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Abstract. Here we present a study of the 11 yr sunspot cy-

cle’s imprint on the Northern Hemisphere atmospheric circu-

lation, using three recently developed gridded upper-air data

sets that extend back to the early twentieth century. We find

a robust response of the tropospheric late-wintertime circula-

tion to the sunspot cycle, independent from the data set. This

response is particularly significant over Europe, although re-

sults show that it is not directly related to a North Atlantic

Oscillation (NAO) modulation; instead, it reveals a signif-

icant connection to the more meridional Eurasian pattern

(EU). The magnitude of mean seasonal temperature changes

over the European land areas locally exceeds 1 K in the lower

troposphere over a sunspot cycle.

We also analyse surface data to address the question

whether the solar signal over Europe is temporally stable for

a longer 250 yr period. The results increase our confidence in

the existence of an influence of the 11 yr cycle on the Euro-

pean climate, but the signal is much weaker in the first half of

the period compared to the second half. The last solar min-

imum (2005 to 2010), which was not included in our anal-

ysis, shows anomalies that are consistent with our statistical

results for earlier solar minima.

1 Introduction

For more than two centuries scientists have been speculat-

ing on a possible influence of the solar output variability on

Earth’s climate and atmospheric dynamics (Gray et al., 2010

for a review; Lockwood, 2012; van Oldenborgh et al., 2013).

Research in this field has progressed significantly during the

last decade, mainly due to the use of global circulation mod-

els coupled with ocean dynamics and chemical processes in

the stratosphere (Gray et al., 2010). In particular, a large part

of the research focused on the decadal variations of total and

spectral solar irradiance, namely the 11 yr cycle. This cycle

determines a change in the Total Solar Irradiance (TSI) at

the top of Earth’s atmosphere of about 0.1 % (i.e. of the or-

der of 1 W m−2), but a much larger change in the ultraviolet

(UV) part of the spectrum, up to 3 % according to recent mea-

surements by the SORCE satellite (Harder et al., 2009). It

also modulates the strength of galactic cosmic rays reaching

Earth and geomagnetic activity. Each of these changes could

have an impact on climate (e.g. Tinsley et al., 1989; Tinsley,

2000, 2012; Tinsley and Yu, 2004; Kazil et al., 2006; Meehl

et al., 2008, 2009; Haigh et al., 2010; Hebert et al., 2012).

However, given that the signal is weak compared to the inter-

nal variability, the relatively short period covered by observa-

tions still represents a bottleneck for a reliable quantification

of this impact, especially for the troposphere. A wide spa-

tial coverage of the atmosphere is needed, both on horizontal

and vertical scale, in order to allow the validation of model
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simulations and to study the physical mechanisms involved.

Until recently, the only data sets fulfilling this requisite were

reanalyses that cover not more than five solar cycles, or even

less if homogeneity issues are taken into account. In partic-

ular, ERA-40 (Uppala et al., 2005) and NCEP/NCAR (Na-

tional Centers for Environmental Prediction/National Center

for Atmospheric Research) (Kalnay et al., 1996; Kistler et

al., 2001) reanalyses are widely used. Frame and Gray (2010)

analysed the statistical relationships between the solar radio

flux at 10.7 cm and zonally-averaged temperature and zonal

wind in ERA-40, but they were forced to use only data from

1978 onward due to the lack of stratospheric observations in

the earlier period; moreover, data after 2002 were taken from

another reanalysis product. They found significant correla-

tions in the tropical stratosphere throughout the year, while

results in the troposphere were less clear. Haigh (2003) did

a similar analysis for temperature in NCEP/NCAR over the

period 1979–2001, finding a stronger correlation in the sub-

tropical troposphere. Gleisner et al. (2005) tried to compare

the two reanalyses over the period 1958–2001 and concluded

that substantial discrepancies between the two data sets in

the 1970s and the 1980s cause large differences in the cor-

relations with the solar flux in the troposphere, particularly

in the tropics and in the Southern Hemisphere; in general the

correlations are much higher in NCEP/NCAR. Other inho-

mogeneities in the reanalyses, potentially affecting the relia-

bility of the statistical relations with solar variability, were

pointed out by other authors (e.g. Bengtsson et al., 2004;

Kinter et al., 2004). One recent study (Sirocko et al., 2012)

used 500 hPa geopotential heights from the new Twentieth

Century Reanalysis (Compo et al., 2011) data set, hereafter

20CR, in addition to proxy data, finding some relationships

with the solar cycle in the Euro–Atlantic region over the pe-

riod 1871–2009. The statistical significance of those results

was however disputed by van Oldenborgh et al. (2013).

Results from surface data, which are available for longer

periods and are usually more reliable, suggest at least the ex-

istence of a solar influence. Previous studies found a signifi-

cant solar influence on the wintertime sea level pressure field

of the Northern Hemisphere (e.g. Kodera, 2003; Van Loon

et al., 2007; Roy and Haigh, 2010, 2011; Woollings et al.,

2010; Bal et al., 2011; Ineson et al., 2011; Martin-Puertas

et al., 2012), although the significance of the Euro-Atlantic

signal was disputed by others (e.g. Rodwell, 2003; van Old-

enborgh et al., 2013). It is important to note that the signals

often differ largely in strength and significance among the

various studies because they are based on different data sets,

periods and statistical methods. However, two common fea-

tures are the weakening (strengthening) of the Aleutian low

in early winter and the strengthening (weakening) of the Ice-

landic low in late winter during maxima (minima) of solar

activity, with consequent changes in wind and temperature

patterns over North America and Europe. The correlations

with long data sets are generally weak and explain only a

few percent of variance. Connections with surface tempera-

ture are in general even weaker (e.g. van Oldenborgh et al.,

2013).

Other studies focused on regions where upper-air data

are reliable for long periods, typically in the mid-latitudes

of the Northern Hemisphere. For instance, Brönnimann et

al. (2007a) found a significant solar influence in the zonal

mean of geopotential height in the upper troposphere over

the period 1922–2003, when averaged over a latitudinal band

spanning from 30◦ N to 60◦ N. Barriopedro et al. (2008) stud-

ied the relationship between the 11 yr solar cycle and the fre-

quency of persistent interruptions of the normal zonal flow

in the mid-latitudes, which are known as blockings (e.g. Rex,

1950). They found a significant response of the locations and

persistence of blockings in the Northern Hemisphere in win-

ter over the relatively short period 1955–1999. In particular

they attributed the higher likelihood of cold days over Europe

during solar minima to an eastward shift of the mean position

of blockings in the North Atlantic.

