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Abstract: Observations indicate a robust relationship between the magnitude of El Nifio
events and the longitudinal displacement of the eastern edge of the Western Pacific Warm
Pool (WPWP). Are the state-of-the-art coupled models also capturing this strong relationship?
Here, we address this question by analyzing the Coupled Model Intercomparison Project
Phase 6 (CMIP6) models. The results show that 31 out of 33 models replicate the observed
strong correlation between El Nifio magnitude and WPWP displacement. However, the
models overestimate both El Nifio strength and the extent of eastward WPWP movement,
while underrepresenting the inter-event variability. These findings support the notion that El
Nifio may be largely regarded as an eastward extension of the WPWP, while also highlighting
some model-observation discrepancies that may warrant particular attention.
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1. Introduction

El Nifio is a significant factor in climate variability [1-7], exerting widespread regional
and global impacts through atmospheric and oceanic teleconnections [8]. The effects of
El Nifio on global weather and climate are largely contingent upon its magnitude [9-12].
Recent studies have shown that the projected response of extreme El Nifio events to global
warming varies across different methodological approaches [13]. Therefore, accurately un-
derstanding and simulating the magnitude of El Nifio events in climate models is essential
for improving future climate projections and evaluating associated climate risks [14].

The most sophisticated instruments for the investigation of El Nifio phenomena are the
fully coupled climate models [15-18]. However, significant biases persist in their simulation
of the El Nino-Southern Oscillation (ENSO). A significant concern is the underrepresenta-
tion of ENSO asymmetry [19-23], which not only affects the realism of current simulations
but also reduces confidence in future projections of ENSO characteristics and associated
teleconnections. Furthermore, the majority of studies do not explicitly differentiate be-
tween the magnitudes of El Nifio and La Nifia events, opting instead to utilize the standard
deviation of the Nifio3 or Nifio3.4 index as a proxy for ENSO amplitude. Despite this
methodological simplification, systematic biases continue to be evident in the simulated
ENSO amplitude across various generations of models, ranging from Coupled Model
Intercomparison Project Phase 3-6 (CMIP3-CMIP6) [19-21,23]. For example, most CMIP3
models overestimated the variability of Nifio3 SST relative to observations [19]. During
the overlapping simulation period of CMIP5 and CMIP6 (1950-1999), 12 out of 14 CMIP5
models underestimated Nifio3 SST variability [20], while only 6 out of 19 CMIP6 models

Atmosphere 2025, 16, 680

https://doi.org/10.3390/atmos16060680


https://doi.org/10.3390/atmos16060680
https://doi.org/10.3390/atmos16060680
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://doi.org/10.3390/atmos16060680
https://www.mdpi.com/article/10.3390/atmos16060680?type=check_update&version=1

Atmosphere 2025, 16, 680

2of 16

showed weaker variability than observed [23]. Although CMIP6 models exhibit enhance-
ments in comparison to their CMIP3 and CMIP5 predecessors, significant uncertainties
remain. In the assessment of CMIP6 models, Zhao and Sun [23] suggested that these
models generally simulate a stronger ENSO amplitude. This phenomenon is attributed to
a substantial overestimation of La Nifia magnitude, while the overestimation of El Nifio
magnitude appears to be less pronounced. In addition to tropical dynamics, recent studies
have highlighted the role of extratropical forcings—such as the Arctic Oscillation and Arctic
Sea ice variability—in modulating ENSO amplitude [24-26]. The diversity among mod-
els in capturing these extratropical influences may also contribute to the biases in ENSO
amplitude. Given these persistent discrepancies and the complex interplay of tropical and
extratropical processes, a dedicated assessment of El Nifio magnitude and its variability
is necessary. This also has important implications for understanding ENSO’s response to
global warming.

