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[1] A gridded terrestrial monthly surface air temperature (AT) data set for 1901-2000
from the Climatic Research Unit (CRU), University of East Anglia, is used to
investigate seasonality in the long-term AT variability over Europe. Prominent seasonal
differences are detected in all considered characteristics of AT variability. Significant
warming trends over western and southern Europe are found during summer and fall. In
winter, the largest positive trends are observed mostly in southern Europe, whereas
during spring, they are detected over Scandinavia and northeastern European Russia.
The spatial-seasonal differentiation of warming trends implies that, in different parts of
Europe, different seasons play the role as major contributor to the warming trend. The
first empirical orthogonal functions (EOF) modes of winter, spring, and fall AT over
Europe are associated with the North Atlantic Oscillation (NAO) and explain about 50%
of AT variability. For the summer season, the second EOF mode (explaining only 15%
of AT variance) might be associated with the summer NAO but has a very different
(compared to other seasons) spatial pattern and principal components. The second EOF

mode of the winter AT might be linked to the East Atlantic/West Russia (EAWR)
teleconnection pattern. Analysis of running correlations between the principal
components of the leading EOF modes of AT and the NAO index has revealed
nonstationarity of the links between European AT and the NAO and evident seasonality
in their long-term changes. Subsequent singular value decomposition analysis performed
for the climatic periods of strong/weak links to the NAO revealed considerable
interdecadal changes both in the strength and the structure of the links between

European AT and regional atmospheric circulation.

Citation: Zveryaev, I. I., and S. K. Gulev (2009), Seasonality in secular changes and interannual variability of European air
temperature during the twentieth century, J. Geophys. Res., 114, D02110, doi:10.1029/2008JD010624.

1. Introduction

[2] There is a strong body of evidence that European
climate variability in winter is largely dominated by the
Atlantic Ocean and first of all by the North Atlantic
Oscillation (NAO) [e.g., Bjerknes, 1964; van Loon and
Rogers, 1978; Rogers, 1984; Lamb and Peppler, 1987,
Hurrell, 1995; Seager et al., 2000; Hurrell et al., 2003]
that determines the intensity and the location of the midlat-
itude jet stream. The latter steers the Atlantic heat and
moisture transport to the European continent, largely
explaining European temperature and precipitation condi-
tions. It should be noted that Europe is a region of
interaction between oceanic and continental climates char-
acterized respectively by low and high seasonal temperature
contrasts. The North Atlantic Ocean influence is stronger
over western Europe, whereas features of continental cli-
mate are more pronounced over eastern Europe and Euro-
pean Russia. Many diagnostic and modeling studies [e.g.,
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Hurrell, 1995; Wibig, 1999; Rodwell et al., 1999; Zveryaev,
1999; Cassou and Terray, 2001; Drevillon et al., 2001,
Gulev et al., 2002; Jung et al., 2003] extensively analyzed
mechanisms driving regional climate variability during the
cold season, whose definitions, however, varied within the
period from October to March [e.g., Osborn et al., 1999]
and were dependent on the data, key variables and methods
of diagnostics applied. Considerably less has been done so
far for the analysis of European climate variability during
the other seasons (spring, summer and fall). However, the
nonwinter anomalies in European temperature conditions
may have as serious economic and societal impacts as the
winter ones. For instance, the European heat wave during
the period from June to September of 2003 [e.g., Beniston,
2004; Schdr et al., 2004; Stott et al., 2004] resulted in the
extremely hot weather, accompanied by deficient precipita-
tion that caused extensive wildfires and increased human
mortality in many European countries (e.g., France, Spain,
Portugal).

