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Abstract This paper proposes a new classification scheme of atmospheric cyclone tracks over Europe.
The cyclones are classified into nine types, based on the geographic regions, the cyclones traverse before
entering central Europe. The method is applied to ERA-40 data for 1961–2002, considering all significant
cyclones above a relative vorticity threshold. About 120 and 80 cyclone tracks per year are identified at sea
level pressure and 700 hPa geopotential height, respectively. About 25% are Atlantic type cyclones, 25%
emerge directly over central Europe, and another 25% originate from the lee of the Alps. The other types
are less frequent (Mediterranean 12%, Polar 7%, Continental 2%, and Vb 4%). The track types show distinct
characteristics in terms of cyclone intensity and cyclone life stage when entering central Europe. Cyclones
of type Vb are, on average, the most intense cyclones over central Europe and even more intense than
Atlantic cyclones in summer, pointing to their potential for generating extreme precipitation. The identified
cyclones account for 46%–76% of long-term precipitation in a focus region in central Europe. Precipitation
differs significantly between cyclones, with Atlantic and Vb cyclones producing the highest and Continental
and Polar cyclones producing the lowest long-term precipitation totals. The contributions of cyclone types
to total precipitation show distinct spatial patterns within central Europe. The new cyclone type catalog will
be useful for identifying the relevance of specific track types for precipitation extremes in central Europe
and analyze their temporal behavior in the context of climate change.

1. Introduction

Midlatitude cyclones play an essential role in maintaining the global atmospheric energy balance by the
exchange, transport, and transformation of mass, energy, and momentum. The cyclones are associated with
a range of local weather phenomena including extreme windstorms and precipitation. As early as 1891, van
Bebber recognized the role of a specific cyclone track type in generating heavy, large-scale precipitation
and winter snowstorms in central Europe [van Bebber, 1891]. He attributed several of these events to cyclo-
nes that propagate from northern Italy to Poland, leaving the Alps on the left (type Vb, read ‘‘five b’’). His
analysis was based on manually tracking barometric minima over time from surface weather maps for the
years 1876–1890, resulting in one of the first subjective classifications of cyclone tracks in the Atlantic-
European region. Some of the most devastating European floods have indeed been associated with Vb or
similar type cyclones such as the August 2002 flood [Ulbrich et al., 2003] and the June 2013 flood [Kummli,
2014; Schr€oter et al., 2014; Bl€oschl et al., 2013], as well as with Vc-type cyclones in eastern Europe [Apostol,
2008]. The Vc type is less well known and represents all cyclones propagating from south of the Alpine ridge
straight to the east. Renard and Lall [2014] related floods in Mediterranean France to geopotential heights
and found the temporal flood variability to be associated with a particular spatial pattern in the geopoten-
tial heights. On the other hand, gale-force winds in western-Continental Europe are usually caused by cyclo-
nes that propagate from the north-eastern Atlantic into Europe [Hanley and Caballero, 2012; Donat et al.,
2010], such as storm Kyrill in January 2007 and storm Lothar and Martin in December 1999 [Roberts et al.,
2014]. Clearly, the geographical region from where a cyclone enters Europe plays an important role in gen-
erating specific weather extremes.

One of the earliest classification studies (apart from van Bebber’s) focusing on dominant paths of cyclones
in the Northern Hemisphere was carried out by Klein [1957]. In a more recent study, Davis et al. [1993] classi-
fied cyclones over the north-western Atlantic Ocean into distinct types, based on the depression’s origin,
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track, and intensification during the storm’s lifetime. They defined eight types and analyzed them with
regard to their potential for coastal damages. This was probably the first study that directly related the
occurrence of hazardous weather events to specific classes of cyclones by considering the source regions
and tracks as input information for separating types.

A more objective analysis of track types in the Atlantic-European region was performed by Blender et al.
[1997], using a clustering approach to classify North Atlantic cyclones into three groups depending on the
average direction of movement of the storm (‘‘stationary,’’ ‘‘zonally,’’ and ‘‘north-eastward’’). Mediterranean
storm tracks may also be important as pointed out by Bengtsson et al. [2006] and Hoskins and Hodges
[2002], who identified a dominant cluster of intense winter cyclones ranging from the western to the east-
ern Mediterranean. A similar track type emerging from the North Mediterranean and propagating to the
east was identified by Dacre and Gray [2009] and Trigo et al. [1999]. Horvath et al. [2008] classified North
Mediterranean cyclone tracks into four types (‘‘Genoa,’’ ‘‘Adriatic,’’ ‘‘twin,’’ and ‘‘others’’) depending on the
region of origin, and Wernli and Schwierz [2006] found most central European winter cyclones to emerge
either in the north-eastern or the northern Atlantic region.

Thus, cyclones appear to occur along preferred atmospheric ‘‘streams,’’ with distinct thermodynamic and
dynamic characteristics. For example, cyclones emerging from the Genoa region are mainly deep depres-
sions at the most intense stage [Campins et al., 2006] with a large fraction of cold-core type cyclones
[Campins et al., 2011].

Notwithstanding the large number of tracking studies in the literature, we are unaware of any study that
focused on different types of cyclones propagating to central Europe. Such a stratified analysis would be
very useful for better understanding the role of cyclone tracks in generating high impact weather extremes
such as precipitation. The aim of this paper therefore is to present a new approach to classifying atmospher-
ic cyclones over Europe and relate the identified cyclones to long-term precipitation totals. The precipita-
tion analysis focuses on central Europe. Cyclone tracks are determined by the tracking procedure of Murray
and Simmonds [1991] and Simmonds et al. [1999] with some refinements for the purpose of this study.
Inspired by the early work of van Bebber [1891], the identification of track types is based on the geographic
regions the cyclones traverse before entering central Europe. The identification by region is motivated by
the expectation of preferred pathways of cyclones over Europe, so-called atmospheric streams. The result-
ing track types are analyzed in terms of within-type cyclone characteristics, including precipitation.

2. Developing a Classification of European Cyclone Tracks

2.1. Data
In this study, ERA-40 data [Uppala et al., 2005] are used, covering the time period January 1961 to August
2002. The temporal resolution is 6 h with a spatial resolution of 1.1258 (Table 1).

