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2 Fernandez-Castillo et al.

cal mechanisms. While the analysis of individual models re-
veals a high degree of uncertainty in the teleconnection and
the mechanisms driving its multidecadal variability, changes
in the tropical Indian Ocean convection, PDO phase and
background state of the jet stream emerge as potential mech-
anisms explaining the non-stationarity of the teleconnec-
tion. These results enhance our understanding of seasonal
variability and predictability in the North Atlantic and Eu-

rope.

KEYWORDS
ENSO, teleconnection, Europe, stationarity , variability,

multidecadal

1 | INTRODUCTION

The El Nifio-Southern Oscillation (ENSO) is the leading mode of global climate variability at interannual timescales.
Despite taking place over the equatorial Pacific, the impacts of ENSO can extend to many regions worldwide by means
of its teleconnections (Ropelewski and Halpert, 1987; Kiladis and Diaz, 1989), including the North Atlantic and Europe
(Bronnimann, 2007). The influence of ENSO over this area is not particularly strong and is frequently overwhelmed
by the large internal variability characteristic of this region, which makes it difficult to isolate the forced signal (Brands,
2017; Deser et al., 2018). Nevertheless, the ENSO forcing on the North Atlantic circulation provides a potentially
predictable signal at seasonal timescales; thus, a comprehensive understanding of ENSO and its teleconnections is

key to assessing seasonal predictability in this region.

The impacts of ENSO on the North Atlantic and European region depend on the season (Mariotti et al., 2002; Bronni-
mann, 2007) and can be sensitive to the magnitude and/or spatial configuration of the sea surface temperature (SST)
anomalies over the tropical Pacific (Toniazzo and Scaife, 2006; Graf and Zanchettin, 2012; Hardiman et al., 2019;
McKenna and Karamperidou, 2023). Furthermore, even within the same season, these impacts can depend on the pe-
riod analysed (Rodriguez-Fonseca et al., 2016). In particular, in the early winter season (November-December) ENSO
has been found to primarily influence the East Atlantic Pattern (EAP), which represents the second leading mode of at-
mospheric circulation variability in the North Atlantic (Ayarzagiiena et al., 2018; King et al., 2018; O'Reilly et al., 2024).
In its positive phase, the EAP is characterised by a centre of negative mean sea-level pressure anomalies west of the
British Isles, bringing wetter- and milder-than-average conditions to western Europe, while anomalies of the opposite
sign are favoured under the negative phase of the EAP. Operational seasonal forecasting systems based on dynamical
models generally capture the spatial pattern of the ENSO-EAP teleconnection reasonably well and, despite an un-
derestimation of the magnitude of the resulting circulation anomalies over the North Atlantic, they exhibit moderate
forecast skill in this region (Molteni and Brookshaw, 2023; Raganato et al., 2025; O'Reilly, 2025; Fernandez-Castillo
etal,, 2025).

ENSO can influence the North Atlantic circulation through tropospheric and stratospheric pathways. In early winter,
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Fernandez-Castillo et al. 3

when stratospheric coupling remains weak, the tropospheric pathway dominates (Ayarzagtiena et al., 2018; O'Reilly
et al.,, 2024). Specifically, ENSO-related tropical convection anomalies in different tropical regions lead to anomalies
in the divergent wind in the upper levels of the troposphere. When the poleward component of these divergent
wind anomalies interacts with the meridional gradient of planetary vorticity, it can act as a source of Rossby waves
(Sardeshmukh and Hoskins, 1988). Under a favourable configuration of the jet stream, these waves may propagate
polewards (Hoskins and Karoly, 1981). While this direct Rossby wave response is mainly confined to the tropics
and the subtropics, the feedback between synoptic eddies and the mean flow can further strengthen the mean flow
anomalies and play a crucial role in shaping up the seasonal mean response to ENSO in the midlatitudes (Harnik
et al., 2010; Li and Lau, 2012; Jiménez-Esteve and Domeisen, 2018). For the early-winter season specifically, the
main regions of tropical convection anomalies that can contribute to this teleconnection include the eastern tropical
Pacific, the Indian Ocean (Abid et al., 2021, 2023), and the Gulf of Mexico-Caribbean Sea (Ayarzagtiena et al., 2018).
In this way, El Nifio events are characterised by a zonal extension of the North Pacific jet and storm track, favouring
a more southward position of the jet stream in the midlatitudes of the North Atlantic and seasonal-mean circulation
anomalies that project onto a positive EAP. Conversely, the La Nifia events generally feature a more disjointed North
Pacific-North Atlantic jet structure, which favours more frequent poleward jet excursions in the North Atlantic (O’Reilly

et al., 2024) and contribute to seasonal-mean circulation anomalies that project onto a negative EAP.

Importantly, ENSO teleconnections can exhibit non-stationarity, meaning that the teleconnection may change across
different epochs (Rodriguez-Fonseca et al., 2016). Given the role of the tropical wave sources and the propagation
of these waves in the teleconnection, a change in any of these can potentially lead to a different response of the jet
stream and storm track over the North Pacific. The feedback from synoptic eddies may contribute to further amplify
these differences over the North Atlantic, shaping up a substantially different teleconnection pattern there. Neverthe-
less, the stationarity of the early-winter teleconnection to the North Atlantic is only starting to be addressed. Most of
the literature on the early winter teleconnection supported an ENSO-EAP teleconnection, but these studies employed
a stationary framework, i.e. the teleconnection was analysed using the whole available period, assuming stationarity.
However, by partitioning the observational record into different subperiods, recent studies have found that this tele-
connection exhibits substantial multidecadal variability. In particular, from the late 1970s to the late 1990s, ENSO
was mainly correlated with the NAO rather than the EAP, while from the late 1990s onwards the link to the EAP has
strengthened at the expense of the NAO (Hou et al., 2023; Fernadndez-Castillo et al., 2025). Furthermore, there are
indications that the ENSO-EAP link was very weak in the first half of the 20th century. These changes in the telecon-
nection have resulted in substantially different seasonal predictability patterns of surface climate in Europe, which
brings up the need to understand why changes in the early winter teleconnection are occurring. (Fernandez-Castillo
et al., 2025).

Still, much remains to be understood about the multidecadal variability of the ENSO early-winter teleconnection to
the North Atlantic. In particular, while the two studies addressing the stationarity of this teleconnection provided
relevant insights, they relied solely on observational and reanalysis data, which poses certain limitations. Assess-
ing non-stationarity inherently requires partitioning the analysis period into distinct multidecadal sub-periods and
analysing the teleconnection in each of them. However, the relatively short instrumental record notably restricts the
sample size within these epochs, thereby limiting the statistical robustness of the detected changes. These limitations
become even bigger when trying to relate changes in the teleconnection to low-frequency modes of variability of
the climate system, such as the Pacific Decadal Oscillation (PDO) or the Atlantic Multidecadal Variability (AMV), as
barely a full cycle or two lie within the instrumental record. For instance, in the last few decades, the link between

ENSO and the EAP has been observed stronger in the negative PDO phase, while the period with a weaker link to the
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4 Fernandez-Castillo et al.

