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[1] A gridded monthly terrestrial gauge-based precipitation for 1901–2000 from the
Climatic Research Unit, University of East Anglia, set is used to investigate leading
seasonal modes in the long-term precipitation variability over Europe and their links to
atmospheric circulation. Performed empirical orthogonal function (EOF) analysis has
shown that the leading modes of precipitation variability over Europe are clearly season-
dependent. The character of the links between regional precipitation and atmospheric
circulation also features essential seasonality. The first EOF modes of the winter, spring,
and summer seasonal mean precipitation over Europe are associated with the North Atlantic
Oscillation (NAO). However, because the summer NAO differs significantly from the
winter and spring NAO, the first EOF mode of the summer precipitation has a spatial-
temporal structure which is principally different from those of the winter and spring
seasons. The first EOF mode of the fall precipitation is not associated with the NAO. This
mode demonstrates a strong link to the Scandinavian teleconnection pattern. The second
EOF modes of the winter and fall precipitation are linked to the east Atlantic and the NAO
teleconnection patterns, respectively. Analysis of running correlations between the
principal components of the leading EOF modes of precipitation and the NAO index has
revealed nonstationarity of the links between European precipitation and the NAO.
Moreover, there is evident seasonality in the character of the long-term changes of the
above links.
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1. Introduction

[2] Precipitation is one of the key climatic parameters
whose variability influences a wide range of human activi-
ties. Both deficient and excessive precipitation may cause
serious social and economic consequences. This is especially
true for the densely populated regions where the consequen-
ces might be catastrophic. Certainly Europe is one of such
regions. In recent years there were many examples of
extremely low/high precipitation in different parts of Europe
that resulted in significant damage to the regional economies
[e.g., Christensen and Christensen, 2003; Zveryaev, 2004].
[3] The majority of the climate variability studies in the

Atlantic-European sector were focused on the cold season
[e.g., Wibig, 1999; Rodwell et al., 1999; Zveryaev, 1999;
Cassou and Terray, 2001; Slonosky et al., 2001; Drevillon et
al., 2001]. Because winter months are dynamically the most
active, perturbations in the atmospheric circulation can grow
to large amplitudes. Thus interest in the winter climate
variability is understandable. Less attention has been given
to European climate variability during other seasons [Colman
and Davey, 1999; Hurrell and Folland, 2002; Zveryaev,

2004], and to the seasonality [Shabalova and Weber, 1998;
Portis et al., 2001; Zolina et al., 2005] of climate variations in
the Atlantic-European sector. However, climate anomalies
during other seasons are not of less importance than those
during winter season. Therefore, to improve regional climate
modeling and prediction, further analysis of the European
climate variability during all seasons is necessary.
[4] During recent years a number of papers were focused

on the variability and changes in precipitation over Europe
[e.g., Zorita et al., 1992; von Storch et al., 1993; Hurrell,
1995; Wibig, 1999; Corte-Real et al., 1998; Qian et al.,
2000]. Most of these studies were based on the analysis of
winter or annual mean precipitation. Recently, using rela-
tively short time series of satellite-derived precipitation data
[Xie and Arkin, 1996, 1997], we analyzed and compared
intraseasonal and interannual variability of European precip-
itation during winter and summer seasons [Zveryaev, 2004].
Evident seasonal differences have been revealed in all
considered characteristics of precipitation variability. The
present study expands and complements in many respects
our previous analysis. First, century-long time series of pre-
cipitation used in this study allow analysis of not only inter-
annual but also decadal-interdecadal variations. Secondly,
we expand our analysis to all seasons (including spring and
fall). Thirdly, applying running window correlation analysis
we investigate long-term evolution of the strength of links
between the leading modes of European precipitation and
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the North Atlantic Oscillation (hereafter NAO) during the
20th century. Though observational data analysis alone may
not be able to disclose the cause and effect relationship
between different components of the climate system,
understanding of the observational links enhances ability
for seasonal predictions of the European climate.
[5] In the present study we focus on the analysis of the

winter, spring, summer and fall precipitation variability over
Europe on timescales from interannual to interdecadal, and
on the links between this variability and regimes of the
atmospheric circulation. We analyze long-term variability
of precipitation over Europe on the basis of relatively
continuous in time and spatially homogeneous data of
precipitation available from the Climatic Research Unit,
University of East Anglia (CRU) [New et al., 1999, 2000;
Mitchell and Jones, 2005] data set. Special emphasis is made
on the seasonal differences in precipitation variability. The
paper is organized as follows. The data used and analysis
methods are described in section 2. Spatial-temporal structure
of the leading modes of the seasonal mean precipitation
variability for each season for 1901–2000 is analyzed in
section 3. Links between leading modes of precipitation
variability and atmospheric circulation and teleconnection
patterns are examined in section 4. Finally, a summary and
discussion are presented in section 5.

