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1  Introduction

Severe winter storms are among the most destructive mete-
orological hazards in Central Europe. Very intense winter 
storms such as “Lothar”1 (December 1999; e.g., Wernli 
et  al. 2002) or “Kyrill” (January 2007; Fink et  al. 2009) 
affect large areas and cause fatalities and widespread dam-
age. European winter storms resulted in total insured losses 
of about 50 bn US$ in 1970–2006 (Schwierz et al. 2010). 
In Switzerland, approximately 28 % of the total damages to 
property from natural hazards between 1991 and 2010 were 
due to storms (Imhof 2011).

Detailed analyses of individual recent, severe win-
ter storm events in Switzerland showed that these storms 
formed in specific large-scale flow environments (e.g., 
Wernli et al. 2002; Fink et al. 2009). The following large-
scale flow conditions were typically associated with the 
occurrence of strong windstorms that affected Switzerland. 
(1) A straight, strong jet over the North Atlantic (NA) is 
generally conducive to the occurrence of windstorms over 
Central Europe (Schüepp et al. 1994). In addition, the lati-
tudinal position of the jet is important, as a central posi-
tion of the jet stream over the NA increases the odds of 
high-wind events in Switzerland (Mahlstein et  al. 2012). 
This central position of the jet is associated with a neutral 

1  In this work, all storm names are as used by the German Weather 
Service.
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to positive phase of the North Atlantic Oscillation (NAO) 
and a neutral to positive phase of the East Atlantic pattern 
(EA) (Woollings et  al. 2010). (2) At the surface, synoptic 
weather situations concomitant with high wind speeds in 
northern Switzerland are often characterised by a strong 
pressure gradient over Central Europe, with a deep low 
pressure system located over Northern Europe, and the for-
mation of a secondary low that moves into the pre-exist-
ing pressure gradient over Central Europe (Schüepp et al. 
1994; Fink et al. 2009). These secondary low pressure sys-
tems typically form in the left exit area of the strong NA 
jet. (3) Positive sea surface temperature (SST) anomalies in 
the central NA played a crucial role in the formation and 
strengthening of the very intense winter storm “Lothar” 
(Wernli et al. 2002; Goyette 2011). The poleward transport 
of warm, moist air masses from the tropics and subtrop-
ics and the associated increase in the release of latent heat 
by extratropical cyclones can result in significant cyclone 
intensification (e.g., Fink et al. 2012).

Hazardous winter winds in northern Switzerland iden-
tified in the Twentieth Century Reanalysis (20CR) dataset 
(Compo et al. 2011) and in independent wind speed meas-
urements exhibited a pronounced interannual and decadal 
variability since the end of the nineteenth century (Welker 
and Martius 2013). The decadal variability has periods 
between approximately 36 and 47 years. At these decadal 
periodicities, the variability of hazardous winter winds in 
northern Switzerland was positively correlated with the 
winter NAO variability. The strength and statistical sig-
nificance of this co-variability was non-stationary and the 
low-frequency winter NAO variability was leading the low-
frequency hazardous winter wind variability in northern 
Switzerland by approximately 5 years. The former finding 
is in agreement with Matulla et al. (2008), who estimated 
geostrophic wind speeds in Europe in the late nineteenth 
and twentieth centuries using historic surface pressure 
readings, and who emphasised that the NAO index’s abil-
ity to explain European “storminess” varied with time and 
across regions. The ambiguous signal for Switzerland is 
related to the fact that Switzerland is situated at the inter-
section of the NAO nodal lines. To the north and to the 
south of Switzerland, the frequency of winter storms has 
most prominently been modulated by the NAO (e.g., Raible 
2007; Pinto et al. 2009; Nissen et al. 2010). For example, 
most of the winter storm days in Germany between 1961 
and 2000 occurred during the positive phase of the NAO 
(Donat et  al. 2010). By contrast, positive NAO phases 
were generally associated with a decrease in the frequency 
of winter storms over the western Mediterranean region 
in 1957–2002 (Nissen et  al. 2010). Because Switzerland 
is located between these regions, it is an open question to 
what extent and how the NAO modulates the frequency of 
winter storms in Switzerland.

In summary, our current knowledge regarding the large-
scale atmospheric and SST conditions that accompany the 
occurrence of hazardous winter storms in Switzerland is 
mainly based on detailed analyses of few recent, severe 
winter storm events. Using the novel 20CR dataset, it is 
possible to corroborate and extend these findings to a larger 
storm sample, including historic windstorms. Furthermore, 
the 20CR allows investigating the processes that govern 
the variability of winter storms over Switzerland on inter-
annual and decadal time scales, which are so far poorly 
understood. It is important to further our understanding of 
the processes that govern the variability of winter storms 
over Switzerland in order to improve seasonal to decadal 
predictions and to assess if the variability patterns are influ-
enced by anthropogenic climate change.

