'.) Check for updates

International Journal of Climatology International Journal

RMetsS

of Climatology

| RESEARCH ARTICLE CEIEED

Beyond the NAO: The East Atlantic Pattern’'s Role in Early
20th-Century Meteorological Droughts in Western Europe

A. Halifa-Marin'? | M. A. Torres-Vazquez3
P. Jiménez-Guerrero® | J. P. Montavez®

| R. Trigo*® | S. M. Vicente-Serrano? 2 | M. Turco®® |

nstituto Pirenaico de Ecologia, Consejo Superior de Investigaciones Cientificas (IPE-CSIC), Zaragoza, Spain | 2Laboratorio de Climatologia y Servicios
Climaticos (LCSC), CSIC-Universidad de Zaragoza, Zaragoza, Spain | *Environmental Remote Sensing Research Group, Department of Geology,
Geography and Environment, Universidad de Alcald, Alcala de Henares, Spain | “Instituto Dom Luiz, Faculdade de Ciéncias, Universidade de Lisboa,
Lisboa, Portugal | SRegional Atmospheric Modelling Group, Regional Campus of International Excellence Campus Mare Nostrum, University of Murcia,
Murcia, Spain

Correspondence: A. Halifa-Marin (amar.halifa@ipe.csic.es)
Received: 27 March 2025 | Revised: 2 July 2025 | Accepted: 14 July 2025
Funding: This work was supported by European Regional Development Fund, Spanish Ministry of Science, Innovation and Universities.

Keywords: East Atlantic pattern | euro-Atlantic regimes | Iberian Peninsula | North Atlantic climate | ocean dynamics | precipitation

ABSTRACT

The North Atlantic Oscillation (NAO) and the East Atlantic (EA) pattern are the primary winter modes of large-scale atmos-
pheric variability in the North Atlantic. While EA is generally considered secondary to NAO, recent studies have reported that
during the early 20th century, EA was the leading mode of variability instead of NAO. This study builds on that finding to char-
acterise North Atlantic winter atmospheric circulation during this period. The early 20th century was marked by an intensified
Azores High coinciding with an extensive Icelandic Low (IL), which generated widespread negative SLP anomalies across the
North Atlantic. This configuration elevated EA's role as a primary modulator of precipitation in Western Europe. Focusing on the
Iberian Peninsula, we demonstrate that during this period, EA effectively captured precipitation variability both in the western
sector—typically influenced by NAO—and in the eastern sector, where neither NAO nor EA generally exerts significant control.
Our findings enhance the understanding of precipitation variability in this region and provide insights into the non-stationary
relationship between EA and NAO. Finally, this study suggests the importance of internal climate variability in shaping those
North Atlantic winter dynamics. Intense volcanic activity in the late 19th century likely contributed to ocean cooling and NAO
intensifying. However, the mechanisms behind the exceptionally strong IL (e.g., EA—) remain unclear. Despite remaining un-
certainties, advancing knowledge in this area will be crucial for improving medium-range weather prediction systems and long-
term climate projections.

1 | Introduction intensity and occurrence of the Greenland Blocking (GB) and
the Azores High (AH) (Davini et al. 2012; Hanna et al. 2016;

For decades, it has been known that winter climate variabil- Séez et al. 2025). Its positive phase (NAO+) strengthens the jet

ity in the North Atlantic and European regions is primarily
driven by the North Atlantic Oscillation (NAO) and the East
Atlantic (EA) pattern (Barnston and Livezey 1987). The NAO
reflects fluctuations in the meridional pressure gradient be-
tween the Azores and Iceland, which directly influences the

stream and shifts the storm track northward due to an anom-
alously intense AH and a weakened GB, leading to milder and
wetter winters in northern Europe and colder and drier con-
ditions in southern regions (Hurrell et al. 2003). This phase
is typically associated with increased westerly flow, which

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2025 The Author(s). International Journal of Climatology published by John Wiley & Sons Ltd on behalf of Royal Meteorological Society.

International Journal of Climatology, 2025; 0:e70045
https://doi.org/10.1002/joc.70045

1of 14


https://doi.org/10.1002/joc.70045
https://doi.org/10.1002/joc.70045
mailto:
https://orcid.org/0000-0001-8897-9337
https://orcid.org/0000-0002-4183-9852
https://orcid.org/0000-0003-2892-518X
https://orcid.org/0000-0001-8589-7459
https://orcid.org/0000-0002-3156-0671
https://orcid.org/0000-0001-6117-3528
mailto:amar.halifa@ipe.csic.es
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjoc.70045&domain=pdf&date_stamp=2025-07-23

enhances precipitation over northwestern Europe, particu-
larly in the British Isles and Scandinavia, while simultane-
ously causing arid conditions in the Mediterranean basin.
In contrast, the negative phase of the NAO (NAO-) induces
opposite synoptic patterns, albeit with some asymmetries.
During this phase, a weaker jet stream and a southward-
displaced storm track lead to drier and colder, more severe
winters across northern and central Europe, while southern
Europe, especially the Iberian Peninsula, often experiences
increased rainfall and storm activity, including heightened
risks of flooding in the Mediterranean (Hurrell et al. 2003;
Trigo et al. 2008).

