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A positive Indian Ocean Dipole (IOD) tends to have stronger cold sea surface temperature anomalies
(SSTAs) over the eastern Indian Ocean with greater impacts than warm SST As that occur during its negative
phase. Two feedbacks have been suggested as the cause of positive IOD skewness, a positive Bjerknes
feedback and a negative SST-cloud-radiation (SCR) feedback, but their relative importance is debated.
Using inter-model statistics, we show that the most important process for IOD skewness is an asymmetry in
the thermocline feedback, whereby SSTAs respond to thermocline depth anomalies more strongly during
the positive phase than negative phase. This asymmetric thermocline feedback drives IOD skewness despite
positive IODs receiving greater damping from the SCR feedback. In response to global warming, although
the thermocline feedback strengthens, its asymmetry between positive and negative IODs weakens. This
behaviour change explains the reduction in IOD skewness that many models display under global warming.

n IOD event is an anomaly pattern of SST variability that occurs on interannual time scales over the

tropical Indian Ocean (IO)"*. The IOD is positively skewed with its positive phase tending to have

stronger cold SSTAs off Sumatra-Java than warm SSTAs during its negative phase®. These positive
events are associated with anomalously cool SST's over the eastern pole of the IOD (IODE; 90°E-110°E, 10°S-Eq.)
and warm SSTAs to the west, often causing droughts in Indonesia and Australia, as well as flooding in parts of
India and East Africa®®. Furthermore, positive IODs (pIODs) precondition southeast Australia for major bush-
fires and the associated flooding can worsen malaria outbreaks in East Africa”". Due to these severe impacts, it is
important to understand what causes the positive skewness of the IOD, and how these causes will respond to
increasing greenhouse gases. Many models from phase 5 of the Coupled Model Intercomparison Project (CMIP5)
show that in response to global warming, the positive skewness of the IOD weakens'"'*.

The negative SST-cloud-radiation (SCR) feedback is one of two feedbacks that have been proposed as the main
source of IOD skewness. This feedback is associated with the cloud cover response to SST, the incoming short-
wave radiation (SWR) response to cloud, and the incoming SWR response to SST. During pIOD events, the cold
IODE SSTAs reduce local cloud cover, allowing greater incoming SWR which acts to warm the cold SSTAs. It is
suggested that this feedback is the main cause of IOD skewness through a breakdown of the feedback, which leads
to greater damping of nIODs than pIODs**". However, there is some debate'*'® regarding the SCR feedback’s
role in generating positive IOD skewness and the data used in previous analysis'® may contain biases’. For
instance, the Simple Ocean Data Assimilation (SODA) 2.0.2 product'” has a cold bias when compared with
Hadley Centre Global Sea Ice and SST (HadISST) reanalysis>'®. This may mean that the thermocline is too
shallow in SODA2.0.2 and thus, the asymmetry of the subsurface temperature-thermocline relationship would
not be captured. The response of the SCR feedback to global warming and its role in weakening IOD skewness is
also not well known.

The second feedback that has been proposed as the cause of skewness is a positive Bjerknes feedback involving
the SST response to the thermocline (ZT), the wind response to SST, and the thermocline response to wind. Cold
IODE SSTAs (i.e., pIODs) lead to a zonal temperature gradient which drives an easterly wind anomaly. This wind
anomaly shoals the thermocline in the east, reinforcing the cold SSTAs by bringing cool deep water closer to the
surface. The Bjerknes feedback contributes to IOD skewness by reinforcing plODs more strongly than nIODs'>"°.
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Figure 1 | Relationship between SST and thermocline depth (ZT). Austral
spring (SON) SSTAs versus thermocline depth anomalies during the
historical period (1911-2005). SST and ZT are both averaged over the
IODE region (90°E-110°E, 10°S-Eq.) and normalized by their respective
standard deviations. Linear regression and correlation using positive only
(red regression line) or negative only (blue regression line) samples have
been calculated over the normalized data with the correlation, slope, and
p value indicated. All plots were generated in NCL.

