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Abstract Using pressure fields classified by the SANDRA

algorithm, this study investigates the changes in the rela-

tionship between North Atlantic/European sea level pressure

(SLP) and gridded European winter (DJF) temperature and

precipitation back to 1750. Important changes in the fre-

quency of the SLP clusters are found, though none of them

indicating significant long-term trends. However, for the

majority of the SLP clusters a tendency toward overall

warmer and partly wetter winter conditions is found, most

pronounced over the last decades. This suggests important

within-type variations, i.e. the temperature and precipitation

fields related to a particular SLP pattern change their char-

acteristics over time. Using a decomposition scheme we find

for temperature and precipitation that within-type-related

variations dominate over those due to changed frequencies of

the SLP clusters: Approximately 70% (60%) of European

winter temperature (precipitation) variations can be

explained by within-type changes, most strongly expressed

over Eastern Europe and Scandinavia. This indicates that the

current European winter warming cannot be explained by

changed frequencies of the SLP patterns alone, but to a larger

degree by changed characteristics of the patterns themselves.

Potential sources of within-type variations are discussed.
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1 Introduction

European climate is known to be strongly related to the

state of the atmospheric circulation (Walker and Bliss

1932; Trenberth 1995; Hurrell and Van Loon 1997;

Jacobeit et al. 2001; Slonosky et al. 2001; Xoplaki et al.

2004; Beck et al. 2007). Particularly during winter (DJF)

season advective processes exerted by the large-scale

atmospheric circulation have a dominant influence on the

spatial distribution and temporal variation of European

climate. A better understanding of the relationship between

the atmospheric circulation and European climate is

therefore essential when assessing the driving mechanisms

behind past and current climate variability (e.g. Luterb-

acher et al. 2010 and references therein). With its wealth of

long instrumental measurements as well as documentary

and natural proxies, Europe offers the potential to address

changes in this relationship in detail over a timescale

extending well beyond the 20th century.

Several studies have shown that the relationship between

simple time series of atmospheric modes such as the North

Atlantic Oscillation and European/Mediterranean winter

temperature and precipitation is subject to important dec-

adal to multidecadal variations (e.g. Jacobeit et al. 2001;

Pozo-Vázquez et al. 2001; Slonosky et al. 2001; Xoplaki

et al. 2004; Haylock et al. 2007; Beranová and Huth

M. Küttel (&) � H. Wanner

Oeschger Centre for Climate Change Research (OCCR),

University of Bern, Hallerstrasse 12, 3012 Bern, Switzerland

e-mail: kuettel@giub.unibe.ch
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2008; Vicente-Serrano and López-Moreno 2008). These

variations can partly be related to changes in the atmo-

spheric dynamics including variations in location, strength,

and spatial extension of and interaction between the Azores

High, the Icelandic Low, and the cold Western Russia/

Scandinavian High. Simple indices of the atmospheric cir-

culation, though, cannot account for such internal circula-

tion dynamics, pointing toward the need to consider the full

field information on the large-scale atmospheric circulation

(e.g. Jones et al. 1999; Luterbacher et al. 2000, 2002).

Studies relating changes in surface climate to spatial

fields of the large-scale atmospheric circulation are mostly

based on classified pressure fields, i.e. the pressure fields of

the period of interest are grouped into a small number of

representative patterns. For other methods than classifica-

tion used to investigate the circulation-climate relationship,

the reader is referred to e.g. Jacobeit (2009). Classifying

pressure fields has a long tradition and has over the last

couple of decades yielded a large number of approaches

and methodologies (see e.g. Huth et al. 2008 for a recent

overview). A general distinction can be made between

subjective (manual) classifications (e.g. Hess and

Brezowsky 1952; Lamb 1972) and objective (statistical/

automated) classifications. The latter became more com-

monly used over the last few decades with the increase in

computing power. They are based on statistical methods

and include various techniques based on correlations (e.g.

Lund 1963; Schmutz and Wanner 1998; Brinkmann 1999)

or on EOF and cluster analysis (e.g. Beck 2000;

Luterbacher et al. 2001; Jacobeit et al. 2003; Philipp et al.

2007). Several studies (e.g. Beck 2000; Jacobeit et al. 2003,

2009; Beck et al. 2007; Philipp et al. 2007; Jones and Lister

2009) have investigated whether the changes in past

European climate are due to variations in the frequency of

particular circulation patterns or rather due to so-called

within-type variations. Within-type variations comprise all

changes in climate which cannot be related to changed

frequencies of the circulation patterns but must rather be

attributed to changed characteristics of the patterns them-

selves (e.g. Barry and Perry 1973; Yarnal 1993; Brinkmann

1999). This means that a particular pattern of the large-

scale atmospheric circulation can be related to distinctly

different responses of the temperature and precipitation

field. Using a decomposition scheme, Beck et al. (2007)