The EA pattern is the second most significant mode of cli-
mate variability after the NAO (e.g., Trigo et al. 2008; Moore
et al. 2013). Its spatial characteristics remain debated, with
some studies describing it as a north-south dipole of pres-
sure anomalies and others as a monopole of sea-level pressure
(SLP) south of Iceland and west of Ireland (Comas-Bru and
Herndndez 2018; Cusinato et al. 2021). Despite these differ-
ences, the EA's primary centre of action consistently aligns
along the NAO's nodal line, frequently shifting the storm
track and jet stream southward. In its positive phase (EA+),
it is marked by a centre of higher-than-average anomalies
over Great Britain and the western European coasts (Trigo
et al. 2008; Comas-Bru and McDermott 2014), reflecting an
extension of the AH through the formation of an Atlantic
Ridge (AR) blocking pattern (Hochman et al. 2021). In the
EA- phase, the opposite SLP anomaly pattern leads to the de-
velopment of the Atlantic Trough (Hochman et al. 2021), an ex-
tended form of the Icelandic Low (IL) over much of the North
Atlantic. Consequently, the EA modulates storm tracks and
influences regional precipitation and temperature patterns in
Western Europe (Comas-Bru and Hernandez 2018; Cusinato
et al. 2021). Although its influence is generally weaker than
that of the NAO, it can still contribute to meteorological ex-
tremes on seasonal timescales (Thornton et al. 2023; Baker
et al. 2024).

The variability of NAO and EA, driven by complex interac-
tions between atmospheric and oceanic components, under-
scores its importance in both short-term weather prediction
and long-term climate projections (Cusinato et al. 2021;
Schurer et al. 2023; Baker et al. 2024; Gu et al. 2024; Smith
et al. 2025). Consequently, understanding its mechanisms and
long-term fluctuations remains a key focus of contemporary
climate research.

Research has already revealed substantial temporal and
spatial variability in the NAO (Vicente-Serrano and Ldpez-
Moreno 2008; Moore et al. 2013; Schurer et al. 2023), with
notable multidecadal and centennial fluctuations (Ortega
et al. 2015). These variations manifest as shifts in the latitude
and longitude of its action centres (Borgel et al. 2020; Tao
et al. 2023; Santolaria-Otin and Garcia-Serrano 2024), pro-
longed dominance of specific phases (Hernandez et al. 2020;
Séaez et al. 2025), or significant changes in explained variance
(EV) (Outten and Davy 2024).

In contrast, the spatiotemporal variability of the EA remains less
explored (Baker et al. 2024; Hernandez and Comas-Bru 2025).

Nevertheless, evidence suggests that the EA also undergoes
cycles of intensification and weakening (Moore et al. 2013;
Mellado-Cano et al. 2019) and, like the NAO, its relevance in
capturing regional climate variability fluctuates over time
(Outten and Davy 2024). Although often considered secondary,
it provides valuable insight into the non-stationary relation-
ship between the NAO and European climate (Comas-Bru and
McDermott 2014; Mellado-Cano et al. 2019; Hu et al. 2022).

Notably, Halifa-Marin et al. (2025) recently highlighted that the
EA was the primary mode of variability during the early 20th cen-
tury, underscoring its potential significance in shaping European
winter climates. This finding also presents critical challenges in
interpreting historical climate records for the North Atlantic and
European climate systems, as noted in the Intergovernmental
Panel on Climate Change (IPCC) Sixth Assessment Report (AR6)
(Eyringetal. 2021 and references therein). A deeper understanding
of the multidecadal behaviour of both the EA and NAO is crucial
for studies focused on the Northern Hemisphere climate, partic-
ularly in Western Europe (Comas-Bru and Hernandez 2018; Hu
et al. 2022; Simpson et al. 2024; Hernandez and Comas-Bru 2025).
In this region, these variability modes predominantly control win-
ter precipitation, which directly affects water resource availability
(Donegan et al. 2021; Rust et al. 2022; Lorenzo-Lacruz et al. 2022;
Sanchez-Garcia et al. 2022) and renewable energy production
(Cionni et al. 2022), with cascading impacts on ecological and eco-
nomic systems (e.g., Craig and Allan 2022; Georg et al. 2023).

Building on this evidence, this study examines winter precipita-
tion variability in Europe during the early 20th century, a period
when the EA emerged as the primary mode of variability, re-
vealing an unparalleled regional atmospheric circulation since
1871. How unique was the North Atlantic climate system during
this period? Did it significantly impact precipitation in Western
Europe? Was the increased influence of the EA evident in its tra-
ditionally influenced regions? Did it serve as a better indicator
of precipitation variability and affect a broader area? To address
these questions, this study aims to:

1. Characterise the differences in North Atlantic winter at-
mospheric circulation during the early 20th century com-
pared to other observed periods.

2. Analyse their impacts on precipitation variability in west-
ern Europe, particularly the Iberian Peninsula, where
NAO and EA exert significant influence on human and
natural systems.

2 | Data and Methods
2.1 | Data Sources

Monthly sea-level pressure (SLP), 850 hPa wind, and precip-
itation rate fields were obtained from the 20CRv3 reanalysis
(80-member ensemble; Slivinski et al. 2021) for the period
1871-2015. This dataset represents the most temporally ex-
tensive surface-input reanalysis, incorporating the highest-
quality SLP observations available and offering enhanced
spatial resolution (T254; 1°Xx1° grid) compared to other re-
analyses and observational datasets. This reanalysis product
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carries uncertainties related to the volume of assimilated
data, particularly during the 19th and early 20th centuries.
However, its ability to reproduce the tropospheric climate has
been validated through comparisons with other comparable
datasets (Slivinski et al. 2021; Halifa-Marin et al. 2025), and it
is widely used for analysing winter climate variability modes
in the North Atlantic region (Smith et al. 2025). Canonical
winter (December-February) averages and accumulations
were analysed for these variables.

Although 20CRv3 provides winter precipitation fields, this study
primarily relies on a European monthly precipitation dataset
compiled by Vicente Serrano et al. (2020), which includes 199
complete time series from 1871 to 2015. These series have un-
dergone quality control and homogenisation, offering a signifi-
cant number of observations across Western Europe during the
Industrial Era.

