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Mechanisms of asymmetry in sea
surface temperature anomalies
associated with the Indian Ocean
Dipole revealed by closed heat
budget

Mai Nakazato?, Shoichiro Kido? & Tomoki Tozuka®?**

The Indian Ocean Dipole (I0D) is an interannual climate mode of the tropical Indian Ocean. Although
it is known that negative sea surface temperature (SST) anomalies in the eastern pole during the
positive 10D are stronger than positive SST anomalies during the negative 10D, no consensus has
been reached on the relative importance of various mechanisms that contribute to this asymmetry.
Based on a closed mixed layer heat budget analysis using a regional ocean model, here we show

for the first time that the vertical mixing plays an important role in causing such asymmetry in SST
anomalies in addition to the contributions from the nonlinear advection and the thermocline feedback
proposed by previous studies. A decomposition of the vertical mixing term indicates that nonlinearity
in the anomalous vertical temperature gradient associated with subsurface temperature anomalies
and anomalous vertical mixing coefficients is the main driver of such asymmetry. Such variations

in subsurface temperature are induced by the anomalous southeasterly trade winds along the
Indonesian coast that modulate the thermocline depth through coastal upwelling/downwelling. Thus,
the thermocline feedback contributes to the SST asymmetry not through the vertical advection as
previously suggested, but via the vertical mixing.

The Indian Ocean Dipole (IOD)! is a dominant interannual climate mode of the tropical Indian Ocean that
develop through the Bjerknes feedback?. During positive IOD (pIOD) events, negative sea surface temperature
(SST) anomalies appear in the southeastern tropical Indian Ocean and positive SST anomalies develop in the
western tropical Indian Ocean. Such SST anomalies first emerge during boreal summer and reach their peak
in autumn, followed by rapid decay in winter. Anomalies with the opposite signs appear during negative IOD
(nIOD) events. Since the IOD is known to affect not only coastal countries of the Indian Ocean®7, but also
remote regions®'’, better understanding and more accurate forecasts of the IOD are of particular importance.

One of the essential characteristics of the IOD is its asymmetry; negative SST anomalies in the eastern pole
during the pIOD are stronger than positive SST anomalies during the nIOD!". Due to such asymmetry in SST
anomalies, the distribution and amplitude of the atmospheric teleconnection are asymmetric'?. As a result,
impacts on precipitation'*'* and marine ecosystems'® are also not symmetric between plOD and nIOD. Thus,
understanding of the mechanisms responsible for the asymmetry is crucial.

In this regard, the first study on the cause of asymmetry in SST anomalies over the eastern pole of the IOD
emphasized the importance of the nonlinear zonal and vertical advection based on a mixed layer heat budget
analysis'!. More specifically, they pointed out that the nonlinear zonal advection term leads to anomalous cooling
during both pIOD and nIOD; negative zonal SST gradient anomalies are advected by westward current anomalies
during the pIOD, while positive zonal SST gradient anomalies are advected by eastward current anomalies during
the nIOD. Similarly, both anomalous upward advection of anomalous positive vertical temperature gradient dur-
ing the pIOD and anomalous downward advection of anomalous negative vertical temperature gradient during
the nIOD contribute to the SST cooling. Thus, such nonlinear dynamical heating anomalies act to amplify SST
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Figure 1. Sea surface temperature (SST) anomalies associated with the positive Indian Ocean Dipole (pIOD)
and negative Indian Ocean Dipole (nIOD). Composites of SST anomalies (in °C) during September (0) to
November (0) of pIOD years (left) and nIOD years (middle) from the ERSST (a-c) and the ROMS (d-f). Their
sums (i.e., pIOD plus nIOD) are also presented (right). The contour intervals are 0.2 °C. Anomalies significant
at the 95% confidence level by a two-tailed t test are shaded. The boxes represent the western and eastern

poles of the Indian Ocean Dipole (IOD). Although an asymmetric component is often expressed in terms of
(pIOD +nlOD)/2, figures in this paper use pIOD +nIOD to ease comparison with past studies on the SST
asymmetry of the IOD.

anomalies associated with the pIOD and damp those associated with the nIOD. Also, they argued that during the
pIOD, the negative SST-cloud-shortwave radiation feedback is weaker and acts to enhance the anomalous SST
cooling, because the SST becomes cooler than the convective threshold and an anomalous increase in shortwave
radiation is bounded.

Although the importance of the SST-cloud-shortwave radiation feedback is further highlighted'?, this was
challenged by subsequent studies'®~'%, which showed that the feedback actually weakens the asymmetry. It was
pointed out that such discrepancies are due to SST biases in the ocean assimilation product and spurious trends
in precipitation seen in the atmospheric reanalysis data used by previous studies’®.

Also, contrasting results were obtained regarding the role of the thermocline feedback!>'-1°. It was pro-
posed that the SST in the eastern pole is more sensitive to an anomalous shoaling of the thermocline than to an
anomalous deepening, because the mean thermocline there is relatively deep'. Their hypothesis was verified by
a modeling study'®: By conducting sensitivity experiments with an ocean general circulation model (OGCM), it
was shown that the negative SST skewness in the eastern pole is reproduced even under sinusoidal zonal wind
stress anomalies. Also, the importance of the thermocline feedback was indicated using various observational
data”. On the other hand, a study that conducted a mixed layer heat budget analysis taking mixed layer depth
(MLD) variations into account demonstrated that the contribution from the thermocline feedback, which was
quantified by the vertical advection, is small'?. However, the validity of this result was questioned owing to large
temperature biases in the assimilation product used in that study*c.

Although various mechanisms have been proposed for the amplitude asymmetry in the IOD, there are some
discrepancies among the past studies and no consensus regarding the relative importance of individual processes.
One reason for such discrepancies may be the use of an offline mixed layer heat budget analyses; their budget
was not closed and accompanied large residuals arising from uncertainties in estimations of each term. Indeed,
several recent studies delineated the complexity in driving mechanisms of SST anomalies associated with the
pIOD by conducting online heat budget analyses using OGCMs?-?. Although we need to pay attention to model
biases, such closed heat budget analyses can help us identify the key mechanisms and may provide a solution.
Also, despite the fact that the MLD undergoes large variations at different timescales, past studies except for Hong
and Li'? assumed constant MLD when conducting a heat budget analysis. Motivated by the above, we attempt
to reveal the mechanisms of the asymmetry in SST anomalies over the eastern pole of the IOD by conducting
an online mixed layer heat budget analysis using a regional ocean model that allows exact closure. To examine
the relative role of oceanic and atmospheric nonlinearity, heat budget terms with and without normalization by
the atmospheric forcing are compared.

