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ABSTRACT

Observations and model simulations indicate long-term changes in the frequency of El
Nifio events, but explanations for these changes diverge. This divergence underscores that the
frequency of El Nifio has not been understood as well as some earlier ENSO theories suggested.
Here, we investigate factors controlling the frequency of El Niflo by employing a nonlinear
box model capable of simulating a broad range of observed ENSO properties, including the
asymmetry between its two phases. The model includes multiple parameters, each
corresponding to a distinct and well-defined physical processes. One of these parameters is the
radiative-convective equilibrium SST, which measures the intensity of radiative heating
exerted upon the coupled tropical ocean-atmosphere system. Other parameters are the
dynamical coupling strength between the atmosphere and ocean, the thermal damping
coefficient from the atmosphere, the strength of zonal advection relative to upwelling, and the
dynamical adjustment time-scale for the upper ocean. Sensitivity experiments show that El
Nifio frequency depends as much as on the intensity of radiative heating as on other parameters.
A fundamental mechanism by which the intensity of radiative heating affects the frequency of
El Niflo is its effect on the generation of increasingly complex limit cycles, which in turn alters
oscillation patterns. These findings highlight fundamental limitations of linear approaches to
address the problem of El Nifio frequency. They also provide insight into how a change in the
intensity of radiative heating, such as that induced by a change in the greenhouse effect, may

alter the frequency of El Nifio.

SIGNIFICANCE STATEMENT

Factors determining the frequency of El Nifio are not yet fully understood. Existing theories
and the state-of-the-art models do not agree on the key factors that influence El Nifo frequency.
Sensitivity experiments with a nonlinear box model reveal that El Nifio frequency depends on
several factors that correspond to well-defined physical processes, including the intensity of
radiative heating. A fundamental mechanism by which the intensity of radiative heating affects
El Nifio frequency is its impact on the generation of increasingly complex limit cycles, which
in turn alters oscillation patterns. The results highlight the critical role of nonlinearity in
determining the frequency of El Nifio. They also shed light on how the intensity of radiative

heating may influence El Nifio frequency.
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1. Introduction

It is crucial to have a thorough understanding of what controls the frequency of El Nifio
events. El Nifio affects global climate, including extreme weather events (Arblaster and
Alexander 2012; Thirumalai et al. 2017; Wang et al. 2017a; Rodriguez-Morata et al. 2019; Gao
et al. 2020). Observations indicate that the frequency of El Nifio changes on decadal and longer
time-scales (An and Wang 2000; Fedorov and Philander 2000; McPhaden 2012; Hu et al. 2013;
Capotondi and Sardeshmukh 2017; Hu et al. 2017a; Hu et al. 2017b). Projections from state-
of-the-art fully coupled climate models suggest that extreme El Nifio events may occur more
frequently as global warming progresses (Cai et al. 2014; Cai et al. 2017; Wang et al. 2017b;
Wang et al. 2019; Cai et al. 2021; Shin et al. 2022; Pathirana et al. 2023). These findings from
the observations and models highlight the need to understand what are the factors involved in

determining how often El Nifio occurs.

However, factors that may be involved in determining the frequency of El Nifio have not
been fully understood. Existing theories differ on the key factors that are important in
determining the frequency of occurrence of El Nifio events. The delayed oscillator (Battisti
1988; Suarez and Schopf 1988) underscores the importance of the transit time of Rossby waves
across the Pacific basin, and thereby the width of the basin. The recharge oscillator (Jin 1996),
on the other hand, emphasizes the time required for the western tropical Pacific to refill its heat
content or the dynamical adjustment time-scale for the equatorial upper ocean. The western
Pacific oscillator (Weisberg and Wang 1997) is similar to the delayed oscillator in spirit, but
adds a role for the Kelvin waves forced by the easterly anomalies over the western Pacific in
terminating an El Nifio event. The western Pacific oscillator also highlights the importance of
local air-sea interactions over the off-equatorial western Pacific, which is lacking in the delayed
oscillator theory. The advective-reflective oscillator (Picaut et al. 1997) is also similar to the
delayed oscillator, but conceptualizes El Nifio as a movement/expansion of the western Pacific
warm-pool, thereby revealing the potentially important role of zonal advection. The stochastic
theory (Penland and Sardeshmukh 1995; Penland 1996; Kleeman 2008; Thual et al. 2016)
argues that ENSO variability can be simulated by a stable linear system forced by weather
noise, and highlights the critical role of stochastic forcing. Sun (1997) and his collaborators
(Liang et al. 2012; Hua et al. 2019) attributed the existence of El Nifio to the fact that there are
two equilibria for the coupled tropical Pacific, but under the present intensity of radiative

heating, both of the equilibria become unstable, resulting in an apparent “wandering” behavior
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for the tropical Pacific. This inherently nonlinear perspective strongly suggests that multiple
processes influence the frequency of El Nifio, including external forcing, such as the intensity
of radiative heating, or the efficiency of dissipative processes, such as the thermal damping
coefficient. Changes in these factors can alter the dynamic regimes of the system. However, a
systematic investigation of how the frequency of El Nifo in this model is determined has not
yet been conducted. The aforementioned theories, when viewed individually, all have
persuasive elements. However, it is also evident that they do not have the same prognosis for

the factors controlling the El Nifio frequency.

The question concerning the frequency of El Nifio has also been studied using fully coupled
GCMs, but these more sophisticated models do not appear to agree on the key factors
influencing ENSO frequency either (Yeh et al. 2009; Cai et al. 2014; Cai et al. 2017; Wang et
al. 2017b; Wang et al. 2019; Shin et al. 2022; Pathirana et al. 2023). By using CMIP3 models,
Yeh et al. (2009) inferred that a flattening of the thermocline in the equatorial Pacific under
global warming could increase the frequency of El Nifio. Using CMIPS5 outputs, Cai et al. (2014,
2017) revealed that an increased frequency of extreme El Nifio events under global warming
and they attributed this change to a faster warming in the eastern Pacific compared to the
surrounding oceans, including the central Pacific. Wang et al. (2017b) suggested that oceanic
thermocline deepening may be an underlying cause for the continued increase in the frequency
of extreme El Nifio events after the 1.5°C warming stabilization. Wang et al. (2019), on the
other hand, suggested that warming in the western Pacific might lead to more frequent
occurrence of extreme El Nifio events. Shin et al. (2022) and Pathirana et al. (2023) suggested
that the intensified nonlinear response of rainfall to sea surface temperature changes may be a
key factor for the increased frequency of extreme El Nifio events under global warming. Even
such a short review makes it evident that the results from the fully coupled models are also
more scattered than desired. Additionally, studies using fully coupled GCMs often implicitly
assume that changes in the mean state can predict changes in ENSO frequency (An and Wang
2000; Fedorov and Philander 2000; Deng et al. 2010). However, some studies suggest that
changes in the mean state may be caused by changes in the frequency/magnitude of El Nifio
(Sun and Zhang 2006; Sun 2007; Liang et al. 2012; Sun et al. 2014). For instance, in a
numerical experiment with a coupled model, Sun (2007) and his collaborators (Sun and Zhang
2006; Sun et al. 2014) found that the decadal warming over the upper ocean is due to the
rectification effect of elevated ENSO events on the mean state. Similar results were obtained

