
P
os
te
d
on

22
N
ov

20
22

—
C
C
-B

Y
-N

C
-N

D
4
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
10
02
/e
ss
oa
r.
10
50
2
53
1.
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
as

n
ot

b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
at
a
m
ay

b
e
p
re
li
m
in
ar
y.

An explanation for the simulated aborted ENSO events in climate

models

Huaxia Liao1, Yongqiang yong Yu2, Chunzai Wang3, Xiang Han4, and Zhenya Song5

1South China Sea Institute Of Oceanology
2Chinese Academy of Sciences (CAS)
3State Key Laboratory of Tropical Oceanography, South China Sea Institute of
Oceanology, Chinese Academy of Sciences (CAS)
4South China Sea Institute of Oceanology
5First Institute of Oceanography, Ministry of Natural Resources, China

November 22, 2022

Abstract

El Niño-Southern Oscillation (ENSO) seasonal phase-locking behaviors simulated in 36 Coupled Model Intercomparison Project

Phase 6 (CMIP6) models are evaluated for the first time by comparison with 43 CMIP5 models and observations. There are

much more aborted ENSO events (simulated mature phase occurring out of the winter season) in 30 CMIP6 and 33 CMIP5

models than in observations, which indicates that the reasonable ENSO seasonal phase-locking is still a challenge to state-of-

the-art climate models. Furthermore, the seasonal cycle of the zonal SST gradient along the equator can explain approximately

30% and 36% of the variance in the ENSO phase locking for CMIP5 and CMIP6, respectively. Moreover, both the spatial

distribution and the phase change timing of the zonal SST gradient seasonal cycle are crucial for the ENSO seasonal phase

locking. Improvement of the simulating ENSO phase-locking should be realized by focusing on the seasonal cycle of the zonal

SST gradient.
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Key Points: 30 

 ENSO seasonal phase-locking behaviors simulated in CMIP5 and CMIP6 are 31 

evaluated for the first time. 32 

 Aborted ENSO events (the simulated mature phase tends to occur out of the winter 33 

season) still prevail among CMIP5 and CMIP6 models. 34 

 The ability to simulate the realistic seasonal cycle of the zonal SST gradient is 35 

crucial to the ENSO phase locking. 36 

 37 

Abstract 38 

El Niño-Southern Oscillation (ENSO) seasonal phase-locking behaviors 39 

simulated in 36 Coupled Model Intercomparison Project Phase 6 (CMIP6) models are 40 

evaluated for the first time by comparison with 43 CMIP5 models and observations. 41 

There are much more aborted ENSO events (simulated mature phase occurring out of 42 

the winter season) in 30 CMIP6 and 33 CMIP5 models than in observations, which 43 

indicates that the reasonable ENSO seasonal phase-locking is still a challenge to 44 

state-of-the-art climate models. Furthermore, the seasonal cycle of the zonal SST 45 

gradient along the equator can explain approximately 30% and 36% of the variance in 46 



 

 

the ENSO phase locking for CMIP5 and CMIP6, respectively. Moreover, both the 47 

spatial distribution and the phase change timing of the zonal SST gradient seasonal 48 

cycle are crucial for the ENSO seasonal phase locking. Improvement of the 49 

simulating ENSO phase-locking should be realized by focusing on the seasonal cycle 50 

of the zonal SST gradient. 51 

Plain Language Summary 52 

El Niño-Southern Oscillation (ENSO) is the most significant interannual 53 

variability on earth and has enormous impacts on the global climate and human 54 

livelihood. The ability to forecast ENSO accurately is crucially important. ENSO is 55 

characterized by strong peak sea surface temperature (SST) anomalies in the 56 

central-eastern tropical Pacific during the mature phase in winter. However, we found 57 

that the simulated mature phase of ENSO events still tends to occur out of the winter 58 

season (called “aborted ENSO events”) in state-of-the-art climate models by 59 

comparing 36 CMIP6 models with 43 CMIP5 models and observations. This tendency 60 

can seriously affect the ENSO prediction ability. Further analysis indicates that the 61 

seasonal cycle of the zonal SST gradient along the equator, including both the spatial 62 

distribution and timing of phase changes, is crucial for ENSO phase locking. Earlier 63 

phase changes of the zonal SST gradient from negative to positive in October can lead 64 

to aborted ENSO events through the premature reduction of zonal advection and 65 

thermocline feedbacks. Furthermore, unrealistic spatial distributions can also change 66 