EAP coincided with the positive phase of the PDO (Fernandez-Castillo et al., 2025), but to what extent this may have
been coincidental or is suggestive of a possible modulating effect is a question that cannot be addressed just with
observational data. Understanding the possible role of low-frequency variability on the teleconnection is of crucial
importance and has relevant implications for seasonal variability and predictability.

In this study, we analyse the ENSO early-winter teleconnection to the North Atlantic in a set of pre-industrial control
(piControl) simulations of models participating in the latest Coupled Model Intercomparison Project (CMIP6). The
main objective is to evaluate whether there is a significant multidecadal variability involved in this teleconnection
within the models and, in such case, what mechanisms are potentially driving it. By using long model integrations, we
overcome the sample size constraints inherent to the observational record, thus providing a more robust framework
to answer our motivating questions. Our analyses reveal a significant chance that the multidecadal variability of the
ENSO-EAP teleconnection in early winter cannot be explained just by sampling variability, but is likely driven to some
extent by dynamical mechanisms. Changes in the tropical convection over the Indian Ocean and multidecadal changes
in the mean state of the jet stream and in the PDO state emerge as the most plausible mechanisms explaining this

multidecadal variability.

2 | DATA AND METHODS

2.1 | Data

Data from piControl simulations of models participating in the Coupled Model Intercomparison Project phase 6
(CMIP6) (Eyring et al., 2016) are used in this study. In these simulations, anthropogenic forcings are fixed at 1850
levels, while time-averaged natural forcings are prescribed. The long simulation period (spanning several centuries)
and the constant forcing conditions provide an adequate framework to assess the stationarity of the teleconnection
and its possible modulation from low-frequency natural variability, including modes such as the PDO or AMV. In order
to ensure sufficiently large sample sizes even when partitioning the whole simulation into subperiods, we used the

longest piControl simulations available (over 700 years). Table 1 displays the 10 models employed for the analysis.
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Fernandez-Castillo et al. 5

TABLE 1 Summary of the CMIP6 models employed in the study.

Model Institution Length (years) Horizontal res. atmosphere  Reference

CanESM5 CCCma 800 2.8° Swart et al. (2019)
CESM2 NCAR 1200 1° Danabasoglu et al. (2020)
FGOALS-g3 CAS 700 2° Li et al. (2020)
GISS-E2.1-G NASA GISS 850 2.5° Kelley et al. (2020)
INMCM5 RAS 1200 2° Volodin et al. (2017)
IPSL-CM6A-LR IPSL 1200 2.5° Boucher et al. (2020)
MIROCé JAMSTEC 800 1.4° Tatebe et al. (2019)
MPI-ESM1.2-LR MPI 1000 1.8° Gutjahr et al. (2019)
MRI-ESM2.0 MRI 700 1.2° Yukimoto et al. (2019)
SAMO-UNICON SNU 700 1.25° Park et al. (2019)

The variables used in the analysis include mean sea-level pressure (MSLP), sea-surface temperature (SST), 200 hPa
zonal and meridional wind components (U200 and v200, respectively) and 200 hPa geopotential height (Z200). Top-of-
atmosphere outgoing longwave radiation flux (OLR) was used as a proxy of tropical convective precipitation anoma-
lies. The model data were regridded onto a common regular grid with a 2.5° horizontal resolution. The regridding
and computation of the aggregation of the data into ND was performed using Earth System Model Evaluation Tool
(ESMValTool) version 2.0 (Righi et al., 2020) and the model data were obtained through the CMIP data pool in the
German Climate Computing Center (Deutsches Klimarechenzentrum; DKRZ). Finally, for model evaluation purposes,
data from the ERA5 reanalysis (Hersbach et al., 2020), covering the period 1940-2024, were used. The data are pro-
duced by the European Centre for Medium Range Weather Forecasts (ECMWF) and have been retrieved from the

Copernicus Climate Data Store.

2.2 | Definition of indices

This study employs the Nifio 3.4 index (hereafter N34) as the reference metric for characterising ENSO variability.
N34 is defined as the area-weighted sea-surface temperature (SST) anomalies over the region (170°W - 120°W, 5°S
- 5°N). In this analysis, N34 was standardised and computed based on November-December mean SST data.

In the observations, the East Atlantic Pattern (EAP) emerges as the second leading empirical orthogonal function (EOF)
of mean sea-level pressure (MSLP) anomalies in the North Atlantic region (90°W - 40°E, 20°N - 80°N). The associated,
standardised, principal component time series is defined as the East Atlantic Index (EA). In order to find the EAP in the
CMIP6 models, we performed an EOF analysis in each model over the same spatial domain. The area-weighted spatial
covariance between the model’s EOFs and the ERA5 EAP was computed, and the EOF that exhibits highest pattern
covariance with ERA5 EAP was regarded as the model’'s EAP. While it is acknowledged that the model’'s EAP might in
some cases differ from the ERA5 reference (reflecting known mean-state biases in individual models), this definition
ensures that the identified pattern constitutes a genuine mode of variability within the model’s specific climatological

state, thereby preserving physical consistency.
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6 | Fernandez-Castillo et al.

2.3 | Methods for teleconnection analysis

The ENSO teleconnection patterns were analysed by means of linear correlation and regression of the anomalies of a
specific variable (e.g. MSLP) with N34. The anomalies were computed by subtracting the average of the whole simu-
lation period. Besides, in order to study the interannual signal associated with the ENSO phenomenon, a Butterworth

highpass filter was applied to the spatial data, with a cutoff period of 7 years.

On the other hand, the wave propagation pattern associated with stationary Rossby waves is diagnosed with the wave
activity flux (WAF), which is a vector that is tangent to the local group velocity of the stationary Rossby wave packets.
Takaya and Nakamura (2001) derived the zonal and meridional components of the WAF vector for quasigeostrophic
eddies on a zonally varying basic flow in spherical coordinates:

U awl 2 , dzw/ 1% [av// awl , aZW/ :|
pcose a2cos?¢ |\ oA A2 a2cosg | OA d¢ LYY o
- (1)
2|U| U [01//' oy’ ., OZW/ ] . K oy’ 2 -, aZW/
aZcosg | OA 9¢ 0Adp | a2 |\ d¢p d¢p?

where ¢ and A are the latitude and longitude, p is the pressure normalised by 1000 hPa, a is the Earth’s radius, |U|, U
and V represent the climatological (or basic state) magnitude of the horizontal wind, zonal and meridional component
of the wind, respectively, and y’ represents the geostrophic streamfunction anomaly or perturbation with respect to
climatology. The WAF defined this way is a horizontal vector, and its direction is parallel to the local group velocity of
the stationary Rossby wave packet. Since ¢ tends to O as we approach the equator, the WAF is only computed and

shown for latitudes higher than 20°.

