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Abstract: El Niño–Southern Oscillation (ENSO) usually peaks in the boreal winter—November to
January of the following year. This particular feature of ENSO is known as the seasonal phase locking
of ENSO. In this study, based on 34 climate models from the Coupled Model Intercomparison Project
Phase 6 (CMIP6), the seasonal phase-locking characteristics of the model-simulated El Niño and
La Niña events are evaluated in terms of the evolution of the SST anomalies associated with ENSO
and the probability distribution of the peak month—the time at which ENSO peaks. It is found that
CMIP6 models underestimate the phase-locking strength of ENSO for both El Niño and La Niña
events. The ensemble mean peak month matches the observations, but the inter-model spread is
large. The models simulate the phase locking of El Nino events better than that of La Niña events,
and the large simulation bias of CMIP6 for La Niña phase-locking in the models may have an impact
on the simulation of seasonal phase-locking in the ENSO.
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1. Introduction

El Niño–Southern Oscillation (ENSO) is the largest contributor to interannual global
climate variability, with important implications for global weather, ecology, and soci-
eties [1–9]. One of the many interesting things about ENSO events is that the associated
SST anomaly in the central-eastern equatorial Pacific Ocean tends to peak in the boreal
winter, November to January, a phenomenon often referred to as the seasonal phase locking
of ENSO [8,10–13]. Through atmospheric teleconnection [14–17], the ENSO seasonality is
an important factor in determining the impacts of ENSO on global weather and climate
and, by extension, agricultural and other human activities. Studies have also underscored
the particularly important roles of this seasonal character of ENSO in understanding and
predicting weather and climate over China and India, where more than 1/3 of the world
population lives [18–20].

Through the utilization of observational data and simulations by the regional and
global climate models with different levels of complexity, significant progress has been
made in understanding the seasonal phase-locking of ENSO. A series of comprehensive
studies on the development, evolution, spatial and temporal distribution characteristics,
seasonal characteristics, and global climate impacts of ENSO have been carried out, and
a lot of significant progresses have been made [4,21–40]. The approach to ENSO research
has evolved from analyzing observed data and historical ENSO events to climate model
simulations, which have proposed various conjectures and mechanisms to explain the
seasonal phase-locking of ENSO, but the phenomenon of ENSO peaking in the boreal
winter has not yet been fully explained or simulated. Whether the models are linear ones
of different levels of complexity, nonlinear ones, or the most complex coupled climate
models, they have different levels of problems in correctly explaining or simulating the
ENSO seasonal phase-locking characteristics as seen in observations [26,27,30,33–36].

Coupled General Circulation Models (CGCMs), being the most complex ocean- atmo-
sphere models, have become the key tools to understand and simulate the development
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and evolution of ENSO and to predict the future changes in the ENSO in the context of
global climate change. The development and improvement of coupled climate models
have indeed played an important role in ENSO research. Considerable and encourag-
ing progress has been made in the past decades in coupled climate model simulations
of basic aspects of ENSO, such as the amplitude, the distribution and evolution of SST
anomalies in the equatorial Pacific associated with ENSO, the frequency, and the diversity
of ENSO [4,24,25,41–45]. However, the results of the current study—a study focusing
on evaluating the simulation of the seasonal phase-locking of ENSO by coupled climate
models—indicate that the simulation of the ENSO winter peak phenomenon by climate
models is still biased in a significant way in many models, and that correctly simulating
the seasonal phase-locking phenomenon of ENSO is still a great challenge for CGCMs.