by Liang et al. (2012) using a box model based on Sun (1997). Moreover, there are some
4
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common biases in the simulation of ENSO by the state-of-the-art climate models. For example,
the asymmetry of ENSO is found to be commonly underestimated in these models (Sun et al.
2013; Zhang and Sun 2014; Sun et al. 2016; Hayashi et al. 2020; Zhao and Sun 2022). These
studies further the impression that our understanding of factors controlling the frequency of El

Nifio is likely still in an adolescent stage—ready for rapid development, but not yet mature.

The simple box model of Sun (1997), though originally developed to suggest a potentially
fundamental role of the intensity of radiative heating in the very existence of El Nifio, has been
shown by later studies to be able to capture many observed characteristics of ENSO, including
the asymmetry of ENSO and its decadal variations (Timmermann and Jin 2002; Kim and An
2011; Liang et al. 2012; Roberts et al. 2016; Guckenheimer et al. 2017; Kohyama and
Hartmann 2017; Liang et al. 2017; Ray et al. 2020). Though not always emphasized in later
studies, the key to the Sun model’s ability to capture complex behavior of the ENSO system,
such as the asymmetry between its two phases, is the existence of two equilibria. It is the first
model of this kind to include the coupling between the surface western Pacific and the surface
eastern Pacific as a fundamental component of ENSO dynamics, as essential as the thermocline
adjustment to wind forcing emphasized in the recharge oscillator model (Jin 1996). The
resulting three predictive equations in the model of Sun (1997) have also led to a fundamentally
nonlinear explanation of why ENSO takes place—the birth of a limit cycle when the external
conditions meet the internal requirements or the internal properties align with the external
conditions. We will see that changes in external forcing, such as the intensity of radiative
heating, or in the internal properties of the system—Iike the coupling strength or the thermal
damping efficiency—do not just result in a single loop of limit cycles. Instead, multiple loop
limit cycles are generated, creating more complex oscillation patterns, some of which closely

resemble those observed in the time series of eastern equatorial Pacific SST.

Moreover, the major physical parameters in the model of Sun (1997) correspond to well-
defined physical processes, including one for the intensity of radiative heating—the radiative-
convective equilibrium SST. However, later studies with the use of this model have mostly
focused on the zonal advection inclusion in the model—or more accurately, the inclusion of
the coupling between the two surface oceans in the tropical Pacific. The model of Sun (1997)
is not an anomaly model. In particular, it allows the subsurface to “feel” a change in the
radiative-convective equilibrium temperature (or a change in the deep ocean temperature). The

upper ocean in the model is effectively heated from above by the Sun and the greenhouse effect,
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and cooled from below by the deep ocean. The model’s configuration enables an investigation
of the role of the intensity of radiative heating, albeit in a still primitive way. In this regard—
emphasizing the heat transfer aspect of the ENSO system, the model, though also nonlinear,
differs fundamentally from some earlier nonlinear models (Chang et al. 1994; Jin et al. 1994;
Tziperman et al. 1994; Wang and Fang 1996; Tziperman et al. 1997). We aim to understand the
role of all major parameters in determining the frequency of El Niflo in the model of Sun (1997),

particularly the role of the intensity of radiative heating.

Compared to fully coupled GCMs—the most sophisticated tools currently used to study El
Nifio (Deser et al. 2012; Eyring et al. 2016; Capotondi et al. 2020; Fredriksen et al. 2020, and
others)—the model of Sun (1997) is highly simplified. However, it can simulate some complex
aspects of ENSO that even the most advanced models, such as the CMIP6 models, still struggle
with (Timmermann and Jin 2002; Liang et al. 2012, 2017; Hayashi et al. 2020; Zhao and Sun
2022, and others).

To be clear, CMIP6 models provide much more detailed information, and simple models
like that of Sun (1997) are not intended to replace more sophisticated climate models. As Held
(2005) emphasized, understanding complex climate phenomena requires the use of a hierarchy
of models. The use of a simple model—one capable of capturing complex behavior—to study
the problem of El Nifio aligns with the approach advocated by Held (2005) and others. We
anticipate that a study using this box model can complement those based on more sophisticated
models, such as those employed by prominent researchers in this field (Deser et al. 2012;
Eyring et al. 2016; Capotondi et al. 2020; Fredriksen et al. 2020, and others). Like other box
models, the Sun model enables sensitivity experiments to be conducted with precision and over

a range that are not easily achievable with fully coupled GCMs.