found that roughly 53% (64%) of the changes in Central

European mean January temperature (precipitation) over

the period 1780–1995 can be related to within-type varia-

tions while the remaining percentages are due to changed

frequencies of the circulation patterns. These findings are

in agreement with other studies, suggesting that within-

type variations are more important than frequency-related

variations in explaining changes in European temperature

and precipitation (e.g. Jacobeit et al. 2003, 2009; Philipp

et al. 2007; Jones and Lister 2009). These studies either

used spatial averages of temperature and precipitation or

instrumental measurements from single stations. Further-

more, they either covered the post-1850 instrumental per-

iod (Philipp et al. 2007; Jacobeit et al. 2009; Jones and

Lister 2009) or used sea level pressure (SLP) reconstruc-

tions with reduced reliability over the North Atlantic Ocean

(Jacobeit et al. 2003; Beck et al. 2007).

The present study further elaborates in this direction but

marks the first attempt to investigate the circulation

dynamics behind changes in European temperature and

precipitation not only at single stations or for spatial averages

but for spatial fields. We use gridded reconstructions of

European winter (DJF) SLP, temperature, and precipitation

fields covering the period 1750–2000. This allows for more

insights into spatial details of the changes in the relationship

between representative patterns of the large-scale atmo-

spheric circulation and European climate. Particularly, it

enables to spatially distinguish temperature and precipitation

variations due to frequency and due to within-type changes

of the SLP patterns. Furthermore, we use a new gridded SLP

reconstruction (Küttel et al. 2009) with increased skill over

the oceanic region of the eastern North Atlantic. This

reconstruction is expected to provide more reliable insights

into the European winter climate dynamics of the last

250 years than earlier studies mentioned above. Finally, this

study addresses changes in European climate due to within-

type modifications and frequency variations at multidecadal

timescale. This provides the unique opportunity to analyse

these changes not only at spatial scale but also for different

time periods.

2 Data

Küttel et al. (2009) statistically reconstructed seasonal

gridded (5� 9 5�) North Atlantic and European SLP fields

back to 1750 by combining terrestrial instrumental pressure

series and marine wind information from ship logbooks.

Details on the reconstruction can be found in Küttel et al.

(2009). Compared to earlier SLP reconstructions (e.g. Jones

et al. 1999; Luterbacher et al. 2002) the new SLP dataset is

more reliable over the eastern North Atlantic as it incorpo-

rates marine wind information from ship logbooks (Küttel

et al. 2009). This allows a more realistic representation of the

position and strength of the Azores High and Icelandic Low

driving weather and climate downstream. In order to capture

the full spatial extent of the atmospheric centres of action, we

recalculated the reconstruction to cover 70�W–50�E and

20�N–80�N, using the same data and method as in Küttel

et al. (2009). The reconstruction quality in the extended area

is similar to Küttel et al. (2009) with particularly high skill

over continental Europe and the southern North Atlantic.
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However, lower quality is found over the northwestern

Atlantic prior to the 19th century. The reconstruction is in the

present study used for the full 1750–2000 period, i.e. we did

not splice the reconstruction with the HadSLP2 (Allan and

Ansell 2006) data that have been used for calibrating the

statistical models 1887–2002. The derived results are similar

if the reconstruction is spliced with the instrumental Had-

SLP2 data for the post-1886 period (not shown).

Gridded winter temperature (Luterbacher et al. 2004,

reprocessed by Luterbacher et al. 2007) and precipitation

(Pauling et al. 2006) reconstructions were used to investi-

gate the relationship between the large-scale atmospheric

circulation and the European climate fields over the period

1750–2000. These reconstructions are entirely independent

from Küttel et al. (2009), i.e. they share no common pre-

dictors. Both datasets have a spatial resolution of

0.5� 9 0.5� and cover European land areas. For both

datasets the reconstruction is spliced with the 20th century

data from Mitchell and Jones (2005). For details on the

reconstructions we refer to the original publications. Fig-

ure 1 shows the field averaged skill of the three recon-

structions, expressed by the Reduction of Error score (RE;

Cook et al. 1994). The values are above zero, indicating

better skill than climatology, and continuously increase in

time, reflecting the more data that become available.

3 Methods

In a first step, the winter SLP fields by Küttel et al. (2009)

back to 1750 were grouped into representative patterns. As

mentioned in the introduction, different classification

techniques exist. Recently, Philipp et al. (2007) introduced

a new classification algorithm based on simulated annealing

and diversified randomization (SANDRA). This method

uses the clustering technique of simulated annealing which

allows each member of a cluster to change to another cluster

at any time, even if the within-cluster similarity might

decrease at first (Philipp et al. 2007). In SANDRA, this

technique is combined with the concept of diversified ran-

domization, i.e. the simulated annealing is repeated 1,000

times with the starting clusters being randomized at each

iteration and the ordering of the clusters as well as objects

also being randomized throughout the process of checking

and reassigning (Philipp et al. 2007). In their application on

daily resolved North Atlantic and European SLP fields back

to 1850, Philipp et al. (2007) showed that SANDRA yields

better results in terms of within-class similarity and

between-class separation than other commonly used clus-

tering techniques such as k-means. This method was also

used by Jacobeit et al. (2009) and Jones and Lister (2009) to

investigate, on a daily basis, the changes in the relationship

between the larger North Atlantic/European pressure field

and European temperature and precipitation during the

periods 1850–2003 and 1901–2000, respectively. We clas-

sified the SLP fields by Küttel et al. (2009) using i.a.