Difficulties for early coupled climate models to simulate the observed ENSO winter
phase-locking have been reported. Some of the models even show the opposite ENSO
phase-locking season to observations: that of summer. In the evaluation of the Coupled
Climate Model Intercomparison Program (CMIP), the results show that both CMIP3 and
CMIP5 models have been found to be unable to properly simulate the seasonal phase-locking
characteristics of ENSO [24,29]. CMIP5 models have significant improvements in the sim-
ulations of the basic state of the SST and the basic characteristics of ENSO, such as the
amplitude in the equatorial Pacific, when compared with CMIP3, but have limited improve-
ments in the simulations of the seasonal phase-locking of ENSO. Ham et al. [29] evaluated
the simulations of ENSO phase-locking in CMIP3 and CMIP5 models using the ENSO
phase-locking performance index (PP Index), which is defined as the correlation between
the standard deviations of Nino3 SST anomaly (SSTA) for each model and observation in
each calendar month. They found that only 33% of the selected models show a PP Index
higher than 0.6, which implies weaker phase locking in the models. For the constructive
part of the study, they further attributed the poor simulations of ENSO’s phase-locking in
the models to the colder seasonal-mean sea-surface temperature (SST) during the boreal
summer, as well as the associated shallower thermocline depth over the eastern Pacific.
The accurate modeling of the climatological state and seasonal cycle of the tropical Pacific
background field is essential to simulate ENSO’s winter phase locking. This study has also
shown that from CMIP3 to CMIP5, there are no significant improvements in the simulation
of the seasonal phase-locking of the ENSO. In both the CMIP3 and CMIP5 models, there is
a large inter-model variability in the peak time of ENSO, with many models having ENSO
events peaking in the summer [24,29,34,35]. Cross-validation studies, with intermediate
and coupled models, have pointed out that seasonal variations in coupling strength and
accurate simulation of the annual cycle of the background field in the equatorial Pacific, as
well as advection feedback, are essential for climate models to simulate the correct ENSO
phase-locking. On the other hand, it has also been shown that seasonal variations in wind
stress anomalies in the equatorial Pacific may also play an important role in ENSO phase
locking in winter. Overall, the coupled climate models provide a powerful tool for an
insight on what determines or influences the seasonal preference of ENSO events.

The publication of the climate simulations by the latest generation of climate models,
the CMIP6 models, has provided an opportunity to further assess and analyze the sim-
ulations of the phase-locking simulation capabilities of ENSO by our most sophisticated
climate models. However, it has been shown that the seasonal phase locking of ENSO
in the CMIP6 ensemble remains weaker than the observed phase locking, with little im-
provement from CMIP5 to CMIP6 [26,27,33,34]. Weaker phase-locking strength and large
inter-model variabilities demonstrate that there are also no significant improvements in the
ENSO phase-locking simulations from CMIP5 to CMIP6 [25,27,33,34]. Liao et al. (2021) [34]
used the proportion of model-simulated winter-peaking ENSO events (PPL index) as an
indicator to validate the simulation of ENSO seasonal phase locking in CMIP6 models.
Chen and Jin (2022) [26] have investigated different oceanic feedback processes using the
RO model and found that the seasonal modulation of the SST growth rate is determined by
the seasonal modulation of the SST growth rate. Seasonal modulation of the growth rate
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determines the winter peak characteristics of ENSO in the model, further suggesting that
the phase-locking bias in the climate model is related to the specific latitudinal advection
feedback and shortwave feedback simulations. The phase-locked simulation of the CMIP6
model is also evaluated using histograms of peak month probability distributions and
preference strengths, noting that CMIP6 is poorly simulated for seasonal phase locking,
and inverted using the sLIM method. However, although the basic feature of ENSO’s phase
locking has been widely studied and discussed, there is no unified and perfect mechanism
and explanation for the physical mechanism and theoretical research behind it, especially
in CGCMs.

However, these studies have only explored the overall ENSO amplitude or the phase
locking of El Niño and have not been specifically concerned with the phase-locking simula-
tion of La Niña events, the cold phase of ENSO. In Zhao and Sun 2022 [45], it was pointed
out that the overestimation of La Niña event amplitude in the CMIP6 model led to the
overestimation of the overall ENSO amplitude in the model. A comprehensive assessment
of the seasonal phase-locking characteristics of ENSO events simulated by coupled climate
models also needs to be explored, which includes both the El Niño and La Niña events.
In this study, we use the latest CMIP6 to evaluate and analyze the model simulations of
the seasonal phase-locking characteristics of El Niño and La Niña events. We will report
that while the CMIP6 Models generally underestimate the strength of the seasonal phase
locking of ENSO, the simulations of the phase locking of El Niño by the models are superior
to the simulations of the seasonal phase locking of La Niña events. The poorer simulations
of the La Niña seasonal phase locking in models affect the model’s simulation of the overall
seasonal phase locking of ENSO.