Results

Mixed layer heat budget analysis of the eastern pole. Figure 1 shows composites of observed and
modeled SST anomalies for the pIOD and nIOD vyears (Fig. S1; see “Methods” for how event years are defined).
Although the simulated SST anomalies over the eastern pole is overestimated and extend too far to the west and
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Figure 2. Mixed layer heat budget of pIOD and nIOD vyears. (a) Mixed layer temperature (MLT) tendency
(black), zonal advection (red), meridional advection (green), vertical advection (blue), horizontal mixing
(purple), vertical mixing (orange), entrainment (grey), and surface heat flux (brown) term anomalies (in °C)
integrated over the development phase from April (0) to September (0) for the pIOD (left) and the nIOD
(middle). Their sums are also presented (right). The circles (triangles) indicate that anomalies are significant at
the 95% (90%) confidence level by a two-tailed t test. (b) As in (a), but with an offline calculation. The residual
term is indicated by a violet bar. (c) As in (a), but normalized by the atmospheric forcing (i.e., EQUINOO, see
“Methods”).

those over the western pole is underestimated compared to the observation especially in the pIOD, the zonal
dipole structure and asymmetric amplitude of SST anomalies associated with the IOD are well reproduced.
The skewness of SST anomalies is also calculated (see “Methods”) for both model and observation (Fig. S2).
Although the skewness is exaggerated in the model, the negative skewness over the eastern pole of the IOD are
found in both model and observation.

To quantitatively understand the mechanisms of the asymmetric SST variations in the southeastern tropical
Indian Ocean, we conduct the mixed layer heat budget analysis (see “Methods”). Composites of each term of the
mixed layer heat budget equation (see Eq. (1) in “Methods”) averaged over the eastern pole of the IOD during
the development phase from April (0) to September (0) are shown in Fig. 2a (see Fig. S3 for their time evolution).
The anomalous cooling during the pIOD is mostly associated with zonal advection and vertical mixing anoma-
lies and vertical advection and entrainment anomalies make a smaller contribution, while the surface heat flux
term tends to damp negative SST anomalies. The importance of zonal advection and vertical terms is consistent
with past studies!'>%, but the dominance of the vertical mixing term within three vertical terms differs with
past studies'®. For the nIOD, the zonal advection term contributes dominantly to the anomalous warming, and
vertical advection and entrainment anomalies make a minor contribution.

In terms of the asymmetry, the zonal advection and vertical mixing terms strengthen the asymmetry, while
the surface heat flux term weakens the asymmetry. Interestingly, the vertical mixing term plays an important
role in generating the asymmetry, in contrast to past studies that underscored the importance of the zonal
advection term.

Such discrepancy may be caused by the difference between online and offline calculations of the mixed layer
heat budget*®?2. Indeed, when we perform an offline heat budget analysis using monthly-averaged outputs from
the model, the asymmetry in the zonal advection term is exaggerated, while the residual term, which implicitly
represents the vertical mixing term, does not exhibit a significant asymmetry (Fig. 2b). These results imply that
an offline heat budget analysis may overemphasize the role of zonal advection, as it cannot fully resolve sub-
monthly variability, which substantially rectifies onto the mean state and low-frequency variability*>**. Thus,
caution is required when interpreting results from an offline heat budget analysis.

If the above SST asymmetry were driven by a much larger response of the atmosphere to the SST anomalies
during the pIOD, even a linear ocean would display a larger response during the pIOD. To exclude this possibility
and check whether the asymmetry in individual terms of the heat budget analysis merely reflects a passive oceanic
response to nonlinearity of the atmosphere, we have repeated the mixed layer heat budget analysis by normalizing
all terms by EQUINOO of each event (see “Methods”). Figure 2c indicates that even after the normalization, the
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Figure 3. Decomposition of the horizontal advection term. (a) Linear (blue) and nonlinear (red) horizontal
advection terms (in °C) integrated over the development phase for the pIOD (left) and the nIOD (middle). Their
sums are also presented (right). (b) As in (a), but normalized by EQUINOO. The circles (triangles) indicate
anomalies significant at the 95% (90%) confidence level by a two-tailed t test.

amplitude of anomalous cooling during the pIOD is greater than that of anomalous warming during the nIOD
and both vertical mixing and zonal advection terms contribute significantly to this amplitude asymmetry, with
a larger contribution from the vertical mixing term. This is because the amplitude of the anomalous cooling
during the pIOD (- 0.85 °C) is about 2.2 times larger than that of the anomalous warming during the nIOD
(- 0.39 °C), but the amplitude of easterly wind stress anomalies during the pIOD (1.46 x 102 N m?) is only about
1.6 times larger than that of westerly wind stress anomalies during the nIOD (9.06 x 10~ N m™2). This suggests
that the oceanic response is not completely linear and that the IOD asymmetry is not solely a consequence of
atmospheric nonlinearities.

A decomposition of the horizontal advection term into linear and nonlinear components in an offline cal-
culation (Fig. 3a) reveals that both components contribute to the asymmetry. Specifically, the linear advection
term contributes to the growth of both pIOD and nIOD, but its amplitude is stronger in the pIOD. However,
the asymmetry in the linear advection term may be due to that in the strength of the atmospheric forcing; when
normalized by EQUINOO, the asymmetry in the linear advection term is weak and not statistically significant
(Fig. 3b). On the other hand, the nonlinear advection term contributes to the anomalous cooling during both
pIOD and nIOD even after the normalization (Fig. 3b). As a result, it enhances the pIOD, but damps the nIOD.
This supports Hong et al.', who suggested that the nonlinear horizontal advection contributes to the asymmetry.

Also, the result that the surface heat flux term weakens the asymmetry supports the conclusions of Cai
et al.'® and Ogata et al.'¥, but we note that this damping is not statistically significant if we normalize the term
with EQUINOO (Fig. 2¢). In addition, the vertical advection term enhances the asymmetry, but the amplitude
is relatively small. This is in agreement with Hong and Li'%, but somewhat different from Ogata et al.’®. Such
quantitative differences may be partly due to those in definitions of MLD in the heat budget analysis; Hong and
Li'? and ours employ variable MLD, whereas Ogata et al.'® assumed a constant MLD of 50 m.

