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ABSTRACT: In this study, we investigate how a single leading linear El Niño–Southern Oscillation (ENSO) mode, as

studied in Part I, leads to the irregular coexistence of central Pacific (CP) and eastern Pacific (EP) ENSO, a phenomenon

known as ENSO spatiotemporal diversity. This diversity is fundamentally generated by deterministic nonlinear pathways

to chaos via the period-doubling route and, more prevailingly, the subharmonic resonance route with the presence of a sea-

sonally varying basic state. When residing in the weakly nonlinear regime, the coupled system sustains a weak periodic os-

cillation with a mixed CP/EP pattern as captured by the linear ENSOmode. With a stronger nonlinearity effect, the ENSO

behavior experiences a period-doubling bifurcation. The single ENSO orbit splits into coexisting CP-like and EP-like

ENSO orbits. A sequence of period-doubling bifurcation results in an aperiodic oscillation featuring irregular CP and EP

ENSO occurrences. The overlapping of subharmonic resonances between ENSO and the seasonal cycle allows this ENSO

irregularity and diversity to be more readily excited. In the strongly nonlinear regime, the coupled system is dominated by

regular EP ENSO. The deterministic ENSO spatiotemporal diversity is thus confined to a relatively narrow range corre-

sponding to a moderately unstable ENSO mode. Stochastic forcing broadens this range and allows ENSO diversity to

occur when the ENSO mode is weakly subcritical. A close relationship among a weakened mean zonal temperature gradi-

ent, stronger ENSO activity, and more (fewer) occurrences of EP (CP) ENSO is noted, indicating that ENSO–mean state

interaction may yield ENSO regime modulations on the multidecadal time scale.
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1. Introduction

El Niño–Southern Oscillation (ENSO) is an influential nat-

ural phenomenon for Earth’s ecosystem and human society

due to its far-reaching environmental and societal impacts

across the globe. In contrast to the canonical ENSO that fea-

tures a maximum sea surface temperature anomaly (SSTA) in

the eastern Pacific (EP), another type of ENSO with a warm

SSTA located in the central Pacific (CP) has seen more occur-

rences in recent decades (Lee and McPhaden 2010; Chung

and Li 2013; Xiang et al. 2013; Freund et al. 2019). Corre-

sponding to the contrasting spatial pattern and magnitude of

the associated SSTA, the two types of ENSO exhibit substan-

tial differences in their impacts [see reviews by Yeh et al.

(2014), Capotondi et al. (2015), Yang et al. (2018), and

Taschetto et al. (2020)]. The existence of two types of ENSO

is typically referred to as ENSO diversity. To avoid ambiguity,

the terminology “two types of ENSO” in this paper shall not

be interpreted as being different from “two types of El Niño,”

considering that La Niña does not exhibit significant pattern

diversity (Kug and Ham 2011; Taschetto et al. 2014).

Process-oriented studies confirmed the distinct growing and

turnabout mechanisms associated with the two types of ENSO

(Kug et al. 2009, 2010; McPhaden 2012; Capotondi 2013; Ren

and Jin 2013). However, the fundamental mechanism for

ENSO diversity has not yet been completely understood. A def-

inite answer to this question not only promotes our basic under-

standing of the observed ENSO diversity but also benefits the

modeling community in terms of improving model performance

in simulating ENSO diversity. Several potential building blocks

for understanding the coexistence of EP and CP ENSO have

been proposed, including modal growth from two dominant

linear ENSO-like modes resembling the two types of ENSO

(Bejarano and Jin 2008; Xie and Jin 2018); noise-driven nonmo-

dal growth of the two types of ENSO from their respective opti-

mal initial perturbations (Newman et al. 2011a,b; Vimont et al.

2014, 2022; Capotondi and Sardeshmukh 2015); the role of con-

vective heating threshold in leading to an EP-like nonlinear

manifestation of ENSO (Takahashi and Dewitte 2016); and ef-

fects of state-dependent westerly wind burst (WWB) events

(Chen et al. 2015; Chen andMajda 2017; Hayashi andWatanabe

2017; Chen et al. 2018; Yang et al. 2021). In Part I of this two-

part study (Geng and Jin 2023, hereafter Part I), we identified

the existence of a single leading ENSO mode in the Cane–

Zebiak-type framework (Zebiak and Cane 1987). This finding

precludes the possibility that the two types of ENSO simulated

in the Cane–Zebiak-type model, such as in Bejarano and Jin

(2008), Chen et al. (2015), Hayashi and Watanabe (2017) and

Xie and Jin (2018), are randomly excited from two coexisting

leading ENSO modes. In addition, we demonstrated that sto-

chastic forcing is insufficient to lead to irregular alternation be-

tween the two types of ENSO characterizing the observed

ENSO diversity via linear processes, even with the presence of

low-frequency climate variability. Therefore, it is logical to spec-

ulate that nonlinear processes may play an important role in

ENSO diversity.

The effects of nonlinear processes on complex ENSO be-

havior are widely acknowledged. With a low-order model,

Timmermann et al. (2003) suggested that strong nonlinearityCorresponding author: Fei-Fei Jin, jff@hawaii.edu
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could lead to ENSO bursting behavior. Nonlinearity also

plays a key role in the El Niño–La Niña amplitude and dura-

tion asymmetry (e.g., Kang and Kug 2002; An and Jin 2004;

Ohba and Ueda 2009; Su et al. 2010; DiNezio and Deser 2014;

Chen et al. 2016). The convective heating nonlinearity has

been suggested as a relevant nonlinear process for ENSO bi-

modality and diversity (Takahashi and Dewitte 2016;

Williams and Patricola 2018; Okumura 2019; Takahashi et al.

2019; Geng et al. 2020). As deep convection is preferably ex-

cited over warm SST exceeding the convective threshold

(Graham and Barnett 1987), EP El Niño can only survive with

substantial warm SSTA in the eastern Pacific. The ENSO–

WWB interaction serves as another source of atmospheric

nonlinearity as WWB occurs more frequently and farther

eastward with larger SSTA in the central-eastern Pacific

(Eisenman et al. 2005; Tziperman and Yu 2007; Seiki and

Takayabu 2007; Puy et al. 2016). With an extended recharge

oscillator (RO) model incorporating convective heating nonli-

nearity, Takahashi et al. (2019) successfully reproduced ENSO

bimodality. The relevance of such atmospheric nonlinearity to

ENSO diversity, however, needs to be further investigated

with a more complex model that resolves varying ENSO spa-

tial patterns.

Some previous attempts at modeling ENSO diversity with

idealized models demonstrated the key role of WWB, without

which the simulated ENSO exhibits regular oscillations (Chen

et al. 2015; Chen and Majda 2017). However, it may not be ac-

curate to simply attribute the simulated ENSO diversity to

WWB without examining the effects of deterministic nonli-

nearity. Using a deterministic intermediate model, Münnich

et al. (1991) noted that with increasing thermocline feedback,

the coupled system experiences the “route to chaos” compris-

ing a Hopf bifurcation from an at-rest steady state to a peri-

odic orbit, a second bifurcation to a period doubling, and a

third bifurcation to aperiodic behavior. Such a deterministic

route to chaos was then further suggested to be relevant to

ENSO irregularity when the ENSO–seasonal cycle interaction

is taken into consideration (Jin et al. 1994; Tziperman et al.