The present paper aims at a more detailed and reliable de-

scription of the statistical relations between the tropospheric

wintertime circulation in the Northern Hemisphere and the

11 yr solar cycle over the last century, using state-of-the-

art observational data sets. Long statistical reconstructions

of surface and upper-air parameters have been created in re-

cent years, pushed by big efforts made in the recovery and

digitising of old data. Furthermore, a 140 yr long reanalysis

(20CR) has been developed based on surface data only, yet

demonstrating good performances for the Northern Hemi-

sphere even in the upper troposphere for some variables (e.g.

geopotential height). Our purpose is then to exploit these

new data sets for a better description of the decadal variabil-

ity driven by the Sun, in particular in the wintertime tropo-

sphere over North America and Europe, i.e. where the largest

amount of upper-air data is available. For these regions we

have the possibility to use data from the first half of the 20th

century, which is fundamental to address the stability of the

solar signals. Measurements of the solar radio flux are avail-

able only from the 1950s, but periods of maxima and minima

of the 11 yr cycle can still be detected from direct observa-

tions of sunspots, which are the most commonly used proxy

for solar activity. In fact, the number of dark spots on the

Earth-directed face of the Sun has been observed for cen-

turies and a reconstruction is available for the last 300 yr (for

historical details refer to Eddy, 1976).

We use different, independently-developed data sets and

different, complementary statistical approaches to improve

the robustness of the analysis. The combination of these data

sets and statistical methods provide a more reliable picture of

solar induced tropospheric circulation changes than hitherto

possible.

After a presentation of the data sets and the statistical

methods used, we present first the results on long reconstruc-

tions of sea level pressure (SLP) for the Euro–Atlantic area,

then we compare them to the results for upper-air reconstruc-

tions and reanalysis. Finally we discuss the coherency of the
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various results and describe a “solar pattern”, which seems

to be stable for more than 250 yr.

2 Data

2.1 SLP and atmospheric circulation indices

We use the monthly gridded SLP reconstruction for the North

Atlantic–European (NAE) region (30◦ W to 40◦ E; 30◦ N to

70◦ N) from Luterbacher et al. (2002), which covers the pe-

riod 1659–2002. The statistical reconstruction is based on

a combination of early instrumental station series and doc-

umentary proxy evidence. The reader is referred to Luter-

bacher et al. (2002) for a detailed description of the method

and the data used.

Furthermore, we consider also the monthly circulation in-

dices reconstructed by Luterbacher et al. (1999, 2001) up to

1990. The indices are the North Atlantic Oscillation (NAO)

and the Eurasian index (EU; Luterbacher et al., 1999); the

former is the most prominent mode of variability in the

Northern Hemisphere (Barnston and Livezey, 1987), and

the latter also plays an important role in the variability of

Eurasian climate, especially during wintertime (Schmutz and

Wanner, 1998; Wibig, 1999; Xoplaki et al., 2004; Küttel et

al., 2011). We analyse two versions of the NAO index and

two versions of the EU index. NAO1 is calculated from grid-

ded values of SLP, while NAO2 is from station data. EU1

(EU2) is defined as the standardised, grid point based SLP

difference between Great Britain and the Black Sea (Caspian

Sea). The reader is referred to Luterbacher et al. (1999) for

further details on the definition of the indices.

2.2 Upper-air data sets

The main data sets are recently developed statistical re-

constructions of global upper-air fields for temperature,

wind and geopotential height: REC1 (Griesser et al., 2010)

and REC2 (Brönnimann et al., 2012b). These gridded

(2.5◦ × 2.5◦) reconstructions are based on surface air tem-

perature from the NASA-GISS (Goddard Institute for Space

Studies) station data set (Hansen et al., 1999), SLP data from

HadSLP2 (Allan and Ansell, 2006) and upper-air observa-

tions from the Comprehensive Historical Upper-Air Network

(CHUAN; Stickler et al., 2010). For REC1, three different

reconstructions were performed: one for the Northern Hemi-

sphere, one for the tropics and one for the Southern Hemi-

sphere. Here we use the first one, which covers the latitudes

from 15◦ N to 90◦ N. The lack of upper-air observations be-

fore the 1940s (Griesser et al., 2010) makes the tropical re-

construction unsuitable for the purposes of this paper.

Data fields are available with monthly resolution at 6 levels

(850, 700, 500, 300, 200, 100 hPa), except for the wind field

in REC1, which is available only for the altitude of 3 km.

The main difference between the two data sets is related

to the statistical approach. REC1 makes use of hemispheric

principal component patterns, thus it is based on the as-

sumption of stationary large-scale patterns. It has the advan-

tage of being spatially complete with a long temporal cov-

erage (1880–1957), but it is not suitable for detecting non-

stationary teleconnections (Griesser et al., 2010). In REC2

each grid column is reconstructed independently using only

predictors from a “cone of influence” around that grid col-

umn, with a minimum of 50 % information from upper-air

data. REC2 has the disadvantages of an incomplete spatial

coverage and a shorter length (1918–1957), but the approach

assures that the reconstructed values are always close to ob-

served upper-air data.

Both reconstructions are calibrated with the ERA-40 re-

analysis, from which data for the period 1958–2002 were

extracted. We then chose a period in which a minimum of

500 grid points are available in REC2, with the aim to find a

good compromise between temporal length and spatial cov-

erage. The evolution of the number of available grid points is

shown in Fig. 1. A grid point is considered available for a cer-

tain period when it has a maximum of 5 missing years over

that period (none of them can be the first year). These criteria

led to 1927–2002 (7 solar cycles) as base period of the anal-

ysis. Most of the available grid points are over landmasses

in the mid-latitudes of the Northern Hemisphere, covering a

large part of North America and Europe; in addition, a few

grid points are available in the Caribbean Sea (see Fig. 5).

Furthermore, we compare the statistical reconstructions

with 20CR (Compo et al., 2011). This reanalysis is based on

sea-surface temperatures (SST) and SLP observations only,

which means that it is almost independent from both REC1

and REC2 (SLP being the only common input, although with

a different temporal resolution).

