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ABSTRACT

The thermodynamical process of latent heat flux is added to an analogical delayed oscillator model of the El
Nifio—Southern Oscillation (ENSO) that mainly considers equatorial ocean dynamics and produces regular, non—
phase-locked oscillations. Latent heat flux affects the model sea surface temperature (SST) variations by a
positive feedback between the surface wind speed and SST operating through evaporation, which is called the
wind speed—evaporation—-SST feedback. The wind speed—evaporation-SST feedback in which the atmosphere
interacts thermodynamically with the ocean through surface heat flux differs from the conventional zonal wind
stress-SST feedback in which the atmsophere interacts dynamically with the ocean through momentum flux.

The combination of equatorial ocean dynamics and thermodynamics produces relatively more realistic model
oscillations. When the annual cycle amplitude of the zonal wind in the wind speed—evaporation-SST feedback
is gradually increased, the model solution undergoes a transition from periodic to chaotic and then to periodic
oscillations for some ranges of the parameters, whereas for other ranges of the parameters the transition goes
from periodic to quasiperiodic and then to periodic oscillations. The route to chaos is the intermittency route.
Along with such irregularity, the nonlinear interactions between the annual and interannual cycles operating
through the wind speed—evaporation-SST feedback also produce a phase-locking of ENSO to the seasonal cycle.
The model ENSO onset and peak occur in the boreal winter and spring, respectively, consistent with the observed
phase-locking of ENSO in the far eastern Pacific. It is shown that ENSO decadal or interdecadal variability may
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result from the nonlinear interactions between the annual and interannual cycles in the Tropics.

1. Introduction

Considering the effects of equatorially trapped oce-
anic waves propagating in aclosed basin through adelay
term, Suarez and Schopf (1988) introduced the anal og-
ical delayed oscillator as a candidate mechanism for the
El Nifio—Southern Oscillation (ENSO). The analogical
model is represented by a single ordinary differential
delay equation with both positive and negative feed-
backs. The positive feedback is the sum of all loca
processes due to the ocean—atmosphere coupling in a
coupled region. The delayed negative feedback results
from Kelvin waves generated at the western boundary
due to the reflection of Rossby waves (Kelvin waves
propagate eastward to the coupled region and reverse
the anomaly pattern). Nonlinearity is also included to
represent processes that limit the growth of instabilities.
Based on the dynamics of the coupled ocean—atmo-
sphere model of Zebiak and Cane (1987), Battisti and
Hirst (1989) derived a version of the Suarez and Schopf
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(1988) analogical delayed oscillator model and showed
that this delayed oscillator model could account for im-
portant aspects of the numerical coupled model. Sub-
seguently, the oscillations found in many coupled
ocean—atmosphere models of ENSO have been attri-
buted to such delayed oscillator physics.

Although the delayed oscillator theory provides a
plausible explanation for the onset, termination, and cy-
clic nature of ENSO events, it failsto explain two basic
ENSO characteristics as observed in nature. First,
ENSO events, which occur roughly twice per decade,
areirregular. Second, ENSO exhibits a strong tendency
for phase-locking to the seasonal cycle in the sense that
maximum sea surface temperature (SST) anomalies oc-
cur during a particular calendar month. For example,
Rasmusson and Carpenter (1982) showed that in the far
eastern Pacific (between 95° and 80°W) the onset of El
Nifio occurs around Christmastime and the peak phase
of El Nifio isin late boreal spring of the El Nifio year,
whereas in the Nino3 region (5°S-5°N, 150°-90°W) the
onset is in boreal spring and the peak is near the end
of the El Nifio year (December). Recently, B. Wang
(1995) further showed that the peak phases of EI Nifio
in the far eastern Pacific are different during the pre-
1977 and the post-1977 warm episodes. The far eastern
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Pacific peak phase of El Nifio in the pre-1977 warm
episodes occursin late boreal spring of the EI Nifio year,
whereas the peak phase in the post-1977 warm episodes
isin boreal spring of the subsequent year of the El Nifio
year. Motivated by the inconsistencies of the theory with
observations, this paper attempts to improve upon the
delayed oscillator theory by considering an additional
physical process.

There have been several hypotheses on the irregu-
larity of ENSO. One class of these considersinteractions
between the annual and interannual cycles. For example,
Jin et al. (1994), Tziperman et al. (1994), Tziperman et
al. (1995), and Chang et al. (1994, 1995) use different
numerical coupled ocean—atmosphere models to argue
that annual forcing is responsible for the irregularity of
model ENSO events. They claimed that the model
ENSO can be explained as alow-order chaotic behavior
driven by the annual cycle and the chaotic oscillations
are created by nonlinear resonance between the annual
and interannual cycles. The routes to chaos in different
model are different. The transition to chaosin the model
of Chang et al. (1995) followsthe period-doubling route.
Tziperman et al. (1995) demonstrated that as either the
coupling strength or the amplitude of the background
seasonal cycle in the model of Zebiak and Cane (1987)
is increased, the model undergoes a transition from pe-
riodic to chaotic behavior according to the universal
quasiperiodicity route to chaos. However, they did not
identify which of the physical processes is the major
cause of the nonlinear resonances and, therefore, of the
model chaotic behavior.

