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ABSTRACT

The impact of Indo-Pacific climate feedback on the dynamics of El Nifio—Southern Oscillation (ENSO) is
investigated using an ensemble set of Indian Ocean decoupling experiments (DCPL), utilizing a millennial
integration of a coupled climate model. It is found that eliminating air—sea interactions over the Indian Ocean
results in various degrees of ENSO amplification across DCPL simulations, with a shift in the underlying
dynamics toward a more prominent thermocline mode. The DCPL experiments reveal that the net effect of
the Indian Ocean in the control runs (CTRL) is a damping of ENSO. The extent of this damping appears to be
negatively correlated to the coherence between ENSO and the Indian Ocean dipole (IOD). This type of
relationship can arise from the long-lasting ENSO events that the model simulates, such that developing
ENSO often coincides with Indian Ocean basin-wide mode (IOBM) anomalies during non-IOD years. As
demonstrated via AGCM experiments, the IOBM enhances western Pacific wind anomalies that counteract
the ENSO-enhancing winds farther east. In the recharge oscillator framework, this weakens the equatorial
Pacific air-sea coupling that governs the ENSO thermocline feedback. Relative to the IOBM, the 10D is
more conducive for ENSO growth. The net damping by the Indian Ocean in CTRL is thus dominated by the
IOBM effect which is weaker with stronger ENSO-IOD coherence. The stronger ENSO thermocline mode in
DCPL is consistent with the absence of any IOBM anomalies. This study supports the notion that the Indian
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Ocean should be viewed as an integral part of ENSO dynamics.

1. Introduction

El Nifio—Southern Oscillation (ENSO), the leading
mode of climate variability generated in the tropical
Pacific, impacts on various aspects of life worldwide.
However, the dynamics behind its evolution are not yet
fully understood. It has only recently been realized that
apart from the complex governing processes within the
Pacific Basin itself, feedback interactions with the In-
dian Ocean have notable influence on ENSO behavior.

Developing El Nifio (La Nifia) conditions often in-
duce positive (negative) Indian Ocean dipole (IOD)
(Saji et al. 1999) events (Annamalai et al. 2003; Fischer
et al. 2005). Anomalous air-sea heat fluxes associated
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with a maturing El Nifio (La Nifa) usually promotes
a basin-wide warming (cooling) in the Indian Ocean
[Klein et al. 1999; Lau and Nath 2003; Du et al. 2009;
hereafter referred to as the Indian Ocean basin-wide
mode (IOBM)]. These Indian Ocean anomalies, and
their interplay with ENSO, influence rainfall over sur-
rounding regions (e.g., Ashok et al. 2001; Watanabe and
Jin 2002; Yang et al. 2007; Cai et al. 2011b; Taschetto
et al. 2011) and can, in turn, influence ENSO evolution.
Kug and Kang (2006) and Kug et al. (2006), for instance,
show that easterly wind anomalies induced by Indian
Ocean surface warming following the peak of an El Nifio
facilitate its rapid termination and a faster transition to
La Nifa.

The IOBM can also occur during the ENSO developing
phase. Annamalai et al. (2005) show that from 1950 to
1976, warm IOBM often coincided with developing El
Ninos during boreal fall. Using atmospheric model ex-
periments, Annamalai et al. (2005) demonstrate that the



7744 JOURNAL OF CLIMATE VOLUME 25
(a) SST pre 1976 ) (b) SST post 1976
20N A Y (. '
B 10N
2
E 0 \p 1 \9 4
1081 s ; ! A ] LU , , TR
50E 100E 150E  160W  110W 50E 100E 150E  160W  110W
Longitude —— Longitude
<-1 -05 0 0.5 >1 (o)
0.9 (c) 21-yr sliding window correlations and standard deviations (1950-2009)
()
0.8 119 &
D a
g 0.7 118 8
5 06f 117 %
g 0.5; 77777 11.6 §
8 0.4 11.5 %
0.3F ) ) 141.4 —~,
02 . = = = Nino3 vs DMI Nino3 sdev ; O
1960 1965 1970 1975 1980 1985 1990 1995 2000
Year

FIG. 1. El Nifio SST composites averaged over September—November for the periods (a) pre-1976 and (b) post-
1976, defined as the periods 1950-76 and 1977-2010, respectively, in the NOAA ERSST.v3 reanalysis (color con-
tours). Composites significant above the 90% level are shaded in color. The composites are based on anomalies
greater than 0.7 standard deviation above the mean using the Nifio-3 index averaged over October-February and
detrended over each respective time period. (c) A 21-yr sliding window of correlations between the October—February
Nifio-3 index and the September-November dipole mode index (thick black dashed line; see Fig. 3 caption for the
definition of DMI), and the corresponding 21-yr standard deviation of the Nifo-3 index (gray solid line). The hor-
izontal dashed line indicates the 95% cutoff value for the correlations. The years shown along the x axis are at the

center of the 21-yr window sliding over 1950-2010.

Indian Ocean basin-wide warming forces easterly wind
anomalies over the west-central Pacific, thus weakening
the westerly wind anomalies associated with El Nifo
development. In contrast, after 1976, developing El Nifios
have been accompanied more frequently by positive
IOD events that exert little effect on the Pacific atmo-
spheric circulation, thus allowing El Nifio conditions to
develop without interruption (Annamalai et al. 2005).
As suggested by recent studies, the [OD may even have
the potential to enhance ENSO variability (Luo et al.
2010; Izumo et al. 2010). The epochal shift in the ENSO-
related SST patterns can be seen in Fig. 1a, in which we
have used the National Oceanic and Atmospheric Ad-
ministration (NOAA) Extended Reconstructed Sea Sur-
face Temperature (ERSST.v3) reanalysis (Smith et al.
2008). Note that using the Hadley Centre SST dataset
(HadSST2), which does not involve interpolation nor
variance adjustment (Rayner et al. 2000), still produces
results similar as to those in Fig. 1 (figure not shown).
This suggests that the shift may be an account of reality
rather than a result of improvement in the observing

system or a statistical artifact. Although the IOBM
pattern during the pre-1976 era does not appear to be as
extensive as that shown by Annamalai et al. (2005), the
spatial difference between the two periods is clear. This
peculiar shift in co-occurrences coincided with a shift in
ENSO dynamics, namely, from a predominantly local
mode prior to 1976 as characterized by westward-
propagating SST anomalies along the equator, toward
a thermocline mode post-1976 with stronger El Nifios
and eastward-propagating anomalies (e.g., Neelin et al.
1998; Fedorov and Philander 2001). This is a possible
indication that the Indo-Pacific feedback interactions
may be linked to ENSO dynamics. It may not be possible,
however, to verify such an epochal link with sufficient
confidence using the currently short observational re-
cord. Moreover, as noted by Dommenget et al. (2006), it
is difficult to verify the impact of the Indian Ocean on
ENSO using statistical analysis alone, due to the strong
ENSO influence on the Indian Ocean. As illustrated in
Fig. 1b, the correlation between ENSO and 10D gradu-
ally increases over time, along with increasing magnitude
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of ENSO variability in recent decades. Such synchronous
evolution is expected, given IOD events can be triggered
by ENSO. In this present study, we demonstrate that
Indian Ocean feedback processes can in turn influence
ENSO dynamics.

