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ABSTRACT 13 

Observations and model simulations indicate long-term changes in the frequency of El 14 

Niño events, but explanations for these changes diverge. This divergence underscores that the 15 

frequency of El Niño has not been understood as well as some earlier ENSO theories suggested. 16 

Here, we investigate factors controlling the frequency of El Niño by employing a nonlinear 17 

box model capable of simulating a broad range of observed ENSO properties, including the 18 

asymmetry between its two phases. The model includes multiple parameters, each 19 

corresponding to a distinct and well-defined physical processes. One of these parameters is the 20 

radiative-convective equilibrium SST, which measures the intensity of radiative heating 21 

exerted upon the coupled tropical ocean-atmosphere system. Other parameters are the 22 

dynamical coupling strength between the atmosphere and ocean, the thermal damping 23 

coefficient from the atmosphere, the strength of zonal advection relative to upwelling, and the 24 

dynamical adjustment time-scale for the upper ocean. Sensitivity experiments show that El 25 

Niño frequency depends as much as on the intensity of radiative heating as on other parameters. 26 

A fundamental mechanism by which the intensity of radiative heating affects the frequency of 27 

El Niño is its effect on the generation of increasingly complex limit cycles, which in turn alters 28 

oscillation patterns. These findings highlight fundamental limitations of linear approaches to 29 

address the problem of El Niño frequency. They also provide insight into how a change in the 30 

intensity of radiative heating, such as that induced by a change in the greenhouse effect, may 31 

alter the frequency of El Niño. 32 

 33 

 34 

SIGNIFICANCE STATEMENT 35 

Factors determining the frequency of El Niño are not yet fully understood. Existing theories 36 

and the state-of-the-art models do not agree on the key factors that influence El Niño frequency. 37 

Sensitivity experiments with a nonlinear box model reveal that El Niño frequency depends on 38 

several factors that correspond to well-defined physical processes, including the intensity of 39 

radiative heating. A fundamental mechanism by which the intensity of radiative heating affects 40 

El Niño frequency is its impact on the generation of increasingly complex limit cycles, which 41 

in turn alters oscillation patterns. The results highlight the critical role of nonlinearity in 42 

determining the frequency of El Niño. They also shed light on how the intensity of radiative 43 

heating may influence El Niño frequency. 44 
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1. Introduction 45 

It is crucial to have a thorough understanding of what controls the frequency of El Niño 46 

events. El Niño affects global climate, including extreme weather events (Arblaster and 47 

Alexander 2012; Thirumalai et al. 2017; Wang et al. 2017a; Rodríguez-Morata et al. 2019; Gao 48 

et al. 2020). Observations indicate that the frequency of El Niño changes on decadal and longer 49 

time-scales (An and Wang 2000; Fedorov and Philander 2000; McPhaden 2012; Hu et al. 2013; 50 

Capotondi and Sardeshmukh 2017; Hu et al. 2017a; Hu et al. 2017b). Projections from state-51 

of-the-art fully coupled climate models suggest that extreme El Niño events may occur more 52 

frequently as global warming progresses (Cai et al. 2014; Cai et al. 2017; Wang et al. 2017b; 53 

Wang et al. 2019; Cai et al. 2021; Shin et al. 2022; Pathirana et al. 2023). These findings from 54 

the observations and models highlight the need to understand what are the factors involved in 55 

determining how often El Niño occurs. 56 

However, factors that may be involved in determining the frequency of El Niño have not 57 

been fully understood. Existing theories differ on the key factors that are important in 58 

determining the frequency of occurrence of El Niño events. The delayed oscillator (Battisti 59 

1988; Suarez and Schopf 1988) underscores the importance of the transit time of Rossby waves 60 

across the Pacific basin, and thereby the width of the basin. The recharge oscillator (Jin 1996), 61 

on the other hand, emphasizes the time required for the western tropical Pacific to refill its heat 62 

content or the dynamical adjustment time-scale for the equatorial upper ocean. The western 63 

Pacific oscillator (Weisberg and Wang 1997) is similar to the delayed oscillator in spirit, but 64 

adds a role for the Kelvin waves forced by the easterly anomalies over the western Pacific in 65 

terminating an El Niño event. The western Pacific oscillator also highlights the importance of 66 

local air-sea interactions over the off-equatorial western Pacific, which is lacking in the delayed 67 

oscillator theory. The advective-reflective oscillator (Picaut et al. 1997) is also similar to the 68 

delayed oscillator, but conceptualizes El Niño as a movement/expansion of the western Pacific 69 

warm-pool, thereby revealing the potentially important role of zonal advection. The stochastic 70 

theory (Penland and Sardeshmukh 1995; Penland 1996; Kleeman 2008; Thual et al. 2016) 71 

argues that ENSO variability can be simulated by a stable linear system forced by weather 72 

noise, and highlights the critical role of stochastic forcing. Sun (1997) and his collaborators 73 

(Liang et al. 2012; Hua et al. 2019) attributed the existence of El Niño to the fact that there are 74 

two equilibria for the coupled tropical Pacific, but under the present intensity of radiative 75 

heating, both of the equilibria become unstable, resulting in an apparent “wandering” behavior 76 
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for the tropical Pacific. This inherently nonlinear perspective strongly suggests that multiple 77 

processes influence the frequency of El Niño, including external forcing, such as the intensity 78 

of radiative heating, or the efficiency of dissipative processes, such as the thermal damping 79 

coefficient. Changes in these factors can alter the dynamic regimes of the system. However, a 80 

systematic investigation of how the frequency of El Niño in this model is determined has not 81 

yet been conducted. The aforementioned theories, when viewed individually, all have 82 

persuasive elements. However, it is also evident that they do not have the same prognosis for 83 

the factors controlling the El Niño frequency.  84 

The question concerning the frequency of El Niño has also been studied using fully coupled 85 

GCMs, but these more sophisticated models do not appear to agree on the key factors 86 

influencing ENSO frequency either (Yeh et al. 2009; Cai et al. 2014; Cai et al. 2017; Wang et 87 

al. 2017b; Wang et al. 2019; Shin et al. 2022; Pathirana et al. 2023). By using CMIP3 models, 88 

Yeh et al. (2009) inferred that a flattening of the thermocline in the equatorial Pacific under 89 

global warming could increase the frequency of El Niño. Using CMIP5 outputs, Cai et al. (2014, 90 