The present study examines whether a delayed os-
cillator model will produce irregular oscillations and
phase-locking if additional physics is considered. The
delayed oscillator model mainly emphasized equatorial
ocean dynamics. The thermodynamics of surface heat
flux as awhole is simplistically treated as a Newtonian
cooling included in the local coupling process term.
Such a simplistic treatment suppresses the positive feed-
back between surface wind speed and SST operating
through an evaporation process, which iscalled thewind
speed—evaporation—SST feedback. The feedback, in
which surface wind through surface heat flux affects
SST, which in turn affects surface wind, can be de-
scribed as follows. In response to increasing (decreas-
ing) surface wind speed, evaporation is increased (de-
creased). Increasing (decreasing) evaporation resultsin
more (less) SST cooling, which in turn further increases
(decreases) the surface wind speed. This wind speed—
evaporation—-SST feedback is important in controlling
the latitudinal climate asymmetry related to the inter-
tropical convergence zone (ITCZ) in the eastern Pacific
(e.g., Xie and Philander 1994; Xie 1996). Observations
have also pointed out the importance of the wind speed—
evaporation—-SST feedback in the equatorial Pacific (C.
Wang 1995; Weisberg and Wang 1997). The positive
wind speed—evaporation—SST feedback is physically
different from the conventional zonal wind stress—SST
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feedback [see Philander (1990) and McCreary and An-
derson (1991) for a review], which emphasizes the
ocean and atmosphere interactions through momentum
flux. In this paper, we will investigate how the periodic
solutions of the delayed oscillator model transform into
aperiodic (or chaotic) solutions and how the model os-
cillations are phase-locked to the seasonal cycle by add-
ing the wind speed—evaporation-SST feedback. The pa-
per also discusses the possibility of the nonlinear in-
teractions between the annual and interannual cycles
inducing lower-frequency (decadal or interdecadal) cli-
mate variability.

The paper is organized as follows. Section 2 reviews
the behaviors of the conventional delayed oscillator
model, and presents the physics of the modified delayed
oscillator model in which the wind speed—evaporation—
SST feedback process is added. Section 3 introduces
the results of the irregularity and phase-locking of the
model oscilllations due to the wind speed—evaporation—
SST feedback process. Section 4 summarizes and dis-
cusses the results.

2. Conceptual oscillation models

Before the wind speed—evaporation-SST feedback is
considered, we first review the conventiona delayed
oscillator.

a. The delayed oscillator model

The nonlinear delayed oscillator equation was first
proposed by Suarez and Schopf (1988) as an analogical
model of the ENSO phenomenon. Battisti and Hirst
(1989) then derived the version of the Suarez and Schopf
(1988) delayed oscillator model that was specifically
designed to contain the important dynamics of the cou-
pled ocean—-atmosphere model of Zebiak and Cane
(1987). The analogical model is represented by an or-
dinary differential delay equation,

dr =aTl — bT({t — 7) — €T3, (@D}
dt

The first term on the right-hand side of Eq. (1) sum-
marizes all the processes that include local change of
the SST anomaly T. Note that Newtonian cooling pa-
rameterized as a constant coefficient is also included in
this local coupling term [see Battisti and Hirst (1989)
for details]. The second term represents the delayed neg-
ative feedback effect on T of Rossbhy waves that are
excited in a coupled region and later reflected from the
western boundary as equatorial Kelvin waveswith delay
time 7. The third cubic term represents processes that
limit the growth of instabilities.

The nature of the solutions to Eq. (1) depends upon
the values of the coefficients a, b, e, and 7, allowing
either steady or oscillatory solutions. For a steady state
(dT/dt = 0), it follows that when a > b the system has
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FiG. 1. Solutions of the conventional delayed oscillator model [Eq.
(1)]. The model parameters are (@) a = 6.8 yr*, b =25yrt e=
04°C2yrtr=05yr;and (b)a=23yrtb=27yrte=
04°C2yrt r=05yr

three steady solutions: an inner solution T = 0; and two
outer symmetric solutions

ot _+<a—b>”2
Tl = =& ,
e

which represent the permanent El Nifio and La Nifa
states, respectively. However, when a < b there are no
permanent El Nifio and La Nifiaouter states. The system
has only one steady real solution, T = 0.

Different authors have used different model param-
eter ranges of Eq. (1), claimed to be relevant to partic-
ular coupled ocean—atmosphere models. McCreary and
Anderson (1991) summarized and presented the param-
eter dependence on the solutions of Eq. (1). Since the
purpose of this paper isto examine whether theinclusion
of the wind speed—evaporation—SST feedback in the de-
layed oscillator can transform periodic solutionsto cha-
otic oscillations and whether the modified delayed os-
cillator can produce phase-locking of ENSO to the sea-
sonal cycle, model parameters a, b, e, and = are used
without constraints to any particular coupled ocean—
atmosphere models. In this paper, two sets of model
parameters (which fall in model parameter ranges a >
b and a < b) are considered to demonstrate the effect
of the wind speed—evaporation—SST feedback.

The ordinary differential Eq. (1) is integrated by the
predictor—corrector method of the Adams-Bashforth—
Moulton scheme. The time evolutions of typical solu-
tions of Eq. (1) are shown in Figs. 1la and 1b with two
sets of the model parameters: a = 6.8 yr=t, b = 25
yri,e=04°C2yrt r=05yr;anda=23yr?,
b=27yr*e=04°C2yrt 7= 05yr. The system
for the first set of model parameters (a > b) does not
oscillate, with the solution converging quickly to the
permanent El Nifo state (Fig. 1a). This corresponds to
a case in which the delayed negative feedback effect is
not strong enough to switch the permanent El Nifio state
to the La Nifa state (or La Nifia state to El Nifio state,

T= &)
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Fic. 2. Histograms of the percentage for (@) model ENSO onset
and (b) model ENSO peak as a function of calendar month. The
model corresponding to Fig. 1b was integrated for 500 yr, and then
the months of the model ENSO onset and peak were tabulated.

depending on the initial condition). The solution for the
second set of model parameters (a < b) is perfectly
periodic with a period about 2.5 yr (Fig. 1b). There are
no permanent El Nifio or La Nifia states in this model
parameter range. The system oscillates about a single,
unstable zero basic state (T = 0).

