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The El Nifio Southern Oscillation (ENSO) phenomenon, manifested by the great swings of
large-scale sea surface temperature (SST) anomalies over the equatorial central to eastern
Pacific oceans, is a major source of interannual global shifts in climate patterns and
weather activities. ENSO’s SST anomalies exhibit remarkable spatiotemporal pattern
diversity (STPD), with their spatial pattern diversity dominated by Central Pacific (CP)
and Eastern Pacific (EP) El Nifo events and their temporal diversity marked by different
timescales and intermittency in these types of events. By affecting various Earth system
components, ENSO and its STPD yield significant environmental, ecological, economic,
and societal impacts over the globe. The basic dynamics of ENSO as a canonical oscillator
generated by coupled ocean—atmosphere interactions in the tropical Pacific have been
largely understood. A minimal simple conceptual model such as the recharge oscillator
paradigm provides means for quantifying the linear and nonlinear seasonally modulated
growth rate and frequency together with ENSO’s state-dependent noise forcing for
understanding ENSO’s amplitude and periodicity, boreal winter-time phase locking,
and warm/cold phase asymmetry. However, the dynamical mechanisms explaining the
key features of ENSO STPD associated with CP and EP events remain to be better
understood. This article provides a summary of the recent active research on the dynamics
of ENSO STPD together with discussions on challenges and outlooks for theoretical,
diagnostic, and numerical modeling approaches to advance our understanding and
modeling of ENSQO, its STPD, and their broad impacts.

Keywords: El Nifo Southern Oscillation phenomenon, spatiotemporal pattern diversity, phase locking, ENSO
asymmetry, recharge oscillator paradigm

INTRODUCTION OF ENSO STPD

ENSO is the most prominent phenomenon of year-to-year fluctuations in the global climate system.
It interacts strongly with the rest of the weather—climate continuum involving timescales ranging
from synoptic through multidecadal to centennial, affecting not only the global climate system but
also marine and terrestrial ecosystems, fisheries, human health, and other societal and economic
aspects of the Earth system (cf. McPhaden et al., 2006; Cashin et al., 2017; Timmermann et al., 2018;
Boucharel et al., 2021). The primary dynamical mechanisms for ENSO’s basic features as a canonical
oscillator have been extensively investigated in terms of a leading coupled ocean-atmosphere model
of the tropical Pacific essentially described by the simple conceptual delayed oscillator/recharge
oscillator paradigm (Cane and Zebiak, 1985; Suarez and Schopf, 1988; Battisti and Hirst, 1989;
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FIGURE 1 | November—December—January mean SST anomalies (A,B) and subsurface temperature anomalies at the equator (2°S-2°N) (C,D) during the 1997/98

EP (A,C) and 2009/10 CP (B,D) El Nifio events from NOAA/PMEL (https://www.pmel.noaa.gov/tao/drupal/disdel/). (E) Wavelet power spectrum of the normalized time
series of Nifio-3.4 SST anomalies from HadISST (Rayner et al., 2003). The green contour encloses regions of greater than 95% confidence level tested against red noise.
Cross-hatched regions on either end indicate the “cone of influence” where edge effects become important.
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Philander, 1990; Jin and Neelin, 1993; Neelin and Jin, 1993; Jin,
1997a, 1997b; Neelin et al., 1998; Wang and Picaut, 2004; Jin et al.,
2020). Different ENSO-like behaviors observed in nature and
simulated in various coupled models were viewed qualitatively as
the result of the sensitive dependence of the leading coupled
linear mode to variations in the climate background state (Jin and
Neelin, 1993; An and Jin, 2000; Fedorov and Philander, 2000,
2001).

In the past 2 decades, new layers of complexity of the ENSO
phenomenon were identified with important implications for
ENSO’s impacts and predictability (Timmermann et al., 2018).
It has been widely recognized that the observed ENSO pattern
diversity and temporal complexity tend to manifest roughly in
two dominant ENSO types known as central Pacific (CP) and
eastern Pacific (EP) El Nifio events (Larkin and Harrison, 2005a,
2005b; Ashok et al., 2007; Weng et al., 2007; Kug et al., 2009; Kao
and Yu, 2009), as exemplified by two typical EP and CP El Nifo
events shown in Figures 1A, B. Associated with the sea surface
temperature (SST) anomaly patterns, there is a westward shift of
the slanted boundary marking the transition region between
positive and negative equatorial ocean subsurface temperature
anomalies (Figures 1C, D), suggesting that different upper
thermocline thermal stratification responses may contribute to
different dynamical feedback strengths during CP and EP El Nifio
events (Zhao et al., 2021a). The pacing or periodicity is different
as well, with CP events tending to occur every ~2-3 years (during
the epoch of the 2000s, for example), whereas EP events tend to
exhibit slower pacing with occurrences every ~4-5 years, as

