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Abstract. In September 2024, an exceptional flood occurred in the Austrian Danube Basin, producing the highest discharges
in parts of Lower Austria since instrumental records began. This study analyses the meteorological and hydrological drivers
of the 2024 event and compares them with three historic floods with return periods of around 100 years at the Austrian Danube
- 1899, 2002, and 2013 - to identify similarities, differences, and emerging trends in flood generation. Using representative
station observations, reanalysis data, and hydrometric records from a dense network of river gauges, we examine atmospheric
circulation, spatio-temporal rainfall patterns, runoff response, and flood-wave propagation along the Danube and its tributaries.
The 2024 flood was triggered by a quasi-stationary low-pressure system over the eastern Alps and western Hungary that
produced two rainfall phases: a stratiform period in the west followed by convective extremes in the east, with local totals of
450 - 500 mm in five days. Although antecedent soil moisture was initially low, sustained rainfall led to rapid saturation and
unusually high runoft coefficients (0.6 - 0.9) in central Lower Austria, where tributaries such as the Perschling and Kleine
Tulln exceeded their HQio0 discharges by more than 150 - 250 %. In contrast, the main Danube and western Alpine tributaries
showed only moderate responses.

The comparison with historical floods reveals a gradual shift from Alpine-controlled, basin-wide events toward regionally
concentrated, convectively enhanced floods. The 2024 case highlights the increasing importance of atmospheric persistence,
antecedent saturation, and tributary synchronisation in shaping flood extremes, providing new insights for adaptive flood-risk

management in a changing climate.
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1 Introduction

Floods are among the most significant natural hazards in Europe, with recent decades showing notable changes in both their
timing and magnitude. Large-sample analyses have identified significant trends in flood patterns, suggesting a link to climate
change. For example, Bloschl et al. (2017) demonstrated that the timing of river floods in Europe has shifted over the past five
decades, reflecting changing seasonality of flood-generating processes. In terms of flood magnitudes, Bloschl et al. (2019)
identified distinct regional trends across Europe, with both increases and decreases in observed peak discharges attributable to
climate drivers; notably, parts of Central and Western Europe have seen increases in flood extremes, while other regions have
experienced declines. Recent analyses also indicate that floods in Europe tend to cluster in time, forming so-called flood-rich
and flood-poor periods. Lun et al. (2020) found that “about two to three times more anomalies are detected than what would
be expected by chance,” providing statistical evidence for such temporal clustering in observed records. Furthermore, the early
21st century has been characterized as an exceptionally flood-rich period by historical standards: Bloschl et al. (2020) showed
that the recent cluster of large floods in Europe is unprecedented in at least 500 years. These continental-scale studies highlight
the influence of climatic trends on flood hazard. At the same time, local analyses reveal that heavier precipitation extremes are
already translating into changed flood behaviour. In Austria, for instance, heavy rainfall has increased significantly over the
last decades in line with a warmer atmosphere, and flood peaks have risen accordingly, particularly in small catchments
(Haslinger et al., 2025).

Against the backdrop of climatic influences, examining individual flood events in detail remains crucial. Understanding the
generation mechanisms of specific extreme floods and comparing them to past events reveal how various factors - such as
atmospheric circulation, precipitation distribution, antecedent conditions or catchment characteristics - can interact to produce
exceptional outcomes. The Upper Danube basin provides a rich historical context for such analysis, with several extreme floods
recorded over the past centuries.

The flood of September 1899 was among the largest ever recorded in the Upper Danube Basin. Exceptional rainfall totals of
over 200 mm within 48 h and up to 300 mm over the week were observed across wide parts of the northern Alps and the
Danube lowlands (Lauda, 1900; Kresser, 1957). The storm covered much of Austria, with particularly high amounts in the
Enns, Traun, and Kamp catchments, producing widespread inundation along the Danube. Historical analyses by Lauda (1908)
confirmed its exceptional magnitude, identifying it as one of the most severe basin-wide floods since the 16th century.

More recently, the August 2002 flood was one of the most extreme hydrometeorological events in Central Europe in the past
century, affecting large parts of the Danube and Elbe basins simultaneously. Triggered by two successive rainstorms about a
week apart, the event produced 250 - 350 mm of precipitation, leading to record flooding in northern Austrian tributaries such
as the Kamp and Aist Rivers (Gutknecht et al., 2002; Ulbrich et al., 2003; Godina et al., 2005). The prolonged Vb-type cyclone
saturated soils after the first storm, so that nearly all rainfall from the second phase generated direct runoff and exceptional

discharge peaks along the northern tributaries and the Danube.
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In June 2013, another major flood event occurred in the Danube basin, with peak discharges along the river reaching or
exceeding those of 2002 and 1899 (Bldschl et al., 2013a,b). The 2013 flood stood out due to an atmospheric blocking pattern
that brought four days of heavy rainfall along the northern Alps. Combined with very high antecedent soil moisture, this led
to one of the largest flood volumes in the past two centuries (Bloschl et al., 2013a). The flood events of 1899, 2002 and 2013
serve as key benchmarks in the region’s history of flood hazards, helping to contextualize and assess the plausibility of more
recent flood events.