The Western Pacific Warm Pool (WPWP) is widely recognized as a significant heat
source within the climate system [27] and plays an important role in the dynamics of El
Nifio events [28-30]. Observational data typically delineate the boundary of the WPWP
by the 28 °C isotherm, which expands in response to increases in sea surface temperature
(SST) [31]. In contrast to observational results, climate models often depict an excessively
extended cold tongue to the west. Previous studies primarily focused on the time-mean
state of the warm pool or cold tongue, while largely neglecting the variability of the WPWP
boundary. Mechoso et al. [32] were the first to identify that numerous models exhibit
a common bias of excessive cold tongue extension. They revealed that this may result from
the models’ tendency to overly constrain the WPWP to the Western Pacific region. Kiehl [33]
further corroborated the prevalence of this bias through the use of the Community Climate
System Model Version 1 (CCSM1). Subsequent analyses utilizing models from the CMIP3,
CMIP5, and CMIP6 have consistently indicated that this cold tongue bias persists in the
time-mean state [19,21,23]. Given that the eastward expansion of the WPWP is closely
associated with anomalous zonal currents and significantly contributes to SST anomalies
in the eastern Pacific [34], accurately assessing its variability is essential for enhancing the
dynamical simulation of the ENSO and improving the predictive capabilities related to
climate change.

Numerous studies indicate that minor variations in SST and the longitudinal displace-
ment of the WPWP significantly impact the characteristics of El Nifio events [28,35-37]. The
eastward expansion of the WPWP is closely associated with the frequency and intensity of
westerly wind bursts (WWBs) in the tropical Pacific, which are widely acknowledged as
critical precursors to the onset of El Nifio [38]. Furthermore, the eastward displacement
of the WPWP correlates with anomalous eastward currents, thereby creating conditions
conducive to extreme El Nifio events [34]. Recent research has also underscored the
implications of WPWP variability for the diversity of ENSO [39,40]. However, a more
comprehensive understanding of WPWP dynamics is necessary to accurately characterize
its role in ENSO variability.

The CMIP6 models, representing the most recent generation of coupled general circu-
lation models, integrate more complex climate processes compared to their predecessors
from CMIP5. Many studies indicated significant enhancements in the simulations pro-
duced by CMIP6, particularly in accurately representing tropical rainfall patterns, SST
distributions, and variability in the tropical Pacific region [41-45]. These developments
establish a robust framework for exploring the relationship between the displacement of
the WPWP boundary and the magnitude of El Nifio events within CMIP6 models.

This study conducts a comprehensive analysis of the CMIP6 models in their simulation
of El Nifio magnitude and the displacement of the eastern edge of the WPWP. By evaluating



Atmosphere 2025, 16, 680

30f16

historical simulations, this study aims to achieve two primary objectives: (1) to identify
systematic biases in the representation of El Nifio magnitude and WPWP displacement and
(2) to assess the ability of CMIP6 models to accurately capture the observed relationship
between El Nifio and the WPWP.

2. Materials and Methods

In this study, observational SST data were sourced from the Hadley Centre Sea Ice
and Sea Surface Temperature dataset (HadISST1) [46] for the period spanning 1929 to 2014,
utilizing a grid resolution of 1° x 1°. Monthly anomalies were calculated by subtracting
the monthly mean over the entire period and applying a quadratic detrending method to
eliminate long-term trends. Quadratic detrending was used to account for slow baseline
variations with nonlinear characteristics. This method was preferred over linear detrending
due to its ability to capture curvature in the underlying trend, and over more complex
filtering techniques because it reduces the risk of overfitting while preserving the integrity
of the signal of interest.

Outputs from 42 models participating in CMIP6 are utilized, covering the period from
1929 to 2014, during which monthly SST data are available for the entire duration. Monthly
anomalies were calculated by subtracting model-specific monthly climatologies, defined
over 1929-2014, from the corresponding monthly data. A quadratic detrending, consistent
with that applied to the observations, was then performed.

