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Kurzfassung

Exzessiver, groRflachiger Niederschlag fiihrt zu einem hohen Hochwasserrisiko und ist daher
von eminenter Bedeutung flir monetdre und infrastrukturelle Schaden sowie die
Gefdahrdung von Leben. Ziel dieser Dissertation ist es, den Zusammenhang zwischen dem
Auftreten von Zugbahnen von Tiefdruckgebieten und der Charakteristik von mittleren und
extremen Niederschlagen in Mitteleuropa besser zu verstehen. Die Eigenschaften und
Variabilitat von Vb-Zugbahnen werden insbesondere untersucht.

Zunachst wird eine einfache Tracking-routine auf ERA-40 Daten angewandt, um Vb-artige
Zugbahnen im Zeitraum 1961-2002 zu bestimmen. Nach der Erstellung einer einfachen
Klimatologie fiir diese Zugbahnen wird die Eignung von 83 Zirkulationsklassifikationen
evaluiert, Vb-Ereignisse durch moglichst wenige Zirkulationsklassen zu erkldren.
Nachfolgend wird eine komplexere Tracking-routine implementiert und fir den Zweck
dieser Studie erweitert. Eine neuartige Klassifikation der Zugbahntypen von
Tiefdruckgebieten lber Europa, samt deren klimatologischen Eigenschaften, wird basierend
auf JRA-55 Daten fir den Zeitraum 1959-2015 prasentiert. Fiir diese Zugbahntypen erfolgen
eine Auswertung des langjahrigen Niederschlages und des Starkniederschlages fir
Teilgebiete Mitteleuropas, sowie ein Vergleich mit einer Starkniederschlag-Chronologie fir
Flusseinzugsgebiete. SchlieRlich wird die zeitliche Variabilitdt der Vb-Haufigkeit unter dem
Gesichtspunkt der Haufungseigenschaften und zeitlichen Anderungen der Ankunftsraten
untersucht, sowie ein Zusammenhang mit der groRraumigen atmospharischen Zirkulation
hergestellt.

GemalR der Zugbahnanalyse auf Meeresniveau bzw. 700hPa geopotentieller Hohe erreichen
etwa 108 bzw. 76 Tiefdruckgebiete pro Jahr Mitteleuropa. Davon sind 25% Atlantiktiefs,
24% entstehen direkt Gber Mitteleuropa und 22% sudlich der Alpen. Andere Zugbahntypen
sind weniger haufig (Mittelmeertiefs 12%, Polare 7%, Vb 5%, Kontinentale 2%, Ostalpine 2%
und Subtropische 1%). Die Niederschlagsmengen in den Regionen Mitteleuropas variieren
erheblich zwischen den Zugbahntypen, wobei bei den Typen Atlantik und Vb die gréfRten
und bei den Typen Kontinental und Polar die geringsten Werte auftreten. Die Saisonalitat
des Niederschlags kann gut durch die Haufigkeit starker Tiefs der unterschiedlichen Typen
erklart werden. Um Starkniederschlage im Sommer und Herbst vollstandig zu erklaren, sind
aber weitere Faktoren wie die Lufttemperatur und die Temperatur der umliegenden
Ozeane, notwendig.

Vb Tiefs ergeben mit Abstand die groRRten Niederschlagsmengen zu allen Jahreszeiten und
sind am haufigsten mit Starkniederschlagen verbunden. Vb zeigt die grofRte
Starkniederschlagsrelevanz in den 0Ostlichen Regionen Mitteleuropas, wohingegen
winterliche Atlantiktiefs in den westlichen von gréBerer Bedeutung sind. So konnten 30%
der 50 starksten Niederschlagsereignisse dem Typ Vb zugeordnet werden, aber nur 15%
den Typen Atlantik und Mittelmeertief. Bei der Beurteilung des Gesamtrisikos von
Starkniederschldgen sind neben dem Typ Vb auch andere Zugbahnen von Bedeutung, die
wesentlich haufiger auftreten. So wurden zwischen 60 % (Tschechien) und
88% (W-Deutschland) der 50 starksten Niederschlagsereignisse (1961-2006) durch andere
Zugbahntypen verursacht. An den zehn extremsten Ereignissen in der Region
Tschechien/Ostosterreich waren allerdings in acht Fallen Vb Tiefs ursachlich beteiligt.



Die Griinde fur die enorme Hochwasserrelevanz von Vb Tiefs sind: Starke Vb Tiefs sind in
allen Jahreszeiten gleichmaRig haufig; die Verweildauer in Mitteleuropa ist aufgrund der
kreisformigen Zugbahn im Mittel um einen Tag langer; und die Starkniederschlagmengen
sind um 40% bis 90% groRer als bei anderen Typen. Am haufigsten treten Vb Tiefs Anfang
April und Ende November auf. In bestimmten Perioden kommen Vb Tiefs gehaduft (in
Clustern) vor, bevorzugt wenn die NAO und AO Zirkulationsindices in einer negativen Phase
sind. Im Gegensatz dazu war die Vb Haufigkeit zwischen 1988 und 1997, einer ausgepragt
positiven Phase der NAO und AO Indices, besonders niedrig. Wahrend des Auftretens eines
Vb Tiefs ist in der Regel ein signifikanter Einbruch der NAO und AO Indices zu sehen, welcher
fast drei Wochen andauert. Da dieser Zustand das Entstehen von neuen Vb Tiefs im
westlichen Mittelmeer begiinstigt, wird dieser Zusammenhang als NAAO™ Vb"
Rickkoppelung identifiziert. AbschlieRend zeigen die Ergebnisse, dass die Haufigkeit von Vb
Tiefs in den 1960er Jahren signifikant hoch war, sich aber danach auf einem etwa
gleichbleibenden Niveau bewegt hat.

Das in dieser Arbeit geschaffene vertiefte Verstandnis des Verhaltens von Tiefdruckgebieten
als atmospharische Ausloser groRraumiger Starkniederschlags-ereignisse, soll nicht nur den
Wissensstand der Hydrometeorologie erweitern, sondern auch Entscheidungstrager des
Hochwasser-Risikomanagement in Hinblick auf Klimavariabilitdit und Klimawandel
unterstitzen.



Abstract

Excessive large scale precipitation entails a high risk of flooding and is thus of particular
significance for infrastructural damage, financial loss and threat to human life. The aim of
this thesis is to understand the relationship between European cyclone track types and the
characteristics of mean and heavy precipitation in of Central Europe. Specifically, the
characteristics and variability of Vb cyclones are investigated in depth.

In a first step, a tracking routine of atmospheric cyclones is used to identify Vb and
congeneric track types using ERA-40 data for the period 1961-2002. The climatologic
characteristics of these types are analyzed and the ability of 83 circulation type
classifications to discriminate between days with and without Vb cyclones is evaluated.
Second, a more complex tracking routine is implemented and refined for the purposes of
this study. A new classification of Central European track types, including their climatological
characteristics, is presented on basis of the JRA-55 data for the period 1959-2015. These
track types are related to long term precipitation totals as well as to Central European heavy
precipitation records of selected river basins. Finally, the temporal characteristics of Vb
cyclone occurrence is analyzed in depth with a focus on dispersion characteristics and
temporal changes of the arrival rates as well as on the relationship with the large scale
atmospheric circulation.

About 108 and 76 cyclone tracks per year are identified at sea level pressure and 700hPa
geopotential height, respectively. About 25% are Atlantic type cyclones, 24% emerge
directly over Central Europe and another 22% originate from the lee of the Alps. The other
types are less frequent (Mediterranean 12%, Polar 7%, Vb 5%, Continental 2%, Eastern
Alpine 2% and Subtropical 1%). 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 high frequency of strong cyclones
was identified as the key factor explaining the seasonality of mean and heavy precipitation
at the regional scale within Central Europe. However, to fully explain the contributions of
track types to precipitation in summer and autumn, additional drivers such as air
temperature and Mediterranean sea surface temperature may be needed.

Vb is identified as the most relevant track type for heavy cyclone precipitation in all seasons,
accounting for 30% of the top 50 events in Central Europe, whereas Atlantic and
Mediterranean cyclones account for only 15% each. Vb cyclones are most relevant for heavy
precipitation in eastern Central Europe whereas Atlantic cyclones in winter are most
relevant in the West. In total between 60 % (Czech Republic) to 88% (W-Germany) of the
top 50 precipitation events (1961-2006) were triggered by track types other than Vb. Other
track types are therefore also important for the overall risk of heavy precipitation, as most
of the other types are much more frequent than type Vb. However, out of the 10 most
extreme events in the Czech/Austrian region 8 were due to Vb tracks.

The reasons for the enormous flood relevance of Vb cyclones are: Strong Vb cyclones
typically occur in all seasons; Vb cyclones remain one day longer over Central Europe than
other types because of a circular shape of the cyclone tracks; and precipitation intensities
are usually much higher than for all other types.



Vb cyclones are most frequent in early April and in late November. Clusters of high Vb
cyclone frequency exist and have occurred when both NAO and AO indices were negative. In
contrast, Vb cyclone frequency was particularly low from 1988 to 1997 during a sustained
positive phase of both NAO and AO. Vb cyclone occurrence significantly reduces the NAO
and AO indices for nearly three weeks, favoring subsequent Vb events, which suggests a
NAAO™ Vb feedback mechanism. Finally, the results show that the frequency of Vb cyclones
was high in the 1960s and has remained at a lower level since.

By gaining a deeper understanding of the nature of cyclones as the atmospheric drivers of
heavy precipitation this study intends to provide new hydro-meteorological knowledge and
to support decision makers in flood management in the context of climate variability and
change

vi
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1 Introduction

Central Europe (CE) has been hit by several devastating floods, caused by exceptional large
scale precipitation events, in recent decades. Examples include the July 1954 flood in
Bavaria and Austria, the July 1997 flood in Poland (e.g. Kundzewicz et al., 1999), Germany,
the Czech Republic and Austria, the August 2002 flood (e.g. Grazzini and Van der Grijn,
2002) in a number of countries, the August 2005 flood in the Alps (e.g. Godina et al., 2006;
Habersack und Krapesch, 2006) and the 2013 flood in Germany and Austria (Bloschl et al.,
2013).

Most of these events appear to be related to the occurrence of characteristic patterns of
the atmospheric flow, especially when an atmospheric cyclone propagates from the
Western Mediterranean or the Adriatic Sea into CE (Kundzewicz et al., 2005; Mudelsee et
al., 2004; Ulbrich et al., 2003; Rudolf and Rapp, 2003; Malitz and Schmidt, 1997). Cyclones
are organized, counter clockwise (Northern Hemisphere) rotating fluid structures of the
atmosphere. Their centers are characterized by a distinct relative minimum of air pressure
or geopotential height. The locations of a moving cyclone’s path over its life span are known
as the cyclone track.

As early as 1882, W.J. van Bebber recognized a causal relationship between heavy large-
scale precipitation or winter snowstorms in Austria and the occurrence of certain track
types (Van Bebber, 1891). He analyzed surface pressure maps over Europe for the years
1876-1880 and 1875-1890 (van Bebber 1882 and 1891; van Bebber and Képpen 1895) and
classified similar paths of isolated pressure minima into five main categories. From this early
track classification only track type Vb (pronounced as “five b”) is still in use today, as several
major CE floods have been associated with Vb cyclones, for example the devastating flood
event in August 2002 (Ulbrich et al., 2003). Vb cyclones originate in the Western
Mediterranean, propagate to the east across Italy and turn to the northeast over the
eastern Alps. A number of studies have attributed Vb cyclones to heavy precipitation or
flood events, however, these studies were based on circulation type classifications (CTSs)
instead of using cyclone tracks explicitly (e.g. Fricke and Kaminski 2002; Mudelsee et al.,
2004; Kundzewicz et al., 2005).

So far, to the best of my knowledge, no studies exist on CE cyclones in relation to heavy
precipitation in general and to Vb cyclones in particular. The objective of this thesis
therefore is to address the following questions:

1. Are characteristic circulation type classifications or cyclone tracking analyses
preferable in capturing Vb events?

2. How are different cyclone track types related to mean and heavy precipitation in
different parts of CE?

3. Istrack type Vb indeed the most relevant one for CE, large scale heavy
precipitation events as suggested by observations?

4. What are the climatological characteristics of Vb cyclones? How do these relate
to other track types?

5. Has the frequency of Vb cyclones changed in recent decades given that global
temperatures have increased by almost one degree Celsius?



6. How are Vb cyclones related to the large scale atmospheric circulation? Is there a
prominent atmospheric mode explaining variations in the Vb occurrence rate on
a monthly to decadal scale?

7. Do Vb cyclones occur in clusters, i.e. more frequently than by chance in certain
periods, and what are the consequences for flood risk?

This thesis is structured into four main chapters as follows:

Chapter 2 presents a systematic tracking of atmospheric cyclones at the pressure level of
700 hPa by applying an existing, straightforward tracking algorithm (Zahn and van Storch,
2008) using ERA-40 reanalysis data for the period 1961-2002. From this first track catalogue,
the climatological characteristics of van Bebber’s type V are estimated. In a next step, the
ability of eleven selected circulation type classifications to discriminate between days with
and without Vb tracks is examined. Circulation type classifications potentially are a cost-
effective and well established alternative approach of analyzing large scale heavy
precipitation, however, only if circulation types are able to recognize Vb tracks well. Finally,
a Vb classification from the Austrian Weather Service (ZAMG) is used to validate the Vb
recognition rate of the systematic tracking routine.

Chapter 3 implements a more sophisticated cyclone tracking algorithm using ERA-40
reanalysis data for the period 1961-2002. Developments of the tracking routine include the
merging and splitting of cyclones as well as accounting for both open and closed cyclones.
Cyclones are tracked at two different atmospheric levels using surface level pressure and
geopotential height at the pressure level of 700hPa. A new approach to classifying
atmospheric cyclones over Europe is proposed wich includes van Bebber’s track type Vb.
Finally, the resulting track types are briefly analyzed in terms of within-type cyclone
characteristics and related to long term precipitation totals as well as to a selected Central
European flood records.

Chapter 4 investigates the climatologic characteristics of Central European cyclone tracks in
more depth and extends it to the more recent period 1959-2015 using JRA-55 reanalysis
data. Characteristic patterns of the upper level atmospheric flow are identified for the track
types and a comprehensive analysis of the relation between track types and mean-, as well
as heavy precipitation for different parts of Central Europe is presented. The 50 of the
largest precipitation events in recent decades are attributed to track types and analyzed in
terms of temporal changes additionally.

Chapter 5 specifically explores Vb type cyclones. A less restrictive and more generalized
definition of the Vb track is presented and cyclone tracks identified from 700hPa and sea
level pressure are considered jointly. Vb tracks are differentiated in terms of their source
region in the analysis. First, a short climatology of the Vb subtypes is presented, followed by
an analysis of serial clustering and temporal changes of cyclone occurrence for 1959-2015.
Second, the relationship between the large scale atmospheric circulation and arrival rates is
investigated by selected teleconnection indices, in particular using the Northern Atlantic
Oscillation (NAQ) index at 500hPa and the Arctic Oscillation (AO) index at sea level pressure.



2 Van Bebber’s cyclone tracks at 700 hPa
in the Eastern Alps for 1961-2002 and their
comparison to Circulation Type Classifications

Abstract

In this study, a systematic tracking of atmospheric cyclones at the pressure level of 700 hPa
has been performed to determine three different track types and their climatologic
characteristics over Central Europe from 1961 to 2002 by using ERA-40 (ECMWEF - European
Centre for Medium Range Weather Forecast, 40 year Re-Analysis) and ERA-Interim data. The
specific focus is on cyclone tracks of type V as suggested by Van Bebber in 1891 and
congeneric types, because of their association with extreme large-scale precipitation
amounts and related flooding in Central and Eastern Europe. The tracking procedure
consists of detecting isolated minima of the band-pass filtered 700 hPa geopotential height
field and combining them over time to continuous tracks by nearest neighbour approach.

Results show that the common Vb cyclone track is a rare event (3.5/year) and the
probability of occurrence is largest in April with a secondary maximum in autumn.
Furthermore, there is no temporal trend of any of these track types noticeable throughout
the 42-years investigation period. The new 700 hPa cyclone track catalogue is used as a
reference to verify the hypothesis of a coherence of Vb-tracks with certain circulation types
(CTs). Selected objective and subjective circulation type classifications (CTCs) from COST
(European Cooperation in Science and Technology) action 733 as well as a manual Vb-
classification from the ZAMG (Zentralanstalt fiir Meteorologie und Geodynamik) are utilized.
This study shows both the shortcomings and the potential of CTCs to discriminate Vb
cyclone tracks by certain classes of stationary circulation patterns. Subjective CTCs rank
higher than objective ones in terms of Brier Skill Score, which demonstrates the power to
enhance relevant synoptic phenomena instead of favouring mathematical criteria. For the
first time, an objective catalogue with the famous cyclone track Vb and its climatology is
now on hand for the period 1961-2002, offering a valuable basis to further improve our
knowledge on the issues of Vb and related hydro-meteorological aspects.

2.1 Introduction

Central and Eastern Europe have been hit by several devastating floods, caused by
exceptional large scale precipitation events in recent decades. Examples of such major
events are the ones in Bavaria and Austria in July 1954, in Poland (e.g. Kundzewicz et al.,
1999), Germany, the Czech Republic and Austria in July 1997, in many parts of the Alpine
region in August 2005 (e.g. Godina et al., 2006; Habersack und Krapesch, 2006) or the vast
flooding in several European countries in August 2002 (e.g. Grazzini and Van der Grijn,
2002). From synoptic observations or post-incident analysis, most of these events appear to
be related to a specific pattern of the atmospheric circulation occuring, when low pressure
systems (cyclones) are propagating from the Mediterranean Sea or Adriatic Sea northwards
(Kundzewicz et al., 2005; Ulbrich et al., 2003; Rudolf and Rapp, 2002).



Besides this kinematic aspect, the available atmospheric water content is another important
factor in the generation of large precipitation amounts, which points to the particular
relevance of the summer season for this phenomenon. As has been shown for the case of
the flooding in Eastern Germany in August 2002, a major contribution of local precipitation
originated from sources over the Adriatic Sea or the Mediterranean (Stohl et al., 2004;
James et al., 2004). Hence, these regions appear to play an important role for flooding
events in Central Europe, either indirectly by the cyclonic advection of water vapour to the
European continent through the atmospheric circulation or directly by acting as a local
humidity source, when cyclones are moving over open water surfaces, are enriched with
water vapour and then move over the European continent (Rezd¢ova et al., 2005; Rudari et
al.,, 2004; Zangl, 2004). As a consequence, this specific propagation path of low pressure
systems is an important risk factor for heavy large scale precipitation and potential flooding
in Central and Eastern Europe (e.g. Mudelsee et al., 2004; Malitz and Schmidt, 1997).
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Figure 1: Cyclone tracks over Europe by Van Bebber and W. Képpen (in Umlauft, 1891),
showing track type Vb, Vc as well as Vd as determined from surface level pressure minima.

As early as 1882 W.J. van Bebber recognized this causal relationship, when he analysed
surface pressure maps over Europe for the years 1876-1880 and 1875-1890 (van Bebber
1882 and 1891; van Bebber and Koppen 1895) and classified the respective tracks of
isolated pressure minima into five main categories. Especially the track type V is still being
used until this day, since many of the major European floods have been associated either
with Vb-tracks in Central Europe like in August 2002 (Ulbrich et al., 2003) or with Vc-tracks
in Eastern Europe (Apostol, 2008). As shown in Figure 1, cyclones on the path Vb, for
instance, propagate from the northern Mediterranean or from the Adriatic Sea northwards
over the Eastern Alps into the Baltic region. Although the relevance of certain cyclone tracks



for the risk of major floods in Europe is well known in the scientific community, not least
because of the 2002 event, only few studies exist up to now focusing on Vb-events. Cyclone
tracks of type Vb under future climate conditions have previously been investigated by
Muskulus and Jacob (2005), who used climate simulations with emission scenario B2 from
the regional climate model REMO. Another study, investigating future climate simulations
from the global climate model ECHAMS (Nissen et al., 2011), has shown that the total
number of cyclones of type Vb will decrease in the summer half year (Apr-Sep). Kundzewicz
et al. (2005) analysed Vb-tracks in the simulations of the global climate model ECHAM4 and
found that the track density will decrease by 20-30% until 2070-2099 compared to 1961-
1990 in scenario A2 in summer. All of these authors assume that this decrease of Vb-events
might go along with increasing precipitation amounts in individual cases.

o The first aim of this study is to track atmospheric cyclones at the pressure level
of 700 hPa to determine track types and their climatologic characteristics
especially for the study region of Central Europe (2.25°W-23.63°E and 37.57°N-
58.88°N) in the period 1961-2003 by using ERA-40 (ECMWF) and ERA-Interim
data with focus on Van Bebbers type V.

Whereas many cyclone tracking studies focused on the winter season only, the described
relevance of atmospheric water content for Vb-related precipitation events, calls for the
investigation of the summer season as well. The focus there is on cyclone tracks of type V as
suggested by van Bebber and congeneric types because of their probable causality for the
risk of flooding in the study region.

o Asthe second aim of this study the ability of selected circulation type
classifications (CTCs) to discriminate between days with a Vb track and such
without is verified.

The calculation of CTC’s appears more straightforward and computationally faster than in
case of atmospheric cyclone tracking, so might be a cost-effective alternative if circulation
types are able to recognize Vb tracks sufficiently. Therefore, selected objective and
subjective CT-classifications (CTCs) from the COST action 733 (European Cooperation in
Science and Technology; “Harmonisation and Applications of Weather Type Classifications
for European Regions”; Phillip et al. 2010) are used, as well as the manual classification from
ZAMG-Lauscher (Lauscher 1972) in which a Vb-like weather pattern has been classified
explicitly on a daily base by hand since 1948 (see Table 1 for all 83 CTC-variants used
herein). Generally, subjective (manual) classifications are based on the expert knowledge
about the effect of certain circulation patterns on various surface climate parameters
whereas objective (automatic) classifications are reproducible by computer based methods
(Phillip et al., 2010). The term “Vb track” will be used hereafter for all cyclone tracks
following Van Bebber’s cyclone path - which has originally been defined for pressure minima
at the surface level - although the following results are strictly based on cyclone tracks
determined from 700 hPa geopotential height (Z700).
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2.2 Data

The reanalysis of geopotential height at the constant pressure level of 700 hPa (Z700) from
the ECMWF was used to investigate Van Bebber’s cyclone tracks and their climatologic
characteristics over Europe. ERA-40 (Uppala et al.,, 2005) provides 6-hourly atmospheric
data from 1957-2002 with a spatial resolution of 1.125°, whereas for this study only the
years from January 1961 to August2002 were analyzed. Additionally, the tracking procedure
was applied to ERA-Interim data (Dee et al. 2011) at the same spatial resolution for the
years from 1989 to 2001 to evaluate basic differences. Apart from the initial spatial
resolution, there are other important differences between ERA-40 and ERA-Interim as the
use of a different data assimilation scheme (including improved model physics) and
consideration of additional observational data in the latter. As this is the first catalogue with
van Bebbers cyclone tracks type V, determined by objective means and published for the
years 1961-2002, an appropriate database for verification or comparison is not on hand.
However, to examine the validity of the results, well documented historical Vb-events are
available for comparison. The circulation type classifications (CTCs) used herein have been
retrieved from the COST733 database (catalogue version 2.0, domain 06 — Alps), except for
the classification by Lauscher, which originates from the ZAMG. All 83 variants of CTCs
tested herein are summarized in Table 1. For a more detailed description of these CTCs,
including technical references and descriptions of the method, see Phillip et al. (2010) or
COST733 online (http://cost733.met.no/).

2.3 Method

2.3.1 Cyclone tracking

In his work, van Bebber analysed cyclone tracks on the basis of surface level pressure (SLP)
maps. Unfortunately, this attempt appears inadequate for the implementation of a
systematic tracking procedure in or around the complex topography of mountain regions
like the Alps. A major reason for this are inhomogeneities that might appear in the trace,
when cyclones are only indicated by a weak or fairly disturbed pressure signal on the
surface, which is frequently observed in the summer season. The analysis is therefore based
on the atmospheric level of 700 hPa (approx. 3000m above mean sea level). Consequently,
the exact position of tracks identified herein is not necessarily identical with the ones which
would result from SLP. For a comprehensive review of different cyclone tracking procedures
and studies see, for example, Ulbrich et al. (2009) or Raible et al. (2008).

Data preparation

As ERA-40 is used on regular grid points and provided at a coarser spatial resolution than
ERA-Interim, the latter had to be transformed from spectral coefficients to the Gaussian grid
first. This was done by means of the routine “sp2gp” as well as by the bilinear interpolation
method “remapbil” using the software package CDO (Climate Data Operators,
http://code.zmaw.de/projects/cdo). Thereafter both datasets were handled in the same
way:



In order to avoid the recognition of small-scale, secondary low-pressure centres among one
main cyclone or any other spurious systems, a spatial filtering of the input fields was done.
Such systems occur mainly on the edge of major depression systems or in weak gradient
situations, potentially leading to erratic and/or very short cyclone tracks. For this purpose, a
two-dimensional discrete spatial low pass filter (Freser and von Storch, 2005) was applied to
the Z700 anomaly field. This filter width of 550-970km was chosen in accordance with the
distance criterion in the detection algorithm (see next section for the distance criterion).
The effect of this filter can be seen in figure 2, where very small low pressure centres are
removed and only two main centres are left, that are clearly identifiable as distinct low
pressure centres.
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Figure 2: Cyclone track analysis from 11" of August 2002 - 18UTC. (a-b): Geopotential height at 700 hPa with
raw (a) and filtered (b) data. Troughs are indicated by the red crosses. (c): Tracks from filtered (black) and
unfiltered (red) fields for the Vb-event from 10. -13. August 2002.