2017) revealed that an increased frequency of extreme El Niño events under global warming 91 

and they attributed this change to a faster warming in the eastern Pacific compared to the 92 

surrounding oceans, including the central Pacific. Wang et al. (2017b) suggested that oceanic 93 

thermocline deepening may be an underlying cause for the continued increase in the frequency 94 

of extreme El Niño events after the 1.5℃ warming stabilization. Wang et al. (2019), on the 95 

other hand, suggested that warming in the western Pacific might lead to more frequent 96 

occurrence of extreme El Niño events. Shin et al. (2022) and Pathirana et al. (2023) suggested 97 

that the intensified nonlinear response of rainfall to sea surface temperature changes may be a 98 

key factor for the increased frequency of extreme El Niño events under global warming. Even 99 

such a short review makes it evident that the results from the fully coupled models are also 100 

more scattered than desired. Additionally, studies using fully coupled GCMs often implicitly 101 

assume that changes in the mean state can predict changes in ENSO frequency (An and Wang 102 

2000; Fedorov and Philander 2000; Deng et al. 2010). However, some studies suggest that 103 

changes in the mean state may be caused by changes in the frequency/magnitude of El Niño 104 

(Sun and Zhang 2006; Sun 2007; Liang et al. 2012; Sun et al. 2014). For instance, in a 105 

numerical experiment with a coupled model, Sun (2007) and his collaborators (Sun and Zhang 106 

2006; Sun et al. 2014) found that the decadal warming over the upper ocean is due to the 107 

rectification effect of elevated ENSO events on the mean state. Similar results were obtained 108 

by Liang et al. (2012) using a box model based on Sun (1997). Moreover, there are some 109 
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common biases in the simulation of ENSO by the state-of-the-art climate models. For example, 110 

the asymmetry of ENSO is found to be commonly underestimated in these models (Sun et al. 111 

2013; Zhang and Sun 2014; Sun et al. 2016; Hayashi et al. 2020; Zhao and Sun 2022). These 112 

studies further the impression that our understanding of factors controlling the frequency of El 113 

Niño is likely still in an adolescent stage—ready for rapid development, but not yet mature. 114 

The simple box model of Sun (1997), though originally developed to suggest a potentially 115 

fundamental role of the intensity of radiative heating in the very existence of  El Niño, has been 116 

shown by later studies to be able to capture many observed characteristics of ENSO, including 117 

the asymmetry of ENSO and its decadal variations (Timmermann and Jin 2002; Kim and An 118 

2011; Liang et al. 2012; Roberts et al. 2016; Guckenheimer et al. 2017; Kohyama and 119 

Hartmann 2017; Liang et al. 2017; Ray et al. 2020). Though not always emphasized in later 120 

studies, the key to the Sun model’s ability to capture complex behavior of the ENSO system, 121 

such as the asymmetry between its two phases, is the existence of two equilibria. It is the first 122 

model of this kind to include the coupling between the surface western Pacific and the surface 123 

eastern Pacific as a fundamental component of ENSO dynamics, as essential as the thermocline 124 

adjustment to wind forcing emphasized in the recharge oscillator model (Jin 1996). The 125 

resulting three predictive equations in the model of Sun (1997) have also led to a fundamentally 126 

nonlinear explanation of why ENSO takes place—the birth of a limit cycle when the external 127 

conditions meet the internal requirements or the internal properties align with the external 128 

conditions. We will see that changes in external forcing, such as the intensity of radiative 129 

heating, or in the internal properties of the system—like the coupling strength or the thermal 130 

damping efficiency—do not just result in a single loop of limit cycles. Instead, multiple loop 131 

limit cycles are generated, creating more complex oscillation patterns, some of which closely 132 

resemble those observed in the time series of eastern equatorial Pacific SST. 133 

Moreover, the major physical parameters in the model of Sun (1997) correspond to well-134 

defined physical processes, including one for the intensity of radiative heating—the radiative-135 

convective equilibrium SST. However, later studies with the use of this model have mostly 136 

focused on the zonal advection inclusion in the model—or more accurately, the inclusion of 137 

the coupling between the two surface oceans in the tropical Pacific. The model of Sun (1997) 138 

is not an anomaly model. In particular, it allows the subsurface to “feel” a change in the 139 

radiative-convective equilibrium temperature (or a change in the deep ocean temperature). The 140 

upper ocean in the model is effectively heated from above by the Sun and the greenhouse effect, 141 
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and cooled from below by the deep ocean. The model’s configuration enables an investigation 142 

of the role of the intensity of radiative heating, albeit in a still primitive way. In this regard—143 

emphasizing the heat transfer aspect of the ENSO system, the model, though also nonlinear, 144 

differs fundamentally from some earlier nonlinear models (Chang et al. 1994; Jin et al. 1994; 145 

Tziperman et al. 1994; Wang and Fang 1996; Tziperman et al. 1997). We aim to understand the 146 

role of all major parameters in determining the frequency of El Niño in the model of Sun (1997), 147 

particularly the role of the intensity of radiative heating. 148 

Compared to fully coupled GCMs—the most sophisticated tools currently used to study El 149 

Niño (Deser et al. 2012; Eyring et al. 2016; Capotondi et al. 2020; Fredriksen et al. 2020, and 150 

others)—the model of Sun (1997) is highly simplified. However, it can simulate some complex 151 

aspects of ENSO that even the most advanced models, such as the CMIP6 models, still struggle 152 

with (Timmermann and Jin 2002; Liang et al. 2012, 2017; Hayashi et al. 2020; Zhao and Sun 153 

2022, and others).  154 

To be clear, CMIP6 models provide much more detailed information, and simple models 155 

like that of Sun (1997) are not intended to replace more sophisticated climate models. As Held 156 

(2005) emphasized, understanding complex climate phenomena requires the use of a hierarchy 157 

of models. The use of a simple model—one capable of capturing complex behavior—to study 158 

the problem of El Niño aligns with the approach advocated by Held (2005) and others. We 159 

anticipate that a study using this box model can complement those based on more sophisticated 160 

models, such as those employed by prominent researchers in this field (Deser et al. 2012; 161 

Eyring et al. 2016; Capotondi et al. 2020; Fredriksen et al. 2020, and others). Like other box 162 

models, the Sun model enables sensitivity experiments to be conducted with precision and over 163 

a range that are not easily achievable with fully coupled GCMs. 164 

In this study, we will use the model of Sun (1997) as a starting point to further advance our 165 

understanding of factors influencing the frequency of El Niño. The paper is organized as 166 

follows. In Section 2, we briefly describe the methodology, including some technical details of 167 

the Sun model as they pertain to the present study. In Section 3, we present the sensitivity 168 

experiments to understand the dependence of the frequency of El Niño on changes in various 169 

parameters representing different physical processes. A summary and discussion are provided 170 

in Section 4. 171 

  172 
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2. Methodology 173 

Our main methodology here is to conduct sensitivity experiments with the box model of 174 