The most recent extreme flood in the Upper Danube basin occurred in mid-September 2024. A prolonged hot and dry summer
preceded the event, with low soil moisture across large parts of the Danube basin. These dry conditions were followed by a
persistent and moisture-laden weather system in September, which brought exceptionally high rainfall accumulations over
central Lower Austria and neighbouring regions, leading to extreme discharges. Smaller tributary catchments in Lower Austria
were particularly hard hit, producing record flows that significantly contributed to the Danube’s flood peak. This event raises
the question of how its causes compare to those of the historical floods, and whether we can observe evolving patterns in flood
generation, such as those linked to climate change.

Here we analyse the causal factors of the September 2024 flood, including the atmospheric conditions, precipitation
characteristics, and the propagation of the flood wave, and compare these to those of the 1899, 2002, and 2013 events. By
examining these four events side-by-side, we seek to highlight commonalities and differences in flood generation under
varying hydrological and meteorological conditions. We additionally discuss these comparisons in relation to recent climate

trends and flood risk.

2 Study area and data

The Upper Danube Basin considered in this study encompasses the Danube and its tributaries upstream of the river gauge
Wildungsmauer, located about 30 km downstream of Vienna, Austria. It covers an area of about 104 000 km?, spanning parts
of Germany, Austria, and smaller portions of Czechia and Slovakia. The basin consists of two main sub-basins: the Bavarian
Danube (upper Danube and tributaries in Bavaria/Germany) and the Austrian Danube with its Alpine tributaries, notably the
Inn - Salzach river system, as well as the Traun, Enns, Kamp, and Traisen. Further important contributors during major floods
include the Ybbs and Erlauf Rivers from the northern Alpine foreland of Lower Austria, which often lie within heavy-
precipitation zones during northerly flow conditions. Figure 1 provides an overview of the Austrian Danube Basin, the river
network, and locations of key gauging stations (red circles) used in this study, as well as major cities and the boundary of

Lower Austria (yellow line).
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Figure 1: The Danube Basin upstream of the Wildungsmauer gauge near Vienna. Red circles mark the stream gauges used in this
study, and the yellow outline delineates the Lower Austrian region most affected by the September 2024 flood. The black and grey
squares indicate the cities of Vienna, St. Polten, Salzburg, Innsbruck and Passau for orientation.

The Upper Danube Basin exhibits diverse climatic and hydrological characteristics. Annual precipitation ranges from about
600 - 800 mm in the lowlands to over 2000 mm in the Alpine regions. Elevations range from ~300 m in the Danube plains to
over 3000 m in the Alps. This diversity leads to varying flood regimes: northern and eastern parts of the basin (e.g. Bohemian
Massif, lowlands) can experience intense summer convective storms as well as long-duration rain from Atlantic fronts, whereas
the Alpine parts can contribute snowmelt-driven floods in spring and severe orographic rainfall events in summer. Flood
protection measures (levees, dams, retention basins) have been implemented along many tributaries and the Danube over the
20th century, which can influence flood wave propagation and peak attenuation.

Meteorological and hydrological data from the four flood events (1899, 2002, 2013, 2024) were compiled from various sources.
For 2024, we use data from national weather services and hydrographic services in Austria and Germany, including high-
resolution gridded precipitation analyses (the INCA system; see Haiden et al., 2011 in References) and gauge records for
discharge. The 2013 and 2002 events are well-documented (e.g. Bloschl et al., 2013a; Ulbrich et al., 2003, Gutknecht et al.,
2002), and we draw on published datasets for precipitation and river flows for those events. The 1899 event, being historical,

is reconstructed from archival rain gauge data (about 600 stations; HZB, 1955; Lauda, 1900) and historic flood mark records
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(e.g. Kresser, 1957; Pekarova et al., 2013). All discharge data have been converted to consistent units and, where necessary,
adjusted for changes in river regulation (e.g. the construction of levees and reservoirs since the 19th century) based on the

literature.

3 Large-Scale Atmospheric Conditions

For a thorough causal and synoptic analysis of the events presented, a wide range of synoptic charts (upper atmospheric levels
and surface level, both for numerous timesteps) and contributing factors must be taken into account. Gathering this information
can be highly complex or even impossible to accomplish for historical events. To keep the hydrological scope of this
publication, we limit our discussion to the depiction shown in Figure 2, which illustrates the large-scale upper-level flow
pattern (absolute topography of the 500 hPa surface, contours) and the availability of precipitable water (shaded) around the
estimated peak of the events: (a) 13 Sep 1899, (b) 12 Aug 2002, (c) 31 May 2013, and (d) 14 Sep 2024. Additional
meteorological aspects will be covered by the following sections.

In the case of the September 1899 flood and the August 2002 flood, the synoptic situation was characterized by a deep upper-
level low-pressure system over Central Europe which, in combination with an adequate configuration of the surface pressure
field, can draw in warm, moisture-rich air from the southeast. The 2002 event was triggered by a so-called Vb cyclone track
(Ulbrich et al., 2003), where a surface low moves from the northern Adriatic Sea across Hungary into Austria and the Czech
Republic. Rather than moving quickly, however, the 2002 system became quasi-stationary over Central Europe for several
days, which allowed for persistent extreme rainfall and upslope flow, particularly along the northern slopes of the Alps and
Bohemian Massif. Similarly, the September 2024 flood was associated with a slow-moving, moisture-laden low-pressure
system, but unlike 2002, it did not follow the classic Vb track. Instead, the 2024 system stalled over the eastern Alps and
western Hungary, drawing continuous moisture from the Mediterranean and Black Seas and producing sustained heavy rainfall
over central and eastern Austria. This persistence was likely related to a blocked large-scale circulation, a pattern that has
become more frequent in a warming climate with higher atmospheric moisture availability (Bloschl et al., 2019; Haslinger et
al., 2025). Such slow-moving, moisture-rich systems may therefore become increasingly likely in the future, enhancing the
potential for prolonged heavy rainfall and regional flooding.

