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Abstract. In June 2013, central Europe was hit by a cen-
tury flood affecting the Danube and Elbe catchments after a
4 day period of heavy precipitation and causing severe human
and economic loss. In this study model analysis and observa-
tional data are investigated to reveal the key atmospheric pro-
cesses that caused the heavy precipitation event. The period
preceding the flood was characterised by a weather regime
associated with cool and unusual wet conditions resulting
from repeated Rossby wave breaking (RWB). During the
event a single RWB established a reversed baroclinicity in
the low to mid-troposphere in central Europe with cool air
trapped over the Alps and warmer air to the north. The upper-
level cut-off resulting from the RWB instigated three con-
secutive cyclones in eastern Europe that unusually tracked
westward during the days of heavy precipitation. Continuous
large-scale slantwise ascent in so-called “equatorward as-
cending” warm conveyor belts (WCBs) associated with these
cyclones is found as the key process that caused the 4 day
heavy precipitation period. Fed by moisture sources from
continental evapotranspiration, these WCBs unusually as-
cended equatorward along the southward sloping moist isen-
tropes. Although “equatorward ascending” WCBs are clima-
tologically rare events, they have great potential for causing
high impact weather.

1 Introduction

A very severe heavy precipitation and flooding event hit cen-
tral Europe at the end of May and beginning of June 2013.
All catchments on the Alpine north-side (Switzerland, Aus-
tria, and southern Germany) and of the mountain ranges in
southern and eastern Germany as well as in the Czech Re-

public were affected. While the more western Rhine catch-
ment experienced flooding only locally, very severe flood-
ing occurred over large areas of the Danube and Elbe catch-
ments. Stream gauge observations along the Danube, Elbe,
and their tributary rivers exceeded 100 year levels at many
locations (e.g.LfU, 2013). The event caused at least 25 fatal-
ities and produced an estimated economic damage of more
than EUR 12 billion with most of the damage in Germany
and Austria (Munich RE, 2013).

Major large-scale flooding events result from the interac-
tion of atmospheric and hydrological processes. Often the
area affected experiences prolonged wet conditions prior to
a major flooding event so that soils are already saturated
and river discharge is high. The quasi-stationarity of such
a preceding large-scale flow situation leading to wet con-
ditions in the catchment indicates that a so-called “weather
regime” (e.g.Vautard, 1990) may be involved. Thereafter,
an approx. 2 day heavy precipitation event triggers the flood-
ing. Extreme precipitation in Europe is often closely linked to
upper-level precursors (e.g.Massacand et al., 1998), the pres-
ence of surface cyclones (e.g.Pfahl and Wernli, 2012b) and
the long-range transport of moisture (e.g.Stohl and James,
2004). To improve our ability to predict such floods it is im-
portant to investigate the key meteorological processes that
govern a flooding event, in particular the dynamics of the
cyclones and upper-level flow features involved, their track,
and the sources and transport of moisture. In the following
we give a brief overview on these topics focusing on central
Europe.

In recent years the Danube and Elbe region experienced
several flooding events with similarly severe impacts. For in-
stance, century floods occurred in 1997 in the more north-
eastern Oder catchment (Keil et al., 1999), in 2002 in the
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Elbe and Danube catchments (Ulbrich et al., 2003a, b; James
et al., 2004; Sodemann et al., 2009), and in 2005 again in the
catchments of Danube and the Swiss Rhine tributary Aare
(Zängl, 2007a, b; Hohenegger et al., 2008). All these re-
cent floods happened in the summer and their meteorological
setting involved extratropical cyclones of type “Vb”, which
refers to a special category of cyclone tracks in Europe (van
Bebber, 1891). These cyclones form south of the Alps and
track north-eastward around the Alps into eastern Europe
and the Baltic Sea. Due to their origin in the Mediterranean
they often bring very moist and warm air around the Alps
and lead to heavy precipitation over central and eastern Eu-
rope. The northerly flow to the west of “Vb” cyclones favours
orographic enhancement of precipitation along the west–east
oriented mountain ranges of central and eastern Europe as
well as along the Alpine north-side.Pfahl and Wernli(2012b)
documented the high relevance of cyclones for extreme pre-
cipitation from a more general, climatological perspective.
They also showed that cyclones causing heavy precipitation
are not necessarily extreme in terms of their cyclone proper-
ties, like for instance the minimum sea level pressure.