Hence, based on atmospheric reanalysis data from the 
20CR and SST data from the Hadley Centre Sea Ice and 
SST (HadISST) dataset (Rayner et  al. 2003) we aim to 
address the following questions:

1.	 What are the large-scale atmospheric flow and SST 
conditions associated with hazardous winter winds 
in Switzerland during the last 140  years on synoptic, 
interannual, and decadal time scales?

2.	 What is the link between large-scale teleconnection 
patterns over the North Atlantic and Eurasia and the 
variability in hazardous winter winds in Switzerland?

2 � Data

Our investigations are based on the global 20CR ensem-
ble dataset (Compo et  al. 2011) and the global HadISST 
dataset (Rayner et al. 2003) for the period 1871–2008. The 
20CR ensemble of 56 members currently spans 1871–2012 
and the data are available every 6 h on a 2° × 2° latitude–
longitude grid (interpolated from a spectral grid). Consider-
ing the whole 20CR ensemble (rather than only the ensem-
ble mean) allows us to give an uncertainty estimation for 
our findings. Monthly SST and sea ice fields from the Had-
ISST dataset are available in 1°  area grids for the period 
1870–present. This dataset was used to set the boundary 
conditions for the computation of the 20CR.

To examine the relationship between hazardous winter 
winds in Switzerland and the large-scale atmospheric cir-
culation, we use (1) the station-based December to March 
(DJFM) NAO index (Hurrell 1995) from 1864 to present 
and (2) monthly indices of teleconnection patterns over the 
NA and Eurasia dating back to 1950 from the Climate Pre-
diction Center (CPC) based on the rotated principal com-
ponent analysis (RPCA) technique used by Barnston and 
Livezey (1987). We use only those NA and Eurasian tel-
econnection patterns that are considered physically relevant 
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according to Franzke and Feldstein (2005). These pat-
terns are the NAO, EA, East Atlantic/West Russia pattern 
(EA/WR), and the Scandinavia pattern (SCA). Barnston 
and Livezey (1987) called the EA/WR “Eurasian pattern 
Type 2” and the SCA “Eurasian pattern Type 1”. For each 
of the indices, seasonal means for all extended winter sea-
sons (DJFM) in 1951–2008 are computed.

3 � Methods

3.1 � Wind loss potential

A simple measure is used to quantify the local loss poten-
tial associated with high wind speeds, referred to as wind 
loss potential (WLP) (see Welker and Martius 2013 for 
details). The winter WLP is computed by summing the 
cubes of the wind speeds that exceed the loss-relevant, 
local annual 98th percentile of the wind speed (see also 
Klawa and Ulbrich 2003; Emanuel 2005). We calculate the 
WLP using near-surface (0.995-sigma level) wind speeds at 
6-hourly intervals from the 20CR ensemble. By using the 
local annual 98th percentiles of wind speed, the adaption 
of buildings, infrastructure, forest, etc. to local wind condi-
tions is taken into account. The WLP is summed over the 
20CR Switzerland grid cells (6°E–10°E, 46°N–48°N) for 
each extended winter season (DJFM) in 1872–2008 and for 
each 20CR ensemble member.

3.2 � Objective surface cyclone identification

We apply the objective cyclone identification scheme of 
Wernli and Schwierz (2006) to the global mean sea level 
pressure (MSLP) data of each of the 20CR ensemble mem-
bers. A cyclone is defined as the finite area that surrounds a 
local MSLP minimum bounded by a closed MSLP contour. 
The required minimum (maximum) length of the contour 
is 100 km (6,750 km). Cyclones over high mountains (i.e., 
where the 20CR orography exceeds 1,500 m a.s.l.) are dis-
carded due to the significant extrapolation that is necessary 
for the calculation of MSLP in these regions. The output 
of the cyclone identification algorithm is a binary field for 
each time step indicating the presence of surface cyclones 
at each grid point. Seasonal averages of cyclone frequency 
are computed for all DJFM seasons in 1872–2008 and 
for each of the 20CR ensemble members in the following 
way: for each 20CR ensemble member, the binary fields of 
cyclone presence are first aggregated to monthly cyclone 
frequency fields, which correspond at every location to the 
percentage of time steps that the grid point is located within 
a cyclone. Based on these monthly cyclone frequency 
fields, seasonal averages are computed for all DJFM sea-
sons and for each of the 20CR ensemble members.

4 � Results

4.1 � Synoptic time scale

The large-scale meteorological conditions and the SST 
distribution associated with the ten strongest hazardous 
wind events in Switzerland are investigated. In this section, 
large-scale meteorological conditions are analysed based 
on atmospheric fields at 6-hourly intervals from the 20CR 
ensemble dataset at the time when the top ten hazardous 
wind events in Switzerland occurred; the SST fields from 
the HadISST dataset which are only available at a monthly 
resolution are an exception.

