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Abstract Two hybrid coupled models (HCMs), an
intermediate complexity dynamical ocean model cou-
pled to either a nonlinear neural network atmosphere
(NHCM) or a linear regression atmosphere (LHCM),
have been developed for the tropical Pacific. The ENSO
(EI Nifio-Southern Oscillation) characteristics of the two
coupled models were investigated. The results show that
the NHCM can produce more realistic ENSO oscilla-
tory behavior, with a period of about 57 months in
comparison with a period of 87 months in the LHCM.
With the gradual increase of coupling strength, both
NHCM and LHCM exhibit phase-locking, eventually
becoming a biennial oscillation with ENSO peaks in
winter, indicating that the seasonal cycle is important in
the low-frequency oscillations of both coupled models.
The NHCM phase-locking is more realistically distrib-
uted among the calendar months, in the contrast to the
very narrow phase-locking of the LHCM. Sensitivity
experiments show that in the absence of external forcing,
neither NHCM nor LHCM displays the irregular be-
havior of ENSO oscillations, suggesting that nonlinear
chaotic behavior might not play a central role in ENSO
oscillations, and stochastic forcing is likely to produce
the irregularity of ENSO oscillations.

1 Introduction

The El Nino-Southern Oscillation (ENSO), a coupled
atmosphere—ocean interaction centered in the tropical
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Pacific, has received wide attention because it has a
profound influence on weather and climate on a global
scale. Over the last decade, a considerable number of
coupled atmosphere—ocean models have been developed
to investigate its physical mechanisms and to improve its
prediction. These coupled models include simple models
(e.g., Suarez and Schopf 1988; Hirst 1986), intermediate
coupled models (e.g., Zebiak and Cane 1987; Anderson
and McCreary 1985), hybrid models (e.g., Barnett et al.
1993; Balmaseda et al. 1994,1995), and fully coupled
general circulation models (GCMs) (e.g., Philander et al.
1992; Latif et al. 1993). These model studies led to better
understanding of the mechanism of ENSO (Schopf and
Suarez 1988; Battisti 1988; Jin et al. 1994; Tziperman
et al. 1995; Chang et al. 1995), and better forecasting
capability (Zebiak and Cane 1987; Barnett et al. 1993;
Balmaseda et al. 1995).

One category of the coupled models, the hybrid
coupled model, has been widely applied in the under-
standing and prediction of ENSO (Barnett et al. 1993;
Davey et al. 1994; Chang et al. 1995; Syu et al. 1995;
Balmaseda et al. 1994, 1995; Blanke et al. 1997; Eckert
and Latif 1997). A hybrid-coupled model (HCM) usu-
ally connects a statistical atmospheric model to a dy-
namical ocean model. Advantages of an HCM are: (1)
low computing cost compared to a GCM, (2) interme-
diate complexity leading to an easier understanding of
the coupling mechanisms than a fully coupled GCM,
and (3) avoidance of over-simplifications of nonlinear
processes as in conceptual and simple models.

An important aspect affecting the HCM performance
is the construction of the empirical atmospheric model
for estimating the surface wind stress field from a given
ocean state. All empirical atmospheric models used in
HCMs have so far been linear statistical models. Hence
in Tang et al. (2001), the possibility of improving the
empirical atmospheric model by a nonlinear approach
using neural networks (NN) was investigated and it was
found that the nonlinear estimation method gives results
that are in many ways similar to the linear estimate. The
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linear assumption had previously been made simply
because nonlinear techniques were not available. Tang
et al. (2001), to a certain extent, justified the linear as-
sumption by showing how well the linear assumption
held and what the nonlinear departures were. However,
in Tang et al. (2001), the ocean model was not coupled
with atmospheric model and all simulations were driven
from uncoupled experiments. Anomalies developing in a
nonlinear coupled system can be very different from
those involved in an uncoupled forced system. It has
been found that coupled ocean—atmosphere models
based on similar physics can lead to opposite conclu-
sions depending on details which have a negligible
impact on forced simulations (Perigaud et al. 2000). In
the present study, an extension of Tang et al. (2001),
we coupled the ocean and atmosphere, examined the
dynamical behavior of the HCM with a nonlinear
atmosphere (henceforth the NHCM), and a linear
atmosphere (LHCM), and investigated the differences
between the NHCM and the LHCM in terms of ENSO
simulation and prediction.

