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Abstract:

This study investigates the importance of large-scale atmospheric circulation changes for Central European climate
variations during the last two centuries. On the basis of an objective classification of monthly mean sea level pressure (SLP)
grids reconstructed back to 1780 and monthly historical station data for the same period, temperature and precipitation
changes in Central Europe since 1780 are decomposed into two parts; one part due to frequency changes of large-scale
circulation types, and the other part caused by (dynamic and climatic) changes within these circulation types. This is
achieved by applying a particular decomposition scheme for moving 31-year time windows during the 1780—1995 period.
Results indicate that large parts of the long-term variations in Central European climate cannot be explained sufficiently
by frequency changes of circulation types. Roughly one half of these variations — even up to 80% during July — can be
ascribed to varying internal properties of some major circulation types. Percentages of frequency-related and within-type-
related climate changes are seen to vary on decadal to multidecadal time scales, thus implying that relationships between
large-scale circulation patterns and regional climates are characterised by distinct instationarities. Furthermore, regional
climate variations, being attributable to within-type changes of major circulation types, can only partly be explained by
corresponding variations in dynamic properties (vorticity, intensity) of these circulation types. This points to the importance
of further sources for within-type variability, including subgrid-scale processes, synoptic-scale variations, and modifications

of the climatic boundary conditions.
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1. INTRODUCTION

In the context of current discussions concerning recent
climate change, including man-made greenhouse forc-
ing, it is essential to extend the investigations on nat-
ural climate variability back to historical times since this
may provide an improved understanding of the climate
system, which is required for the assessment of possi-
ble changes in climate that might be expected in the
future. The large-scale atmospheric circulation is directly
linked to all kinds of regional climate variations. This
is true not only for synoptic time scales of several
weeks or months, but also for decadal to centennial (and
much longer) time scales. Therefore, investigations con-
cerning low-frequency climate variations should not be
restricted to parameters like temperature and precipita-
tion but also include dynamics of the atmospheric cir-
culation. This allows the study of not only the links
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between circulation and climate variability on different
temporal and spatial scales but also the variations of
circulation—climate relations themselves (provided that
sufficiently extended time series are available). This has
particular importance because statistical assessments of
future regional climate changes from large-scale circula-
tion predictors by means of different downscaling tech-
niques are based on assumptions of stationarity between
circulation and climate. Investigating these relations with
an extended data base back to historical times may reveal
whether stationarity is a reasonable assumption in this
context.

Though numerous studies concerning the reconstruc-
tion and interpretation of temperature and precipitation
data have been carried out for periods going well back
into the historical past (for Central Europe see for exam-
ple Pfister, 1985, 1999; Glaser, 1991, 2001), objective
analyses dealing with the low-frequency variability of
the atmospheric circulation have mainly been confined
to the last century owing to the restricted availability of
gridded pressure data (e.g. Barnston and Livezey, 1987;
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Bardossy and Caspary, 1990; Jacobeit, 1993; Corte-Real
et al., 1995; Klaus, 1997; Rogers, 1997; Kapala et al.,
1998; Michel et al., 1998; Werner et al., 2000). For
earlier periods of the historical past, several authors
have worked on subjective reconstructions and analy-
ses of North Atlantic-European surface pressure fields
(e.g. Lamb and Johnson, 1959, 1961; Kington, 1988;
Wanner et al., 1994; Jacobeit et al., 1999). Jones et al.
(1987) were the first investigators to provide gridded
monthly mean SLP data for the North Atlantic-European
region back to 1780 on the basis of an objective recon-
struction technique. The resulting data set gave rise
to an initial objective circulation analysis covering a
period of more than 200 years (Schmutz and Wanner,
1998). On the basis of an improved version of these
gridded SLP data back to 1780 (Jones ef al., 1999b),
several investigations in the context of the European
climate research project ADVICE (Annual to Decadal
Variability in Climate in Europe) have been carried
out during recent years (e.g. Beck, 2000; Beck et al.,
2001; Jacobeit et al., 1998, 2001a,b). These investiga-
tions include comparative synoptic analyses between an
early instrumental period (1780—1860) and the 20th cen-
tury (Beck, 2000), investigations on long-term circu-
lation variability mainly based on PCA-derived major
SLP patterns (Jacobeit ef al., 2001a; Beck et al., 2001),
and studies on relationships between zonal indices and
Central European temperatures since 1780 (Jacobeit
et al., 2001b). As a result, strong variations in cir-
culation—climate relationships were indicated. This is
in agreement with the evidence that the construction
of observed climate variations exclusively from larger-
scale circulation predictors often show poor levels of
skill (e.g. Werner and von Storch, 1993; Beck, 2000).
This points to the dynamic phenomena that have been
addressed as ‘within-type changes’ (Barry and Perry,
1973; Brinkmann, 1999) and refers to those parts of cli-
mate variations that cannot be explained by frequency
changes of atmospheric circulation types and have to be
attributed to changing characteristics of the types them-
selves.