In this study, we will use the model of Sun (1997) as a starting point to further advance our
understanding of factors influencing the frequency of El Nifio. The paper is organized as
follows. In Section 2, we briefly describe the methodology, including some technical details of
the Sun model as they pertain to the present study. In Section 3, we present the sensitivity
experiments to understand the dependence of the frequency of El Nifio on changes in various
parameters representing different physical processes. A summary and discussion are provided

in Section 4.
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2. Methodology

Our main methodology here is to conduct sensitivity experiments with the box model of
Sun (1997). The model may be regarded as the lowest-order representation of the coupled
tropical ocean-atmosphere system. It consists of five boxes: two for the surface ocean—
representing the western and eastern equatorial Pacific, respectively; two for the subsurface
upper ocean; and one for the deep ocean. The basic setup of the box model of Sun (1997) is
that it is heated from above by the solar radiation and the greenhouse effect in the atmosphere,
and cooled from below, as the equatorial upper ocean sits on a deep ocean with a fixed
temperature. The intensity of radiative heating is measured by the radiative-convective

equilibrium temperature 7,—the SST that the ocean would attain if there were no ocean

dynamics. The ocean-atmosphere in the model is dynamically coupled through the Bjerknes
chain reaction—upwelling is proportional to the equatorial zonal winds, which are in turn
proportional to the zonal SST contrast. The dynamical coupling strength is measured by a
parameter called « . The surface heat flux is parameterized by a restoring boundary condition,
and the restoring time-scale is measured by 1/¢, which is also the time-scale for the atmosphere
process to damp an SST anomaly. Zonal advection is related to total upwelling through a
parameter called s, which is the ratio between the zonal flux and total upwelling. Another

important parameter is 1/, which measures the dynamical adjustment time-scale for the

equatorial upper ocean. The full set of equations for the Sun model is provided in the Appendix.

Focusing on the goal of illustrating the potential importance of the intensity of radiative
heating in giving rise to the existence of El Nifio, Sun (1997) only examined the response of
the model to variations in 7. Sun (1997) showed that for very low values of 7, the model has
one equilibrium state, which is zonally symmetric. As 7, increases to a critical value, a pitch-
fork bifurcation takes place, generating a second equilibrium, which is zonally asymmetric.
With further increases in 7, the zonal SST contrast becomes increasingly large. When the
zonal SST contrast becomes sufficiently large, a Hopf bifurcation occurs that generates a limit
cycle which enables the system to oscillate. From the perspective of the nonlinear model, the
existence of El Nifio is due to the fact that both equilibrium states are unstable under the current

intensity of radiative heating. The instability of the zonally asymmetric equilibrium results in

a limit cycle.
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In analyzing the time series, Sun (1997) focused his attention on the immediate
neighborhood of the Hopf bifurcation. He also focused on the issue of the dependence of
magnitude of El Nifio rather than on the issue of the frequency of its occurrence. In this paper,
we will examine the latter issue by carefully investigating whether there are additional dynamic

regimes within the oscillatory regime he identified.

In addition to 7, we will also examine the role of the other four aforementioned parameters
—a, 1/c, s, and 1/r—in determining the frequency of El Nifio. Our working hypothesis, in

light of non-dimensional analysis of Sun (1997) (see also Liang et al. 2012), is that all these
parameters may play an important role. We also anticipate that the nonlinearity in the system
may make the dependence on these parameters nonlinear. When varying each of the five
parameters, the other four are kept fixed. The remaining parameters are the same as those in

Sun (1997).

As pointed out by Trenberth back in 1997, there is no universal way to identify an El Nifio
event from observations. Many observational studies, for convenience, have equated the
occurrence of a lasting positive SST anomaly relative to the long-term climatology with an
occurrence of El Nifo. The plus side of this approach is that it conforms the conceptual view
that El Nifio corresponds to anomalous warming in the tropical eastern Pacific. The potential
downside is that it may obscure the dynamics behind El Nifio, given accumulating evidence
suggesting that the climatology is a function of El Nifio events (Sun and Zhang 2006; Sun
2007; Liang et al. 2012; Sun et al. 2014). These studies, in particular that of Liang et al. (2012),
highlight that the climatological state of a system is not the same as an equilibrium state of the
system. If El Nifio indeed results fundamentally from a bifurcation of the system—the
generation of a limit cycle from the instability of an equilibrium state (or the instability of a
limit cycle so generated)—then an El Nifio event may be defined as a lasting and significant
excursion from this equilibrium point. This definition of El Nifio is schematically shown in
Fig. 1. The difficulty in applying this view to observations is that we do not know exactly where
the equilibrium state is. The nonlinear model we use, however, allows us to accurately calculate
the equilibrium state—even when it is an unstable one. So, we will take advantage of this fact.

As indicated in Fig. 1, when the eastern equatorial Pacific SST (7, ) is greater than its
equilibrium value, it signals the occurrence of an El Nifo event. When 7, falls below its

equilibrium value, it signals the end of an El Nifio event.
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Here, we use the concept of return period (marked by RP), defined as the average time
interval between two adjacent El Nifio events—to measure the average frequency of El Nifio
events. It is calculated by first identifying and counting the total number of El Nifio events (N)
within a sufficiently long period (P). RP is then obtained by dividing P by N. This applies to a
situation where there is a single loop limit cycle as well as to a situation with a limit cycle
consisting of multiple loops. As we will see, the time series of eastern equatorial Pacific SST (

TZ) in the latter situation is characterized by strong El Nifio events interspersed with weaker

El Niflo events. In this paper, we are only interested in the average return period of all El Nifio
events. Return periods stratified by the magnitude of El Nifio events will be reported in future
studies. By a sufficiently long period, we mean that P is large enough for a stable RP—further

increases in P do not change the value of RP.

El Nifio

T, (°C)

Limit cycle
Equilibrium point

" (m)

Fig. 1. A schematic illustration for the definition of El Nifio used in this study. The circle
represents a single-loop of a limit cycle (a limit cycle can have two or more loops). 7, is the

SST for the eastern equatorial Pacific, and 4, is the thermocline depth in the western equatorial

Pacific relative to a reference value for the zonal mean depth of the upper ocean (Sun 1997).
The black dot indicates the equilibrium state whose instability generates a limit cycle. The red
area, where 7, is greater than its equilibrium value corresponding to this equilibrium state,

indicates an El Nifio event.

3. Results

a. The dependence of El Nifio frequency on the intensity of radiative heating
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Fig. 2. The dependence of the frequency of El Nifio on the value of the radiative-convective
equilibrium temperature (7, ). The frequency of El Nifio is measured here by the return period

of El Nifio. Note that the shorter the return period, the higher the frequency. The dots in the
figure marked by a, b, ¢, d, e, and f are respectively where the time series shown in Fig. 3a,
Fig. 3b, Fig. 3c, Fig. 3d, Fig. 3e, and Fig. 3f are taken. The black dots indicate the regimes with
a single-loop limit cycle (and therefore a strictly periodic oscillation), while the red dots
indicate the regimes with two-loop or multi-loop limit cycles. The shaded area indicates steady
regimes with no oscillations. While varying the value of 7,, & /a, s, 1/r, and 1/c are fixed

respectively to 3.0x 10*K-! s, 0.096, 300 days, and 150 days. Other parameters in the model
are the same as in Sun (1997).