shown in Figure 1E. Moreover, there is a modulated
intermittency with active/less-active epochs with relatively
more/fewer CP over EP events. A detailed and informative
overview of the key characteristics of ENSO STPD can be
found in the work of Capotondi et al. (2020).

The observed key features of diversity in patterns and
temporal evolution of ENSO, referred to ENSO STPD
hereafter, are still inadequately captured by state-of-the-art
climate models, despite the increasing successes achieved in
simulating the ENSO phenomenon due to better process
representations and increased in model resolutions (Planton
et al,, 2021). This is in part due to the fundamentally sensitive
nonlinear dynamics of ENSO STPD and the fact that ENSO
STPD involves multiscale interactions between ENSO and other
major modes of variability, including the Madden Julian
Oscillation (MJO) and Westerly Wind Bursts (WWBs),
Tropical Instability Waves (TIWs), Pacific Meridional Modes
(PMMs), the Interdecadal Pacific Oscillation (IPO) and/or Pacific
Decadal Oscillation (PDO), and modes in other tropical ocean
basins (see reviews by Timmermann et al., 2018; Wang, 2018;
Yang et al., 2018; Cai et al., 2019). As a result, various biases in the
climate mean state, seasonal cycle, the composition of key
coupled feedback processes of ENSO, and ENSO’s interactions
with other modes of variability can all play important roles in
hindering the state-of-the-art climate model’s capabilities of
simulating ENSO and its STPD, which shall affect the
performances of these models in projecting changes of ENSO
and their associated global impacts under global warming. Thus,

Frontiers in Earth Science | www.frontiersin.org

May 2022 | Volume 10 | Article 899139


https://www.pmel.noaa.gov/tao/drupal/disdel/
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Jin

advancing our understanding of ENSO STPD and its broad
impacts on various aspects of the Earth system has been the
subject of active multi-disciplinary research.

KEY SOURCES FOR ENSO STPD

A great amount of work has been directed to understanding the
implications of this ENSO STPD in all aspects of ENSO’s impacts.
At the same time, a surge of research activities aimed at
understanding the dynamics of ENSO STPD has led to some
significant progress. Much of it has been recently reviewed by
several authors, including Capotondi et al. (2015, 2020),
Timmermann et al. (2018), and Taschetto et al. (2020). A few
hypotheses have been put forth as potential mechanisms for
observed ENSO STPD. First, based on linear eigen-analyses of
modified versions of the Cane-Zebiak (CZ) model and
subsequent nonlinear simulations of CP and EP pattern
diversity performed by Bejarano and Jin (2008) and Xie and
Jin (2018), the coexistence of CP and EP ENSO-like linear
eigenmodes under a given climate basic state and parameter
setting were proposed as a promising linear pathway for
understanding the observed ENSO STPD (Timmermann et al.,
2018). Second, ENSO’s interactions with other modes of
variability, either in the Pacific Ocean sector or other tropical
basins, have been suggested to play some viable roles in
generating ENSO STPD (Chiang and Vimont, 2004; Yu et al,
2010; Yu and Kim, 2011; Ham et al., 2013; Lian et al., 2014;
Vimont et al., 2014; Zhang et al., 2014; Chen et al., 2015; Fedorov
et al., 2015; Jadhav et al., 2015; Hu and Fedorov, 2018). However,
the underlying fundamental deterministic dynamics that allow
various other modes of variability to be effective in either exciting
and/or interacting with ENSO and thereby generating ENSO
STPD remains to be addressed. Third, the two types of El Nifio
were noted to develop under two different combinations of the
thermocline feedback and zonal advective feedback, with EP El
Nifo having relatively stronger thermocline feedback and CP El
Nifio a relatively stronger zonal advective feedback (Kug et al.,
2009; Capotondi et al., 2015, 2020). This notion adds a partial
understanding of ENSO STPD but again does not address the key
controlling dynamical mechanism that sustains these contrasting
ENSO behaviors. Fourth, key nonlinearities residing in 1) the
threshold dependence of convective heating on SST (Choi et al,,
2013; Takahashi et al., 2019) and 2) the nonlinear zonal advection
of SST (Capotondi, 2013; Chen and Majda, 2017) have been
suggested important for ENSO nonlinear growth, although how
the different nonlinearities effectively alter the linear dynamical
processes to generate ENSO STPD remains to be better
understood.