By contrast, the June 2013 flood occurred under an atmospheric blocking pattern. A persistent high-pressure system over
northern Europe and a cut-off low over Central Europe funneled moist Atlantic and Mediterranean air toward the eastern Alps
over several days (Bloschl et al., 2013a). This configuration produced precipitable water values above 30 mm along the
northern Alpine rim, sustaining prolonged rainfall. The September 2024 event showed similar moisture availability but a
different circulation type: a quasi-stationary low-pressure system over the eastern Alps and western Hungary that drew
continuous Mediterranean inflow for several days. While the 2013 system was dominated by northward moisture advection
under a blocking high, the 2024 event featured a slow-moving cyclone that maintained heavy rainfall over the same region,

illustrating distinct but equally persistent atmospheric drivers of extreme precipitation.
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Figure 2: Total atmospheric precipitable water (shaded, in mm) and absolute topography of the 500 hPa surface sea-level pressure

(contours, gpmhPa) over Central Europe during the peak of two historic flood events: (a) the September 1899 flood, (b) the August

2002 flood, (c) the June 2013 flood and, (d) the September 2024 flood. These maps illustrate the large-scale atmospheric moisture
145  availability and circulation driving the heavy precipitation in each event.

An important distinction among the events is the spatial focus of the atmospheric moisture. The 2013 event featured a broad
plume of precipitable water spanning much of the northern Alpine region and extending well into Central Europe. The 2002
event showed a more focused corridor of high moisture northeast of the Alps, with strong inflow into Austria’s northern and
150 eastern tributaries. In contrast, the 1899 event was characterized by a compact cyclonic system centred over Central Europe,

bringing moderate but widespread moisture. Although less intense than in more recent events, the system’s persistence was
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sufficient to produce multi-day heavy rainfall. The 2024 event had an intermediate character: synoptic-scale moisture was
abundant and the heaviest precipitation was confined to a narrower corridor in central Lower Austria, indicating embedded
mesoscale convective enhancement. The repeated convective cell development over the same area, likely supported by
orographic effects and convergence in the Alpine foreland, accounts for the highly localized and prolonged rainfall observed.
Overall, all four flood events shared large-scale atmospheric conditions that produced unusually high moisture supply and
sustained heavy precipitation over multiple days. However, differences in pressure pattern dynamics (blocking vs. traveling
cyclone), moisture source regions, and temperature regimes (influencing snow versus rain, see next section) shaped the specific
characteristics and impacts of each event.

To illustrate the thermal context of the 2024 event, Figure 3 shows the 850 hPa temperature anomalies and geopotential height
over Europe for 13—16 September 2024. The anomalies, computed relative to the 1991-2020 climatology, highlight an
abnormally warm air mass over Austria (5-10 °C above average) that persisted throughout the event, while a cold-core low
remained nearly stationary over the northern Balkans and western Hungary. This configuration created strong temperature
contrasts and sustained atmospheric instability, favouring repeated convective development. Compared with earlier events, the
2024 anomaly was more localized and thermally stronger than in 2013, and clearly warmer than during 2002, when cooler air
limited convective activity. These features are consistent with observed increases in short-duration heavy rainfall over Austria
in recent decades (Haslinger et al., 2025), underscoring the role of a warmer atmosphere in amplifying moisture availability

and rainfall intensity.
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4 Local meteorological conditions: precipitation and snowfall
4.1 Precipitation distribution and intensity

The accumulated precipitation over the duration of each flood event is shown in Figure 4. . These precipitation totals are given
for (a) 8 - 14 Sep 1899, (b) 4 - 15 Aug 2002, (c) 29 May - 4 Jun 2013, and (d) 12 - 17 Sep 2024. The data basis for all events
was the gridded rain-gauge analysis (INCA method combining gauges and radar; Haiden et al., 2011), except for the 1899
event, for which historical rain-gauge data interpolated from about 600 stations (sources: Hydrographisches Zentralbiiro, 1955;
Lauda, 1900) were used. The red outline in each panel indicates the Upper Danube catchment boundary. All four events were
characterized by very large multi-day precipitation totals (exceeding 200 - 300 mm over broad areas), but there are notable
differences in their patterns.

The September 1899 flood event (Figure 4a) was associated with extraordinary rainfall over a broad area of the Eastern Alps
and the northern Danube region. Historical data indicate that 48-hour precipitation sums exceeded 200 mm over an area of
roughly 1 000 km? (Kresser, 1957). The reconstructed map shows large accumulations not only in the Alpine headwaters but
also further downstream, suggesting that the storm covered much of Austria with intense rainfall over nearly a week (8 - 14
September 1899).

