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Abstract
The magnitude of El Niño determines the level of its global impact. Yet, how
well our state-of-the-art models simulate this key aspect of El Niño is not well
documented. Previous studies tend to ignore ENSO asymmetry and equate the
variance of ENSO to the magnitude of El Niño. Moreover, previous evaluations
are more focused on the surface manifestation of El Niño. Here, we quantify
the magnitudes of El Niño and La Niña separately, both at the surface and
subsurface levels. At the surface, we find that while the magnitude of La Niña
events in most models is generally stronger than observed, the magnitude of El
Niño is more diverse to observations. In fact, in many models, El Niño is weaker
than observed. This bias in the magnitude of El Niño is more pronounced in
the subsurface. We attribute this weakness in the subsurface to the generally
weaker coupling strength and the apparent stronger ENSO at the surface to a
lack of sufficiently strong negative feedback from the surface heat flux in the
models. When normalized by the variance of ENSO, the lack of exceptionally
strong El Niño events in the models is more common and pronounced. The
consequences of a generally weaker El Niño in the models are discussed.
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Abstract
The magnitude of El Niño determines the level of its global impact, yet how
well our state-of-the-art models simulate this key aspect of El Niño is not well
documented. Previous studies tend to ignore ENSO asymmetry and equate
the variance of ENSO to the magnitude of El Niño, focusing primarily on the
surface manifestation of El Niño. Here, we quantify the magnitudes of El Niño
and La Niña separately, both at the surface and subsurface levels. At the
surface, we find that while most models generally produce stronger La Niña
events than observed, the magnitude of El Niño shows greater diversity relative
to observations. In fact, many models simulate El Niño as weaker than observed,
and this bias is more pronounced in the subsurface. We attribute this subsurface
weakness to generally weaker ocean-atmosphere coupling strength, while the
apparent strength of ENSO at the surface stems from a lack of sufficiently
strong negative feedback from surface heat flux in the models. When normalized
by ENSO variance, the absence of exceptionally strong El Niño events in the
models becomes even more common and pronounced. The consequences of this
systematic underestimation of strong El Niño events are discussed.

Keywords: El Niño; Magnitude; Climate models; Coupling strength; Heat flux

1. Introduction
The El Niño-Southern Oscillation (ENSO) represents the most significant inter-
annual climate fluctuation in the Earth’s climate system, alternating between its
warm phase (El Niño) and cold phase (La Niña) (Philander 1989; McPhaden et
al. 2006). ENSO exerts profound global impacts (Ropelewski and Halpert 1987),
with its influence depending strongly on magnitude. For example, extreme El
Niño events such as those observed in 1982/1983, 1997/1998, and 2015/2016
have caused major natural hazards—including floods, droughts, and hurricanes
(Philander 1983; Changnon 1999; McPhaden et al. 2006; Zhai et al. 2017; Ma et
al. 2018)—and have drastically affected ecosystems and agriculture, resulting in
considerable economic damage (Valle et al. 1987; Khandekar et al. 2000; Rosen-
zweig et al. 2001; Kogan and Guo 2017). There is also evidence that these events
have significant adverse effects on public health (Anyamba et al. 2019; Anttila-
Hughes et al. 2021). In general, the stronger the El Niño event, the greater
the impact, ranging from more expansive drought areas over tropical land to
increased likelihood of extreme precipitation in California (Lyon and Barnston
2005; Hoell et al. 2016; Jong et al. 2016). Additionally, El Niño strength influ-
ences the severity of rainfall-triggered landslides in countries where they cause
substantial fatalities, such as India, Indonesia, Colombia, and the Philippines
(Hendon 2003; Villafuerte et al. 2015; Emberson et al. 2012). Therefore, under-
standing and predicting El Niño magnitude is crucial for mitigating its profound
environmental and economic impacts.