20CR is not affected by some common inhomogeneities

of reanalysis products, such as the ones caused by the intro-

duction of satellite-based measurements of upper-air temper-

ature at the end of the 1970s. For this reason it represents

an appropriate tool to evaluate the reliability of our analysis,

which over the period after 1957 is influenced for both sta-

tistical reconstructions by the inhomogeneities of ERA-40.

However, 20CR is based on version 2 of the Hadley Cen-

tre SST data set (HadSST2; Rayner et al., 2006), which has

been shown to have a large inhomogeneity in the mid-1940s

due to uncorrected instrumental biases in the ship-based mea-

surements of water temperature (Thompson et al., 2008). The

impact of this inhomogeneity on the upper-air fields of 20CR

has not yet been evaluated in the published literature. The

variations in the number of surface stations may also cause

inhomogeneities; moreover 20CR suffers from a large, time-

varying bias in the temperature and wind in the Arctic (e.g.

Brönnimann et al., 2012a). Another weakness is represented

by the fact that land-based surface pressure stations are cal-

ibrated on the ship-based observations, introducing spurious

low-frequency variability.

www.atmos-chem-phys.net/13/6275/2013/ Atmos. Chem. Phys., 13, 6275–6288, 2013
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Fig. 1. Evolution of the number of available grid points in REC2 for

late winter (JFM). Note that the scale is logarithmic.

3 Methods

We concentrate on the late-winter season (January to March,

or JFM), when solar influence is expected to be at its peak

in the troposphere. In fact, several studies suggested a prop-

agation of the solar signal from the stratosphere to the tro-

posphere during the winter season (e.g. Shindell et al., 1999;

Ineson et al., 2011), hence a signal in the troposphere is ex-

pected to appear only in late winter.

Years with strong El Niño/La Niña (hereafter ENSO)

episodes (as listed in Brönnimann et al., 2007b) or influenced

by major volcanic eruptions are excluded from the analy-

sis (we defined a winter to be volcanic when the average

stratospheric optical depth of the Northern Hemisphere (30–

90◦ N) from the reconstruction of Crowley et al. (2008) is

greater than 0.05 in JFM minus 6 months, i.e. in the period

from July to September of the previous year). The reason

is the non-negligible influence of strong volcanic or ENSO

episodes on the wintertime extra-tropical circulation (e.g.

Moron and Plaut, 2003; Brönnimann et al., 2007b; Fischer

et al., 2008; Graf and Zanchettin, 2012; Zanchettin et al.,

2013a, b). Twenty-five volcanic winters, starting from the

year 1749, were excluded according to our criteria; fourteen

of them are in the nineteenth century, six of which are in the

1810s. We can therefore exclude a large volcanic or ENSO

bias in our results.

We use two different statistical methods: the difference of

composites and the multiple linear regression (MLR). The

former method is applied to detect the influence of the 11 yr

cycle by checking for statistically significant differences be-

tween the mean fields during solar maxima and solar minima.

This strategy is particularly useful when a strong nonlinear-

ity of the studied connection is expected, as is the case for

solar influence.

To discriminate between solar maxima and minima, we

considered the upper (for maxima) and lower (for min-

Fig. 2. Evolution of the seasonally-averaged International Sunspot

Number (R) in late winter (JFM) over the analysed period (1749–

2002). The dashed (dotted) lines mark the thresholds used to define

the composites for the surface (upper-air) analysis.

ima) terciles of the seasonal mean of the International

Sunspot Number record (R = 10N +n, where N is the num-

ber of sunspot groups on the visible solar disk and n is

the number of individual sunspots), downloaded from the

Royal Observatory of Belgium’s website (http://sidc.oma.

be/sunspot-data/SIDCpub.php). Application of this approach

for periods of steady increase of the solar activity (e.g.

1900–1950) is not straightforward. Some reconstructions

(e.g. Shapiro et al., 2011) show a long-term TSI trend which

could lead to the fact that TSI for sunspot maximum around

1900 could be comparable or even lower than TSI for sunspot

minimum around 1945. However, some other studies (e.g.

Schrijver et al., 2011) conclude that the long-term trend of

the TSI does not exist, which justifies the application of R

as a proxy for creating our composites. The sunspot number,

plotted in Fig. 2, is available with a monthly resolution start-

ing from the year 1749; therefore we analyse the solar sig-

nal at the surface in the period 1749–2002 (1749–1990 for

the circulation indices), which covers 23 solar cycles. This

is also the period when the surface reconstructions are more

reliable (Luterbacher et al., 1999, 2001, 2002).

For the surface analysis we estimated the terciles of R

from the whole period 1749–2002, and for the upper-air anal-

ysis from the period 1927–2002 (because of the higher so-

lar variability in that period); the thresholds are shown in

Fig. 2. Other ways to define the composites, like using dif-

ferent thresholds for each cycle, did not remarkably influence

our results. Furthermore, we tried to use the open solar flux

(Lockwood et al., 2010; Woollings et al., 2010) as a proxy

instead of R, but also in this case the results were not sub-

stantially modified (not shown).

The significance of the difference for each grid point was

calculated from a standard Student’s t test. Field significance

was estimated by adapting the method proposed by Livezey

and Chen (1983). We ran a Monte Carlo simulation that con-

sisted in replacing the years in the two composites with ran-

dom years and calculating the number of grid points m with

a significant difference (at 5 % level) for the random com-

posites. The process was repeated 1000 times, leading to

Atmos. Chem. Phys., 13, 6275–6288, 2013 www.atmos-chem-phys.net/13/6275/2013/
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the null-distribution of m. The 95th percentile of the null-

distribution represents our significance threshold m95 (i.e. the

minimum m to be achieved in order to have a significant solar

influence).

