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El Nifio on the Devil’s Staircase:
Annual Subharmonic Steps to Chaos

Fei-Fei Jin, J. David Neelin,* Michael Ghil

The source of irregularity in El Nifio, the large interannual climate variation of the Pacific
ocean-atmosphere system, has remained elusive. Results from an EI Nifio model exhibit
transition to chaos through a series of frequency-locked steps created by nonlinear res-
onance with the Earth’s annual cycle. The overlapping of these resonances leads to the
chaotic behavior. This transition scenario explains a number of climate model results and
produces spectral characteristics consistent with currently available data.

Ei Nifio, the name given by Peruvian
fishermen to an aperiodic warming of equa-
torial surface waters—now known to affect
much of the globe (I)—refers to the Christ
child because in years when it occurs, coast-
al manifestations tend to appear around
Christmas. A decade of research has led to
a view of El Nifio as an essentially cyclic
phenomenon and to an understanding of
the mechanisms that drive the oscillation
between warm and cold phases and deter-
mine the spatial pattern (2, 3). Current
major theoretical challenges are the inter-
action of El Nifio with the seasonal cycle
(2), which provided its saintly name, and
the source of its devilishly irregular behav-
ior. We as well as Tziperman and colleagues
(4) show how the latter is caused by the
former. The respective approaches comple-
ment each other because Tziperman and
co-workers analyze the basics of the mech-
anism in a simple model, while our model
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provides fuller physical mechanisms, along
with connections to other models. Our
coupled ocean-atmosphere model (5, 6) is
closely related to the Cane-Zebiak model
used for operational predictions of El Nifio
(7). Ours has been used (5) to understand
the relation among the flow regimes of
many El Nifio models (7-14) including
complex coupled general circulation models
and hybrid coupled models. This modeling
pedigree is important because some earlier
results on El Nifio irregularity have arisen
from numerical artifacts (15).

When the annual cycle is absent in El
Nifio models, the spatial pattern and inher-
ent period of the interannual oscillations
are determined by the nonlinear saturation
of an oscillatory, unstable ocean-atmo-
sphere mode. The instability involves feed-
backs between the sea surface temperature
(SST), which affects the atmospheric cir-
culation, and the dynamics of the ocean
circulation, in which currents and thermo-
cline depth must adjust to the changes in
wind. The resulting SST-ocean-dynamics
modes have several regimes of behavior (3),
mirrored in the differing behavior of several

climate models (12). Observational evi-

dence (16, 17) points to a regime in which
the memory of the system is provided main-
ly by the time scale of subsurface adjust-
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ment by ocean dynamics, whereas the spa-
tial form and growth mechanisms are large-
ly independent of these time scales. The
large spatial scale of El Nifio and its atmo-
spheric manifestation, the Southern Oscil-
lation (together known as ENSQO), arise
because each medium responds in an inte-
grating fashion to the anomalies of the
other, favoring the growth of the largest
scale mode. The oscillatory behavior occurs
because the slowly adjusting ocean dynam-
ics never quite catch up with the changes in-
the wind over the basin. A convenient
metaphor for this process is known as the
delayed-oscillator model (4, 9, 13). This
simple model, with idealized wind anoma-
lies depending on SST at a single point and
truncated ocean dynamics, can be justified
in terms of the mixed SST—ocean-dynamics
modes of more complex models [see (3) for
review] for significant portions of their re-
spective bifurcation diagrams (5).

When the seasonal cycle is included in a
coupled model with El Nifio oscillations
and no atmospheric noise, several things
can happen: The motion can be quasiperi-
odic (that is, with two incommensurable
frequencies, the inherent El Nifio frequen-
cy and its annual modulation); the motion
can be irregular; or the El Nifio cycle can be
entrained nonlinearly into synchrony with
the annual cycle to form a periodic oscilla-
tion with a longer period—a subharmonic
oscillation. We mapped this interaction of
El Nifio and the seasonal cycle systemati-
cally in our model and found it to be
organized about a ‘“devil’s staircase”—a
structure in which the inherent frequency
of the system locks onto a sequence of
rational fractions of the external frequency
and that is associated with the transition to
chaos by the overlapping of these nonlinear
resonances (18).