Sun (1997). The model may be regarded as the lowest-order representation of the coupled 175 

tropical ocean-atmosphere system. It consists of five boxes: two for the surface ocean—176 

representing the western and eastern equatorial Pacific, respectively; two for the subsurface 177 

upper ocean; and one for the deep ocean. The basic setup of the box model of Sun (1997) is 178 

that it is heated from above by the solar radiation and the greenhouse effect in the atmosphere, 179 

and cooled from below, as the equatorial upper ocean sits on a deep ocean with a fixed 180 

temperature. The intensity of radiative heating is measured by the radiative-convective 181 

equilibrium temperature —the SST that the ocean would attain if there were no ocean 182 

dynamics. The ocean-atmosphere in the model is dynamically coupled through the Bjerknes 183 

chain reaction—upwelling is proportional to the equatorial zonal winds, which are in turn 184 

proportional to the zonal SST contrast. The dynamical coupling strength is measured by a 185 

parameter called . The surface heat flux is parameterized by a restoring boundary condition, 186 

and the restoring time-scale is measured by , which is also the time-scale for the atmosphere 187 

process to damp an SST anomaly. Zonal advection is related to total upwelling through a 188 

parameter called , which is the ratio between the zonal flux and total upwelling. Another 189 

important parameter is , which measures the dynamical adjustment time-scale for the 190 

equatorial upper ocean. The full set of equations for the Sun model is provided in the Appendix. 191 

Focusing on the goal of illustrating the potential importance of the intensity of radiative 192 

heating in giving rise to the existence of El Niño, Sun (1997) only examined the response of 193 

the model to variations in . Sun (1997) showed that for very low values of , the model has 194 

one equilibrium state, which is zonally symmetric. As  increases to a critical value, a pitch-195 

fork bifurcation takes place, generating a second equilibrium, which is zonally asymmetric. 196 

With further increases in , the zonal SST contrast becomes increasingly large. When the 197 

zonal SST contrast becomes sufficiently large, a Hopf bifurcation occurs that generates a limit 198 

cycle which enables the system to oscillate. From the perspective of the nonlinear model, the 199 

existence of El Niño is due to the fact that both equilibrium states are unstable under the current 200 

intensity of radiative heating. The instability of the zonally asymmetric equilibrium results in 201 

a limit cycle.  202 
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In analyzing the time series, Sun (1997) focused his attention on the immediate 203 

neighborhood of the Hopf bifurcation. He also focused on the issue of the dependence of 204 

magnitude of El Niño rather than on the issue of the frequency of its occurrence. In this paper, 205 

we will examine the latter issue by carefully investigating whether there are additional dynamic 206 

regimes within the oscillatory regime he identified. 207 

In addition to , we will also examine the role of the other four aforementioned parameters 208 

— , , , and —in determining the frequency of El Niño. Our working hypothesis, in 209 

light of non-dimensional analysis of Sun (1997) (see also Liang et al. 2012), is that all these 210 

parameters may play an important role. We also anticipate that the nonlinearity in the system 211 

may make the dependence on these parameters nonlinear. When varying each of the five 212 

parameters, the other four are kept fixed. The remaining parameters are the same as those in 213 

Sun (1997). 214 

As pointed out by Trenberth back in 1997, there is no universal way to identify an El Niño 215 

event from observations. Many observational studies, for convenience, have equated the 216 

occurrence of a lasting positive SST anomaly relative to the long-term climatology with an 217 

occurrence of El Niño. The plus side of this approach is that it conforms the conceptual view 218 

that El Niño corresponds to anomalous warming in the tropical eastern Pacific. The potential 219 

downside is that it may obscure the dynamics behind El Niño, given accumulating evidence 220 

suggesting that the climatology is a function of El Niño events (Sun and Zhang 2006; Sun 221 

2007; Liang et al. 2012; Sun et al. 2014). These studies, in particular that of Liang et al. (2012), 222 

highlight that the climatological state of a system is not the same as an equilibrium state of the 223 

system. If El Niño indeed results fundamentally from a bifurcation of the system—the 224 

generation of a limit cycle from the instability of an equilibrium state (or the instability of a 225 

limit cycle so generated)—then an El Niño event may be defined as a lasting and significant 226 

excursion from this equilibrium point. This definition of El Niño is schematically shown in 227 

Fig. 1. The difficulty in applying this view to observations is that we do not know exactly where 228 

the equilibrium state is. The nonlinear model we use, however, allows us to accurately calculate 229 

the equilibrium state—even when it is an unstable one. So, we will take advantage of this fact. 230 

As indicated in Fig. 1, when the eastern equatorial Pacific SST ( ) is greater than its 231 

equilibrium value, it signals the occurrence of an El Niño event. When  falls below its 232 

equilibrium value, it signals the end of an El Niño event.  233 
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Here, we use the concept of return period (marked by RP), defined as the average time 234 

interval between two adjacent El Niño events—to measure the average frequency of El Niño 235 

events. It is calculated by first identifying and counting the total number of El Niño events (N) 236 

within a sufficiently long period (P). RP is then obtained by dividing P by N. This applies to a 237 

situation where there is a single loop limit cycle as well as to a situation with a limit cycle 238 

consisting of multiple loops. As we will see, the time series of eastern equatorial Pacific SST (239 

) in the latter situation is characterized by strong El Niño events interspersed with weaker 240 

El Niño events. In this paper, we are only interested in the average return period of all El Niño 241 

events. Return periods stratified by the magnitude of El Niño events will be reported in future 242 

studies. By a sufficiently long period, we mean that P is large enough for a stable RP—further 243 

increases in P do not change the value of RP. 244 

 245 

Fig. 1. A schematic illustration for the definition of El Niño used in this study. The circle 246 
represents a single-loop of a limit cycle (a limit cycle can have two or more loops).  is the 247 
SST for the eastern equatorial Pacific, and  is the thermocline depth in the western equatorial 248 
Pacific relative to a reference value for the zonal mean depth of the upper ocean (Sun 1997). 249 
The black dot indicates the equilibrium state whose instability generates a limit cycle. The red 250 
area, where  is greater than its equilibrium value corresponding to this equilibrium state, 251 
indicates an El Niño event. 252 

