rossby waves (Fig. 6D). The local wind forcing dominates in the
WSIO. During 1995-2019, it explains only up to 40% of SLA vari-
ance, but in 2010-2019, this portion increases to 60 to 80% (red
curves in fig. S2). It is remarkable how the relative contribution of
the eastern boundary and local wind forcing breaks at the Ninety
East Ridge (fig. S2), which serves as a natural barrier between the
ESIO and WSIO, where remote and local forcing mechanisms dom-
inate, respectively.

It is also interesting to note how the local wind stress curl modified
the large positive SLAs that were observed at the eastern boundary
in 1999-2002 and in 2010-2015 (Fig. 6C). These anomalies were
partially compensated for by the two concurrent negative SLAs gener-
ated by the cyclonic wind anomalies but were still able to reach the
western boundary (Fig. 6D). During these time periods, the eastern
boundary anomalies and wind-driven anomalies in the WSIO were
both associated with strong La Nifa conditions. This example illus-
trates how the ENSO-driven atmospheric bridge and ocean tunnel
effects interact with each other. On the contrary, the positive SLA
in the WSIO in 2005-2008 was solely due to the local wind forcing,
which suppressed the negative SLA signals radiated from the
eastern boundary in 2003-2006.

Of particular interest for the objectives of this study are SLA
changes during and after the 2014-2016 El Nifio event (Fig. 6A).
The ocean tunnel effect led to the reduction of SLA in the ESIO
(Fig. 6C). At the same time, the ENSO-driven atmospheric bridge
effect through the cyclonic wind anomaly (weaker trade winds) de-
creased SLA in the WSIO (Fig. 6D). While the negative SLA related
to the ocean tunnel effect still prevailed in the ESIO in 2017-2019,
the local wind forcing appears to be the main driver for SLA recovery

2020, Observations Model (EB + WS) Model (EB) Model (WS)
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- g
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s ‘ e 4
: 12
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Fig. 6. Observed and modeled sea-level variability in the SIO. Hovmoller diagrams of (A) the observed, low-pass—filtered (with a cutoff period of 1 year), and detrended
SLA averaged between 10°S and 30°S; (B) the modeled SLA using both the eastern boundary and the local wind stress curl forcing; (C) the modeled SLA obtained using
the eastern boundary forcing (first term of Eq. 4) only, and (D) the modeled SLA obtained using the local wind stress curl forcing (second term of Eq. 4) only. (E and
F) Time series of the observed SLA (black curves) and modeled SLA using the eastern boundary forcing (blue curves), the local wind stress curl forcing (red curves), and
both forcing terms (green curves), averaged between (E) 55°E to 90°E and (F) 90°E to 110°E.
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in the WSIO in 2017-2018 (Fig. 6D). This recovery was also related
to the atmospheric bridge effect through the strengthening of trade
winds during the weak 2017-2018 La Nifia (Fig. 4F).

While the eastern boundary forcing does not explain significant
variance in the WSIO, sea level signals related to the eastern boundary
and the local wind forcing appear to have similar amplitudes and
largely compensate for each other, reducing the WSIO sea level signals
(Fig. 6E). However, the sea level decrease in 2014-2016 was contributed
by both the local wind forcing (~60% of SLA change) and the eastern
boundary forcing (~40% of SLA change). Thus, it is logical to con-
clude that the ocean tunnel and atmospheric bridge effects worked
together to reduce heat content and sea level in the WSIO in 2014-2016,
which nicely explains why the observed reduction was extremely
strong and covered the entire SIO. The subsequent SLA recovery in
2017-2018 was primarily caused by the local wind forcing. In
contrast to the WSIO, the SLA variability in the ESIO (Fig. 6F) was
mostly driven by the eastern boundary forcing, strongly related to
ENSO variability via the ocean tunnel effect. The impact of the local
wind in the ESIO forcing was sizable, but of minor importance.

DISCUSSION

This paper addresses the evolution of the upper-ocean heat content
and sea level in the SIO in 1993-2019. Although salinity changes
make a sizable contribution, the observed interannual sea-level
variability is mostly due to thermosteric changes, which makes sea
level a good proxy for the upper-ocean heat content variability. Par-
ticular attention is given to changes associated with the most recent
(and one of the strongest on record) 2014-2016 El Nifio event,
which led to an unprecedented (in observational record) cooling
anomaly in the SIO, followed by a quick heat content recovery in
2017-2018 (Fig. 2A). In addition, we show why the basin-wide
response of sea level and heat content in the subtropical SIO to the
1997-1998 El Nifio was much smaller compared to the 2014-2016
El Nino.