MLR can better separate the influence of solar activity

from the influence of other known factors (e.g. ENSO, volca-

noes), assuming that each predictor has a linear relationship

with the predictand. The predictors used in the MLR are R

representing solar activity, the Nino3.4 index (Rayner et al.,

2003) representing ENSO, the Northern Hemisphere average

of the stratospheric optical depth (Crowley et al., 2008) rep-

resenting volcanic activity, the smoothed (10 yr running aver-

age) Atlantic Multi-decadal Oscillation Index (Enfield et al.,

2001) representing oceanic low-frequency variability, and a

linear trend. We applied a lead of 4 months to the ENSO

predictor and a lead of 6 months to the volcanic predictor

(e.g. Brönnimann et al., 2007a; Lean and Rind, 2008) in or-

der to allow the propagation of the signals to high latitudes

(the choice of the lead does not remarkably affect the results;

not shown). Note that the volcanic/ENSO filter was not ap-

plied in the MLR analysis. The equation that describes our

least squares regression model has the following form:

y(λ,ϕ, t) = c0 + ct (λ,ϕ) · t + cR(λ,ϕ) · R(t) (1)

+cENSO(λ,ϕ) · Nino3.4(t) + cVOLC(λ,ϕ) · sod(t)

+cAMO(λ,ϕ) · AMO(t) + res(λ,ϕ, t),

where λ is longitude, φ is latitude, t is time in years and

res represents the residuals, i.e. the differences between ob-

served and modelled data.

For the estimation of the uncertainty in the regression co-

efficients we took into account the autocorrelation of the

residuals, adopting the same method as described in Garny

et al. (2007).

Since we are mainly interested in the decadal signal, the

difference of composites is the primary method adopted in

this paper, while we use the MLR to show that the choice

of the method does not significantly influence the final re-

sults (in particular, that the global warming trend is not anti-

aliased into the solar cycle signal).

4 Solar signal at the surface

4.1 SLP field

The difference of solar maxima and minima composites for

the late wintertime shows a negative solar signal in a wide

area between Iceland and the British Islands (correspond-

ing to 28 grid points, which is statistically significant since

m95 = 24), where the pressure is more than 2 hPa lower in

the solar maxima subset, indicating a strengthening of the

Icelandic low (Fig. 3a). This result is in qualitative agree-

ment with previous studies based on shorter data sets (Roy

and Haigh, 2010; Woollings et al., 2010; Ineson et al., 2011);

however our results indicate a more significant signal in the

Fig. 3. Maps of differences between maxima and minima compos-

ites for the SLP reconstruction by Luterbacher et al. (2002) over (a)

the whole analysed period, (b) and (c) the first and the second half

of the whole period respectively. Light (dark) gray shaded areas in-

dicate significant differences at the 5 % (1 %) level after a Student’s

t test; units are hPa.

North Atlantic and a less strong response over north-western

Africa. Differences in the results might be also due to a dif-

ferent definition of the winter season and the use of different

data sets.

In order to assess the stability and the robustness of the sig-

nal, we repeated the analysis using two sub-series of the SLP

record spanning the first and the second half of the whole pe-

riod (1749–1875 and 1876–2002, respectively). The respec-

tive composites differences are shown in Fig. 3b and c. The

solar signal maintains its shape in the two sub-periods, al-

though in the first period it is not statistically significant.

By looking separately at each single month (see Fig. S1

in the Supplement), we found that the signal is stable from

January to March and it subsequently disappears in April,

confirming that the choice of JFM for the analysis was justi-

fied.

www.atmos-chem-phys.net/13/6275/2013/ Atmos. Chem. Phys., 13, 6275–6288, 2013
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Table 1. Differences between solar maximum and minimum com-

posites for various atmospheric indices in JFM over the period

1749–1990, together with their 99 % confidence intervals. Values

in bold are significantly different from zero at 5 % level after a two-

sided Student’s t test for the differences (note that none of the in-

dices is subject to a significant serial correlation when using JFM

averages). Refer to the text for details about the filtering procedure.

Filtered Unfiltered

NAO1 0.38 ± 0.54 0.26 ± 0.43

NAO2 0.34 ± 0.58 0.23 ± 0.46

EU1 −0.38 ± 0.30 −0.21 ± 0.24

EU2 −0.42 ± 0.39 −0.29 ± 0.31

4.2 NAO indices

The solar signal in the SLP and geopotential height fields

over the NAE region has been often interpreted as a solar

modulation of the NAO (e.g. Shindell et al., 2001; Boberg

and Lundstedt, 2002, 2003; Kodera, 2003; Thejll et al., 2003;

Woollings et al., 2010; Ineson et al., 2011). The differences

between the maximum and minimum composites for the two

versions of the NAO index for JFM over the period 1749–

1990 are summarised in Table 1. Volcanic and ENSO years

were excluded from the calculation adopting the same crite-

ria used before, but we also provide the results for the un-

filtered data sets for comparison. The NAO index is slightly

higher (i.e. more positive) during solar maxima, but the dif-

ference does not reach the significance level of 5 % after a

standard two-sided Student’s t test (see also van Oldenborgh

et al., 2013).

4.3 EU indices

Table 1 shows also the composite differences for the two EU

indices. Contrary to NAO’s case, we found a significant so-

lar influence for both EU1 and EU2, even when volcanic

and ENSO years were not filtered out (however the signif-

icance of the differences decreased when these “disturbed”

years were not removed). A scatter plot of EU1 against R is

shown in Fig. 4; interestingly enough, during solar minima

the EU1 index had strongly negative values only for volcanic

or ENSO years.

5 Solar signal in the upper-air data

5.1 Geopotential height

A significant solar influence on the boreal extra-tropical

geopotential height can be detected at all tropospheric lev-

els. In Fig. 5 we show the composites difference for 300 hPa

geopotential heights in the three considered data sets for the

period 1927–2002. Figure 6 presents the same, but using

Fig. 4. Scatter plot of the sunspot number versus the EU1 in-

dex reconstructed by Luterbacher et al. (1999); both are seasonal

(JFM) mean over the period 1749–1990. Triangles represent vol-

canic years, while crosses represent ENSO years; filled triangles are

both volcanic and ENSO years. The dashed line is the least squares

regression line considering every data point, while the continuous

line is for “neutral” years only (no volcanic and no ENSO years);

the respective Pearson’s coefficients rtot and r are also shown.

the MLR. Results are very similar for the lower levels (not

shown).

The three data sets agree quite well on the pattern of the so-

lar signal in the upper troposphere, which appears as a tripole

with negative centres over Iceland and north-eastern Africa

and a wide positive centre stretching from western Mediter-

ranean to eastern Europe following a southwest-to-northeast

axis. Another spot of significant negative differences is de-

tectable over the west coast of North America. 20CR shows

slightly stronger signals in the mid-latitudes, while the statis-

tical reconstructions reveal a much stronger solar influence

in the tropics. For the latter discrepancy we believe that the

reconstructions are more reliable since they are based on real

upper-air data; moreover the quality of 20CR is much lower

in the tropics than in the mid-latitudes (Compo et al., 2011).