The August 2002 flood (Figure 4b) had its maximum precipitation in the northeastern part of the basin. Extremely high totals
(> 250 mm) were recorded in the Czech Republic and in Austria’s northern Waldviertel region, particularly in the catchments
of tributaries such as the Kamp and Aist rivers (Gutknecht et al., 2002; Ulbrich et al., 2003). The southern and western regions
received significantly less rainfall.

The June 2013 flood event (Figure 4c) produced widespread rainfall along the northern fringe of the Alps, covering parts of
Tyrol, Salzburg, and Upper Austria, with local totals exceeding 300 mm. Substantial rainfall also extended northward into
Bavaria and Bohemia, resulting in a broad spatial extent of heavy precipitation across much of the Upper Danube basin
(Bloschl et al., 2013a).

In contrast, the September 2024 flood (Figure 4d) exhibited a much more concentrated precipitation pattern. The highest totals
- locally up to 500 mm over five days - were recorded in central Lower Austria, roughly between St. Polten and Vienna. This
region, characterized by hilly foreland and lowland terrain rather than Alpine headwaters, includes medium-sized catchments
such as the Traisen and Perschling rivers. Unlike previous major floods, notably 2013, which mainly affected Alpine
headwaters, the 2024 event was exceptional because the heaviest rainfall occurred in the lowlands and foothills, outside the
classical high-precipitation zones of the northern Alps. The rain persisted for five consecutive days, producing an intense and
localized flood response with record flows in central Lower Austria, while the western Austrian Alps (e.g., Tyrol and

Vorarlberg) and Bavaria received only moderate precipitation and did not experience extreme flooding.
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Figure 4: Observed precipitation totals for the four large flood events in the Upper Danube Basin. (a) 8 - 14 September 1899, based
on historical rain-gauge data interpolated from approximately 600 rain gauges (sources: Hydrographisches Zentralbiiro, 1955;
Lauda, 1900). (b) 4 - 15 August 2002, (c) 29 May - 4 June 2013, and (d) 12 - 17 September 2024 are based on gridded rain-gauge
analyses using the INCA method (combining rain gauges and radar; Haiden et al., 2011). The red outline indicates the Upper Danube
catchment boundary upstream of the Wildungsmauer river gauge.

Apart from the spatial accumulation, the temporal evolution of the 2024 rainfall was a critical factor. Figure 5 shows the daily
precipitation maps in eastern Austria on (a) 12 September, (b) 13 September, (c) 14 September, and (d) 15 September 2024.
The four maps how heavy rainfall persisted over several days, impacting roughly the same area in central Lower Austria
throughout the event. On 12 September, intense rain was concentrated west of St. Polten; by 13 - 14 September, the core region
of maximum precipitation shifted slightly eastward and southward, affecting areas in the foothills of the Alps, including
Lilienfeld and the upper Traisen valley; on 15 September, significant rainfall continued, though with slightly reduced intensity.
This series of consecutive heavy rainfalls led to progressive saturation of soils and sustained high runoff. With little time for

catchments to recover between pulses of rain, flood peaks compounded.

10
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Figure 5: Observed daily precipitation (24-hour totals) in eastern Austria on (a) 12 September, (b) 13 September, (c) 14 September,
225 and (d) 15 September 2024. Data are from the INCA gauge - radar analysis (Haiden et al., 2011). The red outline indicates the Upper
Danube catchment.

4.2 Rainfall versus snowfall contribution

During cooler seasons or at higher elevations, part of the precipitation can fall as snow, temporarily storing water and reducing
immediate runoff.

230 Among the four events, the September 1899 flood occurred late in summer, yet some reports indicate snowfall at the highest
Alpine peaks due to a cold spell during the storm (HZB, 1955). The August 2002 flood developed under warm late-summer
conditions, and precipitation fell entirely as rain across the Upper Danube region. In June 2013, air temperatures dropped
markedly on 29 - 30 May, causing snowfall above about 1600 m a.s.l., which reduced the liquid precipitation available for

direct runoff (Bloschl et al., 2013a). Finally, the September 2024 flood occurred under warm early-autumn conditions, with

11



235

240

245

250

https://doi.org/10.5194/egusphere-2025-5435
Preprint. Discussion started: 13 November 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

precipitation falling almost entirely as rain except for some snowfall in the high-elevation catchments of Tyrol and Salzburg,
as discussed below.

In early September 2024, air temperatures in Austria were exceptionally high, averaging 21 - 22 °C in the lowlands and around
15 °C in the Alps, about 3 - 5 °C above the long-term mean. With the onset of heavy rainfall on 12 September, a pronounced
cold-air outbreak caused temperatures to drop by roughly 12 °C nationwide and brought persistent, multi-day precipitation to
eastern and central Austria (Figure 6). At the St. Polten weather station (272 m a.s.l.), daily means fell from about 21 °C to 8
°C, with night-time minima near 5 °C, while more than 400 mm of rain accumulated between 12 and 17 September. In the
foothills of Lower Austria, mean event temperatures were around 6 °C, and Alpine gauges above 1000 m a.s.l. recorded

averages of 3 - 4 °C with minima close to 0 °C, indicating snowfall above roughly 1700 - 1800 m a.s.I..
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Figure 6: Hourly meteorological data recorded at St. Pélten (Landhaus station, 272 m a.s.l.) from 2 to 17 September 2024. The upper