The role of the Indian Ocean on ENSO has been
inferred in a few studies via eliminating air-sea inter-
actions in the Indian Ocean in coupled general circula-
tion models (CGCMs). Yu et al. (2002), Wu and Kirtman
(2004), and Yu et al. (2009) found that decoupling the
Indian Ocean weakened ENSO variability in their
models. Dommenget et al. (2006), on the other hand,
found an opposite result. The former studies were based
on a single and relatively short experimental run on the
order of 50 yr, whereas the latter of a much longer in-
tegration of 500 yr. It remains unclear whether these
discrepancies are due to intrinsic model biases, or to
differences in integration times and/or a limited number
of experimental samples. This present study aims to
demonstrate the possible link between the Indo-Pacific
climate interactions and ENSO dynamics by conducting
ensemble sets of 100-yr-long Indian Ocean decoupling
experiments utilizing a coupled climate model. While
the use of ensemble experiments is necessary to achieve
better statistical significance, it was also motivated by
the previous conflicting results.

The rest of the paper is organized as follows. In section
2, we provide an overview of the climate model and
experimental design. The model’s ability in simulating
the Indo-Pacific variability is assessed in section 3. Section
4 discusses the response of the model ENSO dynamics to
adecoupled Indian Ocean. We provide further diagnosis
of the Indo-Pacific coupling in section 5. The study is
concluded in section 6 with further discussions.

2. The climate model and experimental design

This study employs the Commonwealth Scientific and
Industrial Research Organisation Mark version 3L
(CSIRO Mk3L) model. CSIRO MK3L is a comprehen-
sive CGCM designed specifically for millennial-scale
climate simulation (Phipps 2010). The AGCM resolu-
tion is 5.6° (zonal) X 3.2° (meridional), with 18 vertical
levels. The OGCM resolution is 2.8° X 1.6°, with 21
vertical levels of increasing thickness with depth. The
version used in this study is an update to that used by
Santoso et al. (2011) to study ENSO processes in re-
lation with the Indonesian Throughflow. Of particular
relevance to the present study is that the ENSO period
and simulations of the Indian Ocean variability are now
better compared to what is observed, partly as a result of
an updated configuration of the Indonesian archipelago.
As will be shown in section 3, the CSIRO MK3L does
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areasonable job in simulating the large-scale features of
Indo-Pacific climate variability, particularly given the
coarse model resolution.

To obtain the control coupled simulation, the OGCM
was first spun up for 7000 yr by which the ocean surface
variables were used to spin up the AGCM for 100 yr.
The AGCM and OGCM were then coupled, with con-
stant flux adjustment terms applied to minimize drift
and maintain realistic seasonal climatology (see Santoso
et al. 2011 for further details). The coupled model was
integrated for 1500 yr, with CO, concentration fixed at
280 ppm. The last 1100 yr of this control simulation
(CTRL hereafter), which exhibit a stable climate, were
used to perform 11 decoupling experiments (DCPL
hereafter), each of 100 yr. Specifically, for each con-
secutive epoch of 100 yr spanning the entire 1100 yr, the
full coupled model is run as CTRL, except the model’s
long-term climatological SSTs were prescribed over the
Indian Ocean domain (gray region in Fig. 2a). In this
way, the atmosphere does not “‘feel” any anomalous
Indian Ocean SSTs over the decoupled region, so feed-
back from the Indian Ocean is absent in the DCPL runs.
Thus, there are clearly no modes of Indian Ocean vari-
ability that can influence the Pacific climate in experi-
ment DCPL.

It is necessary to note that each of the 11 DCPL runs
corresponds to the same initial conditions as the re-
spective epoch in CTRL, thus allowing a direct compari-
son between the pair. The purpose of using 100-yr-long
datasets for each epoch is to ensure that the simulated
ENSO-like variability in both CTRL and DCPL are
fully sampled, given the near-decadal ENSO period,
particularly in DCPL (see the appendix for details).
Moreover, the purpose in utilizing the entire 1100-yr
dataset and simply partitioning it equally into eleven
100-yr chunks is to capture varying climate states and
thus Indo-Pacific feedback, without having prior ex-
pectation of certain feedback mechanisms that could
affect ENSO dynamics. As demonstrated in section 5,
this ensemble approach, with the aid of the decoupling
experiment, allows us to diagnose a link between ENSO
dynamics and Indo-Pacific feedback interactions.

3. Validation of simulated Indo-Pacific variability

At present, simulating ENSO and Indian Ocean var-
iability in CGCMs remains a challenge (Guilyardi et al.
2009; Saji et al. 2006). The majority of climate models
submitted to the Intergovernmental Panel on Climate
Change (IPCC) Fourth Assessment Report (AR4)
simulate IOD-like variability with various degrees of
realism (Saji et al. 2006; Liu et al. 2011). For example, as
shown by Saji et al. (2006), a number of these models fail
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FIG. 2. EOF analysis of SST presented as regression maps for (a),(c),(e) the model and (b),(d),(f) the NOAA
ERSST.v3 reanalysis for 1950-2010 over the color-shaded domains of the (a),(b) Pacific and (¢)—(f) Indian Oceans.
The SST regressions outside the EOF domains are shown in colored contours. The Pacific EOFs (a) and (b) are
computed for SSTs averaged over September-December, representing typical El Nifio conditions. The IOD in (c)
and (d) is revealed using SSTs averaged over August-November, and the IOBM in (e) and (f) is for SSTs averaged
over January-May. The vectors represent regressions of surface wind stresses. National Centers for Environmental
Prediction—National Center for Atmospheric Research (NCEP-NCAR) reanalysis wind stresses over 1970-2006 are
used for (b),(d), and (f). The model EOF analysis is based on 500 yr of data.

to correctly simulate the IOBM as a response to ENSO,
as attributed to the too small amplitude and/or un-
realistic seasonality of the simulated ENSO variability.
The CSIRO Mk3L model performs fairly well in these
aspects, capturing ENSO-, IOD-, and IOBM-like vari-
abilities with spatial patterns, seasonality, and temporal
characteristics that compare reasonably well to the ob-
served (Figs. 2 and 3). Biases are nonetheless apparent.
For ENSO, the core of its SST anomalies is notably lo-
cated farther west than observed. This is a systematic
bias associated with the equatorial Pacific SST that is too
cold, with overly strong trade winds, and too little pre-
cipitation over the warm pool region (Fig. 4). This so-
called cold-tongue bias is inherent across many IPCC-class
climate models (Cai et al. 2009; Luo et al. 2005). Fur-
thermore, the ENSO peaks in boreal fall instead of

winter, with weaker magnitude and longer period than
observed (Figs. 3a,d). This could be expected given the
coarse resolution, which renders more diffused ther-
mocline structures, and which can hardly resolve the
oceanic equatorial waveguide, and leads to more slug-
gish currents as a consequence of the high viscosity re-
quired to maintain numerical stability. These are
expected to slow down the propagation of ENSO
anomalies and, thus, increase the ENSO period.