The present study takes up this approach in analyzing
Central European temperature and precipitation since
1780 in terms of North Atlantic-European circulation
dynamics, including both frequency and within-type
changes of the atmospheric circulation. In contrast to
earlier studies (op cit), analyses are based neither on
simple circulation indices nor on PCA-derived circulation
patterns, but on an objective pressure field classification
associated with the so-called European GroBwettertypes
(see Section 3.1). Temperature and precipitation changes
in Central Europe since 1780 are decomposed into
varying parts attributable to changing circulation type
frequencies on the one hand and within-type changes of
these circulation types on the other. This paper will focus
on January, April, July and October, thus comprising
selected months from all the four seasons.

Another SLP reconstruction that even goes back (with
monthly resolution) to the mid-17th century is available

(Luterbacher ef al., 2002a). On the basis of these data,
several papers dealing with historical circulation analyses
have been published (Luterbacher et al., 2001, 2002b;
Jacobeit et al., 2003). However, these papers do not
address relationships between circulation and climate
as these reconstructions make use of temperature and
precipitation data. So, we restrict our study to the SLP
reconstructions by Jones et al. (1999b). The study period
(since 1780) still includes the later decades of the so-
called Little Ice Age (LIA), when man-made impacts on
climate were still negligible. However, the last century
of the study period represents conditions of increased
climate forcing by human activities. Thus, the whole
period of study includes quite distinct periods involving
man’s impact on climate, potentially allowing us to
assess whether this implies any specific changes in
circulation—climate relationships.

2. DATA

2.1. Monthly temperature and precipitation time series
for Central Europe

Twenty-six temperature and 39 precipitation series,
with data back to the year 1780, have been extracted
from different data sources (World Climate Disc, 1992;
Schonwiese and Rapp, 1997; archive of the German
Weather Service). Figure 1 shows the spatial distribu-
tion of these station time series. All of them have been
tested for homogeneity by applying several statistical
tests to the annual series, in particular, the Alexan-
dersson test for single shifts in the mean (Alexander-
sson, 1986). Significant inhomogeneities (95% confi-
dence level) have been homogenized according to Bohm
(1992) on the basis of the monthly series (see Beck
(2000) for a more detailed description of testing meth-
ods and the homogenisation procedure). Not all series
have complete records for the whole period. Data avail-
ability, in terms of percentages of temperature (pre-
cipitation) series with monthly data, increases from
roughly 65% (16%) in 1780 to approximately 80% (35%)
in 1810. From around 1830 (1850) onwards, monthly
data are available from all temperature (precipitation)
series.

As recommended by Jones and Hulme (1996), miss-
ing values within the individual station time series have
been interpolated by using normalized anomaly fields
by referring to one common 30-year reference period
(1961-1990). Central European time series of tempera-
ture and precipitation, as displayed in Figure 2, have been
calculated as simple spatial averages of the corresponding
station time series.

2.2. Reconstructed monthly mean SLP grids for the
North Atlantic-European area

Analyses of the atmospheric circulation are based on
gridded monthly mean SLP data for the North Atlantic-
European area, which have been reconstructed back to
1780 by Jones et al. (1999b). The reconstruction is based
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Figure 1. Spatial distribution of Central European temperature and precipitation time series since 1780. This figure is available in colour online
at www.interscience.wiley.com/ijoc
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Figure 2. 31-year running means of Central European monthly temperature (°C) and precipitation (mm). Dashed lines indicate the long-term
means, 1780—1995. This figure is available in colour online at www.interscience.wiley.com/ijoc

on homogenized long-term station pressure time series
and was developed by means of EOF-multiple-regression
models that generated SLP fields on a 5° latitude by 10°
longitude grid covering the region from 35 to 70°N and
from 30 °W to 40°E. The available station network starts
with 10 stations having continuous pressure time series
since 1780, and the number increases to 51 stations by
the middle of the 19th century. The EOF-regression mod-
els for deriving gridded SLP data were calibrated over

the 1936—1995 period and verified using the 1881-1935
period. Best model results, in terms of explained vari-
ances, were obtained for the central gridpoints and dur-
ing the periods with the most extensive station network.
Explained variances decrease towards the grid’s periph-
ery and with the diminution of the station network dur-
ing earlier times. Generally, better results were obtained
during winter than during the summer months (Jones
et al., 1999b). In spite of these minor restrictions, the
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SLP grids provide an appropriate basis for studies con-
cerning atmospheric circulation variability during peri-
ods that are not covered by commonly available SLP
data sets.