As the intensity of radiative heating—measured by the radiative-convective equilibrium

SST (T,)—increases, El Nifio events occur more frequently, characterized by shorter return

periods. Fig. 2 illustrates the frequency of occurrence of El Nifio events, measured by the return

period of SST in the eastern equatorial Pacific (7, ). The range of 7, within which the system

can generate oscillations spans from 27.5 to 31.2°C. Within this oscillatory regime, the

variation in frequency with respect to changes in the value of 7, is highly nonlinear. This

nonlinear phenomenon seems to be related to the existence of multiple dynamic regimes in the

model, and the dependence of the frequency on 7, varies in different regimes. For small values
of T, (T, smaller than 30.6°C), the system is in a regime with a gradual increase in frequency
(decrease in return period RP). When 7, increases to around 30.6°C, a steep change in

frequency occurs owing to a period doubling bifurcation, marking the transition to another

10
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regime where the frequency increases more rapidly than in the previous regime. This regime is
represented by the red dots in the figure, indicating the presence of a limit cycle with two or

more loops in the system. As 7, continues to rise to about 31.10°C, another abrupt change in

frequency takes place as the system returns to a regime with a single-loop limit cycle, and the

system enters a regime characterized by the most rapid increase in frequency.

T, may be regarded as the tropical maximum SST, which occurs in the western tropical

Pacific (Sun 1997, 2003; Kim and An 2011). Since 1950, the highest monthly tropical Pacific
SST recorded in observations from three leading SST datasets—HadISST v1.1 (Rayner et al.
2003), ERSST v5 (Huang et al. 2017), and COBE-SST 2 (Hirahara et al. 2014) are respectively
31.20°C, 30.85°C and 31.05°C.

T,=27.50°C,RP=6.75 years (a) T.=30.60°C,RP=3.58 years (b)
: , : : : : 1 a0l . : : : : : :
1 28
] 26
1 240/ 1/l
4 22 L
20 Eot o 0
150 160 170 180 190 200 210 220 150 160 170 180 190 200 210 220
Te=30.79°C,RP=3.32 years (c) Te=31 .00°C,RP=2.86 years (d)
30¢ ' ' ' I I I ] 30 I I ‘ I ' ' ]
28! 28}
9 o6t 1 26}
24| 1 24¢)\|
22¢ 1 22
20 bt g
150 160 170 180 190 200 210 220 150 160 170 180 190 200 210 220
T =31.05°C,RP=2.78 years (e) T_=31.10°C,RP=2.63 years (f)
30 ' ‘ ' I I I ] 30¢F I I ‘ I ‘ ' ]
28} 1 28}
O

S 26f i 26t :
24 24W\/ /M/ [\{\l\(\f\/\(\f\lw\/ {W {W (\{Z
22 22}

20 : : : : : : = 20 : : : : : : :
150 160 170 180 190 200 210 220 150 160 170 180 190 200 210 220
Time (year) Time (year)

Fig. 3. Time series of the eastern equatorial Pacific SST (7, ) under different values of the
radiative-convective equilibrium temperature (7). The corresponding values of the return

period (RP) for El Nifio events are indicated at the top of the time series. The time series shown
in Fig. 3a, Fig. 3b, Fig. 3¢, Fig. 3d, Fig. 3e, and Fig. 3f correspond to the dots marked a, b, c,
11

File generated with AMS Word template 2.0



292
293

294

295
296

297
298

299
300
301

302
303

304
305
306

307
308

309

310

311
312

313
314
315

316
317

318
319

320
321

d, e, and f in Fig. 2. Time series with two or more different El Nifio magnitudes are shown in
red. The dashed line corresponds to the equilibrium value of 7, .

Figure 3 further illustrates that as 7, increases, the system undergoes multiple dynamic

regimes, characterized by different oscillation patterns. The frequency depends on the dynamic

regime the system is in, which in turn is determined by the value of T,. For 7,=27.50°C, the
oscillations of 7, (Fig. 3a) exhibit a single magnitude, with an interval of approximately 6.75
years between two El Nifio events. When 7, increases to 30.60°C, the oscillations (Fig. 3b)

show an additional weaker event occurring between two stronger ones, resulting in a pattern
that repeats every two cycles. The return period in this case is about 3.58 years, while the

interval between strong El Nifio events remains approximately 7.16 years. At 7,=30.79°C, the

oscillation becomes more complex (Fig. 3c), featuring four different magnitudes of El Nifo

events. The return period shortens to 3.32 years, compared to 3.58 years in Fig. 3b. When 7,

increases further to 31.00°C (Fig. 3d), the system exhibits the most complex oscillation pattern,
with multiple weaker events of varying magnitudes occurring between the strongest warm

events. The return period decreases to 2.86 years. If 7, increases to 31.05°C (Fig. 3e), the

oscillation returns to the same pattern as that in Fig. 3b, but with shorter return period (RP=2.78

years). Finally, when the value of 7, is 31.10°C (Fig. 3f), the oscillation in the system returns

to the same pattern as that in Fig. 3a, featuring warm events of uniform magnitude.

A fundamental mechanism by which 7, influences the frequency of El Nifio is through its

impact on the generation of a series of increasingly complex limit cycles, thereby altering

oscillation patterns. At 7,=27.50°C, the trajectory in phase space is represented by a single-

loop limit cycle (Fig. 4a), corresponding to periodic oscillations in the time series (Fig. 3a).
The corresponding power spectrum is featured by a single dominant frequency approximately

at f,~1/6.75 year! (Fig. 5a). When 7, is set to 30.60°C, the trajectory in the phase space is

characterized by a two-loop structure (Fig. 4b), reflected in the time series as oscillations of

two distinct amplitudes (Fig. 3b). The dominant frequency ( f;) is about 1/3.58 year! and there
is another spectral peak at a lower frequency ( f; /2) of about 1/7.16 year™. Further increases
in 7, from 30.60°C result in the emergence of a four-loop limit cycle (Fig. 4c), manifested as

oscillations with four distinct amplitudes in the time series (Fig. 3c), apparently through a

period-doubling bifurcation. After a cascade of bifurcations, the system eventually transitions

12
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to a multi-loop limit cycle, forming what is known as a strange attractor (Lorenz 1963; Strogatz
2015) (Fig. 4d). And these loops present themselves as multiple peaks in the power spectrum
(Fig. 5d). With further increases in 7,, the instability of the limit cycle changes, and the system

gradually transitions back to a two-loop limit cycle (Fig. 4e), ultimately returning to a single-
loop limit cycle (Fig. 4f). This can be considered as a reversed period-doubling process, which

manifests in the power spectrum as the transition from two peaks (Fig. 5e) to a single peak
(Fig. 51).