As atmospheric cyclones do not necessarily extend through the entire depth of the atmosphere and the
vertical axis of troughs can be tilted, cyclone tracks at different atmospheric levels may be different despite
being related to the same main trough. Tracks of Vb-type cyclones have traditionally been identified from
sea level pressure (SLP) using hand-drawn synoptic maps. However, surface pressure patterns are strongly
influenced by surface topography or boundary layer processes and may therefore contain short lived and
highly variable low-pressure systems, which are not relevant for significant weather events. At higher

Table 1. Overview of Data Used in This Study

Data Set Parameters Spatial Coverage Resolution Temporal Extent Source

ERA-40 Geopotential height and
relative vorticity at 700
and 500 hPa

Global Six-hourly, T159
(�125 km)

1 Sep 1957 to 31 Aug 2002 European Centre for
Medium Range Weather
Forecasting [Uppala
et al., 2005]

WETRAX precipitation Daily precipitation totals Germany, Austria (Switzerland
and Czech Republic in parts,
see Figure 10)

Daily, 6 km 3 6 km
regular grid

1 Jan 1961 to 31 Dec 2006 Hofst€atter et al. [2015]

Flood-related
precipitation
events

Significant precipitation:
date and rank

Major central European rivers River catchments 1 Jan 1951 to 31 Dec 2002 M€uller et al. [2009]
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atmospheric levels, the fields tend to be smoother, so tracks are more clearly defined. To better understand
the differences between levels, cyclones are investigated independently at two levels in this paper: at sea
level (using sea level pressure fields, SLP) and at the pressure level of 700 hPa (using the respective geopo-
tential heights, GPH700 or Z).

The ERA-40 data are interpolated to an equidistant 80 km 3 80 km grid by polynomials [Akima, 1978, 1996].
The final grid is centered on 58E and 508N, ranging from about 408W to 508E at 658N and 208W to 408E at
308N. In order to exclude small-scale or spurious systems, the data are filtered by a discrete spatial low-pass
filter [Freser and von Storch, 2005] that removes any structures smaller than 400 km, relaxes smoothly up to
1000 km, and lets all large scales pass through [see Hofst€atter and Chimani, 2012]. To understand the rele-
vance of the cyclone classification for precipitation, a focus region within central Europe is selected for pre-
cipitation analysis (Germany, Austria, and parts of Switzerland and the Czech Republic). The focus region is
embedded in a larger region, denoted as ‘‘Track Recognition Zone’’ (TRZ), to analyze precipitation with
respect to the cyclone types for all cyclones moving through TRZ. Daily precipitation data on a 6 km grid
are used (see Table 1) which, in case of Austria have been obtained from the Austrian Weather Service
(ZAMG; the GPARD-6 data set) [Hofst€atter et al., 2015] and for the remaining parts of the focus region from
the German Weather Service (DWD; the HYRAS data set) [Rauthe et al., 2013].

2.2. Cyclone Tracking
The detection and tracking of cyclones in this paper is based on the concept of Murray and Simmonds
[1991] and Simmonds et al. [1999] and modifications suggested by Pinto et al. [2005]. The tracking proce-
dure consists of four basic elements: (a) identification of significant cyclones at time tn, (b) prediction of a
subsequent cyclone position at time tn11, (c) association of cyclones between times tn and tn11 by scoring
the difference between the predicted (first guess, ‘‘FG’’) and all present cyclone positions (candidate points,
‘‘CP’’) from the data at time tn11, and (d) removal of spurious tracks. Similar to the authors mentioned above,
both closed and open depressions are considered. Additionally, the following refinements have been made
in the tracking procedure: (i) the association procedure not only considers the distance between FG and CP
but also the angle between the propagation vectors to FG and CP. (ii) Splitting and merging of cyclone
tracks is permitted, which is of importance in the classification where the tracks are investigated with regard
to their source region.

First, cyclones are identified by detecting local minima of geopotential height or air pressure. We identify
closed cyclones where pressure or geopotential height is lower than at the four surrounding grid points
and open cyclones where it is lower at three grid points and equal or higher at the fourth point. As a mea-
sure of intensity, geostrophic relative vorticity n is used for SLP and GPH700

nSLP5
1
qf
� r2p

� �
or nGPH5

1
f
� r2Z

� �
(1)

where f is the Coriolis parameter and q is the air density. All cyclones below a minimum intensity nmin are
disregarded. This threshold is set to 3:8 3 1025 s21 for open and 2:9 3 1025 s21 for closed systems in
the case of SLP and 3:5 3 1025 s21 and 2:6 3 1025 s21 in the case of GPH700. The intensity thresholds
are slightly higher than those of Pinto et al. [2005] and Lim and Simmonds [2007], which is consistent with
the calculation of r2p and r2Z within a comparatively small radius of 160 km. Only the most intense open
system along the same trough axis is considered in this study, whereas several systems have been consid-
ered by Pinto et al. [2005].

Second, the subsequent position (first guess, ‘‘FG’’) of a cyclone at time tn11 is predicted through a propaga-
tion vector Upred, calculated as two components. The first component, Upst, takes into account continuity in
cyclone propagation [Murray and Simmonds, 1991]. For existing tracks, Upst is therefore set to the previous
displacement vector, and for new tracks, the climatological cyclone propagation at the respective grid point
Upst is used. The climatological cyclone propagation is derived from an existing track catalog for the period
1961–2002 [Hofst€atter and Chimani, 2012] and updated here by the analysis of SLP. The second component
uses steering winds Ulow from the level of interest (700 hPa or SLP) as well as Uupp from the respective
upper level (500 or 700 hPa) referring to Simmonds et al. [1999]. Uupp; low is estimated as the associated
averaged gradient of p calculated within a radius of 320 km around the cyclone center in case of SLP and is
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approximated by the geostrophic wind vec-
tor Ugrd5f 21 ê33rZð Þ elsewhere. The two
components are weighted to obtain the pre-
dicted propagation vector Upred as given by
equation (2):

Upred5 12w1ð Þ � Upst1

w1 � w2 � Ulow1 12w2ð Þ � fred � Uupp
� �� � (2)

The weight w1 was set to 0.60 following
Simmonds et al. [1999], and w2 to 0.33
respectively, to put more emphasis on
upper level winds for the latter. The reduc-
tion factor fred accounts for the decrease of
wind speed from upper to lower atmo-
spheric levels [Simmonds et al., 1999]. ERA-
40 data over Europe suggest a typical ratio

of 0.65 between Ugrd at GPH500 and GPH700 (0.80 for GPH700 and SLP). For clarity, fred is set to 0.7 at
both levels.

