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ABSTRACT

Interactions between the tropical oceans and atmosphere permit a spectrum of natural modes of oscillation
whose properties—period, intensity, spatial structure, and direction of propagation—depend on the background
climatic state (i.e., the mean state). This mean state can be described by parameters that include the following:
the time-averaged intensity 7 of the Pacific trade winds, the mean depth (H) of the thermocline, and the
temperature difference across the thermocline (AT). A stability analysis by means of a simple coupled ocean—
atmosphere model indicates two distinct families of unstable modes. One has long periods of several years,
involves sea surface temperature variations determined by vertical movements of the thermocline that are part
of the adjustment of the ocean basin to the fluctuating winds, requires a relatively deep thermocline, and
corresponds to the delayed oscillator. The other family requires a shallow thermocline, has short periods of a
year or two, has sea surface temperature variations determined by advection and by entrainment across the
thermocline, and is associated with westward phase propagation. For the modes to be unstable, both families
require that the background zonal wind exceed a certain intensity. An increasein AT, and in H beyond a certain
value, are stabilizing. For intermediate values of H, between large values that favor the one mode and small
values that favor the other, the modes are of a hybrid type with some properties of each family. The observed
Southern Oscillation has been of this type for the past few decades, but some paleorecords suggest that, in the
distant past, the oscillation was strictly of the delayed oscillator type and had a very long period on the order
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of a decade.

1. Introduction

Numerous studies over the past two decades of the
interactions between the tropical oceans and the at-
mosphere have advanced our understanding of El Nifio
and associated phenomena enormously. (See June 1998
of J. Geophys. Res., 103 (C7) for a series of excellent
review articles.) A number of issues nonethelessremain
problematic, especially the relevance of theoretical re-
sults concerning the stability of the ocean—atmosphere
interactions to the interpretation of measurements. For
example, in their recent summary of measurements, the
view that McPhaden et a. (1998) take of El Nifio is
somewhat different from that of Neelin et a. (1998) in
the companion paper that reviews theoretical results.
Whereas the latter authors explain the Southern Oscil-
lation as a natural mode of oscillation of the coupled
system—as an eigenvalue problem—McPhaden et al.
(1998), although describing the basic theoretical ideas
from the other paper and recognizing the complexity of
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the coupled system, put more emphasis on the possible
initiation of developments by random westerly wind
bursts. There have been occasions when wind bursts
appear to influence the development of El Nifio, but at
other times they failed to do so and, some times, El
Nifio develops in their absence. Why is the impact of
westerly wind bursts so different at different times?
What observations should one look at to better test the
available theories? The answers require a better under-
standing of the stability properties of the modes. Pre-
sumably wind bursts are of primary importance when
ocean—atmosphere interactions giverise to neutrally sta-
ble or damped modes, but play a minor role should the
interactions be sufficiently unstable for the natura
modes to be self-sustaining. What are the necessary con-
ditions for instability? What parameters determine
whether the natural modes are damped or self-sustain-
ing? Surprisingly, these questions, at present, have no
easily accessible answersin terms of readily measurable
quantities such as the zonally averaged depth of the
thermocline, or the mean intensity of the winds. Nor is
there information about changes in the structure of the
modes in response to changes in the values of those
parameters. Neelin et al. (1998) describe a variety of
possible modes that range from the delayed oscillator
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Fic. 1. The interannual oscillations in SST (in °C) at the equator
in the eastern Pacific (averaged over the area 5°S-5°N, 80°-120°W)
are shown on the background of (a) the time-averaged temperature
for the century (b) the low-frequency interdecadal changes. The plots
are obtained by applying, to the avail able measurements, two different
low-pass filters with the cutoff frequencies of approximately 0.9 and
0.09 yr—*. The darker (lighter) part of the graph indicates El Nifio
(La Nifa).

with a timescale dependent on the processes of oceanic
adjustment, to ““SST" modes with timescales that de-
pend on processes such as advection and upwelling that
directly influence sea surface temperatures. They con-
clude that the observed Southern Oscillation isahybrid
of these types. Isit possible that the composition of the
hybrid is different at different times, mostly delayed
oscillator some of the time, SST mode at other times?

The answers to these questions are of direct relevance
to the current debate concerning the sea surface tem-
perature fluctuations shown in Fig. la—seasona and
higher-frequency variations have been filtered from
these measurements in the eastern tropical Pacific. This
record shows that, during the decades leading up to the
1960s, El Nifio occurred sporadically, but then became
more regular with a period of approximately 3 yr.
(Changes in the dominant period and regularity of the
Southern Oscillation are also evident in the wavelet
spectral analysis of the unfiltered temperature record in
Fig. 2.) Since the 1980s the period seems to have in-
creased to 5 yr approximately, but the cold La Nifia
episodes have practically disappeared. The two most
intense episodes in the entire records, those of 1982 and
1997, occurred during the past two decades. Could glob-
al warming be the cause of these recent changes in the
properties of the Southern Oscillation? Some investi-
gators (Trenberth and Hoar 1997) answer in the affir-
mative but others contend that the time series is sta-
tionary and reflects the impact of random disturbances,
mainly of atmospheric origin, on a regular oscillation
attributable to ocean—atmosphere interactions (Harrison
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and Larkin 1997; Wunsch 1999; Rajagopalan et al.
1997).