1994; Chang et al. 1996). Inspired by these studies, further in-

vestigation is needed to determine whether ENSO diversity

survives in a nonlinear simulation without stochastic forcing.

Multiple ENSO flavors were successfully reproduced in

several modeling studies with the Cane–Zebiak-type models

(e.g., Chen et al. 2015; Hayashi and Watanabe 2017; Geng

and Jin 2022, hereafter GJ22). Part I clearly demonstrated

that only one leading ENSO mode is allowed by the Cane–

Zebiak-type framework. In this paper, we aim to reveal how

this ENSO mode evolves into ENSO diversity. As in Part I,

the revised Cane–Zebiak model (RCZ hereafter) developed

in GJ22 serves as the research tool for this study. The key pro-

cesses involved are examined through a hierarchical modeling

approach with RCZ. In section 2, a brief overview of ENSO

diversity simulated in RCZ under the observed climate condi-

tion is presented. Section 3 compares the ENSO behavior in

situations where the efficiency of nonlinear processes gradu-

ally increases. This allows careful investigation of the effect of

deterministic nonlinearity on ENSO diversity. Further com-

parison of ENSO behavior in simulations where stochastic

forcing is switched on or off allows us to study how the sto-

chastic processes contribute to ENSO diversity. Section 4 in-

vestigates the ENSO–mean state interaction in the context of

ENSO diversity. A summary and some discussions are pro-

vided in section 5.

2. ENSO diversity in RCZ under the observed

climate condition

Under the observed climate condition that involves the ob-

served mean state and model parameters, GJ22 demonstrated

that RCZ successfully simulates ENSO diversity, featuring ir-

regular occurrences of EP and CP El Niño events. As intro-

duced in Part I, a few minor modifications were made to the

model formulation of RCZ in this study compared with GJ22.

In this section, we briefly revisit the RCZ-simulated ENSO

behavior in a long-term simulation under the observed cli-

mate condition. As will be discussed later, the features of

ENSO diversity barely change from GJ22. The model is pre-

scribed with either a seasonally varying or an annual mean ba-

sic state obtained from the long-term average of observations.

By allowing the seasonal modulation of the feedback pro-

cesses via using a seasonally varying basic state, the effect of

background seasonal cycle would be included. The total

length of the simulation is 1100 years, and the first 100 years of

data are omitted for the purpose of removing the spinup stage.

The long-term average is removed from all the model outputs

prior to analysis. The simulation is subject to stochastic zonal

surface wind stress forcing mimicking the observed WWB

events. Zonal surface wind associated with stochastic forcing is

in the form of ustc(x, y, t)5 IstcP(t)u0 exp{2 [(x2 x0)
2
/Dx2]2

[(y2 y0)
2
/Dy2]}, where u0 5 6.5 m s21, Dx 5 208, Dy 5 68, and

y0 5 08. The term x0 is the center longitude of the WWB, and it

depends on the ENSO state; P(t) represents a stochastic pro-

cess and controls the occurrence of the WWB. More details on

the formulation of x0 and P(t) can be found in GJ22 (see their

supplemental material). Here, a nondimensional coefficient Istc
is introduced to control the relative intensity of stochastic forc-

ing. It has a default value of 1 and will be varied in section 3c

to investigate how the intensity of stochastic forcing affects

ENSO behavior.

The time evolution of equatorial SSTA during a 50-yr seg-

ment of the 1000-yr simulation with a seasonally varying basic

state is shown in Fig. 1a. The most salient feature of Fig. 1a is

the significant interevent difference in the SSTA pattern asso-

ciated with the warm events. Both CP El Niño (e.g., years 15,

25, 31, 40, and 42) and EP El Niño (e.g., years 1, 22, and 47)

events are identified. Consistent with the observations, CP El

Niño is of smaller amplitude than EP El Niño. Some other El

Niño events (e.g., years 4, 19, and 44) exhibit a broad SSTA

center in the central-eastern Pacific and exhibit similar ampli-

tudes of SSTA averaged over the CP and EP region. These

events resemble the observed mixed CP/EP events but are

not clearly distinguished from the CP events.

For subjective categorization, all El Niño events are first

identified according to the criteria that the Niño-3, Niño-4, or

Niño-3.4 index exceeds 0.58C for five consecutive overlapping

seasons. Note that the following results are not qualitatively
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sensitive to the identification criteria. We then calculate

the centroid longitude of SSTA at the peak phase of each

El Niño event. The centroid longitude lc is defined as

lc 5
�lE
lW

lTedl/
�lE
lW

Tedl, where l is the longitude, Te is equa-

torial SSTA meridionally averaged between 58S and 58N,

lW 5 1408E, and lE 5 908W. Only positive Te is utilized to

calculate lc. During the peak phase of El Niño, positive Te

dominates over the equatorial Pacific. As shown in Fig. 2a,

the probability density function (PDF) of the lc associated

with all the El Niño events clearly exhibits two discrete peaks,

suggesting the bimodal nature of El Niño. According to

Fig. 2a, we classify the El Niño events into two groups where

lc is located either to the west or east of 1308W. The

composited SSTA patterns at the peak phase for these two

groups are clearly distinguished (Figs. 2b,c). The former group

is reminiscent of the observed CP El Niño as it sees a weak

center in the CP region. However, in comparison with the ob-

servations (e.g., Kug et al. 2009), the SSTA pattern in this

group extends more eastward. The SSTA pattern being east-

ward extended is attributed to the fact that both mixed CP/EP

and CP El Niño events are included in this group. Thus, we re-

fer to this group of El Niño as the “mixed/CP group.” The sec-

ond group of El Niño exhibits maximum SSTA in the EP

region and is thus called the “EP group.” As will be discussed

later, the difference between mixed CP/EP El Niño and CP El

Niño is much less than their difference with EP El Niño in

terms of the dynamical mechanism. This lends support to our

categorization of El Niño into two groups.

We also performed a long-term simulation with an annual

mean basic state. As shown in Fig. 1b, the pattern diversity as-

sociated with El Niño can still be identified in this scenario.

Compared with that observed with a seasonally varying basic

state, the simulated ENSO behavior in this case does not ex-

hibit much difference, except that there are slightly more

(fewer) occurrences of mixed CP/EP (CP) El Niño events.

In addition to ENSO’s pattern diversity, another interesting

feature shown in Fig. 1a is that, as typically found in observa-

tions, the EP El Niño–like events are followed by prolonged

multiyear La Niña or double-dip La Niña. Such phenomenon

of multiyear La Niña following strong EP-like El Niño has

FIG. 1. 50-yr time evolution of equatorial (58S–58N average)

SSTA (8C) in stochastic simulations with default model parame-

ters. The simulations are subject to (a) a seasonally varying basic

state and (b) an annual mean basic state.

FIG. 2. (a) The probability density function (PDF) of the equato-

rial SSTA centroid longitude lC at the peak phase of El Niño

events. The PDF is estimated based on binned histograms from

the 1000-yr simulation. The width of the bins is 18 in longitude. The

vertical dashed line marks the longitude at 1308W. (b) Composite

of SSTA pattern (8C) at the peak phase of El Niño events in

the mixed/CP group. (c) As in (b), but for the composite in the EP

group. See the text for the criteria of El Niño categorization. The

prescribed basic state of this simulation includes a seasonal cycle.
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also been identified in the observations and climate model

simulations (e.g., Iwakiri and Watanabe 2021). With an an-

nual mean basic state, however, this kind of El Niño/La Niña

duration asymmetry is less obvious. The underlying physics

for the role of the seasonal cycle in multiyear La Niña de-

serves further investigation.

