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The El Nino Cycle: A Natural Oscillator of the
Pacific Ocean—Atmosphere System

NicHoLAS E. GRAHAM AND WARREN B. WHITE

Research conducted during the past decade has led to an
understanding of many of the mechanisms responsible for
the oceanic and atmospheric variability associated with
the El Nino—Southern Oscillation (ENSO). However, the
reason for one of the fundamental characteristics of this
phenomena, its quasi-periodicity, has remained unclear.
Recently available evidence from a number of sources

now suggests that the ENSO “cycle” operates as a natural
oscillator based on relatively simple couplings between
the tropical atmospheric circulation, the dynamics of the
warm upper layer of the tropical ocean, and sea surface
temperatures in the eastern equatorial Pacific. This con-
cept and recent field evidence supporting the natural
coupled oscillator hypothesis are outlined.

NE OF THE FUNDAMENTAL ASPECTS OF THE EL NINo—

Southern Oscillation (ENSO) phenomena is its quasi-

periodicity that is marked by the repeated appearance of
warm or cool water in the equatorial eastern and central Pacific
Ocean at intervals of 3 to 5 years. There is now evidence that this
quasi-cyclic behavior is due to the operation of a natural coupled
oscillator of the ocean-atmosphere system in the tropical Pacific. In
the context of this concept, warm and cool water episodes are
considered as phases of a self-sustaining cycle; this contrasts with the
more traditional view of El Nifios as discreet warm events superim-
posed on a mean background state. This cycle is maintained by
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interactions, both immediate and delayed as well as local and
remote, between three fields in the tropical Pacific; sea surface
temperature (SST), surface wind, and the thickness of the warm
upper layer of the ocean. Representative examples of time series
from each of these fields are presented in Fig. 1, which shows
departures from the long-term monthly means of eastern Pacific
SST (1), zonal (east-west) wind in the central equatorial Pacific (2),
and sea level at Truk Island in the western tropical Pacific (3) for the
period from 1950 through the mid-1980s (4). How these curves
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represent key aspects of the natural oscillator concept will be set
forth below; for now we wish only to emphasize the quasi-periodic
nature of each variable and the apparent close relation among them.
Although the approximate periodicity of these and other variables
has long been recognized (5, 6), the nature of the interrelations
responsible for the cyclic behavior have only recently become clear
and are the subject of this article. To set a backdrop for an empirical
discussion of this idea, we offer a brief review of the tropical linear
ocean dynamics and atmospheric processes needed to understand
the workings of the ENSO “cycle.”

From a simple linear dynamical point of view, the tropical oceans
can be thought of as consisting of a layer of warm light water resting
on a much deeper layer of denser cold water. The interface between
these layers is called the thermocline; motions within the upper layer
are termed baroclinic, meaning they are closely related to the
thickness of the warm layer above the thermocline. These baroclinic
motions are affected primarily by surface wind stress, which is
proportional in magnitude to the square of the wind speed and
oriented in the same direction as the surface wind vector. Within
two to three degrees of the equator (a region referred to as the
equatorial waveguide), the zonal component of the wind stress is of
great importance. Here, changes in the zonal wind stress cause
changes in the slope of the sea surface and in the thickness of the
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Fig. 1. Smoothed time series of (A) sea level at Truk Island in the western
tropical North Pacific (7°N, 152°E, 1953-85); (B) central Pacific zonal
wind (3°N to 3°S, 165°W to 155°E, 1950—-84); and (C) eastern Pacific SSTs
(8°N to 8°S, 86°W to 122°W, 1950-85). Blank portions indicate missing
data.
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upper layer. The balance between the resulting pressure gradients in
the upper layer and the Coriolis force causes disturbances, known as
baroclinic Kelvin waves, to move rapidly eastward from regions of
remote forcing at speeds sufficient to cross the equatorial Pacific in 2
to 3 months (approximately 250 cm s~'). These waves have been
studied in detail (7), and there is much empirical evidence to indicate
that Kelvin wave activity is associated with the deepening of the
thermocline in the eastern equatorial Pacific, which in turn is responsi-
ble for the elevated SSTs and high sea levels associated with El Nifio
(because the water in the upper layer has relatively low density, a
deepening of the thermocline results in higher sea levels).

Away from the equator (outside of the equatorial waveguide), the
wind-stress curl causes changes in upper layer thickness (ULT) by a
process known as “Ekman pumping” (8). This process reflects the
fact that cyclonic wind-stress curl forces divergence at the ocean’s
surface and thereby induces upward vertical motion that decreases
the thickness of the upper layer. Conversely, anticyclonic curl results
in convergence, downward vertical motion, and increasing upper
layer thickness. In oft-equatorial regions, the resulting disturbances,
known as baroclinic Rossby waves, move westward away from
regions of remote forcing at speeds that depend on latitude. These
speeds are much slower than those associated with equatorial
baroclinic Kelvin waves. Near the equator, the time required for one
of these baroclinic Rossby waves to cross the Pacific basin is about 9
months. Further poleward, that time increases sharply; for example,
at 12° latitude the basin transit time is about 4 years (9). Until
recently, off-equatorial baroclinic Rossby waves have not been
generally regarded as playing an important role in the development
of El Nifio. Rather, the general consensus during the past decade has
been that Kelvin waves, which are confined to the equatorial
waveguide and forced by changes in zonal wind stress along the
equator, both initiate and sustain El Nifio events. This latter concept
does not provide a satisfactory explanation for the quasi-periodicity
of the wind stress changes that force the phase reversals of ENSO
(for example, from warm to cool events). In contrast, the coupled-
oscillator concept, in which off-equatorial Rossby wave activity is a
key element, gives a more robust view of the entire ENSO cycle, of
which the classic El Nifo is only a part.

