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ABSTRACT

This work analyzes sunshine duration variability in the western part of Europe (WEU) over the 1938-
2004 period. A principal component analysis is applied to cluster the original series from 79 sites into 6
regions, and then annual and seasonal mean series are constructed on regional and also for the whole WEU
scales. Over the entire period studied here, the linear trend of annual sunshine duration is found to be
nonsignificant. However, annual sunshine duration shows an overall decrease since the 1950s until the early
1980s, followed by a subsequent recovery during the last two decades. This behavior is in good agreement
with the dimming and brightening phenomena described in previous literature. From the seasonal analysis,
the most remarkable result is the similarity between spring and annual series, although the spring series has
a negative trend; and the clear significant increase found for the whole WEU winter series, being especially
large since the 1970s. The behavior of the major synoptic patterns for two seasons is investigated, resulting
in some indications that sunshine duration evolution may be partially explained by changes in the frequency

of some of them.

1. Introduction

Knowledge about solar radiation variability and
trends is of great interest because it is a fundamental
variable in the energy balance on a range of scales from
global to microscale, besides its impacts on physical and
biological systems, and also on the economy and soci-
ety. In particular, solar radiation at the surface is an
important factor in the context of recent climate
change, since its variation is related to both cloudiness
changes and variations in aerosol concentration (Ra-
manathan et al. 2001; Stanhill 2007).
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In the last decade, research by several authors has
reported a reduction of solar radiation between the
1950s and the 1980s (see, e.g., Stanhill and Cohen
2001). This phenomenon is commonly called the “glob-
al dimming,” although other authors (Gilgen et al.
1998; Liepert 2002; Alpert et al. 2005) have investigated
its nonuniform spatial distribution. On the other hand,
very recent studies have detected a reversal in the nega-
tive trend (i.e., a “brightening”) that initiated in the late
1980s (Wild et al. 2005; Pinker et al. 2005).

Although the cause of these recent changes in solar
radiation is not fully understood, currently the most
accepted reason is a change in the transmissivity of the
earth’s atmosphere due to varying concentrations of
aerosols as consequence of anthropogenic emissions
(Stanhill 2005). For example, the recent brightening
may be due to reductions of anthropogenic aerosol
emissions during the most recent years due to air pol-
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lution regulatory actions in developed countries and
also due to declining economies in most eastern Euro-
pean countries in the late 1980s (Streets et al. 2006).

There might be a relationship between solar radia-
tion at the earth’s surface and air temperature varia-
tions (Kaiser and Qian 2002). Thus, dimming is consis-
tent with the hypothesis that anthropogenic aerosol
cooling effect partially offset greenhouse warming over
much of Eurasia during the 1960s through the 1980s
(Charlson et al. 1991). In this sense, a recent paper
(Wild et al. 2007) suggests that solar dimming was ef-
fective in masking greenhouse warming, but only up to
the 1980s, when dimming gradually transformed into
brightening, allowing the uncovered greenhouse effect
to reveal its full dimension with a sharp increase of the
temperatures from then on until nowadays.

Both the global dimming and the recent brightening
carry uncertainty in their description and quantification
(Trenberth et al. 2007). Therefore, it seems convenient
to support and extend the analysis with indirect or re-
lated variables, because networks of pyranometers (for
measurement of solar radiation) have in general poor
spatial coverage and cover a short temporal period.
Thus, other climatic variables (proxy measurements)
that are well correlated with global radiation—such as
evaporation, visibility, cloudiness, or sunshine dura-
tion—can be used (Stanhill 2005).

Sunshine duration (SunDu), defined as the amount
of time in which direct solar radiation is above a certain
threshold (usually taken at 120 W m~2), is one of the
first approaches to radiation measurements and is in-
versely related to cloudiness (Angell 1990); it may also
be useful in detecting long-term variation of aerosols
(Kaiser and Qian 2002). The advantages of SunDu
records, with respect to the other variables mentioned,
are 1) that they started more than 100 yr ago and 2) that
they are much less subjective than visibility or cloudi-
ness observations. Also, several studies have shown
good correlations between SunDu and solar radiation
records (e.g., Stanhill and Cohen 2005).