 

 

the seasonal cycle of zonal SST gradient, therefore producing more aborted ENSO 67 

events. Our study is instructive for the improvements in ENSO prediction and 68 

therefore can greatly benefit our society. 69 

1 Introduction 70 

El Niño-Southern Oscillation (ENSO) is the most prominent interannual climate 71 

variability on earth and is characterized by strong winter peaked sea surface 72 

temperature (SST) anomalies in the central-eastern tropical Pacific [Mitchell & 73 

Wallace, 1996; Neelin et al., 2000; Philander, 1983; Wang & Picaut, 2004]. The ability 74 

to forecast ENSO accurately is crucial to the livelihoods of people globally 75 

[Brönnimann et al., 2004; Cai et al., 2019; Wang, 2019]. A climate model is the key 76 

tool to simulate and predict ENSO events. However, simulating reasonable ENSO 77 

seasonal phase-locking behavior is still a challenge to climate models. The simulated 78 

mature phase of ENSO events (hereafter called “aborted ENSO events”) tends to 79 

occur out of the winter season [Balmaseda et al., 1995; Bellenger et al., 2014; Ham & 80 

Kug, 2014]. Failing to simulate the seasonal phase locking of ENSO can severely 81 

affect model’s ability to simulate tropical climate variability and global monsoons 82 

[Brönnimann et al., 2004; Cai et al., 2019]. 83 

Many studies have discussed the mechanisms of ENSO seasonal phase locking 84 

and the causes of simulation biases. Early studies proposed the dynamics of the 85 

nonlinear interaction between the ENSO cycle and the annual cycle based on a simple 86 



 

 

couple model [Jin et al., 1996; Neelin et al., 2000]. However, the mechanisms are 87 

more complicated for climate models. Many climate models experience the double 88 

Intertropical Convergence Zone (ITCZ) problem [Lin, 2007], with too zonally elongated 89 

South Pacific convergence zone (SPCZ) over the southwestern Pacific [McGregor et al., 90 

2012; McGregor et al., 2013]. The biases in simulating the SPCZ prevent the 91 

southward shift of the westerly wind in boreal spring, hence disturbing the winter peak 92 

tendency of ENSO [Harrison & Vecchi, 1999; Tziperman et al., 1997; Tziperman et al., 93 

1998; Zheng & Yu, 2007]. In addition to the double ITCZ problem, unrealistic 94 

simulations of tropical SST are fundamentally important [An & Wang, 2001; Chen et 95 

al., 2019; Ham et al., 2012]. The simulated SST represents the conditions in simulating 96 

the tropical Pacific zonal SST gradient and thermocline depth. Therefore, it modulates 97 

the simulated ENSO cycle through zonal advective and thermocline feedback. Studies 98 

have suggested that models with aborted ENSO events tends to simulate colder SST 99 

and amplified oceanic feedbacks in boreal summer [Ham & Kug, 2014]. The cold 100 

biases of SST also lead to weak phase locking by suppressing thermocline feedback 101 

and Ekman feedback in boreal winter [Wengel et al., 2018]. In addition to SST, 102 

incorrect simulation of shortwave feedback [Bellenger et al., 2014; Rashid & Hirst, 103 

2016], as well as the seasonal cycle of the mean current, affect the winter ENSO peak 104 

[Stein et al., 2010]. Therefore, even with the above described progress, the explanation 105 

of the aborted ENSO events is still inconclusive. 106 

Multimodel analyses have shown only modest improvements in ENSO 107 



 

 

phase-locking simulation from CMIP3 to CMIP5, and too many aborted ENSO events 108 

still represent a common problem in CMIP5 models [AchutaRao & Sperber, 2002; 109 

Bellenger et al., 2014; Ham & Kug, 2014]. More than 30 climate models participating 110 

in CMIP6 [Eyring et al., 2016] have recently published their simulation results. These 111 

published data provide an excellent opportunity to assess the ENSO phase-locking 112 

simulation ability and analyze the reason for aborted ENSO events in state-of-the-art 113 

climate models. 114 

This study evaluates the simulated ENSO seasonal phase-locking ability for 43 115 

