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[1] The asymmetry of El Nifio and La Nifia in amplitude is a distinct feature of the
observed El Niflo—Southern Oscillation (ENSO). In this paper, we investigate the
theoretical ENSO asymmetry by applying conditional nonlinear optimal perturbation in a
theoretical model and an intermediate ENSO model. It is shown that the nonlinear
temperature advection (NTA) plays an important role in ENSO asymmetry. By
investigating the different types of nonlinearities in the Zebiak-Cane model, we identify
clearly the origin of ENSO asymmetry and further emphasize the decisive role of the NTA.
The NTA enhances the El Nifio amplitude but has little effect on La Nifia, resulting in the
asymmetry of ENSO in amplitude. We also demonstrate that the stronger the El Nifio
event is, the larger the nonlinear effect related to the NTA is and the more significant the
ENSO asymmetry is. This finding may explain why the strong ENSO events after the

1976 climate shift are of significant asymmetry.
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1. Introduction

[2] The complexity of the ocean-atmosphere interactions
poses great difficulties for theoreticians to explain El Nifio—
Southern Oscillation (ENSO) using simple models. The
linear dynamics of ENSO provided essential insights into
the mechanisms responsible for the periodicity of ENSO
[Philander, 1983; Jin, 1997a, 1997b; Wang, 2001], but it
cannot explain what governs its amplitude.

[3] The amplitude of the observed El Nifio is larger than
that of La Nifia, which is a distinct feature of ENSO and is
referred to as ENSO asymmetry in literatures [Jin et al.,
2003; An and Jin, 2004; Duan et al., 2004]. Furthermore,
there is evidence that ENSO asymmetry has become pro-
nounced since the climate shift around the year 1976, from a
relatively stable to an unstable oscillating system [An and
Jin, 2000; Wang and An, 2001; Duan and Mu, 2006]. Before
1976, the amplitudes of El Niflo were moderate; after 1976,
they are much large, with intensities up to about 4.0°C in
terms of Nifio-3 index, compared to —2.0°C for La Niiia.

[4] ENSO asymmetry needs to be addressed in terms of a
dynamical regime in which ENSO operates. Hypotheses for
ENSO can be loosely grouped into three types. First, El
Niflo is one phase of a self-sustained, unstable, and naturally
oscillatory mode of the coupled ocean-atmosphere system
[Zebiak and Cane, 1987; Miinnich et al., 1991; Timmermann
and Jin, 2002]. In this scenario, nonlinearity plays an
important role in controlling ENSO amplitude [Jin, 1997a,
1997b]. Second, El Nifio is a stable (or damped) mode
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triggered by atmospheric random “noises” [Peland and
Sardeshmukh, 1995]. Third, it is also possible that El Nifio
is a self-sustained mode during some periods, a stable mode
during others, or a mixed mode of the two (see the review of
Wang and Picaut [2004]).

[s] Attention has been paid to the study of ENSO
asymmetry. An and Jin [2004], Rodgers et al. [2004], and
Duan et al. [2004] demonstrated that ENSO asymmetry is a
typical nonlinear property of a coupled ocean-atmosphere
system [see also Jin et al., 2003]. An and Jin [2004]
examined the dynamical role of the nonlinear heating in
ENSO asymmetry. In this paper, we will use a new
approach of conditional nonlinear optimal perturbation
(CNOP) to investigate the roles of different types of non-
linearities in ENSO asymmetry and show the decisive role
of nonlinear temperature advection (NTA). Furthermore, we
will provide a possible mechanism responsible for the effect
of the NTA on ENSO asymmetry.

2. Conditional Nonlinear Optimal Perturbation

[6] The CNOP is an initial perturbation that satisfies a
given constraint and has the largest nonlinear evolution at
prediction time [Mu et al., 2003]. This approach has been
used to study the dynamics of ENSO predictability [Mu and
Duan, 2003; Duan et al., 2004; Duan and Mu, 2006] and
the sensitivity of ocean thermohaline circulation (THC) [Mu
et al., 2004], as well as the passive variability of THC [Sun
et al., 2005]. These studies have shown that CNOP is one of
the useful tools to reveal the effect of nonlinearity on
climate predictability. For readers’ convenience, we briefly
review the CNOP approach as follows.

[7] Let M, be the propagator of a nonlinear model, which
“propagates” the initial value to the future time 7. Here 1 is
an initial perturbation superposed on a basic state U(#), which
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is a solution to the nonlinear model and satisfies U(7) =
M_(Uy) at time 7 (U, is the initial value of U(7)).

[8] For a chosen norm [|-||, an initial perturbation ug; is
called CNOP, if and only if

J(uos) = max || M (Up +up) — M (Uo) |,

[[uol|<8

where ||ug]] < & is a constraint for initial perturbations
defined by norm.

