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Abstract. We examine how ENSO atmospheric teleconnections are represented in a novel suite of coupled simulations with
eddy-resolving ocean and high-resolution atmosphere, at an unprecedented grid spacing of ~10 km in both components. The
single-member, multi-decadal experiments have been performed under a coordinated protocol within the European Eddy-RIch
Earth System Models (EERIE) project using three different models.

To assess the performance of the EERIE models, we design tailored metrics to encapsulate and quantify different aspects of
the ENSO teleconnections: direct tropical response, Rossby wave sources, extra-tropical tropospheric and stratospheric
anomalies, and surface impacts. The metrics are based on linear regressions on the Nifio3.4 index of several atmospheric fields
in early- and late winter. Additionally, we apply the same diagnostics to a set of complementary atmosphere-only simulations
run at lower resolution (~30 km, 10 members) and high resolution (~10 km, 1 member), which allow to isolate the impact of
atmospheric resolution and estimate the internal variability.

We find mixed results in the EERIE coupled simulations compared to previous generation eddy-parametrized and eddy-
permitting models (maximum ~25 km in both atmosphere and ocean). The performance, though overall positive, varies by
season, region, and model configuration and a systematic improvement does not emerge clearly. Similarly, the atmosphere-
only experiments also indicate limited advances from the increased atmospheric resolution. However, potential benefits may

be hindered by the large uncertainty in the ENSO response due to internal variability and sampling.



30

35

40

45

50

55

https://doi.org/10.5194/egusphere-2026-547
Preprint. Discussion started: 11 February 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

1 Introduction

Increasing the horizontal resolution of Earth system models has proven beneficial for the representation of different climate
processes (Roberts M. et al., 2018; Docquier et al. 2019; Liu X. et al. 2021, Athanasiadis et al., 2022, Yeager et al., 2023). A
significant advance in model fidelity may be achieved by explicitly resolving mesoscale ocean processes, such as eddies and
boundary currents, which are crucial for the transport of energy and mass (Bryan et al., 2007, Hewitt et al. 2020; see Dong et
al. 2025 for a review). However, current climate models feature a variety of ocean regimes with limited representation of these
dynamics. Full parametrization of the mesoscale eddies is required for an ocean resolution coarser than 1°, as in most models
contributing to the Coupled Model Intercomparison Project Phase 6 (CMIP6). In contrast, “eddy-permitting” models (~0.25°)
can partially represent mesoscale eddies and typically resolve them at lower latitudes. This is the case of some operational
forecasting systems (e.g. ECMWEF’s SEASS; Johnson et al., 2019), as well as models contributing to the High Resolution
Model Intercomparison Project (HighResMIP). Finally, only a minority of models are "eddy-rich" (or "eddy-resolving”): with
a resolution of ~0.1°, they can resolve mesoscale eddies over most of the mid latitudes, though not fully in coastal regions
(Hallberg, 2013).

Previous studies have shown the benefits of resolving eddies for ocean biases and documented the effect of coupling with a
coarser atmosphere (e.g. Hewitt et al., 2020), but little is known about the impact of eddy-rich oceans with an atmosphere of
comparable resolution. Even less when it comes to long (e.g. multi-decadal) simulations, which are needed to assess the
potential role of the ocean mesoscale on climate (e.g. Rackow et al., 2022). To address this, the European Eddy-RIch Earth
System Models (EERIE) project has successfully completed a novel set of coupled simulations with eddy-resolving ocean and
high-resolution atmosphere (~10 km in both) over the period 1950-2014. These experiments, run with different models under
coordinated, standard protocols, constitute a unique ensemble to assess and quantify the impact of these unprecedented
resolutions on the climate system.

The El Nifno-Southern Oscillation (ENSO) is a prominent mode of climate variability that can impact remote regions through
atmospheric teleconnections, whose simulation remains a challenge (see Taschetto et al., 2020 for a review). Though the
mechanisms for a possible direct impact of the ocean mesoscale are still debated, there are serval ways through which a better
resolved ocean could affect these teleconnections. Various studies have shown that higher ocean resolution can improve known
biases in Tropical Pacific sea surface temperature (SST) and the representation of ENSO patterns (e.g. Liu B. et al., 2022).
This can, in turn, positively impact the local response to ENSO, such as deep convection and precipitation in the Tropical
Pacific (e.g. Williams et al., 2024). A consequent effect on the extra-tropical teleconnection is possible, since the tropical
atmospheric response triggers a poleward-propagating Rossby wave train. Besides, the ocean resolution can also modify the
atmospheric basic state, which further influences the wave train generation and propagation (e.g. Dawson et al., 2011). Some

encouraging results in this direction were presented by Dawson et al. (2013), who found a more realistic extra-tropical response

2



60

65

70

75

80

85

90

https://doi.org/10.5194/egusphere-2026-547
Preprint. Discussion started: 11 February 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

to ENSO when the ocean resolution was increased to 1/3° in the coupled model HiGEM, independent of the atmosphere. More
recently, Williams et al. (2024) analysed a large set of models from HighResMIP and found that high-resolution configurations
show a more accurate representation of the position of the North Pacific response in the multi-model mean, especially during
El Nifio, and attributed these differences to the increased ocean resolution. However, they detected no significant improvement
in the strength of the teleconnection. Similar conclusions were drawn by Fang et al. (2024) for the teleconnection in the
Southern Hemisphere.

Atmospheric resolution can also play a role. Roberts C. et al. (2018), using an ensemble based on the ECMWEF’s Integrated
Forecasting System (IFS), found more accurate late-winter ENSO teleconnections in the North Atlantic when the atmospheric
resolution was enhanced. Molteni et al. (2020) confirmed these results but also concluded that no systematic impact from finer
atmospheric resolutions was evident in a multi-model ensemble from HighResMIP. Similarly, Dawson et al. (2013) deduced
that increasing the atmospheric resolution alone has no significant impact on the extra-tropical teleconnection.