The generalized use of sunshine duration recorders
in the global network of meteorological observatories
by the end of the nineteenth century justifies a number
of studies that investigate the spatial and temporal be-
havior of SunDu in the recent decades for different
parts of the world (see Sanchez-Lorenzo et al. 2007,
hereafter SLO7, for a list of such studies). Nevertheless,
there are few published studies, to our knowledge,
about SunDu behavior on global, hemispheric, or con-
tinental scales. In particular for Europe, other than
studies for single countries, we only found the works by
Brazdil et al. (1994) that analyzed 26 SunDu series for
different areas of central and east Europe and by Auer
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FI1G. 1. Position of the stations with sunshine duration series
used in this study. Approximate limits of the regions based on
PCA are also indicated (bold lines).

et al. (2007) that showed some regional series for the
Alpine region.

The present paper attempts to fill this gap of knowl-
edge: our goal is to show and analyze the temporal
variability and trends of SunDu in western Europe
(WEU) and also in several regions within this area. The
possible influence of some circulation patterns on the
most relevant SunDu trend is investigated. As far as
methodology and focus are concerned, the present pa-
per may be understood as an extension of a previously
published paper by the same authors (SLO7) for the
Iberian Peninsula.

2. Data

Our database comprises 79 series of daily or monthly
SunDu corresponding to the same number of meteoro-
logical stations placed in seven countries that approxi-
mately cover the western half of Europe (Fig. 1). The
countries and number of stations (in parenthesis) in
each of them are: United Kingdom (23), Germany (18),
Spain (13), France (13), the Netherlands (6), Switzer-
land (4), and Austria (2).

Most series were obtained directly from the data-
bases of the European Climate Assessment & Dataset
project (ECA&D; Klein Tank et al. 2002). Twenty-one
series for Great Britain and the only one for Northern
Ireland were obtained from the archives of the Met
Office Historic Station Data; the series for Gibraltar
was built combining data from the Met Office and other
complementary data supplied by Professor Dennis
Wheeler (Wheeler 2001). Finally, for Spain, six series
are taken directly from the ECA&D, another three se-
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ries were built from data supplied by the Instituto Na-
cional de Meteorologia (INM), and four series were
composed by combining data from the two sources
(SL07). The ECA&D and Met Office archives contain
data for many more stations, but we only considered
the series with more than 40 yr of continuous records
and that contain a complete record for the 1961-90
period.

Series from Met Office are in monthly resolution,
while all the other data were available as daily SunDu.
The quality of the series used is in part assured because
the data come from sources (ECA&D, INM, Met Of-
fice) that already apply some quality control checks.
However, we also applied a number of additional
checks, and following the recommendations by Aguilar
et al. (2003) we tried to 1) detect, correct, and/or re-
move gross errors, such as aberrant (more hours regis-
tered than the maximum possible) or negative values;
2) confirm the consistency of calendar dates (days per
month and year); and 3) remove false zeros.

The absolute monthly SunDu was obtained, for the
ECA&D and INM series, by adding the corresponding
daily values. When more than 6 days in a month were
missing, we did not compute the monthly value, and the
whole month was set as missing. When 6 or fewer days
were missing, the total SunDu for the corresponding
month was obtained by adequately correcting the sum
of the available days on the basis of the number of
missing values.

In general, we could not obtain information about
the instrument used for measuring SunDu; however we
assume that most data included in the database were
measured by Campbell-Stokes heliographs. In fact,
only few stations (from the ECA&D database; J. Ver-
kaik 2006, personal communication) may have used
other sunshine duration recorders in recent years, and
consequently only these years can be suspicious.

3. Regionalization and regional series construction

As in SLO7, the regionalization approach is based on
a principal component analysis (PCA) in s-mode, start-
ing from the correlation matrix, which is calculated con-
sidering the data from the 12 months of the year. Spe-
cifically, monthly normalized anomalies were used,
where anomalies for each station series are defined as
differences to the 1961-90 mean and normalized by di-
viding by the standard deviation calculated over the
same period. The PCA was performed on the subpe-
riod 1951-2004, for which data availability is clearly
greater.

Results of PCA show that 11 empirical orthogonal
functions (EOF) account for more variance than the
original variables (i.e., their eigenvalues are greater
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than 1) and that together explain more than 80% of the
total variance of the dataset. We selected the first six
EOF, which all have eigenvalues greater than 2 (>3%
of explained variance) and together explain more than
70% of the variance. These selected EOFs were rotated
by means of a Varimax rotation, which produces stable
and physically meaningful patterns.