An important fraction of large-scale precipitation in ex-
tratropical cyclones occurs in the warm sector ahead of the
cold front where air ascends poleward along the sloped isen-
tropes within so-called warm conveyor belts (WCBs,Brown-
ing et al., 1973; Browning, 1990; Madonna et al., 2014). For
central Europe,Pfahl et al.(2014) quantified that 20–40 %
of all extreme precipitation events during 1979–2010 were
linked to WCBs and even 40–60 % either to a WCB or a cy-
clone.James et al.(2004) andStohl and James(2004) doc-
umented that during the 2002 Elbe flooding event, evapora-
tive moisture sources were initially located in the Mediter-
ranean and later over land in eastern Europe and the Black
Sea.Winschall (2013) investigated several European flood-
ing events in detail and found a high case-to-case variabil-
ity of the moisture source regions. Finally,Sodemann and
Zubler (2010) reported an important seasonal shift in the
moisture source of Alpine precipitation. In winter the mois-
ture evaporates mainly from oceanic regions (Mediterranean,
North Atlantic), whereas in summer continental moisture
sources become more relevant (see their Figs. 2 and 4).

In this study we investigate the atmospheric processes
leading to the central European floods in June 2013. After
a brief description of the data and methods (Sect.2), we ex-
plore the weather characteristics in Europe during the weeks
prior to the event (Sect.3) and investigate whether and how
a weather regime preconditioned the region for flooding. In
Sect.4 a detailed overview on the synoptic situation during
the heavy precipitation event is given. A potential vorticity
(PV) perspective is adopted (Hoskins et al., 1985), which is
very useful for studying cyclone dynamics and the effect of
latent heating (e.g. in WCBs) on the diabatic PV modification
in the lower and upper troposphere (e.g.Grams et al., 2011).
Thereby we investigate the role of the tracks and dynamics
of the involved cyclones, the moisture sources, and the con-

tribution of precipitation from warm conveyor belts. We also
address the question whether the heavy precipitation event
went along with a weather regime transition. Since we iden-
tify a particular type of warm conveyor belt, we focus then
on this particular category of airstreams in Sect.5. Finally,
we conclude and discuss our key findings (Sect.6).

2 Data and methods

2.1 Data

The high-resolution operational analyses (HRES) of the
European Centre for Medium Range Weather Forecast
(ECMWF) integrated forecast system are used as the data
basis for this study, interpolated on a geographical grid
with 0.25◦ spatial resolution every six hours. Data from the
ECMWF’s ERA-Interim reanalysis (Dee et al., 2011) at 1.0◦

horizontal and 6-hourly temporal resolution are used for cli-
matological investigations.

The spatial distribution of precipitation is estimated with
the gridded daily precipitation product with 1.0◦ spatial res-
olution from the Global Precipitation Climatology Centre
(GPCC) (Schamm et al., 2014). GPCC’s precipitation clima-
tology (Schneider et al., 2014) is used as a reference. GPCC
data strongly underestimate local extremes but they repre-
sent well the large-scale precipitation patterns. Therefore, se-
lected precipitation measurements from station data serve to
highlight local extremes. The cloud signature of WCBs is
discussed with satellite data from the SEVIRI instrument on
the Meteosat Second Generation satellite (MSG) in the visi-
ble (0.56–0.71 µm wave length) spectral band.

2.2 Blocking and cut-off identification

To investigate the role of weather regimes, atmospheric
blocking is identified with a diagnostic developed by
Schwierz et al.(2004), which was also used by, e.g.Croci-
Maspoli et al.(2007) andPfahl and Wernli(2012a). Nega-
tive anomalies (i.e. deviations from climatology) of upper-
tropospheric potential vorticity (averaged between 500 and
150 hPa) are tracked over consecutive time steps. If such
anomalies persist for more than 5 days, they are identified
as blocking. As inPfahl and Wernli(2012a), for taking also
weaker blocking into account, a threshold value of−0.7 PVU
is chosen for the detection of PV anomalies – in contrast to
the more restrictive threshold of−1.3 PVU used byCroci-
Maspoli et al.(2007).

For climatological considerations stratospheric PV cut-
offs on isentropic surfaces are determined using ERA-
Interim data and the method introduced byWernli and
Sprenger(2007). To account for seasonal variability, we con-
sider a grid point to exhibit an upper-level cut-off if the diag-
nostic determines a stratospheric PV cut-off at least on one
level between 305 and 330 K (every 5 K).
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(a) GPCC precip. 16/00Z - 31/00Z (b) relative precip. 16/00Z - 31/00Z

Figure 1. (a): observed precipitation over land (shaded in mm) from first guess GPCC data accumulated from 16 May 2013, 00:00 UTC to
31 May 2013, 00:00 UTC and(b): fraction of total climatological May precipitation that fell during this 15 day period (shaded every 10 %,
blue< 50 %, green 50–100 %, yellow 100–150 %, red> 150 %).