The impact of high resolution on ENSO teleconnections is thus unclear, and no assessment has been carried out so far using
climate simulations at the 10-km scale employed in EERIE. The goal of this study is precisely to evaluate the representation
of ENSO teleconnections in these novel eddy-rich models and determine whether any systematic improvement can be detected,
with respect to previous generation state-of-the-art models.

To this end, we rely on the current knowledge of the driving mechanisms of the teleconnections and try to examine step-by-
step the chain of processes from the tropics to the mid latitudes. First, we assess the atmospheric response in the ENSO region.
The anomalous SST alter the low-level circulation, causing rising motions in the central Tropical Pacific and compensating
divergent flow in the upper troposphere (in the case of El Nifio). These changes are balanced by the opposite response in the
western and eastern Tropical Pacific (e.g. Garcia-Serrano et al., 2017). Diagnosing these anomalies in the upper troposphere
is crucial, since they act as the main trigger for the extra-tropical Rossby wave train (e.g. Trenberth et al., 1998). Our next
step is then to examine anomalies in the Rossby Wave Source (RWS), which highlight the actual regions favouring (or
suppressing) the generation of Rossby waves (Sardeshmukh and Hoskins, 1988). For ENSO, these regions are mainly located
in the Pacific, but some secondary sources over the Atlantic have also been indicated as potential contributors to the North
Atlantic response (Toniazzo and Scaife, 2006; Hardiman et al., 2019). Next, we focus on the Rossby wave train, which
represents the main driver of the extra-tropical teleconnection. The wave train consists of alternating anomalous highs and
lows in the North Pacific, North America and North Atlantic, but this response is only established in late winter, from January
onwards (e.g. Bladé et al., 2008). The anomalies extend to the surface with a slight vertical tilt and produce a dipolar pattern
in the North Atlantic that resembles the negative phase of the North Atlantic Oscillation (NAO; e.g. Mezzina et al., 2020). In
contrast, the early-winter signal does not show clear centres of action in the North Pacific and North America, while a positive
NAO-like dipole dominates the North Atlantic, especially at surface (e.g. Ayarzagiiena et al., 2018). Impacts from the Indian
Ocean, the Caribbean Sea and other basins have been suggested to influence this signal, which is still not fully understood
(Ayarzagiiena et al., 2018; Abid et al., 2021; Molteni and Brookshaw, 2023). We also evaluate the impact of ENSO on the

stratospheric polar vortex, another potential contributor to the North Atlantic surface signal in late winter. The stratospheric
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response mainly consists in a deceleration of the vortex and warming of the lower polar stratosphere (for El Nifio; see Domaisen
et al., 2019 for a review). For each of these aspects, we design a related metric to encapsulate and quantify the response in a
single value, which we can use to benchmark the performance of the EERIE simulations with respect to other models.

A prominent, long-standing issue of ENSO teleconnections is related to how the atmospheric internal variability can modulate
or mask the forced signal (e.g. Deser et al., 2017). The EERIE coupled simulations consist of a single realization for each
model, so it is not possible to fully disentangle the forced and noisy components, despite the relatively large number of
simulated years. However, an additional set of simulations performed within EERIE can help with this issue. Atmosphere-
only experiments with prescribed SST from observations have been run using IFS. An ensemble of 10 members is available
for a low-resolution configuration, together with a corresponding single member with 10-km resolution, as in the coupled
experiments. In this set up, it is possible to quantify potential differences in the ENSO response arising from the different
atmospheric resolution and to place them in the context of internal variability, namely comparing them to the ensemble spread.
Additionally, since some coupled simulations share this same atmospheric component (see Methods), we can also evaluate the
impact of prescribed SST versus an interactive ocean.

The EERIE models and experiments, together with the other data and methods used, are described in detail in Sect. 2. The
coupled runs are then examined in Sect. 3, while the main results from the atmosphere-only simulations are reported in Sect.

4. The findings are summarized and discussed in Sect. 5.

2 Data and Methods
2.1 EERIE models and experiments
2.1.1 Coupled simulations

We examine coupled simulation from three eddy-rich climate models contributing to the EERIE Phase 1 simulations (Roberts

M. et al., 2024). The models, with the short names used in this paper, are:

- IFS-FESOM, a recent coupled set-up between IFS and the Finite VolumE Sea ice-Ocean Model (FESOM). IFS
is run in a climate configuration based on Cylce 48r1, with atmospheric horizontal resolution of ~10 km
(Tco1279) and 137 vertical levels. The standard operational settings for the deep convection scheme are
maintained. FESOM (version 2.5) uses an NG5 grid that provides a horizontal resolution between 5 and 13 km
(Rackow et al., 2024).

- IFS-NEMO, where the same configuration of IFS is coupled to the ocean model NEMO (version 4.0.7; Madec
et al., 2019) combined with the sea ice model SI3 (Vancoppenolle et al., 2023). The ocean grid is eORCA12,

corresponding to a resolution of ~8 km.
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- HadGEM, based on a modified configuration of the UK Met Office Global Coupled Model (version GCS5). The
atmospheric component is the Met Office Unified Model with horizontal resolution ~20-30 km (N640). It
includes a new convection parameterisation scheme, CoMorphA (Lock et al., 2024). The ocean model is NEMO
(version 4.04), again using eORCA12, with SI3 as sea ice component (Blockley et al., 2024) and with a
configuration based on GOSI9 (Guiavarc’h et al., 2025).

Hence, our models include two with the same atmosphere (IFS), and two with very similar ocean components (NEMO
eORCA12).