The events are selected based on the 20CR ensemble 
mean time series of 6-hourly WLP for the Switzerland grid 
cells from 1871 to 2008 during DJFM (Table 1). The list 
includes recent, well-known destructive winter storms like 
“Vivian” (February 1990; Schüepp et al. 1994), “Wiebke” 
(March 1990), “Lothar” (December 1999; Wernli et  al. 
2002), and “Kyrill” (January 2007; Fink et al. 2009). The 
list also contains intense historic events, such as a storm in 
March 1876 described by Scott (1877).

Figure 1a shows cyclone frequencies over Europe during 
the top ten winter WLP events in Switzerland. The compu-
tation of the cyclone frequencies shown in Fig. 1a was dif-
ferent from the computation of seasonal cyclone frequency 
averages described in Sect. 3.2. For each of the ten events, 
we first computed the ensemble mean cyclone field. Then, 
we calculated the composite mean of the ten ensemble 
mean cyclone fields. From this composite the local climato-
logical mean DJFM cyclone frequency for 1872–2008 was 
subsequently subtracted.

The top ten hazardous wind events in Switzerland were 
associated with a high surface cyclone frequency to the 

Table 1   The ten most extreme 6-hourly WLP events in Switzerland 
for the period 1871–2008 (only DJFM) based on the 20CR ensemble 
mean

Given is the date of the event as well as the name and/or reference of 
the associated windstorm

Rank Year Month Day Storm name and/or reference

1 1990 3 1 “Wiebke”

2 1999 12 26 “Lothar” (Wernli et al. 2002)

3 1990 2 27 “Vivian” (Schüepp et al. 1994)

4 1916 2 16 listed in Lamb (1991)

5 1876 3 12 Scott (1877)

6 2003 1 2 “Calvann”

7 2007 1 18 “Kyrill” (Fink et al. 2009)

8 1916 2 15 listed in Lamb (1991)

9 1970 2 13 –

10 1912 1 7 listed in Lanz-Stauffer and Rommel 
(1936)
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north of Switzerland and a low cyclone frequency in the 
Mediterranean area (Fig.  1a). This spatial displacement 
between the cyclones’ centres (i.e., MSLP minima) and the 
associated hazardous wind fields is systematically present 
in the 20CR dataset for all cyclones in a domain north of 
Switzerland (Fig.  2). Moreover, the cyclones that passed 
to the north of Switzerland at the points in time of the top 
ten winter WLP events in Switzerland were anomalously 
intense in terms of their cyclone centre MSLP (not shown).

There are two maxima in the cyclone frequency, one over 
the North Sea and the Baltic Sea and a second one over the 

Norwegian Sea (Fig. 1a). This pattern could arise from sec-
ondary cyclones forming to the south of primary cyclones or 
it could be the mix of a southerly and a northerly cyclone 
track. Visual inspection of the individual cases shows that the 
southern maximum in cyclone frequency over the North and 
Baltic Seas is in nine out of ten times not directly attributable 
to the occurrence of a secondary cyclone south of a primary 
cyclone. Rather, the two maxima in cyclone frequency are 
due to the existence of two preferred cyclone pathways.

Overall, the spatial cyclone frequency pattern resembles 
the pattern of winter cyclone frequency anomalies during 

Fig. 1   Composites of the instantaneous a surface cyclone frequency 
(%), b 500-hPa geopotential height (m), c 250-hPa wind speed 
(m  s−1), d SST (K), e 850-hPa temperature (K), and f precipitable 
water (kg m−2) in the European sector during the ten most extreme 
winter WLP events in Switzerland in the 20CR (Table  1). The col‑
our shade indicates the composite averages normalised by subtract-
ing the respective local climatological DJFM mean for 1872–2008 

(dashed contours). For the computation of the SST composites in d, 
we use monthly SST data, i.e. we consider the SST of the month of 
the respective event. The grey shade in d indicates the climatological 
mean DJFM sea ice coverage for 1872–2008, i.e. the relative fraction 
of sea ice in each grid cell ranging from >0 % (dark grey) to 100 % 
(light grey) in 10 % steps. Switzerland is outlined in each panel
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the positive phase of the NAO (Gulev et al. 2001; see also 
Figs. 5a, 7b), although the pattern is shifted to the southeast 
as compared to the pattern associated with the NAO. Indeed, 
of the ten selected winter storm events in Switzerland, nine 
occurred during a positive phase of the monthly NAO index.

At mid-tropospheric levels, the geopotential height 
was considerably decreased to the north of Switzerland, 
approximately in the region of enhanced surface cyclone 
frequency, and increased to the southwest of Switzerland 
(Fig. 1b). This resulted in a substantial southward shift and 
eastward extension of the extratropical jet stream over the 
East Atlantic and Western/Central Europe compared to the 
climatology (Fig. 1c). In the climatological mean the jet is 
located between 50°N and 60°N at 10°W and even further 
north at 10°E (dashed contours in Fig. 1c). The composite 
mean jet on the other hand is located between 45°N and 
50°N over the East Atlantic and Central Europe. Concomi-
tantly, the lower-tropospheric meridional temperature gra-
dient was increased between the British Isles and the west-
ern Mediterranean (Fig. 1e).

