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ABSTRACT: An interesting aspect of the El Niño–Southern Oscillation (ENSO) phenomenon is the asymmetry between
its two phases. This paper evaluates the simulations of this property of ENSO by the Coupled Model Intercomparison Pro-
ject phase 6 (CMIP6) models. Both the surface and subsurface signals of ENSO are examined for this purpose. The results
show that the models still underestimate ENSO asymmetry as shown in the SST field, but do a better job in the subsurface.
A much weaker negative feedback from the net surface heat flux during La Niña in the models is identified as a factor caus-
ing the degradation of the ENSO asymmetry at the surface. The simulated asymmetry in the subsurface is still weaker than
the observations owing to a weaker dynamic coupling between the atmosphere and ocean. Consistent with the finding of a
weaker dynamic coupling strength, the precipitation response to the SST changes is also found to be weaker in the models.
The results underscore that a more objective assessment of the simulation of ENSO by climate models may have to involve
the examination of the subsurface signals. Future improvements in simulating ENSO will likely require a better simulation
of the surface heat flux feedback from the atmosphere as well as the dynamical coupling strength between the atmosphere
and ocean.

SIGNIFICANCE STATEMENT: The ENSO phenomenon affects weather and climate worldwide. An interesting
aspect of this phenomenon is the asymmetry between its two phases. Previous studies have reported a weaker
asymmetry in the simulations by climate models. But these studies have focused on the ENSO asymmetry at the
surface. Here by examining the ENSO asymmetry at the surface and the subsurface, we have found that ENSO asym-
metry is better simulated in the subsurface than at the surface. We have also identified factors that are responsible for
the degradation of the ENSO asymmetry at the surface as well as the remaining weakness in the subsurface, pointing
out specific pathways to take to further improve ENSO simulations by coupled climate models.

KEYWORDS: El Nino; ENSO; Climate models; Coupled models; Nonlinear models; Climate variability;
Interannual variability

1. Introduction

ENSO is a major source for the interannual climate variability
worldwide (Ropelewski and Halpert 1987; Huang and Wu 1989;
Zhang et al. 1996; Bove et al. 1998; Trenberth et al. 1998; Wang
et al. 2000; McPhaden et al. 2006; Cai et al. 2020). Recent studies
have also suggested a role of ENSO in the climate variability on
the decadal and longer time scales (Sun 2003; Rodgers et al.
2004; Yeh and Kirtman 2004; Sun and Zhang 2006; Sun 2007;
Sun and Yu 2009; Choi et al. 2012; Liang et al. 2012; Sun et al.
2014; Hua et al. 2019). Its occurrence not only affects the
weather worldwide (Jiménez-Muñoz et al. 2016; Geng et al.
2017), but also affects agriculture and public health (Hansen et al.
1998; Shuai et al. 2013; Atems et al. 2020). Accurately simulating
ENSO has been an important task for global climate modelers
(Latif et al. 2001; Deser et al. 2006; Wittenberg et al. 2006; Neale
et al. 2008; Deser et al. 2012; Guilyardi et al. 2012a,b; Capotondi
et al. 2020).

The most sophisticated climate models that have developed
to simulate ENSO are the fully coupled GCMs (Meehl et al.
2007; Taylor et al. 2012; Flato et al. 2013; Eyring et al. 2016;
IPCC 2021). These models have been shown to be capable of
simulating many important aspects of the observed ENSO
(Deser et al. 2012; Guilyardi et al. 2012a,b; Stevenson 2012;

Bellenger et al. 2014; Chen et al. 2017; Brown et al. 2020;
Capotondi et al. 2020; Planton et al. 2021; Zhao et al. 2021;
Chen et al. 2022). But there is one aspect of ENSO that these
state-of-the-art models still have some difficulty simulating
satisfactorily. This aspect is the asymmetry between the two
phases of ENSO}a fundamental feature in the observed
ENSO occurrences (Burgers and Stephenson 1999; Zhang
et al. 2009; Timmermann et al. 2018). At the surface, the
asymmetry shows up in the distribution of Niño-3 SST anoma-
lies as a positive skewness or a positive residual in the sum
of the composites of El Niño and La Niña (Burgers and
Stephenson 1999; Zhang et al. 2009; Timmermann et al.
2018). The asymmetry has also been found in the subsurface
with the eastern tropical Pacific having a positive asymmetry
and the western tropical Pacific having a negative asymmetry
(Schopf and Burgman 2006; Sun and Zhang 2006; Zhang et al.
2009). This weakness was first noted in the surface signals of
ENSO in the CMIP3 models (An et al. 2005; Zhang et al.
2009; Dommenget et al. 2013; Sun et al. 2013). Analysis of
CMIP5 models suggests that this weakness gets improved
compared with CMIP3 models but still remains in most of the
CMIP5 models (Zhang and Sun 2014; Sun et al. 2016) despite
a significant improvement in the simulated ENSO amplitude.

This paper follows up these studies and examines the
ENSO asymmetry in CMIP6 models (Eyring et al. 2016;
IPCC 2021). CMIP6 models are the newest set of climateCorresponding author: De-Zheng Sun, dezhengsun@fudan.edu.cn
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models. Compared with CMIP5 models, many models have
more climate processes included. Studies of the climate simu-
lations by CMIP6 models have reported significant improve-
ments in simulating the tropical precipitation and mean SST
distribution (Brown et al. 2020; Grose et al. 2020; Tian and
Dong 2020). We expect that there may be significant improve-
ments in the simulation of ENSO asymmetry. Indeed, evalua-
tions of ENSO in CMIP6 by Lee et al. (2021) and Planton
et al. (2021) suggest strongly that most CMIP6 models have
improved their simulations of the tropical Pacific variability
relative to their CMIP5 versions. However, the focus of these
studies is to provide a bird’s-eye view about the simulations of
ENSO and have limited information on ENSO asymmetry.
Here we focus on the evaluation of ENSO asymmetry, attempting
not only to provide a more detailed and in-depth comparison of
the model simulations of ENSO in this particular aspect, but also
to uncover possible causes for the discrepancies between the
model simulations and the observations. In addition to examining
the ENSO asymmetry in the SST field as done in the previous
studies, the ENSO asymmetry in the subsurface will also be
examined. We suspect that the level of discrepancies between
the observations and models from the surface may be substan-
tially different from the subsurface. The differences may shed
new light onto the physical processes involved in determining
the ENSO asymmetry.

