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Abstract. The June 2013 flood in the Upper Danube Basindischarges were recorded along the Saalach and Tiroler Ache
was one of the largest floods in the past two centuries. Amat the Austrian—Bavarian border. The flood discharge of the
atmospheric blocking situation produced precipitation ex-Danube at Vienna exceeded those observed in the past two
ceeding 300 mm over four days at the northern rim of thecenturies.
Alps. The high precipitation, along with high antecedent soil The June 2013 flood comes at a time with an amazing
moisture, gave rise to extreme flood discharges in a numbehistory of recent large floods. In August 2005, the Danube
of tributaries including the Tiroler Ache, Saalach, Salzachtributaries in western Tyrol and the south of Bavaria were
and Inn. Runoff coefficients ranged from 0.2 in the Bavar- flooded through extensive precipitation and high antecedent
ian lowlands to 0.6 in the Alpine areas in Austria. Snow- soil moisture (BLU, 2006). In August 2002, a major flood
fall at high altitudes (above about 1600 ma.s.l.) reduced théhit the entire Upper Danube Basin. Damage was most se-
runoff volume produced. Precipitation was distributed oververe at the northern tributaries of the Austrian Danube at the
two blocks separated by a few hours, which resulted in a sinCzech border, in particular the Aist and Kamp rivers. At the
gle peak, long-duration flood wave at the Inn and Danube Kamp, flood discharges were almost three times the largest
At the confluence of the Bavarian Danube and the Inn, theflood in the century before (Gutknecht et al., 2002). Flood-
small time lag between the two flood waves exacerbated théng was extensive along the entire Austrian Danube which
downstream flood at the Danube. Because of the long duraresulted in the use of the term “century flood”. The preceding
tion and less inundation, there was less flood peak attenudecades were relatively flood-poor at the Danube aside from
ation along the Austrian Danube reach than for the Augustmore minor floods in 1991, 1966 and 1965; however a very
2002 flood. Maximum flood discharges of the Danube at Vi- large flood occurred in July 1954 with major damage along
enna were about 11 00Cfs 1, as compared to 10300, 9600 the entire Upper Danube. Again, a couple of decades with
and 10500 rhs~1in 2002, 1954 and 1899, respectively. This almost no floods preceded. The flood of September 1899,
paper reviews the meteorological and hydrological characthen, was the largest measured flood along the Danube with
teristics of the event as compared to the 2002, 1954 and8h precipitation totals exceeding 200 mm over an area of
1899 floods, and discusses the implications for hydrologicall000 kn? (Kresser, 1957). Major floods occurred in August
research and flood risk management. 1897, February 1862 and October 1787 with a long record of
previous events (Kresser, 1957; Pekarova et al., 2013).

The aim of this paper is to analyse the causal factors of the
June 2013 flood including the atmospheric situation, runoff
generation and the propagation of the flood wave along the

In June 2013 a major flood struck the Upper Danube BasirPanube and tributaries. Given the extraordinary nature of
causing heavy damage along the Danube and numerous tritte 2013 flood, the paper also compares this flood with the
utaries. The city centre of Passau (at the confluence of théargest Upper Danube floods in the past two centuries, i.e.
Danube, Inn and I1z) experienced flood levels that were simi-the floods in August 2002, July 1954 and September 1899.
lar to the highest recorded flood in 1501. Extraordinary flood

1 Introduction
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Fig. 1. The Upper Danube Basin upstream of Wildungsmauer. Red circles indicate stream gauges used in this paper. Black circles indicate
the cities of Vienna and Passau. For catchment areas and mean elevations of the catchments see Appendix A.

2 The Upper Danube Basin granitic geology include the Aist and Kamp. Flood protection
levees have been built along many tributaries and the Danube
The Upper Danube Basin consists of two main subcatchitself during the 19th and 20th century. The total catchment
ments, the Bavarian Danube and the Inn. The Bavariararea of the Danube at Wildungsmauer downstream of Vienna
Danube catchment in the northwest comprises lowlands wittis 104 000 knd. Figure 1 shows the catchments discussed in
diverse geology. Quaternary and Tertiary deposits prevailthis paper, and Appendix A gives their main characteristics.
which are highly permeable and provide large subsurface
storage in porous aquifers, and there is also karst in the
northwest. Some of the tributaries, such as the Lech an® Large-scale atmospheric conditions
Isar, originate from the Alps. Elevations range from 310 to
3000 ma.s.l. Mean annual precipitation ranges from 650 toThe 2013 flood was produced by an atmospheric situation
more than 2000 mmy®, resulting in mean annual runoff that is typical of floods in the Upper Danube. In the second
depths from 100 to 1500 mmyt (BMU, 2003). The Inn  half of May 2013 the planetary waves of the large-scale at-
catchment, further in the south, drains a large part of themospheric flow regime in the Northern Hemisphere exhib-
Austrian Alps. An important tributary is the Salzach. Ge- ited stationary behaviour as the mean eastward zonal flow
ologically, the Inn catchment mainly consists of the north- decelerated and no longer exceeded the westward propaga-
ern Calcareous Alps, the Palaeozoic Greywacke zone furtion of the Rossby waves produced by the latitude-varying
ther in the south and the Crystalline zone along the ridge ofCoriolis effect (Rossby, 1939; Holton, 2004). The stationary
the eastern Alps (Janoschek and Matura, 1980). Elevationsature of the systems is illustrated by the five-day moving
range from 310 to 3800 m. Mean annual precipitation rangesaverages of the geopotential height centred on 26 May and
from 600 to more than 2000 mm, resulting in mean an- 30 May 2013 in Fig. 2. The shapes of the system centres
nual runoff depths from 100 to 1600 mnmyr(Parajka etal., in Fig. 2 are circular or near-circular, indicating that these
2007; Nester et al., 2011). centres have barely moved during the five-day averaging pe-
The Bavarian Danube and the Inn join at Passau. Down+iods. The persistence is further highlighted by the similarity
stream of the confluence, along the Austrian reach of theof the two patterns. Figure 2 shows the situation at 1000 hPa;
Danube, southern tributaries from the high rainfall areas instanding waves were also observed at 500 hPa. The large-
the Calcareous Alps include the Traun, Enns and Ybbs. Thecale stationary flow regime led to the blocking of a number
northern tributaries from the lower rainfall areas with mainly of synoptic systems including the Azores anticyclone, which

Hydrol. Earth Syst. Sci., 17, 51975212 2013 www.hydrol-earth-syst-sci.net/17/5197/2013/



