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The El Niño-Southern Oscillation (ENSO) phenomenon features rich sea surface
temperature (SST) spatial pattern variations dominated by the Central Pacific (CP) and
Eastern Pacific (EP) patterns during its warm phase. Understanding such ENSO pattern
diversity has been a subject under extensive research activity. To provide a framework for
unveiling the fundamental dynamics of ENSO diversity, an intermediate coupled model
based on the Cane-Zebiak-type framework, named RCZ, is established in this study.
Compared with the original Cane-Zebiak model, RCZ consists of revised model
formulation and well-tuned parameterization schemes. All model components are
carefully validated against the observations via the standalone mode, in which the
observed anomalous SST (wind stress) forcing is prescribed to drive the atmospheric
(oceanic) component. The superiority of RCZ’s model components over those in the
original Cane-Zebiak model is evidenced by their better performance in simulating the
observations. Coupled simulation with RCZ satisfactorily reproduces aspects of the
observed ENSO characteristics, including the spatial pattern, phase-locking, amplitude
asymmetry, and, particularly, ENSO diversity/bi-modality. RCZ serves as a promising tool
for studying dynamics of ENSO diversity as it resolves most of the relevant processes
proposed in the literature, including atmospheric nonlinear convective heating, oceanic
nonlinear dynamical heating, and the ENSO/westerly wind burst interaction.
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1 INTRODUCTION

The El Niño-Southern Oscillation (ENSO), a basin-scale atmosphere-ocean coupled phenomenon, is
the dominant interannual climate variability in the tropics. Since the Tropical Ocean-Global
Atmosphere (TOGA) decade, extensive observational studies have unveiled the ENSO temporal
complexity and inter-event pattern diversity (Timmermann et al., 2018, and references therein). El
Niño exhibits rich diversity in the sea surface temperature anomaly (SSTA) pattern at its mature
phase and is accordingly categorized into two types/flavors- Eastern Pacific (EP) El Niño and Central
Pacific (CP) El Niño (Larkin and Harrison, 2005; Ashok et al., 2007; Kao and Yu, 2009; Kug et al.,
2009; Yeh et al., 2009; Ren and Jin, 2011). Corresponding to the contrasting spatial pattern and
magnitude of the associated SSTA, the two types of El Niño exhibit substantial differences in their
impacts (see review articles by Yang et al., 2018; Taschetto et al., 2020; Cai et al., 2021). In contrast to
El Niño, La Niña exhibits less obvious pattern diversity (Kug and Ham, 2011).

The distinct feedback processes associated with the two types of El Niño have been well
documented. Growth of SSTA during EP and CP El Niño events is accomplished by different
combinations of thermocline feedback and zonal advective feedback, with the latter being more (less)
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important for CP (EP) El Niño (Kug et al., 2009; Capotondi, 2013;
Ren and Wang, 2020; Wang and Ren, 2020). The discharge/
recharge paradigm serves as delayed-negative feedback and thus
contributes to the phase transition of EP El Niño. Such a slow
oceanic adjustment process, however, is less distinct for CP El
Niño (Kug et al., 2010; McPhaden, 2012; Capotondi, 2013; Ren
and Jin, 2013).

A large amount of research efforts has been put forth to
advance our understanding of the coexistence of the two types
of El Niño. The current understanding of ENSO diversity is
generally classified into two camps, representing two distinct
possible pathways. The first understanding, which is essentially
from the linear perspective, underscores the role played by
stochastic processes in generating the two types of ENSO
through exciting either two coexisting ENSO-like linear modes
or distinct optimal growth (Bejarano and Jin, 2008; Newman
et al., 2011a; Newman et al., 2011b; Vimont et al., 2014; Vimont
et al., 2022; Chen et al., 2015; Hayashi and Watanabe, 2017; Xie
and Jin, 2018). The other understanding emphasizes the effect of
nonlinear processes and speculates that the two types of ENSO
represent the moderate and extreme regimes of the universal
ENSO phenomenon (Takahashi et al., 2011; Takahashi and
Dewitte, 2016; Okumura, 2019). Due to their limitations,
neither of the above two understandings is conclusive; the
dynamics of ENSO diversity is still far from being fully
understood. A major roadblock is the intertwining of
proposed mechanisms in explaining various aspects of ENSO
diversity. To unambiguously disentangle its dynamics, one needs
to turn to a simple but comprehensive framework that allows a
clean separation among the possible mechanisms.