This work is Part I of this study, which focuses on
ENSO simulation; while Part II (Tang and Hsieh 2002)
focuses on ENSO prediction. Section 2 briefly describes
the coupled models. Sections 3 and 4 discuss the dy-
namical behavior of both coupled models and display
the differences between the NHCM and the LHCM.
Conclusions and discussions are given in section 5.

2 Coupled model description

The ocean and atmosphere models used in this study are identical
to those in Tang et al. (2001). The ocean model consists of a
tropical Pacific model with six active layers allowing for an ex-
change of mass, momentum and heat at each layer interface by a
parameterization of entrainment. With a resolution of 1.5° x 1.5°,
the model extends from 30°N-30°S and 123°E-69°W. The time step
for integration is 2 h. The ocean model was first used to make a
control run, with forcing by the Florida State University (FSU)
observed wind stress (Goldenberg and O’Brien 1981) from 1961—
1990. The sea surface temperature (SST) from the control run was
then used as the predictor in the statistical models to reconstruct
the atmospheric wind stress (t,, 7,). After removing the climato-
logical seasonal cycle, an EOF (empirical orthogonal function)
analysis was performed separately on each anomaly dataset of SST,
7, and 1,, to further extract the predictors and predictands. Only
the first three EOF modes were used in the statistical model con-
struction, as suggested by Latif et al. (1990) and Goswami and
Shukla (1991). For the model SST, the first three EOF modes ac-
counted for over 70% of the total variance; whereas the first three
wind stress EOFs explained only 35% of the total variance, due to
the presence of high frequency oscillations and noise in the wind
stress although a 3-point temporal running mean has been used
before performing EOF analysis. Finally linear regression (LR) and
neural network (NN) models are applied to link these predictors
and predictands to yield linear and nonlinear atmospheric models,
respectively. More details of the ocean model and the linear and
nonlinear atmospheric models are given in Tang et al. (2001).
After an atmospheric model has been constructed, coupling
between the atmosphere and the ocean can be implemented. The
SST anomalies from the ocean model are projected onto the first
three EOF modes to extract the predictors. An atmospheric model
(LR or NN) is then used to reconstruct the zonal wind stress 7,
and a similar one for the meridional component t,. As common
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with statistical models, the variance of the predicted variables are
lower than the variance in the observed variables, hence the wind-
stress estimates are scaled up to their observed variance by an
adjusting scale factor of 1.2, as in Barnett et al. (1993). The stress
anomalies are further multiplied by a scalar parameter 9, i.e., the
relative coupling parameter, to examine the impact of the coupling
strength on ENSO oscillations. The reconstructed wind stress
anomalies are added to the climatological wind stress field to force
the ocean model. The coupling interval is 15 days.

3 Simulations from the standard coupling experiment

In the section, we present results of the standard cou-
pling experiments. Standard coupling is defined as hav-
ing the coupling coefficient § equal to unity. Two
coupled models, the dynamical ocean with either non-
linear atmosphere or linear atmosphere, are investigated.
The ocean model is first forced by the climatological
seasonal wind stress for 100 years, and is then coupled to
the atmosphere and integrated forward for 100 years. As
the two coupled models require about three years to
reach equilibrium, the first three years of the coupled run
will be removed in the following discussions. The sea-
sonal cycle has been removed prior to the analyses
performed in this section in order to explore the model’s
interannual variability.

3.1 Climatology features

The NHCM and LHCM SST climatology averaged over
the integration of 97 years are both generally in good
agreement with the observed climatology during 1961—
1990 (Fig. 1) but they have slightly warmer equatorial
Pacific, in particular in the ‘warm pool’ in the equatorial
western Pacific in the NHCM (Fig. 1d) and the central
and eastern Pacific in the LHCM (Fig. le). Both HCMs
also captured well the pronounced seasonal cycle of SST
in the eastern Pacific and the seasonal cycle of the zonal
wind stress (not shown).

