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Abstract. Here we present a study of the 11yr sunspot cy-1 Introduction
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=0r more than two centuries scientists have been speculat-
a robust response of the tropospheric late-wintertime circulaing on a possible influence of the solar output variability on
tion to the sunspot cycle, independent from the data set. Thi§arth’s climate and atmospheric dynamics (Gray et al., 2010
response is particularly significant over Europe, although refor a review; Lockwood, 2012; van Oldenborgh et al., 2013).
sults show that it is not directly related to a North Atlantic Research in this field has progressed significantly during the
Oscillation (NAO) modulation; instead, it reveals a signif- last decade, mainly due to the use of global circulation mod-
icant connection to the more meridional Eurasian pattern€!S coupled with ocean dynamics and chemical processes in
(EU). The magnitude of mean seasonal temperature changdge stratosphere (Gray et al., 2010). In particular, a large part
over the European land areas locally exceeds 1K in the lowepf the research focused on the decadal variations of total and
troposphere over a sunspot cycle. spectral solar irradiance, namely the 11yr cycle. This cycle
We also analyse surface data to address the questiOQetermines a change in the Total Solar Irradiance (TSI) at
whether the solar signal over Europe is temporally stable foithe top of Earth’s atmosphere of about 0.1 % (i.e. of the or-
alonger 250 yr period. The results increase our confidence iler of 1Wn12), but a much larger change in the ultraviolet
the existence of an influence of the 11yr cycle on the Euro-(UV) partof the spectrum, up to 3 % according to recent mea-
pean climate, but the signal is much weaker in the first half ofSurements by the SORCE satellite (Harder et al., 2009). It
the period compared to the second half. The last solar minlso modulates the strength of galactic cosmic rays reaching
imum (2005 to 2010), which was not included in our anal- Earth and geomagnetic activity. Each of these changes could

ysis, shows anomalies that are consistent with our statisticafl@ve an impact on climate (e.g. Tinsley et al., 1989; Tinsley,