The classic Cane-Zebiak model (CZ model hereafter; Zebiak
and Cane, 1987, ZC87 hereafter), along with its simplified
variants (e.g., Jin and Neelin, 1993; Jin, 1997), has dramatically
advanced ENSO research as it provides a decent framework for
studies on ENSO theory, modeling, and prediction. It is also a
useful tool for studying ENSO diversity as it allows testing of
contribution from various mechanisms by switching on/off
relevant processes. Recently, the CZ model has been utilized to
investigate 1) the linear ENSO dynamics of relevance to ENSO
diversity (Bejarano and Jin, 2008; Xie and Jin, 2018) and 2) the
effects of westerly wind bursts and their interaction with ENSO
on ENSO diversity (Chen et al., 2015; Hayashi and Watanabe,
2017). It deserves to point out that the CZ model was built more
than three decades ago, when there was not enough observational
data, especially oceanic data, to test its validity. With the
emerging satellite and in-situ data not long after the model
was established, Perigaud and Dewitte (1996) and Dewitte and
Perigaud (1996) were able to identify several deficiencies in the
CZ model components. It has been noted in Geng (2021) that
characteristics of ENSO diversity exhibit strong sensitivity to the
mean state and feedback processes, which effectively determine
the ENSO regime. Thus, attempts toward understanding ENSO
diversity with the CZ model shall be cautious, especially
considering that the mean state and model parameters in such
an anomaly model are somewhat arbitrary.

Inspired by the convenience of the Cane-Zebiak-type framework
for studying ENSO diversity while acknowledging its deficiencies, we

aim to build a revised CZ model in which model formulation and
parameterization schemes are improved and carefully validated. The
model is referred to as RCZ, with “R” denoting “revised”. Section 2
provides the model description and verification of model
components against observations. Characteristics of RCZ-
simulated ENSO behavior are summarized in Section 3.
Summary and some discussions on shortcomings and potential
improvements of RCZ are presented in Section 4.

2 MODEL DESCRIPTION AND
VERIFICATION

2.1 Revisions to the CZ Model
The skeleton of RCZ resembles that of the CZ model, comprising
a diagnostic atmospheric model, a prognostic ocean dynamics
model, and a prognostic mixed-layer model. All model variables
are anomalous fields defined as deviations from the prescribed
seasonal-varying mean state. Detailed descriptions of the model
equations are provided in the Supplementary Appendix. Key
differences in model configurations between RCZ and the CZ
model are summarized as follows.

2.1.1 Atmospheric Model
In the CZ model, the tropical surface wind stress anomalies are
driven by SSTA-related condensation heating and anomalous
circulation-determined convective heating, in which the latter is
solved iteratively. However, as numerical convergence for iteration
is not guaranteed, especially for the linear stability analysis
performed with grid point perturbation which has been utilized
to study linear ENSO dynamics (Bejarano and Jin, 2008; Xie and
Jin, 2018), the iteration method introduces truncation error and
artificial randomness. Anomalous diabatic heating in RCZ,
therefore, is solely determined by SSTA in the form of

_Qa � aQ exp(bQ �T)[bQT + 1
2
(bQT)2 + 1

6
(bQT)3] (1)

where �T and T denote the mean SST and SSTA, respectively.
Values of the coefficients aQ and bQ are empirically obtained
through best-fitting and are provided in the Supplementary
Appendix. In contrast to the CZ model where the
condensation heating is linearly dependent on SSTA, the high-
order terms (i.e., the quadratic and cubic terms) on the right-
hand-side (RHS) of Eq. 1 are introduced to describe the nonlinear
convective heating which has been suggested to play critical roles
in ENSO asymmetry (Kang and Kug, 2002; Ohba and Ueda, 2009;
Frauen and Dommenget, 2010; Choi et al., 2013; An and Kim,
2017) and ENSO diversity/bi-modality (Okumura, 2019;
Takahashi et al., 2019). The formulation of nonlinearity
(i.e., third-order truncation of Taylor expansion for
exponential function) is inspired by observing that the local
relationship between precipitation and underlying SST
generally follows an exponential curve (e.g., Okumura, 2019).

2.1.2 Ocean Dynamics Model
Unlike the CZ model, which adopts the longwave approximation
in the ocean dynamics component, RCZ utilizes the full shallow-
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water model. Instead of separately integrating Kelvin and Rossby
wave components as in Cane and Patton (1984) or applying
modal decomposition to project oceanic variables onto Hermite
polynomials as in Bejarano and Jin (2008), RCZ explicitly resolves
the anomalous zonal current, meridional current, and
thermocline depth. Furthermore, rather than being assigned a
fixed value as in the CZ model, the reduced gravity constant in
RCZ is spatial-varying, which effectively relieves the ocean wave
over-reflection at the eastern boundary observed in shallow-water
model simulations with a fixed reduced gravity constant.