24 | Assessment of non-stationarity and its associated dynamical mechanisms

Initially, we assessed the stationary component of the teleconnection based on the regressions and correlations across
the full simulation period, omitting subperiod distinctions. Subsequently, we evaluated the non-stationary component
with the linear correlation coefficient between EA and N34, computed in moving 21-year time windows. Note that
the sample correlation coefficient will exhibit variability even if the teleconnection itself was stationary, yielding an
apparent non-stationarity simply due to sampling uncertainty. Therefore, it is relevant to evaluate whether the sample
correlations feature significantly larger variability than would be expected if the teleconnection was stationary. To this
purpose, we followed the linear stochastic model approach from Rieke et al. (2021), which consists of representing
the EA index as a term that is linear with N34 (the a coefficient in Equation 2) and another term that represents a

white noise process (¢ in Equation 2).

EA=a -N34+¢, (2)

where EA, N34 and ¢ are time-series vectors. Under the assumption that the null hypothesis HO:"the teleconnection
itself is stationary" is true, a is time-independent and a theoretical distribution of the sample correlation between EA
and N34 can be built with the stochastic model. In order to build this distribution, first the a coefficient is computed

as the Pearson correlation coefficient between EA and N34 using the full-length data from the specific CMIP6 model,
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while ¢ = g(t) is obtained from randomly sampling, for each ¢, from a normal distribution with zero mean and Vi—a?
standard deviation, which ensures that the standard deviation of the resulting EA time series is very close to unity. By
considering 5000 realisations of £(t), we obtained 5000 realisations of the EA time series exhibiting a full-period cor-
relation close to a. Then, in the same way as with the CMIP6 simulation, the 21-year moving correlation between EA
and N34 was computed for all the realisations of the stochastic model, and the variability of the 21-year correlation
between the stochastic model realisations and the CMIP6 model are compared. The p-value was finally estimated as
the fraction of stochastic model realisations yielding a larger variability of the sample correlation than the observed
one in the CMIP6 model.

Furthermore, in the assessment of the multidecadal variability of the teleconnection, we defined two different periods:
periods with positive, significant (p-value < 0.05) EA-N34 correlation were labelled as POSCORR, while periods with a
weak EA-N34 correlation were labelled as WEAKCORR. In order to determine what specific years go into POSCORR
and WEAKCORR, the 21-year moving correlation between EA and N34 was used. If the correlation within a given
window is positive and statistically significant, all years contained in that window were included in POSCORR, while
years contained within windows that feature correlations lower than 0.2 and not included in POSCORR went into the
WEAKCORR sample. Defining the periods in this objective way ensures sufficiently large sample sizes in both periods
as well as a clear separation between the samples.

The analysis of dynamical mechanisms associated with the multidecadal variability of the teleconnection involved
the examination of differences in the linear regression patterns onto N34 (computed as the regression pattern in
POSCORR minus that of WEAKCORR) together with differences in the climatology. In order to highlight the common
signal across the models, the discussion mainly focuses on the multi-model mean of the subset of models exhibiting

significant multidecadal variability, rather than on the individual model results.

2.5 | Statistical significance

To evaluate the robustness of a signal — whether a difference in composite climatologies or a difference in ENSO
regression patterns — we compared it against the sampling variability expected from the same calculation applied to
randomly resampled groups of years. We pooled all years contributing to the POSCORR and WEAKCORR samples and
iteratively (5000 times) drew random pairs of samples of the same sizes as the original groups, without replacement,
recomputing the statistic of interest (e.g. a composite climatological difference, or a difference in ENSO regression
patterns) for each random pair. This yields a null distribution of values expected by sampling variability alone. Finally,
the proportion of resampled values at least as extreme as the actual observed value in the CMIP6 model provides an
empirical p-value. Rather than performing this analysis at every grid point, we focused on large-scale features likely
relevant to the teleconnection.

3 | RESULTS

3.1 | Stationary component of the ENSO early-winter teleconnection in CMIP6

As a starting point, we analyse the ENSO-associated anomalous MSLP patterns in the North Atlantic in early winter in
the whole simulation period for each model, without distinguishing any subperiods (Figure 1a). This initial assessment

offers an overview of the stationary (or most stable in time) component of the teleconnection. The MSLP regression
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patterns vary across models, highlighting some degree of uncertainty in the MSLP response to ENSO in the North
Atlantic, although there is a signal common to almost all of them consisting of negative MSLP anomalies centred
close to western Europe. The multi-model mean (MMM) pattern reflects this common response and shows a spatial
pattern that somewhat aligns with the EAP. The values of the linear correlation coefficient between EA and N34
computed using the full simulation period (displayed in the bottom right boxes in Figure 1a) throughout the entire
period are statistically significant in 7 out of the 10 models, although the critical correlation values for statistical
significance are low due to the very large sample sizes. For context regarding the observed teleconnection pattern,
the regression pattern using the ERA5 reanalysis data from 1940 to 2024 is also shown. The observed pattern in
the ERA5 reanalysis shows an area of negative MSLP anomalies centred to the south of Iceland and west of the
British Isles, with a correlation of 0.47 between EA and N34 (p-value < 0.00001), in accordance with studies that
showed that ENSO mainly affects the EAP in early winter (King et al., 2018; Ayarzaglena et al., 2018; Geng et al.,
2023). Comparing the CMIP6 regression patterns with the ERA5 one, the models appear to broadly capture the
spatial pattern of MSLP anomalies associated with ENSO. However, an underestimation of the MSLP anomalies and
the correlation coefficient between EA and N34 can be clearly noted in all of them. While this could be an indication
of model biases or deficiencies in the representation of some of the teleconnection processes, it could also well arise
from comparing two samples with very different sizes (n=85 for ERA5 versus n>700 for CMIP6 models). In order to
reject the null hypothesis that this difference is due to sampling uncertainty, 10000 random samples of size n=85 (the
same as the ERA5 one) are drawn from each CMIP6 model simulation, and the correlation between EA and N34 is
computed in each of the random samples, yielding a distribution of possible values of the correlation coefficient in
the model. The result of this analysis shows that, in all the models, the ERA5 value lies in the extreme right tail of the
distribution. If the distributions of all the models are combined to build a multimodel distribution (shown in Figure
1b), the probability of sampling a correlation higher than or equal to the ERA5 value is less than 0.1%. This provides
strong support that, despite capturing the spatial pattern reasonably well, CMIP6 models significantly underestimate
the magnitude of the ENSO-EAP teleconnection in early winter. The underestimation of the magnitude of ENSO
teleconnection patterns is a widely reported issue that affects multidecadal GCM models (Ayarzagiiena et al., 2018;
Molteni et al., 2020) as well as state-of-the-art seasonal forecasting systems (Abid et al., 2023; O'Reilly, 2025).
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FIGURE 1 (a) Regression of MSLP anomalies onto N34 in the piControl simulations of CMIP6 models and in
ERADS (shading; hPa). The Pearson correlation coefficient between EA and N34 in the whole period (entire simulation
in CMIP6 runs and 1940-2024 in ERA5) is displayed in the lower right corner of each subplot. Correlation values for
which p-value < 0.05 are highlighted. The unhatched regions in the MMM represent where at least 75% of the
models agree on the sign of the anomaly. (b) Histogram showing the distribution of the Pearson correlation
coefficient between EA and N34 in random samples with the same size as the ERA5 sample. 10000 random samples
were used in each CMIP6 model and the distributions of all the models were combined into a single one. The dashed
vertical line represents the ERAS5 value.