SANDRA, k-means (e.g. Brönnimann et al. 2007) and

partitioning around medoids (PAM) clustering (e.g.

Beranová and Huth 2008) as well as t-mode principal com-

ponent analysis (e.g. Jacobeit et al. 2003). The highest

within-cluster similarity and between-cluster separation was

obtained for SANDRA (not shown). Therefore, this is the

method chosen to classify the winter SLP fields 1750–2000.

The determination of the optimal number of clusters is a

crucial part in every clustering technique. Various methods

were suggested (see Philipp et al. 2007 for a recent over-

view). However, none was found to be the best for all

applications. We therefore apply here a straightforward

approach by calculating SANDRA for different numbers of

clusters. The highest within-class correlations were

obtained for nine clusters. The same number of clusters has

been reported for winter season by Philipp et al. (2007)

though using daily SLP fields covering the period 1850–

2003. In order to check for years which can hardly be

assigned to a specific cluster, the silhouette index by

Kaufman and Rousseeuw (1990) was used. Based on the

dissimilarity matrix, negative silhouette widths indicate

members that cannot be clearly allocated to a cluster

(Kaufman and Rousseeuw 1990). Applying this technique

to the nine SLP clusters derived from SANDRA, 30 win-

ters were found to have negative silhouette widths. In order

to minimize the SLP variability within the clusters, these

years were eliminated prior to the analysis. Members from

all of the nine clusters were removed. Almost one third of

them are in cluster 1. An overview of the final clusters is

given in Table 1, demonstrating that the within-cluster
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Fig. 1 Field averaged reduction of error (RE; Cook et al. 1994)

values for European winter (DJF) mean temperature (Luterbacher

et al. 2007; 1750–1995; red), precipitation (Pauling et al. 2006; 1750–

1983; blue) and SLP (Küttel et al. 2009; 1750–2000; black). Values

above zero indicate better performance than climatology, 1 indicates

perfect skill
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correlations are generally well above 0.9, all being statis-

tically highly significant (p \ 0.001).

The temperature (Luterbacher et al. 2007) and precipi-

tation (Pauling et al. 2006) fields 1750–2000 were also split

into nine clusters accordingly to the assignment of the SLP

fields to the nine SLP clusters. The within-cluster stability

of the SLP, temperature, and precipitation clusters was

determined by calculating scaled mean anomaly compos-

ites (Brown and Hall 1999). The significance of the com-

posites was assessed by a modified t-test (Brown and Hall

1999). Scaled mean anomaly composites are more robust to

outliers than simple mean composites since the associated

variance of the members is also included. Furthermore, this

method can also be applied to non-gaussian distributed data

(Brown and Hall 1999). Scaled mean anomaly composites

in paleoclimatic applications have recently been presented

by Touchan et al. (2005), Brönnimann et al. (2007), and

Esper et al. (2007).

Finally, in order to quantitatively assign multidecadal

changes in temperature and precipitation to frequency and

within-type variations of the SLP clusters, the decompo-

sition methodology by Barry and Perry (1973) is used.

Therein, the climate difference DC between two periods is

defined as

DC ¼
XG

i¼1

ðDFiðCi þ DCiÞ=nÞ þ ðFi � DCi=nÞ½ � ð1Þ

where

G = number of clusters

Fi = absolute frequency of cluster i during the first

period

Ci = climatic mean of cluster i during the first period

DFi = difference in the absolute frequency of cluster i

between the second and the first period

DCi = difference in the climatic mean of cluster i

between the second and the first period

n = number of time units during the first period

The expression ðDFiðCi þ DCiÞ=nÞ describes the change

in climate between two periods which is related to varia-

tions in the frequency of the SLP clusters, i.e. an observed

warming (cooling) might be due to the more frequent

appearance of warm (cold) clusters. Accordingly, the

expression ðFi � DCi=nÞ describes differences in the climate

of two periods related to a changed relationship between

the SLP clusters and climate, i.e. changes due to within-

type variations (see Sect. 1). This method was used by

Beck (2000) and Beck et al. (2007) to decompose the

monthly changes in Central European mean temperature

and precipitation 1780–1995. Here, multidecadal changes,

i.e. European temperature and precipitation averaged over

50-year periods, are compared with each other and

decomposed. The length of fifty years was chosen in order

to have for each cluster a sufficient number of members.

