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fluxes associated with the altered atmospheric
circulation during ENSO events.

5. Impacts of Indian Ocean on the
ENSO Cycle

As mentioned earlier, variations in the Indian
Ocean may be capable of influencing ENSO
activity through either the atmospheric circu-
lation or the oceanic throughflow. To examine
this possibility, ENSO simulations were con-
trasted between the Indo-Pacific Run and the
Pacific Run. The former run includes the effects
of Indian Ocean SST variability on ENSO, while
the latter excludes that effect. Findings obtained
from this comparative study were reported by
Yu et al. (2002) and Yu (2005). It was found
that the magnitude and frequency of the ENSO
cycle are affected by the addition of an inter-
active Indian Ocean in the CGCM. Figure 6
compares the time series of the NINO3 index
(SST anomalies in 90°-150°W; 5°S-5°N) cal-
culated from the two runs. The first noticeable
difference in this figure is that the Indo-Pacific
Run produces stronger ENSO amplitudes than
the Pacific Run. The standard deviation of
the NINO3 SST anomalies is increased from
0.50°C for the Pacific Run to 0.78°C for the
Indo-Pacific Run. The latter is closer to the
observed value. The second noticeable diffe-
rence is that the Indo-Pacific Run has a greater
decadal variation in ENSO intensity than the
Pacific Run. The former run can be broadly
separated into two “strong variability decades”
(years 10-21 and 38-52) with large warm and
cold events and a “weak variability decade”
(years 22-37) with weak warm and cold events.
No such clear decadal differences are present in
the Pacific Run. It appears that by including the
Indian Ocean, the CGCM produces more rea-
listic ENSO amplitude and stronger variability
on decadal time scales.

The changes in the ENSO cycle when
the Indian Ocean coupling is included may
be expected, as the CGCM can now resolve
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Figure 6. NINO3 SST anomalies calculated from

(a) the Pacific Run and (b) the Indo-Pacific Run. These
monthly values are low-pass filtered to remove variations
shorter than 12 months. (From Yu et al., 2002.)

interannual variability in the Indian Ocean and
its interactions with the ENSO cycle. The Indian
Ocean SST variability resulting from these inter-
actions, such as the basinwide warming/cooling
and the Indian Ocean zonal/dipole mode, may
feed back to affect the ENSO evolutions. In
addition, since the interactive part of the tro-
pical warm pool covers both the western Pacific
Ocean and the eastern Indian Ocean in the
Indo-Pacific Run, the eastern Indian Ocean
part of the warm pool can respond inter-
actively to Pacific ENSO events. This can
amplify the overall feedbacks from the atmos-
phere during ENSO events. It was also suggested
by Kug et al. (2006) that an interactive Indian
Ocean can affect surface winds in the western
Pacific/maritime continent, which can further
affect the ENSO evolution.

Yu (2005) noticed that the phase-locking
of ENSO to the annual cycle is enhanced and
becomes more realistic in the Indo-Pacific Run
compared to the Indian Ocean Run (not shown).
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Figure 7. Lagged autocorrelation coefficients of NINO3 SST anomalies calculated from the (a) Pacific Run, (b) Indo-
Pacific Run, and (c) GISST data. The curves are shifted to line up their one-month lag with the calendar month on

the abscissa (From Yu, 2005.)

As a result of the phase-locking, the spring
persistence barrier becomes more obvious in
the Indo-Pacific than in the Pacific Run. The
spring barrier is a well-known feature of the
observed ENSO cycle. Lagged autocorrelation
analyses with various ENSO indices, such as
the NINO3 SST anomalies, Southern Oscillation
pressure differences, and central Pacific rainfall
anomalies, show sharp declines in the corre-
lation coefficients in boreal spring (Troup, 1965;
Wright, 1979; Webster and Yang, 1992; Torrence
and Webster, 1998; Clarke and Gorder, 1999).
Figure 7 shows the lagged correlation coefficients
of the NINO3 calculated from the Pacific and
Indo-Pacific runs and the observations. For the
Pacific Run, Fig. 7(a) shows a more gradual
decrease in the correlations and a weaker depen-
dence of the decline on calendar months. This
experiment produces a weaker spring persis-
tence barrier than the observed [Fig. 7(c)]. Cor-
relation coefficients in Fig. 7(c) are calculated
using observed SST’s from 1901 to 2000, based
on the Global Sea-Ice and Sea Surface Tempe-
rature Data Set (GISST) (Rayner et al., 1996).
In the Indo-Pacific Run [Fig. 7(b)], the spring
barrier is stronger and more realistic, with a
rapid decline in the correlations occurring in
March—May for most of the 12 curves.

It is well recognized that the ENSO has
a low-frequency (3-7 years) and a Dbiennial

(~2 years) component (Rasmusson and Car-
penter, 1982; Rasmusson et al., 1990; Barnett,
1991; Gu and Philander, 1995; Jiang et al.,
1995; Wang and Wang, 1996). Yu (2005) found
that the biennial ENSO component is very weak
in the Pacific Run, but is significantly enhanced
in the Indo-Pacific Run. This is clearly shown in
the power spectra of NINO3 index of Fig. 8. By
analyzing the persistence barrier in the decades
of strong and weak biennial and low-frequency
ENSO in the Indo-Pacific Run, Yu (2005) found
that the overall amplitude of ENSO is not a
primary factor in determining the strength of
the persistence barrier. It is the amplitude of
the biennial component of ENSO that affects
the barrier the most. The persistence barrier is
consistently strong (weak) when biennial ENSO
variability is large (small). No such clear rela-
tionship is found between the strength of the
barrier and the amplitude of the low-frequency
ENSO component.