CMIP5 and 36 CMIP6 models and proposes a possible explanation for the 116 

abovementioned ENSO events. A brief description of the datasets and the analysis 117 

methods used in this study are presented in section 2. Section 3 evaluates the simulation 118 

results and analyze the mechanisms of aborted ENSO events in CMIP5 and CMIP6 119 

models. Section 4 presents the discussion and conclusion. 120 

2 Data and Methodology 121 

2.1 Observational and model datasets 122 

The SST datasets referred to as observations were derived from the Hadley 123 

Center Sea Ice and Sea Surface Temperature (HadISST) dataset starting at 1870 on a 124 

1°×1° grid [Rayner et al., 2003] and the Extended Reconstructed Sea Surface 125 

Temperature (ERSST) version 5 starting at 1854 on a 2°×2° grid [Huang et al., 2017]. 126 

The first realization of the historical simulation from 43 CMIP5 (r1i1p1) and 36 127 



 

 

CMIP6 (r1i1p1f1) climate models used in this study are summarized in Table S1 and 128 

Table S2. Each historical simulation was integrated from a pre-industrial control 129 

simulation spin-up experiment and then forced by solar, volcanic, aerosol, and 130 

greenhouse gas data from 1850 to 2005 for the CMIP5 historical experiments [Taylor 131 

et al., 2012] and from 1850 to 2014 for the CMIP6 historical experiments [Eyring et 132 

al., 2016]. 133 

In this study, we select the monthly outputs from 1870 to 2005 based on both 134 

observations and model results for analysis. All of the data were interpolated to a 1°×1° 135 

grid. 136 

2.2 Methods 137 

The El Niño and La Niña events were defined by using the SST anomaly 138 

averaged over the Niño3 region (150°W-90°W, Niño3 index). In each observation and 139 

model, we define El Niño and La Niña events as periods when the Niño3 index 140 

exceeds half of its standard deviation (SD) for over six months [Levine et al., 2016]. 141 

For each Niño3 index, preprocessing of the long-term linear detrend [Lindsey, 2013] 142 

and three-month running average were used before calculating the El Niño (La Niña) 143 

events. 144 

The seasonal cycle was calculated by removing the annual mean value from the 145 

climatology. The correlation coefficients of the seasonal cycle between each model 146 

and observations were used to evaluate the simulation performance of the seasonal 147 

cycle. 148 



 

 

In this paper, we define the concept of “aborted El Niño (La Niña) events” 149 

[Guilyardi et al., 2003] as El Niño (La Niña) events that were aborted during the 150 

development processes and peaked before winter (March to September). Because of 151 

the similar mechanisms in the evolution of El Niño and La Niña events, we used 152 

aborted El Niño events to classify the simulation ability in terms of ENSO 153 

phase-locking in each model. 154 

Based on the proportions of aborted El Niño events out of all El Niño events, we 155 

classified the models into three categories (Figures 1b and 1c). The model was 156 

classified as Aborted_L if the proportion of aborted El Niño events was under 1/3. If 157 

the proportion exceeded 2/3, the model was classified as Aborted_H. The rest of the 158 

models were marked as Aborted_M. The robust features of the ensemble were 159 

examined by its intermodel SD [Jia et al., 2019]. 160 

In this study, we found that the simulated ENSO usually peaked randomly in 161 

each month (Figure S1) when climate models failed to simulate the seasonal cycle of 162 

the zonal SST gradient in the central-eastern Pacific (2 S-2 N, 180°-100°W). The 163 

correlation coefficients between the observations and simulations in these models 164 

were smaller than 0.576, which corresponded to the 95% significance level based on a 165 

two-tailed Student’s t-test. The proportion of the aborted El Niño events in these 166 

models was close to 2/3 (7 months out of a total of 12 calendar months), which caused 167 

confusion in the characteristics of the Aborted_M and Aborted_H models. Therefore, 168 

these models were neglected in the multimodel ensemble analyses. Furthermore, the 169 



 

 

climate models failed in simulating the seasonal cycle of the SST in the eastern 170 

Pacific (2 S-2 N, 150°-90°W) are showed in Figure S2. 171 

3 Results 172 

3.1 Model assessment 173 

In the observations, ENSO presents strong phase locking with a maximum SST 174 

anomaly variability in winter and a minimum SST anomaly variability in spring [An 175 