The main difference of the modeled SST climatology
between the NHCM and LHCM is manifested in the
‘warm pool’ and the eastern Pacific (Fig. 1f), with
the LHCM producing a warmer SST climatology in the
eastern Pacific and colder SST climatology in the
‘warm pool’ than the NHCM SST climatology. These
small differences do not necessarily imply that the
differences in the coupled feedbacks between the
NHCM and the LHCM are slight, as the climatological
averaging can smooth out the nonlinear departures in
the NHCM.

The atmospheric model only calculates the wind
stress anomalies, which are added to the observed
climatological wind stress to drive the ocean model. For
a coupled model with an anomaly atmospheric compo-
nent, the contributions from the coupled feedbacks to
the ocean model climatology are generally smaller than
from the uncoupled response of the ocean to the
observed climatological winds. The good climatology
simulation indicates that (1) the uncoupled model
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response is reasonably close to observations, and (2) the
drift in the mean of the coupled system is small.

With the seasonal cycle removed, Fig. 2 compares the
two leading EOF modes of the modeled SST from the
NHCM with those derived from the observed SST
during 1964-1990. The observed SST field is taken from
the Comprehensive Ocean and Atmosphere Data Set
(COADS) (Slutz et al. 1985). The first two EOFs of the
modeled SST account for 53% and 24% of the total
variance respectively, versus 50% and 11% of the total
variance accounted for by the two leading modes from
the observations. As seen in Fig. 2, the leading EOFs for
the simulated SST generally resembled the observed
modes, except that the simulated modes appear to be
more narrowly confined to the equator, with less vari-
ability near the eastern boundary. These are common
defects in all HCMs, and even in coupled GCM models
(Barnett et al. 1993; Chang et al. 1996), the weak eastern
boundary variability is often blamed on the poor pa-
rameterization of vertical mixing in the eastern equato-
rial Pacific Ocean, which will be discussed next.

The first two EOF modes of the simulated zonal wind
stress and those from the observed FSU zonal wind
stress (Fig. 2) reveal that the structures of simulated
modes are in good agreement with those from observa-
tions. The variance accounted for by the first two modes

208

180 150% 120%

of the NHCM modeled zonal wind stress is 81% and
10% respectively, versus 14.9% and 11.4% for the ob-
served zonal wind stress, because of noise in the obser-
vations.

3.2 Coupling behavior

The major dynamical processes associated with the
ENSO cycle in the tropical Pacific ocean are the
westward off-equatorial propagation of information and
the eastward propagation of information along the
equator (e.g., Barnett et al. 1993; Philander 1990). To
explore the main features of propagating modes in the
coupled model, a principal oscillation pattern (POP)
analysis has first been made for the NHCM simulations,
using the 3 leading combined EOF modes of the three
fields from the coupled model, SST, upper ocean heat
content (HC) and zonal wind stress.

Several measures, e.g., the oscillation period 7, the
decay time scale and the variance contribution, as dis-
cussed in Wu et al. (1994), can be used to pick out useful
or significant POP modes from the POP analysis. The
ENSO-related mode is found to explain 32% of the total
variance, with a period of 57 months. The spatial pat-
terns of the POP mode are shown in Fig. 3. The POP
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Fig. 2a-h. EOF modes 1 (left

panels) and (2) (right panels) for 20N
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technique interprets the pattern as evolving cyclically in
time: Q > P —> -0 —>-P— Q...

The characteristics of the POP patterns are very
similar to those found by Balmaseda et al. (1994), Latif
and Graham (1992), and Barnett et al. (1993). In the
peak phase of an ENSO warm event (pattern P), the
warm water present in the central equatorial and eastern
Pacific Ocean yields the warm SST and HC anomalies in
the region. A strong zonal HC gradient at the central
equatorial Pacific weakens the upwelling there and in-
tensifies the warm Kelvin waves propagating eastward.
From the warm SST, atmospheric convection occurs,
resulting in a convergence of mass and heat in the at-
mosphere on both sides of the equator, which enhances
the oceanic upwelling in the off-equatorial regions and
induces the cold westward propagating Rossby waves.

120W 90W 180 150W 120W
The warm eastward propagating Kelvin waves bring
warm waters to the eastern Pacific ocean to further in-
tensify the anomalies; while the westward propagating
Rossby waves are reflected at the western boundary as
cold Kelvin waves to propagate eastward. In the theory
of Weisberg and Wang (1997), a reflecting western
boundary is not necessary for the ENSO oscillator.
When the cold Kelvin waves arrive at the central and
eastern Pacific ocean to weaken the warm anomalies in
the region, the transition phase of ENSO (warm-to-cold
phase) appears as the pattern —Q.

