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ABSTRACT

A 40-yr integration of an eddy-resolving numerical model of the tropical Indian Ocean is analyzed to
quantify the interannual variability that is caused by the internal variability of ocean dynamics. It is found
that along the equator in the western Indian Ocean internal variability contributes significantly to the
observed interannual variability. This suggests that in this location the predictability of SST is limited to the
persistence time of SST anomalies, which is approximately 100 days. Furthermore, a comparison with other
sources of variability suggests that internal variability may play an important role in modifying the Indian
monsoon or preconditioning the Indian Ocean dipole/zonal mode.

1. Introduction

The countries that rely on the rain provided by the
seasonal (Indian) monsoon are home to almost 2 billion
people. Their high population density implies that there
is only little tolerance for variation in the annual rain-
fall rate—too little leads to widespread droughts, too
much causes flooding. Thus, predicting the strength and
pattern of the monsoon is of utmost importance for
these societies. Recent studies show that the impact of
the monsoon is not restricted to the Indian Ocean (IO),
it can also affect El Niño (Wainer and Webster 1996;
Kirtman et al. 2004; Annamalai et al. 2005), and the
SST in the IO as a whole seems to affect the northern
midlatitudes in both the Atlantic and Pacific Oceans
(Deser et al. 2004; Hurrel et al. 2004). Understanding
and predicting the monsoon is a formidable task and
involves issues as diverse as African orography, Hima-
layan snowfall, ENSO, or ocean dynamics. An excellent
review of these topics is provided by Webster et al.
(1998); here we focus on ocean dynamics, and specifi-
cally their impact on IO SST.

The IO is different from the Atlantic and Pacific in
that it is bounded in the north, and that as a result of the
Indonesian low the prevailing equatorial winds are
westerlies, not easterlies. The main consequence of the

westerly winds is the absence of an equatorial upwelling
zone, and the main consequence of the surrounding
landmasses is a seasonal cycle of winds and currents
that is much stronger than in the Atlantic or Pacific.
Thus, the annual mean winds and currents are almost
negligible north of 10°S, but at their peaks these winds
and currents are as strong as any in the tropical oceans
(Schott and McCreary 2001 provide an overview over
the IO circulation and winds).

The unique boundary conditions make the IO inter-
esting to study in its own right; for climate prediction,
however, the attention necessarily focuses on the SST.
Much of the success of numerical weather prediction in
midlatitudes is a result of the fact that there the ocean
responds passively to changes in the atmosphere on
daily to seasonal time scales. The predictions are only
limited by the nonlinearity of the atmospheric weather
systems. Because of the high wave speed it is often
argued that in the Tropics the dynamics of both the
atmosphere and ocean can be linearized and, therefore,
pose no limits on predictability. There, however, non-
linearity can be introduced by positive feedbacks be-
tween atmosphere and ocean (Bjerknes 1969), leading
to El Niño in the Pacific (McCreary and Anderson
1984) and the zonal modes in the Atlantic (Zebiak
1993) and Indian Oceans (Murtugudde et al. 1998; Mur-
tugudde and Busalacchi 1999; Saji et al. 1999; Webster
et al. 1999). Thus, predictability and societal well being
in the Tropics relies critically on understanding SST. If
SST is entirely determined by surface forcing and
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boundary conditions, one only has to worry about ini-
tial conditions for the prediction model; if, however,
there are stochastic or nonlinear processes within the
ocean that affect the SST, there will be a limit to pre-
dictability.

For the midlatitudes, several authors demonstrated
that the observed internal variability of western bound-
ary currents could be understood within the framework
of the dynamical systems theory (Simmonet et al.
2003a,b, and references therein). These studies typi-
cally use high-resolution shallow-water or quasigeo-
strophic ocean models set in a rectangular basin with a
midlatitude double gyre. For certain ranges of Rossby
and Ekman numbers the solutions exhibit chaotic be-
havior, or limit cycle behavior, which is usually tied to
the strength of the inertial recirculation gyres near the
western boundary. The not very comforting picture that
emerges from these studies is that the nature of the
ocean circulation could be sensitive to parameters that
are not well known (e.g., friction or boundary condi-
tions). The present authors are not aware of a study
that shows the impact of this internal midlatitude vari-
ability on large-scale climate, but it can be speculated
that it affects the water mass properties and the heat
budget of the midlatitude oceans.

