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ABSTRACT
The interdecadal variability of basinwide sea surface temperature anomalies (SSTAs) in the tropical Indian Ocean (TIO), referred to
as the interdecadal Indian Ocean basin mode (ID-IOBM), is caused by remote forcing of the interdecadal Pacific oscillation (IPO), as
demonstrated by the observational datasets and tropical Pacific pacemaker experiments of the Community Earth System Model
(CESM). It is noted that the growth of the ID-IOBM shows a season-dependent characteristic, with a maximum tendency of mixed
layer heat anomalies occurring in early boreal winter. Three factors contribute to this maximum tendency. In response to the positive
IPO forcing, the eastern TIO is covered by the descending branch of the anomalous Walker circulation. Thus, the convection over the
southeastern TIO is suppressed, which increases local downward shortwave radiative fluxes. Meanwhile, the equatorial easterly
anomalies to the west of the suppressed convection weaken the background mean westerly and thus decrease the upward latent heat
fluxes over the equatorial Indian Ocean. Third, anomalous westward Ekman currents driven by the equatorial easterly anomalies
advect climatological warm water westward and thus warm the western TIO. In summer, the TIO is out of the control of the positive
IPO remote forcing. The ID-IOBM gradually decays due to the Newtonian damping effect.
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1. Introduction
The Indian Ocean basin mode (IOBM) is one of two
dominant modes of sea surface temperature anomalies
(SSTAs) in the tropical Indian Ocean (TIO) (Klein et al.
1999; Huang and Kinter 2002; Krishnamurthy and Kirtman
2003; Yamagata et al. 2004; Schott et al. 2009), and the other
is the Indian dipole mode (IOD; Saji et al. 1999, Webster
et al. 1999). Conventionally, the IOBM refers to a phenomenon on an interannual time scale (hereafter IA-IOBM),
which is primarily driven by the remote forcing from El
Niño–Southern Oscillation (ENSO) (Latif and Barnett 1995;
Klein et al. 1999; Xie et al. 2002; 2009; Alexander et al. 2002;
Chiang and Sobel 2002; Saji and Yamagata 2003; Lau and
Nath 2004; Liu and Alexander 2007; Lee et al. 2015).
The evolution of the IA-IOBM is both seasondependent (Du et al. 2009; Roxy et al. 2011) and associated with the phase of ENSO. Specifically, the IA-IOBM
tends to form during the mature El Niño winter. The
remote forcing from the equatorial central–eastern Pacific drives the IA-IOBM by modulating the surface
shortwave radiative fluxes and latent heat fluxes (Klein
et al. 1999; Wu and Kinter 2010). The IA-IOBM can
maintain itself in the following spring through a positive
wind–evaporation–SST feedback as a response to an
antisymmetric TIO heating pattern along the equator
(Du et al. 2009). In a decaying El Niño summer, although
warm SSTAs in the equatorial central–eastern Pacific
evolve to neutral states or even cold SSTAs, the IAIOBM is still maintained [Du et al. 2009; Wu et al. 2010;
also see Xie et al. (2016) for a review] and plays a key role
in modulating East Asian–western North Pacific monsoons [Xie et al. 2009; Wu and Zhou 2008; Wu et al. 2009,
2010, 2012; also see Li et al. (2017) for a review].
It was found that the IOBM also existed on the
interdecadal time scale, with a spatial pattern that was
similar to that of the IA-IOBM (hereafter ID-IOBM;
Han et al. 2014a; Dong and McPhaden 2017b; Tozuka
et al. 2007; Zhang et al. 2018). The ID-IOBM is the
leading mode of interdecadal variability of the SSTAs in
the TIO (variance contribution .50%) based on the
HadISST1.1 dataset (Han et al. 2014b). These features
were also seen in three other observational SST datasets
(Dong and McPhaden 2017b; Zhang 2016) and an
atmosphere–ocean coupled model (Tozuka et al. 2007).
The ID-IOBM was regarded as a passive response to remote forcing from the interdecadal Pacific oscillation
(IPO; Mantua et al. 1997; Power et al. 1999; Newman et al.
2016; Henley et al. 2017). The IPO drives the ID-IOBM
through an atmospheric bridge, which modulates the surface heat flux and thermocline depth in the TIO (Dong
et al. 2016). However, the detailed ocean dynamic effects
on the formation of the ID-IOBM remain inconclusive.
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Though the ID-IOBM is correlated with the IPO,
their relationship does not seem stationary. It was reported that the ID-IOBM index was positively (negatively) correlated with the IPO index before (after) 1985
(Han et al. 2014a,b). Several possibilities have been
proposed to explain the negative correlation relationship after 1985. These include the following: 1) The
rapid warming of the TIO SST due to the external
forcing since the mid-1990s cannot be eliminated completely through the conventional method of removing
the global mean SST. The enhanced effect of external
forcing overwhelmed the effect of the IPO on the evolution of the ID-IOBM after 1985 (Dong and McPhaden
2017b; Zhang et al. 2018). 2) The TIO SSTAs can be
influenced by the Atlantic multidecadal oscillation
(AMO) (Li et al. 2016; Kucharski et al. 2016). 3) The
warming in the TIO has been stronger than that in the
Pacific and Atlantic since 1950 (Arora et al. 2016; Du
and Xie 2008; Dong and Zhou 2014; Dong and
McPhaden 2016, 2017a), implying that the role of the
Indian Ocean changed from passive to active in the
Indo-Pacific coupled system (Luo et al. 2012).
However, there are limited studies focusing on the
mechanisms responsible for the formation of the IDIOBM, largely due to the scarcity of reliable longterm observational datasets in the TIO. In this study,
the pacemaker experiments are conducted by using the
Community Earth System Model, in which the SSTAs in the
equatorial central–eastern Pacific are restored to the observations. The model results provide us with reliable longterm data to investigate the mechanisms responsible for the
formation of the ID-IOBM driven by the IPO. We find that
the amplitude of the ID-IOBM shows a typical seasonally
evolving feature; that is, its intensity in boreal early spring is
stronger than other seasons. This feature is caused by a
season-dependent growth mechanism of the ID-IOBM.
The rest of the paper is organized as follows. Datasets,
methods, and model experiments used in this study are
described in section 2. Section 3 analyzes the annualmean features of the ID-IOBM and its relationship with
the IPO. Section 4 investigates the seasonal evolutions
of the ID-IOBM intensity and related mechanisms. Finally, section 5 summarizes the key findings of this study
and provide a discussion.

