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ABSTRACT

Extratropical cyclones of type Vb develop over the western Mediterranean and move north-eastward, leading
to heavy precipitation over central Europe and posing a major natural hazard. Thus, this study aims at
assessing their sensitivity to climate change and deepens the understanding of the underlying processes of Vb-
type cyclones. The analysis is based on global climate model output, which is dynamically downscaled for
extreme Vb cyclones. Thereby two periods are compared: the reference period 1979 to 2013, and the future
period 2070 to 2099 under the representative concentration pathway RCP8.5. Additionally, we include the
analysis from a large ensemble (LENS), where 25 ensemble members are analysed for the reference period
1990-2005 and the future period 2071-2080. The results show a reduction of Vb cyclones from 3.2 events per
year during the reference period to only 2.1 Vb cyclones per year at the end of the 21st century. This result is
supported by the LENS, which shows a significant reduction from 2.9 to 2.6 Vb events per year. This
reduction is induced by a northward shift of cyclone track over Europe in the future. To gain insight into the
impact of Vb cyclones, 10 Vb cyclones with the most intense precipitation over the Alps are selected and
dynamically downscaled for each period, separately. Although the overall precipitation in the innermost
domain stays the same in the two periods, results indicate that future Vb events tend to affect more strongly
the eastern coasts of the Mediterranean Sea, while the impact in the Alpine region becomes slightly
ameliorated compared to the current conditions. Furthermore, the dynamical downscaling exhibits an
increased temperature contrast between the Mediterranean Sea and the European land for these 10 events in
future. This contrast leads to a higher instability at coastal areas and thus explains the changed
precipitation pattern.

Keywords: Vb events, heavy precipitation events, climate change, central Europe, regional climate modelling

1. Introduction

The on-going warming of the climate system has already
led to observable changes in extreme weather and climate
events (IPCC, 2013). This trend to a warmer climate
affects especially extreme events such as heat weaves,
heavy precipitation, droughts and wind storms (Beniston
et al., 2007; Seneviratne et al., 2012). This is especially
true for the short-term extreme events, such as heavy pre-
cipitation events (Easterling et al., 2000). While there is
generally a clear long-term trend in temperature related
changes, the projected changes for processes within the
water cycle are more challenging (chapter 12 in IPCC,
2013). Hence, also projections for mean and extreme
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precipitation are less robust compared to temperature,
but some regions show already a significant difference in
a 2°C warmer climate (Hoegh-Guldberg et al., 2018).
Overall, there is no simple and consistent relationship
between changes in total precipitation and changes in
extreme precipitation across regions (Seneviratne et al.,
2012). In addition to difficulties in estimating trends in
extreme precipitation, there seems to be an additional
substantial uncertainty in the change of extratropical cyc-
lone characteristics, especially over the Atlantic region
(IPCC, 2013). This results in an even higher uncertainty
in the estimations about extreme precipitation related to
extratropical cyclones.

Several studies have investigated cyclone characteristics
with global circulation models (GCM) in different time
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periods and also under different climate conditions (e.g.
Loptien et al., 2008; Pinto et al., 2006; Zappa et al.,
2013b). There is evidence that the cyclone characteristics
have changed in the Northern Hemisphere in the recent
past (Ulbrich et al., 2009). Different studies suggest that
a decrease in cyclone frequency or counts is observed in
the mid latitudes, when analysing the recent past, i.e. the
reanalysis period (Gulev et al., 2001; Raible et al., 2008;
Sickmoller et al., 2000; Wang et al., 2006). Nevertheless,
the change in cyclone frequency is region dependent.
Thereby, a decrease in cyclone counts is found over
Central Europe, whereas an increase is observed over
Northern Europe (Trigo, 2006). Furthermore, the number
of extratropical cyclones is in general reduced in climate
change projections performed with different GCMs
(Bengtsson et al., 2006; Finnis et al., 2007; Pinto et al.,
2007, 2009). Still, the cyclone-related precipitation is pro-
jected to increase in the twenty-first century (Zappa
et al., 2013b) with even stronger increase for extreme pre-
cipitation (Bengtsson et al., 2009; Raible et al., 2018).
The mean intensity of extratropical cyclones on the
northern hemisphere is expected to decrease under
warmer climate conditions (Catto et al., 2011). However,
other studies found an increase in the number of cyclones
of extreme dynamical intensity under warmer conditions
(Leckebusch and Ulbrich, 2004; Lionello et al., 2008;
Pinto et al., 2007). Still, this simulated increasing number
of extreme extratropical cyclones can only be detected for
limited areas (Ulbrich et al., 2008). Furthermore, it is
noteworthy that the definition of intense events are
important for the trend analysis, as the results seem to be
rather sensitive to the parameter that is chosen (Ulbrich
et al., 2008).

The studies focusing on Mediterranean cyclone behav-
iour under future climate conditions are fairly consistent.
A decrease in the total number of cyclones has been
reported for the entire year (Lionello et al., 2002) as well
as only in the winter season (Muskulus and Jacob, 2005;
Nissen et al., 2014; Pinto et al., 2006; Raible et al., 2010;
Zappa et al., 2014). The underlying reasons for a reduc-
tion in the number of cyclones are related to changes in
the static stability and baroclinicity, but also a polar shift
in cyclone tracks (Nissen et al., 2014; Pinto et al., 2006;
Raible et al., 2010). Furthermore, Muskulus and Jacob
(2005), Loptien et al. (2008) and Lionello et al. (2008)
suggested an increase in total number of cyclones in sum-
mer under a warmer climate. The trends in extreme
events seem to be consistent. Muskulus and Jacob (2005)
found that the number of strong systems is reduced,
which is inline with Pinto et al. (2007). Lionello et al.
(2008) suggested that the storm track intensity of
Mediterranean cyclones is reduced. Still, there is little
knowledge concerning changes in the cyclone-related

precipitation in the Mediterranean region. Muskulus and
Jacob (2005) found no changes in the cyclone-related pre-
cipitation, while Zappa et al. (2014) suggested an overall
reduction in precipitation, although with regional devia-
tions: while the Northern Mediterranean seems to have
more precipitation intense cyclones in winter, the ones in
the Eastern Mediterranean generally generate less precipi-
tation (Zappa et al., 2014).