3. Results 253 

a. The dependence of El Niño frequency on the intensity of radiative heating 254 
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 255 

Fig. 2. The dependence of the frequency of El Niño on the value of the radiative-convective 256 
equilibrium temperature ( ). The frequency of El Niño is measured here by the return period 257 
of El Niño. Note that the shorter the return period, the higher the frequency. The dots in the 258 
figure marked by a, b, c, d, e, and f are respectively where the time series shown in Fig. 3a, 259 
Fig. 3b, Fig. 3c, Fig. 3d, Fig. 3e, and Fig. 3f are taken. The black dots indicate the regimes with 260 
a single-loop limit cycle (and therefore a strictly periodic oscillation), while the red dots 261 
indicate the regimes with two-loop or multi-loop limit cycles. The shaded area indicates steady 262 
regimes with no oscillations. While varying the value of , , , , and  are fixed 263 
respectively to 3.0 10-8 K-1 s-1, 0.096, 300 days, and 150 days. Other parameters in the model 264 
are the same as in Sun (1997). 265 

As the intensity of radiative heating—measured by the radiative-convective equilibrium 266 

SST ( )—increases, El Niño events occur more frequently, characterized by shorter return 267 

periods. Fig. 2 illustrates the frequency of occurrence of El Niño events, measured by the return 268 

period of SST in the eastern equatorial Pacific ( ). The range of  within which the system 269 

can generate oscillations spans from 27.5 to 31.2℃. Within this oscillatory regime, the 270 

variation in frequency with respect to changes in the value of  is highly nonlinear. This 271 

nonlinear phenomenon seems to be related to the existence of multiple dynamic regimes in the 272 

model, and the dependence of the frequency on  varies in different regimes. For small values 273 

of  (  smaller than 30.6℃), the system is in a regime with a gradual increase in frequency 274 

(decrease in return period RP). When  increases to around 30.6°C, a steep change in 275 

frequency occurs owing to a period doubling bifurcation, marking the transition to another 276 
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regime where the frequency increases more rapidly than in the previous regime. This regime is 277 

represented by the red dots in the figure, indicating the presence of a limit cycle with two or 278 

more loops in the system. As  continues to rise to about 31.10℃, another abrupt change in 279 

frequency takes place as the system returns to a regime with a single-loop limit cycle, and the 280 

system enters a regime characterized by the most rapid increase in frequency.  281 

 may be regarded as the tropical maximum SST, which occurs in the western tropical 282 

Pacific (Sun 1997, 2003; Kim and An 2011). Since 1950, the highest monthly tropical Pacific 283 

SST recorded in observations from three leading SST datasets—HadISST v1.1 (Rayner et al. 284 

2003), ERSST v5 (Huang et al. 2017), and COBE-SST 2 (Hirahara et al. 2014) are respectively 285 

31.20°C, 30.85℃ and 31.05℃. 286 

 287 

Fig. 3. Time series of the eastern equatorial Pacific SST ( ) under different values of the 288 
radiative-convective equilibrium temperature ( ). The corresponding values of the return 289 
period (RP) for El Niño events are indicated at the top of the time series. The time series shown 290 
in Fig. 3a, Fig. 3b, Fig. 3c, Fig. 3d, Fig. 3e, and Fig. 3f correspond to the dots marked a, b, c, 291 
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d, e, and f in Fig. 2. Time series with two or more different El Niño magnitudes are shown in 292 
red. The dashed line corresponds to the equilibrium value of . 293 

Figure 3 further illustrates that as  increases, the system undergoes multiple dynamic 294 

regimes, characterized by different oscillation patterns. The frequency depends on the dynamic 295 

regime the system is in, which in turn is determined by the value of . For =27.50℃, the 296 

oscillations of  (Fig. 3a) exhibit a single magnitude, with an interval of approximately 6.75 297 

years between two El Niño events. When  increases to 30.60℃, the oscillations (Fig. 3b) 298 

show an additional weaker event occurring between two stronger ones, resulting in a pattern 299 

that repeats every two cycles. The return period in this case is about 3.58 years, while the 300 

interval between strong El Niño events remains approximately 7.16 years. At =30.79°C, the 301 

oscillation becomes more complex (Fig. 3c), featuring four different magnitudes of El Niño 302 

events. The return period shortens to 3.32 years, compared to 3.58 years in Fig. 3b. When  303 

increases further to 31.00°C (Fig. 3d), the system exhibits the most complex oscillation pattern, 304 

with multiple weaker events of varying magnitudes occurring between the strongest warm 305 

events. The return period decreases to 2.86 years. If  increases to 31.05℃ (Fig. 3e), the 306 

oscillation returns to the same pattern as that in Fig. 3b, but with shorter return period (RP=2.78 307 

years). Finally, when the value of  is 31.10℃ (Fig. 3f), the oscillation in the system returns 308 

to the same pattern as that in Fig. 3a, featuring warm events of uniform magnitude.  309 

A fundamental mechanism by which  influences the frequency of El Niño is through its 310 

impact on the generation of a series of increasingly complex limit cycles, thereby altering 311 

oscillation patterns. At =27.50℃, the trajectory in phase space is represented by a single-312 

loop limit cycle (Fig. 4a), corresponding to periodic oscillations in the time series (Fig. 3a). 313 

The corresponding power spectrum is featured by a single dominant frequency approximately 314 

at ~1/6.75 year-1 (Fig. 5a). When  is set to 30.60℃, the trajectory in the phase space is 315 

characterized by a two-loop structure (Fig. 4b), reflected in the time series as oscillations of 316 

two distinct amplitudes (Fig. 3b). The dominant frequency ( ) is about 1/3.58 year-1 and there 317 

is another spectral peak at a lower frequency ( ) of about 1/7.16 year-1. Further increases 318 

in  from 30.60℃ result in the emergence of a four-loop limit cycle (Fig. 4c), manifested as 319 

oscillations with four distinct amplitudes in the time series (Fig. 3c), apparently through a 320 

period-doubling bifurcation. After a cascade of bifurcations, the system eventually transitions 321 
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to a multi-loop limit cycle, forming what is known as a strange attractor (Lorenz 1963; Strogatz 322 

2015) (Fig. 4d). And these loops present themselves as multiple peaks in the power spectrum 323 