2. Data and Methods

[6] In the present study we used the CRU TS 2.0 0.5�
latitude-longitude gridded monthly precipitation data
[Mitchell andJones, 2005] which is a revised and extended
version of the earlier constructed data set [New et al.,
1999, 2000]. This data set has been constructed at the
Climatic Research Unit (CRU), University of East Anglia.
The data set presents terrestrial surface climate for the
1901–2000 period. This data set has higher spatial resolution
than other data sets of similar temporal extent, and it has
longer temporal coverage than other products of similar
spatial resolution. The precipitation data for the European
region used in this study were interpolated directly from
station observations. Details on data construction method
can be found inwork byMitchell and Jones [2005]. It is worth
noting that intercomparison of these data with satellite-based
precipitation data from the Climate Prediction CenterMerged
Analysis of Precipitation (CMAP) data set [Xie and Arkin,
1996, 1997] showed a good agreement between the two data
sets both in terms of climatologies and leading modes of
precipitation variability [Zveryaev, 2004]. In the present study
the domain of analysis is limited to latitudes 34�N–71�N and
longitudes 11�W–50�E. Since we analyze seasonal mean
precipitation (not seasonal precipitation totals) expressed in
mm/month, it would be correct to use term ‘‘precipitation
rate’’. However, for the sake of shortness, further in the text
we use term ‘‘precipitation’’. Moreover, we neither show no
discuss real values of precipitation. Rather, we are focused on
characteristics of precipitation variability and links to atmo-
spheric circulation.
[7] To assess the links between variability of European

precipitation and major climatic signal in the region, the
NAO, we use the principal component based on of NAO
indices provided by the Climate Analysis Section, NCAR,
Boulder, USA, Hurrell [1995]. The leading eigenvectors of

the cross-covariance matrix were calculated for each season
from the seasonal sea level pressure anomalies in the North
Atlantic–European sector (20�–80�N; 90�W–40�E). These
data are available from theWeb site http://www.cgd.ucar.edu/
~jhurrell/nao.pc.html.
[8] We also use the major teleconnection patterns indices

that have been documented and described by Barnston and
Livezey [1987]. These regularly updated indices are available
from the Climate Prediction Center (CPC) website http://
www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml.
The data cover the period 1950– present. Details on the
teleconnection pattern calculation procedures can be found in
the work by Barnston and Livezey [1987] and at the CPC
website.
[9] To reveal dynamical context of the leading modes in

precipitation variability, we have used Met Office–North-
ern Hemisphere Mean Sea Level Pressure Data [Basnett
and Parker, 1997] provided by the British Atmospheric
Data Centre. This data set holds gridded (5� latitude by
10� longitude grid) Northern Hemisphere (north of 15�N)
monthly and daily series of mean sea level pressure
(MSLP) fields. The monthly series data are available for
the period 1873–present. In the present study we use data
for 1901–2000. For the same purpose, as a complimentary
data set, we use monthly 500 hPa geopotential heights data
from theNCEP/NCARReanalysis for 1951–2000 [Kalnay et
al., 1996]. These data have a 2.5� latitude by 2.5� longitude
spatial resolution.
[10] We examine a spatial-temporal structure of the long-

term variations of seasonal mean precipitation over Europe
by application of empirical orthogonal functions (EOF)
analysis on the basis of the covariance matrix [Wilks, 1995;
von Storch and Navarra, 1995]. Prior to the EOF analysis the
annual cycle was removed from all grid point time series by
subtracting from each seasonal value the respective season’s
long-term mean. In order to take into account the latitudinal
distortions, obtained anomalies were weighted by the square
root of cosine of latitude to ensure that equal areas are
afforded equal weight in the analysis [North et al., 1982].
The long-term stationarity of the time series is preserved for
the calculation of EOF through detrending the time series
with a linear least squares fit. To validate results, we applied
EOF analysis to normalized time series of precipitation. Only
robust modes of precipitation variability that were evident
both in original and normalized time series are considered in
the paper.
[11] To assess links to teleconnection patterns we use

conventional correlation analysis. No lead or lag relation-
ships were taken into consideration for this work; our
analysis was restricted to simultaneous connections between
seasonal precipitation variability over Europe and major
teleconnection patterns and SLP and 500 hPa fields in
the North Atlantic–European sector. According to Student’s
t test [Bendat and Piersol, 1966], the minimum significant
correlation coefficients between the time series analyzed are
0.195 (0.277 for 50-year time series) and 0.256 (0.358) for the
95% and 99% significance levels, respectively. To investigate
long-term variations in the strength of links between Euro-
pean precipitation and the NAO, we also performed an
analysis of running correlations. Analysis of running corre-
lations is widely used to investigate stability of the links
between different climatic parameters. For example, Pauling
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et al. [2006] applied running correlations in their study of the
relationships between large-scale atmospheric circulation and
regional precipitation over southern Spain and central
Europe. Earlier Slonosky et al. [2001] used similar approach
to investigate long-term changes in the links between atmo-
spheric circulation and surface temperature in Europe. It is
worth noting that the significance level of the correlation
coefficient might be reduced if the time series are influenced
by autocorrelation. Briefly, large lag-one autocorrelations
reduce significantly effective number of degrees of freedom,
while influence of small autocorrelations is weak [e.g.,
Bretherton et al., 1999]. We have examined the potential
impact of autocorrelation on the estimation of significance of