In order to examine the phase-locking of the delayed
oscillator, Eq. (1) with the second set of model param-
eters of Fig. 1b was integrated for 500 years. We then
tabulated months of model ENSO onset (defined by SST
anomaly becoming positive) and model ENSO peak.
Histograms of the percentage for model ENSO onset
and model ENSO peak as a function of calendar month
are shown in Figs. 2a and 2b, respectively. Both the
model ENSO onset and peak occur over all calendar
months. The model ENSO is not phase-locked to the
seasonal cycle, contrary to observations that the onset
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and peak phases of ENSO are phase-locked to particular
months (e.g., Rasmusson and Carpenter 1982; B. Wang
1995). This absence of irregularity and phase-locking
to the seasonal cycle suggests that some essential phys-
icsare omitted in thisanalogical delayed oscillator mod-
el.

b. Effect of latent heat flux on a delayed oscillator
model

In some numerical models, surface heat fluxes as a
whole have been simplistically treated as Newtonian
cooling using atemporally constant coefficient. For ex-
ample, Oberhuber (1988) demonstrated how the heat
flux could be simplified as a Newtonian cooling or the
heat flux correction term in simulating SST in an ocean
general circulation model. Letting an overbar denote the
temporal mean and a prime denote the deviation (or
anomaly) from the mean, the surface heat flux anomaly
Q' can be expressed as

9Q

Q=Q-Q=% (T-T=-aT, @

where a = —(9Q/0T)|;,_;+ = constant is the coefficient
of Newtonian cooling. This simple Newtonian cooling
term was included in the local coupling feedback term
aT inthe conventional delayed oscillator of Eq. (1) (Bat-
tisti and Hirst 1989).

The above treatment of surface heat flux, however,
does not consider the feedback between surface wind
speed and SST operating through evaporation. Treating
surface heat fluxes as a simple Newtonian cooling sup-
presses the active wind speed—evaporation—SST feed-
back. Increasing surface wind speed enhances surface
evaporation (latent heat flux) and thus cools SST, which
further increases surface wind speed. In order to con-
sider the wind speed—evaporation—-SST feedback in the
model, we divide the total surface heat flux Q into the
latent heat flux Q, ., and other surface heat fluxes Qg -
Thus, the surface heat flux anomaly Q' is

Q=Q- 6 = Qoter — éother — (Qua — 6Lat)

d — J —
_ Qotrer T-T) - Qua T-T)
aT T=T aT T=T
' aqS '
= _aNT - paLCE(a_T> _UaT ’ (4)
T=T

where ay = —(0Qone/dT)|r_7, pa is the ar density, L
is the latent heat of vaporation, C. is the exchange co-
efficient, the saturated moisture content g, is given by
the Clausius—Clapeyron equation, and U, is the surface
wind speed.

In addition to the Newtonian cooling term «,T’,
which parameterizes surface insolation, longwave ra-
diation, and sensible heat flux, there is another term in
Eq. (4) that paramaterizes latent heat flux and is pro-
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portional to the product of SST anomaly T’ and surface
wind speed U,. Using this treatment of the surface heat
flux as shown in Eq. (4) and dropping the prime for
clarity, amodified delayed oscillator model can be writ-
ten as

(;—-{ =al — bT(t — 7) —€T®* —c|U + U|T, (5
where U is the mean zonal wind, U is the zonal wind
anomaly, ¢ = p,LCg(0q,/0T)|r_7(pc,h)~*, pisthe den-
sity of sea water, ¢, is the heat capacity of seawater at
constant pressure, and h is the mixed layer depth. With
T = 301 K and h varying from 50 to 150 m, the
parameter ¢ related to the wind speed—evaporation—
SST feedback ranges between 0.8 and 0.2 sm~* yr—*.
Note that the meridional wind has been neglected in
calculating the wind speed for simplicity. Thelast term
on the right-hand side of Eqg. (5) represents the process
of latent heat flux, acting as a cooling effect on SST
anomaly (c > 0). Unlike conventional treatment of
latent heat flux as a Newtonian cooling, it also depends
upon the surface wind speed. It is the dependence upon
the surface wind speed that forms a positive wind
speed—evaporation—-SST feedback. Physically, in re-
sponseto adecrease (increase) in SST, the surfacewind
speed is strengthened (weakened). The strengthening
(weakening) of the surface wind speed increases (de-
creases) the latent heat flux, which, in turn, results in
more (less) SST cooling. The wind speed—evaporation—
SST feedback in which the atmosphere interacts ther-
modynamically with the ocean through surface heat
flux differs from the conventional zonal wind stress-SST
feedback in which the atmsophere interacts dynamically
with the ocean through momentum flux. Further dis-
cussion and comparisons of these two feedbacks are giv-
en in section 4.