The zonal wind stress anomalies are closely related to
the information propagation in the ocean, which can be
demonstrated using Fig. 3e and Fig. 3f. During the peak
phase of ENSO, large westerly wind anomalies prevail

over the central equatorial Pacific associated with the
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Fig. 3a—f. Spatial patterns of
the ENSO-related POP mode
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eastward propagating equatorial Kelvin wave; whereas
during the transition phase (—Q), the westerly wind
anomalies in the central equatorial Pacific are much
weaker, and easterly wind anomalies dominate over
much of the tropic Pacific. The wind stress anomalies in
turn act on the ocean.

The POP analysis was also performed for the LHCM
simulation as shown in Fig. 4, which explains 29% of
the total variance. This mode has a period of 87 months,
much longer than the period of the NHCM and realistic
ENSO oscillations. During the peak phase, the equato-
rial SST anomalies change sign at 170°W (Fig. 4a), in
contrast to those for the NHCM, where anomalies of the
same sign reach further west, past the dateline (Fig. 3a).
During the transition phase, the SST and HC anomalies
are very weak in the eastern equatorial Pacific, unlike the
structures found in the NHCM (Fig. 3). For the —Q
pattern, the easterly anomalies in the off-equatorial ar-
eas in the LHCM (Fig. 4f) are slightly weaker than the
anomalies found in the NHCM (Fig. 3f). Also during
this transition phase, the westerly anomalies in the
central equatorial Pacific (Fig. 4f) do not withdraw as
quickly as in the NHCM (Fig. 3f). The POP analysis
with observed data shows that during the transition
phase, the whole domain of the central equatorial Pacific
is almost dominated by easterly anomalies (Latif and
Fliigel 1991).

1208 90 180 150% 1208 90W
The oscillatory nature of ENSO can theoretically be
reproduced by equatorial processes only (e.g., Schopf
and Suarez 1988; Mantua and Battisti 1994). To further
explore the differences between the NHCM and the
LHCM, the equatorial coupling process is examined.
Figure 5 shows the time-longitude distributions of
several important variables along the equator during
year 31 to year 60 in the standard coupled simulations of
100 years with the NHCM. The zonal advection of sea
surface temperature is diagnosed by fu%i, where T is the
sea surface temperature and u the zonal velocity. Fig. 5
well depicts the typical mechanism of surface-layer
feedbacks and the thermocline feedback (Neelin et al.
1998), which is associated with SSTA propagation along
the equator. From the atmospheric model, alternating
westerly and easterly wind anomalies lie over the central
equatorial Pacific (Fig. 5¢) and to the west of the SST
anomalies (Fig. 5a). In the surface-layer feedback, for
the warm episodes of ENSO, the surface-layer eastward
current and downwelling anomalies occur under the
westerlies, thus tending to reinforce the original anom-
aly, shifting it westward by fu'%f, the mean temperature
advection by the anomalous currents in the surface-
layer, contributing to the westward propagation of
SSTA. The diagram for —u% (Fig. 5b) also shows
westward propagation west of 135°W. To the east of the
original warm anomaly, easterly winds tend to create
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Fig. 4a—f. Same as Fig. 3 but
for the LHCM simulations
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cold anomalies by this mechanism, potentially resulting
in a westward propagating succession of warm anoma-
lies (Neelin et al. 1998). For the cold episodes of ENSO,
analogous arguments can be applied to explain the
westward propagation of the cold anomalies.

In the thermocline feedback, the westerly will shoal
the thermocline in the west and deepen the thermocline
in the east to balance the wind stress, creating the warm
anomalies in the subsurface in the east (Fig. 5d). The
warm anomalies are carried to the surface by upwelling,
leading to the SSTA warm anomalies moving to the east.
Likewise, the mechanism of thermocline feedback leads
to the SSTA cold anomalies propagating eastward under
the easterlies.