A particular type of Mediterranean cyclone is the so-
called Vb cyclone, which is connected to high-impact
events in terms of precipitation over central Europe. Such
events are associated with a cyclone that generally forms
over the Gulf of Genoa and hence in the lee of the
Alpine ridge. From there, it moves along the southern
side of the Alps until it reaches the eastern flanks of the
mountain ridge, where it sharply turns north-eastward
towards St. Petersburg (Van Bebber, 1891). Such cyclo-
nes, also known as Genoa low, are responsible for a high
moisture transport, leading to extreme precipitation over
central Europe (Messmer et al., 2015). These extreme pre-
cipitation events are often associated with wide ranging
floods in the Elbe, Danube, or Rhine catchments (Nied
et al., 2014) as observed in August 2002 or in the Alpine
area, including adjacent flatlands and low mountain
ranges in August 2005 (e.g. chapter 5 in MeteoSchweiz,
2006). Despite of being an important phenomenon cap-
able of producing important impacts, the possible behav-
iour of Vb events in the future, and how their
characteristics might be altered under climate change, has
been barely addressed in the literature. Nissen et al.
(2013) investigated Vb cyclone changes at the end of the
21th century for the period 2071-2100 using the global
ECHAMS5/OM1 model. They found a decrease in the
number of Vb cyclones in the future period due to a shift
in the cyclone track. They also described a mean increase
of 16% in precipitation amounts for the Vb events
detected at the end of the century compared to the pre-
sent. However, they found that extreme precipitation dur-
ing Vb events remains mostly unchanged (Nissen et al.,
2013). Additionally, Volosciuk et al. (2016) estimated the
impact of sea surface temperature changes in the
Mediterranean Sea on Vb events that have been observ-
able already since the beginning of the 21st century. The
excess moisture that is taken up by the air due to heating
of the Mediterranean Sea is able to trigger more extreme
precipitation over central Europe. Finally, Messmer et al.
(2017) investigated the possible effects of climate change
on Vb cyclones through a set of sensitivity studies con-
ducted with a high-resolution regional climate model,
identifying also the Mediterranean Sea as the most
important moisture provider for summer Vb events.

In the present study, Vb cyclones, and especially their
associated extreme precipitation events, are analysed from
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a large-scale perspective, as well as from a more regional
or local point of view. Hence, changes in Vb cyclone
characteristics are investigated in detail using a GCM,
where the focus is put on extreme precipitation Vb
events. These extreme precipitation events are analysed in
detail using a regional climate model able to capture the
small scale processes, particularly the explicit simulation
of convective precipitation, which is an important factor
during such events.

The paper is structured as follows; the used models,
data and methods are described in Section 2. Section 3
covers two main parts: the global model and the
regional model perspective. Therefore, cyclone numbers
and possible reasons for changes in frequency but also
large-scale characteristics are presented from a global
model point of view. Additionally, process changes of
10 heavy precipitation events are investigated and dis-
cussed from a regional perspective. Finally, the paper is
wrapped up by a summary.

2. Data and methods

2.1. Climate simulation by the Community Earth
System Model (CESM)

For the simulation of the climate system, the Community
Earth System Model (CESM) version 1.0.1 is used. This
fully coupled state-of-the-art Earth system model was
developed at the National Center for Atmospheric
Research (Hurrell et al., 2013). The global coupled model
CESM consists of a coupled atmosphere, ocean, land and
sea ice component. The atmospheric component of the
model is derived by the Community Atmosphere Model
version 4 (CAM4, Neale et al., 2010) and has a resolution
of 1.25° in longitude by 0.9° in latitude for the atmos-
phere but also for the land model components. The
atmospheric data is computed for 26 vertical hybrid
sigma-pressure levels with 6-hourly or monthly mean
value output depending on the variable. A seamless tran-
sient simulation is performed for the period 1850-2099.
The first period between 1850 and 2005 is run with the
historical external forcing based on reconstructions and
measurements. The second period covers the years from
2006 to 2099 and therefore the representative concentra-
tion pathway (RCP) 8.5 is used, which corresponds to a
‘worst-case’ scenario. For more details on the used forc-
ings and the simulation the reader is referred to Lehner
et al. (2015), Chikamoto et al. (2016) and Raible et al.
(2018). For our study, we focus on two time slices. The
first one encloses the period 1979-2013. This 35-year
period has been selected as it overlaps with the ERA-
Interim data, therefore enabling the comparison of the
results with those reported by Messmer et al. (2015). The

second period covers the last 30years of the 21th century,
i.e. the years 2070-2099. The global coupled model is not
only used to perform the direct analysis of Vb events, but it
also provides the initial and the 6-hourly lateral boundary
conditions for the regional model explained in Section 2.5.

2.2. Ensemble simulations with CESM (LENS)

To obtain more robust results for the analysis on the
large scale behaviour and change of Vb events in the past
and the future, the large ensemble (40 ensemble members)
of the CESM (LENS) provided by the National Centre
for Atmospheric Research (NCAR) is additionally inves-
tigated (Kay et al., 2015). The LENS is generated with
the CESMI1, using CAMS as atmospheric component.
This is in contrast to the seamless simulation using
CAM4. A study comparing climate change projections
obtained by CESM1 (CAMS) and CCSM4 (CAM4) do
not show significant precipitation and sea level pressure
changes between the two model configurations over
Central Europe for winter and summer (Meehl et al. 2013).
Thus, we expect similar behavior from the seamless simula-
tion (CAM4) and the LENS (CAMS). We use 25 randomly
selected simulations (ensemble simulations 003, 004, 005,
006, 008, 010, 011, 012, 013, 014, 015, 017, 020, 021, 023,
027, 028, 031, 032, 033, 034, 101, 102, 103 and 104). We use
two 6-hourly variables, which are Z850 and total precipita-
tion. The LENS is available for three different time slices,
i.e. 19902005, 2026-2035 and 2071-2080. We use the first
and third time period to compare them to our seamless
simulation. Even though the periods from the LENS do not
completely overlap those described in Section 2, it allows to
support results revealed in the 35 and 30 year periods of the
seamless simulation (Section 2.1).