Equation (5) has two unknowns, T and U. To get a
closed form, we need another equation controlling the
variation of U. It is observed that zonal wind anomaly
is highly correlated with SST anomaly in the equatorial
Pacific (e.g., Hayes et al. 1991; Latif and Barnett 1995).
Thus, we assume that

du

p fT — gu, (6)

where f is a forcing parameter and g is a damping
coefficient, and their values are positive, representing
the observed relation between zonal wind and SST
anomalies. Equation (6) states that zonal wind U tends
to adjust to be linearly related to T. A similar relation-
ship to Eq. (6) was used by Graham and White (1988)
who assumed that the time derivative of zona wind
stress anomaly in the central equatorial Pacific is pro-
portional to SST anomaly in the eastern equatorial Pa-
cific. In an overview of coupled ocean—atmosphere
models of ENSO, McCreary and Anderson (1991) fur-
ther commented on Eqg. (6) as being the relationship that
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models Bjerknes's Walker circulation. For further sim-
plification, the time derivative in Eq. (6) can be dropped
(a steady atmosphere).

Similar to the steady and symmetric solutions of Eq.
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(2), we can analyze the steady solutions of Egs. (5) and
(6). In this case the solutions, which depend upon the
mean zonal wind U relative to the steady state of zonal
wind Ug, are

D T —
E%%{Cf + [c2f2 — 4gee(—cU + b — a)]¥?}, if —U = U, = ;TE;

T=T.=0

)

DL _ + [e2f2 — 2a(cl | _ 12 o1 :i
EQge{ cf = [c?f 4g?e(cU + b — a)]v?}, if —U < Ug gTE.

Unlike the symmetric solutions of Eqg. (2), the solutions
of Eqg. (7) are asymmetric. That is, the amplitudes of
the permanent El Nifio and La Nifia states are unequal
and vary with the model parameters.

Observations show that in the eastern equatorial Pa-
cific surface wind has a large annual cycle (e.g., Hayes
et al. 1991). The easterly trade wind is weakest in the
boreal spring whereas it is strongest in the boreal fall.
Therefore, when the wind speed—evaporation—SST feed-
back is considered, the realistic mean zonal wind should
have an annual cycle. To account for the annual cycle,
the mean zonal wind in Eq. (5) is specified as

U = U, + U, sin(et), 8)

where U, is a constant parameter, U, is the amplitude
of the annual cycle, and w = 27 yr-! is the annual
frequency. In the subsequent experiments, the clock is
set so that the weakest (strongest) mean zonal wind
occurs in the boreal spring (fall), consistent with ob-
servations.

3. Main results

In asimilar manner as the integration of Eq. (1), Egs.
(5) and (6) were integrated by the predictor-corrector
method of the Adams-Bashforth—Moulton scheme. The
modified delayed oscillator model of Egs. (5) and (6)
has nine parameters and its behavior depends upon these
model parameters. The purpose of this paper is to ex-
amine how the wind speed—evaporation—SST feedback
transforms the periodic model ENSO solution into an
irregular solution and how this feedback introduces the
phase-locking of ENSO to the seasonal cycle. Therefore,
we fixed all other model parameters and took the annual
cycle amplitude of the mean zonal wind U in the wind
speed—evaporation—SST feedback process as a varying
parameter. The range of this varying parameter U, is
chosen to be physically reasonable based on observa-
tions. The two previous sets of model parameters, rep-
resenting the permanent El Nifio steady solution and
periodic solution of the delayed oscillator Eqg. (1) as
shown in Figs. la and 1b, are used to demonstrate how

the wind speed—evaporation—SST feedback modifiesthe
solutions.

a. Chaotic oscillations

Thefirst set of the model parametersisa = 6.8 yr1,
b=25yrte=04°C2yrt r=05yr,c=06
smiyrtU,=—-40ms? f =60mst°Clyr?,
and g = 18.0 yr~*. The time evolutions of SST anomaly
T for different U, are shown in Figs. 3a—e. Note that
the time series of the zonal wind anomaly U are not
shown since they are similar to T. When U, is weak,
the permanent El Nifio (or La Nifia, depending on the
initial condition) stateisreplaced by the oscillatory state
around the permanent state. With U, = 1.0 m s7%, the
time series of model T shows small oscillations about
an El Nifio state (or La Nifia state) with an annual period
(Fig. 38). When U, isincreased to above 2.5 m s¢, the
model starts to oscillate between the EI Nifio and La
Nifa states irregularly, favoring the El Nifio state (see
Fig. 3b for U, = 2.8 m s*). Further increase in U,
produces more chaotic oscillations between the El Nifio
and La Nifa states (Figs. 3c and 3d). However, when
U, is increased above 4.4 m s, the periodic solution
appears, oscillating between the two states with a period
of 2 yr (see Fig. 3e for U, = 5.0 m s7%). Thus, for this
set of the model parameters, in which the delayed neg-
ative feedback effect alone is not enough to switch the
El Nifio state into the La Nifia state or vice versa (see
Fig. 1a), the wind speed—evaporation—SST feedback
helps the system to oscillate between the permanent El
Nifio and La Nifia states. As the annual cycle amplitude
of mean zonal wind is gradually increased, the solution
undergoes the transition first from the oscillatory El
Nifio state to chaotic oscillations, and then to periodic
oscillations between the El Nifio state and LaNihastate.

The evolution of the system can be better described
in phase space in terms of dynamical system theory.
The phase space is reconstructed by using the method
of delay coordinates. Figures 4a—e show phase space
diagrams corresponding to the time series in Figs. 3a—
e. For example, the periodic solution in the time series
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Fig. 3. The time evolutions of SST anomaly for different annual
cycle amplitudes of zonal wind U;: (a) U, = 1.0 ms™; (b) U, =
28mst(c)U, =35mst (d)U, =40ms?; () U, =50m
s~1. Other model parameters are given in the text.