The SSTA propagation feature along the equator
(Fig. 5a) can be well explained by the surface-layer
feedbacks and the thermocline feedbacks, i.e., the mixed
SST-ocean-dynamics modes (Neelin and Jin 1993). In
the western Pacific, SSTA propagation is dominated by
surface-layer feedbacks due to the deep thermocline
there, whereas in the eastern Pacific, the thermocline
displacements strongly affect the SSTA variations.
Although the observed ENSO SST anomalies tend to
appear in the cold tongue region with relatively little
signature of eastward or westward propagation along
the equator, almost all coupled models exhibit ENSO-

like variability with noticeable propagation (Neelin et al.
1998) as in Fig. 5a. However, the propagation of SSTA
anomalies in the east seems not enough strong to reach
the east boundary in the NHCM, leading to rather weak
SSTA wvariability along the coast. This is probably
caused by (1) the wind anomalies triggering the ther-
mocline displacement being not strong enough, and (2)
the parameterization scheme for mixing, with a crucial
role in the positive feedback between the wind and SST
(Bjerknes 1969), being not very realistic in the east, in
particular along the coast. Cause (1) is suggested when
comparing the magnitude of the wind stress anomalies in
Fig. 5 with the stronger anomalies in Fig. 6, the
Hovmoller diagrams for the LHCM simulation, which
will be discussed next. Cause (2) actually contributes to
(1). Figure 7 is the time-longitude distributions of the
change rate of SSTA from the mixing term in the eastern
Pacific, diagnosed from the temperature equation (Eq. 3
in Balmaseda et al. 1994), clearly showing that the SST
anomalies contributed from the mixing process is rather
weak along the coast.

Figure 6 shows many features similar to Fig. 5. A
major difference between them is that coupling process in
the LHCM can lead to stronger anomalies for all vari-
ables than in the NHCM, associated with a longer
oscillation period in the LHCM than in the NHCM, with
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Fig. Sa—d. Time-longitude diagrams along the equator, from the
coupled simulations with the NHCM, for A SSTA, B the zonal
advection of sea surface temperature —u 8_5’ C the zonal wind stress
anomaly, and D the heat content anomaly of the top two layers.
7-8 years for the LHCM and five years for the NHCM.
This is interesting because it has been found that
increasing the coupling strength would shorten the
oscillation period (e.g., Chang et al. 1996; Syu and Neelin
2000). The sensitivity experiments presented in next
subsection also show that the period in both the NHCM
and the LHCM is gradually shortened as the coupling
parameter increases, suggesting that the differences of the
oscillatory period between the LHCM and the NHCM
performed in the standard coupling run should result
from the difference of model itself, i.e., linear atmosphere
versus nonlinear atmosphere, rather than from the sen-
sitivity of the models to coupling strength. The longer
period in the LHCM is well associated with the wind
anomalies features in the LHCM. As shown in Fig. 6c,
the westerly anomalies reside longer than the easterly
anomalies, leading to more persistent warm SSTA
anomalies. This is quite different with the wind anomalies
in the NHCM where the westerly and easterly anomalies
oscillate symmetrically, and the westerly anomalies can
relatively quickly withdraw to trigger the cold SST
anomalies. These features were also found in previous
POP analyses (Figs. 3f and 4f).

1508 180 150W 120W  GOW 150E 180 160W 120W  S0W

Contour interval is 1 °C, 0.3 °C/month, 0.1 N m2and 0.4 °Cin A,
B, C and D respectivelzy. The positive anomalies above 0.5 °C,
0.1 °C/month, 0.1 N m = and 0.4 °C are shaded. The annual cycle
has been removed prior to plotting

Figure 5 and 6 also demonstrate some differences
between the LHCM and the NHCM: (1) the western
Pacific has a much stronger oscillation of heat content
anomalies in the LHCM than in the NHCM; (2) For the
LHCM, often when there is a strong anomaly of heat
content in the eastern and central equatorial Pacific,
there is a heat content anomaly of comparable strength
but of opposite sign on the western side, which is not
observed for ENSO; and (3) the westward propagation
of SST anomalies is stronger and extends farther west in
the LHCM than in the NHCM.

