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Abstract
The North Atlantic sector has been identified as a region where the 11-year solar
cycle has small but potentially non-negligible impacts on winter climate, but a
debate persists about the robustness of such impacts. This work explores the sig-
natures of the 11-year solar cycle over the North Atlantic in the ERA5 and 20th
Century Reanalysis datasets. The results confirm previous studies with a robust
positive boreal winter response in mean-sea-level pressure (mslp) in the region
of the Azores at lags of three years after solar maximum. The spatial evolution
of the response is examined in detail by first decomposing the mslp time series
into the dominant modes of North Atlantic winter mslp variability, including
the North Atlantic Oscillation (NAO), the East Atlantic (EA) and the Scandi-
navian patterns, before performing a multilinear regression analysis. We find
that the maximum 11-year solar response in the December–January–February
(DJF) average does not project directly onto the NAO. However, when the
early/late-winter responses are examined separately, a statistically significant
NAO response is seen in late winter (January–February) at lag 0–1 years and a
statistically significant NAO response is also seen at lag +3 years in early winter
(November–December). These results are consistent with predicted responses
from previously proposed top-down influences from the stratosphere in late
winter followed by the re-emergence of a signal from underlying sea surface
temperatures in early winter. However, the NAO response is not the primary
contributor to the total DJF response at lag +3 years. A previously unidentified
solar-cycle response in the EA pattern is found in late winter at lag +3 years
with larger amplitude than the NAO response. The evolution of the DJF mslp
response over the Azores region can thus be understood as a summation of the
NAO and EA patterns at lag +3 years.
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1 INTRODUCTION

The 11-year solar cycle (SC) is characterised by a
quasi-periodic oscillation in solar irradiance received at
the top of the atmosphere (Lean & Rind, 2009). Variations
in total solar irradiance (TSI) are dominated by energy
in the visible part of the spectrum that can penetrate the
atmosphere and reach the Earth’s surface. The result-
ing impacts arrive via the so-called ‘bottom-up’ pathway,
through its direct influence on sea surface temperatures
(SSTs) which can then indirectly influence patterns of
weather and climate from below (Gray et al., 2010; Meehl
et al., 2009; Misios & Schmidt, 2012). TSI variations over
the 11-year SC are associated with a global-average SST
response of approximately 0.1 K (White et al., 2003). As a
result of thermal inertia of the oceans the peak global SST
response is generally found to lag the peak 11-year solar
activity by approximately 1–2 years (Misios et al., 2016;
White et al., 1997).

In addition, several indirect ‘top-down’ mechanisms
have been proposed, for example through variations
in the ultraviolet part of the solar radiation spectrum
(Chiodo et al., 2012; Gray et al., 2010; Haigh, 2001;
Ineson et al., 2011; Kodera & Kuroda, 2002; Thieblemont
et al., 2015) and/or through variations in energetic
particles (Maliniemi et al., 2019; Seppälä & Clilverd, 2014).
Their effects can penetrate to the upper stratosphere and
be amplified by ozone responses (Haigh, 2001; Hood &
Soukharev, 2012). Previous work highlighted that the
top-down influences at midlatitudes act mainly in winter
and extend their influence downwards to the surface via
wave–mean flow interaction, so that relatively small vari-
ations in the equatorial upper stratosphere of only 1–2 K
can be amplified and transferred to the surface at mid- and
high latitudes (Gray et al., 2010; Kodera & Kuroda, 2002).

There are also several potential interactions of the
bottom-up and top-down pathways. The bottom-up path-
way influences equatorial SSTs, deep convection (together
with associated precipitation rates) and vertical velocities
associated with the Hadley and Walker circulations
(Misios et al., 2019). Associated influences on El Nino/La
Nina events (Meehl et al., 2009; Roy & Haigh, 2010; Tung
& Zhou, 2010) and/or the large-scale atmospheric Rossby
waves that are generated at equatorial latitudes and propa-
gate into midlatitudes (Scaife et al., 2017) could also influ-
ence the midlatitude circulation. Other studies have found
that the synergistic effects of bottom-up and top-down
influences in the summer monsoon region amplify the
monsoon’s response to the SC, affecting precipitation pat-
terns (e.g., Zhao et al., 2025). The quasi-biennial oscillation
(QBO) is also affected by changes in vertically-propagating
equatorial waves and the strength of equatorial upwelling
(García-Franco et al., 2022). Interaction of the SC and the

QBO (Labitzke & van Loon, 2000) could then influence
wave propagation in the winter stratosphere and thus
impact the surface via the top-down mechanism. In addi-
tion, subtropical lower-stratosphere temperature anoma-
lies associated with SC influences on the Hadley/Walker/
QBO circulations could influence synoptic-scale eddies in
the upper troposphere (Haigh & Blackburn, 2006) with
accompanying impacts at the surface.

The 11-year SC has been previously linked to impacts
in North Atlantic (NA) winter surface climate (Gray
et al., 2013; Lockwood et al., 2010; Woollings et al., 2010).
Observations and model simulations provide evidence for
a possible ‘top-down’ forcing in the region, via a modu-
lation of the stratospheric polar vortex and a downward
propagation of wind anomalies that influence annual
modes of variability in the troposphere (e.g., Kodera &
Kuroda, 2002; Kuroda et al., 2022). However, this region
is influenced by many different forcing and feedback
processes. Seasonal-to-interannual atmospheric variabil-
ity in the NA sector is dominated by the North Atlantic
Oscillation (NAO), particularly during boreal winter
(Hurrell & van Loon, 1997) and is also influenced by other
global modes of variability including, for example, the
Pacific–North American wave-train, the El Nino–Southern
Oscillation and variability of the stratospheric polar vor-
tex. The region also shows strong susceptibility to the
influence of forced variability and feedbacks such as
anthropogenic aerosols (e.g., Bellouin et al., 2020), vol-
canic activity (e.g., Swingedouw et al., 2017) and arctic
amplification (e.g., Barnes & Polvani, 2015). Interactions
between these natural and forced sources of variability add
to the climatic complexity of the region (Dimdore-Miles
et al., 2021; Klavans et al., 2022; Ottera et al., 2010) so that
solar signal detection is particularly challenging.