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 involvedture are in general even weaker (e.g. van Oldenborgh et al.,
Until recently, the only data sets fulfilling this requisite were 2013).
reanalyses that cover not more than five solar cycles, or even Other studies focused on regions where upper-air data
less if homogeneity issues are taken into account. In particare reliable for long periods, typically in the mid-latitudes
ular, ERA-40 (Uppala et al., 2005) and NCEP/NCAR (Na- of the Northern Hemisphere. For instancepBnimann et
tional Centers for Environmental Prediction/National Centeral. (2007a) found a significant solar influence in the zonal
for Atmospheric Research) (Kalnay et al., 1996; Kistler et mean of geopotential height in the upper troposphere over
al., 2001) reanalyses are widely used. Frame and Gray (201ahe period 1922—-2003, when averaged over a latitudinal band
analysed the statistical relationships between the solar radispanning from 30N to 60° N. Barriopedro et al. (2008) stud-
flux at 10.7 cm and zonally-averaged temperature and zondkd the relationship between the 11 yr solar cycle and the fre-
wind in ERA-40, but they were forced to use only data from quency of persistent interruptions of the normal zonal flow
1978 onward due to the lack of stratospheric observations irn the mid-latitudes, which are known as blockings (e.g. Rex,
the earlier period; moreover, data after 2002 were taken fronl950). They found a significant response of the locations and
another reanalysis product. They found significant correlapersistence of blockings in the Northern Hemisphere in win-
tions in the tropical stratosphere throughout the year, whileter over the relatively short period 1955-1999. In particular
results in the troposphere were less clear. Haigh (2003) didhey attributed the higher likelihood of cold days over Europe
a similar analysis for temperature in NCEP/NCAR over the during solar minima to an eastward shift of the mean position
period 1979-2001, finding a stronger correlation in the sub-of blockings in the North Atlantic.
tropical troposphere. Gleisner et al. (2005) tried to compare The present paper aims at a more detailed and reliable de-
the two reanalyses over the period 1958-2001 and concludeskription of the statistical relations between the tropospheric
that substantial discrepancies between the two data sets wintertime circulation in the Northern Hemisphere and the
the 1970s and the 1980s cause large differences in the cof:1yr solar cycle over the last century, using state-of-the-
relations with the solar flux in the troposphere, particularly art observational data sets. Long statistical reconstructions
in the tropics and in the Southern Hemisphere; in general thef surface and upper-air parameters have been created in re-
correlations are much higher in NCEP/NCAR. Other inho- cent years, pushed by big efforts made in the recovery and
mogeneities in the reanalyses, potentially affecting the relia-digitising of old data. Furthermore, a 140 yr long reanalysis
bility of the statistical relations with solar variability, were (20CR) has been developed based on surface data only, yet
pointed out by other authors (e.g. Bengtsson et al., 2004demonstrating good performances for the Northern Hemi-
Kinter et al., 2004). One recent study (Sirocko et al., 2012)sphere even in the upper troposphere for some variables (e.g.
used 500 hPa geopotential heights from the new Twentietlyeopotential height). Our purpose is then to exploit these
Century Reanalysis (Compo et al., 2011) data set, hereaftarew data sets for a better description of the decadal variabil-
20CR, in addition to proxy data, finding some relationshipsity driven by the Sun, in particular in the wintertime tropo-
with the solar cycle in the Euro—Atlantic region over the pe- sphere over North America and Europe, i.e. where the largest
riod 1871-2009. The statistical significance of those resultsamount of upper-air data is available. For these regions we
was however disputed by van Oldenborgh et al. (2013). have the possibility to use data from the first half of the 20th
Results from surface data, which are available for longercentury, which is fundamental to address the stability of the
periods and are usually more reliable, suggest at least the exolar signals. Measurements of the solar radio flux are avail-
istence of a solar influence. Previous studies found a signifiable only from the 1950s, but periods of maxima and minima
cant solar influence on the wintertime sea level pressure fieledf the 11 yr cycle can still be detected from direct observa-
of the Northern Hemisphere (e.g. Kodera, 2003; Van Loontions of sunspots, which are the most commonly used proxy
et al., 2007; Roy and Haigh, 2010, 2011; Woollings et al., for solar activity. In fact, the number of dark spots on the
2010; Bal et al., 2011; Ineson et al., 2011; Martin-PuertasEarth-directed face of the Sun has been observed for cen-
et al., 2012), although the significance of the Euro-Atlantic turies and a reconstruction is available for the last 300 yr (for
signal was disputed by others (e.g. Rodwell, 2003; van Old-historical details refer to Eddy, 1976).
enborgh et al., 2013). It is important to note that the signals We use different, independently-developed data sets and
often differ largely in strength and significance among thedifferent, complementary statistical approaches to improve
various studies because they are based on different data sethe robustness of the analysis. The combination of these data
periods and statistical methods. However, two common feasets and statistical methods provide a more reliable picture of
tures are the weakening (strengthening) of the Aleutian lowsolar induced tropospheric circulation changes than hitherto
in early winter and the strengthening (weakening) of the Ice-possible.
landic low in late winter during maxima (minima) of solar  After a presentation of the data sets and the statistical
activity, with consequent changes in wind and temperaturenethods used, we present first the results on long reconstruc-
patterns over North America and Europe. The correlationgions of sea level pressure (SLP) for the Euro—Atlantic area,
with long data sets are generally weak and explain only athen we compare them to the results for upper-air reconstruc-
few percent of variance. Connections with surface temperations and reanalysis. Finally we discuss the coherency of the
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various results and describe a “solar pattern”, which seemgrincipal component patterns, thus it is based on the as-
to be stable for more than 250 yr. 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-

