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Daily temperature and pressure series from 55 European meteorological stations covering the

20th century are analyzed. The overall temperature mean displays a sharp minimum near 1940 and a

step-like jump near 1987. We evaluate the evolution of disturbances of these series using mean squared

inter-annual variations and ‘‘lifetimes’’. The decadal to secular evolutions of solar activity and

temperature disturbances display similar signatures over the 20th century. Because of heterogeneity of

the climate system response to solar forcing, regional and seasonal approaches are key to successful

identification of these signatures. Most of the solar response is governed by the winter months, as best

seen near the Atlantic Ocean. Intensities of disturbances vary by factors in excess of 2, underlining a role

for the Sun as a significant forcing factor of European atmospheric variations. We speculate about the

possible origin of these solar signatures. The last figure of the paper exemplifies its main results.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The Earth’s climate is characterized by strong variability on
wide scales of space and time. Successful climate modeling
requires identification and separation of contributions to observed
variability, which may result from external forcing or from the
internal stochastic response of a large system. Many studies have
shown strong evidence for an influence of solar variability on pre-
industrial climate, on time scales ranging from 108 to 102 years
(e.g. summary in Lockwood and Fröhlich, 2007). A solar signature
is found in Northern Hemisphere mean temperatures for the past
millennium (e.g. Versteegh, 2005; Foukal et al., 2006; Scafetta and
West, 2007, and references therein), and this observation can be
extended back to 10,000 years for the North Atlantic region (Hu
et al., 2003; Bond et al., 2001). Several studies have detected a
significant solar contribution to global temperatures in the first
half of the 20th century. But most authors reject the possibility
that this would still apply to recent decades. For instance,
Lockwood and Fröhlich (2007) find that ‘‘over the past 20 years,
all the trends in the Sun that could have had an influence on the
Earth’s climate have been in the opposite direction to that
required to explain the observed rise in global mean tempera-
tures’’. The Sun is therefore acknowledged to have played a
dominant role in the Earth’s climate over much of the past, but for
ll rights reserved.
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the most recent. The strong spatial and seasonal variability of
manifestations of solar forcing has been noted (e.g. Usoskin et al.,
2006a). It may therefore be illusory to look for a single global
relationship between climate and solar activity (de Jager, 2005).
On the contrary, a regional approach may allow one to recognize
specific forms of solar forcing, where and when the solar
contribution is important.

The period covered by (sufficiently high quality) observations
is generally quite short (a few decades), which makes it difficult to
establish statistically reliable relationships between these phe-
nomena and causative physical processes, and therefore to
understand their origin and build an adequate model. Never-
theless, daily measurements of minimum, maximum and mean
temperature and pressure are for instance available over at least a
century with few gaps in many European observatories. This
allows one to follow many of their characteristics over a wide
range of time scales. In this study, we focus on the centennial
(or secular) evolution of the mean squared inter-annual variations
and lifetime (related to the mean duration of disturbances) of
temperatures and pressures at the (regional) European scale.
Both the mean squared inter-annual variations and lifetime
are discussed in more detail in Appendix A. The measure of
disturbances we propose allows one to follow the long-term
evolution of seasonal and regional variability of these meteor-
ological daily series. In the present paper, we identify a strong
correlation between the long-term (decadal to centennial) evolu-
tions of wintertime temperature and pressure disturbances in
Europe and solar activity. Such a correlation, which applies up to
the most recent past (i.e. the year 2000, since 5.5 yr are lost on
ng in variability of temperatures and pressures in Europe. Journal
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either side to avoid edge effects after 11 yr filtering) had to our
knowledge not been previously reported.

The present study complements an earlier analysis (Le Mouël
et al., 2008), in which we analyzed temperature data from
meteorological stations in the USA, Europe and Australia. We
estimated the long-term behaviour of temperature disturbances
and found that the secular trend of all curves was similar—a
S shaped pattern, with a rise from 1900 to 1950, a decrease from
1950 to 1975 and a subsequent (small) increase. This trend being
the same as that found for a number of solar indices, we
concluded that significant solar forcing of these temperature
disturbances was likely. The next section of this paper describes
the data we use (temperatures, pressures, solar indices), their
sources and the methods (mean squared inter-annual variation
and lifetime) with which we analyze them. The following section
presents the main results of these analyses and we finish with
some discussion and a summary of our main conclusions.
2. Data and methods

We use series of daily data covering the entire 20th century
with the shortest possible gaps. More specifically, we have
considered European meteorological series longer than 90 years
with no gap longer than 1 yr in the 1900–2000 time span. The
resulting spatial distribution of 55 European stations is not
homogeneous (Fig. 1). We discuss possible consequences of this
spatial heterogeneity, both in data and involved climatic
processes, in the last section of the paper.
2.1. European temperature and pressure data