Asymmetry in the vertical mixing term.  We now focus on the vertical mixing term whose contribution
to the amplitude asymmetry of the IOD has not been discussed by previous studies. Since it is not straightfor-
ward to clearly distinguish between the effects of vertical mixing and advection at the bottom of the mixed layer
in an ocean model that adopts subgrid-scale vertical mixing parameterization, the vertical advection and mixing
terms are often grouped as “vertical processes” in many previous studies'>'®. However, the online analysis used
in this study allows us to explicitly separate individual contributions. We first compare the time series of anoma-
lies in MLD, vertical diffusion coefficient, and vertical temperature gradient that constitute the vertical mixing
term (Fig. 4, see “Methods”).

The vertical temperature gradient, which is calculated by taking the difference in temperature between the
mixed layer and just below it, is anomalously large in the pIOD and small in nIOD years (Fig. 4c). However, the
amplitude of anomalies is nearly two times larger in the pIOD compared to the nIOD. The anomalous vertical
temperature gradient is predominantly attributed to subsurface temperature anomalies caused by thermocline
depth variations, whose magnitude is larger than that of the concomitant MLT anomalies for both pIOD and
nlOD (Fig. 5).

Vertical diffusion coefficient anomalies, which measure the strength of the vertical mixing, are positive in the
pIOD, but they are smaller in amplitude compared with negative anomalies in the nIOD (Fig. 4d). Considering
that vertical diffusion coefficients increase with decreasing stratification and increasing vertical shear, we analyze
the vertical temperature gradient and the vertical shear in horizontal currents to gain further insight (Fig. 6). Dur-
ing the pIOD, the vertical shear is strengthened by the intensified southeasterly trade winds and contributes to
stronger vertical mixing, whereas the relaxation of the trade winds associated with the nIOD reduces the vertical
shear and thus weakens the vertical mixing. On the other hand, the density stratification strengthens (weakens)
in the pIOD (nIOD) reflecting the subsurface temperature anomalies (Figs. 4c, 5). Thus, the anomalous stratifica-
tion acts to counteract vertical diffusion coefficient anomalies associated with vertical shear anomalies in both
phases. We note that salinity anomalies also contribute to the changes in density stratification, but their relative
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Figure 4. Vertical mixing term and its constituents during pIOD and nIOD years. Time series of composited
(a) vertical mixing term (in °C/month), (b) mixed layer depth (MLD) (in m), (c) difference in temperature
between the mixed layer and just below it (in °C), and (d) vertical diffusion coeflicient (in m?/s) anomalies

for the pIOD (red), the nIOD (blue), and the sum of pIOD and nIOD events (grey). The closed (open) circles
indicate anomalies significant at the 95% (90%) confidence level by a two-tailed t test. The development phase is
shaded.
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Figure 5. Vertical temperature difference during pIOD and nIOD years. As in Fig. 4, but for vertical
temperature difference multiplied by 10 (black), temperature just below the mixed layer (blue), and MLT (green)
anomalies (in °C) for (a) the pIOD and (b) the nIOD.

contribution to the density stratification is smaller than that of temperature anomalies®. Since the magnitude of
positive anomalies in the vertical diffusion coefficient in the pIOD is smaller than that of the negative anomalies
in the nIOD, the above results suggest that the contribution of the stratification and the vertical shear cancel each
other out more strongly in the pIOD, although more detailed analyses are required for quantitative discussions.

The mixed layer is anomalously shallow during the nIOD, but no statistically significant MLD anomalies are
found during the pIOD (Fig. 4b). Weaker anomalies during the pIOD can be explained as follows; anomalous
deepening of the mixed layer due to the stronger vertical shear (Fig. 6¢,d) and/or wind-induced mixing are
counteracted by strong positive surface heat flux anomalies (Fig. 2) and enhanced density stratification (Fig. 6b).
Similar compensation between dynamical and thermodynamical forcing also occurs for the nIOD, leaving weaker
MLD anomalies (~2 m).

A decomposition of the vertical mixing term into linear and nonlinear components is also performed in
an offline calculation (Fig. 7a; see “Methods”). For both pIOD and nIOD, the linear term associated with the
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Figure 6. Vertical diffusion coefficients during pIOD and nIOD years. As in Fig. 4, but for (a) vertical diffusion
coefficient (in m?/s), (b) vertical temperature difference (in °C), and vertical gradient of (c) zonal and (d)
meridional current (in m/s) anomalies.
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Figure 7. Decomposition of the vertical mixing term. (a) Linear terms associated with the vertical diffusion
coeflicient anomaly (blue; the first term on the right hand side) and the temperature difference anomaly (purple;
the second term on the right hand side), nonlinear term (red; the third term on the right hand side), and

their sum (black; the left hand side term) in Eq. (3) integrated over the development phase for the pIOD (left)
and the nIOD (middle) (in °C m? s™!). Their sums are also presented (right). (b) As in (a), but normalized by
EQUINOO. The circles (triangles) indicate anomalies significant at the 95% (90%) confidence level by a two-
tailed t test.
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temperature difference anomaly [i.e., the second term on the right hand side of Eq. (3)] contributes dominantly
to the anomalous SST cooling and warming, respectively, and the linear term associated with the vertical diffu-
sion coefficient anomaly [i.e. the first term on the right hand side of Eq. (3)] also makes substantial contribution
during the nIOD. Regarding the asymmetry, the linear term associated with the temperature difference anomaly
and the nonlinear term (i.e., the second and third terms on the right hand side of Eq. (3), respectively) make a
comparable contribution. However, the asymmetry in the vertical mixing term is solely due to that in the non-
linear term when normalized by EQUINOO (Fig. 7b). The physical processes represented in the nonlinear term
can be explained as follows: During the pIOD, positive temperature difference and vertical diffusion coefficient
anomalies lead to enhanced cooling; i.e., enhanced mixing of anomalously cold water takes place. On the other
hand, negative temperature difference and vertical diffusion coeflicient anomalies during the nIOD contribute to
anomalous cooling. In other words, a weakening of the vertical mixing during the nIOD reduces incorporations
of anomalously warm subsurface water to the surface, leading to suppression of further SST warming. Thus, the
thermocline feedback is suggested to contribute to the asymmetry mainly through the vertical mixing. This is in
contrast to Ogata et al.’®, who suggested the importance of the thermocline feedback through vertical advection.

