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Abstract
During the past century, several extreme summer floods in Central Europe were associated with so-called Vb-cyclones 
propagating from the Mediterranean Sea north-eastward to Central Europe. The processes intensifying the precipitation in 
synoptic situations with Vb-cyclones in the Danube, Elbe, and Odra catchments are only partially understood. Our study 
aims to investigate these processes with Lagrangian moisture-source diagnostics for 16 selected Vb-events. Moreover, we 
analyse the characteristics of typical moisture source regions during 1107 Vb-events from 1901 to 2010 based on ERA-20C 
reanalysis dynamically downscaled with COSMO-CLM+NEMO. We observe moisture contributions by various source 
regions highlighting the complex dynamical interplay of different air masses leading to moisture convergence in synoptic 
situations with Vb-cyclones. Overall, up to 80% of the precipitation originates from the European continent, indicating the 
importance of continental moisture recycling, especially within the respective river catchment. Other major moisture uptake 
regions are the North Sea, the Baltic Sea, the North Atlantic, and for a few events the Black Sea. Remarkably, anomalies in 
these oceanic source regions show no connection to precipitation amounts in synoptic situations with Vb-cyclones. In con-
trast, the Vb-cyclones with the highest precipitation are associated with anomalously high evaporation in the Mediterranean 
Sea, even though the Mediterranean Sea is only a minor moisture source region on average. Interestingly, the evaporation 
anomalies are not connected with sea-surface temperature but with wind-speed anomalies (Spearman’s rank correlation 
coefficient R ≈ 0.7, significant with p < 0.01 ) indicating mainly dynamically driven evaporation. The particular role of the 
Mediterranean Sea hints towards possible importance of Mediterranean moisture for the early-stage intensification of Vb-
cyclones and the pre-moistening of the continental uptake regions upstream of the target catchments.
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1 Introduction

River floods are the most common and devastating natural 
hazard in Europe. Floods differ not only according to the 
spatial extent, temporal duration, and peak discharges, but 
also in terms of the hydroclimatic and hydrological causes 
(Tarasova et al. 2019). In this study, we focus on precipi-
tation occurring in weather situations associated with so-
called Vb-cyclones that can trigger widespread floods in 
Central Europe, especially during the summer season (e.g., 

Blöschl et al. 2013). These extratropical cyclones are defined 
by their pathway from the western Mediterranean Sea north-
eastward over northern Italy along the eastern fringe of the 
Alps to Central Europe (van Bebber 1891). Many devas-
tating summer floods in the Central European macro-scale 
catchments of the Odra, Elbe, and Danube rivers were asso-
ciated with that cyclone pathway.

The classification of this special cyclone pathway goes 
back to van Bebber (1891). Vb-cyclones occur rarely with 
about 2–10 events per year on average (Hofstätter and Chim-
ani 2012; Messmer et al. 2015; Hofstätter and Blöschl 2019). 
Nonetheless, they are of high relevance for extreme precipi-
tation events and floods in central and eastern Europe. Mess-
mer et al. (2015) concluded that 15% of the extreme precipi-
tation (99th percentile) over Central Europe and the northern 
Alpine region are associated with Vb-cyclones. About 45% 
of the Vb-cyclones are linked with heavy precipitation 
(95th percentile) in the Czech Republic and eastern Austria 
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(Hofstätter et al. 2018), and about 40% of Vb-cyclones cor-
relate with heavy precipitation (95th percentile) in the Elbe 
catchment, especially during April and May (Nissen et al. 
2013). In particular, Vb-cyclones with a distinct cutoff low 
in upper levels are linked to heavy precipitation (Messmer 
et al. 2015; Hofstätter et al. 2018; Mittermeier et al. 2019).

Vb-cyclones occur throughout the year with a peak fre-
quency in spring (Hofstätter and Chimani 2012; Messmer 
et al. 2015). Hofstätter et al. (2016) analysed the seasonal 
dependence of cyclone intensity for various pathways 
including the Vb-type. Measures for the cyclone intensity 
are, for example, the minimum core pressure or the maxi-
mum relative vorticity. The median intensity of Vb-cyclone 
shows no distinct seasonal cycle. Vb-cyclones are among 
the strongest cyclones in Europe throughout the year, also 
with respect to cyclone precipitation (Hofstätter et al. 2016, 
2018). During winter, some Vb-cyclones cause heavy snow-
storms in Central Europe. An example is the Vb-cyclone in 
January 2010 (Nissen et al. 2013).

Vb-cyclones are associated with extreme and wide-
spread floods in Central Europe mainly during the summer 
half-year (e.g., Blöschl et al. 2013; Hofstätter et al. 2016). 
Closer inspection reveals that the Vb-cyclone intensity is 
highly variable during the summer season in terms of the 
relative vorticity and often surpasses the intensity of Atlan-
tic cyclones in winter that are related to winter storms in 
Europe (Hofstätter et al. 2016). During winter, the main Vb-
cyclogenetic processes are the dynamic coupling between 
the upper-level and the low-level orographic flow (e.g., in the 
Alpine region), as well as low-level baroclinicity (Aebischer 
and Schär 1998; Trigo et al. 2002; Hofstätter et al. 2016). 
During summer, however, an essential additional ingredi-
ent for intense Vb-events are high equivalent potential tem-
peratures and latent heat release in lower atmospheric levels 
over northern Italy on the lee-side of the Alps (Aebischer 
and Schär 1998). This is supported by the sensitivity stud-
ies of Volosciuk et al. (2016) and Messmer et al. (2017) 
that showed an intensification of Vb-cyclone precipitation 
in Central Europe with increasing sea surface temperatures 
(SSTs) of the Mediterranean Sea. Furthermore, higher tem-
peratures during summer increase the total water content 
(Hofstätter and Chimani 2012) and thus moisture transport 
in the atmosphere, which in turn decreases the atmospheric 
stability and favours upward motion and precipitation (Mess-
mer et al. 2017). Due to the meridionally curved cyclone 
path, precipitation is then initiated especially along west-east 
oriented central European barriers like the Alps and Ore 
mountains (Grams et al. 2014). Note that Messmer et al. 
(2017) found conversely a decrease of precipitation over 
the north-eastern flanks of the Alps for higher SSTs over 
the Mediterranean. This can be explained by an increase 
in precipitation along the eastern Adriatic coasts and thus 
decreased moisture flux north-eastward of the Alps.

