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ENSO Irregularity and Asymmetry

Soon-Il An’, Eli Tziperman?, Yuko M. Okumura?, and Tim Li*

ABSTRACT

The El Nifio Southern Oscillation (ENSO) is characterized by being irregular or nonperiodic and asymmetric
between El Nifio and La Nifia with respect to amplitude, pattern, and temporal evolution. These observed fea-
tures suggest the importance of nonlinear dynamics and/or stochastic forcing. Both nonlinear deterministic
chaos and linear dynamics subject to stochastic forcing and/or to non-normal growth were introduced to explain
the irregularity of ENSO, but no consensus has been reached to date given the short observational record. As a
dominant source of stochastic forcing, westerly wind bursts play a role in triggering, amplifying, and deter-
mining the irregularity and asymmetry of ENSO, which are best treated as part of the deterministic dynamics
or as a multiplicative noise forcing. Various nonlinear processes are responsible for the spatial and temporal
asymmetry of El Niflo and La Nifia, which includes nonlinear ocean advection, nonlinear atmosphere-ocean
coupling, state-dependent stochastic noise, tropical instability waves, and biophysical processes. In addition to
the internal nonlinear processes, a capacitor effect of the Indian and Atlantic Oceans and atmospheric and oce-
anic teleconnections from extratropical Pacific could also contribute to the temporal and amplitude asymmetry
of ENSO. Despite significant progress, most state-of-the-art models are still lacking in simulation of the spatial

and temporal asymmetry of ENSO.

7.1. INTRODUCTION

The irregularity of the El Nifio Southern Oscillation
(ENSO), including its amplitude, interval between events,
and spatial and temporal patterns, has been explained as
being either a result of large-scale deterministic nonlinear
dynamics or the result of stochastic forcing, although
these theories are not mutually exclusive. In the first case,
the irregularity is due to jumping between nonlinear res-
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onances of the ENSO cycle and the seasonal cycle
(Tziperman et al., 1994, 1995; Jin et al., 1994; Chang
etal., 1994; An & Jin, 2011). This theory can also account
for the tendency of El Niflo to peak at the end of the
calendar year, explaining it through phase locking to the
annual cycle (above references). Yet Stein et al. (2010,
2011) employed seasonally modulated linear dynamics
under stochastic forcing and found phase locking as well,
indicating that nonlinear dynamics may not be necessary
for explaining ENSO’s seasonality. In the second case,
stochastic variability, representing for example short-
term weather events, leads to the irregularity of ENSO,
potentially also amplified by non-normal transient
growth (e.g., Moore & Kleeman, 1999; Penland
& Sardeshmukh, 1995).

Since the observational record of tropical Pacific SST is
still not long enough to distinguish between these two sce-
narios, no consensus on this matter has been reached
(Kessler, 2002). Tropical climate state is a primary factor to
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determine an atmosphere-ocean coupled stability for
ENSO system (T. Li, 1997b; An & Jin, 2000; Fedorov
& Philander, 2000), and for example, depending on the cou-
pling strength, ENSO system becomes a self-sustained and
possibly chaotic oscillator under a strong coupling and a
damped oscillator under a weak coupling (An & Jin, 2001).
It has been suggested that some decades may be character-
ized by a self-sustained, possibly chaotic dynamics, while
others show a damped ENSO cycle, excited by stochastic
variability (Kirtman & Schopf, 1998). However, a bifurca-
tion between stable and unstable regimes tends to be ambig-
uous in the presence of noise (e.g., Levine & Jin, 2010).

Westerly wind bursts (WWBs) are episodic reversals of
the equatorial trade winds with a strength of 5 to 7 ms™,
zonal extent of 2040 degrees, duration of 5-30 days, and
frequency of around 5 to 10 times per year (Harrison &
Vecchi, 1997; L. Yu et al., 2003; Seiki & Takayabu, 2007a).
These events, a dominant source of stochastic forcing,
play a role in triggering, amplifying, and even determining
the spatial pattern of ENSO events (Harrison & Vecchi,
1997; Eisenman et al., 2005; Levine & Jin, 2010; Rong
et al., 2011; D. Chen et al., 2015; Hayashi & Watanabe,
2017). WWBs were initially considered as additive sto-
chastic forcing (e.g. Moore & Kleeman, 1999), yet it
became clear that they depend on the background SST
and tend to occur more frequently during a developing El
Nino (Verbickas, 1998; L. Yu et al., 2003; Eisenman et al.,
2005). These events are thus best treated as part of
the deterministic dynamics or as a state-dependent
multiplicative noise forcing, with important implications
to amplitude and predictability of El Nifio events.

El Nifio is not a simple mirror image of its opposite
phase, La Nina. El Nifio’s amplitude is on average greater
than that of La Nifia (Deser & Wallace, 1987; Burgers
& tephenson, 1999; An & Jin, 2004). El Nifo is often fol-
lowed by a La Nina in the following year, but the opposite
is much less common (Larkin & Harrison, 2002; M. Chen
et al., 2016; An & Kim, 2017). After their mature phase,
many La Nifias persist through the following year, but
most of El Nifios tend to decay rapidly by next summer
(Ohba & Ueda, 2007; Okumura & Deser, 2010; Choi et al.
2013; DiNezio & Deser, 2014; An & Kim, 2018). Strong
El Nifios are mainly loaded over the eastern Pacific with
focusing toward the equator, whereas strong La Nifias are
mostly loaded over the central Pacific with a wider latitu-
dinal extension (Hoerling et al., 1997; Kang & Kug, 2002;
Takahashi et al., 2011; Dommenget et al., 2013). Such
amplitude/duration/transition/pattern asymmetries bet-
ween El Nifio and La Nifia may not be surprising given
the nonlinear internal dynamics and/or selective external
impacts (e.g., An & Kim, 2018). Asymmetrical internal
nonlinear processes that are responsible for amplitude
asymmetry include the vertical ocean temperature profile
(Zebiak & Cane, 1986), ocean nonlinear advection (An &

Jin, 2004; Su et al. 2010), asymmetric equatorial wind
response to SST (Kang & Kug, 2002; Frauen
& Dommenget, 2010; Choi et al., 2013), ocean wave
response to the wind stress (An & Kim, 2017, 2018), out-
cropping thermocline nonlinearity (Battisti & Hirst, 1989;
Galanti et al., 2002; An & Jin, 2004), state-dependent sto-
chastic forcing (Jin et al., 2007; Kug et al., 2008; Rong
et al., 2011; Levine et al., 2016; Hayashi & Watanabe,
2017), tropical instability wave activity (J. Yu & Liu, 2003;
An, 2008a, 2008b), biophysical feedback (Timmermann
& Jin, 2002), shortwave feedback (Lloyd et al., 2012), etc.
Transition/duration asymmetry has been attributed to a
selective capacitor effect of the Indian and Atlantic
oceans (Ohba & Ueda, 2007; Okumura & Deser, 2010;
An & Kim, 2018), development of subtropical western
Pacific atmospheric circulation during decaying phase of
ENSO to boost ENSO transition (B. Wang et al., 1999;
B. Wangetal.,2001; Y. Liet al., 2007; B. Wu et al., 2010a),
and some of aforementioned internal nonlinear processes
(Choi et al., 2013; Im et al., 2015; M. Chen et al., 2016;
An & Kim, 2017, 2018; M. Chen & Li, 2018).

This chapter focuses on the irregularity of ENSO and
on its amplitude and evolution asymmetries. In sec-
tion 7.2, the origin of irregularity will be addressed
together with the role of westerly wind burst events.
Mechanisms for amplitude asymmetry will be discussed
in section 7.3. The cause of evolution asymmetry will be
reviewed in section 7.4, and we include conclusion and
discussion in section 7.5.