Detection and tracking procedure

A simple approach was chosen for the detection of separated cyclone centres or low
pressure centres (LPs). For each grid-point i, the first derivative of geopotential height ¢ in
both x- and y-directions to the neighbouring grid points was calculated by Equation 1,
leading to four gradients.



Those grid-points, showing a positive value for all the four gradients, were detected as an
isolated minimum.

(¢xi+1 - ¢xi) >0 (¢Xi—1 - ¢xi) >0

Ax and Ax
(¢yi+1 - ¢yi) >0 and (¢yi—1 - ¢yi) >0
Ay Ay

Next, a minimum distance of 500km between two adjacent LPs was set to discriminate
between very close centres. In such cases, only the grid-point with the lower GPH value was
considered, and the other was skipped from thereon. The detection algorithm has been
applied time-independently, disregarding any information from previous or subsequent
time steps. Then the tracking algorithms from Zahn and van Storch (2008) were applied,
combining LPs from different time steps by nearest neighbour approach and hence tracking
the propagation path of the systems. Thereby, LPs from a certain time step are combined
with the nearest LPs from adjacent time steps, assuming a minimum propagation ahead.
The maximal distance between LPs from one track between two time steps (6 hours) is set
to 600km. In the case of a cyclone splitting, only one minimum is assigned to the initial
track, the other one builds the starting point for an additional track. All tracks must be
present for at least 12 hours in order to be considered. The tracking routine was applied to
the study region 2.25°W-23.63°E and 37.57°N-58.88°N.

2.3.2 Categorisation of cyclone tracks

The following subjective criteria have been set to discriminate between three track types (1)
Vb, (2) Vcd (either Vc or Vd) and (3) NST (no specific type). The criteria for track type Vb are:

i. The track has to be within the area “O” for at least one time step (4°E-16°E; 42°N-
46°N).

ii. The track has to be located beyond 14° East at any time step.
iii. The track must have an overall movement from west to east.

iv. From the area “0O”, the track crosses area “E” (14°E-20°E; 47°N-60°N) at any time
step.

This categorisation also allowed for the separation of track types Vcd. Those had to fulfil all
criteria for Vb except the last one. The third category of track types NST refers to a group of
miscellaneous tracks which could not be attributed to types 1 or 2, but appear within the
core study region “R” for at least one time step (10°E—20°E, 44°N-50°N, see rectangle R in
figure 3). This inner domain covers the Eastern Alps and has been chosen as an additional
region of interest from the meteorological standpoint, but also with reference to the
predefined position of van Bebber’s track V near Austria in this regard. However, in the
following the term “study region” always refers to the larger domain covering most parts of
Europe for which the cyclones have been tracked initially. If not marked otherwise, results
refer to this outer domain.
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Figure 3: Study region for tracking analysis (2.25°W-23.63°E and 37.57°N-58.88°N) and areas for the
categorisation of Vb-like 700 hPa cyclone tracks: "O" stands for the area of origin for Vb- and Vcd-tracks,
"E" ..exit area for Vb, dashed gray line at 14°East for Vb and Vcd, “R”...core study region for the detection of all
remaining tracks.

2.3.3 Comparison of track classes and circulation types

To test the hypothesis as to Vb events can be investigated by just using certain classes of
circulation types instead of Vb-tracks or vice versa, we compared the new catalogue of Vb-
tracks developed in the present study with 10 of the existing CTCs from the COST733
catalogue in different variants, which resulted in a total of 83 cases for evaluation (see
Table 1 for selected schemes).

The climatological probability of Vb to occur on any day is given by

days with Vb) _ ( 585

15218) = 3.84 (%) )

Vbeiim = (

clim all days
equivalent to a typical occurrence of Vb on 14 days per year in Central Europe (3.5 events
per year). As CTCs can be viewed as probabilistic binary predictions (Schiemann and Frei,
2010), the conditional probability prb_{Vb | CT,} of a Vb-event to be observed within a
certain circulation class k is hence determined by

(3)

Vb days in CT,
prb_{Vb | CT,} = (&)
k

all days in CTj,

whereas the conditional probability prb_{CT, | Vb,,} for any CT, to occur if Vb occurs is
determined by the observed Vb characteristics and given through
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Vb days in CTk>

prb_{CT | Vbyps} = ( all Vb days

(4)

k

The unconditional probability prb_{CT,} for the occurrence of any day within a certain CTy is
calculated by simply dividing the number of days in CT, by all days. This probability equals
the climatologic probability of occurrence of Vb-events in each CT prb_{CT, | Vb,,»} when
Vb-days are spread over CTCs just by chance.

all days in CTk> (5)

prb_{CTy | Vbeyim} = prb_{CT} = ( all days

The difference between (4) and (5) will be defined as “excess probability” & for all cases
where prb_{CT, | Vb,,s}>prb_{CT, | Vb,;.}. Excess probability is a measure for the power of
a certain CTC to discriminate - or not - between Vb events by means of CTs. Hence, if we
would like to use a CTC instead of certain cyclone tracks, the sum of € should be as large as
possible and be concentrated on the lowest possible number of CTs.

As a second measure to assess the ability of the different CTCs to distinguish between
certain track types by CT-classes, the Brier Skill Score for CTC-evaluation (*BSS) as proposed
by Schiemann and Frei (2010) is used. The *BSS is always a number between 0 and 1, shows
largest skill at higher values and is defined by Equation 6 for this purpose:

6
Vbclim * (1 - Vbclim) ( )

“BSS = (N ~! ¥iea Nic* (prb_{Vb | CT,i} — Vbcum>2>
where Ng is the number of days with circulation type k and N is the total number of days
from all classes K. This variant of the Brier Skill Score is showing larger values if the
conditional empirical event frequencies prb_{Vb | CT,} differ from the unconditional
(climatological) event frequency. Unfortunately, the BSS has a general tendency to converge
towards very low values, when dealing with rare events as in the case of Vb-tracks. As this
does not have any consequence for the overall meaning of the BSS itself, all CTCs have been
ranked by the magnitude of the BSS for comparison (shown in Figure 6 and 7).

The Hit Rate (also named as probability of detection POD) as a classical score from forecast
verification (Donaldson et al., 1975) is used to test results against Lauscher’s CTC. By this
classification, days with Vb-like synoptic features have been determined manually since
1948 at the ZAMG. HR is the ratio of correct forecasts to the number of times this
forecasted event is observed (Wilks, 2006).
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2.4 Results and Discussion

2.4.1 Verification and comparison with chronicles

Despite an exhaustive review of relevant literature, only three major events could be found
in recent history that are attributed to cyclones propagating on track Vb. These are:

i. 1977, 31.Jul - 3. Aug (Malitz u. Schmidt, 1997).
ii. 2001, 15.-17. Jul (Ulbrich et al., 2003; Kundzewicz et al., 2005).
iii. 2002, 10.—14. Aug (Steinacker, 2002; Rudolf and Rapp, 2003; Ulbrich et al., 2003).

From our results, we are able to confirm that all these events are indeed cyclones on track
Vb. However, it appears that only those events have been documented that are
accompanied by extensive precipitation or massive flooding, leading to the assumption that
highly subjective notions and preconception prevail regarding Vb-events. In fact as much as
146 tracks could be attributed to type Vb (Vcd 801; NST 507) from this study for the years
1961-2002 using ERA-40. Another study by Nissen et al. (2011) identified a total of 37 Vb-
events, as compared to 56 Vb-tracks detected in this study, for the summer half years (April-
September) 1971-2000. The underestimation of Nissen et al. (2011) may have been caused
by tracking at SLP and missing those events where cyclones only appear at higher
atmospheric levels , which is often the case during the summer season as already
mentioned before.

When considering those 16 historic precipitation events that are listed as the highest daily
areal-precipitation amounts found in the neighbouring country of Czech Republic between
1961 and 2002 (Kaspar and Miller, 2008), it appears that 13 of them are perfectly
congruent with track-dates found in the present study (7 Vb, 2 Vcd, 4 NST), although a
totally different approach is used. For two of the other cases, a track could be found, but
only one day subsequent to the precipitation record, indicating that the precipitation had
probably been triggered well before the arrival of the main synoptic system. In the last
remaining case, the tracking procedure identified a cyclone track over Europe, but missed to
identify it correctly as Vb. In this particular case an extreme tilt of the system was obvious,
with the upper level trough (500 hPa) located over the North Sea whereas the
corresponding surface pressure minimum was to be found over the Central Alps
(7-8 August 1978). This example is of special interest as it points to the limits of the tracking
approach used in this study. From an extensive analysis of daily weather maps at 500 hPa
and on SLP manual for the period 1989-2002, we estimate that about 9% of Vb-events
appear to be missing in the current catalogue. These events would only be detected if an
additional tracking on the surface level were included.

2.4.2 Verification against Lauscher’s manual Vb-record

Being aware that Lauscher and subsequent colleagues mainly focused on stationary
atmospheric patterns in their classification and only decided for Vb when a cyclone was
located close to or within the study region, a Vb-track was set to be recognized by Lauscher
(a hit), if Vb was ruled at least once during the whole lifetime of the track.
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Results (Table 2) show that only 15% of all Vb-tracks are identified as such by Lauschers CTC,
64% are classified as Tk or Ts (low pressure over Central Europe; low pressure in the
Northern Adriatic Sea) and 21% are not captured by any of these classes. Tk and Ts have
been chosen as these are the only ones that indicate an LP system located in or near the
study region and should thus be able to contain synoptic situations of the Vb-family. In 3 %
(Ved) and 6% (NST track type) of the remaining track types Lauscher ruled Vb. The large Hit
Rate in the CT-class Tk and Ts demonstrates the affinity of these circulation types with the
track types identified in this study, especially in the case of Vb (64% Hit Rate).

Table 2: Hit Rate (HR) for certain track types as classified from objective analysis and three related circulation
types taken from Lauscher’s manual classification: (i) Vb...”low pressure systems following Vb-path”,
(ii) Tk...”low pressure over central Europe” and (iii) Ts...”low pressure in the south (Northern Adriatic Sea)”

objective total number da L h H,R for lcT
track type of tracks ys auscher's manua
Vb Tk or Ts other CT
Vb 146 585 15% 64 % 21%
Ved 801 2513 3% 39% 58 %
NST 507 1372 6% 38% 56 %
total 1454 4470

When analysing Lauscher’s CTC from the perspective of which track type was observed
when Lauscher and colleagues issued Vb, Tk, or Ts (Table 3), it appears that only 23% of
these match with a Vb-track from the objective analysis, even if the number of Vb-days from
tracking is four times larger (585 vs 145 in Lauscher). The remaining days can be attributed
to type Vcd (17%), type NST (24%) and for 28% not a single track could be detected in the
Alpine Region. It should be noted that the large discrepancy between the study results and
Lauscher’s CTC may be due to a tendency to rule Vb only if any significant precipitation
occurred along with a potential Vb-cyclone, as became clear in a personal communication at
ZAMG in the course of the study.

Table 3: Hit Rate (HR) for three circulation types from Lauscher’s manual classification and track types
classified by objective means. (see Table 2 for Lauscher’s CT acronyms). “either” means that more
than one track type occurred on a given day due higher temporal resolution of tracks (6-hourly).

Lauscher’s number HR for track types from objective analysis
of CTs
manual CT
(days) Vb Ved NST either  none
Vb 145 23 % 17 % 24 % 8% 28 %
Tk 740 12 % 39% 13% 4% 32%
Ts 1048 11% 17 % 19% 5% 48 %
total 1933
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2.4.3 Climatology of cyclone tracks in ERA-40

In this section the climatology of cyclone tracks Vb, Vcd and NST based on ERA-40 are
presented. On average, 3.5 Vb-events (19.2 Vcd and 12.2 NST) could be detected over
Central Europe per year. The total number of Vb-events for the period 1961-2002 is 146
(Vcd 801; NST 507), with a typical occurrence of about 12 days per year (Vcd 47; NST 25).
For none of these track types could a temporal trend be identified over the last 42 years.
However, when looking at the time series of the occurrence of Vb-, Vcd- and NST tracks (not
shown), a very high inter-annual variability is obvious for each type, as the annual number
of tracks ranges between 0 and 7 for Vb, 11 and 29 for Vcd and 5 and 25 for NST.

20

Vb Ved NST

number of tracks
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Figure 4: Mean seasonal cycle of the number of 700 hPa cyclone tracks over Central Europe (2.25°W-23.63°E,
37.57°N-58.88°N) from ERA-40 (1961-2002). Vertical bars show the 5th and 95th percentile from 500
bootstrap simulations (random 30-year means) indicating sampling uncertainty.

The seasonal cycle for the number of each track type (Figure 4) was obtained using the
whole period of 1961-2002. The uncertainties were calculated using bootstrapping. In this
process 30 years were randomly chosen out of the period 1961-2002 to determine the
seasonal cycle repeatedly (500 times). Shown are the 5th and the 95th percentile of those
bootstrap simulations as the upper and lower end of the whiskers. As shown in Figure 4 the
uncertainties are quite large due to the large year-year variability. Nevertheless, a
pronounced maximum in April and a minimum in July is obvious in case of Vb-tracks. Vcd-
tracks, however, show a broader maximum peak in April, activity generally starting earlier in
the year. The maximum of NST tracks spans from April to June whereas for this type a clear
minimum appears in early winter. In another study by Flocas et al. (1988), an enhanced
activity of cyclones which originate from N-ltaly or the Northern Adriatic Sea was found
especially in autumn, but this cannot be seen from our study. On the contrary, the results
from our objective approach show a primary maximum in spring (April or May) for all track
types and only a very weak secondary one in autumn for types Vb and Vcd (Figure 4).

Track density maps (Figure 5) are given by the sum of time steps for which a track passed
the single grid points during the years 1961-2001. As per the predetermined criteria, the
main path of Vb-cyclones is orientated to the northeast and shows a second major
maximum in the region between Austria, Slovakia and the Czech Republic. Vcd tracks move
on to the south east, with a second major maximum in the Central Adriatic Sea. NST-
cyclones have no specific track to follow by definition, but it seems that these cyclones
preferably propagate around the Eastern Alpine Region instead of moving straight ahead.
The pronounced maximum near the Gulf of Genoa can be seen for all track types,
emphasizing the importance of this region in the genesis of cyclones and their propagation
path. This region could be identified as the starting point for a majority of cyclones following
tracks Vb, Vcd or NST (not shown). This region is one of the major cyclogenesis regions
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around Genoa in the NE of the Mediterranean Basin, which has been identified by Trigo et
al. (1999), Trigo (2006), Lionello et al. (2002) and Pinto et al. (2005) for example. In the case
of the Vb-tracks, a second track density maximum can be seen over the Northern Adriatic
Sea, despite the fairly coarse spatial resolution of the ERA-40. Only recently has this region
been identified as a second important cyclogenesis region for Mediterranean cyclones by
Muskulus and Jacob (2005), when investigating cyclone tracks in high resolution, regional
climate model simulations for the years 1961-2099.
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Figure 5: Track density (track count on grid points) for all track types from ERA-40 over Central Europe
for 1961-2001. The broken line marks the investigation area for all tracks.

2.4.4 Coherence of Vb with circulation classification schemes

To verify the hypothesis of coherence between cyclone track Vb and certain circulation
types from circulation type classifications using stationary atmospheric patterns (e.g. Fricke
and Kaminsky, 2002; Mudelsee et al., 2004; Kundzewicz et al., 2005), the new catalogue of
Vb-tracks is used as a reference and compared to selected CTCs from the COST733
catalogue for the cost733-domain “Alps” (D06; 41°N-52°N, 3°E-20°E). For this only days on
which a Vb track was located within the Alpine domain were considered as a Vb-day. In
doing so, the conditional probability prb_{CTy | Vb,,s} of CTx to occur along with Vb (Vb as
observed), is compared to the conditional probability prb_{CTy | Vbgiy,} of CTi in case of a
climatologic occurrence of Vb (by chance) in figure 6 a-b and figure 7 a-b in the upper panel.
The best performing CTC in this respect is ZMGo43 (Figure 6a), with a large total excess
probability € of 48%. Almost all of this excess probability comes from four CTs only (33, 36,
39 and 42), which indicates a strong ability to distinguish Vb-days. The conditional
probability of Vb prb_{Vb | CT,} to occur in CT36 or CT33 is nearly five times larger than
expected from climatology. All four CTs mentioned look very similar with a low pressure
system or large scale trough located over Central Europe.
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As Fricke and Kaminski (2002) and Kundzewics et al. (2005) postulated, this ability can also
be seen in the classical classification scheme GWLo30, ranking as 2" of 83 CTCs, where € is
43% (Figure 6b). But in addition to CT17 (TRM — trough over Central Europe) as mentioned
in Fricke and Kaminski, our results demonstrate that CT11 (TM — low pressure over Central
Europe) is of similar or even higher importance. As shown in figure 6b (lower panel), the
conditional probability of Vb to occur in CT11 is even larger than in CT17. Rank three of 83
belongs to CTC SUEo, again a manual/subjective scheme. CT-Classification
SAN27_YR_S01_SP-Y5 is the best performing, fully objective scheme tested in the present
study (Figure 7a) and ranked fifth among 83 with an € of 47%. For this scheme, most of the
excess probability is contributed by seven circulation types only, which is rather convincing.
Most of the other fully objective schemes do not perform so well, as it is shown for
LND27_YR_S04_SP for example (Figure 7b). The excess probability is as low as 0.22 and *BSS
only leads to rank 76 for this CTC. As can be seen in figure 7b in the lower panel, Vb-events
are not captured by any CT in specific and the conditional probabilities almost equal
climatology.

When the results of all 83 CTCs tested in this study are compared, it follows that
manual/subjective schemes outperform objective ones as long as the latter are not
optimized with respect to the Vb-issue. The skill of objective schemes depends on the input
fields which were used to derive a CTC. A combination of SLP with GPH or relative vorticity
at 500 hPa appears as the best choice in this respect. Sequencing does not add any skill
therein, on the contrary, for some schemes the results get even worse. Thus, including
information from ongoing time steps for the classification does not lead to a higher
recognition rate, despite the kinematic nature of the cyclone tracks. Finally the number of
CTCs should be sufficiently large (~18-27), but this depends on the specific characteristics of
the CTs.

All in all, the hypothesis of Fricke and Kaminsky can definitely be supported by this work:
Vb-tracks are included in one or the other stationary circulation pattern to some extent,
depending on the specific characteristics of a CTC.
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Figure 6: Ability of selected circulation classification schemes to discriminate Vb-days. a) ZMGo, b) GWLo
(please see Table 1 for abbreviations). Upper panel: Conditional probability of occurrence of CT, for detected
Vb-events (Vb-obs) and for Vb-climatology (Vb-clim). Probability above climatology is summed up to excess
probability. Lower panel: Conditional probability of the occurrence of Vb for a given CT,. (see section 3.3. for

more details)

17



18

SAN27-YR-S01-SP-Y5-D06

BSS*-rank 4 of 83

0.25 T S S B S B S S B E LA E AU B D B S B pp — —— —
P (CT, [Vb-clim)
] ero(CT,IVo-obe)
012_.. e e e e e e e e e e e e e e e
excess prb: 0.47]
0‘15_ . —

prb of (:Tk to oceur if Vb

ﬁ[—lﬁ ﬁl—.gﬁ_

— —
6

10 9 11 12 13 14 15 1

o [T il

1 3 2 6 18 20 21 22 23 24 25 26 27

0.25 I — T T T T T T T T T T T T T T T T T LI T I
:I pro (VbICTk}
1] T T | = - —wb,, =003 H
0151 -

prb of Vb to oceur if CT,

°‘°Z:;m:.-;;f-m-- ; ‘WHHH_:W_

erculallon Type CTk

19 20 21 22 23 24 25 26 27

d
) LND27-YR-504-SP-D06 BSS*-rank 76 of 83
0.25 T T T T T T T T T T T T T T T T T T T T LT T T I
P (CT, [Vb-clim)
g 0.2 pro (CT, [Vb-obs)
5
o
=]
G
2
) 0105_.|—’ ﬁﬂ__ H H . |
L1 I | | [r—
1 2 3 4 5 6 16 20 21 24 23 22 25 26 27
0.25 T T T T T T T T T T T T T T T T T T T T T T, I_—T T 1
= |:| pro (VbICT,)
9 0.2+ | == =Vb,,=003H
5
8 o015 -
o
=i
o 0‘1_ A4l aaAamsAlaalasbadsiasasassasaantaiaataaaanasaans tiasmsastsatasinastsaaaaaanaa —
>
©
o 005 - H ....... H ........... -
5 L ‘ - e sl _ _ ]

erculahon Type CTk

16 20 21 24 23 22 25 26 27

Figure 7: Same as figure 6 but for c) SAN and d) LND.



2.4.5 Comparison ERA-40 with ERA-Interim

For the years 1989 to 2001, a comparison of main climatologic characteristics of Vb, Vcd and
NST tracks between ERA-40 and ERA-Interim has been done and will be described in the
following without showing any figures. The annual number of Vb-tracks is very similar in
both reanalyses and only differs for individual tracks that could not be found in one or the
other data. Similar results are obtained when analysing Vcd- and NST tracks which is mainly
due to using ERA-Interim and ERA-40 at the same spatial resolution. In another study by
Akperov and Mokhov (2010), where cyclones had been tracked in both reanalyses at their
initial resolution, more cyclones were detected in ERA-Interim than in ERA-40 for example.
The track densities of all track types are also similar in both reanalyses. The biggest
difference between both data sets appears to lie in the mean seasonal cycle of Vb-tracks
where ERA-Interim shows a lower number of tracks occurring from May to July (-30%).
Another interesting feature is the underestimation of the inter-annual variability of Vcd-
tracks in ERA-Interim (3.4/y compared to 4.4/y), for which no profound assessment could be
done.

2.5 Conclusion

In this study, an automatic cyclone tracking procedure has been applied and a systematic
approach has been developed to classify three major cyclone track types over Central
Europe from ERA-40 and ERA-Interim. These track types are based on the early work of Van
Bebber from 1891: Vb, Vc or Vd (“Vcd”) and the new NST-type referring to cyclones which
were detected in the study region (Figure 3), but for which no specific or unique
propagation path could be assigned. The analysis is based on tracking isolated minima of the
geopotential height on the pressure level at 700 hPa in time, contrary to the approach of
Van Bebber where the focus was on tracking isolated minima at surface level pressure (SLP).
This new approach was chosen to avoid erratic or even discontinuous tracks which may
arise from weak or fairly disturbed pressure signals when using SLP in a region with complex
topography, especially in the summer season. Of all seasons it is exactly the summer season
when cyclones on Vb track are of greater relevance for flood risk in Central Europe due to
the higher atmospheric water content.

Results show that especially track type Vb is quite a rare event in Europe, as only 3.5 events
(12 days) per year with a lifetime of 3.4 days could be detected. However this corresponds
to a total of 146 cases, only very few events could be found in literature. This leads to the
assumption of highly subjective notions and preconception in connection with the issue of
Vb-tracks, when only those events are recorded that go along with extensive precipitation
or massive flooding. Regarding the seasonal cycle, a primary maximum can be seen in spring
(April-May) for all types, with a secondary maximum in autumn for types Vb and Vcd
(Figure 4a). The track density analysis shows a region with enhanced activity near the Gulf of
Genoa for all track types, emphasizing the importance of this region in the genesis of
cyclones and their propagation path (Figure 5).

From the comparison of Vb-tracks with 83 CTCs, the hypothesis of Fricke and Kaminsky
(2002) can definitely be supported: Vb-tracks are included in one or the other stationary
circulation pattern, but to which extent this is the case depends on the specific
characteristics of any CTC. Schemes with the largest skill in this regard are
subjective/manual ones (e.g. ZAMGo43, GWL0o30 or SUEo; see Table 1 for acronyms),
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demonstrating the ability to enhance relevant synoptic phenomena instead of emphasizing
mathematic criteria for classification.

Objective CTCs appear to perform better when a larger number of classes (27 or 18 vs. 9) is
used and sequencing seems to result in loss of discrimination power due to blurring. In
accordance with the findings of Beck et al. (2010), we also conclude that the position and
extent of the region where the CTC has been derived is of major importance and should be
calibrated to the spatial/temporal characteristics of the phenomenon under investigation.
When using geopotential height or relative vorticity at 500 hPa (Z5 or Y5) additionally to SLP
in the CTC, a clear improvement could be seen for SAN in case of Z5 as well as for LND and
CAP in case of Y5. However, this advantage is totally missing when 4-day sequencing is used.

Lauscher’s manual/subjective Vb classification showed somewhat sobering results, although
the criteria for this verification were set on a rather low level. Only 15% of all Vb-tracks were
detected by the classification and only 23% of all Vb-days in Lauscher’s record could be
confirmed from the relevant tracking procedure. Reasons for that may be the lack of
objective criteria, the focus on extreme precipitation events, inhomogenities in time due to
switching observers or the mixing of kinematic and stationary aspects in the classification
itself.

For the first time, an objective catalogue with the famous cyclone track Vb and its
climatology is now on hand for the period 1961-2002 based on ERA-40. These events have
been determined by tracking minima of the geopotential height at 700 hPa. Although this
approach signifies a considerable improvement in the recognition of systems with a weak or
disturbed surface signal especially in the summer season, it possibly fails for developing
cyclones with a large tilt in vertical structure so that the track does not match the criteria for
Vb at 700 hPa. We conclude that a combined tracking on different levels would be beneficial
for the Vb-issue, possibly leading to the recognition of some additional events (~9%). We
also address the need for a more thorough definition of what exactly is meant by a Vb-event
in one or the other study, to allow for comparability of the results. Nevertheless, this new
cyclone track catalogue will serve as an essential and valuable basis to further improve our
knowledge about the issue of Vb. Especially the Vb cyclone track catalogue may be used as
an information source for, inter alia, climatologists, synoptic meteorologists or the
hydrologic community.
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3 A new classification scheme of European
cyclone tracks with relevance to precipitation

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 the
period 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 700hPa
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% to 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.

