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Abstract: El Nino and Southern Oscillation (ENSO) presents a broad band (2-8 year) variability and slowly changing
amplitude and period, which are respectively referred to as ENSO irregularity and ENSO modulation. In this study, we
developed a nonlinear low-order climate model by combining the Lorenz-63 model of nonlinear atmospheric variability
and a simple ENSO model with recharge oscillator characteristics. The model successfully reproduced the ENSO-like
variations in the sea surface temperature of eastern Pacific, such as the peak period, wide periodicity, and decadal
modulations. The results show that the chaotic atmospheric forcing can lead to ENSO irregularity and ENSO modulation.
It is also suggested the high probability of La Nina development could be associated with strong convection of the
western warm pool. Although it is simple, this model is expected to be used in research on long-term climate change
because it well captures the nonlinear air-sea interactions in the equatorial Pacific.
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Introduction phenomenon in which the sea surface temperature

(SST) of the tropical Pacific Ocean changes interannually-

El Nino and Southern Oscillation (ENSO) -a affects not only the global climate but also the society
and economy (Alexander et al., 2002; McPhaden et
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of ENSO is its irregular 2-8 year cycle and amplitude
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Atmospheric stochastic forcing, mean tropical Pacific
climate changes, and nonlinearity of ENSO have been
suggested as the cause of ENSO irregularity (Munnich
et al., 1991; Kleeman and Power, 1994; Tziperman et
al., 1995; Blanke et al., 1997; Kirtman and Schopf,
1998; Fedorov and Philander, 2000). In each of these
factors, ENSO is viewed as a damped oscillator or a
self-sustained air-sea coupled oscillator (Yeh et al.,
2014).

Recent efforts have attempted to elucidate the
relationship between nonlinearity and ENSO irregularity
by using a low-order ENSO model. Timmermann et
al. (2003) suggested that ENSO irregularity was generated
by the nonlinear advection of the temperature equation.
However, their study focused on the nonlinearity
inherent in tropical Pacific Ocean. Since air-sea
coupling has an important role in ENSO, the effect of
nonlinear atmospheric motions on ENSO should be
investigated. Jin et al. (2007) analyzed the effect of
atmospheric forcing on ENSO irregularity focused on
stochastic noise. However, they did not investigate the
effect of deterministic nonlinearity inherent in the
atmospheric motions. The purpose of this study is to
develop a new low-order climate model that reproduces
ENSO nonlinearity and ENSO modulation characteristics,
and illustrate changes in ENSO according to the
convection of the tropical western Pacific.

Nonlinear Low-order Climate
Model

We combined the Lorenz-63 model (Lorenz, 1963;
hereafter 163 model), which describes the chaotic
characteristics of atmospheric convection, and the
ENSO recharge oscillator model (Jin et al, 2007;
hereafter JO7 model) to develop a new low-order
climate model. An equation system was developed as
follows (1):
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Here, X, Y, and Z are L63 model’s state variables
representing the intensity of convective motion,
temperature, and the temperature gradient in the
western Pacific, respectively. When X and Y have the
same sign, there are the rising motion of relatively
warm air and sinking of cold air. Positive values of Z
are associated with the large gradient near the
boundaries (see Lorenz, 1963 for details). The oceanic
variables 7' and / represent the eastern Pacific SST
anomaly and zonally averaged equatorial heat-content
anomaly in the JO7 model, respectively. The L63 and
JO7 models are coupled through positive real numbers
o and S, which represent air-sea coupling strengths. In
the first equation of (1), if T increases (El Nino
development), X decreases (decrease in western Pacific
convection). The negative correlation between 7 and X
was employed in the model, considering the increase
(decrease) in the western Pacific convection associated
with La Nina (EI Nino) (Yoshida et al., 2007). As a
result, the atmospheric effect according to the ENSO
phase was established. Similarly, the fourth equation
shows that if X increases (increase in western Pacific
convection), 7 decreases (La Nina development).
Therefore, the term of —aX in the fourth equation
represents the SST changes in the eastern Pacific
forced by irregular wind through the oceanic Kelvin
wave (McPhaden, 1999). Instead of the stochastic
forcing of the JO7 model, we used the nonlinear
deterministic forcing (i.e., —aX) to reflect the chaotic
properties of the atmospheric flow.