However, not only the Mediterranean Sea is an evapora-
tive moisture source during Vb-events. Besides the Mediter-
ranean Sea, also the North Atlantic and Black Sea are rel-
evant moisture sources, for example, during the August 2002 
flood (James et al. 2004; Sodemann et al. 2009; Gangoiti 
et al. 2011b). In addition, moisture recycling over the Euro-
pean continent contributed to the heavy rainfall, especially 
towards the end of the event (James et al. 2004; Gangoiti 
et al. 2011a, 2015). In August 2005 (Winschall 2013), May 
2010 (Winschall et al. 2014), and May/June 2013 (Grams 
et al. 2014; Kelemen et al. 2016), moisture recycling over 
the European continent and the North Atlantic dominated, 
while the Mediterranean Sea only weakly contributed to the 
heavy rainfall. In contrast to the 2005, 2010 and 2013 floods, 
the Mediterranean was a substantial moisture source in the 
August 2002 flood, especially in the early stages, as shown 
by James et al. (2004) and Gangoiti et al. (2011b). The sen-
sitivity study of Messmer et al. (2017) points towards the 
particular role of the Mediterranean Sea in contrast to other 
moisture sources like the North Atlantic. Thus, the role of 
the Mediterranean seems to be variable across events. Over-
all, these Vb-events reveal quite diverse moisture source 
regions which might be related, however, to the choice of 
analysed events.

In the existing scientific literature only the above men-
tioned floods triggered by Vb-cyclones in recent years 
(2002, 2005, 2010, and 2013) have been analysed quantita-
tively in terms of the evaporative moisture source regions. 
In this study, we extended these case studies by investigating 
the moisture uptake during in total 16 Vb-events from 1901 
to 2010 with focus on flood-producing precipitation in the 
Danube, Elbe, and Odra catchment regions. The moisture 
source diagnostics was based on a computationally demand-
ing Lagrangian approach. Thus, it could not be applied to all 
Vb-cyclones from 1901 to 2010 that we detected in our data-
set ( > 10

3 events). For all Vb-cyclones, instead, we analysed 
the characteristics like evaporation, SST or soil moisture 
content in the moisture uptake regions identified with our 16 
case studies. In doing so, we could investigate how source 
region characteristics differ for Vb-cyclones with high or 
low precipitation in the selected catchment regions. More 
specifically, in this study, we address the following research 
questions: 

1. What are the evaporative moisture source regions of 
flood-causing precipitation in synoptic situations with 
Vb-cyclones?

2. Which characteristics in the moisture source regions 
intensify the precipitation in synoptic situations with 
Vb-cyclones?

As a data basis, we use the ERA-20C reanalysis data (Poli 
et al. 2016) that was dynamically downscaled over Europe 
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with a high resolution and interactively coupled regional 
atmosphere-ocean model (COSMO-CLM+NEMO, Akhtar 
et al. 2019; Kelemen et al. 2019; Primo et al. 2019). We 
tracked the cyclone pathways according to Wernli and 
Schwierz (2006) and Sprenger et al. (2017) to identify Vb-
events. The evaporative moisture source regions were quanti-
fied based on a Lagrangian analysis with Lagranto (Sprenger 
and Wernli 2015; Wernli and Davies 1997) and a moisture 
source diagnostic (Sodemann et al. 2008) for 16 selected Vb-
events from 1901 to 2010 (Sect. 3.2). The characteristics of 
identified moisture source regions were investigated for all 
detected Vb-events during 1901–2010 ranked with respect 
to their precipitation impact in the Danube, Elbe, and Odra 
river catchments (Sect. 4). We discuss our findings and open 
research questions in section 5. Finally, we revisit the key 
findings of this paper in Sect. 6.

2  Data and methods

2.1  Dynamically downscaled ERA‑20C reanalysis

The analysis was based on the ECMWF twentieth century 
reanalysis (ERA-20C; Poli et al. 2016) that assimilates sur-
face pressure and marine surface wind measurements. The 
horizontal resolution is about 125 km (spectral triangular 
truncation T159; Poli et al. 2016). Vb-cyclones are strongly 
influenced by mountains (e.g., Aebischer and Schär 1998; 
Trigo et al. 2002) and heavy rainfall is especially triggered 
along the east-west oriented mountain ranges (Grams2014). 
A higher spatial and temporal resolution is necessary to cap-
ture such local-scale processes involved in orographically 
induced precipitation. Therefore, the ERA-20C reanalysis 
was dynamically downscaled to a horizontal resolution of 
about 12 km ( �x = 0.11

◦ ; Krug et al. 2020). The highest 
mountain in the Alps (Ore Mountains) is the Mont Blanc 
(the Klínovec) with about 4800 m (1244 m) altitude. In our 
downscaled reanalysis, the highest gridpoint in the Alps (Ore 
Mountains) was more realistically represented with 2960 m 
(792 m) compared to 1434 m (392 m) in ERA-20C reanaly-
sis (provided at 0.75◦ horizontal grid-spacing; please note 
that the original resolution is a spectral truncation T159). 
The downscaled reanalysis covers an extended EURO-COR-
DEX domain (Giorgi et al. 2009) and continuously spans 
the years from 1901 to 2010. The temporal resolution of the 
output variables ranges from hourly for variables such as 
total precipitation and surface temperature to daily for vari-
ables such as daily maximum 2 m temperature.

The dynamical downscaling was performed with the 
regional climate model COSMO-CLM (Consortium for 
Small-scale Modelling in Climate Mode; Rockel et  al. 
2008) which was interactively coupled with the regional 
ocean model NEMO (Nucleus for European Modeling of 

the Ocean; Madec and the NEMO Team 2016) over the mar-
ginal seas (Mediterranean Sea, North Sea, and Baltic Sea) 
to better represent the components of the water cycle. The 
freshwater inflow of rivers routing into the Mediterranean 
Sea (except for the Nile) was implemented with the river 
routing model TRIP (Total Runoff Integrating Pathways; Oki 
and Sud 1998) to close the regional water budget (so that, 
e.g., the Mediterranean salinity is consistent with precipita-
tion over land; Sevault et al. 2014). The lateral boundary 
conditions were given by the ERA-20C reanalysis data with 
a one-way Davies (1976) relaxation scheme. We applied no 
spectral nudging within the regional climate model (RCM) 
domain to avoid discontinuities in the internal RCM vari-
ability and to account for the computational constraints of 
a coupled RCM covering 110 years. More details about the 
model setup and performance can be found in Primo et al. 
(2019).