G. Bloschl et al.: The June 2013 flood in the Upper Danube Basin 5199

26 May 2013 30 May 2013

Fig. 2. Geopotential height fields (in meter) at 1000 hPa of the Northern Hemisphere for latitudes above 20 degrees. Five-day moving
averages, centred on 26 May and 30 May 2013. The geopotential height difference between consecutive isolines is 15m. Based on the
NCEP-NCAR Reanalysis data sets (Kistler et al., 2001).

extended over a particularly vast expanse of the North At-to 11 August. However, relative to 2013 the rainfall patterns
lantic, and the Siberian anticyclone, which extended southwere further to the east due to the position and extent of the
west of its usual position, blocking the eastward progressioriow pressure system, advecting Mediterranean moisture in a
of the central European low. The moisture brought from themore pronounced Vb trajectory (namely from the Ligurian
northwestern Atlantic caused rainfall in the Upper Danubesea to the Vienna Basin).
Basin from 18 to 27 May. As the system positioned itself over The situation of the July 1954 flood, again, was charac-
the Alpine area, its cyclonic, anticlockwise rotation and spa-terised by a large-scale stationary situation with a blocked
tial extent allowed it to collect additional moisture from the Azorean high that extended abnormally north which brought
Mediterranean, feeding in particular from local depressionsarctic moisture into northwestern Europe, causing a temper-
in the Ligurian and Adriatic seas (Fig. 3), and advecting thatature drop and precipitation in the Alps with snowfall at ele-
additional moisture cyclonically into central Europe. This re- vations above 800 m on 7 July. The stationarity of the large-
gional cyclonic track is known in central Europe as “Vb”, scale situation led not just to a large-scale blocking (as in
after van Bebber (1891). When the cyclonically advected air2013) but also to a detachment of a low pressure system
mass reached the northern fringe of the eastern Alps, perfrom the upper tropospheric flow over the Alps, leading to
sistent, heavy precipitation ensued, lasting from 30 May tosubstantial precipitation on 8 and 9 July.
4 June 2013. The situation in September 1899 was quite different from
The atmospheric situation of the August 2002 flood eventthose in 2013, 2002 and 1954 as there was no large-scale at-
was similar in that the Northern Hemisphere exhibited sta-mospheric stationarity. In early September, the north Atlantic
tionarity, though not in such a pronounced way as in 2013.anticyclone extended far to the north thus bringing moisture
During the first week of August a strong synoptic depressioninto Europe from the northwest. However, unlike in the other
was positioned over southern Britain and the Low Countries,years, there was a strong surface depression in the Baltic
bringing Atlantic and North Sea moisture into northwestern area that brought additional moisture from the north as well.
and central Europe, sweeping the region with heavy rain durA low pressure system formed and positioned itself over
ing the period 6—7 August. Then, the depression progressethe Balkan, merging with another system from the southern
on a southeast track, causing a break in rainfall of about threédriatic. This produced an exceptionally large low pressure
days, and settled in central Europe. The easterly progress waystem extending from North Africa to the Baltic and from
blocked by a high pressure swath from Scandinavia to theéhe western Alps to the Black Sea. Heavy precipitation en-
Caspian Sea akin to the standing high pressure over westesued from 9 to 11 September. The very large spatial extent of
Russia in 2013. The persistence and extent of the central Euthis low pressure system gathered additional moisture from a
ropean depression during the second week of August alloweglast expanse of the Mediterranean and the Baltic. The strong
cyclonic circulation to extend as far south as the Ligurian pressure gradient over the Alps (Fig. 3) led to strong currents
and Adriatic seas (Vb situation), again advecting air mass inand updraft, triggering excessive precipitation at the north-
an arc to the north, resulting in heavy precipitation from 7 ern fringe of the Alps on 12 and 13 September. Note that
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R/ = i )/Gaf 140 mm. This means that at the beginning of the event, the
T~\ ' /RN soils were wet throughout the Upper Danube Basin, although
(B D) there was a pronounced north—south gradient with higher soil

Ol \ o moisture in the north, and lower soil moisture in the south.

Heavy precipitation started on 29 May in the northern
part of the Bavarian Danube catchment around the city of
Regensburg. From 29 May to 4 June precipitation totals of
95 mm were observed in Regensburg, 94 mm in Straubing,
and 112 mm at Grol3er Arber to the east of Regensburg. In the
southern part of the Bavarian Danube catchment and the Inn
catchment, heavy precipitation started on 30 May and lasted
until 2 June 2013, with smaller intensities on 3 and 4 June.
From 29 May to 4 June precipitation totals of 232 mm were
observed in Lofer, 244 mm in Kdssen (25 km northwest of
Lofer) and 270 mm in Samerberg (40 km northwest of Lofer)
indicating heavy precipitation over a substantial area. Fig-
ure 4 (top left) shows the spatial pattern of precipitation for
a period of seven days (29 May to 4 June, 2013). As indi-
cated in the figure, precipitation was highest along the north-
ern ridge of the Alps in Austria (Tirol, Salzburg and Upper
Austria) and there was also very significant precipitation fur-

. . ther in the north. Precipitation interpolated between the rain
Fig. 3. Sea level pressure (hPa) in central Europe on 31 May 2013 . .
(00-00), 10 August 2002 (12:00), 8 July 1954 (00:00), 13 SeptemIOEIgauges based on weather radar exceeded 300 mm during this

1899 (06:00) (all imes in UTC). 2013, 2002 and 1954 are based orf M€ Period (Fig. 4). ,
the NCEP-NCAR Reanalysis, while 1899 is from Lauda (1900). AS an example, Fig. 5 shows the evolution of catchment

Circles indicate location of Passau. Times have been chosen as @recipit_ation during May and the first days of June 2013 for
be most relevant for the precipitation production. the Weil3bach catchment, a tributary to the Salzach (Fig. 1)

just 10 km south of Lofer. The catchment was selected be-
cause of its large precipitation totals. Catchment precipita-
the pressure map of Lauda (1900) is based on more than 10@n was estimated from the gridded data as in Fig. 4. In

stations in Europe, so it shows considerable spatial detail. this catchment, May 2013 precipitation was 184 mm, and
the event precipitation from 30 May to 2 June was an addi-

tional 175 mm. The event consisted of two main precipitation

016 31 May 2013
o~ {

/lgd\/ 1~
1022

8 Jul. 1954

4 Local meteorological conditions (precipitation blocks separated by a few hours of no or lower intensity rain.
and snow) These two rain blocks were apparent over most of the Upper
Danube Basin.
4.1 Regional precipitation patterns of the 2013 flood Air temperatures in the first three weeks of May were