We have obtained 55 series of minimal temperature, 54 series
of maximal and mean temperature, and 27 series of pressure
(Table 1 and Fig. 1). The data are extracted from the ECA&ECD and
GHCND (Global Historical Climatology Network-Daily data)
databases (available via http://eca.knmi.nl). Fig. 2 illustrates the
evolutions of individual station, country and European mean data
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Fig. 1. Geographical distribution of the climatological s
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series for temperature (minimal, maximal and mean) and
pressure, averaged with a 4-yr (1461 days) centered running
mean window. All temperature curves have similar long-term
(decadal to centennial) signatures. Pressure curves display even
stronger similarity than temperatures. This provides further
evidence of a greater spatial homogeneity of the pressure field
than the temperature field.
2.2. Solar activity

Solar activity is often represented by the sunspot or Wolf
number, the longest daily series being provided by the World data
Center for the Sunspot Index at the Royal Observatory in Brussels
(available via http://sidc.be/sunspot-data). The solar signature
is also readily available using a number of indicators based on
geomagnetic data, the aa-index series being the longest one
(Mayaud, 1972; data available via ftp://ftp.ngdc.noaa.gov/STP/
SOLAR_DATA/RELATED_INDICES/AA_INDEX/aa-daily-values). Note
that the classical aa-index may slightly overestimate the very-
long-term trend, notably prior to the 1920s (e.g. Lukianova et al.,
2009), but this does not affect significantly our results. Fig. 3a
shows that both indicators (filtered with an 11 yr running mean)
yield essentially the same results. We also use the squared daily
variation of a geomagnetic component as a solar proxy in the
present study. Specifically, we take the vertical component (Z) at
the Eskdalemuir geomagnetic observatory (55.31N, 3.21W); this is
provided by the World Data Center for Geomagnetism (available
via http://www.wdc.bgs.ac.uk/catalog/master.html). Le Mouël
et al. (2005) have shown that the choice of the component or
the observatory makes very little difference, with all magnetic
curves displaying the same general trend. Fig. 3b shows that the
vertical (Z) and horizontal (H) components indeed yield very
similar trends. The mean squared daily variation of Z is defined as

zðtÞ ¼ hðZðtþ 1Þ � ZðtÞÞ2iY;t

¼ ð1=YÞ
XtþY=2

t¼t�Y=2

ðZðtþ 1Þ � ZðtÞÞ2, (1)
30°

30°

40°

40°

50°

50°

60°

60°

70°

70°

30°

40°

50°

60°

70°

tations used in this study (see Table 1 for details).
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Table 1
List of meteorological stations and dates of various data types used in this study (see Fig. 1 for map).