While the SLP field is used to identify the spatiotemporal vari-
ability of the NAO and the EA pattern (see Section 2.2), ob-
servational versions of both modes were also considered. The
station-based NAO index, based on winter SLP differences be-
tween Iceland and Gibraltar, is provided by CRU following Jones
et al. (1997) methods. Additionally, SLP anomalies from Valentia
(Ireland), provided by Comas-Bru and Hernandez (2018), have
been validated as an observational version of the EA index.

2.2 | Assessing the Influence of NAO and EA on
the European Climate

NAO and EA were defined as the first two Empirical Orthogonal
Functions (EOFs) using Singular Value Decomposition (SVD)
applied to spatially weighted (i.e., square root of the cosine of
latitude) detrended winter SLP anomalies. The SLP trend was re-
moved to prevent the propagation of undesirable forcing effects
inherent in 20CRv3, focusing on atmospheric dynamics vari-
ability. Anomalies were calculated by subtracting the full period
mean. The analysis covered the spatial domain 90°W-40°E,
20°N-80°N, as proposed by Hurrell et al. (2003). These lead-
ing climate variability modes were identified using the metR
R package (Campitelli 2021), which provided spatial patterns,
principal component (PC) time series, and EV. In this study, the
spatial patterns associated with EA and NAO were determined
by regressing SLP onto the corresponding PC.

To track NAO and EA variability over time, EOF analysis was
applied to overlapping 30-year windows from 1871-1900 to
1986-2015 (116 windows), following standard methodologies
for assessing multidecadal variability in climate modes (Tao
et al. 2023; Santolaria-Otin and Garcia-Serrano 2024; Simpson
et al. 2024). A 30-year scale was selected following the World
Meteorological Organisation (WMO) standard for climatologi-
cal normal and the typical timescale for defining North Atlantic
climate variability modes (e.g., Santolaria-Otin and Garcia-
Serrano 2024). However, the analysis was also replicated using
moving windows of 25 and 35years, shifted year by year, con-
sistently confirming the main findings of the study (Table S1).

For each window, the spatial patterns of the four leading modes
were compared with those computed for the full period (referred

to as canonical, 1871-2015) using Pearson correlation, after de-
trending the data. Spatial patterns were converted into time
series by treating adjacent grid points as sequential records. To
avoid biases from autocorrelation when testing correlation sig-
nificance, we applied the method proposed by Nufiez-Riboni
et al. (2023), based on the Artificial Skill Method. The relevance
of each variability mode is expressed in terms of the amount of
variance explained by its corresponding PC. To assess whether
the differences in explained variance between modes are sta-
tistically significant, we applied North's rule of thumb for EOF
separation (North et al. 1982).

This study, informed by the findings of Halifa-Marin
et al. (2025), focuses on the periods 1905-1934 and 1981-2010.
The former corresponds to an unusual period where EA is de-
tected as the leading mode of winter climate variability, while
the latter represents a period characterised by intense positive
NAO phases, which share this characteristic with the early 20th
century. This selection enables a comparative analysis to assess
the uniqueness of EA and NAO behaviour in the early 20th
century. Additionally, the latter period serves as a reference for
the late 20th-century NAO intensification, which has been ex-
tensively documented in the literature (Herndndez et al. 2020;
Smith et al. 2025).

To examine precipitation variations during the early 20th cen-
tury, changes in the influence of EA and NAO were analysed.
Correlations between detrended precipitation and these indices
were quantified using Pearson's method and assessed for signif-
icance (p<0.05) via t-test. To evaluate precipitation variations
under different phases of these climate modes, relative precipi-
tation changes were computed as the ratio of anomalies to their
mean (expressed as a percentage) for winters with NAO and EA
indices above the 70th or below the 30th percentile. By apply-
ing these thresholds, winters with near-neutral EA and NAO
phases were excluded. The significance of precipitation changes
was assessed using the Mann-Whitney test, which determines
whether two independent samples exhibit significantly different
distributions. As with the SVD/EOF analysis applied to 30-year
moving windows, statistical analyses of NAO-EA and precipita-
tion relationships were conducted using annually shifting win-
dows from 1871 to 1900 onward.

3 | Results and Discussion

3.1 | Singular North Atlantic Winter Climate
Variability During the Early 20th Century

The winter climate variability over the North Atlantic during
1905-1934 exhibited a state in which the EA pattern emerged as
the first mode of variability rather than the NAO, as is typically
assumed. Several indicators support this finding (Figures 1 and
2). First, the correlation between the temporal variability of the
canonical NAO and EA—calculated over 1871-2015—with that
of PC1 from this period reveals a stronger correlation with EA
(0.81, Figure 1a) than with NAO. Similarly, PC2 correlates more
closely with the canonical NAO (0.64, Figure 2a). This finding is
further supported by their spatial patterns (Figures 1c and 2c).
The spatial pattern associated with PC1 closely resembles the
EA pattern, with an intense primary center of action centered
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FIGURE1 | Panelsillustrate the spatiotemporal variability of the East Atlantic (EA) pattern over the study period. (a) The blue line represents the
temporal variability of PC2 from 1871 to 2015. Black lines depict PC1 and PC2 variability during 1905-1934 and 1981-2010, respectively, reflecting
the spatial EA pattern. Correlation coefficients between the canonical NAO variability (blue line) and these indices (black lines) are provided. The
explained variance (EV) of EA—both in PC2 for 1837-2015 (title) and in PC1 and PC2 for the 30-year periods (panel)—is also specified. (b) The mov-
ing 30-year average of the PC2-EA index (1871-2015, blue) and mean winter SLP anomalies at Valentia, Ireland (dark blue), are shown. Valentia was
identified as an observed-like EA variability site by Comas-Bru and Hernandez (2018). The correlation between both series is noted. Vertical lines
refer to the middle year of the two sub-periods analysed here, i.e., 1905-1934 and 1981-2010. (c) Panels display EA spatial patterns for 1871-2015
(PC2-derived, left), 1905-1934 (PC1, center), and 1981-2010 (PC2, right). Colours indicate significant regression of SLP anomalies onto these indices
(p<0.05). Contours represent correlations each 0.2, with solid red lines for positive coefficients, dashed blue lines for negative coefficients, and a solid
grey line marking the zero contour. [Colour figure can be viewed at wileyonlinelibrary.com|