3. Pathway from the ENSO mode toward

ENSO diversity

In Part I, we demonstrated that there is a single linear

ENSO mode in the Cane–Zebiak-type framework. With the

annual mean basic state, this ENSOmode is of near-neutrality,

has a period of about 27 months, and features in situ SSTA

growth and decay centering in the central-eastern Pacific. In

this section, we explore how such a single ENSO mode

leads to multiple ENSO flavors in the long-term simulation

as discussed in section 2. It can be logically speculated that

the nonlinear and stochastic processes present in the long-

term simulation but missing in the linear stability analysis

may play an important role. Although the linear stochastic

simulations shown in Part I do not exhibit the coexistence

of multiple ENSO flavors, the possibility that stochastic

forcing favors ENSO diversity through the nonlinear dy-

namics cannot be ruled out. In this section, we examine

whether and how the nonlinear processes and stochastic

forcing pave the pathway from the ENSO mode toward

ENSO diversity.

a. Role of deterministic nonlinearity with an annual mean

basic state

To isolate the effects of nonlinear processes on ENSO di-

versity, we perform deterministic simulations without stochas-

tic forcing. A series of simulations with nonlinearity smoothly

switched on allows scrutiny of the effects of nonlinear pro-

cesses. This is technically accomplished via varying the dynam-

ical coupling coefficient m, which controls the magnitude of

wind stress response to SSTA forcing (see section 3 in Part I).

The dynamical coupling coefficient has a default value of 1

and it varies from 0.82 to 1.2 with an increment of 0.01 to yield

thirty-nine 1000-yr simulations. All other model parameters are

at their default values. To filter out the impact of ENSO–

seasonal cycle interaction, an annual mean basic state is used.

This allows a direct comparison between the linear stability

analysis and long-term simulation and thus benefits investigat-

ing how nonlinear processes take effect. As indicated in Fig. 3,

an ENSO-like linear mode is identified as the first leading

mode across the above choices of m. This ENSO mode’s fre-

quency and spatial pattern exhibit little sensitivity to m. It has a

period of about 2 years and the maximum SSTA during its peak

phase is located in the central-eastern Pacific. On the other hand,

FIG. 3. (a) Growth rate (yr21) and frequency (yr21) of RCZ’s eigenmodes obtained with a series of linear stability

analyses in which the dynamical coupling coefficient varies from 0.82 to 1.2 with an increment of 0.01. The linear sta-

bility analyses are performed with an annual mean basic state. The colors of the dots denote the values of the dynami-

cal coupling coefficient, with lighter (darker) dots corresponding to weaker (stronger) dynamical coupling. The red

dot marks the ENSO mode (i.e., the first coupled mode) obtained with the dynamical coupling coefficient at its de-

fault value of 1. (b) Dependence of the normalized equatorial SSTA (8C) associated with the ENSOmode at its warm

peak phase on the dynamical coupling coefficient.
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the growth rate of the ENSO mode increases from about

20.5 yr21 to about 0.6 yr21 with increasing m. In the subcritical

(supercritical) regime where the ENSO mode is stable (unsta-

ble), nonlinear processes are expected to play a minor (nonnegli-

gible) role. For this reason, this series of simulations provides a

testbed to investigate the nonlinearity effect by examining the

ENSO behavior across the subcritical and supercritical ENSO

mode regimes.

How the amplitude of SSTA variability, measured by the

standard deviation of equatorial SSTA, varies with increasing

m in long-term simulations is illustrated in Fig. 4a. Not surpris-

ingly, SSTA variability is of negligible magnitude in the sub-

critical ENSO mode regime. For m larger than 0.99, the

ENSO mode becomes unstable. The magnitude of SSTA vari-

ability gets stronger with increasing m. Unlike the ENSO

mode, the SSTA pattern of the simulated ENSO exhibits sig-

nificant sensitivity to m. The maximum SSTA variability is lo-

cated in the central-eastern (far eastern) Pacific in situations

where the ENSO mode is weakly (strongly) unstable. Vari-

ability of zonal wind stress anomaly varies with m in a similar

way as SSTA. For a weakly unstable ENSO mode (e.g., m

smaller than 1.06), the maximum zonal wind stress variability

is in the western Pacific. There is another local center of zonal

wind stress variability in the far eastern Pacific. This local var-

iability center is attributed to the easterly (westerly) response

in the eastern Pacific during El Niño (La Niña). As the maxi-

mum SSTA variability shifts to the eastern Pacific with a

more unstable ENSO mode, the center of zonal wind stress

variability shifts eastward as well. The contrasting ENSO be-

havior between the near-critical and far-supercritical ENSO

mode regimes is also evidenced in the power spectral density

(PSD) of the Niño-3.4 index (Fig. 4b). Alternative choices of

the Niño-3 or Niño-4 index have negligible impact on the fol-

lowing results. In the near-critical regime where the ENSO

mode is marginally unstable, the PSD peaks at a frequency of

about 0.45 yr21, which is about the same as the ENSO mode.

As m increases to 1.2, the dominant frequency depicted by the

maximum PSD is about 0.3 yr21, which significantly deviates

from the ENSO mode’s frequency as denoted by the green

circles in Fig. 4b. Note that PSD does not smoothly vary with

m but exhibits a more complex behavior as m increases. A few

drastic changes in PSD along varying m suggest that the

ENSO behavior undergoes various stages, which are dis-

cussed in detail as follows:

(i) For m between 0.99 and 1.06, the spatial and temporal

characteristics of the simulated ENSO resemble that as-

sociated with the ENSO mode. The dominant frequency

of the Niño-3.4 index is close to the ENSO mode’s fre-

quency (Fig. 4b). The SSTA centroid longitude associ-

ated with simulated El Niño events nearly coincides

with that of the ENSO mode as well (Fig. 4c). With in-

creasing m, the dominant frequency gradually becomes

smaller (Fig. 4b). The slight deviation of the dominant

frequency from that of the ENSO mode may result from

the nonlinear correction effect in the weakly unstable

regime as noted in Jin (1997). A weak secondary spec-

tral peak is identified at about twice the dominant

frequency. This secondary peak corresponds to the sec-

ond harmonic of the dominant frequency and results

from ENSO’s nonlinear self-interaction. Physically, this

harmonic component is related to the El Niño/La Niña

asymmetry. The ENSO behavior at a typical case with

m 5 1.05 is presented in Figs. 5a and 6a. As shown by

the time evolution of the Niño-3.4 index (Fig. 5a) and

equatorial SSTA (Fig. 6a), the coupled system sustains a

regular ENSO cycle that is mixed CP/EP-like. The cor-

responding ENSO orbit, depicted by the trajectory in

the Niño-3.4 index-zonal mean equatorial thermocline

fluctuation (Hm) phase space, features a single closed

loop. The nearly in-quadrature relationship between the

Niño-3.4 index and Hm is consistent with the discharge/

recharge paradigm for ENSO.