In Fig. 2, the geographical representation of the load-
ings obtained from the PCA is plotted, allowing iden-
tifying the following regions:

1) Central east (CE; Fig. 2a): Southern half of Ger-
many, the southern extreme of the Netherlands, the
east of France, north of Switzerland, and most of
Austria.

2) North central (NC; Fig. 2b): England, that is, the
center and south of the British Islands.

3) Northeast (NE; Fig. 2c): Northern stations of WEU,
that is, the north of Germany and a great part of the
Netherlands.

4) Southwest (SW; Fig. 2d): Areas most influenced by
the Mediterranean Sea, that is, most of the Iberian
Peninsula and southeast of France.

5) Central west (CW; Fig. 2e): Most of France (the
areas not included in other regions) and the north-
west of the Iberian Peninsula.

6) Northwest (NW; Fig. 2f): Northern sectors of Great
Britain and Ireland.

Subsequently, for each region we selected the sta-
tions that have their maximum loading in the corre-
sponding EOF. By doing this, each station is univocally
assigned to one region (see Fig. 1). Then, we computed
the seasonal and annual mean regional series of SunDu.
More specifically, as in SLO7, the mean series are com-
puted for the ratios between the values (annual or sea-
sonal) and the mean over the 1961-90 period, at each
station. These mean series allows a higher signal-to-
noise ratio, enabling a better identification of long-term
trends than single station series and reduce the possible
bias due to time evolution of the number of available
series. Although there are some stations with SunDu
records that start as early as in the last decades of the
nineteenth century, the low density of such stations and
their nonhomogeneous distribution forced us to limit
the extension only from 1938, according with the stipu-
lation that at least three series were available within
each region (Brunetti et al. 2006).

4. Temporal behavior and trends of SunDu over
western Europe

The temporal changes of the above explained mean
series are presented in Figs. 3 and 4. In both figures we
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FiG. 2. (a)—(f) Geographical representation of the loadings of the first 6 rotated EOFs. Only contours for
loadings greater that 0.3 are shown.

Although linear functions are not the best fit to all the
temporal changes described by our data, they are com-
monly used for assessing general tendencies.

have included the line that corresponds to the series
smoothed by an 11-yr window 3-yr o Gaussian low-pass
filter, for a better visualization of the long-term and
decadal variability. On the other hand, the overall . . . .
trends of the seriZs were calculated by least squares a. Behavior of sunshine duration over entire WEU
linear fitting, and their significances were evaluated
with the Mann-Kendall nonparametric test (Table 1).

The WEU annual SunDu series (Fig. 3a) starts with
an increasing tendency in the 1940s and reaches its
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F1G. 3. Mean WEU sunshine duration series between 1938 and 2004 (thin line), plotted
together with the 11-yr window 3-yr-o- Gaussian low-pass filter (thick line): (a) annual; (b)
winter; (c) spring; (d) summer; (e) autumn. The series are expressed as relative deviations

from the 1961-90 mean.

maximum at the beginning of the 1950s. Afterward, this
series shows a clear decrease of SunDu until the early
1980s, with a short period (between 1960 and 1970) of
stabilization. Subsequently, SunDu recovers until the
end of the analyzed period. The breakpoint between
the dimming and the brightening tendencies is located
around 1980, where 5 consecutive years (1977-81) have
SunDu values around 5% lower than the 1961-90
mean. The absolute minimum in the series is reached in
1987, while the maximum was recorded in 2003. The

overall linear trend of the annual SunDu series is
slightly negative, but not significant.

As far as seasonal series are concerned, the winter
series shows an initial increase in the first two decades
followed by a decline in the 1960s—70s, and a final rise
until nowadays (Fig. 3b). A notable maximum is
reached in 1949 and a minimum in 1972. Note that, in
agreement with the recent SunDu increase, all years
since 1997 show values greater than the 1961-90 mean.
Regarding the long-term trend, we found a positive and
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F1G. 4. As in Fig. 3, but for annual series for the six subregions.

significant trend of +1.70% per decade for the winter
series.