However, the factors controlling El Niño magnitude remain poorly understood.
Although numerous studies have examined El Niño, most focus on explaining
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the phenomenon itself or its influence on global climate and weather rather than
on magnitude (Philander 1990). The earliest exploration of El Niño’s causes
traces back to Bjerknes (1969), who proposed tropical ocean-atmosphere inter-
action as a possible mechanism. This was later supplemented by Wyrtki (1975),
who introduced the theory of trade wind relaxation through observational data
analysis, and subsequently linked the El Niño cycle to warm water buildup in
the western Pacific (Wyrtki 1985). With the advent of simple and intermedi-
ate coupled models in the late 1980s, various theories emerged, including the
“delayed oscillator”(Suarez and Schopf 1988), “recharge oscillator”(Jin 1997),
“western Pacific oscillator”(Weisberg and Wang 1997),“advective-reflective os-
cillator”(Picaut et al. 1997), and Sun’s (1997) diabatic and nonlinear theory,
which attributes El Niño to a combined effect of internal nonlinearity and strong
radiative heating. These theories improved understanding of El Niño dynam-
ics but focused primarily on why El Niño occurs and how ENSO oscillates
(Kessler 2002), rather than what controls its magnitude. While Sun’s (1997)
two-equilibrium states do provide a bound on ENSO amplitude, magnitude itself
received limited attention.

The magnitude issue gained prominence with the establishment of CMIP and
the climate modeling community’s interest in evaluating how well coupled gen-
eral circulation models (GCMs) simulate El Niño (Meehl et al. 2001; Latif et
al. 2001; AchutaRao and Sperber 2002; Guilyardi et al. 2004; van Oldenborgh
et al. 2005; Guilyardi 2006; Wittenberg 2006). Using models available at that
time, including those from IPCC AR4, Guilyardi (2006) noted that ENSO am-
plitude varied widely across coupled GCMs, with the weakest being about half
of observed and the strongest twice as strong, though most models underes-
timated ENSO amplitude. Later examination of the full CMIP5 and CMIP3
archives showed that the spread in ENSO amplitudes was significantly reduced
in CMIP5 relative to CMIP3, though still relatively large (Guilyardi et al. 2012;
Bellenger et al. 2014). On average, ENSO amplitude in CMIP5 models was
comparable to observations (Zhang and Sun 2014). In the most recent CMIP6
models, Zhao and Sun (2022) found that most models have amplitude compa-
rable to observations, although several models show considerably larger ENSO
amplitude than observed.

However, these evaluation studies did not separately assess El Niño and La Niña,
instead measuring ENSO level by total variance of an index such as Niño-3 sea
surface temperature (SST) anomalies (Guilyardi 2006). This lack of differenti-
ation is problematic because El Niño and La Niña are strongly asymmetric in
magnitude, and one cannot equate El Niño magnitude to half of ENSO ampli-
tude (Burgers and Stephenson 1999; An et al. 2005; Zhang and Sun 2014; Zhao
and Sun 2022). Studies that do evaluate El Niño separately have focused on
simulating its spatial diversity—characterized by so-called EP and CP events
(Kao and Yu 2009; Kug et al. 2009)—rather than magnitude (Yu and Kim 2010;
Ham and Kug 2012; Kim and Yu 2012; Taschetto et al. 2014; Hou et al. 2022).
Here, we focus on El Niño magnitude and address how this fundamental ENSO
aspect is simulated in CMIP6 models. In addition to examining El Niño magni-
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tude in the SST field as done previously (Lee et al. 2021; Planton et al. 2021),
we also examine subsurface magnitude. Since surface warming is largely driven
by subsurface warming (Zebiak and Cane 1988; Jin 1996; Sun 1997), differences
between surface and subsurface biases may provide insight into the responsible
processes and suggest pathways for model improvement.

This paper is organized as follows. Section 2 introduces data and methods.
Section 3 evaluates El Niño magnitude in CMIP6 models, first using surface sig-
natures—SST anomalies (Section 3.1)—then examining subsurface manifestation
(Section 3.2). We show that subsurface evaluation yields a different impression
from SST analysis: while models show diverse El Niño magnitude at the surface,
they almost universally underestimate magnitude at the subsurface. Section 4
investigates possible causes for these biases, particularly the roles of heat flux
feedback and coupling strength. Conclusions and discussion are provided in
Section 5.