For the Tropics it has been suggested that “the tropi-
cal ocean response on interannual timescales is reason-
ably well captured by linear or weakly nonlinear ap-
proximations to the ocean dynamics” (Neelin et al.
1998). Main evidence for this is the success of relatively
simple coupled ocean–atmosphere models that display
El Niño-like behavior in spite of their linear ocean dy-
namics. However, the present authors recently con-
cluded several studies that show that internal variability
in the Tropics is a major source for interannual vari-
ability of the cross-hemispheric SST gradient in the At-
lantic (Jochum et al. 2004b) and of the zonal SST gra-
dient in the equatorial Pacific (Jochum and Murtu-
gudde 2004). To the extent that tropical climate
variability is a self-sustained variability that is made
irregular by low-order chaos (Tziperman et al. 1994) or
a disturbance of a basically stable state by stochastic
noise (Penland and Sardeshmukh 1995; Kessler 2002),
this internal variability has a profound impact on the
predictability of tropical climate. The present study is a
continuation of our work in the Atlantic and Pacific and
quantifies internal variability in the tropical IO. It also
complements recent studies by Waliser et al. (2003,
2004) who evaluate the impact of intraseasonal atmo-
spheric variability on IO SST.

Internal oceanic variability is caused by instabilities
of the wind-driven currents. Two conditions must be
met so that the resulting mesoscale eddy field can cause

interannual SST variability and introduce atmospheric
variability. Firstly, eddies must persist long enough so
that they can change the oceanic conditions for the next
season where the currents become unstable. The non-
linearities of the instability mechanism can then amplify
the small changes in the new initial conditions. Second,
because oceanic eddy scales are much smaller than the
atmospheric Rossby radius, eddies must modify the
ocean–atmosphere heat exchange, thereby affecting the
total heat in the mixed layer. Otherwise, they only
move heat around horizontally, and there will be no net
effect on the atmosphere. The tropical instability waves
(TIWs) in the Pacific and Atlantic fulfill both condi-
tions (Jochum et al. 2004a, 2005, hereafter JOC05).
Here we will analyze whether the IO eddies meet these
conditions. To isolate the effect of eddies on the inter-
annual SST anomalies we will necessarily have to use a
numerical model.

The next section describes the model and observa-
tions of the IO eddy field, sections 3 and 4 quantify
interannual variability in the IO, and the last section
provides a discussion on how our results relate to the
monsoon and its predictability.

2. Model description

The ocean model that is employed for this study is
the reduced gravity, primitive equation, sigma-
coordinate model of Gent and Cane (1989). It is
coupled to an advective atmospheric mixed layer model
(AMLM), which computes surface heat fluxes without
any restoring boundary conditions or feedbacks to ob-
servations (Seager et al. 1995; Murtugudde et al. 1996).
A variable-depth oceanic mixed layer represents the
three main processes of oceanic turbulent mixing,
namely, the entrainment/detrainment resulting from
wind and buoyancy forcing, the gradient Richardson
number mixing generated by the shear flow instability,
and the convective mixing related to static instabilities
in the water column (Chen et al. 1994). The model is
initialized with Levitus (1994) temperature and salinity
fields, driven by seasonal National Centers for Envi-
ronmental Prediction (NCEP) winds; thus, the forcing
is identical every year. Solar radiative forcing is taken
from the Earth Radiation Budget Experiment (Li and
Leighton 1993), cloud data are taken from Rossow and
Schiffer (1991), and precipitation is based on Xie and
Arkin (1998). Evaporation is determined by the
AMLM. The ocean general circulation model (OGCM)
has a 1⁄4-degree horizontal resolution and 12 layers in
the vertical. Along the boundaries at 25°S and 130°E,
temperature and salinity are restored to Levitus (1994).
The strength of the Indonesian Throughflow (ITF) is
determined by these boundary conditions and is ap-
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proximately 6 Sv (1 Sv � 106 m3 s�1), which is well
within the range of observed values (e.g., Godfrey
1996). The model is spun up for 20 yr; to analyze and
illustrate the mesoscale eddy field, we then saved every
sixth-day snapshots of all the model variables for 5 yr,
and to quantify the interannual SST variability we
saved monthly mean temperatures for another 40 yr.
From these 40 yr we constructed the model climatol-
ogy; the internal SST anomalies that are discussed here
are the deviations there from. Similarily, the eddy ki-
netic energy is computed as the kinetic energy of the
flow after the seasonal cycle has been removed.