& Wang, 2001; Bellenger et al., 2014]. Seasonality diagnosis shows that both the 176 

CMIP5 and CMIP6 ensemble means can capture the basic states of the observed 177 

seasonal ENSO variability (Figure 1a). The CMIP6 model ensemble mean shows 178 

larger standard deviations in each calendar month than the observation and CMIP5 179 

model ensemble means, which may reflect the larger amplitudes of several models, 180 

such as CESM2-FV2. However, the seasonal phase locking of both the CMIP5 and 181 

CMIP6 ensemble means is weaker than that of observations. There are also large 182 

intermodel variabilities in the CMIP5 and CMIP6 ensembles, indicating that ENSO in 183 

individual models may peak in any season. Sixteen CMIP5 models (37% of the 43 184 

models) and 18 CMIP6 models (50% of the 36 models) show a maximum standard 185 

deviation in the SST anomaly in November-January, which indicates that the ability to 186 

simulate ENSO seasonal phase locking improves from CMIP5 to CMIP6. However, 187 

there is still room for additional improvement. 188 

To further evaluate the ability to simulate the ENSO phase locking in each model, 189 



 

 

we propose the concept of “aborted El Niño events” (see Methods). The proportions 190 

of the aborted El Niño events are 0.15 (5 out of 34 total El Niño events) in the ERSST 191 

dataset and 0.23 (7 out of 31 total El Niño events) in the HadISST dataset. Based on 192 

the proportions of the aborted El Niño events out of all El Niño events, we classify the 193 

models into three categories (Figures 1b and 1c, Table S1 and S2). Aborted_L 194 

represents models with relatively realistic ENSO phase locking, such as 195 

CESM2-WACCM and FIO-ESM2 in CMIP6 (Figure 1c, Table S2). In contrast, the 196 

models that failed to simulate the winter ENSO peak are identified as Aborted_H 197 

models. Ten out of 43 (approximately 23%) CMIP5 models are Aborted_L models 198 

(Figure 1c, Table S1), while only 6 out of 36 (approximately 17%) CMIP6 models are 199 

classified as Aborted_L (Figure 1b, Table S2). It seems there is no improvement in 200 

simulating the ENSO phase locking from CMIP5 to CMIP6 based on the numbers of 201 

Aborted_L models. The stalled progress may relate to the progress of CMIP6, since 202 

some Aborted_L models in CMIP5 (e.g., the models from the Hadley Center in the 203 

UK) have been unavailable until now. Moreover, there are clear improvements in 204 

CMIP6 if the Aborted_L model threshold is increased slightly. Specifically, 12 out of 205 

43 (approximately 28%) CMIP5 and 14 out of 36 (approximately 0.39%) CMIP6 206 

models are classified as Aborted_L if we increase the threshold of the Aborted_L 207 

model from 0.37 to 0.4. Clear improvements are also found in some individual models, 208 

such as the models from the Geophysical Fluid Dynamics Laboratory in USA, which 209 

are classified as Aborted_L if the threshold is increased. We suggest that the ENSO 210 



 

 

seasonal phase locking is modestly improved from CMIP5 to CMIP6. 211 

3.2 Phase-locking simulation bias analysis 212 

Several studies [Jin & An, 1999; Wang & Picaut, 2004; Zhu et al., 2015] have 213 

suggested that the evolution of ENSO is dominated by zonal advective feedback and 214 

thermocline feedback, which are highly connected to the zonal gradient of SST in the 215 

central-eastern tropical Pacific and the thermocline depth in the eastern Pacific. The 216 

realistic simulation of the zonal SST gradient is crucial to the simulation of the ENSO 217 

seasonal phase locking [An & Wang, 2001; Ham & Kug, 2014]. Changes in the zonal 218 

SST gradient modulate the strength of the zonal advective feedback. Furthermore, the 219 

seasonal changes in the zonal SST gradient associated with the changes in 220 

thermocline depth in the eastern tropical Pacific [Karnauskas et al., 2009; Zhu et al., 221 

2015] reflect changes in the thermocline feedback strength. Figure 2 presents the 222 

simulated and observed seasonal cycle of the zonal SST gradient in the equatorial 223 