Results will only be presented for the difference in tem-

perature and precipitation between the 1950–1999 period

and the preceding 50-year periods 1750–1799, 1800–1849,

1850–1899, and 1900–1949. Therefore, the second period

in Eq. (1) is 1950–1999. Because some of the winters were

removed due to negative silhouette widths (see above), the

number of winters per cluster n changes for each 50-year

period. Equation (1) is applied to all grid boxes of the

temperature reconstruction by Luterbacher et al. (2007) and

the precipitation reconstruction by Pauling et al. (2006).

This allows quantifying spatially the degree to which

changes in temperature and precipitation are due to varia-

tions in the frequency of the SLP clusters or due to within-

type modulations.

4 Results and discussion

Figure 2 shows mean composites of the absolute winter

SLP fields (left) as well as scaled mean SLP, temperature,

and precipitation anomaly composites for the nine clusters

Table 1 Overview of the nine SLP clusters obtained using the

SANDRA classification algorithm by Philipp et al. (2007). The sec-

ond column indicates the initial number of members in the clusters,

while the third column refers to the final number after eliminating

those with a negative silhouette width (Kaufman and Rousseeuw

1990, see text for details). The fourth and fifth columns present the

minimum and median of the within-cluster correlations of the final

sets, all significant at p \ 0.001

Cluster Members Within-cluster correlation

Initial Final Minimum Median

1 34 25 0.91 0.97

2 33 29 0.81 0.96

3 32 28 0.91 0.98

4 31 28 0.82 0.97

5 30 26 0.87 0.97

6 28 25 0.70 0.90

7 25 24 0.88 0.98

8 20 19 0.75 0.93

9 18 17 0.65 0.94

Fig. 2 SLP clusters derived using the SANDRA clustering technique

(Philipp et al. 2007) and corresponding temperature (Luterbacher

et al. 2007) and precipitation (Pauling et al. 2006) fields. The

frequency of each cluster over the period 1750–2000 is indicated to

the left. Columns 2–4 are scaled mean composites of the anomalies

(Brown and Hall 1999) with regard to 1750–2000. The grey shaded
areas (SLP) and the green contour lines (temperature and precipita-

tion) indicate significance at the 95% level using the modified t-test

by Brown and Hall (1999). The units of columns 2–4 are

dimensionless

c
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SLP ABSOLUTE [hPa] SLP SCALED ANOM TT SCALED ANOM RR SCALED ANOM
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over the period 1750–2000. All anomalies are with respect

to the 1750–2000 climatology. The 95% significance level

(as determined from the modified t-test, see Brown and

Hall 1999) is indicated by the grey shaded areas (SLP) and

the green contour lines (temperature and precipitation).

The SLP anomaly clusters presented in Fig. 2 (second

column) can be characterized as being predominantly

zonally (clusters 3, 6, 7, 8), half-meridionally (1, 9), or

meridonally (2, 4, 5) oriented. Clusters 3 and 7 are con-

nected with anomalous westerly winds while anomalous

easterly advection dominates in clusters 6 and 8. Cluster 1

is characterized by anomalous northwesterly circulation

directed toward Europe while anomalous southeasterly

flow is prevalent in cluster 9.

Simplified, the anomalous westerly and northwesterly

patterns might be referred to as positive modes of the North

Atlantic Oscillation (NAO), while the anomalous easterly

and southeasterly patterns represent variations of the neg-

ative mode. The meridional clusters 2, 4, and 5 are more

complex patterns with anomalously low (high) pressure

over the southern North Atlantic and Western Russia/

Scandinavia (Greenland and Northern Africa) in cluster 2

and opposite conditions in cluster 5. Anomalously low

pressure is found over the Bay of Biscay in cluster 4. These

clusters represent situations with NAO values fluctuating

around zero. As indicated by the grey shaded areas in Fig. 2

(second column), all of the nine SLP clusters are very robust

patterns, i.e. the members of each cluster differ not signif-

icantly from each other. This is of importance since it

allows dynamic interpretations henceforth which are not

strongly affected by high within-cluster SLP variations.

The temperature and precipitation distribution related to

the nine SLP clusters (Fig. 2) indicates that the patterns with

anomalous westerly (clusters 3, 7) and northwesterly (1)

circulation generally lead to above (below) normal tem-

peratures and precipitation across Northern Europe (parts of

the Mediterranean). However, important spatial differences

due to the latitudinal position, strength, and direction of the

anomalous westerly winds are visible. The patterns with

anomalous easterly (6, 8) and southeasterly (9) winds are

generally connected with the advection of anomalously cold

and dry air masses toward Northern Europe while parts of

the Mediterranean region experience anomalously mild and

wet winters. The patterns 2 (5) with anomalous meridional

circulation are related with above (below) normal temper-

atures and precipitation across Europe, while cluster 4

reveals above (below) normal temperatures and precipita-

tion over southwestern Europe (Scandinavia).