3.1 Introduction

Mid-latitude 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 cyclones 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; Schroter et
al., 2014; Bloschl 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 geopotential heights. On the other hand, gale-force
winds in western-Continental Europe are usually caused by cyclones that propagate from
the north-eastern Atlantic into Europe (Hanley and Caballero, 2012; Donat et al., 2010), such
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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 generating 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) classified cyclones over the north-western Atlantic Ocean
into distinct types, based on the depression’s origin, 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 eastern
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”, “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 depressions 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.

o The aim of this study is to present a new approach to classifying atmospheric
cyclones over Europe and relate it to long-term precipitation totals.

The precipitation 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 resulting
track types are analyzed in terms of within-type cyclone characteristics, including
precipitation.
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3.2 Developing a classification of European cyclone tracks

3.2.1 Data

In this study, ERA-40 data (Uppala et al., 2005) are used (Table 4), covering the time period
January 1961 to August 2002 and with a temporal (spatial) resolution of six hours (1.125°).

Table 4: Overview of data used in this study.

temporal

data set parameters spatial coverage resolution extent source
Gopotential
height and Six-hourly, 1 Sep 1957 Eu:\:zz}a\unrfeRr;;reefor
ERA-40 relative vorticity Global T159 to Weather Forecaitin
at 700hPa and (~125km) 31 Aug 2002 g
500hPa (Uppala et al. 2005)
Daily Germany, Austria
WETRAX precipitation (Switzerland ?n.d Daily, 15ep 1961 Hofstatter et al.
recipitation totals Czech Republic in 6km x 6km to (2015)
precip parts, see Figure regular grid 31 Dec 2006
RR
17)
Flood- Significant . . 1Jan 1951
related R Major Central River .
recipitation precipitation: European rivers catchments to Mller et al. (2009)
P evljants date and rank P 31 Dec 2002

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 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 constant pressure level of 700hPa (using geopotential heights Z700).

The ERA-40 data are interpolated to an equidistant 80km grid by polynomials (Akima, 1978;
Akima, 1996). The final grid is centered on 5°E and 50°N, ranging from about 40°W to 50°E
at 65°N, and 20°W to 40°E at 30°N. 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 Hofstatter and Chimani, 2012). To understand the relevance
of the cyclone classification for precipitation, a focus region within Central Europe is
selected for precipitation analysis (Germany, Austria, 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 6km grid are used (see Table 4) which, in
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case of Austria have been obtained from the Austrian Weather Service (ZAMG)
(the GPARD-6 data set, Hofstatter et al.,, 2015) and for the remaining parts of the focus
region from the German Weather Service (DWD) (the HYRAS dataset, Rauthe et al., 2013).

3.2.2 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 procedure consists of four basic elements: (a) identification of
significant cyclones at time t,, (b) prediction of a subsequent cyclone position at time t,.1,
(c) association of cyclones between times t, and t,.; by scoring the difference between the
predicted (first guess, “FG”) and all present cyclone positions (candidate points, “CP”) from
the data at time t,.1, 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 p. 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 measure of intensity, geostrophic relative
vorticity ¢ is used for SLP and Z700
baur = (o+ VD) or Eomn = (7+V70) o)
SLP of p GPH I

where f is the Coriolis parameter and p is the air density. All cyclones below a minimum
intensity &, are disregarded. This threshold is set to 3.8 x 107>s~! for open and
29x107°s™! for closed systems in the case of SLP, and 3.5x107°s™!' and
2.6 x 107°s71 in the case of Z700. 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 V2p and V?¢ 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 considered by Pinto et al. (2005). Second, the subsequent position (first
guess, “FG”) of a cyclone at time t,. is predicted through a propagation vector Uppeq,
calculated as two components. The first component, U, takes into account continuity in
cyclone propagation (Murray and Simmonds, 1991). For existing tracks, Uy is therefore set
to the previous displacement vector, and for new tracks the climatological cyclone
propagation at the respective grid point U, is used. The climatological cyclone propagation
is derived from an existing track catalog for the period 1961-2002 (Hofstdtter and Chimani,
2011) and updated here by the analysis of SLP. The second component uses steering winds
Ujow from the level of interest (700hPa or SLP) as well as U, from the respective upper
level (500hPa or 700hPa) referring to Simmonds et al. (1999). Uy 10w is estimated as the
associated averaged gradient of p calculated within a radius of 320 km around the cyclone
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center in case of SLP and is approximated by the geostrophic wind vector
Ugrg = f~1(e; x VZ) elsewhere. The two components are weighted to obtain the predicted
propagation vector U4 as given by Equation 8:

Upred = (1—wy)- Upse +wy - {Wz “Upw + (1 —wy) - (fred ) UuPp)} (8)

The weight w; was set to 0.60 following Simmonds et al. (1999), and w, to 0.33 respectively,
to put more emphasis on upper level winds for the latter. The reduction factor f,..4 accounts
for the decrease of wind speed from upper to lower atmospheric levels (Simmonds and
Murray, 1999). ERA-40 data over Europe suggest a typical ratio of 0.65 between Ug 4 at
GPH500 and Z700 (0.80 for Z700 and SLP). For clarity, f,.q is set to 0.7 at both levels.

Third, cyclones are connected between adjacent time steps t, and t,.1, 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 t,.1
(see Figure 8).

_CP
c}d\,;’ )
o ::;9) dis
~ N*
FG
tn—1 tn tn+1

Figure 8: Schematic showing the concept of cyclone association between times t, and t,,, by assessing
the distance (dis) between the predicted cyclone position (FG) and a candidate cyclone (CP), the angle (8)
between the propagation vectors (dashed) of CP and FG as well as the distance (cdi)
between the cyclone position at time t, and a CP at time t,,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
refinement, the score C is not simply the Euclidian distance between CP and FG but consists
of two parts

C= Cdis + Cdir (9)

where C,;, is related to the distance (dis) between CP and FG and varies between 0 and 1.
Cgair 1s related to the angle (8) between the propagation vectors to FG and CP and varies
between -0.15 and +0.25. To avoid poorly defined angle scores for slowly moving cyclones,
Cg4ir is reduced to zero if the distance between CP and the cyclone location at time t, (see
Figure 8) approaches zero (Equation 12). In this work Cg;, 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
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result of extensive testing and comparison of tracks with well documented case studies. The
scores are calculated by Equation 10-12:

L (dis)2 ° 0 < dis <d
Cus =117 \@, (0= dis < dmax) (10)
0 (otherwise)
with dmax=450km+[255km*tanh(n*3%)] (0°< ¢ < 90°) (11)

(12)

C —[025 ( )] t h( < i) (0° < 6 <180°)
. Pl p— —_— * *
dir . 0 anh | 0 <0<

where the units of d,,,, dis and cdi are km. Other studies used a constant value of the
maximum association radius d,,,4, such as 420 km (Zahn and Storch, 2008). In Equation 11,
however, the maximum distance depends on the latitude ¢, with values between 515 km
and 604 km (at 30°N and 80°N resp.), 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 10-12, a distance error of, say, 160 km for a cyclone at latitude of
50°N (dax = 555 km) gives (;;,=0.8, and a directional error of, say, 8 =45° and
cdi=450 km gives Cy;,- = 0.15. This would result in an overall association score of € = 0.95,
which is above the minimum threshold of 0.5, so the candidate point would be connected.
Although Equation 10-12 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 11
from 450 km to 550 km for the NCAR-NCEP1 data (Kalnay et al., 1996), and to 350 km for
the ECMWEF-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 “non mobile 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 (¢ smaller than 33t percentile of all cyclones at the
respective level), (iii) a short total track length (<1000 km), (iv) low average cyclone velocity
(<38 km h™), (v) frequent large changes of propagation direction (>60° on average per
track), (v) track endpoint located close to the starting point (<500 km). This method
eliminated 17% of all tracks at SLP (11% at 700hPa). 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).
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3.2.3 An illustrative example

To illustrate the cyclone detection and tracking procedure, Figure 9 shows the tracks
associated with a major Central European flood event in August 2002, with the day and time
in UTC (ddhh) indicated.
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Figure 9: Cyclone track analysis for the devastating Central European flood event
in August 2002 at 2700 (a)—(c) and SLP (d)—(f).

(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 7). (c) and (f) Association score C
(Equation 9) for the tracking of the first track at 700hPa and the second track at SLP. The score is partitioned
into directional (white) and distance (black) components. Dotted line indicates threshold C,,;,, = 0.5 for
connecting candidate points.

The event is characterized by two individual tracks at both levels (top panels) interrupted at
12 UTC on the 10" of August. For SLP (Figure 9(d)) this finding is consistent with Ulbrich
et al. (2003) who also identified two separate cyclones. At the level of 700hPa (Figure 9(a))
the tracking routine also appears correct in providing two separate tracks, as the cyclone
approaching from the Atlantic had weakened over the British Islands and was followed by a
secondary cyclone developing in the lee of the Alps (Figure 9(b)). A further interesting case
is point 00 UTC on the 13" of August at SLP (Figure 9(f)) where the distance is well predicted
(Cgis = 0.78) but the direction is more than 120° off, as the cyclone changes its direction
sharply. This results in a negative directional association score (Cy;,- = —0.14), reducing the
total score considerably although CP and FG are close to each other. Clearly, direction adds
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important information to the total score, even though the total score is still above the
threshold in this particular case.

3.2.4 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
(Table 5).

Table 5: Cyclone track types.

Priority Acronym Type
1 Vb van Bebber’s type “five-b”
) X-N Northward propagation,

emerging from nas* or med*

Southward propagation,

3 XS emerging from nas* or med*
4 MED Mediterranean

5 STR Subtropical

6 ATL Atlantic

7 POL Polar

8 CON Continental

“track recognition zone”
9 TRZ All tracks emerging within TRZ
(except Vb, X-N, X-S)

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 0.5°E to 23.9°E and 42.3°N to 56.2°N. Only
those cyclones are considered in the following that are located in TRZ for at least 18 hours.
The main idea of this geographical separation is the definition of reasonably homogeneous
areas with distinct climatic features, such as surface characteristics (ocean, land, 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 10) 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 outside. 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; Trigo et al., 2002; Campins et al., 2011). Type X-N
cyclones move to the north over the first 24 hours in contrast to X-S cyclones moving to the
south during the initial phase. The eighth class includes Vb cyclones which propagate from
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the region around northern Italy towards Poland, leaving the Alpine mountain range on the
left (Figure 10b). Based on van Bebber’s definition, three areas, “Xi0)“ , “X(n)”, and “in” are
defined (Figure 10(b)), and the criteria for tracks to be classified as type Vb are chosen as
follows (all criteria must apply):

i. The track is within area “x;)“ for at least one time step (4°E to 17°E; 42° to 46°N).
ii. Atany later time step, the track appears in area “xn)“ (14°E to 20°E; 47°N to 55°N).

iii. Any time between located in “x(10)“ and “x(n)“ the track appears
in area “in” (12°E to 22°E; 46°N to 52°N).

iv. There is an overall movement from west to east between “xo)“and “Xn)”.

(b)

55% .

—— S —
10% 20°E

0° 12°E

Figure 10: Regions used for the classification of cyclone tracks: (a) Geographical regions determining nine
different track types. TRZ (Track Recognition Zone). The small area (*) 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).

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 10a) which are assigned to POL or ATL, if the average propagation
direction in the first 18 hours is between 145° and 235° or 45° and 135°, 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 5). 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 5) is considered. For example, if a track T; includes a single split, the
track type is assessed for each of the two sub-tracks Ti; and T;; (Figure 11) independently,
followed by identifying the primary track type by priority and only retaining the primary
branch. Hence, all tracks considered in the following are single paths without branches.
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Finally, due to their very low number, STR tracks are not considered further in the statistics
of this paper.

»MAIN TRACK" »SUB TRACKS” »MAIN TRACK"
T, i
i Ta T X-S Vb Vb
.
Cyclone track event i considering all possible Classifying each Sub-type with highest
combinations of branches subtrack individually priority sets type
as independent tracks for main track
(type unknown) (type assigned)

Figure 11: Procedure for identifying track type for split tracks (analogously for merge tracks).

3.3 Track type characteristics

The new track type catalogue 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.

3.3.1 A brief climatology of tracks types

The climatological track frequency and mean propagation direction for each track type at
700hPa are shown in Figure 12 and 13. 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 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 situation 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 northward
component in the propagation of type TRZ cyclones.
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Figure 12: Track frequency (colors) for cyclone track types ATL, POL, CON and TRZ at Z700 (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.

The frequency map for Vb-type cyclones (Figure 13 top left) demonstrates that the current
classification is very close to the original Vb path as defined by van Bebber in 1891. These
cyclones emerge between the first frequency maximum near the Gulf of Lion and northern
Italy and propagate to the northeast bypassing the eastern Alps, as intended by the
classification (Figure 10b). 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
secondary 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.
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Figure 13: As Figure 12 but for cyclone track type Vb, X-N, X-S and MED at Z700 (1961-2002).

The frequency map for type X-S (Figure 13 bottom right) shows a very distinct region with
numerous cyclone tracks over north-western ltaly. 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 also Figure 14). 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 hours, with no
restrictions related to the subsequent movement. Overall, the typical propagation directions
shown in Figure 13 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 700hPa
with the main difference that cyclones tend to move around major orographic features such
as the Alps. Figure 14 shows the tracks of all cyclones by track type.
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Figure 14: Members of the cyclone track types (SLP, 1961-2002).
Red dots indicate the point of first detection of individual tracks.

The mean annual number of cyclones per track type is presented in Table 6. On average,
about 122 tracks per year are found at SLP and 83 tracks per year at Z700 over CE. The
smaller number of tracks at Z700 is due to the smoother pressure patterns, despite the
same spatial resolution and the pre-filtering. 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 6 also gives the frequencies of the strongest 10% of the cyclones
(intensity & > 90" percentile). About 40% to 55% of strong cyclones follow ATL-type tracks,
which corresponds well with synoptic observations. For almost all of the other track types,

33



the frequency is much lower (POL, MED, CON, X-N, 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 Z700).

Table 6: Cyclone track frequency®.

Mean annual number Frequency
7700 SLP
Z700 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 31 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%

®Frequencies (number of tracks for a type per total number of tracks) are given for all cyclones
(all) and for strong cyclones (intensity & >90th percentile) separately, rounded to percent
integers. ERA-40 data (1961-2002).

3.3.2 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 investigated
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-hours 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 pressure and increasing vorticity must occur, and vice versa for the latter group.
About 10% of all cyclones at each level are classified as significantly changing. The results
(Figure 15) 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 Rhone 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).
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Figurel5: Fraction of cyclones that significantly intensify (upward bars) and decay (downward bars) during the
first 24 hours 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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Figure 16: Climatological characteristics of cyclone track types at SLP in region TRZ
(grey: May-Oct, black: Nov-Apr). (a) minimum core pressure and (b) maximum relative vorticity.



The fraction of intense cyclones is remarkably high for certain track types as shown before
(Table 6), 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 investigated in more depth for SLP (Figure 16). In winter (Nov-
Apr, black bars) Atlantic and Vb-type cyclones are the most intense ones on average (low
pressure, 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 summer half-year
(May-Oct, gray bars). The 80" percentile of the relative geostrophic vorticity in summer 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 Schar (1998), with latent heating at low to intermediate levels, resulting from
water vapor condensation, contributing significantly to frontogenesis and cyclogenesis on
the lee-side of the Alps over northern Italy. High equivalent potential temperatures over
northern ltaly 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.

3.4 Precipitation related to track types

The classification scheme of cyclone tracks can be used for a range of analyses relevant to
regional hydrology. 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.

3.4.1 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 precipitation from the HYRAS and GPARD-6 data at a given grid
point was assigned to that track type and accumulated over all cyclones of the same type,
irrespective of the level. Precipitation of less than 1mm 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 hours), 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 6) an average of 83
and 122 cyclones per year have crossed Central Europe as identified from the levels of
700hPa and SLP. These cyclones (all types, both levels) account for a total of 46% to 76% of
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observed precipitation in the focus region (Figure 17), 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 700hPa, 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. 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% to 36%, depending on the location, with an
average of 26% or 97 days per year. The overall 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.
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0.7
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Figure 17: Fraction of precipitation attributed to the cyclones identified from
700hPa and from SLP (1961-2002).

The fraction of total precipitation associated with cyclones over Central Europe (62%)
obtained here fits very well with other studies which attributed around 65% of the annual
precipitation to stratiform type precipitation over the Czech Republic (Rulfovad and Kysely,
2013) and the Spanish Mediterranean 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 47°N and 12°E. 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
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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 17. Typically, however, such situations favor
convective type precipitation and should therefore affect both the south and the north of
the focus region.

0.5 0.7 1 1.25 15

Figure 18: 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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One of the motivations of the classification has been the expectation that cyclone track
types differ in their precipitation characteristics. Figure 18 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 2mm/d (Hawcroft et al., 2012) and 4mm/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 km?) 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 3.12mm/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 1.56mm/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 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 Atlantic weather regimes.

POL cyclones have the strongest positive anomalies (a maximum of 3.89mm/d) in the
northern stau regions of the Erzgebirge and Alps (light blue bands in Figure 18), implying a
strong northerly flow against the orography and related lifting of moist air. MED cyclones
show a stronger signal (max=4.51mm/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=5.34mm/d). High precipitation totals are found for ATL cyclones in the
western parts of Germany and Switzerland (max=4.30mm/d), for X-N cyclones
(max=4.86mm/d) in the south-eastern parts of CE (Austria and Czech Republic). The clearest
pattern appears for Vb cyclones with very high precipitation contributions over a large area
in the Czech Republic (max=5.82mm/d). Vb cyclones develop around Genoa and move
around the eastern Alps towards Poland. Moisture is advected towards the mountains in an
anti-clockwise rotation 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 precipitation depths is the strong
intensity of Vb cyclones (Figure 16).

3.4.2 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. Miiller 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 7 for the period 1961-2002, along with the associated cyclone
track type identified in the present study. The table shows that, in northwestern Germany
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(Neckar, Main, Moselle, Ems, Aller, Weser rivers), eleven out of twelve 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, 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.

Table 7: Significant precipitation events and track types°.

Czech Republic,
W-Slovakia,
SW-Poland

. S-Germany,
Region - NW-Germany N-Austria
Neckar, Main,

-D VI El
Catchments > Moselle, Ems, Aller, Upper-Danube, tava, Elbe, Oder,

Weser Inn, Enns Morava, Vah

Precipitation SLP 2700 SLP 2700 SLP 2700
event

1965-06-11 TRZ TRZ TRZ TRZ TRZ TRZ
1965-07-18 TRZ TRZ
1970-05-12 TRZ TRZ
1970-07-19 TRZ Vb
1970-08-11 XS XS
1972-08-22 TRZ Vb
1973-06-24 X-N ATL
1975-07-02 X-N  POL
1977-08-01 Vb Vb Vb Vb
1978-05-24 MED X-N
1980-10-10 Vb Vb
1981-06-06 TRZ TRZ
1981-07-02 Vb ATL
1981-07-21 Vb Vb Vb Vb
1981-08-13 TRZ TRZ
1983-05-26 TRZ *
1983-08-07 X-N ATL
1984-06-02 TRZ ATL
1985-08-07 Vb Vb Vb Vb
1986-10-24 ATL ATL
1993-10-06 TRZ TRZ
1997-07-08 TRZ X-N TRZ X-N
1998-10-29 ATL *
1999-05-13 TRZ TRZ
1999-05-22 Vb XS
2002-08-12 Vb Vb Vb Vb

®Most significant precipitation events over selected parts of Central Europe for the summer
half years (May-October) between 1961 and 2002 (adapted from Miiller et al., 2009) and
attribution to cyclone track types. Empty fields indicate that the event is not among the top
events in the respective catchment. Asterisk indicates that the event is not recognized as a
cyclone which moves into TRZ.

In the Czech Republic, western Slovakia and southwestern Poland (Vitava, Elbe, Oder,
Morava, Vah 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
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developing at the northern or southern lee-side of the Alps at SLP, or a stationary cut off 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 700hPa (indicated by an asterisk in
Table 7) all precipitation events can be associated with cyclones identified in this study,
which adds credence to the consistency of the approach. For most of these events the same
cyclone track type was found at SLP and 700hPa atmospheric levels, but there are a number
of events where the track types are not consistent 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
different track type over Central Europe. Examples are the events on 1981-07-02,
1983-08-07 and 1984-06-02 in Table 7.

3.5 Discussion of classification results

3.5.1 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 14). The average 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 Z700, respectively, which is similar to results from the literature
based on ERA-40 data with 3.0 at Z700 (Kummli, 2014), and 3.5 at Z700 (Hofstatter and
Chimani 2012). A significantly lower count of Vb-type cyclones at SLP was found by Nissen
et al. (2013) but they used a different recognition approach. As can be seen from Figure 14,
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 16), and intensity change
(Figure 15) 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 cut-off lows located over CE (Grams et al., 2014) in case of Vb which,
presumably, is not a dominant feature for X-N. A separation of the three track types
therefore appears meaningful.
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3.5.2 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 similar, eastbound propagation paths as X-N (see Figure 14), a sensitivity experiment is
carried out by varying the width of region “xn)“ through the boundaries in the east and
west (see Figure 10 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 westward extent (Table 8).

Table 8: Sensitivity of classification to Vb tracks".

Extended Original
westward & b Extended eastward boundary
setup
boundary
12°/- 13°/- 14°/20° -/20.25°  -/20.5° -/21° -/22° -/23°
events 3.3 3.2 3.1 3.5 3.7 4.0 4.5 4.9
per year

®Mean annual number of Vb type cyclone tracks for different longitudinal sizes of region “Xiem)“
ERA-40 data, 1961-2002, SLP. bOriginal size 14°E to 20°E as shown in Figure 10(b).

When changing the eastward boundary from 20°E (original setup) to 23°E, 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
700hPa 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.

3.6 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 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 characteristics, 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% relative 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 during 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 Schar, 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 preferred cyclone propagation paths over CE. Although these are usually
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affected by the underlying topography, 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
climatological 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 precipitation over Central
Europe very much depends on the specific cyclone track type and location. A comparison of
significant precipitation events (from Midller 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 seven of the top ten 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 Z700. Although tracking studies
are usually based on one single 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 classified, 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 sub-track from high priority regions determines the type of the
entire track-complex and the other sub-tracks (branches) are disregarded. 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. However, the basic concept behind the classification can readily be transferred to
other mid-latitude and possibly tropical regions of the world by adapting the setup
according to local synoptic information, and their effect on precipitation (eg. 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 transformation 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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4 Large scale heavy precipitation over Central
Europe and the role of atmospheric
cyclone track types

Abstract

Precipitation patterns over Europe are largely controlled by atmospheric cyclones
embedded in the general circulation of the mid-latitudes. This study evaluates the
climatologic features of precipitation for selected regions in Central Europe with respect to
cyclone track types for 1959-2015, focusing on large scale heavy precipitation.

The analysis suggests that each of the cyclone track types is connected to a specific pattern
of the upper level atmospheric flow, usually characterized by a major trough located over
Europe. A dominant upper level cut off low is found over Europe for strong CON and Vb
cyclones which move from the East and Southeast into Central Europe. Strong Vb cyclones
revealed the longest residence times, mainly due to circular propagation paths. The Central
European cyclone precipitation climate can largely be explained by seasonal track type
frequency and cyclone intensity, however, additional factors are needed to explain a
secondary precipitation maximum in early autumn. The occurrence of large precipitation
totals for track events is strongly related to the track type and the region, with the highest
value of 45% of all Vb cyclones connected to heavy precipitation in summer over the Czech
Republic and Eastern Austria. In Western Germany, Atlantic winter cyclones are most
relevant for heavy precipitation. The analysis of the top-50 precipitation events revealed an
outstanding heavy precipitation period from 2006 to 2011 in the Czech Republic, but no
gradual long term change. The findings help better understand spatio-temporal variability of
heavy precipitation in the context of floods, and may be used for evaluating climate models.