3. METHODS

3.1. Objective classification of monthly mean SLP grids
since 1780

A new objective pressure pattern classification was
applied to the reconstructed monthly mean SLP grids
since 1780. The general purpose of SLP classification
is to identify an adequate and relatively small number of
representative SLP patterns that are expected to reproduce
the essential circulation features of all individual SLP
fields (ElI-Kadi and Smithson, 1992; Yarnal, 1993; Huth,
1996). Various circulation classifications have proved to
be appropriate for analysing low-frequency variability
of the large-scale atmospheric circulation (e.g. Bardossy
and Caspary, 1990; Klaus, 1997; Schmutz and Wanner,
1998). Besides the well-known subjective classifications
for the North Atlantic-European area, like the British
Isles weather types (Lamb, 1950) or the so-called Central
European Grofiwettertypes (Hess and Brezowski, 1952;
Gerstengarbe and Werner, 1993), there are a large num-
ber of objective approaches to classify large-scale pat-
terns of the atmospheric circulation. The most frequently
used techniques include correlation-based classifications
on the one hand (e.g. Lund, 1963; Kirchhofer, 1973;
Schmutz and Wanner, 1998) and algorithms based on
EOF and cluster analyses on the other (e.g. Kruizinga,
1979; Yarnal, 1993; Huth, 1996; Beck, 2000). Dittmann
et al. (1995) developed an objective weather-type classi-
fication for the Central European region, with predefined
threshold values for several parameters describing circu-
lation dynamics and humidity characteristics at the 950
and 500 hPa levels used for partitioning. In contrast to
the subjective classifications, all the objective ones pro-
duce results that can be reproduced if all the internal and
subjective choices of parameter settings are known.

The major drawback of computer-assisted classifica-
tion schemes is the fact that resulting patterns frequently
do not reproduce some of the well-known major circula-
tion modes in a satisfying manner. One way to overcome
this problem is to use predefined circulation patterns as
key patterns for a subsequently automated classification
procedure of the individual SLP fields. Such an approach
has been applied, for example, by Frakes and Yarnal
(1997) who at first determined, subjectively, key patterns
of geopotential height fields and subsequently classified
all individual fields by means of a correlation-based clas-
sification algorithm referring to the key patterns.

Another classification approach has been developed by
Beck (2000): it is based on predefined circulation patterns
determined according to the subjective classification of
the so-called Central European Grofwettertypes (Hess
and Brezowski, 1952; Gerstengarbe and Werner, 1993).
It is assumed that these 10 GroBwettertypes — resulting

from a generalization of 29 large-scale weather patterns
defined by the geographical position of major centres of
action and the location and extension of frontal zones
(Gerstengarbe and Werner, 1993) — can be sufficiently
characterized in terms of varying degrees of zonality,
meridionality, and vorticity of the large-scale SLP field
over Europe. On the basis of this assumption, the
classification scheme consists of the following steps
(Beck, 2000):

e At first, three prototypical SLP patterns are defined for
the region 10 "W —-30 °E and 40°N—-60°N — thus includ-
ing 25 grid points — representing idealized W—E, S—N,
and central low-pressure isobars over this European
region.

e Spatial correlations with these prototypical patterns
are calculated for all monthly mean SLP grids for
1780—1995 on the basis of the central 25-grid-point
area; they will be addressed as coefficients of zonality
(Z), meridionality (M), and vorticity (V), respectively.

e The ten Central European GroBwettertypes are defined
by means of particular combinations of these three
correlation coefficients: GroBwettertypes’ high and low
pressure over Central Europe result from a maximum
V coefficient (negative and positive, respectively). The
remaining eight main circulation types are defined in
terms of the Z and M coefficients corresponding to the
main isobar directions over central Europe (e.g. Z =1
and M = 0O for the W—E pattern, Z = 0.7 and M = 0.7
for the SW-NE pattern, and so on). Each monthly
SLP grid outside the high- and low-pressure samples
is assigned to one of these direction types according
to the minimum Euclidean distance of its Z and M
coefficients from those of the predefined prototypes.

e A further subdivision of these eight circulation type
samples into cyclonic and anticyclonic subsamples is
achieved according to the sign of the corresponding V
coefficient.

Finally, 18 representative SLP patterns are obtained
by averaging all monthly SLP grids of the 1780-1995
period, which are assigned to the same circulation type,
respectively (Figure 3).

3.2. Frequency and within-type changes of circulation
types

Frequencies of North Atlantic-European circulation
types are calculated for moving 31-year periods using
annual time steps. This interval is close to the length of
‘climate normals’ and as they change a year at a time,
they can be considered as ‘running normals’.

Within-type changes may be assigned to two different
groups: the first one comprises climate characteristics that
are linked to the occurrence of a particular circulation
type; here we use the Central European temperature
and precipitation data to describe changes in climate
linked to the occurrence of each of these circulation
types, respectively. The second group refers to dynamic
properties changing within each of these types; here
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Figure 3. SLP composites of objectively derived circulation types for 1780—1995 (lower case letters “c” and “a” denote cyclonic and anticyclonic
subtypes respectively). This figure is available in colour online at www.interscience.wiley.com/ijoc

we consider the varying pressure gradients and vorticity
conditions over Europe representing important parts of
such dynamic changes. Pressure gradients are determined
between the moving SLP centres of action, separately
for each circulation type; as a simple vorticity index the
V coefficient (see Section 3.1) is used. All within-type
parameters are calculated for moving 31-year periods
with annual time steps, corresponding to the frequency
changes mentioned above.