Prior to analysis, the outputs from each model are interpolated to a resolution of
1° x 1°, which is consistent with observational datasets. Based on previous studies [47,48],
only one experiment per model is used, following a model democracy approach to ensure
equal representation across models. This methodology mitigates the risk of overrepresent-
ing models that have multiple experiments, thereby ensuring that each model contributes
equitably to the evaluation of model agreement and the changes observed in the multi-
model ensemble (MME) mean. The models employed, along with the selected realizations,
are outlined in Table 1.

Table 1. Overview of 42 CMIP6 models included in analysis. The first column lists the model names
and the second column specifies the selected realizations used for each model. The third column
presents the calculated skewness of SST anomalies in the eastern equatorial Pacific for the period
1929-2014. Positive skewness values are shown in bold. The observed skewness value is 0.84. Only
models exhibiting positive skewness were retained for subsequent analysis.

Skewness of the Eastern

Model Name Realization Equatorial Pacific SST Selected or Not
ACCESS-CM2 rlilplfl -0.15 N
ACCESS-ESM1-5 rlilplfl —0.36 N
BCC-CSM2-MR rlilplfl —0.25 N
CanESM5 rlilplfl 0.05 Y
CanESM5-CanOE rlilp2f1 0.15 Y
CAS-ESM2-0 rlilplfl 0.04 Y
CESM2 rdilplfl 0.19 Y
CESM2-WACCM rlilplfl 0.42 Y
CIESM rlilp1fl 0.24 Y
CMCC-CM2-SR5 rlilp1fl 0.38 Y
CMCC-ESM2 rlilp1fl 0.80 Y
CNRM-CM6-1 rlilplf2 —0.28 N
CNRM-CM6-1-HR rlilp1f2 —0.06 N
CNRM-ESM2-1 rlilplf2 —0.27 N
EC-Earth3 rlilplfl 0.39 Y
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Table 1. Cont.

Skewness of the Eastern

Model Name Realization Equatorial Pacific SST Selected or Not
EC-Earth3-CC rlilp1fl 0.15 Y
EC-Earth3-Veg rlilplfl 0.58 Y

EC-Earth3-Veg-LR rlilplfl 0.43 Y

FGOALS-£3-L rlilplfl 0.11 Y

FGOALS-g3 rlilplfl —0.19 N
FIO-ESM-2-0 rlilp1fl 0.50 Y

GFDL-CM4 rlilp1fl 0.05 Y

GFDL-ESM4 rlilplfl 0.07 Y

GISS-E2-1-G rlilp1f2 0.05 Y

GISS-E2-1-H rlilp1f2 0.70 Y

GISS-E2-2-G rlilp3fl 0.49 Y

HadGEM3-GC31-LL rlilp1f3 —0.10 N
INM-CM4-8 rlilp1fl 0.22 Y
INM-CM5-0 rlilp1fl —0.06 N

IPSL-CM6A-LR rlilplfl 0.06 Y

KACE-1-0-G rlilp1fl 0.17 Y

KIOST-ESM rlilp1fl 0.02 Y
MCM-UA-1-0 rlilp1f2 0.12 Y

MIROC6 rlilp1fl 0.72 Y
MIROC-ES2L rlilp1f2 0.60 Y
MPI-ESM1-2-HR rlilplfl 0.01 Y
MPI-ESM1-2-LR rlilp1fl 0.06 Y
MRI-ESM2-0 rlilp1fl 0.24 Y
NESM3 rlilplfl 0.27 Y

NorESM2-LM rlilplfl 0.13 Y
NorESM2-MM rlilplfl 0.38 Y
UKESM1-0-LL rlilp1f2 0.08 Y