[v] CNOP is the global maximum of J. There exists
possibility that the objective function J attains its local
maximum in a small neighborhood of a point in the phase
space. Such initial perturbation is called local CNOP [Mu
and Zhang, 20006].

[10] Both CNOP and local CNOP possess clear physical
meanings [Mu and Duan, 2005]. Duan et al. [2004]
demonstrated that when the objective function measures
the maximum evolution of sea surface temperature anomaly
(SSTA) for ENSO, the obtained CNOP (local CNOP) super-
imposed on the climatological basic state acts as the initial
anomaly mode that is most likely to evolve into El Nifio (La
Nifia) event and represents the optimal precursor of El Nifio
(La Nifia). For the initial anomalies satisfying the given
constraint, the E1 Nifio event caused by CNOP is the strongest
one. From the viewpoint of signal-to-noise rate, the optimal
precursor of El Nifio in ENSO model can be considered the
most predictable mode, meaning that if this signal is observed
in nature then the future outcome of the system is fairly
certain. Clarke and van Gorder [1999] demonstrated that
some observed ENSO events after 1976 climate shift are
strong signal and therefore of relatively strong predictability,
such as the 1982/1983 and 1997/1998 EI Niiio events. Since
the ENSO events caused by CNOPs have similar properties
to those of strong ENSO events in observation, we will use
CNOP approach to explore the asymmetry of strong ENSO
events mentioned in the introduction.

[11] CNOP and local CNOP can be computed by using
Spectral Projected Gradient 2 (SPG2) algorithm, which is
used to solve nonlinear minimization problems with equal-
ity and/or inequality constraint condition. Detailed descrip-
tion is given by Birgin et al. [2000].

3. Results

[12] To investigate the asymmetry of ENSO, we first
perform some numerical experiments to the simple ENSO
model of Wang and Fang [1996] (hereinafter WF96) and
then the intermediate model developed by Zebiak and Cane
[1987] (hereafter referred to as ZC model). On the basis of
these two models of varying complexity, a unified expla-
nation to the ENSO asymmetry is presented.

3.1. Theoretical Model Results

[13] The theoretical WF96 model consists of two dimen-
sionless prognostic equations for SSTA, 7, and thermocline
depth anomaly, %, in Nifio-3 region as follows.

”g—{:alT—athr\/%T(T—'\/h),

dh— p(2h — T),

DUAN ET AL.: EL NINO-SOUTHERN OSCILLATION DYNAMICS

Co1014
Table 1. Values of the Model Parameters
Parameter Value
« 0.0225
I3 1.315
8 0.0848
a (125 days)™!
H 150 m
H, 50 m
Lo 300 km
L, 338 km

where a; =T, + Ty — o, ay = uTy, b= Qa)(p(1 — 3a?)),
v =+ 6, and p = (1 — Hy/H)(Ly/Ly)*. The characteristic
scales of SSTA and thermocline depth anomaly are 2.0°C
and 50 m (WF96), respectively. The expressions 7.7, T (T —
wh), and —q, T are linear terms in the temperature equation
that come from the vertical advection by the anomalous
upwelling of the mean ocean temperature (w7.), the vertical
advection by the mean upwelling of the anomalous ocean
temperature (w7,), and the linear damping. The coefficients
a, and a, involve basic state parameters 7, and 7., which
characterize, respectively, the mean temperature difference
between the equatorial eastern and western basins and
between the mixed-layer and subsurface-layer water. These
basic state parameters can be time-dependent, reflecting the
climatological annual cycle of the basic state. The quadratic
term in temperature equation is deduced from the NTA by
anomalous upwelling of the anomalous temperature (see
section 4.2). The linear terms in 4-Eq depict the effect of
equatorial waves on thermocline adjustment (26/4) and the
effect of the wind forcing (—bT7). Some nondimensional
coupling parameters are presented in this model (WF96):
«a is the air-sea coupling coefficient, p measures the
degree of coupling between thermocline fluctuation and
SST, and 6; represents the contribution of the horizontal
temperature advection by anomalous zonal currents to
local SST variation. There are also some basic parameters
in the WF96 model: the Newtonian cooling coefficient c,
the mean depth of the thermocline H, and the depth of the
mixed layer H, the oceanic Rossby radius of deformation
Ly, and the Ekman spreading length scale L,. The typical
values of these parameters are listed in Table 1 (WF96).

[14] Let uy be an initial anomaly. A nonlinear optimi-
zation problem related to CNOP is then defined as
follows.

J(ups) = max |T(7), (2)

[lao | <0

where 7(7) is the evolution of model SSTA obtained by
integrating the WF96 model from 0 to 7 with an initial
value ug. Thus J(ugs) describes the maximum evolution of
SSTA at prediction time 7. By solving this optimization
problem, the optimal initial perturbations satisfying the
constraint |[uo|| < 6, i.e., CNOPs, ugys, can be found. As
mentioned above, these CNOPs represent the optimal
precursors for ENSO.