4.1 Introduction

Precipitation is a key element of the Earth’s climate system through the vertical and
horizontal transport of mass and energy (Trenberth and Stepaniak, 2004, Hantel, 2005,
Tristan et al., 2015). The long-term characteristics of precipitation vary substantially
between regions (Peel et al., 2004, Kottek et al., 2006, Rubel and Kottek, 2010) due to
latitudinal difference and local geographical features such a proximity to large open water
bodies and different land-surface properties, even within a rather small domain as Europe
(Haylock et al., 2008). Beside regional differences in precipitation characteristics, seasonal
patterns exist (Zveryaev, 2004 and 2006) which are typically caused by annual variations of
air temperatures, solar insolation, dominant atmospheric weather patterns and vegetation
dynamics. On top of that, internal climate variability induces large variations of dry or wet
conditions at decadal and interannual time scales (Masson and Frei, 2016, Pauling et al.,
2006, Schmidli et al., 2002, Rimbu et al., 2001, Haslinger and Bléschl, 2017, Casty et al.,
2005). Hydro-meteorological extremes are of particular relevance. Extreme precipitation has
caused several devastating floods in Central Europe over the last 20 years. Examples include
the July 1997 flood in Poland (Kundzewicz et al., 1999), Germany, the Czech Republic and
Austria, the May 1999 flood in Bavaria and Western Austria (BLFW, 2003), the August 2002
flood hitting several Central European countries (e.g. Grazzini and Van der Grijn, 2002), the
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August 2005 flood in the German/Austrian Alpine Region (BLU, 2006), the June 2006 and
May/June as well as August 2010 floods in the Czech Republic (Muller et al., 2015), the
June/July 2009 flood in Central and Eastern Europe (Danhelka & Kubat, 2009), the June 2013
flood in Bavaria and Austria (Bloschl et al., 2013) and the May 2014 flood on the Balkans and
in Southeast Europe (Stadtherr et al., 2016). A potential increase of the frequency or
intensity of hydro-meteorological wet events is of great concern in the ongoing climate
change debate (Westra et al., 2014, Trenberth et al., 2003). Such events tend to result from
anomalous atmospheric circulation patterns over Europe (e.g. Dayan et al., 2015, Grams et
al., 2014, Kaspar and Miller, 2014) in combination with specific hydrologic boundary
conditions on the surface such as antecedent soil moisture and soil infiltration capacity (e.g.
Hall et al., 2014, Nied et al., 2014). Additionally, seasonality is a very important factor both
in terms of the atmospheric circulation as the driving mechanism (Scherrer et al., 2016, Fleig
et al., 2015, Casanueva et al., 2014, Zveryaev and Allen, 2010) and for the resulting flood
processes in terms of soil moisture, snow processes and frozen ground (Merz and Bldschl,
2003, Parajka et al., 2010, Midiller et al., 2015; Bloschl et al., 2017). An increasing number of
studies have focused on the specific characteristics of the atmospheric circulation during
heavy precipitation events in recent years. For example, two circulation types have been
isolated in for the heaviest Czech Republic rainfall events during 1958-2002 (Miiller et al.,
2009). The first circulation type consists of a major, quasi-stationary trough located over
Europe, steering a number of fast moving, frontal short-waves over the Czech territory. In
contrast, the second type is characterized by a cut off low (COL) over Central Europe, with a
cyclone at lower atmospheric levels moving very slowly. This is a similar situation to those of
the four historic flood events in Austria/Bavaria in Sept 1899, July 1954, Aug 2002 and May
2013, where a major upper level COL was observed over Central Europe, accompanied by
cyclones located at the surface level around the eastern Alps (Bloschl et al., 2013). For
Switzerland, stationarity of anomalous circulation patterns was a key issue for the top 24
floods between 1868 and 2005, leading to repeated periods of heavy precipitation over a
few days (Stucki et al., 2012). For the Elbe river basin, a specific circulation anomaly (which
the authors termed pattern 29) could be identified as producing long-duration rain episodes
and hence floods, irrespective of the initial soil moisture (Nied et al., 2014). This circulation
anomaly is characterized by an upper level COL over the Gulf of Genoa and was found to be
more frequent in summer than in winter.

Selected outstanding events (May 2014, Jun 2013 and Aug 2002) have been investigated in
very much detail by a number of authors (Stadtherr et al., 2016, Grams et al., 2014, Ulbrich
et al., 2003b). For these cases, a quasi-persistent upper level COL induced a series of surface
cyclones which propagated in anti-clockwise direction around the respective regions hit by
heavy precipitation. Cyclones propagating from the region of Genoa into Central Europe are
usually referred to as following a Vb-track after van Bebber (1891). This cyclone type has
been investigated systematically in recent years. Nissen et al. (2013) found that 40% of all
Vb cyclones are related to heavy precipitation (95th percentile) in the Elbe catchment, with
about two thirds of these events occurring in April/May. Similarly, Messmer et al. (2015)
revealed 30% of the summer Vb cyclones exceed the 95" precipitation percentile in the
Alpine Region (2% in winter).
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While all of these studies have highlighted the importance of specific cyclone tracks in
producing heavy precipitation in Central Europe, the spatio-temporal characteristics of large
scale precipitation have so far not been related to cyclone tracks in a systematic way.

The aim of this study therefore is

o to explore the climatologic characteristics of heavy and mean precipitation,
observed in the vicinity of atmospheric cyclones, for selected regions in Central
Europe and relate them to cyclone track types;

o to analyze the climatological characteristics of cyclone track types in this regard;
and

o toidentify dominant circulation patterns over Europe in the context of
cyclone track types.

The findings are intended to foster the understanding of large scale heavy precipitation and
related flood events from the perspective of the atmospheric drivers. They are also
intended to provide a basis for evaluating climate models over Europe, e.g. by comparing
modeled frequency, intensity, seasonality and temporal variability of each cyclone track
type with observations.

4.2 Data and Analysis Procedure

4.2.1 Cyclone track types

The cyclone track types used in this study were identified by the classification scheme of
Hofstatter et al. (2016) developed for the European domain. The tracking scheme has been
developed by Murray and Simmonds (1991) and Simmonds et al. (1999). In addition it
considers both open and closed systems (Pinto et al., 2005) and allows for splitting and
merging of cyclone tracks. Closed systems are localized by finding local pressure minima
whereas open systems are localized by identifying local vorticity maxima within open
troughs. Cyclones are first identified at time t,, then a first guess for the position at time t,;
is calculated and finally tracks are identified by scoring the direction and distance between
the first guess and all candidate cyclones at time t,.;. For the tracking, geopotential height
at the atmospheric level of 700hPa (Z700) and air pressure at sea surface level (SLP) are
used separately. Cyclones are tracked within a domain ranging from 40°W to 50°E at 65°N
and 20°W to 40°E at 30°N. in order to avoid entrance/exit problems, splitting and merging
are refused near the margin. Weak cyclones and spurious tracks are excluded from the
analysis (Hofstatter et al., 2016). In the current study, the cyclone track analysis is based on
the Japanese 55-year reanalysis (JRA-55) of the Japanese Meteorological Agency (Kobayashi
et al., 2015, Harada et al., 2016) retrieved from the Research Data Archive at the NCAR-
National Center for Atmospheric Research (JMA, 2013) at 1.25 degree spatial resolution.
JRA-55 is a regularly updated global atmospheric reanalysis at six hourly temporal
resolution, extending back to 1958 and has been used instead of ERA-40 (Uppala et al.,
2005) to cover the most recent years. In order to exclude small-scale or spurious cyclones,
especially over mountain orography, 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 Hofstatter and Chimani,
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2012). Cyclone track and precipitation characteristics only refer to those cyclones that are
located within a “Track Recognition Zone” (TRZ, 0.5°E-23.9°E and 42.3°N-56.2°N) for at least
18 hours (Figure 19, left).

Figure 19: Study region located within the “track recognition zone” TRZ (black bold line) and subregions used
for precipitation analysis shown in red for 1959-2006 (WETRAX data) and blue for 1959-2015 (E-OBS data).

For all other cyclones passing outside of TRZ, a track type cannot be assessed, hence such
cyclones were not considered in this study. All cyclone tracks, either identified at Z700 or at
SLP, were pooled into one sample denoted as “Z700/SLP”. In specific instances they were
treated separately which is specifically indicated in this paper. The classification of
Hofstatter et al. (2016) consists of nine different types, based on the geographic regions the
cyclones traverse before entering Central Europe (Table 9). In this study an additional track
type “Eastern Alpine track” (EA) was considered which represents cyclones propagating to
the northeast over Eastern Europe, similar to type Vb (Van Bebber, 1891), but developing on
the eastern leeside of the European or Dinaric Alps (Figure 20).
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Table 9: Cyclone track types of Hofstatter et al. (2016) plus the additional type “Eastern Alpine track” (EA).

Number Acronym Type
1 Vb van Bebber’s type “five-b”
2 EA Eastern Alpine track

Northward propagation,
3 X-N emerging from the northern Adriatic Sea
or Mediterranean Sea

Southward propagation,
4 X-S emerging from the northern Adriatic Sea
or Mediterranean Sea

5 MED Mediterranean

6 STR Subtropical

7 ATL Atlantic

8 POL Polar

9 CON Continental

10 TRZ All tracks emerging within TRZ

(except Vb, X-N, X-S)
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Figure 20: Members of the cyclone track type “Eastern Alpine — EA” (SLP and 2700, 1959-2015).
Red dots indicate the location of first detection of individual tracks.

Cyclone tracks of type EA were previously a subset of type TRZ, but were classified
separately here because of their peculiarity in terms of propagation and related
precipitation characteristics, which have emerged in the course of this study. Cyclone tracks
were determined for the years 1959-2015. As a measure for cyclone intensity, relative
geostrophic vorticity £ was used in this study. In order to make cyclones between different
levels comparable, ¢ was log-transformed by In(£z700) and In(0.7*&sp), and used as a score
variable.
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4.2.2 Precipitation data and study region

The study region for precipitation analysis is located over Central Europe within region TRZ,
covering Austria as well as large parts of Germany, Switzerland and the Czech Republic
(Figure 19, red and blue). Two gridded time series of daily precipitation were used in this
study, the WETRAX data at 6km resolution covering the period 1959-2006 (Hofstatter et al.,
2015), and the E-OBS data (v13.1) at 20km resolution, retrieved from the ECA&D data
portal, covering the period 1959-2015 (Haylock et al., 2008). The WETRAX data are based on
station data from the Austrian Weather Service (ZAMG) for the Austrian territory and for
the remaining parts of the study region from the German Weather Service (DWD - the
HYRAS data set, Rauthe et al., 2013). Since the motivation for this study was to understand
the relationship between atmospheric cyclone tracks and large scale precipitation patterns
over Central Europe, the WETRAX precipitation data were aggregated over regions deemed
to exhibit similar spatio-temporal variability (red lines in Figure 19). These regions were
delineated by S-mode (Richman, 1986), orthogonally varimax-rotated principal component
analysis (PCA) on the gridded daily data. The Principal Components (PCs) are based on the
correlation matrix of the input variables. The highest loadings of each PC were used to
define regions of similar precipitation variability. The loadings are the correlation
coefficients between the variables and the principle components. The number of PCs to be
extracted was determined by the dominance criterion (Jacobeit, 1993) resulting in eight
regions (Figure 19, red lines), which have an explained variance of R?=0.67 on an annual
basis.

The E-OBS data were used for a complementary analysis over two selected regions, SEGE
and CZAT (Figure 19, blue lines), for the extended period 1959-2015. E-OBS is heavily
affected by smoothing of large scale extremes (Hofstra et al., 2010) as well as by a strong
underestimation of smaller-scale events (Zolina et al., 2014) in regions with low station
densities, particularly in the convective summer season. Station density is about 350km™ in
Germany and about 600km™ in the Czech Republic, but much lower in the Austrian Alps. As
the low density affects small parts of SEGE and CZAT regions, the extended analysis only
considers highly ranked large scale precipitation events in these regions. The WETRAX data
set, in contrast, provides a comparably high station density over Germany (~100 km) and
Austria (~140 km) as well as a similar density as E-OBS over the Czech Republic (~*550 km™).
Precipitation events being smaller than about 50x50 km are therefore not well resolved in
the N-CZ region and in the northern parts of the EAST region. Since this study focuses on
large scale precipitation observed in the vicinity of cyclones, convective precipitation is
much less relevant.

The cyclone track data are available four times a day at 00, 06, 12 and 18 UTC in contrast to
the daily precipitation data, which are reported once a day at 06 UTC and refer to the
subsequent 24 hours’ time frame. In order to associate precipitation with cyclone tracks,
regional averages of daily precipitation totals (dREF) were interpolated to six hourly values
following the cyclone dates. A fourth of the daily precipitation was allocated to 18 UTC of
the corresponding date and the missing values at 00, 06 and 12 UTC were estimated by
applying a piecewise cubic spline. In order to evaluate the effect of interpolation, the six
hourly data were re-aggregated into daily totals (dINT) and compared to dREF. Although the
interpolation allows for considering information from adjacent time steps, it also leads to
smoothing effects, with an overestimation of the total precipitation amount for
dREF<5mm/day by about +17% and an underestimation for dREF>5mm/day by about —8%,
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with some variations between regions. Therefore a quantile-mapping (QM) bias correction
(Panofsky and Brier, 1968) was applied by estimating a transfer function based on the
difference between the sorted values of dINT and dREF (ThemeRI et al., 2011). The transfer
function was approximated by first fitting a sinusoidal function (sin2), followed by fitting a
Gaussian (gaus2) function to the residuals. The sum of both functions was applied as the
transfer function to the six hourly precipitation according to the corresponding quantiles. As
a result, the bias could be reduced to about +5% for small and to about -1% for high
precipitation amounts. Although QM is able to adjust all statistical moments, it does not
account for any changes in the temporal structure arising from interpolation. In the case of
low precipitation amounts (dREF<1mm), the correlation between dREF and dINT drops to
R2=0.45 for the sqrt-transformed daily data. For larger precipitation amounts temporal
correlation is preserved (R?=0.95), particularly for heavy precipitation (dREF>95%) with
R2>0.96 for all regions.

4.2.3 Analysis of mean and heavy precipitation

An overview of the analysis methods, as detailed below, is shown in Table 10. For the
climatologic analysis of mean and heavy cyclone precipitation, six hourly precipitation (R°)
was assigned to a cyclone track if that cyclone was located within region TRZ at that time.
The size of region TRZ is about 1600km x 1600km which was chosen in accordance with the
mean radius of mid-latitude cyclones, which is between 350km and 800km, depending on
the cyclones’ life stage (Wernli and Schwierz, 2006). In case more than one cyclone was
present at the same time, precipitation was assigned to every candidate cyclone, as a
unique attribution would require a manual analysis of the specific synoptic situation. At SLP
this is the case for 23% of the cyclones as compared to Z700 with just 15%.

Table 10: Precipitation measures used in this study.

(a) measure R® R R
_— ional t . . .
(b) description regloniir:\éetrage 2 cyclone track precipitation 24-hour running total at time t
interpolated values .
at sum of R” for the duration
- 12 T of a cyclone track in TRZ RS _ + RS (+6
(c) calculation £=00, 06, 12 and =T ( ) (Hm) + Z RS (14)
18UTC from Z RS (13) 2 i
daily rain gauge —~
measurements
(d) used for mean cyclone heavy cyclone o
the precipitation precipitation top-50 precipitation events
(ch. 3.2.c)
analysis of (ch.3.2.a) (ch. 3.2.b) B
(e) data base WETRAX WETRAX (1959-2006)
(1959-2006) E-OBS (1959-2015)
depends on R® and restricted to 24 hours, but longer and
(f) drawback on fesidence time rt shorter intervals may also be relevant
for floods

The total precipitation amount of a certain cyclone, denoted as R", was determined by

summing up precipitation (R) as long as a cyclone was within TRZ. R™" is used for the heavy
precipitation assessment and depends both on the magnitude of R® and the residence time

trc
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rt of an individual cyclone (Table 10, centre). In this study heavy precipitation is defined as
precipitation exceeding 95t percentile of R" which is termed HPgs. In order to estimate
HPys robustly, the distribution of the largest values of R™ was fitted by a generalized Pareto
distribution G(R™)

es _ [1=(@+R" x0/B)"Y° (c+0)
G(R ) - {1 _ e_RtTC/B (0_ — 0) (15)
and
n = round(15 + N/10) (16)

where [3 (scale parameter) and o (shape parameter) were estimated by the maximum-
likelihood method (Coles, 2001), n is the number of largest values from N values of R".
Equation 16 assures a sufficient sample size n, in case of track types with a low number of
cyclones. The values in Equation 16 were chosen subjectively by examining the sample
mean excess function in combination with a Hill plot for different track types on a seasonal
basis. For example, in case of Vb summer (May-Oct) cyclones with N=120, the hill estimator
stabilizes at n=25 and the mean excess function is nonlinear above a threshold of 33mm or
n<24. When using Equation 16 this leads to a computational threshold for fitting the
generalized Pareto distribution of n=27. As a consequence, n always corresponds to at least

10% of the largest values of N and increases for low values of N.

4.2.4 Analysis of outstanding precipitation events

In order to further explore individual precipitation events, the 50 largest running 24 hr
precipitation totals (R?) in the period 1959-2006 as well as in the extended period
1959-2015 were identified. R?* was calculated by a centered moving average using weights
of 0.5-1-1-1-0.5 on consecutive 6-hourly values (Table 10, right). There is an important
difference between R™ and R?* as the latter does not depend on cyclone residence time.
Next a weighted cyclone intensity rdv™ is calculated (Equation 17 and Equation 18) for each
cyclone, based on the relative geostrophic vorticity £ and the distance dis between the
cyclone center and the center of the respective study region.

dis 1 ? .
max
0 (otherwise)
rdv™ = mean(rdv._g); rdv)) (18)

By this approach cyclones are more likely attributed to a top-50 event at time ¢, if they are
strong and/or if they pass by very close to the respective region. All cyclones located outside
a distance of d,,=1500 km were disregarded since typical cyclone extents are far smaller
than dmax (Schneidereit et al.,, 2010). Only the strongest/closest cyclone per track type T
were considered at each level, using

rdeH;?SXL(;) = max(rdvyp; ....; 7dVrrz)z7,s1p (19)
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Finally, the cyclone intensity for each track type was calculated by summing the cyclone

intensities over both levels using rdv™*® = rdy2a*® 4 rdy2**® which was used for the
attribution, with higher values indicating a more conclusive attribution. This approach
allows to reliably assign track types to the top-50 events, even in complex synoptic
situations when several cyclones, and cyclones with different track types, are observed

simultaneously.

4.3 Results

4.3.1 Cyclone track types

Characteristics of track types

Track type characteristics have been derived for the period 1959-2015 in the following. The
mean annual frequency of cyclone track types is presented in Table 11. About 92 cyclones
traverse region TRZ per year (108 at SLP; 76 at Z700), in correspondence with Messmer et
al., (2015) who found 99 cyclones per year over a similar European domain at the level of
Z850. The overall number of tracks is about 10% smaller than that of Hofstatter et al. (2016)
which may be related to the different input data (ERA-40 in their case, and JRA-55 in this
paper) as different reanalysis data usually result in different cyclone counts (e.g. Tilinina et
al.,, 2013). Apart from resolution issues (Hodges et al., 2011), this effect tends to be
strongest for weak, slow moving cyclones (Raible et al., 2008). The relative frequency of the
track types, however, is almost identical with the largest contribution coming from type ATL
(25%), TRZ (24%), X-S (17%) and MED (12%), which together accounting for nearly 80% of
the cyclones. The other cylones were allocated to types X-N, POL and Vb, as well as EA, STR
and CON, with only 1 event per year found for the least frequent type STR. The ratio of
cyclone tracks between SLP and Z700 is 1.42 as shown in Table 11. As splitting or merging of
cyclones is only slightly more frequent at SLP (22%) than at Z700 (16%), the higher number
of tracks at SLP arises from a higher number of individual cyclones found at this level. Neu et
al. (2013) found a similar ratio of 1.22, however, their study covered the entire northern
hemisphere. Types STR, EA, X-S and MED are relatively more frequent at SLP, while CON, Vb,
POL and ATL are more frequent at Z700.

Table 11: Mean annual number of cyclone tracks in Central Europe 1959-2015
as well as the ratio of cyclone tracks between the level SLP and Z700.

Vb EA X-N X-S MED STR ATL POL CON TRZ ALL

(y'l) 4.8 1.8 5.1 15.2 10.8 1.0 22.5 6.5 1.9 22.3 91.9
(%) 5.2 2.0 5.5 16.5 11.7 1.1 24.5 7.1 2.1 24.3 100
ratio

0.84 2.12 1.70 200 196 293 1.15 090 0.51 1.53 1.42

SLP/Z700

The relative frequency of strong cyclones at SLP and Z700 is shown for the summer and
winter seasons separately in Figure 21. Summer refers to the period May-October and
winter to the period November-April. A value of unit relative frequency indicates that the
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share of strong cyclones between summer and winter is identical for a given type at a given
atmospheric level.
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Figure 21: Share of strong cyclones between summer and winter at the level of SLP and 2700 (1959-2015) for
each track type (colored bars) as well as for all tracks (grey bars). A value of one indicates an equal fraction of
strong cyclones between winter and summer at a certain level.

Strong cyclones tend to be more frequent in winter than in summer (grey bars in Figure 21),
with a larger difference at SLP (1.4 vs. 0.6) than at Z700 (1.2 vs. 0.8). This applies to most
track types, but strong POL cyclones obviously do not occur at SLP in summer at all,
indicating a special cyclone type “Kaltlufttropfen” (Llasat and Puigcerver, 1990) among this
track type. Strong STR cyclones only occur in winter, at times when major upper level
troughs propagate down to the Iberian Peninsula more frequently. In contrast to the overall
characteristics, EA cyclones are twice as frequent at SLP than at Z700 (Table 11), as shown
before, and strong EA cyclones mostly occur in summer at SLP. For these cases, a
pronounced westerly flow is usually found over the Eastern Alps or the Dinaric Alps at upper
atmospheric levels, promoting the development of a lower level vortex at the respective
mountain’s lee side. This is plausible and consistent with synoptic observations. However,
the reasons for a reversed seasonality for this type at SLP remain unclear. Almost all of the
EA-systems emerge at the eastern lee-side of the Alps or the Dinaric Alps as a unique system
and are not a consequence of an interrupted Vb track at SLP, or the successor of a Vb track
at Z700, as confirmed by manual checks.

In order to analyze the seasonal characteristics more in depth, Figure 22 shows the seasonal
distribution of the cyclone track frequency together with the frequency peak stated as the
calendar month. Grey bars indicate the confidence intervals (a=0.05) for the mean seasonal
cycle which were calculated from 10* bootstrap samples with replacement. For this analysis,
cyclone tracks were divided into strong and weak tracks based on the 85t percentile of
cyclone intensity as a threshold. Cyclone intensity was quantified as the peak value of the
relative geostrophic vorticity ¢ observed within TRZ as an 18-hours running mean. The
frequency of strong cyclones (Figure 22, bottom panel, right) exhibits a pronounced
seasonal cycle, while this is not the case for the weak cyclones (top panel, right). Weak
cyclones are most frequent at the beginning of April, whereas strong cyclones are most
frequent during November to March with the frequency peak in mid-December. Strong TRZ,
CON, EA and Vb cyclones may occur in any season. Summer cyclones of the Vb type are
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particularly strong at SLP — similar to Atlantic winter cyclones — as shown by Hofstéatter et al.
(2016). A secondary maximum in frequency can be recognized for Vb in late autumn (Sept-
Dec), at a time when sea surface temperatures are still high in the genesis region around
Northern Italy. The secondary maximum has also been recognized by Hofstatter and
Chimani for Vb (2012) as well as by Flocas (1988) for cyclones developing over the Western
Mediterranean Sea, Northern Italy or the Northern Adriatic Sea between 40°N and 45°N,
which corresponds very well with the Vb source region used in this study.
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Figure 22: Mean annual cycle of the frequency of track types for bimonthly periods for weak (top, black) and
strong (bottom, red) cyclones (1959-2015). Number in the top-left corner indicates the frequency peak
(month, eg. 12.5 indicates mid December). Grey bars indicate the confidence intervals (a=0.05).

Another characteristic that is relevant to precipitation is the time a cyclone remains close to
the study region. The residence time within region TRZ has been therefore been calculated
(Table 12). On average, cyclones remain about 35 hours or 1.45 days over Central Europe,
except for type Vb with nearly 60 hours or 2.4 days. For strong cyclones (cyclone intensity
> 85 percentile) the average is higher with 54 hours or 2.25 days, indicating a lower
propagation speed for this group. In case of strong Vb cyclones, the residence times are
even longer with more than 3 days or 80 hours. For all other types the residence time is
close to the average. The residence time must either be related to the propagation speed or
to the specific path of cyclones within region TRZ. On average, cyclones move at a speed
of 8.7 ms™ and for 80% of all cyclones the propagation speed is between 6.5 and 11.8 ms ™,
with about 10% lower speeds in summer compared to the winter (not shown). The
difference between Z700 and SLP is minor but strong cyclones are about 15% slower than all
others. This means that strong summer cyclones move at considerably lower speeds over
Central Europe which explains the difference in residence time. These velocities are very
similar to the ones found in other studies, such as velocities in winter for the Northern
Hemisphere (Neu et al., 2013) or on an annual basis over the Western Mediterranean and
parts of Central Europe (Lionello et al., 2016). Stratified by the track type, the fastest and
slowest cyclones are found among types ATL and X-S, respectively. There are also systematic
differences between the other types, however these are not very pronounced and a broad
range of speeds occurs.
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Table 12: Mean duration cyclone centers remain within TRZ (days) 1959-2015.

residence time Vb EA X-N X-S MED STR ATL POL CON TRZ ALL

all intensities 243 139 158 134 132 130 134 140 158 1.48 1.45
strong cyclones | 3.50 2.00 2.25 2.00 2.00 200 2.00 200 225 225 2.25

As shown above (Table 12), the residence times of Vb are much longer than those of the
other types, but this is not reflected by lower propagation speeds. This is because of the
typical circular shape of propagation paths within TRZ, either steered by orographic features
or by upper level atmospheric circulation patterns favoring quasi-stationary flow situations.
The circular shape is important for flood generation, as this kind of cyclone may remain
close to a particular river basin in the study region over an extended period and therefore
have a high potential for triggering long-duration rainfall events.

Upper level circulation patterns

Precipitation patterns over Europe are largely controlled by atmospheric cyclones, which are
embedded in the general circulation of mid latitudes. In the following, dominant patterns of
the steering upper level atmospheric circulation over Europe are illustrated in the context of
track types identified at SLP. In the left columns of Figure 23 and Figure 24, mean
geopotential height anomalies at 500hPa are shown, 48 hours (t4s) before the
corresponding cyclone has reached its maximum intensity inside region TRZ, reflecting the
antecedent state of the circulation. The black arrows indicate the typical propagation
direction of cyclones at SLP. The center and left columns show the anomaly fields for weak
and strong cyclones, 6 hours before the time the cyclones reach their maximum intensity
over Central Europe (tg). The color shading indicates the mean vertical velocity at Z700 at
time to. From these figures it becomes clear that each cyclone track type is connected to a
specific pattern of the upper level atmospheric flow.

In general the patterns are characterized by a major trough located over Europe (Figure 23
and Figure 6, left panel), however, the shape, amplitude and position of the trough differ
substantially between the types. The axis of the major trough is located considerably
eastward of Central Europe in case of types POL and CON, whereas it is located over
Western Europe at time t.4g for all other types. As a consequence, the geostrophic wind
vector at 500hPa has a strong northerly component towards the Alps for these two types,
followed by X-S and ATL with a dominant northwesterly flow, X-N, MED, STR and TRZ with
mostly westerly, and finally Vb and EA with prevailing southwesterly wind over the Alps
during the initial phase. The amplitude of the dominant trough also differs between the
types. For Vb, EA, POL, STR and CON cyclones the trough is well developed and has a large
amplitude which leads to a strong meridional mass and energy exchange over Europe. In
contrast, for X-S, X-N, MED, ATL and TRZ cyclones the major trough is more elongated with a
strong zonal flow over Central Europe.