A POTENTIAL UNIFYING PARADIGM FOR
ENSO STPD

Recently, important progress was made in a newly completed
Ph.D. thesis study (Geng, 2021). By uncovering an error in the
method of solving the eigen solutions by Bejarano and Jin (2008)

Understanding ENSO Spatiotemporal Pattern Diversity

and Xie and Jin (2018), this new study dismissed the linear
pathway for ENSO STPD proposed by Xie and Jin (2018) and also
advocated by Timmermann et al. (2018). This is not only because
the proposed linear pathway therein was based on spurious
coexistence of unstable linear CP and EP modes but also due
to the fact that ENSO STPD simulated by these earlier versions of
the CZ-type model and a recently revised CZ model (RCZ
hereafter; Geng and Jin, 2022) are all due to a general
nonlinearity/noise-induced regime transitions (NIRT)
mechanism. To be more specific, when conditions are right, a
solo leading linear ENSO mode in the CZ-type model can
undergo strong nonlinear modifications owing to advective
and/or convective nonlinearities. As a result, it is the
nonlinear pathway via the NIRT mechanism that is
responsible for the simulated ENSO STPD in the CZ-type
model with transitions of EP- and CP-like El Nifio events
taking place deterministically or stochastically. For this NIRT
mechanism to take effect, however, it requires the leading linear
ENSO mode to satisfy two stingy constraints: 1) its linear growth
rate to be near criticality or supercritical so that nonlinearity
becomes effective and 2) its interannual frequency and SST
pattern both being highly sensitive to modest changes in the
basic state and parameters. Under these strongly double
constraints, the leading ENSO mode can lead to irregular
transitions between CP and EP El Niflo events via
deterministic chaos and/or stochastic excitations.

With the RCZ model that underwent careful validations using
observational data, Geng (2021) showed that ENSO STPD can be
captured only within a narrow range near the best-estimated
parameter setting and observed basic state conditions owing to
the strongly double constraints. The RCZ model simulated ENSO
exhibits basic features reasonably reminiscent of what is observed:
intermittency of CP and EP El Nino events with a strong
bimodality in the probability density distribution for the SST
centroid longitude and some modest decadal to multidecadal
modulations of the mean state. In the case without noise forcing
and with no annual cycle in the basic state, the leading CP-like
ENSO mode will give rise to self-sustained ENSO oscillation
whose amplitude increases with stronger supercriticality
following the normal manner of Hopf-bifurcation as
delineated in the weakly nonlinear regime as in appendix of
Jin (1997a). However, under weak to moderate supercritical
conditions slightly away from the very limited weakly
nonlinear regime, this simple ENSO oscillator itself becomes
unstable owing to the sensitive interaction between the ENSO
oscillator and the mean state, which generates a regime for ENSO
STPD featuring deterministic chaos with CP and EP ENSO
regime transitions and quasiperiodic orbits with CP and EP
events alternations. When the observed annual cycle in the
basic state is included, the parameter range for ENSO STPD is
significantly expanded as the route to chaos via the so-called
overlap subharmonic resonance (Chang et al., 1994; Jin et al,
1994; Tziperman et al., 1994) becomes effectively activated due to
the nonlinear interaction between ENSO and the annual cycle.
With stochastic forcing, the ENSO STPD regime broadens
further, especially towards the subcritical regime where the
leading mode is not self-sustained. It is worthy to emphasize
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that ENSO chaos generated by ENSO-annual cycle interaction
noted by Jin et al. (1994) only features weak temporal irregularity
in simulated ENSO behaviors without exhibiting CP and EP
pattern diversity. Similarly, in the slightly stronger subcritical
regime where the ENSO linear mode is more damped or in the
regimes where the leading mode is insensitive to nonlinear
modifications, noise forcing can generate temporal irregularity
but does not lead to significant CP and EP diversity. In other
words, ENSO STPD can be generated via nonlinear deterministic
and stochastic dynamics-induced CP and EP ENSO transitions,
but only when the aforementioned doubly constrained conditions
are satisfied. This general mechanism can be considered as a
potential unifying paradigm because it incorporates the keynoted
sources for ENSO STPD, including 1) deterministic nonlinear
dynamics, 2) stochastic forcing (which can be largely related to
various excitations from other modes of variability), and 3) CP
and EP’s different mechanisms in terms of relative strengths of
the zonal advective feedback and thermocline feedback processes.
The doubly constrained conditions for ENSO STPD portrayed by
this paradigm make ENSO STPD fundamentally sensitive to
modest biases or changes in the climate mean state, seasonal
cycle, the composition of feedback processes, and ENSO’s
interaction with other modes of variability. This sensitivity
poses a great challenge for simulating ENSO STPD and
projecting ENSO’s changes through comprehensive climate
models. Further active research of the dynamics of STPD may
lead to a better understanding of the observed and climate model
simulated ENSO and its STPD and associated broad impacts.