The experiments are single-member, multi-decadal simulations conducted under established protocols. For IFS-FESOM and
IFS-NEMO, a protocol similar to HighResMIP (Haarsma et al., 2016) is followed to produce historical simulations spanning
1950-2014. For HadGEM, the CMIP6 DECK approach is used, with the simulation starting in 1850. However, in this paper
we only examine the common period 1950-2014 for all three models, which we will refer to as “EERIE coupled”.

Further details on the simulations and their validation can be found in Roberts M. et al. (2024). This paper focuses on the
atmospheric teleconnections and a detailed evaluation of ENSO itself is beyond our scope. We simply report that the ENSO
cycle in the EERIE models is overall realistic and comparable to other state-of-the-art coupled models, despite some

deficiencies such as the dampened cycle in IFS-NEMO and the stronger variability in IFS-FESOM and HadGEM (Fig. S1).

2.1.2 Atmosphere-only simulations

In addition to the coupled simulations, we also analyse atmosphere-only experiments (EERIE AMIP for brevity) performed
with two configurations of the IFS atmospheric model: ten “low resolution” (IFS-LR) members, with horizontal grid spacing
of ~28 km, and one “high resolution” (IFS-HR) member, with horizontal grid spacing of ~9 km. In these simulations, the
model is not coupled to an ocean-sea ice component but is instead forced by time-evolving SST and sea ice concentration from
observations. The period covered is 1980 to 2023, and the IFS version is the same used in the coupled runs (IFS-NEMO and
IFS-FESOM). A detailed description and validation can be found in Aengenheyster et al. (2025).

2.2 Other Data and Methods

Throughout our analysis, we systematically compare the model’s results to ERAS (Hersbach et al., 2020). The main period of
reference is 1950-2014, which we refer to as ERAS-hist in Sect. 3.5, and as ERAS in the rest. In Sect. 3.5, we also use the
period 1980-2023 (labelled ERAS5-rec) as baseline for the EERIE AMIP runs. Though this is a reanalysis product, in this
context it represents the best estimate for the “real world” and thus we use “observations” and “reanalysis” interchangeably.

Besides comparing the EERIE models with reanalysis, we also benchmark them against a subset of simulations from
HighResMIP, namely the ones used in Molteni et al. (2020; see Table S1). The selection consists of 6+6 models, with
corresponding “low” and “high” resolution versions (LR and HR for brevity). The atmospheric resolution is 50-250 km for

LR and 25-100 km for HR, while the ocean is 25-100 km for LR (“eddy-parametrized”) and 25-50 km for HR (“eddy-
5
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permitting”; see Table S1 for more details). For each model, we analyze two types of experiments: coupled simulations
analogous to the EERIE coupled runs (“hist-1950”) and forced-atmosphere experiments similar to the EERIE AMIP ones, but
over the period 1950-2014 (“highresSST-present”). A varying number of members is available for each model and experiment,
for a total of 31 for the coupled simulations and 29 for the AMIPs (Table S1; note that less members were used in Molteni et
al., 2020). Due to data issues, the models from CNRM-CERFACS are excluded from the analysis of the 200-hPa geopotential
height (Sect. 3.3).

We define the Niflo3.4 (N3.4) index using the standardized, detrended time series of SST anomalies in the Nifio3.4 region
(5°N-5°8, 120°W-170°W) in December-February (DJF). All the metrics used to assess the ENSO response, whose details are
reported in the respective sections, are based on linear regressions of atmospheric fields, which are also previously detrended.
The regressions represent the response to a change in one standard deviation of the N3.4 index. Two seasons are mainly
considered: early winter (November-December) and late winter (January-February). Note that for both seasons we use the
same DJF-based N3.4 index instead of ND- and JF- based ones, given their extremely high correlations (Fig. S2). Statistical
significance is assessed with Student’s t-test at the 95% confidence level.

In Section 3.5, we discuss Taylor diagrams (Taylor, 2001) for the anomalous sea-level pressure (SLP) patterns in the North
Atlantic-European (NAE) sector, with boundaries at 20°N, 90°N and 90°W, 40°E. In these plots, two values are depicted: (i)
the correlation between the spatial patterns in ERAS and the models as the angle, and (ii) the ratio between the standard
deviations in the models and ERAS as the radial distance from the origin. By definition, ERAS has thus correlation and standard
deviation ratio equal to 1. An additional property of these plots is that the centered root-mean-square error is proportional to
the distance from ERAS, though this is not marked in our plots. To build these plots, the SLP has been regridded to a common
1°x1° grid, which is suitable to evaluate these types of large-scale patterns.

As mentioned above, one of our targets is to benchmark the EERIE models against HighResMIP, for which we define tailored
metrics to encapsulate the responses. However, we are not only interested in evaluating the performances in the single metrics,
but also in determining if there is any systematic improvement. To this end, we associate a “ranking” to each metric. We order
the 31 HighResMIP coupled members and the 3 EERIE models (34 simulations in total) based on the error, defined as the
absolute difference with respect to ERAS. For some metrics, this only implies differences in the amplitude, while for others
there are two rankings based on the amplitude and the longitude, separately. We can thus determine, for each case, whether
the EERIE models perform: (i) “better” than most HighResMIP members (ranking n. 1 to 11), (ii) “average” (n. 12 to 22) or
(iii) “worse” (n. 23 to 34). The main values for the EERIE models are reported in the text, while the rest can be found in Fig.