[15] We choose the norm |lug|| = \/T§ + h} to define
the constraint condition [Duan et al., 2004], where T, and
ho are the initial values of nondimensional SSTA and
thermocline depth anomaly. Then the optimization problem
(equation (1)) is solved for the time interval 7 = 12 months
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Figure 1. SSTA components (Nino-3 index) of nonlinear

(solid line) and linear (dashed line) evolutions of CNOP and
local CNOP with § = 0.18 in the WF96 model. (a) For
CNOP and (b) for local CNOP.

with initial time as January. It is shown that there exist a
CNOP and a local CNOP of the annual cycle for the
constraint ||luy]| < ¢ with § € [0.05, 0.25]. For § = 0.18,
the CNOP and local CNOP are (—0.1130, 0.1401) and
(0.1141, —0.1390), respectively; for 6 = 0.20, they are
(—0.1208, 0.1594) and (0.1259, —0.1554). These CNOPs
and local CNOPs locate the boundary of the constraint disk
and the values of 6 indicate the magnitude of them.
Furthermore, they are, respectively, most likely to evolve
into El Nifio and La Nifia events and acts as the optimal
precursors of El Nifio and La Nifia [Duan et al., 2004; Duan
and Mu, 2006]. In the following, we will use these model
ENSO events with CNOPs (local CNOPs) in January to
investigate ENSO asymmetry.

[16] Integrating the WF96 model with initial anomalies
that are CNOPs and local CNOPs of different magnitudes,
we obtain their nonlinear evolutions. In Figures la and 2a,
we plot the SSTA evolutions of CNOP with 6 = 0.18 and
0.20, respectively. It is shown that these CNOPs develop
into El Niflo events with different intensities. The larger the
CNOP measured by norm is, the stronger the corresponding
El Nifio event is. The behaviors of local CNOP with § =
0.18 and ¢ = 0.20 are respectively illustrated in Figures 1b
and 2b, which correspond to two La Nifla events with
different intensities.

[17] To explore the effect of nonlinearity on ENSO
amplitude, we also investigate the evolutions of both CNOP
and local CNOP in the tangent linear model (TLM) of the
WF96 model, which is obtained by linearizing the nonlinear
term 7(7, h) = T(T — ~h). The evolutions of CNOP and local
CNOP in the TLM are also an El Nifio and a La Nifia
events, which are plotted in Figures 1 and 2.

[18] The comparisons are performed between the nonlin-
ear behavior of CNOP and that of local CNOP, and between
their linear evolutions. The results demonstrate that for a
given value of ¢, the El Nifio events caused by CNOP are
considerably stronger than the La Nifia caused by local
CNOP (see Figures 1 and 2). Therefore they are asymmetric
in amplitude, which agrees qualitatively with the observed
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ENSO asymmetry. On the other hand, we notice that the El
Nino and La Nifla events in TLM have very similar
amplitudes for a given value of 6. For example, for 6 =
0.20 the peak value of the El Nifio (La Nifia) events in TLM
is about 0.9 (—0.9; nondimensionalized), or 1.8°C (—1.8°C;
see Figure 2). From these results, we can clearly see that
nonlinearity plays an important role in ENSO asymmetry.
Then, how does the nonlinearity cause ENSO asymmetry?

[19] From Figures la and 2a, it is seen that the El Nifio
events in the WF96 model are notably stronger than those
in the TLM for the same CNOP-type initial anomaly. How-
ever, the La Nifla events in the WF96 model and its TLM
with the same local CNOP as initial anomaly remain only
trivially different (see Figures 1b and 2b). It is therefore
very clear that nonlinearity enhances El Nifio and negligibly
affects La Nifia, leading to the asymmetry of ENSO.
Furthermore, Figures 1 and 2 show that this kind of
asymmetry has clear seasonality. In fact, the largest asym-
metry occurs during the mature phase (i.e., winter) of an El
Nifio event. In addition, it is also clear from Figure 3 that
the larger the CNOPs as measured by the chosen norm, the
more significant the differences between the El Nifio events
in the WF96 model and in its TLM (Figure 3). That is to
say, the larger the CNOP is, the more asymmetric the ENSO
asymmetry is.

[20] The norm ||uo|, = max{|Ty|, |/o|} is also adopted to
define the constraint of initial anomalies. The CNOP and
local CNOP satisfying the constraint ||ugll, < ¢ are also
solved. Furthermore, we have conducted a large number of
numerical experiments and obtained similar results to those
shown by norm ||-||. For simplicity, the details are not given
here.