(Figs. 3a and 3e) corresponds to a closed cycle in the
phase space (Figs. 4aand 4e). Thereisan attractor when
the solution oscillates irregularly (Figs. 4b—d, corre-
sponding to the time series in Figs. 3b—d). When U, is
relatively weak the trajectory is mostly attracted into
the El Nifio center (see Fig. 4b). However, when U, is
further increased the attractor has two centers, corre-
sponding to the El Nifio and La Nifia states. The tra-
jectory will stay in the El Nifio center for a while, then
spirals out to the La Nifia center, and later spirals back
to the El Nifio center. This behavior is very similar to
that of the Lorenz system (Lorenz 1963). For this set
of the parameters, like the Lorenz system our systemis
indeed a strong dissipative system due to strong dissi-
pation in the SST and zonal wind perturbation [Egs. (5)
and (6)]. Such dynamical behavior also can be quantified
by the Lyapunov exponent, which describes the expo-
nential rate of divergence of the trajectories in phase
space. A positive Lyapunov exponent indicates chaotic
behavior (Guckenheimer and Holmes 1983). There are
several methods for calculating the exponent. Here we
employed the delay coordinate method (Guckenheimer
and Holmes 1983; Wolf et al. 1985). The results show
that as U, increases from 2.8 to 4.0 m s¢, the Lyapunov
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FiG. 4. Phase space diagrams of the model solutions corresponding
to Figs. 3a—e. The phase space is reconstructed by using the method
of delay coordinates. The delay parameter delta is chosen with 6
months.

exponent also increases and the system becomes more
chaotic as discussed previously. For example, for the
cases of U, = 2.8, 3.5, and 4.0 m s* the Lyapunov
exponent is 0.104, 0.140, and 0.183 yr-*, respectively.

The transition to chaos of a model system can occur
in one of three universally recognized standard scenar-
ios: the period-doubling route, the quasiperiodicity
route, and the intermittency route (Guckenheimer and
Holmes 1983). Each of these routes has different and
unique properties. The first two routes of transition to
chaos have been identified in ENSO models. For ex-
ample, Chang et al. (1995) showed the period-doubling
route and Tziperman et al. (1995) demonstrated the qua-
siperiodicity route. The transition to chaosin the present
system takes the third route, that of the intermittency
route.

In the intermittency transition to a chaotic attractor
the following phenomena take place. For values of the
system parameter (such as U,) less than a critical tran-
sition value (U,.), the attractor is a periodic orbit. For
U, dlighly larger than U,. there are long stretches of
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Fic. 5. The time evolutions of SST anomaly shown the model
transition from periodicity to chaos in Fig. 3: (a) U; = 247 m s%;
(b) U, = 24755 m s %; (c) U, = 2525 m s 1.

time during which the orbit appears to be periodic and
closely resemblesthe orbit for U, < U,., but thisregular
(approximately periodic) behavior is intermittently in-
terrupted by afinite duration **burst” in which the orbit
behaves in a decidely different manner. These bursts
occur at seemingly random times, but one can define a
mean time between the bursts. As the parameter ap-
proaches the critical value from above, the mean time
between bursts approaches infinity and the attractor orbit
thus becomes always ‘“‘laminar’” so that the oscillation
is periodic. As the parameter increases substantially
above the critical value, U,., the bursts become so fre-
guent that the regular oscillation can no longer be dis-
tinguished. The present system illustrates this transition
very well, as shown in Fig. 5. The smaller value U, =
2.47 m st corresponds to stable periodic oscillation
(Fig. 5a). As U, is increased to 2.4755 m s, there
appears one burst after almost 450 yr (Fig. 5b). Before
the first burst occurs, the oscillation appears almost pe-
riodic (laminar phase). As U, is further increased the
bursts become much more frequent as shown in Fig. 5c.
Thus, the critical value is U,, = 2.4755 m s*. The
transition from chaos to periodic oscillations is through
the same route but in reverse order, as shown in Fig. 6
with the critical value of U, = 4.4208 m s *. The small-
er value corresponds to a chaotic attractor (Fig. 6a). As
the parameter isincreased, the oscill ation appearsa most
periodic during thefirst 400 yr and then one burst occurs
and again the oscillation becomes almost periodic in the
following long time (Fig. 6b). As U, isfurther increased,
the oscillation becomes periodic (Fig. 6¢).

In order to examine the phase-locking of ENSO to
the seasonal cycle, the model was integrated for 500 yr
with parameters as in Fig. 3d. The months of model
ENSO onset and model ENSO peak were then tabul ated.
Histograms of the percentage for model ENSO onset
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Fic. 6. The time evolutions of SST anomaly showing the model
transition from chaos to periodicity in Fig. 3: (a) U, = 43 m s%;
(b) U, = 44208 ms%; (c) U, = 443 m s,

and model ENSO peak as a function of calendar month
are shown in Figs. 7a and 7b, respectively. The model
ENSO onset occurs during the boreal winter whereas
the model ENSO peak occurs during the boreal spring.
The model ENSO is phase-locked to the seasonal cycle,
consistent with observations in the far eastern Pacific.
While not shown, all other cases with different values
of U, in Fig. 3 also display the phase-locking to the
seasonal cycle. The phase-locking of ENSO in thismod-
el is caused by the positive wind speed—evaporation—
SST feedback in which the annual cycle of mean zonal
wind is specified to be consistent with observation in
that the easterly wind isweakest (strongest) in the boreal

spring (fall).