Station Country code Lat. Long. Tmean Tmax Tmin P

Kremsmuenster AT 48.00 14.13 1876–2004 1876–2008 1876–2002

Graz AT 47.08 15.45 1901–2004 1894–2002

Wien AT 48.23 16.35 1901–2004 1872–2006 1872–2006 1900–2002

Innsbruck AT 47.27 11.40 1905–2004 1877–2002

Sonnblick AT 47.05 12.95 1901–2004 1890–2008 1890–2008

Sarajevo BA 43.85 18.38 1901–2005 1901–2005 1901–2005

Uccle BE 50.80 4.35 1833–1999 1833–2008 1833–1999

Praha-Klem CZ 50.08 14.42 1775–2005 1775–2005 1775–2005

Halle DE 51.48 11.98 1900–2004 1900–2004 1900–2004

Zugspitze DE 47.42 10.98 1900–2001 1900–2001 1900–2001

Stuttgart DE 48.72 9.22 1900–1999 1900–1999 1900–1999 1900–1999

Berlin DE 52.45 13.30 1876–2001 1876–2001 1876–2001 1876–2001

Karlsruhe DE 49.02 8.38 1876–2001 1876–2001 1876–2001 1876–2001

Jena Sternwarte DE 50.90 11.58 1901–2001 1901–2001 1901–2001

Hohenpeissenberg DE 47.80 11.02 1879–2001 1879–2001 1879–2001 1879–2001

Hamburg DE 53.55 9.97 1891–2001 1891–2001 1891–2001

Bremen DE 53.05 8.78 1890–2001 1890–2001 1890–2001 1890–2001

Bamberg DE 49.88 10.88 1879–2001 1879–2001 1879–2001 1889–2001

Frankfurt DE 50.12 8.67 1870–1999 1870–1999 1870–1999 1881–2001

Sandvig Hammer DK 56.77 8.32 1874–2000 1874–2005 1874–2003 1874–2003

Vestervig DK 55.45 8.40 1874–2000 1874–2005 1874–2003 1874–2003

Nordby (FAN+) DK 55.85 10.60 1874–2000 1874–2005 1874–2000 1874–2003

Tranebjerg DK 55.68 12.53 1873–2000 1873–2005 1872–2000

Koebenhavn DK 55.30 14.78 1874–2000 1874–2005 1874–2000

Tartu EE 58.30 26.73 1901–2004 1901–2008 1901–2008

Sodankyla FI 67.37 26.65 1908–2004 1908–2008 1908–2008

Marseille Obs. FR 43.30 5.38 1900–2000 1897–2005 1900–2005

Paris Montsouris FR 48.82 2.33 1900–2000 1900–2005 1900–2005

Deols Chat FR 46.87 1.72 1893–2005 1901–1999

Stornoway GB 51.77 358.73 1873–2001 1873–2001 1873–2001

Oxford GB 52.42 358.17 1853–2001 1853–2001 1853–2001

Central England GB 54.35 353.35 1881–1999 1881–1999 1881–1999

Armagh GB 58.33 353.68 1865–2001 1865–2001 1865–2001

Zagreb-Gric HR 45.81 15.98 1861–1997 1881–2004 1881–1997

Osijek HR 45.53 18.63 1899–2004 1899–2004 1899–2005

Dublin Phoenix IE 53.36 353.68 1881–2006 1881–2006 1881–2006

Bologna IT 44.48 11.25 1814–2000 1814–2003 1814–2000

Den Held. De Kooy NL 52.92 04.78 1906–2006 1906–2006 1906–2007 1906–2007

Eelde NL 53.13 06.58 1906–2006 1906–2007 1906–2007 1906–2007

Vlissingen NL 51.44 03.60 1906–2007 1906–2007 1906–2007

Maastricht NL 50.92 05.78 1906–2006 1906–2007 1906–2007 1906–2007

De Bilt NL 52.10 05.18 1901–2006 1901–2007 1901–2007 1902–2007

Oksoey Fyr NO 58.07 8.05 1901–2001

Bergen Florida NO 60.38 5.33 1901–2001

Bodoe NO 67.27 14.43 1901–2001

Lisboa Geofisica PT 38.72 350.85 1901–1999 1901–1999 1901–1999

Calarasi RO 44.20 27.33 1898–2005 1898–2005 1898–2005

Ust_Tzilma RU 65.43 52.27 1900–2003 1913–2008 1895–2003

Troitzko RU 62.70 56.20 1888–2003 1914–2008 1888–2008

Orenburg RU 51.68 55.10 1886–2003 1892–2003

St. Petersburg RU 59.97 30.30 1881–2003 1881–2008 1881–2003

Archangelsk RU 64.58 40.50 1881–2003 1913–2008 1881–2008

Kandalaksa RU 67.15 32.35 1912–2003 1912–2003 1912–2008

Syktyvkar RU 61.72 50.83 1907–2008

Kamenna’J-Step’ RU 51.10 40.70 1903–1999 1899–1999

Haparanda SE 65.82 24.13 1881–2004

Stockholm SE 59.35 18.05 1756–2004

Basel Binningen SW 47.55 7.58 1901–2004 1901–2004 1901–2006 1901–2004

Zuerich SMA SW 47.38 8.57 1901–2004 1901–2008 1901–2006 1901–2004

Lugano SW 46.00 8.97 1901–2004 1901–2008 1901–2006 1901–2004

Saentis SW 47.25 9.35 1901–2004 1901–2008 1901–2006 1901–2004

Kyiv UA 50.40 30.53 1900–2004 1900–2004 1900–2004

Lugansk UA 48.57 39.25 1905–2004 1907–2004
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where time t is measured in days (we always consider series of
daily values), the mean value being taken over Y days centered
on t. The squared daily variation z(t) and the aa-index reflect
variations induced by UV solar irradiance and disturbances
induced by the solar wind. Variations in solar irradiance and
solar wind are well monitored, respectively, by the range of the
Please cite this article as: Le Mouël, J.-L., et al., Evidence for solar forci
of Atmospheric and Solar-Terrestrial Physics (2009), doi:10.1016/j.jas
geomagnetic daily variation on quiet days and by the aa-index. Yet,
the decadal to centennial changes seen in Figs. 3a and b, i.e.
sunspot numbers, aa-index and squared daily variation of
magnetic components, display the same characteristics to first
order: an overall trend rising up to �1950, decreasing to �1970,
increasing to �1990 and decreasing since.
ng in variability of temperatures and pressures in Europe. Journal
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Fig. 2. Four-year running means of minimal (a), maximal (b), mean (c) temperature and pressure (d) for three levels of spatial averaging: individual station (de Bilt, green),

country mean (Netherlands, blue) and European mean (red).
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2.3. Filtering techniques: the mean squared inter-annual variation

and lifetime

In order to estimate the disturbance of daily sampled series,
and to monitor the long-term evolution of characteristics of
higher-frequency disturbances, we have used both the mean inter-
annual squared variation:

Q ðtÞ ¼ hðZðtþ 365Þ � ZðtÞÞ2iY;t

¼ ð1=YÞ
XtþY=2

t¼t�Y=2

ðZðtþ 365Þ � ZðtÞÞ2, (2)

and the ‘‘lifetime’’ of the series. The ‘‘lifetime’’ L(t) of a given time-
series is estimated as the ratio of the mean inter-annual squared
variation (Eq. (2)) to the mean squared daily variation (Eq. (1)):

LðtÞ ¼ Q ðtÞ=zðtÞ. (3)

Both mean squared inter-annual variation and lifetime are
discussed in more detail in Appendix A. As seen in Eq. (A6) of
Appendix A, lifetime indeed has the dimension of time, being
multiplied by the sampling time interval (which is here equal to
unity–1 day). The means are computed over a sliding window of
length Y centered at time t. The use of mean squared inter-annual
variations allows one to reduce drastically the effect of the
overwhelming (and always present) annual cycle, and to empha-
size the long-term part of the signal in these time-series. Both
mean squared inter-annual variation and lifetime give similar
results most of the time (Fig. 4b vs. a), but lifetime is often more
stable and has clearer physical interpretations: the memory of the
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commute but yield similar results (see text). In the case of the red curves, the time int
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process, or the residence time of strong disturbances or a mix
of both. In the case of an autoregressive process of first order,
the autocorrelation may be estimated through the lifetime, even
when a regular sine function is added to the process (Appendix A).
The lifetime also reflects the residence time of strong disturbances
(see Appendix A for model examples).

When dealing with solar activity, inter-annual differences are
replaced by differences taken between times that are 11 yr apart, in
order to smooth out the effect of the Schwabe cycle and to extract
long-term trends. In the case of the sunspot series, the estimate of
lifetime L agrees with direct measures of lifetime (Blanter et al., 2006).

The mean squared inter-annual variation and the lifetime are
nonlinear transformations of the initial series. The order in which the
averaging and transformations are performed might be of crucial
importance. Indeed, the mean level of the lifetime is significantly
higher when the spatial averaging of a series is performed before
taking the lifetime than when the reverse is done, but the forms of
the curves remain essentially the same (Figs. 4c and d).

We next analyze the mean squared inter-annual variation and
lifetime estimates of European temperature and pressure series
throughout the 20th century, yielding a number of significant results.
3. Results

3.1. Mean temperatures and pressures

Fig. 2a (minimal temperature) allows some significant ob-
servations, which are confirmed by the other temperature figures
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(Figs. 2b and c). Although there are some slight differences in the
curves as a function of numbers of stations included, the curves
are in general remarkably similar at all frequencies involved, from
a few years to the whole century covered by the data. The series
show strong variability with 1 1C amplitude in the 5–25 year
period range. An extremely cold event occurs near 1940 and a
rapid 1 1C jump occurs around 1987. These are the two most
remarkable (large and brief) events in the whole century. In
contrast, all three pressure curves shown in Fig. 2d are almost
superimposed and show little variation at the scale of Europe
(the pressure field is characteristic of the region at all scales). And
there is no secular trend or unusual extreme event, variability
being in the same dominant (pseudo-) period range as for
temperatures, i.e. 5–25 yr.
3.2. Lifetimes and mean squared inter-annual variations

We estimate disturbance characteristics of a daily sampled
series using the mean squared inter-annual variation and lifetime
as described above. We use an 11-yr running window in order to
emphasize long-term changes. All European mean squared inter-
annual variations and lifetime curves yield a similar signature,
within a scale factor (Figs. 5a–c); this signature is often already
seen at the country and even at the single station scale. Pressure
lifetimes at the country scale are of the order of 4–6 days (Fig. 5d),
in the same range as temperature lifetimes. This may be a
measure of the average ‘‘residence time’’ of air masses in Europe.
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3.3. Seasonal variability and solar signature