4.1 Frequency changes

Figure 3 shows the decadal changes in the frequency of the

nine SLP clusters over the period 1750–2000. To simplify

the interpretation, C and W in Fig. 3 indicate whether a

particular SLP cluster is mainly related to anomalously

cold (clusters 5, 6, 8, and 9) or warm (clusters 2, 3, and 7)

conditions in Europe (see Fig. 2). The European tempera-

ture field is more heterogeneous during clusters 1 and 4

(Fig. 2). In order to characterize the precipitation field, the

plus (minus) signs in Fig. 3 indicate that a particular SLP

cluster shows enhanced westerly (easterly) flow connected

with generally above (below) normal precipitation amounts

over Northern Europe and anomalously dry (wet) condi-

tions over Southern Europe (Fig. 2).

Although all clusters show decadal changes in their

frequency (Fig. 3), no significant (p \ 0.05) trends could

be found over the 1750–2000 period. However, there are

some interesting features, e.g. the prolonged absence of the

cold and dry cluster 5 (1760–1810s) and the very cold

cluster 9 (1850–1890s). However, these decades are not

found to be anomalously warm in the temperature recon-

struction by Luterbacher et al. (2007). As can be depicted

from Fig. 3 this is partly due to the fact that their absence is

compensated by the more frequent appearance of other

SLP clusters connected with cooler temperatures across

Europe. However, even the decades with 50% or more of

all years belonging to a cold cluster (1750s, 1760s, 1840s,

1890s, 1960s) were not all significantly colder than average

in Luterbacher et al. (2007). Similarly, the decades with a

predominance of anomalously warm clusters (1790s,

1810s, 1910s, 1920s, 1990s) were not all warmer than

normal. This disagreement might be surprising at first but

can be explained by within-type variations, i.e. a particular

SLP pattern can be connected with distinctly different

temperature and precipitation anomalies (see next section).

The decadal changes in the frequency of SLP patterns

related with anomalous westerly (plus signs in Fig. 3) or

easterly (minus signs in Fig. 3) flow reveals a better

agreement with the precipitation fields reconstructed by

Pauling et al. (2006). These changes reflect well the known

relationship between the strength of the westerlies and the

precipitation distribution across Europe (e.g. Hurrell and

Van Loon 1997). For example, the decade 1960–1969

(1920–1929) with a predominance of SLP patterns related

with anomalous easterly (westerly) flow (Fig. 3) was

indeed wetter (drier) than normal over parts of the Medi-

terranean. The precipitation anomalies during these periods

were of opposite sign over Northern Europe (Pauling et al.

2006).

4.2 Within-type variations

As stated above, the European temperature and precipita-

tion fields related to a particular SLP pattern might have

changed their characteristics over time. The validity of this

hypothesis is next assessed by calculating the spatial
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average temperature and precipitation for each cluster and

member (Fig. 4).

Figure 4 clearly shows that a particular SLP pattern can

be related to distinctly different European mean tempera-

tures (Fig. 4; upper panels) and precipitation (Fig. 4; lower

panels). Interestingly, a tendency toward warmer and

wetter conditions over the past 250 years is observed for

some of the clusters. This agrees well with other studies

which found that European winters became warmer and

generally wetter (drier over parts of the Mediterranean)

during the last couple of decades (e.g. Klein Tank et al.

2002; Jones and Moberg 2003; Luterbacher et al. 2004,

2007; Xoplaki et al. 2004; Casty et al. 2005; Pauling et al.

2006). Using the Mann–Kendall test, these positive trends

over the period 1750–2000 were found to be statistically

significant at p \ 0.05 for clusters 3, 4, 5, and 7 (temper-

ature) and for clusters 3, 4, and 6 (precipitation). However,

none of the clusters shows a significant (p \ 0.05) trend

when only the period 1900–2000—where the most pro-

nounced changes are observed—is considered. This high-

lights the strong dependence of trends on the length of the

period under consideration and on the starting point of the

presumed trend (e.g. Percival and Rothrock 2005; Matti

et al. 2009). Nevertheless, these findings demonstrate that

the temperature and precipitation fields show important

within-type variations. The deviations in temperature and

precipitation from their respective long-term mean (Fig. 4)

appear to be largest during the last few decades. This

agrees well with the study of Beck et al. (2007) who found

that January changes related to within-type variations in

Europe became predominant over frequency-related chan-

ges around 1860 for temperature and around 1900 for

precipitation.

Because of the high spatial variability of particularly

precipitation (see Fig. 2), it is problematic to consider only

spatial means. We therefore calculated for 50-year periods

and each of the nine clusters scaled mean anomaly com-

posites of the European temperature (Fig. 5) and precipi-

tation (Fig. 6) fields.

Figure 5 shows the scaled mean anomaly composites of

the European temperature field over 50-year periods.