2.1.3 Mixed-Layer Model
The primary difference of the mixed-layer model between RCZ
and the CZmodel is in the formulation of subsurface temperature
parameterization. Yuan et al. (2020) found that the
parameterization scheme in the CZ model 1) artificially
introduces an over-strong El Niño/La Niña asymmetry and 2)
underestimates subsurface temperature anomalies in the central
Pacific (also see Figure 1). Inspired by ZC87 and Yuan et al.
(2020), a subsurface temperature parameterization is proposed as

Tsub � γAsub(tanh �h + h −Hsub

h*
− tanh

�h −Hsub

h*
) + (1 − γ)Tm

(2)
where �h and h denote the mean thermocline depth (i.e., depth of
the 20°C-isotherm) and thermocline fluctuation, respectively; and
Tm is the mixed layer temperature anomaly (MLTA). The second
term on RHS of Eq. 2mimics the entrainment process, with 1 − γ
measuring the efficiency of entrainment. Definitions and values

of other coefficients are provided in the Supplementary
Appendix. Compared with that proposed in ZC87, this
parameterization scheme removes the artificial El Niño/La
Niña asymmetry and thus better captures the observed cold
equatorial subsurface temperature anomalies during La Niña
events (Figure 1).

Though the mixed layer depth (MLD) is prescribed and
assumed to be fixed in RCZ and the CZ model, it varies
spatially and temporally in realistic situations. Variation of
mixed layer temperature defined with fixed MLD, which is
essentially vertically averaged temperature over the upper-level
rather than the real mixed layer, is generally of larger magnitude
than that of the corresponding SSTA if the mixed layer is
shallower than the prescribed MLD, for instance in the eastern
Pacific. Rather than assuming SSTA to be equivalent to MLTA as
in the CZ model, RCZ takes into consideration the deficiency of
fixedMLD approximation and empirically relates SSTA toMLTA
in an empirical way (Supplementary Appendix Equation A10).
A close relationship between the observed SSTA and that
parameterized with MLTA validates our empirical formulation
(Figure 2).

2.1.4 Stochastic Forcing
The original CZ model introduced in ZC87 is a purely
deterministic model in which irregularities emerge primarily
through nonlinear processes. In subsequent studies with the
CZ model, stochastic processes have been incorporated in the
form of white/red noise forcing or episodic westerly wind burst
(WWB) occurrences. A parameterization scheme of state-
dependent WWBs similar to that in Hayashi and Watanabe

FIGURE 1 | (A) Time evolution of the observed equatorial (5°S–5°N average) subsurface temperature anomalies (unit: °C) over the Pacific during 1980–2018. (B,C)
Same as (A) but for subsurface temperature anomalies parameterized throughEq. 2 and Equations A12 and A13 in ZC87, respectively. The subsurface temperature is
defined as the temperature at the depth of Hsub � 75m. Ocean temperature and 20°C-isotherm depth are from the ECMWF ORAS5 dataset.
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(2017) is proposed to describe the stochastic forcing. In contrast
to some previous studies, both the mechanical and thermal
forcing effects from WWBs are included in RCZ.

2.1.5 Numerical Scheme
The model domain for RCZ is within a closed tropical Pacific
basin, bounded by a north/south boundary at 30°N/30°S and
artificial meridional boundaries mimicking the realistic tilted
coastline along the Maritime Continent and North America
(Figure 3). The model has a resolution of 1° (meridional) ×
2.5° (zonal). The ocean dynamics variables are discretized on the
staggered Arakawa C-grid. The ocean current is subject to the
non-slip and no-normal flow boundary condition. MLTA is
subject to the no-flux boundary condition. The advection
terms in the mixed layer model are calculated through the

upwind finite-difference scheme. The prognostic model
components are integrated forward using the semi-implicit
Euler method, with a time step of 4 h. All model components
are instantaneously coupled at each time step.

2.2 Verification of Model Components
Model components are verified via the standalone
(i.e., uncoupled) mode. Specifically, observed SSTAs are
prescribed to drive the atmospheric model, and observed
wind stress anomalies are prescribed to drive the ocean
dynamics model and the mixed layer model. Comparison
between the observations and the model-simulated
responses allows verification of each model component. The
above verification procedures are repeated, except that the CZ
model is utilized instead, to compare RCZ with the CZ model,
The prescribed seasonal-varying mean state is obtained
through the ensemble mean of multiple in-situ and
reanalysis-based datasets listed in Table 1. The
corresponding observed anomalies, covering 1980–2018, are
obtained after removing the long-term climatology and then
de-trending.