2.2  Vb‑cyclone tracking and event selection

We applied the method by Wernli and Schwierz (2006) and 
refined in Sprenger et al. (2017) to track all cyclones at mean 
sea level pressure with a 3-hourly resolution in the dynami-
cally downscaled ERA-20C reanalysis (interpolated to 0.5◦ 
with bilinear interpolation of Climate Data Operators, CDO, 
Schulzweida 2021) from 1901 to 2010 within 25◦ W–45◦ E 
and 25◦–75◦ N. Cyclones were identified based on closed 
sea-level pressure isobars. The position of the deepest pres-
sure within a closed isobar defined the cyclone centre. The 
cyclone centres at different time steps were connected to 
cyclone tracks. More specifically, the position of the follow-
ing track point was detected by a first guess approach based 
on the previous displacement vector. The cyclone centre 
nearest to the first guess within a search radius smaller than 
1000 km was then assigned as a new track point. Cyclone 
track points where topography exceeds 1500  m were 
excluded because of the extrapolation errors of the mean 
surface pressure values from these altitudes (Wernli and 
Schwierz 2006). We excluded spurious cyclones with a life 
time shorter than 24 h. For simplicity, all cyclones crossing 
northward the 47◦ N latitude between 12◦ E and 22◦ E were 
classified as Vb-cyclones (cf. Hofstätter and Blöschl 2019) 
as shown in Fig. S1. We detected in total 1107 Vb-cyclones 
between 1901 and 2010 in our dynamically downscaled rea-
nalysis, which corresponds to about ten Vb-cyclones per 
year. The average Vb-cyclone lifetime was about 44 h. The 
average core pressure was about 1003 hPa and the deepest 
core pressure was about 958 hPa.

We extended the previous case studies of widespread 
floods associated with Vb-cyclones (mentioned in the intro-
duction) based on the detected Vb-cyclone events since 
1901. For the first time, we analysed the moisture source 
regions of 16 selected Vb-cyclone events during the early 
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decades of the past century (Table 1, e.g., in 1903 and 1954; 
Stahl and Hofstätter 2018). By selecting events throughout 
the past century, we could investigate whether the detected 
contributions of the European continent and North Atlan-
tic Ocean in previous studies depend on the few selected 
events in literature. We compared the detected Vb-cyclone 
tracks (Fig. S2) and simulated precipitation sums with his-
torical flood events to select the events of interest in this 
study. As a reference, we used the Climatic Research Unit 
Timeseries (CRU TS v4.04, Harris et al. 2020) and E-OBS 
v 22.0e (Cornes et al. 2018) gridded observation data. We 
calculated monthly sums for the events prior to 1950 to fit 
the temporal resolution of CRU observation data (monthly 
precipitation sums due to data availability in the early dec-
ades of the past century).

For defining the days for our moisture source diagnostics, 
we analysed the total precipitation sums in the domain of 
10◦ E, 19.5◦ E, 47◦ N, and 53◦ N (including the catchment 
regions of interest, black rectangle in Fig. 1) and selected the 
4 consecutive days of most intense rainfall. Please note that 
4 days do not directly correspond to the detected cyclone 
track period, since only parts of the cyclone pathway were 
detected with our cyclone tracking (Fig. S2). All selected 

events occurred from May to August except for the flood 
in October 1930 (see Table 1, and references therein). We 
detected Vb-cyclone events with heavy precipitation pre-
dominantly during the summer half-year. Exceptions with 
high precipitation amounts during the winter half-year were 
the Vb-events during 25.12.1993 and 26.12.1993 (Danube, 
54th highest precipitation anomaly) or during 21.11.1962 
and 22.11.1962 (Odra, 5th highest precipitation anomaly) 
associated with heavy snow fall in Central Europe (e.g., 
snow height increase from 0 cm on 21.11.1962 to 21 cm on 
24.11.1962 in Berlin-Buch; Climate Data Center, version 
v005, 2017, DWD). These winter events were not included 
in this study focusing on the summer-half year.

The events in August 2002 and July 1954 were the 
most prominent ones in the past century besides the Cen-
tral European flood in June 2013 (Blöschl et al. 2013). 
The latter one was excluded from our analysis because 
the ERA-20C reanalysis only covers the years from 1900 
to 2010. Other events, such as the flood in June 1936 or 
June 1979, were less intense but still affecting more than 
one river catchment. Some events mentioned in Stahl and 
Hofstätter (2018) were not included because the associ-
ated Vb-cyclone trajectories and precipitation sums were 

Fig. 1  Monthly precipitation 
sums in a CRU-observational 
data and b the dynamically 
downscaled ERA-20C data 
averaged over July 1903, June 
1926, October 1930, June 1936, 
and May 1949. The lower pan-
els show the precipitation sums 
during the selected events No. 
6–16 (from start to end date) in 
c E-OBS observational data and 
d the dynamically downscaled 
ERA-20C data. Missing values 
are shown with grey colour
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not captured well enough in the dynamically downscaled 
reanalyses (e.g., the May 1940 flood and the July 1985 
event). We also excluded events that were limited to a rela-
tively small region (e.g., flood in northeastern Switzerland 
in June 1910 and the Vistula region in July 2001). The 
influence of the local catchment conditions is less pro-
nounced for floods affecting more than one macro-scale 
river catchment, and the meteorological circumstances 
(such as heavy precipitation) dominate. In addition to the 
flood events mentioned in Stahl and Hofstätter (2018), past 
flood events associated with synchronous peak discharges 
in the Danube and Elbe catchment were selected, such as 
the event in July 1965 and July 1981 (see Fig. 2).

2.3  Lagrangian moisture source diagnostics 
of selected cases

This study used a Lagrangian approach to identify the 
evaporative moisture source regions of 16 selected precipi-
tation events associated with floods. We analysed 4 days 
of heavy precipitation for each event (Table 1). Figure 3 
shows the corresponding mean total precipitation with a 
slight eastward shift throughout the events. During these 
4 days, we calculated for every hour 7-day three-dimen-
sional backward trajectories with Lagranto (Wernli and 
Davies 1997; Sprenger and Wernli 2015) based on model 

Fig. 2  Temporal evolution of 
simulated mean daily pre-
cipitation sums in the region of 
10

◦ E, 19.5◦ E, 47◦ N, and 53◦ N 
(including all selected river 
catchments regions of interest, 
black rectangles in Fig. 1) and 
daily GRDC river discharges 
measured at Dresden (Elbe) and 
Hofkirchen (Danube) a during 
the August 1977 event, b the 
July 1977 event, (c) the August 
2002 event, and (d) averaged 
over all events listed in Table 1. 
We defined the start dates 
and end dates of our analyses 
(marked with dashed lines; see 
also Table 1) so that they cover 
the 4 days of the highest rainfall 
amounts in advance of the peak 
discharges
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level data with the height based hybrid vertical coordinate. 
We chose 7 days because this is above the global mean 
atmospheric moisture residence time of about 4–5 days 
(Läderach and Sodemann 2016). For periods shorter than 5 
days, the moisture source region diagnostic would not give 
robust results. We did not use more than 7-days backward 
trajectories because then the majority of backward trajec-
tories left the domain of our downscaled reanalysis. Poten-
tially relevant moisture sources from outside the regional 
domain were therefore neglected. In summer and autumn 
this share is most likely negligible, whereas in winter more 
long-range transport and influence from the North Atlantic 
outside the domain can be expected (Aemisegger et al. 
2014). In total about 16×103 to 18×103 starting points were 

selected equidistantly every 15 km in the horizontal on 39 
vertical levels from 250 to 9750 m a.s.l. in the Danube, 
Elbe, and Odra catchment regions, respectively (Fig. 3, 
orange rectangles). This high temporal and spatial resolu-
tion is crucial to capture relevant air streams, for example, 
around the Alps. We traced specific humidity and other 
meteorological variables like wind, temperature, or the 
planetary boundary layer height along the trajectories for 
air parcels exceeding 80% relative humidity at their arrival 
point in the selected catchment regions. In this way, only 
trajectories related to high relative humidity and thus pre-
cipitation were considered (cf. Grams et al. 2014).

