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Internal variability of the winter North
Atlantic Oscillation longitudinal
displacements
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The winter North Atlantic Oscillation (NAO), one of the leading modes of atmospheric variability in the
Northern Hemisphere and key driver of surface climate anomalies, was long considered to be spatially
stable. Yet, its northern center-of-action – the Icelandic Low (IL) – shifted eastward in the late 1970s
compared to the preceding decades of the mid-20th century. The responsible processes are still
uncertain, particularly after the decline of the positive NAO trend in the 21st century. Here, we present
observational and model evidence that the NAO-IL moves naturally alternating between two
preferential locations, west/east of Iceland, with no need for changes in anthropogenic forcing or low-
frequency oceanic variability. These recurrent longitudinal displacements of the NAO pattern appear
linked to zonal changes in the fluctuations (notmean-state) of transient-eddy activity, emphasizing the
relevance of internal atmospheric variability, and could represent a major source of uncertainty in
regional climate prediction and projection.

The North Atlantic Oscillation (NAO) is the dominant mode of atmo-
spheric variability in the Euro-Atlantic sector, particularly during winter
when it can explain up to 50% of the sea level pressure (SLP) variance. It is
classically described as a meridional seesaw of SLP anomalies between the
subpolar Icelandic Low (IL) and the subtropical Azores High (AH)1,2. In its
positive phase, both centers-of-action are reinforced, and thewesterlywinds
are intensified; the storm-track is displaced poleward bringing warmer air
and more precipitation over north-western Europe, whereas relatively
colder and drier conditions prevail over southern Europe. Variability of the
latitudinal position and strength of theNorthAtlantic jet are reflected in the
signature of the NAO pattern3; which is an eddy-driven atmospheric phe-
nomenon maintained by synoptic activity4,5, emerging prominently at a
wide range of timescales, from daily to multi-decadal6–9. The NAO has a
substantial impact on surface climate of the surrounding continents as well
as on the occurrence of extreme weather events downstream10,11. Gaining
insight into the nature of the NAO variability is essential to improve its
predictability, and thus mitigate its potential impacts on water resources,
public health and ecosystems12–15.

Although the NAO is probably one of the most studied modes of
climate variability, the understanding of its dynamics and spatio-temporal
characteristics is still far from complete. It is quite common to discuss the
NAO signal assuming that the spatial pattern of both centers-of-action
remains steady. However, it has been shown that the IL and AH experience
notable changes in their position through time16–21. Hilmer and Jung16 first
evidenced an eastward shift of the northern lobe (IL) by analysing the link

between the winterNAO andArctic sea-ice export through the Fram Strait.
They found that its correlation was only significant during the period
1978−1997, as opposed to 1958−1977, when the northern center of the
NAO moved eastward carrying anomalous northerly wind through the
Fram Strait. Further, a coherent picture in variability coincident with the
NAO eastward shift was found in other variables such as surface tem-
peratureoverEurope andSiberia aswell as in the storm-trackover theNorth
AtlanticOcean and the Baltic Sea22–24. The zonal shift in the northern lobe of
the NAO has also been proved to have an important effect on precipitation
over Europe25,26 and even remotely, over High Mountain Asia27.

Different hypotheses have been proposed to explain the cause of the
longitudinal displacements in the NAO pattern. On the one hand, it has
been argued that the eastward shift may have been associated with
increasing greenhouse gas (GHG) forcing and the related sea surface tem-
perature (SST) warming28,29, implying a possible link to anthropogenic cli-
mate change during the last decades of the 20th century. In line with this
argument, Peterson et al.30,31 proposed that the eastern (western) position of
the IL was related to non-linear dynamics of a positive (negative) NAO
phase, thereby the observed eastward shift reported by Hilmer and Jung16

was a consequence of the observed trend towards a positive NAO index by
the end of the 20th century. A similar hypothesis but analysing Rossbywave
breaking and Greenland blocking was proposed by Wang and
Magnusdottir32 andDavini et al.33, respectively. However, it is now accepted
that the trend in the NAO index weakened and even reversed at the
beginning of the 21st century, besides an enhanced GHG forcing and a