correlation coefficients (estimated through the Fisher z trans-
form). Neither time series (i.e., principal components of the
leading EOF modes) considered in the study revealed sig-
nificant autocorrelations.

3. Leading Modes of the Seasonal Mean
Precipitation Variability

[12] To reveal and analyze leading modes of long-term
variability of precipitation over Europe during the 20th
century, we performed the EOF analysis on time series of
the winter, spring, summer, and fall seasonal mean precip-
itation from the CRU data set for the period 1901–2000.

Figure 1. Spatial patterns of the first two EOF modes of the (a, b) winter, (c, d) spring, (e, f) summer, and
(g, h) fall CRU precipitation (1901–2000). Units are mm/month. Dashed curves and shadings indicate
negative values.
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We limit our analysis to consideration of the first and second
EOF modes, because each of the subsequent modes explains
less than 10% of the total precipitation variance in any
season, and because significant links between those modes
of precipitation variability and regimes of atmospheric cir-
culation were not found. Spatial patterns of the first two EOF
modes of precipitation and time series of the corresponding
principal components (hereafter PC) are shown, respectively,
in Figures 1 and 2.
[13] The first EOF mode explains 27.9% of the total

variance of winter precipitation. The respective spatial
pattern (Figure 1a) shows two major action centers of
opposite polarity with the largest loadings over northwest-
ern Scandinavia and the Mediterranean region. The pattern
reflects opposite DJF precipitation variations over northern
and southern Europe. Structurally the obtained pattern is
very similar to that of the first EOF mode of the winter

precipitation from the CMAP data for 1979–2001 [Zveryaev,
2004]. The explained variance, however, is essentially lower
than that obtained from analysis of CMAP precipitation
(42.1%). In general, that suggests the relative role of the first
EOF mode in winter precipitation variability changed signif-
icantly during the 20th century, and that this mode was better
pronounced during recent decades. It is worth noting, how-
ever, that the other factors (e.g., different spatial resolution,
coverage of marine/oceanic regions by the CMAP data, etc.)
might also partly explain the above difference. Nevertheless,
it is more likely that the first EOF mode of winter precipita-
tionwas indeedbetter pronouncedduring recent decades since
our estimates based on the CRU data for 1958–1998 showed
that thismode accounted for 30.2% of thewinter precipitation
variance during that period [Zveryaev, 2004]. To investigate
further this subject, we performed separate EOF analysis for
the two climatic periods (1901–1978 and 1979–2000),

Figure 2. Principal components of the first two EOF modes of the (a, b) winter, (c, d) spring, (e, f)
summer, and (g, h) fall CRU precipitation (1901–2000). Dotted curves depict the NAO index in Figures 2a,
2c, 2e, and 2h; the EA index in Figure 2b; and the SCA index in Figure 2g.
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basing on the CRU data that are not effected by satellite
observations. As seen from Table 1, contribution of the first
EOF mode to the winter precipitation variability changed
from 25.7% in 1901–1978 to 38.4% in 1979–2000. Thus the
relative role of this mode in total variability of winter
precipitation indeed significantly increased during recent
decades. The PC1 (Figure 2a), displaying temporal behavior
of this mode, features an upward trend during recent decades.
This trend is consistent with the earlier described positive
trend of the NAO index [e.g.,Hurrell, 1995]. To clarify usage
of term ‘‘trend’’ in analysis of time series in Figure 2, we note
that we mean trends of principal components that are not the
trends of real precipitation. Depending on the sign (positive
or negative) of the values of the respective spatial pattern,
positive (for example) trend of PCs may reflect both increase
and decrease of precipitation.
[14] The second EOFmode accounts for 15.3% of the total