Third, cyclones are connected between adjacent time steps tn and tn11, if the association score C is larger
than a threshold. This score is a measure of consistency between the candidate cyclone positions (‘‘CP’’) and
the predicted (first guess, ‘‘FG’’) position at time tn11 (see Figure 1). The concept of cyclone association using
scores is similar to that of Murray and Simmonds [1991] and Pinto et al. [2005], with the difference that here
not only the best candidate is selected to form a track, but all candidates with scores above the threshold
are selected. This entails the formation of cyclone splits and/or mergers for some tracks. As another refine-
ment, the score C is not simply the Euclidian distance between CP and FG but consists of two parts

C5Cdis1Cdir (3)

where Cdis is related to the distance (dis) between CP and FG and varies between 0 and 1. Cdir is related to
the angle hð Þ between the propagation vectors to FG and CP and varies between 20.15 and 10.25. To
avoid poorly defined angle scores for slowly moving cyclones, Cdir is reduced to zero if the distance
between CP and the cyclone location at time tn (see Figure 1) approaches zero (equation 4c). In this work,
Cdir is introduced to put more weight on a correct prediction of the propagation direction, to avoid cases
where a similar distance would lead to the same result although the direction might be very different. The
threshold of C, above which CPs are accepted to be connected to form a track, was set to 0.5 as a result of
extensive testing and comparison of tracks with well-documented case studies. The scores are calculated
by equation 4:

Cdis5
12

dis
dmax

� �2
" #2:5

0 � dis � dmaxð Þ

0 otherwiseð Þ

8>><
>>: (4a)

with dmax5450km1 255km 3tanh p 3
/

360

� �� 	
0� � / � 90�ð Þ (4b)

Cdir5 0:252
h

450

� �� 	
3tanh p 3

cdi
450

� �
0� � h � 180�ð Þ (4c)

where the units of dmax; dis; and cdi are km. Other studies used a constant value of the maximum associa-
tion radius dmax such as 420 km [Zahn and Storch, 2008]. In equation (4b), however, the maximum distance
depends on the latitude /, with values between 515 and 604 km (at 308N and 808N, respectively), to
account for faster moving cyclones at higher latitudes [e.g., Hewson and Titley, 2010] as higher velocities
usually imply larger prediction errors of FG. In equation (4a), a distance error of, say, 160 km for a cyclone at
latitude of 508N (dmax5555 km) gives Cdis50.8, and a directional error of, say, h545� and cdi 5 450 km gives
Cdir50:15. This would result in an overall association score of C50:95, which is above the minimum

Figure 1. Schematic showing the concept of cyclone association between
times tn and tn11 by assessing the distance (dis) between the predicted
cyclone position (FG) and a candidate cyclone (CP), the angle hð Þ between
the propagation vectors (dashed) of CP and FG as well as the distance
(cdi) between the cyclone position at time tn and a CP at time tn11.
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threshold of 0.5, so the candidate point would be connected. Although equation (4a) is adapted to the ERA-
40 data, it can be readily applied to other data at different spatial resolutions by changing the intercept
parameter in equation ((4a)b) from 450 to 550 km for the NCAR-NCEP1 data [Kalnay et al., 1996], and to
350 km for the ECMWF-ERA Interim data [Dee et al., 2011] as has been tested in this study (not shown).

In a last step, all tracks are screened to identify and remove very unlikely tracks. Such tracks may be the
result of weak gradient situations with several ill-defined cyclone centers moving around slowly and/or
erratically. A second type of spurious tracks occurs at SLP near major orographic features when a strong
flow aloft generates quasi-stationary troughs. Other studies [e.g., Sinclair, 1994, 1997] removed all ‘‘nonmo-
bile cyclones.’’ However, as the region over northern Italy is one of the most important cyclogenesis regions
in Europe [Trigo et al., 2002; Campins et al., 2011], in this study, such tracks are detected and excluded in a
more selective way. A track is considered as spurious if all of the following criteria apply: (i) short living
(� 48 h), (ii) weak intensity (n smaller than 33th percentile of all cyclones at the respective level), (iii) a short
total track length (<1000 km), (iv) low average cyclone velocity (<38 km h21), (v) frequent large changes of
propagation direction (>608 on average per track), and (v) track endpoint located close to the starting point
(<500 km). This method eliminated 17% of all tracks at SLP (11% at 700 hPa). Almost all of them are located
within well-defined regions south of the Alpine ridge over the Ligurian Sea, north of the Alps over southern
Germany or in the vicinity of the Carpathian Mountains in Romania (not shown).

2.3. An Illustrative Example
To illustrate the cyclone detection and tracking procedure, Figure 2 shows the tracks associated with a
major central European flood event in August 2002, with the day and time in UTC (ddhh) indicated.

Figure 2. Cyclone track analysis for the devastating central European flood event in August 2002 at (a–c) GPH700 and (d–f) SLP. (a and d)
Individual tracks with corresponding day and time in UTC (ddhh). Full and open circles indicate closed and open depressions, respectively.
Positions where cyclones were found at two time steps are indicated by crosses. (b and e) Time series of relative vorticity (equation (1)). (c
and f) Association score C (equation (3)) for the tracking of the first track at 700 hPa and the second track at SLP. The score is partitioned
into directional (white) and distance (black) components. Dotted line indicates threshold Cmin50:5 for connecting candidate points.
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The event is characterized by two individual tracks at both levels (top) interrupted at 12 UTC on 10 August.
For SLP (Figure 2d), this finding is consistent with Ulbrich et al. [2003] who also identified two separate
cyclones. At the level of 700 hPa (Figure 2a), the tracking routine also appears correct in providing two sepa-
rate tracks, as the cyclone approaching from the Atlantic had weakened over the British Islands and was fol-
lowed by a secondary cyclone developing in the lee of the Alps (Figure 2b). A further interesting case is
point 00 UTC on 13 August at SLP (Figure 2f) where the distance is well predicted (Cdis50:78) but the direc-
tion is more than 1208 off, as the cyclone changes its direction sharply. This results in a negative directional
association score (Cdir520:14), reducing the total score considerably although CP and FG are close to each
other. Clearly, direction adds important information to the total score, even though the total score is still
above the threshold in this particular case.

2.4. Synoptically Based Classification
In this section, all cyclones reaching central Europe (CE) are classified into nine types, motivated by the
expectation of preferred pathways of cyclone movement over Europe.