Group of Meteorology, Universitat de Barcelona, Barcelona, Spain. e-mail: m.santolaria-otin@meteo.ub.edu

npj Climate and Atmospheric Science |           (2024) 7:291 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-024-00842-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-024-00842-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-024-00842-8&domain=pdf
http://orcid.org/0000-0002-9232-5245
http://orcid.org/0000-0002-9232-5245
http://orcid.org/0000-0002-9232-5245
http://orcid.org/0000-0002-9232-5245
http://orcid.org/0000-0002-9232-5245
http://orcid.org/0000-0003-3913-0876
http://orcid.org/0000-0003-3913-0876
http://orcid.org/0000-0003-3913-0876
http://orcid.org/0000-0003-3913-0876
http://orcid.org/0000-0003-3913-0876
mailto:m.santolaria-otin@meteo.ub.edu
www.nature.com/npjclimatsci


stronger global warming34; thus, apparently limiting the causal relationship
between the phenomena.

On the other hand, Börgel et al.35, using a multi-centennial paleocli-
mate simulation, have suggested that the zonal changes in the position of
both NAO centers-of-action can be associated with internal oceanic low-
frequency variability, namely the AtlanticMultidecadal Oscillation (AMO):
during a positive phase of the AMO, the IL is displaced towards the east and
the AH towards the west; conversely for a negative AMO phase. Yet, the
correspondencewith the observational record is unlikely, since the eastward
shift of the NAO reported during 1978−1997 applied mainly to the
northern center-of-action16 and coincided with three decades of nega-
tive AMO36.

Until present, a comprehensive explanation for the longitudinal dis-
placements of the NAO pattern remains elusive and the potential role of
internal atmospheric variability has yet to be thoroughly investigated. To
address this point and revisit previous results, we make use of two 500-year
climate simulations performed with EC-EARTH 3.3 (CMIP6 version) and
fixed radiative forcing at present-day conditions [year 2000], in atmosphere-
only (ATM-ONLY) and coupled ocean-atmosphere (COUPLED) config-
urations (see Methods). Model data is compared with long-term reanalysis
data, namely NOAA20CR and ERA 20CR. Specifically, we characterize the

longitudinal displacements of the IL and examine the processes that could
be responsible for them. We show that these eastward/westward shifts are
common occurrences and might not require anthropogenic or oceanic
forcing but arise from internal atmospheric variability. In particular, our
results suggest that these longitudinal displacements are primarily due to
zonal changes in variability, rather than climatology, of the regional eddy-
driven circulation.

Results
Longitudinal displacements of the Icelandic Low (IL)
To characterize the zonal shifts in the northern lobe of the winter NAO, 30-
year running EOFs of detrended SLP anomalies over the North Atlantic-
European (NAE) region are computed in both reanalysis and model
simulations. For each NAO pattern, the IL location is identified as the
anomalous SLP minimum over the northern center-of-action (Fig. 1a).
Different running windows (20- and 40-year) have been tested and the
results are not sensitive to such parameter (see Methods).

The observed and simulated positions of the IL reveal two preferred
regions: the ‘western’ cluster, with IL locations mainly concentrated south-
east of Greenland and west of Iceland; and the ‘eastern’ cluster, displaying a
more dispersed distribution east of Iceland. Interestingly, a general feature is