Recent studies suggest that ENSO exhibits inherent nonlinearity [49-52]. Skewness
serves as one indicator of system nonlinearity [53,54]. For model selection, a key criterion
is the presence of positive asymmetry in SST anomalies over the eastern equatorial Pacific,
as positive SST skewness in this region is primarily governed by the nonlinear Bjerknes
feedback. However, many models tend to underestimate this feature. A model that
cannot adequately reproduce these fundamental features is unlikely—let alone able—to
represent the relationship between El Nifio magnitude and WPWP displacement. Among
the 42 models analyzed, 33 demonstrate a positive skewness in the eastern equatorial
Pacific SST anomaly over the period from 1929 to 2014 (Figure 1), with MME mean of
0.27. A more precise representation of ENSO skewness is associated with an improved
characterization of ENSO dynamics [20,22,23]. Therefore, the 33 models exhibiting positive
skewness have been selected for further analysis.

El Nifio is characterized as the SST anomaly in the eastern equatorial Pacific region
(5° S-5° N, 155° W-70° W) that exceeds 0.5 °C when averaged over the boreal winter
months of November, December, and January (NDJ). The magnitude of El Nifio is quantified
by the SST anomaly in the eastern equatorial Pacific during the months of NDJ.

The WPWP is delineated by the 28 °C isotherm, with its eastern boundary defined
by the longitudinal position of the 28 °C isotherm at the equator. The displacement of the
eastern boundary of the WPWP is quantified as the deviation of the 28 °C isotherm from
its climatological mean, where positive values signify an eastward shift.

The variability in the magnitude of El Nifio events is quantified through the calcula-
tion of its standard deviation and range, which is defined as the difference between the
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most intense and the least intense El Nifio occurrences. Similarly, the variability in the
displacement of the eastern edge of the WPWP is assessed using both standard deviation
and range, where the range is determined by the difference between the easternmost and
westernmost positions of the WPWP’s eastern edge.

This study first assesses the performance of CMIP6 models in simulating the magnitude
of El Nifio and the displacement of the eastern edge of WPWP, with emphasis on both mean
values and variability. The relationship between these two variables is then examined.
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Figure 1. Skewness of SST anomalies in the eastern equatorial Pacific in observations and CMIP6
model simulations. The black bar denotes the observed skewness value (0.84). Red and blue bars
represent models with positive and negative skewness, respectively, divided by the vertical gray line
for clarity. Error bars indicate the standard deviation of skewness within each group (positive or
negative), highlighting inter-model variability.

3. Results
3.1. Magnitude of El Nifio Events in Historical Climate Simulations

The traditional metric for assessing the magnitude of El Nifio events is the intensity of
SST anomalies in the eastern equatorial Pacific. In this context, the CMIP6 models generally
simulate stronger El Nifio events than those recorded in observational data (Figure 2). Among
the 33 models evaluated, 19 demonstrate a greater El Nifio magnitude than what has been
observed. Notably, the CMCC-ESM2 and MIROC-ES2L models simulate El Nifio magnitudes
of 1.78 °C and 1.94 °C, respectively, which significantly surpass the observed value of 1.16 °C.
The MME for El Nifio magnitude is calculated to be 1.24 °C, which is marginally higher than
the observed 1.16 °C, indicating a generally reasonable level of agreement. Furthermore, the
models EC-Earth3-Veg, FIO-ESM-2-0, MRI-ESM2-0, GFDL-ESM4, and KIOST-ESM exhibit El
Nifio magnitudes that are comparable to the observed values.