(Fig. 5d). With further increases in , the instability of the limit cycle changes, and the system 324 

gradually transitions back to a two-loop limit cycle (Fig. 4e), ultimately returning to a single-325 

loop limit cycle (Fig. 4f). This can be considered as a reversed period-doubling process, which 326 

manifests in the power spectrum as the transition from two peaks (Fig. 5e) to a single peak 327 

(Fig. 5f).  328 

The regimes where the limit cycle experiences instability correspond to regimes with rapid 329 

increases in the frequency of occurrence of El Niño, as depicted by the red dots in Fig. 2. Note 330 

that the model we use is a three-dimensional one, with the corresponding three dimensions 331 

being , , and . The trajectory shown in Fig. 4 is only a 2D projection. 332 

 333 

Fig. 4. The phase space trajectory of the system under different values of radiative-334 
convective equilibrium SST ( ). Shown are projections onto the plane of the thermocline 335 
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depth of western Pacific ( ) and SST of the eastern equatorial Pacific ( ). The trajectories 336 
shown in Fig. 4a, Fig. 4b, Fig. 4c, Fig. 4d, Fig. 4e, and Fig. 4f correspond to the dots marked 337 
a, b, c, d, e, and f in Fig. 2. The red and blue dots represent the two equilibrium states of the 338 
system. 339 

 340 
Fig. 5. The power spectrum of the time series of the eastern equatorial Pacific SST ( ) in 341 

simulations with different values of radiative-convective equilibrium SST ( ).  marks the 342 
dominant frequency. Also shown are the best-fit AR (1) spectrum (red) along with its 99% and 343 
95% confidence bounds (green and blue dashed lines, respectively). The top axis indicates the 344 
period in years, while the bottom axis represents the frequency in cycles per year. For each 345 
simulation, the corresponding  to which the model is subjected is noted in the top-right 346 
corner. A 75-year dataset is used for this spectrum calculation. 347 
  348 

'
1h 2T

2T

eT 0f

eT



15 

File generated with AMS Word template 2.0 

b. The dependence of El Niño frequency on the dynamical coupling strength 349 

 350 

Fig. 6. The dependence of the frequency of El Niño on the dynamical coupling strength 351 
between the atmosphere and ocean ( ). Same as in Fig. 2, the frequency of El Niño is 352 
measured here by the return period. Note that the shorter the return period, the higher the 353 
frequency. The dots marked by a, b, c, d, e, and f correspond respectively to the time series 354 
shown in Fig. 7a, Fig. 7b, Fig. 7c, Fig. 7d, Fig. 7e, and Fig. 7f. The black dots indicate the 355 
regime that has a single-loop limit cycle, while the red dots correspond to the regime where the 356 
oscillations result from two-loop or multi-loop limit cycles. Inside the shaded area are steady 357 
regimes with no oscillations. While varying the value of , , , , and are fixed 358 
respectively to 31.00℃, 150 days, 0.096, and 300 days. =3.0 10-8 K-1 s-1. Other 359 
parameters are kept the same as those in Sun (1997). 360 

As we have found with increasing the intensity of radiative heating ( ), increasing the 361 

dynamical coupling strength between the atmosphere and ocean ( ) can also lead to more 362 

frequent El Niño events (Fig. 6). The range of  within which the system can generate 363 

oscillations spans from 0.74  to 1015 . In this range, the dependence of frequency on  364 

is strongly nonlinear. There are distinct dynamic regimes, with the dependence of frequency 365 

on  varying across these regimes. The regime where the system is in further depends on the 366 

value of . As shown in the figure, the system experiences three dynamic regimes. Over a 367 

wide range of  (smaller than ), there is a slow increase in the frequency as  368 

increase, with the system oscillating periodically (first black segment). Once  exceeds a 369 

critical value ( ), the increase in frequency becomes more pronounced, transitioning 370 
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into the regime where the growth accelerates significantly. In this regime, the system exhibits 371 

oscillations with two or more different magnitudes (shown by the red dots). As  continues to 372 

increase (  exceeds ), the system enters a regime where the rate of increase in frequency 373 

becomes even faster (second black segment). Sun (1997) used 3.0 10-8 K-1 s-1 as an estimate 374 

for  based on ballpark calculations of the zonal wind-stress sensitivity to the zonal SST 375 

contrast and Rayleigh damping. 376 

 377 

Fig. 7. Time series of eastern equatorial Pacific SST ( ) under varying values of 378 
dynamical coupling strength between the atmosphere and ocean ( ). The corresponding 379 
values of the return period (RP) of El Niño events are indicated at the top of the time series. 380 
The time series shown in Fig. 7a, Fig. 7b, Fig. 7c, Fig. 7d, Fig. 7e, and Fig. 7f are taken from 381 
the dots marked a, b, c, d, e, and f in Fig. 6, respectively. Time series corresponding to a single-382 
loop limit cycle are shown in black, while those corresponding to two or more loop limit cycles 383 
are shown in red. The dashed line corresponds to the equilibrium value of . 384 

The characteristics of the time series corresponding to different dynamic regimes, identified 385 

by varying the values of , closely resemble those of the time series obtained by varying the 386 
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value of  (Fig. 7). When  is small (Fig. 7a), the system exhibits an oscillatory pattern with 387 

a single magnitude. As the value of  increases, the system transitions into a regime 388 

characterized by oscillations with two or more magnitudes of El Niño events, accompanied by 389 

more frequent (shorter return period) El Niño events. Finally, when  exceeds  (Fig. 390 

7f), the oscillatory pattern reverts to a single magnitude but with a much shorter return period.  391 

When varying  and , the dynamical behavior of the system exhibits remarkable 392 

similarity. This similarity may be attributed to the fact that the system's behavior is 393 

fundamentally governed by a set of non-dimensional parameters. Sun (1997) identified four 394 

non-dimensional parameters— , , , and —that determine the system's dynamical 395 

behavior. Among these, (= ) is the most important, as it measures the strength of 396 

thermal forcing relative to thermal damping and mechanical dissipation within the coupled 397 

system. Importantly, the system's thermal forcing is determined by both  and , which 398 

explains why variations in these two parameters lead to similar dynamical behaviors. 399 

c. The dependence of El Niño frequency on the strength of zonal advection 400 

 401 

Fig. 8. The dependence of the frequency of El Niño on the strength of zonal advection 402 
(relative to the total upwelling) . The dots labeled a, b, c, d, e, and f correspond to where the 403 
time series shown in Fig. 9a, Fig. 9b, Fig. 9c, Fig. 9d, Fig. 9e, and Fig. 9f are taken, respectively. 404 
Black dots indicate regimes with a single-loop limit cycle, while red dots indicate regimes with 405 
two-loop or multi-loop limit cycles. The shaded area denotes steady regimes with no 406 
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oscillations. While varying the value of , , ,  and  are fixed respectively to 407 
31.00℃, 3.0 10-8 K-1 s-1, 150 days , and 300 days. Other parameters are adopted as in Sun 408 
(1997). Note that  decreases from the left to the right. 409 