10, which acts as a summary.
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2.3 Tropical Rossby Wave Source

The RWS is a common diagnostic used to identify regions favouring the generation of Rossby waves. Here, we focus on one

specific component of the RWS, the so-called “tropical” part (TRWS):
TRWS = =V}, - V({ + [)

Where V), is the anomalous divergent wind, { is the climatological vorticity and fis the Coriolis parameter. This term emerges
after linearizing the advective component of the RWS and discarding the advection of anomalous vorticity by the
climatological divergent wind, which is negligible (Qin and Robinson, 1993). The TRWS has been used in previous ENSO
studies (e.g. Mezzina et al., 2022; Sabatani et al., 2025) and represents a pure source that is suggested to be the main trigger
for extra-tropical teleconnections (Qin and Robinson, 1993). In contrast, we do not consider the “extra-tropical” component,
where the source and response are entangled. Sabatani et al. (2025) also considered the TRWS but confirmed that their
conclusions remain valid when both components are included. On top of presenting regression maps of the TRWS, we also
evaluate regressions of their averages over four different regions: Western Pacific (20-40°N, 80-140°E), Tropical Pacific (0-
30°N, 180-120°W), Tropical Atlantic (5-25°N, 70-2-°W), Western Atlantic (25-45°N,110-60°W). These regions are based on
the definitions of Sabatani et al. (2025), though with different names. To ease the computation, the TRWS is computed with

T20 truncation, which is sufficient for planetary waves.
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3 Results from the coupled simulations

3.1 Tropical response

Our first step is to assess the local atmospheric response to ENSO. Specifically, changes in the upper-tropospheric divergence
in the Tropical Pacific are expected. To evaluate this response in the EERIE models and compare it to ERAS, we first examine
regressions maps of early-winter 200-hPa velocity potential anomalies on the N3.4 index (Fig. 1, contours). All three models
capture the anomalous upper-level divergent flow in the central Tropical Pacific (negative anomalies) and the accompanying
convergence over the Maritime continent (positive anomalies). However, differences in the pattern and amplitude of the

response are present, likely resulting from distinct SST anomalies associated to each model’s specific ENSO.

s (a) ERA5 (ND) prec., vp200
mm day~!
%
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2.0
X ") ' 1.0
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30°N R ; = 4 i 15
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Figure 1: Linear regression on the N3.4 index of precipitation (shadings) and 200-hPa velocity potential (contours) anomalies in
Nov-Dec for (a) ERAS and (b-d) the EERIE coupled models. Hatches indicate statistical significance at the 95% level for the
precipitation. Only significant values of the velocity potential are shown. Contour interval: 0.5x10° m? s,

The negative anomalies in the central Tropical Pacific represent the upper-tropospheric divergence linked to the rising motions
that are a direct response to ENSO. In principle, it is crucial that this aspect is well simulated for the extra-tropical Rossby
wave train to be properly generated. To further detect the differences and better evaluate the performance of the EERIE models,
we define our first tailored metric. First, we carry out a similar regression, but using the 200-hPa velocity potential averaged
over the over the latitudinal band between 15°N and 15°S. Given the rough symmetry of the spatial patterns across the equator
(Fig. 1), this is a suitable, simple diagnostic that encapsulates the response and allows for an easier comparison between the
EERIE models, ERAS5 and HighResMIP (Fig. S3). Next, we detect the location of the minimum in these regressions —
corresponding to the anomalies in the central Tropical Pacific — measure the related amplitude, and show these values together

in a scatterplot (Fig. 2a). Overall, all models tend to either show a too weak, too west response compared to ERAS (like IFS-
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NEMO and IFS-FESOM), or one that is too strong and displaced eastward (like HadGEM). While the EERIE models are
generally within the range of HighResMIP, they perform especially poorly in terms of amplitude. When ranking the
simulations according to the amplitude error (see Methods), they are among the worst models (Fig. 10, 1* column).

We can repeat the analysis using precipitation anomalies, which also indicate areas of vertical motions, thought they are more
spatially heterogenous (Fig. 1, shading). In this case, the scatter plot describing the location and amplitude of the precipitation
peak in the central Tropical Pacific — computed in a similar way — suggests that in most members the response is too weak and
too west (Fig. 2c), and confirms the rather poor performance of the EERIE models, which are again worse than most

HighResMIP members (see also Fig. 10, 2™ column).
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Figure 2: Top: Longitude and amplitude of the minimum in the 200-hPa velocity potential anomalies averaged between 15°N and
15°S and regressed on the N3.4 index, in Nov-Dec. Bottom: same, but for the maximum precipitation. Left: Coupled runs. Right:
AMIP runs. ERAS hist. =1950-2014, ERAS rec.= 1980-2023. The empty blue circles indicate the single members form the EERIE
IFS-LR ensemble, with the filled circle represent the ensemble mean. The vertical bars indicate the confidence interval at the 95%
level.
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3.2 TRWS

While the direct upper-tropospheric response in the ENSO region constitutes the first trigger for the extra-tropical Rossby
train, the full description of its generation is more complex, as the interaction between divergence and vorticity needs to be
considered. Here, we examine how the tropical component (TRWS), which describes the advection of climatological absolute
vorticity by the anomalous divergent wind (see Methods), is captured in the EERIE models (Fig. 3). The west-east dipole of
anomalous convergence-divergence in the western and central Tropical Pacific is related to the TRWS anomalies of opposite
sign over eastern Asia (positive TRWS) and around the date line (negative TRWS). These are both well captured by the EERIE
models, though with varying amplitudes and patterns. In contrast, the models seem to struggle in other regions with secondary

sources, such as the North Atlantic, where they mostly tend to overestimate the response.

(b) IFS-FESOM (ND) TRWS200
b
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Figure 3: Linear regression on the N3.4 index of 200-hPa TRWS anomalies in Nov-Dec for (a) ERAS and (b-d) the EERIE coupled
models. Hatches indicate statistical significance at the 95% level. The green boxes show the regions used to compute the averages
shown in Figure 4: 1=Western Pacific; 2=Tropical Pacific; 3=Western Atlantic; 4=Tropical Atlantic. See main text for details on the
computation of the TRWS.