around 15°W-50°N (Comas-Bru and Hernandez 2018; Cusinato average reveals unique behaviour across those time windows.
et al. 2021; Hernandez and Comas-Bru 2025), while the pattern During 1905-1934, the EA-phase coincided with the persistence
for PC2 exhibits a dipole structure characteristic of the NAO, of NAO+ from the late 19th to early 20th century (Figures 1b
with a disproportionately stronger northern center of action and 2b). Additionally, this finding is consistently observed across
(Hurrell et al. 2003; Trigo et al. 2008). all 80 ensemble members of the 20CRv3 reanalysis (Figure S2).
Moreover, there is no evidence that changes in the volume of
Additionally, this period shows notable changes in the variance assimilated observations over the North Atlantic are responsible
explained by PC1 and PC2, as also observed by Outten and  for the main findings described in this study (Figure S3). This
Davy (2024). Unlike the 1871-2015 period, where PC1 explains suggests that the EA and NAO characteristics observed in this
roughly twice the variance of PC2, during 1905-1934, PC1 ac- period are not merely artefacts of the EOF analysis for the period
counts for 34% of variability, while PC2 explains 25% (Figures 1a but instead represent genuine shifts in large-scale atmospheric
and 2a). The North's rule of thumb for EOF separation (North dynamics.
et al. 1982) shows that the difference in explained variance be-
tween PC1 and PC2 is not statistically significant (Figure S1); This conclusion is further supported by NAO observations based
however, this results in both PCs contributing almost equally to on winter SLP from Gibraltar and Iceland (Jones et al. 1997) and
variability, a feature not observed in any other 30-year period. from Ireland (Comas-Bru and Herndndez 2018; Figures 1b and
Although NAO and EA are orthogonal in PC space, meaning 2b). This finding highlights two major yet underexplored topics
their temporal variability is uncorrelated, a 30-year moving in the literature. The first concerns the EA and its multidecadal
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FIGURE2 | Similar to Figure 1, albeit with some differences. In the case of (a) PC2 represents the NAO during 1905-1934, while PC1 corresponds
to 1981-2010. (b) The NAO based on observed winter SLP is obtained from the Climate Research Unit (CRU), using data from Gibraltar and Iceland.

[Colour figure can be viewed at wileyonlinelibrary.com]

variability. While the NAO has received significantly more sci-
entific attention (Vicente-Serrano and Lopez-Moreno 2008;
Hernandez et al. 2020; Smith et al. 2025), the EA has often been
overlooked. Consequently, multidecadal circulation variability
in the North Atlantic has traditionally been analysed through
an NAO-centered perspective (Borgel et al. 2020; Tao et al. 2023;
Santolaria-Otin and Garcia-Serrano 2024), with few studies doc-
umenting persistent EA— and EA+ phases in reanalyses or re-
constructions (Moore et al. 2013; Mellado-Cano et al. 2019).

The second issue relates to the NAO and its multidecadal vari-
ability. The early 20th-century intensification of the NAO has
largely escaped scientific focus, either because it has been
studied within centennial-scale reconstructions or because the
more recent NAO+ dominance (e.g., in the late 20th century)
has garnered significant attention due to its potential attribu-
tion to GHG forcing and a warming climate (Hurrell et al. 2003;
Hernandez et al. 2020; Smith et al. 2025).

In this study, the 1981-2010 period is used as a reference for this
recent NAO+ dominance to facilitate comparison with 1905-
1934. During this period, the NAO and EA follow their conven-
tional roles as the first and second leading modes, respectively,
capturing regional SLP variability (Figures 1a and 2a). This is
confirmed by the high correlation between the PCs' temporal

variability and the NAO and EA indices computed for 1871-
2015 (both exceeding 0.97; Figure 1a) and by the spatial patterns
(Figures 1c and 2c). Consistent with previous studies (Outten
and Davy 2024), the explained variance of PC1-NAO increases
to 53%, while that of PC2-EA decreases to 15%.

A comparative analysis between periods reveals two key insights
into the uniqueness of 1905-1934. First, NAO intensifications
do not necessarily align with a dominant EA-phase, as observed
in the early 20th century (Figure 2). This suggests that the in-
terplay between EA and NAO is not stationary at multidecadal
scales. This finding aligns with previous literature indicat-
ing that the influence of NAO on European climate is non-
stationary and mediated by EA (Moore et al. 2013; Comas-Bru
and Hernandez 2018; Mellado-Cano et al. 2019). Furthermore,
it suggests that these NAO-EA relationships are not temporally
stable.

For instance, the eastward shift of the NAO's northern cen-
tre has been linked to changes in its influence on European
climate—an effect observed during both dominant NAO+
phases in the 20th century (Vicente-Serrano and Lopez-
Moreno 2008). However, the EA phase differs between these
periods. This implies that analysing only one of these peri-
ods could lead to misleading conclusions, such as inferring
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FIGURE3 |

Correlation between winter NAO and EA indices, derived from EOF analysis for 1871-2015, and observed winter precipitation series

across Western Europe for the full 1871-2015 period (left column), 1905-1934 (central column), and 1981-2010 (right column). Statistically signifi-
cant correlation coefficients are represented by larger symbols outlined in black. [Colour figure can be viewed at wileyonlinelibrary.com]

that EA is unrelated to NAO intensifications or, conversely,
that EA weakened simultaneously in the early 20th century.
Finally, our EOF-derived NAO variability closely aligns with
observed pressure-based NAO indices (Jones et al. 1997). This
reinforces that NAO intensification in the early 20th cen-
tury was comparable to or stronger than in recent decades
(1981-2010).