Figure 3 illustrates the distribution of SST anomalies during El Nifio events, as ob-
served and modeled by individual CMIP6 models. It corroborates the results in Figure 2,
further indicating that CMIP6 models generally simulate more intense El Nifio events when
assessed through the lens of SST anomalies in the eastern equatorial Pacific. Notably, the
CMCC-ESM2 and MIROC-ES2L models demonstrate significantly elevated SST anomalies
in this region, which is consistent with the results in Figure 2. However, in comparison to
observational data, the majority of models exhibit a tendency to simulate a warm anomaly
that extends further westward, with the anomaly center shifting considerably to the west.
For example, the CAS-ESM2-0 model shows warm anomalies that encompass nearly the
entire equatorial Pacific, whereas the MCM-UA-1-0 model presents a warm anomaly center
that reaches into the western equatorial Pacific.
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Figure 2. Magnitude of El Nifio based on SST anomalies in the eastern equatorial Pacific (5° S-5 °N,
155° W-70° W). The black bar and dashed line denote the observed value, while colored bars represent
simulation results from individual CMIP6 models. The MME mean is shown as a gray bar. The error
bar, represented by a black symbol above the gray bar, reflects the standard deviation of El Nifio
magnitude across all models.
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Figure 3. Composite SST anomalies during El Nifio events in observations and CMIP6 models. The
contour interval is 0.5 °C.

Biases in simulating the magnitude of El Nifio may affect the modeled sensitivity of El
Nifio strength to global warming. For example, models such as GISS-E2-2-G and NorESM2-
LM, which produce stronger-than-observed El Nifio events during the historical period,
tend to project an increase in El Nifio intensity under various warming scenarios [55]. As
a result, such biases may lead to overestimated projections of associated hydroclimatic
extremes, including heavy rainfall and drought.
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The CMIP6 models generally exhibit an underestimation of the diversity in the mag-
nitude of El Nifio events (Figure 4). When assessed using the standard deviation of El
Nifio magnitude, 21 out of 33 models demonstrate a lower diversity than what is observed
(Figure 4a). Notably, the GISS-E2-1-H model is the only model that reproduces a diversity
level comparable to the observed data, and it is also recognized as one of the most effective
models in simulating the amplitude of the ENSO [23]. The MME standard deviation is
calculated to be 0.59 °C, which is slightly lower than the observed value of 0.65 °C. When di-
versity is quantified by the range of El Nifio magnitudes, the underestimation becomes even
more pronounced (Figure 4b). In this context, 23 out of 33 models simulate a diversity that is
weaker than that observed. The models FIO-ESM-2-0, CMCC-CM2-SR5, and FGOALS-3-L.
demonstrate the closest alignment with observed values. Furthermore, the MME mean
range is also lower than the observed range (2.17 °C compared to 2.54 °C). Despite the
differences in these two metrics of diversity, the results remain consistent—models that
exhibit weaker diversity based on standard deviation also tend to show reduced diversity
when measured by range, which is defined as the difference between the maximum and
minimum values of magnitude.

(a) 12 | Y I [ [ [ S A S N

o .
©

magnitude of El Nifio (°C)
I o
= [}

Standard deviation of the

Ind
o

Figure 4. Diversity in the magnitude of El Nifio in observations and CMIP6 model simulations.
The black bar and dashed line represent the observed values, while colored bars show results from
individual models. The MME mean is depicted by the gray bar, with the error bar above it indicating the
standard deviation of diversity across models. Diversity is quantified using two metrics: (a) standard
deviation and (b) range (i.e., the difference between the strongest and weakest El Nifio events).

3.2. WPWP in Historical Climate Simulations

The CMIP6 models generally depict a pronounced cold tongue that extends significantly
to the west in the time-mean state. Additionally, these models tend to overestimate the east-
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ward displacement of the eastern edge of the WPWP during El Nifio events (Figure 5). Specif-
ically, Figure 5a presents the 28 °C isotherms for the time-mean state, while Figure 5b depicts
the 28 °C isotherms for composite El Nifio events. Figure 5¢,d illustrates the time-mean posi-
tion of the eastern edge of the WPWP and the eastward displacement of this edge during El
Nifio events, respectively. In the time-mean state, the models typically simulate a cold tongue
that extends excessively westward. The MME mean positions the eastern edge of the WPWP
at 174°E, which is approximately 15° west of the observed location at 169°W. Among the
33 models assessed, 31 exhibit a cold tongue that extends further west than what is observed.
This cold tongue bias has been consistently documented in prior evaluations of coupled
climate models [19-21,23,56-58]. Notably, models such as GISS-E2-2-G and CAS-ESM2-0
demonstrate particularly pronounced westward extensions of the cold tongue. During El
Nifio events, the eastern edge of the WPWP in the MME mean remains biased towards the
west when compared to observations (Figure 5b). Figure 5d quantifies these displacements,
revealing that the eastward shift in the eastern edge of the WPWP in the MME is slightly
greater than what is observed (22° vs. 20°). Despite these biases, certain models, including
NorESM2-MM and KIOST-ESM, accurately replicate both the time-mean position of the
WPWP and its displacement during El Nifio events.