The evaporative moisture source regions were then iden-
tified by changes of specific humidity along the air parcel 

Table 1  Floods in Central 
Europe associated with 
Vb-cyclones and the start and 
end date of the 4-day heavy 
precipitation period analysed 
with the Lagrangian moisture 
diagnostics

No. Start date End date Selected references

1 11.07.1903 14.07.1903 Keller (1903), Fischer (1904), Hellmann and von Elsner (1911)
2 23.06.1926 26.06.1926 Sorg (1926), Fabian and Bartels (1928), Fickert (1932)
3 26.10.1930 29.10.1930 Friedrich (1930), Weichmann (1931), Fickert (1932)
4 02.06.1936 05.06.1936 Fischer (1938, p. 330), Drews et al. (2003, Abb. 2-1)
5 20.05.1949 23.05.1949 Kresser (1957, Tab. 1)
6 30.06.1954 03.07.1954 Blöschl et al. (2013), Böer et al. (1959)
7 21.07.1957 24.07.1957 Becker and Grünewald (2003)
8 09.06.1965 12.06.1965 Uhlemann et al. (2010), Gvoždíková and Müller (2017)
9 18.08.1977 21.08.1977 Naumann et al. (1978), Böhm and Wetzel (2006)
10 16.06.1979 19.06.1979 Uhlemann et al. (2010)
11 17.07.1981 20.07.1981 Uhlemann et al. (2010), Akhtar et al. (2019)
12 31.05.1986 03.06.1986 Ionita et al. (2015)
13 17.07.1997 20.07.1997 Kundzewicz et al. (1999), Hofstätter and Chimani (2012)
14 10.08.2002 13.08.2002 Sodemann et al. (2009), Gangoiti et al. (2011a, b, 2015), 

Ulbrich et al. (2003a)
15 20.08.2005 23.08.2005 Winschall (2013, Chapter 3), Akhtar et al. (2019)
16 15.05.2010 18.05.2010 Winschall et al. (2014)
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Fig. 3  Mean total precipitation sum of the selected 4-day (96 h) Vb-
events (Table 1) in the dynamically downscaled reanalysis split into 
three event phases of 32 h each (from a to c). The grey crosses mark 

the corresponding Vb-cyclone centre positions. The orange rectangles 
show the backtracking start point regions within the selected regions 
in the Danube, Elbe, and Odra catchments (grey polygons)
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trajectories, assuming that changes of specific humidity 
result from evaporation and precipitation (Sodemann et al. 
2008). The individual moisture uptakes were weighted 
according to the method of Sodemann et al. (2008), i.e., the 
contribution of each moisture uptake is reduced by follow-
ing moisture uptakes and precipitation events along the air 
parcel trajectory. With such an approach based on 3D trajec-
tories, the amount of dynamical lifting (such as orographic 
and frontal lifting) is considered. These processes are rel-
evant in Vb-cyclone precipitation (Ulbrich et al. 2003b). In 
accordance with Aemisegger et al. (2014) and Winschall 
et al. (2014), we analysed the moisture uptake of air par-
cels irrespective of altitude, not only within the boundary 
layer but also above. Some uptakes above the boundary layer 
may actually be linked to surface evaporation via convection, 
which in fact might be of high relevance during summer. The 
explained fraction of moisture uptake was on average about 
75% and limited by the domain of the dynamically downs-
caling. Finally, the total event moisture uptake was obtained 
by weighting the hourly moisture source contributions of 
each trajectory with its associated precipitation.

The moisture diagnostics were applied to the hourly tra-
jectories during the respective 4 days listed in Table 1, that 
means in total 96 moisture uptake maps were calculated per 
flood event and river catchment. In terms of land sources, we 
differentiated between the selected Danube, Elbe, and Odra 
river catchment regions (orange rectangles in Fig. 3) and 
the rest of the continent to analyse the temporal evolution 
of various moisture source contributions. Furthermore, we 
distinguished between the Mediterranean Sea (7◦ E, 22◦ E, 
35◦ N, 46◦ N, grey polygon in Fig. 4, sea grid points only), 
the North Sea and the Baltic Sea (50◦ N, 58.5◦ N, 30◦ E, 0 ◦ 
E, grey polygon in Fig. 4, sea grid points), the North Atlantic 
(20◦ W, 0 ◦ W, 40◦ N, 60◦ N, grey polygon in Fig. 4, sea grid 
points), the Black Sea, and other oceanic source regions. 
We did not select the whole Mediterranean Basin as region 
of interest but only the domain where the main moisture 
uptake in our case studies occurred. This corresponds to the 
findings of Krug et al. (2021) in which the selected Mediter-
ranean region was found to play a key role for precipitation 
formation in the Odra (Poland) catchment area.

2.4  Climatological Analysis

Besides the above mentioned 16 case studies, we analysed 
for all 1107 Vb-cyclones during 1901–2010 the evaporation, 
SSTs, soil moisture content at 4–10 cm, and wind speeds in 
the predefined moisture source regions. We calculated daily 
anomalies with respect to the analysis period (1901–2010) 
to remove the seasonal cycle and to account for possible sys-
tematic biases in the dynamically downscaled ERA-20C rea-
nalysis. The spatial and temporal averages were calculated 
for each Vb-cyclone life time and pre-defined uptake region. 

For improved readability of the figures, we calculated the 
moving averages over 50 events and the local LOESS regres-
sion (Local Polynomial Regression Fitting; Cleveland et al. 
1992) with corresponding prediction intervals based on the 
R software package stats v4.0.2 (R Core Team 2013). More-
over, we ranked all Vb-cyclones according to their total pre-
cipitation within the Danube, the Elbe, and Odra river catch-
ment regions to gain more insights in processes associated 
with Vb-cyclones causing heavy precipitation compared to 
Vb-events with only low or normal precipitation.