The selected winter storm events were further accom-
panied by positive anomalies in precipitable water content 
over large parts of continental Europe (Fig. 1f). This posi-
tive anomaly was located approximately 4°–6° north of the 
strongest positive lower-tropospheric temperature anomaly 
and at the southern edge of the eastward extended jet.

Finally, the high-wind events in Switzerland were 
accompanied by anomalously high SSTs in the East Atlan-
tic adjacent to northern Spain, France, and British Isles, in 
the North and Norwegian Seas, and in the western/central 
Mediterranean. Furthermore, the high-wind events were 
associated with anomalously low SSTs in the eastern Medi-
terranean and Black Sea (Fig. 1d).

It is interesting to see how the ten most extreme WLP 
events are related to the seasonal WLP values discussed in 
the next sections. In total, nine storm events occurred dur-
ing winters with positive WLP anomalies in Switzerland 
(Fig.  3). A high winter WLP anomaly can result from a 
few very strong winter storm events or from frequent but 
weaker storm events. The interannual variability in DJFM 
WLP for Switzerland since 1871 was primarily governed 
by strong winter storm events. The DJFM WLP correlates 
best with the frequency of events (per DJFM) with high 
WLP values, i.e. values greater than the seasonal 75th per-
centile of all DJFM WLP values (1871–2008, all 20CR 
ensemble members). The median of the statistically signifi-
cant correlation coefficients across all ensemble members 
is 0.95. By contrast, the correlation of the DJFM WLP with 
the frequency of events with low WLP values (i.e., values 
greater than 0 m3 s−3 and less than or equal to the seasonal 
25th percentile) is weak, with an ensemble median correla-
tion coefficient of 0.23.

4.2 � Interannual time scale

The winter WLP time series for Switzerland exhibits pro-
nounced year-to-year variability (Fig.  3). The aim of this 
section is to establish a link between the interannual winter 
WLP variability and the large-scale atmospheric and SST 
environment in the NA and European sectors, and to exam-
ine the relationship with important teleconnection patterns 
over the NA and Eurasia. In this study, the winter-to-winter 
variability is referred to as interannual variability.

4.2.1 � Large‑scale atmospheric and SST environment

The time series of the standardised 20CR ensemble mean 
winter WLP for Switzerland in 1872–2008 serves as 
basis for identifying winter seasons with anomalously 
low WLP (denoted WLP−; marked in blue in Fig. 3) and 

Fig. 2   Cyclone MSLP minima (cross) relative composites of mean 
cyclone frequency (%; dashed contours) and WLP (102 m3 s−3; col‑
our shade). The composites are calculated for boxes of 16°  longi-
tude × 16° latitude centred around all cyclone MSLP minima identi-
fied in a domain north of Switzerland (4°W–20°E, 48°N–58°N). They 
represent the averages over all 6-hourly time steps in 1871–2008 
(only DJFM) and all 20CR ensemble members. Note the non-linear  
colour scale

Fig. 3   Standardised 20CR ensemble mean DJFM WLP for Switzer-
land in 1872–2008 (solid curve and filled areas; left y-axis). Squares 
mark the winters in which the most extreme WLP events in Switzer-
land (Table 1) occurred. The dashed curve indicates the 36–47 year 
variability in the time series of the standardised 20CR ensemble mean 
DJFM WLP for Switzerland (based on a wavelet analysis technique, 
following Welker and Martius 2013; right y-axis)
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anomalously high WLP (denoted WLP+; marked red). We 
then compute differences between composites for WLP+ 
winters and composites for WLP− winters for the same 
atmospheric and oceanic variables as discussed above 
(Fig. 4).

The mid-tropospheric flow during WLP+ winters was 
characterised by a positive geopotential height anom-
aly to the south/southwest of Switzerland and a nega-
tive geopotential height anomaly to the north, resulting 
in an anomalously strong meridional mid-tropospheric 

geopotential gradient over the East Atlantic and Western/
Central Europe (Fig. 4b). At the same time, the upper-level 
jet stream extended eastward into Central Europe during 
WLP+ winters (Fig.  4c). At the surface, the cyclone fre-
quency decreased to the south of Switzerland and increased 
to the north during WLP+ winters (Fig. 4a). The increased 
cyclone frequency to the north of Switzerland during 
WLP+ winters was further associated with decreased mean 
DJFM cyclone centre MSLP (not shown). The cyclone 
frequency maximum over the North and Baltic Seas that 