2.2.1 Atmospheric Model
As meridional wind stress anomalies play a minor role in driving
oceanic responses on ENSO timescale, we compare the observed
and the model-simulated zonal wind stress anomalies to verify
the atmospheric model. Given the observed SSTA, RCZ
satisfactorily captures the variation of equatorial zonal wind

FIGURE 2 | Scatter plot of the observed equatorial (5°S–5°N average) SSTA (unit: °C) vs. MLTA (unit: °C) averaged over (A) the western Pacific, (B) the central
Pacific, and (C) the eastern Pacific during 1979–2018. Longitude boundaries of the above three regions are indicated on top of each plot. (D–F) Same as (A–C) but for
the scatter plot of the observed and parameterized equatorial SSTA. The observed SSTA and MLTA are obtained from the ORAS5 dataset; the parameterized SSTA is
calculated from the observed MLTA following Supplementary Appendix Equation A10. MLTA is defined as the anomalous vertical averaged temperature within
the upper 50 m.

FIGURE 3 | Spatial domain for the ocean dynamicsmodel (gray shading)
and mixed layer model (blue hatching) of RCZ.
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stress anomalies (Figure 4). The over-strong eastern Pacific wind
stress response identified in the CZ model is significantly
alleviated in the RCZ simulation. The correlation coefficient
between the observed and RCZ-simulated equatorial zonal
wind stress anomalies over the western-to-central Pacific,
where maximum wind stress anomalies locate, reaches 0.92
(Figure 5). In comparison, the CZ model simulation exhibits
less correlation with the observation and a larger root mean
square error. As indicated by the composite analysis shown in
Figure 6, the spatial pattern and the magnitude of zonal wind
stress anomalies during the mature phase (i.e., November to
January) of the two types of El Niño and La Niña are well
captured by RCZ. In contrast, the CZ model-simulated
equatorial (off-equatorial) zonal wind stress anomalies to the
west (east) of SSTA maximum are significantly weaker (stronger)
than observed.

The major discrepancy between the observations and the
RCZ simulation lies in the meridional structure of wind stress
anomalies. During the mature phase of ENSO (i.e., boreal
winter), the observed zonal wind stress anomalies center to
the south of the equator. The model simulated zonal wind stress
anomalies, however, straddle along the equator. Considering
that the corresponding SSTA forcing is generally symmetric
about the equator, the absence of north-south asymmetry in
zonal wind stress anomalies indicates the deficiency of the
assumption that SSTA solely determines the atmospheric
response. Gong and Li (2021) found that the asymmetric
mean state about the equator during boreal winter plays a
key role in the southward shift of zonal wind stress
anomalies. It is to bear in mind that in the current version of
RCZ, an at-rest mean state has been assumed in the atmospheric
model. In addition, the moisture processes involved in the

TABLE 1 | List of datasets used for model verification.

Fields (variables) Datasets Resolution References

Atmosphere (ua, va) ERA5 1° × 1° Hersbach et al. (2020)
MERRA-2 0.5° × 0.625° Gelaro et al. (2017)
NCEP/DOE Reanalysis 2 2.5° × 2.5° Kanamitsu et al. (2002)

SST COBE SST 1° × 1° Hirahara et al. (2014)
ERSST V5 2° × 2° Huang et al. (2017)
HadISST 1° × 1° Rayner (2003)
OISST V2 1° × 1° Reynolds et al. (2002)

Ocean (u1 , v1 ,w, h, Tsub , τx , τy) GFDL 1° × 1° Zhang et al. (2007)
GODAS 0.333° × 1° Behringer and Xue (2004)
ECMWF ORAS3 1° × 1° Balmaseda et al. (2008)
ECMWF ORAS5 1° × 1° Zuo et al. (2019)
SODA3.1.1 0.5° × 0.5° Carton et al. (2018)

FIGURE 4 | Time evolution of (A) the observed, (B) the RCZ-simulated, and (C) the CZ model-simulated equatorial (5°S–5°N average) zonal wind stress anomalies
(unit: N/m2) during 1980–2018. The model simulations are performed with the atmospheric component only and are driven by the observed SSTA.
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circulation-convection interaction have not been explicitly
incorporated. Thus, the modulation effect of asymmetric
mean states shall be taken into consideration in a more
realistic atmospheric model with circulation-convection
interaction included.

To test the validity of the atmospheric nonlinearity
introduced in RCZ, we compare the atmospheric response
to prescribed EP and CP El Niño-like SST forcing with varying
amplitudes simulated by an AGCM (Community Atmospheric
Model, CAM4; Neale et al., 2010) and the atmospheric model
of RCZ (not shown). Consistent with the observations, the
atmospheric response in CAM4 exhibits relatively strong
(weak) nonlinearity to EP (CP) El Niño-like SST forcing.
Such atmospheric nonlinearity to prescribed SST forcing is
satisfactorily reproduced in RCZ simulation, thus validating
the nonlinear formulation of diabatic heating proposed
in Eq. 1.

2.2.2 Ocean Dynamics Model and Mixed Layer Model
The oceanic component of RCZ, consisting of the ocean
dynamics model and the mixed layer model, is verified via
uncoupled simulation forced with the observed wind stress
anomalies. The ocean dynamics responses (i.e., anomalous
thermocline depth, surface zonal current, and upwelling)
exhibit a strong resemblance to the observations, except that
the simulated zonal surface current near the eastern boundaries is
slightly weaker than the observations (not shown).