Second, a critical difference emerges when examining changes
in the variance explained by NAO and EA. While NAO and EA
had comparable importance during 1905-1934, by the late 20th
century, NAO accounted for nearly four times the variance of
EA (Figures 1a and 2a). This suggests that periods characterised
by persistent EA and/or NAO states do not necessarily coincide
with distinct frequencies of the synoptic patterns associated
with each phase. This raises an important question regarding
how precipitation regimes in European regions influenced by
EA and NAO responded during 1905-1934—a topic explored in
the following sections.

3.2 | Shifting Influence of NAO and EA on Winter
Precipitation Across Western Europe

Significant shifts are observed in the teleconnections between
the canonical EA and NAO indices and winter precipitation
across Western Europe during 1905-1934 (Figure 3). The EA
index generally shows a stronger correlation with precipita-
tion, even in regions traditionally influenced by the NAO, such
as southern France, Ireland, western Great Britain, and the

Iberian Peninsula. In the Iberian Peninsula, EA also plays a
more prominent role in shaping winter precipitation along the
Mediterranean coast, where NAO influence is typically weak.

Meanwhile, the NAO index exhibits a weaker correlation with
precipitation during 1905-1934. Its overall area of influence
contracts, particularly over western Great Britain and the
Iberian Peninsula. Notably, the NAO also loses its signifi-
cant impact over northern Italy and central and southern
France—regions that are generally less teleconnected to the
NAO. In these areas, EA becomes the main driver of winter
precipitation.

These changes in NAO and EA influence were not present
during 1981-2010. During this period, EA's influence ex-
tends over fewer regions and weakens in traditionally well-
teleconnected areas such as Ireland and northwestern Great
Britain. Conversely, its impact remains stable or intensifies
over southern England and Central Europe. A particularly
striking shift occurs in the Iberian Peninsula, where both
negatively correlated (Atlantic-influenced) and positively cor-
related (Mediterranean-influenced) regions lose statistical
significance.

For the NAO, the spatial extent of its precipitation teleconnec-
tion during 1981-2010 closely resembles that observed over the
full 1871-2015 period. Its influence strengthens over the west-
ern coast of Great Britain and Ireland (positive sign) and large
areas of southern Europe (negative). Although some regions do
not exhibit statistically significant correlations, a notable change
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is seen in Central Europe and along the northern slopes of the
Alps, where correlations become positive. The most striking
finding is observed in Scotland and western Iberia, where pre-
cipitation is strongly correlated with NAO, whose influence is
more pronounced in 1981-2010.

Our results highlight several key scientific insights. First, the
comparative analysis of 1905-1934 and 1981-2010 reveals sub-
stantial differences in how EA and NAO influence precipitation.
A traditional NAO-centered perspective, commonly applied in
the literature, would classify both periods as phases of persistent
NAO+. However, their precipitation impacts across Western
Europe are markedly different. This challenges the assumption
that multidecadal NAO variability follows a binary pattern—
one in which it behaves as conventionally understood and an-
other in which it deviates from this state. Instead, our findings
indicate that NAO variability is more complex, with multiple
characteristics and underlying mechanisms. We show that
1905-1934 was not only a period of dominant NAO+ but also
one in which EA played a primary role in modulating European
climate. Yet, this aspect has been largely overlooked in previous
studies, highlighting persistent uncertainties in understanding
North Atlantic winter climate variability, despite decades of re-
search advancements (e.g., Halifa-Marin et al. 2025 and refer-
ences therein).

Second, the changing influence of EA and NAO on precipitation
aligns with the increased relevance of EA during 1905-1934 and
the dominance of the NAO during 1981-2010, as indicated by the
explained variance. Although it is important to note that the dif-
ference in explained variance between the EA and NAO during
1905-1934 is not statistically significant (Figure S1), this under-
scores the scientific importance of tracking explained variance
changes when using EA and NAO as indicators of European
climate variability, in line with recent findings (Outten and
Davy 2024).

Finally, our findings are particularly relevant for regions
where NAO influence is typically dominant at other timescales
such as the Iberian Peninsula. Notably, EA emerges as a stron-
ger predictor of precipitation variability during 1905-1934 in
the eastern Iberian Peninsula, where it shows a positive cor-
relation with an intensity unmatched in any other period.
Similarly, in western Iberia—traditionally under strong NAO
influence—EA also becomes a key modulator. Given the crit-
ical role of winter precipitation in this region, where it largely
determines water resource availability and has significant
societal and ecological impacts (Vicente-Serrano and Lopez-
Moreno 2008; Trigo et al. 2008; Sdanchez-Garcia et al. 2022),
the next section provides a focused analysis of these results for
the Iberian Peninsula.

3.3 | EA Pattern Promoting the Drier Early 20th
Century in the Iberian Peninsula

In this section, we analyse the changes observed in winter at-
mospheric circulation during the 1905-1934 period to better un-
derstand variations in the characteristics of EA and NAO and
their influence on precipitation in Western Europe. To provide a

more detailed assessment, we focus on the Iberian Peninsula, a
region that has been shown to reflect the key findings described
in the previous section, considering Lisbon as representative of
Western Iberia and Murcia as the counterpart of Eastern Iberia.