In order to try and identify the respective contributions of
seasons (seasonal variations) in the lifetime and mean squared
inter-annual variation curves shown above, we have used the
classical method of ‘‘superimposed epochs’’. We average the mean
squared annual variation Q(t) and the lifetime L(t) over all times ti

of the time span covered by the data that have the same calendar
date, e.g. t1 ¼10 January 1901, t2 ¼ 10 January 1902,y, t99 ¼ 10
January 1999, instead of taking the average over the time window
Y. Results are illustrated in Fig. 6. It is clear that the mean squared
inter-annual variations of temperature and pressure are much
larger in winter. The ratio between the values of the mean squared
inter-annual variation in winter (max) and in summer (min) is
5 for Tmax and about 10 for Tmin. In the case of temperatures,
the largest values of mean squared inter-annual variation occur

in the same season as the largest values of the lifetime, i.e. in
January–February. Temperature lifetime is 4 times higher in
winter than in summer, and therefore winter lifetime clearly
governs the statistics for the whole year. In the case of pressure,
the dominance of winter lifetime is only slightly less prominent
(Fig. 5d).

In order to extract the contribution of a given season to
lifetimes and mean squared inter-annual variations, we performed
a simple weighted average in which days outside the season under
consideration entered with zero weight. When we compare
lifetimes computed from the whole year with those for the cold
season (December–March), which yield the largest lifetime values,
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we see that the shape of the whole year curve is mainly
determined by the cold-time period (Fig. 7). The lifetime of the
warm season (May–August) displays a rather flat trend compared
to that of the cold season.

The seasonal lifetime corresponding to January and February
displays the highest correlation with the lifetime of adjacent
seasons; it is also the period when the correlation between
lifetimes of different stations is the strongest. Figs. 8a–c show the
correlation between the seasonal lifetime of temperatures and
different solar indices, all calculated every 5 days over 42 centered
2-month intervals, from October to April. The best correlation
between temperature lifetimes and solar activity estimated over
the 1930–2000 time span is also reached in January and February.
The correlation between pressure lifetime and solar activity is less
stable (Fig. 8d), and its maxima do not coincide for the different
solar indices.

The similarity between the temperature lifetimes in January–
February and the daily squared variations of the Z-component
of the geomagnetic field recorded at Eskdalemuir (Figs. 9a–c) is
associated with high values of the relevant correlation coefficient
(Figs. 8a–c) and is quite striking. This is less so for the pressure
lifetime curve, which appears to be shifted with respect to the
solar curve (Fig. 9d).
Please cite this article as: Le Mouël, J.-L., et al., Evidence for solar forci
of Atmospheric and Solar-Terrestrial Physics (2009), doi:10.1016/j.jas
3.4. Solar signature and spatial variability

The correlation between the lifetime of temperature distur-
bances and solar activity is even stronger if a specific climatic
region is considered. Figs. 10a and b show the solar signature in
the minimal temperature lifetime of the Netherlands. The
correlation coefficient with the solar proxy is equal to 0.81
when the whole year is considered (Fig. 10a) and to 0.89 when it is
restricted to the winter period 10.01–20.02 (Fig. 10b), that is when
temperature disturbances have the longest lifetime (Fig. 6) and
the best correlation with solar activity (Fig. 8). Note that these
correlation coefficients provide a measure of similarity between
the solar proxies and the minimal temperatures but an
uncertainty on these cannot be evaluated because we do not
have a null hypothesis for these random variables and they are a
priori neither Gaussian nor independent. Fig. 10d shows that the
solar signature is also present in the winter lifetimes of wind
directions, at least since 1930 (data available for 4 stations are
provided by KNMI Climatological Service via http://www.knmi.nl/
klimatologie/daggegevens/), but the correlation disappears when
wind directions for the whole year are used (Fig. 10c). It is
interesting that this excellent correlation of wintertime wind
direction is observed, when lifetimes of the pressure field, which
ng in variability of temperatures and pressures in Europe. Journal
tp.2009.05.006
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is highly homogeneous over Europe, display lesser correlation
(Fig. 8d). Unlike the cases of pressure and temperature,
wintertime lifetimes of wind direction do not determine those
for the whole year; the solar signature is seen only in the winter
season (Figs. 10c and d).
4. Discussion and conclusions

In the present paper, we have provided evidence of significant
solar forcing of short-term variations in European temperature
lasting up to the present. This was achieved through a study of the
evolution of characteristic parameters of these variations, on time
scales ranging from a few years to the entire 20th century. The
common trend of the lifetime curves is quite similar to the trend
of solar activity during the same time span, and the similarity is
stronger when the winter period January–February, correspond-
ing to the highest lifetime values, is considered (see f.i. van Loon
and Labitzke, 1988). The relationship between solar forcing and
European climate is not stationary over a year, but strongly
depends on the season. Simple averaging over the whole year may
therefore obscure the underlying forcing. The solar signature is
present all over the 20th century in the wintertime European
temperature (and Netherlands wind) disturbances, which are
linked to the persistent winds blowing from the Atlantic Ocean to
Europe. It is particularly interesting that a solar signature is most
prominently seen in stations situated close to the Atlantic. In the
Please cite this article as: Le Mouël, J.-L., et al., Evidence for solar forci
of Atmospheric and Solar-Terrestrial Physics (2009), doi:10.1016/j.jas
case of the Netherlands, climate patterns are sufficiently homo-
geneous to make these patterns clear, as seen in Fig. 10. One might
think then that the British Isles would display the same clear
signals. However, climatic regions there are smaller and more
heterogeneous and the signal, though present (and included in the
averages where 5 British Isles stations are included—see Fig. 1), is
less conspicuous.

