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ABSTRACT

A model is used to study ocean-atmosphere interaction in the tropics. The model ocean consists of the
single baroclinic mode of a two-layer ocean. Thermodynamics in the upper layer is highly parameterized.
If the interface is sufficiently shallow (deep), sea surface temperature is cool (warm). The model atmosphere
consists of two wind states that interact with the ocean according to the ideas of Bjerknes. When the eastern
ocean is cool, the trade winds expand equatorward in the central Pacific, simulating an enhanced Walker
circulation (WC). When the eastern ocean is warm, the trade winds expand eastward, simulating an enhanced
Hadley circulation (HC) there. For reasonable choices of parameters, the model oscillates at all time scales
associated with the Southern Oscillation. .

The WC has positive feedback with the ocean. This interaction generates persistence, and thereby makes
it possible for solutions to oscillate at long time scales. Interaction of the HC with the ocean prevents the
model from ever reaching an equilibrium state. Wind curl associated with the HC generates a Rossby wave
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in the subtropics. It is the travel time of this wave across the basin that sets the oscillation period of the.

model.

1. Introduction

Why does the Southern Oscillation (SO) exhibit a
time scale of 2-9 years? Atmospheric models suggest
that the atmosphere does not intrinsically have such
a time scale. For example, they adjust very rapidly
in a few weeks time to a prescribed change in sea
surface temperature (Julian and Chervin, 1978;
Rowntree, 1979). On the other hand, ocean models
do have a natural time scale of this order. For ex-
ample, they react to a change in surface wind stress
partly by radiating baroclinic Rossby waves. The
propagation speed of these waves is a strong function
of latitude, varying from ~0.8 m s™! at the equator
to zero at the poles. As a result, a first baroclinic mode
Rossby wave crosses half the Pacific Ocean (7500 km)
in ~ two years at 15°N and in ~ nine years at 30°N
[see the discussions of Eqgs. (8) and (10)]. An intrigu-
ing hypothesis is that the two fluids interact to form
a strongly coupled system with an inherent time scale
of 2~9 years.

Bjerknes (1966, 1969) suggested a simplistic, but
very useful, way of describing how the ocean and
atmosphere interact in the tropical Pacific. He envi-
sioned the atmospheric circulation there to be com-
posed of two distinct components: a Hadley circu-
lation (HC) and a Walker circulation (WC). The HC
is a meridional convection cell driven by the tem-
perature contrast between the equator and midlati-
tudes. When equatorial sea surface temperature (SST)
is anomalously warm, air converges toward the equa-
tor, rises over the warm anomaly, and then flows
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poleward and eastward in the upper troposphere.
Neighboring trade winds north and south of the equa-
tor strengthen, and teleconnections to midlatitudes
result in increased westerlies there. Because of the
low-level convergence, sea level pressure (SLP) is
anomalously low near the equator and high in the
subtropics. The WC is an equatorial convection cell
that responds to SST gradients along the equator.
When SST is cool in the eastern Pacific, convection
is inhibited there. Air descends to the surface, flows
into the western Pacific, and finally rises over the vast
region of warm SST there. This cell is closed by east-
ward flow in the upper troposphere. In association
with the low-level flow field, equatorial SLP is anom-
alously low in the western Pacific and high in :the
eastern Pacific. ‘
There is a close connection between the WC and
the SO. A defining property of the SO is that it in-
volves a massive exchange of air between the south-
eastern Pacific Ocean and the eastern Indian Ocean,
particularly near Indonesia. The observational basis.
for this exchange is that low-frequency fluctuations
of SLP tend to vary out-of-phase between the two
regions. Consequently, changes in the gradient of SLP
along the equator are associated with this exchange.
So, the WC is strong (weak) when the state of the SO
is such that the South Pacific High and the Indonesian
Low are both anomalously strong (weak). ’
Bjerknes further suggested that ocean-atmosphere
interaction in the tropics can strongly influence the
state of the SO. He noted that the WC has positive
feedback with the ocean. Suppose, initially, that SST
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in the eastern Pacific is cool, that the WC is well-
developed, and that the ocean is in equilibrium with
the surface wind field. In order to balance the surface
wind stress, an eastward pressure gradient exists in
the surface layers of the ocean. Now, if a warm SST
anomaly appears in the eastern Pacific, the SST gra-
dient along the equator weakens and so does the WC.
Surface winds are no longer strong enough to balance
the eastward pressure gradient in the ocean. Near the
equator (where the Coriolis parameter is very small)
warm surface water flows down the pressure gradient
from the western ocean into the eastern ocean, de-
pressing the pycnocline and further increasing SST
there. So, the zonal SST gradient again decreases,
which again weakens the WC, and so on. This feed-
back loop rapidly acts to eliminate the WC entirely
and culminates in an El Nifio event in the eastern
Pacific. A similar argument suggests that a cool SST
anomaly in the eastern Pacific will act to strengthen
and finally to maintain the WC. Thus, the ocean and
atmosphere interact to switch the WC either fully off
or on, thereby changing the SLP gradient along the
equator and causing a persistent shift in the state of
the SO.

This paper describes the response of a coupled
ocean—atmosphere model that is designed to simulate
the interaction processes suggested by Bjerknes as
simply as possible. The model ocean consists of the
single baroclinic mode of a two-layer ocean, or equiv-
alently, corresponds to the gravest baroclinic mode
of a continuously stratified ocean. The model at-
mosphere exists in one or the other of two wind states
corresponding to either a strong WC or an enhanced
HC, and the choice of state depends on SST in the
eastern ocean. The ocean has positive feedback with
the WC, and this interaction acts to keep the WC
either off or on, that is, to generate persistence. The
important result of this paper is that for reasonable
choices of parameters solutions oscillate with periods
of the order of 2-9 years. Wind curl associated with
the HC generates a Rossby wave in the subtropics,
and it is the travel time of this wave across the ocean
basin that sets the oscillation period.