panel shows mean hourly air temperature (°C). The lower panel shows hourly precipitation sums (mm, blue bars) and cumulative
precipitation sum (mm, red line).
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Figure 7 illustrates the spatial distribution of rainfall and snowfall across the Upper Danube region during the September 2024
event. In the eastern and central parts of the basin, including the Traisen - Pielach area, precipitation totals reached 350 - 420
mm, and virtually all fell as rain, with snowfall fractions below 1 %. Farther west, in the Enns and Salzach headwaters of
255 Upper Austria and Salzburg, cooler air masses and higher elevations led to mixed precipitation, with 30 - 50 % of the total
falling as snow - for example, around 100 mm of rain and 80 mm of snow at Admont, and about 50 mm of rain and 80 mm of
snow at Mittersill. The Inn basin in Tyrol also exhibited a moderate snow component. These west - east contrasts reflect the
pronounced temperature gradient during the event and explain why runoff from western Alpine tributaries was relatively
moderate, while eastern tributaries such as the Traisen, Perschling, and Pielach produced intense and nearly synchronous flood
260 peaks. In central Lower Austria, snowfall was negligible, and once soils became saturated, nearly the entire rainfall volume
directly became runoff. In contrast, during the 2013 flood event, snowfall above approximately 1600 m a.s.l. delayed runoff

and attenuated flood peaks in several Alpine catchments.
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4.3 Antecedent Conditions and Local Hydrology

The antecedent conditions prior to the four flood events were markedly different, with corresponding variations in flood
generation. Prior to the 2013 flood, soil moisture was exceptionally high throughout the basin due to an unusually wet spring
(Bloschl et al., 2013a), which primed the catchments for large runoff production. In 2002, antecedent soil-moisture conditions
were typical for early August, with neither particularly dry nor wet conditions. The subsequent Vb-type cyclone produced two
rainfall phases within a week, which together saturated soils across large parts of northern Austria. During the second phase,
infiltration capacity was exhausted, leading to rapid runoff generation and two distinct flood peaks along the Danube and its
tributaries, including the Traun, Enns, Krems, Aist, and Kamp. This sequence transformed average initial wetness into high
runoff efficiency and widespread flooding across northern Austria (Gutknecht et al., 2002; Ulbrich et al., 2003, Komma et al.,
2007).

The winter of 1898/1899 and the summer preceding the 1899 flood were both notably dry, resulting in soils that were initially
quite desiccated (HZB, 1955). Early runoff in 1899 may have been initially muted, as early rainfall infiltrated into the soil,
addressing the soil moisture deficits. However, the sheer volume of rain in 1899 eventually surpassed that deficit, leading to a
massive flood. Historical accounts suggest that the flood response in 1899, in terms of peak discharge relative to rainfall, was
not substantially higher than in some smaller events (HZB, 1955), likely due the mentioned initial losses to dry soils and
storage.

For the 2024 event, antecedent soil-moisture levels in early September were low across central Lower Austria following a hot
and dry summer, which had enhanced evaporation and dried out the upper soil layers. These dry conditions delayed the onset
of surface runoff during the first phase of rainfall. By the third day of continuous heavy precipitation, however, soils had
become saturated across large parts of the Traisen - Perschling region and adjacent catchments. According to analyses by the
Hydrographic Service of Lower Austria (HD NO, 2024), runoff generation intensified rapidly once saturation was reached,
and infiltration capacity, initially high, became quickly exhausted as rainfall persisted.

Once soils were saturated, the hydrological response in central Lower Austria was immediate and intense. In the hotspot region
in central Lower Austria, rainfall totals reached about 300 mm and 250 mm, respectively, with several short-duration peaks
on 14 - 15 September (Figure 8, top and middle panels - rainfall intensities in St.P6lten and Boheimkirchen). These convective
bursts triggered abrupt runoff generation and sharp hydrograph rises in nearby catchments. In the Perschling River at
Boheimkirchen (~55 km?), discharge increased rapidly on 14 September and peaked overnight at around 270 m?/s, the highest
level on record and far exceeding previous floods (Figure 8, bottom panel). Similar responses occurred in neighbouring
tributaries such as the Traisen, Pielach and Tulln where simultaneous peaks reflected the combined effects of prolonged rainfall
and embedded convective storms. These tributary floods coincided with the Danube flood wave in the Wachau section
(between Melk and Krems), leading to near-synchronous inflows that strongly shaped the Danube hydrograph as discussed in

the next section.
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Figure 8: Local precipitation and runoff during the peak of the September 2024 event. Top: 10-minute precipitation at St. Polten
(Landhaus station) from 14 - 16 September 2024 (blue bars; red line shows cumulative precipitation). Middle: 10-minute
precipitation at Lilienfeld (Alpine foothills of Lower Austria) for the same period. Bottom: Discharge hydrograph of the Perschling
River at Boheimkirchen (55.3 km? catchment).

