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ABSTRACT

A simple coupled ocean-atmosphere model, similar to that of Zebiak and Cane, is used to examine the
dynamic and thermodynamic processes associated with El Nifio/Southern Oscillation (ENSO). The model is
run for 300 years. The interannual variability which results is regular, with a period of either 3 or 4 years,
quantized by the annual cycle. The amplitude (~ 1.5 m s~! wind and 2°C SST anomalies), period and structure
of the interannual variability compare well with observations. The model warm event is initiated in the spring
prior to the event peak, and is well described as an instability of the coupled system. During instability growth,
the sea surface temperature (SST) anomaly is primarily generated by vertical upwelling processes. The SST
anomaly can be approximately described by the expression d7/9t = Kyh — a*T, where T is the SST anomaly,
t time, A the upper layer thickness (pycnocline) perturbation and a* an effective damping time which includes
heat loss to the atmosphere. K- parameterizes vertical upwelling and mixed layer processes.

Oceanic wave dynamics determines the fate of the growing instability. The warming of the SST produces
westerly wind anomalies in the equatorial central Pacific, forcing equatorially trapped Rossby waves that propagate
freely to the western boundary. These waves reflect at the western boundary, sending upwelling equatorial
Kelvin waves back to the central basin. These cooling Kelvin waves act to terminate instability growth and
rapidly plunge the coupled system into a cold regime. The western boundary reflection is necessary for event
" termination. The system returns from a cold regime via reduced heat flux to the atmosphere and, to a lesser
extent, by wave induced processes like that which lead to the warm event termination. The interannual variability
is not produced by vacillation between two equilibrium states: a cold and a warm state. The growth rate to
either the cold or warm state is too slow for the system to achieve equilibrium, even for a basin the size of the
Pacific. The model results indicate that shortly after the initial set of gravest mode Rossby reflections on the
western boundary, the instability growth is already being substantially moderated by the equatorial wave processes
in the ocean. Thus the system is oscillatory around a single basic state.

Of the Rossby waves produced in the central Pacific by the warm event, only the two gravest mode symmetric
modes are important in the reflection process, which produce the Kelvin waves that terminate the warm event,
In nature, the actual western boundary for the equatorial Pacific wave guide is very ambiguous. Calculations
indicate, however, that efficient reflection of the gravest symmetric Rossby waves from a more realistic boundary
than the meridional wall in the model is possible. Finally, if the model is indeed simulating the correct processes
controlling ENSO events, the nature of the instability mechanism that leads to growth and the wave-induced
termination of the model warm event suggests that, for realistic instability growth rates for the coupled equatorial
ocean-atmosphere system, interannual variability analogous to ENSO should not be possible in equatorial
basins significantly smaller than the Pacific.

2889

1. Introduction

The El Nifio/Southern Oscillation phenomenon
provides a very interesting focus for studies of coupled
ocean-atmosphere interaction in the tropics. It is also
an important problem for the economies of many
tropical Pacific nations (Canby 1984 ). Some scientists
feel that a better understanding of the phenomenon
may lead to some skill in climate predictability. It is
the goal of this research to examine the dynamics and
feedback mechanisms that act to form interannual
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variability in the tropical Pacific. Recently, elements
of the El Nifio/Southern Oscillation (ENSO) phe-
nomenon in the tropical Pacific have been documented
rather thoroughly, particularly the atmospheric wind
anomalies, outgoing longwave radiation and the
oceanic sea surface temperature (SST) perturbations
(e.g., Rasmusson and Carpenter 1982; Wright et al.
1987). In addition, we have obtained some information
concerning upper layer (the top 300 meters, say)
oceanic motions associated with the past two ENSO
events. These studies provide the necessary background
for comparison with model results, but by themselves
have not lead to a complete dynamical description of
the phenomenon. '
To approach the coupled ocean-atmosphere prob-
lem analytically the physics must be simplified tre-
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mendously. Both the atmosphere and the ocean are
nonlinear, dynamically and thermodynamically. The
coupling between the two media is also highly nonlin-
ear. However, Hirst (1986, 1987) has made some prog-
ress in understanding the coupled system by simplifying
the coupling mechanisms and ocean thermodynamics,
and linearizing the entire system. In particular, he has
highlighted the importance of the form of the (param-
eterized ) ocean thermodynamics to the type of the re-
sultant ocean—-atmosphere instability. Hirst’s results
explain, for example, why the unstable disturbances
postulated by Gill (1985) propagate westward, while
those of Philander et al. (1984 ) propagate eastward. As
Hirst’s work is a linear instability study the interpre-
tation of the results is somewhat hindered by the in-
herent nonlinearities of the system and the inhomo-
geneous basic state. . _