In order to point out both the strengths and lim-
itations of this simple model, the paper briefly com-
pares model assumptions and results with observa-
tions. There is no attempt, however, to review ade-
quately the large, and rapidly increasing, body of
literature concerning the SO and related phenomena.
Fortunately, several recent papers provide a good
overview of the field. Wright (1977) and Quinn (1980)
discuss many aspects of the SO and its relationship
to El Nifo. Julian and Chervin (1978) review the
historical evidence that supports the existence of the
WC. Horel and Wallace (1981) describe the global
atmospheric events that occur in association with the
SO; in particular, they document atmospheric tele-
connections from the equator to midlatitudes. Enfield
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(1981) summarizes the changes in ocean circulation
that occur along the coast of South America during
an El Nifio event. Rasmusson and Carpenter (1982)
provide a comprehensive picture of the changes in
the wind field and SST that occur throughout the
Pacific during El Nifio. Atmosphere and ocean mod-
els of various aspects of the phenomenon are dis-
cussed by Horel and Wallace (1981) and O’Brien et
al. (1981), respectively. There are very few coupled
ocean—-atmosphere models. Examples that illustrate
various possible approaches are Bryan et al. (1975)
and Manabe et al. (1975), McWilliams and Gent
(1978), Nicholls (1978) and Wright (1979).

2. The Model
a. The model ocean

In a state of no motion, the model ocean consists
of a thin, upper layer with depth H and density p
overlying a deep, inviscid, lower layer with density
p + Ap. Vertical mixing is strong enough so that wind
stress acts like a constant body force in the upper
layer. Linear equations of motion, describing the re-
sponse of the baroclinic mode of the system, are

u,— Byv + p; = F + »,Vu
v+ Byu+ p, = G+ V0
Pl + U +v,=0

(1

The x-axis is oriented eastward, and the y-axis is ori-
ented northward with its origin at the equator. Zonal
and meridional velocity fields are u and v, respec-
tively, p is the pressure field, v, is the coefficient of
horizontal eddy viscosity, 8y is the Coriolis param-
eter, and c is a’characteristic speed of the baroclinic
mode. Forcing in the model is given by F = */H and
G = 77/H, where 7" and 7* are the zonal and merid-
ional components of the wind stress, respectively.
Finally, the pressure ficld is closely related to the
thickness of the upper layer, 4; that relation is

h=H + p/g', 2

where g' = gAp/p, and g is the acceleration of gravity.

The model involves four parameters that have
fixed values throughout this study. They are 8 = 2
X 100" m} s, H=100m, g = 0.02 m s2 and
v, = 10* m? s™'. All of these choices are standard.
The horizontal mixing coefficient is large, but hori-
zontal mixing does not play an important role in the
dynamics of the model (see the discussion in Section
2¢). A final parameter is the characteristic speed c,
and unless specified otherwise ¢ = 2.50 m s™!. Usually,
in a model of this type ¢ = (gH)"? = 1.41 m s\
However, it is also possible, and perhaps more real-
istic, to interpret equations (1) as describing the re-
sponse of one of the low-order baroclinic modes of
a continuously stratified ocean (Lighthill, 1969; Moore
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and Philander, 1978), and the choice of ¢ to be 2.50
m s~! corresponds to that of the gravest mode. In any
case, solutions for several different choices of ¢ are
contrasted (see the discussion of Fig. 6).

One process that can affect SST in the tropxcs is
upwelling along the equator and the eastern bound-
ary. This upwelling does not come from great depths,
but rather is confined to a depth /. near the ocean
surface (McCreary, 1981). It is logical to suppose that
if the thermocline is deeper than 4., SST will be
weakly affected by this process, since only warm water
can upwell to the ocean surface. Conversely, if the
thermocline is shallower than 4., SST will be signif-
icantly cooled by upwelling. Thermodynamics in the
model is parameterized to simulate this process. SST
is assumed to be related to 4 according to

warm, h=h.
cool, h<h,,

where /£, is an, as yet, unspecified depth.

Other processes (horizontal advection, local heat-
ing and cooling) certainly contribute strongly to the
development of SST anomalies. Nevertheless, changes
in SST and thermocline depth associated with the SO
and El Nifio events do appear to be related in a man-
ner like that given in (3). For example, the thermo-
cline is very near the surface in the eastern equatorial
Pacific (presumably # ~ A.), and at low frequencies
there is an excellent correlation between thermocline
depth and SST (Hickey, 1975; Wyrtki, 1975; Busa-
lacchi and O’Brien, 1981). The thermocline is deep
in the western Pacific (4 > h.), and there is a poor
correlation between thermocline depth and SST
(Hickey, 1975, Wyrtki, 1975). During El Nifio, the
thermocline drops approximately 100 m along the
coast of South America (h > h.), and even though the
winds are favorable for upwelling, SST is anoma-

lously warm (Enﬁeld 1981).

) The ocean is confined to a rectangular basm in the
region, —L < y< L and 0 < x < D, where L = 4500
km and D = 10 000 km. No-slip conditions are ap-
plied at boundaries, so that

SST is { (3

(4a)

With F symmetric and G antisymmetric about the
equator, u is symmetric and v is antisymmetric. In
that case, an additional symmetry condition is

u=v=0 atsidewalls.

(4b)

Solutions to (1), subject to conditions (4), are found
numerically in the northern half-basin utilizing a nu-
merical scheme that is essentially the same as that
described by Gent and Semtner (1980). (Indeed, they
graciously provided me with a listing of the code for
their model.) Fields are evaluated on a staggered grid,

with standard finite-difference forms for the operators
. 9y, 8, and V2. The Coriolis terms are formulated in

u,=v =0 atthe equator.
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a manner that conserves energy (Holland and Lin,
1975). The leap-frog method is used to advance the
equations in time; every 500 time-steps an Euler-
backward step is included in order to inhibit time-
splitting. The zonal grid spacing is 100 km, the me-
ridional grid spacing is 150 km, and the time step is
1/8 day. Finally, the code is fully vectorized for use
on the CRAY-1 computer at NCAR, Boulder, Col-
orado. As a result, it is possible to obtain a 20-year
simulation in just two minutes of computer time.

b. The model atmosphere

The model atmosphere is composed of three
patches of zonal wind stress 74, 7, and 7,. The forms
of the wind fields are

Th = TonX(X — X)) Yi(¥)

Tw = TowX(X — X) YY) ¢ » (5)
Ty = TopX(X = Xp) Y(y)
where
X(x) = cos2nx/D), x| < D/4 )
Yi(y) = 1 — cos2my/M)], ¥l < M
Y0) = il + cos@ryNl, <N2 . (6)
Yy(y) = [l — 008(21ry/>\)], <X
X=Y,= =Y,=0, otherwise
In every case o5 = —0.05 N'm™2, x5 = x,, = 5000
km, and A = 3000 km. Unless specified otherwise,

1on = —0.025 N m™2, x, = 7500
km and A, = 3000 km. The location and structure
of 7, and 7,, in the northern half-basin are indicated
in the upper and lower panels of Fig. 1, respectively;

" the structure of 7, is the same as that of 7, but it is

located in the central, rather than the eastern, ocean.
7, represents a strengthened HC in the eastern Pacific,
that is, a region of strengthened trades centered off
the equator. 7, represents an increased equatorial
wind in the central and western Pacific associated
with a well-developed WC. 7, represents a steady
background component of the Pacific trade winds.