Recently available field measurements, numerical model results,
earlier theoretical considerations, and other evidence now suggest
that the quasi-periodic appearance of warm water in the eastern
Pacific (El Nifio) is just one aspect of a system that operates as a
natural coupled oscillator (the ENSO cycle) of the tropical Pacific
Ocean and atmosphere. The interactions that produce these oscilla-
tions can be described simply as follows. The response of the surface
wind field over the tropical Pacific to SST anomalies in the eastern
and central equatorial regions produces two distinct oceanic re-
sponses (the case for cool anomalies is presented parenthetically after
the case for warm anomalies). First, westerly (easterly) zonal wind
stress anomalies within the equatorial waveguide generate the
familiar equatorial Kelvin waves that reinforce the current SST
anomalies in the eastern and central equatorial Pacific by increasing
(decreasing) the thickness of the upper layer in those regions.
Second, outside of the waveguide, positive (negative) Ekman
pumping produces upwelling (downwelling) baroclinic Rossby
waves that propagate westward for times ranging from a few
months to 2 years (depending on the latitude and the distance to the
western boundary), reflect from the western boundary into the
equatorial waveguide as baroclinic Kelvin waves, and eventually
reverse the sign of the upper layer thickness (that is, thermocline
depth) and SST anomalies in the eastern and central equatorial
Pacific. In this way, off-equatorial baroclinic Rossby waves provide
the delayed negative feedback necessary for the quasi-periodicity
that characterizes the ENSO cycle.
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Fig. 2. Coupling dia- ssT
gram for ENSO natural
coupled oscillator  hy-
pothesis. Arrows denote
direction of immediate
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Background

The idea that off-equatorial baroclinic Rossby wave activity could
play a role in the development of El Nifio was apparently first
suggested in work by Godfrey (10), whose numerical model results
showed that a free off-equatorial baroclinic Rossby wave would
propagate to the western boundary, then equatorward as a coastal
baroclinic Kelvin wave, and then eastward along the equator as an
equatorial baroclinic Kelvin wave. Although Godfrey did not specif-
ically invoke this process as being important to the idea of an ENSO
“cycle,” he was among the first to note that wind-forced equatorial
Kelvin waves were a likely cause of the SST and that sea level
anomalies in the eastern equatorial Pacific were associated with El
Niiio.

At about the same time, and refering to Godfrey’s work (10),
Wyrtki (6) noted that conditions prior to the onset of El Nifio were
marked by positive sea level anomalies (that is, a thick upper layer)
in the western tropical Pacific and stronger than normal equatorial
casterly winds in the central Pacific. Wyrtki reasoned that the sea
level anomalies were caused by the strong easterlies and marked the
accumulation of warm surface water in the western ocean. Any
subsequent weakening of the easterly winds would result in a
discharge of this warm water along the equator into the eastern
Pacific and the onset of El Nifio; equatorial baroclinic Kelvin waves
were proposed as a likely mechanism for achieving this redistribu-
tion. Although Wyrtki’s hypothesis does not give a mechanism for
weakening the equatorial easterlies and does not involve the propa-
gation and reflection of off-equatorial baroclinic Rossby waves, it
does contain elements of the coupled oscillator hypothesis and has
since been extended (11) to include the idea of a cycle whose period
is determined by the time required to recharge the western Pacific
with warm water.

McCreary (12) considered the results of (6, 10) and other
pioneering tropical ocean modeling efforts (13), together with
empirical evidence that opposing changes in the off-equatorial winds
(the tradewinds) and the equatorial easterlies associated with ENSO
events (I14) would produce off-equatorial upper layer thickness
anomalies (in response to Ekman pumping) opposite in sign to
those responsible for the eastern Pacific SST anomalies. In this
summary work, a conceptual coupled ocean-atmosphere model was
proposed in which the oceanic component was forced with idealized
patches of equatorial and off-equatorial winds that switched on and
off depending on the thickness of the upper layer in the eastern
equatorial boundary region. Although the behavior and location of
the wind field were highly idealized and not fully in agreement with
observations, the results of numerical tests of this idea showed that
the reflection of off-equatorial Rossby waves from the western
boundary allowed this coupled ocean-atmosphere system to oscillate
quasi-periodically in a way that resembled the ENSO cycle. The
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concept was not generally accepted at the time of its publication
because of the artificial wind system used and because the relatively
long transit times of the baroclinic Rossby waves made their survival
seem unlikely. Rather, the interpretation of observations available at
the time supported the view that El Ninos were broad-band signals
in a chaotic system (15, 16). In this study, consideration of recently
available field data and historical observations, and reinterpretation
of earlier results, show El Nifio to be one phase of a low-frequency
oscillation of the tropical ocean-atmosphere system, that is the
ENSO cycle.

Recently, Schopf and Suarez (17) have explicitly identified the
delayed negative feedback provided by off-equatorial baroclinic
Rossby waves as the cause of quasi-periodic ENSO-like oscillations
in their coupled tropical ocean—atmosphere model. This model uses
a global two-layer atmosphere driven by parameterized heat ex-
change with a tropical ocean and a specified equator-to-pole tem-
perature gradient. The rectangular model ocean, which is 160° wide
longitudinally and extends from 20°N to 20°S, has three layers in
which the temperature, thickness, and velocity are simulated. The
layers are coupled to each other through vertical motion and
diffusion. The upper layer is coupled to the atmosphere through a
simple parameterization of combined sensible and latent heat flux
and surface wind stress (taken to be proportional to the wind at 750
mbar, about 3000 m above the surface).

In a 35-year integration, this model showed well-organized
anomaly patterns in the atmosphere and ocean that exhibited quasi-
periodic oscillations with periods of 4 to 6 years that are qualitative-
ly similar to those observed in association with the ENSO cycle.
Analysis of the model results showed that the oscillations were due
to positive feedback between the zonal equatorial winds and eastern
equatorial Pacific SSTs at relatively short time scales, and, at longer
time scales, the delayed negative feedback provided by the reflection
of off-equatorial baroclinic Rossby waves from the western bound-
ary and their subsequent manifestation in eastern equatorial Pacific
SSTs.