A hierarchy of coupled numerical models exist, or
are'being built, which will provide unique contributions
to the understanding of this coupled ocean—atmosphere
problem. Zebiak and Cane (1987) have taken the in-
termediate path. They have developed a numerical
model that is still an anomaly model, yet includes more
. realistically the basic physics of the problem. Specifi-
cally, they retain a reasonable approximation of the
mean seasonal state and the nonlinearity associated
with the ocean-atmosphere coupling and the ocean
and atmosphere thermodynamics. Their model warm
events are similar to the observations, at least in terms
of evolution and patterns associated with the SST
anomalies, and, to a lesser extent, in terms of the wind
anomalies in the equatorial band (within 5° of the
equator). Zebiak and Cane have looked at the sensi-
tivity of the model to changes in the values of various
parameters specified in their model. These results have
been interpreted in the framework of event predict-
ability by looking primarily at the time series of SST
evolution at various locations in the Pacific Ocean.

The seeming success of the Zebiak and Cane model
in simulating ENSO-like events is promising. The
physics contained in the model seems to be sufficient
to give realistic looking interannual variability. Yet
fundamerital questions concerning the mechanisms
and dynamics of event onset and decay as simulated
by this model have not been answered. An under-
standing of these mechanisms is crucial for us to de-
termine whether or not this is a reasonable model of
the coupled system. If we are able to define these
mechanisms we should also be able to shed some light
on some basic questions concerning how the ENSO
events are affected by the details of the coupling pa-
rameterization, the geometry of the ocean basin(s),
and stochastic forcing associated with unrelated climate
variability. : .

In this study we will use a model very similar to that
of Zebiak and Cane (1987) to define the physical pro-
cesses acting to produce (model) ENSO events. Em-
phasis will be placed on describing the dynamical and
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thermodynamical nature of the mechanisms that trig- -
ger the coupled instability, maintain the unstable
growth and lead to the demise of a warm event. A brief
description of the model physics is presented in section
2 with governing equations provided in appendix A.
A discussion of model calibration and of the differences
between the model used in this study and that of Zebiak
and Cane is also presented in section 2 and appendix
A. In section 3 we analyze the dynamical and ther-
modynamical evolution of a warm event in a standard
case which is representative of all model warm events.
Various sensitivity studies are performed in section 4,
which help to substantiate the conclusions of section
3. In section 5 we critique the results obtained and
discuss additional model experiments. The conclusions

- are presented in section 6.

2. Model deéc‘ription

The model consists of an ocean whose evolution is
treated prognostically, coupled to an atmosphere,
whose state is determined diagnostically at each time
step (Zebiak 1985; Zebiak and Cane 1987). Both the
ocean and the atmosphere are anomaly models about
a seasonally varying mean state which is described be-
low (all mean fields are interpolated at each time step
from the monthly mean prescribed values). The ocean
is forced by the anomalous wind stress, T, and the at-
mosphere is forced by latent heat release, which is a
function of the convergence of the wind field and the
SST anomaly. Both of the forcing terms are nonlinear.
The ocean model domain is a rectangular basin (30°N-
30°S, 124°E-80°W); the atmosphere is modeled on
an equatorial 3-plane (see appendix A).

The ocean part of the model consists of an upper
layer, topped by a fixed depth surface (mixed) layer,
overlaying a deep motionless layer. SST is calculated
separately and does not directly affect the ocean dy-
namics. The surface currents are driven by the wind
stress and retarded by Rayleigh friction. SST is changed
by (nonlinear) advection by surface currents, upwelling
and heat fluxes to the atmosphere. The upwelling is
prescribed in terms of the divergence of the mixed layer
currents and represents the entrainment into the sur-
face layer. The upper layer, which includes the surface
layer, is governed by linear shallow water wave dy-
namics. The mean state of the ocean SST is that given
by Rasmusson and Carpenter (1982, hereafter RC).
The mean upper layer currents are calculated by forcing
the model with the RC mean seasonal winds. With this
prescribed mean state, the ocean anomaly model gives
a reasonable composite El Nifio SST anomaly when
forced by the RC composite wind anomalies (see
below).