The wind stress acting on the ocean at any time
is given by

h,> h,

"o he< h,, @

x Tb+Th,
T+ T,

where h, is the value of s at the eastern, equatorial
boundary, that is, at x = 10 000 km, y = 0 km. There-
fore, the wind exists in one or the other of two states
that respond to SST in the eastern equatorial ocean.
When h, < h,, so that the eastern equatorial ocean
is cold, the WC is strong. In this case, the trade winds
expand equatorward to fill the region of weak equa-
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FiG. 1. The near-equilibrium responses of the model ocean to the wind patches, 7, and 7, in the upper and lower panels,
respectively. The location and structure of each wind field is indicated in the panels, and is described more precisely in Egs.
(5) and (6). The panels show the depth of the model interface after 10 years of time development. The contour interval is
10 m, there is no 100 m contour, and the unshaded region indicates depths greater than 100 m. Except for boundary layers
the solutions are in Sverdrup balance. In each case, wind curl generates a ridge in the central and western ocean, and the

interface is shallower than 100 m in the eastern ocean.

torial winds associated with 7,. When 4, > A,, so that
the eastern equatorial ocean is warm, the HC in the
eastern ocean is strong. In this case, the trade winds
expand eastward. Thus, the ocean acts as a switch
that shifts the trade winds from one flow pattern to
another.

According to (7), 7, does not interact with the
ocean. For this reason the presence of 7, is not es-
sential to the dynamics of the model. Its only effect
is to influence the values of A, that allow the model
to oscillate [see the discussion of inequality (16)]. It
is possible, in fact, to formulate the model atmosphere
with no reference at all to 7,.

7, was chosen to resemble as closely as possible
actual fluctuations in the Pacific equatorial trades.

Hickey (1975) and Wyrtki (1975) show time series
of equatorial wind-stress anomalies averaged over
various longitudinal bands in the Pacific. They dem-
onstrate that the strongest anomalies associated with
El Nifio are confined to the central Pacific; moreover,
the amplitude of the anomalies is of the order of 0.05
N m™2. More recently, Barnett (1977), Pazan and
Meyers (1982) and Rasmusson and Carpenter (1982),
each using a different analysis technique, provide
more information about the horizontal structure of
these wind anomalies. In each of their analyses, a
region of weakened trades is concentrated in the cen-
tral Pacific and from 10°S to 10°N. Finally, Bjerknes
(1966), Hickey (1975) and Rasmusson and Carpenter
(1982) note that this wind anomaly is most strongly
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developed shortly afier SST becomes anomalously
warm in the eastern Pacific, in agreement with (7).
Indeed, it is this last property that originally suggested
to Bjerknes that the atmosphere does respond to
changes in equatorial SST. '

Recent studies, however, suggest that the weak-
ening of the equatorial trades does not proceed as
simply as the previous paragraph suggests. They
weaken first in the far western Pacific before the
warming of SST in the eastern ocean (Chiu and Lo,
1979; Barnett, 1981; Busalacchi and O’Brien, 1981).
Thus, the collapse of the WC during El Nifio occurs
in at least two stages. There is no mechanism in the
present study that simulates this initial wind change.
In addition, other studies point out that the position
where convection takes place in the western Pacific
(and therefore the strength of the WC) depends on
other factors than solely SST in the eastern Pacific
(Krueger and Gray, 1969; Cornejo-Garredo and
Stone, 1977).

Here 7, was chosen to simulate an increase in the
HC in the eastern Pacific in response to warm SST
anomalies there. There is no obvious feature in the
Pacific extra-equatorial trade wind field that closely
resembles 7,. There are, however, significant changes
in the extra-equatorial trades throughout the Pacific.
Hickey (1975), Wyrtki (1975) and Sadier and Kil-
onsky (1981) show time series of extra-equatorial
trade wind anomalies from various regions of the
Pacific. The amplitudes of these anomalies are often
as large as the equatorial ones, and they are promi-
nent in the eastern Pacific. There are also examples
in several studies of an inverse relationship between
the equatorial and extra-equatorial wind anomalies,
although that relationship is never as clearly defined
as that in (7). Hickey (1975) notes a tendency for the
trades from 5°N-10°N to be negatively correlated
with the winds from 5°S-5°N in several longitudinal
bands. During and after the 1957 El Nifio, the south-
east trades were significantly stronger than normal in
the regions 10-20°S, 120-180°W and 0-10°S, 90-
120°W; similarly, during and after the 1965 El Nifio,
the southeast trades increased from 10-20°S in the
longitudinal bands 90-120°W and 150-180°W
(Wyrtki, 1975). Toward the end of the 1976 El Nifo,
there was an increase in the northeast trades even
though the equatorial winds remained anomalously
weak (Sadler and Kilonsky, 1981). In addition,
Bjerknes (1974), Krueger and Winston (1975), Pazan
and Meyers (1982) and Rasmusson and Carpenter
(1982) all show regions of increased extra-equatorial
trades at various stages in the development of El
Nifo.

c. Adjustment to equilibrium

In order to understand why this coupled model
oscillates, it is useful to understand how the model
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ocean itself adjusts to equilibrium with the wind.
Fortunately, the adjustment to a switched-on wind
stress patch is well understood (Cane and Sarachik,
1976, 1977; Moore and Philander, 1978; McCreary,
1976, 1977, 1980; Hurlburt et al., 1976; Kindle,
1979). In addition to a local response, Rossby and
Kelvin waves radiate from the patch. The propaga-
tion speeds of these waves differ markedly. Equato-
rially trapped Kelvin waves travel most rapidly at a
speed c to the east. The fastest equatonially trapped,
nearly non-dispersive, Rossby waves travel at a speed
¢/3 to the west. Farther from the equator the speed
of Rossby waves decreases markedly with latitude,
and a good approximation is

¢, = Be*/f* = c/(BYD). (8)
The equatorially trapped Kelvin waves propagate into
the eastern ocean, where they reflect poleward along
the eastern boundary as coastal Kelvin waves, and
westward as Rossby waves. The Rossby waves prop-
agate into the western ocean where they reflect equa-
torward along the western boundary, and eastward-
as equatorially trapped Kelvin waves. Only after the
passage and multiple reflection of these transient
waves throughout the basin does the model ocean
adjust to equilibrium with the wind. Thus, the re-
sponse of the ocean to the wind is necessarily basin-
wide. '