The model ENSO can generate IOD events in boreal
fall, as evidenced by a positive ENSO-IOD correlation
(=~0.4; Fig. 3h) associated with the interannual spectral
peaks of the IOD coinciding with those of ENSO (Fig.
3b). While statistically significant, the correlation how-
ever is not very high, indicating that IOD events in the
model can also arise entirely independently of ENSO.
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F1G. 3. Power spectral densities (PSDs) of the following indices: (a) Nino-3.4 (5°S-5°N, 170°~120°W), (b) dipole mode index (DMI), and
(c) basin-wide index (BWI) in CTRL (black) and 1950-2010 NOAA ERSST v3 (thick gray). The DMI is derived from the difference
between SST anomalies averaged over the western (10°S-10°N, 50°~70°E) and eastern (10°S-0°, 90°~110°E) regions of the Indian Ocean
(Saji et al. 1999). The BWI is a time series of the basin-wide average SSTs over 20°S-20°N, 40°~100°E (Saji et al. 2006). The analysis is
based on monthly time series with the seasonal mean removed (61 yr for reanalysis and 500 yr for the model). For easier comparison of
spectral structures, the indices were standardized prior to computing the spectra via the multitaper spectral method (Percival and Walden
1993). Zero padding was applied to the reanalysis time series to enhance frequency resolution. The corresponding dashed curves indicate
the 95% significance level of the red noise spectra. (d)—(f) Standard deviations of the indices at each calendar month. Lag-correlation
analysis for (g) Nifio-3.4 vs Nifio-3.4, (h) ENSO vs IOD, and (i) ENSO vs IOBM. In (h) and (i), the time series correspond to the first
principal component of the EOF analysis shown in Fig. 2; the 95% significance level is indicated by the corresponding dashed lines for both
the model and the reanalysis. Positive (negative) time lags indicate ENSO leading (lagging) IOD and IOBM.

appears to be stronger when compared with observa-
tions over the last 60 yr (Figs. 2c and 3e) but is similar to
those simulated by the majority of the IPCC AR4
models (Cai et al. 2009, their Fig. 10). The stronger and
more ENSO-independent IOD than is seen in the ob-
servations is consistent with the positive 10D-like

By switching off air-sea coupling over the Pacific, we
find that IOD variability is largely retained (figure not
shown). This result is consistent with that of Behera
et al. (2006) and Fischer et al. (2005), suggesting that the
1IOD arises from a Bjerknes feedback that can be excited
by processes other than ENSO. The simulated IOD
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for rainfall.

climatological bias in the model, marked by anoma-
lously cold SST, stronger trade winds, and low rainfall
over the eastern Indian Ocean (Fig. 4). This is associated
with a more shoaled thermocline in that region (figure
not shown), which spuriously enhances air—sea coupling,
and thus SST anomalies can be more easily initiated
(Saji et al. 2006; Santoso et al. 2010; Liu et al. 2011).
The IOBM usually follows the peak of ENSO in the
model as in the real system, as noted by the high positive
correlation in Fig. 3i, which reveals a lag correlation be-
tween the Nifio-3.4 time series averaged over September—
December and a basin-wide mode index averaged over
January-May. Most of the spectral peaks of the IOBM
time series correspond with those of ENSO, except on
multidecadal time scales, indicating that the IOBM is
largely a response to ENSO in the model and observa-
tions. The seasonal phase locking of the model’s IOBM
is consistent with that observed (Fig. 3f). The spatial
pattern of the warm (cool) IOBM, however, includes
slight cooling (warming) over the southeastern Indian
Ocean (Figs. 2e,f). This bias is due to the persistence
of the model’s eastern pole of the IOD, which is related
to its strong magnitude. This may be related to the
spurious oceanic Rossby wave pathway problem, as
described by Cai et al. (2005) in a different CSIRO

model that is of slightly higher resolution. Rossby waves
from the Pacific into the Indian Ocean generally prop-
agate along the coast of Western Australia as Kelvin
waves, but in many climate models, these waves evi-
dently propagate closer to the equator, directly influ-
encing the thermocline off Java (Saji et al. 2006). In our
model, this problem does not appear to the extent seen
in the model analyzed by Cai et al. (2005) in which, as
a consequence, many of the IOD events only peak al-
most 1 yr following the peak of ENSO. This would result
in ENSO-IOD correlation peaking at 1-yr lag, which is
also the case in a number of IPCC AR4 models (Cai
etal.2011a), but not in our model (Fig. 3h). Nonetheless,
the wind stress pattern over the Pacific associated with
the IOBM is qualitatively comparable with that ob-
served. One feature of particular relevance to our dis-
cussions is the easterly (westerly) anomalies over the
western Pacific corresponding with warm (cool) IOBM
and co-occurring El Nifio (La Nina).

The biases noted above are not surprising given the
coarse model resolution. More importantly though, the
CSIRO MK3L does capture the large-scale climate modes
over the Indo-Pacific basins and their interactions. As
such, given the model’s relatively inexpensive cost for
millennial time-scale integrations, CSIRO MKk3L is
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FIG. 5. (a) Standard deviations of Nifio-3.4 in CTRL (blue dots) and DCPL (red squares) across the 11 ensemble
members as a function of ENSO-IOD coherence in CTRL. (b) Percentage change in Nino-3.4 standard deviation in
DCPL relative to CTRL as a function of ENSO-IOD coherence in CTRL across the 11 ensemble members. The
ENSO-IOD coherence, which only exists in CTRL, is expressed as a correlation between the first principal com-
ponents of Indian Ocean SST (August-November) capturing an IOD, and Pacific Ocean SST (September—
December) depicting an ENSO. Two different symbols indicate epochs of strong and weak ENSO-IOD coherence.
The best-fit lines as estimated via the least squares method are shown in (a) and (b). (c) Power spectra of Nifio-3.4 in
DCPL (red) and CTRL (blue). Thick curves indicate the ensemble average. (d) Standard deviation of Nifio-3.4 at
each calendar month in DCPL (red) and CTRL (blue). The color shading in (c) and (d) indicates the estimated 95%
confidence intervals using 1000 bootstrapped means each calculated based on 11 random draws with replacement
from the corresponding 11 spectrum and standard deviation samples.

particularly useful for studying Indo-Pacific climate
feedback interactions across a series of centennial epochs.
An important feature to highlight is the longer-lasting
ENSO and its consequence on ENSO co-occurrences
with the Indian Ocean modes (Figs. 3g,h,i). In that sense,
our results may be applicable for understanding the low-
frequency component of ENSO in the real system,
which is unlikely to be constrained by presently avail-
able observations (Wittenberg 2009).

4. Shifts in ENSO dynamics

It is found that ENSO variability is enhanced in all of
the 11 DCPL experiments relative to their correspond-
ing 100-yr CTRL epochs (Figs. 5a,b), with an amplifi-
cation in variance within the period band of 5-10 yr (Fig.
5¢). The ENSO period also becomes slightly longer in
DCPL, which is qualitatively consistent with some of the
previous studies (Wu and Kirtman 2004; Dommenget
et al. 2006; Behera et al. 2006). The increases in ENSO
variability are not constant across the experiments, which

range from 5% up to 30% (Fig. 5b). An F test suggests
that most of these changes are significantly different
from O at the 95% level (see the appendix). As noted in
the appendix, the ENSO variability in DCPL can appear
to be slightly weaker when too short a data record is
analyzed. These reductions, however, are not significant
under an F test. Therefore, our result is in contrast with
the previous studies that found weaker ENSO variabil-
ity (see section 1). Figures 5a,b further illustrate that the
degree of the ENSO amplification appears to vary as
a function of ENSO-IOD coherence in CTRL. This will
be explained further in section 5. Below, we will first
explore the dynamical processes responsible for stron-
ger ENSO variability in DCPL.

