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ABSTRACT

The authors have investigated the interactions of the tropical oceans on interannual timescales by conducting
a series of uncoupled atmospheric and oceanic general circulation experiments and hybrid-coupled model
simulations. The results illustrate the key role of the El Nifio/Southern Oscillation phenomenon in generating
interannual variability in all three tropical ocean basins. Sea surface temperature anomalies in the tropical
Pacific force SST anomalies of the same sign in the Indian Ocean and SST anomalies of the opposite sign in
the Atlantic via a changed atmospheric circulation. However, although air-sea interactions in the Indian and
Atlantic Oceans are much weaker than those in the Pacific, they contribute significantly to the variability in
these two regions. The role of these air-sea interactions is mainly that of an amplifier by which the ENSO-
induced signals are enhanced in the ocean and atmosphere. This process is particularly important in the tropical
Atlantic region.

The authors investigated, also, whether ENSO is part of a zonally propagating ‘“‘wave,” which travels around
the globe with a timescale of several years. Consistent with observations, the upper-ocean heat content in the
various numerical simulations seems to propagate slowly around the globe, SST anomalies in the Pacific Ocean
introduce a global atmospheric response, which in turn forces variations in the other tropical oceans. Since the
different oceans exhibit different response characteristics to low-frequency wind changes, the individual tropical
ocean responses can add up coincidentally to look like a global wave, and that appears to be the situation. In
particular, no evidence is found that the Indian Ocean can significantly affect the ENSO cycle in the Pacific.
Finally, the potential for climate forecasts in the Indian and Atlantic Oceans appears to be enhanced if one
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includes, in a coupled way, remote influences from the Pacific.

1. Introduction

Large-scale air-sea interactions play a crucial role
in generating interannual variability in the Tropics.
The El Nifio/Southern Oscillation (ENSO) phenom-
enon—the strongest climate fluctuation on the short-
range climatic timescale from a few months to several
years—is a classical example for such air-sea interac-
tions (e.g., Bjerknes 1969). Because of the predomi-
nance of the ENSO phenomenon, most theoretical and
modeling studies focused on the tropical Pacific only,
where the ENSO signal is strongest. Air—sea interactions
in the tropical Indian and Atlantic Oceans have at-
tracted much less attention so far, and only a few papers
exist, which address this issue. Zebiak (1993), for in-
stance, describes a coupled air-sea mode in the tropical
Atlantic, which shares many similarities with the ENSO
mode, although it is not self-sustained.
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Further, considerable debate exists upon whether the
ENSO phenomenon originates in the tropical Pacific
or if forcing from outside the tropical Pacific is crucial
for the generation of ENSO. On the one hand, most
of the theoretical work done so far supports the former
view explaining ENSO as an instability of the coupled
ocean-atmosphere system in the Pacific only (e.g.,
Schopfand Suarez 1988; Suarez and Schopf 1988; Cane
et al. 1990; Miinnich et al. 1991; Chao and Philander
1993; Jin and Neelin 1993a,b; Neelin and Jin 1993;
Neelin et al. 1994). The subsurface memory of the
tropical Pacific Ocean has been identified in these
studies as the key parameter, which allows self-sus-
tained oscillations.

Some observations and a few model simulations, on
the other hand, indicate a more global mechanism for
the generation of ENSO, and a different competing
hypothesis has been offered [ for a brief summary of
these hypothesis see Latif et al. (1994) and references
therein]. Several authors describe a slow eastward
propagation of atmospheric and oceanic quantities
prior to and during ENSO. Barnett (1983), Barnett
(1985), and Barnett et al. (1991), for instance, describe
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an eastward propagation in the low-level wind and
pressure fields, while White and Pazan (1994, personal
communication) found evidence for a slow eastward
propagation of equatorial upper-ocean heat content
around the globe. For convenience, we reproduce in
Fig. | Hovmoeller diagrams (longitude-time sections)
of equatorial upper-ocean heat content derived from
observations, modeled and analyzed low-level zonal
winds along the equator (WCRP 1992). These dia-
grams suggest indeed that ENSO is part of a global
wave.