2.3 Moisture source diagnostics

Evaporative moisture sources of the precipitation event are
calculated with the Lagrangian technique developed by
Sodemann et al.(2008). This technique considers 6-hourly
changes of specific humidityq along backward trajectories
from the considered area of precipitation and attributes pos-
itive changes ofq with time to local moisture uptake due
to surface evaporation. More specifically, this approach in-
volves the following steps: (1) 10 day kinematic backward
trajectories are calculated with the tool LAGRANTO (Wernli
and Davies, 1997), every 6 h during the period of intense pre-
cipitation using the 0.25◦ ECMWF analysis data on all model
levels. The trajectories are calculated from all points of a reg-
ular grid where relative humidity exceeds 80 %. This thresh-
old is used to focus on air parcels that likely produce precip-
itation in the target area. The regular grid has a spacing of
20 km in the horizontal and 30 hPa in the vertical and covers
a box that includes the heavy precipitation event (7–16◦ E,
46–52◦ N, see red box in Fig.4) and extends in the verti-
cal from 1000 to 500 hPa. (2) Specific humidityq is traced
along these backward trajectories, and all 6-hourly intervals
are identified during whichq is increasing with time. The
positive change (1q) relative to the total specific humidity
of the air parcel indicates the intensity of the moisture up-
take event at the diagnosed location and time. (3) For every
trajectory starting time, the identified moisture uptake events
are weighted and aggregated to get the overall moisture up-
take distribution for the precipitation in the target area at this
particular time. Weighting of the individual moisture uptakes
is necessary since precipitation (negative 6-hourly1q) can
occur along trajectories between the uptake and the arrival
in the target area. The intensity of these uptakes preceding
the precipitation is reduced since they contribute less to the
moisture arriving in the area of interest. This procedure is
explained in detail inSodemann et al.(2008), and has been

applied successfully in several previous studies, for example,
Sodemann and Zubler(2010), Winschall et al.(2012, 2014).

2.4 WCB diagnostics

Again, trajectories calculated with LAGRANTO are used to
detect WCBs for a sequence of 6-hourly shifted 2 day time
periods. FollowingWernli and Davies(1997), trajectories
with the strongest ascent (> 600 hPa) in 48 h are selected and
considered as WCB trajectories. As previously introduced by
Grams et al.(2011), their intersection points with an isen-
tropic surface reveal the impact of the WCB outflow on the
upper-level mid-latitude flow. Regions where precipitation is
related to WCBs are determined following the method intro-
duced byPfahl et al.(2014). If moisture decreases by more
than 1 g kg−1 within 6 h along a WCB trajectory, all sur-
rounding grid points are marked, and surface precipitation
at these locations is associated with the WCB. We also use
the ERA-Interim based WCB climatology ofMadonna et al.
(2014) for climatological considerations.

3 Preconditioning by quasi-stationary flow features

Unusual cool and wet conditions characterised the weather
in and around central Europe during May 2013. In the two
weeks prior to the flood event, high accumulated GPCC pre-
cipitation of more than 75 mm in 15 days occurred in many
regions, in particular those affected by severe flooding in
early June (Fig.1a). In the western Czech Republic and
in central and northern Germany more than 100 % of the
climatological May precipitation fell during these 15 days
(Fig. 1b). In southern Germany and the northern Alps, pre-
cipitation amounts reached 50–100 % of the usual May pre-
cipitation. Thus in most regions affected by flooding later,
soils were potentially saturated and river runoff was at a high
level (e.g.LfU, 2013).
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Figure 2. Anomaly of vertically averaged (500–150 hPa) PV
calculated as the deviation of the time averaged field between
16 May 2013, 00:00 UTC and 31 May 2013, 00:00 UTC from
the 1979 to 2010 ERA-Interim May climatology (shaded every
0.25 PVU). The hatching shows the regions with standard devia-
tion of the 6-hourly PV-anomalies during these 15 days exceeding
0.75 PVU, and the green contour the region with blocking frequency
larger than 50 % during the same period.

The cool and wet conditions were caused by repeated
upper-tropospheric Rossby wave breaking (RWB) and the
consequent occurrence of a quasi-stationary upper-level cut-
off low over Europe. This is reflected by a strong time-
averaged positive upper-level PV anomaly centred over the
western Alps during 16–31 May 2013 (Fig.2). High val-
ues for the standard deviation of vertically integrated upper-
level PV over the eastern North Atlantic and over the British
Isles reflect the repeated RWB (hatched region in Fig.2),
while lower values over central Europe indicate the quasi-
stationarity and persistence of the upper-level cut-off low.
The RWB occurred at the downstream side of a quasi-
stationary anticyclone in the central North Atlantic reflected
by a strongly negative PV anomaly and low standard devia-
tion. A quasi-stationary anticyclone also occurred over Scan-
dinavia north-east of the RWB. For both the Atlantic and
Scandinavian anticyclones, the objective blocking diagnostic
indicates more than 50 % of blocked days in the two-week
period prior to the heavy precipitation event (green contour
in Fig. 2).