The regimes where the limit cycle experiences instability correspond to regimes with rapid
increases in the frequency of occurrence of El Nifio, as depicted by the red dots in Fig. 2. Note

that the model we use is a three-dimensional one, with the corresponding three dimensions

being 7, 7,, and A, . The trajectory shown in Fig. 4 is only a 2D projection.
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Fig. 4. The phase space trajectory of the system under different values of radiative-

convective equilibrium SST (7). Shown are projections onto the plane of the thermocline
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depth of western Pacific (%) and SST of the eastern equatorial Pacific (7, ). The trajectories

shown in Fig. 4a, Fig. 4b, Fig. 4c, Fig. 4d, Fig. 4e, and Fig. 4f correspond to the dots marked
a, b, c,d, e, and f in Fig. 2. The red and blue dots represent the two equilibrium states of the
system.
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Fig. 5. The power spectrum of the time series of the eastern equatorial Pacific SST (7, ) in
simulations with different values of radiative-convective equilibrium SST (7). f, marks the

dominant frequency. Also shown are the best-fit AR (1) spectrum (red) along with its 99% and
95% confidence bounds (green and blue dashed lines, respectively). The top axis indicates the
period in years, while the bottom axis represents the frequency in cycles per year. For each
simulation, the corresponding 7, to which the model is subjected is noted in the top-right

corner. A 75-year dataset is used for this spectrum calculation.
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b. The dependence of El Nifio frequency on the dynamical coupling strength
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Fig. 6. The dependence of the frequency of El Nifio on the dynamical coupling strength
between the atmosphere and ocean (« ). Same as in Fig. 2, the frequency of El Nifio is
measured here by the return period. Note that the shorter the return period, the higher the
frequency. The dots marked by a, b, ¢, d, e, and f correspond respectively to the time series
shown in Fig. 7a, Fig. 7b, Fig. 7c, Fig. 7d, Fig. 7e, and Fig. 7f. The black dots indicate the
regime that has a single-loop limit cycle, while the red dots correspond to the regime where the
oscillations result from two-loop or multi-loop limit cycles. Inside the shaded area are steady
regimes with no oscillations. While varying the value of o, T, l/ c, s, and 1/ rare fixed

respectively to 31.00°C, 150 days, 0.096, and 300 days. ¢, /a=3.0x10® K!' s!. Other
parameters are kept the same as those in Sun (1997).

As we have found with increasing the intensity of radiative heating (7)), increasing the
dynamical coupling strength between the atmosphere and ocean (« ) can also lead to more
frequent El Nifio events (Fig. 6). The range of o within which the system can generate
oscillations spans from 0.74 ¢, to 1015 ¢, In this range, the dependence of frequency on «
is strongly nonlinear. There are distinct dynamic regimes, with the dependence of frequency
on o varying across these regimes. The regime where the system is in further depends on the
value of . As shown in the figure, the system experiences three dynamic regimes. Over a

wide range of a (smaller than 0.96 ¢, ), there is a slow increase in the frequency as «

increase, with the system oscillating periodically (first black segment). Once a exceeds a

critical value (0.97 «,), the increase in frequency becomes more pronounced, transitioning
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into the regime where the growth accelerates significantly. In this regime, the system exhibits
oscillations with two or more different magnitudes (shown by the red dots). As a continues to
increase (a exceeds ), the system enters a regime where the rate of increase in frequency
becomes even faster (second black segment). Sun (1997) used 3.0x 108 K-! s! as an estimate
for o/ a based on ballpark calculations of the zonal wind-stress sensitivity to the zonal SST

contrast and Rayleigh damping.
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Fig. 7. Time series of eastern equatorial Pacific SST (7, ) under varying values of

dynamical coupling strength between the atmosphere and ocean (& ). The corresponding
values of the return period (RP) of El Nifio events are indicated at the top of the time series.
The time series shown in Fig. 7a, Fig. 7b, Fig. 7c, Fig. 7d, Fig. 7e, and Fig. 7f are taken from
the dots marked a, b, ¢, d, e, and fin Fig. 6, respectively. Time series corresponding to a single-
loop limit cycle are shown in black, while those corresponding to two or more loop limit cycles
are shown in red. The dashed line corresponds to the equilibrium value of 7, .

The characteristics of the time series corresponding to different dynamic regimes, identified

by varying the values of o, closely resemble those of the time series obtained by varying the
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value of 7, (Fig. 7). When « is small (Fig. 7a), the system exhibits an oscillatory pattern with

a single magnitude. As the value of « increases, the system transitions into a regime
characterized by oscillations with two or more magnitudes of El Nifio events, accompanied by

more frequent (shorter return period) El Nifio events. Finally, when a exceeds 1.01¢, (Fig.

71), the oscillatory pattern reverts to a single magnitude but with a much shorter return period.

When varying 7, and « , the dynamical behavior of the system exhibits remarkable

similarity. This similarity may be attributed to the fact that the system's behavior is
fundamentally governed by a set of non-dimensional parameters. Sun (1997) identified four

non-dimensional parameters— R, A, 6, and s —that determine the system's dynamical

(Te _Tso)

: a . . :
behavior. Among these, R (= ) is the most important, as it measures the strength of
ac

thermal forcing relative to thermal damping and mechanical dissipation within the coupled

system. Importantly, the system's thermal forcing is determined by both 7, and « , which

explains why variations in these two parameters lead to similar dynamical behaviors.

c. The dependence of El Nifio frequency on the strength of zonal advection

SN
————
1

w
R
Q
1

Return period (year)
N

—
T
1

Fig. 8. The dependence of the frequency of El Niflo on the strength of zonal advection
(relative to the total upwelling) s . The dots labeled a, b, c, d, e, and f correspond to where the
time series shown in Fig. 9a, Fig. 9b, Fig. 9c, Fig. 9d, Fig. 9¢, and Fig. 9f are taken, respectively.
Black dots indicate regimes with a single-loop limit cycle, while red dots indicate regimes with
two-loop or multi-loop limit cycles. The shaded area denotes steady regimes with no
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oscillations. While varying the value of s, 7,, a/a, 1/c and 1/ r are fixed respectively to

31.00°C, 3.0x10® K s!, 150 days , and 300 days. Other parameters are adopted as in Sun

(1997). Note that s decreases from the left to the right.