2.3. Tracking of Vb cyclones

The tracking tool developed by Blender et al. (1997) is
used to detect the Vb cyclones in the different periods.
The tool detects all the minima of a given pressure based
field, which in this analysis corresponds to the 850hPa
geopotential height field. To be considered as a minimum
that belongs to the cyclone, the gradient in the geopoten-
tial height field needs to fulfill two different criteria. The
first one is that the gradient of the cyclone must be at
least 25m/10° km during the entire lifetime of the cyclone.
Secondly, the gradient needs to deepen during the lifetime
of the cyclone, and has to reach 50m/10°km at least
once. The detected minima are then connected to minima
from the previous time steps. To attribute a minimum to
an existing cyclone track, the two minima at two consecu-
tive time steps shall not exceed a maximum radius of
approximately 500 km. These 500km correspond well to
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Fig. 1.

The CESM output and the three nested domains (D1 to D3) with the actual topography implemented in the simulations in metres

above sea level are depicted. The horizontal resolutions of D1, D2 and D3 are 27, 9 and 3 km, respectively. In D1 the typical pathway of a
Vb cyclone is shown as blue line. In D2 the origin (O), end (E) and restriction (R) boxes used to extract Vb cyclones are depicted as blue and
violet boxes, respectively. The box labelled ‘Alps’ in D3 denotes the area used for calculating the precipitation intensity of the Vb events.

the Rossby radius of deformation (wave-breaking).
Additionally, a minimum time of 24 hours needs to be
reached by the cyclone track, to be considered as a real
cyclone. The tracking tool further fits a Gaussian curve
to the geopotential height field (Schneidereit et al., 2010).
The standard deviation of this curve is used to describe
the radius of the low pressure system at each of its time
step. This cyclone radius will be used to identify the cyc-
lone frequency presented in Section 3.1.

Since this tool detects all the cyclones in a given area
(here we focus on Europe), the Vb cyclones need to be
filtered out in a second step. The selection of Vb cyclones
is done according to a method developed by Hofstétter
and Chimani (2012). Hence, a box is used to define the
origin over the Gulf of Genoa and one extending verti-
cally to the east of the Alps indicating the end box. An
additional box over and north of the Alps restricts the
cyclones to cross the Alps as the Vb cyclone should move
around the Alps. These different boxes are indicated in
domain 2 in Fig. 1 as blue and violet boxes. The blue
boxes labeled with ‘O’ and ‘E’ depict the origin and end
box, respectively. The violet box labeled with ‘R’ marks
the restriction box, where Vb cyclone passage is not
allowed. These boxes ensure that the extracted tracks fol-
low the one described by Van Bebber (1891) indicated
qualitatively as blue line in domain 1 in Fig. 1. This
method to identify Vb events is described in more detail
by Messmer et al. (2015).

2.4. Selection of Vb events for regional downscaling

The precipitation over an Alpine box (see ‘Alps’ box in
Fig. 1) is aggregated over the duration of each Vb event
after detecting the Vb tracks in the global model. Hence,

the large-scale and convective precipitation of the global
model output are summed up to obtain total precipita-
tion. We use total precipitation here, because a Vb cyc-
lone does not only trigger convective precipitation (i.e.
orographic lifting), but it also produces large-scale pre-
cipitation (i.e. along fronts). To avoid that precipitation
from other systems than the Vb cyclone is included into
this estimation we applied the following procedure: The
850 hPa geopotential height field is used to estimate the
gradient around the cyclone centre in an area of
1000 x 1000 km?. This gradient is then used to estimate a
radius that defines a circle around the cyclone, which is
considered to be influenced by it. Therefore, we first esti-
mate the distribution of these gradients using all identi-
fied Vb cyclones. Under the assumption that stronger
systems have a wider ranging influence than shallower
systems, the radii are classified as follows: Gradients
within plus and minus one standard deviation obtain a
radius of 6°. Using a radial cap around a cyclone centre
to estimate cyclone related precipitation is a widely used
approach, e.g. Hawcroft et al. (2012), Zappa et al.
(2013b), Yettella and Kay (2017), Booth et al. (2018) and
Sinclair and Dacre (2019). Gradients that exceed (fall
behind) one standard deviation, the 75th (25th) percentile
or the 95th (5th) percentile of the distribution obtain a
radius of 6.5° (5.5°), 7° (5°) or 7.5° (4.5°). Only the part
of the Alpine box that falls within this area is used to
aggregate the Vb related precipitation (for more details
please refer to Messmer et al. (2015)). Additionally, the
distribution of precipitation events of the typical length
of Vb events during the 35 and 30years are estimated
using a bootstrapping method, which will be explained in
more detail in the following. The lengths of the detected
Vb events are determined for each event and in our
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Fig. 2.

Bootstrap probability density function of the accumulated precipitation from CESM data (1979-2013) in periods of time

whose length mimics that of typical Vb events (black line) for extended summer (upper panel) and extended winter (lower panel). The
red vertical lines indicate the 25th, 50th, 75th and 95th percentile from left to right. The vertical blue bars indicate the accumulated
precipitation over the Alpine box (see Fig. 1 for the exact location of this box) of all the simulated Vb cyclones occurring during each
season, respectively. The precipitation is obtained from the GCM directly.

simulations they range from 1 to 7days in the past and
from 1 to Sdays in the future (not shown). In a next step
these Vb event lengths are randomly picked, making sure
that a duration for a Vb event that occurs more frequent,
is also selected by the randomisation more often than a
duration that occurs only seldom, e.g. the shortest and
longest detected period. This allows to build the distribu-
tion of precipitation in events whose duration mimics the
one obtained within the simulation of Vb events. After
the duration of such an event has been selected, a ran-
dom date within the according period, i.e. 1979-2013 or
2070-2099, is chosen. The precipitation is then accumu-
lated from the starting point until the length (previously
picked randomly) of the event is reached. This bootstrap-
ping procedure of randomly sampling starting dates and
event length is repeated 3 million times to guarantee that
the distribution of precipitation estimated is robust. Note
that for the selection of the starting days, all days in the
year are allowed. The probability density function is
obtained and depicted as black thick line in Fig. 2. The
accumulated precipitation of each event in the extended
summer (MJJAS) and in the extended winter season

(NDJFM) is shown as vertical blue lines in Fig. 2a and
b, respectively, for the period 1979-2013 only. It becomes
clear that in summer the Vb events contribute to very
intense precipitation events that frequently exceed the
95th percentile. For the extended winter season, this
looks differently as only few Vb events are able to trigger
precipitation events exceeding the 95th percentile. The
fact that only summer Vb events are able to trigger high-
impact precipitation events is the main reason to select
only Vb events from MJJAS. An additional reason is to
avoid mixing summer and winter cyclones, as their under-
lying physical developing processes can be different
(Ulbrich et al., 2008).