3.2 | Multidecadal variability of the teleconnection

We now analyse how the correlation between ENSO and the EAP has changed across different multidecadal periods
throughout each of the simulations. A remarkable variability of the ENSO-EAP teleconnection can be noticed in all
the models, where the 21-year moving correlation between EA and N34 can take a wide range of values (Figure 2,
shaded density plots). Remarkably, just as periods of statistically significant positive correlation are observed, periods
of statistically significant negative correlation also occur. Nevertheless, considering the data from all the models, pe-
riods with positive significant correlation are about 6 times more frequent than the periods with negative significant
correlation, reflecting the fact that most of the distributions are displaced towards positive correlations. These results

remain qualitatively similar if other time window sizes are used (not shown).

The link between ENSO and the EAP exhibits notable multidecadal variability in the CMIP6 models, but we note that
this could well occur even if the teleconnection itself was stationary — just due to sampling uncertainty — which would

yield an “apparent” non-stationarity of the teleconnection. Hence, the next question worth addressing is: can the



258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

10 Fernandez-Castillo et al.

variability of the correlation between EA and N34 be explained just by sampling uncertainty or is there a significant
non-stationarity of the teleconnection emerging? This is the starting point to employ the linear stochastic model
framework presented in the Data and Methods section (Rieke et al., 2021). The comparison of the distributions of
the 21-year correlation between EA and N34 of CMIP6 models with the stochastic model distribution (red-dotted
density plots in Fig. 2) allows rejection of the null hypothesis in 5 of the models (FGOALS-g3, GISS-E2.1-G, IPSL-
CM6A-LR, MPI-ESM1.2-LR and MRI-ESM2.0). This result suggests that there is a significant chance that the ENSO
early-winter teleconnection to the North Atlantic exhibits meaningful multidecadal variability, supporting the non-
stationarity hypothesis raised from observational studies (Hou et al., 2023; Fernandez-Castillo et al., 2025).

Probability density: 21-y corr(N34,EA) in CMIP6 model(blue) and stochastic model (red) (n=5000)

CanESM5 CESM2 FGOALS-g3 GISS-E2-1-G INM-CM5-0
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FIGURE 2 Probability density plots of the Pearson correlation coefficient between N34 and EA indices in moving
21-year windows for each model (blue). The density plots corresponding to the 5000 realisations from the stochastic
model with a stationary teleconnection (see Methods) are shown with a red dotted line. The highlighted subplots
correspond to the models showing a statistically significant multidecadal variability (i.e. the p-value for the the null
hypothesis of a stationary teleconnection, displayed in grey in each subplot, is less than 0.05), and the vertical grey
lines show the statistical significance threshold (p-value 0.05) values for the 21-year sample correlation coefficient.

Next, we focus on what the ENSO-associated MSLP patterns are in the periods with strong ENSO-EAP correlation
(POSCORR periods, see Methods) and periods with an inactive ENSO-EAP teleconnection (WEAKCORR periods, see
Methods) in the models that exhibit significant multidecadal variability. The anomalous negative MSLP centre associ-
ated to the positive phase of the EAP emerges as a robust response to El Nifio in POSCORR (Figure 3, left column), in a
stronger way than when using the full simulation period (Figure 1) and in closer agreement with the ERAS reference in
1940-2024. In this way, the positive phase of the EAP is favoured under El Nifio conditions, while the negative phase
is favoured in La Nifa. Nevertheless, it is interesting to observe the differences between the models in the North
Atlantic and in other regions outside from the North Atlantic. Focusing first in the North Atlantic region, the shape
and orientation of the negative MSLP centre characteristic of the EAP varies across the different models, which would
result in somewhat different impacts on surface air temperature and precipitation in western Europe. Furthermore,
turning our attention upstream in the North Pacific, different responses are observed regarding the Aleutian low. The

Aleutian low is one of the most prominent features of the ENSO extratropical teleconnection, with a stronger low
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being favoured in El Nifio while a weaker one being favoured in La Nifia. While all the models capture this general be-
haviour, some inter-model spread can be observed. These differences in the teleconnection pattern upstream can be
relevant to the teleconnection to the North Atlantic due to the role of eddy energy propagation from North America
into the North Atlantic as a tropospheric pathway of the ENSO teleconnection (O'Reilly et al., 2024).

In contrast, the MSLP regression patterns onto N34 in periods with an inactive ENSO-EAP teleconnection (WEAK-
CORR periods) show very weak signals in the North Atlantic with limited cross-model agreement (Figure 3, middle
column). However, we note that the WEAKCORR periods are herein defined as periods with inactive ENSO-EAP tele-
connection. Therefore, this definition does allow other teleconnection patterns to be featured in WEAKCORR, such
as a teleconnection to the NAO, or to the Scandinavian pattern. Thus, two plausible situations feasibly explain the
weak signals in WEAKCORR: a) in WEAKCORR periods the teleconnection to the North Atlantic is just too weak for
a signal to emerge, or b), in WEAKCORR, ENSO also features robust teleconnections to other modes of circulation
(e.g. NAO or Scandinavian pattern), but none of these teleconnections prevail and therefore the overall signal after
averaging across the WEAKCORR periods is weak. As an example, GISS-E2.1-G and, to a lesser extent, FGOALS-g3
and MRI-ESM2.0, feature a signal on the ENSO-regressed MSLP pattern in WEAKCORR that is somewhat similar to
the NAQ, indicating that, when ENSO does not affect the EAP, it mainly affects the NAO. Once again, it is worth high-
lighting some differences found upstream and in particular over the North Pacific, although the lack of cross-model
agreement attenuates this signal in the multimodel mean (bottom right subplot in Figure 3). These differences are par-
ticularly visible in FGOALS-g3 and MRI-ESM2.0. Nevertheless, it will be shown later that these differences emerge

more clearly when analysing the wave structure in the upper troposphere.