b. Quasiperiodic oscillations

The second set of the model parametersisa = 2.3
yri,b=27yrte=04°C2yrtr=05yrc=
03smztyrtU,=-40ms? f=60mst°C?
yr-1, and g = 18.0 yr~*. The time evolutions of SST
anomaly for different U, are shown in Figs. 8a—e. For
this set of the model parameters, in which the conven-
tional delayed negative feedback effect is able to make
the system oscillate (see Fig. 1b), the wind speed—evap-
oration—SST feedback al so modifiesthe solutions. When
U, isvery small, the solution of Egs. (5) and (6) exhibits
an almost periodic oscillation between the El Nifio and
La Nifa state with a period of 2.4 yr (Fig. 8a). As U,
is increased, the oscillation becomes quasi-periodic
(Fig. 8b). As U, isfurther increased, the oscillation ap-
pears amost irregular (Fig. 8c), but not chaotic (to be
discussed shortly using spectral analyses). However, as
U, is further increased, the oscillation again becomes
quasiperiodic (Fig. 8d). Periodic oscillations appear
when U, is increased further (Fig. 8e).
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Fic. 7. Histograms of the percentage for (2) model ENSO onset
and (b) model ENSO peak as a function of calendar month. The
model corresponding to Fig. 3d was integrated for 500 yr, and then
the months of the model ENSO onset and peak were tabulated.

Corresponding trajectoriesin phase space and spectral
analyses are shown in Figs. 9 and 10, respectively.
Again the closed cycles (Figs. 9a and 9e) are found for
the periodic (or almost periodic) solutions (Figs. 8aand
8e). However, there are several distinctions between this
set of the model parameters and the previous one. First,
when U, is weak the solution oscillates between the El
Nifio and La Nifa states, whereas in the previous set of
the parameters it oscillates around the El Nifio state.
Second, there is lack of two attractor centers for this
set of the parameters. Third, the phase space suggests
that the model solutions are not chaotic although Fig.
9c shows a more complex phase space. Whether or not
the model solutions for this set of the parameters is
chaotic may be addressed by spectral analyses. In the
nonchaotic regime the autospectrum is normally char-
acterized by several very sharp peaks, whereas in the
chaotic regime the spectral peaks become fewer and
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Fic. 8. The time evolutions of SST anomaly for different annual
cycle amplitudes of zonal wind U;: (a) U, = 0.1 ms!; (b) U, =
15ms?t(c)U;, =30ms % (dU, =40ms?; (e U, =46m
s~1. Other model parameters are given in the text.

broader. Figure 10e shows that when the model solution
is simply periodic, there is only one peak in the auto-
spectrum. In other cases the autospectrum has a sharp
main peak and many sharp subpeaks. With this kind of
spectral behavior, the model oscillation is called quasi-
periodicity (Guckenheimer and Holmes 1983). The al-
most irregular oscillation of Fig. 10c is, in fact, a com-
plex quasiperiodicity oscillation, but not chaotic since
the autospectrum still shows sharp peaks without broad
spectrum.

The phase-locking of the model ENSO to the seasonal
cycle in this set of the parameters is also studied by
running the model for 500 yr. As an example, with the
model parameters of Fig. 8c the histograms of the per-
centage for model ENSO onset and model ENSO peak
as afunction of calendar month are shown in Figs. 11a
and 11b, respectively. The model ENSO is also phase-
locked to the seasonal cycle. The model ENSO onset
occurs during the boreal winter and the model ENSO
peak warm phase occurs during the late boreal spring.
For this set of the model parameters, only the U, = 0.1
m s~* case does not show the phase-locking because of
a very weak annual cycle in this case. This suggests
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FiG. 9. Phase space diagrams of the model solutions corresponding
to Figs. 8a—e. The phase space is reconstructed by using the method
of delay coordinates. The delay parameter delta is chosen with 3
months.

that the annual cycle in mean zonal wind is the key for
phase-locking of ENSO to the seasonal cycle.

There is decadal variability in Fig. 8d in addtion to
interannual variability. This suggests that the nonlinear
interactions between the annual and interannual cycles
can produce lower-frequency oscillations. A physical
explanation may follow from wave packet theory
(Guckenheimer and Holmes 1983). In a linear system,
the summation of two high-frequency oscillations will
produce a lower-frequency oscillation that is called a
wave packet. The frequency of the wave packet is the
frequency difference between high frequencies. In a
nonlinear system, the resulting lower-frequency oscil-
lations are further modulated by nonlinearity. The model
SST decadal variability in Fig. 8d resembles a wave
packet.

4. Summary and discussion

The conventional delayed oscillator, which mainly
considers equatorial ocean dynamics, provides an ex-

Frequency (year™)

Fic. 10. Logarithm of autospectrum for model time series. The
model corresponding to Figs. 8a—e was integrated for 4000 yr, then
the output of SST anoamly was used to calculate the autospectrum.

planation for the onset, termination, and cyclic nature
of ENSO. However, it fails to explain the irregularity
of ENSO and the phase-locking of ENSO to the seasonal
cycle as observed in nature. Motivated by these incon-
sistencies with observations, thermodynamics of the la-
tent heat flux process is added to the delayed oscillator
model. This additional process, depending upon the
feedback between the surface wind speed and SST op-
erating through evaporation, modifies the oscillatory be-
haviors of the conventional delayed oscillator model.
When the annual cycle amplitude of mean zonal wind
in the wind speed—evaporation—-SST feedback is grad-
ually increased, for some ranges of the parameters the
model undergoes the transition from periodic to chaotic
and then to periodic oscillations, whereas for other rang-
es of the parametersthe transition of the model solutions
goes from periodic to quasiperiodic and then back to
periodic. The route to chaos is the intermittency route.
The realistic annual cycle of zonal wind in the far east-
ern Pacific produces the phase-locking of ENSO to the
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model corresponding to Fig. 8c was integrated for 500 yr, and then
the months of the model ENSO onset and peak were tabulated.

seasonal cycle over there. This simple model also pro-
duces lower-frequency oscillations, suggesting that de-
cadal or interdecadal variability may result from the
nonlinear interactions between the annual and interan-
nual cycles in the Tropics. In terms of an analogical
delayed oscillator model, the paper demonstrates that
both equatorial ocean dynamics and thermodynamics,
which occur on different timescales, are necessary for
aperiodic oscillations.