Further evidence that ENSO-like oscillations in coupled tropical
ocean—atmosphere models are due to the correct simulation of real
physical processes comes from the successful forecast model results

Fig. 3. Canonical correlation patterns for: (A) SST (16°N to 16°S) and
surface wind stress (30°N to 30°S) for the period 1962—-84; and (B) the FSU
model results for ULT (20°N to 20°S) and surface wind stress (30°N to
30°S) for the period 1962-84. Negative contours are dashed, the zero
contour is the heavy line. Values are relative weights; contours are evenly
spaced. Stippling indicates a major positive SST anomaly in A and a. major
negative ULT anomaly in B.
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reported by Cane and Zebiak (18) in several papers. This model,
although somewhat simpler than the Schopf-Suarez formulation,
also produces ENSO-like quasi-periodic behavior and was used to
successfully forecast the 1986—87 El Nifio 9 months in advance
(19). Trials that used data from the 1960s to the present have shown
that this model has the potential to produce generally reliable El
Nino forecasts at lead times up to a year or more.

Two major differences between the Cane-Zebiak model and the
Schopf-Suarez model probably contribute to the former’s forecast-
ing success. First, the model allows feedback between latent heat
release in areas of organized convection and the wind field, which
supplies much of the water vapor that fuels the convection through
mass convergence. This feedback contrasts with the Schopf-Suarez
model, in which there are no moist processes and atmospheric
heating is due to changes in surface temperature only. A second
major difference is that many of the parameters in the Cane-Zebiak
model (for example, SST, ocean currents, surface winds, and ULT)
are expressed as departures from a climatology prescribed in terms of
monthly averages. These averages are determined either from the
observed climatology (SST and surface winds) or from the climatol-
ogy of the ocean model forced with observed wind stress (currents
and ULT). Although this scheme makes the model less realistic than
that of Schopf and Suarez, it does remove the constraint that the
model successfully simulate both climatology and anomalies, there-
by facilitating better simulation of nonlinear interactions between
the mean and anomaly fields. Although the issue of western
boundary reflection in causing the oscillatory behavior in their
model has not been specifically addressed by Cane and Zebiak,
recent experiments by Battisti with a similar model (20) show that
the oscillations cease if the western boundary is made nonreflective.
This finding indicates that the delayed negative feedback—reflected
Rossby wave mechanism sustains the model ENSO cycle, as sug-
gested by Graham ez al. (21) and Schopf and Suarez (17).

Fig. 4. Maps from 45-
month extended empiri-
cal orthogonal function
of sea level data for the
period 1950-85. Num-
bers after the month de-
note years since onset of
El Nifio event [year (0)
denotes the year warm
water appears in the
equatorial eastern Pacif-
ic]. Time proceeds from
top to bottom at 6-
month intervals. The
dashed line shows baro-
clinic Rossby wave phase
speed at 12° latitude.
Values are correlations
(x100) of sea level at
location with the func-
tion amplitudes; the
contour interval is 20.
Areas with correlations
greater than 0.4 are stip-
pled and those with cor-
relations less than —0.4
are hatched. Solid circles
indicate the measure-
ment locations. Symbols
off the coast of Peru de-
note the sign of the cor-
relation coefficient at
eastern boundary location (Callao, Peru). The other locations are Legaspi
(Philippines), Guam, Truk, Kwajalein, Wake Island, Johnston Island, and
Honolulu.
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Evidence for the delayed negative feedback role of off-equatorial
baroclinic Rossby waves also comes from unsuccessful attempts to
model El Nifio events without consideration of the importance of
the preceding cool water phase of the ENSO cycle. In a modeling
study described by Cane (22), an ocean model was driven with
winds composited from several El Nifio events by Rasmusson and
Carpenter (23). These composites begin just before the onset of an
El Nifio event and thus do not cover the preceding cool SST phase
of the ENSO cycle, during which time the delayed feedback
hypothesis calls for downwelling baroclinic Rossby waves to be
generated in the off-equatorial western and central tropical Pacific.
The results showed that the modeled thermocline fluctuations that
mark the onset of the El Nifio were much smaller than those that
would be expected from sea level observations. Later, during the
mature stage of the modeled composite event, the agreement
between the modeled ULT and observed sea level data was much
better. The inability of a model driven in this way to simulate the
onset of El Nifio is as expected from the hypothesis under consider-
ation, since the eastern Pacific ULT anomalies observed at the onset
of El Nifio have their genesis during the previous cool water phase, a
period not included in the simulation. Later in the warm event of
the model, rising eastern Pacific SSTs (reflecting the deepening
thermocline there) cause the usual equatorial easterlies to collapse,
resulting (through wind-forced Kelvin waves) in the major thermo-
cline depth and SST anomalies that mark the height of the warm
phase of the ENSO cycle. Note that when similar models are driven
with longer periods of wind data that do include the previous cool
water phase (24, 25), the hindcast El Nifio onsets are much better.
This fact, taken with the less successful results from the truncated
simulation (22), lends further support to the importance of the
delayed negative feedback mechanism in forcing ENSO phase
reversals.

Similar arguments can be used to explain the behavior of statisti-
cal models (21) designed to forecast eastern equatorial Pacific SSTs
on the basis of near-equatorial winds during the previous 6 to 11
months. These models also show good skill during the mature stage
of El Nifio events, but appear to be unable to forecast the rapid rises
in SST that often occur at the onset of the warm phase. As outlined
above, such behavior is as expected from the delayed negative
feedback-coupled oscillator concept, because the predictor data used
by the model do not extend far enough back in time nor do they
reach far enough off the equator to forecast the onset of El Nifio
events. In agreement with this interpretation is the successful
forecast of the onset of the 1986—87 El Nifio by a statistical model
based on measurements of Rossby wave activity from the off-
equatorial western Pacific during the previous 1 to 2 years (26).