Later in the development (Figure 23 and 6, center and right panels), the major trough has
propagated further and is located right over Central Europe. The exception is STR where the
trough is found over the western European coastlines. At the same time the trough has
amplified and large regions with enhanced vertical lifting can be seen (yellow colors).
Specifically for strong cyclones, these regions are more widespread and contain a number of
spots where vertical velocities are further enhanced (red colors). When comparing upper
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level circulation patterns between weak and strong cyclones, the amplitude of the major
trough is even larger for the latter, accompanied by stronger gradients and hence
geostrophic winds over Europe. Another prominent feature of the strong Vb, EA and CON
type cyclones is a major COL that emerges over Central Europe, the North Sea and Eastern
Europe, respectively. Especially for types Vb and CON the COL is very pronounced and
therefore prevails over a sizeable region together with circular upper level steering winds
for a long time. In 15% of all cases, SLP cyclones of types Vb, EA or X-N are accompanied by
TRZ cyclones at Z700, indicating the occasional presence of upper level cut off low situations
also for the other types.

4.3.2 Precipitation stratified by track types

Both cyclone tracks identified from SLP and Z700 are used for the analysis of precipitation
with respect to cyclone track types in the following .

Mean cyclone precipitation

Between 57% and 73% of the observed annual precipitation over Central Europe can be
associated with the occurrence of atmospheric cyclones on average (Table 13), denoted as
cyclone precipitation. These numbers are very similar to the findings from other studies for
Central Europe (Rulfovad and Kysely, 2013, Hawcroft et al., 2012) and are about 5% higher
than those of Hofstatter et al. (2016). The percentage in the current study is largest in areas
located around the Eastern Alps close to the Adriatic Sea and decreases towards Western
Germany. When higher precipitation amounts (>95pct of R®) are considered, the fraction
increases in all regions to values between 63% and 92%. The attribution of large scale
precipitation to cyclones therefore appears to be more conclusive for higher precipitation
amounts. Relatively low shares are found in region N-WE and M-WE, which are most
affected by ATL cyclones (Hofstatter et al., 2016), but they are occasionally missed when
passing by far outside of region TRZ.

Table 13: (a) Size of the eight study regions, (b) total annual precipitation and the percentage
attributed to cyclones, and (c) mean precipitation in case a cyclone is located within region TRZ.

region N-WE M-WE S-WE ALPN ERZG N-CZ EAST ALPS
(a) size of (10°km?) | 835 260 778 492 487 396 503 348
region
annual
precipitation  (mmyr?) 835 756 1140 1216 628 635 678 1098
based on R°
(b) -
percentage R”>0mm 57% 62% 67% 65% 64% 66% 69% 73%
attributed
to cyclones R®> 95pct 63% 76% 83% 81% 86% 91% 90% 92%
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48 hrs before max. 6 hrs before max. 6 hrs before max.
ALL WEAK (0-85%) STRONG (>85%)

Figure 23: Mean upper level circulation patterns for the track types, 48 hours (left column) and six hours
(center and right column) before the time t,,,, the respective cyclone at SLP reaches its maximum intensity
within Central Europe (500hPa geopotential height anomaly). Color shading indicates mean vertical velocity at
time tax -0.3t0 -0.6 ms ' shown in yellow, -0.6 to -0.9 mstin orange and less than -0.9 ms'in red. Arrows
indicate the typical propagation directions of cyclones at SLP. Type Vb, EA, X-N, X-S and MED.
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Figure 24: Same as Figure 23 but for types ATL, STR
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In Figure 25a mean annual cyclone precipitation was partitioned into track types for all
regions. On an annual basis about 60% is associated with the types TRZ, ATL and X-S in
accordance with the relative frequency of 65% for the occurrence of these track types taken
together. Nearly 11% is attributable to Vb cyclones, although their relative frequency is only
5%. In a similar vein, an above average contribution of 7.4% can be seen for type X-N, a
congeneric track type to Vb, and 3% for type EA (consistent with 5.5% and 2% relative
frequencies of occurrence). One fifth is attributable to Atlantic cyclones (ATL), another
fourth to cyclones emerging straight over Central Europe (TRZ) and about one half is
connected to cyclones moving from the Mediterranean into Central Europe (MED, X-S, X-N
and Vb). These cyclone types appear as the main drivers of the Central European
precipitation climate in terms of large scale precipitation.
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Figure 25: (a) Attribution of mean annual precipitation (based on R®) associated with cyclones to track types
(SLP and Z700 together) for the period 1959-2006 as percentages. Black horizontal lines and numbers on top
indicate the average over all regions.(b) Regional mean precipitation intensity R_T6 for each track type t relative
to regional mean precipitation intensity for all track types RS.

The relative contribution from track types also depends on the region (Figure 25a). Type
ATL, for example, contributes 28% of the annual cyclone precipitation over Western
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Germany but only 18% in the regions east and south of the Eastern Alps (EAST, ALPS). The
influence of the Atlantic clearly diminishes from the Northwest to the Southeast over
Central Europe. At the same time, the influence of the Mediterranean increases from North
West (41%) to South (53%) regarding type MED, Vb, X-S and X-N on an annual basis.
Cyclones of types CON, EA, STR and POL only play a minor role in terms of mean annual
cyclone precipitation over Central Europe. Total annual precipitation in Figure 25a is largely
driven by cyclone frequency, as the relative share for each type (numbers at the top of
Figure 25a) is very similar to the relative track frequency (Table 11). However, for some
types, such as Vb or CON, the annual totals cannot be explained by frequency alone.
Figure 25b shows the relative precipitation intensity for each track type, with values larger
or smaller than unity indicating above or below average intensities over a certain region.
Very high intensities occur for Vb cyclones, especially in regions ALPS, EAST and N-CZ, which
are located close to the path of Vb cyclones. Below average intensities occur for POL and
CON cyclones in all regions. STR and ATL cyclones show higher intensities in the western
regions.
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Figure 26: Mean annual cycle of precipitation (based on R®) associated with cyclone tracks for two-month
periods (bars) as an average contribution over all regions relative to all cyclone types. Black horizontal lines
indicate the mean for each track type. Top: geopotential height at 700hPa. Bottom: surface level. Black
horizontal lines and numbers on top indicate the average over all seasons.
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While Figure 25 represents the mean annual contributions and fractions for each region,
Figure 26 represents the seasonal cycle, averaged over all eight regions. The total relative
contribution from all bimonthly periods sums up to 1 for each cyclone track type. Similar to
Figure 25a, the relative contribution from the different levels for a certain track type
(numbers at the top of Figure 26) corresponds with the ratio of cyclone frequency between
SLP and Z700. A clear summer peak in frequency is found for most of the types at both
levels. This peak is driven by high temperatures and associated high levels of atmospheric
water content during the warm season. An inverse seasonal cycle with a winter maximum is
found for ATL and POL at SLP which corresponds with the very high frequency of strong
cyclones in winter for these types (Figure 22). Interestingly, there are two maxima of mean
precipitation associated with MED cyclones. The first occurs in spring, the second in late
autumn, two periods with very different Mediterranean Sea surface temperatures. The high
frequency of Mediterranean cyclones in Mar-Apr and Nov-Dec found in this study
(Figure 22) is consistent with findings from the literature (Lionello et al., 2016). However the
second precipitation maximum already starts in Sept-Oct, indicating that additional factors
are needed to fully understand the spatio-temporal characteristics of mean cyclone
precipitation over Central Europe, apart from cyclone frequency and intensity.

Heavy cyclone precipitation

In this study, heavy precipitation is based on R™ and has been defined as precipitation HPgs

of a cyclone exceeded by 5% of the cyclones of the same type (Equation 13 and
Equation 15). HPgs was calculated for each region and track type separately as well as for all
tracks without differentiating between the types. The latter case is used as a reference value
to estimate exceedance probabilities and will be denoted as HPgs,. The extreme value
analysis was based on cyclone tracks identified at both atmospheric levels individually,
because of important differences in the results. In general, winter heavy precipitation
(HPgs,) is only about 60% of that observed in summer (Table 14), independently of the level.
When differentiating between track types, summer HPgs is about 10% higher at SLP
compared to Z700 for types Vb, EA, XN, XS, MED and CON, whereas it is about 20% higher at
Z700 compared to SLP for types ATL, POL, TRZ and STR. In winter there are no major
differences between track types from the two levels. Very high amounts of HPgs are
observed in the specific case of Vb in both seasons at all levels, with heavy precipitation
values between 140% and 190% of the reference. Above or close to average conditions are
also found for track types X-N in both seasons, for EA, X-S and MED in summer as well as for
ATL in winter.

Table 14: Heavy precipitation HPgs (mm) exceeded by 5% of the cyclone events of the same track type

. ' . .
estimated from R" as well as reference value HPgs, calculated from all tracks (regional means over all regions).

Summer: May-Oct. Winter: Nov-Apr.

season level Vb EA X-N XS MED STR ATL POL CON TRZ HPgs,

SLP 564 299 340 307 297 213 248 236 216 259 29.9
700 539 212 336 254 282 / 30.6 285 17.0 288 324
SLP 289 154 200 163 187 148 197 141 142 16.1 18.8
700 257 133 157 146 152 / 198 141 122 16.2 18.1

summer

winter
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In connection with the seasonal reference values shown in Table 14 (right), the probability
Pr(R"> HPss,) of a precipitation event R™ exceeding the threshold HPgs, depends on the
track type (Figure 27). Probabilities different from 5% indicate a systematic connection
between a certain track type and heavy precipitation. For track types ATL, POL and TRZ the
probabilities are clearly higher at level Z700, whereas the opposite is the case for types EA
and X-S. For all other types the differences are small. The obvious differences between the
levels point towards the importance of considering more than a single atmospheric level in
identifying cyclone tracks in the context of large scale heavy precipitation analysis.
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Figure 27: Exceedance Probability Pr(R"“> HPqs,) for a heavy precipitation event
related to the occurrence of cyclones as an average over all regions.

In terms of differences between regions (not shown), EAST and N-CZ give the highest
probabilities of Vb and EA precipitation, N-WE and M-WE the lowest. Type X-N and X-S are
most relevant in regions located around the Eastern Alps. Some track types show high
values (xprb >5%) in specific regions, such as MED in region ALPS as well as ATL in region N-
WE. Vb types are highly associated with heavy precipitation in all regions (except N-WE), or
more specifically at least every fifth (x"=20%) to third (x""*=30%) Vb cyclone is related to
heavy precipitation in the summer season (Figure 27, leftmost). In regions EAST and N-CZ,
HPgs, is exceeded during almost every second Vb summer cyclone (xprb=45%).

Outstanding precipitation events

(a) The period 1959-2006 for the eight regions using the WETRAX data: From this analysis
(Figure 28), Vb appears as the most frequent cyclone track type among the top-50
precipitation events in Central Europe (29 % of the events on average over all regions),
followed by types TRZ (16 %) and ATL (16 %), accounting for two thirds of the top events in
total. Another third can be attributed to types MED (13 %), X-S (10 %) and X-N (8 %). EA
appears to be of minor relevance although this type has been related to high HP95
exceedance probabilities during summer in Figure 27. This is because this type occurs only
rarely. In contrast, ATL and TRZ cyclones are more prominent among the top-50 events than
would be expected from the exceedance probabilities. This is mainly because ATL and TRZ
cyclones are very frequent, representing about 50% of the total annual frequency which
raises the chance of a top event for these types. The attribution to track types strongly
depends on the region, with a large number of ATL and TRZ cyclones dominating the top-50
precipitation events in N-WE (Figure 28). In the East of the study region between the
German Erzgebirge and Eastern Austria, Vb cyclones are most important with nearly 40%.
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Type X-S on the other hand is more relevant in regions located close to the Adriatic Sea
around the Eastern Alps with 18% attribution rate in ALPS, for example. Interestingly,
Mediterranean cyclones are also of relevance in this context, especially in regions located
near the Western Alps. This finding clearly confirms that subtle spatial differences in the
occurrence of heavy precipitation events, even within the limited domain of CE, are caused
by different types of atmospheric cyclone tracks.
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Figure 28: Attribution of the TOP-50 precipitation events (R* to track types for 1959-2006 as percentages.
Black horizontal lines and numbers on top indicate the average over all regions.

(b) The extended period 1959-2015 for SEGE and CZAT using the E-OBS data: Table 15
presents a top-50 list of the largest 24 hrs precipitation events R** of the period 1959-2015.
Left shows the results for a domain in Southeastern Germany (SEGE), right the results for a
domain located over Eastern Austria and the Czech Republic (CZAT). The table contains the
rank, the date of the precipitation maximum and the corresponding precipitation amount
(R*) as well as the attribution to track types from both atmospheric levels using rdv™® as
described above. The table covers many heavy precipitation events well known from flood
history, such as the event 1981-07 (Rimbu et al., 2016), 1977-07, 1978-8, 1979-06 and
1985-08 (Bohm and Wetzel, 2006), 1977-08, 1985-08 and 1997-07 (Mdller et., 2015),
2002-08 (Ulbrich et al., 2003a) and 2013-06 (Bloschl et al., 2013, Schroéter et al., 2015). For
some events, flooding was only minor, even though precipitation was massive, due to dry
catchment conditions and/or due to incongruity between precipitation regions and river
catchments. Some highly ranked events appear in both regions (e.g. 6" to 71" July, 1985) but
also some of the low ranks appear in both lists (e.g. 6" to 7" Aug, 2010). About 25% of the
events are among the top 50 in both regions, SEGE and CZAT, the rest is only in one of them.
This indicates that spatio-temporal coherence, even between neighboring regions, is weak
for large scale precipitation extremes.
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Table 15: Top-50 of the largest 24 hr precipitation maxima (R24) for 1959-2015, with the rank of the events, the
corresponding date and the 24 hr precipitation amounts on the left. On the right the attribution to track types

is given as 100*rdv

max

, with higher values indicating a more conclusive attribution. Shading indicates

consecutive 5-year periods, beginning with 1961-1965 and ending with 2011-2015.

Region SEGE Region CZAT
rank YYYYMMDD mm | VB EA X-N X-S MED STR ATL POL CON TRZ| [rank YYYYMMDD mm (VB EA X-N X-S MED STR ATL POL CON TRZ
6 20151120 35,0 23 8 29 20140911 22,6 | 12 26
25 20140721 274 L) 17 1 20130624 36,1 |22 29 25
3 20130601 36,3 23 21|31 20130602 22,4 25 24
43 20100806 25,0 | 29 13 22 20120912 24,0 49
29 20100723 26,9 11 17 21 20110721 241 15
48 20090718 249 |61 11 23 20100926 23,9 | 45 50
18 20070529 29,1 52 28 || 48 20100807 19,7 | 21
32 20050822 25,9 21 29|| 10 20100717 27,9 1 17
45 20040113 24,9 30 15 20100723 25,1
4 20020811 35,5 | 59 21 37 20090718 21,5 67
33 20020807 25,9 16 17 10 33 || 45 20090623 20,2 |19
12 20020320 33,6 17 || 18 20080815 24,7 | 60 18
27 20000921 27,1 64 7 7 20070906 31,1 55
13 19990521 33,1 31 39 9 20060807 28,0 | 25 12 20
39 19981029 25,2 14 || 44 20060630 20,2 12 7 19
24 19970705 27,5 25 24 43 20031005 204 [ 70
26 19960708 27,3 | 44 38 45 5 20020812 31,6 |74 27
30 19950601 26,5 20 34 8 20010720 30,0 | 32 7z
10 19940413 33,7 | 99 30 19980912 22,6 | 54
44 19931220 24,9 41 19980905 20,5 30 24
42 19930711 25,0 |13 32 28 2 19970707 34,8 | 33 14
16 19910801 29,4 23 16 11 19970719 27,8 |29 30
8 19910617 34,1|14 20 22 13 19960708 27,0 | 38 38 44
23 19910511 27,7 | 52 16 19 19960622 24,4 (32 30 40 20
11 19900214 33,6 | 99 50 24 19950915 23,8 | 52 23
17 19881205 29,4 29 25 19950901 23,3 39 41
49 19870926 24,8 10| 26 19950513 23,2 | 82
41 19870302 25,0 29 42 11| 34 19910802 21,7 17 18 10
5 19850806 35,0 | 57 38 19910627 21,1 12 46
38 19840905 254 11 19| 14 19880902 25,7 | 30 31 26
31 19830802 26,3 21 8 42 19860812 20,4 7 31
1 19810719 40,5 | 80 3 19850807 34,2 |75
19 19791106 28,7 40 19811022 21,0 40 43 19
22 19790921 28,3 25 6 19810719 31,5| 68 30
9 19790617 339 16 30 35 19801012 216 22 10
36 19790311 255 17 19790924 249 | 34 25 37
2 19780807 39,028 19 12 27 19790617 23,1 16 30
47 19780320 249 15 11|| 49 19780808 19,4 | 48 25 50 7
7 19770731 34,7 | 48 11 8 44 4 19770801 32,0 | 49 17 9 41
15 19731115 29,6 16 || 32 19770822 22,0 | 68 18 11
34 19710607 25,9 13 10 11| 20 19750701 243 10 36
14 19700809 32,7 32 47 19741021 19,9 | 64 32 11
46 19700222 24,9 50 46 19720519 20,0 [ 24 24
28 19680921 27,1 11 39 19701122 21,133 39
50 19650609 24,8 | 24 18 (| 33 19641009 21,8 47 37
21 19641117 28,3 16 19640810 24,9 9 21!
40 19611212 25,1 27 || 28 19630615 22,7 | 20 25 kil
35 19590715 25,6 23 23|36 19621101 215 29 31 24
20 19590613 28,4 17 || 50 19620514 19,3 | 26 29
37 19590501 254 |29 12 20 12 19600813 27,6 | 54 7
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Seasonality of the frequency of the top-50 events (Figure 29) shows another important
feature. In region CZAT all events occur between May and November, with a distinct
frequency peak in August (not shown) when air temperature and sea surface temperatures
are highest. In contrast, in SEGE 30% of the top-50 events occur between October and April.
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Figure 29: Seasonal relative frequencies of the top-50 precipitation events for the period 1959-2015
in regions CZAT and SEGE. No bars are shown for CZAT in winter with two events only.

In the cold season (Nov-Apr) 44% of the top events found in SEGE can be attributed to ATL
cyclones in contrast to only 9% in the warm season (Figure 29). Another 51% can be
attributed to Vb (22%), TRZ (18%) and POL (11%) in the cold season. There is also a striking
difference between the two regions, although they are located just next to each other. In
SEGE cyclone track types, such as ATL, come into play in the cold season, hence a seasonal
differentiation is important for understanding Central Europe flood regimes from an
atmospheric perspective. The most important track type for the extreme precipitation
events, both in CZAT and SEGE, is Vb with relative frequencies of 43% (CZAT) and 30%
(SEGE); other relevant tracks are TRZ, ATL, X-S and MED.

Finally, the top-50 events are evaluated in terms of temporal changes of event frequency, of
24 hr precipitation as well as of cyclone intensity. Linear trends are estimated from the
averages of these variables for consecutive 5-year periods, beginning with 1961-1965 and
ending with 2011-2015. Table 16 presents Mann-Kendall’s tau, the according p-value, the
observed trend magnitude estimated as the Sen-slope, the total trend relative to the overall
mean as well as the probability pct. Probability pct indicates the likelihood to observe a
trend larger than the observed one given 50 of the largest precipitation maxima from 1961-
2015. This likelihood has been calculated from 10* bootstrap samples with replacement, by
randomly selecting 50 years out of 1959-2015, assigning these to the given top-50
precipitation amounts and sorting the list by date. For each of these random samples,
averages of 5-year consecutive periods were calculated as described above and trend
analysis was applied repeatedly. The individual events were assumed to be independent
from each other and the year of the events was assumed to be a result of a uniform random
process. From this analysis a small and insignificant increase can be seen for region SEGE,
both for the number of events (+4.1%) and the amount of precipitation (+6.9%). For CZAT
the increase is stronger with 12.9% and 20.5%, and the change in R* is significant (p=0.06).
The increase in event number in CZAT is controlled by the exceptional period 2006 to 2014,
comprising an unusually high number of heavy precipitation events, especially in the year
2010. One can therefore not assume that the increase over the last 50 years is monotonic.
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The bootstrap analysis shows that the chance for getting a trend larger than the observed
one is just 1.1% in region CZAT given the observed precipitation amounts. This clearly
demonstrates that the period 2006 to 2014 was an extraordinary one, specifically in terms
of heavy precipitation in the Czech Republic. However, it remains unclear whether this
period is just a result of a clustering of events by chance (or natural variability) or related to
an ongoing regime shift associated with global climate change. Although a comparable
signal cannot be seen for the neighboring region SEGE, a series of heavy precipitation and
related flood events hit other European countries as well in the last decade.

Table 16: Linear trend analysis of the top-50 precipitation events for consecutive 5-year periods (1961-2015),
regarding 24hr precipitation (R”*), number of events and intensity of related cyclones for the CZAT and SEGE
regions. Mann-Kendall’s tau, the according p-value, the trend magnitude estimated as the Sen-slope, the total
trend (difference 2015 - 1961) relative to the mean as well as the probability pct for getting a trend larger than
the observed one given observed precipitation amounts.

k-tau p Sens slope  total trend pct

(10y") (%) (%)
R* 0.45 0.06 1.0 mm 20.5 1,1
CZAT Number of events | 0-29 0.23 0.67 12.9 3,6
|ntensity -0.09 0.76 - - 72,5
R 0.24 0.35 0.4 mm 6.9 18,4
SEGE Number of events | 0.16 0.52 0.22 4.1 26,3
|nten5|ty -0.09 0.76 - - 74,9

4.4 Discussion and Conclusion

In this study, atmospheric open and closed cyclones over Central Europe have been
analyzed at two atmospheric levels (SLP and Z700) and classified into track types using the
scheme of Hofstatter et al. (2016). Atmospheric cyclone track types have been
systematically linked to observed precipitation over Central Europe, to better understand
spatial and seasonal characteristics of precipitation in general as well as of heavy
precipitation in particular. Central European cyclone precipitation climate can largely be
explained by seasonal track type frequency and cyclone intensity, however, additional
factors are needed to explain the relatively high fraction of annual precipitation in
September and November. The influence of Atlantic cyclones clearly diminishes from
Northwest to Southeast, even within the limited domain of Central Europe. Conversely,
MED cyclones mostly affect southern regions in autumn, when the Mediterranean Sea
Surface temperatures are still high, as well as between December and April, when MED
cyclone frequency is highest.

An upper level cut off low (COL) has been identified as a prominent circulation feature of
strong Vb or CON cyclones in this study (Figure 23 and Figure 24). For Vb cyclones, the COL
is typically located over Central Europe while for CON cyclones it is typically located over
Eastern Europe. The formation of a COL is a consequence of an upper tropospheric Rossby
wave breaking (e.g. Nieto et al., 2008), inducing a persistent blocking regime and a series of
consecutive cyclones at the surface level, as in June 2013 for example (Grams et al., 2014).
The occurrence of dominant COL’s for selected heavy precipitation events has also been
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recognized in other studies, however, the exact position of the COL differs in relation to the
location of the respective study region. For example, for precipitation relevant to the Elbe
basin, the COL is located over Northern Italy (Nied et al., 2014); for the Balkan floods in 2014
it was located around the Dinaric Alps (Stadtherr et al., 2016); and for flood events in the
Czech Republic it is typically located over Central Europe (Mdller et al., 2009). For flood
events in CE between 1948 and 2002 an upper level COL was identified, developing over
Western Europe and propagating across the Northern Mediterranean into Eastern Europe
afterwards (Jacobeit et al., 2006). The development of an upper level COL ahead with the
occurrence of strong Vb-cyclones was identified by Messmer et al. (2015), suggesting large-
scale atmospheric dynamics as a main driver of heavy precipitation events. The COL patterns
found in the current study for Vb and CON tracks induce an anti-clockwise circular
propagation of the surface cyclone, leading to very long residence times (Table 12). Such a
persistent cut off low might also favor a repetition of similar track types within a short time,
which can result in soil moisture saturation at the beginning of a subsequent cyclone leading
to enhanced flooding (Bloschl et al. 2013).

Vb has been identified as the most relevant track type for heavy cyclone precipitation in all
seasons and affects large parts of Central Europe, regardless of the level at which the
respective cyclone is observed. The reasons for this are: (i) strong Vb cyclones typically occur
in all seasons (see also Hofstatter et al., 2016), (ii) Vb cyclones remain close to Central
Europe, much longer than other types, because of a circular cyclone track at the surface
level and (iii) precipitation intensities, on average, are much higher than for all other types.
In connection with the very high exceedance probability for a heavy precipitation event
(Table 14 and Figure 28), these findings have serious implications for flood risk, as Vb
cyclones can wet up soils within a short time, sometimes independently of the initial soil
moisture state (Nied et al., 2017, Schroter et al., 2015). Another major type for heavy
cyclone precipitation is ATL, especially in the western parts of Central Europe during the
winter half year, when strong ATL cyclones are most frequent. This type explains nearly 50%
of the top heavy precipitation events in the SEGE region in the cold season. It is typically
connected with a strong northwesterly flow against the Alps, with an embedded warm front
leading to northern Stau situations (Seibert et al., 2007). Types X-N, X-S, EA and MED are
mainly relevant for regions around the Eastern Alps in the vicinity of the Adriatic Sea and
show highest precipitation amounts in late summer and early autumn.