CHALLENGES AND OUTLOOKS

The advance in our understanding of ENSO in the past 4 decades
was achieved in multiple areas, including observations, theory and
dynamics, modeling and prediction, past and future changes, and
impacts, which all have been comprehensively reviewed in a recent
AGU monograph by McPhaden et al. (2020). Hierarchical modeling
approaches, comprising conceptual models, intermediate complexity
models, and comprehensive climate models, have been instrumental
in these remarkable advancements. In fact, ENSO’s basic features
(for example, its amplitude, growth, frequency, noise forcing, and
asymmetry) and how they may be affected by a model’s
compositions of coupled processes, mean state, and annual cycle,
have been meaningfully assessed and analyzed in many recent
studies with this approach (cf, Jin et al, 2020; Yu et al, 2016;
Chen and Jin, 2020, 2021; Vijayeta and Dommenget, 2018; Zhao
et al., 2021b; Levine and Jin, 2010; Levine et al., 2016; Levine and Jin,
2017; Levine et al., 2017; Wengel et al., 2018). For example, using a
data-fitted recharge oscillator model, Wengel et al. (2018)
demonstrated that the ENSO amplitude simulated by state-of-
the-art climate models depends on ENSO’s growth rate and its
noise excitation. This ENSO growth rate metric can be proven to be
nearly the same as the total linear and nonlinear combined growth
rate using a Bjerknes Instability index (a measure of the linear ENSO
growth rate resulting from the net effect of positive and negative
feedbacks) formulation (Jin et al., 2020). Thus, one may gain further
insights into ENSO amplitude in terms of linear and nonlinear
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growth rate and stochastic forcing (Jin et al., 2020). Chen and Jin
(2021) demonstrated that the biases of seasonal modulations of the
ENSO growth rate are responsible for pronounced biases of ENSO
phase locking in climate models. The broad inter-model spread of
simulated ENSO phase locking was shown to be understood by the
conceptual RO model. Even for models with relatively “good” ENSO
simulation capabilities, such as the E3SM-1-0, CESM2, and GFDL-
CM4 models, Chen et al. (2021) noted pronounced common biases
in the zonal advective feedback in the central to western Pacific and
associated ENSO SST pattern biases near the warm pool edge. These
common biases may hinder models’ ability to simulate EP and CP
diversity, which is strongly sensitive to the relative strengths of the
zonal advective and thermocline feedbacks according to the NIRT
mechanism.

The previous success of the hierarchical modeling approaches
and the latest advancements in ENSO theory for understanding
ENSO and its STPD pointed to promising ways to address and
resolve several main challenging issues concerning ENSO STPD
and its implications. For example, can we achieve a conceptual
understanding of ENSO STPD through a systematic investigation
of various contributing sources in a similar way to the simple
recharge oscillator paradigm for our understanding of the basic
dynamics of ENSO? Can we achieve a better understanding of the
roles of model biases in the climate mean state and its seasonal
cycle and in the composition of its main feedback processes in
model simulated ENSO STPD and thus identify practical
pathways for improving climate models’ capability in
simulating ENSO and its STPD? Can we achieve a better
understanding of ENSO STPD’s predictability for ENSO
regime behavior as noted by Timmermann and Jin (2005)?
Can we achieve a better understanding of the projections of
ENSO changes relative to the current observed ENSO STPD
regime, which can be fundamentally sensitive to climate change?
Can we achieve a better understanding of ENSO STPD’s direct
and indirect impacts from other modes of variability influenced
by ENSO on various aspects of the Earth system?