Overall, the frequency of El Niño varies nonlinearly with changes in the strength of zonal 410 

advection ( ). The system can generate oscillations when the value of  lies between 0.092 411 

and 0.55. For >0.12, the frequency changes slowly with ; however, for <0.12, the 412 

frequency increases abruptly as  decreases. Based on simulations from a GCM (Timmermann 413 

et al. 1999), Timmermann et al. (2003) estimated that the range of in the present climate is 414 

approximately 0.04–0.1. Figure 8 shows that within this range, the frequency of El Niño 415 

increases as  decreases. This reduction in  leads to a decrease in the zonal SST contrast, 416 

creating conditions more conducive to El Niño development. 417 

 418 

Fig. 9. Time series of eastern equatorial Pacific SST ( ) under different values of zonal 419 
advection ( ). The corresponding values of the return period (RP) of El Niño events are 420 
indicated at the top of the time series. The time series shown in Fig. 9a, Fig. 9b, Fig. 9c, Fig. 421 
9d, Fig. 9e, and Fig. 9f correspond to the dots marked a, b, c, d, e, and f in Fig. 8. The time 422 
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series with two or more different El Niño magnitudes are plotted in a different color (red). The 423 
dashed line corresponds to the equilibrium value of . 424 

The characteristics of the time series of  corresponding to single magnitude, two or more 425 

magnitudes are all found by varying the value of  (Fig. 9). Liang et al. (2017) identified that 426 

when >0.12, ENSO asymmetry exhibits a negative value, which is inconsistent with 427 

observations. Therefore, we focus on the range where <0.12. The results further demonstrate 428 

that the model exhibits multiple dynamic regimes with different oscillation patterns, and 429 

changes in these oscillation patterns alter the frequency of El Niño events.  430 

d. The dependence of El Niño frequency on the thermal damping coefficient 431 

 432 

Fig. 10. The dependence of the frequency of El Niño on the thermal damping coefficient 433 
( ). The dots marked by a, b, c, d, e, and f are where the time series shown in Fig. 11a, Fig. 434 
11b, Fig. 11c, Fig. 11d, Fig. 11e, and Fig. 11f are taken, respectively. The black dots indicate 435 
the regimes with a single-loop limit cycle, while the red dots indicate the regimes where the 436 
oscillations result from a two-loop or a multi-loop limit cycle. The shaded area are steady 437 
regimes with no oscillations. While varying the value of , , , , and  are fixed 438 
respectively to 31.00℃, 3.0 10-8 K-1 s-1, 0.096, and 300 days. Other parameters are kept the 439 
same as those in Sun (1997). 440 

More frequent El Niño events can be produced with a longer time-scale of thermal damping 441 

from the atmosphere ( ). When the value of is greater than 90days, the system can 442 

generate oscillations. As with other parameters discussed before, the dependence of frequency 443 

on  is nonlinear also. The system transitions through different dynamic regimes as the value 444 
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of  changes. When  is small (roughly from 90 to 160 days), the system is in the regime 445 

where the frequency increases with . The longer the time-scale of thermal damping (larger 446 

), the more time the surface flux takes to dampen an SST anomaly, leading to more frequent 447 

El Niño events. This is consistent with early analysis of El Niño (Sun 2000), as an increase in 448 

 leads to an increase in the non-dimensional parameter ( ), which determines the 449 

system's behavior. While as  exceeds 160 days, the system enters a dynamic regime where 450 

the frequency becomes nearly constant. The value of  used in the literature ranges from 150 451 

to 200 days (Jin 1996; Sun 1997, 2003; Timmermann and Jin 2002; Timmermann et al. 2003). 452 

 453 

Fig. 11. Time series of eastern equatorial Pacific SST ( ) corresponding to different values 454 
of the thermal damping coefficient ( ). The corresponding values of the return period (RP) of 455 
El Niño events are indicated at the top of the time series. The time series shown in Fig. 11a, 456 
Fig. 11b, Fig. 11c, Fig. 11d, Fig. 11e, and Fig. 11f correspond to the dots marked by a, b, c, d, 457 
e, and f in Fig. 10. Time series with a single magnitude of El Niño are shown in black, while 458 

1 c 1 c

1 c

1 c

1 c s r c=

1 c

1 c

2T
c



21 

File generated with AMS Word template 2.0 

time series with two or more different magnitudes are shown in red. The dashed line 459 
corresponds to the equilibrium value of . 460 

As  increases, we once again find that the system exhibits multiple oscillation patterns, 461 

including periodic oscillations, oscillations with two magnitudes, and oscillations with multiple 462 

magnitudes. The specific pattern of oscillation depends on the regime the system finds itself 463 

in, which is further determined by the value of . Note during the regime where the frequency 464 

of El Niño increases with , the oscillatory behavior transitions sequentially from single 465 

magnitude to two magnitudes, then to three magnitudes, and finally to multiple magnitudes. 466 

e. The dependence of El Niño frequency on the dynamical adjustment time-scale for the upper 467 

ocean 468 

 469 

Fig. 12. The dependence of the frequency of El Niño on the parameter that measures the 470 
upper ocean memory ( ). The dots marked a, b, c, d, e, f, g, and h correspond to the cases 471 
whose time series are presented in Fig. 13a, Fig. 13b, Fig. 13c, Fig. 13d, Fig. 13e, Fig. 13f, Fig. 472 
13g, and Fig. 13h, respectively. The black dots represent the regimes with a single-loop limit 473 
cycle, while the red dots indicate the regimes with two-loop or multi-loop limit cycles. The 474 
shaded area represents steady regimes with no oscillations. While varying the value of , , 475 

, , and  are fixed respectively to 31.0℃, 3.0 10-8 K-1 s-1, 150 days, and 0.096. The 476 
values of the other parameters follow those given in Sun (1997). Note that  is in decreasing 477 
order from the left to the right. 478 

More frequent El Niño events can also result from a faster response of the equatorial upper 479 

ocean to wind forcing (or from the “leaking rate” of water in the upper equatorial western 480 