Although ENSO asymmetry was formally noted in observa-
tions as early as in 1999 (Burgers and Stephenson 1999), fac-
tors involved in determining the asymmetry have not been
completely understood (Liang et al. 2017). In examining the
relationship between equatorial warm water volume (WWV)
and SST variations during the ENSO cycle, Meinen and
McPhaden (2000) noted an asymmetric response in the SST
to a change in the WWV: For a given change in equatorial
WWV, the corresponding warm El Niño SST anomalies are
larger than the corresponding cold La Niña anomalies. But
they did not further investigate how this asymmetric response
of SST to a change in WWV may cause an asymmetry be-
tween the magnitude of El Niño and that of La Niña. Kang
and Kug (2002) investigated the asymmetry seen in the model
of Zebiak and Cane (1987). They attributed the ENSO asym-
metry seen in that model to an asymmetric response in the
wind stress to the SST changes: the wind stress anomalies
over the cold phase are more westward than those over the
warm phase. A potential problem with this argument is that
the wind stress anomalies depend strongly on the SST anoma-
lies and thus the asymmetric response in the wind may simply
be a consequence of the asymmetry in the SST.

Treating ENSO as an instability of the climatological mean
state and equating the growth rate of an SST anomaly to the
mature magnitudes of El Niño and La Niña events, Jin et al.
(2003) have theorized that the nonlinear heating term}the ad-
vection of anomalous temperature by anomalous currents}in
the surface heat budget equation is the reason for ENSO
asymmetry (see also An and Jin 2004; Su et al. 2010). Using
the same methodology, Hayashi and Jin (2017) and Hayashi
et al. (2020) have extended the heat budget analysis to the sub-
surface and suggested that nonlinear dynamical heating may
contribute to the asymmetry between two phases of ENSO

through its impact of the subsurface temperature anomalies.
But asymmetry in the growth rate is not the same as the asym-
metry in the mature amplitude}the final amplitude that a SST
(or a subsurface temperature) anomaly achieves. In addition,
in evaluating the effect of nonlinear heating to the growth rate,
climatological temperature and currents are used. But an in-
creasing number of studies have shown that climatology, being
a statistic (i.e., a time average of a series of realized states of
the system), is itself a function of the properties of ENSO
(Liang et al. 2012; Ogata et al. 2013; Sun et al. 2014). In fact,
the very notion that ENSO results from an instability of the cli-
matology has been questioned (Sun 1997; Liang et al. 2012;
Hua et al. 2019). These studies have proposed a dynamic sys-
tem framework to understand ENSO in which the existence of
ENSO results from the existence of two equilibrium states for
the coupled tropical ocean–atmosphere system and the fact
that the two equilibrium states are both unstable under the
current intensity of radiative heating.

Nonlinearities in the atmospheric feedbacks including the feed-
backs from the surface heat fluxes and the surface wind stress
have also been suggested as a factor behind the ENSO asymme-
try (Lloyd et al. 2009, 2011, 2012; Frauen and Dommenget 2010;
Bellenger et al. 2014; Im et al. 2015; Karamperidou et al. 2017;
Bayr et al. 2021). Although these studies have focused on the
atmospheric factors involved in determining the growth rate of
an SST anomaly, the framework used by these studies is the
same as Jin et al. (2003)}assuming that ENSO results from
an instability of the climatological mean state and equating the
growth rate of a SST anomaly to the mature magnitudes of El
Niño and La Niña events.

The study of Liang et al. (2017) has offered a new theoreti-
cal framework to understand the origin of ENSO asymmetry.
Employing the model of Sun (1997)}an analytical but non-
linear model, a model that simulates the observed ENSO
asymmetry}Liang et al. (2017) found that the nonlinear ad-
vection in the heat budget equation does not guarantee that
oscillation in the system possesses positive asymmetry.
Rather, the system can have regimes with negative, zero, and
positive asymmetry. The regime in which the system is found
to be dependent on a multitude of physical parameters, in-
cluding the dynamical coupling strength of the atmosphere
and ocean. The results suggest that the observations exhibit
strong ENSO asymmetry, particularly in the period since
1976, likely because the observed system happens to be in a
regime that supports a strong ENSO asymmetry. Liang et al.
(2017) predicts a diversity in the simulations of ENSO asymme-
try in the fully coupled GCMs as these models likely differ in
one or more physical parameters that define the dynamic re-
gime of the ENSO system in the model. Liang et al. (2017) also
show that the parameter space for a positive ENSO asymmetry,
at least in the theoretical model of Sun (1997), is extremely nar-
row, predicting an inherent difficulty for fully coupled GCMs to
simulate a significantly positive ENSO asymmetry.

Given the rapidly evolving but still diverging views on the fac-
tors and mechanisms behind ENSO asymmetry, we also hope
that a detailed analysis of the ENSO asymmetry in the newest
generation models may help us deepen our understanding about
this observed aspect of the ENSO phenomenon.
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This paper is organized as follows. We describe the data and
methods in section 2. In addition to examining the surface field,
we also examine the subsurface field. Theoretical models have
suggested that the subsurface warming is directly related to the
change in the depth of thermocline and therefore is more deter-
mined by the basin-scale dynamical coupling between the atmo-
sphere and ocean (Zebiak and Cane 1987; Jin 1996; Sun 1997;
Wang et al. 2017, among others). While the surface warming is
driven by the subsurface warming, it is also affected by the atmo-
spheric processes determining the surface heat flux. Thus, infor-
mation from the subsurface field may help to fully ascertain the
causes for the deficiencies in the simulating of ENSO and its
asymmetry. The main results are provided in section 3. We will
see that ENSO asymmetry in the models in the subsurface is
more comparable to observations than at the surface. We will also
show that the degradation of the asymmetry at the surface in com-
parison with that in the subsurface is linked to a generally weak
negative feedback from the net surface heat flux in the models
during the cold phase of ENSO. We will show that the amplitude
of ENSO in the models is generally stronger at the surface than in
the observations, but actually weaker in the subsurface. In explor-
ing the possible causes for the still somewhat weak asymmetry in
the subsurface, we find that the dynamic coupling strength in
the models still has room to improve to match the observa-
tions. Section 4 provides the summary and conclusions.