2. Data and Methods
a. Observations

SST data are from the Hadley Centre Sea Ice and Sea Surface Temperature
dataset (HadISST1, Rayner et al. 2003) for 1950–2014. Upper-ocean tempera-
tures and zonal wind stress are from the Simple Ocean Data Assimilation Ver-
sion 3.3.1 dataset (SODA v3.3.1, Carton et al. 2018) for 1980–2014. Net heat
flux data are derived from the Woods Hole Oceanographic Institution dataset,
also known as the OA Flux dataset (Yu and Weller 2007; Yu et al. 2008), cov-
ering 1983–2009. For all variables, anomalies are calculated by removing the
long-term monthly climatology and linear trend over the entire period.

b. CMIP6 Models

Following previous studies (Zhang and Sun 2014; Zhao and Sun 2022), we select
the same models to provide consistent analysis of ENSO simulation. Specific
model configurations and affiliations are listed in Table 1 . We use historical
runs from 19 CMIP6 models over 1950–2014, including SST, upper-ocean tem-
peratures, zonal wind stress, and heat flux (Eyring et al. 2016). For CESM2, we
use member r4i1p1f1; for CNRM-CM6-1, member r1i1p1f2; for HadGEM3 mod-
els, member r1i1p1f3; and for all remaining models, member r1i1p1f1. As with
observations, we remove the long-term monthly climatology and linear trend
when calculating anomalies.

c. Selection of El Niño Events

We follow Trenberth (1997) and use the Niño-3 index, defined as mean SST
anomalies in the Niño-3 region (5°N–5°S, 120°E–170°W), to identify El Niño
events. An El Niño (La Niña) event is identified when the Niño-3 index exceeds
0.5 times (falls below –0.5 times) the standard deviation for at least six consec-
utive months. This method has been widely used in El Niño studies (Levine et
al. 2016).
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TABLE 1. List of models from the CMIP6 analyzed in this study. The
first column shows model acronyms, and the second column shows corresponding
modeling centers.

Models Institute
ACCESS-CM2 Commonwealth Scientific and Industrial

Research Organization
ACCESS-ESM1-5 Commonwealth Scientific and Industrial

Research Organization
CAS-ESM2-0 China Academy of Sciences
CESM2 National Center for Atmospheric Research
CNRM-CM6-1 Centre National des Recherches

Meteorologiques
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

3. Results
a. ENSO Magnitude at the Surface

Although most models tend to overestimate the overall amplitude of ENSO
variability (Fig. 1a [Figure 1: see original paper]), El Niño magnitudes vary
considerably across models (Fig. 1b). In contrast, La Niña magnitudes are gen-
erally overestimated (Fig. 1c). We measure ENSO amplitude by the standard
deviation of interannual variability in Niño-3 SST (Zhao and Sun 2022), and
quantify event magnitude by the peak (lowest) Niño-3 index value during El
Niño (La Niña) events (Rao and Ren 2014; Meng et al. 2020). The observed
ENSO amplitude is 0.81°C, whereas most models show larger amplitude with an
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ensemble mean of 1.08°C. However, unlike this general overestimation of ENSO
amplitude, El Niño magnitudes are diverse across models (Fig. 1b). The ob-
served El Niño magnitude is 1.67°C, while the model ensemble mean is 1.83°C.
Some models (e.g., CAS-ESM2-0, CESM2, FGOALS-f3-L, MIROC6, NorESM2-
LM, NorESM2-MM) strongly overestimate El Niño magnitude (up to 2.0°C),
while nine out of 19 models simulate weaker El Niño than observed. In con-
trast, La Niña magnitudes are generally overestimated (Fig. 1c), with a model
ensemble mean of –1.82°C, clearly stronger than the observed –1.33°C.