For the analysis of heavy cyclone precipitation R™ has been used, which depends on the

residence time of cyclones over CE, so higher residence times may lead to exaggerated
accumulation of precipitation. However, an extended analysis (not shown), based on the
largest 24-hour running precipitation maxima for each cyclone track, gave very similar
results as when using R in most regions. This implies that cyclones with very high values of
R" also show very high precipitation amounts on shorter time scales. However, the
converse is not necessarily the case. Specifically, in regions N-WE and M-WE large scale
precipitation frequently occurs on daily or sub-daily time scales because of fast propagating
frontal systems connected to Atlantic cyclones. This also explains the lower share of
precipitation found in the northwesterly regions such as N-WE or M-WE (Table 13b), those
regions that are located closer to the Atlantic Ocean and far off from major orography as
compared to the other regions.
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The significance of track type Vb for heavy cyclone precipitation is rather high all over CE. It
is especially high in Eastern Austria and the Czech Republic. This region is located directly
along the path of the Vb cyclone center at SLP, typically an area with strongest pressure
gradients and intense frontal lifting (Pfahl and Sprenger, 2016). At the same time, moist air
masses are transported cyclonically around the Eastern Alps into CE (Messmer et al., 2015),
ascending as a reversed warm conveyor belt over the cold sector of the cyclone (Grams et
al.,, 2014). This study also revealed that that precipitation associated with Vb-cyclones is
between 1.4 to 1.9 times larger than the 95% quantile of all tracks (Table 14); it is especially
high in summer when seasonal air temperatures are highest. The sensitivity experiments of
Messmer et al. (2017) using a numerical weather forecast model indicated an upper limit of
the Vb cyclone intensities, but not for the related precipitation over Central Europe, when
sea surface temperature in the Mediterranean is increased by several degrees. This supports
the finding from our study of a significant increase of 24 hr precipitation for the top-50
events in region CZAT from 1961 to 2015, but the intensity of the related cyclones did not
change (Table 16). During this time period a significant and rather monotonic increase of
summer mean temperature of 1.5°C was observed in the Greater Alpine Region. Although a
comparable precipitation signal cannot be seen for the neighboring region SEGE, a series of
heavy precipitation and related flood events did hit other European countries in the last
decade. Overall this indicates a potential increase of heavy precipitation in a warmer future
climate for CE. Simulations using the ECHAMS5 atmospheric global circulation model
(Rockner et al., 2003) at 0.75° horizontal resolution show an increase in heavy precipitation
of about 17% in the case of Vb-type cyclones over CE (Volosciuk et al., 2016). In line with
Messmer et al., (2017), the increase was related to increased air moisture levels over the
Mediterranean Basin, but no changes of cyclone intensity were found either.

A couple of caveats are in place regarding this analysis.

(i) The cyclone track classification is based on a “Track Recognition Zone”, which has a well-
defined geographical boundary. All cyclones moving into this zone are recognized, however
very large and strong Atlantic systems occasionally move by north of region TRZ and a
corresponding track type cannot be assigned, although precipitation was observed in parts
of Central Europe.

(ii) Another aspect concerns the exceedance probability for a heavy precipitation event
based on R". It is important to note that R™ generally depends on the duration a cyclone
remains within region TRZ. For cyclone types with a high residence time such as Vb, higher
amounts of precipitation may be accumulated.

(iii) Complex flow situations, with more than one cyclone found within region TRZ at the
same time, either at SLP or Z700, account for 29% of the time steps with significant
precipitation (R°21mm). When considering both levels independently, ambiguous cases are
more frequent at SLP (27.4%) than at Z700 (15.1%) due to the underlying orography. This
fact has also been pointed out by Wernli and Schwierz (2006) in connection with merging
and splitting of cyclones. For a unique attribution of precipitation to one specific cyclone,
additional information on the actual synoptic situation would be required.

(iv) Attribution of precipitation to cyclones in this study only depends on the location of the
cyclone centre, i.e. wether it is inside or outside region TRZ. This approach does not consider
the actual extent or reach of a cyclone, and precipitation that is not causally related to a
cyclone may be attributed incorrectly. Pfahl and Wernli (2012) used a different cyclone
tracking scheme that considers the actual extent of cyclones (Wernli and Schwierz, 2006).
They found a mean radius of cyclones of between 350km (genesis stage) and 800km (four
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days later). In the current study 78.8% (77.6%) and 95.5% (94.1%) of precipitation (=1mm)
was attributed to a cyclone located within a distance less than 800km and 1000km at SLP
(2700), respectively, which is in line with Pfahl and Wernli (2012). However, when applying
the approach of this study to other locations, we recommend a cyclone size assessment
depending on the situation, which does not require comprehensive a-priori knowledge on
the typical local synoptic conditions for the definition of region TRZ.

(v) The analysis of heavy precipitation (ch. 3.2.b) and of the top-50 events (ch. 3.2.c) is not
affected by convective type and/or small scale precipitation, as regional averages have been
used. Concerning the precipitation climatology (ch. 3.2.a), convective type precipitation is
considered to the extent that station density of the WETRAX data set allows.

(vi) The size of the regions, over which precipitation has been averaged, may influence the
results. Precipitation events with a spatial extent considerably smaller than the regions
(Table 13) are systematically attenuated and therefore not fully considered. For these
reasons, not every historic flood event observed in the Czech Republic for example (Mdller
et al.,, 2015) could be confirmed from this study (Table 15). However the occurrence of
heavy precipitation alone does not necessarily induce a flood event. Other hydrologic
factors can play a role such as antecedent soil moisture, snow melt, the presence of a snow
cover and the position of the snowfall line (e.g. Merz and Bléschl, 2003), catchment
characteristics (e.g. Gaal et al., 2012), river morphology and retention areas (e.g. Skublics
et al.,, 2016), as well as flood hazard management.

From this study we conclude that cyclones identified at SLP are more strongly related to
large scale heavy precipitation over Central Europe than those at Z700, in particular track
types Vb, EA, X-N, X-S, MED and CON. This might be related to the presence of major
mountain ranges promoting the genesis or intensification of surface cyclones through lee-
cyclogenesis, as stronger large scale precipitation is generally observed in more intense
cyclones and especially during the cyclone intensification phase (Pfahl and Sprenger, 2016).
A higher precipitation amount is also expected for those cyclones that develop right down
to the surface and show a strong signal there, as vertical lifting of moisture can be triggered
from deeper atmospheric layers. Also, the association of observed precipitation at a certain
location with cyclones appears more distinct at SLP. This is because of a marked horizontal
displacement of cyclones between Z700 and SLP during the baroclinic development phase,
at times when the vertical axis of a cyclone is tilted backward. At their major state, cyclones
at SLP are usually located 300km ahead of the associated 500hPa trough (Lim and
Simmonds, 2007). However, tracking cyclones at SLP has a number of challenges, both
because of potentially deficient SLP patterns over major orography (e.g. Hoskins and
Hodges, 2002) and a high number of spurious vorticity systems found at the lee side of
mountain ranges under certain flow conditions. Also splitting and merging is more frequent
at lower atmospheric levels as this study showed. On the other hand, higher heavy
precipitation amounts were found in all seasons at Z700 for track types ATL, POL or TRZ. The
geopotential height at 850hPa therefore appears as a good compromise for tracking
cyclones or vorticity features in the context of heavy precipitation.

The findings of this study provide a new perspective on the Central European precipitation
climate with a strong emphasis on heavy precipitation. The high frequency of strong
cyclones was identified as the key factor in explaining seasonality of mean and heavy
precipitation at a regional scale within CE. Strong cyclones not only show enhanced vertical
lifting, but also move at considerably lower speeds across CE, resulting in longer residence
times. These factors favor high moisture conversion rates as well as a prolonged duration of
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precipitation. However, to fully explain above average contributions of certain track types in
summer and late autumn, additional drivers are needed. Air temperature and
Mediterranean Sea Surface temperature are likely candidates. Model simulations do
indicate that Mediterranean Sea Surface warming amplifies Central European Precipitation
extremes associated with Vb cyclones (Volosciuk et al., 2016). Future work could therefore
focus on these potential drivers, not only in the context of air moisture supply, but as also
on thermodynamic drivers of frontogenetic or cyclogenetic processes in the warm season
(Aebischer and Schar, 1998). It remains unclear why Vb cyclones are strong in the warm
season, and this appears crucial in understanding potential changes of heavy precipitation
events under future climates.

Large scale heavy precipitation events have been the focus of this study. Future research
could focus on different spatial and temporal scales, for example by considering high
intensity short duration events. Serial clustering of cyclones appears to be another
important issue, as soil moisture can build up during prolonged rain episodes, increasing the
risk of flooding for moderate precipitation extremes. Likewise temporal changes of track
type recurrence or cyclone frequency should be considered, as wet spell duration has
changed in parts of Europe in recent decades (Zolina et al., 2013, Zolina, 2014).

The findings of this study are not only hoped to support the hydro-meteorological
community in understanding the occurrence of large scale heavy precipitation and related
floods from an atmospheric perspective, but could also provide a valuable basis for
evaluating climate models over Europe. For example, frequency, intensity, seasonality and
temporal variability of cyclone track types of the models could be compared with those of
the observations.
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5 Vb cyclones synchronized with the
Arctic-/North Atlantic Oscillation

Abstract

Vb cyclones typically emerge in the Western Mediterranean and propagate to the Northeast
into Central Europe. Some of the largest floods in Central Europe have been due to the
heavy, large scale precipitation associated with Vb events. This paper explores the temporal
characteristics of Vb cyclone occurrence based on cyclone tracks identified at the
atmospheric levels of SLP and Z700, using JRA-55 reanalysis data for the period 1959-2015.
The results suggest that the frequency of Vb cyclones was high in the 1960s and has
remained at a lower level since then. Clusters of high Vb cyclone frequency exist and have
occurred when both NAO and AO were negative. On the opposite Vb cyclone frequency is
specifically low from 1988 to 1997 during a sustained positive phase of both NAO and AO.
The coupling of the polar and the subtropical jet stream over the Western Mediterranean is
identified as a main feature at the onset of Vb cyclones. Vb cyclone occurrence significantly
lowers the NAO and AO indices, favouring successive Vb events, which suggests a NAAO™
Vb* feedback mechanism. By exploring the frequency and mechanisms of Vb cyclones we
hope to advance our understanding of one of the most devastating weather/climate
phenomena over Europe which will be of benefit for transnational flood management,
climate modeling and impact research, and eventually for medium range forecasts of high
impact weather events.

5.1 Introduction

Extreme weather events in Central Europe, such as large scale heavy precipitation and wind
storms, are often related to the occurrence of mid latitude cyclones (Pfahl and Wernli, 2012;
Hofstatter et al., 2018, H18 hereafter; Leckebusch et al., 2006; Donat et al, 2011). These
types of events respectively account for about 53% and 15% of the economic losses due to
natural hazards in Germany, for example (Munich Re, 1999), in addition to injuries and loss
of life. Atmospheric research has traditionally prioritized wind storms, whereas large scale
heavy precipitation events have gained increasing attention only after the 2002 summer
floods in Central Europe (Ulbrich et al., 2003a & 2003b; Grazzini and van der Grijn, 2002)
that were caused by Vb cyclones according to Van Bebber’s (1891) classification.
Historically, Vb cyclones have been vaguely described as low pressure systems propagating
from the Western Mediterranean Sea to the Northeast, by crossing Northern Italy and
leaving the Alpine ridge on the left. In recent years, it has become obvious that Vb cyclones
are highly relevant for the occurrence of large scale (LS) precipitation extremes in Central
Europe (CE) (Messmer et al., 2015), with up to 45% of these cyclones being associated with
heavy precipitation in the Czech Republic and Eastern Austria (H18). At the same time, Vb
cyclones are rather rare, as only 5% of all Central European cyclones can be attributed to
this track type.

In the context of climate change it is expected that precipitation intensities will increase by
6.5% K with increasing mean air temperatures according to the Clausius Clapeyron
relationship (Trenberth et al., 2003), with moisture availability, vertical atmospheric stability
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and dynamical processes modulating this relationship (e.g. O’Gorman, 2015). Specifically for
Vb cyclones, maximum daily precipitation increases of between 10 and 20 % have been
simulated over the German Ore Mountains for 2071-2100 as compared to 1971-2000
(Nissen et al., 2013; Hofstatter et al., 2015). For assessing the risk of flooding due to Vb
cyclones, the temporal evolution of their occurrence is another important factor which,
however, has not been investigated so far. Observed trends of the total number of cyclones
developing over the Western Mediterranean (WM) Sea may shed some light on the
frequency of Vb cyclones. Lionello et al. (2016) examined WM cyclone tracks over the period
1979-2008 on an annual basis, but did not find any significant trends. Maheras et al. (2001)
found a decrease in frequency of -4% per decade during 1958-1999, and a similar decrease
was detected by Bartholy et al. (2009) which they attributed to the winter/spring season.

Another important, unresolved issue is whether Vb cyclones tend to occur in clusters, i.e.
whether their arrival rate in some periods is significantly higher than the rate expected for a
random Poisson point process (Cox and Isham, 1980). The occurrence of clusters would not
only raise the question of their causal mechanism, but would also be of high practical
relevance for flooding because of the accumulation of soil moisture by repetitive
precipitation events (Grillakis et al., 2016). For example, a number of floods in the Isar
catchment in southern Germany were exacerbated by a sequence of two Vb cyclones (Stahl
and Hofstatter, 2018). Additionally, gearing flood risk management strategies towards flood
rich periods is of enormous practical importance (Hall et al., 2014).

Serial clustering of cyclones is well known to occur over the Euro-Atlantic region (Mailier et
al., 2006; Vitolo et al., 2009; Pinto et al., 2013) which is triggered by a persistent, zonally
orientated and extended eddy-driven polar jet stream over the North Atlantic (Pinto et al.,
2014). A persistent jet stream, which varies little in latitude, is typically associated with a
strong jet (high wind speeds) located around 45°N (Woollings et al., 2010 and 2018). In
contrast, if the jet stream is weak and shifted towards the South, i.e. the location of the
WM, cyclogenesis and even clustering in the WM might be enhanced. The southern position
of the jet stream is largely determined by a corresponding negative phase of the Northern
Atlantic Oscillation (NAO) (Woollings and Blackburn, 2012; Wallace and Gutzler, 1981;
Hurrell, 1995), which is usually associated with an increased frequency of high latitude
blocking over Greenland or Northern Europe (Woollings et al., 2008). Indeed, during NAO™
conditions, the number of cyclone tracks in the WM is about +20% larger than during NAO*
(Nissen et al., 2014). Overall, these findings suggest that the occurrence of Vb cyclones
could be connected to a specific state of the large scale atmospheric circulation. Conversely,
Vb cyclones are one of the strongest European cyclone types (Hofstatter et al., 2016, H16
hereafter), so one would also expect a considerable effect of Vb events on the large scale
circulation. If a favorable atmospheric flow state exists, this could also point towards a
plausible, yet unexplored, mechanism explaining clusters of Vb cyclones. A link between
cyclogenesis in the WM and the upper level dynamics interacting with major orography in a
low-level baroclinic environment may contribute to these processes (e.g. Maheras et al.,
2002; Trigo et al., 2002).
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The aim of this paper is to understand the occurrence of Vb cyclones over time, and the
atmospheric processes associated with them. Specifically, the paper addresses the following
questions:

o Have Vb cyclones become more frequent in recent decades and does their rate
of occurrence reveal characteristic variations over time;

o do Vb cyclones tend to occur in clusters or do they arrive fully randomly;

o do clusters, or hiatus periods, correspond with specific phases of the dominant
modes of the large scale atmospheric circulation; and

o does such a relationship, if it exists, suggest a plausible mechanism for a possible
self-exciting process of Vb occurrence?

By addressing these questions we hope to advance our understanding of one of the most
devastating weather/climate phenomena over Europe which will be of benefit for
transnational flood management, climate modeling and impact research, and eventually for
medium range forecasts of high impact weather events. The paper is organized as follows:
The data and methods used are explained in section 2, followed by an analysis of the
temporal features of Vb cyclone occurrence and its relationship to the large scale
atmospheric circulation in section 3. Section 4 provides the conclusions.

5.2 Data and Methods

The cyclone tracks used in this study are identified by the detection and tracking algorithm
of Hofstatter et al. (2016, 2017) which is based on Murray and Simmonds (1991) and
Simmonds et al. (1999). It considers both open and closed systems (Pinto et al., 2005) and
allows for splitting and merging cyclones. The algorithm consists of four steps: (i)
identification of cyclones at time t, (ii) prediction of a subsequent cyclone position at
time t+1, (iii) association of cyclones between times t and t+1 by scoring the difference
between the predicted and actual cyclone position(s), and (iv) removal of spurious tracks.
The tracking procedure is applied within a domain ranging from 40°W to 50°E at 65°N and
20°W to 4 °E at 3°N for the years 1959-2015. The tracking analysis and all atmospheric fields
are based on the JRA-55 reanalysis (Japanese Meteorological Agency, 2013; Kobayashi et al.,
2015; Harada et al., 2016) retrieved from the Research Data Archive at the National Center
for Atmospheric Research (NCAR) at 1.25° spatial and 6-hour temporal resolutions.

Recent studies (H18; Messmer et al., 2015; Nissen et al., 2013) have used different source
and/or target regions for identifying Vb cyclone tracks which hampers a comparison of
results. A less restrictive definition than the one of H16 and H18 is therefore used here. All
cyclones that propagate northwards and cross a line at 47°N between 12°E and 22°E (“CL —
Crossing Line” in Figure 30) are identified as Vb tracks (Vb-All). The arrival time dg is defined
as the point in time when the cyclone crosses that line, which is estimated by linear
interpolation between the track positions bracketing the line.

Tracks are first identified at two atmospheric levels (700 hPa geopotential height, Z700 and
sea level pressure, SLP) independently and subsequently considered jointly. In order to
avoid redundancies, Z700 tracks are removed from the data set if they are deemed to
represent the same cyclone system as one of the SLP tracks. Two conditions are used to
identify whether Z700 and SLP tracks refer to the same system: (i) the overlap lasts for at
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least 18 hours; (ii) the median and the 20" percentile of the horizontal distances between
the track positions at the same time are less than 1000km and 700km, respectively. This
criterion is based on the observation that, at their peak, cyclones at SLP are typically 300km
ahead of the associated Z500 trough (Lim and Simmonds, 2007); (iii) Only Z700 tracks
separated by at least 24 hours when passing the CL line are considered, and the weaker
cyclone in terms of relative geostrophic vorticity at dg is removed. By this screening, a total
of 100 Vb events (30%) are disregarded at Z700. If one increases (decreases) the threshold
distances by 30%, the detection rate remains very similar with 104 (97) events, so the
rejection rate appears robust to the choice of the threshold distances. The remaining
cyclones are classified into four Vb subtypes (Table 17), depending on the region the cyclone
develops (Figure 30 left).

S

N

A

Figure 30: Study region with four source regions for defining Vb subtypes
GoG (red), DiN (yellow), IbA (green), and OuT (all others) (Table 17).
Cyclone tracks are identified as Vb if they cross the black dashed line (CL) from the South.
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Table 17: Four subtypes of Vb cyclones, differentiated by their source region.

sub Acronym Colour Description of source region
1 GoG red Gulf of Genoa/Ligurian Sea and Northern Italy
2 DiN yellow Adriatic Sea and Dinaric Alps
3 IbA green Iberian peninsula and North African Coast
4 ouT blue All other Vb cyclones that are not of subtype 1-3

Following the work of Mailier et al. (2006), Vitolo et al. (2009), Pinto et al. (2013 and 2016)
and Walz et al. (2018), the arrival of a cyclone at a particular location is considered as a
realization of a Poisson point process (Cox and Isham, 1980). The probability of n arrivals in
time interval At is given by

PiNen) = ‘:l—, xe™  (Mm=012,....) (20)

where N is the discrete random variable of the arrivals, p is the expected number of arrivals
in At with p = A - At, and A the arrival rate. The ratio of the variance Var(N) and the mean
E(N) is used to estimate the dispersion measure ¢ (Mailier et al., 2006) as

_ Var(N)
T E(N)

(21)

For a homogeneous Poisson point process (A does not change over time) ¢ =0, if ¢ >0
(overdispersion) cyclones arrive more clustered, whereas if ¢ < 0 (underdispersion) they
arrive more regularly than if the interarrival times were independent. The inter arrival
times T are exponentially distributed with density

f(t) =)Axe M A>0;, t>0) (22)
and meanA~L. In order to test if the observed interarrival times are drawn from an

exponential distribution, the Anderson Darling Test is applied (Stephens, 1974).

An alternative clustering measure is the firing regularity log(x) (Mochizuki et al., 2016).
The sum of k independent, exponentially distributed arrival times is Gamma distributed with
probability density function

@K (T () (k>0,1>0; T>0) (23)
)

fay =

For a homogeneous Poisson point process, k is unity. Deviations from unity can be used to
identify clustering. The firing regularity log(k) is calculated by maximum likelihood
estimation. All Vb events are partitioned into consecutive and equal segments (n=39 events,
n=37 for the last segment), a gamma distribution is fitted to each sample and the average
value of log(x) for all segments is estimated. Clustering is indicated if log(x) is negative,
regularity if log(x) is positive.
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Clusters are usually defined as distinct periods with a markedly higher arrival rate than the
average rate Ay(Pinto et al., 2014). In this study a cluster is identified if the cyclone count C
over a moving window of 180 days (6 months) exceeds twice the expected number for this
period length, so if C¥3™ > 2. ... Complementing clusters on a shorter time scale are
identified over a window of 90 days (3 months), i.e. C*1>™ > 2. .. and considered if
continuing a precedent 6m-cluster. The selected thresholds correspond approximately to
the 5% exceedance probability. Similarly, a hiatus is defined as a period with a much smaller
number of Vb events, i.e. if the 6-month cyclone count drops below half the expected
number, C*3™ < 0.5 - yg,,. This procedure results in a total of 16% of the days identified as
clusters, and 35% of the days identified as hiatuses.

The Cox-Lewis U-statistic is used to test for a trend in the occurrence of Vb events in the
period 1959-2015, using a parametric regression model (Cox and Lewis, 1966, p. 47) and the
null hypothesis of a constant occurrence rate (HO: “no trend; A=constant”). This test is
superior to the Mann-Kendall test for extreme events (Mudelsee, 2014). Additionally, the
time-depending arrival rate is estimated by a Gaussian kernel (width=5 years) with
percentile-t confidence intervals 1-2a=0.90% calculated by ordinary bootstrapping (K=8000
resamples) with replacement (Cowling et al., 1996; Mudelsee et al., 2003 and 2004;
Mudelsee, 2014). The seasonal change of Vb arrivals is analyzed by the Gasser-Miiller (1984,
1979) kernel regression with a parabolic kernel function (width h=10 years, Mudelsee et al.,
2012). The standard error bands are constructed by moving blockwise-bootstrapping using
an adopted block length considering serial dependence (Mudelsee, 2014, his Equation 3.28)
as estimated through persistence time t (Mudelsee, 2002).

Most of the analysis in this study is based on daily time series but, at some instances, results
are aggregated over seasons, either for winter (DJF), spring (MAM), summer (JJA) and
autumn (SON) or for the winter and summer half years (November to April and May to
October). If not stated otherwise, summer and winter refers to the half years.

To investigate the relationship between Vb cyclone occurrence and the large scale
atmospheric circulation, time series (indices) of northern hemispheric teleconnection
patterns are used in this study. These are the Northern Atlantic Oscillation (NAO) and the
Arctic Oscillation (AO), the East Atlantic/Western Russia Pattern (EAWR), the Scandinavian
Pattern (SCA), the Polar Eurasia Pattern (POL), the Eastern Atlantic Pattern (EA), the East
Pacific/North Pacific Pattern (EPNP) and the Pacific/North American Pattern (PNA) (Barnston
and Livezey, 1987; Feldstein and Franzke, 2017). As the most prominent pattern, the NAO
(Hurrell et al., 2001) correlates with the European climate, and explains precipitation
variability over Central and Western Europe (e.g., Hurrell et al., 2003). All indices are
provided by the Climate Prediction Center (CPC) of the National Oceanic and Atmospheric
Administration (NOAA). All CPC teleconnection patterns refer to 500hPa GPH anomalies
with the exception of AO which refers to 1000hPa. For comparison with the CPC NAO index
(denoted as NAO_c), an alternative index (denoted as NAO_n) from NCAR’s Climate Analysis
Section based on the leading mode of SLP anomalies is used (Hurrell et al., 2003). For a
number of analyses, confidence intervals are constructed by ordinary bootstrapping (with
replacement) unless stated otherwise.
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5.3 Results and Discussion

5.3.1 A brief climatology

For the period 1959-2015, a total of 557 Vb cyclones are identified, averaging about 10
cyclones per year (Table 18). The number of Vb cyclones at SLP (6.1 yr') and at Z700
(3.7 yr'l) is higher than that of Hofstitter et al. (2016) with 4.1 yr* and 3.1 yr?, and also
higher than that of Messmer et al. (2015) with 2.5 yr* at Z850 and Nissen et al. (2013) with
just 1.2 yr'! at SLP. The latter two studies used a very stringent definition for Vb tracks (see
their Figures 2), and they only used a single pressure level for track detection. In the current
study the definition is less restrictive, classifying all cyclones propagating northwards

at 47°N between 12°E and 22°E as Vb, either at SLP or at Z700.