2. Data and methods

a. Observations

The SST data for observations used in this study are from
the Hadley Centre Sea Ice and Sea Surface Temperature data-
set (HadISST1; Rayner et al. 2003) over the period 1950–2014.
We rely on the Simple Ocean Data Assimilation dataset
(SODA-v2p0p2-4; Carton and Giese 2008) to provide the best

estimates for the observed upper-ocean temperatures and
zonal wind stress. These data are available over the period
1958–2007. The precipitation data for the observations are
from the Climate Prediction Center (CPC) Merged Analysis of
Precipitation (CMAP; Xie and Arkin 1997). These data cover
the period from 1979 to 2018. The surface heat flux data come
from the 45-yr (1957–2002) European Centre for Medium-
Range Weather Forecasts (ECMWF) reanalysis (ERA-40;
Uppala et al. 2005).

b. Model simulations

The simulations of historical runs from 19 CMIP6 models over
the period 1950–2014 are used for the present study. The model
data include sea surface temperatures, upper-ocean tempera-
tures, precipitation flux, zonal wind stress, and heat flux (Eyring
et al. 2016). To be in line with the analysis by Zhang and Sun
(2014) of CMIP5 models (Taylor et al. 2012), we include all the
models analyzed in that study as long as CMIP6 has the corre-
sponding versions. Note that not all the models in CMIP5 have
an updated generation for CMIP6. The most popularly used
models, such as CESM2 from the National Center for Atmo-
spheric Research (NCAR) (Danabasoglu et al. 2020; Capotondi
et al. 2020), GFDL-ESM4 from the Geophysical Fluid Dynamics
Laboratory (GFDL) of the National Oceanic and Atmospheric
Admiration (Dunne et al. 2020), GISS-E2-1-H of National Aero-
nautics and Space Administration (NASA) (Schmidt et al. 2014),
HadGEM3 of the Met Office Hadley Centre (Andrews et al.
2020), and MPI-ESM1-2-HR of the Max Planck Institute for
Meteorology (Gutjahr et al. 2019) are also evaluated. In compar-
ing with observations, model data are interpolated onto the
same grid as for observations (18 3 18 for the surface data and
18 3 18 3 10 m for the subsurface temperatures). The complete
list of the models is provided in Table 1. As in Planton et al.
(2021), only the first ensemble member of each model is used.

TABLE 1. List of the 19 models used. The first column is the acronyms of the models. The second column is the names of the
corresponding modeling centers.

Models Institute

ACCESS-CM2 Commonwealth Scientific and Industrial Research Organisation
ACCESS-ESM1-5 Commonwealth Scientific and Industrial Research Organisation
CAS-ESM2-0 Chinese Academy of Sciences
CESM2 National Center for Atmospheric Research
CNRM-CM6-1 Centre National de Recherches Météorologiques
CanESM5 Canadian Centre for Climate Modelling and Analysis
FGOALS-f3-L Chinese Academy of Sciences
FGOALS-g3 Chinese Academy of Sciences
GFDL-ESM4 National Oceanic and Atmospheric Administration
GISS-E2-1-H National Aeronautics and Space Administration
HadGEM3-GC31-LL Met Office Hadley Centre
HadGEM3-GC31-MM Met Office Hadley Centre
IPSL-CM6A-LR Institute Pierre Simon Laplace
MIROC6 Model for Interdisciplinary Research on Climate
MPI-ESM1-2-HR Max Planck Institute for Meteorology
MRI-ESM2-0 Meteorological Research Institute
NESM3 Nanjing University of Information Science and Technology
NorESM2-LM Norwegian Climate Centre
NorESM2-MM Norwegian Climate Centre
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c. Methods

We keep the comparison as straightforward as possible. The
ENSO asymmetry is quantified by the skewness of the interan-
nual variability in the tropical Pacific (monthly anomalies are
used in the calculations) as done by Burgers and Stephenson
(1999). We also quantify the ENSO asymmetry by the magni-
tude difference between the two phases of ENSO (the mean
magnitude of El Niño minus the mean magnitude of La Niña).
Skewness is a more general and mathematically more rigorous
measure of the ENSO asymmetry as it takes into account the en-
tire distribution of the ENSO anomalies. Skewness is also a nor-
malized measure of the asymmetry and thus does not depend on
the variance of the distribution. The mean magnitude difference
between the two phases of ENSOmeasures the ENSO asymme-
try in a less accurate or complete way than the skewness, but
provides some complementary information and is potentially
more illuminating of the physical processes involved. Note that
the magnitude differences between the two phases of ENSO
have also been called ENSO residuals (Rodgers et al. 2004;
Zhang et al. 2009; Zhang and Sun 2014). Both the SST as well as
the subsurface temperature are examined for a more complete
description of ENSO asymmetry and for revealing possible dif-
ferences in the model–data discrepancies in this regard. The defi-
nition of two phases of ENSO follows Zhang et al. (2009) in
which a threshold value of 0.58 and 20.58C of Niño-3 (58S–58N,
1508–908W) SST anomaly has been used to separate the two
phases of ENSO. The dynamic coupling strength and heat flux
feedback from the observations and models are quantified
through regression of the respective zonal wind stress and net
surface heat flux to the corresponding SST changes. Scatterplots
are also provided when nonlinearity is suspected.

3. Results

a. ENSO asymmetry seen at the surface

Seen at the surface, CMIP6 models simulate well the am-
plitude but still underestimate the asymmetry of ENSO
(Fig. 1). Figure 1 shows the ENSO amplitude and ENSO
asymmetry obtained from observations and CMIP6 models.
The ENSO amplitude and ENSO asymmetry are respec-
tively measured here by the standard deviation and the
skewness of the interannual variability in Niño-3 (58S–58N,
1508–908W) SST. As evident in Fig. 1, while most of the
models have an amplitude comparable to or even greater
than that is seen in observations, only two models
(MIROC6 and GISS-E2-1-H) have an asymmetry that is
comparable to the observations. The model ensemble mean
value for the ENSO amplitude is 1.088C, greater than that
of 0.828C in observations. The model ensemble mean value
for ENSO asymmetry, on the other hand, is about 0.16, con-
siderably less than the value from observations (0.80). There
are five models (ACCESS-CM2, HadGEM3-GC31-LL,
MPI-ESM1-2-HR, MRI-ESM2-0, and NorESM2-LM) that
have a near-zero ENSO asymmetry and three models
(ACCESS-ESM1-5, CNRM-CM6-1, and FGOALS-g3) that
have a negative ENSO asymmetry. The finding of a diversity
of ENSO asymmetry in the models is consistent with the

dynamic system view of Liang et al. (2017) for ENSO asymmetry.
Only two models are found to have a comparable ENSO asym-
metry to that seen in observations, underscoring again the diffi-
culty of simulating ENSO asymmetry by fully coupled GCMs
anticipated by the theoretical findings of Liang et al. (2017).