2. Datasets, model experiments, and methods
a. Observational datasets
The following four gridded observational SST datasets are used: 1) the Hadley Centre Sea Ice and Sea
Surface Temperature dataset, version 1.1 (HadISST1.1;
18 3 18; Rayner et al. 2003); 2) the National Oceanic and
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FIG. 1. Spatial distributions of the ID-IOBM derived from three observational datasets, (a) HadISST1.1,
(b) ERSST5, and (c) Kaplan2, and (d) CESM results. They are calculated through regressing preprocessed SSTAs
onto their corresponding ID-IOBM indices. (e) The annual-mean ID-IOBM indices derived from the ensemble
mean of three observational datasets (blue solid line), CESM results (black line), and the individual observational
datasets (blue dashed lines). The ID-IOBM index is defined as area-averaged SSTAs in the TIO (258N–308S, 408–
1108E). The IPO index derived from the HadISST1.1 dataset is also shown (red line).

Atmospheric Administration Extended Reconstructed
SST, version 5 (ERSST5; 28 3 28; Huang et al. 2017); 3)
the Kaplan Extended SST, version 2 (Kaplan2; 58 3 58;
Kaplan et al. 1998); and 4) the Hadley Centre SST,
version 3 (HadSST3; 58 3 58; Kennedy et al. 2011a,b).
All the datasets cover the period 1900–2012.

b. Model and experimental designs
We used the coupled general circulation model (CGCM)
Community Earth System Model (CESM), version 1.20,
in this study. The CESM was developed by the National

Center for Atmospheric Research (NCAR) (Hurrell
et al. 2013). Its atmospheric component is the Community
Atmosphere Model (CAM), version 4, with 26 vertical
levels and a horizontal resolution of 1.258 longitude 3
0.948 latitude (Neale et al. 2013; Lamarque et al. 2012). Its
oceanic component is an extension of the Parallel Ocean
Program (POP), version 2, with 60 vertical layers and an
irregular horizontal resolution (approximately 0.58 3
0.58) (Smith et al. 2010).
Two sets of numerical experiments were conducted.
The first is a historical climate simulation (hereafter
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FIG. 2. (a) Spatial distribution of the ID-IOBM-related annual-mean SSTAs (K) over the TIO from the CESM
results. Also shown are the contributions of (b) ocean heat transport effect (K), (c) net surface shortwave radiative
flux (K), and (d) latent heat flux due to the atmosphere (K). The energy units have been converted to units of
temperature (K) based on Eq. (2).

HIST), in which the model was driven by the historical
radiative forcing for 1850–2005 and the representative
concentration pathway 4.5 (RCP4.5) for 2006–40, based
on phase 5 of the Coupled Model Intercomparison
Project 5 (CMIP5; Taylor et al. 2012). The second is a
pacemaker experiment (hereafter HIST-IPO). The SST
in the tropical central–eastern Pacific (208N–208S,
1758E–758W) was restored to the model’s climatological
mean plus observed anomaly, but the oceanic and atmospheric components were freely coupled in other
ocean areas. The restoring time scale was set to 10 days.
A buffer zone (zonal and meridional ranges are both
58) was built between the inner and outer boxes, with
the restoration weight linearly reduced from one
to zero (Boer et al. 2016; Zhou et al. 2016). In the

HIST-IPO, the radiative forcing is identical to HIST.
Both the HIST and HIST-IPO cover the period of
1900–2012 and consist of eight independent runs
starting from different initial conditions. The SST data
used as observational evidence for restoration are
those of HadISST1.1.

