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Abstract The aim of this study is to determine the influ- in extreme weather and climate events (Cubasch et al 2001;
ence of atmospheric circulation on the recently observe@€hristensen et al 2007), although little is known about the
changes in the number of warm days and cold days in Euaature of the changes in the associated temperature extreme
rope. The temperature series for stations in the Europedfor a better understanding of these changes, it is relepant t
Climate Assessment and Dataset project and the Grosswé¢arn which mechanisms are affecting the temperature ex-
terlagen (GWL) were used here. The temperature series weiremes, which is an issue under increased attention (Klein
first adjusted for global warming before determining the in-Tank and Kénnen 2003; Tebaldi et al 2006; Scaife et al 2008;
dices for cold and warm extremes. Jones et al 2008).

The 29 GWLs were grouped in ten circulation types.  Several groups analysed the observed changes in tem-
Then the number of days a certain circulation type occurregerature extremes for individual stations or countrieg (se
was determined for each winter (December, January and Fehg. Tuomenvirta et al 2000; Moberg et al 2000; Yan et al
ruary) and summer (June, July and August). The relation be2002; Moberg et al 2006), but it is not known how the trends
tween the circulation type frequencies and the temperaturie extremes are related to large-scale circulation over Eu-
indices was modelled with a multi-regression fit over the perope. With the start of the European Climate Assessment
riod 1947-1974 and tested for the period 1974-2000. (ECA) daily dataset the spatial coverage of high-resotutio

The difference between the observed indices and the cdlime series has increased (Klein Tank et al 2002; Klok and
culated indices in the second period (using the fit coeffiKlein Tank 2008). The daily resolution, the large number of
cients for the first period) shows a warming effect for bothstations and its nine climate variables make the ECA dataset
winter and summer, and for at least the warm day indexan excellent dataset to be used in studies on climate extreme
which is unaccounted for by the global warming trend. Aover the whole European region.
simple snow model shows that variations in the European Changes in large-scale circulation patterns over Europe
snow cover extent is likely influencing the cold and warminfluence the temperatures (see e.g. Bardossy and Caspary
day indices in winter: there is a correlation between the de1990; Werner and von Storch 1993; Corti et al 1999; Chen
creasing trend of the snow cover extent in Europe and th2000; Xoplaki et al 2003; Cahynova and Huth 2009). Per-
increasing (decreasing) trend of the number of warm (coldhaps the best known example is the influence of the North
days for stations throughout Europe. Atlantic Oscillation (NAO, traditionally characterizeg the
sea-level pressure difference between Iceland and thee&yor
on European temperatures, which has been studied by, e.g.
Dorn et al (2003), Rauthe and Paeth (2004), and Stephenson
et al (2006).

Surface air temperatures in most European regions have in- Baur et al (1944) defined a circulation type as a mean air
creased during the last century. This warming is projecte@ressure distribution over an area at least as large as &urop

to continue and it is likely to be accompanied by change€\nY given circulation type occurs normally for at least tare
days during which the main weather features remain mostly

Royal Netherlands Meteorological Institute (KNMI), PO B@01,  constant over Europe. After this there is a rapid transition
3730 AE De Bilt, The Netherlands E-mail: besselaar@knmi.nl to another circulation type. These Grosswetterlagen (GWL)

1 Introduction




Table 1 The GWLs belonging to a certain circulation type (Circ)

as the number of days per season that the temperature is be-
low the 10th percentile of the temperature distribution for

Circ GWL [ Circ GWL | Circ  GWL ] ) ) & VISHIIL

W Wa_ | Low 1M E fEa the station under consideration (T10p). This distributi@s
Wz N Na HFz determined over the time period 1961-1990. The warm day
Ws Nz HNFa index is the number of days the temperature is above the

sw stvvx\;a :m;‘ e "S'Ezz 90th percentile of this distribution (T90p). We have usesl th
SW2 HB SEz minimum (TN), mean (TG) and maximum (TX) tempera-