In summary, the ENSO-regressed MSLP patterns reveal a robust ENSO-EAP teleconnection in POSCORR while a lack
of a strong signal in WEAKCORR. This is somewhat logical by construction of the windows, but puts forward the
existence of a non-stationary signal, with periods in which the ENSO-EAP is robust (POSCORR) and other periods in
which it may not be observed at all (WEAKCORR), a feature that agrees with Hou et al. (2023) and Fernandez-Castillo
et al. (2025).
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FIGURE 3 Linear regression maps of MSLP anomalies onto N34 (shading; hPa) in the periods with strong
ENSO-EAP teleconnection (POSCORR; see Methods; left column), in the periods exhibiting weak ENSO-EAP
teleconnection (WEAKCORR; middle column) and difference (POSCORR minus WEAKCORR; right column), for the
subset of models exhibiting significant multidecadal variability. The value of n in the upper right corner displays the
sample size and the % relative to the size of the full simulation. The unhatched regions in the multimodel mean
(MMM; bottom row) represent where at least 4 out of the 5 models agree on the sign of the anomaly.

The tropospheric pathways of the teleconnection also exhibit several relevant differences between POSCORR and
WEAKCORR in the models with significant multidecadal variability. The regression of Z200 anomalies onto N34 and
the associated WAF field in both periods provides an initial overview of the changes in the tropospheric pathways
regarding the stationary Rossby wave response, serving as a foundation for the more detailed analysis that follows in
the next section, which will cover the dynamical mechanisms.

The Z200 regression patterns show the characteristic Gill-type response over the tropical Pacific (Gill, 1980) and
negative anomalies around the Aleutian low region (Figure 4a,b). The anomalies over the North Pacific and North
America approximately map onto the Pacific-North America pattern, which is known to be linked with ENSO variabil-
ity. However, the WAF vectors reveal stronger wave energy emanating from the Indian Ocean region and propagating
northeastward into the North Pacificin POSCORR, while this wave activity is weaker in WEAKCORR. We also observe
a slightly stronger Gill response in POSCORR, which could be reflecting stronger convection anomalies in the eastern
tropical Pacific. Indeed, the WAF vectors also reveal a slightly stronger wave activity emanating from the eastern
tropical Pacific in POSCORR compared to WEAKCORR. The difference in the Z200 regression shows the strongest
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anomalies over the North Atlantic, which is expected by construction (Figure 4c). However, it is interesting to inspect
the changes upstream as these can have an impact in the North Atlantic. The most remarkable feature is a wave-like
pattern over East Asia into the North Pacific and North America, which aligns very closely with the wavenumber-3
pattern associated with pure Indian Ocean convection anomalies (i.e. with the effects of ENSO removed) (Abid et al.,
2021) and an associated wave source in southeast Asia (Sabatani and Gualdi, 2025) in early winter. This strongly
suggests that the changes in the Indian Ocean pathway could be playing a primary role in the changes in the telecon-
nection patterns between POSCORR and WEAKCORR. Changes in the Indian Ocean pathway can lead to modulations
of the jet stream and storm track response to ENSO in the North Pacific, which subsequently affect the propagation of
eddy energy into North America and ultimately, into the North Atlantic region. Even though the differences upstream
of the North Atlantic are not particularly strong, small displacements of the jet and storm track in the North Atlantic

entrance region can result in the eddy-mean flow feedbacks shaping up a notably different teleconnection pattern.

In principle, these results suggest that the strength of the Indian Ocean/East Asia pathway has an influence the ENSO
teleconnection to the North Atlantic. This result agrees with previous studies showing the important role of the Indian
Ocean pathway as one of the main tropospheric pathways involved in the ENSO early-winter teleconnection to the
North Atlantic (Mathieu et al., 2004; Joshi et al., 2021; Abid et al., 2021, 2023), and we will now examine these
mechanisms in more detail.

reg(z200, N34) and associated WAF
MMM (Models with significant multidecadal var.)

(a) POSCORR 01mes? (b) WEAKCORR 01mes?

e

120°E 180° 120°W 60°W 0° 60°E 120°E 180° 120°W 60°W 0°

60°E 120°E 180° 120°W 60°W 0°

-1.8 -1.2 -0.6 0.0 0.6 1.2 1.8
dgpm

FIGURE 4 Linear regression maps of Z200 anomalies onto N34 (shading; dgpm) and associated WAF (vectors;
m2s~2) in ND for the multimodel mean of the models featuring significant multidecadal variability in (a) POSCORR
and (b) WEAKCORR. The difference between POSCORR and WEAKCORR is shown in (c), with the unhatched
regions representing where at least 4 out of the 5 models agree on the sign of the anomaly.
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3.3 | Dynamical mechanisms related to the multidecadal variability

The analysis so far has revealed that the ENSO early-winter teleconnection to the North Atlantic exhibits multidecadal
variability in the CMIPé piControl simulations, and that there is a substantial chance that it is not a purely stochastic
feature, but likely driven by some dynamical mechanisms. Hence, it is worth examining what those mechanisms are.
On the one hand, the teleconnection may change due to alterations in the generation of Rossby waves, to which
changes in the tropical convection patterns and climatological u200 are relevant. On the other hand, changes in the
propagation of the Rossby waves generated from ENSO-related sources can also lead to a different teleconnection
pattern.

Thus, in the subsequent analysis, we examine changes in the tropospheric pathways of the teleconnection. Since our
interest lies in identifying the mechanisms responsible for a substantial multidecadal modulation of the teleconnec-
tion, the analysis will mainly focus on the subset of models for which such modulation is statistically significant, and in
particular the multi-model mean of these models, in order to isolate dynamical features common across them. In any
case, results for all individual models are presented in the Supporting Information, including those without significant

multidecadal variability.

Tropical convection patterns during ENSO events have a strong influence on which regions are prone to act as sources
of Rossby waves in the teleconnection. Hence, we begin by analysing the anomalous OLR field (used as a proxy of trop-
ical convection anomalies) associated with ENSO in POSCORR and WEAKCORR. Remarkably, the OLR regressions
onto N34 in POSCORR and in WEAKCORR reveal changes in these tropical convection patterns (Figure 5a). The most
prominent differences between the POSCORR and WEAKCORR regression patterns are found over the Indian Ocean
region, with a clear dipole signature. These anomalies featured in the difference of regressions have the same sign as
the “base” regression pattern onto N34 (not shown), suggesting that the dipole becomes stronger in POSCORR and
weaker in WEAKCORR. Comparing the observed dipole signal (area-average of blue box minus the area-average of
red box in Figure 5a) with the null distributions obtained by sampling variability alone, we see that it falls in the tail of
the distribution in most of the models, suggesting that this represents a robust signal which stands out from sampling
variability. The stronger dipole over the Indian Ocean in POSCORR is consistent with the stronger stationary Rossby
wave activity emanating from that region, suggested by the anomalous Z200 field and associated WAF vectors in
Figure 4. Further analyses based on partial regression (not shown) reveal that the wave-like structure appearing over
East Asia in Figure 4c can be readily related to the OLR dipole over the Indian Ocean, in agreement with Abid et al.
(2021). This Indian Ocean convection feature is particularly strong in the MRI-ESM2.0 model (Figure S1), which in
turn shows a clearer wave structure emanating from the Indian Ocean and East Asia into the North Pacific (Figure S2).
We note that, using historical runs from CMIP6é models, Sabatani and Gualdi (2025) showed that models exhibiting
a stronger wave source over southeast Asia — linked to convection anomalies over the tropical Indian Ocean — gen-
erally feature a stronger ENSO-EAP teleconnection in December in comparisson to those featuring a weaker source.
Our results show that, within a model, the periods that feature stronger tropical Indian Ocean convection anomalies —
which contribute to enhanced upper-level divergence and to a stronger southeast Asia wave source — tend to feature