c. Data preprocessing
In this study, we focus on the interdecadal variability
internally generated in the climate system. Hence, all
the data have been preprocessed before the analysis
through the following two steps. First, the interannual
variability was filtered out through the 8-yr low-pass
Lanczos filter (Duchon 1979). Second, signals associated
with external radiative forcing were removed.
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FIG. 3. Seasonal evolutions of the intensity of 3-month running-mean ID-IOBM indices
(K) derived from the ensemble mean of four observational datasets (HadISST1.1, ERSST5,
Kaplan2, and HadSST3; blue solid line), the CESM results (black solid line), and the individual observational datasets (blue dashed lines). For each dataset, the seasonal ID-IOBM
intensity is calculated by regressing seasonal-mean area-averaged TIO SSTAs onto the
corresponding normalized annual-mean ID-IOBM index shown in Fig. 1e. The red line denotes the seasonal evolution of tendency of the ID-IOBM intensity in the CESM results (K
month21). Values in the upper left and bottom-right corners are variation ranges (maximum
minus minimum).

For the observational datasets, the external forcing
signals were represented by the global mean low-passfiltered SSTAs. The low-pass filtered observational
fields were first regressed onto the global-mean SSTAs
time series, and the residual terms of the regression
analyses are used in this study (Ting et al. 2009). For the
CESM data, the external forcing signals were represented by the multimember ensemble mean of the
HIST (hereafter HIST_ENS) (Wang et al. 2017). It is
estimated that the SST variance in the tropical centraleastern Pacific (208N–208S, 1758E–758W) in the HIST_
ENS is only approximately 10.0%–12.6% of that in
the individual members, suggesting that the internal
interdecadal variability has been smoothed out in the
HIST_ENS. The differences between the multimember
ensemble mean of the HIST-IPO (hereafter HIST-IPO_
ENS) and the HIST_ENS are used in this study, which
represents pure IPO-related climate variability. For simplicity, the differences between two experiments are referred to as the CESM results hereafter without further
explanation.

ID-IOBM index. The IPO is defined as the first EOF
mode of the annual-mean SSTAs in the Pacific (608N–
408S, 1008E–708W) after the data preprocessing. The
corresponding normalized principal component time
series is taken as the IPO index.

d. Definitions of the ID-IOBM and IPO

3. Temporal and spatial characteristics of the
ID-IOBM

The ID-IOBM index is defined as the annual-mean
SSTAs averaged over the TIO (258N–308S, 408–1108E)
from the preprocessed data. It is worth noting that although the ID-IOBM is defined based on the filtered
SSTAs, it is definitely a physical mode. There are interdecadal spectral peaks at the period of 20–30 years in
the spectral analyses of the raw SSTAs in the TIO for
both the observational data and the CESM results (figure not shown). The ID-IOBM-related patterns are
obtained through regressing variable anomalies onto the

e. Significance test
We used a nonparametric method, referred to as the
random-phase test, to test the statistical significances of
correlation and regression analysis (Ebisuzaki 1997; Wu
et al. 2016). For instance, we tested the significance of
the correlation between time series A and B [r(A, B)].
The core of the random-phase test is to construct N time
series, all of which have the same power spectrum but
involve different temporal phases with the time series A.
Then, the significance level of r(A, B) can be estimated
through comparing r(A, B) with the correlations of all
these N constructed time series with time series B. More
detailed descriptions of the method can be found in
Ebisuzaki (1997).

Spatial patterns of the ID-IOBM from the three observational SST datasets all show a basinwide warming
in the TIO, with the maximum SSTAs centers located in
the southwestern TIO (Figs. 1a–c). However, the detailed features and intensities of the ID-IOBM are different among the three observational SST datasets
because reliable observational records were extremely
sparse in the TIO before the 1950s (Han et al. 2014b;
Zhang 2016).
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FIG. 4. Spatial distributions of ID-IOBM in (a) JJA, (b) ASO, (c) NDJ, and (d) FMA derived from the CESM
results, which are calculated by regressing the seasonal-mean SSTAs onto the annual-mean ID-IOBM index (K).
White dots represent values reaching the 5% significance level.

The CESM results reproduce the major features of
ID-IOBM in the observations, such as the basinwide
warming pattern and maximum SSTAs centered in the
southwestern TIO (Fig. 1d). The major discrepancies of
simulations are that 1) the asymmetry of SSTA intensity
between the northern and southern TIO is weaker than
that in the observations, 2) the maximum SSTAs center
is shifted equatorward by approximately 58–108, and 3)
the warm SSTAs in the far southeastern Indian Ocean is
absent, as had been mentioned in previous studies
(Yang et al. 2015; Zhang et al. 2018).
The temporal evolutions of ID-IOBM in three observational datasets are highly consistent (Fig. 1e). Their
ensemble mean is simultaneously correlated with the
observational IPO index (Fig. 1e). For the period of
1900–2012, the correlation coefficient with the IPO index is 0.49. It is noted that the correlation varies with