Thus evidence from theoretical and statistical models support the
idea that the quasi-periodicity of the ENSO cycle is the manifesta-
tion of a natural coupled oscillator in the ocean-atmosphere system
of the tropical Pacific. However, we know of few published studies
that provide further support for this concept on the basis of
comparisons of field observations and model results. In the section
below, we outline the key dynamical links that allow the coupled
oscillator to operate and present new field observations, statistical
analyses, and model results that support their existence.

The Conceptual Model: Outline and Evidence

The natural coupled oscillator concept of the ENSO cycle can be
described on the basis of the interactions between three fields in the
tropical Pacific: SST, surface wind stress, and ULT on and off the
equator. These interactions are summarized by the coupling dia-
gram shown in Fig. 2. If we take SST as a starting point (27), the
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ENSO cycle requires that eastern and central Pacific equatorial SST
anomalies cause changes in the tropical wind field. This event is
followed in the diagram by the requirement that changes in the
tropical wind stress field result in changes in the ULT field. The two
responses are shown for this relation; one represents the equatorial
baroclinic Kelvin wave response (short delay and positive feedback)
that results from changes in zonal wind stress within the equatorial
waveguide, and the other represents the off-equatorial baroclinic
Rossby wave response (long delay and negative feedback) resulting
from changes in the off-equatorial Ekman pumping. The Rossby
wave response provides this negative feedback at the time scales of 1
to 2 years required for westward propagation and wave reflection
from the western boundary onto the equator and into the eastern
equatorial ocean. The ENSO cycle is completed by the requirement
that changes in ULT in the eastern and central equatorial ocean
force changes in SST there, because the mean zonal wind stress in
this region (even during the warm phase of the ENSO cycle) is
easterly, resulting in equatorial upwelling. The degree to which this
upwelling reduces SSTs is determined by the thickness of the upper
layer; when the upper layer is relatively thick, water circulated
upward by the upwelling is warmer than it would be if the upper
layer were relatively thin. In the discussion that follows, we outline
evidence for each of these relations.

The SST forcing—wind stress relation depicted in Fig. 2 is well
accepted. Evidence that equatorial zonal wind anomalies are associ-
ated with SST anomalies is available from statistical analyses of
observations (14, 23, 28, 29). Furthermore, although this is a
positive feedback relation, which makes it difficult to separate cause
from effect by using observations alone, numerical and analytic
atmospheric models provide clear evidence that SST anomalies are
responsible for the wind field anomalies observed in association with
ENSO (30). The response of the atmospheric circulation to anoma-
lous SSTs is not only due to changes in surface temperature
gradients (that is, a dry atmosphere response), but also to anoma-
lous atmospheric latent heating that reflects changes in the distribu-
tion of large-scale, organized convective activity (a moist atmo-
sphere response). A significant amount of the anomalous energy
released to the atmosphere during the warm phase of the ENSO
cycle (El Nifio) may come from this latter process, which is
mediated in turn by the convergence of water vapor rather than local
evaporation (18, 31). Because organized convection occurs only
during major El Nifios in some areas and thus has a skewed (non-
Gaussian) distribution, and since there is a rather sharp threshold in
SST below which large-scale convection does not occur (32), the
atmospheric circulation anomalies associated with the warm water
phase of the ENSO cycle are probably not simply reversals of those
that occur during the cool water phase. Thus the cycle is not
perfectly symmetric and some variables do have skewed distribu-
tions, as is apparent from the Truk Island sea level and eastern-
Pacific SST time series in Fig. 1.

New statistical analyses of observations provide further support
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for the close relation between the ENSO SST and surface wind
stress fields. For example, Fig. 3A shows the SST and wind field
patterns typically found in July at the beginning of the warm phase
of the ENSO cycle. These SST observations come from commonly
used sources (1) and the wind stress data were compiled at Florida
State University (FSU) (33). The analysis described here covers the
period 1962—84. The statistical technique used to generate these
patterns is known as canonical correlation analysis, a powerful
method of investigating the relation between two fields (28, 34). In
this case, the panel shown is one of a sequence of maps covering 21
months of evolution of the two fields extending from the end of the
cool water phase of the ENSO cycle through the warm phase and
into the following cool phase. The squared correlation (the canoni-
cal correlation) between the time series of these modes of evolution
in each field is 0.89, demonstrating that the relation between the
fields is very close, that is, when the SST field looks like the pattern
shown, the wind field is very near that depicted in the Fig. 3A. The
important features to note in Fig. 3A are the warm SST anomalies in
the eastern and central equatorial Pacific, westerly wind stress
anomalies just north of the equator in the western Pacific (35), and
generally easterly wind stress anomalies farther away from the
equator. This pattern results in generally positive (upwelling)
Ekman pumping (and an anomalously thin upper layer) in the off-
equatorial western and central ocean on both sides of the equator.

The Kelvin wave segment of the wind stress—~ULT link in the
coupling diagram (Fig. 2) is also widely accepted. Equatorially
trapped baroclinic Kelvin waves have been studied in detail in many
numerical ocean modeling studies [for example, (22, 24, 25, 36)],
the results of which compare well with sea level observations. In
addition, field observations from instrumented moorings along the
equator (7) as well as satellite altimetric data (37) have verified their
presence. In contrast, the delayed negative feedback mechanism
associated with the off-equatorial baroclinic Rossby wave segment
of the second leg of the coupling diagram is not widely accepted,
although the presence of positive sea level anomalies in the western
off-equatorial Pacific prior to the onset of El Nifio events and of
negative sea level anomalies during the warm phase of the ENSO
cycle has been described by several authors (6, 11, 14, 38). Other
observational and numerical modeling studies have associated these
features with off-equatorial baroclinic Rossby wave activity (9, 24,
26, 39).

In view of the agreement between the modeled and observed sea
level data (24, 39, 40), we applied canonical correlation analysis to
calculate the wind stress anomaly patterns associated with typical
model ULT anomaly fields, as is shown in Fig. 3B with the same
wind data described for Fig. 3A and monthly ULT data from the
FSU linear ocean model described in (24). This model has been
shown to closely reproduce observed changes in the thickness of the
upper layer of the tropical Pacific (24-26, 39—41) in many studies,
and comparisons between the relatively simple linear FSU model
and more elaborate nonlinear ocean models (17) suggest only minor
differences in the major low-frequency signals.