somewhat lower than the long-term average in the Upper
Climatologically, May 2013 was one of the three wettest Danube Basin. On 20 May, air temperatures started to de-
months of May in the past 150yr in the Upper Danube crease but recovered a few days later. A significant drop in air
Basin. The north of the catchment was particularly wet attemperatures occurred on 29 May. Because of this, there was
the end of the month. Regensburg (near the Schwabelweisignificant snowfall at the high-elevation stations in the Alps.
gauge in Fig. 1), for example, had 139 mm of precipitation in The snow depths at Enzingerboden station (1480ma.s.l.,
May 2013 as compared to the long-term May mean of 68 mm40 km south of Weil3bach) on the mornings of 30 and 31 May
(period 1976-2011). Lower than average air temperatures revere 5 and 7cm, respectively. On 31 May air tempera-
sulted in low evaporation rates. The end-of-May soil mois- tures increased again, which melted the snow below, approx-
ture exceeded all end-of-May values over the period 1962 tamately, 1800 ma.s.l. The snow depths at the Rudolfshitte
2012 considered in the simulations of BfG (2013) that werestation (2317 m a.s.l., near Enzingerboden) from 30 May to
conducted as a function of climate variables and soil char2 June were 95, 120, 130, 190 cm, respectively.
acteristics. Also, ground water levels were particularly high The bottom panel of Fig. 5 shows the catchment mean
as indicated by numerous piezometers in the region. Furair temperature (dark red line) of the WeiRbach catchment.
ther in the south, the soils were still relatively wet, although The figure indicates that during the event, on average in
the situation was less extreme. Lofer (near the WeilRbachihe catchment, the temperatures were barely above zero.
gauge in Fig. 1), for example, had 209 mm of precipitation The high-elevation temperatures dropped significantly below
in May 2013 as compared to the long-term May mean ofzero. The Loferer Alm temperatures (1623 ma.s.l., orange
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Fig. 4. Observed precipitation totals of four large flood events in the Upper Danube Basin: 29 May 00:00 to 4 June 2013 24:00; 4 August
00:00 to 15 August 2002 24:00; 7 July to 12 July 1954, and 8 September to 14 September 1899 (based on available daily records, 07:00
to 07:00). 2013 and 2002 are based on rain gauge data interpolated by the INCA method using radar (Haiden et al., 2011). 1954 and 189¢
are based on rain gauge data interpolated manually from about 600 stations within the Danube Basin (HZB, 1955; Lauda, 1900). Red line
indicates the Upper Danube catchment boundary above Wildungsmauer.

line) dropped to—2°C on 30 May. Overall, 25% of the event substantially increased the antecedent soil moisture for
WeilRbach catchment is above an elevation of 1623 m a.s.l. inthe second event (Komma et al., 2007). In fact, the soils were
dicating that a significant fraction of precipitation fell as virtually saturated at the beginning of the second event which
snow, reducing the liquid precipitation available for flood is very unusual for the sandy soils in the area. Air tempera-
runoff. However, some of the snow on the ground had meltedures were rather high and the catchments most affected do

on 1 June, adding to the available event water. not exceed 1000 m in elevation, so snow did not play a sig-
nificant role during this event (Godina et al., 2003).
4.2 Comparison with the 2002, 1954 and 1899 floods The three months preceding the 1954 flood were wetter

than the mean. The actual event consisted of two precipita-
tion blocks, a minor event during 1-2 July, and a more ex-
treme block during 7-12 July. The defining feature of the

The August 2002 flood was a double event. The two rainfall V€Nt was the spatial distribution with unusually high pre-
peaks (7 August and 11-12 August) were separated by fou?lpltatpn in the north of the Upper Qanube similar to, but
days rather than a few hours as in the case of 2013. This wagxc€eding that of the 2013 flood. During 712 July, 208 mm
because of the less stationary, large-scale atmospheric situ§/€"® observed in Munich and 432mm in Jachenau, some
tion which led to a movement of the atmospheric system be-f‘:’0 km south of Munich. _A,t th_e northern fringe of the Alps,
tween two distinct precipitation blocks. There was less pre_ln Lofer, 257 mm of precipitation were recorded for the same

cipitation in the catchment of the Bavarian Danube, but sig-Period. The two-day maxima (7-8 July) at Lofer and Re-
nificantly more over the northern tributaries to the Austrian Ichenhall were 233 and 179 mm, respectively. Both stations

Danube at the Czech border such as the Kamp and the Aidre within the Saalach catchment, a tributary to the Salzach.
(Fig. 4; Ulbrich et al., 2003). In the 620 I@nKamp catch- The first event increased antecedent soil moisture so that

ment there were 200 and 115 mm of precipitation during thethe precipitation of the second event fell on wet soils. How-
two events, respectively (Gutknecht et al., 2002). The firstever, substantial snow was retained in the Alpine catchments

It is now of interest to compare the meteorological condi-
tions of the 2013 flood with those of the previous floods.
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L B e catchments drain into the Inn (Rosenheim, St. Johann, Stau-
[ {30 dach), Salzach (WeiRbach, Obergau) or directly into the Aus-
trian Danube (Wels) (see Fig. 1) The event precipitation was
of the same order of magnitude as the antecedent precipita-
tion in May, ranging from 160 mm in the Oberg&u catchment
to 231 mm in the Rosenheim catchment. Because of the rela-
tively high antecedent precipitation, and hence soil moisture,
the runoff coefficients are quite large. They ranged between
0.42 and 0.56. However, these runoff coefficients are not un-
usually high. For comparison, the average runoff coefficients
in these catchments for events with more than 50 mm pre-
cipitation are given. In Obergau and Wels, the runoff coef-
ficients of the 2013 event are 0.58 and 0.56 and thus very
similar to the average runoff coefficients of all large events
(precipitation >50 mm) in these catchments. In Wei3bach the
Fig. 5. (top) Catchment precipitation for the WeiRbach catchmentrunoff coefficient of the 2013 event is 0.42, which is some-
(567 knf) in May and June 2013 (dark blue shows hourly intensi- what lower than the averages of the large events, in spite of
ties, light blue cumulative precipitation). (bottom) Catchment av- the relatively wet antecedent conditions. This is because part
erage temperatures for the Weillbach catchment (dark red) and agf the precipitation fell as snow and remained as snow cover
temperature at the Loferer Alm station (1623 ma.s.l., orange). until after the event in the highest parts of the catchment.
Figure 6 (left) shows the 2013 event for the WeiRbach
catchment in more detail. The cumulative precipitation illus-
trates the two precipitation blocks. The first block of 45 mm

250

Cumulative precipitation 1 200

Precipitation (mm/h)
Cumul. precipitation (mm)

O =L N W R OO N® O

Catchment

Temperature (°C)