The adjustment of the model ocean to abrupt
changes in the equatorial winds is rapid and not a
smooth process. Before the ocean can approach equi-
librium with the wind, a damped oscillation occurs
that is related to reflection properties of equatorially
trapped waves. The equatorially trapped Kelvin wave
and the fastest, equatorially trapped, Rossby wave are
strongly excited and both waves reflect efficiently
from the eastern and western ocean boundaries, re-
spectively. The total transit time for a Kelvin wave
to propagate across the ocean and the fastest, reflected
Rossby wave to return is

t=Xx/c+ 3x/c=4x]/c. 9)
This transit time is a natural resonance period for a
bounded equatorial ocean (Cane and Sarachik, 1977,
Kindle, 1979). For the values of x and ¢ mentioned
above, t = 1.6 X 10’ s =~ 6 months, a time scale much
shorter than that associated with the SO.

The adjustment of the model ocean to changes in
extra-equatorial winds is gradual. Rossby waves are
efficiently generated in regions of wind curl, and be-
fore the ocean can approach equilibrium with the
wind, these waves must cross the ocean basin to the
western boundary. The time for a Rossby wave at the
latitude y to travel a distance x is

t = x/c, = Bxy?*/ct (10)
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The region of minimum curl associated with 7, in
(5) and in Fig. 1 is located at x = x;, = 7500 km,
y = 2250 km. For these values of x and y, and for
the values of 8 and ¢ mentioned above, ¢ =
12.2 X 107 s =~ 4 years. This time scale is typical for
the SO. :

Horizontal mixing is unimportant nearly every-
where in the ocean basin, and a good approximation
for the equilibrium state is the inviscid Sverdrup bal-
ance

V= 6_I(Gx - Fy)

U= —L vedx = —f7! L (G — F,),dx , (1)

p=—[ 0F,~Fx+y6+5
D

where 7 is a constant still to be determined. Hori-
zontal mixing is important only in narrow boundary
layers. For example, for 7, as defined in (5), F,, is
discontinuous at y = A/2, and so (11) has a discon-
tinuous u-field along this latitude. A boundary layer
acts to smooth the u-field there. In addition, for gen-
eral F and G, (11) satisfies only the boundary con-
dition that u# = 0 at the eastern boundary. Boundary
layers at all basin boundaries are required to satisfy
the other boundary conditions of (4a). The pressure
field is a conserved quantity in the basin, so that

L D
f dyf pdx = 0.
-L 0

If the contribution to (12) from the various boundary
layers is ignored, it follows that

(12)

p=a [ a [ [ om - pav - 56]ax a3y

where 4 = 2LD.

Recall that the pressure field is closely related to
the thickness of the layer by (2). Thus, the pressure
field in (11) describes how mass is redistributed
throughout the basin by the wind. Suppose that the
wind field acts to increase the layer thickness in the
interior ocean. Then, the layer thickness must de-
crease elsewhere. In particular, the amount of that

" decrease along the eastern boundary is p/g’. Let A be
the equilibrium thickness at the eastern boundary.
Then, '

h=H+ plg. (14)

It is important to realize that A, and thus SST in the
eastern ocean, is affected even though there is no local
~wind stress change there.

Fig. 1 shows the near-equilibrium depth of the
model interface in response to 7, and 7,, as defined
in (5). There is only a trace of transient Rossby waves
remaining in the northwest corner of both panels,
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and the solutions are very nearly in Sverdrup balance.
In each case, there is a net deepening of the interface
in the ocean interior (unshaded region), and a rise at
the eastern boundary. Let 4, 4, and 4, be the equi-
librium depths at the eastern boundary for 7,, 7., and
74, Tespectively. After 20 years of model spin-up, their
values are A, = 79.4 m, A,, = 84.7 m, and A, = 71.5
m. According to (13) and (14), h, = H + (vo4/
gH)3\D/4xL) = 80.1 m, h, = H + (10,/8 HYAD/
4zL) = 86.7 m and A, = H + (ros/g’H)YAD/2xL)
= 73.5 m, in fair agreement with the model results.
Differences between the model calculation and the
Sverdrup balance ‘are almost entirely due to the
smoothing of the u-fields along latitudes where F,,
is discontinuous.

d. Oscillation conditions

The present model has two components of ocean-—
atmosphere interaction that are essential for solutions
to oscillate at long time scales. The first involves the
interaction of the ocean with the WC, and provides
a mechanism of positive feedback that is very similar
to the one proposed by Bjerknes. The second requires
the HC, and prevents the system from ever reaching
equilibrium. It is possible to describe both compo-

“nents in terms of inequalities involving properties of

the equilibrium states discussed above.
A necessary condition for the existence of positive
feedback in the model is that the inequality

h,<H (15)

holds. In other words, the effect of 7,, must be to raise
the interface in the eastern ocean. Consider the fol-
lowing argument. Suppose initially that 4, rises until
h, < h,, so that SST in the eastern ocean becomes
cool and the WC switches on. Provided that (15)
holds, the ocean will subsequently adjust to a state
where 4, is even shallower. Thus, once 7, switches
on it becomes difficult to switch it off, and so the WC
exhibits persistence. A similar argument shows that
if 7,, switches off, it will be difficult to switch it on
again. As we shall see, solutions with and without
positive feedback differ markedly. In particular, if
(15) does not hold, solutions do not oscillate at long
time scales (see the discussion in Section 3c).

Let h_bw = h_w + (h.b - H) and h-bh = hh + (h-b - H)
be the equilibrium values of 4 at the eastern ocean
boundary in response to 7, + 7, and 7, + 74, re-
spectively. Then a sufficient condition for the model
to oscillate is that the inequality

Ebh < hc < h—bw (16)

holds. In other words, v, + 7, must be sufficiently
strong to cool SST in the eastern ocean, but 7,
+ 7, must not be. This inequality ensures that the
model can never reach a state of equilibrium. Suppose
initially that 4, deepens until /4, > A, so that SST in
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the eastern ocean becomes warm and the HC switches
on. Subsequently, A, begins to adjust to A, a state
in which A, < h, and SST in the eastern ocean is
cool. Therefore, at some time during this adjustment
the HC must switch off. A similar argument shows
that the WC cannot remain switched on indefinitely.