3.3. Decomposition of climate changes into particular
parts due to frequency and within-type changes of
atmospheric circulation types

Barry and Perry, 1973 (p. 374 ff.) offered a sim-
ple method to decompose a climate difference AC
between two periods into different parts that are caused
by frequency and within-type changes of circulation

types:

G
AC =) [(AF(Ci + AC)/n + F; - ACi/n]

i=1

where

Q
Il

number of circulation types

frequency of circulation type i during the
first period

F; + AF; = frequency of circulation type i during the
second period

number of time units during the first period
climatic mean of circulation type i during
the first period

C; + AC; = climatic mean of circulation type i during
the second period

The expression [AFi(Ci+ ACi)/n] describes the
change in climate between the two periods due to
frequency changes of circulation type i, whereas [Fi -

=
Il

3
Il

0
Il
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Figure 3. (Continued).

ACi/n] depicts the degree of climate change that has to
be assigned to a modified climate linked with circulation
type i.

Beck (2000) has used this method to compare the
1780—1860 and 1915-1995 periods with respect to cli-
mate change due to frequency and within-type changes
of particular circulation types. In contrast to this fixed-
period approach, results of this study are based on
moving 31-year time windows, with annual time steps
covering the whole period from 1780 to 1995 in such
a way that each of the 31-year periods is compared
the next 31-year time window shifted by one year.
Thus, the continuous changes in Central European cli-
mate due to frequency and within-type changes of the
atmospheric circulation will be recorded for more than
200 years.

4. RESULTS

Analyses have been performed for all months of the year
referring to both temperature and precipitation change

in Central Europe. This paper will focus on the central
months of each season: January, April, July, and October.

4.1. Central European temperature and precipitation
variability since 1780

This section only describes the general background
of climate variability for the subsequent analyses deal-
ing with circulation—climate relationships. Time series of
Central European temperature and precipitation (moving
averages of 31-year time windows with annual time steps,
see Figure 2) reveal marked decadal-scale variations dur-
ing the whole study period. The most outstanding feature
in January is the well-known long-term increase of both
parameters, with a general change from below-average
to above-average values around 1900. In contrast to that,
April exhibits decreasing temperatures until 1900, with
shorter-term variations and trends afterwards. Precipita-
tion often shows opposite deviations from the long-term
mean compared to temperature. July is similar to April,
except that during recent decades there is a marked
decline in precipitation. During October, temperature and
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Figure 3. (Continued).

precipitation are essentially uncoupled: a long-term ther-
mal increase since about 1880 is combined with the
most pronounced decadal-scale variations in precipitation
(Figure 2). As for seasonal contrasts, the pre-1900 period
had a more continental-type climate (cold winters, warm
summers) than the more recent period (1965-1995, Beck,
2000).

4.2. Central European Grofiwettertypes 1780—1995

The SLP composites of the objectively classified
GroBwettertypes (Figure 3) represent the major circula-
tion types in the North Atlantic-European region. The ten
main types are well defined according to the direction
of their isobars, including high or low pressure centred
over Europe. Obviously, the distinction into cyclonic and
anticyclonic subtypes reproduces important differences in
circulation patterns with respect to Central Europe. Note,
however, that the airflow direction near the surface can-
not be derived directly from the orientation of the isobars

owing to frictional forces from the earth’s surface (typi-
cal deviations amount to 15-30 degrees). Thus, airflow
directions do not strictly correspond to those used for
the designation of circulation types. This minor restric-
tion, however, does not affect the method of classification
itself.

Percentage frequencies of the 10 main circulation types
during the whole year (Figure 4) reflect the dominance
of westerly airflow directions for Central Europe. The
three most frequent types attain a cumulative frequency
of about 69% (W, 28.4%; NW, 20.3%; SW, 20.3%).
Looking at the selected months (Figure 4), January
and October are clearly dominated by westerly and
southwesterly types (W, 35.7% and SW, 33.8% for
January; SW, 39.4% and W, 29.6% for October). In July,
the northwesterly type has a large value (NW, 62.0%).
In contrast to these three months, April does not show
any clear preponderance of particular circulation types,
a situation typical of mid-latitude circulation dynamics
during the spring season.
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Figure 4. Percentage frequencies of the 10 main circulation types 1780-1995.