Overall, the frequency of El Nifio varies nonlinearly with changes in the strength of zonal

advection (s). The system can generate oscillations when the value of s lies between 0.092

and 0.55. For s >0.12, the frequency changes slowly with s ; however, for s <0.12, the

frequency increases abruptly as s decreases. Based on simulations from a GCM (Timmermann

et al. 1999), Timmermann et al. (2003) estimated that the range of s in the present climate is

approximately 0.04—0.1. Figure 8 shows that within this range, the frequency of El Nifio

increases as s decreases. This reduction in s leads to a decrease in the zonal SST contrast,

creating conditions more conducive to El Nifo development.
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Fig. 9. Time series of eastern equatorial Pacific SST (7, ) under different values of zonal

advection (s ). The corresponding values of the return period (RP) of El Nifio events are
indicated at the top of the time series. The time series shown in Fig. 9a, Fig. 9b, Fig. 9c, Fig.
9d, Fig. 9e, and Fig. 9f correspond to the dots marked a, b, c, d, e, and f in Fig. 8. The time
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series with two or more different El Nifilo magnitudes are plotted in a different color (red). The
dashed line corresponds to the equilibrium value of 7, .

The characteristics of the time series of 7, corresponding to single magnitude, two or more
magnitudes are all found by varying the value of s (Fig. 9). Liang et al. (2017) identified that
when s >0.12, ENSO asymmetry exhibits a negative value, which is inconsistent with
observations. Therefore, we focus on the range where s <0.12. The results further demonstrate

that the model exhibits multiple dynamic regimes with different oscillation patterns, and

changes in these oscillation patterns alter the frequency of El Nifio events.

d. The dependence of El Nifio frequency on the thermal damping coefficient

10 . .
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Fig. 10. The dependence of the frequency of El Nifio on the thermal damping coefficient
(c¢). The dots marked by a, b, ¢, d, e, and f are where the time series shown in Fig. 11a, Fig.
11b, Fig. 11c, Fig. 11d, Fig. 11e, and Fig. 11f are taken, respectively. The black dots indicate
the regimes with a single-loop limit cycle, while the red dots indicate the regimes where the
oscillations result from a two-loop or a multi-loop limit cycle. The shaded area are steady
regimes with no oscillations. While varying the value of ¢, 7,, /a, s, and 1/ r are fixed

respectively to 31.00°C, 3.0x 108 K-! s, 0.096, and 300 days. Other parameters are kept the
same as those in Sun (1997).

More frequent El Nifio events can be produced with a longer time-scale of thermal damping
from the atmosphere (1/c). When the value of 1/cis greater than 90days, the system can
generate oscillations. As with other parameters discussed before, the dependence of frequency
on 1/c is nonlinear also. The system transitions through different dynamic regimes as the value
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of 1/c¢ changes. When 1/¢ is small (roughly from 90 to 160 days), the system is in the regime
where the frequency increases with 1/c. The longer the time-scale of thermal damping (larger
1/¢), the more time the surface flux takes to dampen an SST anomaly, leading to more frequent
El Nifo events. This is consistent with early analysis of El Nifio (Sun 2000), as an increase in
1/c leads to an increase in the non-dimensional parameter o (=r/c), which determines the
system's behavior. While as 1/¢ exceeds 160 days, the system enters a dynamic regime where
the frequency becomes nearly constant. The value of 1/¢ used in the literature ranges from 150

to 200 days (Jin 1996; Sun 1997, 2003; Timmermann and Jin 2002; Timmermann et al. 2003).
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Fig. 11. Time series of eastern equatorial Pacific SST (7, ) corresponding to different values

of the thermal damping coefficient (¢ ). The corresponding values of the return period (RP) of
El Nifio events are indicated at the top of the time series. The time series shown in Fig. 11a,
Fig. 11b, Fig. 11c, Fig. 11d, Fig. 11e, and Fig. 11f correspond to the dots marked by a, b, c, d,
e, and f in Fig. 10. Time series with a single magnitude of El Nifio are shown in black, while
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time series with two or more different magnitudes are shown in red. The dashed line
corresponds to the equilibrium value of 7, .

As 1/c increases, we once again find that the system exhibits multiple oscillation patterns,

including periodic oscillations, oscillations with two magnitudes, and oscillations with multiple
magnitudes. The specific pattern of oscillation depends on the regime the system finds itself

in, which is further determined by the value of 1/c. Note during the regime where the frequency
of El Niflo increases with 1/c, the oscillatory behavior transitions sequentially from single

magnitude to two magnitudes, then to three magnitudes, and finally to multiple magnitudes.

e. The dependence of El Nifio frequency on the dynamical adjustment time-scale for the upper

ocean
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Fig. 12. The dependence of the frequency of El Nifio on the parameter that measures the
upper ocean memory (7). The dots marked a, b, c, d, e, f, g, and h correspond to the cases
whose time series are presented in Fig. 13a, Fig. 13b, Fig. 13c, Fig. 13d, Fig. 13e, Fig. 13f, Fig.
13g, and Fig. 13h, respectively. The black dots represent the regimes with a single-loop limit
cycle, while the red dots indicate the regimes with two-loop or multi-loop limit cycles. The
shaded area represents steady regimes with no oscillations. While varying the value of », 7,
ala, 1/c,and s are fixed respectively to 31.0°C, 3.0x10® K" s!, 150 days, and 0.096. The
values of the other parameters follow those given in Sun (1997). Note that 1/ is in decreasing
order from the left to the right.