Detection and attribution of the surface solar response
in the NA DJF (December–January–February) has also
been complicated by the fact that the maximum observed
response is lagged by several years. This was first iden-
tified by Gray et al. (2013) using the historical gridded
HadSLP and HadISST observational datasets that span
approximately 150 years. They identified a mean-sea-level
pressure (mslp) response that amplified and evolved
for several years following the maximum in solar forc-
ing (Smax). The largest (positive) statistically significant
response in DJF mslp of up to 3 hPa was found in the
region of the southern node of the NAO near the Azores,
with a lag of 3–4 years, that is, approximately one quarter
of a SC. This is a substantial signal against a background
standard deviation of around 6–7 hPa for DJF mslp (see fig.
1 of Gray et al. (2016)). A response of the opposite sign was
also found over the northern NAO node near Iceland but
was not statistically significant. In a follow-on study, Gray
et al. (2016) examined a much longer regional mslp dataset
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extending back to 1660 and found a similar 3-4-year
lagged response over the Azores region (see e.g., fig. 4
of Gray et al., 2016). They also studied the intraseasonal
evolution of the response and highlighted an NAO-like
response at lag 0 in late winter (February) which they
suggested was consistent with a top-down influence from
the stratosphere via modulation of the polar vortex (e.g.,
Kodera & Kuroda, 2002) and an early-winter response
(December) in the region of the Azores at lags of 3–4 years,
consistent with a bottom-up response via modulation
of NA SSTs (Scaife et al., 2013). The same intraseasonal
lagged evolution was also noted by Kuroda et al. (2022)
who analysed the NAO index and found a positive NAO
signal in February at the peak of solar forcing (Smax) that
appeared earlier in winter with increasing years follow-
ing Smax. However, there were also notable differences in
their results. In particular, the peak SC response in their
analysis, which employed the historical (1823–2016) NAO
index rather than the mslp dataset, occurred at 1–2 year
lags in contrast to the 3–4 years found in the mslp data
(Gray et al., 2013; Gray et al., 2016).

Another reason that hampers a robust attribution is the
short length of global atmospheric observational records
in relation to the 11-year solar period, which means that
relatively few cycles have been observed. In addition,
the amplitude of the SC varies, and the surface response
could be masked by natural variability during decades of
weak solar activity, as in the early 20th century (e.g., see
Chiodo et al., 2019; Ma et al., 2018). Improved confidence
in detection and attribution can often be achieved using
climate models that include one or more of the proposed
mechanisms of solar influence (e.g., Drews et al., 2022;
Huo et al., 2024; Spiegl et al., 2023). However, while there
has been some success in reproducing a lagged modula-
tion of NA SSTs and mslp by the SC (Andrews et al., 2015)
most model SC responses in mslp are generally of weak
amplitude and fail to reproduce the observed 3–4 year lag.

A growing number of recent studies have questioned
the detection of an NAO response to 11-year SC forcing.
For example, Chiodo et al. (2019) explored this using 20th
Century Reanalysis datasets (1901–1997) and a climate
model simulation. They noted the absence of a solar sig-
nal in the observed NAO prior to the 1960s and suggested
that the apparent SC signal since the 1960s could occur
by chance, based on their model simulation. However, we
note that they chose to concentrate only on the two-year
lagged response in their observational analysis because
their focus was on the response in the NAO index. In addi-
tion, their model was unable to reproduce the observed
SC response in the strength of the stratospheric polar vor-
tex (see their supplementary material) which means that
the proposed top-down SC influence was absent in their
model. Spiegl et al. (2023) also questioned the veracity of

a SC impact on the NAO. They examined multi-ensemble
simulations of the Max Planck Earth System model and
found that anomalies in mslp were independent of the
imposed UV SC forcing and reflected internal variability
of the troposphere. They also conducted a lead–lag corre-
lation between the SC forcing and the NAO and suggested
that any synchronisation between them (Thieblemont
et al., 2015) was likely a statistical artefact possibly
influenced by internal decadal variability of the ocean.
Nevertheless, as with the study by Chiodo et al. (2019),
their model did not fully reproduce a SC influence on the
stratospheric polar as seen in reanalysis, likely explaining
the weak top-down forcing. Huo et al. (2024) subsequently
investigated several different models and found a number
of model biases that could contribute to this absence.

Thus, while model studies are valuable and clearly
show the existence of decadal-scale variability in the
troposphere-ocean system that is unrelated to SC forcing
(see also James & James, 1989) there remains the need for
further investigation into why they are unable to simu-
late the SC impact on the stratospheric polar vortex that
is an essential part of the top-down influence mecha-
nism. We note a corresponding challenge in modelling
the polar vortex response to the QBO, which, in com-
mon with the top-down SC mechanism, also relies on the
accurate modelling of wave–mean flow interactions in
the stratosphere. Recent multimodel assessments of the
so-called Holton–Tan relationship (Holton & Tan, 1980)
have highlighted the inability of current climate models
to adequately capture the strength of the polar vortex
response and also the connection to the NAO (Anstey
et al., 2022). Further understanding and improved mod-
elling of the QBO high-latitude response is therefore likely
to benefit model studies of SC influence. An improved
understanding of the magnitude of internal variability
in fully-coupled Earth system models compared with
their responses to external forcing, as highlighted by the
signal-to-noise paradox (Scaife & Smith, 2018), would also
be helpful.