3  Case studies

3.1  Selected events from 1901 to 2010

Figure 1 shows the total precipitation sums of the selected 
events of interest (Table 1) in comparison to gridded CRU 
(Harris et al. 2020) and E-OBS (Cornes et al. 2018) observa-
tion data. The total precipitation events were captured by our 
dynamically downscaled ERA-20C reanalysis, even though 
the total precipitation sums over the Odra and Elbe catch-
ment region were underestimated. As expected, Vb-cyclones 
often induce floods affecting more than one macro-scale 
river catchment. Figure 2 shows the synchronous occurrence 
of observed peak discharges in the Elbe and Danube river 
catchment and the preceding rainfall in our dynamically 
downscaled ERA-20C reanalysis for selected events and the 
average discharges and simulated precipitations sums for all 
selected events in our study (Table 1).

Among the selected events, highest peak discharges 
occurred in the Elbe and Danube river catchments on the 
17.08.2002 with 4.50×103  m3s−1 at the gauge Dresden 
(15.08.2002, 2.86×103 m3s−1 , Hofkirchen; Fig. 2c), on the 
12.07.1954 with 2.30×103 m3s−1 (13.07.1954. 3.29×103 m3

s−1 , Hofkirchen), and on the 23.07.1981 with 2.24×103 m3s−1 
(23.07.1981, 2.25×103 m3s−1 , Hofkirchen; Fig. 2b). Highest 
daily precipitation anomalies were simulated in our dynam-
ically downscaled reanalysis for the August 2005 event 
(rank 17 in the selected Elbe region, rank 49 in the Danube 
region), the October 1930 event (rank 21 in the Elbe region), 
the July 1981 event (rank 35 in the Danube region), and the 
May 1986 event (rank 46 in the Odra catchment). During 
May 2010 precipitation anomalies of rank 80/93/99 were 
simulated in the Odra/Danube/Elbe catchment region of 
interest. In our simulation, also other Vb-events were asso-
ciated with large precipitation anomalies but no widespread 
Vb-flood was reported, for example, between 08.08.2007 and 
10.08.2007 (rank 100, Danube catchment). That event was 
associated with flooding in Switzerland, but no Vb-cyclone 
was mentioned in literature (Bezzola and Ruf 2009), even 
though we detected one Vb-cyclone with our less restrictive 
definition compared to Hofstätter et al. (2016). A cutoff low 
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was located over the Alpine region in August 2007 (Bezzola 
and Ruf 2009)—a synoptic situation that is often associated 
with Vb cyclones causing heavy precipitation (e.g., Messmer 
et al. 2015; Hofstätter et al. 2018; Mittermeier et al. 2019). 
Potential causes for a discrepancy between observed flood 
events and simulated precipitation impact are a shift in the 
precipitation field, over- or underestimated precipitation 
sums (Fig. 1), enhanced or decreased pre-saturation of the 
affected river catchments in the reanalysis data. Nonetheless, 

the dynamically downscaled reanalysis represents a physi-
cally consistent atmospheric data set.

3.2  Evaporative moisture source regions of 16 
selected cases

Figure 4 shows the average relative moisture uptake for the 
events listed in Table 1 with a focus on precipitation in (a–c) 
the Danube, (d–f) the Elbe, and (g–i) the Odra catchment. 
Throughout the three event phases, the moisture uptake 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 4  Moisture uptakes for precipitation in the Danube (panels a–c), 
Elbe (d–f), and Odra catchment (g–i) averaged over the events listed 
in Table 1. The columns show the time means of the first event phases 
(a, d, g), the middle (b, e, h), and the last event phases (c, f, i) with 

32 h each. The integral over the entire moisture source region sums 
up to 100% of the explained moisture. The boxes show the domains 
of the moisture source regions in Fig. 5
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was largest within the selected catchment region and sur-
rounding continental surface. Overall, the moisture uptake 
over the European continent contributed to about 50–80% 
of the precipitation falling in the selected river catchment 
area (Fig. 5) and up to 90% during individual events (e.g., 
Fig. 6c). Later in the Vb-event, the cyclone centres recurve 
towards the Elbe and Odra catchment, leading to more pre-
cipitation north of the Alps (Fig. 3b, c). At this stage, more 
moisture can be transported from the Baltic Sea and the 
North Sea south-eastwards to the river catchments (Fig. 4). 
The contribution of the North Sea and Baltic Sea increased 
throughout the events, whereas the proportion of the North 
Atlantic and the land moisture uptake decreased accordingly 
(Figs. 4 and 5, Elbe catchment).

The percental moisture uptake within the respective river 
catchment was only up to 20%, even though the intensity of 
these local uptakes were comparatively large considering the 
limited areal extent of the catchment (Supplement, Fig. S3). 

Interestingly, the eastern North Atlantic and the North Sea/
Baltic Sea showed the highest moisture contribution among 
the marginal seas with up to 17% and 20% moisture uptake, 
respectively (Figs. 4, 5). These moisture source regions cor-
respond to summer mean moisture sources of the Alpine 
region (Sodemann and Zubler 2010, using 20-day backward 
trajectories). The North Atlantic Ocean contribution might 
be associated with another extratropical cyclone or the large-
scale moisture transport, because we quantified the moisture 
uptake of all precipitation within the river catchment areas, 
not only the one related to the Vb-cyclone. For the July 1997 
event, Akhtar et al. (2019) pointed to the fact that the flood-
producing rainfall was not only linked to a Vb-cyclone but 
also another cyclone over the North Sea. The North Atlantic/
North Sea contribution could also be linked to the northerly 
flow on the western side of the trough that is often involved 
in triggering cyclogenesis of the Vb-cyclones south of the 
Alps. The exact transport pathway of this northerly moisture, 
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Fig. 5  Relative percentage contribution of various moisture source 
regions to precipitation in the a Danube, b Elbe, and c Odra catch-
ment averaged over all 16 events listed in Table  1. The x-axis cor-

responds to the 4 days of heavy precipitation selected for the moisture 
diagnostics. Note the different y-axis scales for land and sea source 
regions



3236 A. Krug et al.

1 3

(a) Odra, 1930
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(c) Elbe, 1965
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Fig. 6  As in Fig. 5, but for selected events and catchment regions

however, is still unclear. It might be moisture contributing 
to stratiform precipitation behind the cold front, or it could 
be moisture that was advected into the warm sector of the 
Vb-cyclone.

The Black Sea contributed to precipitation during the 
1930 (Fig. 6a), 1949, and 2005 events, especially in the Odra 
catchment (Supplement, Figs. S4–S6). The mean moisture 
uptake over the Black Sea in general was highest for the 
Odra catchment but accounted only for up to 2% of the mois-
ture uptake (Fig. 5c).