The mechanisms responsible for the observed variability are
studied in the context of westward-propagating Rossby waves. The
associated sea level and, hence, heat content signals are radiated
from the eastern boundary and/or generated by the local wind forcing
over the basin’s interior. The eastern boundary forcing signifies the
remote ENSO forcing via the ocean tunnel effect, because signals at
the eastern boundary largely originate in the Pacific and propagate
into the SIO via the ITF and coastally trapped waves. The local wind
forcing mostly refers to changes in trade and equatorial winds, re-
lated to ENSO via the atmospheric bridge effect and its interaction
with IOD and other processes (e.g., SAM). While a detailed account
of the relative importance of each mode of atmospheric variability
is beyond the scope of this study, it appears that none of them alone
is able to explain the whole complexity of the local wind forcing
over the SIO.

One of the highlights of our findings is that the westward prop-
agation from the eastern boundary cannot fully explain the observed
basin-wide cooling that reached a maximum in both the WSIO and
ESIO almost simultaneously in 2016. Furthermore, the 2014-2016
cooling in the WSIO ended abruptly with the 2017-2018 warming
anomaly, while a cooling anomaly was still present in the ESIO
(Figs. 2 and 3). A similar situation occurred earlier, when the 2003-2006
cooling anomaly near the eastern boundary did not propagate all the
way to the western boundary but was interrupted over the Ninety

Volkov et al., Sci. Adv. 2020; 6 : eabc1151 4 September 2020

East Ridge by the local wind forcing in the WSIO during 2005-2008
(Fig. 3A). Nevertheless, most anomalies emanated from the eastern
boundary were able to cross the SIO after some modification by
local processes.

Local wind forcing that drives Ekman pumping anomalies in the
SIO is found to be consistent with the observed reduction of sea level
and heat content in 2014-2016 and their subsequent recovery in
2017-2018 (Fig. 4, E and F). A basin-wide cyclonic wind anomaly in
2014-2016 led to shoaling of isotherms in the upper-ocean and asso-
ciated cooling, while anticyclonic wind anomalies in 2017-2018 led to
deepening of isotherms and warming of the upper ocean. The asso-
ciated temperature changes were mainly concentrated in the subsur-
face between 50 and 400 m with a magnitude of up to 1°C (Fig. 5).

We also note that compared with the 2014-2016 El Nifo, there
was no similar basin-wide cooling in the SIO during the strongest
on record 1997-1998 El Nifio (Fig. 2A). We show that this was partly
related to westward propagation, i.e., the ocean tunnel effect. More
specifically, when the El Nifio-generated negative SLA was present
in the ESIO in 1997-1998, the positive SLA generated during the
1995-1996 La Nina reached the WSIO (Fig. 3), thus resulting in a
small net change of SLA in the subtropical SIO during 1996-1998
(Fig. 2A). In addition, the 1997-1998 El Nifo occurred in-phase
with a strong positive IOD (Fig. 2A and fig. S1A). Strong equatorial
easterlies associated with the positive IOD favored the upper-ocean
warming in the tropics and possibly inhibited the formation of the
large-scale cyclonic wind anomaly in the subtropical SIO. In
contrast, the easterly equatorial winds in 2014-2016 were much
weaker than those in 1997-1998, mostly because they were suppressed
by westerlies during the lowest on record negative IOD event in
2016 (Fig. 4, Cand E).

Using a 1.5-layer reduced-gravity model under the long-wave
approximation, we show that the interannual sea-level (and, hence,
heat content) variability is dominated by the local wind forcing in
the WSIO and by the eastern boundary forcing in the ESIO (Fig. 6).
The El Niflo-driven cooling in the ESIO in 2014-2016 was accom-
panied by the concurrent wind-driven cooling in the WSIO. The for-
mer process is attributed to the ocean tunnel effect, while the latter
process represents the atmospheric bridge effect via the ENSO-
modulated weakening of southeasterly trade winds over the SIO.
The unprecedented basin-wide decrease of sea level and heat con-
tent in 2014-2016 occurred because of a rather unusual condition,
during which the atmospheric bridge and ocean tunnel effects
worked constructively, amplifying the impact of each other. The
subsequent recovery in 2017-2018 was mainly driven by an anti-
cyclonic wind anomaly formed over the SIO during the weak La Nifia
via the atmospheric bridge effect. As opposed to the unusual condi-
tions during the 2014-2016 El Niifio, the model reconstruction
demonstrates that during the periods of strong La Nifa in 1999-2001
and 2010-2014, the ocean tunnel and atmospheric bridge effects
generated signals that partly compensated for each other. The La
Nina-driven warming anomalies in 1999-2001 and 2010-2014 were
substantially modified by the wind-driven cooling anomalies formed
over the Ninety East Ridge as the southeasterly trade winds strengthened
and shifted westward.