As with the application of this statistical technique to the monthly
SST and wind stress anomalies patterns described above, the period
used in this calculation was 1962—84, and here again the canonical
correlation is high (0.85), indicating close agreement between the
fields. Like Fig. 3A, the panel shown in Fig. 3B shows conditions in
July at the beginning of the warm water phase of the ENSO cycle.
The westerly wind stress anomalies along the equator produced
positive ULT anomalies in the eastern equatorial Pacific, in general
agreement with the SST anomalies found there in Fig. 3A. Off the
equator in the western and central tropical North Pacific, anomalous
Ekman pumping has resulted in a region of negative ULT anomalies
(that is, a shallow thermocline). This effect is not reflected in the
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Fig. 6. Time-longitude sections of (A) anomalous T,y and (B) FSU model
and ULT for 1980-85; equator (top), 12°N (middle), and 12°S (bottom).
Shaded areas denote negative anomalies. Dashed lines emphasize major
propagating positive anomalies and indicate phase speeds of 10 to 20 cms™!
at 12° latitude and 50 to 100 cm s™! on the equator. Contour interval is
0.5°C for T,, and 25 m for ULT.

SST pattern in Fig. 3A, because the mean depth of the thermocline
in this region (and in the western tropical Pacific in general) is
sufficiently deep that large ULT anomalies do not produce large
SST anomalies. Similar panels from later in the sequence show the
amplification, westward propagation, and reflection of this anoma-
lous ULT feature and the similar but weaker feature visible in the
western and central tropical South Pacific. The major point to be
noted in comparing Fig. 3, A and B, is the similarity between the
wind fields in the two figures. This similarity suggests that the
anomalous wind field response to SST anomalies is the same one
responsible for generating and amplifying the modeled upwelling
off-equatorial Rossby waves during warm phase (and downwelling
waves during the cool phase) of the ENSO cycle.

The required points of westward propagation and reflection,
although supported by the statistical results mentioned above and by
the coupled modeling results described earlier (14), have been
reported only from field measurements of vertically averaged tem-
perature (Ty) through the upper 400 meters of the ocean (9, 26,
39), a parameter that is closely connected with thermocline depth.
These observations come from expendable bathythermograph
(XBT) measurements made by research and volunteer merchant and
fishing vessels across the tropical Pacific as part of the Tropical
Ocean—Global Atmosphere (TOGA) program. Analyses of these
data (8, 26, 39) have shown that the westward propagation of
baroclinic Rossby waves can be tracked across the off-equatorial
tropical Pacific and into the equatorial waveguide. The actual
refletion process, in which the wave energy is conducted along the
western boundary into the waveguide, has not been observed, but is
inferred from the continuity of the on- and off-equatorial T,y
measurements. The lack of actual observations of thermocline
anomalies propagating along the boundary, and the difficulty in
modeling or theoretically determining details of the expected behav-

ior of long baroclinic Rossby wave activity impinging on a ragged

boundary such as that of the maritime subcontinent, are controver-
sial problems that require further efforts to resolve.

Although the reflection process remains poorly understood,
analyses (26, 39) have shown that the presence of a downwelling
wave (an anomalously thick upper layer) at the western boundary in
boreal fall and winter signals the onset of the warm phase of the
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ENSO cycle (El Nifio) the following year, as would be expected
from the reflected baroclinic Rossby wave mechanism. A major
finding of the work with the XBT data has been that comparisons
with ULT data taken from the wind-forced FSU ocean model show
good agreement, both with respect to the dominant patterns of
interannual variability (41), and on the points of apparent reflection
and westward propagation (26). This relatively good agreement
between observed T,y and model ULT data is important, because
the T}, data are available only since 1979 and suffer from irregular
spatial coverage, whereas the FSU model data are gridded and
available since 1962. The agreement between the model ULT and
observed T,y data from 1979—84 supports the use of the model data
to study the behavior of off-equatorial baroclinic Rossby waves over
the last 25 years for which model data are available.

Because the reflection of westward propagating Rossby waves at
the maritime western boundary of the Pacific is probably the least
well-accepted element of the natural coupled oscillator concept
(because of the irregular, nonsolid boundary), we also present new
statistical analyses of tide-gauge sea level observations (3) and ocean
model ULT data that support this mechanism. First, we have
analyzed sea level observations from tide gauges at six locations in
the tropical western North Pacific and one station on the eastern
boundary over the period 195085 with a technique known as
extended empirical orthogonal function analysis. Much like ordinary
empirical orthogonal functions, which objectively portray typical
patterns of static variability in a field, extended empirical or-
thogonal functions allow the depiction of the dominant patterns (or
modes) over time. The technique has proven of great value in
portraying the evolution of various fields in association with the
ENSO cycle (28, 42). Figure 4 shows a sequence of maps from such
a mode covering the development of sea level anomaly patterns for a
45-month period beginning in January. The mode shown is the
second most dominant, accounting for 12% of the total variance
(43).

The pattern across the western North Pacific in Fig. 4 is one of
slow westward propagation, with the presence of an anomaly of one
sign at the western boundary in January preceding the presence of a
liked-signed anomaly along the eastern boundary in the following
July, that is, a change in the phase of the ENSO cycle. For reference
purposes, the free baroclinic Rossby wave speed for 12° latitude
from the FSU ocean model (44) is shown in Fig. 4 as well and can
be seen to be in agreement with the trend of the motion. That this
pattern is the one associated with the ENSO cycle is demonstrated
in Fig. 5, which shows the amplitudes of the empirical orthogonal
function shown in Fig. 4. The amplitudes simply measure how
much the evolution of the observed sea level data over a given period
resembles the pattern shown in Fig. 4. These amplitudes typically
show low values prior to, and peaks during, the major El Nifio
events over the past 36 years, clearly supporting the contention that
upwelling off-equatorial Rossby waves generated during the warm
eastern Pacific SST phase (and downwelling waves during the cool
phase) of the ENSO cycle later force a change in the sign of the
eastern equatorial SST anomalies; that is, a reversal of phase of the
ENSO cycle.