Fig. 1 | Observed and simulated NAO-IL displacements. a Position of the SLP
minimum in the northern lobe of the 30-year running first EOF of winter SLP
anomalies over the NAE region (20∘N-90∘N, 90∘W-40∘E), which corresponds to the
spatial variability of the Icelandic Low embedded in theNAOpattern. bLongitude of

the SLP minimum in those 30-year running NAO patterns in NOAA 20CR (green),
COUPLED (red) and ATM-ONLY (blue); IL locations outside the NAE region, i.e.,
longitudes > 40∘E, are not considered. Different datasets are indicated with different
colors and symbols, as described in the legend.
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that thedistinct positionsof the IL aredistributed over a transversal pathway
from the south of Greenland to Svalbard, corresponding to the subpolar
low-pressure belt north of the storm-track37. Figure 1b shows the time
evolution of the IL longitude from1900 to 2010 inNOAA20CR (green) and
through the 500 years of simulation in COUPLED (red) and ATM-ONLY
(blue). We first focus on reanalysis (Fig. 1b; green line), where the IL is
located east of Iceland and at around 20∘E during the last three decades. As
time goes back, the ILmoved to thewest until reaching values of about 35∘W
in the 1950s−1960s. This zonal shift is in agreementwithHilmer and Jung16

who found that the northern lobe of the NAO was displaced eastward
during 1978−1997 as compared to 1958−1977.Most subsequent studies on
the topic (see Introduction) used the same periods asHilmer and Jung16, i.e.,
considering only the second half of the 20th century. Nevertheless, going
further backward in time, when anthropogenic forcing was not that severe,
the IL was located again east of Iceland at around 0∘E in the 1930s−1940s
and 10∘E at the beginning of the 20th century, displaying similar values as in
the 1970s−1980s.

Linked to the hypothesis of the role played by increasing GHG
forcing28,29 on the eastward shift reported by Hilmer and Jung16, other stu-
dies proposed that the displacement of the IL was associated with the trend
towards a positive NAO, and its nonlinear dynamics, that took place during
those decades supposedly related to anthropogenic forcing30,31. However,
later itwas shown that suchapparent trend in theNAOwasnotdue to global
warming but probably to internal variability34. Consistent with this latter
interpretation, it isworthnoting thatwhile theNAOreversed its trend at the
beginning of the 21st century and has been oscillating since then, the IL
remains in an eastern location since the 1980s (Fig. 1a, b)38. Comparing the
time evolution of the IL longitude with the NAO index during the entire
observational record, it indeed suggests that there is no clear link between
both features (SupplementaryFig. 1a); besides, the correlationbetweenthese
time-series is incoherent in time, which indicates an issue of sampling
uncertainty.

In order to overcome the sampling limitation in observational datasets
and comprehensively assess low-frequency variability in the NAO

Fig. 2 | Spatial pattern of the NAO-IL displacements. Composite of 30-year
running first EOF for western (wNAO; left column) and eastern (eNAO; right
column) NAO patterns based on the lower and upper terciles of the Icelandic Low
longitude (see text for details): NOAA 20CR (top), COUPLED (middle) and ATM-
ONLY (bottom). Hatched areas indicate positive (+) and negative (−) statistically

significant differences in SLP variability between eNAO and wNAO composites
using a Montecarlo test. Green stars indicate the minimum and maximun SLP
anomaly of each composite for the northern (Icelandic Low) and southern (Azores
High) lobe, respectively.
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characteristics, 500-year longmodel experiments have beenperformedwith
EC-EARTH (see Methods), which properly simulates the NAO39,40. Both
experiments have the radiative forcing fixed at present-day conditions, to
isolate internally-generated variability from the time-increasing GHG-
forced signal. On the other hand, the comparison between COUPLED and
ATM-ONLY, the latter with prescribed climatological SSTs, allows
addressing the role played by oceanic variability and that internal to the
atmosphere.

EC-EARTHrealistically simulates the spatial distribution of the IL into
western and eastern clusters (Fig. 1a), being both COUPLED and ATM-
ONLYalmost indistinguishable fromreanalysis. The good representationof
the NAO pattern and its zonal displacements, particularly of the northern
lobe, is confirmedby the time evolutionof the IL longitude (Fig. 1b). In both,
COUPLED (red) and ATM-ONLY (blue), the IL positions generally fall
within the range of the observed IL changes (35∘W−25∘E; gray shading) and
display similar transitions between western and eastern locations.