a stronger ENSO-EAP teleconnection.

Another region of interest is the Gulf of Mexico and Caribbean Sea. According to previous studies, a Rossby wave
source over this region can trigger a wavenumber 3 pattern in the North Atlantic which can favour an EAP (Ayarza-
gliena et al., 2018; Hardiman et al., 2019; Sabatani and Gualdi, 2025). Indeed, an OLR signal can be found over this
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region although with a notably weaker magnitude than in the Indian Ocean. It could be argued that these differences
over the Caribbean may be appearing by construction, due to the EAP itself driving convection anomalies in this region
in POSCORR while in WEAKCORR there is no EAP and therefore no convection anomalies are favoured. However,
the regression of OLR anomalies onto EA in WEAKCORR reveals very weak OLR signals in the Gulf of Mexico and
Caribbean Sea region (Figure S3). In other words, convection anomalies in the Gulf of Mexico and Caribbean Sea
region are not necessarily caused by an EAP. This suggests that the stronger convective activity found in the Gulf of
Mexico and Caribbean region in POSCORR indeed represents a meaningful signal which could be further contributing
to an EAP teleconnection. Additionally, some signals in the OLR difference are present over the equatorial Pacific, al-
though these are weaker than the ones previously discussed and in general with no clear consensus among the models.
Finally, while individual model analyses reveal a high degree of uncertainty (Figure S1), likely related to model-specific
biases in the representation of tropical convection patterns, most models exhibit signals in the key regions, namely

the tropical Indian Ocean, tropical Pacific and Gulf of Mexico-Caribbean Sea.

Difference in ENSO regression patterns POSCORR - WEAKCORR

(a) reg(OLR,N34) (b) reg(SST.N34)
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FIGURE 5 Difference in the linear regression maps (computed as POSCORR minus WEAKCORR) of (a) OLR and
(b) SST anomalies onto N34 (shading; W m~2 and °C, respectively), for the multimodel mean of the models
exhibiting significant multidecadal variability. The unhatched regions represent where at least 4 out of the 5 models
agree on the sign of the anomaly. (c) Empirical probability density functions (blue) showing the null distribution of
values of the Indian Ocean convection dipole signal (obtained by taking the difference between the area average of
the blue box minus the area average of the red box in (a)) obtained by sampling variability, following the procedure
explained in the Methods section. The red vertical line shows the observed value in the CMIP6 model and the
estimated p-value is displayed at the bottom.

Aiming to understand the stronger tropical convection activity in POSCORR, differences in the regression patterns

of SST onto N34 are analysed for the multimodel mean of the models with significant multidecadal variability (Figure
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5b), while individual model results are displayed in Figure S4. The Indian Ocean Dipole (IOD) frequently co-occurs
with ENSO and peaks between September and October, although IOD variability can exist independently from ENSO
(Abid et al., 2021). Thus, regression patterns of SST anomalies onto N34 usually also feature SST anomalies over the
Indian Ocean, with warm anomalies in the west of the Indian Ocean basin and cold anomalies over Indonesia and Aus-
tralia, corresponding to a positive phase of the IOD. The difference in the regression patterns between POSCORR and
WEAKCORR shows a similar signature to that of the +IOD phase, suggesting that the SST dipole becomes stronger in
POSCORR than in WEAKCORR, which aligns with the enhanced OLR response discussed earlier. It could be argued
that the SST anomalies over the Indian Ocean may be appearing as a result of downstream propagation of circulation
anomalies from the North Atlantic region. However, analysis of October SST shows a similar dipole signal, with a
stronger magnitude of the anomalies close to Indonesia (Figure S5), providing more confidence that the convection
anomalies over the Indian Ocean are more a cause rather than an effect explaining the stronger EAP in the North
Atlantic. Furthermore, there is no clear wavetrain pattern connecting the geopotential height anomalies in the North
Atlantic with the Indian Ocean and East Asia region, which is explained by the disjointed jet stream structure in the
eastern North Atlantic (e.g. Figure 6a), which hinders the propagation of Rossby waves from the North Atlantic into

the Indian Ocean.

The difference of regressions of SST also shows a warm signal over the eastern equatorial Pacific, indicating a favoura-
bility towards eastern Pacific ENSO events in POSCORR, although the exact pattern varies notably across models
(Figure S4). Previous studies have found that eastern Pacific ENSO events are usually more correlated to the IOD
than central Pacific ones (Zhang et al., 2015; Fan et al., 2017), so it is likely that the SST signal in the eastern equato-
rial Pacific is related, to some extent, to the OLR anomalies over the Indian Ocean (Figure 5a). Regarding the strong
signals in the North Atlantic, it should be noted that these are mainly appearing as a result of the circulation anomalies
related to the EAP.

Apart from changes in the ENSO spatial pattern, changes in the generation of Rossby waves relevant to the telecon-
nection can also arise from changes in the tropical SST variability. The ratio of variances of SST between POSCORR
and WEAKCORR does not reveal any clear signals over the tropical Pacific, with a lack of cross-model agreement
(Figure S6). However, some signal emerges over the Indian Ocean, where the values greater than 1 indicate that the
variability of SST there is stronger in POSCORR compared to WEAKCORR, although with limited cross-model agree-
ment. There is also a weak signal of POSCORR periods exhibiting enhanced SST variability over the Caribbean Sea,
although again the cross-model agreement is limited. Hence, no robust conclusions can be drawn regarding whether
the change in the teleconnection is caused by a stronger variability of ENSO in POSCORR. Nevertheless, it is possible
that the enhanced SST variability over the Indian Ocean partially contributes to enhance the convective activity in the
area (as could be seen in the regressions with OLR). This would contribute to a stronger wave activity into the North

Pacific and North America in a way that favours an ENSO-EAP teleconnection.