The atmospheric component of the model is the
simple linear two layer Gill (1980) model of a thermally
forced tropical atmosphere. The forcing of the atmo-
sphere depends on the total atmospheric convergence
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and the initial SST perturbation and is calculated it-
eratively (Zebiak 1986). There is no explicit time de-
pendence in the equations that define the atmospheric
variables; the atmosphere is treated as being in steady
state on the time scale of the ocean changes. When the
model atmosphere is forced by either the RC composite

SST anomalies or the 1982-83 Pacific SST anomalies, -

the surface wind anomalies in the equatorial band are
similar to the observed anomalies (Zebiak 1986). Sig-
nificant differences arise away from the equator at all
longitudes, and on the equator in the eastern Pacific
where the model produces easterly anomalies where
no anomalies are observed (Gill 1980; Gill and Ras-
musson 1984). The model equations are presented in
appendix A for completeness and to facilitate discus-
sion.

Following Zebiak and Cane (1987) and Zebiak
(1985), the atmosphere model was coded and cali-
brated. The uncoupled atmosphere model yielded re-
sults virtually indistinguishable from those of Zebiak
and Cane when forced with the RC composite El Nifio
tropical Pacific sea surface temperature anomalies
(SST) and the 1982-83 SST anomalies. The oceanic
model is virtually identical to that of Zebiak and Cane,
with the following notable exceptions: (i) the fictitious
meridional boundary “coastal” Kelvin waves are now
eliminated and (ii) a slightly different parameterization
of the subsurface temperature anomaly T is used [ 7
affects the ocean SST through upwelling (see section
3a)]. This model physics is summarized in appendix
A and comprises the “standard physics™ case 1, the
results of which are described in section 3. The full
model equations and the values of the parameters used
are listed in appendix A.

The uncoupled ocean anomaly model was tested for
the standard physics case by forcing the ocean with the
observed RC composite wind anomalies. The model
SST response, shown in Fig. 1, was then compared to
the composite SST anomalies. Since Zebiak and Cane
followed a similar procedure in calibrating the ocean
model, it is not surprising that the model SST response
is similar to the observations (except in the narrow
coastal band of Peru), and very close to those of Zebiak
and Cane. (Zebiak and Cane attribute the failure of
the model to produce a coastal warming prior to the
basin wide warming to inadequate coastal resolution
in the SST calculation.)

3. Dynamics and thermodynainics of a model ENSO

The ocean is initially perturbed by a prescribed zonal
wind anomaly patch in the western Pacific. The cou-
pled model is then run freely for 300 years. The inter-
annual variability for this run, which is characteristic
of the model in general, is summarized in the time
versus amplitude plots for the first 40 years of SST at
various locations in the basin (Fig. 2). For the standard
physics case, the amplitude (~1.5 m s™' wind and
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FG. 1. (a) The uncoupled SST anomaly in the Nifio 1 region for
the standard physics case ( dashed line) and the Rasmusson and Car-
penter (1983) composite El Niiio (solid line). (b) As in (a), but for
Nifio 3. In the model, Nifio | extends from 10° to 5° south, and 6°
offshore (to the equivalent of 87°W), and Nifio 3 covers the area
(5°S-5°N, 90°-150°W),

2°C SST anomalies) and period (3-4 years) of the in-
terannual variability are quite realistic. The model does,
however, have a penchant for regular and often periodic
behavior. The details of any two events may exhibit
subtle differences, but the spacing between events is
never less than 3 years or more than 4 years. The ir-
regular or aperiodic behavior obtained by Zebiak and
Cane after ~20 years of integration is not reproduced
(see section 5). ,

The evolution and horizontal structure of the SST
and wind anomalies (Figs. 2, 3) is similar to the ob-
servations and consistent with the uncoupled results
and those found by Zebiak and Cane. The maximum
SST and wind anomalies in the model are usually in
December-January, although the second maximum in
June-July is sometimes just as strong. The off-equa-
torial wind anomalies are unrealistically strong but this
does not effect the coupled response significantly, as is
demonstrated by a sensitivity study in which the at-
mospheric wind outside of the equatorial band was
suppressed (Fig. 2b). As noted by Zebiak (1985), the
SST anomaly tends to be too confined meridionally
compared to the observations. Finally, as noted by Ze-
biak and Cane, the warm events persist about three
months longer than the composite warm event. Model
cooling commences in July, whereas observed warm
events begin to subside in April.

