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Key points: 23 

 El Niño transitions are dominated by, in order, episodic, cyclic, and multi-year 24 

patterns, but the reversed order is found for La Niña. 25 

 This asymmetry is caused by a subtropical Pacific mechanism that produces more 26 

episodic (multi-year) transitions for El Niño (La Niña). 27 

 CMIP5 models fail to simulate the asymmetry due to a cold bias in their tropical 28 

mean states and an overly weak subtropical mechanism. 29 
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Abstract 33 

The observed El Niño and La Niña exhibit different complexities in their 34 

event-to-event transition patterns. The El Niño is dominated in order by episodic, 35 

cyclic, and multi-year transitions, but the reversed order is found in the La Niña. A 36 

subtropical Pacific onset mechanism is used to explain this difference. This 37 

mechanism triggers El Niño/La Niña events via subtropical processes and is 38 

responsible for producing multi-year and episodic transitions. Its nonlinear responses 39 

to the tropical Pacific mean state result in more multi-year transitions for La Niña 40 

than El Niño and more episodic transitions for El Niño than La Niña. The CMIP5/6 41 

models realistically simulate the observed transition complexity of El Niño but fail to 42 

simulate the transition complexity of La Niña. This deficiency in CMIP5 models 43 

arises from a weaker than observed subtropical onset mechanism and a cold bias in 44 

the tropical Pacific mean sea surface temperatures in the models. 45 

  46 
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Plain Language Summary 47 

A new asymmetry is found between the warm (i.e., El Niño) and cold (i.e., La Niña) 48 

phases of El Niño-Southern Oscillation (ENSO) in their event-to-event transition 49 

patterns. The observed El Niño transitions is dominated in order by the episodic, 50 

cyclic, and multi-year patterns, but the reversed order is found in the La Niña 51 

transitions. This difference in the transitions arises from a subtropical Pacific forcing 52 

mechanism that triggers ENSO events. The subtropical onset mechanism is found to 53 

generate more episodic transitions for El Niño than La Niña and more multi-year 54 

transitions for La Niña than El Niño. This asymmetry is due to nonlinear responses of 55 

the subtropical mechanism to the tropical mean sea surface temperatures (SSTs). 56 

State-of-art global climate models realistically simulate the observed transition 57 

complexity of El Niño but fail to reproduce the transition complexity of La Niña. This 58 

deficiency arises from a weak subtropical onset mechanism and a cold bias in the 59 

tropical Pacific mean SSTs in the models. 60 

  61 
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1. Introduction 62 

El Niño-Southern Oscillation (ENSO) is a complex phenomenon that involves 63 

wide ranges of different patterns, amplitudes and temporal evolutions (Kao and Yu 64 

2009; Capotondi et al. 2015; Wang et al. 2017; Yu et al. 2017; Timmermann et al. 65 

2018; Yu & Fang 2018). One important part of the complexity appears in the way that 66 

one ENSO event transitions to another. An El Niño (La Niña) event can be preceded 67 

by a La Niña (El Niño) event to result in a cyclic transition, by another El Niño (La 68 

Niña) event to become a multi-year transition, or by a neutral (non-ENSO) condition 69 

to become an episodic transition (Yu & Fang 2018). ENSO onset mechanisms control 70 

how anomalies in sea surface temperature (SST) are established in the equatorial 71 

Pacific and play critical roles in controlling transition patterns (Yu & Fang 2018; 72 

Wang et al. 2019). 73 

Two primary onset mechanisms of ENSO have been identified: a tropical 74 

Pacific onset (TP-onset) mechanism and a subtropical Pacific onset (SP-onset) 75 

mechanism (Wang et al. 2017; Yu et al. 2017; Yu & Fang 2018). The TP-onset 76 

mechanism invokes equatorial thermocline variations to initiate the sea surface 77 

temperature (SST) anomalies associated with ENSO, such as those described by the 78 

recharged oscillator (Wyrtki 1975; Jin 1997) and delayed oscillator theories (Battisti 79 