time. Specifically, the correlation coefficient with the
IPO index changes from positive (0.57) over the period
of 1900–1990 to negative (20.73) after 1990. The change
in the relationship between ID-IOBM and IPO in the
observations was attributed to the fact that the conventional regression method cannot cleanly separate
interdecadal internal variability from the external forcing signals (Dong and McPhaden 2017b; Zhang et al.
2018). In contrast, the evolution of ID-IOBM index in
the CESM results is more synchronous with that of the
IPO index, with the correlation coefficient reaching 0.76
over the period of 1900–2012. This is because the external forcing signals, which are represented by the
HIST_ENS, have been cleanly removed from the HISTIPO_ENS.
The mechanisms for the formation of ID-IOBM can
be understood through the following approach. The
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FIG. 5. Spatial distributions of the ID-IOBM-related SSTA tendency in (a) NDJ and (b) JJA derived from the
CESM results, which are calculated by regressing seasonal-mean SSTA tendencies onto the annual-mean IDIOBM index (K month21). White dots represent values reaching the 5% significance levels. The position of the
purple box in (a) is 38N–158S, 408–1008E.

mixed layer temperature (MLT) tendency equation can
be written as
C

›T 0
5 Do0 1 Q0net ,
›t

(1)

where T 0 is the MLT anomaly converted to the energy
unit, Q0net denotes the anomalous net surface heat flux,
and Do0 denotes the anomalous ocean dynamic effects
due to three-dimensional advection and mixing. Note
that Q0net consists of the anomalous net surface shortwave
radiative flux Q0sw , longwave radiative flux Q0lw , sensible
heat flux Q0sh , and latent heat flux Q0lh . On the interdecadal time scale, the MLT anomalies tendency term on
the left-hand side of Eq. (1) is smaller than the two righthand-side terms by at least one order of magnitude and
can thus be neglected (Dong et al. 2014; Xie et al. 2010;
Zhang and Li 2014). We decompose the anomalous latent
heat flux term into anomalous latent heat flux due to the
0
atmospheric forcing effect Qalh and Newtonian damping
o0
effect Qlh . Then, Eq. (1) is changed to
T0 5

Do0 1 Q0a
,
aQlh
0

(2)

where Q0a 5 Q0sw 1 Q0lw 1 Q0sh 1 Qalh , which is dominant
0
by the Q0sw and Qalh , and a denotes the Newtonian
damping coefficient (approximately 0.06 K21; Xie et al.
2010; Zhang and Li 2014). More detailed derivation can
be found in Xie et al. (2010).
The ID-IOBM pattern calculated by using Eq. (2) is
similar to that which was directly output from the model

(Figs. 2a and 1d), suggesting that the formula can be
used to estimate the relative contributions of anomalous ocean dynamic effects Do0 , shortwave radiative
flux Q0sw , and latent heat flux due to atmospheric forcing
0
Qalh to the formation of ID-IOBM. It is seen that the
basinwide warming results from the combined effects
of three terms (Figs. 2b–d). Meanwhile, the SSTAs
warming center is located in the southwestern TIO,
asymmetric about the equator, which is mainly due to
the effect of ocean dynamics (Fig. 2b). However, in this
approach, the ocean dynamic effect is estimated based
on its balance with the anomalous net surface heat flux
Q0net , rather than diagnosed explicitly, which limits
our further understanding of detailed ocean dynamic
processes.

4. Season-dependent growth mechanisms of the
ID-IOBM
In this section, we focus on the seasonal evolutions of
ID-IOBM, which helps us to further understand the
mechanisms responsible for the formation of ID-IOBM
from a perspective that is different from the balance
between atmospheric forcing and Newtonian damping
effects used in the previous studies (Dong et al. 2014;
Xie et al. 2010; Zhang and Li 2014) and section 3.

a. Seasonal evolution of the ID-IOBM
It is found that the intensity of ID-IOBM shows a seasonally evolving feature in all four observational SST datasets
(Fig. 3). For each dataset, the seasonal ID-IOBM intensity is
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FIG. 6. Spatial distribution of the ID-IOBM-related (a) SSTAs in NDJ. (b) As in (a), but for
the anomalous precipitation (shading; mm day21), 850-hPa wind anomalies (vectors; m s21),
and 200-hPa velocity potential anomalies (contours; 106 m s21). The interval of the contours is 1.0.
White dots represent values of the shading reaching the 5% significance level. The vectors are
shown when either the zonal or the meridional component reaches the 10% significance level. In
(a), the black dashed box represents the restoring region for HIST-IPO experiments.