As mentioned in the introduction, because of the Vb-
cyclone pathway a large contribution from the Mediterra-
nean Sea might be expected. Here we find that the Mediter-
ranean Sea, however, played overall only a minor role and 
affected more the Danube and Odra catchment than the Elbe 
region (Figs. 4 and 5). Nonetheless, the Mediterranean Sea 
was a significant oceanic source during the 1930 flood, the 
1949 flood (Fig. 6b), and the 2005 flood for the selected river 
catchment regions, and during the 2002 event, the Mediter-
ranean Sea contributed significantly to the Odra catchment. 

In contrast, we detected no moisture uptake over the Medi-
terranean Sea for precipitation in the Danube, Elbe, and 
Odra catchment during 1965 (Fig. 6c), 1986, or the 2010 
event. The temporal evolution of the moisture uptake in dif-
ferent regions reveals that, on average, the moisture uptake 
from the Mediterranean Sea contributed to the flood-trigger-
ing heavy precipitation during the event start and decreased 
towards the end (Fig. 5). That corresponds—together with 
an increasing influence of the North Sea and Baltic Sea dur-
ing the events—to the Vb-cyclone pathway from the Medi-
terranean Sea to Central Europe. For some events, however, 
the event evolution was completely different. For example, 
the Mediterranean Sea was an important moisture source 
for precipitation in the Danube catchment only towards the 
end of the 1977 event. Another example is the August 2005 
flood, during which the Mediterranean contribution was 
large in the middle of the event in the Danube catchment 
(Fig. 6d). In the Elbe and Odra catchments, the Mediter-
ranean Sea was a relevant moisture source during the last 2 
days of that event (Supplement, Figs. S5, S6).
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In summary, the European continent is found to be by far 
the largest moisture source for the chosen 16 case studies of 
heavy precipitation events in the selected catchments. The 
major oceanic source regions were the North Atlantic and 
North Sea/Baltic Sea. Our results for Vb-cyclone events cor-
respond to the climatological source regions. Sodemann and 
Zubler (2010) analysed the moisture sources of precipita-
tion in the European Alpine region during 1995-2002 with 
20-day backward trajectories and detected the North Atlantic 
Ocean, the Mediterranean Sea, the North Sea, the Baltic 
Sea, and the European land surface, with the European land 
surfaces dominating during the summer season. These find-
ings are in accordance with the study by Aemisegger et al. 
(2014).

The Mediterranean Sea played only a minor role as a 
source region, averaged over all selected Vb-cyclone events, 
but it is a region with a large variability in its contribution. 
More Vb-events have to be analysed to gain further insights 
into the role of the specific processes in the moisture source 
regions of precipitation in synoptic situations with Vb-
cyclones in the selected river catchment regions. Therefore, 
a climatological perspective is adopted in the next section 
to investigate the moisture source conditions of Vb-cyclones 
that triggered heavy precipitation compared to Vb-events 
that were associated with low or normal precipitation.

4  Climatology of Vb‑events from 1901 
to 2010

In this section, we discuss the distinct characteristics of 
heavy precipitation producing Vb-events compared to 
normal Vb-events. Therefore, we ranked all Vb-cyclones 
according to their precipitation in the Danube, Elbe, and 
Odra river catchment regions (Fig. 7). The ranked precipita-
tion anomalies show a steep increase for the highest ranked 
events in all river catchment regions (Fig. 7, the daily cli-
matology of 1901–2010 was removed for calculating the 
anomalies presented in this section). The Elbe, and Odra 
catchment have similar rainfall characteristics due to their 
close spatial location to each other. In contrast, the selected 
Danube catchment region is in the vicinity of the Alps 
favouring orographic lifting and is usually affected earlier 
by the Vb-cyclone than the Elbe and Odra region due to the 
typical cyclone pathway around the eastern side of the Alps 
(Fig. S2). Therefore, some moisture already rains out along 
the Alpine fringe before air masses propagate north-east-
wards (Figs. 1, 3), which reduces the direct moisture contri-
bution of the Mediterranean Sea. Thus, the Danube catch-
ment shows a higher variability with lower minimum values 

and overall higher precipitation anomalies for medium and 
high-ranked events in Fig. 7.

In the following sections, we adopt this ranking of the 
Vb-cyclones for analysing the continental and oceanic 
moisture source conditions. We focus firstly on the mois-
ture source conditions within the river catchments, such as 
soil moisture and the diurnal evaporation range, because the 
area-weighted uptakes were comparatively high (Sect. 4.1). 
Secondly, we discuss the properties of the oceanic moisture 
sources like ocean evaporation, the SST, and wind speed 
(Sect. 4.2).

4.1  River catchments

High daily amplitudes of evapotranspiration together with 
positive soil-moisture anomalies can point towards an 
increased efficiency of convective precipitation processes 
(Schär et al. 1999). Figure 8a shows the anomaly of the diur-
nal evaporation range E

max
− E

min
 during all Vb-events from 

1901 to 2010 ranked according to the precipitation amount. 
Indeed, the anomalies of the diurnal evaporation range were 
larger for high precipitation Vb-cyclones, especially in the 
Danube catchment. That indicates that processes within the 
river catchment regions, such as the soil moisture-precipi-
tation feedback and convective rainfall, might play a role, 
even though the moisture uptake was only up to 20% of the 
precipitation in the river catchments of interest in our case 
study. Similarly, these processes are probably relevant in 
other continental moisture source regions.

Figure 8b shows the daily soil moisture anomalies at 
4–10 cm soil depth averaged over the respective Vb-events. 

Fig. 7  Ranked total precipitation anomalies in the Danube, Elbe, and 
Odra catchment during each Vb-cyclone from 1901 to 2010
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This soil depth reacts relatively fast to rainfall events. Results 
were similar for other soil layers except for deeper layers 
with more than 1 m depth (not shown). All river catchments 
show an increase of soil moisture anomalies from low to 
high precipitation Vb-cyclones. Rainfall during the respec-
tive Vb-events increases the soil moisture content, which is 
an important ingredient for local moisture uptake in the river 
catchment and over the rest of the continent.

On the contrary, the soil moisture conditions 10 days pre-
ceding the event shows no positive anomaly for heavy pre-
cipitation events (Fig. 8c). Only in the Odra catchment, low 
precipitation Vb-events correspond with drier antecedent 
soil conditions. Thus, mainly the event precipitation itself 
triggered the moisture uptake within the river catchments. 
Nonetheless, case studies like the one in Ho-Hagemann et al. 
(2015), analysing the July 1997 event, indicate some excep-
tions with precipitation linked to preceding soil moisture 
conditions.