(ii) For m between 1.07 and 1.11, strong SSTA variability

extends to the eastern Pacific rather than being confined

to the central-eastern Pacific (Fig. 4a). The dominant fre-

quency of the Niño-3.4 index is about 0.36 yr21(Fig. 4b).

Interestingly, there is another spectral peak at a lower

frequency of about 0.18 yr21. By noticing that the fre-

quency of this spectral peak is half of the dominant

frequency, we can speculate that the simulated ENSO

undergoes a period-doubling bifurcation as m crosses

1.07. To examine this possibility, we present the ENSO

behavior in a typical case with m 5 1.08 in Figs. 5b

and 6b. The phase space trajectory in Fig. 5b clearly

demonstrates that the single ENSO orbit observed with

m smaller than 1.07 splits into two interlocked orbits in

this case. Starting from any ENSO state, the ENSO cycle

regularly travels along these two orbits before returning

to the starting point. The time evolution of equatorial

SSTA for this case is shown in Fig. 6b. Both CP and EP

ENSO are identified, with the former and latter corre-

sponding to the inner and outer ENSO orbit, respec-

tively. The coexistence of two types of El Niño explains

the two peaks in the PDF of the SSTA centroid longi-

tude shown in Fig. 4c. In addition, these two types of

ENSO alternate regularly, making them exhibit equal

occurrences (Fig. 4d). A comparison between the inner

ENSO orbit shown in Fig. 5b and the single orbit shown

in Fig. 5a indicates that they qualitatively resemble each

other. There is a phase shift between them attributed to

the fact that the Niño-3.4 index and zonal mean thermo-

cline fluctuation shown in Fig. 5 are anomalies about

their long-term average, which exhibit differences among

simulations. If the long-term averaged state variables are

not removed prior to analysis, the ENSO orbit with

m 5 1.05 is close to the inner ENSO orbit with m 5 1.08

except for a slight difference in size. The El Niño pat-

terns associated with these two orbits are close to each

other, and both exhibit maximum SSTA in the central-

eastern Pacific (not shown). By observing that such an El

Niño pattern resembles the SSTA pattern at the peak

phase of the ENSO mode, we speculate that both the

mixed CP/EP El Niño simulated with m 5 1.05 and the

CP-type El Niño simulated with m 5 1.08 essentially rep-

resent an ENSO mode subject to quasi-linear or weakly
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nonlinear dynamics. Although these two types of El Niño

exhibit some pattern difference as shown in Figs. 6a

and 6b, they are subject to the same dynamics. The differ-

ence between their patterns is due to the fact that they are

defined as anomalies to different reference states. The EP

El Niño simulated with m 5 1.08, on the other hand, can

be understood as a highly distorted ENSO mode subject

to strongly nonlinear dynamics. It should be noted that in

FIG. 4. Dependence of the (a) standard deviation of equatorial SSTA (shaded; 8C) and zonal wind stress anomaly

(contour; N m22; contour level: 0.003 N m22), (b) logarithmic power spectral density (PSD; shaded) of the Niño-3.4

index, (c) PDF of the SSTA centroid longitude associated with El Niño, and (d) number of El Niño occurrences in

the mixed/CP group (blue bar) and EP group (red bar) per 100 years on the dynamical coupling coefficient. In

(a), the horizontal dashed line marks the critical dynamical coupling coefficient at which the ENSO mode is neutral.

In (b), the horizontal axis is the frequency (yr21). The green circles and blue crosses mark the frequency of the ENSO

mode obtained with the observed basic state and the ENSO-rectified basic state in long-term simulations, respectively.

See the text in section 4 for the definition of ENSO-rectified basic state. The two triangles mark the frequencies at f0/2

and f0, with f0 5 0.36 yr21. The green circles and blue crosses in (c) are similar to those in (b) but mark the centroid

longitude of SSTA at the warm peak phase associated with the ENSOmode. The simulations are subject to an annual

mean basic state, and stochastic forcing is switched off.
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general cases where realistic ENSO diversity is simulated,

such as the simulations discussed in section 2, both mixed

CP/EP and CP El Niño can also be identified without re-

moving the long-term average. This suggests CP El Niño

may also be subject to local dynamical processes directly

driven by WWBs, which needs further investigation.

(iii) As m further increases to 1.12, the simulated ENSO be-

comes aperiodic and exhibits irregular behavior (Fig. 5c).

The two ENSO orbits observed with slightly smaller m fur-

ther split into more distinct orbits. This ENSO irregularity

is also reflected in the broad power spectrum of Niño-3.4

index (Fig. 4c) and irregular occurrences of CP and EP

ENSO (Fig. 6c). To explore how this chaotic ENSO behav-

ior emerges, we focus on the range of m around 1.12. Spe-

cifically, a series of simulations with m varying from 1.11 to

1.13 with an increment of 0.001 is performed. The PSD of

FIG. 5. (a) Shown at left is the 50-yr time series of the Niño-3.4 index (8C) and at right the

phase space trajectory plot comprising scatters of the 300-yr Niño-3.4 index and zonal mean

equatorial (58S–58N average) thermocline fluctuation (Hm; m) in a simulation where the dynami-

cal coupling coefficient is 1.05. (b)–(d) As in (a), but with the dynamical coupling coefficient at

1.08, 1.12, and 1.15, respectively. The simulations are subject to an annual mean basic state, and

stochastic forcing is switched off.
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the Niño-3.4 index in some typical simulations with differ-

ent m is shown in Fig. 7. As m increases from 1.111 to

1.115, a sequence of period doubling, also known as a

period-doubling cascade, is clearly identified. The spectral

peaks corresponding to these doubled periods are labeled

with fractions of the dominant frequency f0 in each subplot.

The other discrete spectral peaks represent subharmonics

of these doubled periods resulting from their nonlinear in-

teractions. This period-doubling cascade eventually leads

to chaotic ENSO behavior at larger m, for example, at

m 5 1.118. As m increases further, the broad power spec-

trum gradually gives its way to discrete spectral peaks

again, which will be discussed next.

(iv) For m larger than 1.13, a regular oscillation of the Niño-

3.4 index and a single ENSO orbit in a typical case with

m 5 1.15 indicate that the nonlinear coupled system sus-

tains a stable limit cycle (Fig. 5d). Regular EP ENSO

occurrences are identified (Fig. 6d). This kind of ENSO

behavior explains the existence of a dominant spectral

peak at 0.3 yr21 along with its harmonics (Fig. 4b) and a

single peak of SSTA centroid longitude in the EP region

(Fig. 4c).

As can be seen from the above analysis, the ENSO behav-

ior depends sensitively on the stability of the ENSO mode.

With relatively small m, the ENSO mode is near-neutral or

weakly unstable, and the nonlinearity effect is relatively

weak. The simulated ENSO resides in the weakly nonlinear

regime as the ENSO behavior resembles that of the ENSO

mode in terms of the frequency and SSTA pattern. With a

sufficiently large m, the ENSO mode is strongly unstable,

making the coupled system subject to a strong nonlinearity

effect. In this strongly nonlinear regime, the coupled system

sustains a stable EP ENSO-like nonlinear oscillation. Both

CP and EP El Niño are captured within the in-between

range of m, which is also referred to as the diversity regime.