In terms of the four classical European weather regimes
(e.g.Vautard, 1990), this large-scale flow configuration in the
Atlantic European region can be regarded as a hybrid of the
Atlantic and Scandinavian blocking regime or a transition
between them. In recent years the dynamical link between
RWB and blocking regimes has been studied by various au-
thors (e.g.Croci-Maspoli et al., 2007; Altenhoff et al., 2008;
Michel and Rivière, 2011; Michel et al., 2012). These stud-
ies revealed increased frequencies of RWB during the onset,
decay or transition of blocking regimes, and concluded that
RWB is a crucial factor in a blocking regime’s life cycle.

4 Synoptic evolution during the heavy precipitation
event

4.1 Precipitation, cyclone tracks, and moisture sources

Here we focus on the core period of the heavy precipita-
tion event from 31 May 2013, 00:00 UTC to 3 June 2013,
00:00 UTC. During this period the 72 h accumulated precip-
itation exceeds 50 mm in a region extending from eastern
Switzerland, the Austrian Alps, southern and eastern Ger-
many, to the Czech Republic (Fig.3a, outlined by trian-
gle). North of the Alps, the 72 h precipitation exceeds even
100 mm and also the Erzgebirge shows a local maximum of
more than 75 mm near 12.5◦ E, 50.5◦ N. In a large area, 50 %
of the climatological May precipitation fell during the 3 day
core period and more than 100 % over the northern slopes
of the Alps and the western Czech Republic (Fig.3b). Re-
calling that this is a coarse (1◦) gridded data set, these num-
bers are alarming. Much higher rainfall amounts were ac-
tually recorded at individual stations, for example, Aschau-
Stein in the Danube catchment observed more than 400 mm
from 30 May to 3 June or Stützengrün-Hundshübel in the
Elbe catchment more than 200 mm during the same period
(e.g.LfU, 2013).

The precipitation was linked to the subsequent passage
of three cyclones – “Dominik”, “Frederik”, and “Günther”
(see tracks in Fig.3b). These cyclones formed over (south-)
eastern Europe ahead of short-wave troughs that travelled
around the quasi-stationary upper-level cut-off (as discussed
below). All these cyclones unusually tracked westward and
maintained a northerly flow against the west–east oriented
mountain ranges in central Europe. The first cyclone, “Do-
minik”, moved north of the heavy precipitation region and
reached a minimum sea level pressure (mslp) of 997 hPa on
28 May 2013, 06:00 UTC. It decayed just before the on-
set of intense precipitation and was followed by “Frederik”.
This second cyclone was probably the most essential of the
three cyclones for the precipitation event. It reached a mslp
of 996 hPa on 30 May 2013, 18:00 UTC, and crossed the
heavy precipitation region on 31 May and 1 June 2013. Fi-
nally “Günther” approached the heavy precipitation region
from the east during 1 and 2 June 2013. It reached a mslp
of 998 hPa on 1 June 2013, 06:00 UTC. It is striking that all
three cyclones are rather shallow systems with relatively high
values of mslp, and that they occur as a “cluster” with very
similar tracks.

The moisture source diagnostic computed for the precip-
itation that occurred in the region 7–16◦ E, 46–52◦ N from
31 May 2013, 00:00 UTC to 3 June 2013, 00:00 UTC (Fig.4)
indicates that most of the moisture evaporated over land in
central and eastern Europe. The source region agrees remark-
ably well with the region that received more than 100 %
of climatological May precipitation during the two weeks
prior to the heavy precipitation event (cf. Fig.1b). The mois-
ture source region also coincides with the track of cyclone
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(a) 3 day precipitation 31/00Z - 03/00Z (b) 3 day relative precipitation

Figure 3. (a): GPCC precipitation accumulated over the 3 day core period of the heavy precipitation event from 31 May 2013, 00:00 UTC to
3 June 2013, 00:00 UTC.(b): fraction of total climatological May precipitation that fell in this 3 day period (shaded every 10 %, as Fig.1b)
and tracks of the three consecutive cyclones (long-dashed: Dominik, solid: Frederik, short-dashed: Günther; derived from ECMWF analysis
data) with 00:00 UTC labelled by day of May/June 2013 and small dots for 12:00 UTC positions. The white triangle highlights the core
region affected by heavy precipitation.
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Figure 4. Evaporative moisture sources for precipitation in the red
box during the 3 day core period of the heavy precipitation event
from 31 May 2013, 00:00 UTC to 3 June 2013, 00:00 UTC (shading,
showing moisture uptake in mm/72 h).

“Dominik” (cf. Fig. 3b) that occurred just prior to the heavy
precipitation event and initiated the heavy precipitation pe-
riod in central Europe on 30 May 2013. This suggests that
the availability of moisture over land along the track of the
three consecutive cyclones was crucial for the very high rain-
fall amounts in central Europe. It is surprising that compara-
tively few moisture uptakes are diagnosed over oceans, with
only minor contributions from the Adriatic Sea, the Black
Sea, and the Baltic Sea.