5 Flood Wave Propagation and Confluence Effects

The propagation of the flood wave along the Danube and its tributaries differed substantially among the four major events,
depending on the timing, volume, and spatial distribution of runoff inputs. Figure 9 presents a schematic overview of the
Danube river network during the September 2024 flood and illustrates the relative contributions from various tributaries. A
defining feature of the 2024 event was the dominant role of central and eastern Lower Austrian tributaries - in particular the

Ybbs, Pielach, Traisen, Perschling, and Goélsen Rivers - which experienced extreme rainfall totals and produced sharp, near-
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synchronous hydrograph responses between 14 and 16 September. Unlike the 2002 and 2013 floods, where the Inn, Salzach,
Traun, and Enns delivered large flood waves from the western Austrian Alps, the 2024 event was characterised by moderate
upstream contributions from Germany and western Austria. This pattern was evident at the Achleiten gauge on the German -
Austrian border, where the Danube reached only a 5- to 10-year flood level. Downstream, however, the flood wave intensified
rapidly through the additive effect of runoff from the Lower Austrian tributaries, including the Ybbs, which attained a
maximum discharge of about 830 m*/s in the morning of 15 September (HD NO, 2024). Together, these tributaries built up
the Danube peak in the Wachau region and further downstream. Although the September 2024 flood caused severe regional
impacts, its overall magnitude along the Danube remained below those of 1899, 2002, and 2013. Peak discharges at key gauges
such as Kienstock, Korneuburg, and Wildungsmauer were lower, and the total flood volume was smaller owing to limited
inflows from the western Alpine tributaries and the partial retention of precipitation as snow in the Traun and Enns basins.
Nevertheless, the event highlights the unusually high relative importance of eastern tributaries - particularly the Ybbs - Pielach
- Traisen-Perschling-Tulln system - in shaping the Danube hydrograph, underscoring how localized extreme precipitation and

regional synchrony can dominate flood generation even in the absence of widespread basin-scale rainfall.
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Figure 9: Overview of the Upper Danube catchment and tributary hydrographs during the September 2024 flood. The map shows
the river network and key gauging stations (red circles), with stylized discharge hydrographs for the period 12 - 18 September 2024.

Table 1 provides a concise overview of the four benchmark floods, summarising the main atmospheric settings, precipitation

330 characteristics, and hydrological responses that shaped their magnitude and spatial extent.

Table 1: Main hydrometeorological and hydrological characteristics of the four benchmark floods (1899, 2002, 2013, and 2024) in
the Austrian Danube Basin.
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Figure 10 compares the hydrograph evolution of the 2013 and 2024 Danube floods at the gauges Achleiten, Kienstock, and
Korneuburg, illustrating contrasting patterns of flood-wave translation and amplification. The 2013 event was dominated by
strong upstream forcing from the Inn, Traun, and Enns, producing a broad flood wave with gradual recession and limited
attenuation along the Austrian Danube. At Achleiten, near Passau, the maximum discharge of approximately 9800 m>/s was
followed by a nearly synchronous flood peak at Kienstock (= 11400 m?®/s) within about one day, reflecting the combined
propagation of flood waves from the Inn and Bavarian Danube. In contrast, the 2024 flood displayed a much steeper
hydrograph in the upper reaches (= 4400 m?/s at Achleiten) but showed pronounced downstream amplification. This
amplification resulted from lateral inflow superposition, as hydrographs from several Lower Austrian tributaries were
temporally aligned with the main-stem wave. At Kienstock, the 2024 flood reached about 9 530 m?/s, demonstrating that the
near-simultaneous responses of the Melk, Pielach, Ybbs, Traisen, and Perschling Rivers compensated for the relatively small
western Alpine contributions.

By Korneuburg, the 2024 hydrograph closely approached that of 2013, indicating a shift from upstream-controlled to tributary-
controlled flood dynamics. Overall, the Figure demonstrates that the 2013 flood represents a translation-dominated, Alpine-
driven wave, whereas the 2024 event typifies a locally amplified flood in which temporal synchronisation of lateral inflows

governed hydrograph growth and downstream propagation along the Austrian Danube.
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Figure 10: Discharge hydrographs of the 2013 (red shades) and 2024 (blue shades) Danube floods at three gauging stations: Achleiten
(dark red and dark blue), Kienstock (medium red and medium blue), and Korneuburg (light red and light blue). Time axes are
aligned such that the flood peaks coincide for visual comparison.

The longitudinal distribution of maximum discharge (Figure 11) highlights the spatial reorganisation of runoff contributions
along the Austrian Danube during the September 2024 flood. In the upper reach between Donauwdrth and Linz, the flood
response was comparatively weak due to limited inflow from the western Alpine tributaries. In the Traun and Enns catchments,
approximately 25 - 30 % of total precipitation occurred as snow, reducing effective rainfall and delaying runoff generation.
Consequently, the Inn - Traun - Enns area produced only moderate discharges, and the upper Danube hydrograph remained
well below the magnitudes observed during the 2002 and 2013 floods. Downstream of Melk, the flood wave intensified
markedly through lateral inflow from synchronously responding right-bank tributaries. The Melk River (~190 m3/s) and
Pielach (~380 m?/s) attained their maximum discharges almost simultaneously with the Danube, while the Ybbs (~830 m?/s),
Traisen (~790 m3/s), Perschling (~650 m?®/s), and Grof3e Tulln (~280 m?3/s) reached similar maxima within a lag of less than
six hours. This pronounced temporal synchronisation of tributary hydrographs resulted in a clear downstream amplification of
the main-stem flood wave. Farther east, additional but smaller inflows from the Kamp (~360 m?/s), Krems (~160 m?*/s), and
the Viennese tributaries Wienfluss (~330 m?/s) and Mauerbach (~100 m?3/s) contributed locally but had only minor influence
on the overall hydrograph shape.