Separate geographical regions are defined and it is then checked whether a cyclone traverses a certain
region just before moving over CE. In this study, CE is represented by a ‘‘Track Recognition Zone’’ (TRZ)
which is set to 0.58E–23.98E and 42.38N–56.28N. Only those cyclones are considered in the following that are
located in TRZ for at least 18 h. The main idea of this geographical separation is the definition of reasonably
homogeneous areas with distinct climatic features, such as surface characteristics (ocean, land, and major
mountain ridges) and latitude. The separation of cyclones approaching from such different regions should
therefore allow the identification of track types that are systematically linked to high-impact weather
events. Vb-type cyclones, for example, often develop over Genoa, very close to TRZ, and should therefore
exhibit a higher relative vorticity than other track types when crossing CE.

The regions used in the classification (Figure 3) consist of the Subtropical, Atlantic, Polar, Continental, and
Mediterranean regions defining five track types (STR, ATL, POL, CON, and MED), which all enter TRZ from out-
side. Another two track types, X-N and X-S, include cyclones emerging from one of the major source regions
‘‘nas*’’ or ‘‘med*’’ (northern Adriatic Sea or Mediterranean Sea) located inside TRZ. These rather small regions
are important in terms of preferred Alpine lee-side cyclogenesis [Buzzi and Tibaldi, 1978; Pichler and Steinacker,
1987; Trigo et al., 1999, 2002; Campins et al., 2011]. Type X-N cyclones move to the north over the first 24 h in
contrast to X-S cyclones moving to the south during the initial phase. The eighth class includes Vb cyclones
which propagate from the region around northern Italy toward Poland, leaving the Alpine mountain range on
the left (Figure 3b). Based on van Bebber’s definition, three areas, ‘‘x(t0),’’ ‘‘x(tn),’’ and ‘‘in’’ are defined (Figure 3b),
and the criteria for tracks to be classified as type Vb are chosen as follows (all criteria must apply):

1. The track is within area ‘‘x(t0)’’ for at least one time step (48E–178E; 428N–468N).
2. At any later time step, the track appears in area ‘‘x(tn)’’ (148E–208E; 478N–558N).

Figure 3. Regions used for the classification of cyclone tracks: (a) geographical regions determining nine different track types. TRZ (Track
Recognition Zone). The small area (asterisk) in the northwest of TRZ indicates a region where newly emerging cyclones are assigned to
POL or ATL, depending on the initial propagation direction. (b) Regions defining track type Vb following the original route of van Bebber
(see main text for details).
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3. Any time between located in ‘‘x(t0)’’
and ‘‘x(tn),’’ the track appears in area
‘‘in’’ (128E–228E; 468N–528N).

4. There is an overall movement from
west to east between ‘‘x(t0)’’ and
‘‘x(tn).’’

The ninth class, TRZ, includes all tracks
originating inside region TRZ which
cannot be attributed to any other type.
An exception are cyclones emerging in
the small area (*) in the northwest of
TRZ (Figure 3a) which are assigned to
POL or ATL, if the average propagation
direction in the first 18 h is between
1458 and 2358 or 458 and 1358,
respectively.

The nine track types are assigned according to priority. Because of their relevance for flooding in central
Europe, Vb is set as the highest priority. Therefore, the tracks are first tested whether they qualify for type
Vb. If not, the track is subsequently tested for the other types (see Table 2). Track types X-N and X-S are set
as priorities two and three, respectively, because they originate from important cyclogenesis regions close
to CE.

In case of a track-complex, including cyclone mergers and/or splits, only the branch with the highest priority
(Table 2) is considered. For example, if a track Ti includes a single split, the track type is assessed for each of
the two subtracks Ti1 and Ti2 (Figure 4) independently, followed by identifying the primary track type by pri-
ority and only retaining the primary branch. Hence, all tracks considered in the following are single paths
without branches. Finally, due to their very low number, STR tracks are not considered further in the statis-
tics of this paper.

3. Track Type Characteristics

The new track type catalog offers a range of opportunities for investigating track type processes and
impacts. In this section, the analysis focuses on selected climatological characteristics of the track types.

3.1. A Brief Climatology of Tracks Types
The climatological track frequency and mean propagation direction for each track type at 700 hPa are
shown in Figures 5 and 6. Track frequency (shown as colors) is calculated as the number of cyclones that
have been recognized at each grid point during the period 1961–2002 for each track type. Yellow and red

Table 2. Cyclone Track Types

Priority Acronym Type

1 Vb van Bebber’s type ‘‘five-b’’
2 X-N Northward propagation, emerging from

nas* or med*
3 X-S Southward propagation, emerging

from nas* or med*
4 MED Mediterranean
5 STR Subtropical
6 ATL Atlantic
7 POL Polar
8 CON Continental
9 TRZ ‘‘Track recognition zone’’

All tracks emerging within TRZ
(except Vb, X-N, and X-S)

Figure 4. Procedure for identifying track type for split tracks (analogously for merge tracks).
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cells refer to areas with a particularly large number of track passages, i.e., hot spots. Arrows, indicating the
mean direction of cyclone propagation, have only been plotted for track frequencies above a threshold.
ATL-type cyclones usually approach directly from the north-eastern Atlantic turning to the northeast over
CE, with a pronounced frequency maximum over the southern parts of the North Sea. In contrast, Polar
tracks (POL) have their maximum over Denmark with a clear propagation from northwest to southeast. For
track type TRZ, there is no clear hot spot apparent, unlike most other types. A closer look at the synoptic sit-
uation during several major TRZ track events revealed that many of these cyclones originate over CE at SLP,
induced by a major upper level trough located over western Europe. This also explains the strong north-
ward component in the propagation of type TRZ cyclones.

The frequency map for Vb-type cyclones (Figure 6, top left) demonstrates that the current classification is very
close to the original Vb path as defined by van Bebber [1891]. These cyclones emerge between the first fre-
quency maximum near the Gulf of Lion and northern Italy and propagate to the northeast bypassing the east-
ern Alps, as intended by the classification (Figure 3b). Interestingly, there is a second maximum of cyclone
frequency to the lee of the eastern Alps (western Hungary/Slovakia). This maximum might be related to a sec-
ondary cyclogenesis region in the eastward lee of the Alps, which has not been mentioned by other authors
so far, presumably because this feature can only be seen when focusing on Vb-type tracks alone.