Similarly, for an eastern European flood event in
May 2010,Winschall et al.(2014) found continental mois-
ture sources to be crucial for the heavy precipitation in ad-
dition to important moisture sources in the North Atlantic
and Mediterranean. AlsoJames et al.(2004) stressed the im-
portance of continental moisture sources for the 2002 Elbe

flood, although this event was characterised by a variety of
moisture sources (Sodemann et al., 2009).

4.2 Detailed synoptic evolution and cyclone dynamics

In the following the synoptic evolution during the core
period of the heavy precipitation event is described with
a daily sequence of PV charts on 320 K, sea level pres-
sure (slp), and visible satellite imagery from 31 May 2013,
12:00 UTC to 3 June 2013, 12:00 UTC (Fig.5). The 320 K
isentropic surface is particularly suited to investigate the
upper-tropospheric flow between 500 and 300 hPa. A strong
PV gradient centred around the 2 PVU contour reflects the
location of the mid-latitude Rossby wave guide and of the
mid-latitude jet. We also indicate regions where a block-
ing anticyclone was objectively identified (blue contours in
left panels of Fig.5). At selected times, intersection points
of WCB trajectories with the isentropic layer 320 K± 2.5 K
help to assess the impact of WCB outflows on the upper-level
flow. In addition, thick clouds in the visible satellite imagery
reflect the ascent region of WCBs in the lower and middle
troposphere. The objectively identified regions where WCBs
cause precipitation are marked by green contours in the right
panels of Fig.5.

On 31 May 2013, 12:00 UTC, the upper-level flow shows
the quasi-stationary flow pattern that also characterised the
previous two weeks (Fig.5a, compare with Fig.1b). A
cyclonic RWB is reflected by high positive PV at 320 K
over Europe and the Mediterranean forming a major upper-
level cut-off low. Upstream it is accompanied by an eastern
North Atlantic blocking anticyclone centred at 25◦ W, 43◦ N.
Downstream and north of the cut-off, a major Scandinavian
blocking anticyclone is evident. The centre of “Frederik”
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Figure 5. Left: PV at 320 K (shaded in PVU), mean sea level pressure (black every 5 hPa), outline of identified blockings (blue contour), and
in (a–g)every 10th WCB trajectory intersection point with the layer 320 K± 2.5 K. Only these WCBs are considered that contribute to the
flooding event. The labels F and G mark the position of Frederik and Günther, respectively. Right: MSG-SEVIRI VIS 0.56–0.71 µm satellite
imagery zoomed over Europe (see box in left panels) and regions with precipitation from WCBs during the last 24 h (green). The triangle
(green on left, blue dashed on right) highlights the region affected by heavy precipitation (cf. Fig.3a). The red star in b and d indicates the
mean position of the WCB trajectories shown in Fig.6a and b, respectively.(e–h)the same as in Fig.5a–d except for 2 and 3 June 2013.
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(labelled “F” in Fig.5a) is located over the Czech Republic
and eastern Germany right ahead of a short-wave trough that
travelled cyclonically around the upper-level cut-off. “Fred-
erik” had formed over the Balkans two days earlier. A region
of low-PV air over Germany, the Alps and northern France is
associated with WCB outflow (indicated by the black crosses
in Fig.5a) and reflects southward(!) ridgebuilding that erodes
the western part of the cut-off. The WCB had formed in as-
sociation with the intensification of “Frederik” and causes
heavy precipitation over central and eastern Europe (green
contour, Fig.5b). In the core region of the heavy precipita-
tion event (blue triangle) as well as in the WCB outflow re-
gion over France, the visible satellite image indicates almost
complete cloud coverage (Fig.5b). The core region is also
in the centre of WCB-linked precipitation. A second WCB-
linked precipitation region emerges near the Romanian Black
Sea coast near 28◦ E, 48◦ N (Fig. 5b), where cyclone “Gün-
ther” (“G”, Fig. 5a) develops ahead of a second small-scale
trough.

During the next 24 h, “Frederik” crosses the Alps and dis-
sipates over northern Italy (Fig.5c). The outflow of the asso-
ciated WCB erodes the western half of the upper-level cut-
off over France, Switzerland, northern Italy and the west-
ern Mediterranean. Over the Atlantic the blocking anticy-
clone decayed on 1 June 2013, 00:00 UTC, and the asso-
ciated surface anticyclone moved north-eastward towards
the British Isles. The Scandinavian blocking is maintained
and the blocked region extends southward over the Baltic
States and north-western Russia. Precipitation associated
with WCB activity continues in the core region (Fig.5d).
Over eastern Europe the second WCB-linked precipitation
region moved westward along with the westward tracking
cyclone “Günther” (“G”, Fig.5c). Thick cloud coverage is
evident over Germany, the Alps, the Czech Republic, and
Poland (Fig.5d).