More frequent El Nifio events can also result from a faster response of the equatorial upper

ocean to wind forcing (or from the “leaking rate” of water in the upper equatorial western
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Pacific, as the two are considered equivalent here) (Fig. 12). The values of 1/ for the system
generate oscillation range from 200 days to 2050 days. The frequency of El Nifio exhibits a
nonlinear relationship with changes in 1/7-. However, over a significant range of 1/, the return
period decreases as 1/r decreases (i.e., the frequency increases as 1/r decreases). Note 1/r
corresponds to the delay time of the negative feedback in the delayed oscillator theory (Battisti
1988; Suarez and Schopf 1988). Within this specific range, the findings support the conclusions
of the delayed oscillator theory. However, when the value of 1/r exceeds 1100 days—an
unrealistic value—the frequency of El Nifio events remains nearly constant as 1/ increases
(even in this regime, the frequency still decreases, albeit very slowly, with 1/7). Unlike the

delayed oscillator theory, the model we use is nonlinear and involves other physical processes
that collectively determine the frequency of El Nifio through their combined impact on the

stability of the system. Values for 1/ used in the literature range from 300 to 400 days (Jin

1996; Timmermann and Jin 2002; Timmermann et al. 2003).
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Fig. 13. Time series of eastern equatorial Pacific SST (7, ) under different values of

parameter that measures the upper ocean memory (). The corresponding values of the return
period (RP) of El Nifio events are indicated at the top of the time series. The time series shown
in Fig. 13a, Fig. 13b, Fig. 13c, Fig. 13d, Fig. 13e, Fig. 13f, Fig. 13g, and Fig. 13h correspond
to the dots marked by a, b, ¢, d, e, f, g, and h in Fig. 12. A different color (red) is used in plotting
the time series that have a varying El Nifio magnitude. The dashed line corresponds to the
equilibrium value of 7, .

As 1/r changes, the system also exhibits different oscillation patterns, with each oscillation
pattern corresponding to a different El Nifo frequency. We particularly note that when the
frequency of El Nifio events undergoes a significant change (Fig. 12), the oscillation pattern in

the time series also shifts noticeably. Specifically, when 1/r changes from 1125 days to 1100

days (Fig. 13b and 13c), there is a clear transition in the oscillation pattern: the system shifts
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from a relatively weak El Nifio state to one characterized by the sudden burst of a very strong
El Nifio event. This finding further emphasizes the sensitivity of nonlinear systems to
parameter changes, where even a slight variation can lead to a dramatic shift in the system's

behavior.

4. Summary and discussion

Motivated to better understand the physical processes that may be important in determining
the frequency of El Niflo events, particularly the role of the intensity of radiative heating, we
have employed the simple nonlinear model of El Nifio developed by Sun (1997)—a model that

has been shown to capture a broad range of observed major characteristics of El Nifio including
its asymmetry with La Nifia and its decadal changes (Timmermann and Jin 2002; Kim and An
2011; Liang et al. 2012; Roberts et al. 2016; Guckenheimer et al. 2017; Kohyama and
Hartmann 2017; Liang et al. 2017; Ray et al. 2020). Notably, even the most sophisticated
models—the CMIP6 models—continue to struggle with simulating the ENSO asymmetry
(Hayashi et al. 2020; Planton et al. 2021; Zhao and Sun 2022), underscoring a unique strength
of this model. Despite its high capacity, the model is a box model that only has three predictive
equations, allowing sensitivity experiments to be conducted very efficiently, especially when

the physical parameters need to be varied over a wide range.

The results from a suite of sensitivity experiments with this model show that the frequency
of El Nino events depends on multiple parameters, including the intensity of radiative heating
as measured by the radiative-convective equilibrium SST. The traditionally emphasized time-
scale for the equatorial ocean to equilibrate with the surface winds—the upper ocean
memory—is just one of many factors influencing the frequency of El Niflo. In analogy to a
symphony, where a melody is composed of sounds from multiple instruments, the tune of El

Nifio arises from the interplay of multiple physical processes.

A fundamental mechanism by which the intensity of radiative heating affects the frequency
of El Nifio events is its impact on the generation of increasingly complex limit cycles by the
system, which in turn alters oscillation patterns. The results highlight an aspect of the ENSO
system that has been largely overlooked in determining how frequently El Nifio takes place.
Proper accounting of nonlinearity in the ENSO system brings the role of the intensity of
radiative heating to the forefront. Another factor in the model of Sun (1997) that helps to

emphasize the role of the intensity of radiative heating is that the model is not an anomaly one,

24
File generated with AMS Word template 2.0



538
539
540

541
542
543
544
545
546
547
548

549
550
551

552
553
554
555
556
557
558
559
560
561
562
563
564
565

566
567
568
569

and the subsurface “feels” the intensity of radiative heating, albeit in an empirical and highly
simplified way. In models with a fixed climatology for the surface and subsurface, the role of

radiative heating is hidden in the prescribed climatology (or the mean state).

Other parameters—the dynamical coupling strength between the atmosphere and ocean,
the strength of zonal advection relative to upwelling, the thermal damping coefficient from the
atmosphere, and the dynamical adjustment time-scale for the upper ocean are found to affect
the frequency of El Niflo in a similar way to the intensity of radiative heating: their changes
induce regime changes, and thereby alter oscillation patterns. Sensitivity experiments with
these parameters help to gauge the importance of the intensity of radiative heating. Like the
experiments on the role of the intensity of radiative heating, these experiments also highlight

the critical importance of nonlinearity in influencing the frequency of El Nifio.

In addition to providing a pedagogical exercise to highlight the roles of physical processes
that have not been as emphasized as the dynamical adjustment time-scale for the upper ocean
in determining El Nifio frequency—and more generally, the fundamental role of nonlinearity—
our results may also contribute to understanding the sources of biases in ENSO simulations by
fully coupled GCMs. Both radiative heating and the thermal damping coefficient are closely
linked to cloud feedback (Sun and Liu 1996), and our analysis of El Nifio frequency sensitivity
to these two factors offers a promising avenue for further exploration into the role of cloud
feedback in ENSO simulations. Indeed, fully coupled GCMs exhibit substantial biases in
simulating cloud feedback (Sun et al. 2006; Sun et al. 2009; Bellenger et al. 2014; Ying and
Huang 2016), which will lead to inaccuracies in radiative heating and thermal damping
coefficient values, subsequently leading to biases in El Nifio frequency simulations.
Additionally, previous studies have demonstrated that GCMs significantly underestimate the
strength of ocean-atmosphere coupling (Sun et al. 2016; Bayr et al. 2020; Hayashi et al. 2020;
Wang et al. 2021; Zhao and Sun 2022), while overestimating the strength of zonal advection
(Sun et al. 2003; Sun et al. 2006; Zheng et al. 2012; Sun et al. 2013; Li and Xie 2014; Zhang
and Sun 2014; Li et al. 2016; Sun et al. 2016; Li et al. 2019; Jiang et al. 2021), all of which
may significantly affect ENSO simulations, as implied by the results from the present study.