Results obtained from these two basin-
coupling CGCM experiments (i.e. the Pacific
Run and the Indo-Pacific Run) support the
hypotheses that the spring persistence barrier
is a result of the phase locking of ENSO
(Torrence and Webster, 1998; Clarke and
Gorder, 1999) and that the biennial ENSO com-
ponent is crucial to the phase locking (Clarke
and Gorder, 1999). Yu (2005) further suggests
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Power spectra of NINO3 SST anomalies calculated from the (a) Pacific Run and (b) Indo-Pacific Run.

Dashed lines indicate the 95% significance level. Thin-solid lines are red-noise spectra. (From Yu, 2005.)

that the Indian Ocean coupling plays a key role
in producing the biennial component of ENSO.
The mechanisms for this are not yet under-
stood, but are being studied. It is believed that
the TBO in the Indian and Australian mon-
soons may be involved in the enhancement of
the biennial ESNO component.

6. ENSO’s Interactions with the
Tropospheric Biennial Oscillation
(TBO)

The TBO is a major climate variation feature
of the Indian—Australian monsoon system. Years
with above-normal summer rainfall tend to be
followed by ones with below-normal rainfall and
vice versa. The dynamics behind this pheno-
menon has not yet been fully understood. In
work that suggests that the TBO has its own
dynamics, the interactions between the monsoon
and the tropical Indian and/or Pacific Oceans
are emphasized to play a central role in the TBO
(e.g. Nicholls, 1978; Meehl, 1987, 1993; Clarke
et al., 1998; Chang and Li, 2000; Webster et al.,
2002; Yu et al., 2003; Li et al., 2006). However,
different theories emphasized different parts of
the Indo-Pacific Oceans for the importance.
Webster et al. (2002) argued that the TBO is
resulted from the monsoon—ocean interaction

in the Indian Ocean. The wind-driven Ekman
transport provides the needed phase reversal
mechanism for the biennial oscillation. Meehl
(1993) believed that the TBO involves the inter-
actions between the monsoon and the Indian
Ocean and both the western and the eastern
Pacific Ocean. In contrast to this view, the
TBO theory of Chang and Li (2000) assigned
a passive role to the eastern Pacific Ocean.
Instead, they emphasized monsoon—ocean inter-
actions in the Indian and the western Pacific
Ocean for the TBO.

The basin-coupling CGCM experiments are
capable of isolating the monsoon—ocean inter-
actions in the Pacific or the Indian Ocean
and are, therefore, a useful tool for examining
these TBO theories. Yu et al. (2003) contrasted
the Indian monsoon variability produced in all
three basin-coupling CGCM experiments (i.e.
Pacific, Indo-Pacific, and Indian-Ocean runs)
and noticed interesting differences among them.
Figure 9 shows the power spectra of the Indian
summer monsoon rainfall index (IMRI; rainfall
averaged over an area between 10°N between
30°N, and between 65°E and 100°E) calcu-
lated from the experiments. The figure shows
that there is virtually no biennial monsoon
variation in the simulation including only the
Pacific Ocean coupling (i.e. the Pacific Run).
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boundaries. In the Indo-Pacific sector, ENSO
and the monsoon are two of the most important
climate features. These two features occur on
opposite sides of the Indo-Pacific basin but have
strong interactions with each other. A better
understanding of their complex interactions and
feedbacks is crucial for successful forecasts of
ENSO and monsoon variability. This article
reports a unique modeling effort toward that
goal. By turning on and off the atmosphere—
ocean coupling in various regions of the Indo-
Pacific Ocean, the interactions between ENSO
and the Indian Ocean and monsoon can be iso-
lated in different CGCM experiments to study
the ENSO—monsoon interaction and the ENSO—
Indian Ocean interactions individually.

The results obtained from this series of
basin-coupling CGCM experiments suggest that
the Indian Ocean—monsoon system plays an
active role in affecting the amplitude, frequency,
and evolution of ENSO and in modulating
their decadal variations. The Indian Ocean—
monsoon system should be considered a crucial
part of the ENSO dynamics. It is known that
the Indian Ocean has been experiencing a
gradual but significant warming trend in the
past few decades (Nitta and Yamada, 1989;
Terray, 1994; Wang, 1995). This trend may
change the importance of the Indian Ocean to
ENSO, and may be an additional reason for
the decadal ENSO variability. In particular, the
modeling results reported here indicate that
the Indian Ocean—monsoon system is crucial
to the selection of the dominant frequency of
ENSO. An active Indian Ocean may favor a
shorter period of ENSO, i.e. the biennial ENSO
component. For the low-frequency ENSO com-
ponent, influence from the Indian Ocean may
be less important. The interactions between the
Pacific and the Indian Ocean may be different
between the decades that have strong biennial
ENSO and the decades that have strong low-
frequency ENSO. Much more can be learned
about the decadal variability of ENSO by
looking into the ENSO-Indian Ocean—monsoon

interactions from the perspective of biennial and
low-frequency components of ENSO. The basin-
coupling modeling strategy pioneered in these
CGCM experiments will be a useful and effective
tool for the investigations.
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