Thus far, this debate about Fig. 1a has focused on
statistical issues. A complementary approach, that pays
attention to the physical processes involved, is to ex-
plore how changes in the background state, attributable
to global warming or some other long-term climate
change, affect the Southern Oscillation. Such an ap-
proach implies that the choice of the time-averaged tem-
perature of the past century as a reference line in Fig.
lais arbitrary because the reference temperature is an
aspect of the background climate state which, in reality,
is changing continually. The choice of the interdecadal
fluctuation, obtained by low-pass filtering the data, as
reference line gives anew perspective on theinterannual
variability as is evident in Fig. 1b. Now the apparently
prolonged EI Nifio that started in 1992 amounts merely
to a persistence of background conditions, the episodes
of 1982 and 1997 appear less exceptional than in Fig.
1a, and La Nifais present throughout the record, even
during the past two decades. A key aspect of the decadal
fluctuation of the background state—it has been docu-
mented by Guilderson and Schrag (1998), Zhang et al.
(1997), Chao et al. (2000), and Giese and Carton
(1999)—is the gradual warming of the eastern tropical
Pacific since the 1960s. The cause of that warming is
a matter of debate. To some it is merely a by-product
of the EI Nifio irregularity (Kirtman and Schopf 1998;
Thompson and Battisti 2000), so that there is no reason
to expect any difference between the physical processes
that determine the interannual and decadal variability.
Others (Gu and Philander 1997; McCreary and Lu 1994)
propose that exchanges between the Tropics and extra-
tropics can result in self-sustaining decadal fluctuations.
This paper is concerned, not with the origin of the de-
cadal fluctuation, but with its effect on the interannual
variations. That effect is determined by means of a sta-
bility analysis of different background states (i.e., dif-
ferent mean states). The results shed light not only on
the past 100 yr, but also on the differences between El
Nifio as simulated by different climate models, and on
climate records from the distant past, for example on
the record of sediments from a lake in southwestern
Ecuador (Rodbell et al. 1999), which suggests that the
Southern Oscillation was established (or reestablished)
only 5000-7000 yr before present.

Although the tools to be used in this study are stan-
dard—a coupled ocean—atmosphere model of the type
developed by Zebiak and Cane (1987); stability analyses
similar to those employed by Jin and Neelin (1993)—
and although the modes to be discussed are those pre-
viously investigated by others—see Neelin et al. (1998)
for a review—the perspective taken here is novel, and
new results emerge. Previous results concerning the dif-
ferent types of ocean—atmosphere modes do of course
remain valid, but we will argue that a redefinition of
terms such as ““delayed” oscillator is desirable. One
goal of this paper, bridging the gap that at present sep-
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FiG. 2. Energy density, from a wavelet spectral analysis, as a function of period and time for
the SST signal used in Fig. 1. Dark (light) shading corresponds to high (low) values, respectively.
The spectral density for the annual cycle is large from 1920 to 1960, whereafter the interannual

oscillations increase in amplitude.

arates observational and theoretical studies, motivates
us to examine the stability characteristics of different
mean states by varying, not the values of nondimen-
sional parameters, but rather the time-averaged intensity
7 of the Pacific trade winds, the mean depth H of the
thermocline (i.e., zonally and time averaged), and the
temperature difference AT across the thermocline. By

doing so, we can establish necessary conditions for in-
stability of ocean—atmosphere interactions in a form
equivalent to those available for, say, baroclinic insta-
bility where the vertical shear of the flow and the lat-
itudinal thermal gradient are the critical parameters.
One of the main results to emerge from this study,
and a companion paper by Fedorov (2001) is that the
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Fic. 3. A typical mean state calculated by the model (solid lines), and the margins within which
changes occur for varying 7 (dashed lines), for H = 120 m, AT = 7°C. To produce the dashed
lines, the intensity of the wind was increased/reduced by about 40%. Stronger winds (i.e., larger
7) result in greater thermocline slope and temperature gradient, and stronger zonal current and

upwelling.

different perspectives of McPhaden et al. (1998) and
Neelin et al. (1998) as regards El Nifio, are comple-
mentary. The results in this paper indicate that the
Southern Oscillation is a marginally unstable (or pos-
sibly weakly damped) natural mode—its period is on
the order of 5 yr at present so that it has to be sustained
by random perturbations such as the westerly wind
bursts that sporadically appear on the equator near the
dateline. Records such asthat in Fig. 1 thereforeinvolve
several timescales that include the period of the inter-
annual natural mode of oscillation, and the time of the
oceanic response to wind bursts. Although the oceanic
Kelvin waves associated with the latter response are
frequently cited as being of critical importance to the
development of El Nifio, that is not the case. Such waves
are indeed present, and propagate rapidly across the
Pacific, but of far greater importance is the coupled
ocean—atmosphere response to wind bursts. That re-
sponse, which can move eastward across the Pacific on
a timescale longer than that of oceanic Kelvin waves,
but shorter than the natural modes of oscillation, often
corresponds to ‘‘nonnormal modes”’ of the type dis-
cussed by Moore and Kleeman (1997, 1999).

2. The model

This study uses a coupled ocean—-atmosphere model
similar to those of Zebiak and Cane (1987), Battisti and

Hirst (1989), and Jin and Neelin (1993). The oceanic
component is a shallow-water model with an embedded
mixed layer and spatially varying sea surface temper-
ature (SST) determined by a parameterized advection—
diffusion equation. For simplicity, we assume that the
important dynamics are confined to the immediate vi-
cinity of the equator, which is taken to be a line of
symmetry, and we ignore the seasonal cycle. A modified
shallow-water atmosphere responds to the SST varia-
tions and provides the winds that drive the ocean. A full
description of the model, along with the main differ-
ences from Jin and Neelin (1993), hereafter referred to
as JN, are given in appendix A.

The model concerns departures from a specified back-
ground climate state that depends upon many different
processes in the Tropics and beyond. Of the parameters
that describe that state, H, 7, and AT (defined above)
are of special interest. Once their values are specified,
then it is necessary to calculate the dynamically con-
sistent oceanic currents, the slope of the thermocline,
and sea surface temperature. A change in the values of
7, H, and AT—a transition from one physically real-
izable state to another—is likely to involve changes in
several parameters. For example, an increase in ther-
mocline depth, should it be accompanied by a smaller
SST gradient along the equator, leads to weaker winds,
and therefore a smaller slope for the thermocline. This
study oversimplifies these ocean—atmosphere interac-
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FiG. 4. Changes in (a) the period and (b) growth rates of the most
unstable oscillations as a function of changes in the easterly winds
along the equator (in the units of 0.5 dyn cm~2), and in the depth of
the equatorial thermocline (m). The value of AT measured over a 50-
m depth variation is 7°C. The dotted line corresponds to the line of
zero growth rate; in the white areaboth amplifying and damped modes
are absent. (¢) The minimum SST (in °C) of the basic state in the
eastern Pacific Ocean.

tions and assumes that the SST produced by the wind
can in turn generate that wind. In reality there are feed-
backs, similar to those involved in El Nifio, that deter-
mine the mean state. [See Dijkstra and Neelin (1995,
1999) for a discussion.] Those feedbacks are disregard-
ed in this model.