7.2. IRREGULARITY

7.2.1. Deterministic Chaos

A dynamical system can display chaotic behavior
without any external stochastic forcing, the most well-
known example of this being the three nonlinear ordi-
nary differential equations of the Lorenz system (Lorenz,
1963). It has been suggested that the irregularity of
ENSO, including its amplitude, interval between events,
and spatial and temporal patterns, may be a result of
such deterministic large-scale nonlinear dynamics
(Tziperman et al., 1994; Jin et al., 1994). Chaotic dynam-
ical systems are typically characterized via the “route to
chaos” they undergo as a parameter is changed. There are
three possibilities (Strogatz, 1994; Ott, 2002): the period
doubling route, the intermittency route, and the quasi-
periodicity route to chaos. This last route is typical of
periodically forced nonlinear oscillators and is the rele-
vant one in the case of ENSO, where the periodic forcing
is provided by the seasonal cycle and the nonlinear oscil-
lator is ENSO itself.

When the periodic forcing (seasonal cycle in the case of
ENSO) is weak, the nonlinear oscillator undergoes



oscillation at a frequency that is not simply related to the
forcing frequency. This is known as the quasi-periodic
regime. As the periodic forcing amplitude is increased, the
forced nonlinear oscillator can enter a nonlinear resonance
with the forcing when the ratio of its frequency and that of
the forcing is that of two integers, p/q. Unlike a linear
oscillator, a nonlinear one can adjust its period as function
of its amplitude, and thus may be in more than a single
nonlinear resonance with the given periodic forcing. When
the nonlinearity is even stronger, these different nonlinear
resonances may coexist for exactly the same parameters,
and the resonances can then become unstable. That is,
there would be a solution for ENSO that is perfectly
periodic, with a period of, say 3 years (3/1 resonance), and
another such solution with a period of 4 years (4/1 reso-
nance), with the actual solution and thus the period deter-
mined by the initial conditions. In this strongly nonlinear/
strongly forced regime, these solutions are unstable, so that
any slight deviation from the periodic solution (due to
error in the initial conditions or due to finite accuracy in
the calculation of the solution), would grow exponentially
fast and the solution may then switch to another nonlinear
resonance and thus to a different periodicity. This would
lead to random jumping between these nonlinear reso-
nances and thus to a chaotic solution with a limited pre-
dictability and irregular period and amplitude.

This mechanism for ENSO’s irregularity has been dem-
onstrated in the context of various simple toy models
(Tziperman et al., 1994; Jin et al., 1994; Chang et al.,
1994; An & Jin, 2011) as well as in the Cane-Zebiak
Model (Zebiak & Cane, 1987) that was the first dynam-
ical model to be used successfully for ENSO prediction
(Cane et al., 1986). Figure 7.1 shows the three regimes for
the CZ model: quasi-periodic (left), phase-locked non-
linear resonance (middle; note in lower panel that all
events occur only in January and February in this case)
and chaotic (right, where events happen throughout the
year, yet preferentially at the end and beginning of the
calendar year). Note that “phase locking” is strictly
defined as the period of ENSO being related to that of
the annual cycle as the ratio of two integers p/q. In the
chaotic regime, though, we use the term more loosely to
denote a preferential occurrence of warm events during a
certain season. The quasi-periodicity route to chaos can
be seen in these models by varying the amplitude of the
seasonal cycle or of the ocean-atmosphere coupling, for
example. As the seasonal cycle amplitude is increased,
ENSO is seen to first be in a periodic solution that is not
associated with the seasonal cycle, then for stronger
seasonal forcing it enters a nonlinear resonance with the
seasonal cycle such that its period is p/q times one year.
Eventually, for even stronger forcing, the ENSO cycle
becomes chaotic. An & Jin (2011) showed that the fre-
quency modulation by the annual cycle can change

ENSO IRREGULARITY AND ASYMMETRY 155
ENSO’s phases and frequency, while the amplitude mod-
ulation by the annual cycle intensifies the ENSO vari-
ability and also induces seasonal amplitude locking.
When ENSO is in a nonlinear resonance with the
seasonal cycle it is phased locked to this cycle. If the reso-
nance were p/qg = 4/1, for example, ENSO would always
occur at the same season, every four years. In the chaotic
regime, the different resonances would still tend to be phase
locked and ENSO would still tend to preferentially occur
at a given season. This is reminiscent of the known locking
of El Nifo events to the annual cycle, adding to the attrac-
tivity of the deterministic chaos explanation for ENSO’s
irregularity and phase locking (above references, as well as
Stein et al., 2010, 2011). This still leaves open the question
of what precisely is the mechanism of the phase locking,
and some attempts on that were made by noting the pos-
sible seasonal amplification of the different equatorial
wave modes (Tziperman et al., 1997; Galanti & Tziperman,
2000) as well as via a cloud feedback (Dommenget & Yu,
2016). Similarly, ENSO termination time was suggested to
be determined by the southward migration of westerly
wind anomalies from the equator associated with climato-
logical warm pool expansion (Vecchi, 2006; McGregor
et al., 2012), or by the development of an anomalous west-
ern North Pacific anticyclone (B. Wang et al., 2000;
Stuecker et al., 2013). Future work will need to attempt to
identify specific evidence for the nonlinear resonances
involving the seasonal cycle. This may need to be done
using very long integrations of state-of-the-art general
circulation models that allow separating the effects of
small nonlinearities from weather noise. Simpler models
that have been used to study these issues are useful mostly
in suggesting hypotheses but not in testing their realism.

7.2.2. Stochastic Forcing

Weather variability, although deterministic, has a much
shorter timescale than that of ENSO, allowing us to treat
it as noise, or stochastic forcing. The solution to a simple
linear dynamical system dx/dt = Ax, where x(t) is a vector
(say SST or thermocline depth at a set of grid points cov-
ering the tropical Pacific), and 4 a matrix, would ulti-
mately decay if the eigenvalues of A all have negative real
parts. However, if the matrix 4 is non-normal, that is, if
AA" = AT A, its eigenvectors are not orthogonal and then
x(t) may display potentially large growth before decaying
(Farrell, 1988; Farrell & Ioannou, 1996). The initial con-
ditions x(t = 0) of a unit norm, [x(t = 0)| = 1, leading to
this non-normal growth are known as optimal initial con-
ditions. Such optimal initial conditions may be excited by
noise and then amplified by non-normal growth. It has
been suggested that the warming during El Nifio events is
due to such non-normal growth (e.g. Moore & Kleeman,
1999; Penland & Sardeshmukh, 1995).
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Figure 7.1 Transition to chaos of the CZ model as the seasonal forcing is increased. Upper panels: time series of
the model Nifio-3 index, lower panels: histogram of number of warm events per month. Left: quasi-periodic
regime obtained for perpetual July background state (no seasonal cycle), with a period of about 4.3 years that is
not simply related to the annual cycle. Middle: phase-locked regime, obtained for weak seasonality (background
seasonality amplitude set to 0.2 times the standard), very nearly 4-year period. Right: chaotic regime in the stan-

dard parameter with a full-amplitude seasonal cycle.