Conclusions and discussions

In this study, we have investigated the asymmetry in SST anomalies over the eastern pole of the IOD for the first
time based on a completely closed mixed layer heat budget analysis using a regional ocean model that realisti-
cally reproduces the main features the IOD. In addition to the contributions from the nonlinear advection and
the thermocline feedback proposed by previous studies'"'*>!8, we have found for the first time that the vertical
mixing term makes an important contribution to the SST asymmetry. This is true even when its contribution
is normalized by the atmospheric forcing, indicating the importance of oceanic nonlinearity in the generation
of the SST asymmetry. A further decomposition of the vertical mixing term indicates that nonlinearity in the
anomalous vertical temperature gradient associated with subsurface temperature anomalies and anomalous
vertical mixing coefficients strengthens the SST asymmetry.

Figure 8 schematically explains how the vertical mixing contributes to the SST asymmetry. During the pIOD
(Fig. 8a-d), the anomalously strong southeasterly trade winds along the Indonesian coast enhance coastal
upwelling and lead to the shallower thermocline and negative temperature anomalies just below the mixed layer
(Fig. 8b). Moreover, due to the stronger southeasterly wind anomalies, the surface northwestward currents are
enhanced and the vertical shear is strengthened (Fig. 8c). Although the anomalous cooling just below the mixed
layer enhances the stratification and favors a smaller vertical diffusion coefficient, this effect seems to be over-
whelmed by the vertical shear effect and the vertical diffusion coefficient becomes anomalously positive. Thus, the
negative SST anomalies are generated by more effective mixing of anomalously cold water from below (Fig. 8d).
The opposite occurs during the nIOD (Fig. 8e-h) and less effective mixing of anomalously warm subsurface
water damps the anomalous warming associated with the nIOD. To assess the validity of our finding, however,
more coordinated modelling frameworks that specifically focus on the vertical mixing (e.g., a one-dimensional
modelling framework?®®) as well as direct observations of microstructure turbulence are required.

To take account of the difference in the strength of atmospheric forcing between pIOD and nIOD and to
quantify the relative importance of nonlinearity in the oceanic processes, we have normalized heat budget terms
with EQUINOO in the present study. However, there may be some room for discussions regarding how we define
the atmospheric forcing. Moreover, this normalization assumes that the oceanic response are completely linear
and that the IOD asymmetry is a sole consequence of atmospheric nonlinearities. In reality, however, stronger
wind anomalies during the pIOD are at least partly due to a linear response to larger SST anomalies generated
by oceanic processes. For instance, the amplitude of easterly wind stress anomalies (i.e. EQUINOO) during
the pIOD (1.46 x 102 N m™) is about 1.6 times larger than that of westerly wind stress anomalies during the
nlOD (9.06 x 10 N m™), but the amplitude of surface westward current anomalies during the pIOD over the
same region (1.20x 10! m s7!) is about 2.0 times larger than that of surface eastward current anomalies dur-
ing the nIOD (5.99 x 1072 m s7!). This may be because wind stress anomalies are trapped more efficiently near
the surface during the pIOD owing to anomalously shallow thermocline over the central-to-eastern equatorial
Indian Ocean, and stronger equatorial zonal current anomalies are induced near the surface even if wind stress
anomalies with the same amplitude are applied. Importance of a nonlinear oceanic response to the atmospheric
forcing has also been suggested for the El Nifio/Southern Oscillation (ENSO)¥; it is indicated that wind stress
anomalies associated with El Nifo are more efficiently trapped in the upper ocean of the western tropical Pacific
owing to shallower thermocline and contribute to more rapid decay of El Nifio than La Nifia*®. Hence, a separate
study conducting a hierarchy of model experiments with symmetric wind forcing'®*’ may be useful to further
investigate the IOD asymmetry.

Although the main focus of this study is how oceanic nonlinearity contributes to the IOD asymmetry, our
analyses with the normalization by the EQUINOO suggest that atmospheric nonlinearity also plays a role. Since
the atmospheric nonlinearity has been shown to play an important role in generating the asymmetry in ENSO?,
it will be illuminating to conduct an atmospheric model experiment in which symmetric SST anomalies associ-
ated with the positive and negative IOD are imposed.

It is projected that the IOD becomes less asymmetric under global warming'®, but coupled models suffer from
biases in reproducing the skewness of the IOD**-*2, Since the skewness is one of the essential characteristics of
the IOD, it is necessary to figure out the root cause of this model bias for a more reliable future projection. This
study suggests that such bias may partly be alleviated by more realistically simulating the physical processes
summarized in Fig. 8.

Asymmetry in SST anomalies is not limited to the IOD. For instance, the ENSO shows strong asymmetry
with stronger El Nifio and weaker La Nifia?”*>. Various processes, such as the nonlinear advection, tropical
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instability waves, state-dependent stochastic forcing, nonlinear oceanic wave response, bio-physical feedback,
and atmospheric nonlinearities have been proposed as the origin of the asymmetry in the ENSO?7*4%, but their
relative importance is still under debate as in the IOD. To gain quantitative insight into the mechanisms of the
amplitude asymmetry, an online mixed layer heat budget analysis that allows an exact closure is essential, as
offline analysis introduce large uncertainties in estimations of contributions from each process. Applications of
the present framework to other climate modes will be an interesting topic for future research.

Methods

Observational data. We use SST data from the Extended Reconstructed Sea Surface Temperature version
3 (ERSST v3)* from 1950 to 2017 with a horizontal resolution of 2°. To focus on interannual variations, we have
applied 3-month running mean to filter out high frequency variabilities and then removed decadal and longer
variations with 73-month running mean from all observational data and model outputs prior to our analyses.

Positive and negative 10D years. We define pIOD and nIOD years based on the Dipole Mode Index
(DMI) averaged from September to November (Fig. S1; solid). The DMI is defined as the difference between the
area-averaged SST anomalies in the western pole (50°E-70°E, 10°S-10°N) and the eastern pole (90°E-110°E,
10°S-Equator)". Following Ummenhofer et al.””, who took into account the asymmetric nature of the IOD, years
with the eight highest DMI (1961, 1963, 1967, 1972, 1977, 1994, 1997, and 2006) are defined as the pIOD vyears
and years with the eight lowest DMI (1960, 1964, 1974, 1975, 1996, 1998, 2005, and 2010) are defined as the
nlOD years. The average DMI value for the pIOD is 1.27 °C, while that for the nIOD is — 0.88 °C. Their ampli-
tudes are statistically different at the 95% confidence level. Note that Year 0 corresponds to the year that the IOD
develops and Year 1 corresponds to the following year.