calculated by regressing seasonal-mean area-averaged TIO
SSTAs onto the corresponding normalized annual-mean IDIOBM index shown in Fig. 1e. Although there are uncertainties in the phases of the seasonal evolutions among the
four datasets, the ID-IOBM tends to be stronger in boreal
winter and spring than in summer and fall (Fig. 3). For the
ensemble mean of the four datasets, the magnitude of
seasonal change of ID-IOBM reaches 0.032 K (maximum minus minimum), which is approximately 43.1%
of the annual-mean amplitude of ID-IOBM. The
CESM results reproduce the seasonal evolution of
ID-IOBM intensity, with its seasonal change magnitude (0.038 K) close to the observations. The ID-IOBM
in the CESM results reaches its peak (trough) in early
spring (fall), approximately consistent with the observations (Fig. 3). The similarities between the CESM
results and observations give us confidence to further investigate the physical processes modulating the

seasonal evolution of ID-IOBM based on the CESM
results.
The seasonal evolution of spatial patterns of ID-IOBM in
the CESM results is given in Fig. 4. Here, we select the peak
[February–April (FMA)] and trough [August–October
(ASO)] of ID-IOBM amplitude and two seasons with
maximum and minimum time tendencies (NDJ and JJA).
The TIO is dominated by the basinwide warming in all four
seasons. The ID-IOBM intensity in FMA is much stronger
than in the other three seasons, with warm SSTA centers
located approximately 108S. The ID-IOBM-related SSTAs
in FMA and June–August (JJA) are generally zonally uniform, while those in ASO and November–January (NDJ)
exhibit a significant zonal gradient, with strong warm SSTAs
in the western TIO and weak warm SSTAs in the east.
To investigate the growth and decay of ID-IOBM in
the seasonal cycle, the spatial distributions of SSTA
tendencies in NDJ and JJA are shown in Fig. 5. For
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FIG. 7. As in Fig. 6, but for the (a) net surface shortwave radiative flux anomalies (W m22) and (b) latent heat flux
(shading; W m22) and 10-m wind speed anomalies (contours with interval of 0.03 m s21; negative contours are
dashed). White dots represent values of the shading reaching the 5% significance level. The purple boxes are as in
Fig. 5, but are divided into the western TIO (38N–158S, 408–708E) and eastern TIO (38N–158S, 708–1008E).

NDJ, the TIO is dominated by a band of warming tendencies from 38N to 158S, with the maximum located on
the western coast of Sumatra (Fig. 5a). The SSTA tendency in JJA is generally opposite to that in NDJ, but
the magnitude is smaller (Fig. 5b).

b. Growth mechanisms of the ID-IOBM in early
winter
In this subsection, we investigate what physical processes cause the band of warming tendencies in NDJ
(purple box in Fig. 5a) through examining the ID-IOBMrelated SSTAs and large-scale circulations in the IndoPacific region. The IPO-like warm SSTAs in the equatorial
central–eastern Pacific stimulate an anomalous Walker
circulation. Its downwelling branch suppresses convection
over the tropical Indo-Pacific warm pool region. This
suppressed convection over the eastern TIO drives easterly anomalies and twin anticyclone anomalies residing on
both sides of the equator in the TIO (Fig. 6), according to
the Gill model (Gill 1980). The negative precipitation
anomalies and associated anomalous circulations play
dominant roles in warming the TIO SSTAs.
In section 3, the warm SSTAs in the TIO were understood via the analysis model under the assumption that
the MLT anomalies tendency term is one order of magnitude smaller than the dynamic and thermodynamic forcing
terms on the interdecadal time scale. The assumption is
invalid when the seasonal evolution is involved, because this
time scale is far smaller than the interdecadal time scale.
The mixed layer heat budget for the ID-IOBM-related
variability in NDJ is explicitly diagnosed. The linearized
MLT tendency equation is written as

 0
›T

5 2(V  =h T 0 1 V0  =h T)
›t
!


›T 0
Q0net
0 ›T
1
1w
2 w
 1 R,
›z
›z
rCP H

(3)

where T denotes the MLT; V and w denote horizontal
and vertical velocity of oceanic currents; =h and ›/›z
denote the horizontal and vertical gradient operators,
respectively; and the bar and prime in the equation denote climatological-mean and ID-IOBM-related anomalous variables, respectively. Also, Qnet denotes the net
surface heat flux; r (5 1000 kg m23), Cp (5 4000 J kg K21),
and H denote density of seawater, specific heat of water,
and mixed layer depth, respectively. For the CESM data,
H is defined as the shallowest depth where the local interpolated buoyancy gradient matches the maximum
buoyancy gradient between the surface and any discrete
depth within that water column (Large et al. 1997). The
nonlinear terms and other subgrid processes that cannot be
resolved by the model are denoted by R.
The diagnosis results indicate that the warming tendencies in the eastern and western TIO are caused by
different processes. For the eastern TIO, the positive
net surface shortwave radiative flux anomalies have a
dominant contribution to this warming tendency (relative contribution is 83.4%; Fig. 7a). Spatial distribution
of the net surface shortwave radiative flux anomalies is
similar to that of the precipitation anomalies (Fig. 6b),
indicating that suppressed convection reduces local
cloud cover and thus enhances the absorbed shortwave
radiation in the eastern TIO. The mechanism is also seen
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FIG. 8. (a) The ID-IOBM-related mixed layer heat budget terms
(K month21) area-averaged over the western TIO in NDJ. From
left to right, the bars represent the time tendency of mixed layer
temperature (MLT) anomalies derived from the model outputs,
the time tendency of MLT anomalies calculated from the righthand side of Eq. (3), contributions from ocean dynamic effects and
net surface heat flux anomalies. (b) As in (a), but for individual
linearized horizontal and vertical oceanic advection anomalies.