The spatial patterns of El Niño SST anomalies reinforce this impression of di-
verse magnitudes across models (Fig. 2 [Figure 2: see original paper]). Observed
peak SST anomalies during El Niño exceed 2.0°C, and most models are compa-
rable with a warm center around 2.0°C. However, models such as CanESM5 and
MPI-ESM1-2-HR show significantly weaker warm patterns, while CAS-ESM2-0
and NorESM2-MM display much stronger warming with peak SST anomalies
exceeding 4°C. Compared to observations, positive (negative) SST anomalies
extend too far west into the western Pacific during El Niño events in the mod-
els—a known bias in coupled GCMs from CMIP3 through CMIP5 (Bellenger et
al. 2014; Taschetto et al. 2014) that persists in CMIP6 models (Chen et al. 2021;
Brown et al. 2020).

Larger Niño-3 SST anomalies during El Niño events in some models result from
greater overall ENSO variability, and the normalized magnitudes of El Niño
are generally weaker in the models (Fig. 3 [Figure 3: see original paper]).
Normalized magnitude is calculated as the magnitude divided by ENSO am-
plitude. On average, the normalized magnitude of El Niño events is 2.05 SD in
observations and 1.72 SD in the ensemble mean. After normalization, all mod-
els underestimate El Niño magnitude, though they still generally overestimate
La Niña magnitude with some exceptions (CESM2, FGOALS-f3-L, MIROC6,
NorESM2-MM). This suggests that extreme El Niño events in observations are
more prominent relative to background variability (i.e., ENSO amplitude).

b. ENSO Magnitude in the Subsurface

In contrast to the surface, underestimation of magnitude exists for both El Niño
and La Niña events in the subsurface, with greater underestimation for El Niño
(Fig. 4 [Figure 4: see original paper]). In the subsurface, the depth of the main
thermocline, estimated using the depth of the 20°C isotherm (D20), correlates
well with subsurface temperature (Meinen and McPhaden 2000; Kim and Jin
2011). We measure ENSO amplitude by the standard deviation of zonal D20
contrast between the eastern equatorial Pacific (5°S–5°N, 155°W–70°W) and
western equatorial Pacific (5°S–5°N, 120°E–155°W), and measure event mag-
nitude by the zonal D20 contrast anomaly when the Niño-3 index reaches its
peak (lowest) value during El Niño (La Niña). During El Niño, the zonal D20
contrast anomaly is usually positive, indicating a deepening thermocline in the
eastern Pacific and shoaling in the western Pacific, with larger values indicating
stronger subsurface El Niño magnitude (the opposite for La Niña).
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For subsurface ENSO amplitude, the model ensemble mean is 19.93 m, close
to observations (20.68 m), though most models have smaller amplitude than
observed. Furthermore, a systematic bias exists in El Niño magnitude, with 17
out of 19 models simulating weaker El Niño than observed (43.82 m). The model
ensemble mean El Niño magnitude is only 27.62 m, far weaker than observed.
La Niña magnitude is also underestimated; except for MIROC6 (–34.06 m),
NorESM2-LM (–41.32 m), and NorESM2-MM (–42.90 m), all models simulate
weaker La Niña than observed (–33.51 m). The model ensemble mean (–27.02
m) is also weaker than observed, though the discrepancy is smaller than for El
Niño.

Weaker El Niño in the models is also evident in the spatial patterns of equato-
rial upper-ocean temperature anomalies (Fig. 5 [Figure 5: see original paper]).
In observations, positive anomalies in the eastern upper tropical Pacific reach
3.5°C, while negative anomalies in the western upper tropical Pacific fall below
–3.0°C. Most models show weaker east-west temperature anomaly contrast than
observed. For example, MPI-ESM2-1-HR, which simulates the weakest El Niño
(10.10 m), shows only about 1°C warming (cooling) in the eastern (western)
upper tropical Pacific.