Examples of the mean states provided by the model
are shown in Fig. 3. The model captures the observed
variations in the depth of the thermocline and the SST
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distribution along the equator reasonably well, and gives
reasonable changes in the characteristics of the mean
state due to changesin H (or AT). The surface velocity
is somewhat different from the observed values but only
in the western Pacific Ocean, which does not signifi-
cantly affect the properties of the interannual variability.

After determination of adynamically consistent back-
ground state, the next step is a linear stability analysis
similar to that of Battisti and Hirst (1989), and Jin and
Neelin (1993). The analysis is performed for many dif-
ferent background states to produce the eigenvalues and
eigenfunctions, yielding the structure and the properties
of the modes. To check the validity of the linear ap-
proach the model was also run in a time-dependent
mode, in a fully nonlinear regime; the comparison
showed that the nonlinear solutions are very similar to
the linear modes at low to moderate growth rates.

The model has a large number of parameters, in ad-
dition to those already mentioned (see appendix A). The
values assigned to the various parameters are such that,
for values of 7, H, and AT appropriate for the period
1980 onward, the simulated Southern Oscillation is as
close as possible (in period, etc.) to the oscillation ob-
served since the 1980s. In other words, the model has
been tuned to be redlistic for the period from 1980 on-
ward. Those values for the different parameters were
then kept constant in sections 3-5 where only the values
of 7, H, and AT are varied to study the effect of changes
in background conditions.

The actual procedure of the analyses is as follows.
After 7, H, and AT are specified, the model isrunin a
nonlinear regime to cal culate oceanic currents, the slope
of the thermocline, sea surface temperature, and up-
welling. Then the equations of motion and temperature
balance are linearized (numerically) with respect to a
predetermined mean state. Thelast part of the procedure
is calculating (again numerically) the eigenvalue and
eigenfunction for the most unstable (or the least
damped) mode. The eigenvalues give the period and
growth rates of the oscillations (if any exist), while the
corresponding eigenfunction gives the spatial structure
of the mode. Next, the calculations are repeated for
different 7, H, or AT.

In this analysis we study the normal modes of the
system. At a specific time, the response of the ocean—
atmosphere to a burst of westerly winds say, will in-
volve, not necessarily those modes, but instead the so-
called *“nonnormal modes” (e.g., Moore and Kleeman
1997, 1999) whose structures are in part determined by
conditions at the time of the wind bursts. Those con-
ditions depend on the phase of the background, inter-
annual oscillation corresponding to the norma mode.
[The responses to westerly wind bursts are different at
the peaks of El Nifio and La Nifia. See Fedorov (2001).]

3. Stability properties

The most unstable natural modes of oscillation have
periods and growth rates whose dependence on the val-
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Fic. 5. The time-space structure of the idealized eastward-propagating delayed oscillator mode.
(@) SST anomalies, (b) thermocline depth anomalies. Gray shading indicates warm anomalies and
deeper thermocline. H = 115 m, 7 = 1, AT = 7°C. The structure of the mode is very similar to

that of the mode at point D in Fig. 4.

ues of the parameters H and 7 is shown in Fig. 4. The
value of AT is held fixed for the time being. Figure 4c
shows the temperature of the eastern equatorial Pacific
in the background state (which is equivalent to showing
the zonal temperature gradient at the surface since the
temperature of the western Pacific remain approximately
the same). A striking feature in Fig. 4b is the existence
of two families of unstable modes. The one, in the neigh-
borhood of point D, is associated with a deep thermo-
cline and with long periods on the order of several years.
The other, in the neighborhood of point E, is associated
with a shallow thermocline and with short periods on
the order of a year or two. We shall refer to these as
the remote and local modes respectively. Thefirst family
is related to the delayed oscillator mode originally dis-
cussed by Schopf and Suarez (1988) and Battisti and
Hirst (1989). The second family has some similarities
with the SST modes introduced by Neelin (1991).

To analyze and categorize the modes it is convenient
to focus on the processes that influence SST, the only
oceanic variable with an influence on the atmosphere
in this model. To that end we write the SST equation
as follows:

T, 4+ UT, + U'T, + WT, + W'T,
= —qT’ + vT, (3.2)

where T, and T, are the zonal and vertical temperature
gradients; U and W are the zonal and vertical velocities;
and the bars and primes denote mean and anomalous
values, respectively. The terms on the right-hand side
of (3.1) represent the linear damping and temperature
diffusion; for details see appendix A. Neither these
terms, nor the mean advection of the anomalous tem-
perature (UT,) can produce natural modes of oscillation
by themselves and are therefore of secondary impor-
tance in this analysis. They are nonetheless retained
because they can affect the properties of the possible
modes.

The natural modes of oscillation in the neighborhood
of point D in Fig. 4 have the structure shown in Fig. 5
and are characterized by a dominance of the term
WT. in the SST equation—dominance of the mean up-
welling of the anomalous vertical temperature gradient.
The results for point D remain essentially the same if,
in the SST equation, only WT_, and the time-dependent
term are retained on the left-hand side of (3.1). These
vertical movements of the thermocline that have the
dominant effect on SST areinduced by the windsfarther
west. The period of the mode is so long that it involves
the dynamical adjustment of the ocean basin to changes
in the winds to the west of the SST variations. A slight
lag between a change in the winds, and the response of
the ocean to that change, is of central importance to this
mode whose physics is clearly related to the ** delayed
oscillator’” mode. This conclusion is corroborated by
the structure in Fig. 5 that closely resembles that of the
mode as simulated by Battisti and Hirst (1989) and oth-
ers, and also the ““recharge oscillator’” mode introduced
by Jin (1997a,b). Absent from Fig. 5isexplicit evidence
of equatorialy trapped Kelvin and Rossby waves, fea-
tures that some people associate with the term delayed
oscillator. However, as pointed out by Neelin et al.
(1998) and others, these modes cannot reveal explicit
evidence of such waves because they have such long
periods that the equatorial zone of the ocean is almost
in equilibrium with the winds. These modes are usually
associated with the delayed oscillator equation that de-
scribes time dependence but says nothing about spatial
structure. Neelin et al. (1998) point out that the deri-
vation of this equation from the linearized eguations of
motion requires a number of assumptions, some of
which are of questionable validity. The differentio-delay
equation nonetheless provides valuable insight as re-
gards the processes involved in this type of mode; a
derivation is given in appendix B.