variance of DJF precipitation. The respective spatial pattern
(Figure 1b) depicts three action centers. The pattern reflects
coherent precipitation variations over the Mediterranean and
Black Sea region and northwestern Scandinavia, and opposite
variations over the rest part of Europe with remarkably large
loadings overwestern and central Europe.As in the case of the
first EOFmode, this pattern is also similar to that of the second
EOF mode of the winter CMAP precipitation [Zveryaev,
2004]. The PC2 displays long-term interdecadal variations
characterized by a downward trend from the late 1910s to
the early 1960s that changed to an upward trend during the
later period (Figure 2b). Earlier multidecadal variability of
the NAO index with its fall to the 1960s and a rise into the
1990s has been revealed [e.g., Rodwell and Folland, 2002].
However, since the recent upward trend in Figure 2b starts
somewhat earlier than the positive trend of the NAO index
[Hurrell, 1995], it cannot be a result of the NAO strengthen-
ing and respective increase in zonal moisture transport to
European region. For the same reason, the upward trend of the
PC2 is unlikely to be associatedwith the recent intensification
of the global warming expressed by the strong positive
trend of the global and hemispheric surface temperatures
that started in the late 1970s [e.g., Parker et al., 1994; Jones
and Moberg, 2003]. Although the second EOF mode
explains relatively low percentage of winter precipitation
variance, the local effect of this mode might be essential in
the regions characterized by the large loadings (e.g., central
Europe).
[15] During spring the first EOF mode accounts for 14.7%

of the total variance of precipitation. This is almost half of the
fraction of variance explained by the first EOF mode of
winter precipitation (27.9%). Differing in some details, the
respective spatial pattern (Figure 1c) is similar to that of the
first EOF mode of DJF precipitation (Figure 1a) and displays
two major action centers of opposite polarity over northwest-
ern Scandinavia and the Mediterranean region, that reflect
opposite MAM precipitation variations over northern and

southern Europe. Despite some similarities (such as predom-
inantly positive anomalies during the last decade) interannual
behavior of this mode, depicted by the PC1 (Figure 2c),
differs from that of the first EOFmode of winter precipitation
and correlation between the respective time series is low
(0.23).
[16] The second EOF mode explains 12.2% of the total

variance ofMAMprecipitation. Its spatial pattern (Figure 1d)
is structurally similar to that of the second EOF mode of
winter precipitation (Figure 1b), and reflects coherent pre-
cipitation variations over the Mediterranean region and
northwestern Scandinavia, and opposite variations over the
rest part of Europe. Temporal behavior of the PC2 is
characterized by long-term trend-like changes (Figure 2d).
Like in the case of the first EOF mode, PC of this mode is
not correlated to that of the second EOF mode of winter
precipitation.
[17] During summer the first EOFmode explains 14.6% of

the total variance of precipitation. The spatial pattern depicts
three action centers: over the southern Europe/Mediterranean
and Black Sea region, a large portion of Europe north of
approximately 48�N, and a minor center over northeastern
Scandinavia (Figure 1e). While the variation of JJA precip-
itation over the southern Europe/Mediterranean and Black
Sea region and northeastern Scandinavia is in phase, it is
opposite to that over a large portion of Europe between 48�N
and 68�N. Structurally this pattern is principally different
from those of the first EOF modes of winter (Figure 1a) and
spring (Figure 1c) precipitation. Like the pattern of the first
EOF mode of winter precipitation, this pattern is similar to
that of the first EOF mode of the summer CMAP precipita-
tion [Zveryaev, 2004]. PC of this mode (Figure 2e) demon-
strates decadal-scale variations characterized by multiyear
periods of positive and negative anomalies. Earlier we noted
[Zveryaev, 2004] that this feature of decadal-scale variability
has been revealed by Hurrell and Folland [2002] in summer
(July August) time series of sea level pressure over northeast
Atlantic.
[18] The second EOF mode of summer precipitation

accounts for 11.8% of its total variance. The spatial pattern
of this mode (Figure 1f) is characterized by the coherent
precipitation variations over large portion of European
Russia, part of Scandinavia and some Mediterranean regions
and opposite variations over the remaining part of Europe.
Consistent with the results of analysis of the CMAP precip-
itation [Zveryaev, 2004], a very weak third anomaly center is
detected over southern Italy and the Balkans, where varia-
tions of precipitation are synchronized with those over
European Russia and part of Scandinavia. Compared to the
first EOF mode (Figure 2e), the PC2 displays shorter-term
variability of precipitation (Figure 2f).
[19] During fall the first EOF mode accounts for 18.8% of

the total variance of precipitation. The spatial pattern of this
mode (Figure 1g) shows coherent precipitation variations
over the eastern part of European Russia and northern and
eastern Scandinavia (with the largest loadings over northern
Scandinavia), and opposite variations of SON precipitation
over the remaining part of Europe (with the largest loadings
over central Europe and the Adriatic region). The pattern is
noticeably different from those obtained for the first EOF
modes of precipitation variability during other seasons (Fig-
ures 1a, 2c, and 2e). The PC1 (Figure 2g) demonstrates the

Table 1. Fractions of the Total Winter Precipitation Variances,

Explained by the First and Second EOF Modes

EOF-1, % EOF-2, %

Winter PRE 1901–2000 27.9 15.3
Winter PRE 1901–1978 25.7 15.2
Winter PRE 1979–2000 38.4 16.4
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