Since the observational record of tropical Pacific SST is
not sufficiently long to distinguish between the chaotic
deterministic dynamics and stochastically driven random
scenarios for ENSO’s irregularity, no consensus on this
matter has been reached (Kessler, 2002). The tropical cli-
mate background state determines the atmosphere-ocean
coupled stability for ENSO (An & Jin, 2000; Fedorov
& Philander, 2000), which can put ENSO in a self-sustained
and possibly chaotic regime under a strong coupling and
a damped oscillator under a weak coupling. It has been
suggested that some decades may be characterized by self-
sustained, possibly chaotic dynamics, while others show a
damped ENSO cycle, excited by stochastic variability
(Kirtman & Schopf, 1998). This is further complicated by
the presence of noise, as a bifurcation between stable and
unstable regimes tends to be ambiguous then (e.g., Stone
et al., 1998; Levine & Jin, 2010). Verification using fully-
coupled general circulation models is complicated by the
presence of weather noise in these models. In principle, it
is possible to differentiate between irregularity due to
weather noise and large-scale nonlinear dynamics by
examining the fractal dimension of the motion (Tziperman
et al., 1994), yet this is complicated by the need to run the
model for very long periods in order to reliably estimate
the dimension, which is challenging for computationally
expensive state-of-the-art general circulation models.
Finally, we note that non-normal dynamics can play an
important role in a purely deterministic and chaotic
ENSO regime as well (Samelson & Tziperman, 2001).

7.2.3. Role and Dynamics of WWBs as State-
Dependent ENSO Forcing

WWBs trigger Kelvin waves that play a significant role
in ENSO events (McPhaden et al., 1992; Kessler et al.,
1995; Levine & Jin, 2010; D. Chen et al., 2015; Hayashi
&Watanabe, 2017). Due to their short timescale, WWBs
were initially considered as additive stochastic forcing
(e.g. Moore & Kleeman, 1999). To analyze this, consider
a stochastically driven set of linear ordinary differential
equations, dx/dt = Ax + &u(t), where € is a constant unit
norm vector, || = 1, and v(t) is a scalar stochastic forcing,
say a gaussian white noise. One may now calculate the
“stochastic optimals,” that is, the shape of & that leads to
the maximum variance of x(t). It has been suggested by
the above references that WWBs have a shape that is close
to the stochastic optimals for ENSO, or that they excite
anomalies (say in thermocline depth or SST) that are
close to the optimal initial conditions that lead to strong
El Nifio growth. This would make WWBs an especially
powerful stochastic forcing of ENSO.

Yet it became clear that these events that strongly
depend on the state of the SST tend to occur much more
frequently during an already developing El Nifio
(Verbickas, 1998; L. Yu et al., 2003). That is, these events
cannot be seen as a purely random wind forcing that is
then amplified by the Bjerknes feedback. Instead, the
occurrence of these events, as well as their location, scale,
amplitude, and duration, while having a stochastic



element, all strongly depend on the developing SST of
warm events (Tziperman & Yu, 2007). These events are
thus best treated as part of the deterministic dynamics.
The SST dependence of WWBs means that rather than
being an additive random forcing, they can be thought of
as being “multiplicative random forcing” (e.g. Perez et al.,
2005; Jin et al., 2007). The dependence of WWB proba-
bility of occurrence, amplitude, scale etc., on the SST has
important implications to the amplitude and predict-
ability of El Nifio events (Eisenman et al., 2005). The
SST dependence of the WWB characteristics can be
extracted using SVD analysis of the covariance matrix
between these characteristics and the SST (Tziperman &
Yu, 2007), and this allows to parameterize WWBs in
ENSO models whose atmospheric component cannot
produce these events realistically (Gebbie et al., 2007,
Gebbie & Tziperman, 2009; Lopez et al., 2013). In
addition to the fact that WWBs are best described as a
state-dependent multiplicative forcing, it has been shown
that while WWBs have a near-synoptic timescale, only
the slow frequency component of these events is able to
affect the ENSO cycle. This has been demonstrated for
general noise forcing by Roulston & Neelin (2000), Levine
& Jin (2010), and in the context of WWBs by Eisenman
et al. (2005).

The causes and dynamics of WWBs are still not well
understood. WWBs are associated with a rapid intensifi-
cation of atmospheric convection (Nitta & Motoki, 1987)
and are more likely to occur in the boreal winter and less
during cold ENSO conditions (Giese & Harrison, 1991;
Harrison & Vecchi, 1997). WWBs have been associated
with cold surges from midlatitudes (Chu, 1988), single
and paired tropical cyclones (Keen, 1982; Nitta, 1989),
Rossby waves (Kiladis & Wheeler, 1995; Puy et al., 2016),
and inconclusively, to the Madden Julian Oscillation
(MJO; C. Zhang, 1996; Seiki & Takayabu, 2007a, 2007b;
Chiodi et al., 2014; Slingo et al., 1999). WWBs in the
Community Climate System Model were found
comparable to observations in many aspects (Lian et al.,
2018). Yet the variability of these events (Fasullo
& Webster, 2000) makes it difficult to identify a unique
mechanism (Lengaigne et al., 2004). It seems that the
MJO may modulate the frequency and characteristics of
WWBs (Seiki & Takayabu, 2007a, 2007b; Chiodi et al.,
2014; Puy et al., 2016), but that the WWB mechanism is
independent of the MJO. A recent work (Fu & Tziperman,
2019) finds that convective heating plays a key role in the
generation of model WWBs. Furthermore, wind-induced
surface heat exchange acts on a short time scale of about
2 days to dramatically amplify the model WWB winds
near the peak of the event. On the other hand, it is found
that radiation feedbacks (long wave and short wave) and
sensible surface heat flux are not essential for the
development of model WWBs.
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7.3. ENSO AMPLITUDE ASYMMETRY

The 1982-1983, 1997-1998 and 2015-2016 El Niflos
are usually called “extreme El Nifios.” Although there is
no consensus on the definition of an extreme El Niflo, so
far there has been no La Nifia event comparable to such
strong El Nifio events. This amplitude asymmetry bet-
ween El Niflo and La Nifia can be featured by a positively
skewed probability distribution of ENSO index
(Figure 7.5) (e.g. Burgers & Stephenson, 1999; Deser &
Wallace, 1987) as well as a horizontal pattern of skewness
of SST anomalies (Figure 7.5). Not only the strong
positive skewness over the eastern Pacific but also weak
negative skewness over the western Pacific were found
mainly because of a pattern asymmetry between El Nifio
and La Nina (e.g. Burgers & Stephenson, 1999; Takahashi
et al., 2011; Dommenget et al., 2013). Such higher order
moment implies nonlinearity in a tropical atmosphere-
ocean coupled system or asymmetric impact of external
forcing. In this section, we introduce the current
hypotheses on driving mechanisms of the amplitude
asymmetry (section 7.3.1) and the extreme EI Nifo (sec-
tion 7.3.2), as well as a conceptual model to explain the
amplitude asymmetry (section 7.3.3). Finally, the
amplitude asymmetry of ENSO appearing in climate
system models is shown (section 7.3.4).

7.3.1. Cause of Amplitude Asymmetry

Why is El Nifio greater than La Nifna? Since there is no
strong evidence for a comparable asymmetry in an
external forcing so far, it is highly likely that it is related to
a nonlinear nature in tropical coupled ocean-atmosphere
system, particularly in its feedbacks. “Bjerknes feedback,”
referring to a positive feedback between the equatorial
surface winds and zonal SST contrast between equatorial
western and eastern Pacific (Bjerknes, 1966, 1969) was
known as a major growing mechanism of both El Nifio
and La Nina. Recent studies anatomized Bjerknes
feedback to figure out detailed processes, and the positive
feedback on ENSO system was revealed to be quite non-
linear, especially associated with nonlinear response of
atmospheric pattern to SST anomalies (Kang & Kug,
2002; Im et al., 2015). These nonlinear Bjerknes feedback
processes turn out to be responsible for amplitude asym-
metry of ENSO (see Figure 7.2).