2. Materials and Methods

The sea surface temperature (SST) data for observations used in this study are from the
Hadley Centre Sea Ice and Sea Surface Temperature dataset (HadISST1) [46] over the period
1950–2014. In order to investigate the performance of the CMIP6 models in the simulation
of ENSO seasonal phase-locking, the historical simulation experiments (r1i1p1f1) outputs
from 34 CMIP6 climate models used in this study are listed in Table 1 [47].

These models were selected to cover as many different regions and resolutions of
climate models as possible, and the time period for the study was from 1950 to 2014. Each
historical simulation was initialized from a preindustrial control simulation spin-up experi-
ment and subsequently driven by data on solar radiation, volcanic activity, aerosols, and
greenhouse gasses. At the same time, in order to provide an easy comparison and analysis
with the observation results, all the selected model data are uniformly preprocessed, and
the model ensemble mean results are used for a quantitative comparison and analysis with
the observations. The model’s monthly mean data are uniformly interpolated to the same
grid point resolution of 1◦ × 1◦.

In this study, the El Niño events (La Niña events) are defined as periods when the
SST anomalies in Niño3 region (5◦ S–5◦ N, 150◦ W–90◦ W) exceeds 0.5 ◦C (−0.5 ◦C) for
five consecutive months. Composites of SST anomalies were used for both El Niño and La
Niña events. We calculated the composite evolution of consecutive Niño3 SST anomalies
during El Niño and La Niña events, which can more intuitively characterize the winter
peak of Niño3 SST anomalies in December during the development of ENSO events. The
seasonal phase-locking simulation of the models is portrayed and represented in a more
general way, using the peak month probability distributions and specific peak months of
the composite distribution of SST anomalies for the two warm and cold phases of ENSO-El
Niño and La Niña events.
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In this paper, with reference to Liao et al. 2021 [34], we define winter-peaking El Niño
events and winter-peaking La Niña events to evaluate phase-locking simulations in the
CMIP6 models. ENSO events tend to peak during the boreal winter months of November
to January (NDJ) in next year, and this synchronization of ENSO peaks with the winter
season is called ENSO seasonal phase-locking. To keep the comparison as straightforward
as possible, we define the winter-peaking El Niño (La Niña) events as El Niño (La Niña)
events that reached their maximum during the November to January (NDJ). In addition
to using the synthetic evolution of SST anomalies in the Nino3 region of El Niño and La
Niña events to explore the model simulation of seasonal phase-locking of the two ENSO
phases in a whole, this study evaluates the simulation of the seasonal phase-locking of
ENSO in the CMIP6 model by using the proportion of winter peak El Niño events and La
Niña events among all El Niño and La Niña events.

Table 1. List of the 34 selected CMIP6 models for investigating the phase-locking of ENSO in historical
simulation runs. The first column represents the model number, the second column denotes the
model name, and the third column provides information on the model center and country.