It is important to note that with the atmospheric
boundary layer model as the upper boundary condition,
the model computes its own heat flux and can, there-
fore, develop its own SST. Neither is the SST artificially
damped back to climatology, nor will a positive ocean–
atmosphere feedback amplify small perturbations.

Unlike the Atlantic or Pacific Oceans, the IO warm
pool is on the eastern side of the domain (Fig. 1), which
is a direct result of the westerly winds created by the
convection over Indonesia (Gill 1980). The distribution
of the eddy kinetic energy (EKE) is no surprise either,
and its pattern and strength in the model is largely con-
sistent with observations of the sea surface height vari-
ability on subseasonal time scales (see Fig. 10 of Kessler
2004) or in situ observations (cf. Fig. 2, with the obser-
vations by Schott et al. 1990). The 15-day waves that

have been described by Schott et al. (1994) are not
reproduced, because they are directly forced by high-
frequency oscillations in the wind field (Sengupta et al.
2001), which, by construction, are not part of the NCEP
wind climatology used here.

3. Internal variability of SST

It is obvious that there is internal variability in a
turbulent system. The question to be answered here is
how large it is in the IO, and if it could affect climate;
thus, SST is the variable of choice used to describe the
internal variability. The observed SST is the result not
only of internal and atmospherically forced variability,
but it also reflects positive feedbacks between the
ocean and atmosphere. In principle, even an infinitesi-
mally small disturbance could then trigger the rapid
growth of anomalies in the coupled ocean–atmosphere
system. In that case, every mesoscale eddy would be
important. However, the seasonal cycle in the IO is
fairly stable and is dominated by the monsoon, which
suggests a stable system. The recently much-discussed
Indian Ocean dipole/zonal mode (IODZM), whose dy-
namics shows some similarities to ENSO, seems to be
strongly damped and climatically significant events
have only been reported 3 times since 1960 (see Anna-
malai and Murtugudde 2004 for a recent review). This
means that the interannual SST variability (Fig. 3) in

FIG. 1. Eddy kinetic energy (contour line: 200 cm�2 s�2, maximum: 2800 cm�2 s�2) superimposed on
the annual mean SST.
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FIG. 2. Alongshore velocity at 0°, 44°E at 100-m depth. Like in the observations the flow shows strong
intraseasonal variability and the maximum velocity can reach 2 m s�1. Note that because of nonlinearity
of the flow the velocities are different from year to year, although the wind forcing is the same. This
makes the interpretation of observations difficult.

FIG. 3. Standard deviation of the interannual monthly mean SST anomalies (after Reynolds and
Smith 1994). Note that the landmass is taken from the model to facilitate comparisons.
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the IO has to be mostly the result of external atmo-
spheric forcing and internal oceanic variability. In fact,
Tourre and White (1995) showed that between one-
third and one-half of the observed interannual variabil-
ity is a result of ENSO. While the debate about the role
of ENSO in forcing the IO variability will continue, the
focus here is on the magnitude of the internal variabil-
ity in the IO at interannual time scales.