One potentially important oceanic process in nonlinear
Bjerknes feedback is a nonlinear dynamical heating
(NDH), which indicates three-dimensional adiabatic heat
flux. The NDH produces positive SST tendency over the
equatorial central-to-eastern Pacific by its vertical com-
ponent (An & Jin, 2004) and far eastern Pacific by its
zonal and meridional components (Su et al., 2010),
regardless of signs of SSTA (sea surface temperature
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anomalies), and thus it enhances El Nifio but suppresses
La Nina (An, 2009). However, there is an unresolved
issue on the actual role of each component of NDH. For
example, earlier work by Zebiak and Cane (1986) and An
and Jin (2004) showed that nonlinear vertical tempera-
ture advection results in the asymmetry between the
amplitudes of El Nifio and La Nifia. Yet Su et al. (2010)
found, using three different ocean reanalysis products,
that nonlinear zonal and meridional advection plays a
crucial role in leading to an El Nifio amplitude that is
larger than La Nifna’s, while nonlinear vertical advection
plays an opposite role, specifically over the far eastern
Pacific. Moreover, the roles of nonlinear vertical temper-
ature advection, especially during the development phase
of El Nifio, were inconsistent among ocean assimilation
products (Su et al., 2010), and thus further analysis using
an advanced assimilation data combined with higher
quality observations in both space and time need to be
pursued to resolve this issue.

Another nonlinear oceanic process is related to the
activity of tropical instability waves (TIWs), especially
over off-equatorial eastern Pacific. TIW is an intrasea-
sonal oceanic phenomenon driven by barotropic and
baroclinic instabilities, and thus relatively slowly varying
El Nifno and La Nifia could not only modify their activity
but also be influenced by them. During La Nifa, the
enhanced meridional SST gradient intensifies TIW
activity, while during EI Nifio, TIW activity is suppressed
(An, 2008a, 2008b; J. Yu & Liu, 2003). Therefore, strong

lateral mixing by TIW suppresses La Nifia but does not
influence El Nifio much (Vialard et al., 2001). Large-scale
ocean waves driven by ENSO-related wind stress are also
responding asymmetrically. Oceanic wave response to
wind stress depends on not only the wind stress itself but
also thermocline depth. In particular, the equatorial
Rossby wave response to the wind stress curl becomes
more sensitive during El Nifio compared with La Nifia
because of the shallow western Pacific thermocline depth
during El Nifio (An & Kim, 2017), which could cause
amplitude asymmetry (Im et al., 2015).

In addition to oceanic nonlinear process, the atmo-
spheric response in ENSO timescale to SSTA between El
Nino and La Nina have systematic differences. The
equatorial zonal wind stress response to El Nino-induced
SSTA is stronger than that to La Nifia—induced SSTA
(Choi et al., 2013; Frauen & Dommenget, 2010; Kang
& Kug, 2002). This amplitude asymmetry in the wind
response is also related to its pattern asymmetry (Kang &
Kug, 2002). Usually the major surface wind patch of El
Nifio is located further east than that of La Nifia. This
eastward shift is related to the nonlinearity in the response
of deep convection to SSTA (Ham & Kug, 2012; Hoerling
et al,, 1997; Kang & Kug, 2002). Another nonlinear
feedback process is a nonlinear shortwave-cloud-SST
interaction (T. Li & Philander, 1996; T. Li, 1997a; Lloyd
et al., 2012). This shortwave feedback depends on the
atmospheric stability. Over convectively unstable regions,
the shortwave surface heat flux is reduced by more con-
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Figure 7.2 Schematic diagram for nonlinear processes responsible for asymmetric amplitude of ENSO (see text).



vective clouds associated with the increase in SSTAs, and
the opposite case occurs with the decrease in SSTA. While
over stable regions, the destabilizing effect on the atmo-
spheric boundary layer due to warmer SSTA destructs
the stratiform layer clouds and leads to an increase in the
shortwave surface heat flux. To colder SSTA, the situation
becomes opposite. Therefore, the shortwave feedback
becomes either positive or negative, depending on atmo-
spheric stability condition. Furthermore, the increase
(decrease) in convective clouds associated with positive
(negative) SSTA enhances (reduces) the greenhouse
effect, and thus the longwave surface flux feedback
is positive. Actually, the thermodynamical damping is
stronger during El Nifio compared to La Nifia, which is
mainly attributed to the difference in damping by the
shortwave feedback between El Nifio and La Nina (Im
et al., 2015).

Finally, more active westerly wind bursts during El
Nino compared with La Nina was suggested for the
amplitude asymmetry (Jin et al., 2007) by enhancing a
positive feedback of ENSO system during El Nifio via a
multiplicative noise effect (Levine & Jin, 2010). ENSO
influences a supply of nutrients in ocean’s surface by
changing upwelling, leading to change in phytoplankton
concentration; the change in phytoplankton biomass in
turn affects ocean mixed layer temperature by modifying
the penetration of solar radiation. During La Nina espe-
cially, phytoplankton blooming due to the enhanced
nutrient supply associated with strong upwelling leads to
surface warming, thereby damping La Nina. As a result,
the biophysical feedback leads to amplitude asymmetry,
of which efficiency is further enhanced during La Nifia
because of shallower mixed depth (Marzeion et al., 2005;
Timmermann & Jin, 2002).

7.3.2. Extreme El Nifno Formation Mechanisms

The strong El Nifo events in 2015-2016, 1997-1998,
and 1982-1983, referred to here as extreme El Niflo,
caused remarkably devastating weather and climate
(floods, droughts, heat waves, and hurricanes) around the
world. An extreme El Nifio was anticipated in early 2014
(Tollefson, 2014), but it had failed to materialize by the
end of 2014. While the scientific community was still
puzzling about the cause of the aborted El Niflo event in
2014, the remnants of the decaying warming in late 2014
unexpectedly reignited in February 2015 and grew into an
extreme El Nifio by the end of 2015.

L. Chen et al. (2016) conducted an observational anal-
ysis to reveal statistically significant different precursor
signals between an extreme and a regular El Nifio group.
The El Nifio events during 1958-2008 were separated
into two groups: an extreme El Nifio group and a regular
El Nifio group. A composite analysis showed that a
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significant SSTA tendency difference between the two
groups occurs during the onset phase (April-May) when
the SSTA is nearly zero for both the groups. A mixed-
layer heat budget analysis indicates that the SSTA ten-
dency difference between the two groups arises primarily
from the difference in zonal current anomaly (u’) and
associated zonal advection term. The major factors that
causes the u’ difference is the thermocline depth anomaly
(D) in the off-equatorial western Pacific prior to the
onset phase. A further diagnosis showed that the D’
difference is caused by the difference in the local wind
stress curl anomaly regulated by anomalous SST and pre-
cipitation over the Maritime Continent and equatorial
western Pacific.

It is interesting to note that precursory D’ signal in
2015’s extreme El Nifio was very different from that of
traditional extreme El Niflos such as those in 1998 and
1982 (L. Chen et al., 2017). Figure 7.3a compares the evo-
lIutions of the Nifio-3 SSTA for the 2015 extreme El Nifo,
the traditional extreme El Nifio (defined as the composite
of the 1982 and 1997 events), and the regular El Nifio
composite. Two marked differences are worth noting.
First, in contrast to the traditional extreme El Nifo that
started from a cold episode in the preceding year, 2015 El
Nino was preceded by a weak warming peak in November
2014 (Figure 7.3a). Second, a marked turnabout of the
SSTA tendency (from negative to positive) happened
around February 2015.

The precondition of D’ and the associated SSTA evolu-
tion differed markedly between 2015’s El Nifo and the
traditional extreme El Nifio during initial onset stage.
The ocean-atmosphere system prior to the traditional
extreme El Nifo exhibited a La Nifa state, as seen in
Figure 7.3a. Equatorial easterly anomalies associated
with the precursory cold anomaly caused anticyclonic
wind stress curl anomalies, which built up positive upper-
ocean heat content anomalies off the equator. The
positive off-equatorial D’ signals propagated westward as
Rossby waves and became downwelling equatorial Kelvin
waves after being reflected in the western boundary. The
positive D’ led to great thermocline and zonal advective
feedbacks and thus a strong positive SSTA tendency dur-
ing the initial developing stage of the traditional extreme
El Niflo.