In this paper, we investigate the interactions within
and among the three tropical oceans. We are interested
specifically in the following main questions. What is
the nature of air-sea interactions in the Indian and
Atlantic Oceans? How does the interannual variability
in the Pacific Ocean affect the interannual variability
in the Indian and Atlantic Oceans? Does the interan-
nual variability in these two oceans feedback on the
interannual variability in the Pacific Ocean? And, fi-
nally, can ENSO be viewed as a global wave, which
propagates slowly around the globe? We investigate
these questions by means of uncoupled atmosphere
and ocean model and hybrid coupled model simula-
tions. The phrase “hybrid” refers to a class of coupled
models in which an oceanic general circulation model
(OGCM) is coupled to a simplified atmosphere model,
which is statistical in nature in our hybrid-coupled
model.

The paper is organized as follows. The models used
in this study are described briefly in section 2, We pre-
sent the results from an integration with an atmospheric
general circulation model (AGCM ) forced by observed
SSTs in section 3. The results of our uncoupled ocean
model simulations are presented in section 4, while
that of the coupled simulations with a hybrid coupled
model are described in section 5. The impact of our
findings on prediction of SST in the Indian and Atlantic
Oceans are discussed briefly in section 6. We conclude
the paper in section 7 with a brief summary and dis-
cussion of our major findings and shortcomings of our
work.

2. Model experiments and descriptions

We use in this study three different types of models:
an AGCM, an OGCM, and a hybrid-coupled model,
in which the OGCM is coupled to a statistical atmo-
sphere model. The models are described below. We
summarize the experiments performed in Table 1.

a. Atmospheric GCM

The AGCM is ECHAM-3, the Hamburg version of
the European Centre operational weather forecasting
model. The model is described in detail in two reports
(Roeckner et al. 1992; DKRZ 1992). ECHAM-3 is a
global low-order spectral model with a triangular trun-
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FIG. 1. (a) Hovmoeller diagrams of vertically integrated equatorial
temperature anomalies estimated from XBT data, (b) 850-hPa zonal
wind anomalies simulated by the ECHAM AGCM forced by observed

SST, and (c) 850-hPa zonal wind anomalies from ECMWF analyses.
The figure is redrawn after WCRP (1992).
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TABLE 1. Summary of model experiments.

Model Integration period Comments
AGCM Jan 79-Dec 88 forced by observed SST
OGCM Feb 70--Jan 92 forced by complete winds
OGCM Feb 70-Jan 92 forced by truncated winds
HCM 10 years coupled control run
HCM 10 years Indian Ocean winds zero

cation at wavenumber 42 (T42). The nonlinear terms
and the parameterized physical processes are calculated
on a 128 X 64 Gaussian grid, which yields a horizontal
resolution of about 2.8° X 2.8°. There are 19 levels in
the vertical, which are defined on ¢ surfaces in the
lower troposphere and on p surfaces in the upper tro-
posphere and in the stratosphere. The model includes
standard physics [ for details the reader is referred to
Roeckner et al. (1992)]. Earlier versions of ECHAM
(ECHAM-1 and ECHAM-2) have been applied in var-
ious climate simulations and response experiments,
which are summarized in two reports (Fischer 1987;
von Storch 1988). The low-frequency behavior of these
earlier versions, when forced by observed SSTs, is de-
scribed by Latif et al. (1990) and Barnett et al. (1991).
The current version of ECHAM, which we use here,
was integrated as part of AMIP (Atmospheric Model
Intercomparison Project). Some preliminary results of
this AMIP run are given in Arpe and Diimenil (1993).

b. Oceanic GCM

The OGCM is an upgraded version of an earlier z-
coordinate model (Latif 1987) and is described in detail
in the manual of Sterl (1991). The OGCM was used
as the oceanic part of the coupled ocean-atmosphere
general circulation model applied to the simulation and
prediction of ENSO by Latif et al. (1993a,b). It is a
primitive equation model with the usual hydrostatic
and Boussinesq approximations. The model has real-
istic bottom topography. In particular, the ocean model
has an Indonesian throughflow. The model domain
extends from 70°N to 70°S, but the model is dynam-
ically active in the region 30°N-30°S only. Outside
this region, the stratification is restored to Levitus
(1982) climatology. The resolution is 5° in longitude
and variable in latitude, with 0.5° resolution within
the region 10°N-10°S, 1° between 10° and 20°, and
increasing to 5° poleward of 30°. The OGCM has 17
vertical levels, of which 10 are in the upper 300 m.
The surface heat flux Q is parameterized by