We use the monthly gridded SLP reconstruction for the NorthUMn, With a minimum of 50 % information from upper-air
Atlantic—European (NAE) region (3QV to 40° E; 3¢ N to data. REC2 has the disadvantages of an incomplete spatial
70° N) from Luterbacher et al. (2002), which covers the pe- COverage and a shorter length (1918-1957), but the approach

riod 1659-2002. The statistical reconstruction is based orSSures that the reconstructed values are always close to ob-

a combination of early instrumental station series and docS€rved upper-air data. _ .
umentary proxy evidence. The reader is referred to Luter- Both reconstructions are calibrated with the ERA-40 re-

bacher et al. (2002) for a detailed description of the methoc?n@lysis, from which data for the period 1958-2002 were
and the data used. extracted. We then chose a period in which a minimum of

Furthermore, we consider also the monthly circulation in- 200 9rid points are available in REC2, with the aim to find a
dices reconstructed by Luterbacher et al. (1999, 2001) up t§°0d compromise between temporal length and spatial cov-
1990. The indices are the North Atlantic Oscillation (NAO) €rage. The evolution of the number of available grid points is
and the Eurasian index (EU; Luterbacher et al., 1999); theShownin Fig. 1. Agrid pointis considered available for a cer-
former is the most prominent mode of variability in the t@n period when it has a maximum of 5 missing years over
Northern Hemisphere (Barnston and Livezey, 1987), andthat period (none of them can be the flrstyear)._These criteria
the latter also plays an important role in the variability of €d t0 1927-2002 (7 solar cycles) as base period of the anal-
Eurasian climate, especially during wintertime (Schmutz andY/SiS- Most of the available grid points are over landmasses
Wanner, 1998; Wibig, 1999; Xoplaki et al., 2004¢i#tel et N the mid-latitudes of thg Northern Hem|§pherez covering a
al., 2011). We analyse two versions of the NAO index and!arge part of North America and Europe; in addition, a few
two versions of the EU index. NAOL is calculated from grid- 9"id points are available in the Caribbean Sea (see Fig. 5).
ded values of SLP, while NAO2 is from station data, EUL Furthermore, we compare the statistical reconstructions
(EU2) is defined as the standardised, grid point based SLMth 20CR (Compo etal., 2011). This reanalysis is based on
difference between Great Britain and the Black Sea (Caspiag€a-Surface temperatures (SST) and SLP observations only,
Sea). The reader is referred to Luterbacher et al. (1999) folVhich means that it is almost independent from both REC1

2 Data

2.1 SLP and atmospheric circulation indices

further details on the definition of the indices. and REC2 (SLP being the only common input, although with
a different temporal resolution).
2.2 Upper-air data sets 20CR is not affected by some common inhomogeneities

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

The main data sets are recently developed statistical reduction of satellite-based measurements of upper-air temper-
constructions of global upper-air fields for temperature,ature at the end of the 1970s. For this reason it represents
wind and geopotential height: REC1 (Griesser et al., 2010)an appropriate tool to evaluate the reliability of our analysis,
and REC2 (Bonnimann et al., 2012b). These gridded which over the period after 1957 is influenced for both sta-
(2.5° x 2.5°) reconstructions are based on surface air tem-tistical reconstructions by the inhomogeneities of ERA-40.
perature from the NASA-GISS (Goddard Institute for SpaceHowever, 20CR is based on version 2 of the Hadley Cen-
Studies) station data set (Hansen et al., 1999), SLP data frorre SST data set (HadSST2; Rayner et al., 2006), which has
HadSLP2 (Allan and Ansell, 2006) and upper-air observa-been shown to have a large inhomogeneity in the mid-1940s
tions from the Comprehensive Historical Upper-Air Network due to uncorrected instrumental biases in the ship-based mea-
(CHUAN; Stickler et al., 2010). For REC1, three different surements of water temperature (Thompson et al., 2008). The
reconstructions were performed: one for the Northern Hemi-impact of this inhomogeneity on the upper-air fields of 20CR
sphere, one for the tropics and one for the Southern Hemihas not yet been evaluated in the published literature. The
sphere. Here we use the first one, which covers the latitudegariations in the number of surface stations may also cause
from 15° N to 9C° N. The lack of upper-air observations be- inhomogeneities; moreover 20CR suffers from a large, time-
fore the 1940s (Griesser et al., 2010) makes the tropical revarying bias in the temperature and wind in the Arctic (e.g.
construction unsuitable for the purposes of this paper. Bronnimann et al., 2012a). Another weakness is represented