Important spatio-temporal temperature variations are found

for all nine clusters, demonstrating that all clusters are

subject to considerable within-type variations. Furthermore,

the derived 50-year composites are only statistically sig-

nificant for some regions and clusters (green contour lines in

Fig. 5). This indicates that the temperature fields corre-

sponding to a particular SLP pattern differ strongly from
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Fig. 3 Decadal frequency of the SLP clusters for the winters 1750–

2000. W (C) indicates that the cluster is related to generally warmer

(colder) than normal conditions in Europe, while ? (-) denote

anomalous westerly (easterly) advection. The missing years (i.e. the

bars are smaller than ten) represent the years where the SLP field

could not be assigned to a particular cluster (see Sect. 3)
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each other, even within the 50-year periods. Nevertheless,

the general tendency toward warmer temperatures (cf.

Fig. 4; upper panels) can also be detected in Fig. 5. Addi-

tionally, the period 1950–1999 (Fig. 5; right column)

appears to be the overall warmest for most clusters. How-

ever, the degree of warming is spatially very diverse: while

clusters 1, 5, and 7 have mostly become warmer over

Scandinavia and Eastern Europe/Western Russia, the

warming is strongest over Central Europe and the Medi-

terranean in clusters 4 and 8 (Fig. 5). The tendency to higher

temperatures is found for all types of atmospheric circula-

tion, i.e. for zonal, half-meridional, and meridional clusters.

The multidecadal changes in the SLP-precipitation

relationship are shown in Fig. 6. As for temperature, con-

siderable temporal and spatial changes in the precipitation

fields related to a particular SLP pattern are visible. Due to

the high spatial variability of the European precipitation

field, the tendency toward wetter conditions found in Fig. 4

(lower panels) can hardly be recognized in Fig. 6. At the

most, it might be speculated that some parts of Europe have

become wetter in 1950–1999, as e.g. Scandinavia in cluster

3 or Central and Western Europe in cluster 8. Therefore, it

can only be stated that the general precipitation pattern

found over 1750–2000 (Fig. 2) is maintained in most

clusters. However, considerable changes in the precipita-

tion amounts (e.g. clusters 3, 5 and 7 during 1850–1899)

take place. Within-type variations are therefore also clearly

revealed for precipitation.

4.3 Decomposing multidecadal temperature

and precipitation variations

The presented results indicate that large parts of the

changes in European temperatures and precipitation are

likely due to within-type variations. Using the methodol-

ogy by Barry and Perry (1973, see Sect. 3), we decomposed

the temperature (Fig. 5) and precipitation (Fig. 6) changes

between 50-year periods into parts related to frequency and

within-type variations. Here, only the temperature and

precipitation differences between the 1950–1999 average

and the means of the preceding 50-year periods are studied.

The results obtained for temperature are shown in Fig. 7,

those for precipitation in Fig. 8. The estimations of the

percentage of temperature and precipitation changes due to

frequency and due to within-type-related variations (black

contour lines in Figs. 7 and 8) are based on the absolute

values of the corresponding temperature and precipitation

changes.

The winter average temperatures for the most recent 50-

year period were in almost all regions of Europe higher than

during the preceding 50-year periods (Fig. 7; left column,

see also Luterbacher et al. 2004, 2007). The multidecadal

temperature changes due to variations in the frequency of

the SLP patterns (Fig. 7; middle column) are generally

small. Interestingly, the changes in the frequency of the SLP

clusters from 1900–1949 to 1950–1999 actually led to

overall cooler conditions in 1950–1999 (Fig. 7; centre

column, bottom row). Frequency-related changes are only

found dominant for some regions and periods, e.g. for the

UK relative to 1900–1949 and for Turkey compared with

1800–1849 and 1900–1949. Hence, most of the multi-

decadal temperature changes are related to within-type

variations (Fig. 7; right column). Within-type variations are

of particular importance for Eastern Europe and Scandina-

via, accounting for more than 80% of 50-year mean winter

temperature changes. The predominance of within-type

variations appears to be strongest comparing 1950–1999

with 1850–1899 and weakest relative to 1750–1799.

The decomposition results for precipitation are shown in

Fig. 8. The 1950–1999 period appears to be overall wetter

than the preceding 50-year periods, except for parts of the

Mediterranean area which show driest conditions during

this period (Fig. 8, left column). This agrees well with the

results presented in Fig. 4 (lower panels). However, con-

siderable spatial and temporal differences are visible: For

instance, the Scandinavian west coast was remarkably drier

during 1950–1999 than during 1850–1899 (Fig. 8, left

column, third row). This might be related to a higher fre-

quency of clusters 1 and 7 during 1850–1899 (circulation

patterns related to anomalous westerly and northwesterly

flow toward Europe; Figs. 2 and 3) advecting humid air

masses to western Scandinavia. Indeed, the middle column

of Fig. 8 reveals that frequency-related variations in pre-

cipitation over western Scandinavia between 1850–1899

and 1950–1999 dominate over within-type-related varia-

tions (black contour lines and labels). Overall, the parts of

European precipitation changes due to frequency and due to

within-type variations are more balanced than for temper-

ature (Fig. 7), with a slight dominance of within-type

variations particularly over Eastern Europe/Western Russia.