Q=00+ A(Tp—T)),

while the freshwater flux F is given by a restoring term
only

F=X\(S—3S5)),

JOURNAL OF CLIMATE

VOLUME 8

with Q, denoting the annual mean heat flux climatol-
ogy, Ty and Sy the climatological sea surface temper-
atures and salinities, respectively, and A and A, feed-
back parameters. The values for Oy, Ty, Sp, and Ay
were taken from Oberhuber’s (1988 ) climatology. The
feedback parameter for salinity was assigned a value,
which yields a relaxation time of 40 days for the upper-
layer thickness of 20 m. The climatological wind stress
forcing is taken from the climatology of Hellermann
and Rosenstein (1983).

¢. Hybrid-coupled model

The hybrid coupled model (HCM) used in this study
is composed of the OGCM described above coupled
to a statistical atmosphere model. The reader is referred
to Barnett et al. (1993) for the manner in which the
statistical atmosphere model was constructed. It is an
anomaly model and was derived from observations of
SST and wind stress from all three tropical oceans. The
atmospheric model is essentially a regression model
that uses anomalous SST in all three oceans simulta-
neously to obtain the anomalous tropical wind stress.
These wind stress anomalies are added to the clima-
tological wind stress, and the sum is used to force the
OGCM. Since the model estimates the anomalous wind
stress over all three tropical oceans from simultaneous
SST data also over all three oceans, we can estimate
the relative importance of the different tropical oceans
in the wind response by setting the SST anomalies in
specific oceans to zero.

In practice, we found the atmospheric model only
had skill within the region 10°N-10°S (Fig. 2a), so its
interaction with the OGCM was restricted to this lat-
itude band. Outside this band the climatological wind
stress drives the OGCM. We would like to note, also,
that the reconstructions of the zonal wind stress anom-
alies over the equatorial Indian and Atlantic Oceans
yield only marginally significant résults, with typical
cross correlations between observed and reconstructed
zonal wind stress anomalies of the order of 0.4 (Fig.
2a). This suggests that the zonal wind stress anomalies
over these two oceans are less tightly coupled to tropical
SST variations than those over the Pacific, which re-
stricts the validity of our HCM results to some extent.
However, as will be shown below, the HCM produces
results that are highly consistent with observations,
which gives us some confidence that the principal
modes of ocean-atmosphere interactions are well sim-
ulated by it.

The wind stress used to force the OGCM in the cou-
pled mode was recomputed every 5 days from SST
provided by the OGCM and then held fixed for that
period. As described in Barnett et al. (1993), we found
it necessary to use a statistical corrector or MOS (Model
Output Statistics) scheme on the ocean model’s SST
anomaly field prior to using that field in the atmo-
spheric model. The MOS scheme is equivalent to a
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FI1G. 2. (a) Correlation between the reconstructed zonal wind stress anomalies with the observed anomalies,
(b) correlation between the simulated SST anomalies and the observed anomalies, (¢) correlation between the
MOS-corrected simulated SST anomalies and the observed ones. Contour interval is 0.1 in all three panels.

postprocessed tuning to minimize errors in the SST
anomaly field produced by the OGCM in the stand-
alone mode (e.g., when driven with observed winds,
the ocean model gives too much SST variability in the
central Pacific but not enough in the eastern Pacific).
The MOS scheme was constructed as follows. Monthly
model-estimated SST anomaly fields were obtained
from the control run with the OGCM forced by the
wind stresses for the period February 1970-January
1992. The differences between these model fields and
the observed SST anomalies (“error field”’) were com-
puted, and a statistical model was then constructed
using model sea level and SST anomalies to “predict”
the error field. This statistical model is referred to as

the MOS scheme and is used to correct the simulated
SST anomalies before they are passed to the atmo-
sphere model.