Fig. 4   Differences between composites for WLP+ winters and com-
posites for WLP− winters (i.e., WLP+−WLP−) of a mean DJFM 
surface cyclone frequency (%; dark grey grid cells show regions 
where the 20CR orography exceeds 1500  m a.s.l.), b mean DJFM 
500-hPa geopotential height (m), c mean DJFM 250-hPa wind speed 
(m  s−1), d mean DJFM SST (K), e mean DJFM 850-hPa tempera-
ture (K), and f mean DJFM precipitable water (kg  m−2) in the NA 
and European sectors for 1872–2008 (colour shade). Note the non-
linear colour scales. Grid boxes are marked with grey dots where the 
samples for WLP+ winters and the samples for WLP− winters have 

significantly different distribution means at the 5 % significance level, 
according to a Wilcoxon rank-sum test (e.g., Wilks 2006). Dashed 
contour lines give the climatological mean for DJFM and 1872–2008: 
cyclone frequency in %, 500-hPa geopotential height in m, 250-hPa 
wind speed in m s−1, SST and 850-hPa temperature in °C, and pre-
cipitable water in kg m−2. The grey shade in d indicates the climato-
logical mean DJFM sea ice coverage for 1872–2008, i.e. the relative 
fraction of sea ice in each grid box ranging from >0 % (dark grey) to 
100 % (light grey) in 10 % steps. The location of the European sector 
(square) and Switzerland are marked in each panel
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shows up in the composite for the ten strongest hazardous 
wind events in Switzerland (Fig.  1a) is not present in the 
composite for the interannual time scale (Fig. 4a).

WLP+ winters were associated with an increased merid-
ional gradient in lower-tropospheric temperature southwest 
of the British Isles, and hence increased baroclinicity in 
this region (Fig.  4e). In addition, lower-tropospheric tem-
peratures were higher over Switzerland and large parts of 
continental Europe and the adjacent seas, and lower over 
Greenland/northern NA and Northeast Africa/Arabian 
Peninsula. High WLP winters were associated with posi-
tive precipitable water anomalies over Switzerland and 
large parts of Europe (Fig. 4f). Hence, “stormy” winters in 
Switzerland were not only characterised by above-average 
lower-tropospheric temperatures in Switzerland, but they 
were also anomalously “wet”.

High WLP winters were associated with anomalously 
high SSTs along the east coast of Canada (a region char-
acterised by climatologically strong SST gradients), in the 
East Atlantic, and in the western Mediterranean. Negative 
SST anomalies were present in the northern NA, the sub-
tropical NA, and in the eastern Mediterranean and the Red 
Sea (Fig. 4d). As a consequence, meridional SST gradients 
were slightly stronger than normal southwest of the British 
Isles.

In conclusion, similar large-scale atmospheric and oce-
anic conditions were conducive to hazardous wind speeds 
in Switzerland on both synoptic and interannual time 
scales (Figs.  1, 4). The corresponding atmospheric and 
SST patterns resemble a NAO-like pattern displaced to the 
southeast. It is therefore interesting to investigate the link 
between the NAO and the WLP in more detail.

Fig. 5   Analogous to Fig. 4, but shown here are differences between 
composites for NAO+ winters and composites for NAO− winters 
(i.e., NAO+−NAO−) of mean DJFM a surface cyclone frequency, 

b 500-hPa geopotential height, c 250-hPa wind speed, d SST, e 850-
hPa temperature, and f precipitable water in the NA and European 
sectors for 1872–2008
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4.2.2 � Link to teleconnection patterns over the NA 
and Eurasia

The atmospheric flow and SST anomalies discussed in the 
previous section are first compared to the winter NAO pat-
tern in more detail. For this comparison, it is important to 
look into both the temporal correlation of the NAO and 
WLP indices and into the associated spatial patterns. To 
this end, differences between the composites for winters 
with positive station-based NAO indices (NAO+) and com-
posites for winters with negative NAO indices (NAO−) are 
computed for the period 1872–2008 (Fig. 5).

Overall, the winter NAO composites are similar to the 
winter WLP composites for Switzerland (Fig.  4) with 
three important exceptions: (1) the differences between 
the NAO+ and NAO− composites are larger in amplitude 
and the statistically significant areas are spatially more 
extended as compared to the WLP difference patterns, 
(2) the NAO anomaly maxima and minima are in general 
located northwest of the WLP anomaly maxima and min-
ima, and (3) the jet is more tilted and located further north 
in the NAO difference patterns.

The temporal correlation of the NAO with WLP is inves-
tigated next. The correlation coefficients between the time 
series of the winter WLP for Switzerland for the different 
20CR ensemble members and the time series of the station-
based winter NAO index are relatively low (Fig. 6a), with 
an ensemble median correlation of 0.33 for the whole 20CR 
period. The spread between individual ensemble members 
is a measure of the uncertainty. The correlation between the 
winter WLP for Switzerland and the station-based winter 
NAO index is higher for the period 1951–2008 (ensemble 
median R = 0.46), and the RPCA-based mean winter NAO 
index correlation is higher yet (ensemble median R = 0.5) 
(Table  2). The correlations show an increasing tendency 
from low values (R < 0.2) in the 1960s/1970s to high val-
ues in the 1980s/1990s (R > 0.6).