ROMS. The model used in this study is the Regional Ocean Modeling System (ROMS)*® that covers the
Indian Ocean (28°E-114°E, 46°S-32°N) with a horizontal resolution of 1/3° and 40 vertical sigma layers. For
the eastern and southern boundary conditions, the mixed radiation-nudging boundary condition is applied®,
and the monthly temperature, salinity, and horizontal velocity data from the Ocean Reanalysis System version
4 (ORAS4)* are imposed. A turbulence closure scheme based on level 2.5 version of the turbulence closure
model*! is adopted to calculate the vertical viscosity and diffusion coefficients as a function of turbulent kinetic
energy, turbulent length scale, and a stability function. For the surface forcing, the model uses atmospheric vari-
ables from the Japanese 55-year Reanalysis Project (JRA55-do)** and calculates the sensible and latent heat flux
and evaporation using the Coupled Ocean-Atmosphere Response Experiment 3.0 algorithm*. The model is
spun up for 30 years from the initial condition based on the World Ocean Atlas 2013 using climatological daily
river runoff*%, 3-hourly atmospheric forcing, and monthly lateral boundary forcing. Afterward, a hindcast run
is conducted from 1958 to 2017 using interannually varying forcing. A more detailed description of the model
is given by Kido et al.**.

The model can adequately reproduce the evolution of the observed IOD. For instance, the correlation coeffi-
cient of the simulated and observed DMI (Fig. S1) is very high at 0.91, although we note that this is not surprising
considering the fact that the use of bulk formulae implicitly restores the simulated SST to the reanalysis data.
However, it is important to note that the SST asymmetry in our model is not spuriously caused by the use of bulk
formulae for surface heat fluxes. A scatterplot of net surface heat flux and SST anomalies over the eastern pole of
the IOD for both the model and observation/reanalysis (ERSST and JRA-55) (Fig. S4) indicates that the model
agrees with the observation/reanalysis in that the net surface heat flux tends to damp SST anomalies, i.e., surface
heat flux anomalies are generally positive and warm the ocean when SST anomalies are negative, while surface
heat flux anomalies tend to be negative for positive SST anomalies. Also, the model has a relatively good skill
in simulating the seasonality of the IOD and surface and subsurface temperature/salinity anomalies associated
with the pIOD*. Thus, the model reasonably reproduces the main features of the IOD including its asymmetry,
and we may use this model for detailed investigation.

Mixed layer heat budget. To understand the mechanism of the asymmetrical SST anomalies in the south-
eastern Indian Ocean, we conduct an online mixed layer heat budget analysis using the ROMS. The time evolu-
tion of the mixed layer temperature (MLT)* can be written as follows:

Ty 1 [° ¢ oor 1 /e
7__Z/ dz——/( )dz_Z/,h(wg)dZ‘FH/,hvh.(Khth)

1 oT AT oh 1
z("%) T ot g Qe Q= ).
== P

(1
dz —

Here, Ty is the MLT, and h is the MLD, which is defined as a depth at which potential density is 0.01 kg/ m?
greater than the sea surface density. We note that the MLD defined in the above way corresponds well with the
turbocline depth; the annual mean turbocline depth and MLD are 58 m and 54 m, respectively, and their seasonal
cycle is in phase (the minimum in March and the maximum in August) with the root mean square difference
is 8 m. Here, the turbocline depth is defined as the depth at which the vertical diffusion coefficient falls below
0.005 m? s}, which is within the range of values used by previous studies*”*%. Also, kj, and «,, are the horizontal
and vertical diffusion coefficients, respectively, AT is the temperature difference between the mixed layer and the
entrained water, p is the seawater density, and Cj, is the specific heat of the seawater. The net surface heat flux Q¢
includes the shortwave radiation, longwave radiation, sensible heat flux, and latent heat flux, and Q,, (z = —h)
is the shortwave radiation at the bottom of the mixed layer. On the right-hand side, the first, second, and third
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terms are zonal, meridional, and vertical advection, respectively. The fourth and fifth terms represent horizontal
and vertical mixing, respectively. The sixth term is the entrainment term, while the last term is the surface heat
flux term. Except for the entrainment term, each term in Eq. (1) is calculated at every time step and accumulated
as 3-day averaged value. The entrainment term is calculated by the method that guarantees the exact closure of
the mixed layer heat budget®.

The horizontal advection term can be decomposed as follows:

/ ! / !
(Horizontal advection) = — (U, 9Tu +V w) — (UaTM + VBTM ) — (U, 9T +V 0Tw )—i—(Res.).
ax ady 0x ady ax dy

)
Here, U and V are monthly zonal and meridional current averaged over the mixed layer, respectively, an
overbar represents the climatological mean, and a prime represents the anomaly. The first and second terms on
the right-hand side are the linear advection terms, while the third term represents the nonlinear advection term.
The last term is the difference between values estimated by an online calculation and offline diagnosis, arising
from high-frequency variations of temperature and horizontal current fields and horizontal gradient of MLD.
To understand the physical processes responsible for vertical mixing term anomalies [i.e., the fifth term
on the right-hand side of Eq. (1)], we have focused on three variables constituting this term: (1) MLD (h), (2)
vertical diffusion coeflicient at the bottom of the mixed layer ((k,),—_;), and (3) differences between the MLT
and temperature at the depth just below the mixed layer. Here, (3) is used to represent the vertical temperature
gradient at the bottom of the mixed layer. Note that vertical diffusion coefficients are internally calculated in the
model using the turbulence closure scheme, and are stored as 3-day averaged values, similar to other variables.
Qualitatively, shoaling (deepening) of the mixed layer, increase (reduction) in vertical diffusion coefficients,
and increase (reduction) in the vertical temperature differences lead to enhanced (suppressed) SST cooling by
turbulent heat transport. For more quantitative discussions, it is necessary to conduct a decomposition that is
similar to the horizontal advection term. Although the vertical mixing term is composed of three variables, a
decomposition with three variables becomes too complicated and it is difficult to interpret. For this reason, we
have decided to look at the following decomposition, because the difference in MLD anomalies between pIOD
and nIOD is insignificant during the development phase:

’

— (V) o=—nTai) = —(v) sm—nTaigy — (cv) = Taify” — cv) o= —n Taif’ 3)

Here, Ty represents difference in temperature between the mixed layer and just below it.

Skewness. The skewness is defined as

ms
Skewness = )P (4)

where my, is the k-th moment'’.

EQUINOO. To normalize heat budget terms, we use September-November EQUINOO, which is defined
as the area averaged zonal wind stress anomalies over the equatorial Indian Ocean (60°E-90°E, 2.5°S-2.5°N)*.