& Hirst 1989; Suarez & Schopf 1988; Zebiak & Cane 1987). This mechanism 80 

typically produces ENSO SST anomalies first in the eastern equatorial Pacifi, where 81 

the thermocline is the shallowest and SSTs are most sensitive to thermocline 82 

variations. Yu & Fang (2018) find that the TP-onset mechanism generates mostly the 83 

cyclic transition and contributes to reduce ENSO transition complexity, although 84 



 5 

some complexity may arise from its asymmetric responses to El Niño and La Niña 85 

(Hu et al. 2017).  86 

On the other hand, the SP-onset mechanism invokes subtropical Pacific 87 

processes to trigger ENSO events (Yu et al. 2010; Yu & Kim 2011). The subtropical 88 

processes include those described by the seasonal footprinting mechanism (Vimont et 89 

al. 2003; Kao & Yu 2009; Alexander et al. 2010), trade wind charging (Anderson et al. 90 

2013; Anderson & Perez 2015), wind-evaporation-SST feedback (Xie & Philander 91 

1994) and Pacific meridional mode (PMM; Chiang & Vimont 2004). This mechanism 92 

typically results in ENSO SST anomalies that first appear in the central equatorial 93 

Pacific, where the northeastern Pacific trade winds approach the equator (Yu et al. 94 

2010). Yu & Fang (2018) find that the SP-onset mechanism can result in all three 95 

transition patterns and is a key source of ENSO transition complexity. 96 

Recent studies (Yu & Fang 2018; Fang & Yu 2020) reveal that the SP-onset 97 

mechanism can be activated by both the warm (i.e, El Niño) and cold (i.e., La Niña) 98 

phases of the ENSO. However, the way that the SP-onset mechanism responds to the 99 

El Niño is not symmetric to its response to the La Niña. For example, it is relatively 100 

easy for a La Niña event to activate the negative phase of SP-onset mechanism and 101 

result in another La Niña, but it is not easy for an El Niño event to activate the 102 

positive phase of SP-onset mechanism and result in another El Niño. Therefore, it is 103 

possible that transition complexity can be different between these two ENSO phases. 104 

The goals of this study are to compare the transition complexity between El Niño and 105 

La Niña in the observations, and to examine whether the CMIP5/6 models can 106 

reproduce the observed complexities, and, if not, to identify model deficiencies and 107 
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transition pattern and onset calendar month of all El Niño and La Niña events during 131 

the analysis period. The same classification methodology is also applied to the 132 

CMIP5/6 model simulations.    133 

 134 

3. Results 135 

Figure 1a shows that, during the analysis period of 1948-2016, El Niño events 136 

are dominated by episodic transitions (52.9%; 9 events), followed by cyclic 137 

transitions (35.3%; 6 events), and the least by multi-year transitions (11.8%; 2 events). 138 

However, La Niña events have a distinct dominance, where the percentages of 139 

multi-year (42.1%; 8 events) and cyclic (42.1%; 8 events) transitions are the most, 140 

and episodic transitions become the least (15.8%; 3 events). The El Niño has the most 141 

percentage for episodic transitions and the least for multi-year transitions; whereas, 142 

the La Niña has, reversely, the most percentage for multi-year transitions and the least 143 

for episodic transitions. The transition complexity is thus asymmetric between the El 144 

Niño and La Niña phases of the ENSO. The asymmetry comes from the very distinct 145 

dominances of the episodic and multi-year transitions, while the cyclic transition 146 

accounts for similar percentages in El Niño and La Niña.  147 

To understand the cause of the asymmetry, we contrast the evolutions of 148 

equatorial (5°S-5°N) SST anomalies composited for the three transition patterns of El 149 