Waliser et al. (2003, 2004) employ the same OGCM
that is used in the present study (albeit with coarser
resolution), and find that in the central equatorial IO
and the Bay of Bengal the rectification of the Madden–
Julian oscillation onto the SST produces interannual
SST anomalies of about 0.3 K, which is comparable to
the observed interannual variability. This leaves much
of the observed interannual variability in the western
equatorial IO and south of the equator still unex-
plained. Interestingly, these are the areas where we find
significant internal SST variability (Fig. 4).

The largest internal variability is found in areas of
high EKE (cf. Figs. 1 and 4), which have all been dis-
cussed already in the literature. Because the present
focus will be on SST, only a brief overview of their
dynamics will be provided here.

Nof et al. (2002) demonstrate that the Indonesian
Throughflow, as it enters the IO through the Lombok
Strait and Timor Passage, has to break up into eddies.

These eddies are then amplified by baroclinic instability
in the South Equatorial Current (Feng and Wijffels
2002). They travel west between 10° and 20°S, and, on
encountering the northern tip of Madagascar, they trig-
ger more eddies that travel south in the Mozambique
Channel (Schouten et al. 2002).

The mesoscale energy in the Bay of Bengal has been
explained by Vinayachandran and Yamagata (1998) as
the result of barotropic instability of the Wyrtki Jet and
the Southwest Monsoon Current. These instabilities
generate vorticies that travel northwestward, and then
stall and decay at the eastern coast of India.

The large mesoscale energy along the African coast
and the tongue that extends along the equator toward
the Maldives is analyzed in detail by Kindle and
Thompson (1989). The barotropic instabilities of the
seasonally reversing Somali current and the East Afri-
can coastal current create large gyres that can be seen
along the Somali coast, and Yanai waves that carry
energy into the eastern IO (Tsai et al. 1992).

The comparison of Figs. 3 and 4 show that in a large
part of the IO mesoscale variability explains a substan-
tial part of the observed interannual variability. It is
important to notice that this is not just the effect of
eddies with long periods, that is, averaging the SST over
a season instead of over a month still yields approxi-
mately 70% of the SST anomaly shown in Fig. 4 (not

FIG. 4. Standard deviation of the interannual monthly mean SST anomalies (model result). Note that
the model is driven by climatological forcing, therefore, the result here is the result of internal variability
only.
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shown). Thus, not only do the mesoscale eddies stir
heat around, they can make a net contribution to the
mixed layer heat budget. This is similar to the tropical
Atlantic and Pacific, where JOC05 showed that TIWs
(the dominant form of mesoscale eddies in the tropical
Atlantic and Pacific) make not only a local contribution
to the mixed layer heat budget by moving heat from the
area north of the SST front to the equatorial cold
tongue, but they also make a global contribution be-
cause they increase the heat flux from the atmosphere
into the equatorial thermocline by increasing the verti-
cal entrainment of heat. Before the details of the eddy
heat flux will be discussed in the next section, it is im-
portant to clarify where eddies could matter for climate
variability.

In the present study the atmosphere is passive and
forces the ocean. This enables us to unambigously iden-
tify the effect of eddies on the SST, but leaves us to
speculate on the effect of eddies on climate variability.
It safe, however, to assume that the impact of the SST
anomalies depends not only on the magnitude of the
anomaly but also on the spatial extent of the anomalous
patch. Also, because the IO climate is dominated by the
seasonal monsoon, any interannual anomaly of rel-
evance should be at least of the same order of magni-
tude as the magnitude of the annual cycle. In large
areas of the IO, the internal variability is a significant

fraction of the annual cycle (Fig. 5); if nothing else, this
means that in these areas it takes long observational
records to establish confidently the seasonal cycle of
SST. Figure 5 also shows the same ratio computed from
observations. In the areas of large EKE the values are
fairly similar. The biggest difference is in the tongue
that stretches from Sumatra toward the western IO, the
pattern of which clearly reflects the signal of ENSO and
the IODZM (see Annamalai and Murtugudde 2004).