4 May 11 May 18 May 25 May 1 June

and did not contribute to flood runoff. There was snow

accumulation down to 800 ma.s.l. For examp'le, N DIeN- g4 ted on 30 May around midday and lasted until the evening
ten (12(.)0 ma.s.l., some 20km southeast of We'“b"?“’h) SNVt 31 May. The second block of 130 mm started on 1 June
depths increased from 20 to 77 cm on 8 July and little meltin the afternoon and lasted until the evening of 2 June. The

occurred on the following days (HZB, 1955). first block of S o :
. L precipitation led to a slight increase in runoff,
The September 1899 flood was hydrologically quite dif- . A
ferent from the three other events. The 1898/1899 Winterwh|Ie the second block of precipitation increased the event

had b tionally d th littl Similarl runoff to a total of 74 mm. There are two reasons for the very
ad been exceptionally dry WIth VETy It Show. SImiiarly, g q)) response to the first precipitation block. The first is the
summer 1899 was unusually dry. August precipitation was

. soil storage left at the beginning of the event. The second is
about one-third lower than the long-term average. For exam:

. L 2 the temperatures which were belo®® in one-third of the
Ple, in Waidring near Lofer, 1899 August precipitation Was catchment (light green line in Fig. 6) so there was significant
114mm as compared to the long-term mean over the PreVishowtall. During the second block of precipitation the per-
- %%ntage of the catchment with temperatures bel6@® vas
had been depl_eted (as indicated by the_ Iow_groundwater IeVfower, particularly at the beginning of the second block when
els presented in Lauda, 1900) and soil moisture was low a was warmer. The figure suggests that, over the entire event,

the beginning of the event. In contrast, the event precipitationa L
. : ; round 25 % of the precipitation, or 44 mm, fell as snow and
was enormous (Fig. 4). Weil3bach recorded 515 mm in the pe, ° precip

. .~ "the remaining 131 mm fell as rain. If one only counts rainfall,
riod from 8 to 14 September. Not only was the total precipita- d y

. i . the associated runoff coefficient is 0.56 which is more in line
tion beyond any observations but also the spatial extent of th9vith the antecedent soil moisture. However, it is likely that

event. ;I'f11804oskhr%pr§cipitatio;ggt?als;xceedled 2?0 m(;n ovelr ome (but not all) of the snow that fell at the beginning of the
grea ° | t( drezser, b 1.14?)%\,\/ a solp ar)]/_e h a :;)e. vent melted during the event. The situation in the Weil3bach
now accumuiated above abou ma.s.l. which reduce typical of the Alpine high rainfall catchments during the

the .quuid water input to the event. Most of the precipitation June 2013 flood. St. Johann and Staudach (Table 1) give sim-
fell in the Inn, Salzach, Tr.a“r? and Enns catchments. Thereflar figures but somewhat higher runoff coefficients because
was a much smaller contribution from the Bavarian DanubeOf the lower fraction of snowfall.
(Lauda, 1900). In the Bavarian Danube catchment there was also sub-
stantial precipitation, albeit with a strong south—north gra-
dient and precipitation that started earlier. Figure 6 (right)
shows the cumulative event precipitation and event runoff for
5.1 Runoff generation of the 2013 flood the Hofkirchen catchment (45 610 Kjn Catchment precipi-
tation was significantly lower than in the Wei3bach with a
Table 1 gives the event characteristics of a number oftotal of 116 mm since the northwest of the catchment con-

catchments with particularly high event precipitation. The tributed less precipitation than the southern Alpine section.

5 Runoff generation

Hydrol. Earth Syst. Sci., 17, 51975212 2013 www.hydrol-earth-syst-sci.net/17/5197/2013/
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Table 1. Characteristics of the June 2013 flood in small catchments in the Upper Danube Basin with particularly high event precipitation.
Catchment precipitation in MayA May, average 1976—-2011), May 2018 May 2013, 1-29 May 2013), during the eve#® évent 2013,

30 May-4 June, 2013), event runoff of 2013 flood, runoff coefficient of 2013 flood, mean runoff coefficients for events with precipitation
>50mm, and 2013 peak runoff. For catchment locations see Fig. 1. Runoff coefficients are from Merz and Bldschl (2009) and Merz et
al. (2006).

Event Runoff Mean Peak
PMay P May Pevent runoff coefficient Runoff runoff
Catchment average 2013 2013 2013 2013 coefficient 2013
Catchment Stream area(Bn  (mm)  (mm) (mm)  (mm) @) (=) (msh
Rosenheim Mangfall 1090 106 231 228 100 0.44 0.45 530
St. Johann Kitzbuheler Ache 330 114 210 190 96 0.50 0.38 290
Staudach Tiroler Achen 944 112 216 226 130 0.58 0.49 950
WeilRbach am Lofer  Saalach 567 114 184 175 74 0.42 0.47 470
Obergau Lammer 395 111 205 160 93 0.58 0.58 600
Wels Traun 3425 103 192 187 105 0.56 0.57 1650

However, relative to previous events, the precipitation in thisperiods of about 100 yr at the downstream reaches along the
catchment was still enormous. At the scale of this catchmentSalzach and Inn.
the two precipitation blocks are still visible, but they were At the small catchment scale, the August 2002 flood was
only separated by 12 h. The first block consisted of 45 mm,most severe in the Kamp catchment at the Austrian—Czech
the second of 61 mm, and there was some early precipitatioborder. In the Kamp and nearby catchments, the soils are
of 10mm on 29 May. Temperatures were above zero in al-sandy and thus much more permeable than the catchments of
most the entire catchment. Only 31 mm out of the 116 mmTable 1. Because of this, the runoff coefficients are usually
precipitation contributed to the runoff, resulting in a runoff quite low. For the Kamp at Zwettl catchment (620Rrthe
coefficient of 0.27. This is because of the highly permeableaverage runoff coefficient (for event precipitation >50 mm)
soils and the large storage capacity in the catchment in spités 0.20 (Merz et al., 2006). Due to the large rainfall depths
of the high antecedent soil moisture. The cumulative runoffof the 2002 event (200 and 115mm from the two events)
depth in Fig. 6 right (red line) indicates the substantial delaysoils did become saturated, leading to runoff coefficients
between precipitation and runoff. Essentially all the precipi- of 0.41 and 0.58 for the two events, respectively (Komma
tation was stored in the catchment at the inception of runoff.et al., 2007) which is almost three times the average. The
resulting flood peak was 460%8 1 (as compared to the
5.2 Comparison with previous floods second largest peak of 17Gsr! since beginning of the
record in 1896) which made the 2002 flood at the Kamp