The advantages of RCZ over the CZ model are most evident in
the simulation of SSTA. Time evolution of equatorial SSTA
indicates that most observed ENSO events are successfully

FIGURE 5 |Upper panel: Time series of the observed (red line) and RCZ-
simulated (blue line) equatorial (5°S–5°N average) zonal wind stress anomalies
averaged between 150°E and 150°W. The correlation between the red line and
the blue line, along with the standardized root mean square error of the
simulated equatorial zonal wind stress anomalies, is indicated in the upper-
right corner. Setting of the model simulation is the same as that in Figure 4.
The zonal wind stress anomalies have been smoothed through the 3-month
running average. Lower panel: Same as the upper panel, except that the blue
line denotes the CZ model-simulated equatorial zonal wind stress anomalies.

FIGURE 6 | Composited November-December-January (NDJ) average zonal wind stress anomalies (shading; unit: N/m2) associated with EP El Niño, CP El Niño,
and La Niña in (A,D,G) the observations, (B,E,H) the RCZ atmospheric component simulation, and (C,F,I) the CZ model atmospheric component simulation. Contours
in each plot denote the corresponding observed SSTA. The contour level is 0.4°C, and dashed contours represent cold SSTA. EP El Niño (1982, 1997)/CP El Niño (1990,
1991, 1994, 2002, 2004, 2009) years are selected as the monthly E-index/C-index (Takahashi et al., 2011) exceeds one standard deviation from October to
February. La Niña years (1988, 1998, 1999, 2007, 2010) are similarly selected as Niño 3.4 index is smaller than minus-one standard deviation.
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reproduced in RCZ (Figures 7A,B). The correlation coefficients
of the eastern Pacific and central Pacific SSTA between the
observations and the RCZ simulation reach 0.91 and 0.92,
both exceeding the 99.9% confidence level (Figure 8). The
correlation coefficient/standardized root mean square error for
the CZ model simulation is smaller/larger than that for the RCZ
simulation. As shown in the composite analysis (Figure 9), the
observed spatial patterns associated with the two types of El Niño
and La Niña are satisfactorily captured in RCZ. The CZ model,
however, fails to distinguish CP El Niño from EP El Niño, and it
can hardly capture La Niña (Figures 7C, 9). The too-weak CP El
Niño and La Niña in the CZ model possibly result from the
deficient subsurface temperature parameterization scheme
(Figure 1). In RCZ, the dynamical damping in the central
Pacific is partially offset by the mean advection of subsurface
temperature anomalies, thus allowing the emergence of CP El
Niño and La Niña. In contrast, such offset is less evident in the CZ
model, making the dynamical damping dominate over the mean
advection of subsurface temperature anomalies.

Compared with those observed, the EP El Niño SSTA pattern
in RCZ extends more westward toward the warm pool. Such
excessive warming in the equatorial central-western Pacific is a
common bias in climate models and is arguably attributed to the
model-simulated stronger-than-observation mean zonal
temperature gradient (Chen et al., 2021; Jiang et al., 2021).
Interestingly, it is to be noted that the mean zonal
temperature gradient in RCZ is prescribed as observed. The
reason for the SSTA pattern bias in RCZ is thus worthy of
further investigation. In addition, the RCZ-simulated ENSO
patterns are of a slightly smaller meridional scale, for which
the reason is possibly related to the biased ocean circulation
response and needs to be further studied.

FIGURE 7 | Time evolution of (A) the observed, (B) the RCZ-simulated, and (C) the CZ model-simulated equatorial (5°S–5°N average) SSTA (unit: °C) during
1980–2018. The model simulations are performed with the oceanic component only and are driven by the observed wind stress anomalies.

FIGURE 8 | (A) upper panel: Time series of the observed (red line) and
RCZ-simulated (blue line) equatorial (5°S–5°N average) EP SSTA
(i.e., averaged between 140°W and 90°W). The correlation between the red
line and the blue line, along with the standardized root mean square error
of the simulated EP SSTA, is indicated in the upper-right corner. Settings of
the model simulation are the same as that in Figure 5. SSTA has been
smoothed through the 3-month running average. (A) lower panel: Same as the
upper panel, except that the blue line denotes the CZ model-simulated
equatorial EP SSTA. (B) Same as (A) but for the equatorial CP SSTA
(i.e., averaged between 170°E and 140°W).