We will now focus on the physical processes asso-
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FIG. 2. (a) The coupled model response for the standard physics case: Nifio 1 (solid line),
Nifio 3 (fine dashed line) and Nifio 4 (long dashed line) (Niiio 4 spans (5°S-5°N, 150°W~
160°E). (b) As in (a), but the winds beyond 5° of the equator are filtered to zero (case 11).

ciated with growth, peak and decay of a warm event.
We arbitrarily choose an event in the time series of the
standard physics case (case 1) and take a detailed look
at all of the thermodynamic and dynamic processes
that come into play during each of these stages. This
event is representative of all events (and thus the model
composite event) in the standard physics case.

a. The thermodynamics

The SST tendency is determined from the following
equation:

aT)ot = —u,- V(T + T)—&-VT
— 8[A(W; + wy) —~ A(W,)]0T/dz
~ 8A(W, + w1)8T/3z — o, T (3.1)

where T (T) is the anomalous (mean ) sea surface tem-
perature, ¢ is a thermal damping coefficient, w is the
anomalous surface layer upwelling (w; = H,V-u,),
@, and w, are the mean annual surface currents and
upwelling velocity, é is an efficiency coefficient, and A
is defined in (AS). The first two terms on the right-
hand side of (3.1) are the horizontal advection terms.
The third and fourth terms represent the effects of
anomalous upwelling in the presence of the mean ver-

tical temperature gradient, d7/9z, and the total up-
welling in the presence of the anomalous vertical tem-
perature gradient, d77/9z, respectively. The final term
is linear damping, which can be interpreted as the ten-
dency of T due to heat loss to the atmosphere. Each
of the terms in (3.1) is examined for areas in the basin
which correspond to the commonly used indices, Nifio
1 [10° south to the equator, and 6° offshore (to the
equivalent of 87°W)], Nifio 3 (5°S-5°N, 90°-150°W)
and Nifio 4 (5°S-5°N, 150°W-160°E) regions. These
areas are representative of the equatorial coastal eastern
Pacific, eastern Pacific and the central Pacific. Ras-
musson and Carpenter (1982) have used SST averaged
over these areas as an indicator of the oceanic inter-
annual variability. .
Following Zebiak (1985), the balance of terms in
the ocean thermodynamic equation (3.1) are plotted
in Fig. 4 for the period September of integration year
11 [denoted September(11)] through October(14).
This period spans the warm event centered on Janu-
ary(13). Time versus longitude plots of SST (Fig. 5),
upper layer thickness perturbation /4 (Fig. 6) and zonal
wind stress anomaly (Fig. 7) averaged for the equatorial .
band centered on the equator summarize this event
evolution. From October(11) to approximately Janu-
ary(12) the SST anomaly in the central/western Pacific
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is very small; none of the terms in (3.1) are significant
(Fig. 4¢). Through January(12) in the eastern and
central Pacific, warming is occurring due to radiative
effects and, in the eastern Pacific (Nifio 3), due to up-
welling on a weakened vertical temperature gradient
(Fig. 4b). In the first few months of year 12 the eastern
Pacific exhibits weak positive SST anomalies, which
develop due to both the upwelling term and, to a lesser
extent, horizontal advection (cf. Fig. 14a, b). Note that
the warming resulting from the upwelling term is due
to a weakening of the vertical temperature gradient
through an increase of the upper layer thickness # > 0
(interpreted as a deepening of the pycnocline) (Fig. 6)
while the total upwelling changes only slightly.