Niño and La Niña (Figs. 2a-f). As expected, ENSO SST anomalies in the cyclic, 150 

episodic, and multi-year transitions were preceded by opposite-signed, near-neutral, 151 

and same-signed anomalies in the previous year, respectively. It is important to note 152 

that the onset locations (during months -3 to 0) of the ENSO SST anomalies are 153 
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different. The anomalies first appear in the eastern equatorial Pacific for both the 154 

cyclic El Niño and La Niña and in the central equatorial Pacific for both the 155 

multi-year El Niño and La Niña; whereas the SST anomalies show up in the central 156 

equatorial Pacific for the episodic El Niño but in the eastern equatorial Pacific for the 157 

episodic La Niña.  158 

As mentioned, the TP-onset mechanism triggers ENSO events in which 159 

anomalies appear first in the eastern equatorial Pacific; whereas the SP-onset 160 

mechanism triggers ENSO events in which anomalies appear first in the central 161 

equatorial Pacific. The locations of SST anomalies in Figs. 2a-f suggest that the onset 162 

mechanisms are the same for the cyclic transition (the TP-onset mechanism) and 163 

multi-year transition (the SP-onset mechanism) of El Niño and La Niña, but are 164 

different for the episodic El Niño and La Niña. While the SP-onset mechanism is 165 

more associated with the episodic El Niño, the TP-onset mechanism is more 166 

associated with the episodic La Niña. The values of the TP-onset and SP-onset indices 167 

during the onset period of each transition (see months -3 to month 0 in Figs. S1a-f) 168 

confirm this. Therefore, the causes of the asymmetric transition complexity are related 169 

to how these different mechanisms result in more frequent episodic El Niños than 170 

episodic La Niñas and how the SP-onset mechanism results in more multi-year La 171 

Niñas than El Niños. 172 

Figure 2e shows that the episodic La Niña is preceded by weak warming. This 173 

evolution pattern is similar to that of the cyclic La Niña, except that in the episodic La 174 

Niña the warming is not strong enough to be classified as an El Niño. Their associated 175 

thermocline evolutions (represented by the SSH anomalies; Figs. S4d and e) are both 176 
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characterized by a graduate shallowing of the thermocline depth during the preceding 177 

year. This indicates that the weak SST warming in the previous year discharges the 178 

equatorial Pacific to onset the La Niña. This confirms the contribution of the TP-onset 179 

mechanism to the episodic La Niña. On the other hand, one-third of episodic El Niño 180 

events are also more associated with the TP-onset mechanism (Fig. S5e-f), even 181 

though the majority of episodic El Niños are associated with the SP-onset mechanism. 182 

These results indicate that the TP-onset mechanism can generate both episodic El 183 

Niños and La Niñas, but the episodic El Niño can also be additionally produced by 184 

the SP-onset mechanism. The fact that the SP-onset mechanism favors to produce 185 

episodic El Niños but not La Niñas can explain why episodic events account for a 186 

larger percentage of El Niños (52.9%) than La Niñas (15.8%).  187 

Previous studies have shown that the SP-onset mechanism is more capable of 188 

producing episodic El Niño events than episodic La Niña events (e.g., Larson & 189 

Kirtman 2013). One explanation for this is that an anomalous warming in the central 190 

equatorial Pacific can excite a stronger atmospheric feedback and more westerly 191 

winds than an anomalous cooling that induces easterly winds in the same region 192 

(Chen & Majda 2016; Chen et al. 2019). Therefore, the initial warming triggered by 193 

the SP-onset mechanism in the central equatorial Pacific has a larger chance to 194 

develop into an episodic El Niño, but the initial equatorial cooling triggered by the 195 

SP-onset mechanism has a smaller chance to develop into an episodic La Niña. 196 

As for the reason why the SP-onset mechanism produces more multi-year La 197 

Niñas than multi-year El Niños, Fang & Yu (2020) have offered an explanation. They 198 

find the occurrence frequencies of the multi-year El Niño and La Niña are controlled 199 
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by the mean SSTs in the central equatorial Pacific. With a mean SST there that is 200 

slightly higher than the threshold temperature (28°C) for deep convection, a La Niña 201 

cooling in the region can abruptly turn off the deep convection. This generates a 202 

strong heating anomaly that excites a stronger wavetrain response than a comparable 203 

El Niño warming in this region (Lyu et al. 2017; Stuecker 2018; Fang & Yu 2020). 204 

The stronger (weaker) wavetrain response is more (less) capable of activating the 205 

SP-onset mechanism and to onset another La Niña (El Niño) in the following year. 206 

Therefore, present-day mean SSTs in the equatorial Pacific favor more multi-year La 207 