The frequency map for type X-S (Figure 6, bottom right) shows a very distinct region with numerous cyclone
tracks over north-western Italy. These cyclones directly emerge on the leeside of the European Alps and
propagate to the east into eastern Europe or to the southeast into the eastern Mediterranean Sea (see

Figure 5. Track frequency (colors) for cyclone track types ATL, POL, CON, and TRZ at GPH700 (ERA-40, 1961–2002). Arrows indicate the
mean direction of cyclone propagation. Numbers next to color bars indicate total number of cyclones recognized at a respective grid point
for each track type in the analysis period.
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also Figure 7). The general propagation of X-S tracks is very different from that of type X-N. This is
worth noting as these types are separated only by their mean propagation direction during the first
24 h, with no restrictions related to the subsequent movement. Overall, the typical propagation direc-
tions shown in Figure 6 correspond very well with a manual composite of propagation vectors for the
western Mediterranean [Campins et al., 2011] as well as with those presented by Trigo et al. [1999].
Track frequency maps for SLP (not shown) are similar to those at 700 hPa with the main difference
that cyclones tend to move around major orographic features such as the Alps. Figure 7 shows the
tracks of all cyclones by track type.

The mean annual number of cyclones per track type is presented in Table 3. On average, about 122
tracks per year are found at SLP and 83 tracks per year at GPH700 over CE. The smaller number of
tracks at GPH700 is due to the smoother pressure patterns, despite the same spatial resolution and
the prefiltering. Mountain ranges such as the Alps, Pyrenees, and Dinaric Alps, have a significant
impact on the atmospheric flow, particularly at low levels [Smith, 1979], affecting the number and
track locations of cyclones over Europe [Egger and Hoinka, 2008]. As regards the different track types,
about 50% of all cyclones approach from the Atlantic to CE (type ATL, about 25%) or emerge directly
over CE (type TRZ, about 25%). A substantial number of cyclones is of type X-S (about 20%), which
are usually inside CE only during the first few time steps, i.e., in the initial phase. The remaining 30%
of central European cyclones consist of the other types X-N, MED, Vb, CON, and POL. The number of
SLP cyclone tracks originating within the region nas* or med* (type X-N, X-S, and Vb) south of the
Alpine ridge is about 36 tracks per year, which corresponds very well with the number of cyclogenesis
events found by Campins et al. [2011] around the Genoa region with about 37 events per year. Table 3

Figure 6. Same as Figure 5 but for cyclone track type Vb, X-N, X-S, and MED at GPH700 (1961–2002).
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also gives the frequencies of the strongest 10% of the cyclones (intensity n> 90th percentile). About
40%–55% of strong cyclones follow ATL-type tracks, which corresponds well with synoptic observa-
tions. For almost all of the other track types, the frequency is much lower (POL, MED, CON, X-N, and
X-S), except for Vb where the relative frequency of strong cyclones is significantly higher than for all

cyclones (7% as opposed to 3% at SLP,
and 13% as opposed to 5% at GPH700).

3.2. Intensity Characteristics
Here selected climatological characteristics
of cyclone intensity in terms of central air
pressure and relative geostrophic vorticity
are presented. The track types are investi-
gated with respect to their life-cycle stage
when entering CE. For all cyclones, six-
hourly tendencies of vorticity and pressure
are averaged over the first 24 h after a
cyclone has entered TRZ. All cyclones with
a significant (>75th percentile) change, in
both tendencies, are grouped into either
‘‘intensifying’’ or ‘‘decaying.’’ To be classified
into the former group, both falling

Figure 7. Members of the cyclone track types (SLP, 1961–2002). Red dots indicate the point of first detection of individual tracks.

Table 3. Cyclone Track Frequencya

Mean Annual
Number

Frequency

GPH700 SLP

GPH700 SLP All (%) Strong (%) All (%) Strong (%)

ATL 21.8 27.7 26 40 23 54
POL 7.2 6.5 9 10 5 7
CON 2.5 1.6 3 4 1 2
TRZ 20.2 32.6 24 14 27 7
Vb 4.1 3.1 5 13 3 7
X-N 4.6 7.7 6 4 6 2
X-S 14.8 25.2 18 10 21 9
MED 7.4 17.3 9 5 14 12
Total 82.6 121.7 100 100 100 100

aFrequencies (number of tracks for a type per total number of tracks)
are given for all cyclones (all) and for strong cyclones (intensity n> 90th
percentile) separately, rounded to percent integers. ERA-40 data (1961–
2002).
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pressure and increasing vorticity must occur, and vice versa for the latter group. About 10% of all cyclo-
nes at each level are classified as significantly changing. The results (Figure 8) show that cyclones of
type Vb, X-N, X-S, or TRZ are usually intensifying when entering CE. Cyclones of type Vb, X-N, and X-S (i)
strongly intensify over and (ii) originate from around the western Mediterranean Coast between the
Rhône Valley and the Gulf of Genoa (not shown). As X-N and Vb cyclones move straight through or
close by CE right after their intensification, they are expected to be closely related to high-impact
weather events in CE. In contrast, most significantly changing cyclones of track types ATL, CON, and
POL are already at a decay stage over CE, which is related to their genesis outside CE [e.g., Wernli and
Schwierz, 2006]. The relative frequencies of the life cycle stages (intensification, decay) do not depend
very much on the season, but appear to be an overall characteristic feature of the individual track type
(not shown).

The fraction of intense cyclones is remarkably high for certain track types as shown before (Table 3),
suggesting systematic differences in cyclone intensity between the types. Therefore, minimum central
pressure and maximum relative vorticity of the cyclones during their location within TRZ are investigat-
ed in more depth for SLP (Figure 9). In winter (November–April, black bars), Atlantic and Vb-type cyclo-
nes are the most intense ones on average (low pressure and high vorticity), followed by CON and POL.
However, ATL cyclones are usually stronger over the Atlantic Ocean than over central Europe (not
shown). The most striking finding is the exceptionally high intensity of track type Vb during the sum-
mer half-year (May–October, gray bars). The 80th percentile of the relative geostrophic vorticity in sum-
mer is even above the corresponding value of ATL winter cyclones. Clearly, Vb-type cyclones are not
only among the most intense and deepest central European cyclones, but particularly strong in the
summer season. This may explain why Vb-type cyclones have been related to the most devastating
floods in CE in recent decades, all of them occurring in the summer season, when equivalent-potential
temperatures are usually high. However, the processes causing Vb cyclones to develop so strongly in
the warm season are not fully clear, as the upper level steering flow over CE is significantly stronger in
winter. Interestingly, Trigo et al. [2002] found that cyclones evolving from the region of Genoa, such as
the Vb type, are more intense in winter mainly due to dynamic forcing between the Alps and the
atmospheric flow, whereas low-level baroclinity plays a secondary role. They also observed a large
number of significant summer cyclogenesis events in the region of Genoa, often when the upper level
dynamic forcing acted at the time of the local thermal daily maximum in the late afternoon, especially
in August [Trigo et al., 2002]. This corresponds with the findings of Aebischer and Sch€ar [1998], with
latent heating at low to intermediate levels, resulting from water vapor condensation, contributing sig-
nificantly to frontogenesis and cyclogenesis on the lee-side of the Alps over northern Italy. High equiv-
alent potential temperatures over northern Italy over the Po Plain may therefore be an essential
prerequisite for the formation of exceptionally strong cyclones evolving in the summer season over
northern Italy.