In contrast, the pre-onset condition of the 2015 extreme
El Nifio was unfavorable for the occurrence of even a
moderate El Nifio event. During ONDJ-1], the ocean-
atmosphere system possessed a weak and decaying FEl
Nifo pattern. A negative D’ built up over off-equatorial
western Pacific during ONDJ-1]. The negative D’ was
supposed to move to the equator in the following months,
reducing the remnants of preceding positive thermocline
anomalies at the equator. However, a positive D’ signal
unexpectedly intensified over central equatorial Pacific
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Figure 7.3 (a) Time evolution of Nifo-3 SSTA. Purple line indicates the 2015-2016 El Nifo, red line indicates the
composite of traditional extreme EN events (i.e. 1982-1983 EN and 1997-1998 EN), and blue line indicates the
composite of the regular EN events during 1980-2015 (including 1986-1987, 1987-1988, 1991-1992, 1994—
1995, 2002-2003, 2004-2005, 2006-2007, and 2009-2010 ENs). The light blue shading indicates the intercase
spread, which is estimated with the intercase standard deviation of the regular EN events. (b) Time series of the
accumulated WWB index, which is obtained through integrating the high-frequency wind stress anomalies over
(5°S-5°N, 120-180°E) for January—March (JFM; red curve), May—July (MJJ; blue curve) and January—-July (JFMAJ);
green curve) of each year. (Figures from L. Chen et al., 2017)

(CEP) in FMJ0] and expanded into the eastern equatorial
Pacific in AMJ0].

The sudden emergence of this positive D’ center in
CEP is responsible for the turnabout of the SSTA ten-
dency in February 2015, as clearly shown from an ocean
mixed-layer heat budget. The sudden increase of D’ over
CEP in early 2015 was attributed to exceptional WWBs
(Harrison & Vecchi, 1997; Lengaigne et al., 2004). An
accumulated WWB effect was introduced by L. Chen
et al. (2017) to quantitatively measure the strength of
WWBs for each year. Their calculation showed that the
intensity of the WWBs in early 2015 is the strongest dur-
ing the past 40 years (Figure 7.3b). Oceanic general
circulation model experiments further confirmed the role
of the WWB in triggering the positive D’ in early 2015.

In summary, the occurrence of a series of exceptionally
strong WWBs in early 2015 was the major driver to flare

up a positive D’ center over CEP and cause the 2015
extreme El Nifio formation. The unique developing
characteristic breaks our traditional view of El Nifio
formation, which emphasized the off-equatorial thermo-
cline recharging process. The result suggests two routes
for extreme El Nino formation (Figure 7.4). The first
route is the occurrence of an exceptionally strong positive
precursory D’ signal in off-equatorial western Pacific.
The 1997 and 1982 events are such examples. The second
route is the occurrence of exceptionally strong WWBEs.
The formation of the 2015 extreme El Nifio is such an
example. While a precursory negative off-equatorial D’
signal favored the occurrence of thermocline shoaling at
the equator in subsequent months, such a discharging
process was interrupted by the consecutive extremely
strong WWBs. Thus, the 2015 episode is a shining
example of the importance of WWBs. They can turn



around slow coupled dynamics and cause the generation
of an extreme El Niflo.

By analyzing CMIP3 and CMIPS5 model outputs, Cai
et al. (2014) found that the increase of extreme ENSO
frequency under global warming arises from projected
surface warming over the eastern equatorial Pacific that
appears greater than in the surrounding ocean waters.
Such a warming pattern facilitates more frequent occur-
rences of atmospheric convection in the eastern equatorial
Pacific region. Takahashi and Dewitte (2016) and
Takahashi et al. (2019) showed a bimodal probability dis-
tribution of ENSO amplitude in a Geophysical Fluid
Dynamics Laboratory coupled model and a simple theo-
retical model. They suggested the bimodality arose from
the existence of a threshold of the SSTA above which
zonal wind response is nonlinearly enhanced. Recently,
Cai et al. (2018) demonstrated based on CMIP5 model
diagnosis that more frequent eastern Pacific-type El
Nifios would occur in the future warmer climate.

7.3.3. Conceptual Models to Explain Amplitude
and Transition Asymmetries

The delayed action oscillator (Suarez & Schopf, 1988;
Battisti & Hirst, 1989) and later recharge oscillator (F.-F.
Jin, 1997a, 1997b; T. Li, 1997b) well explained an oscilla-
tory nature of ENSO by adopting the tropical air-sea
coupled feedback (Bjerknes feedback) and the slow ocean
adjustment (see chapter 6 of this book). However, because
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they were built on a linear dynamic framework except for
a cubic term that generates a symmetric nonlinearity in
the delayed action oscillator model (see Eq. 7.1), they could
not explain the asymmetric features of ENSO. To com-
pensate for this shortcoming, recent studies attempted to
expand either the delayed oscillator or the recharge oscil-
lator model to a nonlinear model by adopting the afore-
mentioned nonlinear feedback processes (e.g. Frauen &
Dommenget, 2010; Choi et al. 2013; Roberts et al., 2016;
An & Kim, 2017; Timmermann et al., 2018).
The delayed oscillator model (DOM) is given by

a—T:—bT(l‘—ﬂi)+cT—eT3,
ot

(7.1)

where T represents the equatorial eastern Pacific SST
anomaly; b and ¢ indicate coefficients for the delayed neg-
ative feedback via equatorial ocean wave motions and a
comprehensive simultaneous positive/negative feedback
(hereafter just positive feedback because ¢ > 0) via ther-
modynamical and dynamical air-sea coupling processes,
respectively; 7 represents the delay time; and e a symmetric
nonlinear damping to restrict an exponential growth.
Basically, » and ¢ are responsible for the transition and
growth of ENSO, respectively. In the original DOM (e.g.
Battisti & Hirst, 1989), both » and ¢ were constants
regardless of T. However, by modifying b and/or ¢ based
on nonlinear Bjerknes feedback, amplitude/transition
asymmetry can be produced from DOM (e.g. Choi et al.,
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Figure 7.4 Scatter diagram for each El Nifio since 1979 as a function of precursory thermocline anomaly signal
(horizontal axis) and an accumulated WWB index (vertical axis). Green circle indicates two distinctive regimes
for extreme El Nifio formation: exceptionally strong WWBs versus exceptional strong D’ signal. (Figure from

L. Chen etal., 2017)
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2013). A simple modification that 7(¢) converts to
1(t) + r|T(?)| (Choi et al., 2013), induces DOM to be a
nonlinear DOM, where r is an asymmetric factor to
enhance a feedback for the positive 7(¢) and to suppress
a feedback for the negative 7(¢) (in case of r > 0). More
specifically, the asymmetric factor, r, has a different value
depending on a modified feedback (An & Kim, 2017),
such that r for a delayed negative feedback and a positive
feedback are represented by r, and r, respectively. As a
consequence of this modification, amplifying a delayed
negative feedback by a factor of (1 + r)/(1 = r,) (r, > 0)
when transitioning from El Nifio to La Nifa relative to
the other way around results in a quick termination of El
Nino; and enhancing a positive feedback by a factor of
(1 +7r)/(1=r)(r,>0) for the growth of EI Nifio relative
to that of La Nifia produces a positive skewness. With
such modification, DOM becomes

oT

o :—bT(t ‘L')+CT brb|Tt ‘L'|+(,}’ |T| eT? (1.2)