On 2 June 2013, 12:00 UTC, Atlantic blocking reestab-
lishes in a region of upper-level ridgebuilding downstream of
a Newfoundland cyclone (Fig.5e). North and north-west of
the European cut-off, low-PV air is evident in the region of
the WCB outflow associated with cyclone “Günther”. Here
the Scandinavian block extends southward to north-eastern
Germany and the Baltic Sea. WCB-linked precipitation is
now strongest in the eastern half of the core region just
west of the centre of “Günther” (Fig.5f). The area affected
by flooding remains completely cloud-covered. The area of
WCB-precipitation is almost in the centre of this meridion-
ally elongated cloudy region indicating that these strongly
precipitating clouds are linked to WCB ascent.

One day later, very low-PV air is present north of the Alps
reflecting a second period of strong southward and west-
ward ridgebuilding (Fig.5g). WCB intersection points indi-
cate that this ridgebuilding is due to WCB outflow, which
strongly erodes the cut-off that repeatedly triggered cycloge-
nesis and associated WCBs over (south)eastern Europe. The
remnant stratospheric PV cut-offs deform into elongated PV

filaments and dissipate. Over the Atlantic, the surface anticy-
clone moves over the British Isles and starts to merge with
the Scandinavian anticyclone. Also the Atlantic blocking re-
gion extends north-eastward before merging with the Scan-
dinavian blocking during the next days (not shown). Satellite
imagery indicates that the core region is still completely cov-
ered in clouds (Fig.5h) and WCB-linked precipitation con-
tinues in the northern part of the core region.

In summary, a quasi-stationary cut-off low repeatedly trig-
gered cyclogenesis ahead of short-wave troughs over east-
ern Europe during the core period of the heavy precipitation
event. These cyclones unusually tracked westward into cen-
tral Europe and are therefore not cyclones of type “Vb”. In-
terestingly the persistent heavy precipitation occurred during
the transition from a predominantly Atlantic into a Scandi-
navian blocking regime. WCB diagnostics showed that re-
peated slantwise ascent and associated WCB precipitation
occurred within these cyclones during the core period of the
heavy precipitation event. Likewise WCB trajectory intersec-
tion points with the 320 K isentropic surface revealed that
low-PV air in the WCB outflow acted to erode the upper-
level cut-off. As will be discussed in detail in the next section,
these WCBs unusually ascended southward, which is oppo-
site to classical WCBs that ascend poleward. We therefore
refer to this special type as “equatorward ascending WCBs”.

5 Equatorward ascending warm conveyor belts

5.1 Characteristics during the flooding event

Examples of equatorward ascending WCBs during the event
are shown in Fig.6a, b. Both equatorward ascending WCBs
emerge (black starting points and blue colours) from the re-
gion of high accumulated rainfall in the previous 15 days
(Fig. 1), which coincides with the region of maximum mois-
ture uptake (Fig.4). Both WCBs also ascend (pale colours)
over the core region of the heavy precipitation event, re-
flecting their crucial role in contributing to the intense pre-
cipitation.

In the following the equatorward ascending WCB, start-
ing on 30 June 2013, 12:00 UTC, (Fig.6a) near 54◦ N from
northern Germany and Poland and with an upper-level out-
flow near 45◦ N over the Balkans two days later, is dis-
cussed in more detail. The air parcels follow a southward
path and converge over the core region of the heavy pre-
cipitation event. Strongest ascent occurs on 31 May 2013,
12:00 UTC, at the northern side of the Alps (near 12◦ E,
48◦ N, cf. Fig. 5b) reflected in the the sharp transition from
blue (> 900 hPa) to light red (< 500 hPa) colours in Fig.6a.
The outflow (red colours) of this equatorward ascending
WCB is directed southward and eastward towards the Black
Sea and coincides with the region of low-PV air on 320 K
at the end of the ascent (green contour in Fig.6a and
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Figure 6. (a): WCB trajectories starting on 30 May 2013, 12:00, and ending on 1 June 2013, 12:00 UTC, sea level pressure (slp) at the
WCB starting time (black every 5 hPa) and PV at 320 K (green hatched>2 PVU) at the WCB end time. Black dots mark the trajectory start
locations, red dots the locations of the air parcels after 12 h (31 May 2013, 00:00 UTC). “Equatorward ascending WCBs” are coloured with
pressure (see colour bar).(b): for WCB trajectories starting on, 31 May 2013, 12:00 UTC, and ending on 2 June 2013, 12:00 UTC, and
without red dots.(c): 850 hPaθe (shaded every 2 K as ind) and slp (black, every 5 hPa) on 31 May 2013, 00:00 UTC.(d): Cross section on
31 May 2013, 00:00 UTC, ofθe (shaded every 2 K as inc), θ (white contour for 320 K), PV (black, 0.2, 1.0, and 2.0 PVU), and every 5th
WCB trajectory intersection point. Triangle in(a–c)highlights the region affected by heavy precipitation. Black line in(a) and(c) shows the
location of the cross section in(d).

cf. Fig. 5c), confirming that the WCB outflow acts to erode
the cut-off.