It should be emphasized that solar modulation of temperature
disturbances (as evidenced in this paper) is by no means small.
For instance, both the 11-yr average mean squared inter-annual
variation and the lifetimes may vary by up to a factor 2 or even
more (not 1 per mil) over the 20th century (Figs. 9 and 10). The
heterogeneity in both time and space of characteristic features of
temperature disturbances may conceal to a (sometimes large)
extent the correlation. It should be emphasized that the regional
and seasonal approaches used in this paper are essential to extract
the signatures of solar forcing. This is not taken to imply that
Europe has a specific source of solar induced excitation. We think
we are actually uncovering the regional expression of a global
phenomenon, amplified in some regions (climate zones) and
subdued or concealed in other regions, due to heterogeneity in the
climatic system response to various forcing factors (de Jager,
2005).

The decadal to secular evolution of European disturbance
lifetimes displayed in the figures of this paper (Fig. 10 being the
most suggestive and illustrating the main results of the paper)
lead us to speculate about the possible origins of these
ng in variability of temperatures and pressures in Europe. Journal
tp.2009.05.006
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disturbances. The solar signature is best reflected in the
wintertime temperature disturbances, which are related to
persistent seasonal winds. Lifetimes are in the range of 1 to
almost 4 weeks, but these estimates are only indicative, since they
are affected by the amplitude of the uncorrelated daily noise. The
strong solar signature found in the lifetime of wind directions in
the Netherlands should trigger further studies of persistent
wintertime winds and their conditions of occurrence.

As recalled in the introduction, solar activity is considered as a
major cause of climate change in the historical and geological
past. For instance, the Little Ice Age has repeatedly been linked
with the sunspot Maunder minimum. Significant correlations
between temperature anomalies and various solar indices have
been summarized for instance by Svensmark (2000). These
indices include relative sunspot numbers, a proxy for solar
irradiance (and possibly toroidal magnetic field strength of the
Sun; see Duhau and de Jager, 2008), the aa-index, a proxy of open
solar magnetic flux (and possibly, at sunspot minimum, of solar
poloidal field strength; see Duhau and de Jager, 2008) as
illustrated above, but also length of sunspot cycles or cosmic ray
flux (the latter being primarily extra-solar but modulated by solar
activity through the solar magnetic field; e.g. Usoskin et al.,
2005b). Correlations have also been observed between solar
activity and a number of climate indicators such as Southern
Hemisphere mid-latitude zonal west winds (ZWWs), mean sea
Please cite this article as: Le Mouël, J.-L., et al., Evidence for solar forci
of Atmospheric and Solar-Terrestrial Physics (2009), doi:10.1016/j.jas
level pressure (MSLP) and rainfall (e.g. Pecker, 1982; Thresher,
2002). A debated topic is the proposed correlation between solar
activity, surface temperatures, low clouds and cosmic rays (e.g.
Marsh and Svensmark, 2000; Kristjansson et al., 2004; Usoskin
et al., 2005a, 2006a). For instance, Usoskin et al. (2004) find
support for the idea that low clouds are modulated by cosmic ray
induced ionization in the troposphere, rather than by total solar
irradiance. Also debated is the suggestion that the correlation
between solar variations and terrestrial climate might have to
some extent broken down in the past 50–20 years (e.g. Svens-
mark, 2000; Le Mouël et al., 2005; Lockwood and Fröhlich, 2007;
see also the reviews by Kane, 2005; de Jager and Usoskin, 2006;
Foukal et al., 2006; but see Scafetta and West, 2008). de Jager
(2008) has shown that tropospheric temperatures can be fit to
solar poloidal and toroidal contributions with a small additional
temperature increase, and that ‘‘the recent period of global
warming does not appear to be exceptional from a historical
perspective’’. The present study shows that the evolution of
temperature disturbances remains linked with solar activity up to
the present (Fig. 10). This did not until recently seem to be the
case for global near surface mean temperature, although the
more recent data show that monthly mean global temperatures
have had a cooling trend, in any case not warming, since 1998
(http://www.metoffice.gov.uk/climatechange/science/monitoring/
hadcrut3.html).
ng in variability of temperatures and pressures in Europe. Journal
tp.2009.05.006
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Interestingly, it has been shown that the level of solar activity
during the last 70 years had been exceptional (Solanki et al., 2004;
see also de Jager, 2005; Usoskin et al., 2006b), although this is
disputed (e.g. Muscheler et al., 2005; Steinhilber et al., 2008). In
the same period, the solar open magnetic flux and its proxy, the
aa-index, have doubled (e.g. Lockwood et al., 1999; but see
Lukianova et al, 2009). Relative variations in UV radiance, and
even more so in EUV radiance are larger than those of total solar
irradiance, respectively, by up to 2 and 3 orders of magnitude.
Physical processes and feedbacks possibly linking climate varia-
tions to solar variations are not fully understood yet. de Jager
(2005) underlines the contrast between (and implications of) the
rather clear solar signals observed in the stratosphere vs. the more
complex (latitude, longitude and height-dependent) solar signals
in the troposphere, and discusses their possible origin. Tinsley
et al. (2007) note that a number of meteorological responses
(changes in cloud cover, atmospheric temperature, pressure or
dynamics) respond to the downward current density Jz that flows
from the ionosphere through the troposphere to the Earth’s
surface. The current flows through layer clouds, generating space
charge at the boundaries of the clouds, and thus can affect the
microphysical interactions between droplets and ice forming
and condensation nuclei (see also Carslaw et al., 2002). Tinsley
et al. (2007) also underline that the observed short-term
Please cite this article as: Le Mouël, J.-L., et al., Evidence for solar forci
of Atmospheric and Solar-Terrestrial Physics (2009), doi:10.1016/j.jas
meteorological responses to inputs to the global circuit due to
solar activity are of small amplitude, yet have high statistical
significance, and longer-term Jz changes over the secular range we
have investigated in this paper could govern short-term variations
and explain the observed correlations. They conclude ‘‘mechan-
isms responding to Jz are a candidate for explanations of
Sun–weather–climate correlations on multi-decadal to millennial
timescales’’.