One measure of the HCM performance to be ex-
pected is given in Figs. 2b and 2¢. The observed SST
anomalies for the period 1970-1992 were used in the
statistical atmosphere model to reconstruct the
monthly tropical wind stress anomalies for that period.
These stress anomalies (after being added to the wind
stress climatology) were then used to force the ocean
model. In Fig. 2b, we display the correlation between
the model-produced and the observed SST anomalies.
Also shown is the skill of the MOS-corrected SST field
(Fig. 2¢). The model clearly works best over most of
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FiG. 3. Canonical SST (full line) and zonal wind stress (dashed
line) time series of the leading CCA mode. The canonical correlation
r? amounts to 0.83.

the central equatorial Pacific. Moderate skill is found
in the Indian Ocean and, to a somewhat lesser extent,
in the Atlantic. The MOS corrections produce quite
high skills, but that is to be expected given the manner
in which they were derived. In essence, these latter skills
are telling us that the SST errors are linearly related to
the fundamental ocean variables produced by the
model (SST and sea level). The high skill levels also
suggest that the corrected SST field fed to the atmo-
sphere model are quite realistic.

3. Atmospheric GCM results

We analyzed data obtained from an integration with
our AGCM forced by observed SSTs for the period
1979-88, which was performed as part of the AMIP
project. We performed a canonical correlation analysis
(CCA) between SST and the surface fluxes. Since the
zonal wind stress is the most important forcing function
for equatorial oceans, we restrict ourselves to this
quantity in the description of the CCA results. Prior
to the analysis, all fields were decomposed into Em-
pirical Orthogonal Functions (EOFs) and only the
leading five EOFs in each field were retained. Although
the CCA was done using global fields, we restrict our-
selves in the description of the results to the Tropics,
in which we are interested exclusively in this paper.

The leading CCA mode is clearly related to the
ENSO mode, as can be inferred from the two CCA
time series (Fig. 3), which reflect all major swings in
the ENSO cycle observed during 1979-88. The canon-
ical correlation r? between the two time series is 0.83.
The characteristic El Nifio “mature phase™ patterns
(e.g., Rasmusson and Carpenter 1982; Gill and Ras-
musson 1983) are recovered by the canonical SST (Fig.
4a) and zonal wind stress patterns ( Fig. 4b), with pos-
itive SST anomalies centered in the eastern and west-
erly wind stress anomalies in the central equatorial Pa-
cific near the date line. These features are highly sig-
nificant, as can be inferred from the local explained
variances (Fig. 5).
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Significant ENSO-related SST anomalies are also
found in the tropical Indian and Atlantic Oceans. Dur-
ing warm (cold) extremes of the ENSO cycle, the In-
dian Ocean is anomalously warm (cold), while the At-
lantic is anomalously cold (warm), and the zonal wind
stress anomalies over both oceans are easterly (west-
erly). Although these SST and wind stress anomalies
are considerably weaker than those in the Pacific (Fig.
4), they appear to be significant components of ENSO
since they coincide with local maxima in the explained
variance (Fig. 5). Further, when we repeated the
AGCM run with different initial conditions but iden-
tical SSTs, we obtained qualitatively the same results
(not shown). Similar ENSO-related SST anomaly pat-
terns are also described by Kawamura (1994), who
performed a rotated EOF analysis of global SST vari-
ability for the period 1955-88.

Our results, however, are somewhat in conflict with
those of Zebiak (1993), who concluded that the SST
in the equatorial Atlantic is uncorrelated with that in
the Pacific during the period 1970-88. Since we con-
sider here a relatively short time period, only (1979~
88) the CCA results might be inflated artificially.
Therefore, we also computed the correlation of area-
averaged eastern Pacific and eastern Atlantic SST for
the period 1979-88. The correlation amounts to about
—0.5, which is significant at the 95% level. Either the
relationship between Pacific and Atlantic SST does not
always exist or the data prior to 1979 are not as reliable
as those after 1979. Please note, also, that we used an
Atlantic SST index, which is located farther east than
the one used by Zebiak (1993). However, by con-
ducting additional model simulations, we shall develop
below a scenario that supports our results.