To further discuss the outlooks to address these questions, a
synthesized framework focusing on ENSO STPD is illustrated in
Figure 2, which is extended from the frameworks schematically
depicted in Timmermann et al. (2018) and Wittenberg (2018).
This framework highlights three foci in addition to the basic
coupled dynamics understood in existing conceptual models and
ICMs for ENSO. First, it highlights the newly uncovered NIRT
mechanism that is essential for ENSO STPD. Second, it highlights
two key physical processes, the convective-radiative feedback in
atmospheric moist dynamics (Adames and Kim, 2016) and wind-
driven thermal stratification adjustment in the central equatorial
Pacific (Zhao et al., 2021a), both of which may have strong effects
on the composition of ENSO feedbacks in both nature and
comprehensive climate models. Third, it highlights ENSO’s
interactions with various other modes of variability and the
roles of deterministic nonlinearities and stochastic forcing,
which all have been suggested to be of importance for ENSO
STPD. I will briefly discuss a few areas for potential significant
advances with this guiding framework.

On low-order conceptual models for ENSO STPD: Simple
conceptual models such as the recharge oscillator model have
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played an important role in understanding ENSO’s basic
dynamics and features. To address the need of developing new
conceptual models that can serve as wuseful tools for
understanding key features of ENSO STPD, a working group
under the CLIVAR Pacific Panel was established in 2020 under
the leadership of Dr. Jerome Vialard to review the progress and to
discuss prospects for developing such a kind of models. Two SST
variables for central and eastern Pacific SST anomalies, T¢ and
T, respectively, are the minimal degrees of freedom that must be
considered for capturing the essence of CP and EP pattern
diversity. The quasi-steady atmospheric response in terms of
wind stress and heat fluxes can be expressed as linear or nonlinear
functions of these SST anomalies by making reasonable
approximations. These were adopted in attempts to develop
simple conceptual models for ENSO diversity (Fang and Mu,
2018). However, an essential issue remaining to be resolved in
constructing a low-order conceptual model for capturing ENSO
STPD is to derive a minimum low-order component to describe
oceanic memories associated with the thermocline and zonal
current responses to ENSO’s winds. In the recharge oscillator
model, this oceanic memory resides in a slow recharge mode
which was reduced to 1-degree of freedom in terms of warm pool
heat content or zonal mean heat content (Jin, 1997a, 2001). To
better capture the rich temporal complexity of ENSO, it may be
necessary to include the gravest ocean basin mode noted by Cane
and Moore (1981), which is important for better capturing central
Pacific zonal currents associated with ENSO as was first noted by
Picaut et al. (1997). Moreover, both the slow recharge mode and
the fast gravest ocean basin mode can be destabilized into an
ENSO-like mode by increasing dynamical coupling, as
demonstrated by Cane et al. (1990), Jin (1997b), and more
recently by Geng (2021). In fact, it was noted that when the
leading ENSO mode has mixed features of the recharge oscillator
mode and the wave oscillator mode, it becomes highly sensitive to
the composition of the zonal advective feedback and thermocline