4.3. Circulation changes in relation to Central
European climate variability since 1780

4.3.1. Frequency and within-type changes of the
Grofiwettertype ensemble. Temperature and precipita-
tion differences between consecutive 31-year periods
have been decomposed as described in Section 3.3.
These differences are transformed into cumulative time
series reflecting long-term variations of monthly tem-
perature and precipitation, which may be ascribed to
frequency and within-type changes of Central European
GroBwettertypes, respectively. Figures 5 and 7 illustrate
these cumulative time series of temperature and pre-
cipitation differences for the frequency-related part, the
within-type-related part, and for both of them during the
1780—1995 period. Figures 6 and 8 give the percentage
variations of the frequency-related and the within-type-
related part with respect to the whole temperature and
precipitation changes, respectively.

Percentages of temperature/precipitation differences
between consecutive 31-year periods due to frequency

changes and within-type changes of the large-scale cir-
culation types, respectively, have been estimated on the
basis of the corresponding absolute values. Accordingly,
the absolute values of the combined effect (frequency-
induced and within-type related) of each circulation type
have been used to determine the percentages of temper-
ature/precipitation differences that may be attributed to
individual circulation types.

Table I summarizes these percentages for the entire
period from 1780 to 1995, revealing that large parts
of the climatic variations must be ascribed to within-
type changes of circulation types. Except for April, they
account for more than 50% of both temperature and pre-
cipitation changes. This dominance is most outstanding
in July, with around 80%.

Figures 5 and 7, showing monthly time series for the
1780-1995 period, depict additional differences between
temperature and precipitation and between the four sea-
sons in the importance of frequency and within-type
changes of Central European GroBwettertypes for the
observed long-term climate changes. This appears more



481

00

00

00

| — Frequency-related January
Within-type-related
1+ = Combined
9 i
0_
B T e S L e me e o S S e e e AN S
1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 20
! April
0_
9 i
14
24+—T7T——T 77777777
1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 20
! July
0 A W
S;) i
1A
2+ T T T T T T T T T T T T T T T T T T T
1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 20
1
October
0_
%) i
14

= T T T T T T T T T T T T
1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

Figure 5. Cumulated Central European temperature differences between consecutive 31-year periods as well as those parts that can be ascribed

to frequency changes and within-type changes of the large-scale circ

ulation types from Figure 3. This figure is available in colour online at

www.interscience.wiley.com/ijoc

Table I. Percentages of the Central European temperature

and precipitation variations in the 1780—1995 period due

to frequency and within-type variations, respectively, of all
large-scale GroBwettertypes.

Temperature Precipitation

Frequency Within-type Frequency Within-type

January 46.8 53.2 36.3 63.7
April 55.6 44.4 544 45.6
July 17.9 82.1 22.1 77.9
October 443 55.7 447 553

clear-cut in Figures 6 and 8. During all months, for tem-
perature as well as for precipitation, there are distinct
decadal to multidecadal variations differing from one
case to the other. With the exception of July temperature
and January precipitation, in which there is a prevailing
dominance of within-type-related changes, all other cases
show multiple shifts, during the whole 215-year period,

between frequency-related and within-type-related pre-
dominance in accounting for the decadal-scale climate
variability in Central Europe.

January. Figures 5 and 6 show that the temperature
variations in the late 18th century, until around 1860, are
in accordance with the frequency changes of circulation
types, whereas afterwards, except for the cooling period
centred around 1930, within-type changes play the dom-
inant role for Central European temperature variations.
Specifically, the warming periods during the 20th century
are largely due to these internal changes of circulation
types.

For January precipitation, within-type-related varia-
tions are the predominant factor for nearly the whole
period. However, since the 1920s, there is an obvious ten-
dency that the increases in precipitation due to the within-
type changes are markedly weakened by the increasing
influence of frequency changes (Figures 7 and 8).

April. The marked long-term decrease in April tem-
perature from the late 18th century until around 1900 is
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Figure 6. Percentages of the Central European temperature differences between consecutive 31-year periods that can be ascribed to
frequency changes and within-type changes of the large-scale circulation types from Figure 3. This figure is available in colour online at
www.interscience.wiley.com/ijoc

likely related to within-type changes, whereas the sub-
sequent temperature increase is mainly due to frequency
changes of circulation types (Figures 5 and 6).

For April precipitation, periods with dominating influ-
ence of frequency changes are longer than those that are
likely related to within-type changes (Figure 8). How-
ever, the latter also contribute substantially to the overall
long-term positive trend in precipitation (Figure 7).

July. For July temperature variations, frequency chan-
ges of circulation types have only minor relevance
(Figure 6). However, during the second half of the
20th century they still begin to provide a warming
contribution before this becomes true for the within-type
part (Figure 5).

For July precipitation, we recognize an alteration
between periods with a distinct prevalence of within-type
changes and shorter periods with moderate predominance
of frequency changes (Figure 8). The sharp decline in
precipitation since the mid-20th century starts with a
frequency contribution before its recent acceleration due
to within-type changes (Figure 7).