The MLR gives almost identical results at high latitudes,

while in the tropics some remarkable differences in the sig-

nificance of the signal are prevalent in the Gulf of Mexico

(for REC2). Note that the values of the solar coefficient in

Fig. 6 are scaled to represent a change of 100 units of the

sunspot number and that they are not directly comparable to

the composites differences.

In general, the discrepancies in the solar signal that arise

from the use of different data sets and different methods re-

duce our confidence in the results for tropical latitudes.

5.2 Wind

The changes in the geopotential field imply changes in the

atmospheric circulation, which can be observed in Fig. 7 and

in Fig. 8 for the u and v component of the 300 hPa wind
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Fig. 5. Maps of differences between maxima and minima compos-

ites for 300 hPa geopotential height in the REC2 reconstruction (top

panel; big circles represent significant differences at 5 % level after

a Student’s t test), the REC1 reconstruction (middle panel) and the

20CR (bottom panel). Shadings are as explained in Fig. 3; red lines

in the bottom panel represent the geopotential height climatology

over the period 1927–2002. Units are dam.

respectively. Note that these variables are not available in

REC1, therefore only REC2 and 20CR are shown.

The zonal flow is particularly affected at sub-tropical lat-

itudes, where we find a clear weakening of the sub-tropical

jet over northern Africa during solar maxima. An important

caveat for this claim is that we can rely only on 20CR as

REC2 does not cover the area of interest.

At solar maximum the zonal flow is enhanced over the

southern part of the United States. In this case the two data

sets do not agree very well; the signal is stronger and wider

in REC2. The agreement is better for western Europe, where

another significant signal is found. 20CR also indicates a

reduction of the wind speed between Iceland and Green-

land, and another smaller weakening is detectable over south-

western Canada, suggesting a southward shift of the polar jet.

Fig. 6. Same as Fig. 5, but showing the solar coefficient cR (in

dam/100 units of R) of a multiple linear regression instead of the

composites difference.

A strong solar influence (up to 21 % of explained vari-

ance when considering the filtered data set) is present for

the meridional component over northern and western Europe

(Fig. 8). The significantly higher v during maxima actually

represents a weaker meridional circulation, because in that

area v is climatologically negative (i.e. southward). Figure 9

helps in the interpretation of this feature, showing how the

wind field over Europe appears according to the phase of the

solar cycle. During minima the air flow is substantially re-

curved to the south and north-westerlies dominate over much

of central Europe. This can be seen as a larger amplitude of

the stationary planetary wave which characterises European

climate (see e.g. Peixoto and Oort, 1992). The latter asser-

tion is also supported by the last panel of Fig. 5, where the

climatology (1927–2002) of the geopotential height in 20CR

is shown; the wave-like structure over the mid-latitudes is

clearly visible, in particular the ridge over north-western Eu-

rope is overlapped by a negative solar signal (i.e. a weakening

of the stationary wave during solar maxima).

In contrast with the results for the other variables, the so-

lar signal does not reach the field significance threshold in
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Fig. 7. Similar to Fig. 5, but showing zonal wind in m s−1. Red lines

localise the strongest sections of the jet stream (≥ 30 m s−1) in the

1927–2002 climatology for 20CR.

Fig. 8. Similar to Fig. 5, but showing meridional wind in m s−1.

REC2 for v when considering all the grid points (it is how-

ever significant when considering Europe only). 20CR sug-

gests a wave-like pattern of influence with most of the centres

of action (Greenland, eastern Mediterranean, eastern Africa)

outside of the area covered by REC2. Over North America

the meridional wind is not significantly affected, although a

larger solar influence is present over the north-eastern Pacific

Ocean in 20CR.

Fig. 9. Wind vectors representing average conditions at 300 hPa in

JFM during solar maxima (red arrows) and solar minima (blue ar-

rows) over Europe. The length of the arrows is linearly proportional

to the wind speed. Data are from REC2 (1927–2002).

For REC1, only the wind field at an altitude of 3 km is

available. For the sake of completeness, we analysed this

field too by comparing it with 700 hPa wind from the other

two data sets (after 1957 the 3 km wind field has been linearly

interpolated from ERA-40). The results are shown in Fig. S2

and S3 in the Supplement for u and v component, respec-

tively. The agreement between the data sets is very good; the

patterns in 20CR are also found in REC1. Another interest-

ing result is the small dependence of the solar fingerprint on

the choice of the level, at least in the troposphere (see Figs. 7

and 8 for comparison).

5.3 Temperature

Figure 10 shows the composites difference for the tempera-

ture field at 300 hPa. Not surprisingly, the disagreement be-

tween the reconstructions and the reanalysis is more pro-

nounced than for geopotential height or wind. The temper-

ature field is not expected to be very reliable in 20CR, but

also in the reconstructions its estimated uncertainty is high

if compared to the other variables (Griesser et al., 2010;

Brönnimann et al., 2012b). Moreover, temperature in the up-

per troposphere is affected by inhomogeneities in ERA-40

(Gleisner et al., 2005).

The analyses for REC1 and REC2 exhibit a large area of

positive temperature difference which goes from the tropical

Pacific to southern Europe. 20CR, on the other hand, shows

a significant negative difference over North America and the

North Atlantic. In both cases there is a higher meridional

gradient during solar maxima, which is physically consistent

with the stronger zonal winds that we observe in Fig. 7.

Even more remarkable is the impact in the lower tropo-

sphere. Here we observe a strong amplification of the solar
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Fig. 10. Similar to Fig. 5, but showing temperature in K.

imprint over Europe, with up to 1.5 K of difference between

maximum and minimum at 850 hPa, while the solar signal is

not significant over North America (Fig. 11).

20CR results are much closer to the reconstructions for

850 hPa temperatures compared to the 300 hPa level, al-

though they seem to underestimate the solar signal over east-

ern Europe (we recall that temperature on continents is en-

tirely model-driven in 20CR).