This contribution to IOD asymmetry is primarily caused by the SST
response to the thermocline (i.e., a thermocline feedback) and this
has been shown in observations'*'>. As seen in Fig. 1, models are able
to simulate the asymmetry of this thermocline feedback. In this
ensemble of 19 models, the SST response to a shoaling thermocline
(blue regression line) is almost three times stronger than the response
to a deepening thermocline (red regression line). It is hypothesized
that under global warming, the skewness of the IOD decreases due to
a shoaling thermocline and weaker warming in the eastern I0'"'"%
Although previous studies have hypothesized the role of the thermo-
cline in causing IOD skewness and its response to climate change,
inter-model statistics have not been examined to understand its
asymmetry or role in generating skewness. This is the focus of our
present study.

Results

Cause of skewness in CMIP5 models. Using 19 CMIP5 models, the
source of IODE SST skewness is examined with a focus on the two
main feedbacks that have been proposed as the primary cause. If the
SCR feedback is the main cause of IOD skewness then the
precipitation response to SSTAs should be weak during pIODs, but
strong during nIODs. However, a number of the models (7) do not
simulate this response and for models that do show the correct sign,
the asymmetry between positive and negative IODs is weak.
Figure 2a plots historical IODE SST skewness against the slope
difference between positive and negative IODs (i.e., the linear
regression coefficient for pIODs minus the linear regression
coefficient for nIODs). A negative slope difference means that the
rainfall response to warm IODE SSTs (i.e., nIODs) is stronger than
the response to cold IODE SSTs (i.e., pIODs), which is how the SCR
feedback generates IODE SST skewness". If the SCR feedback were
the main cause of IOD asymmetry in the models, then a negative
slope difference on the x-axis should be associated with more

negative IODE SST skewness on the y-axis. However, Fig. 2a
shows that when the slope difference is negative (i.e., the slope for
warm IODE SSTAs is greater than the slope for cool SSTAs), IODE
SST skewness tends to be weaker. This is opposite to what is expected,
although the correlation is not statistically significant at the 95%
confidence level using Student’s t-test (two-tailed).

In RCP8.5 the relationship between IODE SST skewness and slope
difference strengthens (Fig. 2b), but it actually further contradicts
what is expected for the SCR feedback to be the primary cause. This is
because the results in Figs. 2a and 2b suggest that models that have
greater damping (i.e., when the slope difference is positive) tend to
have more negative IODE SST skewness. This means that the nega-
tive SST skewness is being generated despite greater damping during
pIOD events and that the SCR feedback does not breakdown. As
such, our inter-model statistics suggest that the SCR feedback is
not the main source of IOD asymmetry in the models.

There are many possible reasons for the behaviour of the SCR
feedback. One possible explanation is that it is a result of a stronger
thermocline feedback. As the thermocline feedback reinforces pIODs
more strongly than nIODs, and a breakdown of the SCR feedback
does not occur, the rainfall response to cold IODE SSTAs (pIODs) is
greater than for warm SSTAs (nIODs). As such, the positive slope
differences seen in Figs. 2a and 2b are associated with more negative
IODE SST skewness. Furthermore, the thermocline feedback
strengthens under global warming meaning that its influence on
SST is greater and thus the precipitation response to SST also
increases. This can explain why the relationship between IODE
SST skewness and slope difference for the rainfall response to SST
becomes stronger under global warming (Fig. 2b). Nevertheless
models show large differences in the feedbacks from low level
clouds® and the simulation of cloud and convection related pro-
cesses are a primary cause of model uncertainty®'.

The Bjerknes feedback over the tropical IO is primarily driven by
the thermocline feedback which involves the SST response to ther-
mocline depth anomalies'>"*. Analysis of the subsurface temperature
(at 75 m depth, T75) response to the thermocline shows an asym-
metry, indicating that the thermocline feedback is primarily driven
by the ocean (Fig. S1). The other two processes associated with the
Bjerknes feedback (the zonal wind response to SST and the thermo-
cline response to zonal wind) do not play a significant role in gen-
erating IODE SST skewness (Fig. S2). Models that have a greater
zonal wind response to cold IODE SSTAs tend to also display more
negative IODE SST skewness (Fig. S2a). However unlike the thermo-
cline feedback (Fig. 2¢), this relationship is not significant at the 95%
confidence level.