The ensemble median correlation with the mean winter 
EA index is 0.31 for 1951–2008 (Table 2). The correlations 
for the EA were lower than the correlations for the NAO 
most of the time and showed a similar increasing tendency 
since the 1960s/1970s (Fig. 6b).

The question arises as to whether, in addition to the 
NAO and the EA, teleconnection patterns over Eurasia are 
suitable to better explain the interannual variability. Can-
didates are the EA/WR and SCA, both of which affect the 
position and the strength of the jet over Europe (Fig. 7). To 
understand the connection between these low-frequency 
patterns of variability and the WLP in Switzerland on a 
process basis, their link to the surface cyclone frequency 
over the NA and European sectors is investigated. The spa-
tial pattern of the temporal correlations between the inter-
annual variability of the winter WLP in Switzerland and 

the winter surface cyclone frequency during 1951–2008 is 
shown in Fig. 7. The NAO cyclone correlation pattern bears 
the strongest resemblance to the WLP cyclone pattern com-
pared to the correlation patterns for the other mean winter 
NA and Eurasian teleconnection pattern indices considered 
here.

A linear regression analysis (e.g., Wilks 2006) is applied 
to model the relationships between different combinations 
of RPCA-based mean winter NA and Eurasian teleconnec-
tion pattern indices (explanatory variables) and the winter 
WLP time series for Switzerland (dependent variable). The 
regression is performed for each ensemble member for 
moving 21-year periods in 1951–2008. To evaluate the lin-
ear regression model, we use the mean squared error (MSE) 
statistic (Fig. 6c) and the adjusted coefficient of determina-
tion (adjusted R2) (Fig.  6d), which takes into account the 

Fig. 6   a Time series of the correlation coefficients between the 20CR 
ensemble DJFM WLP for Switzerland and the station-based DJFM 
NAO index for moving windows of 21 winter seasons in 1872–2008. 
Box plots give the minimum, lower quartile, median, upper quartile, 
and maximum of the ensemble distribution. The filled areas denote 
the ensemble median. b Median of the distribution of the correlation 
coefficients between the 20CR ensemble DJFM WLP for Switzerland 
and the RPCA-based mean DJFM NAO index, EA index, EA/WR 
index, and SCA index, respectively, for moving 21-year periods in 
1951–2008. c–d Evaluation of a linear regression model where the 
dependent variables are the 20CR ensemble DJFM WLP time series 
for Switzerland and the explanatory variables are different combina-
tions of the RPCA-based mean DJFM teleconnection pattern indices. 
Shown are the median of the distribution of MSE (109 m3  s−3) and 
adjusted R2 statistics, respectively, for moving windows of 21 winters 
in 1951–2008
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fact that the coefficient of determination increases with the 
number of explanatory variables included in the model. 
A small value of the MSE and a high adjusted R2 statistic 
indicate a suitable model.

When the mean winter NAO index is used as a sin-
gle regressor, the MSE is relatively stable until the 
1970s/1980s. Then, the MSE increases abruptly and 
decreases more slowly afterwards (Fig.  6c). The MSE of 
the linear model improves considerably in the period since 
the 1970s/1980s if the mean winter EA index is used as 
an additional regressor. Combinations of three explana-
tory variables in the linear model—where the first regres-
sor is the mean winter NAO index, the second is the mean 
winter EA index, and the third is either the mean winter 

Table 2   Median of the distribution of correlation coefficients 
between the 20CR ensemble DJFM WLP time series for Switzerland 
and the station-based DJFM NAO index, RPCA-based mean DJFM 
NAO index, EA index, EA/WR index, and SCA index, respectively

All calculations are made either for the entire period 1951–2008 or 
using a moving window of 21 winter seasons for this period

Index R for 1951–
2008

Minimum and maximum R 
for moving 21-year periods, 
1951–2008

Station-based NAO 0.46 0; 0.61

RPCA-based NAO 0.5 0.09; 0.65

EA 0.31 −0.19; 0.54

EA/WR −0.2 −0.41; −0.16

SCA −0.42 −0.58; 0

Fig. 7   a Spatial patterns of the ensemble median temporal correla-
tion (1951–2008) between the mean DJFM surface cyclone frequency 
at each grid cell in the NA and European sectors and the DJFM WLP 
for Switzerland (colour shade). Only statistically significant correla-
tions at the 5  % significance level are plotted, and only for regions 
where the 20CR orography is below 1500 m a.s.l. Contour lines indi-
cate statistically significant correlations (ensemble median |R| ≥ 0.4) 

between the DJFM WLP for Switzerland and the mean DJFM 250-
hPa wind speed. Analogously, the other panels show the correspond-
ing spatial patterns of temporal correlations of the mean DJFM sur-
face cyclone frequency (250-hPa wind speed) with the RPCA-based 
mean DJFM b NAO index, c EA index, d EA/WR index, and e SCA 
index. The location of the European sector (square) and Switzerland 
are marked in each panel
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EA/WR index or the mean winter SCA index—result in a 
marginal improvement of the MSE. Overall, the NAO-EA-
EA/WR combination gives the best results. Similar find-
ings are obtained if the adjusted R2 statistic is used to eval-
uate the quality of the model (Fig. 6d). As with the MSE, 
the adjusted R2 improves considerably in the period since 
roughly the 1970s/1980s if the EA is used as a regressor in 
addition to the NAO.