Comparing to ENSO simulated by CMIP5 coupled models,
the amplitude of ENSO simulated by CMIP6 has become
more comparable to observations. Over the period that the
simulations by CMIP5 models and CMIP6 models overlap
(1950–99), 12 in 14 CMIP5 models underestimate the variabil-
ity in Niño-3 SST (Zhang and Sun 2014), but only 6 in 19
CMIP6 models have a weaker variability in Niño-3 SST than
observations. With the exception of the model from the Hadley
Centre, all the models that both the Zhang and Sun (2014) and
the present study include have a stronger ENSO in their new
versions (i.e., the CMIP6 version) than their older versions.
Some models have nearly doubled the ENSO amplitude in their
newest versions (the GISS model and the MPI model). On aver-
age, the amplitude of ENSO in CMIP6 models is actually now
larger than the observations (1.038 vs 0.878C). The improvement
in the simulation of ENSO asymmetry is less significant in con-
trast. Clearly, further increasing the amplitude of ENSO in the
models is not the way to go to increase the asymmetry of ENSO
in the models.

FIG. 1. ENSO (a) amplitude and (b) asymmetry in observations
(black bar) and CMIP6 models (other colored bars). The gray bar
is for the model ensemble mean. (The symbol in red on top of the
gray bar is the error bar, which is the standard deviation of the con-
cerned quantity across the models.) ENSO amplitude and asymme-
try are measured here respectively by the standard deviation and
skewness of the interannual variability in Niño-3 SST.
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ENSO asymmetry has also been quantified by the differ-
ences between the mean magnitude of El Niño and the mean
magnitude of La Niña (Fig. 2). The mean magnitude of El
Niño and the mean magnitude of La Niña are defined here as
the mean Niño-3 SST anomalies that are greater than 0.58C or
less than 20.58C respectively. Figure 2 shows the magnitude
of El Niño and the magnitude of La Niña (Figs. 2a,b) from
observations and CMIP6 models, together with the differ-
ences between them (Fig. 2c). The simulated El Niño in mag-
nitude is comparable to observations in most models. El Niño
in FGOALS-f3-L, MIROC6, and NorESM2-MM models is
considerably stronger than observations (1.588, 1.638, and 1.808C
in contrast with the observed 1.148C). The model ensemble
mean value for the magnitude of El Niño is 1.248C, a value that
is only slightly larger than the observed. The magnitude of La
Niña in CMIP6 models is generally stronger than observations.
As shown in Fig. 2b, all models have a stronger La Niña; the
model ensemble mean magnitude of La Niña is about 1.188C
while in observations the magnitude is 0.898C. Figure 2c is very
similar to Fig. 1b, indicating a general underestimate of ENSO
asymmetry in CMIP6 models. From Figs. 2a and 2b, we can see
that both El Niño and La Niña are generally stronger in the

models than their counterparts in the observations, but the am-
plification in the cold phase is generally stronger in the models.

Figure 3 shows the spatial pattern of the ENSO asymmetry
from observations and CMIP6 models, defined as the sum of
composite SST anomalies between the two phases of ENSO
(ENSO residuals). These figures reinforce the impressions
from Figs. 1b and 2c that ENSO asymmetry in the SST is gen-
erally underestimated. GISS-E2-1-H, MIROC6, and Nor-
ESM2-MM models stand out as the models that have a
significant positive asymmetry in the tropical eastern Pacific,
consistent with what we have found in Fig. 2c. Note, however,
compared with the observed results, the centers of ENSO re-
siduals in MIROC6 and GISS-E2-1-H are considerably more
westward (about 308more westward).

b. ENSO asymmetry seen in the subsurface

Seen from the subsurface, however, the ENSO asymmetry in
the models is closer to observations (Fig. 4). Figure 4 shows the
ENSO amplitude and ENSO asymmetry measured by the stan-
dard deviation and skewness of the interannual variability in sub-
surface temperature over the Niño-3 region (50–150 m; 58S–58N,
1508–908W) from observations and CMIP6 models. Now there
are five models having an ENSO asymmetry comparable to
that is observed (Fig. 4b). The observed asymmetry is 0.48.
CAS-ESM2-0, GFDL-ESM4, GISS-E2-1-H, MIROC6, and
NESM3 show values of 0.88, 0.64, 0.49, 0.50, and 0.86 respec-
tively. But averaging across the entire model group, the asym-
metry is still significantly weaker (0.24 compared with the
observed 0.48). Majority models have a smaller asymmetry than
in observations. Five of the models even have the wrong sign.
Interestingly, the amplitude of ENSO, as measured by the stan-
dard deviation of the variability in the subsurface temperature,
is generally weaker than in observations, in contrast with what
is seen at the surface. The model ensemble mean of ENSO am-
plitude is 0.918C while the observed is 1.098C. Only four mod-
els (CESM2, MIROC6, NorESM2-LM, and NorESM2-MM)
have an amplitude that is greater than observations. (Seen at
the surface and by the same measure, there are 17 models that
have an amplitude greater than the observed.) Figure 4 also
shows significant intermodel variability of ENSO amplitude
and ENSO asymmetry in CMIP6 models. For ENSO ampli-
tude, the maximum value is 1.528C in NorESM2-MM and the
minimum value is 0.408C in MPI-ESM1-2-HR, for ENSO
asymmetry, the maximum and minimum values are respectively
0.88 and 20.34 in CAS-ESM2-0 and ACCESS-ESM1-5.
Note that the observed standard deviation of Niño-3 subsurface
temperature, after being averaged over the depths of 50–150 m,
is still considerably stronger than that of Niño-3 SST
(1.098 vs 0.828C). This feature is not captured in coupled mod-
els, and the variability in Niño-3 subsurface temperature is even
less than the variability in Niño-3 SST in most models. We will
explore the reasons for this later.