As noted above, the T, data reported in (8, 26, 39) appear to
agree with numerical results from the wind-forced FSU ocean
model. An example of this agreement is given in Fig. 6 which shows
time-longitude sections of observed T,y and model ULT data at
12°N, 12°S, and along the equator during the 6-year period 1980—
85. Qualitatively, the agreement between the observations and
model data is good, not only with respect to individual features, but
also in showing westward propagation along 12°N and 12°S and the
eastward propagation along the equator. Note that the incidence of
the Rossby wave activity at the western boundary in late 1981 and
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carly 1982 at those latitudes was followed by reflections along the
equator to the eastern boundary (the bimonthly resolution of the
data shown here is too coarse to consistently resolve baroclinic
Kelvin wave propagation). The slow propagation (50 to 100 cm
s') along the equator of the major thermocline anomalies has been
observed in other fields (23, 28, 45) in association with the
evolution of El Nifio events, and is also apparent in the coupled
model results of Schopf and Suarez (17). This behavior is thought to
represent a nonlinear coupled ocean-atmospheric disturbance in-
volving large-scale convection, SST, and the wind field in the near-
equatorial tropics, and is closely associated with the sustained atmo-
spheric anomalies that mark the warm phase of the ENSO cycle.

Another interesting feature in Fig. 6 is the apparent reflection
from the eastern boundary of the positive anomalies associated with
the 1982-83 ENSO event as baroclinic Rossby waves along 12°N
and 12°S and their subsequent trans-Pacific propagation. Indeed,
more recent analyses suggest that these waves may be connected
with the phase change of the ENSO cycle marked by the onset of the
1986-87 El Niiio event. Whether eastern boundary reflection is
important to maintaining the coupled oscillations is unclear; it is not
invoked in this study. It is conceivable, however, that this mecha-
nism of reflection from the eastern boundary could provide correctly
signed features in the western and central off-equatorial Pacific that
later undergo further wind-forced amplification at the extremes of
the ENSO cycle.

The agreement between the T, data and the FSU-model ULT
data [as well as agreement between model ULT and tide-gauge sea
level data (25, 39, 40)] supports the use of model data to study the
evolution of ULT anomalies. To do this, we show the time-
longitude sections of model ULT anomalies for the equator, 12°N,
and 12°S for the 21-year period 1964-84 in Fig. 7. Although
clouded somewhat by a long-term trend for the model to raise ULT
over much of the tropical Pacific, the patterns are much like those
seen in Fig. 5, with clear indications of westward propagation and
apparent reflection from the western boundary of off-equatorial
anomalies preceding major warm (and cool) phases of the ENSO
cycle. Reflections of equatorial baroclinic Kelvin waves from the
eastern boundary as baroclinic Rossby waves are also seen, with
subsequent amplification in the central and western Pacific. As
noted above, the significance of this last element to the coupled
oscillator concept is unclear and is not a required link in the scenario
described here. Also note that, as outlined here, the coupled
oscillator concept does not assume that the off-equatorial baroclinic
Rossby wave activity responsible for phase reversals in the ENSO
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cycle always occurs at a particular latitude or within a particular
hemisphere. Nor do we propose that nonlinear interactions or
stochastic forcing arising internally within the coupled system in the
tropical Pacific, or elsewhere in the tropics or extra-tropics, does not
play important roles in determining the characteristics of the quasi-
cyclic behavior. Rather, the thrust of the coupled oscillator concept
is that the coupled system will tend to oscillate, perhaps irregularly,
once disturbed, and that these oscillations are modulated primarily
by the delayed negative-feedback mechanism.

To complete this discussion of evidence for the off-equatorial
baroclinic Rossby wave link in the ocean-atmosphere coupled
oscillator concept, we present an extended empirical orthogonal
function representing the variability of the gridded FSU model
ULT data covering the 23-year period 1962 through 1984 in Fig. 8.
In this case the function covers a 21-month period beginning in
January, with 3-month intervals between maps. The pattern shown
is the second mode (12% of the total interannual variance); the first
mode centered on the tendency of the model to gradually raise
ULTs over much of the tropical Pacific, as noted in the discussion
above. The panels show the onset of a warm event in April [marked
Apr (0)], with positive ULT anomalies (that is, a deep thermocline)
becoming established in the eastern equatorial Pacific during the
following July, October, and January. At the same time, the
amplification and slow westward progression of upwelling baro-
clinic Rossby waves (negative ULT anomalies) in the central and
western ocean can be seen, as can the poleward spread of the
thermocline anomalies along the eastern boundary (through baro-
clinic coastal Kelvin waves) and their reflection into the interior (as
baroclinic Rossby waves). In the sixth panel [marked Apr (+1)],
reflection of the upwelling Rossby waves off the western boundary
has occurred, and the passage of baroclinic Kelvin waves is marked
by the eastward spread of negative ULT anomalies along the
equator, as shown by the position of the zero contour. In the
subsequent two months, the panels show the continued develop-
ment of negative ULT anomalies in the eastern and central equatori-
al ocean and the westward propagation of Rossby waves, whose
curved shape reflects the latitude dependence of their phase speeds.
Another mode from this analysis shows further development of the
eastern Pacific thermocline depth anomalies and completes the cycle.