The coexistence of both types of El Niño clearly demon-

strates that deterministic nonlinear processes are sufficient

to lead to ENSO diversity. It is important to note, however,

that realistic ENSO diversity with irregular occurrences of

the two types of El Niño can only be simulated within a tiny

range of m. In addition, ENSO diversity is not reproduced

under the observed climate condition where the ENSO

mode is near-neutral (i.e., m being close to 1 in the current

model setting).

FIG. 6. 50-yr time evolution of equatorial SSTA (8C) in the simulations where the dynamical coupling coefficient is (a) 1.05, (b) 1.08,

(c) 1.12, and (d) 1.15. The simulations are subject to an annual mean basic state, and stochastic forcing is switched off.
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b. Role of ENSO–seasonal cycle interaction

All the above analysis is based on simulations with an an-

nual mean basic state. Previous studies clearly illustrated the

importance of the climatological seasonal cycle in ENSO’s

temporal complexity (Jin et al. 1994, 1996; Stuecker et al.

2013, 2015; Chen and Jin 2020). Here, we examine how the

seasonal cycle in the basic state influences RCZ-simulated

ENSO behavior, particularly ENSO diversity. More specifi-

cally, similar simulations as above but with a seasonally vary-

ing basic state are performed. To focus on the effects of

deterministic nonlinearity, stochastic forcing is kept switched

off. As shown in Fig. 8a, finite-amplitude SSTA variability is

identified in the subcritical regime of the ENSO mode. This

may be attributed to an unstable ENSO mode with boreal

summer basic state (see Fig. 4b in Part I). The ENSO behav-

ior shows similar sensitivity to the stability of the ENSO

mode as observed with an annual mean basic state. The three

regimes of ENSO behavior noted previously are identified as

follows:

(i) With relatively small m (i.e., smaller than 1.03), for ex-

ample, at m 5 1, the simulated ENSO features regular

mixed CP/EP El Niño occurrences (Fig. 9a). Corre-

spondingly, there is a single peak in the PDF of SSTA

centroid longitude (Fig. 8c). This ENSO behavior is thus

classified as residing in the weakly nonlinear regime noted

before with an annual mean basic state. Interestingly, the

dominant frequency within this range of m exactly equals

0.5 yr21 and does not change with m (Fig. 8b). This phe-

nomenon, named frequency-locking, results from the sub-

harmonic resonance between ENSO and the seasonal

cycle, which means that ENSO’s frequency is locked to

the so-called “Arnold tongues” at rational fractions of the

annual frequency. Within this range of m, the original fre-

quency at about 0.45 yr21 (see Fig. 4b) is entrained to a

nearby Arnold tongue at 1/2 of the annual frequency.

(ii) With m larger than 1.18, the simulated El Niño events

are all EP-like (Fig. 9d), suggesting the nature of this re-

gime of ENSO behavior as the strongly nonlinear re-

gime. The dominant frequency of ENSO, which is about

0.3 yr21 in simulations with an annual mean basic state,

is entrained and locked to 1/3 of the annual frequency

(Fig. 8b). This is again attributed to ENSO’s subharmonic

resonance with the seasonal cycle. There is another peak

in the PSD of the Niño-3.4 index with a slightly smaller

power at 2/3 yr21. This secondary peak can be interpreted

as a combination tone between the dominant ENSO fre-

quency and annual frequency.

(iii) The in-between range of m from 1.04 to 1.17 corre-

sponds to a diversity regime of ENSO as both CP and

EP El Niño events can be identified (Figs. 8c,d). In addi-

tion, the relative occurrence of the two types of El Niño

events varies with m. More specifically, CP (EP) El Niño

sees less (more) frequent occurrences as m increases.

Compared with its counterpart with an annual mean ba-

sic state, the ENSO behavior in the current situation ex-

hibits two extinct features. First, irregular occurrences of

CP and EP El Niño are universal in this diversity re-

gime. An example of this ENSO irregularity is provided

in the equatorial SSTA time evolution in the simulation

where m 5 1.05 (Fig. 9b). Note that with an annual

mean basic state, the two types of El Niño regularly al-

ternate at this value of m (Fig. 6b). Second, as can be

speculated from a comparison between Figs. 8d and 4d,

ENSO diversity is observed in a larger range of m in this

situation than that with an annual mean basic state. An

example of ENSO diversity at m 5 1.15, where there is

no ENSO diversity with an annual mean basic state, is

provided in Fig. 9c. Both of the above two features are

related to the fact that the existence of the basic state

seasonal cycle favors a chaotic nature of ENSO. Previ-

ous studies (e.g., Jin et al. 1994; Tziperman et al. 1994)

demonstrated that the ENSO-seasonal cycle interaction

leads to chaotic ENSO behavior through the overlap-

ping of frequency-locked subharmonic resonances. This

route to chaos is identified in our simulations as well

(Fig. 10). As m decreases from 1.2 to 1.15, the ENSO be-

havior experiences a so-called “devil’s staircase” route

from periodic to chaotic. More specifically, at m 5 1.18,

the ENSO frequency is discretized into multiple Arnold

tongues at 1/6, 1/3, 1/2, 3/3, and 5/6 of the annual fre-

quency, which contrasts with the two spectral peaks in

the simulation where m 5 1.2. At m 5 1.17, more Arnold

FIG. 7. The PSD of the Niño-3.4 index in simulations with differ-

ent dynamical coupling coefficients. For each simulation, the corre-

sponding dynamical coupling coefficient is noted in the top-right

corner. The simulations are subject to an annual-mean basic state,

and stochastic forcing is switched off.
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tongues at another sequence of fractions of the annual

frequency are identified. As m further decreases, the

PSD of the Niño-3.4 index generally tends to exhibit a

broad spectrum that suggests the overlapping of Arnold

tongues, although discrete spectral peaks can still be

identified for a few values of m such as 1.14 and 1.12.

Both the multiple discrete spectral peaks and the broad

spectrum indicate chaotic ENSO behavior. It should be

noted that the aforementioned period-doubling mecha-

nism for ENSO diversity still takes effect with the pres-

ence of a seasonally varying basic state. For m between

1.04 and 1.12, the dominant frequency of ENSO is about

3/8 of the annual frequency, another Arnold tongue of the

seasonal cycle. At a lower frequency, a PSD with a weak

center close to half of the dominant frequency is identified

as well, which is in support of the period-doubling mecha-

nism. Another spectral peak at 5/8 yr21 represents a com-

bination tone between the dominant ENSO frequency

and the annual frequency. Compared with that shown in

Fig. 4b, PSD is more smoothly dependent on frequency

throughout this range of m (Fig. 8b). This is because the in-

tertwining of the period-doubling cascade and the ENSO’s

subharmonic resonance with the seasonal cycle efficiently

contributes to ENSO irregularity.

FIG. 8. As in Fig. 4, but for the simulations with a seasonally varying basic state. In (b), the triangle marks the

frequency at 1/2 yr21, and the reverse triangles at 1/3 and 2/3 yr21.
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c. Role of stochastic forcing

In the previous subsections, we demonstrated the essential

role of deterministic nonlinearity for ENSO diversity. How-

ever, the picture is incomplete because ENSO diversity does

not exist in simulations with a default value of m. In this sub-

section, we explore how stochastic forcing further contributes

to ENSO diversity. This is technically realized via performing

simulations as above but with the inclusion of stochastic

forcing.