3.3 Phase-locking characteristics

An important feature of the ENSO oscillation is its
phase-locking, i.e., the peaks tend to occur during a
particular season. The phase-locking might be mainly
due to the nonlinear interactions between the seasonal
cycle and self-sustained interannual oscillations. The
seasonal cycle plays a central role and often dominates
the strength of phase-locking (Chang et al. 1995).
Figure 8 is the histogram of the number of warm ENSO
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{c) windstress (d) HCA
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Fig. 6a—d. Same as Fig. 5 but for the LHCM simulations

events per month of the calendar year according to the
time series of SST anomalies averaged over the NINO3
(150°W-90°W, 5°N-5°S) region for both coupled mod-
els. While annual phase-locking exists in both models,
the phase-locking in LHCM appears to be too strong
and about three months too late in comparison with
observations, implying that the seasonal cycle is over-
emphasized in LHCM. In contrast, the more scattered
phase-locking behavior and the timing of the phase-
locking found in NHCM (with warm events peaking
mainly in late fall and winter, and never in summer)
are more realistic (Syu and Neelin 1998). The MEM
(maximum entropy method) analysis of the NINO3 in-
dex derived from the NHCM simulation exhibits double
significant spectral peaks at 53-month period and 28-
month period, compared with only a single significant
peak at 85-month period in the LHCM, revealing that
the NHCM oscillations are more complicated than
simply the sinusoidal oscillations found in LHCM.

4 Sensitivity experiments

To fully explore nonlinear interactions between the
seasonal cycle and interannual oscillations in the two
coupled models, a series of experiments were conducted

Bow

160E 180

150E 180 150 120W SOW 150W 120W

by varying the coupling parameter ¢. Each experiment
consisted of a three-year initial spin-up followed by a
47-year simulation. The experiments show that the
oscillatory behavior of both LHCM and NHCM has a
sensitive dependence on the parameter, with LHCM
being slightly more sensitive. In the first experiment, we
decrease J to 0.83, a value equivalent to setting the ad-
justing factor in Sect. 3.2 to unity for the standard
coupling runs. A damped oscillation with a period of 55
months was found in the NHCM, compared with a
similar oscillation with a 75-month period in the
LHCM. As the coupling strength ¢ is gradually in-
creased starting from the standard coupling, the oscil-
latory behavior of the two coupled models are basically
similar to those obtained in the last section, i.e., regu-
larity and phase-locking. As the coupling parameter
increases, the period is gradually shortened. As the
coupling parameter 6 is further increased up to a specific
critical value, the two models finally produce a two year
quasi-periodic oscillation, with the peaks always occur-
ring at the same months of the calendar year, as in many
other ENSO models (Syu et al. 1995; Chang et al. 1995,
1996). The critical value is 1.5 for the LHCM and 1.68
for the NHCM. The lower critical value for the LHCM
results from the LHCM being more sensitive to ¢ than
the NHCM.
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Fig. 7a, b. Time-longitude diagrams of the vertical advection term
of heat (by the mixing processes, term H(¢) in Eq. (3) of Balmaseda
et al. 1994) for A the NHCM and B the LHCM along the equator.
In the western Pacific, the values are very small and not shown.
Contour interval is 0.3 °C/month, and the positive anomalies
above 0.3 °C/month are shaded. The annual cycle has been

removed prior to plotting
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Frequency locking has been noted in a number of
other ENSO models (Anderson and McCreary 1985;
Battisti 1988; Syu et al. 1995). Chang et al. (1995, 1996)
and Tziperman et al. (1995) investigated the relationship
between such a frequency-locking behavior and the
transition to chaos in several ENSO coupled models.
They found that a further increase of the coupling
strength led to chaotic behavior of the model ENSO.
Interestingly, a further increase of the coupling parame-
ter ¢ in our models did not exhibit the typical behavior of
a chaotic system. Instead, having the coupling parameter
beyond the critical value leads to a climate drift for the
NHCM (6 = 2.0) and for the LHCM (6 = 1.66) (Fig. 9e,
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Fig. 9a—f. The time series of NINO3 index found in the NHCM
and the LHCM for several cases: A, C and E for the NHCM with
the coupling parameter 6= 0.83, 1.68 and 2.0 respectively; B, D
and F for the LHCM with the coupling parameter 6 = 0.83, 1.5 and
1.66 respectively
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f). The climate drift at high coupling is likely associated
with the spurious effects of flux correction in the coupled
system as discussed in Neelin and Dijkstra (1995).
Further analyses for the NHCM and the LHCM
simulations with the critical values are given in Fig. 10.
A mode-locked state with a quasi-periodic cycle of two
years can be found for both the NHCM and the LHCM
in Fig. 10. The LHCM has a very strong phase-locking
to January;, but the NHCM shows a more realistic
broader phase locking. In the MEM analyses, the single
sharp peak at period of two years is clearly shown, and a
broad spectrum, a necessary indicator of chaos, does not
appear for either model. In the construction of the phase
plane, we still used the methods commonly used in
ENSO studies, i.e., decorrelated time step K for the time
lag, and two dimensions SST(¢) and SST(z + K) for