Number Model Name Model Center, Country

1 ACCESS-CM2 Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australia
2 ACCESS-ESM1-5 Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australia
3 BCC-CSM2-MR Beijing Climate Center (BCC), China
4 BCC-ESM1 Beijing Climate Center (BCC), China
5 CanESM5 Canadian Centre for Climate Modelling and Analysis (CCCMA), Canada
6 CAS-ESM2-0 Chinese Academy of Sciences (CAS), China
7 CESM2 National Center for Atmospheric Research (NCAR,) USA
8 CESM2-WACCM National Center for Atmospheric Research (NCAR), USA
9 CMCC-ESM2 Centro Euro-Mediterraneo sui Cambiamenti Climatici(CMCC),Italy
10 CNRM-CM6-1 Centre National de Recherches Météorologiques
11 E3SM-1-0 U.S. Department of Energy (DOE), USA
12 E3SM-2-0 U.S. Department of Energy (DOE), USA
13 FGOALS-f3-L Chinese Academy of Sciences (IAP/CAS), China
14 FGOALS-g3 Chinese Academy of Sciences (IAP/CAS), China
15 GFDL-CM4 National Oceanic and Atmospheric Administration (NOAA), USA
16 GFDL-ESM4 National Oceanic and Atmospheric Administration (NOAA), USA
17 GISS-E2-1-H National Aeronautics and Space Administration (NASA), USA
18 GISS-E2-2-H National Aeronautics and Space Administration (NASA), USA
19 HadGEM3-GC31-LL Met Office Hadley Centre (MOHC), UK
20 HadGEM3-GC31-MM Met Office Hadley Centre (MOHC), UK
21 INM-CM4-8 Institute for Numerical Mathematics, Russian Academy of Sciences (INM RAS), Russian
22 INM-CM5-0 Institute for Numerical Mathematics, Russian Academy of Sciences (INM RAS), Russian
23 IPSL-CM6A-LR Institute Pierre Simon Laplace (IPSL), France
24 KIOST-ESM Korea Institute of Ocean Science & Technology (KIOST), South Korea
25 MCM-UA-1-0 Department of Geosciences, University of Arizona
26 MIROC6 Model for Interdisciplinary Research on Climate
27 MPI-ESM1-2-LR Max Planck Institute for Meteorology (MPI), Germany
28 MRI-ESM2-0 Meteorological Research Institute (MRI), Japan
29 NESM3 Nanjing University of Information Science and Technology (NUIST), China
30 NorCPM1 Norwegian Climate Center (NCC), Norway
31 NorESM2-LM Norwegian Climate Center (NCC), Norway
32 NorESM2-MM Norwegian Climate Center (NCC), Norway
33 SAM0-UNICON Seoul National University (SNU), South Korea
34 TaiESM1 National Taiwan University (AS-RCEC), China

3. Results
3.1. Phase-Locking Performance of El Niño and La Niña Events in CMIP6 Models

ENSO events in the observations were found to reach their maximum in the boreal
winter. For both El Niño and La Niña events, the most common month for the events to
peak is December. Figure 1 shows the evolution of Niño3 SST anomalies in the development
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and progression of El Niño and La Niña events, and it clearly shows this intriguing winter
peak phenomenon of the Niño3 SST anomalies reaching their maximum in December. Peak
months for the curves are marked by crosses. As shown in Figure 1, the CMIP6 model
ensemble mean is able to capture the winter phase-locking characteristics of El Niño and
La Niña events, especially for El Niño. The model ensemble mean and the observations
both peak in December.

Atmosphere 2024, 15, 882 5 of 15 
 

 

events that reached their maximum during the November to January (NDJ). In addition 
to using the synthetic evolution of SST anomalies in the Nino3 region of El Niño and La 
Niña events to explore the model simulation of seasonal phase-locking of the two ENSO 
phases in a whole, this study evaluates the simulation of the seasonal phase-locking of 
ENSO in the CMIP6 model by using the proportion of winter peak El Niño events and La 
Niña events among all El Niño and La Niña events. 

3. Results 
3.1. Phase-Locking Performance of El Niño and La Niña Events in CMIP6 Models 

ENSO events in the observations were found to reach their maximum in the boreal 
winter. For both El Niño and La Niña events, the most common month for the events to 
peak is December. Figure. 1 shows the evolution of Niño3 SST anomalies in the develop-
ment and progression of El Niño and La Niña events, and it clearly shows this intriguing 
winter peak phenomenon of the Niño3 SST anomalies reaching their maximum in Decem-
ber. Peak months for the curves are marked by crosses. As shown in Figure 1, the CMIP6 
model ensemble mean is able to capture the winter phase-locking characteristics of El 
Niño and La Niña events, especially for El Niño. The model ensemble mean and the ob-
servations both peak in December. 

 
Figure 1. Evolution of the composite distribution of SSTA in the Niño3 region during El Niño (a) 
and La Niña (b) events in Observations (black line) and 34 CMIP6 models (other colored lines). The 
gray line is for the model ensemble mean. The crosses in (a,b) represent the peak points of the dif-
ferent curves, which are defined as the peak month of El Niño (a) and La Niña (b) events. 