The equivalent potential temperature (θe) at 850 hPa re-
veals a very cool air mass in the region of the upper-level
cut-off centred over northern Italy (Fig.6c). A marked warm
front is located over southern Germany and the Czech Re-
public, with the warm air advected around “Frederik” to-
wards the south-west. This temperature configuration sug-
gests that the equatorward ascending WCB that emerges
from the warm-sector ascends along moist isentropes over
the cold air pool that stalls north of the Alps. A cross sec-
tion of θe from the Mediterranean to the Baltic Sea (Fig.6d)
reveals that the baroclinicity with a warmer air mass in the
North extends through the entire troposphere. For example
the 314 K moist isentrope slopes upward from the “Erzge-
birge” to the Alps. A localθe minimum (θe < 305K) is
trapped north of the Alps. In the lower troposphere between
the Erzgebirge and the Alps, the vertical gradient ofθe is

particularly strong. WCB trajectory intersection points indi-
cate moist-isentropic upgliding in this area near the 314 Kθe-
layer. While the intersection points at very low levels north
of the Erzgebirge reflect the inflow over Poland and northern
Germany, moist isentropic ascent is evident over the Erzge-
birge and continues to upper levels over the Alps. Simi-
larly ascent over the Erzgebirge and north of the Alps oc-
curred within WCBs that started during the next days, while
their starting region shifted eastward as shown exemplarily
in Fig. 6b. Also these later WCBs start over the continent in
the region with high accumulated rainfall during the previous
15 days (Figs.1 and4).

In essence, a reversed temperature gradient extending
through the entire troposphere caused the WCBs to ascend
southward in the form of equatorward ascending WCBs.
Thus the classical definition of a WCB as an airstream as-
cending rapidly poleward misses important WCBs that share
similar physical characteristics and impacts, but occur in a
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Figure 7. (a, c): frequency of “equatorward ascending WCBs” (shaded every 0.01%) and total WCB frequency (contours every 0.5 %).(b, d)
relative frequency of “equatorward ascending WCBs” (shaded in % see colour bar) and cut-off frequency in the layer 305–330 K (contours
every 1.0 %). In(a, b) the climatology for the entire 34 year (1979–2012) ERA-Interim data set is shown. In(c, d) only the climatology for
May–June is shown.

strongly anomalous flow setting with equatorward sloping
isentropes.

5.2 Climatology for Europe

Since this is the first study that explicitly identifies the rel-
evance of equatorward ascending WCBs for heavy precip-
itation events, the climatological frequency of equatorward
ascending WCBs in Europe is briefly investigated. An equa-
torward ascending WCB is identified from the general ERA-
Interim (1979–2012) WCB climatology (Madonna et al.,
2014) by the criterion that the latitude at the start of the ascent
is further poleward compared to the latitude at the end of the
ascent. The equatorward ascending WCB frequency is de-
termined as the fraction of 6-hourly ERA-Interim time steps
that exhibit at least one equatorward ascending WCB within
the vertical column at the respective grid point. Thereby
any stage (inflow, ascent, outflow) of the 48 h WCB as-
cent phase is considered. We also investigate frequencies of
stratospheric PV cut-offs within the layer spanned by the
305–330 K (every 5 K) isentropic surfaces (see Sect.2.2).

Maximum absolute equatorward ascending WCB frequen-
cies occur near Brittany, southern France, northern Italy, the
northern Balkans, and north of the Black Sea while the max-
imum absolute frequency of all WCB is further to the west
over the Atlantic (Fig.7a). The relative equatorward ascend-

ing WCB frequency (the ratio of the absolute equatorward as-
cending WCB frequency and the absolute WCB frequency)
has a clear maximum in a band stretching from the western
Mediterranean to north of the Black Sea (Fig.7b). Here up
to 10 % of all WCBs are equatorward ascending WCBs. In-
terestingly this maximum is collocated with a band of max-
imum cut-off low frequency stretching from Spain to the
Black Sea. In particular in the eastern parts, the band of max-
imum relative WCB frequency is slightly poleward of the
maximum cut-off frequency. This supports our finding that
reversed baroclinicity due to the quasi-stationary advection
induced by an upper-level cut-off favours WCBs to ascend
equatorward.