The results presented here highlight the complexity of the ob-
served sea-level and heat content variability in the SIO, tightly
linked to remote processes originating in the Pacific Ocean via the
atmospheric bridge and ocean tunnel effects, as well as to local
atmospheric and ocean dynamics. The decade-long heat accumulation
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in the SIO in 2004-2013 may have preconditioned an unprecedented
reduction of the ITF in 2014-2016 via reduced sea level difference
between the western Pacific and Indian Oceans, possibly dampening
the discharge of heat by the equatorial Pacific (44). In 2014-2016,
the accumulated SIO heat may have released to the atmosphere to
interfere with the regional seasonal climate cycle and/or produce a
series of extreme weather events, while the remaining portion may
have been sequestered to the deep ocean or transported to other parts
of the ocean. As the SIO heat content has almost fully recovered
after a remarkable drop in 2014-2016, it is possible that the pre-2014
SIO warming trend will continue in the near future. Further re-
search using continued observations and ocean and climate models
is required to investigate the far-reaching effects of the SIO heat
content variability.

MATERIALS AND METHODS

In this study, we use observations of sea level and the upper-ocean
thermohaline structure in combination with an atmospheric re-
analysis. To focus on interannual time scales, the seasonal cycle is
calculated by the least-squares fitting of the annual and semiannual
harmonics and removed from all data fields and time series. The
data are further low-pass filtered with a “Lowess” filter with a cutoff
period of 1 year.

Sea level data

Large-scale changes of sea level on seasonal-to-interannual time
scales are mostly steric, i.e., caused by changes in seawater density
(45). Because density changes in low- and midlatitudes are mostly
temperature driven (thermosteric), satellite observations of sea level
in many places can be used as a proxy for oceanic heat content (46).
Here, we use the monthly maps of SLA for the time period from
January 1993 to July 2019 provided by Aviso (www.aviso.altimetry.fr).
The global mean sea level rise has been subtracted to focus on dynamic
sea-level variability. The mean dynamic topography shown in Fig. 1
depicts the mean surface geostrophic circulation in the Indian Ocean.

Argo data

To study changes in the upper-ocean (0 to 2000 m) thermohaline
structure, we use the monthly gridded profiles of temperature (T)
and salinity (S) measured by Argo floats since 2004 and provided by
the Scripps Institution of Oceanography (47). The profiles are used
to calculate the steric sea level (SSL) anomalies relative to 2000-m
depth, which can be approximately (ignoring the nonlinearity terms in
the equation of state) decomposed into the thermosteric sea level
(TSL) and halosteric sea level (HSL) contributions to SLA (Figs. 2,
and 4, Band C)

1 0 0
SSL = TSL + HSL = —g |:_[2000 8po + _[2000 55 dp] (1)

where 87 = a(S, T,p)-a(35,0,p) and &5 = o(S,T,p) —a(35,0,p) are
the thermosteric and halosteric specific volume (o) anomalies, re-
spectively, g is the gravity, p is the pressure, and the overbar indicates
the time-mean values. The obtained thermosteric SLAs are propor-
tional to the upper 2000-m heat content anomalies.

Atmospheric data
To link the observed changes in sea level and heat content to wind
forcing, we use the 10-m wind velocity and surface wind stress data
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in 1979-2019 provided by the ECMWF's (European Centre for Medium-
Range Weather Forecasts) ERA-Interim reanalysis (www.ecmwf.int)
(48). Wind stress is used to compute Ekman pumping anomaly (Wg;
positive upward) relative to January 1979-December 2018 climatology

Wg = Vx X )
pf

where T = © — 7%, T is the wind stress vector, and the overbar indi-
cates the 1979-2018 average wind stress.