The inequality, 4, < A,,, implicit in (16), puts strin-
gent limits on the location, the horizontal structure
and the minimum amplitude of 7, that will allow the
model to oscillate. The expression requires that 7,
must be able to raise the interface in the eastern ocean
more than 7,, does. For the choices of 7, and 7, de-
fined in (5) the inequality does hold; moreover, it is
still satisfied provided that 7o, < —0.0167 N m™2.
However, suppose that x, = 2500 km so that 1, is
shifted to the western ocean. Then, assuming Sver-
drup balance 4, = H + (ros/g'HY\D/4xL) = 93.4
> h,, and the inequality is not satisfied unless 7oy
< —0.05 N m~2. As another example, suppose that
A, 1s decreased by a factor of 2 so that 7, is more
confined to the equator. In this case, 4, = H + (1o/
g H)(3AD/87L) = 90 m > A,,, and the inequality will
hold only if o5, < —0.0375 N m~2.

3. Results

a. The model Southerr; Oscillation

Initially, the model ocean is in balance with 7,
alone. Figs. 2 and 3 describe in detail the subsequent

ol
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response of the model for the choices of 7, and 7,
defined in (5). Fig. 2 shows the time development of
h, (solid curve) and also of 4, (shaded area), where
h,, is the depth of the interface in the western equa-
torial ocean at x = y = 0 km. Fig. 3 shows the hor-
izontal structure of the ocean response at various
times during one oscillation cycle. To emphasize the
changes that occur during the cycle, Fig. 3 does not
include the steady background state due to 7,. In both
figures, A, = 53.5 m, and since #,, = 50.9 m and
Ay, = 56.2 m, it follows that (16) is satisfied. The
model, then, cannot reach equilibrium but rather
must oscillate. This oscillation is the model simula-
tion of the SO.

The dominant feature in Fig. 2 is the presence of
an oscillation with a period of four years. Transitions
from one wind state to another are marked by striking
changes in the state of the ocean. For example, three
months after the WC switches off 4, increases ~70
m from 4. to a peak value greater than 120 m. Nine
months later, there is a second weaker peak, and fif-
teen months later there is an indication of a very weak
third peak. This oscillation is caused by multiple re-
flections between ocean boundaries of equatorially
trapped waves that are generated when the WC
switches off abruptly [see the discussions of (9) and
Fig. 6]. Twelve months after the switch, the eastern
ocean has very nearly recovered; 4, returns to a level
only ~10 m deeper than #.. This year-long event is

10

150 1 1 1 1
10 i

years

FIG. 2. The depth of the model interface in the eastern equatorial ocean (solid curve) and in the western equatorial ocean (shaded’
area). External tic marks indicate the value of A, = 53.5 m. When the solid line is above (below) 4., SST in the eastern ocean is cool
(warm), 7. is on (off) and 7, is off (on). The upper and lower panels show the response for the time intervals 010 years and 10-20
years, respectively. There is an oscillation with a period of 4 years. Transitions from one wind state to another are marked by El Nifo

or anti-El Nifio events in the eastern ocean.
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FiG. 3a. The depth of the model interface at 13 years 8 months (upper panel) just before 7, switches on, and at 14 years
6 months (lower panel). The contour interval is 10 m, there is no 100 m contour, and the unshaded region indicates depths
greater than 100 m. In the upper panel the ocean is approaching equilibrium with 7,. Ridge A, generated by wind curl
associated with 7,, extends into the western ocean. In the lower panel the ocean is beginning to adjust to 7,. Rldge A is still

present, now as a free, westward-propagating Rossby Wave.

the model El Nino. In the western ocean, 4,, rapidly
rises 70 m to a depth slightly deeper than 4., and then
remains at this shallow level. Analogous events occur
when the WC switches on; in particular, in the eastern
ocean an “anti-El Nifio” event occurs that lasts ap-
proximately one year. (Note in Fig. 2, as well as in

Figs. 4-6 and 8, that /1, becomes negative for a few

months at the peak of this event. This problem is not
serious because it can easily be avoided by adjusting
parameters, e.g., by increasing g’ or H, or by decreas-
ing the amplitude of 7,, or 7,.)

Fig. 3a shows the depth of the interface at 13 years
8 months (upper panel) just before the WC switches

on (see Fig. 2), and ten months later (lower panel).
In the upper panel, 7, has been on for nearly two
years, and the flow field is approaching equilibrium
with 7,. This property is evident from a comparison
of the upper panels of Figs. 1 and 3a. Note in Fig.
1 the presence of a ridge in the pycnocline centered
at 2250 km. A similar ridge (ridge A) exists in Fig.
3a, but it is not fully developed in the western ocean
because Rossby waves have not yet had time to carry
the ridge there. In the lower panel, the anomalous

. flow field is beginning to adjust to equilibrium with

7,. Ridge A is still apparent, now as a free, Rossby
wave traveling westward at a speed c¢,.
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FI1G. 3b As in Fig. 3a, except that the panels contrast the state of the model ocean at 15 years 8 months (upper panels)
just before 7, switches off, at 15 years 10 months (middle panels) and at l6 years (lower panels). In addition, the righthand
panels show corresponding flow fields, and calibration arrows are 0.1 m s~'. The figure shows the ocean response during the
onset of an El Nifio event. In the upper panels the ocean is approaching equilibrium with 7., and there is an equatorial tilt
to the interface. In the middle panels 7, has just switched off, and a strong equatorial jet carries water into the eastern ocean.