The underestimate of ENSO asymmetry is also confirmed by
the differences between the magnitude of El Niño and La Niña
seen in the subsurface. Figure 5 shows the magnitude of El Niño
and La Niña (Figs. 5a,b), together with the differences in the
magnitude between them (Fig. 5c) seen in the subsurface from

FIG. 2. (a) The magnitude of El Niño, (b) the magnitude of La
Niña, and (c) the differences between them from observations
(black bar) and CMIP6 models (other colored bars). The gray bar
is for the model ensemble mean. (The symbol in red on top of the
gray bar is the error bar, which is the standard deviation of the con-
cerned quantity across the models.) The magnitude of El Niño and
the magnitude of La Niña are respectively the mean positive Niño-
3 SST anomalies that are greater than 0.58C and the mean negative
Niño-3 SST anomalies that are less than20.58C.
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observations and CMIP6 models. The magnitude is obtained the
same way as in Fig. 2 except that the averaged subsurface tem-
perature over the Niño-3 region (50–150 m; 58S–58N, 1508–908W)
is used. In observations, the magnitude of El Niño by this
measure is 1.388C while the magnitude of La Niña is 1.048C.
The magnitude of El Niño in the model ensemble mean is
only 0.808C, 0.588C weaker than in observations. Among
these 19 models, only NorESM2-MM has a stronger El Niño
than observations; all other models have a weaker El Niño
than observations. As for the magnitude of La Niña, the
model ensemble mean is 0.758C. It is also weaker than the ob-
served (1.048C), but the discrepancy is smaller than the dis-
crepancy in the magnitude of El Niño. Across the models, the
differences in the magnitude between El Niño and La Niña
shown in Fig. 5c have a good correspondence with the skew-
ness of subsurface temperature anomalies shown in Fig. 4b, al-
though the skewness takes into more information and is a more
rigorous measure of the ENSO asymmetry. Figure 5 reveals
that the underestimate of ENSO asymmetry in the subsurface is
due to the underestimate of the magnitude of El Niño.

Figure 6 further shows the asymmetry pattern over the en-
tire equatorial upper ocean from observations and CMIP6
models. Like the SST anomaly residual, the asymmetry

pattern in upper-ocean temperature is defined as the sum of
upper-ocean temperature anomalies between the two phases
of ENSO (ENSO residuals). The patterns in both observa-
tions and models are characterized by a positive asymmetry in
the equatorial eastern Pacific and a negative asymmetry in the
equatorial western Pacific. The weaker positive asymmetry in
the eastern equatorial Pacific in the models is generally ac-
companied with a weaker negative asymmetry in the western
equatorial Pacific. In the models with weak positive asymme-
try in the eastern equatorial Pacific, the negative asymmetry
tends to extend too far to the east. As already identified in
Fig. 3, GISS-E2-1-H, MIROC6, and NorESM2-MM show up
as the best models in the simulation of ENSO asymmetry.
Clearly, there is a good correspondence between the surface
signatures and the subsurface signatures of ENSO asymmetry.
But the ENSO asymmetry appears to be better simulated in
the subsurface. Figure 6 shows that the simulated positive
asymmetry over the eastern Pacific is weaker but still remains
positive and the simulated negative asymmetry over the western
Pacific is weaker but remains negative in most models. In
contrast, the simulated SST anomaly residual over the eastern
Pacific is near zero in most models and even negative in some
models (Fig. 3). We will explore the causes for this apparent

FIG. 3. The sum of composite SST anomalies of the two phases of ENSO from observations and CMIP6 models. The contour interval is 0.18C.
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degradation of the ENSO asymmetry at the surface (in compar-
ison with the corresponding signals in the subsurface).

c. Possible causes for the discrepancies between the
surface and subsurface

Seen at the surface, the much weaker ENSO asymmetry is
due to a much stronger La Niña in the models than in obser-
vations. Figure 7 shows the composite SST anomalies during
two phases of ENSO and the SST anomaly residual from ob-
servations and the model ensemble mean. Compared with the
observations, El Niño and La Niña in the models on average
are both stronger. But La Niña in the models is much stronger
than in observations. (In other words, overall, the amplitude
of ENSO is too high and the ENSO dynamics in the models
appear to be too linear.) The maximum of composite SST
warm anomalies in the model ensemble mean is 1.68C, only
slightly higher than the observed (1.48C). The maximum of
the composite cold anomalies in the ensemble mean exceeds
21.68C while the observed is only 21.28C. The center of cold
anomalies from the models are found more westward than in
observations. Seen from the surface, the weak ENSO asym-
metry in CMIP6 models is mostly a result of the overestimate
of the magnitude of La Niña.

The subsurface temperature anomalies of the two phases of
ENSO show a weaker El Niño than in observations, but a
more comparable La Niña (Fig. 8). In the models, the positive
anomalies over the eastern Pacific during the warm phase is
1.48C while the observed reaches 2.68C. During the cold
phase, the maximum negative anomaly over the eastern Pa-
cific from the models is 21.48C, much closer to the observed
value, which is about 21.88C. Seen in the subsurface, the
weak ENSO asymmetry in CMIP6 models is due to a much
weaker El Niño. Compared with the simulated SST anoma-
lies, the simulated subsurface temperature anomalies during
the warm phase are stronger than that of the cold phase. This
difference contributes to a better ENSO asymmetry seen in
the subsurface.

Despite the weaker ENSO in the subsurface in the models,
the surface ENSO is actually much stronger in the models
than in the observations. One possible reason is that SST
changes in the models respond more sensitively to subsurface
temperature changes (Fig. 9). The figure shows that with one
possible exception, all models have a stronger surface re-
sponse to the subsurface change. Theoretical models have
suggested that subsurface warming drives the surface warming
(Zebiak and Cane 1987; Jin 1996; Sun 1997; Wang et al. 2017,
among others). Relative to the strengths of subsurface ENSO

FIG. 4. ENSO (a) amplitude and (b) asymmetry as measured by
the standard deviation and skewness of the interannual variability
in the subsurface temperatures. The gray bar is for the model
ensemble mean. (The symbol in red on top of the gray bar is the
error bar which is the standard deviation of the concerned
quantity across the models.) The subsurface temperatures over
the Niño-3 region (50–150 m; 58S–58N, 1508–908W) are used for
these calculations.

FIG. 5. The amplitude of (a) El Niño and (b) La Niña seen in the
subsurface field, together with (c) the differences in magnitude be-
tween El Niño and La Niña from observations (black bar) and
CMIP6 models (other colored bars). The gray bar is for the model
ensemble mean. (The symbol in red on top of the gray bar is the er-
ror bar, which is the standard deviation of the concerned quantity
across the models.)
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signal, the strengths of the surface signal in the models are
found to be correlated with the strengths of SST responses to
subsurface temperature changes in the models (Fig. 10).

But the strength of surface signal should also depend on the
heat flux feedback from the atmosphere to the ocean. Heat flux
changes have been shown in observations and models to play a
negative feedback that tends to damp SST changes induced
from the subsurface (Zebiak 1989; Sun and Trenberth 1998;
Zhang et al. 2009). Figure 11 shows the strength of this neg-
ative feedback from both observations and models. As is ev-
ident in Fig. 11a, this negative feedback in all the models is
weaker than that from observations. On average, the value
from the models is far less than that from observations
(28.2 vs 217.0 W m22 8C21).