Figure 1. Evolution of the composite distribution of SSTA in the Niño3 region during El Niño (a) and
La Niña (b) events in Observations (black line) and 34 CMIP6 models (other colored lines). The gray
line is for the model ensemble mean. The crosses in (a,b) represent the peak points of the different
curves, which are defined as the peak month of El Niño (a) and La Niña (b) events.
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Although El Niño events in most of the models peak in the winter months, November,
December, and January (NDJ), there are still some models with large phase-locking bias, and
there are also models with double-peak problems, such as the CMCC-ESM2 model. Overall,
El Niño events in the models fit those from observations well. Both the model ensemble
mean results and the observations reach the maximum point in December. The model
ensemble mean results for the La Niña events show a larger bias from the observations
than those for El Niño events. Figure 1b shows the evolution of SST anomalies in the Niño3
region simulated by the CMIP6 models and that in the observations during the La Niña
events. It can be seen that the SST anomalies simulated by the model ensemble mean results
are consistent with the observations—La Niña events in both models and the observations
peak in December. There is an overestimation of the peak strength of the La Niña, and this
bias continues from July of the first year to June of the following summer. This is consistent
with the overestimation of La Niña intensity in the model found in Zhao and Sun 2022.

To provide another measure for a more detailed assessment of the seasonal phase-
locking of model-simulated El Niño and La Niña events, we have also investigated the peak
month and probability distribution of the peak month of the model-simulated composite
distribution of Niño3 SST anomalies for El Niño and La Niña events (Figure 2). Of the
selected models, up to 74 percent of them can simulate a winter-peaking of El Niño events
(Figure 2b), and 63 percent of them simulate a winter-peaking of La Niña events (Figure 2d).
The CMIP6 models perform better in modeling El Niño phase locking than in modeling
the phase locking of La Niña events. The overall model simulations of La Niña’s peak
month are slightly worse than those of El Niño, and some of the model simulations of
La Niña events reach their maximum in the summer from June–August (JJA), showing a
seasonal phase-locking that has a phase opposite to that from the observations. There are
two major problems with the model simulations of La Niña. One is the large inter-model
differences in their respective peak months. The other is that the distribution of the peak
months of La Niña events in the models is more dispersed compared with that of El Niño
events. Although most of the models capture the fact that the peak month of La Niña tends
to be in the boreal winter, some models such as MIRCO6, MPI-ESM1-2-HR, GISS-E2-1-H
and NorESM2-MM have very poor simulations of the phase-locking of ENSO, and have
their ENSO peaking in the spring and summer. The models significantly overestimate
the SST anomalies of La Niña events: the negative SST anomalies are significantly larger
in the models, compared to the observations. The accuracy in the simulations of the SST
background field in the tropical Pacific may play an important role in the bias in the
simulations of ENSO seasonal phase-locking. Liao et al. (2021) have found that the seasonal
cycle of the zonal SST gradient along the equator can explain approximately 24% and 27%
of the variance in the ENSO phase-locking for CMIP5 and CMIP6. This variability in the
simulations of the phase-locking properties of the warm and cold events in the models
may be linked to the inadequate representations of the nonlinear dynamical processes of
the ENSO events in the models and the weak ENSO asymmetry in the model simulations.
To be sure, the mechanisms behind it are far from being clear and need further discussion
and research. Another noteworthy aspect is that the model ensemble mean results largely
filter out the much larger biases in the individual models, providing an example for how
different models may complement each other in a way to reduce the biases in the ensemble
mean simulations of the concerned phenomenon.
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Figure 2. The peak month and probability distribution of the peak month for El Niño (a,b) and La 
Niña (c,d) events in the observations and CMIP6 models. The peak month is defined as the calendar 
month at which the Niño3 SSTA has its maximum value during the El Niño (a) and La Niña (c). The 
black dots in (a,c) represent the peak month in observations, and the gray stars represent the model 
ensemble mean. The red dots in (a) indicate the peak month of El Niño events for individual model 
members in CMIP6. The blue dots in (c) indicate the peak month of La Niña events for individual 
model members in CMIP6.  