Climate indices

To represent the atmospheric and oceanic anomalies that occur during
ENSO events, we use the MEI provided by the National Oceanic
and Atmospheric Administration (NOAA) Earth System Research
Laboratory’s Physical Sciences Division (www.esrl.noaa.gov/psd).
METI is based on five variables from the tropical Pacific: sea-level
pressure, zonal and meridional components of the surface wind, sea
surface temperature, and outgoing longwave radiation (49). Positive
(negative) MEI refers to El Nifio (La Nifia) conditions.

A local ocean-atmosphere phenomenon in the Indian Ocean
coupled to ENSO is known as the IOD. The IOD index is deter-
mined by sea surface temperature differences between the western
equatorial Indian Ocean (50°E to 70°E and 10°S to 10°N) and the
southeastern equatorial Indian Ocean (90°E to 110°E and 10°S to 0°).
The positive (negative) IOD means that the surface of western Indian
QOcean is warmer (cooler) than the surface of the eastern Indian
Ocean. We use the IOD index provided by the Japan Agency for
Marine-Earth Science and Technology (JAMSTEC; www.jamstec.
go.jp/aplinfo/sintexf/e/iod/about_iod.html).

Model for sea-level variability

The large-scale variability of sea level and heat content away from
the equator is strongly influenced by Rossby waves. In the SIO,
either Rossby waves emanate from the eastern boundary, where their
generation is modulated by signals coming from the Pacific, or they
are generated by local wind forcing. To quantify the relative impact
of these processes to the observed sea level changes, we use a linear
1.5-layer reduced-gravity model under the long-wave approxima-
tion (38, 50). The long-wave linear vorticity equation governing the
baroclinic component of SLA, 7, can be expressed as follows

on om_gVxt

=y png e€n (3)

ot “Rox

where cg is the zonal phase speed of long baroclinic Rossby waves, g
is the gravity, ¢’ is the reduced gravity, and ¢ is a frictional damping
coefficient added to dissipate propagating signal with time. The
integration of Eq. 4 along the baroclinic Rossby wave characteristic
yields the following solution in the longitude-time (x-f) plane (38, 50)

_ X=X\ ey & (7
n(xt) n(xe,t R )e pongfoer

T (x/, t-% x’) e (%) gy (4)

CR

where x. is the longitude of the eastern boundary. The first term on
the right side of Eq. 4 is the sea level signal that originates at the
eastern boundary, while the second term is the sea level signal
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generated by the local wind stress curl. Both signals propagate westward
as Rossby waves. The model is initialized with the low-pass-filtered
altimetry SLA at 110°E, (x., t). The reduced gravity is estimated as
g = ch/Ht, where ¢; = 3 m s is the baroclinic gravity-wave phase
speed from Chelton et al. (51) and H; = 150 m is the thermocline
depth (estimated as the depth of the 20°C isotherm in Argo data)
characteristic for the SIO between 10°S to 30°S. This yields g’ =
0.06 m s~2 On the basis of the Hovméller diagram of SLA in the SIO
(Fig. 4A), we set cg=0.1 m s~L. The best fit of the reconstructed SLA
to observations is achieved with the dissipation coefficient € =
(1.3 year)fl.

Statistical analysis

Linear regression is used to relate the atmospheric circulation
patterns to ENSO and IOD: The ERA-Interim winds and derived
Ekman pumping anomalies are projected on standardized (divided
by SD) MEI and IOD index, respectively. The obtained regression
coefficients are in meter per second per SD for wind velocities and
meter per month per SD for Ekman pumping (Fig. 4, A and B).

The 95% significance level for correlations between the Ekman
pumping anomalies and MEI/IOD (fig. S1B) is estimated using
Monte Carlo simulations as follows. First, the number of degrees of
freedom for each time series (i) in a pair is estimated as Nj* = L/ T/,
where L = AtN is the length of the time series for N lag steps, At, and
Ti* is the integral time scale (52). Second, 10,000 pairs of random
time series of the length N;* were generated and subsampled to
make their length the same with the original time series. Last, the
95% significance level is given by the 95th percentile of correlations
between the pairs of simulated time series.

The relative contribution of eastern boundary and local wind
stress forcing terms is estimated by computing the explained variance
(fig. S2). The fraction of variance (F) of a variable x, explained by
another variable y, is computed as F = 100 % x [1 - %(;)y)] .
SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/36/eabc1151/DC1
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