In Fig. 4, the black dashed line, which is the same
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Fic. 6. The time-space structure of the idealized westward-propagating local mode. (a) SST
anomalies, (b) thermocline depth anomalies. Gray shading indicates warm anomalies and deeper
thermocline. H = 115 m, 7 = 1, AT = 7°C. The structure of the mode is very similar to that
of the mode at point E in Fig. 4. For the realistic coupling strength this mode is damped.

in Figs. 4a—c, is the line of neutral stability or zero
growth rate. [In the white region, the ocean—atmosphere
modes lose their basin-scale spatial structure and merge
with the unimportant scattering modes (see JN) that are
confined to the neighborhoods of coasts.] It follows that
the presence of the delayed oscillator mode requires
zonal winds of a certain intensity, and a thermocline
that is neither too shallow nor too deep. This last con-
dition can easily be explained. When the thermoclineis
too deep, its vertical movements have little impact on
SST so that ocean—atmosphere interactions are preclud-
ed. Under such conditions, an intensification of the
background winds brings those interactionsinto play by
raising the thermocline in the east while it deepens in
the west. Hence the condition that the intensity of the
winds exceed a certain value. A shoaling of the ther-
mocline—a movement to the left of point D in Fig. 4—
stabilizes the delayed oscillator mode because a de-
crease in the value of H lowers the mean surface tem-
perature in the east (as can be seen in Fig. 4c) thus
reducing vertical temperature gradients. Such ashoaling
has another effect, however; it increases zonal temper-
ature gradients, bringing into play a different type of
instability.

In the vicinity of point E in Fig. 4, SST variations
depend mainly not on vertical movements of the ther-
mocline, but on the anomalous advection of the mean
zonal temperature gradient U'T, and on the anomal ous
upwelling of the mean temperature gradient W'T,., that
is, on “‘local” effects. Figure 6 depicts the time—space
structure of the mode when only the terms U'T, and
W'T, areretained in Eq. (3.1). It is essentially the same
as the structure of the modes at point E. In contrast to
modes that involve mainly WT, those in Fig. 6 have
relatively short periods, and are associated with the
westward phase propagation of SST anomalies.

In aseriesof publications Neelin (1991), Jin and Nee-
lin (1993), Neelin et al. (1994), and Neelin et al. (1998)
discussed two useful limitsfor considering the dynamics

of the ocean—atmosphere—the so-called fast wave and
fast SST limits. The distinction between them is based
on the different timescales of SST and ocean evolutions
in the coupled system. In the fast wave limit the ad-
justment of the ocean is instantaneous, so that the terms
associated with the time derivativesin the shallow-water
equations can de dropped. The local modes in the vi-
cinity of point E appear to have much in common with
the westward-propagating modes in the fast wave limit
(see Jin and Neelin 1993). In the fast SST limit, changes
in SST areinstantaneous. Temporal dependenceisthere-
fore unimportant in the SST equation, but allows for a
time delay between wind fluctuations and the subse-
guent ocean adjustment. This explains certain similar-
ities between the modes in the vicinity of point D and
some of the modes in fast SST limit.

Difficultiesin establishing a close correspondence be-
tween the modes described here and those discussed in
the above papers arise for the following reasons. The
fast wave limit corresponds to a large value for c, the
Kelvin wave speed, the fast SST limit to a low value
for c. (Jin and Neelin express these limits in terms of
nondimensional numbers.) In the terminology of this
paper, the value of ¢ can be changed by altering the
depth of the thermocline H. Increasing H should move
us in the direction of the fast wave limit, but the results
in Fig. 4 indicate the very opposite. This happens be-
cause a deeper thermocline affects not only the wave
speed but also the coupling between the ocean and the
atmosphere: the deeper the thermocline, the smaller the
direct effect the wind has on SST variations. The latter
tendency favors the remote mode (or fast SST limit),
to an even greater degree than effects associated with
changes in the speed of Kelvin waves. Hence the dif-
ficulty in relating the results presented here to those of
Jin and Neelin is the lack of a one-to-one correspon-
dence between our parameters (H, etc.) and their non-
dimensional parameters. A change in the value of any
one of our parameters corresponds to changes in several
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TaBLE 1. Different modes of oscillation and their properties.
Propagation of
SST equation SST and wind Associated
Mode type terms Effects anomalies Period with
Local UT, +WT, Zonal advection, en- Westward 8-14 Annual cycle
trainment across the months
- thermocline
Remote (delayed oscil- WT/, Vertical movements of Slightly east- 3-10 yr El Nifio
lator) the thermocline ward

of their parameters, or vice versa. The advantage of
classifying the modes according to dimensional param-
eters such as H, 7, and AT, and the processes that de-
termine SST variations, become apparent in adiscussion
of measurements in the next section.

In summary, astability analysisindicatestwo families
of unstable modes to which we refer as local and “‘re-
mote”’ modes because SST variations depend on up-
welling and advection induced by local wind fluctua-
tions (close to the SST variations) in the one case, and
in the other case depend on vertical movements of the
thermocline in response to wind fluctuations farther
west. The differences between the two families of
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Fic. 7. A schematic diagram that shows the spatial (lat—ong) struc-
ture of the delayed oscillator or remote mode (corresponding to point
D in Fig. 4). Arrows indicate winds, shaded areas changes in ther-
mocline depth, and temp refers to temperature. (These are all de-
partures from a background state.) This mode, referred to as the
delayed oscillator, is associated with a deep thermocline. The sketch
shows conditions during El Nifio (1) and La Nifia (I1).

modes, listed in Table 1 and depicted schematically in
Figs. 7 and 8, are most pronounced if we compare a
mode at point D with one at point E in Fig. 4. At other
points on the dispersion diagram the modes are of a
hybrid character, with aspects of both families, to a de-
gree that depends on the proximity of a mode to either
points E or D. We discuss this matter in the next section.