In this paper we return to focus on analysing the
available observational data to address the question of
whether there is an NAO response to 11-year SC forcing.
We examine two historical mslp datasets from the 20CRv3
reanalysis and the ERA5 reanalysis (see Section 2). In
their analysis of the HadSLP mslp dataset Gray et al. (2013,
2016) found a statistically significant DJF SC response over
the southern (Azores) node of the NAO but not over the
northern (Icelandic) node. The absence of a statistically
significant response over Iceland could be due to larger
background variability, as suggested by Gray et al. (2013),
or it could be that the SC forcing does not invoke a response
in the NAO, as suggested in more recent papers (Chiodo
et al., 2019; Spiegl et al., 2023). To investigate this, we use



4 of 17 MISIOS et al.

multiple linear regression (MLR) analysis as previously
employed by many authors, but first we isolate the major
modes of NA variability using an empirical orthogonal
function (EOF) analysis so that the solar response in the
NAO (EOF-1), the East Atlantic (EA) pattern (EOF-2)
and the Scandinavian pattern (EOF-3) can be separated.
Section 2 describes the datasets and methodologies used
in the study. Section 3 presents the results of the study
and compares them to previous work. Section 4 provides
a summary and discussion of the results.

2 DATA AND METHODOLOGY

2.1 Datasets

This study employs two atmospheric reanalyses datasets
to examine the SC signatures in mslp in the NA region.
The NOAA-CIRES-DOE 20th Century Reanalysis ver-
sion 3 (20CRv3) dataset provides global estimates of the
atmosphere from 1806 to 2015 using only surface pressure
observations and prescribing the HadISST2 SSTs, sea ice
concentration and the CMIP5 radiative forcings (Slivinski
et al., 2019). This dataset was built as an ensemble (80
members derived from eight distinct SST initialisations)
and is released as a best estimate of the mean together with
an uncertainty measure (Fujiwara et al., 2017). SC forcing
is present in the model employed to produce the 20CRv3
dataset, with prescribed TSI variations, but the spectrally
resolved solar irradiance (SSI) variability and associated
solar variations in stratospheric ozone are neglected. As a
result, SC signals in the 20CRv3 stratosphere are negligi-
ble (Misios & Schmidt, 2013). Note, however, that because
mslp observations are assimilated into the model any diag-
nosed SC variability in the mslp field can be attributed to
the assimilation and not to the model’s SC forcing. For this
reason, the 20CRv3 shows very similar mslp SC response
results to actual mslp observations over the 1850–2015
period analysed in previous studies (e.g., HadSLP2r as in
Gray et al., 2013). Since (a) the density of marine mslp
observations over the NA prior to the 20th century is very
low (Allan & Ansell, 2006) and (b) SC amplitudes were
weak in the late 19th century, we restrict our study of the
20CRv3 dataset to the period 1900–2014, as in Chiodo
et al. (2019).

We additionally examine the SC signal in the ECMWF
ERA5 reanalysis (Hersbach et al., 2020) which covers
the recent period. The ERA5 dataset is produced by
assimilating not only surface data but also an exten-
sive array of upper-air meteorological observations. It
therefore represents our best current estimate of the
state of the atmosphere with an improved representa-
tion of the stratospheric circulation, particularly after

1979 when satellite observations were introduced into
the assimilation procedure. We examine the SC signals
in the ERA5 dataset over the period 1941–2022. We note
that ERA5 and 20CRv3 give very similar results over the
common 1941–2014 period, providing confidence that dif-
ferences between reanalyses reported later are attributed
to the different periods considered and not to the different
datasets.

2.2 Methodology

The approach taken in this paper is first to isolate
well-known modes of variability in the NA region by
applying an EOF analysis and then to regress out pos-
sible SC signatures with a MLR model. In this way, the
EOF analysis pre-filters the boreal winter mslp time
series and in addition it provides a linear decomposition
of the solar response to the leading modes of variabil-
ity in the NA region. This methodology differentiates
from previous studies which used MLR on unfiltered
mslp data to extract the SC contribution, and we argue
that the spatiotemporal EOF filtering provides an insight
on the interplay of different leading modes in the years
following Smax.

We first perform the EOF analysis to identify the five
leading patterns of December–January–February average
(DJF) mslp variations in the NA region, defined between
20◦–80◦ N and 90◦ W–40◦ E (Hurrell et al., 2003). Prior to
the EOF analysis, we weight the SLP anomalies by the
square root cosine of latitude to ensure that data points
near the pole do not have a disproportionate impact on
the analysis. EOF analysis separates the variability of the
mslp into orthogonal modes, with the first mode con-
taining the largest proportion of the variability, and each
subsequent mode containing progressively less. The first
three leading EOF modes of mslp for 20CRv3 are shown in
Figure 1 and describe well-known patterns of the winter-
time variability (Cassou et al., 2004). The spatial pattern of
the first EOF explains 44% and shows the well-understood
north/south dipole of negative/positive anomalies associ-
ated with the NAO. The second leading mode (EOF-2) of
mslp explains 19% and shows the spatial distribution of
the East Atlantic (EA) pattern, which features a northward
extension of the Azores high (Wallace & Gutzler, 1981).
The third leading mode (explains 12%) resembles the Scan-
dinavian (SCAND) pattern and appears in the selected
domain as a see-saw with a primary anticyclonic anomaly
over the Scandinavian Peninsula and a cyclonic anomaly
over the northeastern Atlantic.