in the formation and maintenance of the conventional
IA-IOBM (Klein et al.1999; Du et al. 2009; Wu and
Kinter 2010). In early winter, the mean westerly (easterly) prevails in the equatorial (off equatorial) Indian
Ocean in both the observation and CESM results (figure not shown). The easterly anomalies over the TIO
lead to the decrease (increase) of the wind speed and
thus the positive (negative) latent heat flux anomalies in the equatorial (off equatorial) Indian Ocean
(Fig. 7b). Hence, the latent heat flux term has fewer
net contributions to the warming tendency in the
eastern TIO.
The mixed layer heat budget analysis indicates that
the warming in the western TIO is significantly attributed to the ocean dynamic effects (relative contribution
is 80.8%), while the net surface heat fluxes term has
only a small contribution (Fig. 8a). The positive latent
heat fluxes due to the easterly wind anomalies are
mostly offset by the decreased absorbed surface shortwave radiative fluxes in the western TIO (Fig. 7). Given
the importance of ocean dynamic effects, a further examination of the individual oceanic advection terms is
conducted in Eq. (3).
 term is dominant in the warming tenThe 2V0  =h T
dency in the western TIO (Figs. 8b and 9a), with a
contribution larger than 55%. Climatological NDJmean MLT has a warm center located in the equatorial central Indian Ocean, with a positive zonal gradient
of MLT in the western TIO (Fig. 9b). As a result, anomalous westward ocean currents driven by the equatorial

FIG. 9. (a) As in Figs. 6 and 7, but for horizontal advection
of mean temperatures by anomalous currents (K month21).
(b) Corresponding NDJ-mean mixed layer temperatures (shading;
K) and anomalous currents (vectors; cm s21). The purple box is as
in Fig. 7 for the western TIO.

easterly wind stress anomalies advect the warm water to
the equatorial western TIO and thus warm this region
(Fig. 9). Meanwhile, anomalous southward Ekman currents cause warm advection anomalies in the off-equatorial
southwestern TIO.
 term, the 2w0 ›T/›z

Compared with the 2V0  =h T
term plays a secondary role in the warming tendency of
MLT in the western TIO (relative contribution is 18.6%;
Figs. 8b and 10a). The equatorial easterly anomalies and
anticyclonic anomalies over the southern TIO drive an
anomalous meridional overturning circulation through
Ekman pumping, with anomalous upwelling along the
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FIG. 11. The ID-IOBM-related mixed layer heat budget terms
(K month21) area-averaged over the TIO (158N–158S, 408–1008E)
in JJA. From left to right, the bars represent the time tendency of
mixed layer temperature anomalies derived from the model outputs, the time tendency of MLT anomalies calculated from the
right-hand side of Eq. (3), contributions from ocean dynamic
effects, surface shortwave radiative flux, and latent heat flux
anomalies.

c. Decay mechanisms of the ID-IOBM in summer

FIG. 10. (a) As in Fig. 9, but for vertical advection of mean
temperatures by anomalous currents (K month21). (b) Depth–
latitude section of NDJ-mean ocean temperatures (shading; K) and
anomalous vertical currents (vectors; cm s21 and 1024 cm s21),
which is zonally averaged over 408–808E. The purple box is as in
Fig. 9.

equator and downwelling along approximately 108S
(Fig. 10b). The anomalous vertical motions cause negative (positive) vertical advection anomalies in the equator (the off-equatorial southwestern TIO) (Fig. 10a).
The southwestern TIO has a thermocline dome associated with climatological upwelling driven by local negative wind stress curl (Xie et al. 2002; Du et al. 2009),
which is reproduced by the CESM (figure not shown).
The presence of the mean upwelling is the necessary
condition under which the positive vertical advection
anomalies can affect the southwestern TIO SST. Though
 term has a smaller net contribution to the
the 2w0 ›T/›z
warming tendency in the western TIO, it leads to the
maximum of the warming tendency along approximately 108S (Fig. 5a).

The SSTA tendency associated with the ID-IOBM
in JJA is negative, opposite to that in NDJ, though
the magnitude is smaller (Fig. 5b). To understand
why the ID-IOBM decays in JJA, a parallel mixed
layer heat budget analysis is conducted. It demonstrates that the increased upward latent heat flux
anomalies play a dominant role in causing the negative MLT tendency in the TIO (Fig. 11). The increased upward latent heat flux is dominated by the
Newtonian damping effect instead of atmospheric
forcing (figure not shown).
The intensities of precipitation and wind anomalies in
JJA over the TIO are far weaker than those in NDJ
(Fig. 12). The difference is associated with two factors.
First, the SSTAs intensity in the equatorial central–
eastern Pacific (black box in Fig. 12a) decreases by approximately 22.1% relative to that in NDJ (Figs. 6a and
12a), corresponding to the weaker IPO remote forcing.
Second, and more importantly, the enhanced convective
heating over the tropical central–eastern Pacific is shifted eastward by approximately 508 compared with that
in NDJ, which corresponds to the eastward shift of the
anomalous Walker circulation (Fig. 12b). As a result,
the TIO is out of the control of the descending branch
of the anomalous Walker circulation. The ID-IOBMrelated SSTAs are gradually damped through the
Newtonian damping effect.