Table 18: Vb cyclone climatology with the total number of cyclones for the period 1959-2015,
the average number per year [, the percentages for the summer and winter seasons,
and the fraction of cyclones identified from sea level pressure
relative to the total number of Vb cyclones (JRA-55: SLP and Z700)

Vb-cyclones ALL GoG DiN IbA OuT

Total number 557 257 98 145 57
u (year™) 9.77 4.51 1.72 2.54 1.00
May-Oct (%) 43.8 48.3 46.9 35.9 38.6
Sept-Apr (%) 56.2 51.7 53.1 64.1 61.4
Fraction of SLP cyclones 0.62 0.57 0.64 0.77 0.44

In terms of subtypes, Vb-GoG is most frequent (4.5 yr'* or 46%), followed by Vb-IbA (2.5 yr™
or 26%), Vb-DiN (1.7 yr'* or 18%), and Vb-OuT (1.0 yr™* or 10%). The Gulf of Genoa is not only
the most active cyclogenesis region in the Western Mediterranean (Campins et al., 2010),
but also appears to be the most relevant source region of Vb cyclones. IbA and OuT
subtypes are more frequent in winter; the other subtypes are balanced between winter and
summer. The individual cyclone tracks for each subtype are shown in Figure 31.
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Figure 31: Individual Vb cyclone tracks, classified by their source region (point of first detection) into the four
subtypes GoG, DiN, IbA and OuT (Table 17, Figure 30). (JRA-55, 1959-2015: composite of SLP and Z700). Points
of first detection are colour coded according to Figure 30, the end points are indicated in black.

5.3.2 Occurrence rate and temporal changes

Vb cyclones are rather rare with only 5% of all Central European cyclones assigned to this
track type (H18). Despite its rarity, 22 of the 50 largest precipitation events in the Czech
Republic and eastern Austria (1959-2015) have been attributed to Vb cyclones (H18). This
implies that the probability of heavy precipitation associated with Vb cyclones at a given
location is high. The arrival of Vb cyclones is therefore regarded as an extreme event in the
following.

As shown in Table 19a and 19b, the probability of occurrence of Vb (ALL) cyclones has
decreased (U<0) between 1959 and 2015 (p=0.05) which can be mainly attributed to IbA
winter cyclones. If one disregards IbA-Winter cyclones (second column in Table 19) the
probability still decreases, however without significance (p=0.19).
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Table 19: (a-b): Cox-Lewis test for monotonic trends in the occurrence of Vb cyclones with Hy = “constant
probability”. (c): Lag-1 day correlation for the square root-transformed and linearly detrended interarrival
times. (d-f): Mann Kendall trend test with Sen’s slopes of the interarrival time T. Relative trend (f) is calculated
from the difference of the trend line between beginning and end of the period, divided by T.

IbA_wi refers to winter cyclones from the lberian peninsula and the North African Coast,
for the other abbreviations see Table 17. Bold print indicates p<0.05.

Vb-cyclones ALL eiZLpt GoG DiN IbA OuT
IbA_wi

(a) | U-test statistics -1.67 -0.87 0.10 -1.67 -2.02 -0.01
(b) | p-value (one-sided) 0.05 0.19 0.46 0.05 0.02 0.50
(c) | Ry:lag-1 correlation of T 0.05 / 0.02 0.13 -0.09 -0.18
(d) | Mann Kendall 1, 0.06 / -0.01 0.16 0.11 -0.02
(e) | p-value (two-tailed) 0.03 / 0.82 0.02 0.05 0.81
(f) ?See'ifl"js::)‘d (%) +2.6 / 0.4 +8.2 +5.2 16

For comparison, a non-parametric linear trend for the interarrival times (T) is estimated by
the Sen’s slope method (Burkey, 2006) and tested for significance with the Mann Kendall
test (Table 19, d-f). First the square root-transformed and linearly detrended interarrival
times are checked for serial dependence which gives lag-1 correlation coefficients between
R1=-0.18 (OuT) and +0.13 (DiN), and R;=+0.05 for ALL (Table 19c), indicating weak
autocorrelation. The Mann-Kendall trend-test (Table 19d and 3f) shows increases of the
interarrival times for DiN and IbA cyclones, but almost no change for the other cyclones.
Overall this means that the probability of Vb cyclones to occur has decreased over the last
six decades (p=0.05), which is mainly caused by a significant decrease of Vb cyclones
developing in winter over the Iberian Peninsula or North Africa.

Figure 32 shows the occurrence rate of Vb cyclones for the period 1959-2015 estimated by a
Gaussian kernel using a bandwidth of h=5yrs. (Mudelsee et al., 2004; Mudelsee, 2014).
The black horizontal line indicates the average rate & with the numbers given in each panel.
Clearly, Vb occurrence is time dependent with distinct decadal variations.

For all cyclones (Vb-All, Figure 32a) the rate is highest in the 1960s but does not change
much between 1975 and 2015, despite near surface air temperatures having increased
by 0.9° over the Northern Hemisphere (Osborn & Jones, 2014; Jones et al., 2012; Morice et
al., 2012). The stationary behaviour in the last decades is in agreement with Lionello et al.
(2016), who found the frequency of Mediterranean cyclones including Vb not to have
significantly changed between 1979 and 2008. When considering the entire period
1959-2015 the rate does decrease by -4% per decade which is identical with the changes of
Western Mediterranean cyclones for 1958-1999 identified by Maheras et al. (2001).
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Figure 32: Vb cyclone frequency. All Vb cyclones (top), and subtypes (lower panels). Occurrence rate (yr™)
estimated by a Gaussian kernel of bandwidth h=5yrs with percentile-t confidence intervals (Cl) 1-2a=0.90%
indicated as shaded areas. The top panel gives the occurrence rate for all Vb-cyclones (solid line, dark grey Cl)
and for all cyclones excluding IbA-winter (broken line, light grey Cl). The dashed green line for IbA indicates the
occurrence rate if 5 out of 9 cylcones in winter 1962/63 are disregarded.

The stationary occurrence rate I (yr'") is indicated on the right.
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The frequency of Vb-ALL is at a very low level of 8.2yr™ during the early 1990s. This hiatus
phase is denoted as H7 and investigated in more detail later in this paper. In the early 1960s
the occurrence rate is larger than 12yr™, which can be attributed to the high number of IbA
winter cyclones, as illustrated by the dashed black line in Figure 32a for which IbA-winter
cyclones have been excluded. During this phase, IbA (Figure 32d) exhibits a substantially
higher rate of >3.5yr than after 1965. However, when removing every other IbA cyclone
(5 out of 9) in winter 1962/1963 as a sensitivity experiment, the rate drops remarkably
(Figure 32d, dashed line). During this specific winter, a total of 9 Vb-IbA cyclones have
occurred compared to the long term average of 1.6 per winter. The winter 1962/1963 was a
severely cold one in Northern and Central Europe and was associated with a sustained
negative NAO regime (Greatbatch et al., 2015). DiN exhibits a similarly high rate before
1970, followed by a rather stable occurrence rate afterwards.

Vb winter cyclones were significantly more frequent before 1967 than later and are now at
their lowest rate since 1959 (Figure 33). The rate in winter has decreased significantly by
about 40% from 8.03 yr* (+1.40) in 1959 to 4.68 yr* (+1.44) in 2015, in line with Figure 32d.
A similar decrease of WM cyclones in winter/spring was detected by Bartholy et al. (2009).
The summer occurrence rate in this study is generally close to its long term average and is
at 4.3 yr'' (£1.0) in 2015. The significantly lower rate during the early 1990s (H7) not only
emerges from Vb-GoG (Figure 32a and 32b) but it is also more prominent in the summer
(Figure 33).
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Figure 33: Seasonal and annual occurrence rate (yr'l) of Vb cyclones. Gasser-Miiller kernel regression
estimation with a parabolic kernel fuction and 1-o error bands from K moving block bootstrap experiments
(K=8000) using a pre-defined persistence time 1=0.3 (winter), T =0.1 (summer) and t =0.15 (annual).
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5.3.3 Dispersion of Vb cyclones

So far we have shown that Vb cyclones occur at a time-varying rate with largely
independent interarrival times. For a Poisson point process, interarrival times T should be
exponentially distributed which is examined in Figure 34. Additionally, the Anderson-Darling
test is used to test whether the sample comes from an exponential distribution (HO:
“interrarrival times are iid exponentials”). The test statistics (AnDa) at the 5% significance
level are given at the upper left corners of the panels. The associated p-value is the
probability of observing AnDa>cv under Ho. For ALL (not shown), GoG and IbA (Figure 34) HO
is rejected as AnDa is much larger than the critical value of cv=1.31, whereas this is not the
case for DiN and OuT. Figure 34 and the tests therefore suggest that the interarrival times of
GoG and IbA cyclones are not exponentially distributed which may be related to the time-
varying rates A (Figures 3 and 4) and the enhanced frequency of short interarrival times
(Figure 34, GoG, IbA). This is a clear indication of overdispersion, implying clustering of the
arrivals. This finding raises the question of the driving mechanisms of clustering, and the
relevance for flooding due to the accumulation of soil moisture in the same catchments
(Grillakis et al., 2016; Komma et al., 2008).
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Figure 34: Cumulative distribution functions (cdfs) of observed interarrival times T (red) plotted against
exponential cdfs (black). AnDA (Anderson Darling) test statistics and associated p-values (a=0.05) are given,

as well as the mean interarrival times T = A~ (days).
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In order to more explicitly test for clustering of the cyclone arrivals, the dispersion measure
@ (Mailier et al., 2006) is estimated for the annually and seasonally aggregated number of
cyclones, and the firing regularity log(x) (Mochizuki et al., 2016) is used for assessing the
non-aggregated time series for comparison.

As shown in Table 20, Vb cyclones indeed occur in clusters, which can be mainly attributed
to the GoG and IbA subtypes in accordance with Figure 34. Subtype DiN cyclones occur
more regularly than a random Poisson process. On an annual basis, both log(k) and ¢
indicate clustering for all types. Seasonally (Table 20e), clustering is much more pronounced
in winter (¢=0.78) which is mainly due to IbA (¢=0.61). In contrast, clustering of GoG
cyclones which develop on the southern Alpine lee side is particularly strong in summer
(¢=0.71). This finding points towards differences in the formation processes of clusters in

different seasons. The mean interarrival times T (Table 20, a, b), as derived from the inverse
of the rate parameter of the exponential (Equation 22) and the Gamma (Equation 23)
distributions, are about 37.4 days for all Vb cyclones in correspondence to the rate of 9.77
events per year of Table 18.

Table 20: Dispersion statistics of the Vb cyclone arrivals. Log(k) < 0 and ¢>0 indicate
clustering of cyclone arrivals, log(x) >0 and <0 indicate regularity.

Clustering indicator ALL GoG DiN IbA OuT
(a) T -Poisson (days) 37.43 81.0 212.5 143.6 365.3
(b) T-Gamma (days) 36.00 79.4 204.2 131.8 348.3
(c) Firing regularity 016 | -0.25 +0.08 -0.24 0.00
log(k)
(d) Dispersion measure
@ (annual) +0.69 +0.33 -0.09 +0.56 +0.11
@) (summer) +0.25 +0.71 -0.10 -0.09 +0.00
e
(winter) +0.78 +0.05 -0.13 +0.61 +0.21

The higher arrival rates of Vb cyclones during clustering periods could be caused (i) by a
sustained large scale atmospheric state which forces a repetitive development of Vb
cyclones in the Western Mediterranean, and/or (ii) by a self-exciting process in which the Vb
event itself reinforces the large scale atmospheric circulation into a state that favors the
development of a successive Vb cyclone (positive feedback).

Figure 35 identifies cluster and hiatus periods for Vb-ALL by plotting the sample cumulative
arrivals minus their average over the period ( ©=9.77 yr'h). The breakpoints separating the
major episodes E1 to E5 are detected by a break regression model (Mudelsee, 2009). The
highest arrival rate of 13.4 yr'* occurs between 01/1959-12/1966 (episode E1), the lowest
arrival rate of 6.9 yr™* between 4/1988-12/1996 (hiatus H7). During other periods, the rate is
close to the long term average. In total there are eleven cluster and eleven hiatus periods
between 1959 and 2016 (Table 21).
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Figure 35: Arrivals of Vb-All cyclones: Observed cumulative number of cyclones (N) relative to the number
expected on average over the period (1,=9.77 yr'™). Individual Vb events (n=557) are shown as black dots.

Clustered events are indicated by red dots. Cluster periods (C) and hiatus periods (H) are indicated by yellow

and grey shading, respectively. The observation period has been partitioned into
five main episodes E1 to E5 with average arrival rates (per year) given at the top.

Figure 35 clearly shows the existence of well separated and distinct clusters (C1-C11) with a

relatively high arrival rate of u=21.5 yr, and a low average interarrival time of T=17.0 days

on average, compared to u=7.5 yr'tand T=48.5 days outside the clusters. During the hiatus

periods the mean interarrival time is particularly long with T=70.4 days and the rate is only
u=5.2 yr'!, suggesting that the cyclone clusters exhibit an average rate about four times that
of the hiatuses. It is interesting to note that cyclone clusters over the Northern Atlantic
Ocean occur at a much higher rate of about 1 day™ and with much shorter cluster duration
of just 6 days on average for the main winter (Pinto et al., 2014). Obviously, the formation
processes of cyclone clusters over the Northern Atlantic are different from those in the
Western Mediterranean. Nevertheless, the ratio of the number of clustering days to all days
over the Northern Atlantic of 13% is very similar to the one found here for the WM (16%).
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Table 21: Vb clustering (C) and hiatus (H) periods 1959 - 2016, with beginning and end dates, duration, mean
interarrival times T, number of arrivals, and the ratio (fR) of arrival rates and the mean rate of 9.77yr'1.

C/H beginning end duration T number of fR

(months) (days) arrivals (%)
C1 196008 11 1961 02 20 6.33 14.9 14 271
Cc2 1962 11 08 1963 05 04 5.80 11.8 16 338
c3 1964 1013 1965 08 24 10.33 16.6 20 237
c4 1968 11 17 19710103 25.48 23.5 34 164
c5 1976 09 13 1977 05 07 7.74 13.1 19 301
C6 1978 11 26 1979 06 23 6.85 17.4 13 233
Cc7 198104 16 198111 28 7.41 15.1 16 265
C8 1990 11 22 1991 06 17 6.79 18.8 12 217
Cc9 2000 07 09 200109 17 14.26 19.8 23 198
Cc10 201007 22 20101129 4.26 14.4 10 288
Cl1 201204 11 2013 06 25 14.43 23.2 20 170
H1 1961 02 20 1961 10 18 7.87 60.0 4 62
H2 1966 11 24 1968 03 02 15.21 154.7 3 24
H3 19710103 197402 03 36.95 75.1 15 50
H4 197506 09 197609 13 15.15 92.4 5 40
H5 1977 05 07 1978 01 28 8.72 133.0 2 28
H6 1981 11 28 19831219 24.62 93.9 8 40
H7 1988 03 21 1996 11 17 103.71 52.7 60 71
H8 200109 17 2002 05 26 8.23 83.7 3 45
H9 2006 08 13 2007 05 05 8.69 88.3 3 42
H10 20101129 201204 11 16.36 99.8 5 37
H11 20141119 2015 08 01 8.36 127.5 2 29

5.3.4 Large scale atmospheric circulation

In order to better understand the drivers of Vb cyclone arrival rates, the relationship
between the large scale atmospheric circulation (LAC) and arrival rates is investigated by
selected teleconnection indices (TCl). The main questions are: (i) which circulation modes
favour the development of clusters or hiatus periods and can therefore explain long term
changes in arrival rates, (ii) does the LAC affect Vb cyclones at the event scale, and (iii) does
the evolution of the LAC during Vb events support the hypothesis of a positive feedback
during different seasons? The last question is particularly intriguing as cyclogenesis strongly
depends on a sufficient upper level forcing which is usually much stronger in the winter than
in summer while Vb cyclones are just as frequent in the winter as in summer (Table 17) and
Vb summer cyclones, on average, are equally strong as the winter ones (H16). In the
Western Mediterranean, upper level troughs are usually affected by major mountain
orography inducing lee-cyclogenesis in a low-level baroclinic environment (Egger et al.,
1988; Pichler et al., 1990; Aebischer and Schaer, 1998; Trigo et al., 2002), suggesting that
either low level baroclinic forcing compensates a weakened upper level dynamics during
summer or Vb occurrence rates are modulated by different states of the LAC in different
seasons.

Greatbatch et al. (2015) found an exceptionally high number of nine Vb-IbA events during
the winter 1962/1963 when a sustained negative phase of the winter NAO was observed,
and Nissen et al. (2010) found Mediterranean cyclones to occur about 20% more frequently
during negative NAO phases. Negative NAO conditions are typically related to a weakened
and southwards shifted, eddy-driven jet stream (e.g. Woollings et al., 2008 and 2010), hence
steering cyclogenesis and cyclone tracks towards more southern latitudes than usual. The
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mean monthly state of selected teleconnection indices (TCI,) is shown in Figure 36,
stratified by the monthly count k of Vb cyclones into five groups (k=1,2,3,4, and 5 or more).
The mean of the respective TCl for all months without Vb cyclones (TCI, at the top of
Figure 36) is used as a reference and subtracted from TCI,. Very clearly the AO, NAO and
EAWR patterns are in a negative state during months when Vb cyclones occurred (TCI, < 0)
but are in a more positive state otherwise (TCI, > 0).The straight black lines, estimated by
linear least absolute deviations regression, indicates that the TCl are more strongly negative
with an increasing number of Vb events per month. A similar, however reverse relationship
can be seen for the SCA pattern. For the other modes such a clear tendency cannot be seen.
Although this relationship does neither confirm nor falsify the feedback hypothesis, it does
demonstrate a systematic and close association of Vb events in Central/Southern Europe
with the Northern hemispheric LAC.
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Figure 36: Mean monthly teleconnection index ATCI,, as an average over those months with k=1,2,...,5 or
more Vb events per month TCI,, minus the reference state TCI,, for months without Vb events (k=0) for the
AO, EAWR, NAO_n, NAO_c, SCA, POL, EA, EPNP and PNA patterns. ATCI, = TCI, — TCl,,.
Numbers on top indicate reference state. moclasses k=1, 2, .., 5 consist of 230, 78, 33, 10, 4 months,
class k=0 of 329 months. The AO, NAO and EAWR patterns are in a negative state during months
when Vb cyclones occurred (TCI,, < 0) but are in a positive state otherwise (TCI, > 0).

Figure 37 shows the standardized and de-seasonalized composite time series of the
averaged NAO/AO index (denoted at NAAO in the following) together with the clustering
(yellow) and hiatus (grey) phases. The combined NAAO index is averaged (running mean)
over 3 vyears (dark red and blue) and 6 months (pale red and blue). The most prominent
hiatus phase H7 between April 1988 and Dec 1996, which has been attributed to the
summers (Figure 33) occurs during a sustained and strongly positive phase of the NAAO
(also see, e.g., Delworth et al., 2016). The high annual arrival rate of Vb cyclones found
before 1970 (Figures 3 and 4), which has been attributed to the winters (Table 20 and
Figure 32), goes hand in hand with a predominantly negative phase of the NAAO. This
suggests that the rate of Vb cyclones may be elevated under negative NAAO conditions in
the winter and suppressed under positive NAAO conditions in the summer.
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Figure 37: Time series of the combined standardized daily NAO/AO index for 1959-2015.
Dark blue/red: 3-year Gaussian-Low Pass filtered; Light blue/red: 6-month Gaussian-Low Pass filtered index.
Yellow shaded areas indicate cyclone clusters, grey shaded areas hiatuses as in Figure 35.

Almost all the hiatus phases (grey) and most cyclone clusters (yellow) in Figure 37 coincide
with positive and negative phases of the NAO, respectively. For a more quantitative
assessment, the mean states of the NAAO index during clusters and hiatuses are evaluated
in Figure 38, top. At the bottom of Figure 38 the probability of observing an even stronger
negative (positive) phase of the NAAO is shown, given the duration d (unit days) of the
particular cluster (hiatus) under consideration. The probabilities are calculated by drawing
10° ordinary bootstrap samples with replacement, whereas the period under consideration
is always omitted. Significance is indicated by a probability of 0.10, shown as dashed lines in
Figure 38, bottom.

For all clusters, except C8, the average NAAO is clearly negative with a rather low probability
(less than 0.20) of observing an even more negative phase of the NAAO for the given period
length. For six clusters the state of the NAAO is significantly (p<0.10) more negative as
compared to random occurrence. A similar conclusion can be drawn for nine of the ten
hiatus periods with six of them being significantly more positive than random occurrence.
Only hiatus H5 occurs during a slightly negative phase of the NAAO. This finding confirms
that, on the medium term (6 months), hiatuses almost always occur during positive phases
of the NAAO and cyclone clusters during negative phases. This is in line with the observation
of Nissen et al. (2010) that the number of cyclones in the WM is about 20% lower during
NAO™ phases than during NAO" phases. Similarly, strong WM cyclones were found to be
correlated (R=0.50) with a NAO™ type pattern in winter (DJF), whereas this relationship was
lost in summer (JJA) (Raible, 2007).
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Figure 38: Mean state of the NAAO for the cluster and hiatus periods as an average over their duration (top)
as well as the probability (bottom) of observing an even stronger negative (positive) phase of the NAAO,
given the duration d of a particular cluster (hiatus). Dashed lines indicate significance (p=0.10).
Hiatus H7 has been ommited because of its exceptionally long duration.

This general relationship between Vb occurrence and the NAAO, however, does not strictly
apply to each cluster or hiatus. From inspecting individual Vb events of C8 (not shown), we
find that some Vb cyclones occur during a positive NAAO phase. In other instances, the AO
or NAO drops as expected, but remains positive most of the remaining time, so is not
captured well by the 6-month running average of the NAAO. To better understand the large
scale processes during Vb events, the mean temporal evolution of the NAO and AO indices is
shown in Figure 39 as an average over all 557 Vb events. The timeline starts from 60 days
before and ends at 70 days after dg, the point in time when the cyclone is closest to Vienna
(48°N/16°E, see Figure 30). This location was chosen to also include cyclones that emerge
just before crossing CL at 47°N.

From 40 to 10 days before the cyclone crosses the CL line, the AO and the NAO are generally
in a negative phase, although not significantly low. A few days before Vienna is reached, AO
and NAO drop dramatically, even when averaging over the 557 events. The drops last for
about 23 and 19 days, respectively. The drop is more pronounced for the AO and starts as
early as 10 days before the minimum. Obviously, a strong imprint on the large scale
atmospheric circulation appears during Vb events, realized as a positive pressure anomaly at
different atmospheric levels (Z500 and Z1000) at higher latitudes, even far upstream of the
WM and Central Europe over the North Atlantic Ocean.
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Figure 39: Evolution of the NAO and AO indices over four months as an average over 557 Vb events.
The central point is defined as the day dy when the cyclones reach the crossing line (CL in Figure 30).
The dashed lines show the 0.90, 0.95 and 0.99 percentile confidence Intervals (Cl), calculated from 10° Monte
Carlo experiments. For each experiment 557 time-intervals (length=130d) from the period 1959-2015
are choosen randomly, the mean evolution of the NAO/AO is calculated and the lowest value
out of the 130-day period is determined. The thin solid lines indicate 0.90 and 0.10 percentiles
from 10° ordinary bootstrap experiments using 80 out of the 557 Vb events.

After the minimum, the AO and NAO rise steadily, but remain at a low level for two weeks
and reach a similar level to the one observed before the drop after about 17 days. This time
span corresponds very well with the average interarrival time of T=17.0 days of the 11
cyclone cluster periods found above. This similarity points to a potential feedback
mechanism, as the negative pre-state of the NAAO is further lowered by the occurrence of a
Vb cyclone, increasing the likelihood for another Vb event within a short time. Although the
mean drop of the NAAO shown in Figure 39 is significant, it is just half the standard
deviation and therefore not very strong. When analyzing individual Vb events, it turns out
that the NAAO has occasional strong positive peaks. These may explain why the mean NAAO
is not negative for C8 as expected (Figure 38). To shed more light on this issue, the temporal
evolution of the AO and NAO is further stratified into four groups, as a function of the sign
of the NAO and AO at the time dg the Vb event crossed the CL line (Table 22). The largest
number of cyclones (266 events or 47.8%) occurs when both NAO and AO are negative
(Vb-mode 1). If only mode 1 events are considered, the drop of both the NAO and AO is
considerably stronger than for all events and reaches one times the standard deviation
(Figure 40a, top left).
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Table 22: Partitioning of the 557 Vb events into four modes by the sign of the
NAO and AO indices at the time the cyclones crossed the CL line.

Vb NAO AO Number of Relative
mode | index index | events (n)  number (%)
1 - - 266 47.8
2 + + 123 22.1
3 - + 76 13.6
4 + - 92 16.5
a b
(a) NAO™ AO’ NAO AO* (b)
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Figure 40: (a) Mean evolution of the NAO and AO indices for three months similar to Figure 39
but for the four NAO/AO modes of Table 22. (b) Seasonal relative frequency of Vb cyclones (black dots)
compared to their climatology without stratification (grey dots and numbers at bottom).
Grey whiskers indicate 10" and 90™ percentile confidence intervals calculated from 1060rdinary
bootstrapping resamples of size=n without replacement by randomly shuffling the underlying dates.
The number of events for each group is given in the top left corners.

Above it has been speculated that the high number of Vb winter cyclones before 1970 may
be connected to a dominant negative phase of the NAAO observed during the 1960ies
which is in line with, e.g., Delworth et al. (2016). This notion is further supported by the
seasonal number of Vb cyclones for each of the four NAAO Vb-modes as compared to its
climatology without stratification (Figure 40b). Vb cyclones inducing NAO AO™ conditions
(mode 1), show a significantly higher number of cyclones during winter (DJF) and a lower
number during summer (JJA) so mode 1 appears to be a feature of the winter half year. As a
consequence, the hypothesised positive feedback between NAAO™ and a high frequency of
Vb events should also be interpreted as a main feature of the winter. This is in agreement
with an equatorwards shifted eddy-driven jetstream and storm tracks over the Northern
Atlantic observed under NAO™ in winter (Athanasiadis et al. ,2010; Wettstein and Wallace,
2010; Woollings et al., 2010).
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For the 123 cyclones of the Vb-mode 2 (NAO* AO") conditions, both NAO and AO exhibit a
clear positive peak at dg (Figure 40a, bottom left). These cyclones are relatively more
frequent during the summer (JJA) as compared to climatology. In absolute numbers, Vb-
mode 2 is more clearly a phenomenon of spring/summer and less so of autumn/winter. This
mode could therefore drive the prime April/May frequency peak of Vb events, apart from
the secondary peak found in late autumn (Hofstatter et al., 2012; H18). The temporal
evolution of mode 2 is opposite that of mode 1 and therefore seems to counteract or
dampen the proposed Vb feedback. This reasoning is supported by the neutral NAAO
conditions found 30 days before and after do. During summer an extensive and strong high
pressure system is usually found over the Azores Islands, which may be further intensified
by the downstream development of a major Vb cyclone in the Western Mediterranean. This
would be a plausible mechanism explaining a strengthened NAO at the northern flank of the
high pressure system for mode 2.