Niña transitions than multi-year El Niño transitions.  208 

We next examine whether CMIP5 models can simulate the differences in 209 

transition frequencies between El Niño and La Niña described above. Pre-industrial 210 

simulations produced by thirty-four CMIP5 models were analyzed (Table S1). Their 211 

multi-model means (MMM) (Fig. 1b) show that the simulated El Niño has a similar 212 

transition complexity as in the observations. Episodic El Niño transitions account for 213 

the highest percentage (49.93%), followed by cyclic El Niño transition (32.27%), with 214 

multi-year El Niño transitions least frequent (17.80%). However, the CMIP5 models 215 

cannot reproduce the observed frequency of occurrence of the La Niña transition 216 

patterns. While the multi-year La Niña transition accounts for the highest observed 217 

percentage, it accounts for the least of the simulated La Niña transitions (22.3%). The 218 

leading transition pattern for the simulated La Niña is the cyclic transition (43.18%) 219 

followed by the episodic transition (34.5%).  220 

We further examine the transition complexity in each individual CMIP5 221 

model and present the results using an ENSO Transition Complexity (ETC) diagram 222 
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(Fig. 3). In the diagram, the x- and y-axis values are, respectively, the percentages of 223 

episodic and multi-year transitions in each model. The percentage of cyclic transitions, 224 

which can be calculated as “100 - (x-axis value + y-axis values)”, is represented by 225 

the circle size (larger dots for higher percentages). Based on all possible values on the 226 

x-axis and y-axis, we can divide the ETC diagram into regions where cyclic, episodic, 227 

or multi-year transition has the largest percentage and dominates the transitions. 228 

Figure 3a shows that all but two CMIP5 models realistically produce more episodic El 229 

Niños than multi-year El Niños (i.e., below the dashed line of x=y), and that all but 230 

seven models have El Niño transitions that are dominated by the episodic type. The 231 

observed transition complexity of El Niños is realistically reproduced in most of the 232 

CMIP5 models.  233 

The ETC diagram for La Niña (Fig. 3b) reveals which transitions are 234 

responsible for the model deficiency. Only five CMIP5 models produce more 235 

multi-year La Niñas than episodic La Niñas (i.e., above the dashed line of x=y), and 236 

no model has La Niña transitions that are dominated by multi-year transitions. The 237 

CMIP5 models have a tendency to simulate too many episodic La Niñas and too few 238 

multi-year La Niñas, failing to reproduce the observed transition complexity of La 239 

Niña.  240 

To identify the sources of these model deficiencies, we examine the MMM 241 

evolutions of the equatorial SST anomalies during the three transitions (Figs. 2g-l). 242 

Overall, all three transitions for the simulated El Niño and La Niña have onset 243 

locations similar to those in the observations. This similarity implies that the 244 

underlying transition dynamics in the models are similar to those in the observations. 245 
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The relative strengths of the TP-onset and the SP-onset indices in the models also 246 

confirm this assertion (Fig. S2). The SP-onset index is relatively stronger than the 247 

TP-onset index in the episodic El Niño, multi-year El Niño, and multi-year La Niña. 248 

In contrast, the TP-onset index is relatively stronger than the SP-onset index in the 249 

episodic La Niña, cyclic El Niño, and cyclic La Niña. However, we notice that the 250 

episodic El Niños in the models also show an onset signature in the eastern equatorial 251 

Pacific which is absent in the observations. This difference suggests that the models 252 

have an overly strong TP-onset mechanism. We find that in about half of the CMIP5 253 

models (16/34) the episodic El Niño is more associated with the TP-onset mechanism 254 

(Fig. S6e-f). This is consistent with Yu & Fang (2018) who find most CMIP5 models 255 

have stronger than observed TP-onset mechanisms and weaker than observed 256 

SP-onset mechanisms. Since the episodic El Niño can be generated by both 257 

mechanisms, the frequency of occurrence of the episodic El Niño in the models may 258 

not be much different from observations in spite of the weaknesses noted in the 259 

simulations of the two onset mechanisms. In contrast, the episodic La Niña is 260 

produced primarily by the TP-onset mechanism, leading to an overestimation of 261 

episodic La Niña events in the models (34.5% vs 15.8% in the observations).  262 

The recent study of Fang and Yu (2020) has suggested that the slightly above 263 

28°C mean SST in the central equatorial Pacific is a reason why the SP-onset 264 

mechanism produces more multi-year La Niñas than multi-year El Niños in the 265 

observations. Our finding that the CMIP5 models produce a smaller asymmetry 266 

between the numbers of multi-year El Niños and La Niñas (22.3% vs. 17.8%; see Fig. 267 