(a) (b)
30°N T 30°N
20°N [, 20°N
10°N = 10°N R
) [} A
E 3
£ EQ £ EQ
© [
i) Z =1
10°S 10°8
¥ —————a
20°S il 20°S
30°S 30°S . . . . "
120°E  150°E  180° 150°W 120°W  90°W 120°E  150°E  180° 150°W 120°W  90°W
Longitude Longitude
(c)

q0eWp—L—L—L 1 b b e e b bl

160°W - -

®
o
S

160°E

140°E

Longitude of the eastern edge of the WPWP

120°E

w
=]

N
=]

Displacement of the eastern edge
of the WPWP during EI Nifio (°)

Figure 5. The 28 °C isotherm in time-mean state and during El Nifio events in observations and CMIP6
models: (a,b) the 28 °C isotherms for time-mean state and composite El Nifio events; (¢,d) climatological
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mean position of 28 °C isotherm and its eastward displacement during El Nifio events. Contours and
bars of the same color correspond to the same model.

Overall, the CMIP6 climate models demonstrate a tendency to underestimate the vari-
ability in the displacement of the eastern edge of the WPWP during El Nifio events (Figure 6).
The MME for the standard deviation of the eastern edge position (Figure 6a) is 14.71°, which
is significantly lower than the observed value of 17.94°. Among the 33 models evaluated,
24 exhibit an underestimation of this variability. This discrepancy becomes even more pro-
nounced when assessing the displacement range (i.e., the difference between the easternmost
and westernmost positions of the WPWP boundary) as the metric (Figure 6b). The MME for
this range is 60.85°, which is considerably less than the observed value of 82.35°. Regardless
of the metric employed, three models (INM-CM4-8, MCM-UA-1-0, and MPI-ESM1-2-HR)
demonstrate notably lower displacement variability during El Nifio events. Notably, these
models also reveal significant differences in the time-mean position of the 28 °C isotherm;
INM-CM4-8 exhibits a markedly westward-shifted eastern boundary of the WPWP, MCM-
UA-1-0 positions it significantly farther east, while MPI-ESM1-2-HR aligns closely with
observational data. This suggests that an accurate representation of the mean-state WPWP
does not necessarily guarantee a realistic simulation of ENSO-related processes.

2T

@)z,

Standard deviation of the displacement of th
eastern edge of the WPWP during El Nifio

(b)

N [} @ > 0
(] n
S ) S 8 8

of the WPWP during EI Nifio (°)

N
o

Range of the displacement of the eastern edge

Figure 6. Diversity in WPWDP’s eastern edge displacement during El Nifio events. The black bar and
dashed line indicate the observed value, while the gray bar represents the MME mean. The error bar
above the gray bar, shown as a black symbol, denotes the standard deviation among models. Colored
bars reflect results from individual models. Diversity is quantified using two metrics: (a) standard
deviation and (b) range (i.e., the difference between the easternmost and westernmost positions of
the WPWP boundary).
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3.3. Relationship Between El Nifio Magnitude and Displacement of the WPWP