Once the EOF has been performed, we reconstruct
the mslp time series by retaining only the first five EOFs
and the associated principal components (referred to as
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F I G U R E 1 The first three leading empirical orthogonal function (EOF) patterns of the December–January–February average (DJF)
mslp from 20CRv3 for the 1900–2014 period. EOFs 1,2,3 capture the North Atlantic Oscillation (NAO), the East Atlantic (EA) and the
Scandinavian patterns (SCAND), respectively. [Colour figure can be viewed at wileyonlinelibrary.com]

EOF-reconstructed dataset hereafter). The first five EOFs
account for almost 84% of the total variance. Additionally,
we reconstruct the mslp for EOF-1, EOF-2 and EOF-3,
separately, to analyse the time series associated with the
NAO, EA and SCAND patterns, respectively. This allows
us to perform a detailed investigation of the solar signals in
the NA using MLR analysis to separate the SC in the indi-
vidual leading modes and how they superimpose to give
the pattern of 3–4 year. lagged response seen previously
in the wintertime mslp (Gray et al., 2013). In addition,
the relative contribution of the NAO and EA response in
the early/late-winter SC response is explored by analysing
November–December (ND), December–January (DJ),
January–February (JF) and February–March (FM) aver-
ages. For every two-month average, a separate EOF
analysis is performed.

The lead/lag MLR analysis employed in the study has
been widely used in the literature (Frame & Gray, 2010;
Gray et al., 2013; Kuroda et al., 2022; Lean & Rind, 2008;
Ma et al., 2018; Misios et al., 2016). We built the MLR
model based on the Generalised Least Square estimation
to properly treat heteroskedasticity and auto-correlation
(GLSAR in python package statsmodel). The MLR assumes
an auto-regressive term in the residuals and transforms
possibly correlated errors through an interactive process to
new terms that are serially uncorrelated and homoscedas-
tic. A similar MLR model has been applied in Kuchar
et al. (2017) to isolate SC signals from other forcings in
the lower tropical stratosphere, and here it is amended to
include time lags for the SC predictor. All MLR regression
coefficients are scaled to 1 W⋅m−2 increase in TSI, which
is a typical increase from solar minimum to maximum.
The statistical significance of the resulting regression coef-
ficients against the null hypothesis of zero regression coef-
ficient is rejected with p< 0.05 (0.1) using a two-tailed
t-test, which corresponds to the 95% (90%) confidence
level. Because the EOF reconstruction is based on the same
principal component time series, the significance testing
in single-mode EOF reconstructions (e.g., NAO, EA and
SCAND) returns the same p-values at all grid points. This

means that SC signals in single-mode reconstructions are
significant (or not) at all grid points.

The MLR model uses multiple forcing indices (pre-
dictors) to describe solar variations as well as additional
sources of climate variability in the NA region. The 11-year
SC is characterised by a detrended TSI predictor using a
band-pass Butterworth filter to retain periodicities smaller
that 18 years, as described in Misios et al. (2016). Kuroda
et al. (2022) applied a similar filtering of the multidecadal
TSI variations. Other analyses (e.g., Gray et al., 2013) have
used observations of the solar sunspot number instead,
but we note that the resulting SC signals are not sensi-
tive to the choice of the solar predictor because of the
high correlation of the annual detrended TSI and sunspot
numbers. This is not the case for the unfiltered-TSI, which
embeds a long-term positive trend over the 20th century
not apparent in the sunspot record. In addition to the
11-year SC, a set of predictors that capture well-known
sources of climate variability in the NA region is also
included in the MLR. The choice of these predictors fol-
lows previous MLR studies (Frame & Gray, 2010; Gray
et al., 2013; e.g., Misios et al., 2016; Ma et al., 2018) and
they are briefly listed here: (a) a globally averaged strato-
spheric aerosol optical depth at 550 nm (Sato et al., 1993)
to represent major volcanic eruptions, (b) CO2 equiv-
alent concentrations of all greenhouse gases, and (c) a
band-passed filtered (4–8 years) SST-based Nino3.4 index
to represent the El Nino–Southern Oscillation variability.
The quasi-biennial oscillation (QBO) is known to have sig-
nificant surface impacts (e.g., García-Franco et al., 2022)
but observations of the QBO do not extend sufficiently
far back in time to provide an index to analyse the longer
historical periods from 1900. In this case, the QBO forc-
ing index was excluded, following the approach of Gray
et al. (2016). We also considered an SST-based index of the
Atlantic Multidecadal Variability but we found negligible
sensitivity of the MLR results and it was finally excluded
in the MLR model.

In Figure 6 below we show the time evolution of
the mslp amplitude of the main SC anomaly found over

http://wileyonlinelibrary.com
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F I G U R E 2 Eleven-year solar-cycle response from multiple linear regression (MLR) analysis of December–January–February average
(DJF)-mean mean-sea-level pressure (mslp) (units: Pa⋅1 W−1⋅m−2 total solar irradiance [TSI] increase) in reanalyses. Top row: 20CRv3 for
1900–2014, bottom row: ERA5 for 1941–2022. The columns show results at different lags from −1 to +4 years following Smax. Statistical
significance is indicated by black stars (dots) for p< 0.05 (0.1), respectively, using a two-tailed t-test. [Colour figure can be viewed at
wileyonlinelibrary.com]

the Azores region in the DJF analysis. The figure shows the
monthly-averaged amplitude at 50◦ N and 25◦ W, which
corresponds to the core of the positive response seen in
Figure 2 at lag +3 years. Sensitivity tests (not shown) were
performed to check that the results were not sensitive to
small variations in the selected location.

3 RESULTS

3.1 Solar cycle signatures in winter
mean-sea-level pressure

To compare the surface impacts of the SC on NA climate
with results from previous studies, Figure 2 presents the
lagged solar regression responses for the unfiltered mslp
from the 20CRv3 and ERA5 reanalysis datasets. Note that
the datasets cover different, partially overlapping, periods.
As already noted (see Introduction), an NAO-like response
pattern is seen to evolve following Smax, consisting of a
dipolar structure with a positive response of approximately
3 hPa over the Azores region that peaks at lags of 3–4 years
and a slightly weaker, statistically insignificant negative
response over the polar regions. The response in 20CRv3
(top row) and the ERA5 analysis (bottom row) both show
a consistent response with statistical significance at lag +3
and lag+4 years despite the fewer SCs under consideration
in the latter dataset.