[3] In the context of global warming considerable atten-
tion has been paid during the last decade to the analysis of
long-term trends in air temperature (AT) both on global and
regional scales [e.g., Jones and Moberg, 2003; Polyakov et
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al., 2003; Trenberth et al., 2007]. It was revealed that during
the twentieth century the global air temperature gradually
increased, and this increase intensified during the last
several decades. At the same time, most analyses demon-
strate significant regional differentiation of the air temper-
ature trends. These specific regional features of global
warming are not well studied. Moreover, the majority of
relevant studies focused on the analysis of annual mean air
temperature, paying a little attention to the seasonality of the
secular changes in air temperature. For example, Jones and
Moberg [2003] analyzed spatial patterns of air temperature
trends estimated for each calendar season for two climatic
periods (1920—1944 and 1977-2001) that were character-
ized by the rapid air temperature increase. They revealed
both essential seasonality of the trends and their significant
difference between the two periods. However, these esti-
mates reflect interdecadal variations of air temperature
rather than secular changes. In particular, along with a
general tendency of warming, Jones and Moberg [2003]
found downward trends of the winter and spring air tem-
perature over Europe in 1920—1944. We emphasize that
global and hemispheric air temperatures demonstrated rapid
increase during that period [see Jones and Moberg, 2003,
Figure 6]. Earlier seasonality and spatial differentiation of
air temperature signals were analyzed in the global context
(Northern and Southern hemispheres) by Angell [1986].
Remarkably, the recent Fourth Assessment Report (AR4)
of Intergovernmental Panel on Climate Change (IPCC)
[Trenberth et al., 2007] presented seasonal trends only for
1979-2005 whereas for the period 1901-2005 only trends
in annual means were considered. Therefore seasonality in
secular trends of air temperature (particularly, in European
region) is not yet well quantified and requires further
detailed analysis.

[4] Studies of the seasonality of European climate
[Shabalova and Weber, 1998; Portis et al., 2001; Zveryaev,
2004, 2006; Casty et al., 2007; Zolina et al., 2005, 2008] and
of the leading modes of climate variability during the warm
season [Colman and Davey, 1999; Hurrell and Folland,
2002] showed that during nonwinter months European
climate variability is influenced by mechanisms other than
the NAO. Predictability of the midlatitudinal climate for the
nonwinter period shows generally lower skills than that for
the winter period [e.g., Johansson et al., 1998; Colman and
Davey, 1999; Dirmeyer et al., 2003]. Colman and Davey
[1999] found quite low skill in the statistical predictability of
European climate during summer on the basis of the North
Atlantic sea surface temperature anomalies. Dirmeyer et al.
[2003] investigated dynamical prediction of boreal summer
climate, and found that predictability of interannual climate
variations is low outside the deep tropics, and negligible over
land. Thus a comprehensive study of both NAO-associated
and non-NAO modes of European climate variability is
needed during all seasons in order to explain the mechanisms
of long-term variability in European temperature conditions
throughout the year. On one hand, this analysis should
involve advective processes exerted by the atmospheric
circulation, controlling the regional air temperature variabil-
ity as implied by the pioneering study of Namias [1948] and
was shown in many other works (7renberth [1990, 1995],
Hurrell [1995], Hurrell and van Loon [1997], Slonosky et al.
[2001], Jacobeit et al. [2001], Pozo-Vizquez et al. [2001],
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and others). On the other hand, the local mechanisms,
intensifying during the nonwinter months, should be also
accounted for. Moreover, NAO itself even during the winter
season may experience quite strong changes of the regimes,
that was shown by Hilmer and Jung [2000], Kodera et al.
[1999], Gulev et al. [2001, 2002], and Jung et al. [2003]. For
instance, Jung et al. [2003] argued that compared to the
earlier period, the decades of 1980s and 1990s were char-
acterized by the eastward shift of the NAO pattern that was
also found by Ulbrich and Christoph [1999] in simulations
of the greenhouse climate change.

[5] One goal of our study is to quantitatively describe the
leading modes of European air temperature (AT) anomalies
at different time scales during all seasons. Another goal is to
depict the leading circulation modes, governing the AT
variability during different seasons, and their changes dur-
ing the last century. This will allow for the quantification of
the extent to which the NAO-associated and non-NAO born
processes are responsible for observed climate variability
throughout the whole year. We will use centennial time
series of European AT [New et al., 1999, 2000; Mitchell and
Jones, 2005], sea level pressure and the indices of regional
teleconnection patterns such as North Atlantic Oscillation
(NAO), East Atlantic/West Russia (EAWR) and other tele-
connections [Barnston and Livezey, 1987], describing the
leading circulation patterns in the Atlantic-European sector.