The Vb events MJJAS are then ranked according to
the event accumulated precipitation amount obtained
from the GCM data for each of the two analysed periods
1979-2013 and 2070-2099 separately. The 10 events of
each period that lead to the highest amounts of precipita-
tion over the Alpine region in the global model are
selected and further dynamically downscaled to analyse
in more detail the physical processes of high-impact
events in the past and the future.



6 M. MESSMER ET AL.

2.5. Regional downscaling with WRF

As indicated above, a selection of the ten most precipita-
tion intense summer Vb events for both periods, i.e. the
past (1979-2013) and the future (2070-2099), are dynam-
ically downscaled with the Weather Research and
Forecasting (WRF) model. The three model domains are
depicted in Fig. 1, and are 2-way nested, which allows
upward communication between the different domains.
The outermost and coarsest domain has a resolution of
27km, the middle one has a resolution of 9km and the
innermost domain, covering the region of interest, has a
spatial resolution of 3km. This high resolution is needed
over such a complex topography as the Alps, and further-
more allows to explicitly resolve convective processes
without the need of parameterising cumulus processes
(Messmer et al., 2017). All the parameterisation schemes
that were used for the presented simulations are given in
Table 1 in Messmer et al. (2017). The sensitivity of pre-
cipitation to the cumulus parameterisation and the
domain size has been tested (not shown). This verification
has been performed using real cases detected in ERA-
Interim data (Dee et al., 2011), some of these cases were
presented in Messmer et al. (2017). These cases were
dynamically downscaled with WRF and compared to E-
OBS (25km horizontal resolution, Haylock et al. (2008))
and EURO4M-APGD (5km horizontal resolution, Isotta
et al. (2014)). The here used setting provides the best
results in precipitation amounts during real Vb events.
The vertical resolution used in these simulations corre-
sponds to 50 eta levels.

The simulations are initialised 6 hours before the event
starts to develop in the driving GCM. This relatively
short spin-up period is selected as the Vb cyclones are
very sensitive to the initialisation time (Messmer et al.,
2017). This is because the Vb cyclones are triggered by a
trough in the north of the Alps, therefore the position
and description of this trough in the regional model is
essential for it to be able to simulate such an event prop-
erly. The WRF model is adapted to climate runs in a
way that the radiation scheme accounts for changes in
greenhouse gases. This means, that the mixing ratios of
the greenhouse gases (e.g. CO,, N,O, CH4, CFC-11 and
CFC-12) are adapted on a yearly basis following the
protocol of the RCP8.5.

2.6. Trajectory tool HYSPLIT

Trajectories of air parcels can provide a deeper insight
into the exact position of specific air parcels and provide
some information on their origin. Additionally, trajecto-
ries allow to investigate atmospheric processes such as
moisture uptake and loss for each of the selected air

parcels. The Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model is a complete system for
computing trajectories and is able to directly digest the
output from WRF (Draxler, 1999). For the present study,
48 hour backward trajectories are calculated for the
Alpine region depicted in Fig. 1. Hence, the first model
time step is 48 hours after the initialisation, and the last
one is 36 hours later, with 3-hourly increments resulting
in 13 starting points for the backward trajectories. This
time period covers the main precipitation intense period
during Vb events (Messmer et al., 2017). In the Alpine
domain (46°-49° N and 7°-17° E) every 0.1° a trajectory
is started. Thus, the area that is mostly affected by pre-
cipitation during each event is covered. For the analysis,
the WRF output of domain 2 is used (Fig. 1) as the
innermost is rather confined so that air parcels can exit
from it within the 48 hours of the calculated trajectories.
It is important to note however that because we use 2-
way nesting, the solution of domain 2 is effectively the
same as in domain 3 at locations where the two domains
overlap. The trajectories have been calculated at different
elevations: 3000, 4000, 4500, 5000, 5500, 6000, 6500, and
7000 metres above sea level, to investigate the dependency
of the results from height.

3. Results
3.1. Large-scale characterisation of Vb cyclones

The 35-year time period in the past shows an occurrence
of around 82.4 cyclones (counting all extratropical cyclo-
nes, not just Vb) per year on average over central
Europe, whereas for the future period this number is 76.0
cyclones per year. The slight decrease can also be con-
firmed by the LENS where on average 106.5 cyclones per
year can be detected in the past and 92.9 cyclones in the
future period. This small decrease in the annual cyclone
occurrence is in line with the results found by Bengtsson
et al. (2006), Finnis et al. (2007), Pinto et al. (2007) and
Pinto et al. (2009).

Focusing on Vb cyclones, their number shows a nega-
tive trend. 111 Vb cyclones are found in the period from
1979-2013, which corresponds to 3.2 Vb cyclones per
year. This number is somewhat higher than the 82 Vb
cyclones found in the ERA-Interim data set for the same
period of time (Messmer et al., 2015). This might be
related to the too zonal representation of the large-scale
atmospheric circulation in the CESM, which tends to
produce a southward displacement of the storm track in
the Atlantic (Day et al., 2018; Zappa et al., 2013a). For
the 30-year period in the future, the number of Vb cyclo-
nes reduces to 2.1 Vb cyclones per year (64 Vb cyclones
in total). The reduction in Vb events in the future is
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Fig. 3.