While the primary positive mslp response resembles
the positive node of the NAO pattern, we note that the
maximum positive response is not centred directly over
the Azores but is positioned slightly to the north and the
positive anomaly at lags of +3–4 years extends northward
and eastward towards Scandinavia. This is also seen in the

results of Gray et al. (2016) (see their Fig. 3 at lag +3 years).
The maximum signal being slightly to the north of the
Azore plus the fact that there is no statistically significant
response over the northern node of the NAO, suggests that
the solar signal does not project directly onto the NAO pat-
tern of variability. The anomaly pattern associated with the
EA mode of variability shares a similar maximum anomaly
positioned to the north of the Azores (see e.g., Figure 1
above, and fig. 3 of Hall & Hanna, 2018). This suggests that
the solar response could be a more complex superposition
of responses onto several leading modes of winter variabil-
ity, a possibility that is explored in the following sections.

3.2 Solar-cycle signatures in the
empirical orthogonal
function-reconstructed mean-sea-level
pressure

Figure 3 presents the lagged solar regression responses
for the EOF-filtered mslp data, reconstructed by consider-
ing the first five EOFs. The mslp solar responses compare
well with Figure 2 and the corresponding figure in Gray
et al. (2013), and in both the 20CRv3 and ERA5 a signifi-
cant mslp response exceeding 95% (90%) confidence level
is identified at lag +3 (lag +2) years, with magnitudes
exceeding 3 hPa. This means that SC signatures project
mostly on the leading atmospheric models. The shorter
ERA5 period generally indicates stronger anomalies. This
could be related to a better representation of mslp vari-
ability, stronger SC forcing and possibly an influence of
warmer background temperatures in the latter half of the
century. We also note the absence of the high significance
over North Africa detected in the 20CRv3 at lag 0 years

http://wileyonlinelibrary.com


MISIOS et al. 7 of 17

F I G U R E 3 Eleven-year solar-cycle response for December–January–February average (DJF) mean-sea-level pressure (mslp) from
multiple linear regression (MLR) analysis of empirical orthogonal function (EOF)-reconstructed time series (units: Pa⋅1 W−1⋅m−2 total solar
irradiance [TSI] increase). The EOF reconstruction is based on the first five leading modes. Top row: 20CRv3 for 1900–2014; bottom row:
ERA5 for 1941–2022. The columns show results at different lags from −1 to +4 years following Smax. Statistical significance is indicated by
black stars (dots) where p< 0.05 (0.1) respectively, using a two-tailed t-test. [Colour figure can be viewed at wileyonlinelibrary.com]

in Figure 2, implying the contribution of higher modes of
variability.

The spatial pattern of the detected SC signature at lag
0 years shows little similarity to the NAO pattern, as the
signal peaks over the Mediterranean. Only at lag +1 year
is a strong dipole of mslp anomalies established over the
typical NAO centres of action, while at lags of +3, 4 years
the positive anomalies are displaced northward and extend
towards Scandinavia. In the ERA5 analysis at lag +3 years
in particular, the position of the maximum anomaly in the
reconstructed pattern is very similar to the EA pattern dis-
tribution. This is also seen in Figure 2, but the EOF filtering
provides better evidence for a superposition between, at
least, the EOF-1 and EOF-2 patterns (NAO and EA, respec-
tively), in shaping the SC signature over the different lags.
This superposition is investigated in the following sections
by performing the MLR analysis on the individual leading
modes, that is, the NAO, EA and SCAND dipoles corre-
sponding to the three leading EOFs (see Section 2.2). We
note that the variance associated with EOF-2 and EOF-3
is comparable and in the analysis of individual two-month
averages (next section) they sometimes switch so that the
Scandinavian dipole has greater variance than the EA
pattern. For this reason, we choose to refer to the solar
responses in the named variability patterns, rather than
referring to EOF-2 or EOF-3, to avoid confusion.

3.3 Solar cycle signatures in leading
patterns of North Atlantic variability

In Figure 4 the 11-year DJF SC responses in the three lead-
ing patterns of variability are shown for the 20CRv3 dataset

for the period 1900–2014. There is no statistically signif-
icant 11-year SC response in the DJF NAO pattern (top
row). There is, however, a statistically significant response,
exceeding 90%, in the EA pattern (middle row), with a
(non-significant) negative EA anomaly at lag 0 and lag
−1 year and a corresponding (statistically significant) pos-
itive response that peaks at lag +3 years. No statistically
significant response is evident in the Scandinavian dipole
(bottom row) or in the higher EOFs (not shown). By super-
posing the responses in NAO and EA patterns it is easy
to understand the origins of the overall statistically signif-
icant response at lags of +3–4 years, since they have the
same sign in the region of the Azores and to the west of the
United Kingdom and hence reinforce each other at lags of
+3–4 years but have opposite signs at lag 0 years.

Figure 5 shows the corresponding SC response in
the NAO/EA/SCAND patterns of variability from the
ERA5 dataset over the period 1941–2022. The patterns of
response in both the NAO and EA are similar to those
of the 20CRv3 dataset but the NAO response is stronger
than in the 20CRv3 dataset and peaks earlier at lags 0 and
+1 years. Despite the stronger magnitude the NAO sig-
nal remains below 90% significance over the ERA5 period.
The EA response shows a time dependence similar to the
20CRv3 but is weaker and no longer statistically significant
at lag +3 years.