Why does a deeper thermocline favor the remote
mode? The reason is simple—if the thermocline is rel-
atively deep then both the mean vertical T, and zonal
T, temperature gradients near the surface are too weak
so that the term WT, becomes dominant. Similarly, for
moderate values of H (in the middle of the stability
diagram) a weakening of the mean wind deepens the
thermocline in the east and hence results in the inten-
sification of the remote mode at the expense of the local

South
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equator
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FiG. 8. A schematic diagram that shows the spatial (lat—{ong) struc-
ture of the local mode (corresponding to point E in Fig. 4). Arrows
indicate winds, shaded areas changes in SST, and temp refers to
temperature. (These are all departures from a background state.) This
mode has a relatively short period of ayear or two and is associated
with a shallow thermocline and the westward propagation of SST
anomalies. The sketch shows conditions during the warm (1) and
transitional phases (I1).
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mode, which again leads to the oscillation with longer
periods.

4, A discussion of measurements

The Southern Oscillation, as observed since the
1980s, corresponds to a mode in the vicinity of point
A in Fig. 4 and henceis a hybrid mode in which several
physical processesinfluence SST variations. Thisiscon-
sistent with various observers who point out that the
delayed oscillator mode fails to account for a number
of aspects of the Southern Oscillation in reality. That
mode is a considerable part of the story, however, be-
cause its ‘““memory’’ —the process mainly responsible
for it being continual—is in the form of subsurface un-
dulations of the thermocline which, in the eastern equa-
torial Pacific, exert a strong influence on SST.

To capture conditions during the 1960s and 1970s
when time-averaged surface temperatures in the eastern
Pacific Ocean were lower (corresponding to the more
intense zonal winds) requires movement from point A
toward B. Local processes now have astronger influence
on SST so that the mode acquires features resembling
those in Fig. 6, and tends to have westward phase prop-
agation. Figure 9 shows this change in the period and
structure of the mode associated with amove from point
A toBtoCinFig. 4. Intheir review of El Nifio episodes
up to and including 1976, Rasmusson and Carpenter
(1982) emphasize westward phase propagation along the
equator, in sharp contrast to what happened in 1982
when El Nifio evolved in an eastward direction (Ras-
musson and Wallace 1983). This difference is clearly
evident in the two panels of Figure 10. A change in the
background conditions—the move from A to B—ap-
pearsto have contributed to that change in the properties
of El Nifio before and after the late 1970s.

The annual cycle in the eastern equatorial Pacific
Ocean involves entrainment across the thermoclinerath-
er than vertical movements of thermocline (McPhaden
et al. 1998), and is characterized by westward phase
propagation, all features of local rather than delayed
oscillator modes. A local mode is dominant for param-
eters in the vicinity of point E in Fig. 4, but for param-
eters that correspond to conditions today, such modes
are damped. Some of their properties nonethel ess man-
ifest because there is forcing at the right (relatively
short) period of 1 yr.

If parameters should change so as to favor the dom-
inance of local processes and modes with a short period,
then interactions between the seasonal cycle and the
natural modes could become strong. Consider, for ex-
ample, a move that lowers temperatures, and intensifies
the winds thus promoting the influence of zonal advec-
tion of surface waters on SST—a move toward point C
with the characteristic period between 1 and 2 yr. Figure
9c shows the structure at point C. Such conditions,
which favor a weaker interannual but enhanced annual
signal, could have prevailed from the 1940s to the late
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FiG. 9. The time—space structure of the hybrid modes at points A,
B, and C in Fig. 4 as manifested in the anomalous SST as a function
of long and time. (a) For point A, a lower-frequency (5-yr period)
mode with a slight eastward propagation and the properties of the
delayed oscillator dominant; (b) for point B, a higher-frequency (ap-
proximately 3-yr period) mode with a dominant westward propaga-
tion; (c) for point C, a high-frequency (1-2-yr period) mode.
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1950s. A wavelet spectral analysis of the unfiltered tem-
perature record in Fig. 2 shows a strong annual cycle
and very few El Nifio episodes during that period. The
low correlation between the Southern Oscillation index
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Fic. 10. El Nifio of 1982/83 and 1965/66 revealed in SST along the equator as a function
of time, after subtraction of the decadal fluctuation. The difference in the direction of phase
propagation is evident. Darker shading corresponds to warm SST anomalies. The time axis

starts on 1 Jan in each panel.

(SOI; showing the pressure difference across the Pacific
basin) and the SST of the eastern Pacific during that
period is also consistent with a dominance of local pro-
cesses associated with advection and changes in up-
welling over remote processes associated with the de-
layed oscillator. The link between the eastern and west-
ern regions of the Pacific ocean through the delayed
oscillator mechanism was temporarily lost, which was
reflected in the low SOI and its low correlation with
SSTs. An additional factor that may have contributed
to the absence of interannual El Nifio episodes was the
availability of only strongly damped modesin the neigh-
borhood of point C.

For very strong winds and zonal temperature gradi-
ents, a move toward point E, the dominant mode has a
short period (close to 1 yr) so that the annual cycle is
likely to be far more prominent than any interannual
variability. It will be a valuable check on the theory
presented here to determine whether those were the con-
ditions during the last glacial maximum, some 20 000
yr ago when the winds were intense (Fairbanks 1989;
Schrag et al. 1996; Andreason and Ravelo 1997).

Deposits in a lake in southwestern Ecuador indicate
that whereas El Nifio today occurs every 3-5 yr, the
interval between successive events was far longer, on
the order of a decade, some 7000 yr ago (Rodbell et al.

1999). Information about the background state at that
time is contradictory. Geoarchaeological data suggest
that the eastern equatorial Pacific was warm (Sandweiss
et al. 1996), but other sources indicate that the coastal
zone of Peru was arid so that the adjacent ocean must
have been cool (Wells and Noller 1997). The resultsin
Fig. 4 favor the latter state of affairs because, for the
Southern Oscillation to have avery long period requires
a move in the direction of point D—a large value for
H and intense winds that cause a shallow thermocline
and low SST in the east. The measurements indicate
that the period of the Southern Oscillation was very
long some 7000 yr ago, but then gradually decreased.
This suggests amove from point D toward A—agradual
weakening of the winds and shoaling of the thermocline.
Another possibility is that the thermocline was so deep
sometime in the past that the Southern Oscillation was
absent. Figure 4 implies that a gradual shoaling of the
thermocline would then have led to the emergence of
an oscillation with relatively long periods at first, then
with progressively shorter periods as the thermocline
continued to shoal.