The autocorrelation lengths of the anomalies in the
model are approximately 200 km along the coast of
Somalia and the two coasts of India, and approximately
400 km along 15°S and the coasts of Sumatra and Java,
which is much smaller than the atmospheric Rossby
radius of 1000 km. This suggests that there the internal
variability of SST that is introduced by the mesoscale
eddy field is only of local importance and is unlikely to
play an important role in modifying the monsoon or
affecting the IODZM. If IO climate can be modified or
controlled by mesoscale eddies at all, the western equa-
tor around 55°E is the most promising area. First, the
autocorrelation length is approximately 1000 km. Sec-
ond, it is a center of action for the IODZM; SST
anomalies there project directly on the IODZM and
have the potential to impact the local Walker cell and,
thus, the regional coupled variability (Hastenrath et al.
1993). Therefore, the next section will focus on the

FIG. 5. Standard deviation of the interannual monthly mean SST anomalies divided by standard
deviation of the annual cycle. The superimposed contour lines show the same quantity computed from
observations.
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mesoscale eddy field in the western Indian Ocean
(WIO).

4. The western Indian Ocean

The interannual variability of the dynamic fields in
the WIO has already been noted in the modeling study
of Kindle and Thompson (1989). Wirth et al. (2002)
quantified this effect to explain the observed interan-
nual variability in the position of the Great Whirl. In
both studies, the interannual variabilities are the result
of the nonlinearities of the flow field, and are not due
variability in the forcing fields. In the previous section,
the effect of the nonlinearities on the internal variabil-
ity of the SST has been quantified. This section pro-
vides a more detailed look into the eddy heat flux and
the local heat budget.

If the mesoscale variability varies from year to year,
this does not necessarily lead to a different SST. The
current mixing length paradigm would suggest that ed-
dies just move heat around, either diabatically near the
surface via wave breaking (Kessler et al. 1998) or adia-
batically below the mixed layer via thickness fluxes
(Gent and McWilliams 1990). Thus, averaging over an
eddy time and length scale would leave no net effect
on the SST. In the WIO, however, the autocorrela-
tion length of the SST anomalies is approximately
1000 km, and the autocorrelation time is approximately

3 months. This suggests that eddies make a net contri-
bution to the mixed layer (ML) heat budget. A warmer
SST is then the result of stronger eddy activity. This
process has already been analyzed for the interaction
between TIWs and the equatorial ML in the Atlantic
and Pacific Oceans (JOC05)—TIWs move surface wa-
ter back and forth over patches of strong entrainment
cooling. Outside of these patches a water parcel is
heated by the atmosphere; when the heated water par-
cel moves across the entrainment area the heat is mixed
into the thermocline. Thus, in contrast to the current
mixing length paradigm, in the ML eddies can generate
a horizontal heat flux with closed particle orbits. For
the IO the area of significant net eddy heat flux con-
vergence is shown in Fig. 6. It is restricted to the WIO
and is connected to the coastal upwelling off of the
Somali coast and the Ekman divergence along the
equator during the strong monsoon winds (McCreary et
al. 1993; Wacogne and Pacanowski 1996). The analysis
of the seasonal cycle further supports the connection
between eddy heat flux, ML depth, and EKE (Fig. 7).
Whereas EKE has two distinct peaks (July and Novem-
ber), only the second peak is matched by a peak in heat
flux convergence. The first peak is accompanied by a
deep ML; therefore, the wind stirring fails to further
increase the entrainment and cannot mix down the heat
that is provided by eddies. Thus, in July, eddies mostly

FIG. 6. Mean eddy heat flux convergence in the ML of the WIO (contour lines: 0.2°C month�1).
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just stir heat around adiabatically, but in November
they actually change the ML heat budget. Another way
to look at this asymmetry is that, in case of a shallow
ML, the atmosphere does not provide all of the heat
that could possibly be mixed down. Eddies increase the
heat supply. In the case of a deep ML, wind stirring
does not provide enough energy to mix down the heat
that is provided in excess by eddies.