Thus far, the analysis of ENSO-regressed patterns suggests that the multidecadal variability of the early-winter tele-
connection can be at least partially explained by changes in the ENSO-associated tropical convection patterns, which
affect the upper-level divergence and the regions prone to act as sources of Rossby waves. Nevertheless, we also need
to analyse changes in the mean state or climatology, since these can have an effect on the propagation of Rossby waves
from tropical regions towards the extratropics (Hoskins and Karoly, 1981). Hence, the subsequent analysis focuses

on identifying changes in the mean state that could be relevant to the tropospheric pathways to the North Atlantic.
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Changes in the climatology of u200 can be observed, with the strongest signals over the North Pacific. The clima-
tological upper-level flow plays a vital role in the propagation of stationary Rossby waves in ENSO teleconnections
to the extratropics as it determines whether the waves are reflected or refracted, thus determining the trajectory of
the waves (Hoskins and Karoly, 1981). Climatologically, u200 shows a belt of westerly winds spanning the subtropics
and mid-latitudes (contours in Figure 6a). This structure is not zonally symmetric, as it features two clear maxima in
the mid-latitudes in the western boundaries of the major ocean basins: a primary core off the East Asian coast and a
secondary core over eastern North America and the western North Atlantic. In POSCORR, there is an intensification
of the westerlies over the Bering sea, which is northeast of the primary u200 maximum, while there is a weakening
of u200 south around 30°N, 160°W (shading in Figure 6a). Overall, the u200 climatology difference indicates that
the North Pacific jet stream is shifted slightly poleward over the North Pacific and the jet maximum is elongated, ex-
tending further to the east. This u200 climatology difference pattern over the North Pacific is remarkably similar to
the u200 bias pattern shown in Sabatani and Gualdi (2025), where models with an equatorward-shifted climatological
North Pacific jet stream fail to simulate an ENSO-EAP teleconnection in December. In those models, the described
biases in the North Pacific jet affect the propagation of waves emanating from the southeast Asia and tropical Pacific
regions. A similar circumstance also affects state-of-the-art seasonal forecasting systems (O’'Reilly, 2025). Moreover,
in observations, equatorward shifts in the North Pacific jet and storm track tend to reduce the frequency of pole-
ward jet excursions in the North Atlantic, which are crucial for shaping up the seasonal-mean circulation anomalies
in response to ENSO there (O'Reilly et al., 2024). Hence, it is likely that the change in u200 climatology between
POSCORR and WEAKCORR — characterised by the poleward displaced and eastward extension of the strong u200
—contributes to a more efficient propagation of waves into North America in POSCORR, as displayed in the WAF
field (Figure 4). Apart from this feature in the North Pacific, there is a weakening signal just south of the South Asian
jet. This region is important as convection anomalies close to the Indian Ocean and East Asia are a relevant source
of upper-level divergence, and the generation of Rossby waves and their propagation can be notably affected by this
u200 maximum. This weaker South Asian jet in POSCORR, together with the enhanced Indian Ocean precipitation
dipole, feasibly explain the stronger propagation of Rossby waves especially in East Asia (close to 120°E), where no
significant weakening of u200 is observed. Nonetheless, it is noted that individual models display a high degree of
uncertainty in the signal of u200 (Figure S7), which are likely explained to a certain extent by the model-specific biases
in the representation of the climatological jet stream.

The SST climatology difference between POSCORR and WEAKCORR (Figure 6b) shows very few regions with consis-
tent anomalies across the models, which is revealed by the wide range of signals when comparing individual models
(Figure S8). Hence, most of the regions are hatched in the multi-model mean (Figure 6éb), meaning that there is no
clear consensus regarding the sign of the difference. We find a generalised warm signal in the North Atlantic, but this
is mainly contributed just by the IPSL-CM6A-LR model. This model did not show any significant signals of changes in
the tropical convection over the Indian Ocean between POSCORR and WEAKCORR, suggesting that in this particular
model the multidecadal variability appears to be mainly arising from changes in the extratropical background state.
Nevertheless, the strongest signal of SST climatology change is found over the North Pacific, in a region close to 40°N
and west of 180°W (close to the Kuroshio extension region, the region with strongest variability). On a broader scale,
the pattern over the North Pacific resembles to some extent the negative phase of the Pacific Decadal Oscillation
(PDO). In fact, the SST climatology in POSCORR features a pattern that resembles the negative phase of the PDO and
the positive phase in WEAKCORR (not shown). This PDO-like signal emerges clearly in two models with significant
multidecadal variability: the MPI-ESM1.2-LR and MRI-ESM-2.0 models (Figure S8), which also show stronger differ-
ences in the u200 field (Figure S7). The change in the meridional SST gradient in the extratropical North Pacific is
statistically significant in most of the models, and especially robust in the MPI and MRI models (Figure 6c). These SST
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signals are consistent with Sabatani and Gualdi (2025), where models exhibiting SST biases resembling the pattern
shown in Figure 6b in the North Pacific, tend to feature a weak ENSO-EAP teleconnection. Furthermore, despite
being weak, these signals from the piControl simulations are also consistent with the fact that, in the last decades, the
ENSO-EAP relationship has been observed to be stronger in the negative phase of the PDO while weaker in the pos-
itive phase (Fernandez-Castillo et al., 2025). While it is acknowledged that this could be coincidental, it does provide
additional support that the low-frequency variability of extratropical SST in the North Pacific is probably influencing
the ENSO teleconnection to the North Atlantic in early winter.

Changes in background state POSCORR - WEAKCORR

(b) SST

(a) u200

(c) Statistical significance of changes in extratropical Pacific meridional SST gradient

FGOALS-g3 GISS-E2-1-G IPSL-CM6A-LR MPI-ESM1-2-LR MRI-ESM2-0
8

01 01 01
T T T T T T T T T T T T T T
-0.2 -0.2 0.0 0.2 02 -01 0.0 0.1 -0.2 0.0 0.2 -0.2 0.0 0.2
°C °C °C °C
Null distribution (sampling variability) =~ === Observed value

FIGURE 6 Difference in the composite means (computed as POSCORR minus WEAKCORR) of (a) u200 and (b)
SST (shading; m s~' and °C, respectively), for the multimodel mean of the models exhibiting significant multidecadal
variability. In (a), the u200 climatology of WEAKCORR is displayed in contours, starting from 30 m/s and with a
contour interval of 10 m/s. The unhatched regions represent where at least 4 out of the 5 models agree on the sign
of the anomaly. (c) Empirical probability density functions (blue) showing the null distribution of values of the
meridional SST gradient in the extratropical North Pacific (obtained by taking the difference between the area
average of the blue box minus the area average of the red box in (b)) obtained by sampling variability, following the
procedure explained in the Methods section. The red vertical line shows the observed value in the CMIP6é model
and the estimated p-value is displayed at the bottom.