It is now of interest to put the 2013 event for those ar- locally substantially more unusual than the 2013 flood in
eas where rainfall was particularly large into the contextth® Weilbach and nearby catchments (Merz and BlGschl,

of the longer-term flood history in the area. Figure 7 (left) 20082, b; Viglione et al., 2010, 2013). .
shows the extreme value statistics for 48 h precipitation of the . 1€ 1954 flood exhibited significant antecedent precipita-
Lofer rain gauge located near the WeiRbach stream gauge. Ifio" @nd a pre-event which increased antecedent soil mois-
June 2013, the two-day precipitation was the highest sincdUre- At the Lofer station, the maximum two-day precipita-
beginning of the data set in 1961. Around 173 mm of precip-tlon total was 233mm (7-8 July, 1954) although a signifi-
itation were observed in two days at this station, as compare&ant part of it fell as snow as there was snowfall down to

to 122 mm during the August 2002 flood. Based on a GumbePC0 M a.s.I. which reduced runoff production (HZB, 1955).
distribution, this precipitation total corresponds to a return  Prior to the 1899 flood, subsurface storage was depleted

period of about 70yr. The right panel of Fig. 7 shows the and soils were dry. This explains that the flood response was
extreme value statistics of the flood peaks at the WeiBbacliot Much bigger than those of the 1954, 2002 and 2013
stream gauge. With a peak runoff of 488! the 2013 floods even t_hough the event precipitation was more than
flood was the highest since beginning of the observationsC % higher in many catchments. At the WeifSbach station
in 1959. The associated return period is around 100 yr. Thdn€ar Lofer), the maximum two-day precipitation total was
2002 flood peak was slightly lower, with a peak discharge of329 MM (12-13 September 1899) and only a small fraction
400 m#sL. The return period on the order of 100 yr for the ©f it fell as snow (Lauda, 1900).

June 2013 flood peak applies to a number of catchments in

the area, in particular those at the Tiroler Achen und Saalach

(Table 1, Fig. 1), and produced flood discharges with return

www.hydrol-earth-syst-sci.net/17/5197/2013/ Hydrol. Earth Syst. Sci., 17, 519212 2013
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The Inn exhibited a much faster response as is always the
case with this type of regional floods. The Upper Inn showed
very little flood runoff and the flood wave built up through
tributaries in Bavaria. The flood wave of the Inn at Wasser-

burg merged with the Salzach wave, peaking essentially at
the same time, and produced a very steep wave at Schéarding.
There was relatively little flood retention along the Inn be-
fore the confluence but a number of small tributaries such as
the Rott (280 s~1 peak flow associated with a return pe-
riod around 50 yr) contributed to the magnitude of the flood.
At Schérding the flood peaked at 15:00 on 3 June with a dis-
Fig. 7. (left) Statistical analysis of annual maximum precipitation charge of about 595091, which represents an estimated
(48 h totals, 07:00-07:00) for the Lofer rain gauge near WeiRbachreturn period of about 100 yr.

(right) Statistical analysis of annual maximum runoff for WeiBbach ~ The confluence of the Inn with the Bavarian Danube at
(567 kn?). Lines show fitted Gumbel distributions. Lofer data Passau resulted in a characteristic, combined shape of the
1961-2013. WeiSbach data 1959-2013. The 1954 and 1899 pretgod wave at Achleiten where the fast and slow contributions
pipitatign depths of 233 and 329 mm, respectively, are not includedyf |nn and Danube are clearly visible. During the propaga-
in the figure. tion of the flood wave along the Austrian Danube, it changed
shape due to retention in the flood plains, which is apparent
by the kink of the rising limb about a day before the peak. In-
flow from southern tributaries along the Austrian reach of the
Danube, including the Traun, Enns and Ybbs, gave rise to an
early secondary peak, indicating that these tributaries peaked
The spatio-temporal rainfall patterns of the 2013 flood, com-much earlier and hardly contributed to peak flows along the
bined with differences in runoff response characteristics beDanube. While the flood peaked on 2 June at 20:00 in both
tween the catchments (Gaal et al., 2012), produced comWasserburg and Oberndorf, it peaked on 6 June at 05:00 in
plex patterns of runoff hydrographs within the Upper DanubeWildungsmauer close to the Austrian—Slovak border.

Basin. Figure 8 gives an overview of the evolution of the
flood with the basin.

At the Bavarian Danube in the northwest of the basin, the
flood response was delayed with relatively flat peaks, similar. .
to previous floods (e.g. 2002, 1954, 1899). This is becausghe confluence of the peaky flood wave fro”.‘ the Inn with
of the highiy permeable subsurface. However, the toal vol- % 20 SV F000 SR T e o e
ume of the 2013 flood along the Bavarian Danube was eX_Upper Danube. During the 2013 flood, the inundation level

ceptionally large because of the high rainfall and very high.
antecedent soil moisture, particular in the northern tributaried" Passau was enormous (12.89 m) (BfG, 2013). It was of the

Vils, Naab and Regen. There were major contributions from>2Mme order of magnitude as the 1501 flood event (between

L . 12.70 and 13.20 m, depending on the source, Schmidt, 2000;
waeslzsrer??l?ghh; Lech originating in the Alps where rainfall BfG, 2013) which is considered the highest flood in the past

millennium (Kresser, 1957).

IS
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o
o
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6 Flood wave propagation and confluence

6.1 Spatial flood hydrograph patterns of the 2013 flood

6.2 Confluence at Passau of the 2013 flood and
comparison with the 2002, 1954, 1899 floods
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Fig. 8. Propagation of the June 2013 flood along the stream network of the Danube Basin. Red circles indicate the stream gauges as in Fig. 1
The scale shown on the bottom right relates to all hydrographs (light blue areas).

To understand the particularly large flood levels in Pas-rain was available for runoff generation; (ii) in 2013 rain-
sau with implications downstream, Fig. 9 shows the floodfall was more concentrated along the northern fringe of the
hydrographs for stream gauges at the Inn and Danube jusAlps where infiltration capacity is lower than in the north of
above the confluence (Scharding and Hofkirchen/Vilshofen) the basin, where much of the rain fell in 1954; and (iii) an-
as well as just below the confluence (Achleiten). For the 2013ecedent soil moisture in the north was probably higher in
and 2002 floods the discharges are given, while for the 19542013 than in 1954.
and 1899 floods the water levels are given, since reconstruc- During the 2013 flood event, the wave from the Bavar-
tion of the complete runoff hydrograph is prone to uncertain-ian Danube arrived comparatively early. At the time Schéard-
ties. It is clear that the Inn flood wave is always much fastering peaked, Hofkirchen showed a discharge of 3088
than that from the Bavarian Danube. In 2013, the flood wavewhich was close to its peak discharge of 34Z0smt. With
of the Bavarian Danube (at Hofkirchen) arrived somewhatsmaller differences in the time lag between the Bavarian
earlier than usual, as compared to the Inn flood wave. ThiDanube and Inn waves as well as larger discharges in the
is because rainfall started a little earlier (on 29 May, ratherBavarian Danube, the resulting flood wave was significantly
than on 30 May, as in the Inn catchment) and because ohigher than in 1954 (10 000%s~* peak flow in Achleiten in
the very high antecedent soil moisture. On 4 June, 2013, 2013 as compared to 910Gt in 1954).
dam along the Bavarian Danube and the Isar collapsed and 2002 was different in that the Bavarian Danube flood wave
caused large spatial flooding in Deggendorf, 30 km upstreanwas more delayed, so the superposition was less efficient
of Hofkirchen. This explains the kink in the runoff hydro- than in 2013 and 1954. The Inn wave was smaller too be-
graph and the flat crest of the flood wave. cause of less rainfall in the catchment area. The 2002 flood