Data availability

The ORAS4 is available from http://apdrc.soest.hawaii.edu/dods/public_data/Reanalysis_Data/ORAS4. The
JRA55-do was downloaded from https://esgf-node.llnl.gov/projects/input4mips/. The source code and tools
for input files of the ROMS are available from http://www.myroms.org/ and http://github.com/BobTorgerson/
Pyroms. The ERSST data were obtained from the Asia—Pacific Data-Research Center of the International Pacific
Research Center (http://apdrc.soest.hawaii.edu/data). The ROMS outputs are available from http://github.com/
shokido/NKT2021.

Received: 18 April 2021; Accepted: 1 November 2021
Published online: 25 November 2021

References

1. Saji, N., Goswami, B., Vinayachandran, P. & Yamagata, T. A dipole mode in the tropical ocean. Nature 401(6751), 360-363. https://
doi.org/10.1038/43854 (1999).

2. Bjerknes, J. Atmospheric teleconnections from the equatorial Pacific. Mon. Weather. Rev. 97(3), 163-172 (1969).

3. Ashok, K., Guan, Z. & Yamagata, T. Impact of the Indian Ocean Dipole on the relationship between the Indian monsoon rainfall
and ENSO. Geophys. Res. Lett. 28(23), 4499-4502. https://doi.org/10.1029/2001GL013294 (2001).

4. Behera, S. K. et al. Paramount impact of the Indian Ocean Dipole on the East African short rains: A CGCM study. J. Clim. 18(21),
4514-4530. https://doi.org/10.1175/JCLI3541.1 (2005).

5. Yuan, C., Tozuka, T., Miyasaka, T. & Yamagata, T. Respective influences of IOD and ENSO on the Tibetan snow cover in early
winter. Clim. Dyn. 33(4), 509-520. https://doi.org/10.1007/s00382-008-0495-2 (2009).

6. Cai, W,, van Rensch, P,, Cowan, T. & Hendon, H. H. Teleconnection pathways of ENSO and the IOD and the mechanisms for
impacts on Australian rainfall. J. Clim. 24(15), 3910-3923. https://doi.org/10.1175/2011JCLI4129.1 (2011).

7. Mclntosh, P. C. & Hendon, H. H. Understanding Rossby wave trains forced by the Indian Ocean Dipole. Clim. Dyn. 50(7-8),
2783-2798. https://doi.org/10.1007/s00382-017-3771-1 (2018).

8. Guan, Z. & Yamagata, T. The unusual summer of 1994 in East Asia: IOD teleconnections. Geophys. Res. Lett. 30(10), 1544. https://
doi.org/10.1029/2002¢l016831 (2003).

Scientific Reports |

(2021) 11:22546 | https://doi.org/10.1038/s41598-021-01619-2 nature portfolio


http://apdrc.soest.hawaii.edu/dods/public_data/Reanalysis_Data/ORAS4
https://esgf-node.llnl.gov/projects/input4mips/
http://www.myroms.org/
http://github.com/BobTorgerson/Pyroms
http://github.com/BobTorgerson/Pyroms
http://apdrc.soest.hawaii.edu/data
http://github.com/shokido/NKT2021
http://github.com/shokido/NKT2021
https://doi.org/10.1038/43854
https://doi.org/10.1038/43854
https://doi.org/10.1029/2001GL013294
https://doi.org/10.1175/JCLI3541.1
https://doi.org/10.1007/s00382-008-0495-2
https://doi.org/10.1175/2011JCLI4129.1
https://doi.org/10.1007/s00382-017-3771-1
https://doi.org/10.1029/2002gl016831
https://doi.org/10.1029/2002gl016831

www.nature.com/scientificreports/

9. Saji, N. H. & Yamagata, T. Structure of SST and surface wind variability during Indian Ocean Dipole mode events: COADS obser-
vations. J. Clim. 16(16), 2735-2751. https://doi.org/10.1175/1520-0442(2003)016%3c2735:SOSASW %3e2.0.CO;2 (2003).

10. Doi, T., Behera, S. K. & Yamagata, T. Wintertime impacts of the 2019 super IOD on East Asia. Geophys. Res. Lett. 47(18), e089456.
https://doi.org/10.1029/2020GL089456 (2020).

11. Hong, C. C,, Li, T., Ho, L. & Kug, J. S. Asymmetry of the Indian Ocean Dipole. Part I: Observational analysis. J. Clim. 21(18),
4834-4848. https://doi.org/10.1175/2008]CLI2222.1 (2008).

12. Hong, C. C. & Li, T. Independence of SST skewness from thermocline feedback in the eastern equatorial Indian Ocean. Geophys.
Res. Lett. 37(11), L11702. https://doi.org/10.1029/2010GL043380 (2010).

13. Qiu, Y., Cai, W, Cuo, X. & Ng, B. The asymmetric influence of the positive and negative IOD events on China’s rainfall. Sci. Rep.
4, 493. https://doi.org/10.1038/srep04943 (2014).

14. Behera, S. K. & Ratnam, J. V. Quasi-asymmetric response of the Indian summer monsoon rainfall to opposite phases of the IOD.
Sci. Rep. 8, 123. https://doi.org/10.1038/s41598-017-18396-6 (2018).

15. Vallivattathillam, P. et al. Positive Indian Ocean Dipole events prevent anoxia off the west coast of India. Biogeosci. 14(6), 1541
1559. https://doi.org/10.5194/bg-14-1541-2017 (2017).

16. Cai, W,, Van Rensch, P., Cowan, T. & Hendon, H. H. An asymmetry in the IOD and ENSO teleconnection pathway and its impact
on australian climate. J. Clim. 25(18), 6318-6329. https://doi.org/10.1175/JCLI-D-11-00501.1 (2012).

17. Cai, W. & Qiu, Y. An observation-based assessment of nonlinear feedback processes associated with the Indian Ocean Dipole. J.
Clim. 26(9), 2880-2890. https://doi.org/10.1175/JCLI-D-12-00483.1 (2013).

18. Ogata, T,, Xie, S. P, Lan, J. & Zheng, X. Importance of ocean dynamics for the skewness of the Indian Ocean Dipole mode. J. Clim.
26(7), 2145-2159. https://doi.org/10.1175/JCLI-D-11-00615.1 (2013).