Figure 2. The peak month and probability distribution of the peak month for El Niño (a,b) and La
Niña (c,d) events in the observations and CMIP6 models. The peak month is defined as the calendar
month at which the Niño3 SSTA has its maximum value during the El Niño (a) and La Niña (c). The
black dots in (a,c) represent the peak month in observations, and the gray stars represent the model
ensemble mean. The red dots in (a) indicate the peak month of El Niño events for individual model
members in CMIP6. The blue dots in (c) indicate the peak month of La Niña events for individual
model members in CMIP6.
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3.2. Comparision of the Phase-Locking Simulations between El Niño and La Niña Events

The peak month cannot represent the strength of the simulated phase-locking behavior.
In addition to making an assessment using the peak month plots of the composite distri-
bution of SST anomalies, we have also estimated the probability distribution of the peak
months of El Niño and La Niña events simulated by the models and those that have been
seen in the real world. The diagrams for the phase locking probability distributions for dif-
ferent months of El Niño and La Niña events (histograms) are provided in Figures 3 and 4,
respectively. We define the El Niño events (La Niña events) as periods when the SST
anomalies in the Niño3 region (5◦ S–5◦ N, 150◦ W–90◦ W) exceeds 0.5 ◦C (−0.5 ◦C) for five
consecutive months. All El Niño and La Niña events in the study time period are singled
out, and the probability distribution of the peak months of these events are examined for a
more detailed examination of the seasonal phase-locking characteristics of the peak months.
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Figure 3 shows the probability distribution of the peak months of all El Niño events in
the observations and the simulations by the models. The El Niño events in the observations
show a pronounced single-peak distribution, and the peak months for El Niño events in
the observations are concentrated in November–December. In the CMIP6 models, on the
other hand, the probability distribution of the peak months of El Niño can be generally
classified into two types. One is a single-peak structure of the winter peak similar to the
observations, such as ACCESS-ESM1-5, CAS-ESM2-0, CESM2-WACCM, CESM2, CMCC-
ESM2, E3SM-1-0, E3SM-2-0, FGOALS-g3, GFDL-ESM4, HadGEM3-GC31-MM, IPSL-CM6A-
LR, MIROC6, MRI-ESM2-0, NorESM2-LM, NorESM2-MM, SAM0-UNICON, and TaiESM1.
The other group consists of models with large differences from the observed probability
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distribution. Models that have large differences from observations, such as CNRM-CM6-1,
HadGEM3-GC31-L, KIOST-ESM, and NESM3, have more uniform probability distributions
throughout the year. On the other hand, some models such as GISS-E2-1-H have single-peak
distributions, but with the peak month realized in the summer.

Similar to the peak month distribution of El Niño events, the observed peak months
of La Niña events show a single-peak distribution structure, with the peak month located
in winter (November–January) (Figure 4). However, there is greater inter-model variability
in the probability distribution of the peak month of La Niña events in the model, with an
even smaller number of models having a single peak located in the winter season. Models
with a single peak located in the winter season in the peak month distribution of La Niña
are ACCESS-ESM1-5, CAS-ESSM2-0, CESM2-WACCM, CESM2, CNRM-CM6-1, ESM-1-0,
ESM-2-0, FGOALS-g3, GFDL-CM4, GFDL-ESM4, HadGEM3-GC31-MM, MRI-ESM2-0,
NorESM2-MM, SAM0-UNICON, and TaiESM1.

Some models that have more flattened probability distributions of peak month, such
as BCC-CSM2-MR, BCC-ESM1, CanESM5, GISS-E2-1-H, HadGEM3-GC31-LL, INM-CM4-
8, INM-CM5-0, MIROC6, and NorCPM1, do not have a significant winter-locking of La
Niña events. There are even some models with larger differences between the probability
distributions of phase-locking months and observations, such as MCM-UA1-0, where
the simulated El Niño events are more inclined to peak in summer. This suggests that,
although the CMIP6 models can capture the winter phase-locking phenomena similar to
observations in terms of the composite distribution of Niño3 SST anomalies for El Niño
and La Niña events, there are still many shortcomings in such simulations. The large inter-
model spread of peak months shown in Figures 3 and 4 indicates that the CMIP6 models
still need to be improved. This result is consistent with the results in the previous studies
on the generalized bias of the weaker seasonal phase-locking properties that exist in the
coupled climate models. The enhancement of the model from CMIP3 to CMIP5 to the latest
generation of CMIP6 models is not significant, and the intra-model variability is somewhat
reduced but not to a large extent. Accurately simulating this seasonal phase-locking feature
of ENSO remains a challenge and requires more attention.