The temporal behavior of SunDu in spring is similar
to the annual series (Fig. 3c), but the recent brightening
does not compensate the strong decrease from the

TABLE 1. Linear trends of sunshine duration over the 1938-2004
period. Values are expressed in % per decade. Bold values indi-
cate trends with significance level higher than 99%; italic values
indicate trends with significance level higher than 95%; other val-
ues with significance level greater than 90% are indicated, too; for
lower levels of significance only the sign of the trend is indicated.

Region  Annual Winter  Spring  Summer  Autumn
WEU - 1.70 —0.85 - +
NW + + - - +
NC +1.01 +3.10 - + 2.09
NE - +2.97 - - +
CE - +2.45 - - -
Ccw —0.86 + —2.14 - -
SW —0.86 —1.39 - -1.16 —1.00

1950s to the 1980s. The maximum value is reached in
1949 and the minimum in 1983. Thus, the overall trend
is negative, —0.85% per decade, and significant.

In summer, SunDu has been much more stable dur-
ing the analyzed period (Fig. 3d). Like in the annual
series, there are 5 successive years with low values
(1977-81) just after the maximum SunDu reached in
1976. The minimum of this series is found in 1987 and
the overall trend is negative but nonsignificant.

Finally, the series corresponding to autumn is the
most stable: other than the interannual variability,
there are no noticeable changes (Fig. 3e). The maxi-
mum corresponds to 1959, while the minimum record is
found for 1976. The overall trend is slightly positive but
nonsignificant.

b. Behavior of sunshine duration over the regions

The annual series for all regions are plotted (Fig. 4)
and described here; only the most remarkable charac-



15 NOVEMBER 2008

teristics of seasonal series are provided in the next para-
graph. Taking the WEU as a reference, the most similar
time evolutions are detected in regions CE and NE,
both showing also slightly negative trends that are non-
significant. On the other hand, the NC and NW series
start, as the WEU series, by an increasing tendency
until the 1950s followed by a slight decrease until the
late 1960s. Afterward, there is a positive trend till the
end of the series, with a very short interruption in the
second half of the 1970s. Their linear trends are posi-
tive, but only significant in the NC region (+1.01% per
decade). Finally, the SW and CW are also similar to the
WEU series, although the recent increase of SunDu,
after the absolute minimum at the beginning of the
1980s, does not compensate the previous decrease. Re-
garding long-term trends, the two latter regions show
negative and significant values (—0.86% per decade).

Regarding the seasonal series, in winter, significant
and positive trends of around +3% per decade are
found in the northern and eastern regions (CE, NC,
NE). The trends computed for other two regions (NW,
CW) are also positive, although nonsignificant. All
these trends contribute toward the positive trend for
the whole WEU despite of a noticeable negative and
significant trend (—1.39% per decade) for the south-
ernmost region (SW). In spring, the only significant
trend is detected in CW region (—2.14% per decade),
although in all other regions trends are also negative
but nonsignificant. The summer series show again a
noticeable opposite behavior between two regions: NC
is the only region with a positive (nonsignificant) trend,
while SW is the only with a significant negative trend
(—1.16% per decade). The same two regions are also
noteworthy in autumn: they have the only significant
trends, positive for NC (+2.09% per decade) and nega-
tive for SW (—1.00% per decade).

The decadal variability and the overall trends for re-
gion SW are in agreement with our previous results
(SLO7) for the Iberian Peninsula, where more series
were used; this fact demonstrates that a limited number
of SunDu series evenly distributed over an area may
capture the regional climatic signal.

c. Possible relation between SunDu evolution and
changes in circulation patterns over WEU

To try to explain the most interesting SunDu time
evolutions, which correspond to winter and spring
(both seasons have significant trends), we studied
changes in the major atmospheric circulation patterns
in Europe (30°-70°N, 40°W-40°E) over the 1938-2004
period. The mean sea level pressure (SLP) data used
is from Trenberth and Paolino (1980, updated) with
a spatial resolution of 5° X 5° grid. Unrotated PCA
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(Preisendorfer 1988) was applied to the SLP seasonal
anomalies, using the correlation matrix. Then, the scree
test criterion was used to determine the maximum num-
ber of EOFs that can be considered well separated from
each other. Subsequently, time series of these patterns
were obtained with the principal component (PC) time
series of the EOFs.