These findings—for temperature as well as precipita-

tion—agree well with earlier studies, all pointing toward a

predominance of within-type-related variations over those

due to frequency changes (e.g. Widmann and Schär 1997;

Brinkmann 1999; Beck 2000; Yarnal et al. 2001; Jacobeit

et al. 2003, 2009; Beck et al. 2007; Jones and Lister 2009).

However, while the cited studies were based on spatial

averages or single station information, the considerable

spatial differences in Figs. 7 and 8 clearly reveal the

necessity to consider the full field information. The per-

centage of European climate variations due to within-type

Fig. 4 Averaged European winter mean temperature (Luterbacher

et al. 2007, top) and precipitation (Pauling et al. 2006, bottom) for

each SLP cluster and member. The dashed horizontal lines indicate

the mean temperature and precipitation for each cluster, respectively

b

M. Küttel et al.: Multidecadal changes in winter circulation-climate relationship in Europe

123



changes of the SLP clusters found in this work slightly dif-

fers from earlier studies cited above. We suggest that this is

mostly related to differences in the spatial area and temporal

resolution of the datasets considered, including their skill.

4.4 Sources of within-type variations

Sources of within-type variations can generally be sepa-

rated into those of dynamical and those of climatic origin

1750-1799 1800-1849 1850-1899 1950-1999

CL 1

CL 2

CL 3

CL 4

CL 5

CL 6

CL 7

CL 8

CL 9

1900-1949

Fig. 5 50-year scaled mean anomaly composites (wrt 1750–2000) of

the temperature reconstruction by Luterbacher et al. (2007) split

according to the nine winter SLP clusters derived from Küttel et al.

(2009). Red (blue) denotes anomalously warm (cold) winters. The

green lines indicate significance at the 95% level using the modified

t-test by Brown and Hall (1999). Blank fields represent periods where

a particular SLP cluster is only found once or is absent, not allowing

the calculation of scaled mean anomaly composites. The units are

dimensionless
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(e.g. Beck et al. 2007). Subsequently, possible sources of

within-type variations in the present study are shortly

addressed and evaluated.

Uncertainties of the SLP, temperature, and precipitation

reconstructions might be expected to be an important

contributor to dynamical as well as climatic within-type

1750-1799 1850-1899 1900-1949 1950-1999

CL 1

CL 2

CL 3

CL 4

CL 5

CL 6

CL 7

CL 8

CL 9

1800-1849

Fig. 6 As Fig. 5 but for winter precipitation (Pauling et al. 2006). Red (blue) indicates anomalously dry (wet) winters with respect to the 1750–

2000 reference period
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variations. This means that the changes in the SLP-

temperature/precipitation relationship simply arise from

deficiencies in the reconstructions themselves. One would

thus expect within-type variations to become more

important further back in time as the uncertainties in the

reconstructions increase. However, within-type variations

were found to be of equal or even higher importance during

the latest decades, i.e. the period covered by the instru-

mental dataset of Mitchell and Jones (2005; see Sect. 2).

Within-type variations of dynamical origin may stem

from the rather coarse 5� 9 5� resolution of the SLP

reconstruction by Küttel et al. (2009) which limits the

proper representation of small-scale features of the atmo-

spheric circulation. Indeed, Jones and Lister (2009) found

that subgrid-scale effects originating from orography or

land-sea contrast can strongly contribute to within-type

variations. Additionally, processes working on a shorter

timescale than resolved in this study, e.g. extreme daily

precipitation amounts induced by a short-lived pressure

field, might not be resolved in the seasonal SLP fields. As a

further source of dynamical within-type variations, it was

found in this study that the pressure gradient between the

1750

-

1799

Temperature difference Frequency related Within-type related

1800

-

1849

1850

-

1899

1900

-

1949

Temperature difference [°C]

Fig. 7 Absolute temperature differences (in �C) between the 1950–

1999 winter average and the preceding 50-year periods (left column),

temperature differences between the 1950–1999 winter average and

the preceding 50-year periods due to variations in SLP cluster

frequency (middle column) and due to within-type variations of the

SLP clusters (right column). Reddish (bluish) colours indicate that

the winters 1950–1999 were on average warmer (colder) than the

preceding 50-year period. The contours and labels indicate the

percentages of the absolute temperature changes which are frequency

and within-type-related, respectively
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Azores High and the Icelandic Low has slightly increased

during the last few decades (not shown). This leads to

stronger westerlies which might be related to the overall

winter warming and wetting of Europe (drying in parts of

the Mediterranean area, mainly in the western realm; e.g.