The evolving pattern, which is captured in both
reanalyses, suggests an initial NAO-like response that
commences at lag 0 years together with a substantial
contribution from the EA pattern that lags by a quarter
cycle and hence boosts the overall signal at lag +3 years.
Similar patterns of response are also seen in the cor-
responding analysis using the HadSLP dataset for the
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F I G U R E 4 Eleven-year solar-cycle response for December–January–February average (DJF) mean-sea-level pressure (mslp) from
multiple linear regression (MLR) analysis of individual empirical orthogonal function (EOF)-reconstructed time series (units: Pa⋅1 W−1⋅m−2

total solar irradiance [TSI] increase) using the 20CRv3 dataset for the period 1900–2014. Top/middle/bottom rows show the responses
associated with the NAO (EOF-1), EA (EOF-2) and Scandinavian dipole (EOF-3) patterns of variability, respectively, while the columns show
the different lags from −1 to +4 years following Smax. Statistical significance is calculated by considering the corresponding principal
components and is the same for the whole domain. Statistical significance is indicated by black stars (dots) denoting p< 0.05 (0.1)
respectively, using a two-tailed t-test. [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 5 As Figure 4 but using ERA5 over the period 1941–2022. [Colour figure can be viewed at wileyonlinelibrary.com]

period 1900–2014 (not shown) but the responses are not
statistically significant at the 95% confidence level.

The decomposition of the SC signature into the indi-
vidual leading EOF patterns helps to understand the mlsp

responses seen in Figures 2 and 3. This is also demon-
strated in Figure 6, which shows the evolution of the
amplitude of the mslp SC anomaly at 50◦ N and 25◦ W,
corresponding to the core of the positive response seen in

http://wileyonlinelibrary.com
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F I G U R E 6 Eleven-year solar-cycle response in December–January–February average (DJF) mean-sea-level pressure (mslp)
(Pa⋅1 W−1⋅m−2) from multiple linear regression (MLR)analysis at 50◦ N and 25◦ W for the unfiltered mslp (black), the reconstructed mslp that
retains the five leading EOFs (red), the individual responses in the North Atlantic Ocean (NAO) (green), East Atlantic (EA) (blue) and
Scandinavian (SCAND) (orange) patterns and the sum of these three leading EOFs (dashed red). The X-axis shows the lag from −5 to
+5 years following Smax. Left: 20CRv3 for 1900–2014; right: ERA5 for 1941–2022. Statistical significance is indicated by black stars (dots)
denoting p< 0.05 (0.1), respectively, using a two-tailed t-test. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 2 at lag +3 years. As discussed earlier, a significant
increase of mslp at lag +3 years (>3 hPa) is also captured
in the mslp reconstruction that retains the first five lead-
ing modes (compare the unfiltered and EOF-reconstructed
responses in Figure 6). The figure demonstrates that the
NAO (solid orange line) lags the peak in solar forcing by
about 1 year but the lagged mslp response documented
in earlier studies which peaks at lag +3 years in both
the 20CRv3 and ERA5 datasets is primarily associated
with the EA pattern (solid pink line). The NAO explains
about 25% of the total unfiltered response, whereas the
EA explains 60%. The sum of the first 3 EOFs (dashed red
line) explains almost 80% of the total unfiltered response
in 20CRv3. This is also evident in the 1941–2022 period,
where the MLR analysis identifies a pronounced increase
in the EA contribution that surpasses the NAO ampli-
tude at lags of +2–5 years. The NAO explains merely
25% whereas the EA explains 60% of the total unfiltered
response in ERA5. The Scandinavian pattern shows only a
weak contribution to the overall mslp DJF response in the
NA region.

It is not immediately obvious why the ERA5 analysis
shows a stronger NAO response at lag 0 years and a weaker
EA response at lag +3 years than the 20CRv3 analysis. It

could be due to the different input data used in preparation
of the datasets or it could be due to the different times-
pans of the datasets. To test this, the 20CRv3 analysis was
repeated using only the period 1941–2014, to match the
time period as closely as possible to the ERA5 period (not
shown). The results were very similar to those from the
ERA5 analysis, confirming that the different time period
is primarily responsible for the difference in dominance of
the NAO and EA patterns.

In summary, the EOF analysis of the DJF mslp shows
no statistically significant 11-year SC response in the NAO.
However, a previously unrecognised 11-year SC response
in the EA pattern was found with a positive mslp anomaly
at lags of +3–4 years which reinforces the NAO response,
resulting in an overall response that is statistically signifi-
cant at those lags, in agreement with previous studies. The
EA response appears to be stronger in the early part of the
period examined (pre-1941), but its statistical significance
is not high. Previous studies have suggested that there may
be different processes acting in early/late winter so that
analysing the combined DJF months may hide conflict-
ing responses. A weaker subpolar gyre or altered external
forcing regimes in the pre-1941 period may have enhanced
EA mode variability, potentially amplifying the solar signal
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response (e.g., Huo et al., 2024). For this reason, we now
examine the early and late winter responses separately.

3.4 Early/late winter solar-cycle
signatures

The studies of Gray et al. (2016) and Ma et al. (2018)
noted that the early winter 11-year SC response in mslp
was different to the late winter response (see also Kuroda
et al., 2022). The early-winter response was found to max-
imise at lags of +3 years while the later winter response
maximised at lag 0 years. Gray et al. (2016) proposed that
this was consistent with a top-down mechanism via the
strength of the stratospheric vortex at lag 0 years together
with an amplifying re-emergence mechanism via Atlantic
SSTs (Scaife et al., 2013) that perpetuates the SC response
and peaks at lags of a quarter-cycle, that is, approxi-
mately +3 years. They proposed that since the Northern
Hemisphere stratospheric vortex tends to show greatest
variability in late winter and its impact at the surface

can last for several months (Baldwin & Dunkerton, 2001)
it is most likely to impact the late winter months while
the re-emergence mechanism that carries the SC anomaly
from one winter through to the next is more likely to
be evident in early winter months. Kuroda et al. (2022)
who studied the historical station-based NAO index (Jones
et al., 1997) also found similar intraseasonal variations,
with a maximum positive NAO signal in late winter
(February) at the peak of solar forcing (i.e., at lag 0) that
appeared earlier in winter with increasing years follow-
ing Smax. However, the latter response peaked at lags of
+1–2 years rather than +3–4 years, possibly because of dif-
ferences in derivation of their NAO index or the different
timespan examined (see Introduction).