The dimensionless coefficients o and r are the
Prandtl and Rayleigh numbers, respectively, and b is
the aspect ratio of the model domain (Lorenz, 1963).
Coefficients A and w, which are related to the surface-
layer SST and subsurface ocean wave dynamics,
denote the damping rate and thermocline feedback,
respectively (Jin, 1997; Jin et al, 2007). For these



Development of Nonlinear Low-Order Climate Model and Simulated ENSO Characteristics 613

Table 1. Value of the low-order model coefficients

Variable Symbol Value
Prandtl number o 10
Rayleigh number r 24.74
Aspect ratio b 8/3
Damping rate A 1/6 month™
Thermocline feedback ® 27/48 month™
Coupling strength o 0.1
Coupling strength Y} 1.0

coefficients, the values in Lorenz (1963) and Jin et al.
(2007) were used. As the air-sea coupling strength,
a=0.1 and S=1.0 were used, which are empirically
determined. These values are listed in Table 1. The
model was numerically integrated using the ode45
function, which is a differential equation solver in
Matlab, and the initial value (X, Y, Z, T, h)=(0, 1, 0,
0, 2) represents the nearly state of no convection in
the western Pacific, maximum heat in the tropical
Pacific, and neutral SST anomaly in the eastern
Pacific. The model was spun up for 100 years and
then integrated for 300 years.

Results

Figure 1 shows the simulated times series and orbits
Y, and Z in the state
space, for the first 60 months of the 300-year simulation

of the atmospheric parameters X,

to clearly identify the variations and orbit characteristics
with time. The amplitude of X gradually increases first
which indicates the growing instability of the convection,
but abruptly drops at a certain threshold occurred at
17" and 37" month for example, and then increases
again (Fig. 1a); the signs of Y and Z change irregularly
with systematic amplified oscillation. Figure 1b shows
the orbits of these three variables, depicting the
characteristics of the well-known strange attractor or
Lorenz attractor (Lorenz, 1963).

Our model attempted to simulate the response of
the ocean to such chaotic atmospheric forcing. Figure
2 shows the time series of T (eastern Pacific SST
anomaly) and % (equatorial heat content) for the entire
period of integration. Interestingly, the T time series
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Fig. 1. (a) Time series of the simulated X, ¥, and Z for the
first 60-month period, and (b) their orbit in the state space.

changed irregularly with time, successfully simulating
the interannual variability of the actual tropical eastern
Pacific. This characteristic was also clearly evident in
the % time series. Upon careful examination for the
reduced time range, & seems to 7 by about 1/4 of the
wavelength (not shown). Such a relationship between
h and T is a well-known characteristic of the recharge-
discharge oscillator paradigm of ENSO (Jin, 1997;
Moon, 2007), which indicates the recharge and
discharge of equatorial heat content causes the phase
shift of SST in the equatorial Pacific. Similar to the
observation, the power spectrum analysis of the
simulated T clearly showed a broad band period (2-8
year) of ENSO variability centered on 40-month
period (Fig. 3).

Both the amplitude and period of the observed
ENSO vary on decadal time scales in observation,
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Fig. 2. Time series of the simulated T (eastern Pacific SST
anomaly), and / (equatorial Pacific heat content) during 300
years. All variables have non-dimensional units.
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Fig. 3. Power spectrum for the simulated 7 from maxi-
mum entropy power spectrum analysis. Dashed line repre-
sents the 95% confidence level.