This suggests that the stronger amplitude of ENSO in the
models seen at the surface may also have something to do
with the much weaker negative feedback from the surface
heat flux. The strength of this negative feedback from the net
surface heat flux is weaker in the models in both phases of
ENSO, but the models have a more pronounced bias in this
aspect during the cold phase. This stronger bias in the cold
phase likely promotes a stronger La Niña signature at the sur-
face, causing a stronger bias in the ENSO asymmetry seen at

the surface. Across the models, the variations in the former
are negatively correlated with the latter (Fig. 12).

Accompanying the much stronger magnitude of La Niña in
the SST field in the models is a generally shallower thermocline
depth in the models (Fig. 13). The figure shows that almost all
the models have a shallower depth of thermocline in the eastern
Pacific. A shallower thermocline in the east may favor the
growth of the cold SST anomalies. Conversely, a model that has
a stronger La Niña should result in a shallower thermocline.
Figure 14 shows that relative to the strengths of the subsurface
signal for the cold phase, variations in the magnitude of La
Niña at the surface across the models are negatively correlated
with the variations in the depth of thermocline. Figures 13 and 14
suggest that a bias in the magnitude of La Niña and a bias in
the depth of the thermocline may mutually reinforce each other
in the process of integrating a climate model forward, contribut-
ing to the difficulty in getting the tropical Pacific climate in the
model close to the observed.

d. Role of the dynamical coupling strength between the
atmosphere and ocean

Although ENSO asymmetry looks better in the models
viewed in the subsurface, the asymmetry in the subsurface is still

FIG. 6. The sum of composite equatorial (58S–58N) upper-ocean temperature anomalies of the two phases of ENSO from observations
and CMIP6 models. The contour interval is 0.18C.
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noticeably weaker than in observations. This may be due to a
weaker dynamical coupling between the atmosphere and ocean.
Figure 15 presents the dynamical coupling strength between the
atmosphere and ocean. It is measured by the zonal wind stress
sensitivity to SST from observations and CMIP6 models. The
sensitivity is obtained by regressing the zonal wind stress anom-
alies on to the corresponding Niño-3 SST anomalies. The figure
shows clearly a weaker dynamical coupling between the atmo-
sphere and ocean in the models. The observed coupling
strength is 0.012 N m22 8C21, while the model ensemble mean
is 0.007 N m22 8C21, only about half of that in observations. Ac-
cording to the findings by Liang et al. (2017), the asymmetry de-
pends on critically on which dynamic regime the system is in.
The specific dynamic regime the system is at depends on the
value of the dynamical coupling strength. In light of these find-
ings, the generally weaker coupling strength in the models could
be an important factor contributing to the generally weaker
asymmetry in the models. Across the models, the variations in

ENSO asymmetry are indeed positively correlated with the var-
iations in the dynamic coupling strength (Fig. 16).

Consistent the finding that the response of the zonal wind
stress to SST changes in the models is weak, the response of
the precipitation to SST changes is also found to be weaker in
the models (Fig. 17). The figure shows that in observations
and CMIP6 models, precipitation increases as SST increases,
but the increasing rate in models is slower than in observations.
This discrepancy is particularly noticeable in the regime in
which the SST anomalies are positive and large.

CMIP6 models are also found to have an excessive cold
tongue (Fig. 18). Figures 18a and 18b show respectively the
time-mean state of SST over tropical Pacific in observations
and the models (ensemble mean). Figures 18c and 18d show
respectively the 288C isolines from observations and the mod-
els over the entire tropical Pacific and the equatorial region
respectively. Clearly, the cold tongue extends too far to the
west in the models. Such a bias has been noted before for

FIG. 7. The composite SST anomalies for the two phases of ENSO and the residual of SST anomalies. (left) Obser-
vations and (right) ensemble mean of CMIP6 models. The contour interval is 0.28C for composites for the two phases
of ENSO and 0.18C for the residual.
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earlier evaluation of the coupled climate models (Sun et al.
2003, 2006; Dai 2006; Misra et al. 2008; Sun et al. 2013; Zhang
and Sun 2014; Sun et al. 2016; Bayr et al. 2018, 2020; Jiang
et al. 2021). The excessive cold tongue is accompanied by a
smaller but warmer warm pool.

The cold bias, accompanied by a higher tropical maximum
SST, likely inhibits the development of deep convection
over the central Pacific unless the SST anomaly is consider-
ably larger than what is needed in observations to trigger
the onset of deep convection. Observational studies have
shown that the SST needs to exceed a threshold value to
support convection (Webster and Lukas 1992; Zhang 1993;
Hoyos and Webster 2012). For the observed world, this
threshold value has been generally taken as 288C. But it likely in-
creases as the warm-pool SST increases (Hoyos and Webster
2012). Across the models, the variations in precipitation sensitiv-
ity are positively correlated with the variations in the longitude
position of the west edge of the cold tongue (Fig. 19), indicating

that the inhibition of the development of deep convection by an
excessive cold tongue could be the reason for the lackluster re-
sponse in the precipitation as shown in Fig. 17. The excessive
cold tongue in the models also suggests an excessive zonal advec-
tion. Based on results from a nonlinear box model, Liang et al.
(2017) have suggested that this excessive zonal advection could
cause a weaker ENSO asymmetry as well.

The excessive cold tongue in the mean state, however, could
be a consequence of the generally stronger La Niña events in the
models. The above discussion does suggest strongly that the two
biases may reinforce each other in the process of integrating a
climate model, contributing to the difficulty climate models have
with simulating the tropical Pacific climate accurately.

4. Summary and conclusions

A recent theoretical study on ENSO asymmetry has linked
the observed positive asymmetry to a particular dynamic regime

FIG. 8. The composite equatorial upper ocean temperature anomalies for the two phases of ENSO and the corre-
sponding residual of anomalies. (left) Observations and (right) the ensemble means of CMIP6 models. The contour
interval is 0.28C in the plots for the two phases of ENSO and 0.18C in the plot for the residual.
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of the coupled tropical Pacific Ocean–atmosphere system. It
predicts that a positive asymmetry is just one of three possibili-
ties and that it would be difficult for fully coupled GCMs to sim-
ulate this observed positive asymmetry because of an extremely
narrow parameter space that supports such a positive asymme-
try (Liang et al. 2017). Spurred by the findings of this study and
with the knowledge that CMIP5 models generally underesti-
mate the ENSO asymmetry (Zhang and Sun 2014, and others),
we have evaluated the simulations of ENSO asymmetry by
CMIP6 models and explored the possible causes for the biases.