5. Stability properties: Changing AT
In section 4 the temperature difference acrossthe ther-
mocline AT was constant; now we study the effects of
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Fic. 11. Changes in (a) the period and (b) growth rates of the most unstable oscillations as a function of changes in the easterly winds
aong the equator, and in the depth of the equatorial thermocline (in meters). (c) The minimum SST (in °C) of the basic state in the eastern
Pacific Ocean. The value of AT measured over a 50-m depth variation is 8°C for the left-hand panels and 6°C for the right-hand panels (cf.
Fig. 4 with AT = 7°C). H = 120 m. The dotted line corresponds to the line of zero growth rate; in the white area both amplifying and
damped modes are absent. To keep the same color map in panels (a) all periods from 8 to 12 yr are shown with the same color (dark red).

changing this parameter on the stability properties. The
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results in Fig. 11 are similar to those in Fig. 4 except
that, in the left-hand panels the value of AT is 1°C
higher, while it is 1°C lower in the right-hand panels
than for Fig. 4. Anincrease in AT is stabilizing because
it inhibits entrainment across the thermocline, and also

the vertical movements of the thermocline. (Increasing
AT resultsin asharper thermocline, with aweaker slope.
Thisimplies alarger T, at the thermocline, but reduced
T, at the base of the mixed layer from where the water
in entrained, and, consequently, a warmer eastern equa-
torial Pacific, evident in the lowest panels of Fig. 11.)
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Mean wind
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AT, degrees

Fic. 12. Changesin (@) the period and (b) growth rates of the most
unstable oscillations as a function of changes in the easterly winds
along the eguator, and in the temperature difference across the ther-
mocline AT (in °C). The value AT is measured over a 50-m depth
variation. H = 120 m. The dotted line corresponds to the line of zero
growth rate; in the white area both amplifying and damped modes
are absent. (c) The minimum SST (in °C) of the basic state in the
eastern Pacific Ocean. Point A corresponds to the present condition
in the Tropics.

These stabilizing changes in the background state cause
the regions of instability in the left-hand panels of Fig.
11 to shrink (in comparison with those in Fig. 4) and
cause the white region (where no modes are present) to
expand. Decreasing the value of AT has the opposite
effect. (See the right-hand panels of Fig. 11.)

Next the depth of the thermocline H isleft unchanged
while the values of 7 and AT are varied. Figure 12
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confirms that an increase in the temperature difference
AT has a stabilizing effect on the oscillations—if AT is
too large there are no unstable modes (white area of the
Fig. 12)—and tends to lengthen the period of the os-
cillation. The modes are amplifying between the dashed
lines (i.e., between the neutral stability lines) and de-
caying in the rest of the stahility diagram. Comparing
Figs. 4 and 12 also suggests that, for the hybrid modes
in the middle of the stability diagrams, there may exist
the optimal intensity of the mean wind (corresponding
to the optimal thermocline slope) that resultsin the max-
imum growth rates of the Southern Oscillation. On the
other hand, the local minimum of instability for stronger
winds evident in Fig. 12 is related to a separation of
the remote (in the middle of the diagram) and local (in
the upper left-side corner of the diagram) modes for
different AT.

Note that some nonlinear numerical models show a
general increase of interannual variability when AT in-
creases (e.g., Munnich et al. 1991). There are two pos-
sible explanations for such behavior. The first possibil-
ity, consistent with the analysis in Fig. 12, would sug-
gest that those models may simulate mean states that
are positioned on the stability diagram to the left from
one of the instability maxima (7 ~ 1.1, AT ~ 6°-7°).
The second possibility is purely nonlinear: for large AT
even relatively small perturbations in the system can
change the temperature of the entrained water much
more efficiently than alinear model would assume. The
extent to which such nonlinearity can be important is
related to the same question—how far away from the
neutral stability the mean state is.

6. Conclusions

Ocean—atmosphere interactions in the Tropics give
rise mainly to two types of modes: low-frequency, de-
layed oscillator modes in which SST variations depend
mainly on vertical movements of the thermocline that
form part of the basinwide oceanic adjustment to chang-
es in the winds; high-frequency, local modes in which
SST changes depend on wind-induced upwelling and
advection. The first type is favored when the thermo-
cline is deep, the latter when it is shallow. Both require
zonal winds of a certain intensity, to elevate the ther-
mocline in the east in the case of the delayed oscillator,
and to create zonal temperature gradients in the case of
the local modes. The observed Southern Oscillation is
a hybrid mode whose properties change gradually with
time as the background state changes. For example, a
deepening of the thermocline suppresses the local pro-
cesses in favor of ““‘remote-controlled” processes so that
the delayed oscillator mode becomes dominant, causing
the period of the Southern Oscillation to increase. An
increase in AT is stabilizing.

These results have important implications for the de-
bate about the interpretation of the temperature record
in Fig. 1. The debate is really about two separate but
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related issues, the decadal fluctuation, and the interan-
nual variability. If the first is a reality determined by
physical processes distinct from those of the Southern
Oscillation, then it should affect the properties of that
oscillation. We do indeed find that the changes in the
properties of El Nifio from the 1960s to the 1990s (the
period of the Southern Oscillation increased from ap-
proximately 3 to 5 yr; the structure of the oscillation
changed, etc.) are consistent with the presence of a de-
cadal fluctuation that was observed to deepen the ther-
mocline in the eastern tropical Pacific, and to weaken
the trade winds. The origin of the decadal oscillation,
and whether global warming is affecting it, are at this
time unclear. Furthermore, any one change in the prop-
erties of El Nifo, the decrease in its frequency of oc-
currence say, can not be confirmed by means of standard
spectral analyses because there are too few realizations
of El Nifio before the decadal fluctuation alters back-
ground conditions. There is nonetheless reason to be-
lieve that the properties of the Southern Oscillation have
been changing gradually as part of a decadal modula-
tion, because the indications of different changesin the
properties of El Nifio are all consistent with each other.