October. During the first half of the 19th century
the opposite contributions of within-type and frequency
changes resulted in nearly constant Central European
temperatures (Figure 5). Afterwards, frequency changes
dominated for several decades (Figure 6), including both
for an initial cooling and a subsequent warming period.
The later 20th century temperature increase was mainly
due to within-type changes.

October precipitation reveals a distinct turning point
around 1880 (Figure 7), marked decadal-scale variabil-
ity in frequency-related and within-type-related per-
centages and opposite trends during the 20th cen-
tury (Figure 8) — declining percentages for within-type-
related parts and increasing ones for frequency-related
parts.

Up to now, results have focused on integrated effects
of all GroBwettertypes on Central European temperature
and precipitation. The following sub-section will address
particular GroBwettertypes with special importance on the
Central European context.

4.3.2. The influence of particular Grofiwettertypes.
Table II gives the percentages of the entire temperature
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Figure 7. Same as Figure 5 but for precipitation. This figure is available in colour online at www.interscience.wiley.com/ijoc

and precipitation changes that can be attributed to the
various circulation types during the 1780—1995 period.
It clearly shows that large parts of the observed tempera-
ture and precipitation change are linked to a very limited
number of circulation types. The most important ones,
with respect to temperature as well as precipitation, in
all the selected months are the westerly, southwesterly,
and northwesterly types. Additionally, northerly types are
somewhat important in July and southerly types in Octo-
ber.

Figures 9 to 12 provide the information (which was
given for the ensemble of all GroBwettertypes in
Figures 5 and 7) individually for some of these important
GroBwettertypes; additionally, their observed variations
in frequency and within-type characteristics are speci-
fied (climatic properties: Central European temperature
and precipitation linked to the occurrence of the corre-
sponding GroBwettertype; dynamic properties: intensity
and vorticity of this GroBBwettertype, see Section 3.2).

January. GroBwettertype W accounts for 32.1% of
January temperature variations between 1780 and 1995,
this value is even larger for precipitation, at 41.0%
(Table II). It plays a major part during the distinct

Table II. Percentages of the Central European temperature
and precipitation variations due to variations in the 10 main
large-scale GroBwettertypes in the 1780—1995 period.

Temperature
W SWNW L H N NEE SE S
January 32.1 263 3.8 1.2 25 03 14 33 163 12.7
April  19.0 183 16.0 45 6.8 13.1 53 54 43 7.0
July 13.1 0.0 63.0 0.0 6.5 168 0.6 0.0 0.0 0.0
October 23.8 39.5 89 25 24 09 0.0 48 4.2 129
Precipitation
W SWNW L H N NEE SE S
January 41.0 294 6.1 0.0 5.5 09 03 1.5 4.7 10.7
April  26.1 10.0 18.0 5.5 10.7 87 54 6.0 39 5.9
July 174 0.0 639 0.0 29 153 04 00 0.0 0.0
October 31.5 33.7 5.1 20 6.8 0.6 0.0 03 24 175

rise in temperature and precipitation (Figure 2) from
the late 19th to the early 20th century: according to
Figure 9(a), both quantities arising from this circulation



484

100
80 1
60 -
40 1
20 ]

0

%

Frequericy- relaie
W|th|n type related

January

w\/\

1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

100

- N\A%

%

40
20-

/”WV\

0

1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

100

80 -
60 -
40
20
()

%

v iy

July

1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

100

80 1
60 -

%

0 U

A

October

A

1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

Figure 8. Same as Figure 6 but for precipitation. This figure is available in colour online at www.interscience.wiley.com/ijoc

type increase during this time due to corresponding
within-type changes (increasing values of the circulation-
type-related indices for intensity, vorticity, temperature,
and precipitation). However, the earlier warming period
during the mid-19th century (Figure 2) was mainly due
to GroBwettertype SW, especially to its marked increase
in frequency around this time (Figure 9(b)). Despite
its subsequent decrease in frequency, SW additionally
contributed to the second warming period mentioned
above owing to its increase in within-type parameters
during the early 20th century (Figure 9(b)).
Additionally, the long-term upward trend in January
temperatures and precipitation totals are further sup-
ported by corresponding developments of Grof3wettertype
S (Figure 9(c)), whose within-type parameters are mostly
seen to rise since around 1820. Finally, GroBwettertype
SE (Figure 9(d)) contributes indirectly to the long-term
positive trend in Central European January tempera-
tures since the mid-19th century: it showed a long-term
decline in frequency, thus reducing the occurrence of
its typical conditions of below-normal winter tempera-
tures in Central Europe. The cooling that followed after
~1930 (Figure 2), however, was again primarily due to

within-type changes of W and SW (Figure 9): decreasing
values of circulation-type-related indices for temperature
and intensity, at first for W, one decade later for SW.