1b) implies that the mean SSTs in the models are different from the observations. To 268 
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examine this possibility, we contrast in Figure 4 the mean SSTs in the tropical Pacific 269 

between the five models that produce the most multi-year La Niñas and the five 270 

models that produce most multi-year El Niños (see Fig. S7 for the models). The group 271 

with more multi-year La Niñas (Fig. 4b) has mean SSTs that are similar to the 272 

observations (Fig. 4a), slightly warmer than the 28°C in the central equatorial Pacific 273 

(red boxes in Fig. 4). In contrast, the group with more multi-year El Niños (Fig. 4c) 274 

shows much colder mean SSTs in the central equatorial Pacific (27.3°C). This is 275 

consistent with the suggestion of Fang & Yu (2020) that a warmer (colder) mean SST 276 

in the equatorial central Pacific favors more multi-year La Niña (El Niño) events. 277 

Contemporary models are known to have a tendency to produce a lower than 278 

observed mean SSTs in the central equatorial Pacific associated with a cold tongue 279 

that extends further westward than observed (Davey et al. 2001; Misra et al. 2008; 280 

Vannière et al. 2012; Li et al. 2016). We therefore examine in Figure 4d the 281 

relationship between the model differences in multi-year transitions and the model 282 

mean SSTs across the equatorial Pacific (5°S-5°N and 140°E-120°W; black boxes in 283 

Fig. 4). A significant (at 99% level) linear relationship exists between these two 284 

quantities. The colder the mean equatorial SSTs in the model, the stronger tendency to 285 

have more multi-year El Niños. The MMM value of the mean SST (26.5 °C) is colder 286 

than the observed value (27.3 °C), leading to the weaker tendency for more multi-year 287 

La Niñas in the models. The well-known cold bias in the equatorial Pacific is a key 288 

reason why the CMIP5 models cannot reproduce the observed El Niño-La Niña 289 

asymmetry in multi-year transitions. 290 
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We repeated the analyses with 20 CMIP6 models (Figs. S3) and obtained 291 

similar results (Fig. 1c). The CMIP6 models does not show any significant 292 

improvement over CMIP5 models in the simulation of ENSO transition complexity. 293 

Similar to the CMIP5 models, the CMIP6 models also reproduce the observed 294 

transitions for El Niño but fail to reproduce the La Niña transitions (Fig. 1c and S8). 295 

The three transition patterns and their associated onset mechanisms are also similar to 296 

the CMIP5 models (Fig. S9). The TP-onset mechanism is overestimated in the CMIP6 297 

models, while the SP-onset mechanism is underestimated (Fig. S10). A similar but 298 

weaker relation exists between the cold tongue bias and the multi-year La Niña 299 

tendency in the CMIP6 models (Fig. S11 and S12). This weaker tendency reveals that 300 

differences exist in the simulated ENSO transition complexity between the CMIP5 301 

and CMIP6 models (e.g. distinct atmospheric responses in CMIP models), even 302 

though both sets of models fail to reproduce the observed transition complexity for La 303 

Niña. 304 

 305 

4. Summary and Discussion 306 

In this study, we find that there are more episodic El Niños than La Niñas and 307 

more multi-year La Niñas than El Niños in the observations. This difference is the 308 

result of the nonlinear characteristics of the SP-onset mechanism. Our findings further 309 

confirm the critical roles of the SP-onset mechanism in determining the ENSO 310 

transition complexity and the transition asymmetry between the El Niño and La Niña. 311 