The magnitude of El Nifio demonstrates a strong correlation with the displacement of
the eastern edge of the WPWP across various models. Figure 7 illustrates this relationship,
revealing a linear trend identified through least-squares fitting. The correlation coefficient
between the displacement of the eastern edge and the magnitude of El Nifio is calculated
to be 0.74, which is significant at the 99.9% confidence level. This result indicates that
a greater displacement of the WPWP’s eastern edge is generally associated with more
intense El Nifio events. Notably, the MIROC-ES2L model, which simulates exceptionally
strong El Nifio events—approximately twice the observed magnitude—also demonstrates
a significant eastward shift in the WPWP boundary. This alignment further substantiates
the robustness of the identified relationship; if certain models were capable of generating
intense El Nifio events without a corresponding substantial displacement of the WPWP’s
eastern edge, it would raise concerns regarding the realism of their underlying mechanisms.
However, the relationship is not strictly one-to-one. For instance, the NorESM2-MM model
simulates a WPWP displacement that is comparable to observations but produces an El
Nifio magnitude that is significantly larger.
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Figure 7. Relationship between WPWP’s eastern edge displacement and El Nifio magnitude across
CMIP6 models. The black pentagram marks the observational data point, while the gray pentagram
represents the MME mean. Colored dots denote results from individual models. The gray line shows
the least squares regression fit. The correlation coefficient (R) quantifies the relationship and the
significance level (p) is derived using a standard F test.

An analysis of individual El Nifio events indicates that over 90% of the CMIP6 models
are capable of simulating a significant displacement of the WPWP boundary along the equa-
tor, which is associated with an intensified SST anomaly in the eastern equatorial Pacific.
Figure 8 further depicts the relationship between this longitudinal displacement and the
magnitude of El Nifio events, as observed in both observations and individual CMIP6 mod-
els. Observational data reveal a strong correlation between the eastward shift in the WPWP
boundary and the magnitude of El Nifio, with a correlation coefficient of 0.93. The majority
of CMIP6 models (31 out of 33) replicate this relationship. However, two models (e.g.,
INM-CM4-8 and MPI-ESM1-2-HR) do not capture this correlation, thereby highlighting
potential deficiencies in their representation of the underlying physical mechanisms.
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Figure 8. Scatter plot of WPWP’s eastern edge displacement versus El Nifio magnitude in observations
and CMIP6 models. The gray line indicates the least squares regression fit. The correlation coefficient
(R) quantifies the strength of the linear relationship.

As expected, a significant relationship exists between the diversity of El Nifio magni-
tude and the variability in the displacement of the eastern edge of the WPWP (Figure 9).
When diversity is assessed using the standard deviation, the correlation coefficient between
the variability of El Nifio magnitude and the displacement of the eastern edge of the WPWP
is 0.76, with a significance level of 99.9% (Figure 9a). Similarly, when diversity is quantified
by the range between the maximum and minimum values, the correlation coefficient of
0.75 is comparable to that derived from the standard deviation and also demonstrates
significance at the 99.9% confidence level (Figure 9b). The majority of CMIP6 models show
limited diversity in the displacement of the WPWP’s eastern edge, which correlates with a
reduced diversity in El Nifio magnitude. This consistency further reinforces the robustness
of the identified relationship, underscoring the effect of WPWP dynamics on the intensity
of El Nifio events.
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Figure 9. Relationship between diversity in WPWP’s eastern edge displacement and El Nifio mag-
nitude across CMIP6 models. Diversity is measured using two metrics: (a) standard deviation and
(b) range. The black pentagram represents the observed value, while the gray pentagram represents
the MME mean. Colored dots represent individual model outputs. The gray line shows the least
squares regression fit. The correlation coefficient (R) measures the strength of the relationship and
the significance level (p) is determined using a standard F test.