NW  NWa ™ | S Sa ture distributions to calculate the six indices per statiod

. NWz | NE NEa Sz per season.
High g,'\\/l" NEz R?N The ECA dataset consists at present of over 400 sta-

tions for each temperature series, which are quality con-
trolled (Klein Tank et al 2002; Klok and Klein Tank 2008).
To determine the time period for our research, we deter-

can therefore be used for weather regimes for the whole Ghined the number of stations that have more than 80% non-

Europe and the North-East Atlantic. This classification sysmjssing temperature indices in each interval. Furthermore

tem was later revised and updated by Hess and Brezowslgye are interested in trends in recent decades, so therefore

(1952, 1969, 1977) and Gerstengabe et al (1999).
In this paper we will use the GWLs in combination with ber of good stations is approximate]y constant.

the number of warm and cold days in a season at stations

in the ECA dataset as indices for temperature extremes. The

aim of our study is to determine how the large-scale circu2.3 Method

lation influences the reported trend patterns of tempegatur o
extremes over Europe. To do this we will derive a relation N temperature series in the ECA dataset are, of course,

between the temperature indices and the frequency of tHPt adjusted for global warming. Because we would like
GWLs for one period, and we will apply this to a secondt determine the influence of the circulation types on tem-
period to see if this relation still holds and explains the ob Perature extremes excluding the effect of global warming,

we decided to take the period 1947-2000 in which the num-

served changes in the temperature indices, or if other fa¢V® néeded to adjust the temperature series for this compo-
tors than circulation play a role. We will account for the nent before starting our research. To do this, we have taken

influence of global warming by first adjusting for this be- the HadCRUT3 monthly global temperature anomalies from
fore starting our analysis. Section 2 describes the data arféfohan et al (2006). For each day we have subtracted the
methods used, Sect. 3 shows the results and Sect. 4 giveresponding global monthly temperature anomaly from

the conclusion and discussion including a short study on thi€ minimum, mean and maximum temperature. Due to the
influence of the snow cover extent in Europe. temporal variability of the global temperature anomalies o

short time scales, we assume that it is justified to use the
monthly average for correcting daily observations. These
adjusted temperature series were then used as input for the
calculation of the adjusted cold day and warm day indices.
The name "adjusted indices” is used to refer to the indices
based on the temperatures adjusted for global warming.

In this study we made use of the GWLs for the period 1947— These series are fit with a multi-parameter linear fit to the
2000. The GWLs classification system consists of 29 typesirculation types. This was done separately for the winter
and are given as one type per day. For the purpose of o@nd summer seasons, and also separately for each station.
study, we grouped them to ten so-called circulation types i he equation used is

the same way as the major types in Bardossy and Caspagy_ cO-W+cl-SW+c2-NW+c3-N+c4-NE+

(1990), see Table 1. For each winter (December, January and .

February (DJF)) and each summer (June, July and August C5-E+6- SE+C7-S+c8-Low+c9-High, (1)

(JJA)) we determined the number of days each circulatiowhere T stands for the (adjusted) temperature index anomaly
type occurred. with respect to the period 1961-1990 (one value per station

per year per seasor)0—9 are the coefficients (one value
per coefficient per station per season) and the number of
days the indicated circulation type occurred (one value per
year per season).

From the ECA daily dataset we have determined the cold A weighted function (using one or zero) was used to de-
day and warm day indices. The cold day index is calculatedive the best fit coefficients. If an index value for a certain