5.4 Vertical profiles

Vertical cross sections are often used for the validation of cli-

mate models. In our case zonal averages are not very mean-

ingful since our results cover only a fraction of the hemi-

sphere. Nevertheless, it is worth looking at the vertical profile

for grid points where the solar signal is particularly signifi-

cant. This is shown in Fig. 12 for four grid points (REC2)

over Europe where the solar influence reaches the maximum

for the respective variables.

As expected, the signal is very similar for geopotential

height and wind and shows a maximum in the upper tropo-

sphere. In the lower troposphere the signal is significant as

well. The solar influence on temperature, on the other hand,

Fig. 11. Same as Fig. 10, but for 850 hPa.

decreases with height over eastern Europe, as also described

in the previous section.

5.5 Solar cycle 23

The solar cycle 23 that ended in 2010 was distinguished by

an unusually long and deep minimum (Russell et al., 2010),

which lies outside the period analysed in this paper. It is in-

teresting to look at the anomalies in the atmospheric circu-

lation during the last minimum and to compare them with

our results. Figure 13 shows the average anomalies for the

winters (JFM) of 2005, 2006 and 2009 from 20CR (2007,

2008 and 2010 are not considered because they were influ-

enced by strong ENSO episodes). Given the reduced number

of years, the internal variability could in principle hide any

solar influence even though the stronger source of variability

(i.e. ENSO) was in large part removed. Nonetheless, the sim-

ilarity to the results for 1927–2002 is striking for the Euro–

Atlantic sector (note that the signals have the opposite sign

because we are now considering a minimum).
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Fig. 12. Vertical profiles of the composites difference at four specific grid points (one grid point for each available variable). Error bars

represent the 95 % confidence intervals.

Fig. 13. Average anomalies (with respect to 1951–2000) in JFM

during the years 2005, 2006 and 2009 in 20CR for geopotential

height (top panel, in dam), zonal wind (middle panel, in m s−1)

and meridional wind (bottom panel, in m s−1). Shadings represent

statistical significance like in the previous figures.

6 Discussion and conclusions

Our results described a physically consistent picture of the

sunspot cycle influence on the tropospheric circulation in

the Northern Hemisphere. An increased (decreased) hori-

zontal thermal gradient between low and high latitudes in

late winter during solar maxima (minima) is accompanied by

stronger (weaker) westerlies, in particular over western Eu-

rope, and a smaller (larger) amplitude of the stationary plan-

etary wave.

The length of the analysed period, covering seven sunspot

cycles, allowed a more reliable statistical quantification of

the solar signal than hitherto possible, since the analysis can

be easily affected by the noise of the natural variability on

short timescales. A Monte Carlo test confirmed that the so-

lar influence over the analysed area is statistically significant

for almost every level and every variable also when spatial

autocorrelation is taken into account.

The Euro–Atlantic sector seems to be a region with a par-

ticularly strong solar influence on the troposphere. In fact,

significant positive correlations between solar activity and

surface temperature in Europe have been reported in several

papers (e.g. Tung and Camp, 2008; Lean and Rind, 2008;

Lockwood et al., 2010; Woollings et al., 2010), although

long records tend to give very weak signals (van Olden-

borgh et al., 2013). We found a weak but significant change

in the mean late winter circulation over Europe, which re-

sults in detectable impacts on the near-surface climate. Fig-

ure 9 suggests that during solar minima more cold air is ad-

vected from the Arctic, thus resulting in a slightly increased

probability of colder winters for large parts of the conti-

nent. Sirocko et al. (2012) recently reached the same con-

clusion after analysing 140 yr in 20CR, although their re-

sults are strongly dependent on their selection criteria for

the solar minimum composite (van Oldenborgh et al., 2013),

which includes only one winter for each solar cycle. This
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configuration could be related to an increased frequency of

blockings over the eastern North Atlantic, which has been

reported by Barriopedro et al. (2008). Some of the winters

between 2005 and 2010, during a considerable long-lasting

solar minimum, brought extreme cold spells over parts of Eu-

rope (Croci-Maspoli and Davies, 2009; Cattiaux et al., 2010;

Guirguis et al., 2011), and it has already been suggested that

the solar minimum may have played a role (Lockwood et al.,

2010; Ineson et al., 2011). We showed that the average circu-

lation pattern during those winters was the one expected in

the condition of low solar activity.

We described a similar solar signal by analysing SLP re-

constructions reaching back to the 18th century, giving us

further confidence on its temporal stability, although the sig-

nal is weaker in the first half of the period.

Unlike some authors, we did not find a significant correla-

tion between the solar activity and the NAO after analysing

a 240 yr-long reconstruction of the NAO index, in agreement

with van Oldenborgh et al. (2013). In such a long series, how-

ever, it was not possible to take into account the influence

of the quasi-biennial oscillation (QBO), which can modulate

the interaction between the solar cycle and the polar vortex

(Labitzke et al., 2006; Haigh and Roscoe, 2009; Cnossen and

Lu, 2011). Most of the earlier studies are based on shorter pe-

riods when the correlation between the NAO and the solar ac-

tivity was indeed higher. In fact, after performing a running-

correlation analysis, Thejll et al. (2003) pointed out that this

correlation was highly variable over the last 130 yr; there-

fore very different results can arise by analysing only a few

decades. Moreover, we found that the correlation between so-

lar activity and SLP over Europe and the North Atlantic was

much more variable for early winter than for late winter dur-

ing the 20th century (not shown). A strong solar modulation

of the NAO over the second half of the century, as described

by Woollings et al. (2010) or by Ineson et al. (2011), might

be a statistical artefact because even a small change in the

length of the analysed period would have led to very differ-

ent results.

It has been proposed that the solar variability also alters

the spatial structure of the NAO (Kodera, 2003), a low solar

activity being related to a more confined NAO signal. This

complicates the analysis of solar influences on the NAO. We

analysed another circulation index, namely the Eurasian in-

dex (representing the pressure see-saw between western and

eastern Europe) and found a significant relationship with the

11 yr cycle. This is an indication that this index is more lin-

early and steadily connected to the solar activity than the

NAO index.

Our analysis suggests a possible weakening of the African

branch of the sub-tropical jet during solar maxima. The re-

liability of upper-air data over northern Africa, however, is

not very high at the moment and further investigations are

needed.