Changes in ENSO variability are more or less spatially
stationary as demonstrated in Fig. 6, which compares the
ENSO SST patterns in DCPL and CTRL. The differ-
ences are largely associated with amplification of ENSO
magnitude over the east-central Pacific (Fig. 6b). There
are also no appreciable shifts in the seasonal cycle of
ENSO (Fig. 5¢). Nevertheless, notable dynamical changes
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and CTRL (contours) as extracted from EOF analysis, averaged
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CTRL (blue). In (b), the solid lines indicate the mean of the 11
ensemble members; the corresponding color shading indicates the
95% confidence interval evaluated using the bootstrap method.

do occur in DCPL with respect to CTRL. As illustrated
in Fig. 7, there is overall more notable eastward propa-
gation of SST anomalies along the equatorial Pacific in
DCPL, which may indicate a more prominent thermo-
cline mode, as has also been observed post-1980. It is
worth noting that the eastward propagation occurring in
both DCPL and CTRL is almost exclusively due to the
action of the warm SST anomalies (Figs. 7b,c). Such
asymmetry is also observed in nature (McPhaden and
Zhang 2009), which may be partly set directly or in-
directly by the presence of the Indonesian Throughflow
(Santoso et al. 2011).

Utilizing the Bjerknes (BJ) index formula as devised
by Jin et al. [(2006); see their Eq. (9); see also Santoso
et al. (2011); Kim and Jin (2011) for its application], we
found that the thermocline feedback is indeed enhanced
in DCPL. In essence, the BJ index represents the linear
growth rate of ENSO within the context of the recharge
oscillator paradigm (Jin 1997), constituting two damping
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FIG. 7. (a) Lag correlation between the Nifio-3 index and an
east-west SST index in CTRL (gray) and DCPL (dashed) to di-
agnose the direction of zonal propagation of SST anomalies,
a useful indicator for ENSO dynamics (e.g., Guilyardi 2006). The
east-west SST index is defined as the area-averaged SST in the far
eastern Pacific (5°S-5°N, 91°-80°W) minus that in the Nifio-4 re-
gion (5°S-5°N, 160°E-150°W). One could also use the Trans-Nifio
Index to arrive at the same result. Positive (negative) time lags
indicate the E-W index leading (lagging) Nifio-3. As such, positive
(negative) correlations at negative (positive) time lags indicate
eastward-propagating SST anomalies (Santoso et al. 2011, their
Figs. 7 and 13). Also shown is the decomposition of the total lag
correlations in (b) CTRL and (c¢) DCPL into contributions by
positive and negative Nino-3 anomalies. These warm and cold
contributions are separated by computing the respective covari-
ances according to positive/negative Nifio-3 anomalies keeping the
total standard deviation (i.e., accounting all anomalies) in the de-
nominator. Correlation magnitude greater than ~0.1 is significant
above the 95% level. The difference between the correlation
maxima at negative and positive time lags is taken to indicate the
prominence of eastward propagation. These diagnostic values are
calculated from the total correlations in (a) yielding an average of
0.53 and 0.75 for CTRL and DCPL, respectively, with a 95%
confidence interval of about +0.1. This indicates that this measure
is significantly larger for DCPL than CTRL, suggesting more promi-
nent eastward propagation in DCPL.
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FIG. 8. The differences between DCPL and CTRL expressed as a percentage change for (a) BJ index coefficients
and (b) various coupling parameters and climatological variables that constitute the BJ index coefficients (see text for
description). In (a), red dots highlight the component with the largest difference (i.e., the thermocline feedback term
BJs). In (b), red dots correspond to the coupling parameters that constitute BJs. All original values in (b) are positive,
so a positive (negative) change indicates stronger (weaker) values in DCPL. (c) Various diagnostic terms: ratio of BJs
to [BJ; + BJ4] as a measure of the importance of thermocline feedback relative to local feedbacks (zonal advective
and Ekman pumping), correlation p(y, x) between zonally integrated equatorial Pacific zonal wind stress [7,] and
eastern Pacific SST 60, and correlation between east-west equatorial Pacific thermocline slope hgw and [7,] (red
and blue dots indicate values in DCPL and CTRL, respectively). (d) Percentage change of correlation and stan-
dard deviation ratio that constitutes the regression coefficients u¥ and B, in DCPL relative to CTRL:

wi = p([7°],0E) X (011/00,): By = p(hew, [T°]) X (04w /07-])- The squares in (a)-(d) indicate mean values.

terms by the mean currents (BJ;) and the net air-sea heat
fluxes (BJ,), and three destabilizing terms: zonal advective
(BJ3), Ekman pumping (BJ4), and thermocline (BJs)
positive feedback terms, each of which is a function of air—
sea coupling strengths and the mean climate. For instance,
BJs is a product of three terms: 1) B, sensitivity of the
east-west thermocline slope in response to the zonally
integrated zonal wind stress 7* over the equatorial Pacific;
2) p¥, sensitivity of the basin-wide 7° to the local SST
anomalies in the eastern Pacific; and 3) w, the local mean
upwelling velocity [see Santoso et al. (2011) for description
of the other BJ terms]. We compute the coupling param-
eters via linear regression using 100-yr monthly data in
each of the 11 runs of both DCPL and CTRL.!

! To focus on processes over ENSO time scales, linear trends and
variabilities with periods shorter than 2 yr have been removed
prior to the analysis. The governing SST equation is based on the
upper 50 m in the eastern Pacific within the core region of ENSO
SST, capturing the Nifio-3.4 and Nifio-3 regions (5°S-5°N, 170°-
90°W). The upper 300-m heat content is used as a proxy for ther-
mocline depth.

The change in the BJ indices and the governing pa-
rameters in DCPL relative to CTRL are shown in Fig. 8.
The strength of the BJ terms generally increases, except
that of the mean currents (BJ;), which exhibits negligi-
ble change (Fig. 8a). This is expected since the mean
climate exhibits only little change in response to a de-
coupled Indian Ocean (e.g., Fig. 8b). It should be noted
that although the change in the mean climate is small,
there is a slight cooling over the central Pacific across the
11 ensembles (see discussion in section 6 and Fig. 15).
This central Pacific cooling contributes to the slight
weakening of the zonal SST gradient 6, (Fig. 8b) and,
thus, aids in limiting increases in the strength of the zonal
advective feedback (BJ3). Overall though, the ENSO
response is largely dominated by an enhanced thermo-
cline feedback (BJs). Note that the enhanced thermocline
feedback is also accompanied by its increased importance
relative to the local feedbacks (see Fig. 8c), consistent with
the emergence of more apparent eastward-propagating
SST anomalies in DCPL (Fig. 7).

The enhanced thermocline feedback in DCPL stems
from its stronger 3;, and w} air-sea coupling parameters



7752

(Fig. 8b). Since these parameters are expressed as re-
gression coefficients, they are by definition the product
of correlation between the governing variables and the
ratio of their standard deviations (see Fig. 8d). It turns
out that this enhanced coupling is largely associated with
the stronger underlying positive correlations (Figs. 8c,
d), that is, the correlations between both local SST and
the east-west thermocline tilt, and the zonally inte-
grated 7" across the equatorial Pacific. These enhanced
correlations are essentially due to weakened 7" vari-
ability over the western Pacific, which occurs pre-
dominantly in the first half of the calendar year (Fig. 9a).
Forming part of the anomalously strong (weak) Walker
circulation associated with La Nina (El Nifio), the
western Pacific 7° is negatively correlated with eastern
Pacific SST, having a counteracting influence on the
ENSO-enhancing wind anomalies farther east (see, e.g.,
Fig. 2). Thus, it is expected, as demonstrated in Fig. 9b,
that its weaker variability promotes an increase in the
basin-wide positive correlation, which is determined
largely by the wind anomalies over the east-central Pa-
cific. This reflects an increased air-sea coupling that
underlies a stronger ENSO thermocline feedback as
described above. As will be apparent in section 5, the
weaker western Pacific 7 anomalies in DCPL are con-
sistent with the absence of the IOBM in those runs.