The ENSO behavior in a series of stochastic simulations

with varying m is shown in Fig. 11. The prescribed basic state

includes a seasonal cycle. As shown in Figs. 11a and 11b,

finite-amplitude SSTA is observed in simulations where m is

smaller than 0.9, in contrast to that shown in Fig. 8. Within

this range of m, the ENSO activity is primarily initiated and

sustained by stochastic forcing. The simulated ENSO events

exhibit features resembling the ENSO mode and are mixed

CP/EP-like. Irregular ENSO occurrences are identified in this

situation (not shown). Such ENSO irregularity induced by

stochastic forcing in the stable ENSO regime was also noted

by Chang et al. (1996). The more frequent occurrences of El

Niño events with increasing m are due to the fact that a less

stable coupled system allows more ENSO events with an am-

plitude that exceeds the threshold to take place. At the large

end of m, the SSTA variability shown in Fig. 11a resembles

that shown in Fig. 8a, indicating that the effect of stochastic

forcing on energizing ENSO activity saturates when the cou-

pled system is strongly nonlinear. An important implication

from Fig. 11 is that the diversity regime originally identified in

Fig. 8 is further broadened, especially toward the lower end of

m. ENSO diversity is identified with m larger than 0.96 rather

than 1.04 as in the deterministic simulations. This explains

why multiple ENSO flavors are captured in the stochastic

simulation with a default value of m as shown in Fig. 1a. The

effect of stochastic forcing on broadening the diversity regime

can also be identified in the simulations with an annual mean

basic state (Fig. 12). The range of diversity m seeing multiple

types of ENSO is between 1.07 and 1.12 in the deterministic

simulations (Fig. 4d) but expands significantly toward both

ends of m in the stochastic simulations (Fig. 12d).

Another salient difference between the deterministic and

stochastic simulations is that, upon incorporating stochastic

FIG. 9. 50-yr time evolution of equatorial SSTA (8C) in simulations where the dynamical coupling coefficient is (a) 1.0, (b) 1.05, (c) 1.15,

and (d) 1.2. The simulations are subject to a seasonally varying basic state, and stochastic forcing is switched off.
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forcing, the discrete PSD peaks in Figs. 4b and 8b, originally

identified in the deterministic simulations, are smoothed and

replaced by a relatively broad power spectrum centering

around the dominant frequency (Figs. 11b and 12b). The har-

monic components that manifested as spectral peaks at multi-

ples of the dominant frequency, especially those shown in

Fig. 4b, are no longer observable. This smearing effect in-

duced by stochastic forcing was also noted by Chang et al.

(1996), Wang et al. (1999), and Jin et al. (2020). However, it is

interesting to note that a secondary spectral peak still exists

across the diversity regime and the strongly nonlinear regime

in the stochastic simulations with a seasonally varying basic

state. As discussed previously, this secondary spectral peak

with a relatively high frequency represents a combination

tone of ENSO and the seasonal cycle. It is related to the

double-dip La Niña following EP El Niño, a phenomenon

only observed with a seasonally varying basic state.

To better illustrate the effect of stochastic forcing, we ex-

amine how the ENSO behavior changes with varying intensi-

ties of stochastic forcing. This is realized via performing a

series of simulations in which the nondimensional parameter

controlling the intensity of stochastic forcing Istc increases

from 0 to 2 with an increment of 0.1. As shown in Fig. 13, the

simulated ENSO is dominated by mixed/CP El Niño when

stochastic forcing is weak. However, more EP El Niño occur-

rences are identified with a stronger intensity of stochastic

forcing. This result confirms our finding that stochastic forcing

favors ENSO diversity. It also has implications for the effect

of state-dependent noise. Previous observational studies sug-

gested that WWBs are modulated by the underlying SST asso-

ciated with ENSO (Eisenman et al. 2005; Tziperman and Yu

2007; Seiki and Takayabu 2007; Puy et al. 2016). More fre-

quent occurrences or stronger intensity of WWBs during

El Niño are expected to efficiently excite EP El Niño and thus

favor ENSO diversity, which is consistent with Chen et al.

(2015).

4. Relationship among the climate mean state, ENSO

activity, and ENSO diversity

Previous observational studies revealed a relationship be-

tween the climate mean state (or low-frequency climate vari-

ability) and intensity of ENSO variability (e.g., Jin et al. 2003;

Rodgers et al. 2004; Yeh and Kirtman 2004). A connection

between the mean state and preferred ENSO flavor was also

identified in climate model simulations (e.g., Choi et al. 2011,

2012). In this section, we examine whether such a mean state–

ENSO relationship is observed in RCZ simulations.

A nonlinear simulation with an anomaly model such as

RCZ is typically accompanied by a climate drift manifested as

nonzero long-term averaged state variables, especially in sit-

uations where the nonlinearity effect is significant. The cli-

mate drift pattern associated with the simulation under the

observed climate condition is shown in Fig. 14a. It features a

slightly warmer cold tongue and cooler warm pool compared

with the observations. Corresponding to this decreased mean

zonal temperature gradient, a weakened Walker circulation

and a deepened (shoaled) thermocline in the eastern (west-

ern) Pacific can be identified. How the equatorial SST drift

depends on m, or equivalently on ENSO mode stability, is

shown in Fig. 15. In all three sets of simulations, the SST drift

gets stronger with increasing m. As discussed in section 3, the

ENSO behavior exhibits similar dependence on m as well.

More specifically, as m increases, ENSO exhibits stronger

activity as evidenced by the larger amplitude of SSTA vari-

ability, and EP (CP) El Niño sees more (less) frequent occur-

rences. This result indicates a possible relationship between the

mean state and ENSO behavior in RCZ. To further test this hy-

pothesis, we examine if this relationship applies on a decadal-to-

multidecadal time scale using the simulation with default model

settings. In the following discussion, decadal variability indicates

variability on and above the decadal time scale.

After removing the climate drift, a 20-yr running average is

applied to the model variables to capture the mean state

decadal variability. The first empirical orthogonal function

(EOF) mode of the SST decadal variability, of which the ex-

plained variance reaches 83%, exhibits maximum SSTA in

the eastern Pacific (Fig. 14b). Accordingly, we use a mean

state index T̃EP, defined as the 20-yr running averaged SSTA

over the Niño-3 region, to quantify the mean state decadal

variability. The mean state index can also be defined as the

20-yr running averaged SSTA over the eastern Pacific minus

that over the western Pacific. As this alternative index shows

a high correlation coefficient (0.98) with T̃EP, the latter is cho-

sen for simplicity. We also define three ENSO indices to

quantify the decadal variability of ENSO behavior. The first

two ENSO indices are the standard deviation and skewness of

the Niño-3.4 index in the 20-yr running window. These two in-

dices measure the decadal variation of ENSO activity and

FIG. 10. As in Fig. 7, but for the simulations subject to a season-

ally varying basic state. Each fraction number denotes the fre-

quency of the corresponding spectral peak.
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ENSO asymmetry, respectively. The skewness is calculated

following An and Jin (2004). The third ENSO index is the

ENSO flavor index. It is defined as (NEP 2NCP)/(NEP 1NCP),

where NEP and NCP are the EP and CP El Niño occurrences

within the running window, respectively. In situations where

this index is close to 1 (21), EP (CP) El Niño is preferred over

CP (EP) El Niño. A comparison between the time series of

the mean state index T̃EP and three ENSO indices is shown in

Fig. 16. There is a close relationship between the mean state

index and all three ENSO indices. The correlation coefficients

all reach the 99.99% significance level. During epochs with

cold tongue warming, or equivalently weakened mean zonal

temperature gradient, ENSO exhibits stronger variability. In

addition, EP (CP) El Niño sees more (less) frequent occur-

rences. The covariation of ENSO activity and preferred

ENSO flavor can be understood by recalling that EP El Niño

is of stronger amplitude than CP El Niño. EP El Niño being

more favored also explains the stronger positive skewness of

the Niño-3.4 index because El Niño–La Niña asymmetry is

more evident during EP El Niño than CP El Niño. The above

results clearly confirm that the close relationship among the

mean state, ENSO activity, and ENSO diversity identified

with the climate drift can be observed on the decadal time

scale as well.