19. Zheng, X. T., Xie, S. P, Vecchi, G. A., Liu, Q. & Hafner, J. Indian Ocean Dipole response to global warming: Analysis of ocean-
atmospheric feedbacks in a coupled model. J. Clim. 23(5), 1240-1253. https://doi.org/10.1175/2009JCLI3326.1 (2010).

20. Halkides, D. J. & Lee, T. Mechanisms controlling seasonal-to-interannual mixed layer temperature variability in the southeastern
tropical Indian Ocean. J. Geophys. Res. Oceans 114(2), C02012. https://doi.org/10.1029/2008]C004949 (2009).

21. Tanizaki, C., Tozuka, T., Doi, T. & Yamagata, T. Relative importance of the processes contributing to the development of SST
anomalies in the eastern pole of the Indian Ocean Dipole and its implication for predictability. Clim. Dyn. 49(4), 1289-1304.
https://doi.org/10.1007/s00382-016-3382-2 (2017).

22. Delman, A. S., McClean, J. L., Sprintall, J., Talley, L. D. & Bryan, E. O. Process-specific contributions to anomalous Java mixed layer
cooling during positive IOD events. J. Geophys. Res. Oceans 123(6), 4153-4176. https://doi.org/10.1029/2017]JC013749 (2018).

23. Han, W, Shinoda, T., Fu, L. L. & McCreary, J. P. Impact of atmospheric intraseasonal oscillations on the Indian Ocean dipole
during the 1990s. J. Phys. Oceanogr. 36(4), 670-690. https://doi.org/10.1175/JPO2892.1 (2006).

24. Duncan, B. & Han, W. Influence of atmospheric intraseasonal oscillations on seasonal and interannual variability in the upper
Indian Ocean. J. Geophys. Res. 117(C11), C11028. https://doi.org/10.1029/2012JC008190 (2012).

25. Kido, S., Tozuka, T. & Han, W. Experimental assessments on impacts of salinity anomalies on the positive Indian Ocean Dipole.
J. Geophys. Res. Oceans 124(12), 9462-9486. https://doi.org/10.1029/2019]C015163 (2019).

26. Kido, S. & Tozuka, T. Salinity variability associated with the positive Indian Ocean Dipole and its impact on the upper ocean
temperature. J. Clim. 30(19), 7885-7907. https://doi.org/10.1175/JCLI-D-17-0133.1 (2017).

27. An, S.-L, Tziperman, E., Okumura, Y. M. & Li, T. ENSO irregularity and asymmetry. In El Nifio Southern Oscillation in a Changing
Climate Vol. 253 (eds Santoso, A. et al.) 153-172 (Wiley, 2020).

28. An, S.-I. & Kim, J.-W. Role of nonlinear ocean dynamic response to wind on the asymmetrical transition of El Nifio and La Nifa.
Geophys. Res. Lett. 44(1), 393-400. https://doi.org/10.1002/2016GL071971 (2017).

29. Huguenin, M. F, Holmes, R. M. & England, M. H. Key role of diabatic processes in regulating warm water volume variability over
ENSO events. J. Clim. 33(22), 9945-9964. https://doi.org/10.1175/JCLI-D-20-0198.1 (2020).

30. Zheng, X. T. et al. Indian Ocean Dipole response to global warming in the CMIP5 multimodel ensemble. J. Clim. 26(16), 6067-6080.
https://doi.org/10.1175/JCLI-D-12-00638.1 (2013).

31. Ng, B., Cai, W. & Walsh, K. The role of the SST-thermocline relationship in Indian Ocean Dipole skewness and its response to
global warming. Sci. Rep. 4, 6034. https://doi.org/10.1038/srep06034 (2014).

32. McKenna, S., Santoso, A., Sen Gupta, A., Taschetto, A. S. & Cai, W. Indian Ocean Dipole in CMIP5 and CMIP6: Characteristics,
biases, and links to ENSO. Sci. Rep. 10, 11500. https://doi.org/10.1038/s41598-020-68268-9 (2020).

33. Burgers, G. & Stephenson, D. B. The, “normality” of E1 Nifo. Geophys. Res. Lett. 26(8), 1027-1030. https://doi.org/10.1029/1999G
L900161 (1999).

34. An, S.-I. & Jin, E.-F. Nonlinearity and asymmetry of ENSO. J. Clim. 17(12), 2399-2412. https://doi.org/10.1175/1520-0442(2004)
017%3c2399:NAAOE%3€2.0.CO;2 (2004).

35. Su, J. et al. Causes of the El Nifio and La Nifia amplitude asymmetry in the equatorial eastern Pacific. J. Clim. 23(3), 605-617.
https://doi.org/10.1175/2009]CLI2894.1 (2010).

36. Smith, T. M., Reynolds, R. W., Peterson, T. C. & Lawrimore, J. Improvements to NOAA’s historical merged land-ocean surface
temperature analysis (1880-2006). J. Clim. 21(10), 2283-2296. https://doi.org/10.1175/2007JCLI2100.1 (2008).

37. Ummenhofer, C. C. et al. Pacific Ocean contribution to the asymmetry in eastern Indian Ocean variability. J. Clim. 26(4), 1152-
1171. https://doi.org/10.1175/JCLI-D-11-00673.1 (2013).

38. Shchepetkin, A. F. & McWilliams, J. C. The regional oceanic modeling system (ROMS): A split-explicit, free-surface, topography-
following-coordinate oceanic model. Ocean Model 9(4), 347-404. https://doi.org/10.1016/j.0cemod.2004.08.002 (2005).

39. Marchesiello, P., McWilliams, J. C. & Shchepetkin, A. Open boundary conditions for long-term integration of regional oceanic
models. Ocean Model 3(1-2), 1-20. https://doi.org/10.1016/S1463-5003(00)00013-5 (2001).

40. Balmaseda, M. A., Mogensen, K. & Weaver, A. T. Evaluation of the ECMWF ocean reanalysis system ORAS4. Quart. J. R. Meteorol.
Soc. 139(674), 1132-1161. https://doi.org/10.1002/qj.2063 (2013).

41. Furuichi, N., Hibiya, T. & Niwa, Y. Assessment of turbulence closure models for resonant inertial response in the oceanic mixed
layer using a large eddy simulation model. J. Oceanogr. 68(2), 285-294. https://doi.org/10.1007/s10872-011-0095-3 (2012).

42. Tsujino, H. et al. JRA-55 based surface dataset for driving ocean-sea-ice models (JRA55-do). Ocean Model 130, 79-139. https://
doi.org/10.1016/j.0cemod.2018.07.002 (2018).