Figure 8. Fraction of cyclones that significantly intensify (upward bars) and decay (downward bars) during the first 24 h after entering
central Europe (region TRZ) of all tracks with a strong change in both central pressure and relative vorticity. Numbers on top indicate the
sample size as percentage for each track type.
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4. Precipitation Related to Track Types

The classification scheme of cyclone tracks can be used for a range of analyses relevant to regional hydrolo-
gy. Here for space reasons, only a brief analysis with respect to long-term precipitation totals as well as
selected flood events is presented as a proof of concept. More detailed analyses will be presented in future
publications.

4.1. Long-Term Precipitation Totals
In a first analysis, we examine the effect of the cyclones on precipitation totals in the focus region (Germany,
Austria, parts of Switzerland and the Czech Republic). During the time, a cyclone was within TRZ, daily pre-
cipitation from the HYRAS and GPARD-6 data at a given grid point was assigned to that track type and accu-
mulated over all cyclones of the same type, irrespective of the level. Precipitation of less than 1 mm per
grid point and day has been disregarded. If a cyclone was located within TRZ only for a part of a day on a
given date (6, 12, or 18 h), daily precipitation was weighted according to the fraction of time (0.25, 0.5, or
0.75). The results of this analysis are eight maps of precipitation totals during 1961–2002 associated with
the nine track types.

As indicated earlier (Table 3), an average of 83 and 122 cyclones per year have crossed central Europe
as identified from the levels of 700 hPa and SLP. These cyclones (all types, both levels) account for a
total of 46%–76% of observed precipitation in the focus region (Figure 10), depending on the location,
with an average of 62%. If the pressure levels are analyzed solely, the percentages are 54% and 37% for
SLP and 700 hPa, respectively. This difference arises from the larger number of cyclones at SLP as well
as from the enhanced lifting of low-level moist air associated with cyclones extending down to the
surface.

Figure 9. Climatological characteristics of cyclone track types at SLP in region TRZ (grey: May–October, black: November–April).
(a) Minimum core pressure and (b) maximum relative vorticity.
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The identified cyclones capture a
large part of the rainfall in the area
(62%), although the percentage of
days, where a cyclone is moving
through TRZ and precipitation is
observed, is only 20%–36%, depend-
ing on the location, with an average
of 26% or 97 days per year. The over-
all number of days with precipitation
is 131 days per year (ranging from 91
to 171), in contrast to 180 days per
year on which a cyclone moves
through CE, so nearly 50% (83 days)
of all track days are dry days. For the
remaining part of a year (151 days),
there is no track and no precipitation
has been observed. The fraction of
total precipitation associated with
cyclones over central Europe (62%)
obtained here fits very well with oth-
er studies which attributed around
65% of the annual precipitation to

stratiform type precipitation over the Czech Republic [Rulfov�a and Kysel�y, 2013] and the Spanish Medi-
terranean Coast [Ruiz-Leo et al., 2013]. Over central Europe, the annual proportion of precipitation that
occurs during cyclones ranges from 55% to 70% in summer and is about 75% in winter [Hawcroft
et al., 2012] and between 60% and 70% were found to be associated with atmospheric fronts [Catto
et al., 2012]. The fraction of precipitation accounted for here depends on the location and is largest in
the southeast of the focus region and smallest in the north. This spatial pattern cannot be explained
by different proximities to the border of the TRZ, as the focus region is centered on the middle of
TRZ at 478N and 128E. Rather, cyclones in the northern part of TRZ are able to trigger precipitation in
the south, while the opposite is not the case. Cyclones that have not been recognized inside TRZ are
able to cause precipitation in the north-western part of the focus region, which is not counted in the
analysis. This indicates that cyclones from the East Atlantic or North Sea have a larger spatial extent
on average and are therefore able to reach into central Europe over large distances. Precipitation also
occurs in the absence of atmospheric cyclones or in weak gradient situations with ill-defined cyclone
centers which may contribute to the pattern of Figure 10. Typically, however, such situations favor
convective type precipitation and should therefore affect both the south and the north of the focus
region.

One of the motivations of the classification has been the expectation that cyclone track types differ in
their precipitation characteristics. Figure 11 shows mean precipitation for each track type, relative to the
mean precipitation without stratification by type. The average precipitation over the focus region for
days with cyclones traversing TRZ was found as 2.88 mm/d, which is between the estimates of 2 mm/d
[Hawcroft et al., 2012] and 4 mm/d [Catto et al., 2012] for central Europe. The number of 2.88 mm/d
may appear small, but is an average over the whole focus region (545,000 km2) and all cyclone track
dates, so includes numerous instances/locations without precipitation. The majority of cyclones are not
associated with significant precipitation and only a small number of cyclones accounts for most of the
annual total precipitation.

Track types ATL, Vb, X-N, X-S, STR, and MED are associated with above average precipitation (3.66, 3.62,
3.50, 3.23, and 3.12 mm/d, respectively) as an average over the whole domain. In contrast, track types
POL, TRZ, and CON are associated with below average precipitation of (2.60, 2.59, and 1.56 mm/d,
respectively). For some of the track types, there are very clear spatial precipitation patterns that differ
drastically between the track types, with even higher amounts in specific parts of the focus region. For
example, ATL cyclones usually affect the western part of the focus region and cease in the eastern lee

Figure 10. Fraction of precipitation attributed to the cyclones identified from
700 hPa and from SLP (1961–2002).
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of the central European mountain ranges. This pattern matches very well with climatology, where annual
precipitation totals decrease from western to eastern Europe, in line with a weakened influence of Atlan-
tic weather regimes.