The thermodynamics affects the oscillatory behaviors
of the delayed oscillator model through the positive
wind speed—evaporation—SST feedback. This feedback
is physically different from the conventional positive
zonal wind stress-SST feedback (e.g., Philander 1990;
McCreary and Anderson 1991) of a coupled tropical
ocean—atmosphere system in that the atmosphere inter-
acts thermodynamically with the ocean through surface
heat flux. C. Wang (1995) and Weisberg and Wang
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(1997) found that the wind speed—evaporation—SST
feedback is important on seasonal and intraseasonal
timescales, based on in situ observations. The positive
wind speed—evaporation—-SST feedback, in which sur-
face wind speed through evaporation affects SST, which
in turn affects wind speed, can be explained as follows.
In response to an increase in SST, the atmosphere shows
an increase in cumulus convection and moisture content
difference. Convection induces surface wind conver-
gence that lowers wind speed at its center thereby tend-
ing to decrease the heat flux. On the other hand, the
increase in moisture content difference tendsto increase
the heat flux. If the heat flux is mainly controlled by
wind speed, as shown on seasona and intraseasonal
timescales [see C. Wang (1995) and Weisberg and Wang
(1997) for observed and analytical results], then the
decrease in heat flux due to decreasing wind speed over-
comes the increase in heat flux due to increasing mois-
ture content. The net result is a decrease in heat flux,
less ocean cooling, and, hence, an increase in SST.

However, for the conventional zonal wind stress—SST
feedback the atmosphere interacts dynamically with the
ocean through momentum flux. The basis for the con-
ventional zonal wind stress-SST feedback is that in-
creasing equatorial SST decreases equatorial easterly
wind stress, which, in turn, further affects the ocean
through momentum flux to increase equatorial SST by
variations in thermocline depth due to either upwelling
or entrainment. This positive feedback can be better
explained by the relationship between zonal wind stress
and SST gradient (Lindzen and Nigam 1987). Increasing
SST in the equatorial central/eastern Pacific decreases
zonal SST gradient, which reduces easterly wind stress.
Reducing easterly wind stress, in turn, further increases
SST in the equatorial central/eastern Pacific by dynam-
ical response. The zonal wind stress-SST feedback ap-
pears to operate on interannual timescales (e.g., Philan-
der 1990). In nature, both the zonal wind stress-SST
feedback through dynamical response and the wind
speed—evaporation—SST feedback through thermody-
namical response are likely to be important, each oc-
curing on different timescales.

With the thermodynamical wind speed—evaporation—
SST feedback operating on seasonal and intraseasonal
timescales and the dynamical zonal wind stress-SST
feedback operating on interannual timescales, the in-
teractions between these two different timescale feed-
back processes can produce irregular oscillations. The
key element for the model irregularity demonstrated
herein is the annual variability in the wind speed—evap-
oration—SST feedback. Since the atmosphere adjusts
quickly in comparison with the ocean, we can assume
that the atmosphere is in equilibrium with the evolving
ocean. Thus, Eg. (6) can be further simplified by drop-
ping the time derivative: U = (f/g)T. While not shown,
this steady atmosphere model produces a similar result
as Fig. 3 (using the same parameters). This is not a
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surprising result since in both cases zonal wind anomaly
is linearly related to the SST anomaly.

From Egq. (5), the inclusion of the latent heat flux
process in the delayed oscillator model acts as a cooling
effect. That is, the role of the heat flux is to help the
delayed negative feedback of the oceanic wave dynam-
ics to bring the system from a warm (cold) state to a
cold (warm) state. One must keep in mind that this
cooling effect also depends upon the atmospheric wind
speed. It is the dependence upon the atmospheric wind
speed that forms the actively positive wind speed—evap-
oration—SST feedback. Mathematically, the term of the
wind speed—evaporation-SST feedback —c|U + U] in
Eqg. (5) can be combined with thelocal positivefeedback
term aT to get a new local coupling term a'T, where a’
=a — c[U + U|. Therefore, an annual cycle of the mean
zonal wind in the wind speed—evaporation-SST feed-
back processis equivalent to an annual cycleintheloca
coupling coefficient @'. It is anticipated that an annual
cycle in the local coupling processes is also able to
produce the irregularity of the model oscillations. An
experiment in which the local coupling coefficient a has
an annual cycle without the latent heat flux process (c
= 0) confirms this speculation (not shown). The annual
cyclein thelocal coupling process has its own physical
basis. Observations show that both surface wind and
SST aswell asthermoclinein the equatorial Pacific vary
annually (e.g., Hayes et al. 1991; Weisberg and Wang
1997). Thus, it is not unreasonable to assume that the
local coupling coefficient has an annual cycle.