In addition to the previously mentioned biases in the El Niño and La Niña peak month
simulations, there are still large biases in the probability distributions of the peak months of
independent El Niño events in the models (Figures 3 and 4). The probability distributions
describe this model’s inadequate simulation of ENSO seasonal phase-locking, and it is
important to fully explore this inter-model difference in the simulation of the peak month
of independent El Niño events. They may provide useful information for the causes of the
inadequacies of ENSO phase-locked characteristics in our best climate models. Here, we
further quantify the inter-model differences by comparing the number of winter-peaking
El Niño events and winter-peaking La Niña events, relative to their respective total number
of events in the models. ENSO events tend to peak during the boreal winter months of
November to January (NDJ) of the next year in observations. We define the winter-peaking
El Niño (La Niña) events as El Niño (La Niña) events that reached their maximum during
the November to January (NDJ). Figure 5a shows the proportion of winter-peaking El Niño
events to all El Niño events in the observations and CMIP6 model, and Figure 5b also
shows the proportion of winter-peaking La Niña events to all La Niña events, which is an
important measure of the seasonal phase-locking strength of El Niño and La Niña events
simulated by the models.

The proportion of winter-peaking El Niño events in the observations is as high as
75% of the total events, while, on average, the CMIP6 models have approximately 58% of
the events peaking in winter, which is more than 20% lower than the observations. This
suggests that there is a significant underestimation of the proportion of winter-peaking El
Niño events in the CMIP6 models. Thus, the models underestimate the seasonal phase-
locking of El Niño events. The proportion of the winter-peaking El Niño events in the
model is lower than that of observations, except for CAS-ESM2-0, CESM2-WACCM, CMCC-
ESM2, E3SM-2-0, FGOALS-g3, HadGEM3-GC31-MM, NorESM2-MM, SAM0-UNICON,



Atmosphere 2024, 15, 882 11 of 15

and TaiESM1, totaling nine models. BCC-CSM2-MR, BCC-ESM1, CanESM5, GISS-E2-1-H,
MCM-UA-1-0, and NorCPM1 have only about 30% of the winter-peaking El Niño events,
and none of the El Niño events simulated by the MCM-UA-1-0 model peaks in winter.
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This underestimation of seasonal phase locking is also found in the simulation of La
Niña events, and the CMIP6 models underestimate the winter-peaking La Niña events
more significantly than the El Niño events. While the observed winter-peaking La Niña
events account for 84% of the total, the CMIP6 model ensemble mean results account
for less than 50% of the winter-peaking La Niña events, which is lower than that of the
observations by more than 40%, showing a significant underestimation bias (Figure 5b).
With the exception of FGOALS-g3, all models simulate a significantly lower proportion
of winter-peaking La Niña events than the observations. Some models, such as CanESM5,
GISS-E2-1-H, INM-CM-4-8, INM-CM-5-0, and NorCPM1, have a 20% lower proportion of
winter-peaking La Niña events. Whether the inadequacy in the simulations of the seasonal
phase-locking of La Niña events affects the model’s simulations of other weather and
climate systems associated with them as a whole warrants further investigation.

We have also found that models that perform poorly in modeling the proportion
of winter-peaking El Niño events tend to perform poorly in modeling the proportion of
winter-peaking La Niña events. Figure 6 presents a scatter plot of the correlation between
the proportion of winter-peaking El Niño events and the proportion of winter-peaking La
Niña events among the observations and models. The results show that there is a moderate
positive correlation between the proportion of winter-peaking El Niño events and the
proportion of winter-peaking La Niña events. The correlation coefficient (0.62) passes the
significance test of 99.9%.
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From the above results, it is evident that the CMIP6 models still have considerable
weaknesses in simulating the seasonal phase-locking of El Niño and La Niña events. The
models underestimate the proportion of winter-peaking El Niño and La Niña events,
leading to a weaker overall seasonal phase locking strength. Interestingly, the model
performs better in simulating the seasonal phase locking of El Niño events than that of La
Niña events. To further improve the performance of today’s coupled climate models in
their simulations of the seasonal phase-locking of ENSO events, more attention may need
be given to the improvement in the underestimation of the seasonal phase-locking of La
Niña events.