4.2  Marginal seas

In our 16 case studies (Sect. 3), the eastern North Atlantic 
and the North Sea/Baltic Sea were the largest oceanic mois-
ture source regions with a moisture uptake of up to 17% and 
20% of the precipitation falling in the selected river catch-
ments. Figure 9, middle and right panel, show the conditions 
of these moisture source regions during all ranked 1107 Vb-
cyclones from 1901 to 2010 in terms of anomalies in oce-
anic evaporation, SST, and wind speed. Interestingly, the 
evaporation anomalies in the North Atlantic and the North 
Sea/Baltic Sea vary around zero and show no difference 

for Vb-cyclones with low precipitation compared to Vb-
cyclones with heavy precipitation. That is also the case for 
SST and wind speed anomalies. For all river catchments, 
the wind speed anomalies over the North Sea/Baltic Sea and 
the North Atlantic are negative or close to zero and induce 
therefore no evaporation enhancement.

Even though the Mediterranean Sea explained on average 
only up to 5% of the precipitation in the selected river catch-
ments in our case studies (Sect. 3.2), remarkable anomalies 
in evaporation, and wind speed show distinct differences 
between heavy precipitation and low-to-normal precipitation 
Vb-cyclones. The evaporation anomalies over the Mediter-
ranean Sea were higher for Vb-cyclones with heavy precipi-
tation in all river catchments (Fig. 9, left panel). The overall 
increase is highest for the Danube catchment, likely because 
of the closest vicinity of this catchment to the Mediterra-
nean Sea. Interestingly, these positive evaporation anoma-
lies were associated with positive wind speed anomalies. 
The Spearman rank correlation coefficient R (Spearman 
1904) for evaporation and wind speed anomalies over the 
selected Mediterranean region was about +0.7 ( p < 0.01 ) 
for the 300 highest ranked precipitation events in all selected 
catchment regions (Fig. 10). Positive wind speed anomalies 
and dynamic evaporative forcing are usually associated with 
negative SST anomalies (Fig. 10). The Mediterranean SSTs 
and wind speed anomalies are weakly negatively correlated 
(R ranging from –0.25 to –0.3 for the 300 highest precipi-
tation events, Fig. 10). We discuss this in more detail in 
the following section and the result that, even though the 
Mediterranean Sea was only a minor moisture source region, 
an enhanced and dynamically driven moisture uptake was 

Fig. 8  a Anomalies of diurnal evaporation range E max-Emin
 and b 

soil moisture anomalies during the corresponding ranked Vb-events. 
c Soil moisture anomalies 10 days prior to the respective Vb-events. 

The lines show the moving average and the LOESS regression. Note, 
the data for Danube and Elbe catchment were shifted by constant val-
ues for improved readability
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Fig. 9  Anomalies of evaporation (upper row), sea surface tempera-
tures (middle), and wind speed (lower row) in (left) the Mediter-
ranean Sea, (middle) the North Sea and Baltic Sea, and (right) the 
North Atlantic during the corresponding ranked Vb-events. The lines 

show the moving average and the LOESS regression. Note, the data 
for Danube and Elbe catchment were shifted by a constant value for 
improved readability



3240 A. Krug et al.

1 3

observed for heavy precipitation in synoptic situations with 
Vb-cyclones.

5  Discussion

Due to the Vb-cyclone pathway from the Mediterranean 
Sea north-eastwards to Central Europe, one might expect 
a high moisture contribution of the Mediterranean Sea to 
precipitation in Central Europe. Indeed, the studies of James 
et al. (2004) and Gangoiti et al. (2011b) detect a substantial 
contribution of the Mediterranean Sea for the initial phase of 
the August 2002 flood. However, case studies on other floods 
such as the ones in May 2010 or May/June 2013 reveal only 
minor moisture uptakes over the Mediterranean Sea (Grams 

et al. 2014; Winschall et al. 2014; Kelemen et al. 2016). Our 
moisture source diagnostics of 16 Vb-cyclone events during 
1901–2010 (Table 1) further supports this finding (Fig. 5).

Based on the minor moisture uptake one might deduce 
that the Mediterranean Sea plays only a minor role for pre-
cipitation in synoptic situations with Vb-cyclones in Cen-
tral Europe. However, the study of Messmer et al. (2017) 
shows increased precipitation with higher Mediterranean 
SSTs while an increase of North Atlantic SST has only 
marginal impact. Our climatological analysis reveals that 
heavy precipitation in weather situations with Vb-cyclones 
in the selected Danube, Elbe, and Odra catchment regions 
were associated with positive evaporation anomalies over 
the Mediterranean Sea, whereas the North Atlantic and 
the North Sea/Baltic Sea evaporation anomalies showed 

Fig. 10  Scatter plots of Mediterranean evaporation, wind speed, and SST anaomalies for the 300 highest ranked precipitation events with the 
Spearman’s rank correlation coefficient R (Spearman 1904)
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no correlation with the Vb-event ranks. Thus, in synoptic 
situations with Vb-cyclones, anomalously high evaporation 
over the Mediterranean Sea is linked with high precipita-
tion in Central Europe, even though the moisture uptake 
contribution was relatively small during the selected cases 
of Vb-cyclone events in Sect. 3. This is in accordance with 
Ciric et al. (2018) concluding that the Mediterranean Sea 
contribution to precipitation in Central Europe is similar for 
extreme events compared to the climatological mean. The 
short-range transport of this moisture evaporated over the 
Mediterranean Sea could contribute to Vb-cyclone inten-
sification in the early stages of their development through 
latent heat release. The confluence of the moist Mediter-
ranean air masses with other, relatively cold and dry air 
masses could intensify the frontal zones of the Vb-cyclone, 
especially during the presence of an upper-level trough over 
Central Europe (e.g., Grams et al. 2014). The Mediterranean 
moisture might also play a key role in pre-moistening con-
tinental moisture source regions that later on contribute to 
heavy precipitation downstream in the Danube, Elbe, and 
Odra catchments.

Interestingly, we detected a dynamically driven evapora-
tion enhancement in synoptic situations with Vb-cyclones 
with heavy precipitation in our selected catchment regions. 
A similar behaviour was observed during strong evapora-
tion events in the subpolar North Atlantic (Aemisegger 
2018). On the other hand, higher SSTs can be associated 
with higher evaporation, which might be the reason for the 
weakly negative correlation between SST and wind speed 
anomalies. High absolute SSTs during the initial phase of 
the Vb-cyclone may contribute to an increase of the precipi-
tation in weather situations with Vb-cyclones in the early 
stages of the cyclone development via enhanced upward 
moisture fluxes and a decreased atmospheric stability (cf. 
Messmer et al. 2017).