April. GroBBwettertype W, one of the most important
types for climate variations in April (Table II), accounts
for the distinct changes during the first half of the 19th
century (temperature decrease combined with rainfall
increase, see Figure 2). This was essentially realised by
within-type changes, in particular, an increase in vorticity
concomitant with corresponding changes in precipitation
(increasing) and temperature (decreasing) linked with the
occurrence of this circulation type (Figure 10(a)). Addi-
tionally, GroBwettertype SW (Figure 10(c)) contributed
to the declining April temperatures by decreasing fre-
quencies and its own reduced temperatures.

The next period of distinct climate change of April
during the first half of the 20th century (starting with
a rainfall increase followed by a warming interval, see
Figure 2) is linked with different mechanisms. Rising
precipitation is mostly due to GroBwettertype W, the
most important one for April rainfall variations (Table II),
at this time operating by increased frequency as well
as slightly rising vorticity. The subsequent temperature
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Figure 9. (a)—(d) Upper two panels in each quarter: Cumulated Central European January temperature and precipitation differences between

consecutive 31-year periods that can be ascribed to a particular circulation type, to its frequency changes, and to its within-type changes. Third

to fifth panels in each quarter: Frequency and within-type changes (see Section 3.2 for definitions) of the corresponding circulation type. This
figure is available in colour online at www.interscience.wiley.com/ijoc

increase is mainly due to increasing within-type tem-
peratures and rising frequencies of GroBwettertype W
(Figure 10(a)), supported by within-type warming of SW
(Figure 10(c)) and NW (Figure 10(b)).

The latter type also accounts for the longer-term
tendencies of decreasing temperature and increasing
precipitation between the 1850s and 1920s, primarily

due to its rising trend in vorticity (Figure 10(b)). A fur-
ther contribution during this period comes from low-
ering frequencies of the anticyclonic GroBwettertype H
(Figure 10(d)).

July. Climatic variations during July are primarily
linked with GroBwettertype NW, accounting for 63.0%
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Figure 10. (a)—(d), same as Figure 9, but for April. This figure is available in colour online at www.interscience.wiley.com/ijoc

and 63.9% of temperature and rainfall variations in
Central Europe, respectively (Table II). Thus, the tem-
poral developments of these variables (Figure 2) recur
in Figure 11(a) with respect to circulation-type-related
temperature and precipitation. In contrast to within-type
changes, frequency changes are of minor importance,
but they mostly act in the same sense, thus somewhat
amplifying the integrated NW effect. The anti-phase rela-
tionship of decreasing temperature with increasing rain-
fall and vice versa comes to an end by the mid-20th

century, both for NW-related indices (Figure 11(a)) as
well as for the Central European climate in general
(Figure 2). As for NW, this refers to the late change
to recent warming being attributable to a preceding sec-
ondary vorticity maximum. With Figure 2, this refers to
an early rainfall decrease after 1950 being attributable
to decreasing frequencies as well as within-type precip-
itation of GrofBwettertype W (Figure 11(b)). The con-
comitant cooling was less developed than expected from
NW since GroBwettertype N (Figure 11(c)) increased in
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Figure 11. (a)—(c), same as Figure 9, but for July. This figure is available in colour online at www.interscience.wiley.com/ijoc

frequency and maintained a high temperature level. The
prior period experienced substantial long-term changes
in N vorticity (increasing during the second half of the
19th century, decreasing afterwards), but their climatic
effects remained secondary owing to low frequencies of
N (Figure 11(c)).

October. The most important GroBwettertypes for cli-
mate variations in Central Europe during this month are
SW and W, accounting for between 23.8 and 39.5%

(Table II) of the variance. Their long-term frequencies
develop in an opposite manner from around 1860 (oscilla-
tory decrease/increase for SW/W, see Figure 12). Central
European temperatures decline during the 1860—1880
period and slowly rise thereafter (Figure 2), which is
largely due to the SW-related temperature indices that
generally covary with SW intensity (Figure 12(a)). The
declining frequencies of this circulation type would lead
to a slight temperature decrease, which is, however,
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Figure 12. (a)—(c), same as figure 9, but for October. This figure is available in colour online at www.interscience.wiley.com/ijoc

overcompensated during the 20th century by the within-
type warming of SW. A somewhat earlier temperature
increase is due to the inclusion by Growettertype W of
a frequency-related contribution and slowing down in its
within-type part during the 20th century (Figure 12(b)).

Rainfall conditions in Central Europe are marked
by various minima and maxima, the most outstanding
occurs around 1880 (Figure 2). It is due to several
influences: a broad peak of rainfall contribution from

W, including frequency-related and within-type-related
parts (Figure 12(b)), a smaller peak from SW exclusively
caused by within-type deviations (Figure 12(a)), and
finally an additional effect arising mainly from increasing
vorticity of S (Figure 12(c)). Further, rainfall maxima
and minima from Figure 2 recur in the SW-related
precipitation indices, reflecting within-type changes that
are in general accordance with the vorticity parameter
(Figure 12(a)).