Despite the simplicity (crudeness) of our model, it
offers explanations for anumber of phenomena, and can
provide a rough guide to the interpretation of measure-
ments and model results. Valuesfor H and AT can read-
ily be assigned in the case of oceanic models with only
two layers, or arelatively sharp thermocline. However,
multilayer models are more problematic, especialy if
the thermocline is diffuse. This is a factor in attempts
to explain why different global climate models—those
of Tett (1995) and Meehl et al. (1993) for example—
give different results as regards the impact of global
warming on El Nifio. Those models tend to simulate
Southern Oscillations that differ significantly from the
one observed over the past few decades, presumably
because the models do not capture conditions in the
vicinity of points A and B in Fig. 4. For example, in
the most recent calculation (Timmerman et al. 1999),
in which the oceanic component of the model has ahigh
resolution, the Southern Oscillation is too regular and
has too short a period—the model appears to capture
conditions somewhere between points B and C in Fig.
4, those associated with a period of about 2 yr and with
too strong a cold tonguein the eastern and central Pacific
Ocean. Once a model reproduces the conditions of to-
day, it next has to simulate how global warming will
alter the background state. On this matter the models
disagree; some indicate a warming, some a cooling of
the eastern tropical Pacific. The situation isfurther com-
plicated by the fact that H and AT can change simul-
taneously with either reinforcing or counterbalancing
effects. Clarification of these issues, which will help
determine whether the warming of the eastern tropical
Pacific during the 1980s and 1990s is a manifestation
of global warming, will haveto wait until we understand
better the decadal variability.
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This paper concerns changes in the properties of El
Nifio in response to gradual changes in the background
state. In reality, each El Nifio is distinct and, as the
events of 1992 and 1997 demonstrated, can be enor-
mously different from others. Of the various processes
neglected in this paper, westerly wind bursts are partic-
ularly likely to contribute significantly to the differences
between one El Nifio and the next. (See, e.g., McPhaden
et al. 1998.) Because those winds are confined to the
neighborhood of the date line, they are likely to affect
developments farther east by their effect on vertical
movements of the thermocline. This means that their
influence should be prominent when modes of the de-
layed oscillator type are favored. That has been the case
since the 1980s. Since that time, a Southern Oscillation,
with a period closeto 5 yr, appears to have been present
continually. If so, then the phase of that oscillation de-
termined the impact of westerly winds bursts at different
times (in the same way that the phase of a swinging
pendulum determines the impact of random blows al-
ways in the same direction). Thisinterplay between the
natural mode of oscillation and random wind distur-
bances will be explored on another occasion (Fedorov
2001).
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APPENDIX A

The Model Equations

The ocean dynamics in the model is described by the
linear shallow-water equations on the equatorial B-plane
in the long-wave approximation. For simplicity, sym-
metry with respect to the equator, and no annual forcing
are assumed:

u, + g'hy — Byv = 7/pd —ru (A1)
h, + Hu, + v,) = —rh, (A2
g'h, + Byu = 0. (A.3)

The notation is conventional with positive h(x, v, t)
denoting the total local depth of the thermocline, u(x,
y, t) the zonal velocity, v(x, y, t) the meridional velocity,
7(X, Y, t) the zonal wind stress, d the depth characterizing
the effect of wind on the thermocline, p the mean water
density, r the linear Raleigh damping, H—the mean
depth of the thermocline and g’ the reduced gravity,
which depends linearly on the vertical temperature gra-
dient AT,/Az measured at the thermocling, that is,

g = FAT,/Az, (A.4)

where T is the coefficient of proportionality, and AT,
and Az, will be specified later—see (A.13).
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The standard no-flow boundary condition is applied
at the eastern ocean boundary (x = x:), and the no-net-
flow condition at the western boundary (x = x,, = X
— L), where L is the length of the basin. The shallow-
water equations are integrated by applying the method
of characteristics similar to that of Battisti (1988). We
expand the solutions into a Kelvin wave and a set of
Rossby waves, using the first 11 symmetric Rossby
waves. The finite differencing of the equations is done
on a 30-point grid in the x direction with the grid res-
olution/time step ratio equal to the linear Kelvin wave
Speed c,

c = (Hg")v2. (A.5)

An embedded mixed layer of the thickness ds with
the linear damping rs allows for a shear near the surface
by introducing additiona surface flow (us, v°):

rsus — Byvs = 7/pds, (A.6)
rsvs + Byus = (A7)

The full zonal velocity U at the surface and the vertical
velocity W at the base of the mixed layer are

U=u-+ us (A.8)
W=w + ws (A.9)

with
= —h, d— (A.10)

The dynamics of the SST in the equatorial strip is
approximated by the parameterized advection—diffusion
equation:

T, + UT, + WT, = vT,, — (T — T9), (A.11)

where the sea surface temperature T = T(x, t) is mea-
sured at the equator. All the processes responsible for
the warming of the surface are combined and described
by a linear term in (A.11), which restores the temper-
ature to some warm equilibrium temperature T9.

The vertical upwelling term WT, is estimated as

T- T
ds

where O(W) isthe theta function (reflecting the fact that
downwelling cannot change the temperature at the sur-
face), and vy is the effectiveness of the upwelling.

The entrainment temperature Te at the base of the
mixed layer is calculated as

WT, = yO(W)W

(A.12)

e 7oy [ATitah[(h — d9/AZ],  h>
AT, tanh[(h — d9)/Az,], h < d=
(A.13)

This parameterization describes the temperature field
with a tanh-like structure centered at the thermocline
that corresponds to the Te isotherm. Importantly, when
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the thermocline is deep (H and therefore h large) Te =
Te + AT,. When the thermocline is shallow (H and
therefore h small) Te = T° — AT,. To keep a continuous
first derivative at h = ds we choose

AT, = kAT, and Az, = kAz, (A.14)
where k is some factor, so that
AT,/Az, = AT,/Az,. (A.15)

The characteristic temperature across the thermocline
(AT) used in text of the paper is, in fact, proportional
to the temperature gradient across the thermocline AT,/
Az, and, if measured over a 50-m depth difference, is
calculated as

= (AT,/Az) X 50 m.