POL cyclones have the strongest positive anomalies (a maximum of 3.89 mm/d) in the northern stau regions
of the Erzgebirge and Alps (light blue bands in Figure 11), implying a strong northerly flow against the orog-
raphy and related lifting of moist air. MED cyclones show a stronger signal (max 5 4.51 mm/d) in the
regions south of the Alpine range (in the very south of the focus region). STR shows a noisy pattern, which
can be related to the dominance of convective type precipitation leading to local minima and maxima
over the domain (max 5 5.34 mm/d). High-precipitation totals are found for ATL cyclones in the western

Figure 11. Ratio of mean precipitation of each track type and mean precipitation of all tracks. This ratio indicates track types and regions
with high (blue) or low (brown) contributions to precipitation associated with cyclones over central Europe.
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parts of Germany and Switzerland
(max 5 4.30 mm/d), for X-N cyclones
(max 5 4.86 mm/d) in the south-eastern
parts of CE (Austria and Czech Repub-
lic). The clearest pattern appears for Vb
cyclones with very high precipitation
contributions over a large area in the
Czech Republic (max 5 5.82 mm/d). Vb
cyclones develop around Genoa and
move around the eastern Alps toward
Poland. Moisture is advected toward
the mountains in an anticlockwise rota-
tion and frontal lifting is intensified
through orographic enhancement. As a
result, very large precipitation depths
are observed in the regions located
along or west of the Vb cyclone track.
Another reason for the large precipita-
tion depths is the strong intensity of Vb
cyclones (Figure 9).

4.2. Heavy Precipitation Events From
1961 to 2002
Major flood events in central Europe are
often attributed to particular cyclone
types such as Vb. To demonstrate the
practical applicability of the new
cyclone track classification, the nine
track types are attributed here to the
most significant precipitation events in
selected river basins in central Europe.
M€uller et al. [2009] published a list of
significant precipitation events for 25
river basins. The events were selected
on the basis of runoff peaks compared

to average flow conditions within the summer half years in the period 1951–2002. These events are listed in
Table 4 for the period 1961–2002, along with the associated cyclone track type identified in the present
study. The table shows that, in northwestern Germany (Neckar, Main, Moselle, Ems, Aller, and Weser rivers),
11 out of 12 events are associated with ATL or TRZ tracks and the remaining events are associated with
tracks starting in the western Mediterranean (MED, Vb, or X-N). In southern Germany and northern Austria
(Upper-Danube, Inn, and Enns rivers), some, but fewer, events can be attributed to TRZ, ATL, or POL but a
significant number to X-S, X-N, or Vb. The latter are cyclones that mainly develop on the southern lee-side
of the Alps.

In the Czech Republic, western Slovakia and southwestern Poland (Vltava, Elbe, Oder, Morava, and V�ah
rivers) almost all of the significant precipitation events are connected to Vb cyclone tracks. Overall, this
fits very well with the findings above, where the extreme intensity characteristics already pointed to Vb
as a very special track type over central Europe. For most of the events associated with TRZ tracks,
either a cyclone was found developing at the northern or southern lee-side of the Alps at SLP, or a sta-
tionary cutoff low was found at higher atmospheric levels over CE. This comparison also indicates that
the connection between track types and heavy precipitation is not uniform in space and may also
depend on the season. With two exceptions at 700 hPa (indicated by an asterisk in Table 4) all precipi-
tation events can be associated with cyclones identified in this study, which adds credence to the con-
sistency of the approach. For most of these events, the same cyclone track type was found at SLP and
700 hPa atmospheric levels, but there are a number of events where the track types are not consistent

Table 4. Significant Precipitation Events and Track Typesa

Region! NW-Germany S-Germany,
N-Austria

Czech Republic,
W-Slovakia,
SW-Poland

Catchments!
Neckar, Main,
Moselle, Ems,
Aller, Weser

Upper-Danube,
Inn, Enns

Vltava, Elbe,
Oder,

Morava, V�ah

Precipitation Event SLP GPH700 SLP GPH700 SLP GPH700

11 Jun 1965 TRZ TRZ TRZ TRZ TRZ TRZ
18 Jul 1965 TRZ TRZ
5 Dec 1970 TRZ TRZ
19 Jul 1970 TRZ Vb
11 Aug 1970 X-S X-S
22 Aug 1972 TRZ Vb
24 Jun 1973 X-N ATL
2 Jul 1975 X-N POL
1 Aug 1977 Vb Vb Vb Vb
24 May 1978 MED X-N
10 Oct 1980 Vb Vb
6 Jul 1981 TRZ TRZ
2 Jul 1981 Vb ATL
21 Jul 1981 Vb Vb Vb Vb
13 Aug 1981 TRZ TRZ
26 May 1983 TRZ *
7 Aug 1983 X-N ATL
2 Jul 1984 TRZ ATL
7 Aug 1985 Vb Vb Vb Vb
24 Oct 1986 ATL ATL
6 Oct 1993 TRZ TRZ
8 Jul 1997 TRZ X-N TRZ X-N
29 Oct 1998 ATL *
13 May 1999 TRZ TRZ
22 May 1999 Vb X-S
12 Aug 2002 Vb Vb Vb Vb

aMost significant precipitation events over selected parts of central Europe
for the summer half years (May–October) between 1961 and 2002 (adapted
from M€uller et al. [2009]) and attribution to cyclone track types. Empty fields
indicate that the event is not among the top events in the respective catch-
ment. Asterisk indicates that the event is not recognized as a cyclone moving
into TRZ.
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between the levels. Different cyclone paths can typically be observed when the vertical axis of a
cyclone is tilted, for example, when the upper level trough amplifies and decelerates while the surface
cyclone still moves ahead or circles around the upper level trough. In other cases, a major upper level
trough approaches from the Atlantic and steers the formation of a new surface level cyclone with a dif-
ferent track type over central Europe. Examples are the events on 2 July 1981, 7 August 1983, and 2
June 1984 in Table 4.

5. Discussion of Classification Results

5.1. Southern Alpine Track Types in Comparison
A first assessment of the classification approach is performed by comparing the similar track types Vb, X-N,
and X-S. These types predominantly emerge from the western Mediterranean Sea—south of the Alpine
ridge—with a general propagation to easterly directions in the course of their life time (Figure 7). The aver-
age number of cyclones per year is very different between these three types, with a total number of 3.1 (Vb),
7.7 (X-N), and 25.2 (X-S) cyclones per year for SLP. The number of Vb cyclones per year for the two levels are
3.1 and 4.1 at SLP and GPH700, respectively, which is similar to results from the literature based on ERA-40
data with 3.0 at GPH700 [Kummli, 2014], and 3.5 at GPH700 [Hofst€atter and Chimani, 2012]. A significantly
lower count of Vb-type cyclones at SLP was found by Nissen et al. [2014] but they used a different recognition
approach. As can be seen from Figure 7, type X-S shows a reasonable similarity to X-N, as a significant part of
the former turn back to the north at some point, despite the restriction in the classification of a southward
direction after recognition. This means that X-N and X-S do not necessarily have to be considered as different
types in the early development phase as intensity (Figure 9), and intensity change (Figure 8) characteristics
are not very different either. However, distinguishing these two types may be important if one is interested
in a region further to the southeast, e.g., the Balkan region. Type X-N looks very similar to Vb, especially in
terms of the propagation paths southeast of the Alpine ridge and the points of first detection, however, Vb
tracks turn to the north approaching central Europe more closely. This may be related to characteristic upper
level cutoff lows located over CE [Grams et al., 2014] in case of Vb which, presumably, is not a dominant fea-
ture for X-N. A separation of the three track types therefore appears meaningful.