Lastly, the time evolution of the fraction of variance explained by the
NAOhas also been investigated (Supplementary Fig. 3), where EC-EARTH,

both COUPLED and ATM-ONLY, captures well the range of values in
reanalysis (35−55%). The fraction of explained variance and the position of
the IL appear to be uncorrelated, implying that the longitudinal displace-
ments of the NAO-IL are independent of the dominance of the NAO
pattern in the NAE region.

Western and Eastern NAO composites
The results so far suggest that zonal shifts in theNAO-IL, as theone reported
at the end of the 20th century, are recurrent in the climate system and can
occur with no need for changes in radiative forcing and/or oceanic varia-
bility. We further characterize the preferential locations of the IL by ana-
lysing the NAO pattern itself (Fig. 2), computing western (wNAO) and
eastern (eNAO) NAO composites based on the lower and upper terciles of
the IL longitude, respectively (see Methods).

There is a good agreement between reanalysis (Fig. 2a, b) and model
simulations (Fig. 2c−f) in terms of amplitude of SLP anomalies as well as in
the position of the northern and southern centers-of-action in the NAO
composites. Consistent with Hilmer and Jung16 and Fig. 1a, the IL position

Fig. 3 | Spatial pattern of upper-tropospheric zonal wind in the NAO-IL dis-
placements. Composite of 30-year running climatology (contours, ci: 5 m/s) and
standard deviation (shading) of zonal wind at 300 hPa based on the lower (wNAO;
left column) and upper (eNAO; right column) terciles of the Icelandic Low longitude

(see text for details): NOAA 20CR (top), COUPLED (middle) and ATM-ONLY
(bottom). Hatched areas indicate positive (+) and negative (−) statistically sig-
nificant differences in zonal-wind variability (shading) between eNAO and wNAO
composites using a Montecarlo test.
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in eNAO (Fig. 2-right) displays not only a zonal shift but also a latitudinal
shift towards the north compared towNAO(Fig. 2-left).Noticeably, theAH
is almost in the same position for thewestern and easternNAOcomposites,
pointing out that longitudinal displacements in the northern lobe do not
necessarily go in tandemwith those in the southern lobe. Indeed, composites
basedon theAH longitude show that there is no consistent distinction in the
associated NAO pattern with regard to IL locations (Supplementary Fig. 4).
Previous studies have suggested that the sensitivity of NAO-IL to zonal
displacements is stronger than of NAO-AH38,41.

In order to explore processes underlying the longitudinal displace-
ments of the IL, several composites of climatology and standard deviation
[variability] based on the wNAO/eNAO 30-year periods have been com-
puted. We first analyse SLP. Changes in the composite climatology of SLP
between eNAOandwNAOare incoherent among datasets (Supplementary
Fig. 5); also, the resulting difference pattern in reanalysis depicts a wNAO
signature, inconsistent with the eNAO-wNAO composite, and a positive

NAO phase, probably a residual of the apparent trend during the 20th
century, pointing at a consequence of sampling uncertainty42. In contrast,
changes in the composite standard deviation of SLP show a coherent and
significant pattern in reanalysis and model simulations, displaying an
increase in SLP variability over the eastern part of the NAE region, parti-
cularly east of Iceland, and a decrease over thewestern part (Supplementary
Fig. 6; hatching inFig. 2).Note also changes in amplitude and tilting over the
easternmid-latitudes, although they do not translate into changes of theAH
position, as discussed above.Hence, these results indicate that zonal shifts of
the IL project on changes in SLP variability and not in SLP climatology,
which is consistentwith thenature of theNAObeing amodeof atmospheric
variability.