Moreover, the role of nonlinearity and the regime changes it supports in determining the
frequency of El Nifio events, as evident in this simple yet highly capable box model, suggests
that an inherently nonlinear framework may be necessary for diagnosing the causes of biases
in the most sophisticated climate models, such as the CMIP6 models. By an inherently
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nonlinear framework, we mean that we need to rely on the “regimes” discerned from models
and observations and what they imply—rather than solely on heat budget studies that include

contributions from the nonlinear terms in the heat budget equations to the initial growth rate.
The sensitivity studies reported here should help identify the key parameters that determine
which regime a GCM is in, and accordingly help to understand the causes for the diversity of

ENSO among these models and their differences from observations.

The results reported here—particularly those concerning the role of radiative heating
intensity—are also expected to help explain changes in El Nifio frequency observed in both
historical records and climate model simulations. A specific application of the present
theoretical findings to interpret these changes, including those reported under global warming
scenarios, will be presented in a separate study, drawing on the mechanism identified here

through which radiative heating intensity influences El Nifio frequency.

Finally, we caution that the results are from a simple model. It is capable of complex
behavior, reminiscent of the complex behavior of El Nifio events in the observations, but
nonetheless, it is a highly simplified model. The full utility of such a model can only be realized
when it is used in close conjunction with more comprehensive models, such as the NCAR
CESM. The role of random forcing from weather events needs to be investigated. In addition,
to underscore the origin of El Nifo and illuminate its nonlinear dynamics, we have used an
excursion of the system from its equilibrium state towards a warmer situation (measured by the
eastern equatorial Pacific SST) to define an El Nifio event in this study. Future studies need to
examine the impact of using the traditional way to identify an El Nifio event—defined by a
positive anomaly relative to the climatology—on the results. Alternatively, we can also identify
El Nifio events in the observations in the same way as we have used in this model. Accurately
estimating equilibrium states for the coupled tropical Pacific ocean-atmosphere system may be

difficult, but it is not impossible.
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604 APPENDIX A

605 El Niiio Model of Sun (1997)

606 Figure Al is a schematic diagram for the box model of Sun (1997).

607

608 Fig. Al. A schematic diagram for the coupled model of Sun (1997). Solid arrows in black
609  represent the zonal branch of the equatorial wind-driven circulation constituted by the
610  upwelling in the east Pacific, the westward surface drift, and the equatorial undercurrent. The
611  dashed arrow represents the surface winds. The model consists of five boxes: two for the
612  surface ocean—representing the surface western and the surface eastern equatorial Pacific,
613  respectively; two for the two corresponding subsurface upper ocean; and one for the deep
614  ocean. The depths /, and h, represent the thermocline depths in the western and eastern

615  equatorial Pacific, respectively.

616 The model equations are as follows:
dr,
617 Sh=ell,~T)+sq(T,~T), (A1)
dr,
618 Cr=ell,~T)+q(T,,~T)), (A2)
a
619 qg=—(T,-T,), (A3)
a
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T, =®(-H +h), (A4)

DO(z) =T —%[1— tanh(z;l*zo } (A5)
, : H o

hz—hlz—ﬁiHb—z(Tl—Tz),and (A6)

%:—rhﬁri]‘l—(ﬂ—E)- (A7)

Egs. (A1)—(A2) and (A7) are the three predictive equations of this system. Eq. (Al) is for
western equatorial Pacific SST (7;), Eq. (A2) is for the eastern (7, ) equatorial Pacific SST,

and Eq. (A7) is for the thermocline depth in the western Pacific ( 4, ) relative to a fixed reference

value for the zonal mean depth H (A =h — H ). The two terms on the right hand of Eqgs. (A1)

and (A2) are respectively the local heat flux into the ocean and the effect of advection by ocean

currents. 7, is the radiative-convective equilibrium temperature; 1/¢ is the time-scale for the
atmospheric processes to remove a SST anomaly. g = w/H,, where w represents the strength

of upwelling in the eastern equatorial Pacific and H, is the depth of the surface layer.

Assuming that the strength of the ocean current is proportional to the zonal wind-stress, which
in turn is proportional to the zonal SST contrast, we have Eq. (A3) where @ measures the
sensitivity of the zonal wind stress to the zonal SST contrast between the eastern and western
tropical Pacific, and a defines the adjustment time-scale of the ocean currents to a change in
the surface winds. Zonal advection—the amount of water flowing from the eastern tropical
Pacific to the western tropical Pacific—is assumed to be a fraction of the total upwelling in the

eastern tropical Pacific and this fraction is measured by s. 7, , is the temperature of water

upwelled to the surface ocean from the subsurface ocean, and is linked to the depth of the

thermocline in the eastern tropical Pacific relative to H (h,=h,—H ) (Eq. A4) and a
prescribed vertical profile for the temperature across the thermocline (Eq. A5). The contrast
between thermocline depth in the equatorial western Pacific (4 = h, — H ) and that in the eastern
equatorial Pacific (4, =h, — H ) is assumed to be proportional to the zonal wind stress as shown

in Eq. (A6). Eq. (A7) shows that the time evolution of the thermocline depth in the western

equatorial Pacific is determined by two terms: the second term on the right-hand side represents
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the “filling” due to the “piling up” caused by the zonal wind, which is proportional to the zonal
SST contrast; the first term on the right-hand side of the equation represents the rate of
“leaking”, which is linearly proportional to the depth of the thermocline—the more warm water
accumulated in the western Pacific due to the piling effect of the surface wind, the greater the
rate of “loss” of water owing to other processes. The time-scale of the “leaking” is assumed to
be the same as the time-scale for the adjustment of the equatorial upper ocean to a change in

the surface winds, and this time-scale is measured here by 1/r. More detailed description of

these equations and parameters can be found in Sun (1997).
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