Annual cyclone frequency of all detected cyclone centres (not only Vb cyclones) for the seamless CESM run and the period

1979-2013 (a), 2070-2099 (b) and the difference between (b) and (a) in (c). (d) and (e) show the annual cyclone frequency of all detected
cyclones for the LENS for the period 1990-2005 and 2071-2080, respectively. (f) shows the difference between (e) and (d). The hatched
area shows significant changes using a non-parametric Mann-Whitney-U test on a 10% and 5% level for (c¢) and (f), respectively. The
grey area indicates places, where the topography exceeds 1000 meters above sea level.

confirmed by the LENS, showing a decrease from 2.9 Vb
cyclones per year in the past to 2.6 Vb cyclones per year in
the future. This decrease is consistently found throughout
the 25-member subset of simulations, and is statistically sig-
nificant on a 5% significance level (z-test). The reduction in
the number of Vb cyclones in the future is also in line with
the results by Nissen et al. (2013) who used the ECHAMS
model for their analysis. Not only the annual number of Vb
cyclones is reduced, but also the summer Vb events show a
trend towards a reduced occurrence, with 1.2 and 0.7 Vb
cyclones per year on average in the seamless simulation dur-
ing MJJAS in the past and future, respectively.

The reduced number of Vb cyclones is related to a
shift in the cyclone path between the past and the future
period. To assess this, the frequency of all cyclones and
Vb cyclones and their possible changes are studied (Figs.
3-5). The cyclone frequency is calculated using the radius
calculated by the tracking tool described in Section 2.3.
To estimate the cyclone frequency, every grid point
within the area framed by the radius around the cyclone
centre is considered as one, while the surrounding grid
points are considered as zero. All these areas are esti-
mated for each cyclone centre and for every time step
within one year. All these circles are then accumulated
and normalized by the number of time steps within one

year. Hence, the cyclone frequency indicates the yearly
probability of a certain grid point to be influenced by an
extratropical cyclone. Although the total cyclone number
only slightly changes between the two periods, a change
in the cyclone tracks is still observable in Fig. 3. It
becomes clear that cyclone frequency is reduced over
almost entire Europe in the future, including also the pas-
sage over the Mediterranean Sea and east of the Alps,
which are both important regions for the passage of Vb
cyclones (Fig. 3c). This general reduction over Europe
and the Mediterranean is confirmed by the LENS with
significance (at the 5% level; Fig. 3f). The reduction over
the Mediterranean Sea is also in line with findings of
Lionello et al. (2008). Additionally, an increase in cyclone
frequency over Scandinavia is found for the seamless sim-
ulations, while the LENS simulation shows a more pro-
nounced increase in cyclone frequency over Iceland. The
cyclone frequency pattern thus indicates mainly a north-
ward shift of the storm track as the frequency over the
British Isles is highest in the past and is moved more to
Scandinavia and higher north. Note that the additional
eastward shift observed in the seamless simulation, might
just reflect internal variability. Overall, the northward
shift in storm track of LENS and the seamless simulation
agrees with findings of Nissen et al. (2013).
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Fig. 4. Annual cyclone frequency of cyclones that pass through the origin box, labeled with ‘O’. The other two boxes indicate the end

box (‘E’) and the restriction box (‘R’). (a) and (b) depict the frequency obtained from the seamless CESM run in the period 1979-2013
and 2070-2099, respectively. (c) shows the difference between (b) and (a). (d) and (e) illustrate the frequency of the LENS for the
periods 1990-2005 and 2071-2080, respectively. (f) shows the difference between (e) and (d). The hatched area indicates significant
changes on a 10% and 5% significance level, for (c) and (f), respectively, using the nonparametric Mann-Whitney-U test. The grey area
indicates places, where the topography exceeds 1000 meters above sea level.

The analysis of the fraction between the cyclones that
fulfill the first criterion of being present in the origin box
(‘O’-labelled box in Fig. 4) at the beginning of the cyclo-
nes lifetime and the ones that can be eventually classified
as Vb cyclones, i.e. pass also through the end box
(‘E’-labelled box in Fig. 4) without crossing the Alps
(‘R’-labelled box in Fig. 4), helps to understand why the
number of Vb cyclones is reduced in the future. For the
years between 1979 and 2013, an annual average number
of 18.1 cyclones is detected in the origin box, whereas
only 3.2 Vb cyclones per year on average develop out of
these, as mentioned above. This indicates that 17.7% of
the cyclones that pass through the origin box follow the
pathway described by Van Bebber (1891). In the future
period, 17.1 cyclones are detected on average per year in
the origin box. Nevertheless, only 2.1 cyclones per year
are Vb cyclones in the period 2070-2099. This means that
only 12.3% of the cyclones passing through the origin
box are able to develop a Vb cyclone. The differences in

cyclone frequency shown in Fig. 4c indicate that there is
a reduction in cyclone passage on the eastern flanks of the
Alps as well as over the western Mediterranean. This can
also be confirmed by the LENS simulations. In the LENS
there is an even stronger reduction detectable over the whole
typical Vb passage, i.e. the Ligurian Sea and in the Adriatic
Sea in the future. These two areas are actually important
for the passage of Vb cyclones which lead to the reduction
in Vb cyclones in a warmer climate. The increase on the
northern side of the Alps in the seamless simulation (Fig.
4c¢) is only induced by changes of very few cyclone tracks in
the future climate, as illustrated by a very low cyclone fre-
quency (Fig. 4a, b). Hence, this signal is not of major
importance and certainly is induced by internal variability
due to the use of a single simulation.

Although a reduction in the Vb cyclone occurrence is
detected, the cyclone frequency reveals very similar pat-
terns for the Vb events in the two periods, as Fig. 5a, b
show. This is mainly ascribed to the way Vb cyclones are
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defined. The high probability spots are located at nearly
the same location. This is not only true for the seamless
simulation (Fig. 5a—c), but also for the LENS (Fig. 5d-f).
Even though the patterns are very similar, still a slight
eastward shift is found in the future compared to the
past. The tracks obtained from the ensemble show that
the frequency close to the Alps is reduced and that the
tracks of the Vb cyclones seem to extend more to the east
instead of northward.

The annual distribution of all Vb cyclones again shows
similar behaviour (Fig. 6a). In both periods, there are
fewer Vb events in the summer season than in winter. In
the future, the number of cyclones in May and June is
much lower compared to the past simulation in the sum-
mer season. December events are noticeably rare in the
future simulation compared to the past one, although this
may be due to the effect of having less Vb cyclones
tracked in the future period.