feedback. It is this sensitivity that allows the nonlinear processes
to act very effectively in altering the leading ENSO mode and
thereby generate CP and EP ENSO nonlinear intermittent
transitions via the so-called NIRT mechanism. It requires at
least 3-degrees of freedom for a low-order ocean dynamics
model to capture both the slow ocean heat content recharge/
discharge mode and the gravest ocean basin mode. Thus, a
conceptual model for ENSO STPD may need five or more
degrees of freedom. Moreover, proper considerations of
nonlinear processes in such a low-order model become much
more important. As the developments of low-order ENSO models
for its STPD have attracted more attention, some prototypes are
emerging and will become useful additions to the hierarchy of
modeling tools for assessing and understanding ENSO STPD.
On Intermediate Coupled Models (ICM) for ENSO STPD:
CZ-type models have served as the core framework for the
advances of ENSO theory during the past 4 decades. Our
recent study uncovered the NIRT mechanism for ENSO STPD
and again used a CZ-type model. Nevertheless, some essential
processes, such as 1) convective cloud radiative feedback
associated with moisture dynamics and 2) a key oceanic
process involving wind-driven upper thermocline ocean
stratification adjustment of the equatorial ocean is highlighted
in Figure 2, are currently omitted in CZ-type models. The
convective cloud radiative feedback associated with moisture
dynamics of ENSO affects both the dynamic air-sea coupling
through ENSO’s wind-SST relationship and the thermodynamic
feedback through surface heat flux sensitivity as noted in our
study using new versions of a moist linear baroclinic model
(mLBM) for the atmosphere (Hayashi and Jin, 2022; Chen
et al., 2022, personal communication). These key feedbacks are
controlled by the dynamic air-sea coupling parameter and SST
thermal damping parameter, both of which can be assessed using
climate model outputs and reanalysis data. However, unlike in a
CZ-type model, they cannot be arbitrarily changed in climate
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models. Thus, using the mLBM as an alternative to the Gill-type
atmospheric component to form new versions of ICM models
will be useful to examine the role of the convective cloud radiative
feedback associated with moisture dynamics in ENSO and its
STPD. Similarly, the ocean component of the CZ-type model may
be replaced by a linear continuously stratified (LCS) tropical
Pacific Ocean model (McCreary, 1981; McPhaden, 1981;
Keenlyside and Kleeman, 2002) to capture wind-driven
equatorial upper thermocline thermal stratification adjustment,
which contributes to ENSO’s zonal advective feedback and
thermocline feedback differently between EP and CP ENSO
events and thus may affect ENSO and its STPD (Zhao et al,
2021a). Clearly, this kind of extension of the CZ-type model will
be helpful for better advancing processes-level understanding of
the dynamics of ENSO and its STPD.

On the role of ENSO-Annual Cycle Interactions in ENSO
STPD: Although ENSO chaos through nonlinear subharmonic
overlap resonance as found by Jin et al. (1994), Tziperman et al.
(1994), and Chang et al. (1994) was noted as an important
deterministic source of ENSO irregularity, it has not gained
much further attention because ENSO as part of the climate-
weather continuum has been suggested to be more of a noise-
driven irregular oscillator. However, some new evidence indicates
that the annual cycle can effectively expand the extent of the
ENSO STPD regime in the RCZ model (Geng 2021) because the
NIRT mechanism provides a natural nonlinearity-induced ENSO
frequency sensitivity which allows the nonlinear subharmonic
overlap resonance route to chaos to become effective, not only
creating temporal irregularity but also spatial pattern diversity of
ENSO. Moreover, ENSO-annual cycle interaction with the NIRT
mechanism at work may effectively create a frequency cascade
toward ENSO decadal timescale variability through readily
exciting nonlinear transitions of frequency-locked CP and EP
ENSO cycles. For example, if there were pronounced frequency-
locked 3-years and 4-year periodic orbit transitions, one would
expect a potential 12-years spectral peak. This kind of ENSO
frequency cascade can generate low-frequency variability and
provides a potentially important driver for both ENSO
modulation and Pacific decadal variability. This role of ENSO-
annual cycle interactions in ENSO STPD may have implications
for paleo and future changes of both ENSO and the tropical
climate mean state.

On ENSO’s nonlinear interactions with other modes for
ENSO STPD: There is a large body of studies suggesting that
ENSO may be excited or affected by various other modes of
variability both within and outside the tropical Pacific while
ENSO, as one of the strongest climatic modes, can affect those
modes as well. Depending on the natures of these modes, ENSO’s
interaction with them may not only affect ENSO’s basic features
but also serve as sources for ENSO’s “noise” forcing and
modulations, which all may play important roles in ENSO
STPD. For example, one of the most prominent features that
are closely associated with ENSO is the enhanced/reduced TIW
activity during La Nino/El Nifio events. An and Jin (2004)
demonstrated that nonlinear ENSO-TIW interaction can affect
ENSO asymmetry. Boucharel and Jin (2020) and Xue et al. (2020)
built a conceptual model to demonstrate that this nonlinear
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interaction is highly seasonally modulated. This asymmetric
nonlinear interaction may have strong implications for ENSO’s
rectification on the basic state, which in turn can affect the NIRT
pathway to ENSO STPD. Moreover, the strong seasonality in this
interaction can serve as another source of seasonal modulation that
may affect the extent of the ENSO STPD regime. The work of
Boucharel and Jin (2020) and Xue et al. (2020) has paved the way
for developing nonlinear and seasonally modulated
parameterizations for TIW-induced nonlinear feedback on
ENSO, which can be useful for assessing TIW’s feedback on
ENSO simulated in climate models and can be incorporated
into the CZ-type model or other ICMs for studying the impacts
of ENSO-TIW interaction on ENSO and its STPD.