5. Conclusions and discussion
a. Conclusions
In this study, we explore how the IPO drives IDIOBM based on the observational data and pacemaker
experiments of CESM, in which the SSTAs in the
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FIG. 12. As in Fig. 6, but for JJA. The position of the black box denotes the equatorial central–
eastern Pacific region (58N–58S, 1708–1208W).

equatorial central–eastern Pacific are restored to the
observations. Our major findings are summarized as
follows:
1) After the external forcing signals are removed by
subtracting the HIST_ENS, the HIST-IPO_ENS can
simulate the spatial pattern of ID-IOBM to a large
extent, suggesting that the ID-IOBM can be generated by the air–sea integrations in the Indo-Pacific
region. The temporal evolution of ID-IOBM in the
CESM results is highly synchronous with that of the
equatorial central–eastern Pacific SSTAs, suggesting
that it is a passive response to the IPO remote forcing.
2) It is found that the intensity of ID-IOBM shows a
seasonal evolution characteristic in all four SST
observational datasets; that is, the ID-IOBM tends
to be stronger in winter and spring than in summer
and fall. The CESM results largely reproduce this
feature. In the CESM results, the peak (trough) of
ID-IOBM intensity is reached in the early spring

(fall), indicating that the fastest growth (decay) rate
of ID-IOBM occurs in early winter (summer).
3) The mechanisms responsible for the growth and
decay of ID-IOBM are summarized in a schematic
diagram (Fig. 13). In early winter (NDJ), the ID-IOBM
is greatly intensified by the distinct processes in the
eastern and western TIO. The eastern TIO is dominated
by the descending branch of the anomalous Walker
circulation associated with the IPO. The anomalous
downward motion suppresses local convection, which
increases incoming solar radiation and leads to SST
warming. Other physical processes have smaller contributions to the warming tendency in the eastern TIO.
The warming tendency in the western TIO is dominated by ocean dynamic effects. The equatorial
easterly anomalies drive westward anomalous equatorial ocean currents and southward off-equatorial
Ekman currents as a response to the suppressed convection over the southeastern TIO. In NDJ, the warmest climatological TIO SST is located in the equatorial
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FIG. 13. Schematic diagram of the mechanisms responsible for the (a) growth and (b) decay
of ID-IOBM. The closed black dashed lines denote the ID-IOBM-related anomalous Walker
circulation. In (a), the brown dashed vector represents the ID-IOBM-related low-level wind
anomalies. The gray solid vector represents the NDJ-mean climatological westerly in the
equatorial Indian Ocean. The red dashed and solid contours are the 288 and 298C isotherms of
the climatological SST in NDJ, respectively.

central Indian Ocean. As a result, the anomalous
ocean currents advect warm water to the equatorial
western Indian Ocean and off-equatorial southwestern Indian Ocean. Meanwhile, the equatorial easterly
anomalies and anticyclone anomalies over the southern TIO drive an anomalous meridional overturning
circulation, with anomalous upwelling and downwelling along the equator and approximately 108S,
respectively. The anomalous vertical motions lead to
cold (warm) vertical advection along the equator
(approximately 108S), which shifts the center of the
warming tendency in the western TIO to approximately 108S. Except for the ocean dynamic processes,
the decreased upward latent heat flux anomalies due
to the weakened climatological westerlies also contribute to this warming tendency.
4) In summer (JJA), the TIO is out of the control of the
descending branch of the anomalous Walker circulation. This is because the IPO-related enhanced
convective heating over the tropical central–eastern
Pacific shifts eastward by approximately 508 relative to that in NDJ. As a result, the ID-IOBM is

weakened through the Newtonian damping effect
and reaches its trough in early fall.

b. Discussion
1) DISCREPANCIES IN THE CESM SIMULATIONS
The temporal evolution of ID-IOBM derived from
the CESM results is not exactly consistent with that in
the observation (Fig. 1e). Except for the uncertainties
in the observational data (Han et al. 2014b; Zhang 2016)
and the impact of the external forcing that cannot be
cleanly removed in the observational analysis (Dong
and McPhaden 2017b; Zhang et al. 2018), inherent issues
in the artificially designed pacemaker experiments may
contribute to the difference in the temporal evolution
between the simulated and observed ID-IOBM. First, in
the HIST-IPO experiments, the IPO-related SSTAs are
specified, and the ID-IOBM is a passive response to the
IPO forcing. In the observations, the ID-IOBM may
have active forcing on the SSTAs in the equatorial
central–eastern Pacific, especially after the 1950s when
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FIG. 14. Spatial distribution of the IPO-related (a) SSTAs (shading; 8C) in NDJ. (b) As in (a), but for the
anomalous precipitation (shading; mm day21) and 200-hPa velocity potential anomalies (contours with an interval
of 1.0 3 106 m2 s21; negative contours are dashed). (c),(d) As in (a) and (b), respectively, but for JJA. White dots
represent values of the shading reaching the 5% significance level. The SST is from the HadISST1.1 dataset, and the
precipitation and velocity potential are from the 20CR data.