3.2. Large-scale characteristics of extreme Vb events

To gain further insights in Vb cyclones we focus on the
10 heaviest precipitation summer Vb events of each

period. Comparing first the spatial distribution of cyclone
frequency we find almost no changes between the past
and the future period (therefore not shown). Also the life-
time and the central pressure only show insignificant
changes. Thus, extreme Vb cyclones remain unchanged with
respect to lifetime and central pressure and seem to move
on similar tracks with more or less equal latitudinal extent
during their mature and precipitation intense stage.

Besides this overall agreement, there are changes in the
monthly occurrence of the extreme Vb cyclones (Fig. 6b).
While in the period from 1979-2013 the Vb cyclones pre-
dominantly occur in June and July, in the future period
the extreme events mainly are found in the edge months
May and September. To be able to test if this is just a
feature of our seamless simulation, we also assess extreme
Vb cyclones in the LENS. Since the number of years
obtained from the LENS is much smaller than the one
we used from the seamless simulation, we applied the fol-
lowing approach: from the 25 ensemble simulations with
16 (10) years in the past (future) there are in total 317
(224) years where Vb cyclones can be detected at all.
From this total number of years, 35 (30) years in the past
(future) are selected randomly. From these 35 (30) the 10
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(a) the mean annual number of Vb cyclones per month in the period between 1979-2013 (blue bars) and 2070-2099 (red bars)

during the respective months (x-axis). (b) The distribution of the 10 heavy precipitation summer Vb events of both periods. (¢c) monthly
average Mediterranean sea surface temperature (SST) and European 2-m temperature (2-m T) of the past period (blue lines) and the
future period (red lines). The grey shaded area covers the months of the year that do not belong to the analysed extended summer
season (MJJAS). (d) the mean monthly distribution of the 10 heavy precipitation summer Vb events found in the LENS for the periods
1990-2005 (blue bars) and 2071-2080 (red bars). The black lines indicate *+ one standard deviation.

most heavy precipitation Vb events are selected and the
month of their appearance is recorded. This procedure is
repeated 317 —-35=282 (224—-30=194) times. The
resulting distribution (Fig. 6d) shows that extreme Vb
cyclones experience a substantial reduction in July, which
is compensated by increases in the other months, espe-
cially May and August, in the future.

To gain more details of the impact of these extreme Vb
cyclones, the precipitation patterns of the 10 most heavy
precipitation Vb events is presented for both periods (Fig.
7a, b). Precipitation over southern Germany, Switzerland
and western Austria is highest, although also Poland and

the Czech Republic are affected by heavy precipitation in
the period 1979 to 2013. This precipitation pattern resembles
the one obtained with ERA-Interim for the past period
(Fig. 5 (left panel) in Messmer et al., 2015), which also
shows a peak precipitation north of the Alpine ridge and
additionally enhanced precipitation over Poland, southern
Germany and the Czech Republic. The precipitation pattern
for the future period (Fig. 7b) illustrates a reduction over
the Alpine area and thus, a shift of the peak precipitation
to the east. Furthermore, the precipitation associated with
extreme Vb cyclones is slightly increased over the eastern
Adriatic coast for the future period, though not significant
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Fig. 7. Average daily precipitation of the 10 most intense precipitation summer Vb events for the CESM (left column) and WRF
(right column) output for the period 1979-2013 (a and d) and 2070-2099 (b and e). (¢) and (f) depict differences between (b) and (a) and
(e) and (d), respectively. Shading indicates precipitation in mm day~'. Hatched areas indicate significant changes using the non-
parametric Mann-Whitney-U test and a significance level o = 10%.

(Fig. 7). Since the 10 future tracks do not imply a south- order to further evaluate the possible reason for this change
ward shift compared to the past ones, this change in precipi- in precipitation, these extreme events for both periods are
tation is not related to a more southern position of the analysed in more detail from the regional model perspective,
average future heavy precipitation summer Vb event. In described in the following subsection.
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The panels show the mean over 10 Vb events for the period between 1979-2013 (blue bar) and 2070-2099 (red bar). The

depicted variables are (a) mean daily precipitation [mm], (b) mean daily upward moisture flux over land [kg m~2day '], (c) mean daily
upward moisture flux over the ocean [kg m>day '], (d) precipitable water [kg m 2], (¢) mean daily precipitation over the Alps [mm], (f)
mean daily sea surface temperature [° C], (g) mean daily air temperature at 850 hPa [° C], and (h) mean daily 2-m air temperature [* C].
All panels except for (e) show a spatial mean over domain 3, whereas (e¢) shows a spatial mean over the Alpine box. Asterisks located
over the red bars indicate that the future values are significantly different from the past ones using the non-parametric Mann-Whitney-U
test and a significance level o= 10%. The black vertical bar indicates * one standard deviation across the 10 events.

3.3. Regional scale processes

The downscaling of the 10 Vb events in both periods
allows to investigate the processes that take place during
these events. To get an impression of the processes
involved in the 10 heavy precipitation summer Vb cyclo-
nes, composites of different variables are analysed for
each period, separately. Thereby we compared the pre-
cipitation during the extreme events with moisture fluxes
from the land and the ocean to separate between land-
and ocean-induced processes. Temperature changes are
used to assess thermodynamic processes involved in
changing extreme Vb cyclones in the future. In doing so,
Fig. 8 depicts the spatial average of the ensemble mean
of several variables for the 10 heavy precipitation summer
Vb events in the two different periods, which are spatially
and temporally averaged. In most panels the spatial aver-
age is calculated for domain 3, since this domain fully
covers the area that is influenced by the Vb cyclone (com-
pare Fig. 1 for the exact area of this domain) although
results for the Alpine region are also shown (compare
Alp box in Fig. 1).