To explore the early/late winter responses in the indi-
vidual EOF patterns, we first examine the ERA5 MLR
analysis results (1941–2022). Figure 7 shows the 11-year
SC response in the NAO for November–December (ND),
December–January (DJ), January–February (JF) and
February–March (FM) averages, respectively. It is evident
that the (statistically insignificant) NAO response in the

F I G U R E 7 Eleven-year solar-cycle response from multiple linear regression (MLR) in the North Atlantic Oscillation (NAO)
reconstructed mean-sea-level pressure (mslp) using the ERA5 dataset for the period 1941–2022. Top to bottom rows for
November–December, December–January, January–-February and February_March averages. The columns show the different lags from −1
to +4 years. following Smax. Statistical significance is calculated by considering the corresponding principal components and pertain to the
whole domain. Units are Pa⋅1 W−1⋅m−2 total solar irradiance [TSI] increase. Statistical significance is indicated by black stars (dots) denoting
p< 0.05 (0.1), respectively, using a two-tailed t-test. [Colour figure can be viewed at wileyonlinelibrary.com]
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DJF analysis of Figure 5 at lag 0 and +1 years originates
primarily from the late winter (JF) months. Unlike the
DJF response, the NAO response in JF at lag +1 year is
statistically significant at the 95% confidence level. Its
amplitude exceeds 3 hPa, which is a substantial proportion
of the total variance in mslp at this time of the year (see
e.g., Gray et al., 2013). This agrees reasonably well with
Kuroda et al. (2022) who found the peak NAO response
in February at lag 0. The corresponding analysis of the
SC signal in the NAO from the 20CRv3 dataset is shown
in Figure 8. It shows a similar late-winter solar response
at lags of 0 and +1 years although, as already seen in the
DJF results, the addition of the earlier years (pre-1941)
has weakened both the amplitude and the statistical
significance.

In addition to the late-winter SC response at lag 0 and
+1 years there is also a statistically significant SC response
in the NAO in early winter at lags +3–4 years. This is par-
ticularly evident in the 20CRv3 analysis where it is statisti-
cally significant at the 95% (90%) confidence level in ND at
lag +3 years over both the Icelandic and Azores regions in
the 20CRv3 (ERA5) analysis respectively. The amplitude of
this response exceeds 1.5 hPa which is smaller than the lag
0 response in late winter but nevertheless still a substantial
proportion of the total variance. This is again consistent
with the results of Kuroda et al. (2022) who also found that

the maximum response occurred earlier in the winter as
the lag was increased, although their peak statistically sig-
nificant response occurred at +1–2 years rather than the
+3–4 years found here.

In summary, by examining the early and late win-
ter responses separately, instead of using the traditional
DJF-average, statistically significant SC responses in the
NAO are clearly revealed.

The 11-year solar responses in the EA mslp pattern for
the ERA5 and 20CRv3 analyses are shown in Figures 9
and 10, respectively. The EA patterns show a very differ-
ent evolution to the NAO pattern. A statistically significant
response is only seen in the late winter, with a positive
anomaly peaking at lags of +3 and +4 years (only statisti-
cally significant in the ERA5 dataset) and a corresponding
negative anomaly centred half a cycle later (around lag
+9 years, not shown) which is still clearly evident at lags
of −1 years and lag 0 years. The DJF solar response in
the EA pattern shown in Figure 4 can thus be seen to
originate primarily from the late winter, although the sta-
tistical significance of these results is clearly limited and
there are also differences in details of the response between
the two datasets. These differences are most evident in
the February–March responses, with the ERA5 show-
ing a strong, statistically significant response at lags of
−1 years and+3 years while the 20CRv3 shows a very weak

F I G U R E 8 As Figure 7 but for 20CRv3 dataset (1900–2014). [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 9 As Figure 7 but for the East Atlantic (EA) pattern. [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 10 As Figure 8 for East Atlantic (EA) but for 20CRv3 dataset (1900–2014). [Colour figure can be viewed at
wileyonlinelibrary.com]
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F I G U R E 11 Eleven-year solar-cycle response from multiple linear regression (MLR) in the Scandinavian (SCAND) reconstructed
mean-sea-level pressure (msl)p using the 20CRv3 dataset for the period 1900–2014. Ony February–March averages are shown. The columns
show the different lags from −1 to +4 years. following Smax. Units are Pa⋅1 W−1⋅m−2 total solar irradiance [TSI] increase. Statistical
significance is indicated by black stars (dots) denoting p< 0.05 (0.1), respectively, using a two-tailed t-test. [Colour figure can be viewed at
wileyonlinelibrary.com]

response. We note that the EOFs have been calculated for
each two-month average and the FM average EOF2 pattern
in ERA5 (not shown) is slightly different from the tradi-
tional EA pattern identified in the other two-month and
DJF averages. It extends northeasterly from the west of Ire-
land towards Scandinavia and thus resembles a combina-
tion of the EA and Scandinavian patterns, likely explained
by a mixing of the leading modes. This is clearly appar-
ent in Figure 9. This mixing is less evident in the 20CRv3
dataset, where Figure 10 shows a more traditional EA
pattern with a single maximum to the west of Ireland.
Figure 11 shows the 11-year solar response in the Scan-
dinavian pattern from the 20CRv3 analysis in the months
February–March (there is no SC response in this mode
in any other of the winter months). It shows a strong,
statistically significant response at lags of +3 years that
stretches from the west of Ireland to Scandinavia, similar
to the EA response at the same lag in the ERA5 dataset.
The 11-year solar response in the EA/Scandinavian pat-
terns of the two datasets is therefore not so dissimilar as
it appears at first sight. This response in the EA/Scandi-
navian pattern also helps to understand the origin of the
DJF responses shown in Figure 2, in which there is an
elongation of the response towards Scandinavia at lags
of +3 and +4 years.