NAO dynamics
The NAO can be considered as the integrator or main manifestation of
latitudinal wobbling in the North Atlantic eddy-driven jet8,43. We now

Fig. 4 | Transient-eddy activity in the NAO-IL displacements. Composite of 30-
year running climatology (contours, ci: 5 (m/s)2) and standard deviation (shading) of
eddy momentum flux, u'v', at 300 hPa based on the lower (wNAO; left column) and
upper (eNAO; right column) terciles of the Icelandic Low longitude (see text for

details). Hatched areas indicate positive (+) and negative (−) statistically significant
differences in eddy momentum flux variability between eNAO and wNAO com-
posites using a Montecarlo test.
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investigate changes in upper-tropospheric zonal wind [300 hPa; U300]
according to wNAO/eNAO composites (Fig. 3).

EC-EARTH correctly simulates the climatology of the jet in terms of
location and magnitude (Fig. 3, contours), displaying a maximum over the
East Coast of North America that elongates north-eastward across the
North Atlantic Ocean. Changes in the composite climatology of U300 were
again incoherent among datasets (not shown). Variability of the jet is also
well captured by themodel (Fig. 3, shading), yielding the observed dipole of
standard deviation at both sides of the jet; although in ATM-ONLY the
dipole is less evident, with a stronger (weaker) signal to the north (south),
probably due to the experimental setup lacking air-sea interaction andusing
observed SSTs, not simulated SSTs (see Methods). Even so, changes in the
composite standard deviation of U300 between eNAO and wNAO are
remarkably consistent among datasets and statistically significant, showing
an increase of variability in the exit regionof the jet andadecrease in the core
region. That these difference patterns project on a zonal shift of the varia-
bility dipole, which is tightly related to meridional variations of the eddy-
driven jet and storm-track1,43, indicate that the longitudinal displacements of
the NAO-IL are associated with NAO dynamics at interannual-to-decadal
timescales not at multi-decadal38,41,44.

The connection with changes in the stratospheric circulation has also
been analysed (Supplementary Fig. 8). There appears to be no clear link
between the wNAO/eNAO composites and troposphere-stratosphere cou-
pling in reanalysis, whilemodel simulations showno coherent changes, with
COUPLED depicting a particularly weak signal. NOAA 20CR and ATM-
ONLYdisplay adecrease in variability of thepolar vortex [10 hPa, 60∘N45] for
eNAO as compared to wNAO, which is inconsistent with the increase in
variability of the zonal wind at 300 hPa (Fig. 3). These results suggest that
zonal shifts of the IL rely mainly on processes of tropospheric circulation.

Finally, we evaluate composites of transient-eddy momentum flux
(u’v’) in the upper troposphere6 (see Methods), since it is a key eddy diag-
nostic to characterize NAO dynamics, being fundamental for acceleration/
deceleration as well as meridional migrations of the jet46–48. Figure 4 shows
the wNAO/eNAO composites of u’v’ climatology (contours) and standard
deviation (shading), where both model experiments properly simulate the
observed signals. In particular, the climatological pattern displays positive
values at middle latitudes (northward transport of westerly momentum)
and negative values at subpolar latitudes (southward transport of westerly
momentum), whose convergence leads to the North Atlantic eddy-driven
jet3,48 (Fig. 3, contours). The variability pattern ismaximumalong this line of
convergence, which is interpreted as variations in the eddy forcing of the
mean flow. Again, changes in the composite climatology were incoherent
among datasets (not shown), in agreement with the changes reported above
in SLP and U300 climatology. On the contrary, changes in the composite
standard deviation of u’v’ between eNAO andwNAOare consistent among
datasets and statistically significant, showing an increase of variability over
the exit region of the jet that tilts north-eastward. Thereby, the longitudinal
displacements of the NAO-IL appear to be associated with NAO dynamics
at interannual-decadal timescales and mediated by transient-eddy activity.