The phase-locking of ENSO to the seasonal cycle
depends largely upon how the annual cycle is specified.
The model ENSO onset and peak can occur in any cal-
endar month by varying the time of annual cycle in the
wind speed—evaporation—SST feedback. In all our ex-
periments, we have specified the annual cycle of mean
zonal wind to be consistent with observations. That is,
the weakest (strongest) easterly winds occur in the bo-
real spring (fall). The resulting phase-locking is that the
model ENSO onset and peak occur during the boreal
winter and spring, respectively, consistent with the ob-
served phase-locking of ENSO in the far eastern Pacific.
Since the key for the model phase-locking is the annual
cycle in the wind speed—evaporation-SST feedback, it
implies that the wind speed—evaporation—SST feedback
may mostly occur in the far eastern Pacific. Note that
the analogical delayed oscillator has been previously
applied to different regions. When Suarez and Schopf
(1988) first proposed the delayed oscillator, they argued
that the ocean—atmosphere coupling is strongest in the
central equatorial Pacific, implying that it is applied
there. Battisti and Hirst (1989) later derived the delayed
oscillator model, based on the coupled model of Zebiak
and Cane (1987), by taking an area average over the
region between 160° and 80°W, which includes the far
eastern Pacific. Cane et al. (1990) also derived aversion
of the delayed oscillator model that controls the vari-
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ation of eastern Pacific boundary thermocline displace-
ment.

The model ENSO peak herein isinconsistent with the
observed phase of maximum SST anomalies in the
Nino3 region that occurs near the end of the EI Nifio
year. The inconsistency suggests that other processes
may contribute to the phase-locking of ENSO in the
Nino3 region. By emphasizing different physical pro-
cesses, many studies have discussed the phase-locking
of ENSO to the seasonal cyclein the Nino3 region. The
model ENSO peak phases of these studies tend to occur
either early (e.g., Chang et al. 1995; Tziperman et al.
1995) or late (Wang and Fang 1996) in comparison with
observations, suggesting that the physics for the phase-
locking in the Nino3 region are more complicated and
that further studies are needed. For example, here we
only consider zonal winds whereas meridional winds
may also play arole.

Why isthe model ENSO phase-locked to the seasonal
cycle? In general, when there is an external periodic
forcing in a nonchaotic oscillatory system, the oscilla-
tory system will entrain to the external forcing so that
the period of the oscillatory system becomes a rational
multiple of the forcing period. As aresult, the phase of
the oscillatory system is, to some extent, locked into
the phase of the forcing. As a simple analog, consider
a spring attached at one end and free at the other. This
system can produce a free oscillatory motion. Now if
one places a periodic forcing at the free end, the spring
will undergo a transition and entrain its phase so that
the phase of the spring is consistent with that of the
forcing every integer number of forcing periods. This
phenomenon is referred to as phase-locking in the en-
gineering literature (Guckenheimer and Holmes 1983).
Therefore, the model ENSO onset and peak will occur
only at a particular month of year when the model so-
lution is periodic. Even when the solution is chaotic or
guasiperiodic, most of the model ENSO onsets and
peaks still occur near a particular month (Figs. 7 and
11).

The route to chaos in this study is the intermittency
route, differing from the period doubling of Chang et
al. (1995) and the quasiperiodicity of Tziperman et al.
(1995). This suggests that the transition to chaos of
ENSO models as a parameter is increased can occur in
any of three universally recognized standard scenarios.
The difference may be manifestations of different ap-
proaches by using different models. However, all these
models showed that annual cycle forcing is critical for
the chaotic oscillations. The similarity implies that the
interactions between the annual and interannual cycles
is a robust mechanism of generating the irregularity of
ENSO.

Gu and Philander (1997) recently proposed that the
influx of water from higher latitudes induces interde-
cadal climate variability. Theinflux following surfaces
of constant density, which rise from the tropical ther-
mocline to the ocean surface in the extratropics, affects
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equatorial SST by a delay term and, hence, the tropical
and extratropical winds that in turn affect the influx.
Such processes give rise to continual interdecadal os-
cillations. The simple model herein shows that decadal
or interdecadal climate variability isalso possiblewhen
considering the Tropics only. The mechanism for such
decadal or interdecadal variability is the nonlinear in-
teractions between the annual and interannual cycles.
In a linear system, the summation of two high-fre-
quency oscillations will produce a lower-frequency
wave packet oscillation. The wave packet frequency is
the frequency difference between two high frequencies.
Inclusion of nonlinearity results in further modulation
of the wave packet. The model SST anomaly in Fig.
8d shows that the decadal variability looks like awave
packet. In fact, the coupled tropical ocean—atmosphere
system, itself inducing decadal or interdecadal vari-
ability, is also shown in more complicated models al-
though the mechanism has not been studied [see Latif
(1998) for review]. Both the mechansim of Gu and
Philander (1997) and that of the nonlinear interactions
between the annual and interannual cycles proposed
herein for decadal or interdecadal variability may be
operant in nature.

The analogical model herein, considering both ocean
dynamics and thermodynamics, provides a possible ex-
planation for irregularity and phase-locking of ENSO.
However, more realistic coupled GCMs or intermediate
coupled models including the wind speed—evaporation—
SST feedback are necessary to investigate whether such
dynamical and thermodynamical interactions are rep-
resentative of ENSO. Many other hypotheses have also
been developed for the irregularity of ENSO. For ex-
ample, Graham and White (1988) attributed irregularity
to the random forcing of the ocean—atmosphere system.
Munnich et al. (1991) have examined a simplified, non-
linear ocean—atmosphere model and found that irregular
interannual variability can result from the coupling be-
tween the ocean and the atmosphere even in the absence
of seasonal forcing. Vallis (1986, 1988) argued that the
irregularity of ENSO arises naturally and determinis-
tically within a simple framework, without stochastic,
seasonally varying forcing and without ocean wave dy-
namics. Given such widely differing hypotheses for ir-
regularity of ENSO, further studies are necessary on
this important topic.
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