Pacific. The observed zonal gradient of SST turns positive after January and then 224 

reverses to negative after July, with the maximum amplitude spreading uniformly over 225 

the central-eastern equatorial Pacific (180°-100°W, Figure 2d). The negative zonal 226 

SST gradient amplifies the zonal SST variation in the equatorial Pacific and vice versa. 227 

Therefore, the strengths of the zonal advective feedback and thermocline feedback 228 

increase from January to June and decrease from July to December. The seasonal 229 

cycle of the zonal SST gradient turns from negative to positive in January. Thus, 230 

ENSO can develop rapidly in boreal summer and autumn but decays in subsequent 231 



 

 

spring due to changes in zonal advection and the thermocline feedback strength. 232 

Similar to the observations, all three categories of the model ensemble mean 233 

present a clear seasonal cycle of the zonal SST gradient in the equatorial Pacific 234 

(Figure 2a-2c). However, there are also apparent differences between these categories 235 

(Figure 2e-2f). The models that are poor in simulating the winter El Niño peak 236 

(Aborted_M and Aborted_H) tend to simulate an earlier phase change in October. The 237 

earlier phase changes of the seasonal zonal SST gradient from negative to positive in 238 

October can lead to earlier peaks of the simulated El Niño events in the Aborted_H 239 

models. The effects of these unrealistic phase changes are more obvious in individual 240 

models than in ensemble means. For example, the seasonal cycle of the zonal SST 241 

gradient in the CESM2-FV2 model reverses from the negative to positive phases in 242 

October (Figure S3a). In response to the earlier phase change, all of the aborted El 243 

Niño events in CESM2-FV2 (15 out of 39 total El Niño events) peak in late summer 244 

(July August-September). In contrast, the HadGEM2-CC model shows delayed phase 245 

changes of the seasonal zonal SST gradient in boreal spring (Figure S3b). Thus, 246 

approximately two-thirds of the aborted El Niño events (16 out of 24 aborted El Niño 247 

events) in the HadGEM2-CC model peak in spring (March-April-May). 248 

The ensemble means of the three categories also show that a model that fails to 249 

simulate the winter El Niño peak (Aborted_M and Aborted_H) tends to simulate a 250 

weaker seasonal cycle of the zonal SST gradient (Figure 2). We found that the weaker 251 

amplitudes of the Aborted_M and Aborted_H ensemble means are highly connected 252 



 

 

to the spatial patterns of the seasonal zonal SST gradient in some models. A model 253 

with realistic zonal spatial distributions and phase changes of the zonal SST gradient 254 

over the central-eastern equatorial Pacific (180°-100°W), such as CESM-CAM5 255 

(Figure S3c) in Aborted_L ensembles, tends to simulate the winter ENSO peak well. 256 

Furthermore, the proportion of aborted El Niño events is close to or exceeds 257 

two-thirds in models with an inaccurate zonal spatial distribution, such as CMCC-CM 258 

(Figure S3d), MRI-ESM1 and MPI-ESM1-2-HR, which fail to simulate the winter 259 

ENSO peak. Unlike the uniformly spread zonal SST gradient in observations, the 260 

unrealistic and discontinuous spatial distribution weakens the amplitude and disturbs 261 

the phase changes of the zonal SST gradient seasonal cycle. Therefore, this unrealistic 262 

distribution affects the seasonal changes in zonal advective feedback and thermocline 263 

feedback strength and eventually changes the simulated ENSO phase locking. There 264 

is high diversity among the models with inaccurate zonal spatial distributions. The 265 

zonal spatial distribution biases in those models are complicated and may cancel each 266 

other. Thus, the amplitudes of the seasonal zonal SST gradient in the Aborted_M and 267 

Aborted_H ensemble means are much weaker than the amplitude in the Aborted_L 268 

ensemble mean. 269 

We suggest that both the spatial distribution and the phase change timing of the 270 

seasonal zonal SST gradient are crucial for the ENSO phase locking. However, these 271 

two factors are complicated and usually tangled in individual models. It is challenging 272 

to examine the exact contributions of each factor. Thus, the spatial distribution and the 273 



 

 

phase changes have a combined effect on the simulation ability of the seasonal zonal 274 