In the lower panels water accumulates in the eastern ocean and spreads poleward along the eastern boundary. Ridge A is still
present in the western ocean.
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F1G. 3c. As in Fig. 3a, except that the panels contrast the depth of the model interface at 16 years 2 months (upper panel),
at 16 years 4 months (middle panel) and at 16 years 6 months (lower panel). The figure shows the ocean response during the
decay of an El Nino event. The deepest portions of the pycnocline are no longer in the eastern, equatorial ocean. Ridge A’
forms in the eastern ocean even though ridge A is still apparent in the western ocean.
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Fig. 3b depicts the onset of the model El Nifio. It
shows the state of the ocean at 15 years 8 months
(upper panels) just before the WC switches off, at 15
years 10 months (middle panels), and at 16 years
(lower panels). The figure shows currents, as well as
the interface depth, because the changes in the cur-
rents are so strong in this time sequence. In the upper
panels 7,, has been on for nearly two years, and the
anomalous flow field is almost in equilibrium with
7. This property is evident from a comparison of the
upper left panel of Fig. 3b with the lower panel of
Fig. 1. Both figures have a ridge in the western ocean
centered at 750 km (ridge B) and a tilt of the interface
at the equator (tilt C). The figures differ markedly in
that ridge A is present in Fig. 3b. Ridge A has pro-
gressed across the ocean basin, and is now located
entirely in the western ocean. In the middle panels
7., has just switched off. There is no longer a wind
stress to maintain tilt C in the central ocean, and
water rushes down the pressure gradient in the form
of a strong equatorial jet. This jet does not remain
confined to the region of the wind patch. Equatorially
trapped Kelvin waves, propagating rapidly at a speed
¢, extend the jet into the eastern ocean and begin to
deepen the interface there. Rossby waves propagate
into the western ocean and raise the interface, thereby
providing a continuing source of water for the equa-
torial jet in the central and eastern ocean; note the
weakening of ridge B and the vanishing of tilt C as
water moves eastward. The lower panel shows the
response very near the time of peak El Nifio condi-
tions, when the interface has reached its deepest po-
sition along the eastern boundary. Much of the water
associated with ridge B and tilt C has now moved to
the eastern ocean. In fact, too much water has piled
up in the eastern ocean and some begins to flow back
along the equator. As a result, the equatorial jet splits
about the equator, and thereby increases the strength
of the North Equatorial (and South Equatorial)
Countercurrent. A comparison of the middle and
lower panels clearly illustrates the poleward and west-
ward extension of the eastern ocean response due to
reflected coastal Kelvin waves and Rossby waves, re-
spectively.

Fig. 3c illustrates the end of the El Nifo event. It
shows the depth of the interface at 16 years 2 months
(upper panel), 16 years 4 months (middle panel), and
16 years 6 months (lower panel). Relaxation away
from peak El Nifio conditions is evident in that the
deepest portions of the interface are no longer in the
eastern equatorial ocean. The ocean is beginning to
spin up locally in response to 7,. This property is
evident in that a new ridge (A’) is forming near x
= 7500, y = 2250 km. A remnant of ridge A, gen-
erated by 7, during the previous cycle of the oscil-
lation, is still visible in the western ocean. Finally,
because the model has a period of four years, the state
of the ocean at 17 years 8§ months is the same as that
at 13 years 8 months. Therefore, the lower panel of
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Fig. 3c, and especially ridge A’, will develop after two
years into a state like that of the upper panel of Fig.
3a, and so the oscillation continues.

There are striking similarities between the rapid,
large-scale model response shown in Figs. 2, 3b and
3c and observed features of El Nifo. For example,
a rise in sea level and a depression of the thermocline
at the eastern boundary spreads swiftly from the
equator southward along the coast of South America
(Wyrtki, 1975; Enfield, 1981); similar phenomena
apparently happen north of the equator as well (Chel-
ton, 1980; Enfield and Allen, 1980). There is an east-
ward intensification of the tropical currents in the
central Pacific during El Nifio (Wyrtki, 1974), and
of the North Equatorial Countercurrent in the eastern
Pacific shortly after SST is most warm at the South
American coast (Wyrtki, 1973). Finally, sea level
drops dramatically throughout the western Pacific at
this time (Hickey, 1975; Wyrtki, 1975, 1977, 1979).

It is worth noting that, as in the model response,
very often there are two peaks in sea level, thermo-
cline depth and SST at the eastern boundary during
El Nifio (Hickey, 1975; Wyrtki, 1975; Kindle, 1979;
Rasmusson and Carpenter, 1981). Unlike the model
response, however, the first peak leads the collapse
of the WC in the central ocean by several months.
In addition, the second peak is often larger than the
first. For these reasons, it is more likely that double-
peaked El Nifio events are due to the fact that the
equatorial trades relax in two stages, than to the mul-
tiple-reflection mechanism involved in this model
(Busalacchi and O’Brien, 1981).

Two prominent features of the response are not
well founded in the observations. First, there is, as
yet, no direct observation of an equatorial Kelvin
wave precursor to El Nifo. However, an event very
much like the required precursor has recently been
detected. An equatorial signal, apparently generated
by an abrupt change of the winds in the far western
Pacific, traveled eastward across the Pacific at least
as far as the Galapagos Islands at a speed somewhat
greater than 2.50 m s~! (Hayes, Halpern, Knox, Er-
iksen, Wyrtki, Lukas, private communication, 1981.)
Second, there is also no direct observation of a prom-
inent extra-equatorial Rossby wave that is associated
with the SO (like ridge A). However, large changes
in dynamic height and thermocline depth do occur
in the western North Pacific from 15-30°N, and these
changes are associated with the SO (White and Has-
anuma, 1980). Large changes in salinity, as well as
thermal structure and currents, also occur in the cen-
tral and western South Pacific from 15-30°S in as-
sociation with El Nifio (Donguy and Henin, 1976).
Finally, there is evidence that the low-frequency
anomalies in the tropical North Pacific propagate
westward. In fact Price and Magaard (1980) conclude
that the anomalies are Rossby waves, and that such
waves are the dominant phenomenon in the ocean
at periods from 7-10 years.
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FIG. 4. As in Fig. 2, except that the two panels contrast the model response when the location of 7, is changed. In the upper panel
X, = 5000 km and 7o, = —0.0375 N m~2 In the lower panel x;, = 2500 km and 7o, = —0.075 N m~2, In both panels the time interval
is 0-10 years. The period of the oscillation decreases as 7, moves to the west. :

b. The importance of ridge A

Fig. 3 visually suggests that ridge A plays an im-
portant role in the dynamics of the oscillation. Just
how strongly does this ridge, and its propagation
across the ocean basin, affect the oscillation period?
To answer this question, Figs. 4-6 investigate the
model sensitivity to parameters that have a large ef-
fect on ridge A. These parameters are: x; and A, which
determine the location and meridional extent of 7,
and hence the point of origin of the ridge; and ¢ which
influences the propagation speed of the ridge. The
figures compare time series of 4, and 4, for a range
of values for these three parameters.