Discussion
In the wake of Hilmer and Jung’s16 seminal work evidencing an eastward
shift of the winter NAO-IL during the second half of the 20th century,
several studies interpreted this shift as a (potential) new spatial regime for
the winter NAO, likely related to a concomitant trend towards a positive
NAO phase attributable to anthropogenic forcing and related ocean
warming28,29,31. However, our results, using long-term reanalysis data
spanning the entire 20th century to 2010 (NOAA 20CR and ERA 20CR),
reveal that the reported eastward shift of the Icelandic Low is not a one-time
event. Indeed, they show that such NAO-IL longitudinal displacements are
recurrent and can be categorized into two distinct clusters: ‘western’ and
‘eastern’ NAO patterns, corresponding to IL locations west and east of
Iceland, respectively. Even so, theobservational recordmightbe limited as to
properly assess some NAO characteristics42; hence, we have also used long
model simulations (500 years) with fixed radiative forcing at present-day

conditions, namely coupled and atmosphere-only. With this experimental
setup and the consistency across datasets, our findings suggest that these
recurrent ‘western’ and ‘eastern’NAO clusters are primarily determined by
internal atmospheric variability.

The NAO-IL longitudinal displacements are not casual but causal, as
they take place along the North Atlantic subpolar low-pressure belt. Like-
wise, the variability of the North Atlantic eddy-driven jet and storm-track
manifest as latitudinal migrations in both NAO clusters but with a dis-
tinctive zonal shift, which implies a central role played by intrinsic NAO-
related atmospheric dynamics at interannual-to-decadal timescales44.
Diagnostics for the reported eastward shift16 such as wave breaking32,
blocking33, non-linearity30,31, and strength49 andmeridional excursion of the
westerly wind38,41 are consistent with the positive trend of the NAO index at
the time, but cannot easily explain the ‘western’ and ‘eastern’ clusters
because they are based on the NAO phase and not on the NAO spatial
pattern itself (including both NAO+/NAO–). Our results are in agreement
with previous studies showing that zonal changes of themean flow (SLP) in
terms of standard deviation, not climatology, are reflected into zonal
changes of theNAOpattern, particularly thenorthern lobe17,50. They are also
aligned with those pointing at a key role played by internal atmospheric
variability via zonal shifts of transient-eddy activity38,41.

While the ultimate mechanism of the recurrent NAO-IL longitudinal
displacements is not clear, i.e.,why systematicallywestor east of Iceland, and
an additional effect of anthropogenic forcing cannot be discarded28, the
environmental impacts of NAO spatial variations in future climate can be
very relevant.According toour results, internal variability could affect Euro-
Atlantic near-term climate predictions/projections not only associated with
the NAO polarity42 but also with the NAO-Icelandic Low cluster.

Methods
Reanalysis and model data
The NOAA-CIRES 20th Century Reanalysis version 2c (NOAA 20CR51)
has been used on the original 2∘ × 2∘ longitude-latitude resolution; T62
Gaussian grid [192 × 94]. The temporal coverage spans from 1900 to 2010,
to match with the ECMWF 20th Century Reanalysis (ERA 20CR52; T159
[320 × 160]) and, thus, assess observational uncertainty. The results using
both reanalyses are almost identical; so that, we only report those from
NOAA 20CR, although they are collectively referred to as ‘reanalysis’ in the
text, unless otherwise specified. We use monthly data for sea level pressure
and zonal wind at 300 hPa, and daily data for zonal andmeridional wind to
compute transient-eddy diagnostics (see below).

Two 500-year climate simulations, after spin-up, performed with EC-
EARTH 3.3 (CMIP6 version40) at a horizontal resolution of 0.7∘ × 0. 7∘