As expected, after normalization, El Niño magnitudes in the models are smaller
than observed in the subsurface (Fig. 6a [Figure 6: see original paper]), con-
sistent with surface results (Fig. 3a). Moreover, La Niña is also weaker in
the models in the subsurface (Fig. 6b). The normalized magnitude of El Niño
events averages 2.11 SD in observations but only 1.38 SD in the ensemble mean,
significantly lower than observed. All models show weaker normalized El Niño
magnitude than observed, suggesting that extreme El Niño events are more
prominent relative to background variability not only at the surface but also in
the subsurface.

c. Possible Causes for Biases in El Niño Magnitude

Our surface and subsurface analyses reveal that while El Niño magnitudes vary
across models at the surface, subsurface results are completely different: models
generally underestimate El Niño magnitude. One possible reason is weaker
dynamic coupling strength between ocean and atmosphere (Fig. 7 [Figure 7: see
original paper]). Coupling strength measures how strongly atmospheric winds
respond to SST anomalies (Guilyardi et al. 2006; Kim and Jin 2011; Chen et
al. 2021). Figure 7 shows the spatial pattern of regression of zonal wind stress
anomalies onto Niño-3 SST anomalies, calculated by regressing zonal wind stress
anomalies at each point onto Niño-3 SST anomalies to highlight wind stress
sensitivity to Niño-3 SST.

In observations, a significantly positive center (exceeding 0.015 N m−2 °C−1)
appears in the Niño-4 region, indicating that positive (negative) SST anomalies
associate with strong zonal westerly (easterly) wind stress anomalies. Based on
Sverdrup balance (Sverdrup 1947), zonal westerly (easterly) wind stress anoma-
lies cause anomalous upwelling (downwelling) in the western (eastern) Pacific,
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deepening (shoaling) the thermocline in the equatorial eastern (western) Pacific
(Kim and Jin 2011), leading to strong El Niño (La Niña) magnitude in the
subsurface. Most models also simulate westerly (easterly) wind stress anoma-
lies in the Niño-4 region related to positive (negative) Niño-3 SST anomalies,
but regression slopes are generally smaller than observed. Only MIROC6 has
a center (exceeding 0.015 N m−2 °C−1) comparable to observations. Since the
maximum response of zonal wind stress to Niño-3 SST anomalies occurs mainly
in the Niño-4 region in both observations and CMIP6 models, we argue that the
regression slope between Niño-3 SST anomalies and zonal wind stress anomalies
in the Niño-4 region (Fig. 8 [Figure 8: see original paper]) represents coupling
strength between oceanic forcing and atmospheric response, following earlier
studies (Yeh et al. 2014). The observed coupling strength is 0.0104 N m−2 °C−1,
while the ensemble mean is 0.0074 N m−2 °C−1, with model values ranging from
0.0043 to 0.0135 N m−2 °C−1. Except for MIROC6 (0.0135 N m−2 °C−1), all
models show significantly weaker coupling strength. A positive correlation (R =
0.55) at the 99% confidence level exists between subsurface El Niño magnitude
and coupling strength (Fig. 9 [Figure 9: see original paper]), strongly suggest-
ing that underestimation of subsurface El Niño magnitude relates to weaker
coupling strength in the models.

Since subsurface warming of El Niño drives surface warming (Sun 1997), weaker
subsurface El Niño events should generally produce weaker surface events. In-
deed, a significant correlation coefficient (0.85) exists between surface and sub-
surface El Niño magnitudes (Fig. 10 [Figure 10: see original paper]). However,
notably, for a range of subsurface El Niño magnitudes similar to observations,
models show stronger surface El Niño. To understand this puzzle, we consider
the role of net surface heat flux feedback. This feedback is generally nega-
tive: a positive (negative) SST anomaly produces decreased (increased) net
heat flux, increasing (decreasing) ocean heat loss and reducing (increasing) the
SST anomaly (Lloyd et al. 2009). Figure 11 [Figure 11: see original paper]
shows the spatial pattern of regression of net heat flux anomalies onto Niño-3
SST anomalies, calculated by regressing net heat flux anomalies at each point
onto Niño-3 SST anomalies to highlight heat flux sensitivity to Niño-3 SST
(Kim and Jin 2011; Chen et al. 2021). In observations, strong negative feedback
(exceeding –25 W m−2 °C−1) centers in the Niño-3 region, indicating that posi-
tive (negative) SST anomalies associate with strong negative (positive) heat flux
anomalies. Most models also simulate negative feedback in the Niño-3 region,
but generally weaker than observed, particularly in CanESM5 and NorESM2-
LM. Only two models (FGOALS-f3-L and MIROC6) have feedback strength
comparable to observations. The regression slope between Niño-3 SST anoma-
lies and net heat flux anomalies in the Niño-3 region measures net heat flux
feedback strength (Fig. 12 [Figure 12: see original paper]). The observed net
heat flux feedback is –16.38 W m−2 °C−1, while the ensemble mean is –8.61 W
m−2 °C−1, only half the observed value. Model values range from –0.58 to –15.14
W m−2 °C−1. Except for CAS-ESM2-0 (–14.86 W m−2 °C−1), FGOALS-f3-L (–
15.14 W m−2 °C−1), and MIROC6 (–13.32 W m−2 °C−1), all models show sig-
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nificantly weaker net heat flux feedback. Thus, weaker negative feedback from
net surface heat flux into the ocean may partly explain the discrepancy between
surface and subsurface bias directions.