In summary, the correlation of the NAO and the EA 
with the interannual winter WLP variability in Switzerland 
varied considerably over time. Together, the NAO and the 
EA explain 26 % of the year-to-year variability in winter 
WLP in Switzerland for the period 1951–2008 and up to 
55 % for moving 21-year periods in 1951–2008. Incorpo-
rating additional teleconnection patterns over Eurasia into 
the regression model increases the explained variance only 
marginally.

4.3 � Decadal time scale

The winter WLP time series for Switzerland exhibits not 
only pronounced year-to-year variability but also statisti-
cally significant variability at decadal time scales, namely 
at periodicities of approximately 36–47 years (Welker and 
Martius 2013). We use the wavelet transform as a bandpass 
filter to isolate decadal-scale variations in the time series 
of the standardised 20CR ensemble mean winter WLP for 
Switzerland from 1872 to 2008 (see Torrence and Compo 
1998 for technical details). This wavelet-filtered time series 
(dashed curve in Fig.  3) serves as a basis for identifying 
decades of low and high winter WLP in Switzerland. Note 
that the absolute amplitude of the bandpass-filtered WLP 
time series is affected by the zero padding at the begin-
ning and end of the time series during the filtering proce-
dure. The sign of the standardised time series, however, is 
robust and winters with negative (positive) values in the 
bandpass-filtered, standardised time series are classified as 
low (high) WLP sub-periods. The low WLP sub-periods 
are 1879–1900, 1922–1942, 1963–1982, and 2003–2008. 
The high WLP sub-periods are 1872–1878, 1901–1921, 
1943–1962, and 1983–2002. We then compute composites 
of atmospheric and oceanic variables for the two phases of 
the decadal WLP variability, subtract the negative from the 
positive composite, and determine the statistically signifi-
cant differences (Fig. 8).

The resulting spatial patterns for the decadal-scale win-
ter WLP variability in Switzerland resemble the winter 
NAO variability patterns (Fig.  5) more strongly than the 
patterns for the interannual winter WLP variability in Swit-
zerland (Fig.  4). For example, the SST anomaly patterns 
are very similar to the SST anomaly patterns associated 
with the winter NAO variability. However, compared to the 
winter NAO variability patterns, the decadal winter WLP 

variability patterns are also displaced eastward and equa-
torward. As is the case on interannual time scales, the jet 
over Western/Central Europe is located further south and 
is more zonal in the decadal winter WLP variability com-
posites than the winter NAO variability composites. Dur-
ing high WLP sub-periods, Switzerland was located at the 
southern edge of the southward-displaced jet.

5 � Discussion and conclusions

This study focuses on the link between the variability in 
hazardous winter winds in Switzerland since the late nine-
teenth century and the large-scale atmospheric flow condi-
tions and SST environment, respectively, in the NA basin. 
Using the 20CR, this link is investigated for the ten strong-
est wind events in Switzerland and for both the interan-
nual and decadal-scale variability of hazardous winds. 
The important role of the strength and the position of the 
extratropical jet in the formation of strong winter storms 
that affect Switzerland was discussed in the introduction, 
as were the roles of surface cyclone positions and SST 
anomalies in the NA. The most extreme winter WLP events 
in Switzerland in the 20CR dataset were accompanied by 
flow conditions similar to those discussed in previous stud-
ies, namely an increased (decreased) cyclone frequency 
to the north (south) of Switzerland at the surface, and at 
upper-tropospheric levels by a southward shifted, eastward 
extended, and zonally oriented extratropical jet stream over 
the East Atlantic and Western/Central Europe. The vari-
ability in winter WLP for Switzerland on interannual scales 
was associated with a large-scale atmospheric and SST 
spatial pattern similar to a southeastward-displaced NAO-
like pattern with a zonally oriented and eastward-extended 
jet. The spatial pattern for the decadal-scale variability of 
winter WLP in Switzerland at periodicities of 36–47 years 
is overall closer to the winter NAO variability pattern. 
This is in agreement with Welker and Martius (2013), 
who found that the winter WLP variability in Switzerland 
was positively correlated with the variability in the winter 
NAO index at periodicities of 36–47 years, even though the 
strength of the co-variability varied over time.

We further assess the link between WLP variability and 
teleconnection patterns over the NA and over Eurasia. We 
expect a link to the NAO and the EA because the occur-
rence of high winds in Switzerland is associated with the 
position of the extratropical jet stream (Mahlstein et  al. 
2012), which is in turn affected by the NAO and the EA 
(Woollings et  al. 2010). Together, the NAO and the EA 
explain 26  % (up to 55  %) of the interannual variability 
in hazardous winter winds in Switzerland for the period 
1951–2008 (for moving windows of 21 winter seasons). 
Considering additional physically relevant Eurasian 
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teleconnection patterns in the regression model, i.e. the 
EA/WR and SCA, only marginally increases the explained 
variability.