The other two modes (Figure 40a, right) account for 13.6% (NAO™ AO') and 16.5%
(NAO® AO") of all Vb events (Table 22). These types show a peak of the NAO and a drop of
the AO at the same time, which are weaker than modes 1 and 2. Most importantly, 40 out
of the 92 Vb events associated with mode 4 (NAO* AO") occur in autumn, the season when
upper level dynamics are regaining strength in the Northern Hemisphere and when the
Mediterranean sea surface temperatures are still high.

If one assumes that a LAC/Vb-feedback does not exist for any of the modes, one would
expect that the 197 Vb events found during a clustering period (Table 21) divide into the
four modes following the share of all 557 Vb cyclones (Table 22). However, this is not the
case as the relative number is 55.3% compared to 47.8 % for mode 1 (i.e. by a factor 1.16
larger) and 16.2% compared to 22.1% for mode 2 (by a factor 0.74 smaller), in line with a
presumed mode 1 feedback between NAAO™ and above average Vb frequency. The shares
of modes 3 and 4 slightly decrease by a factor of 0.93 and 0.95, respectively.

As a further interesting result, the average date for mode 1 and mode 4 Vb events differs
significantly from the overall mean (1986-04-16) as shown in Table 23, with mode 1 events
occurring earlier in time (the mean is 1984-10-12), in contrast to mode 4 events occurring
later in time (the mean is 1988-10-03) than expected by random cyclone occurrence.
Significance (0.10 and 0.90 percentiles) has been tested by a Monte Carlo experiment,
drawing 5x10’ random samples of size n (Table 23) for each mode from the given 557 Vb
dates (at time do). 60% of the winter (DJF)-mode 1 events are found during the first 20 of
the 57 years. The winter (DJF)-mode 1 events might be related to the predominantly
negative phase of the winter NAO observed during the years 1955-1971 (lles and Hegerl,
2017), as this mode is associated with the cold season (Figure 40b). Mode 4 events are not
only most frequent in Autumn (about 42%) but also 53% of the (SON)-mode 4 events
occurred during the last 17 of the 57 years. This may be due to the strong increase of
Western Mediterranean sea surface temperatures of about +1°C after 1990 (lonita et al.,
2017; their Figure 40d), apart from possible decadal background variations of the LAC,
leading to a higher frequency of Vb-mode 4 cyclones during autumn in recent years.
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Table 23: Mean date for mode 1-4 Vb events and confidence intervals from drawing 5x10’

random samples of size=n (shown in Table 22) with replacement.
Mean dates outside the 0.10 or 0.90 percentile values are printed in bold.

Vb 0.10 0.50 0.90
mean date . . .
mode percentile percentile percentile
1 1984-10-12 | 1984-12-13 1986-04-15 1987-08-17
2 1988-05-23 | 1984-04-27 1986-04-15 1988-04-04
3 1985-07-24 | 1983-10-15 1986-04-15 1988-10-18
4 1988-10-03 | 1984-01-05 1986-04-15 1988-07-26

Finally we present the temporal evolution of the 500hPa geopotential height anomaly,
averaged over 263, 127, 75 and 92 days for the respective modes 1-4, as a sequence
from 10 days before to 10 days after the cyclones crossing the CL line (Figure 41). For this
analysis, the time series of GPH500 are first detrended and the annual cycle is removed at
each grid point (Barriopedro et al., 2010). In addition, wind velocity is shown at the level
of 300hPa in colour shading, indicating the mean strength and position of the jet stream.
The partitioning of the Vb events into four groups is based on the sign of the NAO and AO at
time do (3" row in Figure 41).

For mode 1 slightly negative NAO conditions are present 10 days before dy (d-10), with a
negative pressure anomaly found as precursor of the subsequent Vb event located over
Western Europe. This anomaly subsequently develops into a major baroclinic trough,
leading to a strengthening and southward shift of the eddy-driven jet stream into the
Western Mediterranean at d-3. Next, a superposition of the eddy-driven polar jet stream
and the subtropical jet stream can be seen over the Western Mediterranean Sea at do. In
fact, this superposition occurs in all of the four modes and already starts (not shown) at d-4
over the Balearic Islands (mode 1), at d-3 over the Gulf of Genoa (mode 2), at d-2 over
Sardinia (mode 3) and at d-1 over the Gulf of Lyon (mode 4). However, for mode 1 the
coupling appears to be strongest, continues even until d+10 (d+5 for modes 2-4) and regains
the same strength as at d-10. This further supports the [NAAO < Vb'] feedback hypothesis,
as the superposition imposes a zone of increased baroclinity and wind speed, favouring the
development of cyclones through an enhanced ageostrophic circulation (Christenson et al.,
2017) for another 10 days or more in the Western Mediterranean for mode 1.

Apart from the superposition of jets, a pronounced high pressure anomaly develops over
Scandinavia in modes 2-4, inducing a blocked flow situation over Europe and a split and/or
tilt of the polar jet stream. The positive anomaly remains until d+10 in all these modes, so
lasts for at least one week after the Vb event. A strong link between European/Scandinavian
blocking and a discontinued or branching jet stream over the North Atlantic (NA) has been
found by Madonna et al. (2017) and classified as the fourth main North Atlantic eddy jet
regime (mixed type My, see Figure 6g therein) beside the mean zonal framework (Woollings
et al., 2010) in accordance with the flow situation shown in Figure 41. The current study
suggests Vb cyclones to be precursors of the development of Scandinavian high pressure
anomalies in modes 2-4. Apart from wave breaking and isentropic advection of air
comprising low potential vorticity, adiabatic heating through latent heat release from
ascending air has been identified as another important mechanism for blocking occurrence
(Pfahl et al., 2015).
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The poleward advection of warm and moist air through the warm conveyor belt (Madonna
et al, 2014) from Southern/Eastern Europe during Vb events (Grams et al.,, 2014) could
therefore be a crucial ingredient fuelling Scandinavian blocking apart from anti-cyclonic
wave breaking (Masato et al., 2012). Another high pressure anomaly can also be seen over
Greenland at dop (mode 1) and at d+5 (mode 3), but how this relates to the Vb cyclone
developing downstream appears to be less clear.
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Figure 41: Temporal evolution of the large scale atmopsheric circulation during Vb events from 10 days before
to 10 days after crossing line CL at 47°N. Anomalies of 500hPa geopotential height are shown as black contours
(gpm), upper level (300hPa) wind speeds are shown as colour shading. At day 0, a coupling of the eddy-driven
polar jet stream and the subtropical jet stream can be seen over the Western Mediterranean. In all modes, a
strong impact of the Vb events on the large scale atmospheric circulation can be seen, with large positive
pressure anomalies developing over Greenland (mode 1) or around Scandinavia (modes 2-4).
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5.4 Conclusions and Outlook

This paper explores the temporal characteristics of Vb cyclone occurrence based on cyclone
tracks identified at the atmospheric levels of Z700 and SLP, using JRA-55 reanalysis data for
the period 1959-2015. Vb cyclones typically emerge in the Western Mediterranean (WM)
and propagate to the Northeast into Central Europe. The cyclones are classified into four
Vb-subtypes, denoted as GoG, DiN, IbA and OuT (Table 17), based on the region they are
first detected. The temporal characteristics are assessed by analysing changes of the cyclone
occurrence rate as well as by identifying individual cluster and hiatus periods as compared
to a random Poisson point process. The relationship between the large scale atmospheric
circulation (LAC) and Vb occurrence rate is investigated by examining selected
teleconnection indices (TCl), in particular the Northern Atlantic Oscillation (NAO) index at
7500 and the Arctic Oscillation (AO) index at Z1000. Finally the temporal evolution of the
geopotential height and upper level wind speeds over Europe and the Atlantic is analysed to
identify linkages between Vb cyclones and the LAC at the event scale. From the analyses,
five major findings have been obtained.

(i) The risk of Vb occurrence has decreased significantly between 1959 and 2015 from 12.4
to 9.4 events per year, which is mainly due to the very high number of Vb cyclones
developing over the Iberian Peninsula or North Africa during the winters before 1970.
Between 1970 and 2015 the risk has remained rather constant for all Vb subtypes, apart
from decadal variations, which is in line with trends of other Western Mediterranean
cyclones (Lionello, 2016; Nissen et al., 2014; Maheras et al.,, 2011). The current rate of
subtype Vb-GoG cyclones developing on the southern Alpine lee side is close to its long term
average. This is a counterintuitive result as mid latitude storm tracks are expected to shift
polewards due to climate change (Seneviratne et al., 2012; Woollings and Blackburn, 2012)
and near surface air temperatures have already increased by 0.9 °C since 1950 over the
Northern Hemisphere (Osborn & Jones, 2014; Jones et al., 2012; Morice et al., 2012). This
suggests that, either internal variability is considerably large and masks any externally driven
changes in recent decades, or other processes are compensating for climate change effects.
Vb cyclogenesis is strongly linked to the upper level atmospheric dynamics interacting with
major orography in a low-level baroclinic environment in the WM (e.g. Maheras et al., 2002;
Trigo et al., 2002). The increase of WM sea surface temperatures of about +1°C after 1990
(lonita et al., 2017; their Figure 11d) appears as a plausible explanation for a sustained Vb
cyclone occurrence rate.

(ii) Vb cyclones do not occur fully randomly according to a Poisson point process, i.e. they
arrive either clustered or more regularly at times. Clustering is very prominent in the case of
Vb-GoG cyclones and is particularly strong in summer for this type. On the other hand,
clustering also occurs in winter, but primarily for Vb-IbA cyclones that develop over the
Iberian Peninsula or the North African Coast. This major difference could be related to
differences in the formation processes of clusters in different seasons between the Iberian
Peninsula and the Genoa region, but further research is needed on this matter. Eleven well
separated and distinct clusters as well as eleven hiatus periods are identified, with average
occurrence rates of 21.5 yr* and 5.2yr ™, respectively. As Vb cyclones are strongly related to
large scale heavy precipitation over Central Europe (H18; Messmer et al., 2015; Nissen et al.,
2013) these phases are expected to correspond to flood-rich and flood-poor periods in
catchments mainly affected by Vb cyclones (Hall et al., 2014). The duration of the Vb
clustering periods are typically between 0.5 to 1.5 years (Table 21), in consistency with
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clustering found in German flood time series on an intra-annual to inter-annual time scale
(Merz et al., 2016).

(iii) Large scale atmospheric patterns, specifically the NAO, AO, EAWR and SCA, appear to be
synchronized with the occurrence of Vb cyclones. During months of Vb cyclone occurrence,
NAO, AO and EAWR are much more negative than in months without Vb cyclones. SCA is
more positive. Ten of the eleven clusters of Vb events occur during a negative phase of the
NAAO (Figure 37) which is significantly more negative than random occurrence (Figure 38).
The latitudinal position of the polar jet stream appears to be a responsible mechanism
explaining this relationship, as its location is shifted to more southern latitudes under
negative NAO conditions (Woollings et al., 2010), in correspondence with high latitude
blocking at the same time (Woollings et al., 2008), thus pushing cyclogenesis towards the
WM (Nissen et al., 2014a). We find this mechanism to be most relevant for Vb occurrence
during the winter half year. Cyclone clusters over NW-Europe, in contrast, are associated
with a persistent and intensified eddy driven jet stream located at 50°N over the NE-Atlantic
(Pinto et al., 2014 & 2016) in coherence with a positive phase of the NAO (Mailier et al.,
2006). One should also note that the interarrival times between subsequent Euro-Atlantic
cyclones are 5 times shorter than those of Vb cyclones.

(iv) Superposition of the eddy-driven polar jet stream and the subtropical jet stream over
the Western Mediterranean is identified as a prominent feature at the onset of Vb events
(Figure 41). Superposition events (e.g. Christenson et al., 2017) are usually marked by a
vanishing latitudinal separation and vertical merging of the jet axes, leading to increased
horizontal wind speeds (e.g. Reiter and Whitney, 1969). At the same time, stratospheric and
tropospheric baroclinity is combined within a narrow zone resulting in high available
potential energy and a further intensified ageostrophic circulation steering cyclogenesis
(Handlos and Martin, 2016). Apart from major synoptic eddies developing over Western
Europe and amplifying in the WM, the superposition of the jet streams over the WM seems
to invigorate Vb cyclogenesis. Superposition is more likely if the latitudinal separation of the
jets is small, which tends to occur during negative NAO phases.

(v) The NAO (at Z500) and AO (at Z1000) show a remarkable response to Vb events, which
manifests itself as a statistically significant drop of the respective indices, lasting for about
three weeks (from 9 days before until 14 days after the peak near Vienna), even when
averaging over a total of 557 events. As the negative phase of the NAAO goes hand in hand
with a higher number of Vb cyclones, this drop leads to a re-enforcement of the large scale
atmospheric circulation into a state favoring the genesis of another Vb event for a sustained
period and is therefore proposed as a positive feedback mechanism between NAAO™ and
above average frequency of Vb events (NAAO <Vb"). This interpretation is supported by
the mean interarrival time of 17 days found during clustering periods in correspondence
with the mean duration of the drop in NAAO. During Vb events an extensive and strong
positive pressure anomaly develops over the southern tip of Greenland (Figure 41) in 63% of
all events (mode 1 and mode 3 events, Table 22), nudging the NAO further into negative
values (Figure 40). The superposition of the jet streams therefore seems to be the important
physical link explaining the proposed feedback [NAAO <Vb'] at the process scale.
Superposition of the jet streams was also found to occur over the WM/East Atlantic at 40°N
during a negative phase of the NAO (Woollings et al., 2010) and to be associated with
Greenland blocking events (Woollings et al., 2008). Another strong, positive pressure
anomaly develops over a larger region around Scandinavia in 52% of the events (modes 2, 3
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and 4). Poleward advection of warm and moist air (e.g. Madonna et al., 2014; Grams et al.,
2014) appears as a plausible mechanism for fuelling Scandinavian blocking through latent
heat release from ascending air leading to adiabatic heating during Vb events, apart from
wave breaking and isentropic advection of air comprising low potential vorticity (Pfahl et al.,
2015). Further research is needed on this issue as well.

Finally, some specific limitations of the study are mentioned. The NAAO/Vb-rate
relationship applies on average, but not every single cluster or hiatus period follows this
relationship. This may be due to (i) an opposed state of the NAO or AO occurring from time
to time, leading to blurring in the combined and temporarily averaged NAO/AO index, (ii) in
some instances the Vb cyclones are weak and limited in extent, so have no strong feedback
with the LAC, and (iii) Vb events are rare so cannot fully account for all the NAO or AO
variability. Also, cluster or hiatus periods were not observed in a number of instances
although the state of the NAAO suggested their occurrence. Local factors may also be
important for cyclogenesis in the WM apart from the large scale forcing (e.g. Aebischer and
Schaer, 1998; Trigo et al., 2002), and 22% of the Vb events involve a positive peak of the
NAO and NAO (mode 2 events) so Vb occurrence is not strictly tied to a negative phase of
the NAAO, especially in the summer. It should also be noted that the identification of Vb
cyclones is restricted to all systems moving northwards into Central Europe between 12°E
and 22°E at 47°N, so some cyclones might have been missed if they passed outside the line
or had already dissipated in the WM.
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6 Overall conclusions

The overall goal of this thesis was to improve our understanding of the nature of
atmospheric cyclones triggering large scale heavy precipitation in Central Europe (CE). The
relationship between European cyclone track types and the characteristics of mean and
heavy precipitation in different parts of CE was investigated. Cyclones moving from the
Western Mediterranean across lItaly into CE (track type Vb) were identified as the most
relevant ones concerning heavy precipitation and floods in CE and were thus given
particular attention in this study.

The main objectives of this study have been phrased as seven questions which were
addressed in Chapters 2-5, leading to the following answers and conclusions:

1. Are characteristic circulation type classifications or cyclone tracking analyses
preferable in capturing Vb events?

Characteristic circulation type classifications (CTC) are able to capture Vb cyclones, but
to a rather limited extent. For a few CTC-variants, days with a Vb cyclone are largely
concentrated in a small number of circulation types (CTs). Subjective schemes
generally outperform objective ones as the former typically invoke a priori knowledge
of related high impact weather events such as Vb. The subjective classifications
ZMGo43 and GWL0o30 are commendable in this respect. Despite the high probability
of Vb to occur coherently during a few CTs, the chance of observing Vb during other
CTs is rather large. This implies a strong blurring and a low discrimination rate,
depending on the respective CTC, suggesting that CTCs really cannot replace tracking
analyses.

2. How are different cyclone track types related to mean and heavy precipitation in
different parts of CE?

There exist very clear spatial precipitation patterns within CE that differ drastically
between the track types. For example, Atlantic cyclones mostly affect the western
parts of CE and cease in the eastern lee of the Central European mountain ranges.
MED cyclones mostly affect southern regions in autumn, when the Mediterranean Sea
Surface temperatures are still high, as well as between December and April, when
MED cyclone frequency is highest.

In terms of large scale heavy precipitation, very high totals are observed in the specific
case of Vb in both seasons, with values between 140% (winter, 700hPa tracks) and
190% (summer, sea level pressure tracks) of the reference. The outstanding relevance
for heavy precipitation applies both to the 24-hour maximum and the total
precipitation aggregated over the whole duration of a track within CE.

Overall, the high frequency of strong cyclones was identified as the key factor in
explaining seasonality of mean and heavy precipitation at a regional scale within CE.
However, to fully explain above average contributions of certain track types in
summer and autumn, additional drivers such as air temperature and Mediterranean
sea surface temperature may be needed.
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3. Is track type Vb indeed the most relevant one for CE, large scale heavy precipitation
events as suggested by observations?

Vb has been identified as the most relevant track type for heavy cyclone precipitation
in all seasons, regardless of the atmospheric level at which the respective cyclone is
observed. The reasons for this are: (i) strong Vb cyclones typically occur in all seasons,
(ii) Vb cyclones remain much longer in or close to Central Europe than other types,
because of the circular shape of the cyclone track at the surface level, and
(iii) precipitation intensities, on average, are much higher than for all other types.
These findings have important implications for flood risk, as Vb cyclones can wet up
soils within a short time which, along with persistent rainfall, will enhance floods.
While Vb cyclones affect large parts of Central Europe, their highest precipitation
amounts occur in a region covering parts of Austria, Slovakia, Poland and the Czech
Republic.

Vb cyclones account for 30% of the 50 largest events in CE, whereas Atlantic and
Mediterranean cyclones only account for 15%. Other track types are also important
when assessing the overall risk of heavy precipitation, as most of the other types are
much more frequent than Vb. In total, between 60 % (Czech Republic) and 88% (W-
Germany) of the 50 largest precipitation events (1961-2006) were triggered by track
types other than Vb. However, out of the 10 most extreme events in the
Czech/Austrian region 8 were due to Vb tracks.

4. What are the climatological characteristics of Vb cyclones? How do these relate to
other track types?

Only 5% of cyclones moving into CE are classified as track type Vb. When considering
both cyclone tracks at sea level pressure and 700hPa, nearly 10 Vb cyclones per year
have occurred in the period 1959-2015, corresponding to a mean interarrival time
of 37 days. 50% of the Vb cyclones have developed in the lee of the Alps in the vicinity
of Genoa (GoG). Vb cyclones are most frequent in early April and in late November. In
summer, Vb cyclones are less frequent, however, this does not apply to subtype GoG
that occurs evenly throughout the year. The reasons for this peculiarity as well as for
the bimodal occurrence remain unknown and require additional research. It is also
unclear why Vb cyclones are so strong in all seasons, unlike other the types which are
usually strongest in the main winter. Vb cyclones remain in or close to Central Europe
much longer than other types (2.5 instead of 1.5 days), because of their circular track
at the surface level but not due to difference in the propagation speed. Vb cyclones
therefore have a high potential for triggering long-duration rainfall events.
Irrespective of the rainfall intensity, this is an additional factor increasing the flood
risk.
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5. Has the frequency of Vb cyclones changed in recent decades given that global
temperatures have increased by almost one degree Celsius?

The frequency of Vb cyclones was significantly higher in the 1960s and has remained
close to the average rate of 9.8 yr’ since then. In winter, the rate has decreased by
about 40%, whereas in summer it has remained close to its long term average. The
high rate during the 1960s occured during a repeatedly negative phase of the
Arctic-/North Atlantic Oscillation (NAAQ). In contrast, the significantly lower rate
of 6.9 yr' between April 1988 and December 1996 occurred during a sustained
positive phase of the NAAO. Overall, Vb cyclone frequency has varied strongly on a
decadal scale which appears to be related to internal climate variability. There is little
indication of a change in the annual risk of Vb associated with increasing global mean
temperatures considering the period 1959-2015.

6. How are Vb cyclones related to the large scale atmospheric circulation? Is there a
prominent atmospheric mode explaining variations in the Vb occurrence rate on a
monthly to decadal scale?

There is indeed a close association between large scale atmospheric circulation
characteristics and the occurrence of Vb events, with the NAAO index dropping
significantly into negative for about three weeks. As the negative phase of the NAAO
goes hand in hand with a higher number of Vb cyclones, this sustained drop leads to a
re-enforcement of the large scale atmospheric circulation into a state favoring the
genesis of another Vb event. A positive feedback mechanism is therefore proposed to
exist between NAAO™ and above average frequency of Vb events (NAAO™ <Vb*). The
latitudinal position of the polar jet stream appears to be a responsible mechanism
explaining this relationship, as its location is more variable and also shifted to more
southern latitudes under negative NAO conditions pushing cyclogenesis over the
Eastern Atlantic towards the Western Mediterranean. Superposition of the eddy-
driven polar jet stream and the subtropical jet stream over the Western
Mediterranean was identified as a prominent feature at the onset of Vb events, which
is more likely to occur if the latitudinal separation of the jets is small. This tends to be
the case during negative NAO phases.

7. Do Vb cyclones occur in clusters, i.e. more frequently than by chance in certain periods,
and what are the consequences for flood risk?

Vb cyclones do arrive in clusters, and also are more regular than chance at times.
During clusters the inter arrival time is about 17 days whereas it is nearly 70 days
during hiatuses. Clustering is very prominent in winter for cyclones developing over
Spain and the North African Coast as well as in summer for Vb-Genoan cyclones. Serial
clustering of Vb cyclones appears as a critical issue, as soil moisture and groundwater
storage can build up during prolonged rain episodes, increasing the risk of flooding. In
winter clustering is strongly associated with a weakened and southerly shifted polar
stream favoring the genesis of cyclones in the Western Mediterranean. In summer this
relationship is weaker.
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An upper level cut off low over CE has been identified as a prominent circulation
feature during strong Vb cyclones. Major cut off lows are usually very persistent and
favor the occurrence of consecutive cyclones with similar tracks at the surface level.
How the formation of a persistent cut off lows over CE relates to Vb clustering remains
an open question for future work.

This thesis has advanced our knowledge of the nature of atmospheric cyclones triggering
large scale heavy precipitation in Central Europe in general and of the cyclone track type Vb
in particular. A new classification of Central European cyclone tracks was proposed and the
requirements for a reliable cyclone tracking were stated. For example, we conclude that
cyclones identified at sea level pressure are more strongly related to large scale heavy
precipitation over Central Europe than those at 700hPa, in particular track types Vb, EA, X-N,
X-S, MED and CON. Given the difficulties of tracking at sea level pressure, especially in the
vicinity of major mountain ranges, the geopotential height at 850hPa appears as a sound
height compromise for future tracking studies.

Vb cyclones were found as the most relevant cyclones regarding CE heavy precipitation at
the large scale. The outstanding relevance mainly applies to the eastern parts of CE (Czech
Republic, E-Austria, W-Slovakia). For example, in southern Bavaria the importance of Vb is
still considerable, but Atlantic cyclones are also important there, especially in the main
winter and for less than extreme events. Apart from large scale summer floods resulting
from excessive rain episodes, other flood types are also of importance in certain CE regions
such as flash floods (in small catchments), snow-melt floods, rain on snow floods and short
rain floods (Merz and Bloschl, 2003). In this study the focus was on large scale heavy
precipitation, so the findings do not relate to other flood types. Future research could
therefore focus on different spatial and temporal scales, for example by considering high
intensity - short duration events. Beside high precipitation totals other hydrological factors
also determine the risk of flooding, so a combined study considering both hydrological and
meteorological factors on different spatio-temporal scales appears necessary for
comprehensively assessing the risk of flooding under climate change.

Future work should also explore the processes relevant for Vb cyclogenesis in the Western
Mediterranean. A number of questions have arisen in this study pointing regarding the
genesis of Vb as a key factor in understanding the peculiar characteristics of Vb cyclones.
This appears crucial in assessing potential changes of heavy precipitation under future
climate conditions in a more comprehensive way. For example, a strong positive pressure
anomaly has developed over a large region around Scandinavia in about 50% of the Vb
events. Poleward advection of warm and moist air appears as a plausible mechanism for
fuelling Scandinavian blocking through latent heat release from ascending air leading to
adiabatic heating during Vb events, apart from wave breaking and isentropic advection of
air comprising low potential vorticity. Scandinavian Blocking is a very persistent
phenomenon and has strong implications up and downstream with relevance for high
impact weather events. Vb cyclogenesis possibly initiates or reinforces Scandinavian
Blocking.
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