43. Fairall, C. W, Bradley, E. E, Hare, ]. E., Grachev, A. A. & Edson, J. B. Bulk parameterization of air-sea fluxes: Updates and verifica-
tion for the COARE algorithm. J. Clim. 16(4), 571-591. https://doi.org/10.1175/1520-0442(2003)016%3c0571:BPOASF%3e2.0.
CO;2 (2003).

44. Suzuki, T. et al. A dataset of continental river discharge based on JRA-55 for use in a global ocean circulation model. . Oceanogr.
74(4), 421-429. https://doi.org/10.1007/s10872-017-0458-5 (2018).

45. Kido, S., Tozuka, T. & Han, W. Anatomy of salinity anomalies associated with the positive Indian Ocean Dipole. J. Geophys. Res.
Oceans 124(11), 8116-8139. https://doi.org/10.1029/2019]C015163 (2019).

46. Moisan, J. R. & Niiler, P. P. The seasonal heat budget of the North Pacific: Net heat flux and heat storage rates (1950-1990). J. Phys.
Oceanogr. 28(3), 401-421. https://doi.org/10.1175/1520-0485(1998)028%3c0401: TSHBOT%3€2.0.CO;2 (1998).

47. Brodeau, L. & Koenigk, T. Extinction of the northern oceanic deep convection in an ensemble of climate model simulations of the
20th and 21st centuries. Clim. Dyn. 46(9-10), 2863-2882. https://doi.org/10.1007/s00382-015-2736-5 (2016).

Scientific Reports |  (2021) 11:22546 | https://doi.org/10.1038/s41598-021-01619-2 nature portfolio


https://doi.org/10.1175/1520-0442(2003)016%3c2735:SOSASW%3e2.0.CO;2
https://doi.org/10.1029/2020GL089456
https://doi.org/10.1175/2008JCLI2222.1
https://doi.org/10.1029/2010GL043380
https://doi.org/10.1038/srep04943
https://doi.org/10.1038/s41598-017-18396-6
https://doi.org/10.5194/bg-14-1541-2017
https://doi.org/10.1175/JCLI-D-11-00501.1
https://doi.org/10.1175/JCLI-D-12-00483.1
https://doi.org/10.1175/JCLI-D-11-00615.1
https://doi.org/10.1175/2009JCLI3326.1
https://doi.org/10.1029/2008JC004949
https://doi.org/10.1007/s00382-016-3382-2
https://doi.org/10.1029/2017JC013749
https://doi.org/10.1175/JPO2892.1
https://doi.org/10.1029/2012JC008190
https://doi.org/10.1029/2019JC015163
https://doi.org/10.1175/JCLI-D-17-0133.1
https://doi.org/10.1002/2016GL071971
https://doi.org/10.1175/JCLI-D-20-0198.1
https://doi.org/10.1175/JCLI-D-12-00638.1
https://doi.org/10.1038/srep06034
https://doi.org/10.1038/s41598-020-68268-9
https://doi.org/10.1029/1999GL900161
https://doi.org/10.1029/1999GL900161
https://doi.org/10.1175/1520-0442(2004)017%3c2399:NAAOE%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017%3c2399:NAAOE%3e2.0.CO;2
https://doi.org/10.1175/2009JCLI2894.1
https://doi.org/10.1175/2007JCLI2100.1
https://doi.org/10.1175/JCLI-D-11-00673.1
https://doi.org/10.1016/j.ocemod.2004.08.002
https://doi.org/10.1016/S1463-5003(00)00013-5
https://doi.org/10.1002/qj.2063
https://doi.org/10.1007/s10872-011-0095-3
https://doi.org/10.1016/j.ocemod.2018.07.002
https://doi.org/10.1016/j.ocemod.2018.07.002
https://doi.org/10.1175/1520-0442(2003)016%3c0571:BPOASF%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(2003)016%3c0571:BPOASF%3e2.0.CO;2
https://doi.org/10.1007/s10872-017-0458-5
https://doi.org/10.1029/2019JC015163
https://doi.org/10.1175/1520-0485(1998)028%3c0401:TSHBOT%3e2.0.CO;2
https://doi.org/10.1007/s00382-015-2736-5

www.nature.com/scientificreports/

48. Damerell, G. M. et al. A comparison of five surface mixed layer models with a year of observations in the North Atlantic. Prog.
Oceanogr. 187, 102316. https://doi.org/10.1016/j.pocean.2020.102316 (2020).

49. Kim, S. B., Fukumori, I. & Lee, T. The closure of the ocean mixed layer temperature budget using level-coordinate model fields. J.
Atmos. Ocean. Tech. 23(6), 840-853. https://doi.org/10.1175/JTECH1883.1 (2006).

50. Gadgil, S., Vinayachandran, P. N., Francis, P. A. & Gadgil, S. Extremes of the Indian summer monsoon rainfall, ENSO and equato-
rial Indian Ocean oscillation. Geophys. Res. Lett. 31(12), L12213. https://doi.org/10.1029/2004GL019733 (2004).

Acknowledgements

We thank Toshiyuki Hibiya, Yukio Masumoto, Ichiro Yasuda, and two anonymous reviewers for their constructive
comments. This study is supported by the Cooperative Research Activities of Collaborative Use of Computing
Facility of the Atmosphere and Ocean Research Institute, the University of Tokyo.

Author contributions

M.N. and T.T. contributed to the central ideas presented in the paper. S.K. conducted the ROMS simulation
and M.N. performed most of the analyses and prepared the figures. M.N. wrote the paper and S.K. and T.T.
contributed to the writing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-021-01619-2.

Correspondence and requests for materials should be addressed to T.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:22546 | https://doi.org/10.1038/s41598-021-01619-2 nature portfolio


https://doi.org/10.1016/j.pocean.2020.102316
https://doi.org/10.1175/JTECH1883.1
https://doi.org/10.1029/2004GL019733
https://doi.org/10.1038/s41598-021-01619-2
https://doi.org/10.1038/s41598-021-01619-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Mechanisms of asymmetry in sea surface temperature anomalies associated with the Indian Ocean Dipole revealed by closed heat budget
	Results
	Mixed layer heat budget analysis of the eastern pole. 
	Asymmetry in the vertical mixing term. 

	Conclusions and discussions
	Methods
	Observational data. 
	Positive and negative IOD years. 
	ROMS. 
	Mixed layer heat budget. 
	Skewness. 
	EQUINOO. 

	References
	Acknowledgements