SST gradient. In this study, we define the accuracy of the zonal SST gradient seasonal 275 

cycle as the correlation between the observed and simulated zonal mean of the 276 

seasonal zonal SST gradient over the central-eastern equatorial Pacific (180°-100°W), 277 

where the observed seasonal cycle of the zonal SST gradient is uniformly and stably 278 

spread. 279 

To shed further light on the mechanisms of the simulated ENSO seasonal phase 280 

locking, scatter plots are used to determine the connections between the proportion of 281 

the simulated aborted El Niño events out of all El Niño events and the accuracy of the 282 

simulated zonal SST gradient seasonal cycle in the central-eastern equatorial Pacific 283 

(Figure 3). The multiple correlation coefficients based on CMIP5 and CMIP6 are 0.54 284 

and 0.60, respectively, which correspond to approximately 30% and 36% of the 285 

explained variance, respectively. In addition, the multiple correlation coefficients 286 

increase from CMIP5 to CMIP6. This enhancement of the multiple correlation 287 

coefficients highlights the importance of the seasonal cycle of the zonal SST gradient 288 

in state-of-the-art climate models and suggest that decreased biases in the simulation 289 

of other processes are due to the decrease in the residual explained variances. Note 290 

that the correspondences remain stable even when we change the boundary of the 291 

zonal SST gradient slightly. Hence, we suggest that the ability to simulate the seasonal 292 

cycle of the equatorial Pacific zonal SST gradient realistically is essential in 293 

simulating the ENSO seasonal phase locking. 294 



 

 

4 Conclusions and Discussion 295 

This study examined the ENSO seasonal phase locking based on 43 CMIP5 and 296 

36 CMIP6 models, showing that the simulation of reasonable ENSO seasonal 297 

phase-locking behavior is still a challenge to CMIP6 models. We found that the 298 

seasonal cycle of the zonal SST gradient along the equator, including both the spatial 299 

distribution and the timing of phase changing, is crucial for the ENSO phase locking. 300 

The realistic simulation of the zonal SST gradient improves the spatial distribution 301 

and phase changing timing of the simulated zonal advection and thermocline feedback, 302 

which both dominate the evolution of ENSO events. Unlike previous studies, our 303 

research suggests that the realistic simulation of the zonal SST gradient rather than the 304 

SST is essential in simulating the ENSO seasonal phase locking. The examination of 305 

local SST is unable to reflect the thermal difference along the equator and thus may 306 

neglect seasonal changes in equatorial trade wind strength, as well as the associated 307 

horizontal advection and thermocline process. The correlation coefficients between 308 

the proportion of simulated aborted El Niño events out of all El Niño events and the 309 

accuracy of the simulated SST seasonal cycle in the eastern equatorial Pacific region 310 

are 0.23 and 0.37 based on CMIP5 and CMIP6, respectively (Figures S4), which 311 

correspond to approximately 10% of the explained variance. Some models, such as 312 

ACCESS-CM2 in CMIP6, demonstrate very poor behavior in simulating the seasonal 313 

cycle of SST but have excellent performances in simulating the zonal SST gradient 314 

and the winter peaked El Niño (Figures S5a and S5d). 315 



 

 

It should be noted that the effectiveness of diagnoses through the accuracy of 316 

seasonal zonal SST gradients may be low in certain situations. For example, the 317 

MAM-UA-1-0 model can generally simulate the amplitude and phase change timing 318 

of the seasonal zonal SST gradient (Figures S5b and S5e). However, the simulated 319 

zonal SST gradient decreases suddenly in October, accompanied by abrupt changes in 320 

zonal advection and thermocline feedback. Thus, most of the aborted El Niño events 321 

in MAM-UA-1-0 peak in August and September. Therefore, caution should be taken 322 

when analyzing the ENSO seasonal phase locking in a single model. 323 

Some previous studies suggest that a model that fails to simulate the winter peak 324 

of ENSO tends to simulate enhanced zonal advective and thermocline feedback in 325 

boreal summer, which is opposite to our results. The difference may be due to the 326 

different datasets we use. Ham and Kug (2014) use 21 CMIP3 and 21 CMIP5 models 327 

as an ensemble, while we use 43 CMIP5 and 36 CMIP6 models. Our conclusions are 328 

not conflicting since individual models may exhibit excessive summer zonal SST 329 

gradients and earlier phase changes together (Figure S3a). We also check the 330 

simulated ENSO seasonal phase locking through El Niño events based on the Niño3.4 331 

index (Figure S6) and through La Niña events based on the Niño3 index (Figure S7). 332 