To quantify this response, we design four metrics based on the linear regression of the TRWS averaged over the regions
highlighted in Fig. 3 (and defined in the Methods). In the Tropical Pacific (Fig. 4b), the observed response is well within the
range of the simulations. While the EERIE models do not stand out from the group, they perform surprisingly well considering
their poor representation of the tropical response (IFS-NEMO ranks n. 13, HadGEM n. 5 and IFS-FESOM n. 23). Similarly,
IFS-NEMO and HadGEM are again among the best 10 models in the Western Pacific, where the response is typically too weak
(Fig. 4b, Fig. 10, 3" column). The other two regions examined are secondary sources that have been suggested to contribute
to the ENSO signal in the North Atlantic and Europe. In the Tropical Atlantic (Fig. 4c), the models systematically overestimate
the response, an issue which is not improved in the EERIE runs. In the Western Atlantic (Fig. 4d), the observed value is again
well within the range of the simulations, and the EERIE models display an average performance comparable to HighResMIP,

with the only surprise of IFS-NEMO, which is the second-best model (see ranking details in Fig. 10, 6" column).
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Figure 4: Linear regression on the N3.4 index of 200-hPa TRWS anomalies averaged over the 4 areas detailed in the text: (a) Western
Pacific (b) Tropical Pacific (c) Tropical Atlantic (d) Western Atlantic. In each panel, coupled runs are on the left and AMIP runs
are on the right. ERAS hist. =1950-2014, ERAS rec.= 1980-2023. The empty blue circles indicate the single members form the EERIE
IFS-LR ensemble, with the filled circle represent the ensemble mean. The vertical bars indicate the confidence interval at the 95%
level.

3.3 Wave train
The next natural step is to examine how the EERIE models reproduce the extra-tropical response and specifically the Rossby
wave train, which emerges clearly in the 200-hPa geopotential height (Fig. 5). Due to the different nature of the early-winter

and late-winter responses, we consider the two seasons separately and define distinct diagnostics to assess them.

3.3.1 Early winter (ND)

In early winter, the Rossby wave train is not established yet in reanalysis: only weak cyclonic anomalies are present in the
North Pacific, while a dipole with negative anomalies at high latitudes and positive ones at mid latitudes dominates the North
Atlantic (Fig. 5a). The EERIE models broadly capture the response in the North Pacific, though IFS-FESOM seems to
anticipate a JF-like response (Fig.5b), while HadGEM simulates a low pressure that is excessively shifted to the east (Fig. 5d).
Note, however, that this response in the North Pacific is not significant in IFS-NEMO and only partially in ERAS (Fig. 5a,c).
Since the center of action in the North Pacific is not fully formed, we evaluate the models’ performance with a simple average

over the area 180-120°W, 30-60°N (green box in Fig.5). According to this metric (Fig. 6a), IFS-NEMO and HadGEM show
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295 an average performance (ranking n. 11 and 12, respectively), while IFS-FESOM is among the worst models (n. 27), though
still within the range of HighResMIP, which is rather large (Fig. 6a).
In the North Atlantic, given the dipolar pattern, we evaluate the response based on the difference between the two boxes at
70°W-0°, 50-70°N and 70°W-0, 30-50°N (displayed in Fig. 5), which is expected to be negative in this season. Despite the
large spread, all models systematically underestimate the amplitude and sometimes produce an opposite-signed response (Fig.
300 6c; note the different scales in panels a,c, and d). IFS-NEMO and HadGEM score well in this metric, ranking n. 6 and 12,
respectively (Fig. 6¢); however, the spatial patterns are rather different and not significant at mid latitudes (Fig. 5b,c). In

contrast, IFS-FESOM is again one of the worst performers when it comes to this early-winter response (n. 27; Fig. 6d).

(a) ERAS5 (ND) 2200 . (b) IFS-FESOM (ND) 7200

N G i
180° 120°wW 60°W

(© IFS-NEMO (ND) 300 (d) HadGEM (ND) 200
90° .

Z..

v |

Figure 5: Linear regression on the N3.4 index of 200-hPa geopotential height anomalies in (a-d) Nov-Dec and (e-h) Jan-Feb, for
305 ERAS and the EERIE coupled models. Hatches indicate statistical significance at the 95% level. The green boxes show the regions
used to compute the averages shown in Figs. 6 and 7.
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Figure 6: Linear regression on the N3.4 index of (a) 200-hPa geopotential height averaged over the North Pacific box shown in Fig.
6 in Nov-Dec (b)10-hPa zonal-mean zonal wind at 60°N in Jan-Feb (c,d) 200-hPa geopotential height dipole in the North Atlantic, as
described in the main text, in Nov-Dec and Jan-Feb. In each panel, coupled runs are on the left and AMIP runs are on the right.
ERAS hist. =1950-2014, ERAS rec.= 1980-2023. The empty blue circles indicate the single members form the EERIE IFS-LR
ensemble, with the filled circle represent the ensemble mean. The vertical bars indicate the confidence interval at the 95% level.

3.3.2 Late winter (JF)

The wave train is fully developed in late winter, with distinguished centres of action of alternating sign over the North Pacific,
North America and North Atlantic (Fig. 5e). The EERIE models adequately capture the signal in the North Pacific (Fig. 5f-h),
which we characterize in a similar manner as we did for the tropical response. After considering the anomalous response in
the band 30-50°N (Fig. S4), we locate the minimum and report its longitude and amplitude in a scatterplot (Fig. 7a). The
simulated values are roughly centered around ERAS, with the EERIE models well within the HighResMIP range. In this case,
the EERIE models perform overall well in terms of amplitude, with all three scoring better than most HighResMIP members
(see Fig. 10, 9" column). The case of IFS-FESOM is particularly interesting, since it is one of the most accurate models in
capturing the observed amplitude (ranking n.3), despite its deficiencies in the previous steps. Concerning the longitude, they
are in the range of HighResMIP, with average performance (Fig. S5).