In terms of the confluence, the June 2013 flood was mostvas therefore much smaller in Passau, but received major
similar to the July 1954 flood when the Bavarian Danube contributions from the tributaries along the Austrian reach of
had similarly large flood discharges. At Hofkirchen (and the Danube (including the Kamp, Aist, Traun and Enns) as
the nearby Vishofen gauge) the 2013 and 1954 peaks wer#lustrated by Fig. 10.1 in Bldschl et al. (2013a). Similarly,
3420 and 33201, respectively. The 2013 peaks were the 1899 flood was much smaller at the Bavarian Danube be-
slightly larger due to three main reasons. (i) In 2013 it wascause of less rainfall and dry soils. The 1899 flood was most
warmer than in 1954 with less snowfall, so relatively more
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Fig. 9. (top) Runoff hydrographs for the June 2013 and August 2002 events at the confluence of the Inn (Schérding) and the Bavarian Danube
(Hofkirchen). Runoff at Achleiten is the sum of Schéarding and Hofkirchen plus the llz, a minor tributary. (bottom) Water level hydrographs
for the July 1954 and September 1899 events at similar locations (Vilshofen is close to Hofkirchen). The 1954 peak discharges at Scharding
and Vilshofen were 6300 and 3328811, respectively, and the 1899 peak discharges were 6400 and 2370nrespectively.

severe along the Inn, the Traun and the Enns as indicated bgo from that perspective one would expect celerities between
the rainfall distribution in Fig. 3. 1954 and 1899, i.e. a total time lag of around 80 to 90 h.
However, the wave celerity was somewhat faster than that.
6.3 Propagation of the 2013 flood along the Austrian  During the 1899 flood, a total area of 1070%mas inun-
Danube and comparison with 2002, 1954, 1899 dated along the Austrian Danube and tributaries as estimated

. by Lauda (1900). With an assumed average inundation depth
After the confluence of the Bavarian Danube and the Inng 5 this area corresponds to a total retention volume of

at Passau, the 2013 flood wave travelled down the Austriay,gre than 2 billion r. This is very significant relative to the
Danube, changing shape and shifting the timing. Figure 1Q,4yme of the 1899 flood (6.6 billion Fawithout base flow,

shows the time evolution of the peak flow from Passau 10| 5,,4a, 1900), indicating that the retention effect was indeed
Wildungsmauer close to the Austrian—Slovak border. For th's\/ery important during that event. As compared to 1899, the
reach, the total time lag of the peak during the 2013 flood Waggention volume had been decreased significantly by 2013
60h. The celerity of the flood wave is related to two main hecqyse of flood protection levees, hydropower projects and
factors, (i) the rainfall distribution and hence the contribution ,qhije flood protection. The smaller retention volumes, and
and timing of the tributaries, and (i) the flood propagation of ,qsihiy the greater water depths in the reservoirs of the run-
the main wave itself and the associated retention in the ﬂomgn—river power plants, have likely contributed to accelerat-
plains. The propagation of the 1954 flood was much slowering the flood wave, although detailed hydrodynamic stud-

than that of the other events (118 h, Fig. 10). This is becausg.s would be needed to exactly ascertain the reasons for
much of the rainfall occurred in the Bavarian Danube catch-the changes in the wave celerities (e.g. Fischer-Antze et al.

ment (Fig. 3) with relatively minor contributions from the >44g) petailed analyses of observed flood celerities at the
southern tributaries Traun and Enns, and hardly any contrip,nube are provided in Szolgay and Déméé (2007) and
butions from Kamp and Ybbs. Also, there were significant \sitkova et al. (2005).

inundations in the flood plains, particularly upstream and

downstream of the Linz, contributing to the delay. In con- 6.4 Magnitude of the 2013 flood at the Austrian Danube
trast, 2002 was the fastest event because those tributaries  and comparison with 2002, 1954, 1899

contributed significantly to the rising limb and peak of the

flood wave, thus apparently accelerating the flood propagaFigure 11 shows the extreme value statistics of the maxi-
tion, in particular the first wave (2002-1). The 2013 flood was mum annual floods for two stream gauges along the Austrian
in between 1954 and 1899 in terms of rainfall distribution, Danube, the Kienstock and Korneuburg gauges. Korneuburg

Hydrol. Earth Syst. Sci., 17, 51975212 2013 www.hydrol-earth-syst-sci.net/17/5197/2013/



G. Bloschl et al.: The June 2013 flood in the Upper Danube Basin 5207

River station (km) Kienstock Korneuburg
120 2200 2100 2000 1900 14000 14000
12000 2013 2002 12000 2013
1899 % > 2002 © N,
S 1954,
100} 10000 Ry 10000 N
é 954 é '/18621899
g 8000 ng 8000
7 80t & 6000 & 6000
=
© 4000 4000
£ o
K] 2000 2000
o
- 0 0
401 1 3 10 30 100 1 3 10 30 100
Return period Return period
2r Fig. 11. Statistical analysis of annual maximum runoff for Kien-
stock (95 970 krf, left) and Korneuburg (101 536 Kiyright). Lines
0 F

show fitted Gumbel distributions. Kienstock data 1893—-2013, Ko-
rneuburg data 1828-2013. Kienstock is a combined series with the
nearby Stein—Krems gauge; Korneuburg is a combined series with
the nearby Vienna gauge.