4. Oceanic GCM resuilts
a. Tropical oceans SST forcing

We now consider the complementary problem,
namely, an OGCM forced by observed wind stresses.
As described in section 2, we derived an estimate of
the observed winds by driving our statistical atmo-
sphere model with the SST anomalies from all three
tropical oceans observed during the period February
1970-January 1992. In our first experiment, we pro-
duced the wind stresses by forcing the statistical at-
mosphere model by the complete tropical SST anomaly
fields. In essence, this means that we retain air-sea in-
teractions over all three tropical oceans. The recon-
structed stresses were then used to force the OGCM.
As shown in Fig. 2, this procedure yielded reasonable
results.

In Fig. 6, we display Hovmoeller diagrams of zonal
wind stress, SST, and sea level anomalies along the
equator for the period 1982-90 from this experiment.
The relationship between SST and zonal wind stress
anomalies in this ocean model run is consistent with
that obtained in the AGCM run. During warm (cold)
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periods in the tropical Pacific, the zonal wind stress
anomalies are predominantly westerly (easterly) over
the Pacific, while they are easterly (westerly) over the
Indian and Atlantic Oceans (Fig. 6a). Also consistent
with the AGCM run is the simulation of negative (pos-
itive) SST anomalies in the equatorial Atlantic in re-
sponse to the easterly (westerly) wind stress anomalies
(Fig. 6b). No consistent relationship between SST and
zonal wind stress anomalies was found in the Indian
Ocean. This result could be expected because variations
in the surface heat flux are likely to be more important
in forcing SST fluctuations in the Indian Ocean than
those in surface wind stress.

The dynamical response of the three oceans is pre-
sented in terms of sea level, a measure of upper-ocean
heat content (Fig. 6¢). Since the equatorial ocean dy-
namics are mainly controlled by the zonal wind stress,
the neglect of surface heat flux variations should not
have any significant impact on the evolution of the
upper-ocean heat content. As expected, the evolution
of the sea level anomalies in the western and central
equatorial Pacific is dominated by a slowly eastward-
propagating mode, a feature that is well known from
observations (e.g., Latif et al. 1993b) and from coupled
models (e.g., Zebiak and Cane 1987; Chao and Phi-
lander 1993). The reader is referred to the review paper
by Neelin et al. (1994) for a detailed discussion of this
topic.

Interestingly, the heat content anomalies in the other
two oceans occasionally also show eastward propaga-
tion, especially in the Indian Ocean. The phase speed
in the Indian Ocean, however, is much slower than
that simulated in the Pacific. Overall, the evolution of
the simulated heat content is consistent with that de-
rived from observations (Fig. 1a), and during certain
periods, heat content anomalies seem to propagate
slowly around the globe with a timescale of about 5
years (compare, for instance, the 1982-88 periods from
Figs. 1a and 6¢). Is ENSO really part of a global wave?
To what extent do air-sea interactions similar to those
in the Pacific exist in the other two tropical oceans?
And, how, if at all, do they modulate the ENSO cycle?

b. Pacific SST only forcing

In order to answer these questions, we performed
additional uncoupled and coupled model runs. First,
we repeated the forced run with our OGCM, but now
the wind stresses that drove the ocean model were
computed by passing the Pacific SST only to the sta-
tistical atmosphere model. That is, we neglect the effects
of anomalous Indian and Atlantic Ocean SST on the
anomalous tropical wind stress field. Thus, we can es-
timate the strength of air-sea interactions in the Indian
and Atlantic Oceans and the influence of SST anom-
alies in these two oceans on the ENSO cycle in the
Pacific by comparing the results with those obtained
in the run with complete wind stresses.
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The overall oceanic response in this sensitivity run
(not shown) was similar to the run with the full wind
stresses. The Pacific sea level response was virtually
unchanged, which demonstrates that SST fluctuations
in the Indian and Atlantic Oceans do not affect the
ENSO cycle in the Pacific. Some local effects on SST
and zonal wind stress, however, were found in the far
western and eastern Pacific where the variability was
reduced by a factor of 2. The variability in the Indian
and Atlantic Oceans was also significantly reduced rel-
ative to the control run with the full stresses. The vari-
ance of equatorial sea level anomalies was reduced
typically by a factor of 2 in the Indian Ocean and that
in the Atlantic even by a factor of 3. Thus, local air—
sea interactions are important in these two oceans, es-
pecially in the Atlantic. This result confirms that of
Zebiak (1993), who describes significant air-sea in-
teractions in the Atlantic.