The correlation between the interannual variability in 
winter WLP for Switzerland and the winter NAO and EA 
was non-stationary and care therefore has to be taken in 
drawing conclusions from recent data. Indeed, in the more 
recent past, correlations between the winter WLP in Swit-
zerland and the NA teleconnection patterns increased con-
siderably. The WLP was also very high during this period, 
reaching the highest values during the entire 20CR time 
period. In recent decades, the NAO has exhibited a pro-
nounced positive trend, moving from mainly low values in 
the 1960s to predominantly high values in the 1990s (Hur-
rell 1995). This trend in the NAO index was accompanied 

by a distinct eastward shift of the northern centre of action 
of the NAO (Hilmer and Jung 2000). This eastward shift 
was unprecedented during the twentieth century and 
resulted in distinct changes in the interannual climate vari-
ability associated with the NAO (Jung et al. 2003).

On the decadal time scale, Welker and Martius (2013) 
found a phase shift of approximately 5 years, with the win-
ter NAO index variability leading the winter WLP variabil-
ity in Switzerland. This indicates that a high winter WLP 
in Switzerland was generally associated with a positive 
but decreasing winter NAO index. Hanley and Caballero 
(2012) came to similar results for synoptic time scales. 
They found that the most extreme windstorms affecting 
continental Western Europe typically occurred 2 days after 
the peak of strong positive anomalies in the NAO. The 

Fig. 8   Analogous to Fig.  4, but shown are differences between the 
composite averages for low sub-periods and high sub-periods (i.e., 
high–low) of the decadal-scale winter WLP variability in Switzerland 
(see text for definition) of mean DJFM a surface cyclone frequency, 

b 500-hPa geopotential height, c 250-hPa wind speed, d SST, e 850-
hPa temperature, and f precipitable water in the NA and European 
sectors in 1872–2008
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NAO dipole pattern had then moved eastward over Europe 
and was associated with a deep low-pressure system over 
Scandinavia. At upper levels, the eastward shift of the NAO 
pattern was accompanied by a persistent cyclonic Rossby 
wave breaking event in the north and an anticyclonic wave 
breaking event in the subtropics. The associated momen-
tum fluxes resulted in an intensified and zonally elongated 
jet stream over the NA (Hanley and Caballero 2012). On 
longer timescales, Wang and Magnusdottir (2012) found a 
very similar synoptic pattern to be responsible for the east-
ward shift of the NAO. They observed that the eastward 
shift of the northern node of the NAO during the winters 
of 1978–1997 was accompanied by a northeastward shift 
of the region of frequent cyclonic Rossby wave breaking at 
high latitudes.

In summary, the eastward shift of the NAO pattern dur-
ing the last decades of the twentieth century might explain 
the improved correlation between the interannual winter 
WLP variability in Switzerland and the winter NAO vari-
ability. The eastward shift occurs during the transition from 
the peak positive value of the NAO towards a neutral state 
of the NAO, which potentially explains the phase shift 
between the NAO and the WLP on decadal time scales.

The results of this study raise a number of interesting 
questions that we aim to address in future studies:

1.	 An anomalously high winter WLP in Switzerland was 
associated with an increased meridional gradient in 
SST and lower-tropospheric temperature in the NA 
sector southwest of the British Isles and thus increased 
baroclinicity in this region. However, deducing cause 
and effect is very difficult since the SST anomalies 
could be generated by changes in Ekman pumping 
induced by changes in large-scale surface wind stress 
patterns (e.g., Marshall and Plumb 2008).

2.	 Diabatic processes can play an important role in the 
formation and intensification of very intense extratrop-
ical cyclones (e.g., Wernli et al. 2002; Fink et al. 2012; 
Ludwig et al. 2013). The positive SST anomalies in the 
East Atlantic, as well as the positive moisture anoma-
lies over Western and Central Europe during high WLP 
winters in Switzerland, have the potential to intensify 
these diabatic processes. It would be interesting to 
investigate how important the enhancement of diaba-
tic processes through these positive SST and moisture 
anomalies was for the intensity of cyclones affecting 
Switzerland.

3.	 Closely related to the previous point is the question 
regarding the source of the positive moisture anomaly 
over Europe. The positive SST anomalies could con-
tribute to the moisture anomalies. However, the shape 
of the positive moisture anomaly over Europe during 
high WLP winters and its co-alignment with the south-

ern flank of the jet stream suggests that the moisture 
anomaly might have formed through large-scale advec-
tion from the tropics.

Addressing these questions will require (idealised) 
experiments with coupled atmosphere–ocean models and 
moisture source calculations using trajectories.
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