In the western Iberian Peninsula, winter precipitation was
anomalously low between 1905 and 1934 (Figure 4). Many sta-
tions recorded their most intense dry anomalies within this
30-year window, though dry conditions extended from 1871
to the mid-20th century. This aligns with the NAO+ phase
but has a less clear connection with the prevailing EA— phase.
Both EA and NAO exhibit a negative correlation with precipi-
tation in the Atlantic sector. During 1905-1934, their correla-
tion with Lisbon's precipitation—typically strongly linked to
NAO—was similar (-0.6). No other period but the early 20th
century shows this pattern (Figure 5a). This raises questions
about the atmospheric dynamics behind the simultaneous
occurrence of opposing EA and NAO phases, which appears
inconsistent with their typical influence on regional precipi-
tation (Hurrell et al. 2003; Trigo et al. 2008). Additionally, it
prompts an investigation into the synoptic configuration driv-
ing this period of intensified winter drought. Between 1981
and 2010, a positive NAO phase re-emerged, but EA remained
neutral to slightly positive, as previously discussed. Regarding
precipitation in the Atlantic-influenced Iberian Peninsula,
the late 20th and early 21st centuries marked a transition to
drier conditions following the wetter decades of 1950-1980,
when a weak EA+ and strong NAO-occurred. This dry period
was shorter and less intense than in 1905-1934, as precipi-
tation anomalies in Lisbon increased in subsequent periods
after 1981-2010 (Figure 4a).

In the previous section, the eastern Mediterranean coast of the
Iberian Peninsula was highlighted as a key region for under-
standing EA and NAO influences on precipitation. Here, EA ex-
hibited an unusually strong positive correlation, unseen during
1871-2015 or 1981-2010 (Figure 3). In Murcia—the Iberian
location with the highest significant long-term correlation be-
tween winter precipitation and EA—this correlation doubled
from 0.4 to 0.8 during 1905-1934. EA’s influence weakened
after the mid-20th century, approaching zero. While a positive
correlation with EA is evident in all 30-year windows, it signifi-
cantly peaked in the early 20th century (Figure 5b). In contrast,
NAO was not a reliable indicator of winter climate variability
in Murcia. Between 1981 and 2010, this sector of the Iberian
Peninsula experienced slightly wetter conditions, coinciding
with a weak EA+ phase (Figure 4b).

Overall, Lisbon and Murcia display opposite trends in their mov-
ing averages of winter precipitation, particularly in the late 19th
century and from the mid-20th century onward. This contrast
is exemplified by the wet period in Lisbon (1950-1980), which
coincided with dry conditions in Murcia (Figure 4). However,
and crucially for this study, the only period when both the
Atlantic and Mediterranean sectors experienced intense winter
drought simultaneously was the early 20th century, particularly
1905-1934. This raises significant interest in understanding the
atmospheric dynamics responsible for this precipitation anom-
aly, unparalleled in the 1871-2015 record, a topic explored in the
following section.

7 of 14

85UB0 |17 SUOWIWOD aAIEaID a|cedl|dde ays Aq pausenob afe 9o e YO ‘8sn Jo Sa|nJ 104 ArIq 1T 8uluQ 481N UO (SUOIIPUOD-PUE-SWLB)/WO"AB [IM" ARe.q 1)Ul JUO//:SANy) SUoRIpUoD pue suie 1 8yl 88s *[Sz0z/60/8T] uo ARriqiauluQ A8jIM ezoberez aq pepsieaiun Aq G700/ 201/200T 0T/I0p/wod A8 | 1M Alelq 1 jpuluo SiBuL//:Sdny wouy papeojumoq ‘0 ‘8800260T



Western IP (NAO-Influenced)

aO
R F &
[=3

~ N

= S

s z

= YA

=

o © ° =

(9] o

g’o @
- J X

& |

Oo ; N
N Lisbon
Q L1
1 r r r T T T T T T T — &

b Eastern IP (EA-Influenced)

o

K1 F
Lol
~ N
o FN m
= o >
Y -
5 2
0 S ’\A‘:

o [=N0)
2 *
© o
£ -

O L1
o i N
N Murcia
S |
| . . . . . A

1900 1930

1960 1990

Central year
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3.4 | Prevailing Winter North Atlantic
Atmospheric Dynamics in the Early 20th Century

This section examines the synoptic patterns associated with
EA and NAO phases across different study periods to ex-
plain why EA was a strong indicator of winter climate vari-
ability across the Iberian Peninsula only during 1905-1934.
To this end, we compare it with the reference period 1871-
2015 and with 1981-2010, the latter serving as a contrasting
NAO+ phase.

The synoptic patterns linked to EA phases differ across these
three periods (Figure 6). In general, EA+ induces positive sea
level pressure (SLP) anomalies over the North Atlantic, cen-
tred west of Britain at ~50°N, extending into Central Europe.
This configuration acts as an extension or northward shift of
the AH, forming an expansive AR reaching as far as Iceland.
Consequently, it displaces storm tracks northward, resembling
NAO+ but with key differences. EA+ exerts stronger blocking
over Ireland, Britain, and western France rather than southern
Europe. This distinction is evident in winter precipitation: along
Morocco's Atlantic coast, EA+ results in normal conditions,
whereas NAO+ produces significant drying (Figures 6 and 7).

Similarly, in the Iberian Peninsula, standard EA+ pattern drives
drought primarily in the northwest, while NAO+ exerts a stron-
ger impact in the southwest (e.g., Lisbon). Another key contrast

is that EA+ enhances winter precipitation in eastern Iberia, par-
ticularly around Murcia as shown in Figure 4. This occurs be-
cause the associated AR extends into Central Europe, promoting
easterly winds that transport Mediterranean moisture inland
(Figure 6, top panel). Conversely, EA— generally produces op-
posite precipitation effects, characterised by an intensified IL
spanning the North Atlantic, predominantly affecting Ireland,
Britain, and western France (Figure 6).