Data fields are available with monthly resolution at 6 levels by the fact that land-based surface pressure stations are cal-
(850, 700, 500, 300, 200, 100 hPa), except for the wind fieldibrated on the ship-based observations, introducing spurious
in REC1, which is available only for the altitude of 3 km. low-frequency variability.

The main difference between the two data sets is related
to the statistical approach. REC1 makes use of hemispheric
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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
1920 1930 1940 1950 1960 1970 1980 1990 2000 the composites for the surface (upper-air) analysis.
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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. ima) terciles of the seasonal mean of the International
Sunspot Number recor®(= 10N +n, whereN is the num-
ber of sunspot groups on the visible solar disk ands
3 Methods the number of individual sunspots), downloaded from the
Royal Observatory of Belgium’s websitét{p://sidc.oma.
We concentrate on the late-winter season (January to Marche/sunspot-data/SIDCpub.ghppplication of this approach
or JFM), when solar influence is expected to be at its pealfor periods of steady increase of the solar activity (e.g.
in the troposphere. In fact, several studies suggested a profd-900-1950) is not straightforward. Some reconstructions
agation of the solar signal from the stratosphere to the tro{e.g. Shapiro et al., 2011) show a long-term TSI trend which
posphere during the winter season (e.g. Shindell et al., 199%;ould lead to the fact that TSI for sunspot maximum around
Ineson et al., 2011), hence a signal in the troposphere is ext900 could be comparable or even lower than TSI for sunspot
pected to appear only in late winter. minimum around 1945. However, some other studies (e.g.
Years with strong El Nio/La Nifia (hereafter ENSO) Schrijver et al., 2011) conclude that the long-term trend of
episodes (as listed in Bnnimann et al., 2007b) or influenced the TSI does not exist, which justifies the applicationRof
by major volcanic eruptions are excluded from the analy-as a proxy for creating our composites. The sunspot number,
sis (we defined a winter to be volcanic when the averageplotted in Fig. 2, is available with a monthly resolution start-
stratospheric optical depth of the Northern Hemisphere (30-ing from the year 1749; therefore we analyse the solar sig-
9(° N) from the reconstruction of Crowley et al. (2008) is nal at the surface in the period 1749-2002 (1749-1990 for
greater than 0.05 in JFM minus 6 months, i.e. in the periodthe circulation indices), which covers 23 solar cycles. This
from July to September of the previous year). The reasoris also the period when the surface reconstructions are more
is the non-negligible influence of strong volcanic or ENSO reliable (Luterbacher et al., 1999, 2001, 2002).
episodes on the wintertime extra-tropical circulation (e.g. For the surface analysis we estimated the tercile® of
Moron and Plaut, 2003; Bnnimann et al., 2007b; Fischer from the whole period 1749-2002, and for the upper-air anal-
et al., 2008; Graf and Zanchettin, 2012; Zanchettin et al.,ysis from the period 1927-2002 (because of the higher so-
2013a, b). Twenty-five volcanic winters, starting from the lar variability in that period); the thresholds are shown in
year 1749, were excluded according to our criteria; fourteerFig. 2. Other ways to define the composites, like using dif-
of them are in the nineteenth century, six of which are in theferent thresholds for each cycle, did not remarkably influence
1810s. We can therefore exclude a large volcanic or ENSQour results. Furthermore, we tried to use the open solar flux
bias in our results. (Lockwood et al., 2010; Woollings et al., 2010) as a proxy
We use two different statistical methods: the difference ofinstead ofR, but also in this case the results were not sub-
composites and the multiple linear regression (MLR). Thestantially modified (not shown).
former method is applied to detect the influence of the 11yr The significance of the difference for each grid point was
cycle by checking for statistically significant differences be- calculated from a standard Studenttest. Field significance
tween the mean fields during solar maxima and solar minimawas estimated by adapting the method proposed by Livezey
This strategy is particularly useful when a strong nonlinear-and Chen (1983). We ran a Monte Carlo simulation that con-
ity of the studied connection is expected, as is the case fosisted in replacing the years in the two composites with ran-
solar influence. dom years and calculating the number of grid points/ith
To discriminate between solar maxima and minima, wea significant difference (at 5% level) for the random com-
considered the upper (for maxima) and lower (for min- posites. The process was repeated 1000 times, leading to
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the null-distribution ofm. The 95th percentile of the null- 70
distribution represents our significance threshdd (i.e. the
minimumym to be achieved in order to have a significant solar o
influence).
MLR can better separate the influence of solar activity —so |
from the influence of other known factors (e.g. ENSO, volca-
noes), assuming that each predictor has a linear relationshiy 4o -
with the predictand. The predictors used in the MLR Are
representing solar activity, the Nino3.4 index (Rayner et al., 3
2003) representing ENSO, the Northern Hemisphere average¢
of the stratospheric optical depth (Crowley et al., 2008) rep- 7
resenting volcanic activity, the smoothed (10 yr running aver-
age) Atlantic Multi-decadal Oscillation Index (Enfield et al., & 1
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. BoBnnimann 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; * ;7 1= = . e P
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()\awvt)ZCO‘Fct()hQD)t+cR()\,¢)R(I) (1)
+censo(A, @) - Nino3.4(t) + cvoLc (A, ¢) - sod?) R
+camo (A, 9) -AMO(¢) +resA, ¢, 1),