4. Discussion and Conclusions

Observations indicate a significant correlation between the magnitude of El Nifio
events and the displacement of the eastern boundary of the WPWP. Super El Nifio events
are typically accompanied by a marked eastward expansion of the WPWP’s eastern edge.
Numerous theoretical studies have posited that El Nifio can be conceptualized as the east-
ward extension of the WPWP [35,36,59]. Despite the prevalent utilization of fully coupled
climate models as primary instruments for investigating ENSO dynamics, a comprehensive
assessment of their capability to accurately represent this relationship is currently absent.
To address this deficiency, this study evaluates the performance of the latest generation
of coupled models (CMIP6 models) emphasizing their efficacy in simulating both the
magnitude of El Nifio events and the displacement of the eastern edge of the WPWP.

All models, with the exception of the INM-CM4-8 and MPI-ESM1-2-HR models, ef-
fectively capture the observed strong correlation between the magnitude of El Nifio and
the displacement of the WPWP in historical simulations. Consistent with observations, the
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model shows a significant eastward extension of the WPWP during strong El Nifio events.
However, systematic biases remain evident: the majority of models tend to overestimate
both the magnitude of El Nifio and the eastward displacement of the WPWDP, while simul-
taneously underestimating the inter-event variability in these two dimensions. Among all
models examined, INM-CM4-8 and MPI-ESM1-2-HR show the most pronounced underes-
timation of the inter-event diversity in both El Nifio magnitude and WPWP displacement.
This deficiency limits their ability to represent the full spectrum of ENSO-related warm
pool dynamics.

Across the CMIP6 models, a significant inter-model correlation is observed: models
that simulate more intense El Nifio events are also likely to demonstrate greater displace-
ment of the WPWP, and conversely. Furthermore, the variability among models regarding
the magnitude of El Nifio events is closely associated with the variability in WPWP dis-
placement. This finding is consistent with previous studies based on CMIP5 models. For
instance, Brown et al. [60] used a strong salinity gradient to define the WPWP and found
a strong relationship between the strength of eastern equatorial Pacific SST variability in
a model and the amplitude of WPWP fluctuations. This consistency across CMIP genera-
tions suggests that the connection between El Nifio and WPWP dynamics is a robust feature
in climate models, although differences remain in the magnitude and spatial patterns of
these relationships, pointing to persistent model biases that warrant further investiga-
tion. These results underscore the importance of WPWP temporal variability—beyond its
time-mean position—in shaping ENSO characteristics [60].

Many conceptual models of ENSO dynamics incorporate the role of the WPWP. Accord-
ingly, how a model represents the eastern edge of the WPWP can influence its simulation of
ENSO behavior—although this is only one component of a highly complex system. Within
the framework of the delayed oscillator theory, Clarke et al. [61] argued that reflection from
the western boundary plays a more critical role in ENSO dynamics than reflection from
the eastern boundary. In this context, the position of the eastern boundary of the WPWP
becomes a key factor, as a westward-shifted boundary can severely limit the potential for
El Nifio events to grow. This may help explain why models with excessively westward
WPWP boundaries tend to simulate weaker El Nifio events. The advective-reflective oscil-
lator theory [59] extends the delayed oscillator framework by conceptualizing El Nifio as
a process involving the eastward movement and expansion of the WPWP. This perspective
is consistent with our finding of a strong inter-model correlation between the intensity of
El Nifio events and the eastward displacement of the WPWP boundary in CMIP6 models.

In summary, the research results support the notion that El Nifio may be largely
regarded as an eastward extension of the WPWP, as a strong relationship between the
two exists in both observations and CMIP6 models. While CMIP6 models generally capture
this linkage, they also exhibit notable biases in simulating the WPWP’s mean state and
variability, both of which are closely tied to El Nifio characteristics. These biases manifest
as systematic errors in the spatial structure and temporal evolution of SST associated with
ENSO, reflecting persistent limitations in model physics and parameterizations. Addressing
them is essential for improving the simulation of ENSO dynamics. Future work will focus
on identifying the physical sources of these biases, with the goal of enhancing model fidelity
and increasing the robustness of El Nifio projections under climate change.
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