Depending on what nonlinear Bjerkness feedback
process is considered, r, and r, are determined. For a
positive r (both r, and r ) and the corresponding param-
eters, the mOdlflCd DOM produced a positively skewed
T and a relatively fast transition from El Nifio to La
Nida (e.g., An & Kim, 2017; Choi et al., 2013). For
example, Choi et al. (2013) focused on an asymmetrical
response in the intensity of the equatorial central Pacific
winds to SSTA. In addition to the wind-SST asymmet-
rical relationship, DiNezio & Deser (2014) stressed the
asymmetrical response of subsurface ocean temperature
to thermocline depth anomalies. These two nonlinear
processes require both r, and r_ to be nonzero, and thus
leading to change in both amplitude and transition
asymmetries of ENSO. On the other hand, asymmetry
associated with the thermo-dynamical damping such as
shortwave feedback requires to modify r_ # 0 and r, = 0,
while the asymmetry in the reflected Kelvin wave
response to the wind forcing does require to modify
r, # 0 and r, = 0. Therefore, the former mainly modifies
ENSO amphtude asymmetry, and the latter mainly
modifies ENSO transition asymmetry (An & Kim, 2017,
2018).

Not only DOM but also a recharge oscillator model
(ROM) has been modified to lead an amplitude and
transition asymmetries of ENSO. Conceptual differences
between DOM and ROM and their relative merits are
discussed in chapter 6 of this book. Linear ROM is given
by (e.g. Timmermann et al., 2018)

dT,

[ =1,,T, + Fh (7.3a)

=—ch-aTl,, (7.3b)

dh/ _
dt

where T, and h represent the equatorial eastern Pacific
SSTA and zonal mean thermocline depth anomaly over
an equatorial Pacific, respectively. [, indicates the
Bjerknes stability index, i.e. a collective growth/damping
rate of T,; € is a damping rate of / and related to ocean
adjustment time scale; and the frequency is determined
by JaF , which is called the Wyrtki index (Lu et al.,
2018). Bjerknes stability is composed of “Thermal advec-
tive damping by mean currents,” “Thermo-dynamical
damping,” “Thermocline feedback,” “Zonal advection
feedback,” and “Ekman feedback” (Jin et al., 20006).

Asin DOM, for example, a nonlinear process on asym-
metric wind response to positive and negative SSTA
(e.g., Choietal., 2013; Kang & Kug, 2002) can be applied
to ROM by using the absolute value function nonline-
arity. In other words, T, is converted to T, + 1T,
Furthermore, NDH, i.e. nonlinear oceanic thermal
advection (e.g. An & Jin, 2004; Boucharel et al., 2015; Jin
et al., 2003; Su et al., 2010), can be deformed by a
combination of T, and & such as B,T; + B,T,h. Finally,
the state-dependent noise forcing is adopted as
o(l1 + BT,)¢,, where 6&(1) is a stochastic noise with vari-
ance and B is a positive constant (e.g. Levine & Jin,
2010). Based on above modifications, the linear ROM
becomes a nonlinear ROM as follows:

1o/ — 1,y (T + 1y |T|)+ Fh+ BT} + BT,

+a(1+B(TE +ry |TE|)>§I,

dt
(7.4a)

dhdt:—sh—a(TE+ra|TE|). (7.4b)

As in DOM, Bjerknes stability (/) increases by a
factor of (1 +r,)/(1 = r,) (r,, > 0) for El Nifio growth
relative to La Nifna growth, producing a positive skew-
ness; and Wyrtki index (\/ﬁ ) also increases as
\/aF(l+ra )/(1-r,) (r, > 0) for discharging phase
relative to recharging phase, leading to a relatively fast
transition from EI Nifio to La Nina compared to that
from La Nifia to El Nifio. The quadratic term, BT,
(B, > 0), always produces a positive SST tendency
regardless of sign of T, thus leading to a positive skew-
ness. Another quadratlc term, §,T A, is related to a dura-
tion asymmetry of ENSO through a quarter-cycle phase
difference between 7', and 4. The state-dependent noise
forcing is also enhanced by a factor of (1 +r))/(1 = r,)
(r,>0) for El Nifio phase relative to La Nifia phase, pro-
ducing a positive skewness, where r, # r,, because r is
only related to a deterministic random noise. Therefore,
the nonlinear ROM obviously produces amplitude and




duration/transition asymmetries of ENSO. The afore-
mentioned nonlinear formulas may produce somewhat
similar behavior because of their mathematical simi-
larity, but quantitative comparison of each nonlinear
process has not been done yet.

7.3.4. Amplitude Asymmetry in Climate Models

Most of the Earth system models are suffering to sim-
ulate the nonlinear properties of ENSO, even though the
simulated ENSO amplitude is rather agreeing with the
observation (An et al., 2005a; T. Zhang & Sun, 2014).
Figures 7.5a and b show the tropical Pacific skewness
pattern of SSTA obtained from the observation and the
multimodel ensemble (MME) of 36 CMIP5 models for a
historical run, respectively. The observed SST skewness
pattern features a cold tongue-like pattern of a positive
skewness over eastern Pacific with its maximum at the
west coast of South America; a horseshoe-like pattern of
negative skewness surrounding a positive skewness; and a
weak positive skewness over the subtropical northern
northwestern Pacific near 130°E. SST skewness from
MME is very weak compared to the observed, although
the spatial pattern is somewhat similar to its counterpart
of observation. Smaller skewness is clearly demonstrated
in a difference map between the observation and MME
(Figure 7.5¢), which is very similar to the observed pattern
with opposite sign. T. Zhang & Sun (2014) argued that
the underestimate of ENSO asymmetry in CMIP models
is caused by the weaker precipitation anomalies over the
eastern Pacific and westward shift of westerly wind
anomalies during El Nifio. It may be related to a common
bias in mean states such as the stronger trade wind,
smaller warm pool size, and far westward extension of
cold tongue compared to the observation (e.g., Sun et al.,
2013, 2016; Zheng et al., 2012).

Figure 7.5d shows variance and skewness of the Nifio-3
index obtained from the historical runs of 36 CMIPS
models and observation. The observed variance and
skewness are 0.8°C?and 0.54, respectively, for the period
of 1901-2005. Skewness indicates the normalized third
order moment (An & Jin, 2004). Scatter plot of both var-
iance and skewness computed from each model simula-
tion spread quite widely. The spread range of variance is
about 0.2~2.3°C?, and the MME mean variance is 0.9,
indicating that the MME mean variance is close to the
observed variance. The spread range of skewness is about
-0.3~1.2, and the MME mean skewness is 0.18. MME
mean skewness is quite small compared to the observed
skewness. Moreover, 9 out of 36 models produced nega-
tive skewness of the Nino-3 index, and the observed
skewness is out of range of one standard deviation of
model’s skewness. In general, the CMIP5 model’s skew-
ness is underestimated.
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There is some inconclusive evidence of a weakening of
the asymmetries in the amplitude (Kohyama et al., 2018)
and transition (An & Kim, 2018) of ENSO due to global
warming, based on future scenario experiments of Earth
system models. Dynamically, it is feasible that changes
associated with global warming to the ocean stratifica-
tion or to a warm pool expansion may cause such
changes, but further study is needed to examine these
possibilities.

7.4. ENSO EVOLUTION ASYMMETRY

El Nifio and La Nina exhibit distinct asymmetry not
only in the amplitude but also in the temporal evolution.
Kessler (2002) noted the tendency for the equatorial
Pacific Ocean to remain in a weak La Nifia state for a few
years and questioned the cyclic nature of ENSO. The
systematic difference in the evolution of El Nifio and La
Nina cannot be explained by linear dynamics nor sto-
chastic atmospheric forcing. In this section, we review the
ENSO evolution asymmetry in observations and climate
models (section 7.4.1) and the associated mechanisms,
focusing on the nonlinearities in the tropical Pacific
atmosphere and ocean (section 7.4.2) and the influences
from remote tropical oceans (section 7.4.3).