These results can support the efforts of the scientific com-

munity to identify the physical mechanism behind the ob-

served solar influence. One of the main candidates is the

“top-down” mechanism (see Sect. 4.2 of Gray et al., 2010,

and references therein), which originates from the larger vari-

ability in the UV band, its impact on the temperatures in the

stratosphere by means of changes in the ozone’s production

rates, and the coupling between the stratosphere and the tro-

posphere. Ineson et al. (2011) and Chiodo et al. (2012) re-

cently simulated this process using an ocean–atmosphere cli-

mate model, producing results which are very similar to those

we found in the SLP reconstruction, even though they used

the standard DJF winter.

By comparing different data sets, we have shown that the

20CR is also suitable for this kind of analysis, bearing in

mind some limitations. In this sense, a thorough investiga-

tion of some apparent inhomogeneities and their causes is

necessary.

Future retrieval and digitisation of new historical upper-air

data for the first part of the 20th century will further improve

our understanding and estimation of the solar influence on

the troposphere and will then facilitate the validation of the

climate models, which remain fundamental for a full com-

prehension of the phenomenon.

Supplementary material related to this article is

available online at: http://www.atmos-chem-phys.net/13/

6275/2013/acp-13-6275-2013-supplement.pdf.
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Labitzke, K., Kunze, M., and Brönnimann, S.: Sunspots, the QBO

and the stratosphere in the north polar region – 20 years later,

Meteorol. Z., 15, 355–363, doi:10.1127/0941-2948/2006/0136,

2006.

Lean, J. L. and Rind, D. H.: How natural and anthro-

pogenic influences alter global and regional surface tem-

peratures: 1889 to 2006, Geophys. Res. Lett., 35, L1870,

doi:10.1029/2008GL034864, 2008.

Livezey, R. E. and Chen, W. Y.: Statistical field significance and its

determination by Monte Carlo techniques, Mon. Weather Rev.,

111, 46–59, 1983.

Lockwood, M.: Solar influence on global and regional climates,

Surv. Geophys., 33, 503–534, doi:10.1007/s10712-012-9181-3,

2012.

Lockwood, M., Harrison, R. G., Woollings, T., and Solanki, S.: Are

cold winters in Europe associated with low solar activity?, Env-

iron. Res. Lett., 5, 024001, doi:10.1088/1748-9326/5/2/024001,

2010.

Luterbacher, J., Schmutz, C., Gyalistras, D., Xoplaki, E., and

Wanner, H.: Reconstruction of monthly NAO and EU in-

dices back to AD 1675, Geophys. Res. Lett., 26, 2745–2748,

doi:10.1029/1999GL900576, 1999.

Luterbacher, J., Xoplaki, E., Dietrich, D., Jones, P. D., Davies, T.

D., Portis, D., Gonzalez-Rouco, J. F., von Storch, H., Gyalistras,

D., Casty, C., and Wanner, H.: Extending North Atlantic oscilla-

tion reconstructions back to 1500, Atmos. Sci. Lett., 2, 114–124,

doi:10.1006/asle.2002.0047, 2001.

Luterbacher, J., Xoplaki, E., Dietrich, D., Rickli, R., Jacobeit, J.,

Beck, C., Gyalistras, D., Schmutz, C., and Wanner, H.: Recon-

struction of sea level pressure fields over the eastern North At-

lantic and Europe back to 1500, Clim. Dynam., 18, 545–561,

doi:10.1007/S00382-001-0196-6, 2002.

Martin-Puertas, C., Matthes, K., Brauer, A., Muscheler, R., Hansen,

F., Petrick, C., Aldahan, A., Possnert, G., and van Geel, B.: Re-

gional atmospheric circulation shifts induced by a grand solar

minimum, Nature Geosci., 5, 397–401, doi:10.1038/ngeo1460,

2012.

Meehl, G. A., Arblaster, J. M., Branstator, G., and van

Loon, H.: A coupled air-sea response mechanism to so-

lar forcing in the Pacific region, J. Clim., 21, 2883–2897,

doi:10.1175/2007JCLI1776.1, 2008.

Meehl, G. A., Arblaster, J. M., Matthes, K., Sassi, F., and van

Loon, H.: Amplifying the Pacific climate system response to

a small 11-year solar cycle forcing, Science, 325, 1114–1118,

doi:10.1126/science.1172872, 2009.

Moron, V. and Plaut, G.: The impact of El Niño-southern os-

cillation upon weather regimes over Europe and the North

Atlantic during boreal winter. Int. J. Climatol., 23, 363–379,

doi:10.1002/joc.890, 2003.

Peixoto, J. P. and Oort, A. H.: Observed mean state of the atmo-

sphere, in: Physics of Climate, Springer-Verlag, New York, USA,

1992.

Rayner, N. A., Parker, D. E., Horton, E. B., Folland, C. K., Alexan-

der, L. V., Rowell, D. P., Kent, E. C., and Kaplan, A.: Global

analyses of sea surface temperature, sea ice, and night marine air

temperature since the late nineteenth century, J. Geophys. Res.,

108, 4407, doi:10.1029/2002JD002670, 2003.

Rayner, N. A., Brohan, P., Parker, D. E., Folland, C. K., Kennedy,

J. J., Vanicek, M., Ansell, T. J., and Tett, S. F. B.: Improved

analyses of changes and uncertainties in sea surface temperature

measured in situ since the mid-nineteenth century: The HadSST2

dataset, J. Climate, 19, 446–469, doi:10.1175/JCLI3637.1, 2006.

Rex, D. F.: Blocking action in the middle troposphere and

its effect upon regional climate. Part II: The climatology

of blocking action, Tellus, 2, 275–301, doi:10.1111/j.2153-

3490.1950.tb00339.x, 1950.

Rodwell, M. J.: On the predictability of North Atlantic climate, in:

The North Atlantic Oscillation: climatic significance and envi-

ronmental impact, Geophys. Monogr. Ser., 134, edited by: Hur-

rell, J. W., Kushnir, Y., Ottersen, G., and Visbeck, M., Washing-

ton, DC, 173–192, doi:10.1029/134GM08, 2003.

Roy, I. and Haigh, J. D.: Solar cycle signals in sea level pressure and

sea surface temperature, Atmos. Chem. Phys., 10, 3147–3153,

doi:10.5194/acp-10-3147-2010, 2010.