There is a large body of studies investigating the roles of the
MJO and WWBs in exciting ENSO’s complex behaviors and even
altering ENSO’s growth rate and frequency and predictability
using conceptual models, CZ-type models, and coupled climate
models. However, simple conceptual and CZ-type ICMs mostly
describe MJO/WWB activity and its modulation by ENSO in ad
hoc manners, often in terms of state-dependent noise.
Developments of conceptual models and ICMs for
understanding the dynamics of ENSO’s modulation on MJO/
WWB will be essential for better understanding ENSO’s
interaction with MJO/WWB activity, especially for its roles in
ENSO STPD.

Several studies suggested that Pacific Meridional Modes
(PMMs) may play a potentially important role in ENSO STPD
through stochastically exciting ENSO cycles and providing
distinct optimal precursors for the two types of ENSO
(Amaya, 2019, and references therein; Vimont et al, 2014,
2022; Capotondi and Ricchiardulli, 2021). However, the notion
that ENSO serves as a strong driver of PMM makes the PMM’s
contribution to ENSO and its STPD an open question needing
further exploration (Stuecker, 2018). ICMs explicitly resolving
the relevant physical processes, particularly the wind-evaporation
and cloud-radiation to SST feedbacks that are missing out in most
ICMs, may be helpful to advance our understanding of how these
PMMs may interact with ENSO to affect the extent of ENSO
STPD regimes. Moreover, the wind stress curl in subtropical
regions may excite slow ocean adjustment and potentially yield
decadal coupled modes once this slow process is connected to
coupled dynamics in the equatorial Pacific (Wang et al., 2003a;
2003b). Thus, according to the NIRT mechanism, the presence of
PMMs and their associated wind-driven slow ocean adjustment
may enhance ENSO’s internal low-frequency modulation as the
result of nonlinear interaction between ENSO and the mean state.
This ENSO low-frequency variability associated with ENSO
STPD and its potential enhancement through ENSO-PMM
interaction may serve as important sources for the so-called
Pacific Decadal Oscillation (PDO) and Interdecadal Pacific
Oscillation (IPO). Moreover, ENSO STPD may affect and also
be affected by ENSO’s interactions with the modes of variability
outside the Pacific. Further investigation of inter-basin
interactions among ENSO and the modes of variability in
other ocean basins shall also shed light on ENSO STPD.

The advances in understanding the dynamics of ENSO STPD
will also lead to better assessment and understanding of ENSO
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STPD simulated in state-of-the-art climate models, which are
mostly still falling short in realistically simulating ENSO STPD.
Such models’ deficiency is likely attributed to the high sensitivity
of ENSO STPD to even modest biases in climate models in terms
of simulated climate mean state, its seasonal cycle, and the
composition of key feedback processes of ENSO. Nevertheless,
better assessing and understanding how these biases or potential
reductions of them may affect the capabilities of climate models
to more realistically capture ENSO and its STPD may lead to
potential pathways for model improvements. Moreover, ENSO
STPD, together with ENSO’s nonlinearly and seasonally
modulated interactions with other modes of variability, make
ENSO’s influences on various aspects of the Earth system much
more complex. That is, ENSO can have not only direct impacts
but also indirect impacts through its influences on the other
modes of variability in both nonlinear and nonstationary
manners. Better assessing, understanding, simulating ENSO
and its STPD may provide better understanding and predictive
skills for ENSO and its impacts even on the regional but highly
destructive and thus hazardous phenomena as demonstrated, for
example, in recent research on ENSO’s impact on worldwide
coastal ocean wave activity and coastal shorelines (Boucharel
et al,, 2021; Almar et al., 2022, personal communication).
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