[21] The numerical results show the effect of nonlinearity
on ENSO asymmetry. The nonlinear term in WF96 only
enhances El Nifo amplitude, not La Nifia, resulting in
ENSO asymmetry. Section 3 pointed out that the nonlinear
term in the WF96 model comes from the NTA. However,
the WF96 model is a highly simplified one; its nonlinearity
only includes the anomalous temperature advection. Fur-
thermore, the robustness of the results needs to be estab-
lished in more realistic models. Next, we will use the ZC
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Figure 2. Same as Figure 1 except for 6 = 0.20.
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Figure 3. Amplitude difference between El Nifio and La
Nifia in the WF96 model, where the amplitude is measured
by the absolute value of SSTA (Nino-3 index). The solid
(dashed) line denotes the case of 6 = 0.18 (6 = 0.20), which
is obtained by subtracting the absolute value of SSTA for La
Nifia from that for El Nifio.

model to investigate the role of the NTA in ENSO asym-
metry by CNOP approach and to verify the results of the
WF96 model.

3.2. Intermediate Model Results
[22] The temperature equation of the ZC model is

%:—l7~VT—U-V(T+T)—{M(ws+ws)—M(wS)}

X T, —M(ws +ws)T, — T, (3)

where 7, U, w,, and wy denote anomalies of mixed layer
temperature (or SST), horizontal surface velocity (a vector),
the upwelling at the mixed layer base, and the mean
upwelling. The coefficient oy is a nondimensional para-
meter that represents the Newtonian cooling coefficient for
SSTA. The function M(x) is defined by

0,x <0,
x,x > 0.

M(x) = { (4)

It accounts for the fact that surface temperature is affected
by vertical advection only in the presence of upwelling. The
anomalous vertical temperature gradient, 7., is defined by

T-T.,
Tz: )
H,

(5)

where H, is the surface layer thickness, and 7, measures the
temperature anomalies entrained into the surface layer.

[23] To investigate ENSO asymmetry, we construct a cost
function to measure the evolution of initial anomalies,
which is similar to that in section 3.1. Then the optimal
precursor of El Nifio (La Nifia), CNOP (local CNOP), can
be obtained by solving

J(uos) = max ||T(7)]|», (6)

lluolla<d
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where uy = (Wi ' Ty, w5 'hy) is the nondimensional initial
SSTA and thermocline depth anomaly, w; and w, denote
the characteristic scales of dimensional SSTA and thermo-
cline depth anomaly and are taken as those of the WF96
model, ie., w; = 2.0°C and w, = 50 m. The condition
luo]l. < 6 is the constraint defined by the norm |juy||, =

ZU{(WTI TOiJ)Z—l—(wz‘lhow)z}, where (i, j) represents a
grid point in the region from 129.375E to 84.375W by grid
spacing 5.625 degrees and from 19S to 19N by grid
spacing 2 degrees. Variables Ty;; and hg;; denote the
dimensional SST and thermocline depth anomalies at grid
point (i, j). The evolutions of these initial anomalies are
measured by the norm || T(7)||, = \/Zi’/(WIITid‘(T))Z, and
T; /(7) is obtained by integrating the ZC model from time 0
to 7 with a proper initial condition u,.

[24] For 6 € [0.6, 1.2], the optimal perturbations satisfy-
ing the condition ||uo||, < 6, i.e., CNOPs, are obtained,
which are most likely to evolve into El Nifio events in the
ZC model. There also exist local CNOPs that are most
likely to develop into La Nifia events. Furthermore, for the
same magnitude of initial anomalies, the El Nifio events
caused by CNOPs are significantly stronger than the La
Nifla events caused by local CNOPs. The corresponding
statistical significance is determined as follows.

[25] The Wilcoxon signed-rank method [Wilcoxon, 1945]
can be used to test the significance for the difference of the
mean of two sets of samples. We denote these two samples as
xFand xF, where i=1,2, 3.. ., n. Let y; = x¥ — x¥. We sort by
size the absolute values of y; as z(1) < z) < -+ <z If [y)| =
Z(riy, the rank of |y;| is R;, where R; = 1, 2, 3, -, n. The
Wilcoxon signed ranked statistic is determined by

n

where

w = ]7 Yi > 07
! 0, otherwise.

In our case, we take the peak values of El Nifio (La Nifa)
events caused by CNOPs (local CNOPs) as the ensemble
members. These CNOPs (local CNOPs) are for the time
interval 7 = 12 months with the initial times January, March,
May, July, September, and November, where the initial
constraints are chosen as ||upll, < 0.8 and |Juyl < 1.0,
respectively. Integrating the ZC model with these CNOPs
and local CNOPs as initial values, we obtain 12 pairs of
El Nifio and La Nifia events. Then the absolute of the
peak values for these El Nifio and La Nifia events form
two independent sets, x and x¥, with the sample size as
my = my = 12. By using x¥ and x¥, we get W' = 231. The
corresponding probability p = 2P(W" > 231). The critical
values of n = m; + m, = 24 at significance level 5% is n =
209. Thus we have p < 2P(W" > 209) = 0.05. This
indicates that the El Nifio events in the ZC model are
significantly stronger than the La Nifia events. Therefore
they are significantly asymmetric in terms of amplitudes.

[26] Now let us investigate the dynamics of ENSO
asymmetry in the ZC model by the above CNOPs and local
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Figure 4. SSTA components of the evolutions of CNOP
(local CNOP) for 6 = 0.8 in the full (solid line) and PL-ZC
(dashed line) models. (a) For CNOP and (b) for local CNOP.

CNOPs. In particular, we take the CNOPs and local CNOPs
with initial time as January for both 6 = 0.8 and 6 = 1.0 as
examples to describe the results. Figures 4 and 5 demon-
strate that the CNOPs (local CNOPs) for 6 = 0.8 and 1.0
evolve into El Niflo (La Nifa) events, with the event
strength increasing with 8. For 6 = 0.8, the El Nifio event
has a peak SSTA value of 2.8°C (Nifio-3 index), while the
La Nifia event has the peak value of —1.6°C. For 6 = 1.0,
the peak value for El Nifio in is about 3.4°C, and that for La
Nifia is about —1.8°C. As a result, the amplitude difference
is about 1.6°C, while for 6 = 0.8 it is about 1.2°C. It is
obvious that the stronger the El Nifio events caused by
CNOP is, the larger the asymmetry of El Nifio and La Nifia
is. This result agrees qualitatively with that of the WF96
model.

[27] The results of the WF96 model have shown that the
asymmetry of ENSO is formalized by the NTA enhancing
aggressively El Nifio and negligibly affecting La Nifia
amplitude. To test whether or not this result is true in the
ZC model, we rewrite equation (3) as

%—{:—l—%VT—U~VT—{M(WS+WS)—M(WS)}

x T, — M(wg)T, + (U, wy) — T,

where (U, wy) = U - VT — (M(w, + wy) — M(w,))T. is a
nonlinear term that represents the anomalous temperature
advection, the NTA term. After linearizing this term, we
obtain a partially linearized ZC model (hereinafter referred
to as PL-ZC model) and integrate it with the above CNOPs
and local CNOPs as initial values. Two time series of SSTA
are obtained (Figures 4 and 5). Note that these two time
series correspond to an El Nifio and a La Nifa events,
respectively. They have almost the same amplitude; for
example, the maximum amplitude of SSTA for 6 = 0.8 is
about 1.7°C. That is, they are nearly symmetric in the PL-
ZC model. However, as demonstrated above, the resultant
El Nifio and La Nifa by the full ZC model are asymmetric
in amplitude. Therefore we confirm that the NTA plays an
important role in the asymmetry of El Niflo and La Nifa.
Furthermore, Figures 4 and 5 show that the El Nifio events
in the full ZC model are considerably stronger than those in
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the PL-ZC model, while the La Nifna events in these two
models remain trivially different in amplitude. These results
of the ZC model support qualitatively those of the
theoretical WF96 model.

[28] The ZC model has several nonlinear terms including
the parameterization of subsurface temperature, the anom-
alous temperature advection (i.e., the NTA term), and the
anomalous wind stress. In the above, we have examined the
role of anomalous temperature advection. With the NTA
term, the El Niflo and La Nifa in the ZC model are
asymmetric, without it the EI Niflo and La Nifia in the
PL-ZC model are symmetric. This indicates that the NTA
determines the ENSO asymmetry and plays a decisive role.
To further test this idea, we performed the following two
groups of sensitivity experiments.

[29] In the first group of experiments, the wind stress
anomaly term of the ZC model was linearized while the
other nonlinear terms remained unchanged. During an El
Nifio event, the nonlinear wind stress anomaly tends to be
positive, namely, a westerly anomaly. However, the linear-
ized wind stress anomaly has a much large magnitude
compared to that in the nonlinear case, which implies that
the linearization favors a stronger El Nifio event. In other
words, the nonlinearity in the wind stress anomaly term
suppresses El Nifio. For a La Nifia event, the wind stress
anomaly is negative, that is, an easterly anomaly. The
linearization will reduce this easterly anomaly and induce
a much weaker La Nifa event. In summary, the nonlinearity
associated with the wind stress anomaly suppresses El Nifio
and enhances La Nifia, leading to an ENSO asymmetry in
which El Nifio is weaker than La Nifa.

[30] In the second group, we linearized the parameterized
subsurface temperature in the ZC model but kept the other
nonlinear terms unchanged. It is found that the linearized
subsurface temperature term for El Niflo is larger than its
nonlinear counterpart, namely, the subsurface temperature
becomes warmer owing to the linearization. As a result, the
temperature of the upwelled water is warmer in the linear-
ized case, which will cause a much stronger El Nifio event
in comparison to the nonlinear case. That is to say, the
nonlinearity related to the subsurface temperature parame-
terization suppresses El Niflo. For a La Nifa event, the
linearization weakens the subsurface temperature, therefore,
favors a stronger La Nifla. Equivalently, the nonlinearity

_8=1.0
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Figure 5. Same as Figure 4 except for 6 = 1.0.
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Figure 6. Time-dependent evolution of the NTA in the
WF96 model. Solid (dashed) line represents that of the El
Nifio (La Nifia) with 6 = 0.20, and dash-dotted (dotted) line
denotes that of the EI Niflo (La Nifia) with 6 = 0.18.

associated with the subsurface temperature suppresses La
Nifia. In addition, we found that the amplitude difference
between linearized and nonlinear subsurface temperature
terms for La Nifia is larger than that for El Nifio. Though the
nonlinearity related to subsurface temperature suppresses
both El Nifio and La Nifla, the extent of the suppression is
larger for La Nifa than for El Nifio, leading to an ENSO
asymmetry with stronger El Nifio and weaker La Nifia. The
asymmetry induced by the parameterized subsurface tem-
perature, however, can be counteracted by that caused by
the wind stress anomaly; therefore the net effect of the two
terms has little impact on the ENSO asymmetry in the ZC
model, which also shed lights on the symmetry of the El
Nifio and La Nifia in the PL-ZC model.

[31] These two groups of sensitivity experiments help to
trace the origin of the ENSO asymmetry. Among the three
kinds of nonlinearities in the ZC model, the effect of the
nonlinearity of the subsurface temperature parameterization
on ENSO asymmetry can be offset by that of the wind stress
anomaly, which leaves the nonlinearity related to the NTA
to play the decisive role in ENSO asymmetry. These results
of the ZC model support those of the WF96 model. That is,
the NTA considerably enhances El Nifio and trivially affects
La Nifla amplitude. Then what is the mechanism? Why do
the results of the ZC model support those of the WF96
model?

4. Interpretation of the Role of NTA in ENSO
Asymmetry

4.1. Why Does the NTA Aggressively Enhance El Nifio
and Negligibly Affect La Nifia Amplitude?

[32] The asymmetry of El Nifio and La Nifia in amplitude
is an essential characteristic of ENSO. Generally, the
physical explanation of fundamental characteristics for
ENSO requires a theoretical model [Wang and Fang,
1996; Jin, 1997a, 1997b; Wang, 2001; Wang et al., 1999;
Tziperman et al., 1994]. As shown in previous sections, the
WF96 model is a theoretical ENSO model and particularly
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captures the asymmetry of ENSO. Furthermore, its results
can be supported by those of the realistic ZC model.
Therefore we use the WF96 model to address the mecha-
nism of ENSO asymmetry.

[33] Numerical results shown in section 3 demonstrate
that the NTA plays the decisive role in ENSO asymmetry.
The NTA is included in temperature equation of the model.
In Figure 6, we plot the time-dependent NTA for El Nifio
and La Nifia in the WF96 model. It is illustrated that the
magnitude of the NTA for El Nifio is very large (particularly
in mature phase), but for La Nifia it is negligible, although
both of them begin to become positive in summer. The
temperature equation in the WF96 model suggests that the
positive (negative) SSTA during El Nifio (La Nifia) period
positively (negatively) feeds back on the positive NTA.
Thus we conclude that the El Niflo is considerably enhanced
by the large NTA through the nonlinear feedback, while the
La Nina is trivially affected by the small NTA.

[34] Figure 6 also suggests that the magnitude of the NTA
for the relatively strong El Nifio event induced by CNOP
with ¢ = 0.20 is considerably larger than that for the weak El
Niflo event with § = 0.18. This suggests that the larger the
El Nifio amplitude, the larger the magnitude of the NTA.
From the temperature equation in the WF96 model, it is
understandable that the effect of the NTA on a strong El
Niflo is larger than that on a weak one. Also, it is clear from
Figure 6 why the most considerable asymmetry of ENSO
occurs during the mature phase of the El Niflo.

[35] Now we explain the mechanism by which the NTA
affects the ENSO asymmetry. The NTA, (7, h) = T(T —~h),
is related to the anomalous zonal SST gradient and the
anomalous vertical temperature gradient (see section 4.2).
On the basis of the WF96 model, we plot in Figures 7 and
8 the anomalous temperature difference between equatorial
eastern and western Pacific, and between mixed-layer and
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Figure 7. Time-dependent anomalous SST difference
between equatorial eastern and western Pacific (solid line),
Tr — Ty, the anomalous temperature difference between
mixed-layer and subsurface-layer water (dashed line), 7 —
T,, and the NTA (dotted line), n(7, /). (a) El Nifio caused
by CNOP with § = 0.18. (b) La Nifia by local CNOP with
6 =0.18.
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Figure 8. Same as Figure 7 except for ¢ = 0.20.

subsurface-layer water during El Nifio and La Nifia periods,
respectively. It is demonstrated that both the anomalous
zonal SST difference and the vertical temperature difference
tend to increase to be positive with the development of El
Nifio, and the NTA also becomes gradually large (Figures
7a and 8a). In fact, during an El Nifio when the SSTA, 7,
becomes large, the warming in the eastern Pacific increases
the zonal SST difference and the anomalous westerly, which
weakens the anomalous upwelling, w. The weak anomalous
upwelling acts on the increasing anomalous vertical tem-
perature difference, 7 — T, = T — uh (where 7, denotes the
anomalous temperature of the entrained water from beneath
the mixed layer [Wang et al., 1999]) and much favors the
strengthening of El Nifio, which implies that the NTA
enhances El Nifio. For La Nifla events, it is shown that
both the anomalous zonal SST difference and vertical
temperature difference decrease to be negative with the
development of La Nifia (Figures 7b and 8b). Physically,
the cooling decreases the anomalous vertical temperature
difference to be negative, which means that 7'< 7, with 7' <
0 and 7, < 0. That is, the anomalous temperature of the
upwelled water is larger than the SSTA. Although the
decreasing anomalous zonal SST difference increases
the anomalous upwelling, the negative anomalous vertical
temperature difference will offset the contribution of the
anomalous upwelling to SST cooling and suppresses
the La Nina amplitude. It implies that the NTA suppresses
the La Nifa amplitude. Then why does the NTA have a
bigger effect on El Nifio than on La Nifia?

[36] The amplitudes of both the anomalous zonal SST
difference and the anomalous vertical temperature differ-
ence for La Nifia are much smaller than those for El Nifio
(Figures 7 and 8). Owing to the small anomalous vertical
temperature difference during La Nifla, the anomalous
temperature of the upwelled water will have a small effect
on the contribution of the anomalous upwelling to SST
cooling. However, for El Niflo, the large anomalous SST
difference will remarkably strengthens westerly anomaly,
which acts on the large anomalous vertical temperature
difference and considerably enhances El Niflo. Consequently,
the amplitude suppression of La Nifia has a much smaller
extent than the enhancing of El Nifio amplitude.
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[37] These above discussions on the mechanism of ENSO
asymmetry are based on the simple models. It is expected
that they are also true in more complex models. It is also
hopeful that the physics for ENSO asymmetry can be
further explored with more realistic models.

4.2. Why Do the Results of the ZC Model Support
Those of WF96 Model?

[38] The results of the ZC model on ENSO asymmetry
support those of the WF96 model, which suggested using
the theoretical WF96 model to explain the mechanism of the
ENSO asymmetry in section 4.1. Now we turn to analyze
why the NTA term in the ZC model has the same role in
ENSO asymmetry as that in the highly simplified WF96
model.

[39] The NTA term in the ZC model is

WU, wy) = U - VT — (M(os +wy) — M) T.. (7

The second term in equation (7), denoted by ¢(wy),
represents the anomalous vertical temperature advection.
In the expression of @(w,), M(w,) describes the mean
upwelling that suppresses (enhances) warming (cooling)
and is equal to w,; (>0), and M(w, + wy) represents the total
upwelling and is equal to either wy + w, or 0. Consequently,
M(wg + wy) — M(w,) is equal to w, or —w,. For convenience,
we write g(wy) as wl,, where w = wy >0 (or w = —w, < 0),
indicating the anomalous upwelling (or downwelling) that
could enhance (or suppress) mean upwelling and induce
anomalous cooling (or warming). Thus equation (7)
becomes to

Y(U,w)=U-VT —wT.. (8)

In the WF96 model, the meridional temperature advection
was negligible. Thus we have

0
Y(u,w) = ua—: —wT., 9)

where u is the zonal current. The WF96 demonstrated that u
and w can be obtained by the following diagnostic equation:

" Oh
u:—g—ya—y, (10)

H — H;)BdR 0T
= = th)gaR 0T a

2
rslha

where (3 is the equatorial planetary vorticity gradient, g’ the
reduced gravity, d the atmospheric boundary layer depth
normalized by the atmospheric density scale, R the gas
constant, and r, and r, the Rayleigh friction coefficients in
the oceanic mixed layer and in the atmospheric boundary
layer, respectively. Using equations (10) and (11) into (9)
and the given characteristic scales in the WF96 to scale x, y,
T, and h, 1(u, w) can be written as follows:

/
gt wy =L (T’ 482 ah),

!
— - — 12
ox! v oy (12)
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where the prime denotes a nondimensional quantity, u
measures the coupling strength between thermocline and
SST, ¢; represents the contribution of the horizontal
temperature by anomalous zonal currents to local SST
variation, and C = 9‘?—52 is a constant. By using the
assumption of the lowest-order parabolic cylindrical func-
tion for nondimensional meridional structure in the WF96,
equation (12) becomes

/! ! /aT( ! !
?/)(%W)ch[T — (1t o).

(13)
[40] In the theoretical WF96 model, ENSO is treated as a
basin wide standing mode with one pole in the equatorial
eastern Pacific (xz = 0.5 representing 120°W) and the other
in the western Pacific (xz = —0.5 representing 160°E).
Having considered observations and simplicity, the WF96
assume that the SST anomalies vanish in western Pacific
and its amplitude increases eastward linearly. Then %—f =T,
and the anomalous temperature advection in eastern Pacific
is reduced to
W(Tg, hg) = C'Tg(Tp — vhe), (14)
where v = p + ;. Equation (14) is the nonlinear term in the
WF96 model, which is similar to that in the ZC model,
equation (13). This is why the results of the ZC model
support those of the WF96 model.

5. Conclusion and Discussion

[41] The theoretical WF96 model and the intermediate
ZC model are used to reveal ENSO asymmetry by using the
new approach of CNOP. The results demonstrate that the El
Nifio event caused by the CNOP in the WF96 model is
drastically stronger than the La Nifla event caused by the
local CNOP. The stronger the El Nifio event is, the more
significant the ENSO asymmetry is. We also explain the
essential mechanism of the amplitude asymmetry of the
observed ENSO by investigating the evolutions of CNOP
and local CNOP in the tangent linear model (TLM), a
linearized form of the WF96 model. It is shown that the
evolutions of CNOP and local CNOP in the TLM also
evolve respectively into an El Niflo event and a La Nifla
event, but they tend to be symmetric in amplitude. Further-
more, the amplitude of the El Nifio in the TLM is consid-
erably smaller than that of the El Nifio in the WF96 model,
while the La Nifia events in the WF96 model and its TLM
remain similar. These results show that nonlinearity plays an
important role in ENSO asymmetry. Similar results are
obtained in the ZC model. By analyzing the roles of
different nonlinearity terms in the ZC model, we clearly
identify the origin of ENSO asymmetry and emphasize the
decisive role of NTA in ENSO asymmetry.

[42] On the basis of the WF96 model, we explain why the
NTA aggressively enhances El Nifio and trivially affects La
Nifia amplitude. The NTA is closely related to the dynam-
ical behavior of the anomalous temperature difference
between equatorial eastern and western Pacific, and be-
tween surface-layer and subsurface-layer water. We demon-
strate that these two kinds of temperature differences tend to
increase (decrease) during El Nifio (La Nifia), both of which
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favor positive NTA. However, the amplitudes of the NTA
during El Nifo and La Nifa are significantly different. The
NTA for El Niflo become aggressively large with the
development of El Nifio owing to the significant increasing
of the above temperature differences, while for La Nifia it is
always very small during the La Nifia event since the
decreasing vertical temperature difference offset trivially
the contributions of anomalous upwelling to SST cooling.
In fact, from these discussions, one can easily see that the
asymmetry of the NTA evolutions during El Nifio and La
Nifa results in the ENSO asymmetry.

[43] Jin et al. [2003] and An and Jin [2004] examined the
role of nonlinear dynamical heating in ENSO asymmetry.
We demonstrate similar results. Then, we use a new
approach to explore the roles of different types of non-
linearities in ENSO asymmetry and emphasize the decisive
role of the NTA in ENSO asymmetry. Furthermore, we give
a possible physical explanation of ENSO asymmetry based
on a theoretical model.

[44] Inthe observation, it is after 1976 that the strong ENSO
has the significant asymmetry in amplitude [Duan and Mu,
2006], which can then be regarded as an evidence that ENSO
underwent a dynamic shift around 1976 from a relatively
stable to an unstable coupled system. Our theoretical results
may explain this shift of ENSO: the occurrence of this dynamic
shift may result from the change of the NTA on interdecadal
scale [An, 2004; Duan and Mu, 2006].

[45] We also note that in the ZC model the El Nifo peaks
in late winter, but in the PL-ZC model, the mature phase of
the El Nifio event tends to lock to boreal Autumn (see
Figure 4). It seems that the nonlinearity affects the mature
phase of El Nifio. Since the phase-locking characteristic of
La Nifia events cannot be well modeled by the ZC model
[An and Wang, 2001], no attempt is made in this paper to
discuss the effect of nonlinearity on phase-locking of El
Nifio and La Nifia. It is expected that a more complex model
will be used to address this issue in the future.
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