Fig. 4 compares solutions in which x, is changed.
Recall from Section 2d that a change in x, also affects
hyy; therefore, for each x;, 74 is modified so that
h,, remains constant. All other parameters remain
unchanged. The upper panel shows the model re-
sponse when 7, is in the center of the basin; that is,
X, = 5000 km, and 1o, = —0.0375 N m™2. The os-
cillation period decréases to 2.5 years. The lower
panel shows -the response when 7, is confined to
the western ocean; that is, x, = 2500 km and 7,
= —0.075 N m~2. After an initial transient period of
approximately two years, an oscillation begins with
a period of only nine months. There no longer is a
clear separation in time between El Nifio and anti-El
Nifio events. Evidently, as 7, moves to the west the
oscillation period decreases approximately linearly
with Xho

Fig. 5 compares solutions in which A, varies. Again,
Ton is adjusted so that /4, is constant, and other pa-
rameters remain unchanged. The upper panel shows
the response when A, = 3000+2 km and Ton = —0.025/
V2 N m2. The period increases to a value somewhat
less than 10 years. The lower panel shows the response
when )\, = 3000/+2 km and 7, = —0.025v2 Nm ™.
The period decreases to two years. Clearly the oscil-
lation period is very sensitive to the value of A;; in
fact, it varies approximately as \;>.

Fig. 6 compares solutions in which only ¢ varies.
In the upper panel ¢ = 2.5/+2 m s}, and the oscil-
lation period is approximately 11 years. In the lower
panel ¢ = 2.5v2 m s7!, and the period is 1.7 years.
The oscillation period also is very sensitive to the
propagation speeds of waves in the ocean; indeed, it
varies approximately like ¢~2. Note in the figure that
the duration between peaks during El Niiio events
changes with ¢ (the time interval is different in each
panel). A close examination of Figs. 2 and 7 shows
that the duration is inversely proportional to ¢. This
property is consistent with (9) and supports the con-
clusion that double peaks in the model are caused by
multiple reflections of equatorially trapped waves
from ocean boundaries.

The three figures indicate that the oscillation period
varies approximately like x,\,2/c2. This property is
consistent with (10) and demonstrates that the dy-
namics of the oscillation predominantly involve ex-
tra-equatorial Rossby waves. So, ridge A does play
an important role in the model. It is the relatively
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FIG. 5. As in Fig. 2, except that the two panels contrast the model response when the latitudinal extent of 7, is changed. In the upper
panel A, = 3000v2 km and the time interval is 0-20 years. In the lower panel A, = 3000/v2 km and the time interval is 0~10 years.
The period of the oscillation is very sensitive to the value of A,. With only slight changes in the structure of 7, the model can oscillate
at all the time scales associated with the Southern Oscillation.

long time that it takes this ridge to propagate across It is useful to review the sequence of events of Fig.
the ocean basin that accounts for the long oscillation 3 to point out explicitly how the generation and prop-
period. agation of ridge A 1is involved in the oscillation. Ini-
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FIG. 6. As in Fig. 2, except that the two panels contrast the model response when the value of ¢ is changed. In the upper panel ¢
= 2.50/¥2 m s~' and the time interval is 0~20 years. In the lower panel ¢ = 2.50v2 m s~' and the time interval is 0~10 years. The period
of the oscillation is very sensitive to the value of c.
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FIG. 7. As in Fig. 2, except that the two panels contrast the model response when 7, is changed. In the upper panel 7o, = —0.025

N m™2 and the time interval is 0-10 years. In the lower panel 7o,. = +0.025 N m? and the time interval is 0-2.5 years. Without positive

feedback the model oscillates at a very short time scale.

tially /. becomes less than 4., so that 7, switches on.
Because (15) holds, the effect of r,, is to decrease 4.
further, and one year later 4, is ~ 10 m less than 4,
thus, the WC persists (Fig. 3a).. Meanwhile ridge A
propagates slowly westward at a speed ¢, and begins
to reflect from the western boundary. Water piled up
in the ridge must go somewhere. It flows first equa-
torward along the western boundary, and then east-
ward in a narrow equatorial jet that is generated by
reflected equatorially-trapped Kelvin waves. As a re-
sult, water from ridgé A begins to accumulate in the
western ocean, and so 4, increases. Eventually, be-
cause (16) holds, 4, becomes greater than #4.; then
7., switches off, 7, switches on and an El Nifio occurs
(Fig. 3b). 7

The generation of ridge A’ affects the equatorial
ocean in a similar way, and closes the oscillation cy-
cle. One year after the El Nifo event £, is ~10 m
deeper than A, thus, the strengthened HC persists.
During that time, ridge A’ begins to form in the region
of negative wind curl associated with 7, (Fig. 3c).
Water, piling up in the ridge, must come from some-
where. The Rossby waves that extend ridge A’ into
the western ocean provide an initial source of water.
When these waves reflect from the western boundary
they form a poleward western boundary current and
a westward equatorial jet. As a result, the source of
water necessary to establish ridge A’ ultimately comes
from the eastern ocean, and so A, decreases. Even-
tually, 4, becomes shallower than 4.; then 7, switches
off and 7,, switches on (back to Fig. 3a).

¢. The necessity of positive feedback

How do solutions vary with the strength of positive
feedback in the model? According to (15), 74, mea-
sures this strength through its effect on A4,. Fig. 7
compares solutions in which 7, is changed and other
parameters remain unchanged. The upper panel
shows the model response when 7g,, = —0.025 N m~2,
so that there is less positive feedback in the model.
The oscillation period decreases to 2.5 years, but the
character of the oscillation otherwise remains un-
changed; in particular, there are still definable, but
weaker, El Nifio and anti-El Nifio events in the east-
ern ocean. The lower panel shows the response when
Tow = +0.025 N m~2, In this case, the ocean has neg-
ative feedback with the WC. The solution does not -
oscillate at a long time scale, but rather has a period
of only 1.5 months. Note also that 4, (shaded region)
does not participate significantly in the oscillation. As
expected, the amount of positive feedback in the
model strongly influences its response. (The weak
oscillations with a period of ~ 10 days are equatorial- .
inertial oscillations. They are visible in the lower
panel because of increased temporal resolution.)