In concluding, we find increasingly strong evidence of a clear
solar signature in a number of climatic indicators in Europe,
strengthening the earlier conclusions of a study that included
stations from the United States (Le Mouël et al., 2008). With the
recent downturn of both solar activity and global temperatures,
the debated correlations we suggested in Le Mouël et al. (2005),
which appeared to stop in the 1980s, actually might extend to the
present. The role of the Sun in global and regional climate change
should be re-assessed and reasonable physical mechanisms are in
sight.
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Appendix A

Lifetime estimate of model processes with memory

Lifetime of an autoregressive process of first order

Let us consider an autoregressive process of first order (AR1) as
a general example of a process Z(t) with memory:

Zðt þDtÞ ¼ aZðtÞ þ xðtÞ. (A1)

Here Dt is the sampling time interval and x(t) represents
independent realizations of the random variable x, called the
generator, supposed to have first and second moments. The
memory of the process Z(t) is represented by its lifetime, defined
in the usual sense, l ¼ Dt/(1�a).

The average value of Z(t) over a time span Ybl is /ZSY,tE
/xSY,t/(1�a) and its standard deviation is s2

Y;t(Z)Es2
Y;t(x)/(1�a2).

We can estimate the variability of the process Z(t) at two time
scales Dt and dDt, where dbl, writing:

zðtÞ ¼ h½ZðtþDtÞ � ZðtÞ�2iY;t , (A2)

Q ðtÞ ¼ h½Zðtþ dDtÞ � ZðtÞ�2iY;t . (A3)

If we substitute (A1) into (A2) and (A3) and assume that the
random variables Z(t) and Z(t+dDt) are independent (dbl), we
Please cite this article as: Le Mouël, J.-L., et al., Evidence for solar forci
of Atmospheric and Solar-Terrestrial Physics (2009), doi:10.1016/j.jas
obtain:

zðtÞ �
2s2ðxÞ
ð1þ aÞ , (A4)

Q ðtÞ �
2s2ðxÞ
ð1� a2Þ

, (A5)

where s(x) denotes the standard deviation of the generator x. In
order to estimate the lifetime of Z(t) we compute the ratio of these
two variables:

LðtÞ ¼
Q ðtÞ

zðtÞ
Dt. (A6)

From Eqs. (A5) and (A6), we deduce that indeed (A6) provides an
estimate of lifetime:

LðtÞ �
Dt

ð1� aÞ ¼ l.