We also computed the explained variances of the
anomalies in different quantities (zonal wind stress,
SST, and sea level) simulated in the truncated wind
stress run relative to those simulated in the control run
with complete stresses. As expected, the explained
variances in all three quantities are close to unity over
most of the equatorial Pacific, with the exception of
SST and zonal wind stress in the far western and eastern
parts. The explained variances are typically on the order
of 0.8 in the Indian Ocean and on the order of about
0.7 in the Atlantic. Thus, most of the variability in the
Indian and Atlantic Oceans is forced by Pacific SST
anomalies via a changed atmospheric circulation, with
local air-sea interactions acting as an amplifier of the
Pacific-induced signal. The Pacific Ocean can, there-
fore, be regarded as a sort of pacemaker for the other
two tropical oceans.

5. Hybrid coupled model runs
a. Control run

The remaining question is whether ENSO is part of
a global wave, and this can be fully addressed only with
a coupled model. We used a hybrid coupled model
consisting of our OGCM coupled to the statistical at-
mosphere model described above. In a first experiment,
the HCM was integrated for 10 years. The oceanic ini-
tial conditions were those simulated at the end of 1981
in the uncoupled OGCM run with complete wind stress
anomalies (see section 4a). The interannual variability
simulated in this coupled control run exhibits many
similarities to the real ENSO cycle (Fig. 1) and the
uncoupled model simulations (Figs. 4 and 6), although
the coupled model behavior is too regular, which can
be inferred from the Hovmoeller diagrams of zonal
wind stress, SST, and sea level anomalies along the
equator (Fig. 7). The leading principal oscillation pat-
tern (POP) mode (not shown) of the interannual vari-
ability accounts for about 80% of the combined (zonal
wind stress, SST, sea level) variance in all three oceans
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in the region 10°N-10°S. The next two (POP) modes
representing the first two higher harmonics account
for 14% and 2% of the variance, respectively. The sec-
ond harmonic leading to a pronounced double-peak
signature during cold phases in the Pacific can also be
identified in the Hovmoeller diagrams (Fig. 7).

We shall concentrate here on the leading mode, since
it almost totally dominates the interannual variability.
The leading mode is locked to the annual cycle, with
a period of 3 years. The variability associated with that
mode can be readily seen in the raw anomalies. We,
therefore, display Hovmoeller diagrams of the raw
anomalies only. Consistent with our findings described
above, zonal wind stress anomalies over the Pacific are
accompanied by anomalies of the opposite sign over
the Indian and Atlantic Oceans (Fig. 7a). Anomalously
warm (cold) SST in the Pacific goes together with
anomalously cold (warm) SST in the Atlantic, while
the relationship between Pacific and Indian Ocean SST
anomalies is less clear than in the observations (cf. Fig.
7b with Fig. 4a). The relative strengths of SST anom-
alies in the different basins, however, are consistent
with the observations.

The most remarkable result of the coupled integra-
tion, however, is the pronounced progressivé nature of
the sea level anomalies along most of the equator (Fig.
7¢), while zonal wind stress and SST anomalies are
dominated largely by standing components (Figs.
7a,b). In particular, sea level anomalies seem to prop-
agate from the far western Indian Ocean into the west-
ern Pacific. Since our OGCM contains an Indonesian
throughflow, this behavior might indicate an important
role of the Indian Ocean in the ENSO cycle. Therefore,
we also analyzed monthly sea level anomaly maps and
found that almost all the energy that hit the (leaky)
Indonesian boundary remained in the Indian Ocean
(not shown). This indicates that the propagating signals
in the Indian and Pacific Oceans have little or no
oceanic communication.