7.4.1. ENSO Evolution Asymmetry in Observations
and Climate Models

Both observed El Nifio and La Nifia tend to develop
in late boreal spring-summer and peak toward the end
of the calendar year. On average, El Niflo terminates
quickly after the mature phase and transitions into a
cold phase by the following summer, whereas La Nifia
persists throughout the second year and reintensifies in
winter (Larkin & Harrison, 2002; McPhaden & Zhang,
2009; Ohba & Ueda, 2009; Okumura & Deser, 2010;
Figure 7.6). Approximately two-thirds of observed El
Nifo events terminate after 1 year, while nearly half of
La Nifa events last 2 years or longer (X. Wu et al.,
2019). The asymmetric evolution of El Nifio and La
Nifia is a robust feature of the observed ENSO
throughout the past century (Okumura & Deser, 2010)
and is particularly pronounced for strong ENSO events
after the 1980s (McPhaden & Zhang, 2009). However,
only a handful of the current and previous generations
of climate models reproduce the observed ENSO evolu-
tion asymmetry (Ohba et al., 2010; Deser et al., 2012;
Ohba & Watanabe, 2012; Choi et al., 2013; DiNezio
etal., 2017; An & Kim, 2018). Analysis of a long control
simulation of one of these models suggests that the
ENSO evolution asymmetry increases with the amplitude
of ENSO (Okumura et al., 2017; see section 7.3.3 for a
conceptual understanding).
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7.4.2. Nonlinearities in the Tropical Pacific
Atmosphere and Ocean

In the equatorial Pacific, surface wind anomalies drive
changes in the thermocline and upwelling, which in turn
affect SSTs. Early studies thus explored the atmospheric
origins for the asymmetric evolution of El Nifio and La
Nifia. Indeed, the early termination of El Niflo is pre-
ceded by a rapid decay in equatorial zonal wind anom-
alies that begins during the mature phase (Figure 7.7). In
boreal winter, when the western Pacific warm pool
migrates south of the equator and the South Pacific con-
vergence zone intensifies, the center of precipitation and
zonal wind anomalies associated with El Nifio shift south
of the equator, hastening the discharge of the equatorial
oceanic heat content and hence the event termination
(Harrison & Vecchi, 1999; Vecchi, 2006; McGregor et al.,
2012). The southward shift of zonal wind anomalies is
pronounced for strong El Nifio but inconspicuous for La
Nifna (Ohba and Ueda, 2009; McGregor et al., 2013).
McGregor et al. (2012, 2013) discuss that weak
background winds south of the equator during El Nifio
promote the southward shift of wind anomalies by
reducing surface momentum damping.

The equatorial precipitation and zonal wind anomalies
are also shifted to the east during El Nifio compared to
La Nifia, and wind anomalies reverse the direction in the
far western equatorial Pacific after the mature phase of
El Nifo (Figure 7.7). The zonal displacement of atmo-
spheric anomalies is caused by nonlinear dependence of
the atmospheric deep convection on SSTs (e.g. Graham &
Barnett, 1987, Kang & Kug, 2002): over the eastern
equatorial cold tongue, large positive SST anomalies can
induce atmospheric deep convection while negative
anomalies have no further effect on the normally dry con-
ditions (Hoerling et al., 1997). Okumura et al. (2011) sug-
gest that the eastward displacement of atmospheric
anomalies makes surface winds over the western
equatorial Pacific more susceptible to the delayed nega-
tive feedback from the Indian Ocean during El Nifio
compared to La Nifia (section 7.4.3). The Indian Ocean,
as well as changes in local SSTs, force atmospheric
circulation anomalies over the northwest tropical Pacific
during the mature-decay phase of ENSO, which act to
reverse the equatorial wind anomalies (B. Wang et al.,
2000; Watanabe & Jin, 2002; B. Wu et al., 2010a). These
off-equatorial atmospheric circulation anomalies are also
shifted eastward during El Nifio compared to La Nifia
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Figure 7.6 Time series of the Nifo-3.4 index overlaid from
June(-1) to June(2) for strong (top) El Nifio and (bottom) La
Nifia events during 1948-2018 based on the HadISST dataset
(Rayner et al., 2003). Thick colored curves are composite time
series. Strong El Nifio (La Nifia) events are defined when the
Nifio-3.4 index is greater than 1 (less than —1) standard
deviation in December(0). The Nifio-3.4 index is smoothed
with a three-month running mean filter and a linear trend is
removed from the time series prior to the analysis.

(B. Wu et al., 2010b). There is a debate over whether or
not the Indian Ocean SST can force a direct wind response
in western equatorial Pacific (M. Chen et al., 2016). While
a basinwide SST anomaly appears in the tropical Indian
Ocean, rainfall anomaly exhibits a zonal dipole pattern.
A westerly anomaly rather than an easterly anomaly was
simulated by an atmospheric general circulation model
forced by the observed dipole heating pattern. The result
indicates that the Indian Ocean capacitor effect is season
dependent (B. Wu et al., 2009), and it becomes effective
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only during an El Nifo decaying summer (see a thorough
review on this subject by T. Li et al., 2017).

The surface wind anomalies are asymmetric between El
Nifo and La Nina not only in the spatial pattern but also
in the amplitude. The zonal wind response is considerably
larger for positive than negative SST anomalies, and the
larger wind anomalies during El Nifio are suggested to
result in stronger delayed negative oceanic feedback com-
pared to La Nifia (Choi et al., 2013; Dommenget et al.,
2013; DiNezio & Deser, 2014). Atmospheric general
circulation models forced with perfectly symmetric
positive and negative SSTA patterns successfully simulate
the asymmetric pattern and strength of atmospheric
response that closely resemble observations, confirming
the importance of atmospheric nonlinearities (Hoerling
et al., 1997; Kang & Kug, 2002; Ohba & Ueda, 2009;
Frauen & Dommenget, 2010).

The prominence of the atmospheric nonlinearity does
not exclude the role of nonlinear processes in the ocean,
which is more challenging to analyze due to the scarcity
of long-term in situ observations. A few recent studies
explored the role of oceanic nonlinearities for the asym-
metric evolution of El Nifio and La Nifia. DiNezio and
Deser (2014) suggest that the delayed thermocline
feedback is more effective at terminating El Nifio than
La Nifa. During the decay phase of El Nifio, the shoal-
ing thermocline can induce large temperature anom-
alies at the base of the mixed layer, whereas the
deepening thermocline during the decay phase of La
Nifa become decoupled from the mixed layer. An et al.
(2005b) note that the equatorial oceanic heat content
recovers more slowly during the decay phase of La Nifia
than El Nifno. Furthermore, An and Kim (2017) discuss
that dynamical response of the ocean to surface wind
anomalies is also asymmetric between El Nifio and La
Nifia. Surface wind anomalies induce larger oceanic
wave response in the western equatorial Pacific during
El Nifio than La Nifia because the atmospheric
momentum is more efficiently trapped in the relatively
shallow upper ocean layer.