The final link of the ocean-atmosphere coupling diagram (Fig. 2)
shows that thermocline depth has an important effect on SSTs in the
central and eastern Pacific. Although this relation has been well
established (14, 24), we present further evidence in Fig. 9A, which
shows model ULT anomalies and SST anomalies in the eastern
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Fig. 7. Time-latitude sections of FSU model ULT

1963-85 for equator, 12°N, and 12°S; major El
Nifios are indicated. Negative anomalies are shad-
ed; the contour interval is 25 m. Dashed lines
emphasize major propagating positive anomalies
and indicate phase speeds of 10 to 20 cm s™! at
12° latitude and 50 to 100 cm s~ on the equator.
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Pacific (8°N to 8°S and 86°W to 122°W) for the period 1962-84.
The agreement between the data sets is close (the correlation is
0.71). The agreement in the central Pacific is not as good (suggest-
ing the importance of other processes in determining SST), al-
though by using monthly data for 1956—86, the correlation be-
tween Christmas Island sea level (2°N, 157°W) and SSTs in the
region bounded by 4°N and 4°S, and 154°W and 162°W, is 0.59,
with sea level leading by one to two months.

20°N

0° Jan (+1)

20°S

20°NF

0° Apr (+1)

20°S |

Jul (+1)

| Oct (+1)

140°E  180° 140° 100°W

Fig. 8. Maps from 21-month extended empirical orthogonal function of
ULT data from the FSU ocean model for the period 1962—84. Numbers
after the month indicate the years since onset of El Nifio event. Time
proceeds from top to bottom. Values are relative; solid contours are evenly
spaced at 10 units, and the zero contour is the heavy line. Regions with
weights more than 10 units are hatched, and those less than —10 are
stippled. Where shown, dashed contours are 5 units.
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Although the association between ULT and SST as we have
described it is a strong linear one and has been shown in model
results (17, 20) to be responsible for much of the SST signal in the
eastern ocean, there are other nonlinear processes that are important
contributors to SST variability in the equatorial central and eastern
Pacific. These processes have major effects on the details of the
timing and distribution of ENSO-related phenomena. Most impor-
tant among these are the advection of anomalous SSTs by the mean
meridional (north-south) currents and the interactions between
mean and anomalous ULT and oceanic vertical motion. Battisti’s
results (20) suggest that the former process is particularly important
in sustaining El Nifio events, and the latter plays an important role
in determining the timing of the amplification of the warm phase of
the ENSO cycle in relation to the seasonal cycle.

Concluding Remarks

We have presented evidence that the quasi-periodic nature of
ENSO phenomena reflects a natural coupled oscillation involving
the dynamics of the tropical Pacific ocean and the overlying
atmosphere. Classic El Nifio events and the related oceanic and
atmospheric anomalies represent one phase of this ENSO cycle. This
cycle is maintained by a three-part system involving the forcing of
the tropical wind stress field by equatorial SST anomalies, the
generation of ULT anomalies (baroclinic Kelvin and Rossby waves)
by those wind field changes and their subsequent propagation and
reflection, and finally the effects on SST by the ULT anomalies in
the castern and central equatorial ocean. Much of this presentation
has dealt with two key, but previously poorly documented, elements
required to sustain the cycle: the generation of off-equatorial Rossby
waves by anomalous Ekman pumping and their subsequent reflec-
tion from the maritime western boundary. This mechanism provides
the delayed negative feedback necessary to reverse the phase of the
system and is responsible for the observed 3- to 5-year time scale of
the ENSO cycle. This does not necessarily imply that the oscillations
should be perfectly periodic; both the influences of nonlinear effects
and stochastic forcing (internal or external) could easily account for
the observed quasi-periodicity.

To demonstrate this idea, consider a simple linear simulator of the
coupling relations depicted in Fig. 2. Such a conceptual model has
four components expressed as anomalies from their mean states:
zonal wind stress in the central equatorial Pacific (ZWS), sea surface
temperature and ULT in the eastern equatorial Pacific (ESST and
EULT), and ULT in the central off-equatorial Pacific (CULT).
These variables are assumed to be coupled as shown below:

EULT, = a ZWS, + p CULT,_
ESST, = b EULT,
CULT, = —c ZWS,

ZWS, + 1 = a(ab) " ESST, + ¢

The subscripts denote a time index, and the constants #, 4, and ¢
are positive values representing the observed relations between
anomalies in zonal wind stress, eastern Pacific SST, and ULT in the
eastern equatorial ocean and in the off-equatorial western and
central Pacific (46). These values were selected simply by inspection
of time series and scatter plots of these variables. The parameter p
represents a reflection coefficient and controls the fraction of the off-
equatorial ULT anomaly on the western boundary at time # (and
generated at lag 8 months prior in the off-equatorial ocean) that is
transmitted to the equatorial waveguide and into the eastern ocean
as delayed negative feedback; here p is assigned a value of 0.1. The
time lag parameter (8) was assigned a value of 18 months, repre-
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Fig. 9. (A) Time series
of FSU model ULT (sol-
id, left axis) and SST
(dashed, right axis)
anomalies for 1962—84.
Anomalies were aver-
aged over the region
bounded by 8°N to 8°S
latitude and 86°W to
122°W longitude. (B)
Time series of eastern
equatorial Pacific SST
from a simple linear sim-
ulator of the coupled os-
cillator—delayed negative
feedback model for the
ENSO cycle. The time
scale is in years; the start-
ing point in 1950 was
arbitrarily chosen to
match the plots in Fig. 1.
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sentative of the time required for the propagation of major off-
equatorial ULT anomalies from the central ocean to the western
boundary and into the eastern equatorial Pacific (4¢7). The variable e
represents random atmospheric forcing (“weather”). The presence
of such high-frequency variability in the tropical atmosphere is well
documented (48). For the sake of simplicity, we used uniformly
distributed random values with a range of 1.5 ms™~". Finally, the
parameter o, which represents damping within the system, has been
given a value of 0.8.