We find that the CMIP5 and CMIP6 models can reproduce the transition complexity 312 

for El Niño but not for La Niña. The models tend to produce too many episodic La 313 
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Niña events and too few multi-year La Niña events. We are able to link the former 314 

deficiency to a weaker than observed SP-onset mechanism in the CMIP5/6 models 315 

and the latter to a cold bias in mean state SSTs in the equatorial Pacific in the CMIP5 316 

models. To achieve better simulations of ENSO transition complexity, further efforts 317 

are to improve the model deficiencies in simulating the SP-onset mechanism and 318 

mean SSTs in the equatorial Pacific.  319 

 320 
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 441 

 442 

Figure 1. The transition complexity of El Niño (left bars) and La Niña (right bars) in 443 

(a) the observations, (b) the multi-model mean from thirty-four CMIP5 models, and (c) 444 

the multi-model mean from twenty CMIP6 models. The percentages of the transitions 445 

are ordered from highest (bottom) to lowest (top). 446 

  447 



 22 

   448 

 449 

Figure 2. Evolutions of equatorial (5°S-5°N) Pacific SST anomalies composited for 450 

the cyclic, episodic, and multi-year transitions of (a)-(c) El Niño and (d)-(f) La Niña 451 

in the reanalysis and (g)-(i) for the simulated El Niños and (j)-(l) La Niñas in the 452 

multi-model mean of CMIP5 simulations. The events are composited based on their 453 

onset time. Shadings are SST anomalies from 12 months before the ENSO onset 454 

month to 12 months after.  455 
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 458 

 459 

Figure 3. ENSO transition complexity (ETC) diagrams for (a) the simulated El Niño 460 

and (b) the La Niña in CMIP5 models in CMIP5 models. The x-axis and y-axis are, 461 

respectively, the percentage of episodic transitions and multi-year transitions in each 462 

model. The size of the circles is proportional to the percentage of cyclic transitions. 463 

The color of the circle indicates the highest percentage of transitions: orange for 464 

cyclic, blue for episodic, and green for multi-year transition. The same color scheme 465 

is used in the background shadings to indicate the regions of the diagram where each 466 

of the three transitions is most frequent. The black dot is the observations and the 467 

CMIP5 models are labeled with their corresponding numbers. 468 

 469 
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 470 

   471 

Figure 4. (a) Mean SSTs in the tropical Pacific calculated from (a) the observations 472 

during 1948-2016, (b) the five CMIP5 models with the most multi-year El Niños in 473 

Fig. S7, and (c) the five CMIP5 models with the most multi-year La Niñas. The red 474 

box denotes the equatorial central Pacific region (5°S-5°N and 160°E-170°W). Panel 475 

(d) displays the relationship between the event number difference and the mean SST 476 

across the equatorial Pacific (5°S-5°N and 140°E-120°W; the black box). The black 477 

dot is the reanalysis value (scaled to event numbers in 100 years as in model 478 

simulation), and the orange dot is the multi-model mean value with the orange line 479 

representing the linear regression (passing 99% significance test).  480 
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El Niño Transition Onset (Mon) La Niña Transition Onset (Mon) 

1951 Cyclic 6 1949 Episodic 9 

1957 Cyclic 4 1954 Episodic 5 

1963 Episodic 6 1955 Multi-year 2 

1965 Cyclic 5 1956 Multi-year 6 

1968 Episodic 10 1964 Cyclic 4 

1969 Multi-year 8 1970 Cyclic 6 

1972 Cyclic 5 1973 Cyclic 5 

1976 Cyclic 8 1975 Multi-year 3 

1977 Multi-year 8 1983 Cyclic 9 

1982 Episodic 4 1984 Multi-year 9 

1986 Episodic 8 1988 Cyclic 4 

1991 Episodic 9 1995 Cyclic 8 

1994 Episodic 8 1998 Cyclic 6 

1997 Episodic 4 1999 Multi-year 8 

2002 Episodic 6 2000 Multi-year 9 

2009 Cyclic 7 2007 Episodic 7 

2015 Episodic 3 2008 Multi-year 10 

   2010 Cyclic 5 

   2011 Multi-year 7 

Table 1. Classification of ENSO transitions and their calendar onset months during 483 

the analysis period (1948-2016). 484 
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