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Abstract

An atmosphere-ocean coupled model is used to study the effects of a
zonally sloping thermocline on the coupled oscillatory modes in the
tropics. A two and one half layer oceanic model is coupled with the steady
state Gill's atmospheric model. A constant depth mixed layer is included
in the upper layer. The SST variation is calculated in the mixed layer. The
interface of the two active layers is sloping and prescribed as the observed
20°C isotherm in the Pacific Ocean. The formula of Seager et al. (1988) is
used to compute the entrained water temperature anomaly.

The unstable waves behave like the propagating modes with greater
SST anomalies observed in the eastern Pacific Ocean. It is found that the
coupled instabilities are very sensitive to the steepness of the tilted thermo-
cline in the central Pacific Ocean. A series of numerical experiments have
been performed, with different thermocline profiles. An interannual
oscillation is self-sustained when a realistic thermoecline profile is
specified. The initial disturbance slowly decays and comes back to the
equilibrium state of rest when the thermocline slope becomes steeper. The
oscillation amplitude increases significantly when a flatter thermocline is
used. An additional numerical experiment is conducted to investigate the
role of the western boundary reflection. It is found that the reflection does
not change the oscillatory period though it affects the amplitude. A

simpler conceptual model is also used to explain the physics.

ix



1. Introduction

Oceanic variability in the tropical ocean, especially interannual
fluctuations, has been studied extensively over the past two and a half
decades. The great efforts to explore the dynamics of the equatorial oceans
have been motivated by the interannual cccurrences of global climate
fluctuations associated with unstable air-sea interactions in the tropics.
The most prominent interannual climate variability in the tropics is the El
Nifio/Southern Oscillation (ENSO) phenomenon. The ENSO is defined as
massive intrusions of warm tropical waters into the eastern equatorial
Pacific Ocean and the shifts of the atmospheric pressure between the
center in the western Pacific Ocean/eastern Indian Ocean and the center

in the eastern Pacific Ocean. The globally catastrophic consequences
| associated with this climate fluctuation, such as the severe damages to the
fishing industry of the southern American countries, disastrous flooding
in the eastern coast of America or persistent droughts in Australia have
attracted unprecedented joint efforts from both the oceanography and the
meteorology communities to tackle the ENSO problems.

The ENSO modelling started with the study of either the ocean or
the atmosphere. Wyrtki (1975) suggested that the interannual occurrences
of warming SST in the eastern Pacific Ocean are due to the remote forcing
in the central and western Pacific Ocean caused by a relaxation of the
trade wind. Wyrtki's hypothesis has been supported by many numerical
models (e.g., Hurlburt et al., 1976; McCreary, 1976; Inoue and O'Brien,
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1984). The atmospheric responses to the anomalous SST fields have also
been studied extensively (e.g., Shukla and Wallace, 1983; Keshavamurty,
1982).

The anomalous SST associated with El Nifio is usually accompanied
by unusual atmospheric conditions. For example, remarkable anomalous
conditions of both the atmosphere and the ocean were observed in the
tropical Pacific during the International Geophysical Year in 1957 and
1958. Bjerknes (1969) proposed that such unusual atmospheric and
oceanographic conditions were not just a unique coincidence but were two
aspects of the same phenomenon. There have been more complete
measurements taken which support Bjerknes's theory. For example, in
May 1982, modest westerly wind anomalies were observed in the western
equatorial Pacific Ocean and subsequently extended eastward. This
meteorological condition coincided with an eastward expansion of warm
SST waters. From the meteorologist's point of view, the westerly wind
anomalies were caused by the warm SST. However the SST anomaly itself
was amplified by the westerly winds. Such a circular argument indicates
that the interaction between the atmosphere and the ocean is the heart of
ENSO (Philander, 1990). The full understanding of this phenomenon
requires the studies of the interactions between the atmosphere and the

ocean.

1.1 Review of coupled atmosphere-ocean models in the tropics
The intriguing hypothesis that ENSO is the result of a strong
coupling between the ocean and the atmosphere in the tropics has

stimulated the increasing number of studies in the area of tropical air-sea
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interactions. To date there have been many coupled atmosphere-ocean
models developed to understand the ENSO phenomena. All the models
attempt to address the same question: how can the ocean and the
atmosphere interact to produce an interannual oscillation? As many
models have shown, if a SST anomaly alters the atmosphere in such a way
that the induced surface winds further intensify the anomalous SST, then
the interactive system of the ocean and the atmosphere becomes unstable.
Since the early 1980's, studies of the coupled ocean-atmosphere
interactions have developed very rapidly from some highly idealized
simple models to the coupled general circulation models of full
complexity. All the coupled models can be arranged in a hierarchy of
increasing dynamical complexity (McCreary and Anderson, 1991) as: (a)
conceptual and simple coupled models, (b) intermediate coupled models,
(c) coupled general circulation models (CGCM), and hybrid coupled
general circulation modeis (HCGCM) (HCGCM are those coupled models
in which one component is a GCM and the other component is a simple

model).

1.1.1 Conceptual model and simple models

As categorized by a recent review paper by McCreary and Anderson
(1991), conceptual models are those which drastically reduce the spatial
structure of the atmosphere and the ocean to a coupled system which,
consisting of a few variables, depends on time only. They represent the
ocean and the atmosphere with simplified, but familiar, sets of partial
differential equations. Conceptual and simple models usually depend on a

number of assumptions in order to reduce the model complexity. Not all of
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these simplifications can be rigorously justified in a real coupled system.
However, they are very useful to provide a conceptual framework in which
essential mechanisms can be identified. Conceptual and simple models
are often used to diagnose the more complicated models. There are two
primary hypotheses regarding the nature of ENSO in the conceptual and
simple models (Hirst, 1990). The first hypothesis is that ENSO may be a
self-sustained low-frequency regular oscillation built into the coupled
system. The second one is that the coupled system is unstable, and a
suitable initial disturbance might "trigger” an ENSO episode.

Several instability analyses have also been conducted on highly
idealized models (e.g., Philander et al. 1984; Hirst, 1986; Gill, 1985;
Yamagata, 1985; Neelin, 1991). Both the atmospheric and the oceanic
models were represented by the linear shallow water equations in the one-
layer reduced-gravity model and the equatorial B-plane was used. Gill's
atmosphere model was used in these models. Those conceptual and
simple models analytically proved that very low frequency instabilities are
possible when the linear ocean and atmosphere models, neither of them
having instabilities, are coupled together. The essence of developing the
linear coupled instabilities is the positive feedbacks between the
atmosphere and the ocean.

Although the unstable air-sea interaction is the essential
mechanism for the instabilities in all the linear simple models, the
evolution and behaviors of different models could be very different. For
example, when Philander et al. (1984) assumed that the SST anomaly was
proportional to the deviation of the main thermocline depth, i.e., the

thermodynamics were completely dominated by the upwelling/