5. Role of the Indian Ocean

As shown in section 4, the enhanced ENSO variability
in DCPL is accompanied by weaker 7° anomalies over
the western Pacific, which occur predominantly during
January-May (Fig. 9a). Figure 10 presents the compos-
ite evolution of 7* anomalies across the Indian and Pa-
cific Oceans associated with El Nifio and La Nifa in
CTRL and DCPL. The contours overlaid on Figs. 10a,d
indicate the patterns of the observed ENSO 7* anoma-
lies for comparison. The 7* anomalies over the western
Pacific in CTRL, DCPL, and the observations switch to
easterlies (westerlies) at the peak of El Nifo (La Nina)
around Sep(0)-Dec(0), persisting through the following
months. The differences in the anomaly magnitude over
the western Pacific (=120°-150°E) between DCPL and
CTRL are largest and statistically the most significant
over this follow-up period (Figs. 10c,f). Specifically, the
easterly (westerly) anomalies are weaker in DCPL fol-
lowing the peak of El Nino (La Nifia). This illustrates
that the reductions of the western Pacific 7* variability in
DCPL, which occur over the first half of the calendar
year, appear to be associated with the decay phases of
ENSO. This is because in CTRL (and observations) it is
the decay phases of El Nifo (La Nifia) that most often
coincide with the easterly (westerly) * anomalies over
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FIG.9. (a) Difference in the standard deviations of the equatorial
zonal wind stress (5°S-5°N) in DCPL and CTRL. The black con-
tours indicate the differences that are significantly different from
zero at the 95% level as inferred from a bootstrap method with
1000 simulations using the 11 samples. (b) Correlation between the
equatorial zonal wind stress and the Nifio-3.4 index in CTRL (gray)
and the difference in the correlation magnitude between DCPL
and CTRL (pink). The darker curves denote the corresponding
mean value.

the western Pacific, which are enhanced by warm (cool)
IOBM (see section 3 and further below). These Indian
Ocean basin-wide anomalies are obviously absent in the
DCPL simulations.

The effect that the missing IOBM would have on
western Pacific 7 in DCPL as inferred from Figs. 10c,f is
expected to be underestimated. This is because as the
ENSO SST anomalies become enhanced in DCPL, the
western Pacific 7* anomalies would also become stron-
ger, as they are linked. Furthermore, note that in the
model the western Pacific easterlies (westerlies) also
occur during ENSO’s developing phase, which includes
boreal winter through autumn of the same year as the
peak of ENSO [Jan(0)-May(0)], in contrast with obser-
vations (Figs. 10a,d). This is due to the model’s ENSO
events that are long lasting (Figs. 3a,g). Also associated
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FIG. 10. Evolution of zonal wind anomalies over the Indian and Pacific Oceans composited based on (a)-(c) El Nifio and (d)—(f) La Nifa
for (a),(d) CTRL and (b),(e) DCPL. The corresponding differences in the anomaly magnitude between DCPL and CTRL are shown in (c)
and (f). In (a),(d), black and blue contours mark the position of the NCEP-NCAR reanalysis ENSO wind anomalies (1970-2006). In
(c),(f), anomalies that are significant above the 90% level are contoured. The vertical dashed line marks the boundary separating the

Pacific from the Indian Ocean.

with the long-period ENSO is the occurrence of IOBM
during ENSO’s developing phase in CTRL, which is
indicated by the positive correlation at 0 lag in Fig. 3i.
Despite the stronger ENSO in DCPL, the strength of
the western Pacific 7 anomalies between DCPL and
CTRL is not statistically different during Jan(0)-May
(0), thus somewhat revealing the effect of a missing
IOBM in DCPL during this phase (Figs. 10c.f). This
effect is certainly not as prominent as that during the
ENSO mature/decay phase over which IOBM occur-
rences are much more frequent in CTRL (Fig. 3i).
The role of the western Pacific easterly (westerly) 7°
anomalies on ENSO phase transition is key to the
western Pacific oscillator paradigm for ENSO as de-
scribed by Weisberg and Wang (1997). In that paradigm,
the western Pacific easterly (westerly) 7 force eastward-
propagating upwelling (downwelling) Kelvin waves that
dampen the ENSO thermocline anomalies in the east
(Wang et al. 1999). Within the recharge oscillator frame-
work, the effect of easterly (westerly) wind anomalies
over the western Pacific during El Nifio (La Nifia) is to
weaken the dominance of the central Pacific westerly
(easterly) 7° anomalies on the zonally integrated wind
stress, which balances the anomalous eastward (west-
ward) thermocline tilt. Slackening of this basin-wide

wind stress leads to thermocline adjustment toward a
discharge (recharge) of the equatorial Pacific upper-ocean
heat content. These western Pacific wind anomalies
occur following the peak of ENSO, and in the observa-
tions and CTRL they are enhanced by the IOBM, leading
to the decay of ENSO events (Kug and Kang 2006).
In CTRL, however, this process can occur during the
ENSO developing phase given the model’s long-lasting
ENSO. The absence of IOBM during ENSO’s growth
and mature phase in DCPL is consistent with increased
air-sea coupling, which sustains the thermocline feed-
back (i.e., stronger w*¥ and By; Figs. 8b,d; see section 4),
thus favoring ENSO growth and slower transition into
ENSO’s opposing phase. The missing IOBM is thus
consistent with the stronger ENSO and its longer period
in DCPL.

The stronger ENSO across all DCPL simulations
suggests that the Indian Ocean in CTRL exerts a net
damping on ENSO variability. This could imply the
dominance of the IOBM damping effect in the model.
However, the increase in ENSO variability in DCPL
relative to CTRL is found to be highly correlated to the
coherence between ENSO and IOD in CTRL across the
eleven 100-yr epochs (Fig. 5b), not to the ENSO-IOBM
coherence, which is not statistically significant. The
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correlation with ENSO-IOD coherence is negative
(=—0.7) and significant at the 98% confidence level.
This significant correlation arises largely due to the
fact that epochs with stronger ENSO-IOD coherence
in CTRL tend to have larger ENSO variability (see
Fig. 5a), as expected given ENSO conditions can trig-
ger IOD development. Within the context of Indian
Ocean feedback, however, the negative correlation in
Fig. 5b may suggest that the net negative feedback ex-
erted by the Indian Ocean on ENSO is weaker (stron-
ger) during epochs when the ENSO-IOD coherence
is stronger (weaker). Below we reveal the reason that
gives rise to this relationship. For brevity, in the rest of
the discussion the strong and weak ENSO-IOD co-
herence epochs are hereafter referred to as strong and
weak coherence, respectively.