Due to the mean September-November (SON) winds over the
central equatorial IO (70°E-90°E, 5°S-5°N), the thermocline is cli-
matologically deep in the eastern IO, off the Sumatra-Java coast. As
the IOD is dominated by its eastern pole, the thermocline feedback
plays an important role in generating IOD skewness'"'>". This depth
of the mean IODE thermocline means that it is sensitive to anom-
alous winds that act to shoal it, which occurs when the mean westerly
winds weaken during normal pIOD events, or reverse during
extreme events''. When this occurs, the thermocline moves closer
to the surface, assisting the generation of cold IODE SSTAs. This is a
positive feedback that reinforces the generation of pIODs.

Conversely, when the mean westerly winds become stronger, they
act to deepen the thermocline in the east, which suppresses colder
deep water. However, the deep climatological thermocline is not as
sensitive to these westerly wind anomalies and thus, its influence on
SST is reduced. This causes the SST response to thermocline depth
anomalies to be stronger during pIODs and weaker during nIODs.
Most (17) of the 19 CMIP5 models exhibit this asymmetric SST
response during the historical SON period (Fig. 2c).

The influence of the thermocline feedback on historical IODE SST
skewness can be seen in Fig. 2¢. This figure shows that models with a
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Figure 2 | Relationship between IODE SST skewness and feedback asymmetry. (a) Historical SON IODE SST skewness response to the slope
difference for the precipitation response to SSTAs for 19 CMIP5 models. (b) As in (a) but for the RCP8.5 period. (c), (d) As in (a), (b) but for the SST
response to thermocline depth (ZT) anomalies. The slope difference is defined as the pIOD linear regression coefficient minus the nIOD linear regression
coefficient. These regression coefficients are calculated using analysis similar to that of Fig. 1. All plots were generated in NCL.

positive slope difference, which occurs when the SST response to a
shoaling thermocline (i.e., a pIOD) is larger than the response to a
deepening thermocline (i.e., a nIOD), tend to have stronger negative
IODE SST skewness. This relationship between thermocline feed-
back asymmetry and IODE SST skewness is significant at the 95%
confidence level using Student’s two-tailed t-test, suggesting that the
skewness is strongly related to the asymmetry of the thermocline
feedback.

Under increasing greenhouse gases, the SST skewness response to
the slope difference becomes slightly stronger (Fig. 2d). This beha-
viour indicates that under global warming, the thermocline feedback
strengthens and thus it has a stronger influence on SST skewness.
Similar to the historical period, the linear correlation coefficient is
also significant at the 95% confidence level. These figures show that
the thermocline feedback plays an important role in the modelled
SST skewness in both the historical and RCP8.5 periods. However,
Fig. 2d does not indicate how the thermocline feedback has changed
under global warming, or how this impacts its role in generating IOD
skewness. To examine this, the difference between RCP8.5 and his-
torical simulations is plotted for both IODE SST skewness and the
slopes of the thermocline feedback (Fig. 3). Most of the models show

a negative change in slope difference, indicating that the RCP8.5
slope difference between positive and negative IODs is less than
the historical value. For these models, the asymmetry of the thermo-
cline feedback is decreasing. From this, it is clear that there is a strong
relationship between IOD skewness and the asymmetry of the ther-
mocline feedback. Figure 3 also shows that the majority of models
(14) simulate a weakening in IODE SST skewness in response to
global warming. This relationship between the change in skewness
and the change in slope difference is significant at the 95% confid-
ence level.