2 Data and methods

2.1 Circulation

2.2 Temperature indices
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Fig. 1 Patterns of explained variance by the fit over 1947-1%74 i winter (DJF) and summer (JJA) by using the adjusted esliEG10p and
TG90p. Red points indicate an explained variance higher 5086, while blue points indicate an explained variance fawan 50%. The values
in the upper right corners are the explained variances dEthiepean averaged series

station was missing, that year was excluded from the leas8 Results
square analysis for the best coefficients determinatiamadf t

station.
We use equation (1) on the temperature extremes and deter-

The time period under consideration was split in two.mined the coefficients for the adjusted temperature indices
The first half (1947-1974, calibration period) was used taf TN, TG and TX for both the winter and summer periods.
determine the above mentioned multi-parameter linear fithe European averaged index series were used as input as
between the circulation types and the (adjusted) indices sgyell.
ries. We have varied the break year 1974 between 1970 and
1980 and the fit results are approximately the same, so we All the patterns for the indices based on TN, TG and
decided to use two almost equal length periods. The sedX are approximately the same, so therefore we only show
ond interval (validation period) was used as a testing pethe ones for the indices based on TG. Figure 1 shows the
riod to determine if the influence of the separate circufatio explained variance by the fit (period 1947-1974), which is
types on the temperature indices determined for the first pén general better for the winter season than for the summer
riod still holds and thus explains the changes in the indiceseason. The values of the explained variance for the Euro-
This was done by determining a possible trend in the difpean averaged adjusted TG10p series ar@%3winter)
ference between the observed adjusted indices and the fittedd 297% (summer), and for the European averaged ad-
adjusted indices over the second period which would indijusted TG90p series 74% (winter) and 49% (summer). It
cate a change in the influence of the circulation types. Thean also be noted that the adjusted warm day index (TG90p)
significance of the resulting trends is shown by taking the racan be explained better by circulation type frequencies tha
tio between the slope of the fitted linear line and the stashdarthe adjusted cold day index (TG10p). For the winter season,
deviation of the slope. the explained variance is highest in the central European re
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Fig. 2 Patterns of coefficients for circulation type East in winl@dF) and summer (JJA) by using the adjusted indices TG18pT&90p. Red
points indicate a positive influence of the circulation typethe adjusted cold day or warm day index, while blue pointicate a negative
influence

gions, while lower in the southern and northern regionss Thirelatively warm North Atlantic Ocean onto the continent. In
division is less pronounced or even absent in summer. summer this circulation type will result in slightly lessldo

Figure 2 shows the values of the fit coefficient corre-days and warm days over central Europe.
sponding to circulation type Easty) over Europe using the In the same way we established that circulation type South
adjusted TG10p and TG9O0p series. This figure demonstratefecreases the number of cold days in winter and that cir-
how circulation type East is contributing to the adjusteldico culation type North decreases the number of warm days in
day and warm day indices in both winter and summer. Thigummer.
shows that in case of an increase in frequency of the occur-

rence of circulation type East there will be more cold days The regression coefficients of eq. (1) are based on the

L . . é)eriod 1947-1974. To determine the extent to which this
in winter. This can be understood because the air transport . . e .
relation can reproduce the adjusted indices over the period

gglglg?:;lfﬁlgzstzg e(gfﬁ;rzgglqgf;’) from polar regions (501974—2000, we have taken the difference between the ob-
' served adjusted indices and the calculated adjusted mdice
Over southern Europe the number of warm days will in-Tnese differences show an increase with time for nearly all
crease in winter, while for the northern part the number willgtations over the 1974—2000 period. A linear line was fitted
decrease. In summer, the number of warm days will increasg) these differences and the trend of this line divided by the
over central Europe, but decrease over eastern Europe by Cifiandard deviation is shown in Fig. 3. The weighting of the
culation type East. trend with the standard deviation gives the significance of
For circulation type West, almost the opposite result ighis trend, with values>1 (<—1) corresponding to confi-
seen for the largest part of Europe in winter (not shown)dence levels of>68% that the null-hypothesis of a trend by
This type will result in less cold days and more warm dayshance can be rejected. Almost all points in Fig. 3 are red,
in winter, which is not surprising from air transported oger indicating a warming effect. This means that the observed
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Fig. 3 Patterns of coefficients for the ratio of the slope and thesttainty on the slope for the linear fit to the index minus takeglated index
from the fit results for winter (DJF) and summer (JJA) and tiiested indices TG10p and TG90p. The colour coding is suatrtd indicates a
warming trend

trends in the number of warm days and cold days, even whelypes in that season. The patterns of the values of the coeffi-
adjusted for the rise in global mean temperature, cannot baents (e.g. Fig. 2) show how the corresponding circulation
explained by a changing frequency in the occurrence of cirtype influences the adjusted indices. The fit was determined
culation types only. One or more other mechanisms are inper station and per season over the period 1947-1974.