<

70

60"

40"

where 1 is longitude,¢ is latitude,r is time in years and
res represents the residuals, i.e. the differences between ok 3
served and modelled data.

For the estimation of the uncertainty in the regression co-Fig. 3. Maps of differences between maxima and minima compos-
efficients we took into account the autocorrelation of theites for the SLP reconstruction by Luterbacher et al. (2002) @Jer
residuals, adopting the same method as described in Garripe whole analysed perio¢h) and(c) the first and the second half
etal. (2007). of the whole period respectively. Light (dark) gray shaded areas in-

Since we are mainly interested in the decadal signal, thelicate significant differences at the 5% (1 %) level after a Student’s
difference of composites is the primary method adopted inf €St units are hPa.
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).

c) 1876-2002 — .
-30° -20° -10° 0 20°

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.
4 Solar signal at the surface In order to assess the stability and the robustness of the sig-
nal, we repeated the analysis using two sub-series of the SLP
4.1 SLP field record spanning the first and the second half of the whole pe-

riod (1749-1875 and 1876-2002, respectively). The respec-
The difference of solar maxima and minima composites fortive composites differences are shown in Fig. 3b and c. The
the late wintertime shows a negative solar signal in a widesolar signal maintains its shape in the two sub-periods, al-
area between Iceland and the British Islands (correspondthough in the first period it is not statistically significant.
ing to 28 grid points, which is statistically significant since By looking separately at each single month (see Fig. S1
mgs = 24), where the pressure is more than 2hPa lower inin the Supplement), we found that the signal is stable from
the solar maxima subset, indicating a strengthening of theJanuary to March and it subsequently disappears in April,
Icelandic low (Fig. 3a). This result is in qualitative agree- confirming that the choice of JFM for the analysis was justi-
ment with previous studies based on shorter data sets (Rofjed.
and Haigh, 2010; Woollings et al., 2010; Ineson et al., 2011);
however our results indicate a more significant signal in the
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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- e
sided Student’s 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.