Lifetime of random perturbations

Estimates L(t) and Q(t) are not limited to an AR1 process and
can give access to the characteristic time constants of other
random processes. Let us consider a process consisting in the sum
of a uniform base level h with a strong rectangular perturbation H
ng in variability of temperatures and pressures in Europe. Journal
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occurring at random times ti, during an interval nDt:

GðtÞ ¼
hþ H when t 2 ½ti; ti þ nDt�;

h otherwise:

(
(A7)

Let us consider as an example a Poissonian distribution of
instants ti with a waiting time mbn. It follows from (A2) that
z(t)�2H2/m, and for distances dbn, from (A3) Q(t)�2nH2/m. We
then obtain L(t)�n, when the window Ybm4dbn.

We find that our estimates Q(t) and L(t) again reflect the
characteristic times of the process. However, lifetime may have
different physical interpretations in different situations. It may
be related to the memory of a process (as in Eq. (A1)), or reflect
the residence time of strong disturbances (as in Eq. (A7)) or a
mixture of both contributions.

We can be more specific in the case of a process that would
combine the two previous processes Z and G. Let us construct a
new process by replacing the constant h in Eq. (A7) by Z(t) given
by Eq. (A1). The estimate of lifetime L(t) then reflects the residence

time of strong disturbances when nH2/mbs2(Z)/(1�a2), the
lifetime of the process Z(t) when 2H2/m5s2(Z)/(1+a2), and some
combination of both characteristic times in intermediate cases.

At this point, we can make a few quantitative remarks.
(1)
Pl
of
The larger the distance d in the Q(t) estimate, the more
accurate the estimate L(t) of lifetime (it is actually quite good
as soon as dDt45l).
(2)
 For a process with daily sampling interval and a lifetime equal
to several days, 1/(1�a)b1, and thus the process has an
almost constant variability z(t), even if its lifetime varies with
time. On the contrary, the inter-annual variation Q(t) is very
sensitive to changes in lifetime when a comes close to 1.
(3)
 A change of the standard deviation of the generator s(x) is
reflected by the same multiplicative factor in both variables
z(t) and Q(t), and therefore does not influence the estimate
L(t) of lifetime.
(4)
 In the case of a process that is a mixture Z(t) ¼ a1Z1(t)+a2Z2(t)
of two AR1 processes Z1(t) and Z2(t) with lifetimes l1ol2,
and as Y increases, the estimate L(t) tends to a value l(a)
(l1ol(a)ol2)), depending on the ratio a ¼ a1/a2; lima!1lðaÞ
¼ l1;lima!0lðaÞ ¼ l2.
AR1 process with the addition of a periodic function

In climatic, as well as in geomagnetic data, a strong annual
cycle is always superimposed on any higher-frequency component
Z(t). The whole process may be represented as F(t) ¼ A(sin
ot+c)+Z(t) where o ¼ 2p/365 in day�1 and Z(t) is again given
by Eq. (A1). The relevant lifetime estimator L(t) defined by Eq. (A6)
oscillates between

Lmin ¼
2s2ðZÞ

2ð1� aÞs2ðZÞ þ ð1� cos oDtÞA2
Dt (A8)

and

Lmax ¼
2s2ðZÞ þ A2

2ð1� aÞs2ðZÞ þ ð1� cos oDtÞA2
Dt, (A9)

where Lmin corresponds to distances d ¼ (2pk/o)Dt, which are
even multiples of the added sine period, and Lmax to distances
d ¼ ((2pk+p)/o)Dt, which are odd multiples of the half period.

We can express the lifetime l of process Z included in process
A as a function of Lmin, Lmax and cosoDt:

l ¼
2Lmin

2ð1� ð1� cosoDtÞðLmax � LminÞÞ
Dt. (A10)

If the sine period p ¼ 2p/o is significantly larger than the time
sampling, pb1 (365 vs. 1 day in the present study) and lifetime l
ease cite this article as: Le Mouël, J.-L., et al., Evidence for solar forci
Atmospheric and Solar-Terrestrial Physics (2009), doi:10.1016/j.jas
is close to Lmin. The lifetime of the high-frequency component Z(t)
is then estimated as the value Lmin reached for distances d that are
multiples of the sine period pDt. We can for example select a
period of 1 year and use the ratio Q(t)/z(t) with

zðtÞ ¼ h½FðtþDtÞ � FðtÞ�2iY;t , (A11)

Q ðtÞ ¼ h½Fðtþ pDtÞ � FðtÞ�2iY;t . (A12)

Let us note that the averaging window Y should contain an
integer number of sine periods Y ¼ kpDt. As in the case of the
AR1 process alone, the lifetime variation is reflected in the
variation of the Q(t) and L(t) estimates. A significant variation of
the sine amplitude A is reflected in z(t) and L(t).
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