All three theoretical possibilities of ENSO asymmetry
found in Liang et al. (2017) are found to have been realized in
the CMIP6 models. These models, on average, underestimate
ENSO asymmetry considerably. An underestimate of ENSO
asymmetry in CMIP6 models has also been noted by some
earlier studies in different contexts (Hayashi et al. 2020; Lee
et al. 2021; Planton et al. 2021). But the subsurface signatures
of ENSO asymmetry (as measured by the skewness of the dis-
tribution of interannual variation of upper-ocean tempera-
tures) are improved relative to what are seen at the surface.
Subsurface amplitudes of ENSO are found to be somewhat
weaker than the observations while surface amplitudes of
ENSO are found to be considerably stronger than observa-
tions. We have found that the negative feedback from the net
surface heat flux in the models is not as strong as in observa-
tions, particularly in the cold phase of ENSO. We suggest that
this factor could be what is behind the degradation of the
ENSO asymmetry and amplitudes at the surface (in compari-
son with observations). A weaker surface heat flux feedback
has also been noted by some earlier studies in various con-
texts (Bayr et al. 2019; Hayashi et al. 2020; Planton et al.
2021). Still, seen from the subsurface or view over the entire
equatorial upper Pacific Ocean, ENSO asymmetry remains

FIG. 9. The SST sensitivity to subsurface temperature. The sensi-
tivity is obtained by regressing the Niño-3 SST anomalies onto sub-
surface temperature anomalies. The black bar is for the observa-
tions and the other colored bars are for the CMIP6 models. The
gray bar is for the model ensemble mean. (The symbol in red on
top of the gray bar is the error bar, which is the standard deviation
of the concerned quantity across the models.)

FIG. 10. Scatter plot showing the relationship between the SST
responses to subsurface temperature changes and surface ENSO
amplitude (relative to subsurface ENSO amplitude). The black dot
is for observations, the gray pentagram is for the model ensemble
mean, and the other colored dots are for individual models. In the
top left, R and p are, respectively, the correlation coefficient and
the confidence level. The value of p in the figure indicates a 99.9%
confidence level. The confidence level is obtained through a stan-
dard F test.

FIG. 11. The heat flux sensitivity to Niño-3 SST over the Niño-3
region for (a) total SST, (b) El Niño, and (c) La Niña. This sensitivity
is obtained by regressing the net heat flux anomalies onto the Niño-3
SST anomalies. The black bar is for the observations, the gray bar is
for the model ensemble mean, and the other colored bars in color
are for CMIP6 models. (The symbol in red on top of the gray bar is
the error bar, which is the standard deviation of the concerned quan-
tity across the models.)
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notably weaker than in observations. Consistent with some
earlier analyses (Bellenger et al. 2014; Bayr et al. 2019, 2020;
Hayashi et al. 2020; Planton et al. 2021; Wang et al. 2021), our
assessment of the wind stress response to SST changes in the
models and observations also leads to the finding of a generally
weaker dynamic coupling strength in the models. This under-
scores the potential importance of the dynamic coupling strength
in determining the dynamic regime the coupled system has found
itself in. Liang et al. (2017) showed that the dynamic coupling
strength is a key parameter determining the dynamic regime of
the coupled tropical ocean–atmosphere system and thereby the
asymmetry of ENSO.

Consistent with the finding of a weaker response of the
wind stress to SST changes, we have found a weaker response
in the precipitation to SST changes. This bias is explained in
view of the relationship between deep convection and total
SST. The models are found to have an excessive cold tongue

(Fig. 18) that inhibits the development of the deep convection
unless the SST anomalies are sufficiently positive and large. A
significantly weaker El Niño as seen from the subsurface also
indicates a more hesitant response from deep convection to
the initial warming in the central Pacific. A stronger El Niño
is generally accompanied by a substantial eastward shift of
deep convection during the warm phase of ENSO (Gill and
Rasmusson 1983; McPhaden 1999, 2015). Note that some ear-
lier studies have also noted a generally weak response of pre-
cipitation to the SST changes in the tropical Pacific in the
models (Dai 2006; Sun 2010; Zhang and Sun 2014; Planton
et al. 2021; Wang et al. 2021). Sun (2010) has also noted the
impact of a less responsive deep convection to SST increases
on the magnitude of El Niño.

An important side finding from this study is that ENSO
amplitude measured by the variability in the SST is considerably
stronger in the models than in observations, but it is actually
weaker when measured by the subsurface temperature variability
(Figs. 1 and 4). Viewed from the subsurface, both El Niño and
La Niña events appear to be weaker than in observations
(Fig. 8). The weaker ENSO signal in the subsurface is consis-
tent with the finding of a weaker dynamical coupling strength
between the atmosphere and ocean. Numerical models and
linear stability analysis have generally found that the stronger
the coupling strength, the stronger the interannual variability
(Zebiak and Cane 1987; Sun 1997; Fedorov and Philander
2001; Jin et al. 2006; Liang et al. 2012, 2017). Our results also
show that viewed from the subsurface, the weaker interan-
nual signal is largely from a weaker El Niño. The bias in the
simulated El Niño is more pronounced than in the simulated La
Niña (Fig. 8). This bias further contributes to the weak ENSO
asymmetry in the subsurface. At the surface, both El Niño and
La Niña events are found to be stronger than those in observa-
tions. But the overestimate of the magnitude of La Niña events

FIG. 12. Scatter plot showing the relationship between the heat
flux feedback during La Niña and the skewness of Niño-3 SST
anomalies. The black dot is for observations, the gray pentagram is
for the model ensemble mean, and the other colored dots are for
individual models. In the top left R and p are, respectively, the cor-
relation coefficient and the confidence level (.95%). The confi-
dence level is obtained through a standard F test.

FIG. 13. The 208C thermocline depth from observations (black
line) and CMIP6 models (other colored lines). The depth of ther-
mocline is calculated from the upper-ocean temperature.

FIG. 14. Scatter plot showing the relationship between the ther-
mocline depth and the surface magnitude of La Niña (relative to
the subsurface magnitude of La Niña). The black dot is for obser-
vations, the gray pentagram is for the model ensemble mean, and
the dots in color are for individual models. In the top left R and
p are, respectively, the correlation coefficient and the confidence
level (.99.5%). The confidence level is obtained through a stan-
dard F test.
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is greater than the overestimate of the magnitude of El Niño,
causing a weaker ENSO asymmetry at the surface.