5. DISCUSSION AND CONCLUSIONS

This study focussed on the importance of frequency and
within-type changes of atmospheric circulation types for
Central European climate variations during the last two
centuries. Varying internal characteristics of circulation
modes are a major factor in synoptic climatology (Barry
and Perry, 1973) and have been investigated for differ-
ent regional domains, e.g. North America (Brinkmann,
1999), the British Isles (Perry and Barry, 1973), and
Scandinavia (Chen, 2000; Linderson, 2001). For the
European region, this topic was addressed with several
approaches: Beck (2000) referred to particular periods
in comparison (1780-1860 and 1915-1995), Jacobeit
et al. (2001a) identified various 30-year periods since
1780 with different composites for the same circulation
patterns, Beck et al. (2001) and Jacobeit er al. (2003)
revealed continuous changes of dynamic and climatic
properties within major atmospheric circulation modes.
The major advancement of the present study is the direct
link to regional climate variations for a period of more
than 200 years. Central European temperature and pre-
cipitation changes have been decomposed into two parts;
one part is due to frequency changes of large-scale atmo-
spheric circulation types, and the other part is caused
by (dynamic and climatic) changes within these circula-
tion types. This was achieved by applying a particular
decomposition scheme (Barry and Perry, 1973) to histor-
ical station data for climate (Jacobeit et al., 1998) and to
an objective classification, into GroBwettertypes (Beck,
2000), of reconstructed monthly mean SLP grids back to
1780 (Jones et al., 1999b).

Reliability of results depends directly on the recon-
struction quality of the SLP data set, which is highest for
the central grid points and decreases towards the periph-
eral regions, in particular, during the early decades of the
study period (Jones et al., 1999b). Therefore, it is a great
advantage in this investigation that circulation typing and
vorticity estimation are based exclusively on central grid
points of the SLP data set. Only the estimation of the
intensity indices partly includes peripheral grid points.
Thus, temporal intensity variations may partly be biased
by constraints of the marginal SLP data during the early
reconstructed decades.

A major outcome from this study is that large parts of
the low-frequency variations in Central European climate
cannot be explained sufficiently by varying frequencies
of circulation types, roughly one half of these varia-
tions — even up to 80% during July — have to be ascribed
to varying internal properties of some major circula-
tion types (mainly NW in summer, W and SW during
the other seasons). The actual percentages of frequency-
related and within-type-related climate changes are vary-
ing not only between seasons and variables but also in
each case — on decadal to multidecadal time scales. This
means that relationships between large-scale atmospheric
circulation patterns and regional climates are charac-
terised by substantial non-stationarities, which should be
considered in every kind of downscaling approaches that
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are used for transferring such relationships to periods with
changed boundary conditions for the atmosphere.

Furthermore, those parts of regional climate variations
that are due to within-type changes of major circula-
tion types can only partly be derived from corresponding
variations in dynamic properties (vorticity, intensity) of
these circulation types. Remaining parts may originate
from different sources, including the following impor-
tant ones: (1) subgrid-scale phenomena, like orographi-
cally induced rainy systems, not being resolved by the
reconstructed SLP grids (5° latitude by 10° longitude),
(2) synoptic-scale variations that cannot be resolved with
monthly mean data, such as variations in persistence
and transition frequencies of major circulation types,
and (3) variations in climatic boundary conditions affect-
ing areas from which advection takes place for par-
ticular circulation types. North Atlantic SST variations
are a prominent example for which Jones et al. (1999a)
have shown a significant correlation with temperatures
on the Scilly Isles on days with Lamb weather types,
implying advection from SW to NW. Those parts of
the within-type variations in temperature and precipita-
tion (Figures 9—12) that are unexplained by dynamical
parameters of the corresponding circulation types should
include substantial contributions of source area boundary
conditions to the resulting variations in Central European
climate — objectives that have to be analysed in forth-
coming studies.

In the context of recent global warming during the
last decades, one might suspect that there should be a
systematic increase in percentages of within-type changes
due to changed climatic boundary conditions in response
to enhanced greenhouse forcing of the climate system.
However, results have shown that there is no significant
trend in this direction, i.e. the particular ways that
the increased forcing by greenhouse gases (Houghton
et al., 2001) seems to affect both frequency and within-
type changes are yet to be investigated in more detail.
Concerning the attribution of observed variations to man-
made climate change, such advanced analyses would
require particular model studies.

At this stage, we have an objective identification of
the influence of frequency and within-type changes of
major circulation types on Central European climate on
a time scale that substantially exceeds reanalyses periods
of roughly half a century. The study period of more than
two centuries allowed obtaining results in varying cir-
culation—climate relationships that would not have been
possible on the basis of periods of only a few decades.
Therefore, the objective of reconstructing gridded fields
of circulation parameters back into historical times is
important for extended analyses on dynamic climatology.
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