Xoplaki et al. 2004). However, the increase in the pressure

gradient is small and not found for all SLP clusters (not

shown). This agrees with the study by Beck et al. (2007)

who found an increase in the intensity but also vorticity of

some Grosswettertypes over the last few decades which,

however, cannot fully explain the changes in Central

European mean temperature and precipitation.

Accordingly, it must be assumed that significant parts of

the observed within-type variations originate from changed

climatic boundaries. As was suggested by Stahl et al.

(2006), these climatic changes might stem from internal

oscillations such as the El Niño Southern Oscillation

(ENSO) which, through teleconnections, might change the

climatic boundary conditions over Europe in late winter

(e.g. Brönnimann et al. 2007). Important contributions to

this type of within-type variations might also arise from

changes in the North Atlantic sea surface temperatures

(SSTs) which are known to strongly influence European

climate (e.g. Kushnir and Held 1996; Rodwell et al. 1999;

1750

-

1799

Precipitation difference Frequency related Within-type related

1800

-

1849

1850

-

1899

1900

-

1949

Precipitation difference [mm]

Fig. 8 As Fig. 7 but for precipitation. Reddish (bluish) values indicate that 1950–1999 was on average drier (wetter) than the preceding 50-year

period
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Wanner et al. 2001; Sutton and Hodson 2005; Della-Marta

et al. 2007; Compo and Sardeshmukh 2009). The recent

study by Parker (2009) demonstrated that increased SSTs

significantly contribute to within-type variations in Central

England temperatures. However, results in this study

showed that within-type variations are of similar impor-

tance in all SLP patterns, i.e. also in those related with

advection from predominantly continental areas. Finally,

climatic within-type variations might also stem from an

increased forcing due to anthropogenic emissions (e.g.

IPCC 2007). One would thereby expect the percentages of

temperature and precipitation changes due to within-type

variations to increase over the past 250 years. However,

the presented results did not reveal any tendency in this

direction.

5 Conclusions

European winter climate is known to be strongly influenced

by the state of the large-scale atmospheric circulation.

Here, the changes in the relationship between classified

SLP data (Küttel et al. 2009) and independent field

reconstructions of European winter temperatures

(Luterbacher et al. 2007) and precipitation (Pauling et al.

2006) were investigated over the period 1750–2000. A

particular focus was on spatially assessing changes in

European temperature and precipitation due to changed

frequencies and due to within-type variations of the SLP

clusters, respectively. This study is therefore an advance on

earlier studies that focused on spatial means or station

information.

It was shown that all of the nine derived SLP clusters are

subject to important decadal to multidecadal frequency-

variations with none indicating significant long-term

trends. However, for most of the SLP clusters a tendency

toward warmer and wetter (drier) European (parts of the

Mediterranean) winters was found, most strongly expressed

within the last fifty years. This indicates important within-

type variations, i.e. the relationship between patterns of the

large-scale atmospheric circulation and European climate

is subject to considerable non-stationarities. These non-

stationarities should therefore be considered in every kind

of study transferring changes in circulation to changes in

climate. Using a decomposition scheme it has been shown

that large parts of multidecadal temperature and precipi-

tation changes can be related to within-type variations.

This is particularly true for temperature and Eastern

Europe/Scandinavia with within-type variations explaining

more than 80% of the long-term changes. Accordingly,

only a small part of the observed changes in winter tem-

peratures and precipitation over the past 250 years are due

to changed frequencies of the SLP clusters. The origin of

the within-type variations can be manifold with no partic-

ular source found to be the most relevant.

In the context of the debate on the origin of the recently

observed climate change, it is of great importance to assess

and quantify the origin of within-type variations in more

detail than done in this study. Future research should

therefore particularly work in this direction by e.g. using

climate model simulations.
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Beranová R, Huth R (2008) Time variations of the effects of

circulation variability modes on European temperature and

precipitation in winter. Int J Climatol 28:139–158

Brinkmann WAR (1999) Within-type variability of 700 hPa winter

circulation patterns over the Lake Superior basin. Int J Climatol

19:41–58
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Wanner H, Brönnimann S, Casty C, Gyalistras D, Luterbacher J,

Schmutz C, Stephenson DB, Xoplaki E (2001) North Atlantic

oscillation—concepts and studies. Surv Geophys 22:321–381

Widmann M, Schär C (1997) A principal component and long-term

trend analysis of daily precipitation in Switzerland. Int J

Climatol 17:1333–1356
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M. Küttel et al.: Multidecadal changes in winter circulation-climate relationship in Europe

123

http://dx.doi.org/10.1029/2008JD010382

	Multidecadal changes in winter circulation-climate relationship �in Europe: frequency variations, within-type modifications, �and long-term trends
	Abstract
	Introduction
	Data
	Methods
	Results and discussion
	Frequency changes
	Within-type variations
	Decomposing multidecadal temperature �and precipitation variations
	Sources of within-type variations

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