5.2. Sensitivity Experiment for Classifying Vb
As the number of Vb-type cyclones is low as compared to type X-N and X-S, and Vb tracks have simi-
lar, eastbound propagation paths as X-N (see Figure 7), a sensitivity experiment is carried out by vary-
ing the width of region ‘‘x(tn)’’ through the boundaries in the east and west (see Figure 3 for the
original setup), and reapplying the classification procedure to SLP. The experiment shows that the
number of Vb-type cyclones is somewhat sensitive to the eastward extent but almost not to the west-
ward extent (Table 5). When changing the eastward boundary from 208E (original setup) to 238E, the
number of Vb cyclones increases by about 20% per degree increment. Virtually all additional cyclones
classified as Vb in this case are at the expense of X-N and X-S in equal shares. At the level of 700
hPa, the effect of altered boundaries is even smaller than at SLP (not shown). The sensitivity of the
track number to the definition of the region suggests that preferred track streams do exist over CE
but the spatial transition between different types is a smooth one.

6. Conclusions

In this paper, a procedure for tracking atmospheric cyclones has been adapted to ERA-40 data over Europe
for the purpose of this study. A new classification approach is proposed for separating tracks into nine

Table 5. Sensitivity of Classification to Vb Tracksa

Extended West-
ward Boundary

Original Setupb
Extended Eastward Boundary

128 138/– 148/208 –/20.258 –/20.58 –/218 –/228 –/238

Events per year 3.3 3.2 3.1 3.5 3.7 4.0 4.5 4.9

aMean annual number of Vb-type cyclone tracks for different longitudinal sizes of region ‘‘x(tn).’’ ERA-40 data, 1961–2002, SLP.
bOriginal size 148E–208E as shown in Figure 3b.
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types, based on the geographical regions from where the cyclones propagate into central Europe (CE). The
regions were defined by large geographical domains with a consistent topography and similar surface char-
acteristics, based on a priori knowledge from synoptic observations.

The resulting cyclone track types show distinct properties in terms of frequency and intensity. Atlantic
cyclones and cyclones developing directly over CE (type TRZ) are the most frequent ones (about 25% rela-
tive frequency each), which is in good agreement with synoptic observations. Cyclones developing in the
northern parts of the Mediterranean on the lee-side of the Alps (types Vb, X-N, and X-S) have a combined
frequency of 25%. The remaining cyclones are classified as CON, POL, and MED types. Strong cyclones, both
in terms of relative geostrophic vorticity and central pressure, are found among ATL, Vb, POL, and CON
tracks in the winter half year. More importantly, the frequency of strong Vb cyclones is particularly high dur-
ing the summer half year, which can be explained by additional cyclogenetic processes acting on the lee-
side of the Alps, as latent heat release at lower levels [Aebischer and Sch€ar, 1998] or frontogenetic low-level
wind convergence [Horvath et al., 2008], but not by dominant dynamic forcing between upper level winds
and the Alps alone, as is usually the case in winter. The study also strongly suggests the existence of pre-
ferred cyclone propagation paths over CE. Although these are usually affected by the underlying topogra-
phy, specific dominant upper level circulation patterns may also play an important role for the within-type
characteristics.

The new cyclone track catalog has the potential for interesting follow-up investigations on climatologi-
cal characteristics, the temporal behavior and the relevance of track types for extreme precipitation in
CE. As a proof of concept, long-term precipitation totals are analyzed stratified by track types here.
Track types ATL, Vb, X-N, and X-S are associated with above average precipitation while track types
CON, STR, POL, and TRZ are associated with below average precipitation. The contributions of the
track types to precipitation totals differ enormously in space. This suggests that the risk of heavy pre-
cipitation over central Europe very much depends on the specific cyclone track type and location. A
comparison of significant precipitation events [from M€uller et al., 2009] with cyclone track types shows
that almost all of the events have been identified by the proposed scheme. In south-western Poland,
Czech Republic and western Slovakia 7 of the top 10 precipitation events can be attributed to Vb
tracks.

Of course there are limitations to the approach and caveats in the applicability of the new track types
which opens up room for new research. First, the approach has been applied independently to data
from two atmospheric levels, SLP and GPH700. Although tracking studies are usually based on one sin-
gle level, the creation of a consistent and unique track catalog, combining information from different
levels has potential and should be pursued in the future. The initial size of the tracking domain does
not capture the eastern Atlantic region to its full extent. While Atlantic-type cyclones are correctly classi-
fied, some tracks may not be detected from the very beginning. This is not considered relevant to this
study but could be to others. In this study, precipitation is always attributed to a cyclone moving
through region TRZ, irrespective of the distance to the cyclone, its spatial extent and the location of the
atmospheric front associated with the cyclone. By incorporating this kind of information even more
detailed spatial patterns could be identified. Finally, it should be mentioned that the number of tracks
identified is not fully independent between the different types, as certain geographical regions are given
higher priority than others in the classification. If a track includes branches, the subtrack from high prior-
ity regions determines the type of the entire track-complex and the other subtracks (branches) are disre-
garded. This applies to 10% of all tracks, with a higher proportion at SLP during the summer season
and/or during weak gradient situations.

The cyclone track classification presented in this study is optimized for the central European domain. How-
ever, the basic concept behind the classification can readily be transferred to other midlatitude and possibly
tropical regions of the world by adapting the setup according to local synoptic information, and their effect
on precipitation [e.g., Steinschneider and Lall, 2015; Huang Jr et al., 2012]. Further research could also focus
on the characteristics of continental-scale processes controlling the formation, propagation and transforma-
tion of central European cyclones by examining distinct track types. In subsequent studies, a climatology of
European cyclone tracks, as classified with the current approach, will be presented and the track types will
be related to extreme precipitation in central Europe.
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