The results so far suggest that there is an analogy
between the TIWs in the Atlantic and Pacific and the
mesoscale variability in the WIO. In all three domains,
eddies generate a significant internal variability of SST
and make an important net contribution to the ML heat
budget as a result of the interaction between horizontal
eddy advection and localized entrainment cooling. In
the Pacific and Atlantic, the entrainment is generated
by wind stirring of a shallow ML and equatorial Ekman
divergence. This is also the case for the WIO, but, in
addition, there is also coastal upwelling along the So-
mali coast. A snapshot from October illustrates how the
surface water cools off as it flows toward the coast
along 2°S (Fig. 8). In an adiabatic environment the flow
would be along isotherms, but here the water flows over
an area of shallow ML depth (Fig. 9) where it is ex-
posed to increased entrainment cooling.

The ML heat budget of the IO is largely a local bal-
ance between net atmospheric heat flux and vertical

entrainment (Rao and Sivkumar 2000; Shenoi et al.
2002), and the WIO is no exception. However, the com-
bination of a thin ML and high background SST can
make eddies in the WIO an important source of noise
for the atmospheric circulation. Mesoscale activity
leads to irregular bursts of warming, which produce the
interannual SST anomalies discussed here (Fig. 10).
The entrainment cooling is largely determined by the
seasonal wind field and, therefore, is more regular, al-
though the mesoscale eddies can occasionally affect the
entrainment rate (Fig. 10; early summer of year 22). In
this particular location, the net contribution of eddies
to the heat budget is small in the years 23–25. In year
22, eddies also increased the entrainment rate so that
their heat is mixed into the thermocline; the net oceanic
heat flux convergence in the ML does not differ much
from the following 3 yr, although it is phase shifted. In
year 21 eddies significantly change the ML heat budget,
which gives rise to the interannual SST variability dis-
cussed here.

The pronounced minimum of the net atmospheric
heat flux in the summer is a result of two components:
the minimum of solar insolation and the maximum of
the latent heat loss during the onset of the summer
monsoon. Increased horizontal eddy heat flux is asso-
ciated with reduced latent heat loss and increased en-
trainment (years 21 and 22). Thus, eddies mix heat into

FIG. 7. Seasonal cycle of (left) eddy heat flux convergence (solid line) and ML depth (100 m)�1 (dotted
line) and (right) the EKE (broken line) in the ML of the WIO (average between 2°S and 2°N and
between 46° and 50°W).
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FIG. 8. Snapshot of surface velocity anomalies superimposed on SST anomalies during one particular
Oct (contour interval: 0.2°C). Note how at 2°S the water crosses isotherms, giving rise to a positive eddy
heat flux convergence.

FIG. 9. The ML depth for the same time as in Fig. 8. Comparison with Fig. 8 shows how the strongest
cooling of the water occurs in the shallowest part of the ML.
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the thermocline and prevent it from being lost to the
atmosphere. This suggests that during times of strong
eddy activity the Findlater jet picks up less moisture,
which can have implications for the strength of the
monsoon rain over India. The current model configu-
ration, however, is unable to provide insights into the
responsible processes. Its atmospheric mixed layer
model computes the heat flux based on, among other
things, horizontal advection and the diffusion of heat.
This depends on the direction of the wind in relation to
the SST distribution. The WIO eddies in this model
change the SST but not the wind, whereas, in reality, we
would expect the wind to change according to the SST
distribution. Thus, the model response in latent heat
loss resulting from SST anomalies does not necessarily
represent all of the processes. The atmospheric mixed
layer model was chosen for the current study because it
allows for an unambiguous quantification of the inter-
nal SST variability; a full AGCM is needed to investi-
gate the effect of this internal variability on the atmo-
sphere.