This conceptual model was started from a state of rest (all values
0) and was run forward for a period of 50 years with a time step of 1
month. Quasi-periodic oscillations began within a few years and by
the fifth year reached statistical equilibrium. As an example of the
model’s behavior, Fig. 9B shows eastern equatorial Pacific SSTs for
years 5 through 41 [filtered as in (4)]. The model produced irregular
oscillations resembling those seen in observed eastern Pacific SSTs
(Fig. 1), with “El Nifios” occurring at intervals of about 3 to 5 years.
This conceptual model, although very simple, demonstrates that a
coupled oscillator—delayed negative feedback mechanism like that
described in Fig. 2 can produce quasi-periodic oscillations qualita-
tively like those observed.

Note that because this simple system is a damped oscillator,
external forcing is required to drive the system; delayed negative
feedback provides the mechanism that allows for oscillatory behav-
ior. Further, because the relations are expressly linear, the system is
not intrinsically chaotic, as was suggested by Vallis (16). When the
oscillations are small (that is, the system is near its mean state), the
system has little predictability and is primarily influenced by random
forcing. When the oscillations are large, the system is more predict-
able and is primarily influenced by the delayed feedback mechanism.
Schopf and Suarez (17) found that oscillations in their model appear
to arise from similar mechanisms; that is, they are not manifestations
of classic chaotic behavior resulting from nonlinear dynamics, but
rather are due to the integration of high-frequency atmospheric (and
oceanic) variability by the coupled system. Battisti (20) reached a
similar conclusion and produced realistic aperiodicity in his coupled
model by introducing a modest amount of stochastic forcing to the
zonal wind. Also, Vallis (49) showed that the behavior of a
nonchaotic but stochastically forced model could resemble that of a
chaotic model.

An understanding of the dynamical nature of the ENSO cycle
offers the potential for much improved forecasts of the future state
of the ENSO system in general and El Nifio in particular. This
predictability is related to both the delayed response of eastern
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Pacific SSTs to oft-equatorial influences and to the approximate
linearity of the integrated dynamic response of the oceanic compo-
nent of the coupled system to relatively high-frequency input from
the atmosphere. These factors allow subtle trends in the atmospheric
system to be integrated by the oceanic system and expressed later as
major low-frequency signals. With improved coupled tropical
ocean-atmosphere models, it seems likely that skillful forecasts of
parameters such as SST, ULT, and wind stress may sometimes be
possible at lead times of many seasons. However, it is inevitable that
the ENSO cycle, like mid-latitude weather, will lose predictability to
the chaotic forcing that sustains it, although (owing to the long-
lasting oceanic signal) at time scales of several years instead of several
days. To the degree that the tropical ocean and atmosphere bear on
the extra-tropical circulation, such improvements in predictive skill
may assist in long-range forecasts of the mid-latitude climate.
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DNA Damage and Oxygen Radical Toxicity

JAMES A. IMLAY* AND STUART LINN

A major portion of the toxicity of hydrogen peroxide in
Escherichia coli is attributed to DNA damage mediated by
a Fenton reaction that generates active forms of hydroxyl
radicals from hydrogen peroxide, DNA-bound iron, and a
constant source of reducing equivalents. Kinetic peculiar-
ities of DNA damage production by hydrogen peroxide in
vivo can be reproduced by including DNA in an in vitro
Fenton reaction system in which iron catalyzes the univa-
lent reduction of hydrogen peroxide by the reduced form
of nicotinamide adenine dinucleotide (NADH). To mini-
mize the toxicity of oxygen radicals, the cell utilizes
scavengers of these radicals and DNA repair enzymes. On
the basis of observations with the model system, it is
proposed that the cell may also decrease such toxicity by
diminishing available NAD(P)H and by utilizing oxygen
itself to scavenge active free radicals into superoxide,
which is then destroyed by superoxide dismutase.

HE APPEARANCE OF ATMOSPHERIC OXYGEN OFFERED TO

the evolving biota the opportunity to utilize molecular

oxygen as the terminal oxidant in respiration in order to gain
energetic advantages over fermentation and respiratory pathways
that rely on other oxidants. However, the presence of intracellular
oxygen also allowed inadvertent redox reactions by oxygen radicals
to damage critical biomolecules, and a variety of human disease
states, including atherosclerosis, cancer, and aging have been attrib-
uted to such damage (1). This article describes the chemistry by
which one oxidant, hydrogen peroxide (H,O,), generates toxic
lesions in DNA and how the cell protects itself against such lesions.

Sources of Oxidative Stress

A variety of external oxidative stresses have toxic consequences in
bacterial and eukaryotic cells. Hyperbaric oxygen, gamma radiation,
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near-ultraviolet (near-UV) radiation, ozone, peroxides, and redox-
cycling drugs all exert deleterious effects through the intermediacy
of oxygen species. We selected H,O; for study of such phenomena
because of the likelihood that it is central to the cytotoxic action of
many of these agents and because the routine generation of H,O; as
a by-product of oxidative metabolism might cause it also to be an
important endogenous oxidant in aerobic organisms. Escherichia coli
was selected as an experimental organism because of its simple
growth requirements, its ability to grow anacrobically or acrobical-
ly, and the extensive knowledge available concerning its genetics and
enzymology.

Although molecular oxygen is strongly oxidative with respect to
its fully reduced form, water, its oxidative potential is normally held
in check by kinetic restrictions that are imposed by its two unpaired,
spin-parallel electrons. However, consecutive univalent reductions
of oxygen produce superoxide (O "), H,O,, and hydroxyl radical
(HO-), with the reaction potentials shown:

-033V +0.94V

02' -

+2.33V

HO- + H,0 —— H,0
1)

+0.38 V.
—_—

0O,

H202

Each of these is exempt from the spin restriction and is kinetically
and thermodynamically proficient at monovalent electron ex-
changes. The Oy~ is notable in that it can act either as an oxidant or
a reductant. Hydrogen peroxide is a relatively stable oxidant, but the
HO- is an extremely powerful oxidant that reacts at nearly diffusion-
limited rates with most organic substrates. The relatively mild
oxidative capabilities of O,-~ and H,O, belie the severity of their
direct oxidative effects on biomolecules; therefore, it has been
assumed that their cytotoxic nature might be due to their ability to
generate intracellular HO-.
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