During 1905-1934, both EA phases were pronounced, though
EA— was more intense. This period saw 27 winters with extreme
EA index values—14 below the 30th percentile and 13 above the
70th percentile. Under EA+, the SLP anomaly centre shifted
southward, blocking not only the regions affected during 1871-
2015 but also Iberia and western Morocco, mirroring the broader
influence of NAO+. EA+ also increased precipitation in Murcia
and the eastern Iberian coast, but its extended AR influence
intensified rainfall further east in the western Mediterranean
Sea. Precipitation records from these regions could validate our
findings based on 20CRv3 reanalysis. Under EA— conditions,
which prevailed during this period (Figure 1b), the synoptic
pattern exhibited a key difference: the IL was confined south-
ward by an intensified AH, limiting its reach to ~44°N. This
configuration increased precipitation in northwestern Iberia but
intensified drying along the Mediterranean coast. The strength-
ened AH, consistent with NAO+ dominance, generated Atlantic
westerlies toward Iberia that carried less moisture and induced
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a Foehn-like effect along the Mediterranean coast, typically as-
sociated with NAO—.

Replicating this analysis for 1981-2010 reveals that these find-
ings do not extend to another NAO+-dominated period. EA+
did not significantly block Iberian precipitation, nor did it gen-
erate substantial anomalies. Similarly, under EA—, positive SLP
anomalies were not confined to the AH but extended across the
western Mediterranean, shifting EA's influence northward to-
ward southwestern Britain and western France.

From an NAO perspective, significant changes in the synoptic
pattern associated with both phases occurred during 1905-1934.
The most distinctive feature was the intensified and eastward-
shifted AH during NAO+ winters (19), contributing to severe
dryness along the Atlantic-facing Iberian Peninsula, as previ-
ously discussed for EA. The resulting blocking pattern closely
resembled the AR configuration. During the rare NAO— win-
ters (5 in total), the GB extended eastward, forming a SB. This
shift displaced storm tracks northward, increasing their impact
on Britain while reducing precipitation in Morocco, Iberia, and
other southern European regions.

In contrast, during 1981-2010, NAO phases displayed different
characteristics. Under NAO+, anomalous high pressure ex-
tended across the Mediterranean, directly blocking precipita-
tion across the Iberian Peninsula. Under NAO-, the GB-to-SB
transition observed in 1905-1934 reappeared but shifted farther
south, allowing low-pressure systems to impact southwestern
Iberia and Morocco more strongly. This period also exhibited a

high frequency of intense NAO+ (15 winters) and NAO- (13 win-
ters) phases, leading to alternating extreme dry and wet winters.
Consequently, no 30-year period during this time was as dry
as the early 20th century. This sequence of opposing extremes
may: (1) directly result from the dynamic of atmospheric block-
ing over the North Atlantic, (2) be linked to broader climate
variability observed in other regions, where severe droughts are
followed by exceptionally wet periods, and (3) have significant
implications for water resource management, ecosystem dy-
namics, agriculture, and other scientific fields.

3.5 | Internal Variability as a Key Driver
of NAO-EA Interactions During the Early 20th
Century

Having identified EA as a primary mode of variability with sig-
nificant impacts on their interactions with NAO in controlling
winter precipitation—and recognising that EA's traditionally
secondary role depends on the study period—it is crucial to
understand the physical mechanisms driving these changes
in North Atlantic atmospheric dynamics. This section reviews
the literature to discuss our results, identifying potential driv-
ers of the anomalous atmospheric conditions observed during
1905-1934.

Different atmospheric blocking patterns significantly impact
the European winter climate. In general, the Atlantic Ridge
(AR) occurs in the absence of GB or SB, and vice versa (Rimbu
et al. 2014). During 1905-1934, the reduced GB activity aligned
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with the persistence of NAO+ but not with EA— (Figures 1b,
6, and 7). In this period, EA— is associated with a northward-
displaced IL, driven by an intensified AR. A key question re-
mains: what mechanisms explain this anomaly, and how does
it differ from other periods of weak GB activity and dominant
NAO+ (e.g., post-1980s)?

Oceanic variability appears to be the primary driver of atmo-
spheric blocking over the North Atlantic. Borgel et al. (2020) iden-
tify the Atlantic Multidecadal Oscillation (AMO) as a key factor
in multidecadal NAO variability, which modifies its climatic
teleconnections (Vicente-Serrano and Lépez-Moreno 2008; Hu
et al. 2022). Kwon et al. (2020) demonstrated a one-way coupling
in which SST anomalies influence atmospheric blocking but
not the reverse. Warm SST anomalies in the western subpolar
gyre, linked to AMO, reduce the meridional temperature gradi-
ent, weakening baroclinicity and synoptic eddy heat flux. This
process promotes cyclonic wave breaking, shifts the eddy-driven

jet southward, and enhances GB while reducing the intensity of
the AH, ultimately favouring the NAO— phase. A similar but
shorter-lag response occurs for cold AMO anomalies, reinforc-
ing the inverse AMO-GB/NAO relationship proposed by previ-
ous studies (e.g., Birkel et al. 2018; Borgel et al. 2020).

However, the mechanisms underlying the prominence of EA
in the early 20th century remain unclear. First, while volca-
nic forcing has been widely studied in relation to NAO (Birkel
et al. 2018; Saez et al. 2025; Smith et al. 2025), its influence on
EA remains largely unexplored. Rimbu et al. (2014) provide evi-
dence for AMO forcing on AR variability, but the scarcity of lit-
erature highlights the need for further research.