Figures 11a—d present the composite evolution of
ENSO-related SST anomalies in CTRL over the Indo-
Pacific region, across all epochs segregated according to
years when El Nifio (La Nifia) and positive (negative)
10D coincide, and years when they do not. The number
of instances used to form the composites is shown in
each figure panel. The IOBM patterns are apparent
during the ENSO mature/decay phase in both IOD and
non-IOD cases (Figs. 11a-d). As IOBM is largely a
response to ENSO, their intensity depends on ENSO
magnitude; that is, the stronger the ENSO, the stronger
the IOBM that follows. However, IOBM patterns do
also occur during ENSO’s developing phase in CTRL
but emerge only in the non-IOD case (Figs. 11b,d). As
such, by definition of ENSO-IOD coherence, the less
frequently ENSO and IOD co-occur within an epoch
(i.e., weak coherence), the more frequently the de-
veloping ENSO events would coincide with IOBM
patterns. For succinctness, the rest of the discussion mainly
refers to El Nifio, positive IOD, and warm IOBM. As
demonstrated in Figs. 11e-h, by further segregating the
composites in Figs. 11c,d into weak and strong coher-
ence epochs, the peculiar [OBM patterns indeed appear
more intense for the non-IOD composites of the weak
coherence epochs than strong coherence epochs (Figs.
11f,h). In short, this analysis suggests that in CTRL the
developing ENSO tends to coincide with either the IOD
or IOBM events. Thus, the developing ENSO tends
to co-occur with IOBM more frequently during weak
ENSO-IOD coherence epochs. These peculiar IOBM
occurrences are expected given the long-period ENSO
in the model (see Fig. 3).

The more prevalent IOBM anomalies, and the less
frequent co-occurring 10D, during ENSO’s growth
phase have an important implication for ENSO genesis.
To illustrate this, we conduct a set of 11 atmosphere-
only model experiments by forcing the AGCM with
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anomalous SST patterns in the Indian Ocean as repre-
sented by the first EOF mode of SST at each calendar
month in each of the eleven 100-yr epochs in CTRL.
From December to May, a typical IOBM pattern is used
to force the model, and an IOD-type pattern is em-
ployed for the remaining months. In another set of ex-
periments, ENSO SST anomalies are inserted in the
Pacific sector only. In a third set, the AGCM is forced by
both Indian Ocean and ENSO anomaly patterns. The
typical anomalous SST patterns and forcing domains can
be gleaned from Fig. 2, and their seasonal patterns of
evolution are shown later (Fig. 13c). These anomalies
are added onto the seasonally varying observed clima-
tological SST fields that are also prescribed outside the
domains. It is important to note that the monthly EOF
SST pattern for ENSO in January—-May corresponds
to the decay phase of ENSO when the eastern Pacific
anomalies are stronger than those in the previous year,
coinciding frequently with IOBM occurrences [see, e.g.,
Jan(1)-May(1) in Fig. 11]. Moreover, the Indian Ocean
SST forcings are chosen to be well confined within the
interior of the Indian Ocean (i.e., excluding the Indo-
nesian seas, which are otherwise included as part of the
Pacific domain; see Fig. 2). This point helps to illustrate
the extent to which SST anomalies generated within the
enclosure of the Indian Ocean can directly influence the
Pacific climate.

Figure 12a presents the equatorial 7 anomalies in
response to El Nifio SST, showing warm SST-induced
westerly anomalies over the central Pacific. Easterly
anomalies are seen in the western Pacific during boreal
winter—spring due to SST warming over the South China
Sea and the cold ENSO horseshoe pattern (see Fig. 2a,b;
also Lau and Nath 2003, their Fig. 4; and Wang et al.
2006). As expected, the El Nifio rainfall response shows
anomalously high and low precipitation amounts over
the eastern and western Pacific, respectively (Fig. 12b).
In Fig. 12c, the easterly anomalies due to warm IOBM
during the boreal winter—spring extend into the western
Pacific, whereas those due to the IOD in June-November
are mainly confined to within the Indian Ocean. The
impact of the IOBM-induced winds is apparent in Fig.
12e with the forcing of both Indian Ocean and ENSO
SSTs; that is, this effect strengthens the easterly anomalies
in the western Pacific but weakens the central Pacific
westerly anomalies (see also Fig. 12g). Such anomalous
atmospheric responses due to the Indian Ocean SST
modes are consistent with those found by Annamalai et al.
(2005), who showed using atmospheric models that posi-
tive IOD forcing induced little influence over the Pacific
basin (Ohba and Ueda 2007). Annamalai et al. (2005)
argue that this is due to the destructive interference
of Kelvin waves in response to zonal diabatic heating
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FIG. 11. Composites of SST anomalies along the equator over the Indo-Pacific region based on ENSO years that
coincide with IOD events over all epochs for (a),(b) La Nifia and negative IOD and (c),(d) El Nifio and positive IOD.
(e)-(h) Asin (c),(d), but for the epochs of (e),(f) strong and (g),(h) weak ENSO-IOD coherence. El Nifo years are
defined when the Nifio-3.4 averaged over September-December is above one standard deviation. The IOD and non-
10D years are defined when the principal component of the EOF analysis for tropical Indian Ocean SST averaged
over August-November is above and below half of the standard deviation. The contours highlight composites that
are significant at the 95% significance level. The solid vertical line marks the boundary separating the western Pacific

from the Indian Ocean.

anomalies of opposite sign across the equatorial Indian
Ocean. This mechanism appears to operate in our ex-
periments as supported by the positive and negative pre-
cipitation anomalies across the equatorial Indian Ocean
(Fig. 12d). On the other hand, as is also consistent with
Annamalai et al. (2005), warm basin-wide anomalies,
which tend to induce only positive precipitation anomalies

over the Indian Ocean (Fig. 12d), force easterly wind
anomalies over the western Pacific as part of the atmo-
spheric Kelvin wave response to this uniform diabatic
heating (Fig. 12c). Repeating these experiments with the
model SST climatology as boundary condition for the
AGCM does not alter the result; that is, the IOBM exerts
stronger influence on the Pacific than the IOD (Figs. 13a,b).
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FI1G. 12. (left) Zonal wind anomalies and (right) precipitation anomalies along the equator (5°S-5°N) averaged
over the 11 ensembles of AGCM experiments (see text) in response to (a),(b) El Nifio SST patterns, (c),(d) Indian
Ocean SST patterns (IOBM anomalies for December—-May; IOD anomalies for June—-November), and (e),(f) ENSO
and Indian Ocean SST patterns combined. (g),(h) The difference between (e),(f) and (a),(b), respectively. Only fields
that are significantly different from zero at the 95% level are shown. The SST patterns are represented as the first
EOF mode of SST at each calendar month over the respective domains shown in Fig. 2 (see text in section 5 for

further details).

Our AGCM results above appear at first sight to be
partially at odds with the findings of previous studies
(Izumo et al. 2010; Luo et al. 2010; Fischer et al. 2005),
which suggested that the IOD can enhance ENSO-
related wind anomalies, as has apparently been seen in
observations (e.g., Saji and Yamagata 2003). Because
the IOD in our decoupled Pacific CGCM experiments,
whose magnitude is largely retained, does not force nota-
ble changes over the Pacific (not shown), this discrepancy

does not seem to be related to the shortcomings in the
use of SST-forced AGCM runs in general, as noted for
example by Kirtman and Vecchi (2011). The cold and
dry bias over the warm pool region in our model can
underestimate the effect of the IOD, particularly in the
eastern Indian Ocean (Fig. 4), and this is only partly
offset by the strong IOD amplitude (figure not shown).
However, the AGCM experiments discussed above are
forced with observed SST climatology (Fig. 12), so this
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FIG. 13. (a) Zonal winds and (b) rainfall response to Indian
Ocean SST anomalies, as in Figs. 12c¢,d, but with SST climatology
diagnosed from the 1100-yr coupled model integration. (c) The
monthly evolution of SST anomalies used to force the AGCM
experiments, shown here averaged between 5°S and 5°N across the
11 ensemble members. Positive (negative) values are indicated by
lighter (darker) shading.