A linear relationship (R = –0.56) between Niño-4 coupling strength and Niño-
3 net heat flux feedback (Fig. 13 [Figure 13: see original paper]) suggests
error compensation between the two—a common problem in current climate
models (Lloyd et al. 2009; Bellenger et al. 2014; Bayr et al. 2017). We argue
this error compensation is a major contributor to the diversity of surface El
Niño magnitudes. Models with stronger surface El Niño fall into two categories:
those with strong coupling strength and strong heat flux feedback, and those
with weak heat flux feedback and weak coupling strength.

4. Conclusions and Discussion
This study assesses El Niño simulation in state-of-the-art CMIP6 models, focus-
ing on magnitude as captured by both surface and subsurface observations and
the 19 models. Previous studies emphasized overall ENSO amplitude (Guilyardi
2006) and often did not evaluate El Niño magnitude separately. Studies that
did evaluate El Niño separately focused on spatial diversity rather than magni-
tude (Yu and Kim 2010; Ham and Kug 2012; Kim and Yu 2012; Taschetto et
al. 2014; Hou et al. 2022), and evaluation was typically limited to the surface.
By examining El Niño and La Niña events separately and quantifying their
magnitudes using both surface and subsurface data, we have uncovered several
novel findings.

First, El Niño magnitudes are diverse at the surface, but La Niña biases are
more systematic, indicating that ENSO amplitude cannot serve as a surrogate
for El Niño magnitude. Second, El Niño events are almost universally weaker
in the subsurface, a very different impression from the surface. Additionally,
after normalization, El Niño magnitudes are smaller than observed in both the
subsurface and at the surface, suggesting that extreme El Niño events are more
prominent relative to background variability (i.e., ENSO amplitude). Finally,
consistent with earlier studies (Bellenger et al. 2014; Bayr et al. 2018), both cou-
pling strength and net surface flux are weaker in the models. Underestimation
of subsurface El Niño magnitude relates to weaker coupling strength, while the
lack of strong surface underestimation—particularly compared to the subsurface
—mainly results from error compensation between these two factors.

Future work should more extensively examine processes known to affect El Niño
strength. In addition to coupling strength and net surface heat flux feedback,
we plan to examine thermocline depth and temperature gradients across the
thermocline. Addressing these issues could lead to more accurate simulation of
ENSO magnitude, enhancing our ability to predict and understand these critical
climate phenomena.

Overall, this study addresses whether El Niño events are strong enough in mod-
els compared to observations. Due to underestimation of strong El Niño events,
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particularly in the subsurface, we suspect that oceanic dynamic processes are
not fully simulated, requiring more comprehensive dynamic process diagnos-
tics to improve ENSO metrics (Planton et al. 2021). Furthermore, we caution
against using these models to study El Niño changes in a warming climate (Kim
et al. 2014; Fredriksen et al. 2020; Cai et al. 2021), as predictions of El Niño
magnitude will have greater uncertainty in future climate scenarios than in the
present climate (Beobide-Arsuaga et al. 2021).
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