4 | SUMMARY AND DISCUSSION

In the present study, the early-winter ENSO-EAP teleconnection has been analysed in a set of piControl simulations

of models participating in CMIP6. The simulations employed here — over 700 years in length and with approximately
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constant external forcings — have provided a suitable framework to robustly assess the multidecadal variability of the
teleconnection and plausible modulations related to natural low-frequency variability, in contrast to the short instru-
mental record.

When analysing the teleconnection using the simulation period as a whole, circulation anomalies somewhat resem-
bling the EAP were found in the North Atlantic, showing that, within these models, the prevalent (or most stable
in time) early-winter ENSO teleconnection is the EAP. However, as found in the observational record, the ENSO-
EAP teleconnection is stronger in some epochs while non-existent in others (Hou et al., 2023; Fernandez-Castillo
et al., 2025). Remarkably, there is a significant probability that the multidecadal variability of the teleconnection is
statistically significant and not explained just by sampling variability, something that could not be addressed in the
observational studies.

The different mechanisms that potentially contribute to the multidecadal variability of the teleconnection are sum-
marised below and illustrated in the schematic in Figure 7:

e Stronger ENSO-related convection anomalies over the Indian Ocean enhance upper-level divergence, which pro-
vides a source of Rossby waves and contributes to a stronger wave activity flux into the extratropical Pacific consistent
with (Abid et al., 2021; Sabatani and Gualdi, 2025). The wave activity from the Indian Ocean also originates further
east due to a weakening of the South Asian jet on its western flank, meaning that the source of Rossby waves is
displaced to the east and closer to the Pacific. Overall, this favours an ENSO-EAP teleconnection.

e Changes in the climatological jet stream over the North Pacific affect the propagation of waves through the North
Pacificinto North America. A northward displaced and more zonally elongated jet stream in the North Pacific increases
the wave activity from the Pacific and Indian Ocean pathways into North America and subsequently into the North
Atlantic, contributing to an ENSO-EAP teleconnection.

e The negative phase of the PDO is more clearly associated with the ENSO-EAP teleconnection than the positive
phase. This is consistent with an observational study which highlighted that, in the last decades, the ENSO-EAP
teleconnection is significant in negative PDO phases while not significant in the positive PDO phase (Fernandez-
Castillo et al., 2025).
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Potential mechanisms contributing to a stronger ENSO-EAP teleconnection

Increased Indian Ocean m\‘
tropical convection . Favourability of eastern Pacifi
9 H @ ENSO events

FIGURE 7 Schematic diagram illustrating the main mechanisms contributing to the multidecadal variability of
the ENSO-EAP teleconnection in CMIPé6 piControl simulations. The shading represents SST anomalies and the
contours show the anomalous 200 hPa geopotential height field in the North Atlantic. Note that these fields are
purely schematic and represent qualitative patterns rather than actual physical magnitudes.

While most of these signals are weak in magnitude, they are robust enough to stand out clearly from sampling vari-
ability. Moreover, they also align with other observational and model-based analyses that highlighted the roles of the
Indian Ocean and the Gulf of Mexico and Caribbean Sea as relevant pathways in the ENSO early-winter teleconnec-
tion to the North Atlantic and Europe (Ayarzagliena et al., 2018; Joshi et al., 2021; Abid et al., 2021, 2023; Sabatani
and Gualdi, 2025), and also regarding the potential role of the PDO as a modulating mechanism (Ferndndez-Castillo
et al., 2025). In particular, the study by Sabatani and Gualdi (2025) highlighted that model biases in the North Pacific
jet stream and in the southeast Asia wave source in historical runs from CMIP6 models contribute to the differences
in the ENSO-EAP teleconnection across the different models. Similarly, O'Reilly (2025) found that North Pacific jet
biases also contribute to this teleconnection’s differences across state-of-the-art seasonal forecasting systems. Here,
using a conceptually different approach in which we analyse how the teleconnection changes across different time
periods within a single model, the signals obtained are fairly similar, pointing to a consistent mechanism by which
changes in the Indian Ocean convection and North Pacific climatological jet stream affect the strength of the ENSO-
EAP teleconnection, favouring a strong teleconnection in some periods while a weak ENSO-EAP teleconnection in
other epochs.

Even though the long piControl simulations have enabled us to overcome the issue of too small sample sizes (and the
associated high uncertainty in the signals), they also present certain limitations. It is important to acknowledge that
the necessary simplification or parametrisation of some of the physical processes in climate models inevitably leads
to model-specific biases, for instance in the jet stream, which have a notable impact on the simulated ENSO telecon-

nection patterns (Sabatani and Gualdi, 2025). This fact could be observed in Figure 1, which illustrates the significant
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underestimation of the teleconnection strength in the models analysed, and the range of teleconnection patterns
across the different models. Therefore, it cannot be ruled out that part of the separation between the POSCORR and
WEAKCORR samples may be explained by noise. As a result of these uncertainties, aggregating models in a multi-
model mean often results in a weak signal. This circumstance was clearly visible in the analysis of mechanisms, where
the signals were often weak and occasionally not robust in terms of cross-model agreement. Nevertheless, most
of the signals from individual models were sufficiently strong to be clearly distinguished from sampling variability.
Hence, while observations and reanalyses are constrained by limited sample sizes that hinder statistical significance
and robustness, in climate models the uncertainty or lack or robustness mainly stems from the aggregation of models
with distinct biases. Regardless of this limitation, the approach employed here remains highly advantageous and does
contribute to a better understanding of the processes involved, proving to be a suitable tool in order to formulate
stronger hypotheses. In this sense, the results from this study underscore the pertinence of performing targeted sen-
sitivity experiments. In these, the possible modulating role of the different pathways or the low-frequency modes of
variability can be studied more thoroughly. Moreover, while our study focused on the broad, seasonal-scale mecha-
nisms contributing to the multidecadal variability, we underscore the pertinence of analysing the mechanisms at the
synoptic and subseasonal scales by studying the dynamics of the storm track and eddy-driven jet, the propagation
of eddy energy from the North Pacific into the North Atlantic as well as changes in blocking frequency, as these are
important to understand how the seasonal-mean circulation anomalies in response to ENSO shape up in the North
Atlantic (O'Reilly et al., 2024). These analyses are a subject of ongoing work involving the mentioned sensitivity ex-

periments.

In summary, despite their intrinsic limitations, observational and now also model-based studies so far reinforce the
hypothesis of a meaningful non-stationarity of the ENSO-EAP teleconnection, with different potential drivers such
as the PDO which still need to be addressed with sensitivity experiments. The different approaches to study the
non-stationarity offer necessary complementary insights that, altogether, allow us to build a comprehensive under-
standing of the teleconnection, its stationarity and its underlying mechanisms. Ultimately, this can result in a better
understanding of seasonal variability and predictability in the North Atlantic and European region.
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