r=-0.26
foi= -0.14

o

o 4

EU1 Index

Filtered Unfiltered

NAO1 0.38+0.54 0.26:0.43 . 0
NAO2 0.34+0.58 0.23:0.46 o

EU1 —0.38+£0.30 -0.21+0.24
EU2 —0.42+£0.39 -0.29+0.31 0 50 100 150 200

Sunspot Number

Fig. 4. Scatter plot of the sunspot number versus the EU1 in-
4.2 NAO indices dex reconstructed by Luterbacher et al. (1999); both are seasonal
(JFM) mean over the period 1749-1990. Triangles represent vol-
The solar signal in the SLP and geopotential height fieldscanic years, while crosses represent ENSO years; filled triangles are
over the NAE region has been often interpreted as a solaboth volcanic and ENSO years. The dashed line is the least squares
modulation of the NAO (e.g. Shindell et al., 2001; Boberg regression line considering every data point, while the continuous
and Lundstedt, 2002, 2003; Kodera, 2003; Thejll et al., 2003;ine is for “neutral” years only (no volcanic and no ENSO years);
Woollings et al., 2010; Ineson et al., 2011). The differencesthe respective Pearson’s coefficients andr are also shown.
between the maximum and minimum composites for the two
versions of the NAO index for JFM over the period 1749- o
1990 are summarised in Table 1. Volcanic and ENSO yearéhe MLR. Results are very similar for the lower levels (not
were excluded from the calculation adopting the same crite:Shown). )
ria used before, but we also provide the results for the un- The three data sets agree quite well on the pattern of the so-
filtered data sets for comparison. The NAO index is slightly 1ar signal in the upper troposphere, which appears as a tripole
higher (i.e. more positive) during solar maxima, but the dif- With negative centres over Iceland and north-eastern Africa
ference does not reach the significance level of 5% after &nd @ wide positive centre stretching from western Mediter-
standard two-sided Student'sest (see also van Oldenborgh fanean to eastern Europe following a southwest-to-northeast

etal., 2013). axis. Another spot of significant negative differences is de-
tectable over the west coast of North America. 20CR shows
4.3 EU indices slightly stronger signals in the mid-latitudes, while the statis-

tical reconstructions reveal a much stronger solar influence
Table 1 shows also the composite differences for the two EUin the tropics. For the latter discrepancy we believe that the
indices. Contrary to NAO's case, we found a significant so-reconstructions are more reliable since they are based on real
lar influence for both EU1 and EU2, even when volcanic upper-air data; moreover the quality of 20CR is much lower
and ENSO years were not filtered out (however the signif-in the tropics than in the mid-latitudes (Compo et al., 2011).
icance of the differences decreased when these “disturbed” The MLR gives almost identical results at high latitudes,
years were not removed). A scatter plot of EU1 agaist while in the tropics some remarkable differences in the sig-
shown in Fig. 4; interestingly enough, during solar minima nificance of the signal are prevalent in the Gulf of Mexico
the EU1 index had strongly negative values only for volcanic (for REC2). Note that the values of the solar coefficient in
or ENSO years. 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.

5 Solar signal in the upper-air data In general, the discrepancies in the solar signal that arise
from the use of different data sets and different methods re-
5.1 Geopotential height duce our confidence in the results for tropical latitudes.

A significant solar influence on the boreal extra-tropical 5.2 Wind

geopotential height can be detected at all tropospheric lev-

els. In Fig. 5 we show the composites difference for 300 hParhe changes in the geopotential field imply changes in the
geopotential heights in the three considered data sets for thatmospheric circulation, which can be observed in Fig. 7 and
period 1927-2002. Figure 6 presents the same, but usingn Fig. 8 for theu andv component of the 300 hPa wind
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Fig. 5. Maps of differences between maxima and minima compos-Fig. 6. Same as Fig. 5, but showing the solar coefficiegt(in
ites for 300 hPa geopotential height in the REC2 reconstruction (topdam/100 units ofR) of a multiple linear regression instead of the
panel; big circles represent significant differences at 5 % level afteccomposites difference.