It is obvious in the lower panel of Fig. 7 that with-
out positive feedback the dynamics of the oscillation
are very different. Why? Consider what occurs shortly
after s, becomes less than 4., so that 7,, switches on.
Because 74, = 0.025 N m~2 > 0 the effect of 7,, is to
generate an eastward equatorial jet (similar to the one
shown in the middle panels of Fig. 3b), and to begin
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FIG. 8. As in Fig. 2, except that the two panels contrast the model response when 4, is changed. In the upper panel 4. = 50 m,
whereas in the lower panel 4. = 56.5 m. The time interval is 10-20 years in both panels. The amount of time spent in one or the other
of the two wind states depends on 4. The lower panel agrees better with the observation that the WC rémains weak only for a period

of 1-1.5 years.

to establish a westward, equatorial pressure gradient
in the interior ocean that balances the wind. Equa-
torially trapped Kelvin waves extend this jet into the
eastern ocean, and deepen the interface there. Very
quickly, 4, becomes greater than 4. and 7,, switches
off. As a result there is no wind to balance the west-
ward pressure gradient in the interior ocean, and a
westward equatorial jet forms there. Again, equato-
rially trapped Kelvin waves extend this jet into the
eastern ocean, and now raise the interface there. Con-
sequently, A, swiftly becomes less than A, and 7,
switches on. The oscillation continues in this manner.
Thus, without positive feedback the dynamics of the
oscillation predominantly involve rapidly propagat-
ing equatorially trapped Kelvin waves. Ridge A, with
its slow propagation speed and associated long time
scales, is not involved at all.

d. The effect of h,

Inequality (16) states that when 4. has a value
within the range A, to A,, the model must oscillate.
In fact, the model can still oscillate even if 4. lies
somewhat outside this range. Fig. 8 compares solu-
tions in which 4. has values very close to the actual
limits for oscillation (the model does not oscillate if
h. = 49.5 m or A, = 57 m), and other parameters
remain unchanged. In the upper panel 4. = 50 m,

and in the lower panel A, = 56.5 m. Somewhat sur-
prisingly, this parameter has very little effect on the
oscillation. In both panels the oscillation period is
only slightly increased to approximately five years.
The interesting difference between the solutions is
that in the upper panel the WC is on for a longer
period of time than the HC, whereas in the lower
panel the WC is on for a longer period of time. Ob-
servations indicate that during an El Nino event, the
WC remains weak only for a period of 1-1.5 years
(Hickey, 1975; Wyrtki, 1975; Rasmusson and Car-
penter, 1982). This feature is more similar to the sit-
uation shown in the lower panel of the figure.

4. Summary and discussion

This paper describes the response of a simple, cou-
pled ocean-atmosphere model. The model ocean
consists of the single baroclinic mode of a two-layer
ocean (or the gravest baroclinic mode of a continu-
ously stratified ocean). Wind stress affects the ocean
as a body force spread uniformly throughout the up-
per layer. Ocean dynamics can be summarized as fol-
lows: the model adjusts to an equilibrium, Sverdrup
balance (except for a few boundary layers) by the
radiation of Rossby and Kelvin waves. Thermody-
namics in the surface layer has the very simple form
(3). The model atmosphere consists of two states of
the. wind stress field that interact with the ocean ac-
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cording to the ideas of Bjerknes. When the eastern
“ocean is cool, the trade winds expand equatorward,
simulating an enhanced WC. When the eastern ocean
is warm, the trades expand eastward, simulating an
enhanced HC there. Provided that (15) holds, there
is positive feedback in the model, and it is possible
for the model to oscillate at long time scales. Provided

that (16) holds, the model must oscillate. For realistic

choices of 7, and 7, the oscillation period is four
years. ,

" When 7, switches off, an El Nino event occurs in
the eastern ocean that lasts for approximately one
year. There is a rapid depression of the interface in
the eastern, equatorial ocean, and along the eastern
boundary as well. There is an eastward intensification
of currents throughout the tropical ocean. In the east-
ern ocean this intensification also appears strongly at
the latitude of the North Equatorial Countercurrent.
The interface in the western ocean rises (even well
off the equator), thus providing a source of water for
the accumulation in the eastern ocean.

A region of negative wind curl associated with 7,
deepens the interface in a latitude band centered
about y = 2250 km, and generates ridge A. When
1, switches off, ridge A propagates westward as a free
Rossby wave at a slow speed ¢,. Water piled up in
this ridge reflects from the western ocean boundary,
and moves into the eastern ocean along the equator
as an equatorially-trapped Kelvin wave. Eventually
the accumulation of this water depresses the interface
in the eastern ocean sufficiently to “trigger” an El
Nifio event. The generation of this ridge “triggers”
an anti-El Nifio event in an analogous way. Thus, the
long oscillation period of the coupled model is gov-
erned by the length of time it takes Rossby waves to
cross the ocean basin at a latitude near 2250 km.

The response of the. model strongly depends on the
four parameters: x, A,, ¢ and 7g,. If 79, > O so that
there is no positive feedback in the model, solutions
necessarily oscillate on a short time scale. In that case,
the dynamics of the oscillation primarily involve
equatorially trapped Kelvin waves. If 74,, < 0 so that
there is positive feedback, the period of the oscillation
varies approximately like x;\;%/c2. This property
demonstrates -that the dynamics of the oscillation
predominantly involve extra-equatorial Rossby waves,
that is, ridge A. The response is not very sensitive to
a fifth parameter /.. The value of A, primarily influ-
ences how long the model remains in a particular
wind state.

Some aspects of the model compare favorably with
observations but others do not. Changes in SST and
pycnocline depth associated with El Nifio appear to
be related in a manner like that assumed in (3). The
choices for the structure and amplitude of 7,, are well
founded in the observations, but the choices for 7,
are not; large changes in the extra-equatorial trades
do occur throughout the tropical Pacific, but their
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association with the SO is not clear. Perhaps the weak-
est assumption in the model is that the atmosphere -
responds only to SST changes in the eastern ocean.
Recent evidence now suggests that the collapse of the
equatorial wind field occurs in two stages, and that
this initial weakening precedes the appearance of
warm water in the eastern ocean. The features of the
model El Nifio mentioned in the second paragraph
of this section compare remarkably well with obser-
vations. Double-peaked El Nifio events occur both
in the real ocean and in the model, but in the real
ocean they are probably caused by the two-stage col-
lapse of the equatorial trades. There are as yet no
direct observations of a Kelvin-wave precursor to Fl
Nifo or of an extra-tropical Rossby wave like ridge
A; however, an event very similar to the required
precursor has been detected, and Rossby waves do
exist in the tropical Pacific at the time scales asso-
ciated with the SO.

The model is obviously too simple to be able to
simulate all the aspects of the Southern Oscillation
and El Nifo, but that was never its purpose. The real
usefulness of the model is that it identifies possible
mechanisms of ocean—-atmosphere interaction in the
tropics. In particular, it illustrates one way that the
two fluids can interact to produce the long time scales
associated with the SO. A key atmospheric process
is the existence of the WC, a circulation cell which
has positive feedback with the ocean and thereby ex-
hibits persistence. A key oceanic process closely in-
volves the slow propagation of extra-equatorial Rossby
waves across the ocean basin. It is likely that similar
processes will also be involved in the dynamics of
future, more sophisticated, models of ocean-atmo-
sphere interaction.
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