Cumulatively, the Lower Austrian tributaries supplied more than 1000 m3/s of additional discharge between Melk and

Korneuburg, enhancing the Danube flood wave from 9530 m?/s at Kienstock to 10040 m?/'s at Wildungsmauer.
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This longitudinal increase reflects a transition from translation-dominated to amplification-dominated flood dynamics,
governed by the near-simultaneous response of the Lower Austrian tributary systems. Although the 2024 maximum discharges
remained 10 - 15 % below those of 2002 and 2013, the event was exceptional in its spatio-temporal coherence, illustrating a
shift from western Alpine control (Inn - Traun - Enns, partially snow-dominated) toward eastern-basin synchrony among the

Lower Austrian tributaries as the prevailing mechanism of flood generation along the Austrian Danube.
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Figure 11: Longitudinal profile of peak discharges along the Danube River from Passau to Wildungsmauer. The plot shows peak
discharges (m?/s) at major stream gauges for four flood events: September 1899 (light green), August 2002 (blue), June 2013 (dark
red), and September 2024 (dark green). The horizontal axis indicates stream gauges from upstream (left) to downstream (right),
with river kilometres (km) along the main channel shown at the top. The vertical axis displays discharge values in m?/s.
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5.1 Flood Magnitude in a Frequency Context

Exceptional flood responses were observed in several small tributary catchments during the September 2024 event (Figure
12). In the Perschling at Boheimkirchen (55.3 km?), the maximum discharge reached about 270 m?/s, more than double the
HQ100 reference value (108 m?/s) and far above all previous observations in the instrumental record. At the Kleine Tulln at
Sieghartskirchen (68.5 km?), the flood peak of roughly 200 m?*/s also exceeded the HQ100 threshold and ranked among the
largest events recorded in the region. These extreme responses reflect the combination of high rainfall intensities and short
concentration times typical of the small and medium-sized basins in central Lower Austria. In contrast, the Danube main stem
exhibited a considerably more moderate response. At Korneuburg (101537 km?), the 2024 maximum discharge of 9800 m?/s
remained below the HQ30 level (9340 m?/s) and well under the HQ100 reference (10400 m?/s). A similar pattern occurred at
Kienstock, where the 2024 peak discharge was clearly lower than those of 2002 and 2013. As shown in Figure 12, this contrast
demonstrates the pronounced scale dependence of the 2024 flood: extreme at the tributary scale, dominated by rapid and
efficient runoff generation, but moderate along the Danube, where channel and floodplain storage dampened the overall
hydrograph. The observed behaviour underscores the increasing relevance of localised, high-intensity precipitation and

catchment-scale synchronisation for flood hazard in eastern Austria under current climatic conditions.
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Figure 12: Annual maximum discharges and flood-frequency analyses for selected stations. Top: Perschling at Béheimkirchen (55.3
km?). Middle: Kleine Tulln at Sieghartskirchen (68.5 km?). Bottom: Danube at Korneuburg (101 537 km?). Bars show annual peak
discharges; dots and fitted curves indicate frequency distributions. The September 2024 flood is highlighted in red; historical
reference events are shown for comparison.

Figure 13 shows the spatial variation of the September 2024 flood in terms of two basin-wide indicators. The upper map
displays the ratio between the observed 2024 peak discharge and the local 100-year flood (HQ100), expressed as a percentage,
and the lower map shows the corresponding event runoff coefficient. The contrast across the basin is striking. In central and
eastern Lower Austria, many tributaries exceeded their HQ100 values by 150 to 270 percent, indicating that the 2024 event
was far outside the range of typical design floods. This cluster of extremely high ratios outlines the area that experienced the
most severe flooding, especially in the Perschling, Kleine Tulln, Traisen, and Pielach catchments. West of this region, the
Qpeak/HQ100 ratios decline rapidly, and along the main Danube the 2024 peaks remained below the HQ100 threshold. The
pattern of runoff coefficients looks similar to this distribution. In the most affected Lower Austrian basins, event runoff
coefficients reached exceptional values between about 0.6 and 0.8, showing that nearly all rainfall was converted into runoff.

Such high efficiencies are unusual for this region, where infiltration capacities are normally large and typical coefficients are
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much lower. The exceptional values in 2024 can be attributed to several days of prior rainfall that had already saturated the
soils before the most intense convective precipitation occurred. Farther west, runoff coefficients of around 0.4 to 0.7 were also
observed, broadly consistent with the generally higher values typical of this region due to steeper topography and shallower
soils (Merz and Bldschl, 2009). However, these higher coefficients did not lead to floods as extreme as those in Lower Austria.
This likely reflects differences in the spatial and temporal characteristics of the rainfall, which in the western basins was more
prolonged and less intense.