The approximate devil’s staircase in Fig.
1A is constructed from many 100-year runs
of the model. We changed a parameter, 3,
which determines the strength of anoma-
lous currents and upwelling in the model’s
surface layer (5), to modify the inherent
period of the model El Nifio cycle. For
stronger surface-layer feedbacks, zonal and
vertical advection anomalies add to the
time rate of change of SST caused by
thermocline-depth anomalies. The most re-
alistic regime for the model ENSOs occurs
between values of about 0.2 and 0.4 on this
nondimensional scale. We swept through a
greater range of values to see the structure
in which the realistic range is embedded,
and because some climate models fall into
the higher value range (12). Over much of
the parameter range, the ENSO frequency
is discretized into a series of frequency-
locked steps (known as Arnold tongues) at
rational fractions of the annual frequency.
A complete devil’s staircase has an infinite



number of steps, filling the parameter
range; for the staircase of Fig. 1A, we found
a large number of these steps as we roughly
followed the critical surface (I18) where the
complete staircase would appear. This route
to chaos fundamentally involves two pa-
rameters: one affecting the inherent ENSO
frequency and the other controlling the
strength of ocean-atmosphere feedbacks.
The first, d,, gives rise to the steps; the
second, the coupling parameter p (5), in-
creases their width as the nonlinear effects
become stronger. Some steps, notably that
for 4-year locking, widen rapidly as p in-
creases (Fig. 1B) (19).

As we increased p for a fixed 3, the
model passed first from a stable annual cycle
with no ENSO to a quasiperiodic regime in
which the ENSO frequency is not locked
and then to a frequency-locked regime. The
qualitative behavior of the time series for
these successive regimes supports the results
presented by Tziperman and colleagues (4)
for a simpler model. For example, Fig. 2
shows the final transition for a case that lies
close to the right edge of the 5-year locked
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Fig. 1. Frequency ratio of the model El Nifo
oscillation to the annual cycle, as a function of a
parameter, 3, that affects the inherent ENSO
period. Another parameter, the coupling coef-
ficient, ., is changed to keep the El Nifio cycle
below its transition to chaos. Nonlinear frequen-
cy locking to the annual cycle creates a stair-
case of discrete steps at rational values of the
frequency ratio. For instance, for a frequency
ratio 1/4, the ENSO period is exactly 4 years,
while for 3/10, a sequence of three El Nifo
cycles repeats every 10 years. (A) The approx-
imate devil's staircase, slightly above the pri-
mary Hopf bifurcation where the ENSO mode
goes unstable. All points shown correspond to
rational frequency ratios (some labeled). (B)
Frequency-locked solutions for slightly larger
(by about 10%) values of n, showing the rapid
widening of the integer-period steps.

T

step of Fig. 1A. For slightly larger coupling,
the ENSO signal locked to a 4-year period
(Fig. 1B): The spectrum (Fig. 2A) exhibits
quadrennial and annual peaks, plus second-
ary peaks at biennial periods and 4/3 of a
year periods produced by the nonlinear in-
teraction of the two main frequencies. As p
was increased further, the width of the steps
broadened, and chaos ensued as the system
jumped between them (Fig. 2B). The broad-
band spectrum is a signature of deterministic
chaos, but the peaks corresponding to the
nonlinear resonances may still be detected.

The anomalous SSTs corresponding to
the case of Fig. 2B (Fig. 3) vary essentially
as a standing oscillation with a time scale
determined by subsurface dynamical adjust-
ment, consistent with ENSO observations
and several other ENSO models. Compar-
ison to the linear stability analysis of the
periodic basic state (20) shows that the
spatial pattern of the nonlinear, chaotic
variability is dominated by the unstable
mode that creates the bifurcation to the El
Nifo cycle. This mode has the same essen-
tial dynamics when the seasonal cycle is
present as without it. The interactions of
this ENSO mode with the annual cycle
occur primarily through the equatorial up-
welling and thermocline slope, which are
modulated by seasonal wind stress varia-
tions (2). Both upwelling and thermocline
depth affect the way that changes in ocean
circulation resulting from earlier SST and
wind anomalies translate, at later stages of
the cycle, into warming or cooling of SST
in the crucial equatorial region. This rela-
tion makes it easier for coupled feedbacks to
produce an SST anomaly at certain times of
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Fig. 2. Power spectra of eastern Pacific equa-
torial SST (averaged from 135°W to 90°W) from
the last 500 years of two 520-year model inte-
grations (bandwidth of 0.06 year~'). (A) For a
case of frequency locking to 4-year period. (B)
For a case with a slightly higher value of the
coupling parameter, p, which exhibits chaotic
behavior.
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year, notably winter, thus tending to delay
or advance the phase of the El Nifo slightly
to match the favorable season.