Figure 8a depicts the mean daily precipitation for the
past (blue bar) and the future period (red bar), respect-
ively. The results of the average precipitation show that
precipitation amounts exhibit hardly any change over
domain 3 comparing the past and the future. This result
is not clear from the precipitation pattern presented in
Fig. 7, as from the pattern alone it seems that in the
future the precipitation is generally smaller than in the
past. Also the inter-case standard deviations of the 10
events (indicated with the black line) exhibit a similar
range for both periods. Nevertheless, there are changes
observable in the moisture supply of the atmospheric
moisture content. There is a significant decrease in mois-
ture delivery to the atmosphere from the land, and hence
from the moisture contained in the soil in the future (Fig.
8b). This is related to a draining of the soil in the future
period. The soil water content averaged over the whole
domain 3 and over the whole event period of the first
and most weather relevant soil layer in the 10 analysed
Vb events reduces from 0.268m> m~> to 0.251m> m~>.
However, the land is not the only source of moisture for
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the atmosphere, as also the ocean can contribute to
atmospheric moisture content. Indeed, in the future the
ocean has a more important role in supplying the atmos-
phere with moisture than in the past period (Fig. 8c).
This is due to the increase in sea surface temperature of
2K on average from the past to the future indicated in
Figs. 6¢c and 8f. All in all, the changes in the upward
moisture flux over land and the ocean tend to compen-
sate each other, and lead to a small increase in the verti-
cally integrated total moisture, i.e. precipitable water
(Fig. 8d). The increase in precipitable water from 23.3 to
24.8kg m~> corresponds to around 6%. This small
increase in precipitable water is explained by the
Clausius-Clapeyron relationship. Hence, on average the
air temperature over land is increased by about 1K on
different elevations as Fig. 8g and 8h reveal. Thus, the
1 K temperature increase at 2-m and 850hPa, which
describe levels that also contribute to the largest share in
moisture amounts in the atmosphere, can explain the
increase of around 6% in the precipitable water. The differ-
ent rate of change in 2-m and 850 hPa temperature, i.e. 1K
and the SSTs, i.e. 2K, between the two different time peri-
ods indicate a stronger temperature gradient at the coastal
areas for the period from 2070-2099. Such a change in the
temperature gradient can induce a change in precipitation
patterns, which will be investigated in more detail below.
There seems to be not much difference in the precipita-
tion amounts aggregated over the whole domain 3
between the past and the future. Nevertheless, there are
regional differences that become clear when focusing on
the Alps (Fig. 8¢). Hence, the averaged precipitation over
the Alpine region indicates a significant reduction in the
future compared to the past. To investigate this issue in
more detail, Fig. 7d and 7e show the spatial distribution
of the precipitation patterns of the two periods. It

becomes clear that the precipitation amounts in the
Alpine region, and especially over western Austria,
become strongly reduced under future climate conditions,
which qualitatively agrees with the result obtained with
the CESM. When also considering the difference plot in
Fig. 7f, further changes are revealed. A remarkable differ-
ence between the Vb events in the past and the future is
an increase in precipitation over the Adriatic coast. This
effect was described by Messmer et al. (2017), and is
related to the increased temperature gradient between
land and sea mentioned in the previous paragraph. The
stronger warming of the SSTs, compared to the low level
air temperature shown in Fig. 8f-h lead to an increase in
this gradient in the future, which results in lifting of the
warmer air masses from the sea over the colder ones over
land. Furthermore, the Dinaric Alps, which are located at
the Adriatic coast, further contribute to the lifting of
slightly more moist air parcels in the future. All this lift-
ing leads to precipitation along the coastal area of the
east Adriatic Sea. These results are in good agreement
with the ones presented by Volosciuk et al. (2016) and
Messmer et al. (2017), which obtained similar changes in
precipitation patterns through a series of sensitivity stud-
ies with the Mediterranean sea surface temperatures.
Note that we have performed this analysis for different
numbers of Vb events in the past and the future (i.e. 20,
15 and 10 past versus 10, 10 and 5 future events, respect-
ively). This has been done to account for the fact that in
the future less Vb cyclones can be detected and by com-
paring 10 versus 10 events the future period might include
less extreme events. The tests show that the selection of
the number of events has no effect on the precipitation
patterns that are presented here.

Figure 9 provides further insight on the 2-m tempera-
ture. Compared to the past period (Fig. 9a), there is a
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reduced or increased air parcel passage. The starting position is at 5000m. (a) shows all the trajectories that pass through the
Mediterranean region (black box), while (b) shows the trajectories that do not pass through the Mediterranean region.

warming of the Mediterranean Sea observable for the 10
heavy precipitation events in the future climate projection
(Fig. 9b), whereas the warming over land is not every-
where obvious. The southern part of the domain becomes
warmer than in the past period. The 10 Vb events occur-
ring in the future period are shifted to the colder seasons
compared to the past simulation, where the average tem-
perature is equally warm or slightly warmer compared to
the highest mean temperature in the past simulation, i.e.
July (only the future May temperature is colder than the
past July temperature; Fig. 6¢). The Mediterranean Sea
shows the expected stronger warming than the costal
areas, supporting the aforementioned increase in tempera-
ture gradient that invokes precipitation in these regions
(Fig. 6¢). The changes in 2-m temperature do not reveal
statistical significance at the 5% level, which further indi-
cates that temperatures are rather similar during these
events. The similar temperature conditions in the present
and the future climate cases indicate that heavy precipita-
tion Vb events preferably occur during specific tempera-
ture conditions. These temperature conditions seem to be
more often fulfilled in the high summer season in the past
period, while in the future period these are more often
obtained in the colder months of MJJAS. The negligible
difference in 2-m temperature over land further supports the
results found through the sensitivity studies performed by
Volosciuk et al. (2016) and Messmer et al. (2017). Hence,
the sensitivity studies, where only sea surface temperatures
are changed, but not the land surface temperature, can be
argued to have provided a good approximation for the
more realistic results obtained here.