The climatology of equatorward ascending WCBs during
May and June, the season when the flooding occurred, shows
a slightly different picture (Fig.7c, d). Maxima of absolute
equatorward ascending WCB frequency are now confined to
a region south of the Alps and again north of the Black Sea
(Fig. 7c). The total WCB frequency also has a maximum
south of the Alps. However next to the maxima in relative
equatorward ascending WCB frequency north of the Black
Sea and in north-western Russia an important maximum oc-
curs over the Balkans (Fig.7d) stretching to northern Italy
and the core region affected by flooding north of the Alps
in early June 2013. Here the relative equatorward ascending
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WCB frequency exceeds 7 %. This northern Alpine maxi-
mum is again located slightly north of a local cut-off fre-
quency maximum.

Thus although the equatorward ascending WCBs respon-
sible for the heavy precipitation during the early June 2013
flood in central Europe do not occur in a region with maxi-
mum climatological frequency they are located in a region
where climatological May/June frequencies are increased
and cut-off low frequency has a maximum further south. This
supports the hypothesis that the reversed baroclinicity asso-
ciated with RWB and cut-offs is necessary for equatorward
ascending WCBs to occur. However, from the absolute num-
bers it becomes obvious that equatorward ascending WCBs
impinging on the northern Alps are very rare events.

6 Conclusions and outlook

In this study we explored the meteorological situation that
led to a very severe flooding event in central Europe in early
June 2013. The two weeks prior to the flooding event were
characterised by a predominantly Atlantic blocking regime
and rather cool and wet conditions in Europe. An intense
cyclonic RWB event over Europe led to the transition of
the blocking regime and triggered three consecutive, shal-
low, and rather short-lived cyclones over eastern Europe.
These cyclones tracked westward into central Europe and
established a persistent northerly flow against the west–east
oriented central European mountain ranges. Due to the cy-
clonic RWB an upper-level cut-off low and a cool air mass
became stationary over the Alps and the western Mediter-
ranean. Within the northerly flow strong large-scale lifting
occurred in so-called equatorward ascending WCBs that un-
usually ascended southward along the reversed strong baro-
clinicity, resulting in the heavy precipitation that lasted over
the same region for several days. A brief climatological anal-
ysis for May/June showed that, although relative equator-
ward ascending WCB frequencies are increased north of the
Alps and upper-level cut-off frequencies are increased over
the Alps, equatorward ascending WCBs are very rare flow
systems in absolute numbers. Nevertheless, they have high
potential for triggering very severe heavy precipitation events
and represent an important dynamical mechanism for flood-
ing events in the northern Alpine region.

This study has implications for future research in various
fields of atmospheric dynamics that are briefly outlined here:

– It is striking that the June 2013 flood occurred at the end
of a period characterised by a particular weather regime,
suggesting that persistent large-scale atmospheric flow
conditions can be key for the occurrence of extreme
events. It would be worthwhile investigating how often
extreme precipitation events occur at the time of tran-
sition between weather regimes, and whether the event
itself contributes to this transition.

– In terms of synoptic weather systems, the key finding of
this study is that a quasi-persistent upper-level cut-off
can instigate a sequence of consecutive cyclones with
similar tracks, which then trigger the intense precipi-
tation. This raises the question whether such a cluster-
ing of cyclones is typical for European summer season
floods and whether cyclone clustering for this type of
events differs from the clustering of European winter
storms (e.g.Mailier et al., 2006; Pinto et al., 2013).

– The moisture source diagnostic revealed a very high
contribution from land evapotranspiration in a region
with anomalously wet conditions during the previous
two weeks. More cases of extreme precipitation should
be analysed to assess the role and variability of conti-
nental moisture sources and soil moisture precondition-
ing.

– The key role of equatorward ascending WCBs for the
considered flood event prompts the question on the rel-
evance of these rare airstreams for other extreme precip-
itation events. Further it would be interesting to inves-
tigate if it is a general characteristic of equatorward as-
cending WCBs to occur in a stationary large-scale flow
situation and to persistently ascend in the same region
during a prolonged period.

– The identified diabatic PV modification in the equator-
ward ascending WCBs contributed to the partial erosion
of the upper-level cut-off, which can be seen as an in-
trinsic negative feedback process. The diabatic erosion
of upper-level cut-offs has been studied primarily in
the context of stratosphere troposphere exchange (e.g.
Wirth, 1995; Bourqui, 2006) and RWB (e.g.Morgen-
stern and Davies, 1999; Grams et al., 2011). It could
be interesting to investigate this feedback process also
in the context of extreme precipitation events and to
test the hypothesis that long-duration heavy precipita-
tion events only occur if the diabatic erosion is com-
paratively weak and/or the intensity of the upper-level
cut-off particularly strong.

Future research on these topics, ranging from large-scale
weather regimes to synoptic-scale weather systems and
mesoscale interactions between cloud diabatic and dynam-
ical processes, can be useful for further improving our un-
derstanding and forecasting capability of mid-latitude high-
impact weather events.
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