partially removes the model bias. It is possible then
that SST anomalies over Indonesian seas, which are
possibly related to the IOD, can have a strong impact on
Pacific atmospheric circulation (Annamalai et al. 2010).
By including this region as part of the Indian Ocean, for
example in the experiment of Yu et al. (2002), the IOD
influence on ENSO may be enhanced. In our experi-
ments, the IOD eastern pole excludes any portion of the
western Pacific. Nonetheless, in agreement with
Annamalai et al. (2005), our experiments suggest that
relative to the IOBM, the IOD is seen to be more fa-
vorable for ENSO growth. Thus, in that sense this is still
consistent with the previous studies (e.g., [zumo et al.
2010; Luo et al. 2010).
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FI1G. 14. Schematic illustrating the Indo-Pacific feedback in-
teractions in CTRL epochs influencing the strength of ENSO
variability as described in section 5. Black (gray) thick arrows
correspond with strengthening (weakening) ENSO magnitude.
Upward (downward) thick arrows indicate an increase (decrease)
in the respective variables. Solid (dashed) thin arrow indicates
Indian Ocean (ENSO) influence on ENSO (the Indian Ocean).
The role of the Indian Ocean on ENSO variability is a net damping
as revealed by the DCPL experiments. This net negative feedback
is dominated by the IOBM via enhancement of the western Pacific
zonal wind anomalies that weaken the ENSO Bjerknes feedback
wind component farther east. Relative to the IOBM, the IOD is
more conducive for ENSO growth (Fig. 12). The IOBM is a
prominent feature that co-occurs with developing ENSO during
non-I0OD years (Fig. 11). As such, the extent of this damping
appears to be determined by the strength of ENSO-IOD co-
herence, which reflects the relative frequency of IOD and IOBM
co-occurrences with ENSO. The stronger the ENSO-IOD co-
herence, the less frequently ENSO growth coincides with the
IOBM, the weaker the net damping, and the stronger the ENSO
variability.

The analysis above reveals the relative role of the
IOD and IOBM on ENSO. The extent of their net effect
depends on the relative frequency of their co-occurrences
with ENSO, which is indicated by the strength of the
ENSO-IOD coherence. As revealed by the DCPL ex-
periments, the Indian Ocean exerts a net negative feed-
back on ENSO variability in each of the CTRL epochs.
Therefore, the IOBM damping, via enhancement of
the western Pacific 7° anomalies, appears to dominate
the feedback effect on ENSO in CTRL. In essence,
these results suggest that the stronger the ENSO-10D
coherence, the less (more) frequently the IOBM (I0OD)
coincides with developing ENSO events and, thus, the
weaker the net negative feedback on ENSO variability.
These feedback interactions are summarized in Fig. 14
and are also depicted by the negative correlation shown
in Fig. 5b.

6. Discussions and conclusions

This study aims to demonstrate a link between Indo-
Pacific feedback interactions and ENSO dynamics via
an ensemble set of Indian Ocean decoupling experi-
ments with a CGCM, each one century long, within
a 1100-yr preindustrial climate simulation. It is found
that an absence of this interbasin feedback in the model
allows the ENSO variability to amplify and its period to
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increase. These findings are in agreement with the re-
sults of Dommenget et al. (2006); Jansen et al. (2009),
who used a simple recharge oscillator model fitted to
observations; and Frauen and Dommenget (2012) with
their hybrid coupled model. Utilizing the BJ index for-
mula as devised by Jin et al. (2006), we further show that
the underlying thermocline mode is enhanced. This is
evidenced by the more prevalent eastward-propagating
equatorial Pacific SST anomalies in DCPL. The more
prominent ENSO thermocline mode arises from stron-
ger coupling between the eastern Pacific SST, and east—
west thermocline slope, to the basin-wide equatorial
Pacific zonal winds. This stronger coupling is reflected
from the stronger correlations between the zonally in-
tegrated wind stress and the oceanic variables, owing to
the weaker western Pacific wind anomalies (easterlies in
El Nifio case) that generally act as a negative feedback
on ENSO. This is shown to be consistent with the ab-
sence of IOBM anomalies in DCPL that otherwise tend
to enhance these ENSO-damping wind anomalies.

The possible link between Indo-Pacific feedback in-
teractions and ENSO dynamics is an important yet
complex research topic. This present study is motivated
by the possible shift in ENSO dynamics toward a more
prominent thermocline mode since the late 1970s, as
accompanied by increasing ENSO-IOD co-occurrences
(Fig. 1). Demonstrating such an epochal link is difficult,
due to the relatively sparse observational data and the
strong dependence of the Indian Ocean anomalies on
ENSO. The latter makes it difficult to tease out the
feedback processes involved, unless the Indian Ocean
can be artificially decoupled from the ENSO system.

Although our ensemble experiments exhibit a range
of ENSO responses to a noninteractive Indian Ocean,
the ENSO variability across experiments is consistently
enhanced. This reveals that the net effect of the Indian
Ocean in CTRL is a damping on ENSO. The degree
of ENSO damping in the CTRL epochs is found to be
negatively correlated to the strength of the ENSO-1IOD
coherence. Composite analysis reveals that, during non-
IOD years in CTRL, IOBM anomalies often coincide
with growth phases of ENSO. This is associated with the
long-period ENSO that the model simulates. As such,
in 100-yr epochs over which ENSO and IOD coincide
more frequently, there are fewer IOBM occurrences
during the ENSO developing phases. AGCM experi-
ments forced by Indo-Pacific SST forcings show that the
IOBM enhances easterly (westerly) wind anomalies
in the western Pacific associated with a maturing El
Nifo (La Nifia). These tend to weaken the equatorial
central Pacific anomalous winds that constitute the
Bjerknes positive feedback for ENSO growth. Within
the recharge-oscillator framework for ENSO dynamics,
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this would weaken air-sea coupling that governs the
ENSO thermocline mode. Furthermore, the AGCM
experiments show that the IOD on the other hand does
not generate any wind anomalies that may interrupt
ENSO growth processes, at least in this model and if the
Indonesian seas are excluded (see section 5). As such,
relative to the IOBM, IOD conditions are still favorable
for ENSO growth, and so the IOD still has a net en-
hancing effect (i.e., consistent with, e.g., Izumo et al.
2010; Luo et al. 2010). Therefore, our analysis suggests
that net negative feedback exerted by the Indian Ocean
on ENSO is weaker within epochs in which developing
ENSO events are more frequently accompanied by the
10D, and less frequently by the IOBM (see schematic
Fig. 14).

The fact that ENSO-IOD coherence varies across
epochs suggests a link with the background climate.
Figure 15 shows the difference in SST and zonal wind
stress between the strong and weak ENSO-1IOD co-
herence epochs, and between DCPL and CTRL. The
statistically significant features, although weak in mag-
nitude, include the cooler central Pacific and the stron-
ger easterly trade winds to the west, both in DCPL and
strong ENSO-IOD coherence epochs. This suggests
that the climate state in strong coherence epochs is
closer to that in DCPL. The degree of Indian Ocean
damping in strong-coherence epochs is also closer to
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FIG. 16. Relationships between various variables across the 11 epochs in CTRL: (a) strength of zonal SST gradient over east-central
Pacific |6,| vs central Pacific SST (5°S-5°N, 160°E-156°W), (b) standard deviation of Nifio-3.4 vs |6, |, and (c) ratio of BJs to (BJ5; + BJ,) vs
standard deviation of Nifo-3.4. Triangle and circle markers correspond to strong and weak coherence epochs, respectively.

that in DCPL in which there is no damping. These similar
tendencies may suggest a link between Indo-Pacific
feedback and the mean climate. The climate shift in
DCPL is certainly stronger, because of the larger pertur-
bation applied to the system in DCPL. The causes of these
somewhat subtle climate shifts are not immediately ap-
parent and will be explored in the future. It is possible
though that these outcomes may result from nonlinear
feedback responses within the Indo-Pacific climate sys-
tem that may arise from the asymmetry nature of ENSO
(e.g., Okumura and Deser 2010).