Both show clear connections between the proportion of simulated aborted ENSO 333 

events out of all ENSO events and the accuracy of the simulated seasonal cycle of the 334 

zonal SST gradient, revealing that the ability to simulate the seasonal cycle of the 335 

zonal SST gradient is essential in simulating ENSO seasonal phase locking. 336 



 

 

The seasonal cycle of the zonal SST gradient can explain approximately 30% to 337 

36% of the variance in the simulated El Niño seasonal phase locking. In other words, 338 

60% to 70% of the variability remains unaccounted for by this approach. For example, 339 

INM-CM5-0 is a member of the Aborted_L model but failed to simulate the realistic 340 

seasonal cycle of the zonal SST gradient (Figure S1). The residual variability may be 341 

due to other problems, such as an excessive summer zonal SST gradient [Ham & Kug, 342 

2014], the double ITCZ problem [Zheng & Yu, 2007; McGregor et al., 2012] and 343 

shortwave feedback bias [Bellenger et al., 2014]. In addition, the simulated mean 344 

thermocline depth in the eastern equatorial Pacific limits the variations in the 345 

anomalous thermocline depth [Wengel et al., 2018; Zhu et al., 2015], thus disturbing 346 

the linkages between the seasonal cycle of the zonal SST gradient and thermocline 347 

depth. Further analyses should be performed in future studies. 348 
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and ERSST datasets are from the Met Office Hadley Center 368 

(https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html) and 369 

NCDC/NOAA (https://www1.ncdc.noaa.gov/pub/data/cmb/ersst/v5/netcdf/), 370 

respectively. 371 
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Figures 492 

 493 

Figure 1. ENSO seasonality diagnoses based on the Niño3 index: (a) Monthly average 494 

standard deviation of the Niño3 SST anomalies (°C) for the ERSST (black), CMIP5 495 

(blue) and CMIP6 (red) ensemble means. Classification of Aborted_L (orange), 496 

Aborted_M (light blue), and Aborted_H (light green) models based on the proportion 497 

of aborted El Niño events for (b) CMIP6 and (c) CMIP5 models. The light color in (a) 498 

represent 0.5 times the intermodel SD. The black dashed lines in (b) and (c) represent 499 

the 1/3 and 2/3 thresholds, respectively. 500 

  501 



 

 

 502 

Figure 2. Seasonal cycle of the zonal SST gradient (10
-6 

°C/m) at the equator 503 

(2°S-2°N) in the Pacific Ocean for observations (ERSST) and models (ensemble 504 

mean of CMIP5 and CMIP6 models). (a) Aborted_L, (b) Aborted_M, (c) Aborted_H, 505 

(d) ERSST, (e) Aborted_H - Aborted_L, (e) Aborted_M - Aborted_L. The most robust 506 

features of the ensemble where the mean exceeds 1 SD in (a), (b), and (c) are shaded. 507 

The models that failed to simulate the seasonal cycle of the zonal SST gradient in the 508 

central-eastern equatorial Pacific area (2°S-2°N, 180°-100°W) were neglected. 509 
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 511 

Figure 3. Scatter plots of the simulated El Niño seasonal phase locking and the 512 

simulated seasonal cycle of the zonal SST gradient over the equatorial central-east 513 

Pacific Ocean (2°S-2°N, 180°-100°W) based on (a) CMIP5 and (b) CMIP6. The 514 

X-axis shows the correlation coefficients between the model-simulated and 515 

observational seasonal cycles of the zonal SST gradient over the equatorial 516 

central-east Pacific Ocean. The Y-axis shows the proportions of aborted El Niño 517 

events out of all El Niño events. The black dots represent observations. The solid lines 518 

indicate regressions based on the simulated results for which the correlation 519 

coefficients are above 0.576. R represents the multiple correlation coefficient of the 520 

regression analysis. Ra represents the threshold value of the multiple correlation 521 

coefficient at the 99% confidence level based on the F-test. 522 

 523 


