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Introduction

The thesis is organized into three chapters. Every chapter is separately introduces with a short summary, especially focusing on the main hypotheses and deﬁning additional terms, which may be important for grasping
the content. Consequently ends every chapter with a short summary of
the main ