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Abstract
El Niño, due to its global impact on weather patterns, ecosystems, agriculture and public health, has become as commonly
known to the public as the recent global warming. But why we have El Niño is not yet as well answered as it may have been
assumed. Linear theories have been successful in explaining the transition from the warm phase to the cold phase of the
eastern tropical Pacific that results from the rise and fall of El Niño, but failed to explain the asymmetry between the two
phases. A nonlinear theory for El Niño has suggested that there exist two equilibrium states for the tropical Pacific—one is
zonally symmetric (or nearly so) with the warm-pool extending all the way to the eastern Pacific, and the other is strongly
zonally asymmetric with the warm-pool confined to the western half of the tropical Pacific. Under this hypothesis, ENSO
results from the fact that under the current radiative heating, both states are unstable, resulting in the apparent “wandering”
behavior in between these two states as seen in the observations. To test this hypothesis, the authors have obtained the best
approximations for the two equilibrium states empirically using updated ocean assimilation data, and quantified the stability
of these two empirically obtained equilibrium states using two stability analysis methods. The results suggest that the two
states are unstable, offering support for the nonlinear view of why we have El Niño.
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El Niño is a large-scale oceanic temperature warming in the
tropical Pacific Ocean that occurs every 3–7 years. Its occurrences have world-wide consequences on weather patterns
(Ropelewski and Halpert 1987; Zhang et al. 1996; Wang
et al. 2000; Wang and Chen 2016), ecosystems (Bove et al.
1998; Changnon et al. 1999; Glynn and de Weerdt 1991),
agriculture (Cane et al. 1994; Shuai et al. 2013) and public
health (Hales et al. 1999; Kovats et al. 2003). Understanding thoroughly why we have El Niño is an important issue
in climate science.
Why we have El Niño has not been understood as thoroughly as it may appear to have. To be sure, the knowledge
that we have accumulated since the early 1980s—when
intense interest in this phenomenon was sparked by the
occurrence of the 1982–1983 El Niño—is as phenomenal
as the event itself (McPhaden 2015). But the fact is that
our state-of-the-art climate models—the fully coupled
GCMs– still have common biases in simulating El Niño—
biases that clearly demand serious attention (Guilyardi et al.
2012; Chen et al. 2013; Zhang and Sun 2014; Sun et al.
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2016). The apparent symmetry in the models between El
Niño and its opposite phase La Niña–when both are measured as anomalies from the long-term climatology—is of
particular concern as this bias likely implies that the models
may not be simulating the real El Niño at all (Fig. 1) (Liang
et al. 2017). This concern naturally highlights the question
whether we have indeed obtained the most fundamental
Fig. 1  Time series of monthly
Niño3 (black) and Niño3.4
(red) SST anomalies from
observations during the period
of 1951–2005 (a). The corresponding histogram showing
the distribution of Niño3 SST
anomalies during the period
of 1951–2005 (b). The dataset
for the SST anomalies is the
HadISST (Rayner et al. 2003).
Note that the distribution of
Niño3 SST anomalies is positively skewed. The skewness of
the distribution of Niño3 SST
anomalies from the observations and the historical runs
from CMIP5 models during the
period of 1951–2005 (c)
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understanding of why we have El Niño: Does El Niño
really exist for the reasons that we have understood for its
existence?
Although the recognition by Bjerknes (1969) of the link
between El Niño and the Southern Oscillation has proven
instrumental in the later break-through modeling work of
Zebiak and Cane (1987), the first impactful theory that was
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explicitly formulated to address the question why we have
El Niño from the perspective of basin-scale dynamics owes
to Wyrtki (1975). In this seminal work, Wyrtki linked the
occurrence of an El Niño event to a sudden relaxation of the
trade winds over the central Pacific. He did not explain in
this work why the trade winds had to relax, however. In a
subsequent paper, using observations of the 1982–1983 El
Niño, Wyrtki (1985) noted the change in the upper ocean
heat content of the equatorial Pacific as the event unfolded
and the corresponding loss of heat to higher latitudes. With
this additional piece of information, Wyrtki (1985) expanded
his early view of El Niño as a response to a relaxation of the
trade winds to a broader vision that El Niño results from an
energy relaxation of the coupled ocean–atmosphere system.
This expanded view of El Niño links the occurrence of El
Niño to the poleward heat transport in the tropical Pacific.
The question left is then why the transport of energy (or
heat) by the coupled tropical ocean–atmosphere system has
to go through such a “relaxation” once in a while. Wyrtki did
not answer this question and thus the expanded view remains
to be a partial answer to the question why El Niño exists.
But to the extent that the coupled ocean–atmosphere does
relax once in a while—for reasons to be further explored,
Wyrtki’s placing the recurrent occurrence of El Niño events
in the context of the poleward heat transport provides an
explanation for why El Niño occurs recurrently: the excess
energy received in the tropics has to be removed continuously to the high latitudes, so the El Niño events have to
occur repeatedly.
Combining the realization by Bjerknes (1969) (that coupling between the atmosphere and ocean is involved in the
El Niño phenomenon) with Wyrtki’s observations (that the
occurrence of El Niño involves the change in upper ocean
heat content), Zebiak and Cane (1987) succeeded in simulating the recurrent occurrence of El Niño in an ingeniously
constructed coupled ocean–atmosphere model. The study
demonstrates decisively the key roles played in the genesis
of El Niño (or El Niño-like) events by the twin key elements
envisioned by the two keen observationalists. As the model
is an anomaly model and it has both the atmosphere and
ocean components, the study has also marked the transition
from viewing El Niño as a primary phenomenon to viewing it as a subcomponent of the larger phenomenon—the El
Niño—Southern Oscillation. The use of the word “oscillation” in describing this apparent seesaw phenomenon in the
tropical ocean–atmosphere system, coupled with the popular
use of an anomaly model at that time, has also transformed
the question why we have El Niño to the question why the
coupled tropical ocean–atmosphere oscillate. Using a model
that is similar to that of Zebiak and Cane (1987), Battisti
(1988) not only successfully simulated realistically-looking ENSO, but further dissected the dynamic and thermal
dynamical processes involved. In particular, Battisti (1988)

linked ENSO to the equatorial wave dynamics. The picture
for ENSO has been enriched considerably by this seminal
work of Battisti as this work links the recurrent occurrence
of El Niño to the bouncing back and forth of equatorial
waves in a laterally confined basin. This work gave birth
to the idea of a delayed negative feedback from a Rossby
wave reflected back at the western boundary of the tropical
Pacific, which terminates the unstable growth of an SST
anomaly. Suarez and Schopf (1988) encapsulated this idea
of a delayed negative feedback in an elegant mathematic
analogue model, further helping to delineate the role of a
delayed feedback in ENSO. Having a negative cubic term
in the equation for the SST anomaly that they interpreted as
a parameterization of nonlinear processes in the system, the
model of Suarez and Schopf (1988) has also highlighted the
importance of additional processes—processes other than
the delayed feedback—in wrapping up an unstable growth
due to ocean–atmosphere coupling. Indeed, just as every
coin has two sides, the weak side of the delayed oscillatory theory is that it has not clearly demonstrated that the
negative delayed feedback from the western boundary wave
refection is all that is needed to terminate an unstable growth
in the sea surface temperature. Even less clear in this framework is what drives the recurrent occurrence of El Niño.
The delayed oscillator framework laid out by Battisti
(1988) and Suarez and Schopf (1988) has motived more
observational studies examining the extent to which the termination of an El Niño event depends on the western boundary wave reflection (Kessler and McPhaden 1995; Goddard
and Graham 1997; McPhaden 1999). The uncertainty concerning the efficiency in the western boundary reflection
has led attempts for modifying or appending the delayed
oscillator theory as originally articulated by Battisti (1988)
and Suarze and Schopf (1988) (Wesberg and Wang 1997;
Picaut et al. 1997). These studies have suggested additional
or potentially competing factors to the western boundary
wave reflection, specifically, the wind response over the
western Pacific to the warming over the central and eastern
Pacific (Wesberg and Wang 1997; Wang 2001) and the wave
reflection at the eastern boundary (Picaut et al. 1997).
The delayed oscillatory theory and its immediate modifications, have turned the attention away, however, from the
critical role of the equatorial upper ocean heat content (and
more generally the role of the poleward heat transport) in
the genesis of El Niño as originally suggested by Wyrtki
(1975, 1985) and later confirmed in a numerical model by
Zebiak and Cane (1987). Another ensuing development is
the stochastic theory for ENSO (Penland and Sardeshmuhk
1995; Penland 1996). They have argued that ENSO variability may be simulated by a stable linear system forced by
weather noise. The theory, though having been demonstrated
to be remarkably effective in predicting the occurrence of
El Niño, is inherently empirical in that the linear operator
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in the predictive equation for the SST has to be constructed
from observations. Like the delayed oscillator theory, it has
helped to turn the attention away from the thesis originally
proposed by Wyrtki (1985).
The recharge oscillator description by Jin (1996) reemphasizes the critical role of the equatorial upper ocean heat
content. By further simplifying the model of Zebiak and Cane
(1987), Jin (1996) has delineated more clearly how the resulting wind curl from the ENSO SST anomaly causes change
in the equatorial upper ocean heat content and thus the phase
transition of ENSO. The model successfully captures the
observed phase relationship between the variations in the SST
and the variations in the equatorial upper ocean heat content
(Meinen and McPhaden 2000). But the model of Jin (1996) is
again framed as an anomaly model about a prescribed climatology and thus has only partially reflected the most fundamental insight of the Wyrtki hypothesis—the recurrent occurrence
of El Niño is due to the need of removal of heat from the tropics to the higher latitudes as demanded by differential surface
heating over the ocean’s surface or more generally the differential radiative heating imposed at the top of the atmosphere.
Extending the model of Jin (1996) and framing the problem
in a context of heat transfer model under a varying radiative
heating, Sun (1997) attempted to cast the El Niño problem in the
context of heat transfer again, as originally suggested by Wyrtki
(1985), but in a more mathematical way, hoping to explain in
more quantitative terms why the coupled system, in transporting
heat poleward, has to “relax” once in a while. To demonstrate
the role of heating and nonlinear dynamics in generating El Niño
events in the simplest framework that encapsulates all known
physics of ENSO, Sun (1997) varied the heating intensity successively over a wide range and found that the ocean–atmosphere system first experiences a pitch-fork bifurcation to create
the zonal asymmetry in the equatorial SST distribution. With
further increases in the heating intensity, the zonal SST gradients
increase with concurrent increases in the strength of zonal winds
and the equatorial upper ocean circulation until another bifurcation—a Hopf bifurcation– takes place—which brings the system
to an oscillatory state. Sun (1997) thereby put forward the idea
that there may be two equilibrium states for the coupled tropical
ocean–atmosphere system and that the existence of ENSO is due
to the fact that both of equilibrium states are unstable under the
current intensity of radiative heating.
The nonlinear view for why we have El Niño (and by
extension why we have ENSO) has been further highlighted
by studies of the rectified effect of ENSO into the mean state
(Roger et al. 2004; Sun and Zhang 2006; Yu and Sun 2009;
Liang et al. 2012). The later study of Liang et al. (2012) elucidates the differences between the climatological state and
the equilibrium states of the tropical Pacific—the former is
a statistic that results from an after-fact mathematical average of the realized states while the latter are the states that
the system could have stayed if they were stable. Thus the
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stability of the equilibrium states of the system is a different
matter from the stability of the climatological state.
Sun (1997) employed a box model. Here we determine
the three dimensional structures of the two equilibrium states
directly from observations. Moreover, we assess the stability of
the two equilibrium states using the best estimates of the parameters from observations and data assimilations by two different
methods. Our goal is to test a central element in the nonlinear
theory of Sun (1997): the two equilibrium states are unstable.
The paper is organized as follows. Section 2 describes the
data and methods used in the present study. Section 3 constructs the two equilibrium states suggested by Sun (1997)
through using ocean assimilation data. Section 4 quantifies of
the stability of the two equilibrium states using two published
methods of stability analysis. Section 5 provides a summary.

2 Data and methods
2.1 Data
The Simple Ocean Data Assimilation Reanalysis, version 2.0.2
(SODA2.0.2) (Carton and Giese 2008) and the ERA40 surface
heat flux (Uppala et al. 2005) are employed for the present
study. The SODA system uses an ocean general circulation
model based on Parallel Ocean Program numerics (Smith et al.
1992). The daily surface winds used for the assimilation are
obtained by the European Center for Medium-Range Weather
Forecasts (ECMWF) Reanalysis (ERA-40) (Uppala et al.
2005) over the period from 1 January 1958 to 31 December
2001. Surface freshwater flux is provided by the Global Precipitation Climatology Project monthly satellite-gauge merged
product (Adler et al. 2003). The surface heat flux boundary
conditions are determined using the bulk formulas. Data
assimilated into the SODA system include the subsurface temperatures from World Ocean Database 2001 (Stephens et al.
2002) and the real-time temperature profiles from the National
Oceanographic Data Center (NODC)/NOAA (which include
observations from the Tropical Atmosphere–Ocean/Triangle
Trans-Ocean Buoy Network (TAO/TRITON) (https://www.
pmel.noaa.gov/gtmba/pmel-theme/pacific-ocean-tao) and
Argo drifters (https://www.argo.ucsd.edu/About_Argo.html)).
The SODA reanalysis have been used in numerous studies of the state of the tropical Pacific (Su et al. 2010; Kim
et al. 2014; Lüebbecke and McPhaden, 2014; Hua et al.
2015, 2018; Chen et al. 2016, 2017). Su et al. (2010) used
SODA2.0.2 to investigate the amplitude asymmetry between
El Niño and La Niña by diagnosing the mixed-layer heat
budget during the ENSO developing phase. Kim et al. (2014)
used the SODA2.0.2 to evaluate the growth rate of ENSO in
the simulations by Coupled Model Intercomparison Project
Phase 5 (CMIP5) models. Lüebbecke and McPhaden (2014)
used the same dataset to study the twenty-first-century shift
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in ENSO variability. Hua et al. (2015) used SODA2.0.2 to
study ENSO asymmetry and tropical Pacific decadal variability. In addition to SODA2.0.2, the ERA40 dataset was
selected by both Kim et al. (2014) and Chen et al. (2016) in
their calculation of the BJ index (Jin et al. 2006).

the value of the remaining two parameters (𝜎 and s), but only
weakly. A stability diagram for the coupled tropical Pacific
from the framework of Sun (1997) is shown in Fig. 2.

2.2 Methods for quantifying stability

The BJ index has been employed in the studies for ENSO
stability analysis (Jin et al. 2006; Kim and Jin 2011a, b, b;
Kim et al. 2014). It presents the growth rate of a coupled disturbance (Jin et al. 2006). Since the original formulation of
this index by Jin et al. (2006), Kim and Jin (2011a, b, b) have
made some refinements. Following Kim and Jin (2011a, b,
b), the BJ index may be given as the following.

2.2.1 The Sun method
In the present study, we first use the framework developed
by Sun (1997, 2000) to evaluate the stability of the two equilibrium states. According to this theoretical framework, the
dynamical behavior of the coupled system is determined by
the following four non-dimensional parameters:

R=

𝛼(Te − Ts0 )
ac

(1)

Λ = p𝜅𝛾 ∗

(2)

r
c

(3)

𝜎=

U
s=
Lx

/

W
H1

(4)

where Te is the radiative-convective equilibrium temperature,
Ts0 is the characteristic value of the subsurface temperature,
𝛼 measures the sensitivity of the surface wind stress to
changes in the SST gradients, c is the thermal damping from
the atmosphere, and a is the Rayleigh friction in the ocean.
p = H1 ∕2H2 (1 + H1 ∕H2 ), with H1 and H2 are respectively
the characteristic depth of the surface ocean and the depth
c
of the subsurface upper ocean. 𝜅 = ac
, b = Lk with ckbeing
b2

2.2.2 The BJ index

BJ =

R−𝜀
2

(5)

where 𝜀 is a measure of the damping processes working
against the Sverdrup transport of mass in and out of the
western Pacific determined by the wind curl, and R is the
original BJ index given by Jin et al. (2006) which is in turn
given by the following equation
( ⟨ ⟩
⟨ ⟩ )
⟩
⟨
Δv E
Δu E
𝜕T
+ a2
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𝜕z E
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x

the phase speed of the first baroclinic Kelvin wave, Lxbeing
the half of the zonal width of the basin, and 𝛾 ∗ = 𝛾𝛾 , with 𝛾
0

being the vertical temperature gradient across the thermocline and 𝛾0 = (Te − Ts0 )∕H2 . U and W are respectively the
characteristic values for the equatorial east–west surface
flow at the central Pacific and the upwelling over the equatorial eastern Pacific.
Among the four parameters, the most important is R as
far as the stability of the two equilibrium states is concerned
because this parameter measures how strongly the coupled
system is thermally forced relative to the thermal damping
and mechanical dispassion. Indeed, as shown in Sun (1997),
the zonally symmetric equilibrium becomes unstable when
R> 1, regardless of the values of the other three parameters.
The second most important parameter is Λ, a non-dimensional
measure of the vertical temperature gradient across the thermocline . The zonally asymmetric equilibrium state becomes
unstable when R > ΛC where C is a function that depends on

Fig. 2  Stability diagram of the model of Sun (1997). The first shaded
area (red) with R < Rc1 = 1 is the regime where the zonally symmetric is stable. In the region between R = 1 and R < Rc2 (green
shaded area), the zonally asymmetric state is stable. When R > Rc2,
the zonal asymmetric state also becomes unstable. The curve for Rc2
is for the specific case with s and 𝜎 being respectively fixed at 1/3 and
1/2, but the dependence on s or 𝜎 is weak (see Fig. 8ab in Sun 2000).
Rc2 in the figure nearly has the form R = 1/Λ (shown as the dashed
line). The values of R for the empirically constructed zonally symmetric equilibrium state and the zonally asymmetric equilibrium state
are respectively marked in the figure by a red vertical line ( R= 2.7)
and a green triangle ( R= 2.9 with Λ = 0.47)
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where T denotes anomalous ocean temperature, u, v and w
are the three components of the upper ocean circulation,
respectively. Anomalies are obtained by removing long-term
mean seasonal cycle. < >w and < > E denote volume average
for the two boxes representing the western and eastern surface ocean respectively. The quantities with an over-bar
denote climatological mean values. H1 denotes the depth of
ocean mixed layer. 𝛼s measures the response of a net surface
heat flux anomaly to a sea surface temperature anomalies
(SSTA); 𝜇a measures the wind response ( 𝜏x′ ) to SSTA; 𝛽u
measures the response of an ocean zonal current to 𝜏x′ ; 𝛽w
measures the response of an ocean upwelling to 𝜏x′ ; ah measures the effect of thermocline depth changes on ocean subsurface temperatures and 𝛽h measures the response of the
zonal slope of the equatorial thermocline to 𝜏x′ . The five
contributing terms to the BJ index include two negative feedb�
a c k s [ m e a n a�d v e c t i o n f e e d b a c k ( M A ;
⟨Δv⟩
⟨Δu⟩
− a1 L E + a2 L E ) and thermodynamic feedback (TD;
x

y

−𝛼s)] and three positive
feedbacks [the zonal advection feed⟨
⟩
𝜕T
back (ZA; 𝜇a 𝛽u − 𝜕x ), the Ekman feedback (EK;
E
⟨
⟩
𝜇a 𝛽w − 𝜕T
)
and
the
thermocline feedback (TH;
⟨ 𝜕z
⟩ E
𝜇a 𝛽h Hw ah)].
1

E

In deriving Eq. (6), the following approximations are
used. First, the net anomalous heat is linearly proportional
to the SSTA. Second, the subsurface temperature anomaly
is linearly proportional to the thermocline depth anomaly.
Third, the zonal slope of the thermocline is proportional to
the zonal wind stress. Finally, the anomalous upwelling in
the eastern Pacific is proportional to the zonal wind stress
and the zonal wind stress is proportional to the eastern
Pacific SSTA. The zonal ocean current strength has two
parts—one part is proportional to the zonal wind stress,
and the other part is proportional to the depth of thermocline anomaly in the western half of the equatorial Pacific.
The zonal wind stress is proportional to the eastern Pacific
SSTA (Kim and Jin 2011a, b, b).
There are somewhat differences between the BJ index
formulation and the Sun method. The derivation of BJ
index by Jin et al. (2006) and Kim and Jin (2011a, b) has
assumed a fixed T1 (the western Pacific SST), while it is
a variable in Sun (1997). Sun (1997) has assumed that
zonal flow is a fraction of the total upwelling, while the
BJ index assumed that one part of the zonal ocean current is proportional to the zonal wind stress, and the other
part is proportional to the depth of thermocline anomaly
in the western half of the equatorial Pacific. A potential
problem with the BJ index is that 𝛽h is related to the coupling strength 𝛼 - and thus is not an independent parameter.
In practice, though, because both parameters are derived
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from regression analysis of the data, they may not cause a
real problem. But note that the role of the speed of Kelvin
waves and the width of the basin in BJ index are not shown
as clearly as in the formulation of Sun (1997).

3 The two equilibrium states of the tropical
Pacific suggested by Sun (1997)
Sun (1997) has suggested that there exist two equilibrium
states for the tropical Pacific—one is zonally symmetric (or
nearly so) with the warm-pool extending all the way to the
eastern Pacific, and the other is strongly zonally asymmetric with the warm-pool confined to the western half of the
tropical Pacific. We reconstruct these two states empirically
by equating these two states to the ever realized (therefore
recorded in the observations), least zonally asymmetric state,
and the ever realized, strongest asymmetric state.
In constructing the equilibrium states from the observations, we assume that they correspond to the strongest El
Niño event and the strongest La Niña event respectively.
There is the possibility that in the limited length of the
recording of the real world, the two equilibrium states may
not have been sampled by the data. For now, we will work
with this assumption that they are in the data. In addition,
given the data uncertainties, we will choose the average
of the two strongest El Niño events and the average of the
two strongest La Niña events to represent the two equilibrium states respectively. The two strongest El Niño events
recorded the data we use are the 1982 ~ 1983 and the 1997
~ 1998 event. The strongest two La Niña events in the same
data are the 1973 ~ 1974 and the 1988 ~ 1989 event (see Fig.
S1 in supplementary material).
Equilibrium states constructed this way may be more stable than the actual equilibrium states as they are respectively
the closest point to the actual equilibrium states, but may
fall a little bit short. However, if we can show that such an
approximate to the actual equilibrium is unstable, it follows
that the actual equilibrium is unstable.
Figure 3 shows the empirically constructed zonally
symmetric equilibrium state. We choose the winter season
December-January-February (DJF) as this season is where
the El Niño warming peaks. As shown in Fig. 3, the entire
equatorial SST is very close to being zonally uniform.
Correspondingly, the east–west slope of the thermocline
is nearly zonally uniform. The equatorial undercurrent
(EUC) almost disappears in the central Pacific (Fig. 3c).
The value of the maximum SST is 29.92 °C and is located
at (122.75ºE, 4.25ºS) (Fig. 3a). The zonal mean depth of
the thermocline (20 °C isotherm) for the zonally symmetric
equilibrium state is 123.2 m (Fig. 3b). The characteristic
subsurface temperature Ts0 is 20.13 °C. We have also used
NCEP Global Ocean Data Assimilation System (GODAS,
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Fig. 3  The empirically
constructed zonally symmetric equilibrium state: the sea
surface temperature (SST) (a),
equatorial upper ocean temperature (5°S–5°N) (the 20 °C
isotherm is highlighted) (b), and
the equatorial upper ocean zonal
current (5ºS–5ºN) (c). See text
for more details for how they
were obtained from the ocean
reanalysis data (Carton and
Giese 2008)

(a)

(b)

(c)

Behringer and Xue 2004) to recalculate the upper ocean
temperature. The results show that the maximum SST is
29.87 °C, Ts0 is 20.67 °C, and the zonal mean depth of the
thermocline is 124.8 m. Two datasets match closely on these
key stability parameters.
Figure 4 presents the empirically constructed zonally
asymmetric equilibrium state. Again, the winter season
is chosen here. As shown in Fig. 4, the zonally asymmetric equilibrium state is characterized by a warm-pool
contracted to the western Pacific and a fully extended
cold-tongue that penetrates west to the dateline. This
equilibrium state has a strong zonal equatorial SST contrast, a prominent east–west slope of the thermocline and
a strong EUC (the maximum value is 1.18 m/s located at
(129.25ºW, 112.3 m) at the equator). In this state, the deep
ocean has more control on the surface temperature as the
thermocline shoaled to the surface in the eastern equatorial

Pacific (Fig. 4c). The value of the maximum SST in this
state is 29.76 °C located at (134.25°E, 2.75°S). The zonal
mean depth of the thermocline (20 °C isotherm) for the
zonally asymmetric equilibrium state is 131.1 m (Fig. 4b).
The parameter 𝛾 denoting the vertical temperature gradient
across the thermocline in the present
paper is estimated
/
to be 0.21 K/M; 𝛾0 = (Te − Ts0 ) H2 , a reference value for
the vertical temperature gradient across the thermocline is
estimated to be 0.070 K/M. The characteristic subsurface
temperature Ts0 is estimated to be 19.29 °C. Again, we
have used the GODAS dataset to provide a second estimate
of these key stability parameters. In GODAS, the maximum SST is 29.72 °C, Ts0 is 18.74 °C, and the zonal mean
depth of the thermocline is 127.5 m. The two datasets
(SODA and GODAS) are again found to closely match on
these key stability parameters.
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(a)

Fig. 4  The empirically constructed zonally asymmetric
equilibrium state: the sea
surface temperature (SST) (a),
equatorial upper ocean temperature (5°S–5°N) (the 20 °C
isotherm is highlighted) (b), and
the equatorial upper ocean zonal
current (5°S–5°N) (c). See text
for more details for how they
were obtained from the ocean
reanalysis data (Carton and
Giese 2008)

(b)

(c)

4 The stability of the two equilibrium states
4.1 The stability of the two equilibrium states
assessed by the Sun method
We first calculate the stability R for the zonally symmetric equilibrium state following the Sun Method (Sun 1997,
2000). We take Te as the maximum SST in the tropical western Pacific which is estimated to be 29.92 °C. We estimate
the value of Ts0 in the box for the eastern half of the tropical
Pacific as the zonally averaged temperature at a fixed depth
h0 with h 0 being taken as the depth of the 20 °C isothermal
at 120W, the center of Niño3 region (see Fig. 5a). The resulting value of Ts0 is 20.13 °C. The values for 𝛼a and c estimated
from regression with the present datasets are 1.8 K
 −1S−1 and
−8 −1
6.5 × 10 S respectively. The resulting R is 2.7 (Table 1),
a value that far exceeds the critical value of R beyond that is
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needed for the zonally symmetric state to become unstable.
Recall that this critical value of R for breaking the zonal
symmetry is 1 (Sun 1997).
The assessed value of R for the zonally asymmetric equilibrium state is given in Table 2, together with the critical
value for instability ( Rc ) and the parameters used in their
assessment. Te and Ts0 for the zonally asymmetric equilibrium state are calculated the same way as for the zonally
symmetric state. The resulting values for Te and Ts0 for
the zonally asymmetric state are 29.75 °C and 19.29 °C
respectively. The value for 1∕r is taken as 300days, which
is the same as used in Jin (1996). With c = 6.5 × 10−8 S−1,
𝜎 = 0.58. The resulting R is 2.9 while the critical value of R
for the asymmetric equilibrium state to become unstable is
assessed to be 2.1. Thus, the asymmetric equilibrium state is
estimated to be unstable. We will see below that an alternative method results in the same conclusion.
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(a)

Fig. 5  The vertical profile of
the equatorial upper ocean temperature at 120ºW (the center
of Niño3 region) averaged over
5ºS–5ºN for the empirically
constructed zonally symmetric
equilibrium state (a) and the
zonally asymmetric equilibrium
state (b)

(b)

Table 1  Parameters (A) used
in calculating the value of R
(B) for the zonally symmetric
equilibrium state. The values
of Te and Ts0 are taken from
Fig. 3

(A)
α/a (K− 1 s− 1)
c (s− 1)
Te (°C)
Ts0 (°C)
(B)
R = 2.7 > Rc = 1.0

1.8 × 10− 8
6.5 × 10− 8
29.92
20.13

4.2 The stability of the two equilibrium states
measured by the BJ index
To confirm our assessment of the stability of the zonally
asymmetric equilibrium state in the above section, we have
also employed a different approach—the BJ index method
by Jin et al. (2006). Note that the BJ index is not applicable

Table 2  Parameters (A) used in
calculating R and Rc (B) for the
zonally asymmetric equilibrium
state. The values of Te and Ts0
are taken from Fig. 4. The value
of Rc is taken from Fig. 2

(A)
α/a (K− 1 s− 1)
c (s− 1)
Te (°C)
Ts0 (°C)
p
κ
γ (K− 1 m− 1)
γ0 (K− 1 m− 1)
Λ
(B)
R = 2.9 > Rc = 2.1

1.8 × 10− 8
6.5 × 10− 8
29.76
19.29
1/8
1.25
0.21
0.070
0.47
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for the stability of the zonally symmetric equilibrium state,
as the method assumes that the nature of the stability of the
concerned state is a Hopf bifurcation—which is an oscillatory one. The instability of the symmetric equilibrium
state is a pitch-fork bifurcation as shown in Sun (1997). The
Sun method may be regarded more general as it encompasses both types of instability. On the other hand, the stability criteria derived from the Sun method for the zonally
asymmetric equilibrium state involves the idealization of
the relationship between the zonal SST contrast and the
equatorial upwelling (Eq. 3 in Sun 1997) as well as specifying the zonal advection as a fraction of the total equatorial
upwelling (parameter in Eq. 1 in Sun 1997). In both of the
two aspects, the approach of BJ index by Jin et al. (2006)
may be regarded as more realistic or more sophisticated.
The assessed BJ index for the zonally asymmetric equilibrium state, the five contributing feedback terms as defined
by Jin et al. (2006), and the coefficients used in the calculating them are provided in Table 3. In the present paper, a
broad region for the eastern box (155ºW–70ºW, 5ºS–5ºN)
than that used in Jin et al. (2006) is chosen to calculate BJ
index in order to be consistent with the box size used in the
Sun method. The regression coefficients are derived from the
observations and then used in the calculation for the zonally
asymmetric equilibrium state. The values of these regression
coefficients are consistent with the former studies (Lüebbecke and McPhaden, 2014; Chen et al. 2016; Hua et al.
2018). As shown in the table, the BJ index for the zonally
asymmetric equilibrium state is + 0.612, a positive value.
Thus the zonally asymmetric equilibrium state is an unstable
state as indicated by its BJ index.

For comparison and providing a reference value to
appreciate the value of BJ index we have obtained for the
zonally asymmetric equilibrium state, we have also applied
the same BJ analysis to assess the stability of the climatological mean state. The results are provided in Table 4.
The BJ index for the climatological state is found weakly
negative (− 0.009). This indicates that the climatological
state is stable or neutral. This finding supports the inference from the linear inversed modeling of ENSO (Penland
and Sardeshmukh 1995; Penland 1996) that the climatological state hovers closely around the neutral state. As it
has been nicely illustrated by the theoretical work of Liang
et al. (2012) and Liang et al. (2017), the stability of the
climatological state and the stability of the equilibrium are
two separate matters. The results here about the respective
values of the BJ index for the zonally asymmetric equilibrium state and the climatological state underscore the same
point. From the perspective of BJ Index, what have made
the climatological state more stable than the zonally asymmetric equilibrium
⟨ ⟩ state is that the thermocline feedback
(TH; 𝜇a 𝛽h Hw ah ) and the Ekman feedback (EK;
⟨
⟩ 1 E
𝜕T
𝜇a 𝛽w − 𝜕z ) for the climatological state are much

Table 3  Coefficients used in the
calculation of the BJ index, the
5 components in the BJ index,
and the BJ index for the zonally
asymmetric equilibrium state

Table 4  Coefficients used in
the calculation of the BJ index,
the 5 components in the BJ
index, and the BJ index for the
climatological mean state

Coefficients
𝜶 s (s− 1)
𝝁a (N m
 − 2)/K
𝜷 u (m s − 1)/(N m− 2)
𝜷 w (m s − 1)/(N m− 2)
𝜷 h m /(N m− 2)
ah (K/m)
Components
MA (year− 1)
TD (year− 1)
ZA (year− 1)
TH (year− 1)
EK (year− 1)
BJ Index (year− 1)
+0.612

6.5e–08
0.0046
9.7
− 0.00008
8.86
26.8
− 1.178
− 1.032
0.293
2.351
0.434

The coefficients used in the
calculations are derived from
observations
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weaker. The weaker thermocline feedback and the weaker
Ekman feedback in the climatological state are due to the
weakened vertical temperature gradient and the reduced
strength of the equatorial upwelling. Table 5 contrasts the
zonal and vertical temperature gradients and the upwelling
in the the climatological state (which has the time-mean
effect of the El Niño events rectified) and the zonally
asymmetric state. Contrasting the values of the BJ index

Coefficients
𝜶 s (s− 1)
𝝁a (N m
 − 2)/K
𝜷 u (m s − 1)/(N m− 2)
𝜷 w (m s − 1)/(N m− 2)
𝜷 h m /(N m− 2)
ah (K/m)
Components
MA (year− 1)
TD (year− 1)
ZA (year− 1)
TH (year− 1)
EK (year− 1)
BJ Index (year− 1)
− 0.009

6.5e–08
0.0046
9.7
− 0.00008
8.86
26.8
− 1.025
− 1.032
0.399
1.602
0.303

The coefficients used in the
calculations are derived from
observations
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Table 5  Zonal temperature gradient, vertical temperature gradient, and vertical upwelling averaged in the equatorial eastern box used for the calculation of BJ index for the zonally asymmetric equilibrium state and for the climatological mean state
Process
Asymmetric Equilibrium State
Climatological Mean State

−

⟨− 𝜕𝜕xT ⟩

−

E

−1

(K m
 )

4.18e–07
5.69e–07

for the climatological state and the zonally asymmetric
equilibrium state further illuminates the time-mean effect
of ENSO.

5 Summary
An important question that is of interest to both the climate
science community and the public at large is why we have
El Niño events. Recent findings about a common deficiency
in the simulations of El Niño by our state-of-the-art models –the lack of asymmetry with La Niña in these models–suggest that the question may not have been satisfactorily addressed, despite the popularity in both the science and
public domain that the name El Niño has achieved. A critical
examination of the history in our efforts in answering the
question—the milestone work and prevailing paradigms—
supports this suggestion. In particular, it is noted that the
prevailing concepts that have been weaved to explain this
remarkable phenomenon have only marginally addressed (1)
the role of the intensity of radiative heating and (2) the role
of nonlinearity in the system, though the notion–El Niño
events take place recurrently because excessive heat has to
be removed continuously from the tropics to the pole—was
raised in the milestone study by Wyrtki (1985) three decades ago. Nor is new that nonlinearity in a dynamic system
can cause the system to have unsteady behavior, particularly
under strong external forcing (Lorenz 1963; Strogatz 1994;
Sun 1997).
In the present work we have tried to expand the study by
Sun (1997) which is among the few theoretical studies that
attempt to address head-on the role of the intensity radiative heating and the role of nonlinearity in the genesis of
El Niño. According to the findings by Sun (1997), there are
two equilibrium states for the coupled tropical Pacific—
one is zonally symmetric as achieved or nearly achieved
in the strongest observed El Niño event; the other strongly
zonally asymmetric as achieved or nearly achieved during
the strongest La Niña event. The reason why we have El
Niño event is that under the current intensity of radiative
heating, both the equilibrium states are unstable, resulting
in a perpetual “wandering” behavior in between the two

⟨− 𝜕𝜕zT ⟩

0.079
0.055

−

E

−1

(K m
 )

⟨ HW ⟩
1

E

(s−1)

1.37e–07
0.93e–07

equilibrium states that could have served as a permanent
“home” for the system to stay—only when the demand
of transfering the excessive heat out of the tropics is not
that big. We reconstruct these two states from observations (or more exactly the best approximations from the
existing observations) and quantify the stability of these
two equilibrium states. Towards that objective, we have
employed two stability analysis methods (Sun 1997; Jin
et al. 2006).
The results from our investigation suggest that both
equilibrium states are indeed unstable, offering support
for the theoretical perspective proposed by Sun (1997).
To be sure, the stability analysis methods involve idealizations that may introduce some uncertainty in our
results. Nor we can guarantee that the data we use are
free of errors. To reduce the uncertainly in the stability
analysis, we employed two methods. To have a gauge of
possible uncertainties from the data, we have employed
three datasets. While what have been presented here are
the results from SODA2.0.2, we have checked our results
against additional two datasets—SODA2.2.4 (Giese and
Ray 2011) and GODAS (Behringer and Xue 2004) (supplementary material) and found that our conclusions are
robust (See Table S1—S8 in the supplementary material).
So far, we have only employed two stability analysis
methods—the framework by Sun (1997) and the BJ index
approach of Jin (2006)—both of which involve substantial
idealizations of the configuration of the coupled tropical
Pacific ocean–atmosphere system. Admittedly, more complicated methods for quantifying the stability of the state
of the equilibrium states of the tropical Pacific are available. In a subsequent study, we will employ the method
of Fedorov and Philander (2001) which involves the use
of the full model of Zebiak and Cane (1987)—a model of
intermediate complexity --to further assess the stability of
the two equilibrium states.
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