Roy, I. and Haigh, J. D.: The influence of solar variability and

the quasi-biennial oscillation on lower atmospheric temperatures

and sea level pressure, Atmos. Chem. Phys., 11, 11679–11687,

www.atmos-chem-phys.net/13/6275/2013/ Atmos. Chem. Phys., 13, 6275–6288, 2013

http://dx.doi.org/10.1029/2008GL036797
http://dx.doi.org/10.1016/j.asr.2012.03.002
http://dx.doi.org/10.1038/NGEO1282
http://dx.doi.org/10.1175/1520-0477(1996)077<0437:TNYRP>2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1996)077<0437:TNYRP>2.0.CO;2
http://dx.doi.org/10.5194/acp-6-4905-2006
http://dx.doi.org/10.1175/1520-0442(2004)017<0349:AEOTAI>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2004)017<0349:AEOTAI>2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(2001)082<0247:TNNYRM>2.3.CO;2
http://dx.doi.org/10.1175/1520-0477(2001)082<0247:TNNYRM>2.3.CO;2
http://dx.doi.org/10.1029/2002GL016584
http://dx.doi.org/10.1007/s00382-009-0737-y
http://dx.doi.org/10.1127/0941-2948/2006/0136
http://dx.doi.org/10.1029/2008GL034864
http://dx.doi.org/10.1007/s10712-012-9181-3
http://dx.doi.org/10.1088/1748-9326/5/2/024001
http://dx.doi.org/10.1029/1999GL900576
http://dx.doi.org/10.1006/asle.2002.0047
http://dx.doi.org/10.1007/S00382-001-0196-6
http://dx.doi.org/10.1038/ngeo1460
http://dx.doi.org/10.1175/2007JCLI1776.1
http://dx.doi.org/10.1126/science.1172872
http://dx.doi.org/10.1002/joc.890
http://dx.doi.org/10.1029/2002JD002670
http://dx.doi.org/10.1175/JCLI3637.1
http://dx.doi.org/10.1111/j.2153-3490.1950.tb00339.x
http://dx.doi.org/10.1111/j.2153-3490.1950.tb00339.x
http://dx.doi.org/10.1029/134GM08
http://dx.doi.org/10.5194/acp-10-3147-2010


6288 Y. Brugnara et al.: Sunspot cycle on the Northern Hemisphere wintertime circulation

doi:10.5194/acp-11-11679-2011, 2011.

Russell, C. T., Luhmann, J. G., and Jian, L. K.: How un-

precedented a solar minimum?, Rev. Geophys., 48, RG2004,

doi:10.1029/2009RG000316, 2010.

Schmutz, C. and Wanner, H.: Low frequency variability of atmo-

spheric circulation over Europe between 1785 and 1994, Erd-

kunde, 52, 81–94, 1998.

Schrijver, C. J., Livingston, W. C., Woods, T. N., and Mewaldt,

R.A.: The minimal solar activity in 2008–2009 and its implica-

tions for long-term climate modelling, Geophys. Res. Lett., 38,

L06701, doi:10.1029/2011GL046658, 2011.

Shapiro, A. I., Schmutz, W., Rozanov, E., Schoell, M., Haberre-

iter, M., Shapiro, A. V., and Nyeki, S.: A new approach to

the long-term reconstruction of the solar irradiance leads to

large historical solar forcing, Astron. Astrophys., 529, A67,

doi:10.1051/0004-6361/201016173, 2011.

Shindell, D. T., Rind, D., Balachandran, N. K., Lean, J., and Loner-

gan, P.: Solar cycle variability, ozone, and climate, Science, 284,

305–308, doi:10.1126/science.284.5412.305, 1999.

Shindell, D. T., Schmidt, G. A., Mann, M. E., Rind, D.,

and Waple, A.: Solar forcing of regional climate change

during the Maunder Minimum, Science, 294, 2149–2152,

doi:10.1126/science.1064363, 2001.

Sirocko, F., Brunck, H., and Pfahl, S.: Solar influence on win-

ter severity in central Europe, Geophys. Res. Lett., 39, L16704,

doi:10.1029/2012GL052412, 2012.

Stickler, A., Grant, A. N., Ewen, T., Ross, T. F., Vose, R. S.,

Comeaux, J., Bessemoulin, P., Jylhä, K., Adam, W. K., Jean-
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Griesser, T., and Brönnimann, S.: The Comprehensive Histori-

cal Upper-Air Network, B. Am. Meteorol. Soc., 91, 741–751,

doi:10.1175/2009BAMS2852.1, 2010.

Thejll, P., Christiansen, B., and Gleisner, H.: On correlations

between the North Atlantic Oscillation, geopotential heights,

and geomagnetic activity, Geophys. Res. Lett., 30, 1347,

doi:10.1029/2002GL016598, 2003.

Thompson, D. W. J., Kennedy, J. J, Wallace, J. M., and Jones, P.

D.: A large discontinuity in the mid-twentieth century in ob-

served global-mean surface temperature, Nature 453, 646–649,

doi:10.1038/nature06982, 2008.

Tinsley, B. A.: Influence of solar wind on the global electric cir-

cuit, and inferred effects on cloud microphysics, temperature,

and dynamics in the troposphere, Space Sci. Rev., 94, 231–258,

doi:10.1023/A:1026775408875, 2000.

Tinsley, B. A.: A working hypothesis for connections between

electrically-induced changes in cloud microphysics and storm

vorticity, with possible effects on circulation, Adv. Space Res.,

50, 791–805, doi:10.1016/j.asr.2012.04.008, 2012.

Tinsley, B. A. and Yu, F.: Atmospheric ionization and clouds as

links between solar activity and climate, in: Solar variability and

its effects on climate, Geophysical Monograph, vol. 141, AGU

Press, Washington, DC, 321–339, 2004.

Tinsley, B. A, Brown G. M., and Scherrer, P. H.: Solar variability

influences on weather and climate: possible connections through

cosmic ray-fluxes and storm intensification, J. Geophys. Res., 94,

14783–14792, doi:10.1029/JD094iD12p14783, 1989.

Tung, K. K. and Camp, C. D.: Solar cycle warming at the Earth’s

surface in NCEP and ERA-40 data: A linear discriminant analy-

sis, J. Geophys. Res., 113, D05114, doi:10.1029/2007JD009164,

2008.
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