To change AT we actually vary Az,.
Similar to the approach by JN the wind stressis split
into the mean part = and the perturbation 7':

(A.16)

T=7+ 7, (A.17)

with
7 = 7P -F(X) exp(—ay?/2), and (A.18)
F(X) = 0.01 — cos*(p(x — X,)/L), (A.19)

where F(x) approximates the shape of the zonal mean
wind at the equator, P is a dimensional amplitude, and
7 is the nondimensional wind strength. Throughout our
calculations the shape of the wind stress remains fixed,
but 7 changes. The meridional structure of both the mean
and perturbation winds is assumed to be Gaussian with
the ratio between the oceanic and atmospheric Rossby
radii of deformation equal to 2.

The perturbation part of the zonal wind stress is re-
lated to the SST anomaly T' = T'(x, t) through the
simplified Gill-type atmospheres (for details see JN):

T = A exp(—ay?/2)

§ex 32( XET/eX _3ix d_X
2P0 ) \TU) L
2%PUT) T L)L

where M is a dimensional amplitude and u is the non-
dimensional coupling strength, and A isaspatially vary-
ing factor.

In contrast to JN work, in our study the nondimen-
sional inverse atmospheric damping scale e varies with

longitude:
X — Xw)?
1+ exp(—B%) .

For positive n the damping is larger near the western
boundaries, and smaller in the eastern Pacific. Such de-
pendence prevents the winds from spreading beyond the

. (A20)

(A.21)

g =g,
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TaBLE Al. The list of parameters used for calculations.

Variable Value Variable Value

L 145° Xw 130°E

d 75 m ds 50 m
AT, 10°C k 15

T® 20°C Ta 29.5°C

Y 0.5 r 0.37 m?s 2K
q? 125 day r-t 25yr

Xo 215° p 2.7

P 0.07 PaK-t A 0.04 PaK-t
€ 1 ® 0.07

mn 1 W 0.9

v 10° m? st (r9—1 1.5 day

western boundary. This also allows us to change the
properties of the atmosphere to achieve amore realistic
response of the atmosphere to a given SST.

Finally, since the Gill atmosphere tends to give too
strong winds near the eastern boundary, another mod-
ification is made to the winds, such that 7' given by
(A.20) is multiplied by a spatially varying factor A:

A = A(X) = 0.5 (tanh[10(x — x)/L] + 1).(A.22)

The factor A is equal to unity almost everywhere in the
basin but approaches 0.5 near the eastern boundary,
reducing the wind perturbation there. This modification
is important but does not affect our solutions qualita-
tively.

Although the model is inspired by the ** strip-down”
model by JN, important differences with the JN model
include the following.

1) The ocean:

To ensure the necessary sensitivity of the ther-
mocline to changes in the winds, the depth scale d
characterizing the effect of wind on the thermocline
is chosen to be different from the mean depth of the
thermocline (approximately 1.5 times smaller).

2) The model atmosphere:

The atmospheric damping scale £(x) varies with
longitude. An additional scaling factor A(X) is used
to reduce winds near the eastern boundary.

3) The SSTs:

The SST equation has a second-order zonal dif-
fusion, and no meridional terms. The tanh functions
in the parameterization of the entrainment temper-
ature are different above and below the thermocline,
ensuring that Te better matches the actual subsurface
temperature distribution in the equatorial Pacific
Ocean. Also, the effectiveness of upwelling vy is
slightly smaller in our approach than in JN.

The model is run with the parameters given in Table
A1l. In addition, H, 7 and AT must be specified.

Of the other various parameters that determine the
properties of the simulated Southern Oscillation, theone
with a particularly strong influence is the coupling
strength w of the atmospheric response to a given SST.
Increasing the value of this parameter usually increases
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both the growth rates and the periods of oscillations.
Above a certain threshold, the unstable solution may
cease to be oscillatory, and become exponentially grow-
ing—in terms of JN, the solution may merge with the
strongly growing stationary mode.

Although changing w is convenient in studies of the
properties of the modes in simple models, in realistic
GCMs the coupling strength is not an adjustable param-
eter. Nor is it a parameter that can be measured from
observations in a straightforward manner. That is an-
other reason why we fix u at some reasonable value
and study properties of the system for different H, T,
and AT.

The atmospheric damping scale & aso influences the
structure of the modes because it determinesthelocation
of the maximum response of the winds to a given SST.
For example, the winds in response to a SST anomaly
in the eastern Pacific have a maximum near the date
line for a small value of ¢ but, as that value increases,
the maximum winds shift eastward. Hence the winds
for small ¢ affect the SST mainly by altering the depth
of the thermocline in the east but, in the case of large
e, affect SST by changing local upwelling. Hence, a
change in the properties of the atmospheric model can
shift solutions from a remote mode to the local mode.
In addition, any change in the structure of the mean
wind [given by F(x)], especialy in the eastern Pecific,
is likely to affect the structure of the dominant mode
of oscillation.

APPENDIX B

The Delayed Oscillator Equation

The delayed oscillator equation can be deduced by
using the main temperature balance for the mode at point
D in Fig. 4

—WT! (B.1)

(hereafter, all variables are averaged over some domain
of the eastern equatorial Pacific). We next approximate
the vertical temperature gradient by the differencing

T, ~ (T — Te)ids, (B.2)

where Te is the entrainment temperature at the base of
the mixed layer d.. Here T¢' is proportional to the dis-
placement of the thermocline h', that is

T ~ . (B.3)

The thermocline depth anomalies in the eastern Pa-
cific are proportional to the zonally averaged wind
anomalies at some previous moment in time (t — At)
and, hence, proportional to T’ at the time t — At, that
is,

h" ~ b, T'(t — At), (B.4)

where At is the time delay due to the ocean dynamical
adjustment, and b,isa constant. Substituting (B.2)—(B.4)
into (B.1) gives



15 JuLy 2001

T/ = al’ + bT'(t — At), (B.5)

the very differentio-delay equation that describes the
linear evolution of the temperature anomalies, with
some constant parameters a, b (related to ds, b,, etc.)
and the time delay At, which originally led to the term
delayed oscillator.
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