The central Pacific mean cooling can be either seen
as a westward intrusion of the Pacific cold tongue, or as a
contraction of the warm pool. Within the context of
ENSO dynamics, either way this leads to a decrease in
the equatorial zonal SST gradients, which in turn weakens
the ENSO zonal advective feedback. As such, the im-
portance of the thermocline mode relative to the local
mode can be enhanced. This mechanism is illustrated
in Fig. 16 using correlations across the CTRL epochs:
cooler SST Pacific leads to a weaker zonal SST gradient
(Fig. 16a), which in turn results in stronger ENSO am-
plitudes (Fig. 16b) via the increased importance of the
thermocline mode (Fig. 16¢; Santoso et al. 2011). The
weak and strong ENSO-IOD coherence epochs are in-
dicated in Fig. 16, showing that strong coherence epochs
generally correspond with stronger ENSO and thermo-
cline feedback. Note that the correlations between ENSO
amplitude and the BJ indices (e.g., Fig. 16¢) are not
highly significant across the epochs, which is expected.
This is because the BJ index formula does not take
nonlinearity, seasonality, and stochastic noise into ac-
count, as has also been noted by Kim and Jin (2011). The
BJ index formula is based on assumptions framed within
the recharge oscillator paradigm, which itself is not a
perfect paradigm for ENSO. However, the BJ index

formula is particularly useful for diagnosing dynam-
ical changes arising from pronounced perturbations,
as has been shown here using DCPL, and in recent
studies [Santoso et al. (2011) on closure of the Indonesian
Throughflow; Kim and Jin (2011) on global warming].
The fact that the DCPL result is found to vary across
different epochs suggests a possibility that conflicting
results among previous studies may be due to differ-
ences in the mean climate across the models that are
most apparently due to intrinsic model biases. In partic-
ular, as shown by Saji et al. (2006) in IPCC AR4 models,
biases in the mean climate are likely to cause different
patterns of behavior in Indian Ocean anomalies and the
extent to which these respond to ENSO. Simulation of
Indian Ocean variability can also in turn determine the
realism of an ENSO simulation, as demonstrated by Yu
et al. (2009) concerning the overly dominant biennial
ENSO in their model arising from Indian Ocean warm
bias. Decoupling the Indian Ocean in their model re-
moves this biennial bias and, thus, gives the impres-
sion that the ENSO magnitude weakens and its period
lengthens. In our model, the occurrences of the IOBM
during ENSO growth phases are a consequence of the
long ENSO period, which seems to be more related to
the issue surrounding model resolution. Nonetheless,
in competition with IOD occurrences, this gives rise to
varying degrees of Indian Ocean damping across epochs.
Thus, decoupling the Indian Ocean results in various
ENSO amplifications in DCPL that appear to be nega-
tively correlated with the ENSO-IOD coherence in CTRL
(Fig. 5b). Given biases exist to various extents in climate
models, it is likely that the degree of damping and the
enhancing effects of the Indian Ocean also varies across
models (e.g., via ENSO-IOD coherence) and is thus a
potential source for the conflicting results. As noted in
section 5, a somewhat more subtle source of discrepancies
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horizontal line indicates the 95% correlation significance level, which is calculated based on 11 samples for each data
length. The ENSO, 10D, and IOBM time series are taken as the standardized principal components of the corre-
sponding EOF modes shown in Fig. 2. In (e), the ENSO-IOBM correlation is based on the correlation between
September—December ENSO and the following boreal winter—spring IOBM, which exhibits a high lag correlation as

shown in Fig. 2i.

across the decoupling studies may be whether or not the
Indonesian seas are included as part of the Pacific Ocean
in the experiments. The role of the Indonesian seas within
the context of this work will be investigated further in the
future. Finally, as noted in the appendix, it is also neces-
sary that the time series for analysis are reasonably long to
sample the ENSO and Indian Ocean variability to avoid
arriving in an erroneous conclusion.

Our study suggests that the I[OBM acts as a damping
mechanism for ENSO, with an influence on dynamical
processes in the Pacific. Relative to the IOBM, the IOD
is favorable for ENSO growth. Although the Indo-Pacific
feedback interactions diagnosed in this study arise from
a bias in the simulated ENSO that is of longer period
than in recent observations, the mechanisms revealed
here may be applicable for low-frequency modulation
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of ENSO in the real system. Our study puts these feed-
back processes within the context of ENSO dynamics,
suggesting the plausibility that the possible peculiar
occurrences of the IOBM during the ENSO developing
phase prior to 1976 or the lack of IOD thereof, as op-
posed to the more prevalent IOD post-1976, may be
linked to the epochal shift in ENSO behavior. This is an
interesting topic for further investigation. Overall, this
study demonstrates that feedbacks from the Indian Ocean
can significantly influence ENSO dynamics, thus sup-
porting the notion that the Indian Ocean should be
regarded as an integral component of ENSO, as demon-
strated, for example, in the conceptual recharge oscillator
model of Kug and Kang (2006) and Jansen et al. (2009).
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APPENDIX

Variability Time Scales and Data Record Length

The ENSO period in the model is rather long com-
pared with that observed (5-9 yr; see section 3), which
slightly increases in DCPL (Fig. 5¢). It is thus necessary
that the length of the time series used for the analysis is
reasonably long to resolve ENSO variability and its re-
lationship with the IOD and IOBM. The intensifying
ENSO spectra and ENSO-IOD cross spectra with in-
creasing data record length (Figs. Ala—c) suggest that
time series longer than 90 yr appear to better capture
the model’s ENSO variability and its relationship with
the IOD.

Significant correlations between ENSO magnitude
and ENSO-IOD coherence across the 11 epochs in
CTRL also start to emerge when the data record is
longer than 90 yr (Fig. Ale). The positive correlation
stems from the fact that strong ENSO conditions can
initiate IOD events. Such a mechanistic relationship
also exists for the IOBM but does not appear to be as
dependent on the length of data employed (see also
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Fig. Ald). This is likely because the IOBM is largely
a response to ENSO, whereas the IOD can often occur
independently of ENSO (see section 3). This suggests
that the ENSO variability and its covariation with the
Indian Ocean variability, particularly the IOD, are likely
to be better resolved with time series greater than 90 yr.

For the above reason, the analysis in this study is
based on ensemble epochs that are 100 yr long. There-
fore, the decoupling experiments are run for 100 yr
each. As shown in Fig. 5b, the ENSO variability in
DCPL relative to CTRL is consistently enhanced across
the 11 ensemble members. However, when using shorter
data lengths, the ENSO magnitude in DCPL may ap-
pear to weaken, although this is not statistically different
from that in CTRL under an F test, as demonstrated in
Fig. A2. However, as the spectral analysis above sug-
gests, this is potentially due to undersampling of the
ENSO variability.
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