Besides the dynamical processes of the ocean and
atmosphere, the asymmetry in thermodynamic air-sea
interactions may contribute to the asymmetric evolution
of El Nino and La Nifa. An oceanic mixed layer heat
budget analysis was carried out by M. Chen et al. (2016),
who showed that dynamic and thermodynamic air-sea
interaction processes are equally important in contrib-
uting to the El Nifio and La Nifia evolution asymmetry
and that equatorial SST anomalies dampen more strongly
during the decay phase of El Nifio than La Nifia due to
larger negative cloud and evaporation feedbacks
(Table 7.1). All these nonlinear processes in the atmosphere
and ocean are likely to play important roles in the asym-
metric evolution of El Nifio and La Nifia. The relative
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Figure 7.7 Longitude-time sections of SST (°C, color shading),
surface wind (m s™', vectors), and precipitation (mm day';
positive [negative] contours in green [brown] at 1, 3, 5, ...)
anomalies along the equator (3°S-3°N) for strong (top) El Nifio
and (bottom) La Nifa based on the OISST (Reynolds et al.,
2002), NCEP-DOE Reanalysis Il (Kanamitsu et al., 2002), and
CMAP (P. Xie & Arkin, 1996) datasets for 1982-2018. The
anomalies are composited for strong El Nifio (1982, 1986,
1991, 1994, 1997, 2002, 2009, and 2015) and La Nifa (1984,
1988, 1998, 2007, and 2010) years. The time axis runs from
January(0) to May(2).

importance of different processes may be sensitive to the
choice of dataset and analysis region, and further
assessment will require strategic model experiments.

7.4.3. Influences from Remote Tropical Oceans

ENSO exerts significant impacts on the tropical Indian
and Atlantic Oceans through atmospheric teleconnec-
tions (T. Li et al., 2003; Xie & Carton, 2004; Chang et al.,
2006; Schott et al., 2009). The resultant SST changes in
these remote tropical oceans, in turn, affect the atmo-
spheric circulation and feed back to the ENSO. This so-
called “capacitor effect” (Xie et al., 2009; B. Wu et al.,
2009) is particularly pronounced for the Indian Ocean:
during the mature-decay phase of El Nifio, basinwide
warming of the Indian Ocean forces an atmospheric
Kelvin wave and induces easterly winds in the western
equatorial Pacific, hastening the termination of El Niflo
(Annamalai et al., 2005; Kug & Kang, 2006; Ohba &
Ueda, 2007; Yoo et al., 2010). The basinwide cooling of
the Indian Ocean during the mature-decay phase of La
Nina similarly forces westerly winds over the western
equatorial Pacific. However, due to the westward dis-
placement of the Pacific atmospheric anomalies during
La Nina compared to El Nifio, the negative feedback
from the Indian Ocean is ineffective at reversing surface
wind anomalies (Okumura et al., 2011).

The Indian Ocean capacitor effect itself is not the cause
of the asymmetric evolution of El Nifio and La Nina: it
is the nonlinearity in the tropical Pacific atmosphere that
makes the impact of the Indian Ocean asymmetric.
Nevertheless, the basinwide SST response of the Indian
Ocean is larger for El Niflo than La Nifia when the ENSO
events concur with the Indian Ocean dipole (Hong et al.,
2010), which could result in stronger negative feedback
during El Nifio. The inclusion of the Indian Ocean capac-
itor effect significantly improves the forecasts of ENSO
event evolution after the mature phase only for El Nifo
(Ohba & Watanabe, 2012).

The delayed warming and cooling of the tropical
Atlantic also act to terminate the ENSO events (Ham
et al., 2013; L. Wang et al., 2017; T. Li et al., 2017),
although the role in the asymmetric evolution of El Nifio
and La Nifia is not clear (An & Kim, 2018). The capac-
itor effect of the Atlantic Ocean is suggested to have
increased since the early 1990s in association with an
upward swing of Atlantic multidecadal variability
(L. Wang et al., 2017). Given the important role of inter-
basin linkages in the ENSO evolution, the three tropical
oceans should be viewed as a single system linked by
means of the atmospheric circulation (Dommenget &
Semenov, 2006; Jansen et al., 2009; Dommenget & Yu,
2017; see chapter 10 for further discussion on this topic).
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Table 7.1 Composite mixed layer temperature anomaly budget analysis during the decaying phase of El Nifo and La Nifa
averaged in the equatorial eastern Pacific region (5°N-5°S, 180°-80°W, unit, °C/month). “Adv” denotes advection terms, “Hflx”

represents heat flux terms, “Sum” is the summation of “Adv” and “Hflx,

" ou

sw” denotes the anomalous shortwave radiation term,

and “lh” is the anomalous latent heat flux term. The values are based on the ensemble average of two ocean reanalysis datasets
(GODAS and SODAV2.1.6) and two surface heat flux products (NCEPv2 and OAFlux). Adapted from M. Chen et al. (2016).

dT'/dt Adv Hflx Sum —Uu'dT /ox sw’ Ih’
El Nifio -0.28 -0.12 -0.20 -0.32 -0.19 -0.07 -0.14
La Nina 0.13 0.06 0.11 0.17 0.10 0.04 0.06

7.5. CONCLUSION AND DISCUSSION

In this chapter, the observed characteristics of ENSO’s
irregularity and asymmetry are described, and possible
physical mechanisms are discussed. These ENSO charac-
teristics have important implications for operational fore-
cast, as ENSO’s remote impact on global climate depends
on the structure, intensity, and temporal evolution of the
anomalous heating source in the tropics associated with
ENSO. In spite of progress in studies of the mechanisms
behind the irregularity and asymmetry of El Nifio and La
Nifa, significant problems are still unresolved, and
further studies are needed. Many current state-of-the-art
coupled atmosphere-ocean general circulation models
fail to capture the observed amplitude and evolution
asymmetry. In this regard, future change in ENSO asym-
metries revealed by global warming scenario experiments
of the coupled general circulation models cannot be con-
clusive so far.

There are some unresolved issues regarding the asym-
metry in El Nifio and La Nifia’s amplitude and evolution.
For example, it is unclear if vertical NDH (Zebiak &
Cane, 1986; An & Jin, 2004) or horizontal NDH (Su
et al., 2010) plays a crucial role in leading to amplitude
asymmetry. During the developing phase of EIl Nifo,
vertical NDH was especially inconsistent among ocean
assimilation products (Su et al., 2010). The role of the
Indian Ocean capacitor effect on a quick El Nifio’s termi-
nation by inducing anomalous easterlies was questioned
by M. Chen et al. (2016), who claimed that the Indian
Ocean basin warming during mature El Nifio wintertime
events had little effect on the easterly anomalies in the
equatorial western Pacific. Furthermore, the relative role
and intensity of atmospheric nonlinearity (asymmetric
wind response to warm and cold phase) and oceanic non-
linearities (NHD, thermocline outcropping, etc.) in pro-
ducing amplitude and transition asymmetries of ENSO
system have never been precisely compared. It must be
very hard because as with a linear air-sea coupling, non-
linear processes in the atmosphere and ocean are
interacting.

In addition to the asymmetry in their amplitude and
evolution, El Nifio and La Nifia also exhibit a pattern
asymmetry (see chapter 4 on ENSO diversity). For

example, El Nifio events may be centered over either the
central Pacific or the eastern Pacific, while La Nina’s cold
SST pattern is typically in between these El Nifio warm
spots (e.g. Kug & Ham, 2011). It is not clear what mech-
anisms are responsible for this ENSO pattern asymmetry,
although it is likely related to the amplitude and evolu-
tion asymmetry discussed above.

While simple models such as those introduced in earlier
sections are a useful tool in conceptually understanding
ENSO’s complicated behavior, the cause of ENSO’s
amplitude asymmetry may be beyond the scope of such
models. For example, most prototype ENSO models rep-
resent explicitly only one or two spatial locations, such as
the eastern and western Pacific, which does not allow for
amplitude asymmetry caused by pattern asymmetry. An
effort is required to reveal the cause of failure of current
state-of-the-art coupled general circulation models in
capturing the observed amplitude, structure, and evolu-
tion asymmetry of ENSO.
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