4. Discussion

Based on the historical simulations from the latest generation of coupled climate
models, we have evaluated and analyzed the seasonal phase-locking of the warm and cold
phases of ENSO in 34 CMIP6 models. In particular, we have examined the anomalous SST
evolution of the El Niño and La Niña events and the probability distribution of the peak
month for El Niño and La Niña events. We have found that the CMIP6 model can largely
capture the seasonal phase-locking characteristics of El Niño and La Niña, but there is a
general underestimation of the winter phase-locking strength of the two ENSO phases
in the models. On average, the peak month—the month an ENSO event peaks—in the
models also matches that in the observations; although, there is a considerable spread in
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this regard among the models. Causes of these biases need to be further studied, especially
in consideration of the fact that the biases in the simulations of the seasonal phase-locking of
ENSO by the coupled climate models likely affect the seasonal aspects of ENSO predictions,
such as the Spring Predictability Barrier. Combined with previous studies on ENSO
seasonal phase-locking in coupled climate models, the weaker phase-locking strength and
large inter-model variability remain to be resolved from CMIP3 to CMIP5, and then to the
latest generation of CMIP6 models. Both reliable ENSO projections and global warming
prognostics will require particularly careful consideration of this demonstrated seasonal
phase-locking simulation bias in the model associated with the simulation of the seasonal
cycle in the Pacific.

It is of interest to note that the CMIP6 models simulate the seasonal phase-locking of El
Nino events better than the seasonal phase locking of La Niña events, and that the model’s
poorer simulation of the winter peak La Niña events is the bigger contributor to the model’s
poor simulations of the overall seasonal phase-locking of ENSO. Why it is more difficult to
simulate the seasonal phase-locking of La Nina warrants further studies. The significant
underestimation of the proportion of winter-peaking El Niño and La Niña events to all
events in the models further supports the underestimation of the model’s simulation of
ENSO seasonal phase-locking. Exploring the seasonal phase-locking simulation bias of El
Niño and La Niña events can help to understand the mechanisms associated with ENSO
seasonal phase-locking and improve the ENSO Spring Prediction Barrier in climate models.

The finding that the state-of-the-art climate models are unable to simulate the seasonal
phase-locking to the same intensity as seen in observations underscores that it remains a
challenge for the climate models to accurately and comprehensively simulate the ENSO
phenomenon. Note that the phenomenon is not only important in its own right but may
also play an important role in global climate change [48,49].

The persistent existence of the model biases in the simulation of ENSO seasonal
phase-locking—a weaker phase-locking strength and large inter-model variability in the
models—from CMIP3 to CMIP5, and then to the latest generation of CMIP6 models should
help to call more attention to the problem. Both reliable ENSO projections and global warm-
ing prognostics will require improved simulations by the models of seasonal phase-locking
of the ENSO phenomenon. This provides a promising perspective for understanding and
studying ENSO seasonal phase-locking simulations in coupled climate models and explor-
ing theoretical mechanisms. Through the multi-model ensemble mean method of analysis,
the bias in seasonal phase-locking simulations of individual models can be reduced, but
it is worth noticing the large inter-model differences in the simulation of seasonal phase-
locking within the models. Improvements in ENSO seasonal phase locking simulations by
subsequent models should continue to take into account this difference in the strengths
and weaknesses of seasonal phase-locking simulations of El Niño and La Niña events on
the one hand, and the seasonal cycle of ocean-atmosphere interactions on the other hand,
which may also play an important role. The further mechanisms and implications of this
generalized bias should be further explored in our subsequent studies. In a follow-up
study, we can categorize the models that simulate ENSO seasonal phase-locking better and
explore which specific meteorological element cycles, feedback processes, or background
field state evolutions play an important role in improving model seasonal phase-locking
simulations in CGCMs.
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