Previous studies suggested that the mean state–ENSO rela-

tionship may result from ENSO’s nonlinear rectification effect

FIG. 11. As in Fig. 4, but for the simulations with a seasonally varying basic state and driven by stochastic forcing.
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on the mean state associated with El Niño–La Niña asymme-

try on the one hand (e.g., Rodgers et al. 2004; Choi et al. 2009,

2012; Liu et al. 2022), and from the climate mean state’s con-

trol of ENSO properties on the other hand (Choi et al. 2009,

2011). As shown in Fig. 15, the mean state index is about in

phase with the ENSO indices. A lead–lag correlation coeffi-

cient exhibits maximum correlation at a zero lead/lag. Thus, it

is difficult to separate the two-way interaction between the

mean state and ENSO. However, ENSO behavior being mod-

ulated by the mean state can indeed be identified in our analy-

sis. For example, the phenomenon of a cold tongue warming

being accompanied by more EP El Niño occurrences may be

understood from the perspective that a weakened mean zonal

temperature gradient is inducive to a more EP-like ENSO

mode (see Part I). To better illustrate this, we perform linear

stability analyses with the ENSO-rectified basic state associ-

ated with simulations presented in section 3a and examine if

the ENSO mode properties are consistent with long-term sim-

ulated ENSO behavior. The ENSO-rectified basic state is ob-

tained by superposing the climate drift onto the originally

prescribed basic state. As shown in Fig. 4b, the frequency of

the ENSO mode corresponding to the ENSO-rectified basic

state, denoted by blue crosses, matches well with the domi-

nant spectral peak in the nonlinear long-term simulation

across different ENSO regimes. In addition, in the strongly

nonlinear regime where EP El Niño is dominant, the SSTA

FIG. 12. As in Fig. 4, but for the simulations with an annual mean basic state and driven by stochastic forcing.
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centroid longitude associated with the ENSO mode shifts

slightly eastward once the climate drift is included in the basic

state (Fig. 4c). However, there is a significant discrepancy in

SSTA centroid longitude between the simulated ENSO and

the ENSO mode. The above features demonstrate that

ENSO’s rectification effect on the mean state is relevant to

the change in ENSO behavior across different regimes. How-

ever, this linear argument is insufficient to fully explain the

dominance of EP El Niño in the strongly nonlinear regime,

especially in terms of the spatial pattern. It is thus speculated

that EP El Niño is strongly subject to nonlinear dynamics.

The mean state’s control on ENSO diversity is also evidenced

by the finding that dependence of the preferred ENSO flavor

on climate conditions generally resembles that of the ENSO

mode, which is solely determined by the prescribed climate

condition. Inspired by Part I, we examined ENSO diversity in

a two-dimensional parameter space spanned by varying inten-

sities of the zonal advective feedback and thermocline feed-

back. As demonstrated in Part I, the ENSO mode exhibits

more CP-like and EP-like features with stronger zonal advec-

tive feedback and thermocline feedback, respectively (see

Fig. 11 in Part I). Consistent with that, more frequent occur-

rences of El Niño in the mixed/CP group and EP group are

observed at the strong end of zonal advective feedback and

thermocline feedback, respectively (Fig. 17). Note that the EP

El Niño does not exist when the ENSO mode is strongly sta-

ble (i.e., both the two feedbacks see weak intensities). The

lack of ENSO diversity in this situation is consistent with our

findings discussed in the previous section.

5. Summary and discussions

Under the observed climate condition, realistic ENSO di-

versity characterized by irregular occurrences of CP and EP

El Niño is successfully captured in long-term RCZ simula-

tions with either a seasonally varying or an annual mean basic

state. Some interesting features of ENSO pattern diversity

and temporal complexity are identified in these simulations.

The background seasonal cycle is found to play an important

role in the El Niño–La Niña duration asymmetry, particularly

the emergence of multiyear La Niña. The relevant physical

process involved merits further investigation.

As demonstrated in Part I of this two-part study, there is a sin-

gle leading ENSO mode under the observed climate condition.

How this ENSOmode leads to the coexistence of CP and EP El

Niño is investigated in this paper. By systematically exploring

the ENSO behavior across the subcritical-to-supercritical regime

FIG. 13. The number of El Niño occurrences in the mixed/CP

group (blue bar) and EP group (red bar) per 100 years in simula-

tions where the relative amplitude of stochastic forcing Istc in-

creases from 0 to 2 with an increment of 0.1. The simulations are

subject to a seasonally varying basic state.

FIG. 14. (a) 1000-yr averaged SSTA (shaded; 8C), thermocline

depth (contour; m), and surface wind stress (vector; N m22) in the

stochastic simulation with a seasonally varying basic state and de-

fault model parameters. (b) The first EOF mode of SSTA decadal

variability. See the text on how the decadal variability is defined.

The explained variance of this mode is indicated at the top right of

the figure.
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for the ENSO mode, we propose a nonlinear pathway from

ENSO mode toward ENSO diversity. A schematic diagram of

this mechanism is provided in Fig. 18.

The ENSO behavior in long-term simulations is sensitively

dependent on the stability of the ENSO mode, which deter-

mines the intensity of the nonlinearity effect of the coupled

system. Stochastic forcing is another important factor deter-

mining ENSO behavior. Without stochastic forcing, the cou-

pled system sustains a limit cycle solution when the ENSO

mode is weakly unstable. This limit cycle solution exhibits

ENSO mode-like spatiotemporal characteristics. In contrast,

regular EP ENSO events are identified when the ENSO

mode becomes strongly unstable. ENSO diversity is observed

within the in-between range of ENSO mode stability. Two

nonlinear routes to chaos are relevant to the emergence of

ENSO diversity within this range. As the ENSO mode be-

comes increasingly unstable starting from being near-neutral

or weakly unstable, the single ENSO orbit experiences a

period-doubling bifurcation and splits into coexisting CP-like

and EP-like orbits. With an annual mean basic state, the two

types of ENSO regularly alternate within a relatively narrow

range of ENSO mode stability near moderately unstable.

Near the upper bound of this range, the period-doubling cas-

cade results in chaotic ENSO behavior featuring irregular oc-

currences of CP and EP ENSO. With a seasonally varying

basic state, the overlapping subharmonic resonances between

ENSO and the seasonal cycle allow ENSO irregularity and di-

versity to occur within a wider range of ENSO mode stability.