A test of this scenario is whether the
subharmonic peaks associated with the
nonlinear resonances are observed in data.
A period-doubling route to chaos would not
have the quasi-quadrennial peak larger than
the quasi-biennial peak (21), and irregular-
ity created by stochastic forcing alone
would not likely have multiple interannual
peaks, given the properties of the annual
average problem (5). Additional irregulari-
ty associated with atmospheric stochastic
forcing can significantly increase the red
background in the signal and make the
peaks harder to detect but would not
change the basic scenario. Observational
studies (22, 23) do show multiple spectral
peaks in ENSO time series, although the
records are admittedly short. Rasmusson
and colleagues (22) resolved a quasi-bien-
nial and a lower frequency 3- to 6-year
peak. Jiang and co-workers (23) corroborat-
ed this split of the ENSO variability and
found that the low-frequency peak was qua-
si-quadrennial; this peak dominates ENSO-
related variance, with a smaller quasi-bien-
nial contribution. Several studies (17, 23,
24) have shown that the two main ENSO
time scales have similar spatial structures,
also in agreement with our scenario.

This scenario for El Nifio chaos accounts
for seemingly diverse results from ENSO
modeling of the past decade. For instance, a
number of model simulations have been
disappointingly regular, because of frequency
locking to the seasonal cycle (9, 11); exces-
sive locking can present a significant barrier
to the accuracy of El Nifio forecasts. In our
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Fig. 3. Time-longitude plot of Pacific SST anom-
alies along the equator, for a typical 10-year
interval from the model run corresponding to
Fig. 2B.
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scenario, these models are stuck on one of
the steps of the staircase, partway along the
transition to irregular behavior. Further-
more, these results show how a large body of
modeling and theory on simpler versions of
ENSO carries over to the case of complex
behavior: The basic characteristics of El
Nifio do not depend on the seasonal cycle—
but its chaotic behavior does.
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El Nifio Chaos: Overlapping of Resonances
Between the Seasonal Cycle and the
Pacific Ocean-Atmosphere Oscillator

Eli Tziperman,* Lewi Stone, Mark A. Cane, Hans Jarosh

The El Nifo—Southern Oscillation (ENSO) cycle is modeled as a low-order chaotic process
driven by the seasonal cycle. A simple model suggests that the equatorial Pacific ocean-
atmosphere oscillator can go into nonlinear resonance with the seasonal cycle and that with
strong enough coupling between the ocean and the atmosphere, the system may become
chaotic as a result of irregular jumping of the ocean-atmosphere system among different
nonlinear resonances. An analysis of a time series from an ENSO prediction model is
consistent with the low-order chaos mechanism.

ElNiso (roughly defined as the warming of
the east equatorial water of the Pacific
Ocean about every 3 to 6 years) and the
accompanying Southern Oscillation signal
in the atmosphere dramatically affect the
Earth’s climate on a global scale. The on-
set, termination, and cyclic nature of the
ENSO events seem to be well explained by
the linear equatorial wave dynamics and
the delay oscillator idea (1-5). However,
their irregular occurrence and partial lock-
ing to the regular seasonal cycle [El Nifio
events usually peak in the northern winter
(6)] have been difficult to explain.

Here we use a simple delay equation
model, including idealized seasonal forcing,
to evaluate whether ENSO might be a
low-order chaotic process driven by the
seasonal cycle. We then analyze the chaotic
behavior of the ENSO model of Cane and
Zebiak [(7), hereafter CZ]. A companion
paper (8) describes another test of this
theory that uses a model that is fuller than
our simple delay model and yet simpler (and
therefore more accessible) than the CZ
model from which we analyze a time series
here.

The delay oscillator mechanism can be
described as follows: A positive sea-surface
temperature (SST) perturbation along the
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eastern equatorial Pacific weakens the
easterly winds above the equator [the
Bjerknes hypothesis (9)]. The change in
the winds excites a downwelling (deepen-
ing) wave in the thermocline that travels
eastward to the South American coast as
equatorial Kelvin waves and an upwelling
signal that travels westward as equatorial
Rossby waves. The downwelling Kelvin
waves enhance the warming off the coast
of South America—the El Nifio event has
begun. Subsequently, the westward-trav-
eling upwelling Rossby waves are reflected
from the western boundary of the Pacific
Ocean as upwelling Kelvin waves, which
travel eastward to counter the down-
welling Kelvin waves, ultimately termi-
nating the El Nifio event.

We used a simple heuristic model of this
accepted delay mechanism, including a
Kelvin wave, one Rossby wave mode, and a
dynamic link from mid-Pacific wind stress
anomalies to these equatorial wave modes.
To these we added a phenomenological
seasonal forcing term representing the ef-
fects of the numerous seasonally varying
features of the equatorial Pacific ocean and
atmosphere, such as wind amplitude and
SST wvariations (10). Apart from the sea-
sonal forcing term used here, our model is
basically a continuous version of the dis-
crete delay equation given in (5) and is
similar to those of (I-4). The equation is
written for h(t), the thermocline depth
deviations from seasonal depth values at the
eastern boundary