In winter, we selected 4 components that explain
more than 86% of the total variance. In this case, the
leading EOF explains more than 47% of total variance
and shows the NAO circulation pattern over WEU
(Fig. 5). The positive phase of this pattern is associated
with surface westerlies across the middle latitudes of
the Atlantic onto Europe, and with a reinforced anti-
cyclonic situation over southern WEU. The PC time
series of this pattern shows a significant (at 99% level)
and positive correlation (r = 0.45) with the winter
SunDu over WEU. Moreover, a clear increase of this
pattern is detected from 1970s to the end of twentieth
century (Hurrell and van Loon 1997), resulting in a
positive significant trend (95%) over the 1938-2004 pe-
riod. Regarding the subregional series, the highest cor-
relations were obtained for region SW (r = 0.57, sig-
nificant at the 99% level) and CW (r = 0.52, 99%),
while CE and NC show lower correlations (0.37 and
0.32, respectively). Finally, NE regional series resulted
not correlated with this pattern series, and the most
northerly region (NW) turned to be negatively corre-
lated (r = —0.30, 95%). These results confirm some
previous findings, derived from shorter and lower spa-
tial resolution data (Pozo-Véazquez et al. 2004), that
established a highly significant positive (negative) cor-
relation between the NAO index and the sunshine du-
ration in southern (northern) Europe.

In spring, we also selected 4 EOFs that together ex-
plain more than 75% of the total variance. The leading
EOF (not shown) presents the well-known spatial
structure of the North Atlantic Oscillation (NAO), and
its time series is significantly (at 99% level) correlated
(r = 0.41) with the WEU SunDu series, although the
PC series does not present either a significant trend or
a well-defined temporal change at decadal time scales.
The most relevant result, however, is obtained with the
third EOF, that has a significant (at 99% level) corre-
lation (r = 0.61) with the WEU SunDu series, and
shows a similar time evolution (Fig. 5). The positive
phase of this circulation pattern (Fig. 5) is defined by a
high pressure system over central Europe and the Brit-
ish Islands that affects the whole WEU except the
southwestern areas of the Iberian Peninsula. From the
1960s to 1980s a negative phase of the pattern can be
detected, and consequently lower pressure is predomi-
nant over the WEU, maybe bringing more clouds and
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FIG. 5. (top) Surface level pressure for the represented EOF (left) number 1 for winter and (right) number 3 for
spring. Negative loadings are dashed, the contour increment is 0.2, and the zero contour has been omitted. (bottom)
Temporal PC series for the corresponding EOF (thin line), plotted together with 11-yr window 3-yr-o Gaussian

low-pass filter (thick line).

reducing the incoming solar radiation. The other two
circulation patterns did not show significant trends ei-
ther, and their time series are not correlated with the
WEU SunDu.

5. Discussion

From the analyses of the temporal evolution of
SunDu over the whole WEU, we confirm that the dim-
ming (approximately in the period 1950-80) and the
subsequent brightening (1980-2000), both observed
worldwide and over Europe by other authors (Gilgen et
al. 1998; Stanhill and Cohen 2001; Pinker et al. 2005;
Wild et al. 2005), is also detectable in SunDu records.
Thus, our results support the agreement between time
evolution and trends of solar radiation measurements
(Wild et al. 2005; Norris and Wild 2007) and the SunDu
records over the WEU since the 1950s. This is in con-
trast with the results of Stanhill and Cohen (2005) for
the United States, where a good correlation between
both variables is stated, but a slightly different behavior
during the analyzed period is found. On the other hand,
the increasing sunshine duration in the 1940s is in dis-
agreement with the constant decrease of the surface
shortwave radiation downward flux estimated for the
whole globe and also for Europe from simulations of
the twentieth century with nine climate models (Ro-
manou et al. 2007).

The reasons that explain the changes in SunDu are in

general related to modifications in the atmospheric
transmissivity resulting from changes in the shortwave
radiative properties of the atmosphere, as well as to
variations in cloud cover (Stanhill 2005). Regarding to-
tal cloud cover, Henderson-Sellers (1992) described a
small increase from 1950s to 1960s, affecting the whole
continent; while Warren et al. (2007) reported a clear
decrease of cloud cover over Europe from 1971 to 1996.
These two results are in general agreement with the
presented SunDu temporal changes.