Finally, Fig. 10 shows the difference in the backward
trajectories that are obtained for the 10 heavy precipita-
tion summer Vb events with a starting elevation of

5000m in the Alpine box. Figure 10a shows the trajecto-
ries that come from the Mediterranean region (36.5-44.5°
N and 3.5-20° E), while Fig. 10b shows the trajectories
that never pass the Mediterranean Sea. The trajectory
analysis reinforces the finding that most of the air during
Vb events comes from the Mediterranean region and
hence, from the south towards the northern side of the
Alps, rather than directly from the north, as it is expected
during Vb events (Messmer et al., 2017) (not shown).
Note that this is true for both periods. Nevertheless, in
the future period trajectories avoid the Mediterranean
Sea more frequently, and thus directly travel to the north-
ern side of the Alps. Furthermore, it seems that in the
future the air parcels take a more zonal direction towards
the Alps from the Mediterranean Sea, while in the past
period the trajectories are more circular around the east-
ern flanks of the Alps. Note that the changes between the
trajectories show almost everywhere statistical significance
using the non-parametric Mann-Whitney-U test and a
significance level a«=10% (not shown). These results are
consistent for all the starting elevations described in
Section 2.6 (not shown).

4. Summary and outlook

The present study aims at investigating the sensitivity of
Vb cyclones to climate change. To detect changes in Vb
cyclones induced by climate change, the years 1979-2013
and 2070-2099 of a transient climate simulation with the
CESM model and the large CESM ensemble for the peri-
ods 1990-2005 and 2071-2080 (Kay et al., 2015) are ana-
lysed in more detail. A special focus is put on the 10
most intense precipitation events in MJJAS of both the
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past and the future period of the transient climate simula-
tion by dynamically downscaling these events with WRF.

The analysis of the global model simulation shows that
over Central Europe an annual cyclone occurrence of
106.5 (82.4) can be found in the LENS (seamless simula-
tion) in the past and 92.9 (76.0) cyclones can be identified
in the future. Both simulations show a slight reduction in
annual cyclone occurrence in the future, which is in line
with previous studies (Bengtsson et al., 2006; Finnis
et al., 2007; Pinto et al., 2007, 2009). Although the
changes in total cyclone occurrence do not show substan-
tial changes for the future period, there is a clearer trend
in Vb cyclones. Thereby, 2.9 (3.2) Vb cyclones per year
are detected in the LENS (seamless simulation) for the
past period, whereas for the future period only 2.6 (2.1)
Vb cyclones per year are tracked in the LENS (seamless
simulation). The reduction in the Vb events is consistent
throughout the LENS members and is significant on a
5% significance level.

The distribution of trajectories reveals that the reduc-
tion in Vb events in the future is connected to changes in
the cyclone track, as stated by Nissen et al. (2013).
Precisely, the difference in cyclone frequency between the
past and the future for all European cyclones demon-
strates a slight northward shift, as there is a strong reduc-
tion over the British Islands and Central Europe and an
increase over Iceland in the LENS and Scandinavia in
the seamless simulation in the future. The slight eastward
shift in the seamless simulation is mainly a result of the
internal variability. Furthermore, the cyclones that pass
through the origin box, i.e. the first criterion to be classi-
fied as Vb cyclone, show a reduction in cyclone frequency
over the Mediterranean Sea and east of the Alps in the
future climate in the seamless and LENS simulation,
which are both important regions for Vb cyclone passage.
Such a reduction over the Mediterranean Sea is in line
with Lionello et al. (2008).

Still, the Vb cyclones that are detected in both periods
show similar trajectories. There is a subtle eastward shift
observable in the cyclone frequency. Similarly, the cyc-
lone dynamics hardly differ across the 10 heavy precipita-
tion summer Vb cyclones in both periods. The monthly
distribution of these 10 events of each period shows some
divergences. In the past period, the Vb events occur in
May, June, and July, while in the future period such
events are favoured in May, June, August and
September. This shift towards the colder months in the
summer season is found in the LENS and the seamless
simulation, respectively.

The dynamical downscaling of the 10 events demon-
strates that changes in the thermodynamics occur during
such high impact summer Vb events: Moisture is mostly
supplied by the moisture flux over the ocean, as this is

increased in the future climate simulations, and this is
accompanied by a significant reduction in the moisture
flux over the soil. This is mainly because of a drying of
the soil and a heating of the Mediterranean Sea. These
changes in moisture supply compensate each other to a
great extent, and therefore have only a minor effect on
the net available atmospheric moisture, which shows an
increase of around 6% in the future cases. This increase is
explained by the Clausius-Clapeyron scaling, driven by
an average warming of around 1K in the lower tropo-
sphere. Although there exist little change in the precipita-
tion amounts over central Europe, a shift in precipitation
patterns becomes evident: A reduction in precipitation is
found over the Alps together with an increase over the
east Adriatic coast in the future. This change in precipita-
tion pattern corresponds well with the Mediterranean
SST sensitivity studies described by Volosciuk et al.
(2016) and Messmer et al. (2017). Furthermore, this
region hosts the Dinaric Alps, which lead to a lifting of
warmer and more moist air, promoting convective pre-
cipitation in this region. The differences in the tempera-
ture field between the 10 events in the past and in the
future reveal the following results: The north of the Alps
is slightly colder in the future than in the past, while
around and south of the Alps almost no warming is
found. Only in southern Europe a warming is detected.
This suggests that Vb events that lead to heavy precipita-
tion need temperature conditions that are more frequently
met in the warmer summer months in past climate and in
the colder summer months in the future, being an add-
itional reason for the reduction in summer Vb cyclones in
the future. Furthermore, the contrast between almost no
warming over land and a heating of the SSTs at the coast
increases the instability at the coastal areas, leading to
more precipitation events there. Finally, the trajectory
analysis reveals a more zonal behaviour of the 10 future
Vb events, again explaining the increase (decrease) of pre-
cipitation over the Balkan coast (Alps).

To strengthen these results, it would be desirable to
perform this study with different general circulation mod-
els, as one caveat of this study is that the analysis is
based on just one model. Although the CESM model is
considered a state-of-the-art model, it generally suffers
from too zonal winds in the mid-latitudes related to sys-
tematic biases in the geopotential height field, which is a
problem known in almost all CMIP5 models (Davini and
D’Andrea, 2016). It is unknown how this bias of the
CESM influences the ability to track and represent Vb
events. Hence, repeating the experiments with other gen-
eral circulation models (e.g. model output of Climate
Model Intercomparison Project (CMIP6), with 6-hourly
temporal resolution) and different climate change scen-
arios would strongly increase the confidence in the results
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presented here, as well as offer the opportunity to quan-
tify the uncertainty associated with them.
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