The SST effect emphasizes the possible impact of the 
Mediterranean Sea on precipitation in synoptic situations 
with Vb-cyclones in Central Europe, in particular in the 
context of rising SSTs in a warming climate (Giorgi 2006). 
Moreover, these processes partly explain the seasonal distri-
bution of extreme Vb-flood events occurring predominantly 
during summer, when absolute SSTs over the Mediterranean 
Sea are usually high (cf. Messmer et al. 2017). Besides, we 
detected only a few Vb-events with high precipitation anom-
alies during the winter.

In our case studies, the diagnosed moisture sources 
depend strongly on the selected region of precipitation. For 
example, the moisture uptake over the Mediterranean Sea 
contributed in August 2005 to about 20% of the precipita-
tion in the Danube catchment, but only to about 5% in the 
Elbe catchment (Figs. 6d, S5). Thus, the findings of our 
study may not be representative for other catchments and 
regions in Europe. Another shortcoming of our study is that 

we could not detect multiple precipitation and re-evaporation 
cycles with our Lagrangian moisture diagnostics. To gain 
more insights, one could perform backtracking and moisture 
source diagnostics for the preceding precipitation events, 
that built up the soil moisture contributing to the moisture 
uptake during the event of interest. However, this requires 
iterative moisture source diagnostics covering several 
months in advance of the event. In this study, some of the 
continental moisture uptakes might originate, for instance, 
from Mediterranean moist air masses that precipitated out 
upstream of our catchment regions earlier. Besides, we 
focused exclusively on the precipitation impact and detected 
no differences in the preceding soil moisture conditions for 
Vb-events with high or small precipitation. For flood pro-
ducing events, however, the antecedent soil conditions and 
initial hydraulic load are important ingredients, as it was the 
case during June 2013 (Schröter et al. 2015).

6  Conclusions

Even though Vb-cyclones have a frequency of about two 
to ten events per year, only a few cause extreme flooding. 
These floods are among the most devastating ones in the 
Danube, Elbe, and Odra river catchments (e.g., the Elbe 
flood in August 2002). Our study aimed at shedding light 
on intensification processes of the precipitation inducing 
such extreme floods. Therefore, we quantified the moisture 
source regions of 16 historical floods linked to Vb-cyclones 
with a Lagrangian approach. Additionally, we analysed the 
moisture source characteristics during all 1107 Vb-cyclones 
in our dynamically downscaled ERA-20C data from 1901 
to 2010. In the following, we answer the research questions 
of our study: 

1. What are the evaporative moisture source regions 
of flood-causing precipitation in synoptic situations 
with Vb-cyclones?  For all 16 case studies, a mixture of 
different moisture source regions was observed. Over-
all, up to 80% of the precipitation originated from the 
continental surface, with the highest continental uptake 
within the respective river catchments (when taking 
the spatial extent into account) triggered mainly by the 
event precipitation itself (indicating important local pre-
cipitation recycling). Other main uptake regions were 
the North Sea/Baltic Sea and North Atlantic with up 
to 20% contribution. On average, the moisture contri-
bution of the North Sea and the Baltic Sea increased, 
while the contribution of the North Atlantic and the 
continental surface decreased accordingly during the 
Vb-event evolution (likely linked to the cyclone centre 
recurving towards northern and eastern Central Europe). 
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The Black Sea was a minor source region, affecting the 
Odra river catchment, in a few cases. Also the Mediter-
ranean Sea was only a minor source region on average. 
That supports previous case studies on selected flood 
events triggered by Vb-cyclones (e.g., Sodemann et al. 
2009; Winschall et al. 2014; Grams et al. 2014; Kele-
men et al. 2016). The relative importance of moisture 
source regions was highly variable for the individual 
events and river catchments. In particular, the share of 
Mediterranean moisture was highly variable from event 
to event. This highlights the complex dynamical inter-
play of different air masses leading to convergence of 
moisture during particularly severe Vb-floods.

2. Which characteristics in the moisture source regions 
intensify the precipitation in synoptic situations with 
Vb-cyclones? Remarkably, the anomalies in evapora-
tion, SSTs, and wind speed over the North Atlantic and 
North Sea/Baltic Sea showed no distinct trend with pre-
cipitation in synoptic situations with Vb-cyclones in the 
Odra, Elbe, and Danube river catchment regions. Con-
versely, Vb-cyclones with high precipitation amounts 
were associated with positive evaporation anomalies 
over the Mediterranean Sea, even though the diagnosed 
moisture uptake in that region was relatively small in our 
case studies. Interestingly, these evaporation anomalies 
were dynamically driven and therefore linked with posi-
tive wind speed anomalies.

Overall, an enhanced and dynamically driven moisture 
uptake over the Mediterranean Sea was found to be charac-
teristic for Vb-events with heavy precipitation, even though 
the dominating moisture uptake regions were the European 
continent and the North Atlantic and the North Sea/Baltic 
Sea. Possible underlying processes are beyond the focus of 
this study. In future studies, it would be interesting to analyse 
how short-range moisture transport from the Mediterranean 
Sea and resulting latent heat release could intensify Vb-
cyclones during the early stages of the cyclone development. 
It could be beneficial to distinguish between the moisture 
source regions of precipitation linked solely to Vb-cyclones 
(extreme and common ones), as opposed to other systems to 
gain deeper insights into the role of the Mediterranean Sea. 
For this, a suitable approach could be the consideration of 
a radius around the analysed cyclones (e.g., Messmer et al. 
2020). Besides, further research is needed on the role of 
latent heat release later in the Vb-cyclone life cycle for pro-
longing atmospheric blockings (e.g., Pfahl et al. 2015; Stein-
feld and Pfahl 2019; Steinfeld et al. 2020) that may trigger 
the development of new Vb-cyclones (Hofstätter and Blöschl 
2019). It will be also an issue of future research to quantify 
the role of convective precipitation for summer time inten-
sification of precipitation during Vb-cyclones (e.g., Grams 

et al. 2014; Messmer et al. 2015), also in the context of 
soil-precipitation feedback (Schär et al. 1999; Ho-Hagemann 
et al. 2015) which enhances the efficiency of convective pre-
cipitation within the river catchment.

The dynamically driven moisture uptake over the Medi-
terranean Sea highlights the importance of high-resolution 
regional climate simulations for improved wind fields in the 
Mediterranean Sea (Herrmann et al. 2011; Obermann et al. 
2018). Coupled regional atmosphere-ocean models can fur-
ther improve the representation of air-sea interactions and 
thus cyclone characteristics, as demonstrated for selected 
Medicane events in Akhtar et al. (2014).
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