A similar assessment can be carried out for the anomalous anticyclone at high latitudes, for which we define a corresponding
metric using the latitudinal band 50-80°N (Fig. S4). More than half of the members simulate a response that is too weak and
shifted to the west, but there is considerable variety and spread (Fig. 7c). Similarly to the North Pacific, the EERIE models
show again a good representation of the amplitude, with some of the smallest errors: IFS-FESOM is the best model, IFS-
NEMO ranks n. 6 and HaddGEM n. 12. In contrast, HadGEM is one of the worst-performing models in terms of longitude: as
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already evident in the spatial maps (Fig. 5h), the center of action at high latitudes in this model is shifted to the east of more
than 30° (Fig. 7c), with only three HighResMIP members with a larger shift (Fig. S5).

The observed late-winter response in the North Atlantic is again a dipole, but with opposite sign and limited statistical
significance even in the reanalysis (Fig. 5e). Characterizing the third center of action of the wave train in the mid latitudes by
locating its minimum is not straightforward, as it sometimes consists of two peaks (like in ERA and IFS-NEMO, Fig. 5e,g).
We thus assess the response with the same metric used for early winter, though it also involves part of the high-latitude response
that we have already examined. This metric is expected to change sign from negative to positive between early and late winter,
a switch that most HighResMIP members capture, though with a large spread and values often too small compared to ERAS
(Fig. 6d). According to this metric, the EERIE models perform quite well, with both IFS-NEMO and HadGEM in the upper
tercile of the ranking (n. 8 and 11, respectively; details in Fig. 10, 11" column). However, we stress that, besides the limited
statistical significance, the simulated spatial patterns have varying location and extension of the anomalies (Fig. 5f-h), which
then reflect on the surface signal, as discussed in Sec. 3.5.
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Figure 7: Top: Longitude and amplitude of the minimum in the 200-hPa geopotential height anomalies averaged between 30°N-50°N
and regressed on the N3.4 index, in Jan-Feb. Bottom: same, but for the maximum in the band 50°N-80°N. Left: Coupled runs. Right:
AMIP runs. ERAS hist. =1950-2014, ERAS rec.= 1980-2023. The empty blue circles indicate the single members form the EERIE
IFS-LR ensemble, with the filled circle represent the ensemble mean. The vertical bars indicate the confidence interval at the 95%
level. In (¢ ), a limit of 40°W has been imposed.
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3.4 Stratospheric polar vortex

Before examining the surface signals, we first assess the stratospheric response, as this can in turn impact the lower
troposphere. The expected deceleration on the polar vortex in late winter emerges clearly in the observed anomalous zonal-
mean zonal wind between 50° and 80°N and is captured by IFS-FESOM and IFS-NEMO, but not by HadGEM (Fig. S6). We
then use the regression of the zonal-mean zonal wind at 60°N and 10 hPa as a simple metric to encapsulate this response (Fig.
6b). Several HighResMIP members of both high and low resolution produce an opposite-signed response, and those with the
correct sign tend to underestimate the deceleration. This is in line with previous studies showing that, while the stratospheric
response is a robust feature in ensemble and multi-model means, single members often struggle to simulate it (e.g. Domeisen
et al. 2019). The observed response is also largely uncertain, and even though HadGEM’s lack of signal is striking, it still falls
within the range of uncertainty (and within the HighResMIP range). We also note that extending the analysis to the full period
available for HadGEM (1850-2014), the signal becomes consistent with the observational estimate (Fig.S7). In contrast, IFS-
FESOM and IFS-NEMO are among the best members over the usual period 1950-2014 (ranking n. 2 and n. 5, respectively),

confirming their overall good performance in the late-winter extra-tropical response.

3.5 Surface response in the North Atlantic

Lastly, we examine the ENSO impact on the large-scale surface circulation in the North Atlantic and Europe, which is
notoriously a challenging aspect in climate models. The observed early-winter response, a NAO-like SLP dipole with stronger
anomalies at high latitudes, is mostly statically significant (Fig. 8a). Observing the corresponding maps, it is evident that the
EERIE models do not capture this response and mostly simulate weak, non-significant patterns (Fig. 8b-d). Indeed, the spatial
correlation between the EERIE models and ERAS is around 0.4 for [IFS-NEMO and HadGEM, and negative for [IFS-FESOM
(Fig. 9a). However, this is in line with HighResMIP, whose majority of members also have a correlation that is either negative
or weakly positive. Only three members reach around 0.8, but the mean error remains high because of the too low standard
deviation. The large inability of the models to capture the early-winter surface signal in the North Atlantic is linked to the poor
representation of the wave train (Sect. 3.3), and the similarity between the surface and upper-tropospheric patterns is evident
in the EERIE models (cf. Figs. 5b-d and 7b-d).

In late winter, a roughly opposite response is expected, namely a dipole reminiscent of a negative NAO (Fig. 8e). Though this
is a well-documented response, note that the high-latitude lobe is only partially significant in the ERAS sample used here.
Additionally, non-significant positive (negative) anomalies over western (eastern) Europe appear, which are known to be less
robust signals (e.g. Mezzina et al., 2023). The mid-latitude negative anomaly is present and significant in all the EERIE models
(Fig. 8f-h), though it is too prominent in IFS-FESOM, where it dominates the North Atlantic, in agreement with the pattern at
upper levels (cf. Figs. 8f,5f). The positive anomaly is not as well captured, as it is mostly too weak and not statistically

significant. The HighResMIP models’ performance is enhanced compared to early winter, with most members showing a
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correlation above 0.5, though with varying standard deviations (Fig. 9¢c). The EERIE models behave similarly, also improving
compared to early winter. In line with their good ranking in the late-winter Rossby wave train metric over the North Atlantic,
IFS-NEMO and HadGEM are again some of the closest members to ERAS.
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Figure 8: Linear regression on the N3.4 index of SLP anomalies in (a-d) Nov-Dec and (e-h) Jan-Feb, for ERAS and the EERIE
coupled models. Hatches indicate statistical significance at the 95% level. The domain depicted is the one used to build Fig. 9.
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Figure 9: Taylor plots for the anomalous SLP patterns in the NAE sector in (a,b) Nov-Dec and (c,d) Jan-Feb. Left: Coupled runs.
Right: AMIP runs. The empty blue circles indicate the single members form the EERIE IFS-LR ensemble, with the filled circle
represent the ensemble mean. Note that ERAS-rec (1980-20123) is used as reference pattern for the EERIE AMIP experiments,
while ERAS-hist (1950-2014) is used for all the other models. See main text for details on the computation.