Regarding changes in transmissivity, it is very likely
that they are the result of changes in the amount and
type of anthropogenic aerosols released into the atmo-
sphere. In fact, recent emission inventories of anthro-
pogenic pollutants suggest that both scattering sulfur
and absorbing black carbon aerosols showed large de-
creasing trends since the 1980s or 1990s, after decades
of increase, due to effective air pollution regulation
(Streets et al. 2006). Also, very recently Norris and
Wild (2007) concluded that changes of cloud cover in
Europe cannot explain the trends in the downward
shortwave radiation flux, and consequently stated that
the most likely explanation for these trends is related to
changes in the scattered and absorbed solar radiation
produced by changes in the anthropogenic aerosols
emissions as already commented.

However, our results suggest that the dimming and
brightening are mainly due to changes in one season
(spring), with some contribution from winter. During
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spring, SunDu time evolution can be explained by pos-
sible cloudiness trends [which is in agreement with
comments raised by the Intergovernmental Panel on
Climate Change (IPCC) Fourth Assessment Report;
Trenberth et al. 2007] related to changes in the atmo-
spheric circulation. In particular, we have shown that
there were more low pressure systems affecting most of
WEU from 1960s to 1980s than in the last two decades.

The positive trend obtained from the winter mean
series of the whole WEU is also found in five out of the
six regions, although trends are significant only in three
of them. These latter three regions correspond, ap-
proximately, to Austria, Germany, Switzerland, the
Netherlands, and the center and south of the British
Islands. It is possible that reductions in anthropogenic
aerosol emissions, as previously commented, may ex-
plain part of the strong increase of SunDu since the
1970s until nowadays. Moreover, declining aerosol
emission in winter are compatible with the effect of air
pollution regulations on the use of some highly pollut-
ant fuels formerly used in domestic heating. The sun-
shine duration recorder should be most sensitive to
changes in aerosol concentration during winter because
solar elevation is lowest in winter (Kaiser and Qian
2002). In addition, reductions of aerosol emissions
should have a greater impact in winter, since this is the
season with lower background aerosol loading
(d’Almeida et al. 1991).

On the other hand, the positive trends of SunDu in
winter can hardly be explained by the recent trend
(since the 1970s) toward a positive NAO phase because
correlation between NAO and SunDu for regions with
positive SunDu trends in winter (NC, CE, and particu-
larly NE) is low. In addition, there seems to be also a
contradiction between the NAO trend toward a posi-
tive phase and the decline of SunDu in region SW, since
higher values of the NAO index correspond to more
stable conditions in the Iberian Peninsula, which should
bring along reduced cloudiness. However, this latter
contradiction could be solved if aerosols were the cause
of reduced sunshine: note that anticyclonic conditions
may induce longer residence times of the emitted aero-
sols. In this sense, note also that the reduction in aero-
sols emissions that has been achieved across the WEU
may have not been reached yet in Spain (Roca et al.
2001), the country with most series in region SW.

6. Conclusions

In this paper we have presented the time evolution
and trends of the sunshine duration over the western
part of Europe, based on 79 series covering most of the
twentieth century. The analyses were carried out on the
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annual and seasonal mean series calculated over the
whole WEU and also for six regions identified by PCA,
and were applied over the 1938-2004 period.

The temporal evolution of the mean annual series for
the whole WEU shows a clear decrease in the sunshine
duration from the 1950s until the early 1980s, followed
by an increase until nowadays. This behavior is quite
similar to what has been described in Europe as well as
in other parts of the world as a “dimming” and the
subsequent and recent “brightening.” The mean series
for spring shows a similar behavior, while in winter
there is a clear significant increase of sunshine duration
over the WEU, specially marked from 1970s.

The spring SunDu time evolution can be partly ex-
plained by changes in cloudiness related to changes in
the atmospheric circulation over the same period. Con-
trarily, the regional behavior of the winter SunDu (with
a significant increase limited to three regions—CE, NC,
and NE—and a significant negative trend in the most
southern region—SW) cannot be easily explained by
the detected changes in circulation patterns, and there-
fore it must be related to different trends of anthropo-
genic aerosol emissions.
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