[6] The paper is organized as follows. The data used and
analysis methods are described in section 2. Secular changes
of seasonally averaged AT during 1901-2000 and leading
modes of their interannual variability are considered in
section 3. Links between leading modes of AT variability
and sea level pressure (hereafter SLP) fields in the North
Atlantic-European sector, and major teleconnection patterns
are examined in section 4. Finally, concluding remarks and
discussion are presented in section 5.

2. Data and Methods

[7] In the present study we use continuous and spatially
homogeneous gridded monthly AT time series from the
Climatic Research Unit (CRU) TS 2.1 data set of the
University of East Anglia’s CRU [New et al., 1999, 2000;
Mitchell and Jones, 2005]. This outstanding climate product
is exclusively based on station observations and covers the
period 1901-2000 with 0.5° by 0.5° spatial resolution. In
our study the analysis domain is limited to latitudes 34°N—
71°N and longitudes 11°W—50°E. To characterize NAO we
use the NAO index based on the principal components
(PCs) of the seasonal SLP anomalies as given by the
Climate Analysis Section, NCAR, Boulder, USA [Hurrell,
1995] (http://www.cgd.ucar.edu/~jhurrell/nao.pc.html). In
order to characterize the other modes of atmospheric vari-
ability we also use the indices of the major regional tele-
connection patterns [Barnston and Livezey, 1987] which
were obtained by applying rotated principal component
analysis to standardized 500hPa height anomalies over the
Northern Hemisphere. These indices are regularly updated
by the NOAA Climate Prediction Center (CPC) at http://
www.cpc.ncep.noaa.gov/data/teledoc/telecontents.html and
cover the period from 1950 onwards. Earlier similar (in
terms of spatial structure) teleconnection patterns for the
winter season were obtained by Wallace and Gutzler [1981]
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Figure 1.
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Standard deviations (in degrees centigrade) of the (a) winter, (b) spring, (c) summer, and

(d) fall seasonal mean air temperature (1901-2000).

on the basis of correlation analysis. To examine the dynam-
ical context of the AT variability, we used the UK Met
Office Northern Hemisphere Mean Sea Level Pressure Data
[Basnett and Parker, 1997]. This data set holds monthly and
daily 5° by 10° Mean Sea Level Pressure (MSLP) fields
north of 15°N and covers the period from 1873 onwards.
[8] The analysis was performed for the winter (DJF),
spring (MAM), summer (JJA) and fall (SON) seasons.
Long-term linear trends were estimated by least squares at
each grid point. Statistical significance of trend estimates
was assessed according to a Student ¢ test [Bendat and
Piersol, 1966]. Structure of the long-term nonsecular var-
iations was quantified through the empirical orthogonal
functions (EOF) analysis of the detrended seasonal anoma-
lies [Wilks, 1995; von Storch and Navarra, 1995]. In order
to account for the latitudinal distortions, each grid point
value was 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]. In order to associate AT
variability with atmospheric circulation we use the correla-
tion and singular value decompositions (SVD) analyses
[Bretherton et al., 1992; von Storch and Navarra, 1995].

3. Secular Changes and Interannual Variability
of the Seasonal Mean Air Temperature
3.1. Standard Deviations and Linear Trends

[v] As a background information for the further analysis
of the AT variability, we present in Figure 1 the interannual
standard deviations (STDs) of the seasonal mean AT. The
STD patterns (Figures la, 1b, 1c, and 1d) demonstrate the
general southwest to northeast increase of the magnitudes of

AT variability. The AT climatologies (not shown) reflect the
opposite tendency (i.e., decrease of AT) in the same
direction. The range of spatial STD changes is from 1°C
over the Iberian Peninsula to 2.5°C over eastern Scandina-
via and northeastern European Russia during winter and
from 0.8°C over Mediterranean to 1.2°C over northern
Scandinavia in summer. Thus the general decrease in the
magnitudes of interannual variability of regional AT is
evident from winter to summer season. Linear trends
demonstrate significant upward changes in DJF AT during
1901-2000 (Figure 2a) only over southern Europe (e.g.,
Spain, Italy, Greece) and the southern part of European
Russia (about 0.02°C per year), being insignificant over
most central and northern Europe. Contribution of the trend
signal to the total variance of DJF AT (not shown) amounts
to 10% over southern European Russia, and up to 30% over
Iberian Peninsula.