b. No Indian Ocean wind stress

To further investigate the communication between
the Indian and Pacific Oceans, we performed an ad-
ditional coupled integration in which the wind stress
anomalies were zeroed out over the Indian Ocean. This
procedure assures that air-sea interactions are inhibited
and no significant heat content anomalies are produced
in the Indian Ocean, while air-sea interactions in the
other two oceans, especially those over the Pacific
Ocean, are unaffected. Thus, the difference in the in-
terannual varability in the Pacific between the two
coupled experiments provides a measure of the im-
portance of Indian Ocean heat content anomalies in
the generation of ENSO. The variance ratio of central
and eastern equatorial Pacific SST in the coupled con-
trol run and the run with no Indian Ocean wind stress
anomalies is only slightly different from unity. Stronger
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effects, however, were found in the far western equa-
torial Pacific and the equatorial Atlantic, with typical
SST variance ratios of about 1.3 and 1.5, respectively.
Thus, this sensitivity experiment confirms also that In-
dian Ocean heat content anomalies do not significantly
affect the ENSO cycle in the Pacific. This is visualized
by the time series of anomalous central equatorial Pa-
cific SST (Fig. 8a) and western equatorial Pacific zonal
wind stress ( Fig. 8b) simulated in the contro] and sen-
sitivity run.

We would like to note, however, that the interannual
variability dies out thereafter in the ““no Indian Ocean
wind stress” case (not shown). A similar but less pro-
nounced tendency was observed also in the coupled
control run. As shown in Barnett et al. (1993), a Pacific
version of our HCM showed chaotic behavior during
an extended-range integration of 150 years integration.
Thus, any small initial perturbation could lead to the
differences between the two coupled runs. We conclude
that the clear heat content signal in the Indian Ocean
observed prior to ENSO extremes does not significantly
affect ENSO and related tropical variability.

¢. The “global” wave

Our results further suggest that the Pacific is the main
pacemaker for the generation of tropical interannual
variability. During ENSO extremes, the atmospheric
circulation is changed not only over the Pacific but
also over the other two tropical oceans, an adjustment
of the entire Walker circulation. Air-sea interactions
are found to be much less important in the Indian and
Atlantic Oceans. Thus, a good prototype scenario for
the variability in these two oceans is provided by the
equatorial ocean response to low-frequency periodic
winds, as described by Cane and Sarachik (1981). Ac-
cording to their study, the eastward phase speed ¢ of
the thermocline perturbation at the equator in case of
a zonal wind stress anomaly symmetric with respect
to the equator is approximately given by the formula

¢~ 2Xg/T,

with Xg denoting the basin width and T the period of
the forcing. The assumption of a symmetric wind stress
pattern is justified by our AGCM results (Fig. 4b) and
observations (e.g., Barnett 1983). Thus, the phase
speed is proportional to the basin width X. Since the
widths of the Indian and Atlantic Oceans are approx-
imately half that of the Pacific, we would expect the
eastward phase propagation also to be reduced by a
factor of 2. We find qualitatively such a behavior in
our uncoupled ocean model and HCM integrations,
with the phase propagations in the Indian and Atlantic
Oceans much slower than in the Pacific. It is this dif-
ference in the response characteristics of the different
equatorial oceans that makes the heat content anom-
alies appear to propagate around the globe. Although
linear ocean dynamics do not necessarily apply to the
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real tropical oceans, and coupled processes in the in-
dividual basins might be important in changing the
speeds of phase propagation, nevertheless, we suggest
that the scenario of Cane and Sarachik (1981) does
apply in our case [see, also, Chao and Philander (1993)
and Neelin et al. (1994)]. Thus, the “observed” slow
phase propagation of heat content anomalies around
the globe is nothing more than a coincidence arising
from the different geometries of the tropical oceans.

6. Forecast implications

Our findings also indicate some potential for suc-
cessful climate forecasts in the tropical Indian and At-
lantic Oceans. Many studies have shown that skillful
ENSO forecasts can be performed up to lead times of
about one year [see Latif et al. (1994) for a review].
If, at least during strong ENSO extremes, there is a
reasonably strong response in the tropical Indian and
Atlantic Oceans, it should be predictable to the extent
that the Pacific SST is predictable. The strongest warm
event in the Pacific was the 1982 /83 El Nifio. The year
1984, after this event, was characterized by anomalous
cold conditions in the Indian Ocean and anomalous
warm conditions in the Atlantic. We, therefore, chose
this period for a pilot study, and we used our HCM to
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forecast this period. Initial conditions were taken from
the uncoupled OGCM run with complete wind stresses
(Table 1, section 4a). We display in Fig. 9 time series
of the observed and forecasted SST anomalies in the
eastern equatorial Pacific (Fig. 9a), eastern Atlantic