Fig. 10. Travel times of the 2013, 2002, 1954 and 1899 floods
along the Austrian reach of the Danube from Achleiten near Pascombined to a single flood wave on the Danube which exhib-
sau to Wildungsmauer near the Slovak—Austrian border. 2002-Jited a larger runoff volume than either of the two 2002 events.
and 2002-2 relate to the first and second flood waves of the 2002 hs is illustrated in Fig. 12 by the flood hydrographs of the
event, respectively. At Passau/Achleiten the flood peaks occurrednn2 and 2013 flood events at Kienstock and Korneuburg.
on 3 June, 2013, 18:00; 8 August, 2002, 02:00; 13 August, 2002 ,jng the 2013 flood at Kienstock, a runoff threshold of
12:00; 10 July, 1954, 08:00; and 15 September 1899, 10:00, WhlcrbOOOmo,s_l was exceeded during 81h, while in 2002 the
has been plotted as 0 for the five floods in the figure. . .
same discharge was only exceeded in 52 h, so the flood vol-
ume to be stored in the flood plains was smaller in 2002 re-

) o ) sulting in a bigger peak reduction. (ii) Second, there were
is about 12 km upstream of Vienna, while Kienstock is about jitterences in the performance of the levees and the way

85km upstream of Vienna. Even though the spatial distribu-ihe hydraulic structures were operated along the Danube. In

tion of precipitation, runoff generation and the spatial evo-he aftermath of the 2002 flood, levees had been strength-
lution of the 2013 and 2002 floods were different, the max-eneq, which resulted in relatively less inundation along the
imum runoff values along the Austrian Danube were quite aach in 2013 as compared to 2002 possibly contributing
similar. The flood runoff of both events was associated withyy 5 smaller peak reduction. Again, detailed hydrodynamic
return periods on the order of 100 yr, based on the statisticaly,gies would be needed to analyse the effects of individual
analysis. The 2013 flood runoff was clearly larger than thathydraulic structures.
of the 1899 and 1954 floods. . . Overall, the flood volumes at Korneuburg (near Vienna)
It is interesting to compare the relative magnitudes of\yere enormous for all four floods. The total runoff volume
the peak runoff of these events between the two locationsys ine 2013 flood from 31 May to 17 June (including base

While at Kienstock the 2013 flood runoff peak was al- fo) was 9.5 billion n3, the volume of the 2002 flood from
most identical to that of 2002, at Korneuburg the 2002 peak 1 {4 26 August (second event only) was 6.5 billiod, mnd

was significantly lower. In 2013, the peak runoff only de- e yolumes of the 1954 and 1899 floods (827 July and
creased slightly along this reach (Kienstock 1116Gm, 1 og September) were 9.9 and 8.5 billiod, mespectively.
Korneuburg 11 055 fs~1). In 2002, this decrease was much

stronger (11300 vs. 10250%s1). At first sight this is

counterintuitive, as the 2002 flood had substantial inflows7 | essons learnt and implications

along the Kienstock—Korneuburg reach (in particular from

the Kamp, Figs. 1, 4) while the inflows during the 2013 event7.1  Implication for hydrological research and design

were much smaller. The smaller peak attenuation is due to flood estimation

two main reasons. (i) Both events, 2002 and 2013, had two

precipitation blocks. However, in 2013 the time period be- The June 2013 flood came at a time when the 2002 flood
tween the blocks was only a few hours, while it was four had still been fresh in the minds of hydrologists. The lessons
days in 2002. The 2002 event had two atmospheric rain{earnt from the 2013 flood therefore complement those learnt
fall producing situations with movement in between due tofrom the 2002 flood. From a hydrological perspective, the
less atmospheric stationarity than in 2013. Because of thanalysis of the causal factors in this paper highlights the
short interstorm period, the two precipitation blocks in 2013 outstanding role of theombinationof extreme factors that
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12000 Another notable feature of the 2013 flood is that it ex-
2013 2002 ceeded the largest flood runoff observed in the past two cen-
10000 Komeusera Komeuburg turies in many parts of the Upper Danube Basin and one
may wonder whether such an extreme flood, shortly after the
2002 flood, is an indicator of increasing flood magnitudes
in the Upper Danube. There are three main factors that po-
tentially contribute to changes in regional floods related to
climate, catchment processes, and the river network (Merz et
al., 2012). Change in climate has attracted substantial recent

8000

6000 / / \-\\\\\

4000

Runoff (m¥/s)

2000 s S discussion related to increases in rainfall extremes (Bloschl
and Montanari, 2010; Kundzewic, 2012). Some indicators
0 3 6 9 12 15 18 21 days such as weather patterns (Petrow et al., 2009) and flood sea-

. . sonality (Parajka et al., 2009, 2010) do point to changes in
Flg. 12. Comparlson of the 2013 flood (dal’k COlOUrS) and the the atmospheric System in Europe, but the issue is far from
2002 flood (light colours) for the Kienstock and Korneuburg stream ag0lved and it is not clear how to model such changes reli-
gauges at the Danube which are 73km apart. ably (Merz et al., 2011; Peel and Bléschl, 2011). However,

it seems clear that extreme floods do not arrive randomly but

control the magnitude and characteristics of extreme floodsClUSter in time into flood-poor and fiood-rich periods consis-

Indeed, the 2013 flood has had a number of characteristic%eonég'? tk:e Hurst eIfeft (é]gllr;anghLall, 2091; Kpi“q ettal.,
that contributed to increasing its magnitude, in particular rel- , >zolgayova et al., ). Changes in catchment pro-

atively high antecedent soil moisture, little shift between the C€SS€S |_nc|ude land use changeg. Their effect is _usually quite
flood peaks at the confluence of the Bavarian Danube an cal as in urban floods, but less important for regional floods

the Inn, and rainfall blocks close together resulting in a sin—tBlgSChI et al-,_tZr??r]?)- Also,{hz |m$ct)rr]tance Otf Iagdluse tert1ds|
gle, large volume flood wave with relatively small peak at- 2001gcr%fenw' Ienmatlﬁmrlijv ercr)1 twe fkve': Sr$1 ::latzar: eibla "
tenuation. While the important role of the combination of ). Changes along the river network are more tangible.

a number of extreme factors has been already emphasiselﬁevees have been l_)uilt along the Dar_uube and t_ributaries_ in
in the past (Kresser, 1957; Gutknecht 1994), the combina-t e past two centuries, thereby reducing potential retention

tion of factors remains an essential concept for understandin olumes in the flood plains (Szolgay et al., 2008). Addition-

the magnitude of large, regional floods. On the other hand lly, hydraulic structures such as reservoirs of run-on-river

there were also factors that could have easily been more e>power plants, river regulation projects and changes in stream

treme. There was less total precipitation than in 1899 and,morphology will contribute to changes in the flood propa-

: : o ation. An example of the latter is the stream bed degra-
in the Alpine area, there was a significant snowfall compo-g : :
nent which retained some of the water in the catchmentsdat'on of the Traun River between 1899 and 1954 of about

Clearly, more extreme situations are possible from a hydro-Go cm, leading to significantly less flood inundation in 1954

logical perspective, albeit unlikely. Rainfall as in 1899 with as compared to 1899 at the Traun (Kresser, 1954.)'. Also, as
high antecedent soil moisture as in 2013 would produce the flood waves change their celerities, the modified rela-

significantly larger flood. This has important implications forahve timings at confluences may alter the characteristics of

estimating design flood values. While statistical analyses aréhe flood. Again, a process-based analysis is needed that ac-

important when estimating design flood discharges, Ioarticu_counts for the interplay of these effects. In the FloodChange

larly in large catchments with long flood records, it is equally project these changes are analysed in detail on the basis of