[10] During spring (MAM) the intensity of interannual
AT variability (Figure 1b) is somewhat weaker than in
winter (STDs are lower by 0.2°C over western Europe
and by 0.9°C over northern Scandinavia). Compared to
the winter season, spring AT trends (explaining 10 to 25%
of the total variance) are statistically significant over essen-
tially larger European area (Figure 2b) with the strongest
trends (>0.02°C per year) detected over the southern Euro-
pean Russia. Interannual AT variability in summer (Figure 1¢)
is generally lower than that during winter and spring.
Positive linear trends of JJA AT are significant over western
and southern Europe (Figure 2c), being about 0.01°C per
year, and contributing 20%—30% to the total variance. The
STD pattern for the fall (SON) AT (Figure 1d) is structurally
similar to that obtained for spring and summer seasons
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b) Spring AT linear trends

70N+

60N+

50N+

10E  20E 30E 40E  50E

Figure 2. Linear trends of the (a) winter, (b) spring, (¢) summer, and (d) fall seasonal mean air
temperature (1901-2000). Linear trends are presented in degrees centigrade per year. Shaded areas

indicate 95% significance level.

(Figures 1b and Ic¢). During fall the AT trends are statisti-
cally significant only over western Europe (Figure 2d),
contributing from 10 to 35% to the total variance of AT.
[11] Linear trends in AT show evident seasonality in the
magnitude and spatial structure. Significantly positive
trends in summer and fall AT are detected mostly over
western and southern Europe (Figures 2¢ and 2d) in contrast
to spring (Figure 2b) when significantly positive trends are
observed over Scandinavia, European Russia and some
western European regions. In winter (Figure 2a) positive
trends of AT are significant over the Mediterranean region
and the southern part of European Russia. Linear trends
estimated for each calendar month from the regionally
averaged ATs for the two regions in France and in European
Russia (not shown) demonstrate opposite seasonal tenden-
cies in these regions. The seasonal march of AT linear
trends over France is characterized by stronger (weaker)
trends during warm (cold) season, whereas the AT trends
over European Russia are stronger (weaker) during the cold
(warm) season. This implies, besides seasonality of the AT
trends, also essential regional differentiation of this season-
ality. Briffa and Osborn [2002] and Jones et al. [2003]
showed that between 1861 and 2000 the winter (DJF)
season has warmed by 1.05°C, while during the summer
(JJA) season the warming was only 0.31°C for the whole
Northern Hemisphere. Although above mentioned features
of seasonality might be true for the spatially averaged AT,
our results show significant spatial/seasonal differentiation
of the warming trends. In particular, it is evident that the
findings of Briffa and Osborn [2002] do not hold for

western Europe, where the warming trends are the most
pronounced during summer and fall.

3.2. Leading Modes of Interannual Variability of
Air Temperature

[12] To analyze the nonsecular variability we used the
leading EOFs of the seasonal detrended time series of AT
(Figure 3). For all four seasons the first EOF mode is
represented by the monopole pattern, accounting for
48%—54% of the total variance during winter, spring and
autumn, and for an essentially smaller (37.2%) fraction in
summer. The largest local loadings of the first EOF are
observed over central European Russia (Figures 3a, 3c, 3e,
and 3g) with, however, the winter loadings over this region
being twice as large as the summer ones.

[13] Time series of the corresponding principal compo-
nents (hereafter PCs) (Figures 4a, 4c, 4e, and 4g), show that
the winter PC1 is highly correlated with NAO index (r =
0.70) reflecting the association of the high (low) NAO index
with anomalously warm (cold) conditions over Europe
[Hurrell, 1995]. Although the correlation of the spring
PC1 with NAO (r = 0.49) is significant at the 99% level,
it is considerably smaller than in winter. Summer PClI
implies long-term multidecadal AT variability with the
maxima during the 1930s and 1990s and minima in the
1920s and 1970s. This mode is not linked to the summer
NAO. The fall PCI1 reveals again the NAO-associated (r =
0.53) variability, showing strong decadal scale positive
anomalies during the late 1920s and 1930s, and predomi-
nantly short-term interannual variability during the later
period.
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