Frontiers in Earth Science | www.frontiersin.org April 2022 | Volume 10 | Article 8993237

Geng and Jin ENSO Diversity in RCZ Model

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


3 ENSO DIVERSITY IN RCZ

3.1 General ENSO Behavior
To evaluate the performance of RCZ in simulating ENSO
features, we perform a 5000-year coupled simulation with

default model settings. The prescribed seasonal-varying mean
state is obtained from the long-term averaged observations. The
Hovmöller diagram of a 120-year segment of the RCZ-simulated
equatorial SSTA, as shown in Figure 10, exhibits intermittency of
ENSO activity, with more or less frequent occurrences of ENSO

FIGURE 9 | Composited November-December-January (NDJ) average SSTA (shading; unit: °C) associated with EP El Niño, CP El Niño, and La Niña in (A,D,G) the
observations, (B,E,H) the RCZ oceanic component simulation, and (C,F,I) the CZ model oceanic component simulation. EP El Niño, CP El Niño, and La Niña years are
selected as in Figure 6.

FIGURE 10 | Hovmöller diagram of 120-year RCZ simulated equatorial (5°S–5°N average) SSTA (unit: °C). The 120-year segment of data is from the 5000-year
simulation and is separated into four consecutive 30-year segments for display. The type of each ENSO event is indicated on the right-hand-side of the Hovmöller
diagram, with red “E” denoting EP El Niño, red “C” denoting CP El Niño, and blue “L” denoting La Niña.
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events in various epochs/decades. The intensity of the tropical
Pacific interannual variability, measured by the standard
deviation of SSTA, is shown in Figure 11. Consistent with the
observations, RCZ-simulated SSTA variability is strongest in the
central-eastern Pacific. However, the amplitude of SSTA
variability is stronger in RCZ than in the observations. Such
inconsistency is partly due to the fact that ENSO simulated in
RCZ exhibits less irregularity than in the observations. As shown

in the Hovmöller diagram of equatorial SSTA in Figure 10, warm
and cold events tend to occur alternatively in active ENSO
epochs. In contrast, observed El Niño events, especially for CP
El Niño, are more-or-less episodic-like rather than being
regularly followed by La Niña events (Figure 7A). The
underestimated irregularity in RCZ indicates that ENSO
behavior in active decades may reside in the self-sustained regime.

The phase-locking behavior of ENSO is examined via the
seasonal standard deviation of the Niño 3 index (Figure 12A).
Again, the standard deviation in the RCZ simulation is stronger
than in the observations. Consistent with the observations, ENSO
events tend to see peak phases in boreal winter, as indicated by the
strongest Niño 3 index variability from November to January.
The minimum amplitude of Niño 3 index variability in RCZ,
however, is slightly shifted by 2-month compared with the
observations. The relationship between seasonal ENSO
stability and ENSO phase locking has been well noted (e.g.,
Chen and Jin, 2020). In the current version of RCZ, the
stability of the coupled system is solely determined by the
seasonal cycle of oceanic variables. By considering the
atmospheric control over the ENSO stability associated with
the seasonal migration of the Intertropical Convergence Zone
(ITCZ) and the South Pacific Convergence Zone (SPCZ), the
simulated ENSO phase-locking may be further improved.

The observed El Niño/La Niña asymmetry is also successfully
reproduced in RCZ (Figure 12B). The monthly Niño 3 index is
skewed toward the positive end in the observations and the RCZ
simulation, with the skewness [calculated following An and Jin
(2004)] being 0.72 and 0.77, respectively.

3.2 Characteristics of ENSO Bi-Modality
ENSO pattern diversity can be clearly identified in the Hovmöller
diagram of the RCZ-simulated equatorial SSTA (Figure 10).

FIGURE 11 | The standard deviation of SSTA (unit: °C) in (A) the
observations and (B) the 5000-year RCZ coupled simulation. The observed
standard deviation is calculated with the HadISST dataset covering
1900–2018.

FIGURE 12 | (A) Seasonal standard deviation of Niño 3 index (unit: °C) in
the observations (upper panel; red bars) and the RCZ simulation (lower panel;
blue bars). (B) Histogram of the monthly Niño 3 index (unit: °C) in the
observations (upper panel; red bars) and the RCZ simulation (lower
panel; blue bars). The bin size is 0.2°C.