4. Results from the atmosphere-only runs

In this section, we examine the set of atmosphere-only simulations run with IFS at two different atmospheric resolutions (see
Methods). The objective of this analysis is threefold: first, we can examine how prescribing the SST from observations affects
the atmospheric response, also considering that the EERIE AMIP runs, IFS-FESOM and IFS-NEMO share the same
atmospheric model. Indeed, the atmospheric teleconnections are intrinsically linked to the representation of ENSO itself, which
is often flawed in coupled models. Additionally, other basins can have an influence, like the Indian and Atlantic Oceans, which
are also commonly affected by SST biases. Second, we can estimate the impact of increasing the atmospheric resolution only,
independent of the ocean. Lastly, the 10 members available for the low-resolution configuration allow us to place the
differences between resolutions within the context of internal variability. The EERIE AMIP simulations are compared here
with similar SST-forced simulations from HighResMIP (see Methods). Note also that, in this section, HighResMIP is
compared with ERAS5-hist (1950-2014) and the EERIE runs with ERA-rec (1980-2023), whose values are often different.
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Concerning the general impact of constraining SST, it is positive on the tropical response, which shows overall a smaller
spread and better representation of the amplitude (Fig. 2b,d). IFS in atmosphere-only configuration performs better than its
coupled counterparts when compared to the respective observational references (Fig. S8). The prescribed SSTs also act
favourably on the early winter signal: the HighResMIP ensembles have reduced spread in both the North Pacific and North
Atlantic (cf. grey and brown marks in Fig. 6a,c) and improved amplitudes in the North Atlantic. This is then reflected on the
surface signal, where the correlations are enhanced (Fig. 9b). Similarly, improved amplitudes and spread are found in the North
Pacific in late winter (Fig. 7b). IFS-HR and most IFS-LR members outperform IFS-FESOM and IFS-NEMO in the North
Atlantic in early winter both in the upper troposphere (Fig. S9) and at the surface (Fig. 9), but not so clearly in the North Pacific
in either season (Fig. S9, S10).

Interestingly, the prescribed SSTs do not necessarily improve the simulated response in the TRWS (Fig. 4). Although the
spread is reduced in most cases, the response is typically too weak in the Pacific (Fig. 4a,b) and too strong in the Atlantic (Fig.
4c,d), though some improvement appears in the SST-forced version of IFS versus the coupled (Fig. S11). There is also no
clear benefit from the constrained SST on the late-winter signal in the North Atlantic (Fig. 6d, Fig. S9), at higher latitudes
(Fig. 7d, Fig. S10) and in the polar vortex (Fig. 6b, Fig. S9).

When comparing the performance of IFS-HR to the IFS-LR ensemble, it is hard to spot any systematic improvement. In most
cases, the high-resolution member is found within the range of the low-resolution ensemble, indicating that any difference
could simply arise from internal variability. One exception is the early-winter response in the North Atlantic: at upper-levels
(Fig. 6¢), IFS-HR (red cross) is slightly outside the IFS-LR range (blue dots), and similarly at surface, where it is the closest
member to ERAS (Fig. 9b). The other case in which the high-resolution member is distinctively outside the low-resolution
ensemble is the late-winter response at high latitudes, but for the worse, since it is far too west (Fig. 7d). On the other hand, it

is similar in terms of amplitude, since all the EERIE members tend to overestimate it.
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5. Summary and Discussion

Do eddy-rich models simulate better ENSO teleconnections? This is the question we have been trying to answer by examining
three novel coupled systems developed within the EERIE project. According to our diagnostics, which have been designed to
encapsulate different aspects of the atmospheric ENSO teleconnections, there is no clear evidence for a systematic
improvement with respect to existing, non-eddy-rich simulations run with similar protocol.

Increasing the horizontal resolution in the ocean has been shown to improve known biases in the mean tropical SST and the
ENSO tongue, which can in turn positively impact the representation of convection and precipitation associated with ENSO
(e.g. Liu B. et al., 2022; Williams et al., 2024). This is not evident in the EERIE coupled models, which do not fully capture
the observed tropical response and in fact perform worse than most HighResMIP members (Fig. 10, columns 1 and 2). Other
configurations of the EERIE models are known to be affected by biases and errors in this region (e.g. Ddscher et al., 2022;

Roberts M. et al. 2019), which are likely inherited in this set up, without considerable improvement from the resolution.

EERIE coupled models ranking (amplitude)

Tropics TRWS Wave Train Vortex

IFS-FESOM wic) H
IFS-NEMO [ei! .

3 4 6 7 8 9 10 11 12
vel. pot prec W-Pac Tr-Pac TrAtI W-Atl N-Pac N-Atl N-Pac H-lats N-Atl PV
1

Early Winter Late Winter

HadGEM
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34

Figure 10: Summary of the ranking for the EERIE models based on the amplitude, for each metric. Columns 1-2: tropical response
in the velocity potential and precipitation, see Sect. 3.1. Columns 3-6: TRWS, see Sect. 3.2. Columns 7-11: extra-tropical 200-hPa
geopotential height, see Sect. 3.3. Column 12: stratospheric polar vortex, see Sect. 3.4. Red indicates that the EERIE models are
worse than most HighResMIP members (lower tercile), green that they are better (upper tercile), grey that they are average.