; . the flood frequency hydrology concept of combining local
Important to address the problem from a process perspectnﬁood data with historic floods, and spatial and causal flood

and understand what combinations of factors could plausibly, ; tion (M d Bléschl. 2008
be expected to occur during extreme situations. This is in thdrrormation (Merz and Bloschl, 2).

spirit of flood frequency hydrology, a framework for under- 25 imolicati for flood risk ¢
standing and estimating flood discharges by combining local mplications for flood risk managemen

flood data with additional types of information: temporal in- While there was significant damage during the 2013 flood

formation on historic floods, spatial information on floods there i doubt that Il the flood protect
in neighbouring catchments, and causal information on the ere 1 no dou at, overal, the Tiood protection measures

flood processes (Merz and Bléschl, 2008a, b; Viglione et aI.,pUt into place throughout the past two centuries have vastly

2013; Gaal et al., 2010). The German guidelines, for eXam_reduced the damage relative to a scenario without protection.

ple (DWA, 2012), explicitly recommend including temporal, Hr']St?r“C?”r’ Ir?nUCh OI the mglgatllo\r; aCt'\t/)'t'tetSh h;':lvie fo:lijnsid
spatial and causal information to complement the local, sys—i?1 gsavygrgnaelzss?r?ztuae:usmuge?jf :‘alo?)(ejsr,na%aggn?eitameacsjfess_
tematic flood data in the analysis.

y are needed to complement each other (Merz et al., 2010a, b;

Sayers et al., 2013). These include structural measures such
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as levees for flood protection and construction of polders forLand use planning and resettling activities to reduce the value
flood retention, and non-structural measures such as spatialff assets in flood prone area will also contribute to reduc-
planning and increasing the preparedness of local citizensng the vulnerability. Participative processes are needed for
Retaining water in polders and retention basins is always usesuch activities to find acceptability in a socio-economic con-
ful as, even for extreme flooding, flood attenuation will occur text (Carr et al., 2012). From a long-term perspective, the in-
with positive effects downstream. The drawback is that a lotterplay of socio-economic processes with hydrological pro-
of area is needed for flood retention to be effective for largecesses is complex (Sivapalan et al., 2012; Di Baldassarre et
rivers such as the Danube, as the flood peak reduction is al., 2013). In reducing vulnerability one may therefore start
direct function of the available storage volume relative to thewith the policy options at the local scale and explore a wide
flood volume. In highly populated areas it is difficult to make range of possibilities causing extreme floods, including com-
sufficiently large areas available, so levees will continue tobinations of unfavourable factors, and options for manag-
play a central role in flood management. However, leveesng them. The flood risk management study of Wardekker et
may exacerbate flood risk downstream. Integrated flood riskal. (2010) is an example that explores imaginable surprises,
management therefore considers the river basin as a whole @amething they term “wildcards”, to develop a strategy of
stipulated by the EU flood risk directive (EU, 2007). strengthening the resilience of the city of Rotterdam. A re-
Local protection of buildings, along with raising flood risk silience approach may make the system less prone to dis-
awareness and preparedness of local citizens, may be highlyrbances and enable quick responses to make it capable of
effective to complement the other measures. For these, andealing with extremes. For such extremes, as with all floods,
other flood event management measures such as early evaite hallmark of integrated flood risk management is the in-
uation and reliable warning systems driven by hydrologicalterplay of all measures in a seamless way. Comparative flood
forecast models are needed. The maximum water level of thanalysis studies as presented in this paper are an essential
2013 flood was in fact predicted very well along the Aus- basis for developing more efficient strategies for integrated
trian Danube for lead times between 24 and 48 h (dependflood risk management.
ing on the location), although the wave celerity was over-
estimated (Bldschl et al., 2013c). While large-scale meteo- )
rological models and satellites provide important inputs, inAPPendix A
particular on future precipitation, capturing the local hydro- .
logical situation is essential for accurately modelling floods C&{chment characteristics
(Bloschl, 2008). Increasingly longer lead times are expected

from warning agencies, which requires the estimation of )
9 ag q Table Al. Catchment area and mean elevation of the catchments

forecast uncertainties to quantify the confidence one hasin =~ " " :
. dinth Fig. 1).
the predictions (Cloke and Pappenberger, 2009; Laurent e%se In this paper (Fig. 1)

al., 2010; Komma et al., 2008; Nester et al., 2012). How-

Catchment  Mean elevation

ever, communicating these uncertainties remains a challenge. syream gauge Stream area @m (ma.s.l)

ylsuallsatlon toqls are one .pptentlal avenue toward§ assist, - cien Danube 26650 829
ing the communication (Ribicic et al., 2013; Hlavcova et al., ponauwsrth Danube 15100 640
2005). Greimpersdorf Ybbs 1100 676
These flood management activities are important for all Hofkirchen Danube 45610 622
floods that exceed bank full discharge and potentially pro- Kienstock Danube 96000 81
9 - p yp Korneuburg Danube 101500 803

duce damage. Extreme floods, exceeding the June 2013 floodandshut Isar 7900 702
in magnitude, however, require special attention. A flood pro- Obergau Lammer 395 1195
duced by the 1899 rainfall with 2013 antecedent soil mois- ©perndorf Salzach 6120 1338
. - . . . . Rosenheim Mangfall 1090 790

ture is \_/\{lthln_ the realm of thinkable situations, although its  gcpzrding Inn 25 665 1257
probability will be small. Some of the flood management ac- Schwabelweis Danube 35450 614
tivities will no longer be effective for a flood of that magni- St thaﬂn K.itZIbUhe'f]f Ache 330 1312
tude. Instead, there is a need for an increased focus on reduc—gz‘;’r ac ETr']rnoser Achen 5991454 1111;5
ing the vulnerability of the system (Prudhomme et al., 2010; \yasserburg Inn 11980 1674
van Pelt and Swart, 2011; Bldschl et al., 2013b). Such mea- WeiBbach am Lofer ~Saalach 567 1346

sures may not be optimum in an economic sense but may be Wels Traun 3425 819
Wildungsmauer Danube 104 000 784

more robust than alternative approaches if a flood goes be-
yond the limits of past experience. For example, the vulner-
ability can be reduced by designing spillways for levees and
by allowing for redundancy in warning systems and emer-
gency plans. It is not unusual for the power system to fail
during extreme floods, so redundancy is indeed important.

Wilhering Danube 76450 820
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