Tang: Hybrid coupled models of the tropical Pacific: I interannual variability

dynamical dimensions, to be consistent with the discus-
sions of other ENSO models. Figure 10e, f shows the
phase planes reconstructed with K= 14 months, which
also clearly shows the limit cycle solution for the both
models.

As we have not covered the entire parameter regime
in our search, there might exist some specific parameters
which can produce chaotic behavior associated with
ENSO in our models, but recent works do show that the
random forcing may play a central role in ENSO evo-
lution (Blanke et al. 1997; Eckert and Latif 1997). The
irregular interannual oscillation simulated by coupled
CGCMs (Philander et al. 1992) does not appear to be
low-order chaos. The nonlinear time series analysis
performed by Chang et al. (1996) suggests that
stochastic processes, rather than chaotic dynamics, are

Fig. 10a—f. Analyses of the (a) 10 (b) 25
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and the LHCM at the critical
coupling parameter . The £ 8 £ 207
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likely to be a major source of ENSO irregularity in
CGCMs and in nature.

5 Summary and discussions

In the hierarchy of ENSO models, the linearity
assumption has previously been made for the atmo-
spheric component in hybrid couple models and many
intermediate coupled models. Although this assumption
has been successful in ENSO models, it is of interest
to examine this assumption and explore the impact
of nonlinearity of the atmosphere model on coupled
simulations. In this study, we have examined the per-
formance of the NHCM, and compared the NHCM
with the LHCM, where the nonlinear neural network
atmosphere is replaced by a linear regression atmo-
sphere. Both HCMs can simulate a realistic climatology
and the seasonal cycle. The major features of ENSO
variability in the tropic Pacific can also be well captured.
The oscillatory behavior of ENSO in both HCMs can be
understood as mixed SST-ocean-dynamics modes and
described by the surface-layer feedbacks and thermocline
feedbacks associated with nonlinear dynamics.

The comparisons between the NHCM and the
LHCM are performed based on two standard coupling
runs. The major differences between the NHCM and the
LHCM are: (1) the LHCM produces stronger trade
wind anomalies, leading to stronger SSTA and heat
content anomalies than the NHCM; (2) the westerly
anomalies persist longer time than the easterly anoma-
lies in the LHCM, resulting in the warm SSTA in the
LHCM lasting much longer than the cold anomalies,
whereas the NHCM produces almost symmetrical
oscillation between the westerly and the easterly anom-
alies; (3) the NHCM can have a more realistic oscillatory
period of about 4-5 years whereas the LHCM has a
period of 7-8 years; and (4) the NHCM has more
realistic phase-locking to the annual cycle in the distri-
bution of the peaks of its ENSO warm events.

Model sensitivity studies demonstrated that both the
NHCM and the LHCM are sensitive to the coupling
strength of the system, with the LHCM being more
sensitive. Depending on the changes of the coupling
parameter, both coupled models can change from a
stable state (damped oscillations) to an unstable state
(periodic oscillations). With the increase of the coupling
strength, the seasonal cycle has more effect on the in-
herent oscillation of the coupled models. As the coupling
parameter reaches the critical values, both models are
finally locked in a biennial frequency with warm events
peaking in winter.

Chaos has been suggested in many ENSO models.
Our sensitivity studies do not exhibit chaotic behavior
for both coupled models. Instead, for either of the
coupled models, as the coupling parameter increases
beyond the critical value, the model climate will shift.
Hence, chaotic behavior may not play a central role for

ENSO oscillations, and stochastic forcing may be the
source of ENSO irregularity.
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