longitude-latitude [T255; 512 × 256] and 91 vertical levels [top 0.01 hPa]
have been performed and analysed. Coupled ocean-atmosphere (COU-
PLED)andatmosphere-only (ATM-ONLY) configurationshavebeenused.
To partially separate results from the model framework and for ease of
comparison, observational SSTs were employed in the latter, which is based
on the setup of SPARC-QBOi’s “Experiment 2"53: time-slice simulationwith
prescribed, repeated seasonal cycle for SST and sea ice concentration (SIC)
whose climatology is computed over 1988−2007, and fixed radiative for-
cing, aerosols and chemical constituents (including ozone) at year 2000,
which is well removed from any explosive volcanic eruption and is repre-
sentative of present-day conditions. Hence, there is no interannual varia-
bility or secular change in the applied forcings. Both boundary conditions
and radiative forcing/atmospheric compositionwere taken from theCMIP6
input dataset. The model performance in 100 years of ATM-ONLY is
reported in Palmeiro et al.54. On the other hand, the coupled simulation
started from a historical run and kept radiative forcing/atmospheric com-
position fixed as in ATM-ONLY. The model performance in 250 years of
COUPLED is reported in Volpi et al.55.

NAO pattern and index
Empirical orthogonal function (EOF56) analysis is used to define the
NAO index as the leading principal component (PC1), namely
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standardized time series, corresponding to the leading mode (EOF1)
of winter SLP anomalies in the North Atlantic-European region
(NAE1: 20∘N-90∘N, 90∘W-40∘E). We compute 30-year running EOFs
from 1900 to 2010 in reanalysis and over the 500 years of simulation
in COUPLED and ATM-ONLY. Note that different running windows
(20-, 30- and 40-year) have been tested and the results are very
similar. A 30-year period was chosen for reporting inspired by the
World Meteorological Organization (WMO) standard for climato-
logical normals. Since the main focus of this study is on the long-
itudinal displacements of the northern lobe of the NAO, we set all
NAO patterns (EOF1s) to be in its positive phase. All anomalies were
quadratically detrended before analysis.

Western and Eastern NAO composites
The Icelandic Low (IL) location is identified as the anomalous SLP
minimum over the northern center-of-action in each running EOF.
Composites of western and eastern NAO patterns are based on the lower
and upper terciles, respectively, of the probability density function of the
IL longitude (Fig. 1); namely, considering longitudes further west (east)
than the lower (upper) tercile for wNAO (eNAO). Note that in ATM-
ONLY, this criterion wasmodified for the western composite (wNAO) by
considering also longitudes equal to the lower tercile, in order to retain
more sampling, since there were several IL locations at that value. To
assess statistical significance in the difference of composite climatology
and standard deviation between eNAO and wNAO, we perform a Monte
Carlo test based on 100 iterations. It consists in generating a probability
density function to compute the significance level (p-value) which cor-
responds to the number of randomized values that exceed the actual value
being tested57. To do so, we randomly generate wNAO/eNAO composites
by creating 30-year periods by shuffling winters over the whole period
(1900−2010 in reanalysis; 500 years in model simulations) with
replacement.

Transient-eddy activity
Transient-eddy diagnostics are computed using daily data at 300 hPa.
Zonal (u) and meridional (v) wind are employed to analyse eddy-mean
flow interaction through the eddy momentum flux [u’v’] and eddy
kinetic energy [EKE=0.5(u’u’+v’v’)], where the time-mean covariances
have been computed from filtered daily data using a 24-h difference
filter37,58. Results for eddy momentum flux and EKE are similar, so only
the former is reported here. Accidentally, daily data from the EC-
EARTH simulations were only available at 500 hPa and 100 hPa; so that,
we compute 300-hPa u’v’ as the average of eddy momentum flux
between both pressure levels. We have tested this approach with rea-
nalysis data and the same spatial patterns were obtained, albeit with
slightly different magnitude. Likewise, computing first the averaged
wind components (u’, v’) and then the eddy covariance provides similar
values.

Data availability
Reanalysis data used in this study can be retrieved from publicly available
repositories:

• NOAA-CIRES 20th Century Reanalysis V2c51: https://psl.noaa.gov/
data/gridded/data.20thC_ReanV2c.html

• ECMWF Reanalysis of the 20th Century (ERA-20C)52: https://www.
ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-20th-century

EC-EARTH simulations can be provided upon reasonable request.

Code availability
The source codes used in this study are available from the corresponding
author upon request.
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