Though the EERIE models rarely surpass HighResMIP, it is interesting that their relative performance improves in the other
metrics linked to the amplitude. Despite the rather poor results in the tropics, they are average or better than HighResMIP in
the TRWS (Fig. 10, columns 3-6). An inadequate representation of the tropical upper-level response could thus be mitigated
by the interaction with the climatological vorticity. However, this is potentially related to biases in the wind climatology (Fig.
S12) and thus a “good” TRWS is not necessarily linked to a realistic representation of all the processes at play.

Further improvement is observed in the extra-tropics in late winter, where the EERIE models are typically in the upper part of

the ranking, though not consistently through all the metrics (Fig. 10, columns 9-12). This concerns again only the metrics
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related to the amplitude, while the location remains challenging (Fig. S5). This improvement further suggests that the adequate
simulation of extra-tropical ENSO teleconnections entails more than the tropical response alone. The possible impact of high
resolution could act downstream in the teleconnection, for instance by modulating the basic state, the waveguides and thus the
wave train propagation (e.g. Dawson et al., 2011; Sabatani et al., 2025), potentially enhancing the representation of late-winter
signals.

In contrast, early winter continues to be problematic in the EERIE coupled models: though not worse than HighResMIP (Fig.
10, columns 7-8), they are far from capturing the observed patterns, especially in the North Atlantic. This is a common bias in
climate models, whose causes are argued (e.g. Ayarzagiiena et al., 2018; Molteni et al., 2020). The mechanisms driving the
early-winter ENSO teleconnection to the North Atlantic are still debated in the first place, and other basins like the Indian and
Atlantic Ocean have been suggested to contribute to this response (e.g. Abid et al., 2021; Molteni and Brookshaw, 2023).
Possible benefits from the increased resolution might be outweighed by biases in these basins, which remain substantial in the
EERIE models (Strommen et al. 2025).

Indeed, the atmosphere-only simulations confirm that prescribing the global SSTs improves the representation of the early-
winter teleconnection. Instead, the impact is less clear in the TRWS and in the extra-tropics in late winter, supporting the
hypothesis that different mechanisms — and basins — are at play in the two seasons. The early-winter surface teleconnection in
the North Atlantic is also the only indication of a better performance of the high-resolution member. Apart from that, the AMIP
runs do not provide any evidence for a more accurate representation of the ENSO teleconnections in the configuration with
increased horizontal resolution in the atmosphere. Nevertheless, we emphasize that a finer atmospheric resolution may be
beneficial when further changes are incorporated, such as reducing the use of parameterization schemes (e.g. for convection).
This is not the focus of the experiments examined here but is an ongoing effort that will require further investigation (Segura
et al., 2025). We also note that the AMIP runs are affected by the limited, identical sample of ENSO events, which could
impact the regression estimates.

We acknowledge that our metrics present some limitations. For instance, we have selected the precipitation maximum and
velocity potential minimum to encapsulate the tropical response, which indicate a poor performance of the EERIE models.
However, we assess the anomalous TRWS on several regions that involve also the large-scale adjustments over the Maritime
continent and South America. We also use different methods for different seasons and fields and generally favour simplicity
— for instance by using area averages — over precision. More broadly, it is obviously not possible to capture all the mechanisms
at play with this restricted number of metrics. Though we consider that these metrics are valid to assess the (lack of) systematic
improvement in the EERIE models, other diagnostics are needed to further disentangle the chain of processes, which is beyond
our scope.

Finally, our results highlight once again the predominant role of internal variability. This emerged in the 10-member ensemble
of AMIP runs, in the limited statistical significance of the spatial patterns in the coupled models, and even in the differences
between ERAS-hist and ERAS5-rec (though non-stationarity in the teleconnection could also contribute, e.g. Rodriguez-Fonseca

et al., 2016). The issue of sampling in assessing ENSO teleconnections is a debated topic (e.g. Deser et al., 2017) and more
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members from the eddy-rich models would be needed for a more comprehensive assessment: Molteni et al. (2020) suggest at
least 5-10 members, which is obviously challenging at these resolutions. Favouring bigger samples is also the rationale for our
choice to not distinguish between El Niflo and La Nifia, though we acknowledge that the impacts from the increased resolution
may be more evident in one of the two phases (e.g. Williams et al., 2025).

Within all the limitations detailed above, this first ever assessment of eddy-rich coupled multi-decadal simulations, with ~10
km grid spacing in both ocean and atmosphere, provides mixed results for ENSO teleconnection fidelity compared to previous
generation eddy-permitting models. Similarly, atmosphere-only companion experiments also show limited improvements from

purely increasing the atmospheric resolution from ~30 to ~10 km.
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Code and data availability
All EERIE simulation outputs are publicly accessible at https://eerie.cloud.dkrz.de. The Phase 1 simulations used in this study

are also available via the Earth System Grid Federation (ESGF; https://esgf-metagrid.cloud.dkrz.de/) and the Centre for

Environmental Data Analysis (CEDA) archive (https://archive.ceda.ac.uk/), as explained in Wickramage et al. (2025). The
IFS-FESOM outputs are also published in the World Data Center for Climate (Ghosh et al. 2025). The HighResMIP data can
be accessed via ESGF and the CEDA archive.

The ERAS5 data can be downloaded from the Copernicus Climate Data Store at https://doi.org/10.24381/cds.f17050d7 (single
levels) and https://doi.org/10.24381/cds.bd0915¢c6 (pressure levels).

The velocity potential and TRWS have been computing using the Windspharm Python package (Dawson, 2016).
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