FIGURE 13 | Probability density function (PDF) for the centroid longitude
of equatorial SSTA at the peak phase of (A) El Niño events and (B) La Nina
events. The PDF is estimated based on binned histograms from the 5000-year
simulation. The width of the bins is one degree in longitude.
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Warm events are generally categorized into two groups, with
maximum SSTA at the peak phase located either over the eastern
Pacific or slightly to the east of the dateline. Consistent with
previous observational findings (e.g., Kug and Ham, 2011), cold
events exhibit less pattern diversity, and the associated SSTA
spans broadly over the central-to-eastern Pacific. To better
distinguish the different ENSO types, El Niño events are first
identified according to the following criteria: equatorial SSTA
averaged over the eastern Pacific region (i.e., 140°W–90°W) or the
central Pacific region (i.e., 170°E–140°W) exceeds 0.5°C for five
consecutive months. La Niña events are similarly identified but
with the threshold being −0.5°C. As shown in Figure 13A, the
probability density function (PDF) for the centroid longitude of
equatorial SSTA at the peak phase of El Niño events exhibits
double peaks. In contrast, only a single peak exists in the PDF for
La Niña’s centroid longitude (Figure 13B). Here, the centroid
longitude of SSTA is defined as λc � ∫λE

λW
λTdλ/∫λE

λW
Tdλ, with λ

being the longitude and λW (λE) being the western (eastern)

mixed layer model boundary. The PDF for the longitude of SSTA
maximum is qualitatively similar to the PDF for SSTA centroid
longitude, except for being less smooth because identification of
SSTA maximum is subject to some ambiguity, especially
in situations where SSTA exhibit multiple local maxima. Next,
by observing the two PDF peaks in Figure 13A, El Niño events
are classified into EP/CP type with SSTA centroid longitude
located to the east/west of 127.5°W. In total, 352 EP El Niño
events and 999 CP El Niño events are identified in the 5000-year
simulation. In the observations, EP El Niño, especially extreme
EP El Niño, generally sees fewer occurrences than CP El Niño as
well. The direct comparison of the relative frequency associated
with the two types of El Nino between the observations and the
RCZ simulation, however, is less straightforward. Classification of
El Niño events in the observations is subject to the limited sample
size and suffers from large uncertainty associated with varying
datasets (Dieppois et al., 2021, see their Figure 2A) and metrics
for identifying ENSO types (Wiedermann et al., 2016, see their
Table 1; Capotondi et al., 2020, see their Table 4.1). As shown in
Figure 14, composited SSTA patterns associated with the EP El
Niño, CP El Niño, and La Niña generally resemble those observed
(Figure 9), except for a slightly stronger amplitude and eastward-
shifted SSTA center during CP El Niño. To test the robustness of
the SSTA pattern against the definition of ENSO types, the
E-index and C-index introduced in Takahashi et al. (2011)
have been utilized to identify EP and CP El Niño. Firstly, we
perform an Empirical Orthogonal Function (EOF) analysis of the
boreal winter (i.e., November to January) averaged tropical
Pacific SSTA. Then the E-index is defined as E �
(PC1 − PC2)/ 	

2
√

and the C-index as C � (PC1 + PC2)/ 	
2

√
,

with PC1 and PC2 denoting the first and second principal
component, respectively. The SSTA patterns associated with
the E-index and the C-index are shown in Figures 15A,B.
Consistent with that identified with the observations
(Takahashi et al., 2011), the SSTA pattern associated with the
E-index and C-index center in the eastern Pacific and central
Pacific, respectively. In comparison with that shown in Takahashi
et al. (2011), the RCZ-simulated E-pattern is less confined along
the South American coast but slightly shifted westward. This may
be attributed to the fact that the coastal El Niño events cannot be
captured in RCZ due to a lack of local air-sea interaction
processes (Garreaud, 2018; Rodríguez-Morata et al., 2019).
Next, EP and CP El Niño events are selected if the E-index
and C-index exceed one standard deviation, respectively. A total
of 379 EP El Niño events and 1125 CP El Niño events are
identified. The associated SSTA patterns, as shown in Figures
15C,D, closely resemble those obtained according to the SSTA
centroid longitude criteria. The similarity of the relative
frequency and SSTA pattern of the two types of El Niño
between the above two identification criteria indicates that
characteristics of ENSO diversity/bi-modality simulated in
RCZ are insensitive to the definition of ENSO types.

Besides the centroid longitude of SSTA, the intensity of ENSO
events exhibits bi-modality as well. As shown in Figure 16, the
trajectory of ENSO events generally features two distinct orbits
(i.e., one with a larger amplitude and the other one with a smaller
amplitude), reminiscent of the strong and moderate ENSO

FIGURE 14 |Composites of SSTA pattern at the peak phase of (A) EP El
Niño, (B) CP El Niño, and (C) La Niña. See text for criteria of the El Niño/La
Niña events.
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regimes identified in Takahashi and Dewitte (2016) and
Takahashi et al. (2019). The two aspects of ENSO bi-modality
shall bear strong correspondence with each other.