2T

1 c

1 c

1 c

r

r eT
/ aa 1 c s ´

1 r



22 

File generated with AMS Word template 2.0 

Pacific, as the two are considered equivalent here) (Fig. 12). The values of  for the system 481 

generate oscillation range from 200 days to 2050 days. The frequency of El Niño exhibits a 482 

nonlinear relationship with changes in . However, over a significant range of , the return 483 

period decreases as  decreases (i.e., the frequency increases as  decreases). Note  484 

corresponds to the delay time of the negative feedback in the delayed oscillator theory (Battisti 485 

1988; Suarez and Schopf 1988). Within this specific range, the findings support the conclusions 486 

of the delayed oscillator theory. However, when the value of  exceeds 1100 days—an 487 

unrealistic value—the frequency of El Niño events remains nearly constant as  increases 488 

(even in this regime, the frequency still decreases, albeit very slowly, with ). Unlike the 489 

delayed oscillator theory, the model we use is nonlinear and involves other physical processes 490 

that collectively determine the frequency of El Niño through their combined impact on the 491 

stability of the system. Values for  used in the literature range from 300 to 400 days (Jin 492 

1996; Timmermann and Jin 2002; Timmermann et al. 2003). 493 
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 494 

Fig. 13. Time series of eastern equatorial Pacific SST ( ) under different values of 495 
parameter that measures the upper ocean memory ( ). The corresponding values of the return 496 
period (RP) of El Niño events are indicated at the top of the time series. The time series shown 497 
in Fig. 13a, Fig. 13b, Fig. 13c, Fig. 13d, Fig. 13e, Fig. 13f, Fig. 13g, and Fig. 13h correspond 498 
to the dots marked by a, b, c, d, e, f, g, and h in Fig. 12. A different color (red) is used in plotting 499 
the time series that have a varying El Niño magnitude. The dashed line corresponds to the 500 
equilibrium value of . 501 

As  changes, the system also exhibits different oscillation patterns, with each oscillation 502 

pattern corresponding to a different El Niño frequency. We particularly note that when the 503 

frequency of El Niño events undergoes a significant change (Fig. 12), the oscillation pattern in 504 

the time series also shifts noticeably. Specifically, when  changes from 1125 days to 1100 505 

days (Fig. 13b and 13c), there is a clear transition in the oscillation pattern: the system shifts 506 
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from a relatively weak El Niño state to one characterized by the sudden burst of a very strong 507 

El Niño event. This finding further emphasizes the sensitivity of nonlinear systems to 508 

parameter changes, where even a slight variation can lead to a dramatic shift in the system's 509 

behavior. 510 

4. Summary and discussion 511 

Motivated to better understand the physical processes that may be important in determining 512 

the frequency of El Niño events, particularly the role of the intensity of radiative heating, we 513 

have employed the simple nonlinear model of El Niño developed by Sun (1997)—a model that 514 

has been shown to capture a broad range of observed major characteristics of El Niño including 515 

its asymmetry with La Niña and its decadal changes (Timmermann and Jin 2002; Kim and An 516 

2011; Liang et al. 2012; Roberts et al. 2016; Guckenheimer et al. 2017; Kohyama and 517 

Hartmann 2017; Liang et al. 2017; Ray et al. 2020). Notably, even the most sophisticated 518 

models—the CMIP6 models—continue to struggle with simulating the ENSO asymmetry 519 

(Hayashi et al. 2020; Planton et al. 2021; Zhao and Sun 2022), underscoring a unique strength 520 

of this model. Despite its high capacity, the model is a box model that only has three predictive 521 

equations, allowing sensitivity experiments to be conducted very efficiently, especially when 522 

the physical parameters need to be varied over a wide range. 523 

The results from a suite of sensitivity experiments with this model show that the frequency 524 

of El Niño events depends on multiple parameters, including the intensity of radiative heating 525 

as measured by the radiative-convective equilibrium SST. The traditionally emphasized time-526 

scale for the equatorial ocean to equilibrate with the surface winds—the upper ocean 527 

memory—is just one of many factors influencing the frequency of El Niño. In analogy to a 528 

symphony, where a melody is composed of sounds from multiple instruments, the tune of El 529 

Niño arises from the interplay of multiple physical processes. 530 

A fundamental mechanism by which the intensity of radiative heating affects the frequency 531 

of El Niño events is its impact on the generation of increasingly complex limit cycles by the 532 

system, which in turn alters oscillation patterns. The results highlight an aspect of the ENSO 533 

system that has been largely overlooked in determining how frequently El Niño takes place. 534 

Proper accounting of nonlinearity in the ENSO system brings the role of the intensity of 535 

radiative heating to the forefront. Another factor in the model of Sun (1997) that helps to 536 

emphasize the role of the intensity of radiative heating is that the model is not an anomaly one, 537 
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and the subsurface “feels” the intensity of radiative heating, albeit in an empirical and highly 538 

simplified way. In models with a fixed climatology for the surface and subsurface, the role of 539 

radiative heating is hidden in the prescribed climatology (or the mean state). 540 

Other parameters—the dynamical coupling strength between the atmosphere and ocean, 541 

the strength of zonal advection relative to upwelling, the thermal damping coefficient from the 542 

atmosphere, and the dynamical adjustment time-scale for the upper ocean are found to affect 543 

the frequency of El Niño in a similar way to the intensity of radiative heating: their changes 544 

induce regime changes, and thereby alter oscillation patterns. Sensitivity experiments with 545 

these parameters help to gauge the importance of the intensity of radiative heating. Like the 546 

experiments on the role of the intensity of radiative heating, these experiments also highlight 547 

the critical importance of nonlinearity in influencing the frequency of El Niño. 548 

In addition to providing a pedagogical exercise to highlight the roles of physical processes 549 

that have not been as emphasized as the dynamical adjustment time-scale for the upper ocean 550 

in determining El Niño frequency—and more generally, the fundamental role of nonlinearity—551 

our results may also contribute to understanding the sources of biases in ENSO simulations by 552 

fully coupled GCMs. Both radiative heating and the thermal damping coefficient are closely 553 

linked to cloud feedback (Sun and Liu 1996), and our analysis of El Niño frequency sensitivity 554 

to these two factors offers a promising avenue for further exploration into the role of cloud 555 

feedback in ENSO simulations. Indeed, fully coupled GCMs exhibit substantial biases in 556 

simulating cloud feedback (Sun et al. 2006; Sun et al. 2009; Bellenger et al. 2014; Ying and 557 

Huang 2016), which will lead to inaccuracies in radiative heating and thermal damping 558 

coefficient values, subsequently leading to biases in El Niño frequency simulations. 559 