a Student’s 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. 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
respectively. Note that these variables are not available in{Fig. 8). The significantly highes during maxima actually
REC1, therefore only REC2 and 20CR are shown. represents a weaker meridional circulation, because in that
The zonal flow is particularly affected at sub-tropical lat- areaw is climatologically negative (i.e. southward). Figure 9
itudes, where we find a clear weakening of the sub-tropicalhelps in the interpretation of this feature, showing how the
jet over northern Africa during solar maxima. An important wind field over Europe appears according to the phase of the
caveat for this claim is that we can rely only on 20CR assolar cycle. During minima the air flow is substantially re-
REC2 does not cover the area of interest. curved to the south and north-westerlies dominate over much
At solar maximum the zonal flow is enhanced over the of central Europe. This can be seen as a larger amplitude of
southern part of the United States. In this case the two datéhe stationary planetary wave which characterises European
sets do not agree very well; the signal is stronger and wideclimate (see e.g. Peixoto and Oort, 1992). The latter asser-
in REC2. The agreement is better for western Europe, wherdion is also supported by the last panel of Fig. 5, where the
another significant signal is found. 20CR also indicates aclimatology (1927-2002) of the geopotential height in 20CR
reduction of the wind speed between Iceland and Greenis shown; the wave-like structure over the mid-latitudes is
land, and another smaller weakening is detectable over souttglearly visible, in particular the ridge over north-western Eu-
western Canada, suggesting a southward shift of the polar jetope 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. 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
Fig. 7. Similar to Fig. 5, but showing zonal wind in m'&. Red lines  to the wind speed. Data are from REC2 (1927-2002).

localise the strongest sections of the jet stream@m s~ 1) in the

1927-2002 climatology for 20CR.
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For REC1, only the wind field at an altitude of 3km is

available. For the sake of completeness, we analysed this
300hPa v e —— YU field too by comparing it with 700 hPa wind from the other
airkiviriolindnd i Tk HA i 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 farand 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).
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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
) 7 ; also in the reconstructions its estimated uncertainty is high

160 140 120 100 8 60 40 200 O 20 40 60 if compared to the other variables (Griesser et al., 2010;
Bronnimann 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
REC2 forv when considering all the grid points (it is how- positive temperature difference which goes from the tropical
ever significant when considering Europe only). 20CR sug-Pacific to southern Europe. 20CR, on the other hand, shows
gests a wave-like pattern of influence with most of the centresa significant negative difference over North America and the
of action (Greenland, eastern Mediterranean, eastern AfricalNorth Atlantic. In both cases there is a higher meridional
outside of the area covered by REC2. Over North Americagradient during solar maxima, which is physically consistent
the meridional wind is not significantly affected, although a with the stronger zonal winds that we observe in Fig. 7.
larger solar influence is present over the north-eastern Pacific Even more remarkable is the impact in the lower tropo-
Ocean in 20CR. sphere. Here we observe a strong amplification of the solar

Fig. 8. Similar to Fig. 5, but showing meridional wind in rm$.
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Fig. 10.Similar to Fig. 5, but showing temperature in K. Fig. 11.Same as Fig. 10, but for 850 hPa.

decreases with height over eastern Europe, as also described

imprint over Europe, with up to 1.5K of difference between . . )
in the previous section.

maximum and minimum at 850 hPa, while the solar signal is
not significant over North America (Fig. 11). 55 Solar cycle 23
20CR results are much closer to the reconstructions for

850 hPa temperatures compared to the 300hPa level, alrhe solar cycle 23 that ended in 2010 was distinguished by

though they seem to underestimate the solar sigpal over €asin unusually long and deep minimum (Russell et al., 2010),
ern Europe (we recall that temperature on continents is engyhich lies outside the period analysed in this paper. It is in-

tirely model-driven in 20CR). teresting to look at the anomalies in the atmospheric circu-
_ _ lation during the last minimum and to compare them with
5.4 \Vertical profiles our results. Figure 13 shows the average anomalies for the