fluencing the temperature indices as well. For the period 1974—2000 we have analysed the value of
the adjusted index minus the calculated index using the fit
coefficients for the period 1947-1974. A linear trend was
fitted to this difference. To determine how significant the

The daily temperature series from the ECA dataset (Kleirifend is, the ratio between the slope and the standard devia-
Tank et al 2002) were used in this study. To adjust for thdion of the slope of the linear line is shown in Fig. 3. Over
trend due to global warming, the corresponding momhbﬁlmost_entlre Europe, the analysis for both_adj_usted TG10p
global temperature anomaly (Brohan et al 2006) was sub@”d adjusted TG90p, an_d fqr both seasons |r_1d|cates awarm-
tracted from each daily temperature. These adjusted seridfd trend. These results |nd|cat_e awarmer climate than What
were used to calculate the number of cold days and warfyould be expected on the basis of the frequency of the cir-
days per season (index) based on minimum, average asylation types alone, even when the global warming effectis
maximum temperature series. Because the fit results for migccounted for. This suggests one or more additional effects

imum, average and maximum index series are approximatefylich increase the European temperatures.

the same, we decided to concentrate on the average temper- This warming trend is most likely due to a different re-

ature indices (TG10p and TG90p). sponse of the circulation types to the adjusted indices for
The adjusted indices per season were fitted with a multithe second period than for the first period. One hypothesis

parameter linear model to the frequency of the circulatiorthat may explain the different relation between circulatio

4 Conclusion & Discussion
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types and temperature extremes in these two periods is that = L R
a smaller snow cover extent in northern and eastern Europe |
will lead to less cold air for circulation types transpogimir -
originating from the north and east compared to a situatior® | i
with a large snow cover extent. Brown (2000) has studied theiS I -
snow cover extent over Eurasia in October, March, and Apriré L - }
over the period 1915-1997 and concluded that there is in® e

deed evidence for a decrease in March and April snow coveﬁ = N }
extent over the last decades. Also, Dye (2002) concluded | e e S SO F

that the snow-free period in the Northern Hemisphere is in*

creasing over the period 1972-2000. This might contribute |

to the warming trend seen in Fig. 3. 10 P EP R I
In Fig. 4 we have shown Europe average trends to give 1980 1990 2000

an idea about the influence of the frequency of circulation Year

types on the observed trends in temperature extremes in Wiflig. 4 The relative contributions of several factors to the obsery

ter, assuming that before 1974 everything could be expﬂlainetrend in the number of cold days (below zero) and in the nunolber

: : arm days (above zero). The green, solid lines show the tasrab-
completely. To derive these trends, we have determined th\éésrved in the non-adjusted index. The red, dotted lines shewrend

average cold day and warm day _indices over Europe fogontribution due to global warming. The blue, dashed lifessthe
which the whole procedure described above was done agcumulated contributions of global warming and our fit @¢hrcula-

well. The lines above zero Correspond to the warm day intion‘types. The uncertainies are for 2000, which are skgstifted for
dex (increasing trends) and the lines below zero to the cold®™

day index (decreasing trends). The Lincertainty bars are

for the year 2000 which are slightly shifted for clarity. The

green, solid lines show the trends in the indices themsglvegsing the available temperature and precipitation inferma
without any adjusting or fitting. The red, dotted lines showtion, due to the lack of long time series of snow cover extent
the trend in the indices due to global warming. This trend iSn Europe. We used the ENSEMBLES gridded dataset (E-
determined by taking the difference between the non-afjustobs) produced from the ECA station data which covers the
and adjusted European averaged indices and derive a linggériod 1950-2006 (Haylock et al 2008; Hofstra et al 2008).