5. Summary and discussion

A high-resolution primitive equation ocean model
with climatological forcing has been used to study the

internal variability of the IO. In most of this domain the
internal variability appears to be negligible, compared
to the seasonal or observed interannual variability. The
exception is the WIO, where internal variability ex-
plains a significant part of the observed interannual
SST variability; it is comparable to interannual SST
variability that is introduced by ENSO or the Madden–
Julian oscillation. Large internal variability in the WIO
has a direct implication for observations: The effect of
mesoscale variability in the observational records can-
not be removed by simply averaging over the eddy time
scale. The eddies make a net contribution to the mixed
layer heat budget; because the generating instability
processes are nonlinear this contribution will vary and
the SST will be different from year to year, even under
climatological forcing. Moreover, this uncertainty will
affect seasonal climate forecasts because it could re-
duce the forecast time to the presistence time of SST
anomalies, which is, at least for the equatorial Pacific,
approximately 100 days (Kessler et al. 1996).

Large internal SST variability is restricted to the
WIO, but it projects directly onto the zonal SST gradi-
ent and can change its seasonal cycle. This can have
implications for the onset and development of the
IODZM. It can also affect the amount of moisture that

FIG. 10. Five-year time series of oceanic heat flux convergence, averaged from 2°S to 2°N and from
46° to 50°E and smoothed with a 60-day running average: horizontal heat flux convergence (black line),
vertical entrainment (red line), total oceanic convergence (blue line), and net atmospheric heat flux
(green line). Note that, in contrast, Fig. 7 discusses temperature advection and MLD depth separately,
whereas heat flux convergence combines both variables.
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is picked up by the Findlater jet and delivered to the
Indian subcontinent during the southwest monsoon.
Rodwell and Hoskins (1995) demonstrate that the ver-
tical structure of atmospheric heating over the WIO
and the Horn of Africa determines the latitude at which
the Findlater jet turns east in the Northern Hemi-
sphere; therefore, WIO mesoscale variability may be an
important component in the irregularity of Indian mon-
soon rainfall. It should be pointed out that for societies
that are affected by the monsoon rainfall, extreme
events are more relevant than the statistical measures
that are described in the previous sections. Extreme
events from the present OGCM study suggest that
large-scale SST anomalies with peaks of up to 2°C are
possible (Fig. 11). Of course, the potential effect of
internal variability on climate variability as lined out
above is speculative and has to be supported by coupled
model studies, which will be the focus of the authors’
research in the future.

As far as the interaction of eddies with the ML is
concerned, the presented results suggest that there is an
analogy between the equatorial Pacific and Atlantic
and the WIO. In all three domains eddies are created
by instabilities and act on a background state of thin
MLs, which are caused by the equatorial Ekman diver-
gence. The difference between the WIO and the other

two equatorial domains is that in the WIO the up-
welling is at the western side of the domain and also has
a contribution resulting from coastal upwelling. This
complicates not only the analysis of model results, but
also the theoretical developments and observational
verification. Whereas the TIWs can be analyzed in a
two-dimensional framework, the WIO eddies have to
be understood in the presence of coastal boundaries
and a seasonally reversing western boundary current.
For example, much of our knowledge about TIWs
comes from surface drifter data, which yield reliable
meridional eddy heat fluxes when averaged zonally
(e.g., Hansen and Paul 1984; Baturin and Niiler 1997).
This, of course, is not practicable in the WIO, and one
needs a dense arrays of moorings, similar to the ones
used to study the TIWs (e.g., Qiao and Weisberg 1998).
In the absence of such observations, the present study
relies heavily on trust in the realism of the model, in
particular, the vertical mixing and the ML model. How-
ever, in the past, the present configuration of the model
has been used successfully to study upper ocean and
mesoscale physics (see JOC05 and references therein).
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