Second, the available observational record is too short to fully
capture the multidecadal variability of EA and NAO, given
their estimated 60-70-year cycles (Outten and Davy 2024). This
limitation is even more pronounced for SST datasets, making
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it difficult to assess the uniqueness of EA activity during 1905-
1934 or its recurrence. Additionally, the non-stationary relation-
ship between NAO and EA complicates our understanding of
why these modes sometimes exhibit similar phases and other
times opposite phases (Mellado-Cano et al. 2019). For instance,
while EA— and NAO+ characterised 1905-1934, this pattern
differs from the NAO intensification observed in 1981-2010
(Figures 1b and 2b).

Reconstructing past climate conditions also poses challenges.
The non-stationarity of NAO and EA complicates the extraction
of their signals from climate proxies (Moore et al. 2013; Comas-
Bru and McDermott 2014), and their interactions are not tem-
porally stable (Halifa-Marin et al. 2025). Moreover, changes
in westerly wind direction significantly affect climate records
across Europe during the Holocene (Hu et al. 2022). While SST
in the North Atlantic is consistently identified as a primary trig-
gering factor, uncertainties persist. Consequently, it remains
unclear whether past dry periods in Western Europe were pri-
marily driven by EA variability, as observed during 1905-1934
(Figures 3 and 5).

Finally, current climate simulations fail to support diver-
gent hypotheses regarding the evolution of the main modes of

atmospheric circulation. State-of-the-art models struggle to cap-
ture the multidecadal variability of the North Atlantic climate
system, as evidenced by the considerable spread in NAO vari-
ability both across and within models (Schurer et al. 2023; Gu
et al. 2024; Smith et al. 2025). Additionally, models exhibit defi-
ciencies in simulating NAO's centres of action (Tao et al. 2023;
Santolaria-Otin and Garcia-Serrano 2024), atmospheric block-
ing variability (Davini et al. 2012), ocean-atmosphere cou-
pling (Borgel et al. 2020), polar jet intensity and trajectory
(Bracegirdle 2022), and Northern Hemisphere Hadley Cell rep-
resentation (Lionello et al. 2024). As long as these limitations
persist, climate models remain inadequate for determining the
contributions of various forcings to the anomalous behaviour of
the AH and IL in the early 20th century.

4 | Conclusions

This study examines Iberian winter precipitation anomalies,
focusing on the underlying synoptic mechanisms associated
with NAO and EA phases during the long-term (1871-2015)
and also during early and late 20th century periods. The period
from 1905 to 1934 was assessed in detail after being identified
as portraying a distinct phase of North Atlantic atmospheric
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dynamics. Unlike any other time in the Industrial Era, the EA
pattern emerged as the first mode of winter climate variability,
providing key insights into the multidecadal variability of both
NAO and EA, as also highlighted by Halifa-Marin et al. (2025).

Our findings confirm that early 20th-century North Atlantic
winter circulation was unprecedented within the Industrial Era.
This is evident in the persistent positive NAO and strongly neg-
ative EA phases, a combination not observed at any other time.
This confluence led to a synoptic pattern characterised by an in-
tensified AH and a vast IL spanning much of the North Atlantic.

EA and NAO variability had significant climate impacts, par-
ticularly on Iberian precipitation (Figures 3 and 5). The pro-
nounced influence of EA during 1905-1934, detectable even in
long-term indices (1871-2015), highlights its role as a key precip-
itation modulator. During this period, EA+ conditions extended
the AR toward Great Britain while preventing its penetration
into Central Europe, generating easterly winds that enhanced
precipitation in the western Mediterranean. Conversely, EA—
conditions reduced precipitation by blocking Atlantic moisture,
similar to NAO+. These impacts on precipitation were also evi-
dent across other regions influenced by these variability modes
in Western Europe, including Ireland, Great Britain, France,
and Central Europe (Figures 3, 6, and 7).

Furthermore, the persistence of a deep IL and a southward-
shifted AH between 1905 and 1934 suggests a connection to
natural variability, particularly volcanic forcing of SST, favour-
ing AMO— and NAO+. However, the response of EA remains
uncertain. A weakened GB plausibly intensified the IL, consis-
tent with EA— dominance, yet the mechanisms governing EA's
role in subsequent NAO+ or NAO— phases remain unresolved.
Specifically, it is unclear why EA sometimes captures AR/IL
activity over Great Britain rather than exhibiting the classical
NAO dipole with GB or a displaced AH.

These findings challenge the conventional view of EA as sec-
ondary to NAO in multidecadal variability. Instead, EA may
function as a primary mode shaping westerly dynamics over
Europe (Hu et al. 2022). Despite its recognised role in modulat-
ing NAO's climatic influence (Comas-Bru and McDermott 2014),
EA's variability and predictive potential remain underexplored.
Recent studies emphasise EA's predictive skill for European cli-
mate (Thornton et al. 2023; Baker et al. 2024), suggesting that
incorporating EA variability could enhance weather or seasonal
forecasts across Western Europe. Consequently, climate moni-
toring services reliant on NAO should assess the added value of
integrating EA into their predictive frameworks.

Although this study has not been able to precisely determine the
mechanisms that caused EA to emerge as the primary mode of
variability only in the early 20th century, further research on
this matter could provide scientific insights to resolve some of
the uncertainties related to ocean—-atmosphere coupling in the
North Atlantic climate system.

In conclusion, this study advances our understanding of North
Atlantic winter climate variability by highlighting a previously
underappreciated feature: the emergence of the EA pattern as
the leading mode of variability during the early 20th century.

Our results challenge the long-standing assumption that the
NAO consistently dominates in terms of explained variance
across all time periods. This finding not only prompts a reeval-
uation of the temporal stability of leading atmospheric modes
but also opens new avenues for future research. These include
assessing the influence of this anomalous configuration on ex-
treme weather events in Europe and exploring the dynamics of
NAO-EA interactions under past and future climate change
scenarios.
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