winters (JFM) of 2005, 2006 and 2009 from 20CR (2007,
Vertical cross sections are often used for the validation of cli-o0og and 2010 are not considered because they were influ-
mate models. In our case zonal averages are not very meagnced by strong ENSO episodes). Given the reduced number
ingful since our results cover only a fraction of the hemi- of years, the internal variability could in principle hide any
sphere. Nevertheless, itis worth looking at the vertical profilesp|ar influence even though the stronger source of variability
for grid points where the solar signal is particularly signifi- (j e, ENSO) was in large part removed. Nonetheless, the sim-
cant. This is shown in Fig. 12 for four grid points (REC2) jlarity to the results for 1927-2002 is striking for the Euro—
over Europe where the solar influence reaches the maximurjtantic sector (note that the signals have the opposite sign

for the respective variables. o _because we are now considering a minimum).
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,
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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-

Fig. 13. Average anomalies (with respect to 1951-2000) in JFM Sults in detectable impacts on the near-surface climate. Fig-
during the years 2005, 2006 and 2009 in 20CR for geopotentialure 9 suggests that during solar minima more cold air is ad-

height (top panel, in dam), zonal wind (middle panel, in Th)s
and meridional wind (bottom panel, in m%). Shadings represent

statistical significance like in the previous figures.

Atmos. Chem. Phys., 13, 627%288 2013

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 140yr 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 okerved solar influence. One of the main candidates is the
blockings over the eastern North Atlantic, which has been“top-down” mechanism (see Sect. 4.2 of Gray et al., 2010,
reported by Barriopedro et al. (2008). Some of the wintersand references therein), which originates from the larger vari-
between 2005 and 2010, during a considerable long-lastingbility in the UV band, its impact on the temperatures in the
solar minimum, brought extreme cold spells over parts of Eu-stratosphere by means of changes in the ozone’s production
rope (Croci-Maspoli and Davies, 2009; Cattiaux et al., 2010;rates, and the coupling between the stratosphere and the tro-
Guirguis et al., 2011), and it has already been suggested thatosphere. Ineson et al. (2011) and Chiodo et al. (2012) re-
the solar minimum may have played a role (Lockwood et al.,cently simulated this process using an ocean—atmosphere cli-
2010; Ineson et al., 2011). We showed that the average circumate model, producing results which are very similar to those
lation pattern during those winters was the one expected irwe found in the SLP reconstruction, even though they used
the condition of low solar activity. the standard DJF winter.

We described a similar solar signal by analysing SLP re- By comparing different data sets, we have shown that the
constructions reaching back to the 18th century, giving us20CR is also suitable for this kind of analysis, bearing in
further confidence on its temporal stability, although the sig-mind some limitations. In this sense, a thorough investiga-
nal is weaker in the first half of the period. tion of some apparent inhomogeneities and their causes is

Unlike some authors, we did not find a significant correla- necessary.
tion between the solar activity and the NAO after analysing Future retrieval and digitisation of new historical upper-air
a 240 yr-long reconstruction of the NAO index, in agreementdata for the first part of the 20th century will further improve
with van Oldenborgh et al. (2013). In such a long series, how-our understanding and estimation of the solar influence on
ever, it was not possible to take into account the influencethe troposphere and will then facilitate the validation of the
of the quasi-biennial oscillation (QBO), which can modulate climate models, which remain fundamental for a full com-
the interaction between the solar cycle and the polar vorteyprehension of the phenomenon.

(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 acSupplementary material related to this article is

tivity was indeed higher. In fact, after performing a running- available online at: http://www.atmos-chem-phys.net/13/
correlation analysis, Thejll et al. (2003) pointed out that this 6275/2013/acp-13-6275-2013-supplement. pdf
correlation was highly variable over the last 130yr; 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 AcknowledgementsThis work was funded by the Swiss National

much more variable for early winter than for late winter dL_"' Science Foundation through the Sinergia project FUPSOL (grant
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These results can support the efforts of the scientific com-
munity to identify the physical mechanism behind the ob-
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