Why does thermocline feedback asymmetry weaken? From Fig. 3,
it can be seen that the asymmetry of the thermocline feedback tends
to weaken in the RCPS8.5 scenario and here, the causes and
mechanisms for this weaker asymmetry will be discussed. The
primary hypothesis for this is that as the Earth warms, the Walker
circulation is expected to weaken and over the central equatorial 10,
leading to a weakening of the SON mean westerly winds'>'***. This
allows the climatological thermocline in the eastern IO to shoal, and
this behaviour would explain both the weaker asymmetry, as well as
the stronger thermocline feedback in the RCP8.5 scenario.
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Do the models exhibit this response, where the Walker circulation
weakens due to increasing greenhouse gases? Most (18) of the 19
models display this behaviour with the eastern IO warming slower
than the west, generating a pIOD-like pattern (Fig. 4a). Only the
GFDL-ESM2G model shows an opposite change in SST, with slightly
stronger warming over the eastern IO than the west (figure not
shown). For the remaining models, this SST pattern leads to weaker
westerly winds in RCP8.5 and thus, the difference between RCP8.5
and historical winds is easterly along the central equatorial IO. This
leads to a shoaling of the mean IODE thermocline in the models.
Figure 4b shows the MME mean change in thermocline depth and
winds over the tropical I0. Strong shoaling over the IODE region is
clear whilst in the western IO, the change due to global warming is
much weaker and more varied. The change in precipitation can also
be seen in Fig. 4a (contours) and a decrease (increase) in mean
precipitation occurs over the eastern (western) IO. This is further
evidence that the Walker circulation is weakening in the models, as
the decrease in rainfall implies less convection occurring over the
IODE region, which is where the rising branch is located. The
importance of mean state change is highlighted in Fig. 4c, which
shows the relationship between the change in IODE SST skewness
and the RCP8.5/historical ratio of mean thermocline depth. The
strong correlation implies that differences in skewness change are
systematically related to changes in the mean depth of the thermo-
cline. Smaller ratio values, which indicate greater shoaling, are assoc-
iated with greater positive changes in IODE SST skewness (i.e., larger
reductions in skewness).

Discussion

Using a CMIP5 ensemble and inter-model statistics, it is shown that
IOD skewness is primarily driven by the thermocline feedback. This
feedback generates IOD asymmetry by reinforcing pIODs more
strongly than nIODs, allowing pIOD events to develop larger in
amplitude and is the main source of skewness during both the his-
torical and RCP8.5 periods. Whilst previous studies' have suggested
that IOD skewness is caused by the negative SCR feedback, this does

not occur in the models analysed. Rather, the positive IOD skewness
is generated despite greater damping of pIODs than nIODs.

The majority of CMIP5 models in this study show weakening
IODE SST skewness in response to global warming and it is clear
that there is a significant relationship between the change in thermo-
cline feedback asymmetry, and IODE SST skewness. This is further
evidence that IOD skewness is driven by the thermocline feedback.
The primary process behind this weakening is a shoaling of the mean
eastern IO thermocline, which strengthens the thermocline feedback,
but reduces its asymmetry. This is largely driven by a weakening of
the IO branch of the Walker circulation, a response that most of the
models exhibit.

Methods

Model data. Historical and RCP8.5> thermocline depth (defined as the depth of the
maximum vertical temperature gradient, ZT), zonal wind stress, precipitation, and
ocean velocities from 19 CMIP5** models are used in this analysis. These 19 models
were chosen as they are able to realistically simulate both negative IODE SST
skewness and positive Dipole Mode Index (DMI) skewness during the historical
September-October (SON) season (Table S1), which is when the IOD peaks'>.
Typically, the strength of the IOD is measured by the DMI', which is the SSTA
difference between the western pole (50°E-70°E, 10°S-10°N) and the IODE, but as
SST variance is larger over the IODE*?°, we focus on this region. Decadal and multi-
decadal variability is significant over the Indian Ocean”” and to exclude this
variability, a 9-year running average is removed. The periods analysed span 95-years
each, 1911-2005 and 2006-2100 for the historical and RCP8.5 simulations,
respectively. Compared to observations, most CMIP5 models simulate stronger SST
variability over the IODE region and the IOD amplitude tends to be larger®. The
seasonal phase locking of the IOD is well simulated in CMIP5 models®.

Statistical analysis. Linear regression and correlation analysis are used to assess the
strength of the relationship between variables (e.g., the SST response to thermocline
depth anomalies) for separate positive only and negative only samples. This analysis
allows the asymmetry of the feedbacks to be examined and from this, the difference in
thelinear regression (i.e., slope) values can be calculated. The slope difference (i.e., the
slope for cool IODE SSTAs (pIODs) minus the slope for warm SSTAs (nIODs))
provides a measure of the asymmetry for the feedbacks and the response of IODE SST
skewness to this slope difference can be assessed.

Seasonality. All calculations in this paper are performed over the austral spring
season (September-November, SON), which is when the IOD peaks.
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Graphics software. All maps and plots were produced using NCAR Command
Language (NCL).
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