(Fig. 9b), and western Indian Ocean (Fig. 9¢c), where
we expect the SST signals to be strongest (Fig. 4a).
Both the Indian Ocean and Atlantic SST anomalies
observed during the period 1982-84 are forecasted
reasonably well by the HCM initialized in January
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1982. The HCM seems to overestimate systematically
the SST anomalies during 1984, but please note that
these values correspond to forecasts initialized at least
two years in advance. Although this result is encour-
aging, a large ensemble of forecast experiments is
needed to estimate the true skill of our HCM in fore-
casting Indian Ocean and Atlantic SST anomalies. This
work is now under way and will be described in a
forthcoming paper.

7. Summary and discussion

We have studied the interactions in and between the
tropical oceans. Our main findings are the following:

1) The Pacific SST has a detectable impact on the
circulations of the Indian and Atlantic Oceans via wind
stress anomalies induced over those oceans. Essentially,
the Pacific SST anomalies cause an adjustment of the
entire tropical Walker cell, which in turn is manifest
in the changes of the near-surface winds.

2) The response in the Indian and Atlantic Oceans
can be approximated by the linear ocean response to
low-frequency periodic forcing.

3) Local air-sea interactions amplify considerably
the ENSO-induced anomalies in these two oceans, es-
pecially in the Atlantic.

4) The differences in the response characteristics of
the different oceans, especially those between the Indian
and Pacific Oceans, make the heat content appear to
propagate slowly around the globe. In fact, this appar-
ent result is due to a coincidence of tropical ocean ge-
ometry and equatorial wave dynamics.

5) We found that the Indian Ocean has virtually no
impact on the ENSO cycle in the Pacific. A coupled
model that produces realistically the ENSO signal in
the Pacific did so with and without anomalous Indian
Ocean heat content effects.

6) Inclusion of the effect of Pacific SST on the lower-
level circulation over the Atlantic and Indian Oceans
seems likely to increase the skill of predicting SST in
those oceans.

Our results indicate that ENSO has a significant im-
pact on the ocean circulation not only in the Pacific
but also in the Indian and Atlantic Oceans. Our ex-
perimental setup, however, is idealized because the in-
ternal atmospheric variability was not considered. Our
statistical atmosphere model (which is diagnostic) is a
“slave” to the ocean SST. As shown by Zebiak (1993),
the Atlantic does allow for independent air-sea inter-
actions, which are similar in nature to the ENSO cycle
in the Pacific. However, this variability is not self-sus-
tained so that an external forcing is required to excite
the coupled mode. That external forcing could well
come from the Pacific ENSO signal. But internal at-
mospheric variability is also a candidate for such an
external forcing. Thus, our results may overemphasize
the role of ENSO in forcing the Atlantic. However,
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although our results might be influenced too strongly
by ENSO, we suggest that ENSO forces, at least oc-
casionally, a detectable response in the Atlantic. This
is supported by our observational analysis, our AGCM
run (Figs. 4 and 5), and preliminary results from fore-
cast experiments with our HCM described above ( Fig.
9). The conditions in the Atlantic, however, are
changed by decadal climate fluctuations (e.g., Servain
1991), which could modulate slowly the growth con-
ditions for the Atlantic coupled mode and limit the
ENSO response to specific time periods.

The neglect of surface heat flux variations is another
weak point in our model simulations, especially over
the Indian Ocean, and this feedback is probably needed
to simulate correctly the Indian Ocean SST. Our
AGCM, when forced by observed SSTs, simulates
ENSO-related net surface heat flux anomalies over the
central and eastern equatorial Indian Ocean, which are
in phase with eastern equatorial Pacific SST, with typ-
ical values of the order of +10 W m™~2 during ENSO
extremes (not shown). The strength of these heat flux
anomalies is sufficient to account for the SST variance
observed in this region. The SST, however, does not
contribute much to the equatorial heat content in the
Indian Ocean, which is controlled by the surface wind
stress. Thus, our conclusions about the nature of equa-
torial Indian Ocean heat content anomalies and their
impact on the ENSO cycle is insensitive to the details
of the SST simulation.
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