4 SUMMARY AND DISCUSSION

By acknowledging its potential practical usage in investigating
dynamics of ENSO diversity while observing some
shortcomings in its model components, the CZ model has
been revised in terms of the model formulation and
parameterization schemes while keeping the model skeleton
unchanged. The new model, named RCZ, is carefully validated
against observations through the standalone mode. When

forced with observed SSTA (wind stress anomalies), the
simulated atmospheric (oceanic) responses in RCZ
resemble those observed to a much more satisfying extent
than that in the CZ model. Aspects of the observed ENSO
characteristics (i.e., ENSO amplitude, phase-locking, and El
Niño/La Niña asymmetry) are reasonably reproduced in the
coupled simulation with RCZ. In addition, the observed
ENSO bi-modality is well captured in RCZ, where EP and
CP El Niño, of which the spatial patterns resemble those
observed, are clearly distinguished. A number of studies using
various intermediate coupled models, including the CZ
model, have arguably simulated ENSO diversity/complexity
to a satisfying extent (Chen et al., 2015; Hayashi and
Watanabe, 2017; Xie and Jin, 2018; Chen et al., 2022).
Though the two types of El Niño identified with RCZ
exhibit more realistic characteristics than some of the
previous studies, it is not the purpose of this study to argue
that RCZ outperforms other intermediate coupled models in
simulating the observed ENSO diversity. Instead, this study
aims to provide a framework in which all the model
components accurately describe the realistic physical
processes so as to ensure that ENSO diversity is simulated
for the right reason. It is to bear in mind that interpretation of
ENSO diversity in a model with biased physics may be
misleading.

The major discrepancy between the observed and RCZ-
simulated ENSO behavior is its temporal characteristics. In
comparison with the observations, RCZ-simulated ENSO
events exhibit less irregularity. The underestimated irregularity
may be attributed to a lack of tropical basin-interaction (Ham
et al., 2013a; Ham et al., 2013b), ENSO’s interaction with Pacific
Meridional Modes (Yu et al., 2010; Vimont et al., 2014; Vimont
et al., 2022), and ENSO-Tropical Instability Wave (TIW)
interaction (An, 2008). Furthermore, RCZ fails to capture the
observed El Niño/La Niña duration asymmetry and the

FIGURE 15 | Regressed SSTA pattern against the November-December-January average (A) E-index and (B) C-index. See text for the definition of the indices.
(C,D) Composites of SSTA pattern associated with EP El Niño and CP El Niño. The two types of El Niño are identified with the E-index and C-index exceeding their
respective one standard deviation.

FIGURE 16 | Trajectories of ENSO events in the Niño 3 index (unit: °C;
horizontal axis)–zonal mean thermocline fluctuation (unit: m; vertical axis)
phase space. A total of ten percent of all the simulated ENSO events are
randomly chosen for display.
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contrasting time-evolution of the two types of ENSO
(Dommenget et al., 2013). Generally, in the observations, EP
El Niño experiences rapid termination and phase transition after
the mature phase, whereas the subsequent La Niña persists
through the second year or longer (Okumura and Deser,
2010). CP El Niño, on the other hand, is more episodic-like
and exhibits less apparent phase reversal. Several nonlinear
processes (e.g., ENSO-TIW interaction, nonlinear convective
heating response, and nonlinear radiative fluxes) have been
suggested to play some role in the ENSO duration asymmetry.
Whether incorporating these nonlinear processes in RCZ benefits
the simulation of ENSO duration asymmetry deserves to be
further explored.

As discussed in Section 2.2, the major flaw associated with the
atmospheric model of RCZ resides in parameterizing diabatic
heating as being solely dependent on SSTA. The important role of
circulation-convection interaction in shaping tropical
atmospheric response has been widely acknowledged (Webster,
1981; Weare, 1986; Kleeman, 1991; Gong and Li, 2021).
Furthermore, Wu et al. (2000) noticed that the atmospheric
response is sensitive to the vertical structure of convective
heating, further casting doubts on the appropriateness of the
Gill model. In the future version of RCZ, we seek to replace the
Gill-type atmospheric model with a simplified primitive
equation model.

The shallow water approximation, on the other hand, is
suggested to be insufficient in capturing equatorial ocean
dynamics by noticing the significant contribution to surface
zonal current and sea surface height anomalies from multiple
baroclinic modes, especially in the vicinity of the dateline
(Dewitte et al., 1999; Dewitte, 2000; Zhao et al., 2021). On the
other hand, the high-order baroclinic modes contribute to a
vertically slanted structure of upper-level ocean temperature
anomaly in the central Pacific, thus degrading the assumption
that the subsurface temperature anomaly at a fixed depth can be
parameterized as being linearly related to the thermocline
fluctuation (Zhao et al., 2021). In the future version of RCZ,

we aim to implement a simplified linear continuously stratified
model with which the integrated effects of high-order baroclinic
modes are empirically parameterized.

The well-calibrated and validated RCZ allows a
systematic investigation of the linear and nonlinear
dynamics of ENSO diversity. Effects of atmospheric
convective nonlinearity, stochastic processes, and ENSO’s
interaction with various tropical climate variability will be
further studied in a forthcoming paper.
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