By June(12), the SST begins to rise at a much faster
rate in the eastern Pacific, primarily due to the increase
in the advective warming in the central/eastern Pacific.
Westerly wind anomalies are also reducing the up-
welling in the central Pacific and, combined with the
increased SST anomalies and the plateauing of the
subsurface temperature anomaly (i.e., /), act to keep
the vertical upwelling processes at the same intensity.
In the coastal regions, however, there are easterly
anomalies on the equator that give rise to stronger up-
welling on a weaker than normal vertical temperature
gradient (i.e., a warmer surface layer). It is this process
that is most effective in warming the coastal regions.
Note that at this time in the central/eastern Pacific
(Nifio 3; Fig. 4b), the advection terms act to warm
more efficiently as time progresses from April(12) to
September(12), due to changes in the mean upper layer
currents i1, and to the enhancement of favorable mean
horizontal SST gradients from the minimum in March
to a maximum in September. The relative importance
of the individual horizontal advection terms is exam-
ined in section 3c.

The processes that act to warm the SST in the cen-
tral/eastern Pacific and the central Pacific regions are
very different. The end result, however, is to produce
an essentially uniform growth in SST anomalies east
of ~140°W., In the western/central Pacific (Nifio 4;
Fig. 4c) the growth rate is much smaller because hor-
izontal advection is being opposed by net cooling due
to upwelling processes (positive but weak upwelling
where the net vertical temperature gradient is anom-
alously very strong). The anomalies grow and reach
their maximum amplitude in December(12) or Jan-
uary(13). From September(12) onward, growth is
being significantly tempered by thermal damping. In
addition, in the central and eastern Pacific advective
effects are weakening as spring approaches and the cli-
matological mean SST gradients approach their min-
imum. The subsurface temperature anomaly T is also
maximum in February(13) and hence the warming
due to upwelling in the presence of a weakened vertical
temperature gradient along the coast is now decreasing
in strength.
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Progressing from spring to June(13) a secondary
maximum in SST anomaly occurs in the eastern Pa-
cific, which is primarily due to the enhancement of the
climatological mean currents, upwelling and horizontal
SST gradients. However, in June(13), there is a dra-
matic onset of cooling due to the anomalous vertical
advection. This happens because, although upwelling
is still small in this region, it is positive and increasing
rapidly in strength from March to September. In ad-
dition, the subsurface temperature 7 is decreasing since
the A perturbation is decreasing (Fig. 6). The net effect
is increasing upwelling on an increasing total vertical
temperature gradient and hence rapid cooling.

From the state of zero SST anomalies in October(13)
cooling proceeds rapidly east of the dateline, primarily
via the total upwelling in the presence of an anoma-
lously cold subsurface temperature (4 < 0). In the
western Pacific cooling commences as advection de-
creases in importance and eventually acts to cool as
the surface currents respond to the changing zonal wind
stress anomaly. The return to the mean state from the
maximum cold event is primarily due to thermal
damping in all regions and, away from the coast, due
to changes in the vertical thermal structure (i.e., /)
with strong upwelling (Fig. 4b, c). By the end of year
14 the system is in a state very similar to the one it was
in at the end of year 11.

b. The dynamics

To examine event dynamics, the ocean current and
upper layer thickness fields and the atmospheric wind
stress will be projected on the ocean orthogonal modes
(see Gill 1983, appendix B). This procedure is useful
since the ocean dynamics is acting as the memory in
the system (the thermal damping times of the atmo-
sphere (~2 days) and the ocean ( ~125 days) are much
shorter than the climate time scales of interest) and
the dynamical mode tracing is straightforward.

The model event discussed in section 3a is described
in terms of the amplitudes of the oceanic eastward
propagating Kelvin wave, ¢y, and amplitudes of the
long, westward propagating Rossby waves, g,,, m = 1.
It will be useful to note the following wave properties
described in more detail in appendix B. A positive, or
westerly, zonal wind stress anomaly forces a positive
eastward propagating Kelvin wave, and negative west-
ward propagating Rossby waves. A positive amplitude
Kelvin wave denotes a Kelvin wave with eastward cur-
rent anomaly and positive upper layer thickness
anomaly (4 > 0). The positive thickness anomaly is
interpreted as a downward perturbation of the pyc-
nocline resulting in a positive subsurface temperature
anomaly T;. So in the absence of any horizontal ad-
vection, a positive go will lead to a positive 7 that, in
the presence of mean upwelling, gives a surface warm-
ing. In the absence of wind forcing at the oceanic me-