Both the period-doubling and subharmonic resonance route

to chaos were proposed to explain ENSO irregularity in previ-

ous studies (Münnich et al. 1991; Jin et al. 1994; Tziperman

et al. 1994). In this paper, we further demonstrate that they

are also relevant for ENSO diversity. In addition to these two

deterministic routes to chaos, stochastic forcing functions as

another source of ENSO irregularity and diversity. Once sto-

chastic forcing is included, the range of ENSO mode stability

seeing ENSO diversity is broadened toward both ends. This

explains the existence of ENSO diversity under the observed

climate condition where the ENSO mode is near-neutral.

Note that the diversity regime occurs within a relatively small

range of the ENSO mode stability, even with the presence of

stochastic processes. Either a too-stable or too-unstable ENSO

mode precludes ENSO diversity. Such a relatively narrow di-

versity regime may have important implications for why state-

of-the-art climate models generally have difficulties capturing

ENSO diversity to a satisfying degree. A diagnosis of the

ENSO mode’s stability in climate models and how it is related

to the model performance in simulating ENSO diversity will be

investigated in a future study. It needs to be pointed out that

the dynamical coupling and thermal damping exhibit a cancella-

tion effect on ENSO activity (Lloyd et al. 2009). It deserves fur-

ther investigation whether the range of diversity regime can be

broadened if this cancellation effect is considered.

Our findings in this study clearly demonstrate the importance

of nonlinear dynamics for EP El Niño. This finding supports the

argument by Takahashi et al. (2011) that EP El Niño is essen-

tially an extreme manifestation of the ENSO phenomenon.

Without stochastic forcing, EP El Niño can only be simulated

when the ENSO mode is unstable. Self-growth of the unstable

ENSO mode leads to a finite-amplitude ENSO oscillation and

kick-starts the nonlinear processes. When the ENSO mode is

stable or near-neutral, finite-amplitude stochastic forcing effec-

tively initiates the nonlinear processes. Identification of the

most relevant nonlinear processes for ENSO diversity is beyond

FIG. 15. Dependence of 1000-yr averaged equatorial SSTA (8C) on dynamical coupling coefficient in simulations (a) with an annual

mean basic state and without stochastic forcing, (b) with a seasonally varying basic state and without stochastic forcing, and (c) with a sea-

sonally varying basic state and with stochastic forcing.
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the scope of this study. Here, we briefly discuss the effect of at-

mospheric nonlinearity, which was suggested to play a key role

in ENSO diversity in previous studies (Williams and Patricola

2018; Okumura 2019; Geng et al. 2020). We performed a long-

term stochastic simulation with the nonlinear atmospheric

processes switched off. This is technically realized through

(i) removing the nonlinear terms (i.e., quadratic and cubic

terms) in the convective heating parameterization (see section 3

in Part I) and (ii) removing the state-dependent part of WWB.

The result (not shown) indicates that ENSO diversity identified

in simulations discussed in previous sections becomes much less

evident once atmospheric nonlinearity is switched off. Instead,

the simulated ENSO features irregular occurrences of the

ENSO mode-like events in these simulations. This finding indi-

cates that the atmospheric nonlinear processes may indeed facil-

itate ENSO diversity. Whether and how oceanic nonlinear

processes (e.g., nonlinear dynamical heating and nonlinear

subsurface temperature response to thermocline fluctuation)

contribute to ENSO diversity simulated with RCZ will be ex-

plored in a future study. With a more comprehensive model, we

can further investigate the effect of other nonlinear processes,

such as ENSO-tropical instability wave (TIW) interaction, on

ENSO diversity.

Even though a nonlinear pathway toward ENSO diversity

has been put forth using a Cane–Zebiak-type framework in

the present study, we would like to point out that the possibil-

ity of linear dynamics contributing to ENSO diversity cannot

be ruled out. As we mentioned in Part I, whether there exists

more than one ENSO mode in a framework resolving more

physical processes relevant to ENSO diversity still needs to

be explored. Therefore, the fundamental dynamics of ENSO

diversity merits further investigation with a more comprehen-

sive theoretical framework.

In this study, a close relationship among the climate mean

state, ENSO activity, and ENSO diversity is identified. Such a

relationship results from a two-way interaction between the

FIG. 16. (a) Time series of the amplitude of Niño-3.4 index (solid red line; 8C) and time-averaged

SSTA over the Niño-3 region (dashed blue line; 8C) in the 20-yr running window. (b) As in (a), but

with the red line denoting the skewness of the Niño-3.4 index in the 20-yr running window. (c) As

in (a), but with the red line denoting the ENSO flavor index. See the text for the definition of the

ENSO flavor index. All the indices are calculated from the stochastically driven simulation with a

seasonally varying basic state default model parameters. In each plot, the correlation coefficient

between the red and blue lines is noted in the top-right corner.
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mean state and ENSO. A weakened mean zonal temperature

gradient is shown to be accompanied by a stronger intensity

of ENSO variability and more (fewer) occurrences of EP

(CP) El Niño. The relationship between the mean zonal tem-

perature gradient and ENSO activity has also been noted in

previous research. Some studies support the relationship be-

tween a weakened mean zonal temperature gradient and a

stronger ENSO activity on the decadal-to-multidecadal time

scale or vice versa (e.g., Yeh and Kirtman 2004; Burgman et al.

2008; Ogata et al. 2013; Okumura et al. 2017; An et al. 2018;

Hu and Fedorov 2018; Wyman et al. 2020). However, a recent

study by Callahan et al. (2021) found that climate models

robustly project a decreased ENSO activity with a weakened

mean zonal temperature gradient on the millennium time scale.

Therefore, the direction of this ENSO activity–mean zonal tem-

perature gradient relationship, especially how it depends on the

time scale of climate variability, still needs to be further studied.

In contrast to the ENSO activity–mean state relationship, the

correlation between ENSO activity and ENSO diversity was not

widely studied previously. Consistent with our findings, an obser-

vation analysis by Sun and Yu (2009) suggested that El Niño

tends to be located in the EP (CP) region during epochs when

ENSO activity is strong (weak). Whether such a correlation can

be identified during the observed shift of preferred ENSO type,

such as around the late 1970s and the early 2000s, is an interest-

ing topic for further study.

The tropical Pacific decadal variability identified in this study

may exclusively result from the intrinsic mean state–ENSO inter-

action. It may also be initiated by the decadal component of sto-

chastic forcing and then sustained by the mean state–ENSO

interaction. To test which of the two pathways is more relevant,

we may simply force the model with a high-frequency-only sto-

chastic forcing and examine whether the decadal variability still

exists. The decadal variability in nature may also arise from low-

frequency forcing external to the tropical Pacific climate system,

such as Atlantic multidecadal oscillation, the solar cycle, volcano

activities, and anthropogenic forcing (Power et al. 2021, and

references therein). Whether the internal dynamics or external

forcing is more relevant to decadal variability has not been fully

addressed (Fedorov et al. 2020). With RCZ, we may be able to

compare the relevance of these two processes by individually

tuning the intensity of mean state–ENSO interaction (e.g., via

tuning model parameters to control the intensity or preferred fla-

vor of ENSO) and prescribed low-frequency external forcing.
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