the TIO SST increasingly warmed (Arora et al. 2016; Luo
et al. 2012). Second, the Atlantic multidecadal oscillation,
another dominant interdecadal variability mode, may
modulate Indo-Pacific SST variability in terms of previous studies. It was suggested that the positive AMO
favors the basinwide warm SSTAs in the TIO (Li et al.
2016; Kucharski et al. 2016). The contribution of the
AMO to the ID-IOBM may be studied through North
Atlantic pacemaker experiments in the future.
The ID-IOBM is forced by the IPO-driven convective
heating anomalous over the equatorial central–eastern
Pacific and associated anomalous Walker circulation. The
discrepancies in simulating the heating anomalies may
influence the simulation skill for the ID-IOBM. The IDIOBM-related SSTAs in the equatorial Pacific in the
CESM results are stronger than those in the observations.
Meanwhile, the overlying positive precipitation anomalies
in the CESM results are shifted westward relative to those
in the reanalysis data (figure not shown). These biases are
associated with the excessive westward extension of the
cold tongue in the climatology, a common discrepancy of
coupled models (Wang et al. 2017). However, these biases are not very severe in the CESM.

2) COMPARISONS BETWEEN ID-IOBM AND
IA-IOBM
Both the IA-IOBM and ID-IOBM are driven by remote forcing from the equatorial central–eastern Pacific,
and have season-dependent features. However, the
seasonal dependences in the two modes have different

specific meaning. First, the IA-IOBM has a seasondependent life cycle, which generally forms in winter, reaches the peak in spring, and persists to following summer
[Klein et al. 1999; Alexander et al. 2002; Du et al. 2009; also
see Xie et al. (2016) for a review]. However, the ID-IOBM
exists in all year-round. Its intensity shows the seasonal
dependence, with the peak in early spring and the trough in
early fall (Fig. 3). Second, the season-dependent life cycle
of the IA-IOBM is closely associated with the seasonal
phase locking of both ENSO forcing [Klein et al. 1999;
Alexander et al. 2002; also see Xie et al. (2016) for a review]
and preceding Indian Ocean dipole (IOD) (Li et al. 2003;
Hong et al. 2010). The IOD tends to turn into IA-IOBM in
winter due to the changes in direction of the mean wind
over the coast of Sumatra (Li et al. 2003; Tokinaga and
Tanimoto 2004) and the eastward propagation of the
equatorial downwelling Kelvin waves over the TIO (Yu
et al. 2005; Yuan and Liu 2009). The development of the
IA-IOBM during a mature El Niño winter is driven by the
descending branch of El Niño–driven anomalous Walker
circulation (Klein et al. 1999; Alexander et al. 2002). Its
maintenance in following spring primarily relies on local
wind–evaporation–SST feedback (Du et al. 2009). To
El Niño decaying summer, the remote forcing from the
central–eastern Pacific has disappeared, the IA-IOBM
gradually decays. This study indicated that the growth
(decay) of the ID-IOBM occurs in early winter (summer).
The season-dependent growth–decay feature is associated
with the seasonal change in the zonal position of the IPOdriven anomalous Walker circulation.
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3) THE SEASONALLY ZONAL SHIFT OF
ANOMALOUS WALKER CIRCULATION FORCED
BY THE IPO
The seasonally zonal shift of the anomalous Walker
circulation forced by the IPO leads to the seasondependent growth of ID-IOBM in the CESM. This is a
robust feature that is also seen in the 20CR data (Compo
et al. 2011) (Fig. 14). The zonal position of the maximum
center of the warm SSTAs does not show evident changes
between summer and early winter (Figs. 14a,c). However,
the responses of the overlying precipitation anomalies are
completely different (Figs. 14b,d). In early winter, the
center of the positive precipitation anomalies is located
on the equator and to west of the warm SSTA center
(Figs. 14a,b). In summer, the center of the precipitation
anomalies is off the equator and over the eastern Pacific,
generally in phase with the center of the warm SSTAs
(Figs. 14c,d). Corresponding to the zonal shift of the enhanced convective heating, the anomalous Walker circulation is shifted zonally. The seasonally zonal shift of
anomalous Walker circulation is relevant to the study by
Han et al. (2017), who revealed that on the interdecadal
time scale, the Pacific and Indian Ocean Walker cells covary during winter but are uncorrelated during summer.
To our knowledge, there is no explanation for the
seasonally zonal shift of the anomalous convective
heating over the equatorial central–eastern Pacific
forced by the IPO so far. It is interesting to note that the
positive precipitation anomalies during a developing El
Niño summer is located to the west of that during mature El Niño winter, instead of to the east (Wu et al.
2017). The mechanism causing the differences in the
responses of precipitation to SST deserves further study.
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