line from that. The blue, dashed lines show the accumulated g e5ch grid box the water equivalent of the snow depth
trend of our fit and global warming combined. The differ- 45 determined by the following simple relations. When the
ence between the green and blue trends show the remalnnag”y mean temperature was belowO and the daily pre-
trend which is unexplained by global warming and our fit. cipitation was above 0 mm, it is assumed that all precipita-
~ Fromthisfigure, itis seen that the trends for the cold dayop, f4is as snow, and the amount of precipitation was taken
index (TG10p) are much smaller than for the warm day ins the water equivalent of the snow for that grid box and
dex (TG90p). Furthermore, the trend in TG10p itself is very,yqed to the amount of the previous day. If on a following
sensitive for the exact period over which it is calculatéeb (t day the temperature was still below’G, but with no pre-
lower green, solid line). For example, using a starting yeagjpitation, the snow amount was unchanged. When the tem-
between 1970 and 1980, and keeping the ending year COBgrature rose above, we let the snow melt with a rate
stant at 2000, results in trends betwee®157 and+0.028 ¢ 4 5 mm water equivalent day °C~! (Braithwaite and

for TG10p. Together with the uncertainties on the cold dayzpang 2000). Although the melt rate is dependent on several
trends, we can conclude that the trends in the number of cold ~tors such as elevation. wind age of the snow, humidity.
days are too small for any conclusions. For the warm day ing|q,q cover, etc. (Greuell and Genthon 2003), we decided

dex this is not the case. Using the same range for the trend e this simple model and to keep the melt rate constant
calculation for TG90p results in trends betweeRBdl and 4y er time and location.

0.348, i.e. much more stable. In this case, the unexplained,
remaining trend is most likely true.

To determine the snow cover extent per day, we added
the area of the grid boxes in which there was snow present
for that day. This extent was then averaged over the winter
4.1 Snow cover extent period. The normalised time series of the snow cover ex-
tent is shown in Fig. 5. We compared the snow cover ex-
As a possibility for the unexplained, remaining trend, we in tent over the area between 22t 5CE and 20 to 70°N
vestigate here the influence of snow cover extent in Europavith the snow cover extent over the same area in the weekly
To do this, we decided to use a simple model for a snovdata set from the National Snow and Ice Data Center (Arm-
cover proxy to estimate the snow cover extent in Europe bgtrong and Brodzik 2005, updated 2007). This data set gives



A 1 Table 2 Correlation of the snow cover extent over Europe in winter
- r ] with the European averaged adjusted and non-adjustecemftic cold
r 1 and warm days

. Index Correlation

adjusted TG10p  0.731
adjusted TG90p  -0.783
TG10p 0.754
TG90p -0.824
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for each station as well as for the European averaged se-

Year ries. For comparison we have given the correlations for the

Fig. 5 Anomaly of the snow cover extent for the European region innon-adjusted indices also. The results for the European av-
winter eraged indices are given in Table 2. As an example for the
variation of the correlations over Europe we have shown in

: , , Fig. 6 the correlation of the adjusted cold day and warm day
80 :g%gfg‘?g;gg = —= indices with the snow cover extent over Europe in winter.

p~ adi T610p From this figure it is seen that the snow cover extent is most
likely influencing the cold and warm day indices over the

— whole European region, so snow cover extent might indeed

[}
Q
T

be a mechanism responsible for the observed trends in the
number of warm and cold days in Europe. We note that the
correlation factors for the non-adjusted indices are filjgh
higher than for the adjusted indices (Table 2). From this,
we can assume that the influence of the snow cover extent
is already partly accounted for by the removal of the global
warming trend. Although it seems that the snow cover extent
e has an influence on the temperature extremes, a more de-
80— 0% e —— —= tailed study including possible other causes, such as sea su
face temperature or soil moisture, is necessary to determin
if these mechanisms might explain the unexplained trend de-
scribed before.
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