4 SUMMARY AND DISCUSSION

This study has examined a set of reanalyses, both modern
ECMWF-ERA5 and NOAA-CIRES-DOE 20th Century
(20CRv3), to evaluate the robustness of the signatures
of the 11-year SC in the surface wintertime NA climate.
The approach has been different to previous studies by
first performing an EOF analysis to allow examination
of the separate responses in the NAO, the EA and the
Scandinavian patterns of variability before performing
the usual multilinear regression analysis to isolate the

SC signal. Consistent with earlier studies (e.g., Gray
et al., 2013), the DJF SC response in 20CRv3 and ERA5
is mainly characterised by positive anomalies in mslp
in the region slightly to the north of the Azores at lags
of approximately +3 years that contribute to a positive
NAO-like pattern. A statistically significant SC response
was not found in the combined DJF NAO, but when the
response was examined separately for the early/late win-
ter months a statistically significant NAO response was
found at both lag 0 years in late winter (JF/FM) and at
lag +3 years in early winter (ND/DJ). These results are
consistent with those of Gray et al. (2016) and Kuroda
et al. (2022), although the latter found the peak response
in early winter at slightly smaller lags (+1–2 years), which
is likely explained by the different periods analysed. Our
results also suggest that an NAO-like response should
not be anticipated throughout all winter months but
is predominately a late-winter response at lag 0 years.
The study also reconciles with the findings of Chiodo
et al. (2019) for an insignificant SC response in the NA cli-
mate, since we have also found low statistical significance
of the mean DJF mslp anomalies to SC forcing over the
20th century.

Nevertheless, we find that the NAO response is not the
key ingredient of the mslp SC response at lag +3 years.
Instead, we find that the EA pattern (EOF-2) is the primary
contributor, with a substantial, statistically significant con-
tribution in late winter (JF/FM). We find that the lag
+3 years DJF SC response, in terms of its spatial distribu-
tion, its lagged nature and its intraseasonal evolution, can
be explained primarily by the superposition of SC signals
in the early-winter NAO response and the late-winter EA
response. The sum of these NAO and EA contributions
explains almost 80% of the total DJF mslp anomalies at lag
+3 years seen in Figure 2.

The origin of the SC signal in the EA pattern is
not clear and deserves further investigation. There are
a number of potential interactions and influences that
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deserve consideration, including those associated with
the well-known (bottom-up) SC surface responses in the
Pacific. For example, in years following Smax, Misios
et al. (2019) identified increased rainfall in the equato-
rial Pacific, an eastward shift of the Walker circulation
and positive sea surface temperature anomalies in the
equatorial Pacific resembling observed changes during El
Nino events, albeit of considerably weaker magnitude. It
would be interesting to investigate whether this response
could propagate to the NA and project onto the EA pat-
tern, as identified in typical El Nino years (Ayarzagüena
et al., 2018) although this is beyond the scope of this
study. Previous studies have suggested that a late-winter
EA response might be traced to stratospheric pathways
whereas teleconnections mediated via the troposphere are
more likely to impact the early-winter EA pattern (e.g.,
King et al., 2018). Our analysis identifies the strongest
positive EA response in late winter, hinting at a possible
stratospheric pathway.

Interestingly, our result showing an 11-year SC in the
EA pattern is similar to the results of Sjolte et al. (2018).
They developed a reconstruction of atmospheric win-
ter circulation for the NA region covering the period
1241–1970 CE based on seasonally resolved Greenland
ice core records and a 1200-year-long simulation with
an isotope-enabled climate model. The mslp and sur-
face temperature were reconstructed by matching the
spatiotemporal variability in the modelled isotopic com-
position to that of the ice cores. Previous paleoclimate
studies have indicated solar influences on climate in the
NA region on centennial timescales (Adolphi et al., 2014;
Bond et al., 2001; Jiang et al., 2015), including a link
between climate conditions during the Little Ice Age and
a negative NAO forced by low solar activity (Shindell
et al., 2001; Swingedouw et al., 2017). However, Sjolte
et al. (2018) found no persistent relationship between
solar forcing and the NAO. Instead, they found a strong
impact of solar forcing on the secondary mode of circu-
lation represented by EOF-2 of their reconstructed mslp,
that is, the EA pattern. The strongest correspondence
occurred at five-year lags which they suggested was indica-
tive of an atmosphere–ocean feedback. They proposed a
possible mechanism that involved an increase in atmo-
spheric blocking (Woollings et al., 2010) and weakening
of the subpolar gyre (Huo et al., 2024; Moffa-Sánchez &
Hall, 2017). This mechanism also warrants further inves-
tigation using more comprehensive reanalysis datasets.
The 20CRv3 reanalysis dataset employed in this study
was created as a coupled ocean–atmosphere reanalysis so
there is also a physically consistent companion oceanic
dataset that should allow further exploration of these pos-
sible ‘bottom-up’ mechanisms (outside the scope of the
current study).

In summary, a detailed decomposition of the observed
wintertime mslp response to 11-year solar forcing between
the primary modes of variability (the NAO and EA pattern)
and between the early and late winter responses has
provided an improved understanding of the interplay
between the leading modes of variability in shaping the
overall mslp response. However, while the study identi-
fies significant solar signals in both EA and NAO pat-
terns, the physical mechanisms driving these responses
remain inadequately elucidated. The origin of the pre-
viously unidentified delayed response in the EA pattern
warrants further examination. We also note that the results
are derived from a MLR analysis which has limitations,
including its assumption of linearity, stationarity and
dependence on the choice of predictors. There is always
the chance that an internal mode of the atmosphere–ocean
coupled system could, by chance, align and be mistaken
for a SC signal, especially since the observational record is
relatively short.
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