which is so called as ENSO modulation (Gu and
Philander, 1995; Wang and Wang, 1996; Wittenberg et
al., 2014). To investigate the ENSO modulation in the
simulation, we further perform a wavelet analysis on
T time series. Figure 4 shows the normalized wavelet
power spectrum using the Morlet wavelet (Torrence
and Compo, 1998). The T time series exhibits large
interannual variability (Fig. 4a) and much of the
power concentrated at 2-8 year band, which is consistent
with the power spectrum in Fig. 3. In addition, the
wavelet analysis shows that the amplitude of the
interannual variability has changed over the decades
(Fig. 4b). For example, the model simulated a low
ENSO intensity compared to other time periods of 15-
45, 190-225, and 280-300. This feature is consistent
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Fig. 4. (a) Wavelet power spectrum of the simulated 7 time
series using the Morlet wavelet. The thick contour denotes
the regions of greater than 95% confidence level. (b) The
time series for the scale-averaged variance in 2-8 years.
Dashed line indicates the variance of 2 as a baseline for
ENSO modulation.

with the observation when the strength of ENSO is
suppressed during 1920-1960 (see Fig. 8 of Torrence
and Compo, 1998). Furthermore, the model showed
changes in the ENSO frequency from short (~4 year)
to long cycles (~6 year) during 250-280, which is
similar to what actually happened during 1960-1980
(see Fig. 1 of Torrence and Compo, 1998). The power
spectrum and wavelet analysis show that our low-
order model, consisting of the L63 and JO7, can well
reproduce the observed ENSO variability and ENSO
modulation. Thus we argue that nonlinear atmospheric
forcing may be the cause of ENSO variability and
ENSO modulation.

Yoshida et al. (2007) suggested that the western
Pacific convection is closely related to ENSO. To
examine this relationship with our model, the state
variable X (representing the western Pacific convection)
and T (representing ENSO variability) were shown in
Fig. 5. Interestingly, when X<0 (i.e., weak convection),
T tends to appear more often as a positive value,
which means that El Nino occurs more frequently
than La Nina. On the other hand, when X>0 (i.e.,
strong convection), La Nina seems to develop more
frequently. Note here that the ENSO phase is not
completely determined by the sign of X, indicating the
nonlinearity of the ENSO dynamic system.
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Fig. 5. The distribution of X and 7 depicting El Nino-fla-
vored or La Nina-flavored months associated with the sign
of X.

Summary and Discussion

A nonlinear low-order climate model was developed
by combining the L63 model, which describes the
nonlinearity of the atmosphere, and the JO7 model,
which has the ENSO dynamics of the tropical Pacific.
To develop the model equation system, the state
variable X in L63 was assumed to represent the
convection in the western Pacific, and the negative
correlation between the observed convection intensity
and ENSO phase was used. In addition, the response
of the ocean to the nonlinear atmospheric forcing was
implemented by removing the stochastic forcing term
in JO7 and replacing it with the chaotic atmospheric
forcing term.

The long-term numerical integration results (300
yrs) showed that the model produced results similar to
the observed ENSO nonlinear properties, irregularity
and modulation. The simulated eastern Pacific SST
anomaly well reproduced the 2-8 year broad band
periodicities centered at about 40 months and the
ENSO modulation, in which the amplitude and peak
period of interannual variability changed slowly over
decades. These results indicate that ENSO changes
should be associated with the nonlinear deterministic
forcing, even without stochastic randomness of
atmosphere. This model also showed that ENSO cold

(warm) phase could occur more frequently, i.e., La
Nina-flavored (El Nino-flavored), as the western Pacific
convection becomes stronger (weaker).

Although this model is simple, consisting of five
differential equations, it has the advantage of enabling
the study of both atmospheric nonlinearity and ENSO
irregularity. Moreover, its simplicity allows integration
over thousands of years, making it a useful tool for
studying changes in long-term atmosphere-ocean
interactions. In the future, it may be applied to
investigations of the atmospheric nonlinearity and
ENSO changes according to air-sea coupling strength,
or the analysis of meteorological variability associated
with changes in the climate mean state and seasonal
forcing.
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