The study also reveals a considerably intermodel variabi-
lity. Although most models tend to underestimate ENSO
asymmetry, some models have a more realistic simulation of
ENSO asymmetry than others. In fact, ENSO asymmetry in
MIROC6 and GISS-E2-1-H is quite comparable to observations
(Figs. 3 and 6). Intermodel differences are a potential resource
to tap into in the future studies for further understanding the
physics and dynamics behind ENSO asymmetry.

A weaker ENSO asymmetry in the models has been reported
in the evaluations of ENSO simulated by earlier coupled climate
models (An et al. 2005; Zhang et al. 2009; Sun et al. 2013; Zhang
and Sun 2014; Sun et al. 2016; Zhang et al. 2017; Hua and Chen
2019). The finding that a negative bias in ENSO asymmetry is
also common among CMIP6 models underscores the difficulty in
improving the simulation of this aspect of ENSO (Hayashi et al.
2020; Lee et al. 2021; Planton et al. 2021; Chen et al. 2022). The
difficulty in simulating ENSO asymmetry is foreseen by the non-
linear theory for ENSO, which suggests only a very narrow pa-
rameter space that allows a positive asymmetry in the oscillation
(Liang et al. 2017). Studies have also shown that the nonlinearity
in ENSO system may enable ENSO events collectively to impact
the time-mean climate (Liang et al. 2012; Sun et al. 2014; Hua
et al. 2015; Karamperidou et al. 2017; Hayashi et al. 2020). The
close tie between the persistent bias in ENSO asymmetry and
the persistent bias in the time-mean climate (i.e., the excessive
cold tongue) suggests that the two may indeed be the two sides
of the same coin: the ENSO system in the models is not yet ex-
actly in the same dynamic regime as the observations. Underesti-
mates of the dynamical coupling strength and the negative
surface heat flux feedback have been linked to the excessive cold
tongue in the models before (Guilyardi et al. 2009; Kim et al.
2014; Bayr et al. 2018, 2020). Some of the results from Bayr et al.
(2019, 2021) also suggest that strong wind and heat flux feed-
backs in the models tend to lead to a more realistic ENSO asym-
metry. These results are consistent with the present findings. But
these findings do not necessarily suggest that the excessive cold
tongue is the cause of the weak ENSO asymmetry. Given that
the ENSO system is nonlinear, it can have multiple regimes. It is
possible that the observations and the models represent two dif-
ferent dynamic regimes.

To be sure, the lack of asymmetry could also be a conse-
quence of biases in the so-called weather noise. State-

FIG. 16. Scatter plot showing the relationship between the dy-
namic coupling strength and the subsurface ENSO asymmetry
seen in Fig. 5c. The black dot is for observations, the gray penta-
gram is for the model ensemble mean, and the other colored dots
are for individual models. In the top left, R and p are, respectively,
the correlation coefficient and the confidence level (.99.9%). The
confidence level is obtained through a standard F test.

FIG. 15. The dynamic coupling strength (measured by the
zonal wind stress sensitivity over the central Pacific (58S–58N,
1608–2208E) to Niño-3 SST) in observations and CMIP6 models.
The black bar is for the observations, the gray bar is for the
model ensemble mean, and the other colored bars are for
CMIP6 models. (The symbol in red on top of the gray bar is the
error bar, which is the standard deviation of the concerned
quantity across the models.)

FIG. 17. Scatter diagram showing the responses of the precipita-
tion in the central equatorial Pacific (58S–58N, 1608–2208E) in ob-
servations and CMIP6 models to SST changes in that region. Also
shown in the figure are the regressions of precipitation anomalies
onto SST anomalies during the warm phase of ENSO from obser-
vations and CMIP6 models. The black dot (line) is for observations
and the other colored dots (lines) are for individual models.
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dependent weather noise such as the westerly wind bursts has
been suggested to be capable of causing asymmetry between
the two phases of ENSO (Lopez et al. 2013; Chen et al. 2015;
Levine et al. 2016; Hayashi and Watanabe 2017). Other fac-
tors that have been proposed to play a role include biological

feedbacks (Marzeion et al. 2005) and tropical instability waves
(Vialard et al. 2001; Imada and Kimoto 2012). It may take a
while to sort out the relative importance of these factors. For
now, the findings reported in the present article concerning
the differences between the surface and the subsurface, the
potential roles for the weaker negative feedback from the net
surface heat flux and the weaker dynamical coupling strength
in the models should be helpful for modelers in devising strat-
egies to further improve climate models.

Many processes contribute to the net surface heat flux (Sun
et al. 2006, 2009). Further work is needed to sort out the relative
contributions from these different processes to the weaker net
surface heat flux feedback. To have a straight comparison with
observations, we have focused on the analysis of the historical
runs over the period for which we have more reliable observa-
tional data. The finding that most of the CMIP6 models con-
tinue to underestimate ENSO asymmetry underscores the need
to continue our effort to improve the models in this regard. The
suggestions this analysis has yielded about the possible causes
of the continuing biases should be helpful for this effort as these
suggestions point out specific pathways for the modelers to
take. We like to caution, however, that the biases we have
pointed out here about ENSO asymmetry, even though they
are large in most models and prevalent among the models,
cannot be taken as evidence for a definite model deficiency.
Wittenberg (2009) has suggested that the historical runs may
not be long enough to constrain ENSO behavior (see also
Wittenberg et al. 2014). Lee et al. (2021) has further sug-
gested a need to have large ensemble members from the

FIG. 18. The time-mean state of SST over tropical Pacific in (a) observations and (b) CMIP6 models (for the models
their ensemble mean is shown). Also shown are the 288C isolines over the (c) tropical Pacific and (d) equatorial Pacific
in the time-mean states of the observations (black line) and models (other colored lines).

FIG. 19. Scatter plot showing the relationship between the longi-
tude position of the west edge of the cold tongue and hydrological
cycle feedback (measured by the precipitation sensitivity) in obser-
vations and CMIP6 models. The longitude position of the west
edge of the cold tongue is defined as the west longitude position of
288C isolines on the equator. The black dot is for observations, the
gray pentagram is for the model ensemble mean, and the other col-
ored dots are for individual models. In the top left, R and p are, re-
spectively, the correlation coefficient and the confidence level. The
confidence level is obtained through a standard F test.
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model runs in the evaluation of the simulations of ENSO
by the models. The variability in ENSO behavior on the cen-
tennial time scale (Rodgers et al. 2004; Ogata et al. 2013;
Sun et al. 2014; Fedorov et al. 2020) is clearly an interesting is-
sue and warrants further investigation.
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von Storch, N. Brüggemann, H. Haak, and A. Stössel, 2019:
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