Overall, the 2024 event was exceptional for its combination of rainfall intensity, soil saturation, and hydrograph synchrony in
Lower Austria, which together produced flood peaks far above the HQ100 level and runoff coefficients rarely observed in this

part of the Danube Basin.
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Figure 13: Characteristics of the September 2024 flood event in Austria. Upper panel: Map showing the ratio of observed peak

discharge (Qpeak) to the local 100-year flood discharge (HQ1o0), expressed as a percentage. Values greater than 100% (darker blue

colors) indicate stations where the 2024 peak discharge exceeded the HQuoo threshold. Lower panel: Map of the event runoff
425  coefficients, defined as the ratio of runoff volume to precipitation volume in each catchment (unitless).
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6 Discussion and Conclusions

The flood of September 2024 adds a significant new entry to the record of major floods in the Danube Basin. While previous
landmark events - such as those in 1899, 2002, and 2013 - were each shaped by distinct synoptic situations, the 2024 event
again illustrates that persistent, moisture-laden, and slow-moving atmospheric systems remain critical drivers of large-scale
flooding in Central Europe (Hall et al., 2014; Nied et al., 2014; Bertola et al., 2020). In contrast to the Vb-type cyclone of 2002
(Ulbrich et al., 2003) or the blocking weather pattern of 2013, characterised by a stationary cut-off low over Central Europe
(Bloschl et al., 2013a), the 2024 event was associated with a quasi-stationary low-pressure system anchored over the eastern
Alps and western Hungary. This configuration enabled the sustained advection of subtropical moisture and produced multi-
day rainfall totals far exceeding climatological norms (Haslinger et al., 2025; Hofstétter et al., 2018).

This atmospheric setup led to a persistent inflow of moisture and created favourable conditions for repeated convective
development. Despite a dry summer and initially low soil moisture levels, the intensity and duration of the rainfall were
sufficient to rapidly saturate soils, triggering very high runoff coefficients across much of Lower Austria. This demonstrates
the non-linear relationship between antecedent conditions and flood response: dry soils can delay runoff initiation, but once
the saturation threshold is exceeded, very runoff coefficients can be expected under convectively enhanced rainfall (Berghuijs
etal., 2016).

The hydrological response in 2024 was strongly influenced by the spatial organisation of rainfall and the timing of tributary
inflows. While the 2013 flood was dominated by inflows from the Alpine and Bavarian tributaries, with near-synchronous
peaks of the Inn and Danube at Passau (Bloschl et al., 2013a; Parajka et al., 2016), the 2024 flood was primarily driven by
extreme discharges from rivers in Lower Austria. The near-simultaneous responses of the Traisen, Pielach, Perschling, and
other right-bank tributaries with the main Danube flood wave at Kienstock caused a pronounced mid-basin amplification of
discharge. Such synchronisation of tributary peaks may become more likely in a warmer climate if quasi-stationary lows - like
that of September 2024 - occur more frequently, leading to spatial and temporal superposition of flood waves (Hall et al., 2014;
Pinter et al., 2006; Bertola et al., 2021). Future studies should examine this potential systematically using regional climate
projections and large-sample hydrological modelling (Slater et al., 2021).

Although no single event can be attributed solely to anthropogenic climate change, the 2024 flood exhibits several features
consistent with recent hydroclimatic trends: record-breaking rainfall intensities and enhanced runoff from convective storms
(Haslinger et al., 2025; Pucik et al., 2017), as well as a reduced influence of snowfall due to elevated temperatures. These
characteristics align with projections of a more vigorous hydrological cycle and an increasing prevalence of convectively
driven floods in Central Europe (Brunner et al., 2021; Hall et al., 2014; Merz et al., 2014). Nevertheless, historical analogues
such as the 1899 flood - occurring under markedly cooler conditions - demonstrate that natural, internally generated climate
variability can also produce hydrometeorological extremes of comparable magnitude. Internal variability refers to the
spontaneous, unforced fluctuations in large-scale circulation and ocean - atmosphere coupling that modulate the regional

hydroclimate on interannual to multidecadal scales (Deser et al., 2012; Hawkins and Sutton, 2009; Fischer et al., 2016). Such
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variability, interacting with long-term anthropogenic forcing, can temporarily enhance or suppress flood occurrence in river
systems such as the Danube Basin. The clustering of major floods since 2000 (e.g. 2002, 2013, 2024) may thus reflect both an
emerging flood-active regime and phases of enhanced internal variability superimposed on the warming trend, possibly linked
to shifts in atmospheric circulation and moisture transport (Kundzewicz et al., 2014; Bloschl et al., 2020).

In conclusion, the September 2024 flood illustrates how atmospheric persistence, evolving antecedent conditions, and spatial
runoff synchrony can combine to produce high-impact hydrological extremes. While its characteristics underscore the growing
complexity of flood generation under changing climatic and hydrological conditions, they also reaffirm the continued relevance
of established hazard-assessment frameworks. The so-called “static” design approaches - regularly updated to integrate new
data and revised frequency estimates - remain an essential foundation for flood-risk management (Prudhomme et al., 2013).
Rather than replacing these methods, future strategies should extend and complement them through multi-pillar approaches
that combine event-based process analyses, compound-hazard perspectives, and adaptive risk governance (Montanari and
Koutsoyiannis, 2014; Thieken et al., 2022). Recognising that floods of this type will continue to occur periodically under
similar atmospheric conditions, such approaches are essential for enhancing resilience to both climatic change and natural

variability.
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