Additionally, previous studies have demonstrated that GCMs significantly underestimate the 560 

strength of ocean-atmosphere coupling (Sun et al. 2016; Bayr et al. 2020; Hayashi et al. 2020; 561 

Wang et al. 2021; Zhao and Sun 2022), while overestimating the strength of zonal advection 562 

(Sun et al. 2003; Sun et al. 2006; Zheng et al. 2012; Sun et al. 2013; Li and Xie 2014; Zhang 563 

and Sun 2014; Li et al. 2016; Sun et al. 2016; Li et al. 2019; Jiang et al. 2021), all of which 564 

may significantly affect ENSO simulations, as implied by the results from the present study. 565 

Moreover, the role of nonlinearity and the regime changes it supports in determining the 566 

frequency of El Niño events, as evident in this simple yet highly capable box model, suggests 567 

that an inherently nonlinear framework may be necessary for diagnosing the causes of biases 568 

in the most sophisticated climate models, such as the CMIP6 models. By an inherently 569 
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nonlinear framework, we mean that we need to rely on the “regimes” discerned from models 570 

and observations and what they imply—rather than solely on heat budget studies that include 571 

contributions from the nonlinear terms in the heat budget equations to the initial growth rate. 572 

The sensitivity studies reported here should help identify the key parameters that determine 573 

which regime a GCM is in, and accordingly help to understand the causes for the diversity of 574 

ENSO among these models and their differences from observations. 575 

The results reported here—particularly those concerning the role of radiative heating 576 

intensity—are also expected to help explain changes in El Niño frequency observed in both 577 

historical records and climate model simulations. A specific application of the present 578 

theoretical findings to interpret these changes, including those reported under global warming 579 

scenarios, will be presented in a separate study, drawing on the mechanism identified here 580 

through which radiative heating intensity influences El Niño frequency. 581 

Finally, we caution that the results are from a simple model. It is capable of complex 582 

behavior, reminiscent of the complex behavior of El Niño events in the observations, but 583 

nonetheless, it is a highly simplified model. The full utility of such a model can only be realized 584 

when it is used in close conjunction with more comprehensive models, such as the NCAR 585 

CESM. The role of random forcing from weather events needs to be investigated. In addition, 586 

to underscore the origin of El Niño and illuminate its nonlinear dynamics, we have used an 587 

excursion of the system from its equilibrium state towards a warmer situation (measured by the 588 

eastern equatorial Pacific SST) to define an El Niño event in this study. Future studies need to 589 

examine the impact of using the traditional way to identify an El Niño event—defined by a 590 

positive anomaly relative to the climatology—on the results. Alternatively, we can also identify 591 

El Niño events in the observations in the same way as we have used in this model. Accurately 592 

estimating equilibrium states for the coupled tropical Pacific ocean-atmosphere system may be 593 

difficult, but it is not impossible. 594 
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 603 

APPENDIX A 604 

El Niño Model of Sun (1997) 605 

Figure A1 is a schematic diagram for the box model of Sun (1997). 606 

 607 

Fig. A1. A schematic diagram for the coupled model of Sun (1997). Solid arrows in black 608 
represent the zonal branch of the equatorial wind-driven circulation constituted by the 609 
upwelling in the east Pacific, the westward surface drift, and the equatorial undercurrent. The 610 
dashed arrow represents the surface winds. The model consists of five boxes: two for the 611 
surface ocean—representing the surface western and the surface eastern equatorial Pacific, 612 
respectively; two for the two corresponding subsurface upper ocean; and one for the deep 613 
ocean. The depths  and  represent the thermocline depths in the western and eastern 614 
equatorial Pacific, respectively. 615 

The model equations are as follows: 616 
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 , (A4) 620 

 , (A5) 621 

 , and (A6) 622 

 . (A7) 623 

Eqs. (A1)–(A2) and (A7) are the three predictive equations of this system. Eq. (A1) is for 624 

western equatorial Pacific SST ( ), Eq. (A2) is for the eastern ( ) equatorial Pacific SST, 625 

and Eq. (A7) is for the thermocline depth in the western Pacific ( ) relative to a fixed reference 626 

value for the zonal mean depth  ( = ). The two terms on the right hand of Eqs. (A1) 627 

and (A2) are respectively the local heat flux into the ocean and the effect of advection by ocean 628 

currents.  is the radiative-convective equilibrium temperature;  is the time-scale for the 629 

atmospheric processes to remove a SST anomaly. , where  represents the strength 630 

of upwelling in the eastern equatorial Pacific and  is the depth of the surface layer. 631 

Assuming that the strength of the ocean current is proportional to the zonal wind-stress, which 632 

in turn is proportional to the zonal SST contrast, we have Eq. (A3) where  measures the 633 

sensitivity of the zonal wind stress to the zonal SST contrast between the eastern and western 634 

tropical Pacific, and  defines the adjustment time-scale of the ocean currents to a change in 635 

the surface winds. Zonal advection—the amount of water flowing from the eastern tropical 636 

Pacific to the western tropical Pacific—is assumed to be a fraction of the total upwelling in the 637 

eastern tropical Pacific and this fraction is measured by .  is the temperature of water 638 

upwelled to the surface ocean from the subsurface ocean, and is linked to the depth of the 639 

thermocline in the eastern tropical Pacific relative to  ( = ) (Eq. A4) and a 640 

prescribed vertical profile for the temperature across the thermocline (Eq. A5). The contrast 641 

between thermocline depth in the equatorial western Pacific ( = ) and that in the eastern 642 

equatorial Pacific ( = ) is assumed to be proportional to the zonal wind stress as shown 643 

in Eq. (A6). Eq. (A7) shows that the time evolution of the thermocline depth in the western 644 

equatorial Pacific is determined by two terms: the second term on the right-hand side represents 645 
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the “filling” due to the “piling up” caused by the zonal wind, which is proportional to the zonal 646 

SST contrast; the first term on the right-hand side of the equation represents the rate of 647 

“leaking”, which is linearly proportional to the depth of the thermocline—the more warm water 648 

accumulated in the western Pacific due to the piling effect of the surface wind, the greater the 649 

rate of “loss” of water owing to other processes. The time-scale of the “leaking” is assumed to 650 

be the same as the time-scale for the adjustment of the equatorial upper ocean to a change in 651 

the surface winds, and this time-scale is measured here by . More detailed description of 652 

these equations and parameters can be found in Sun (1997). 653 
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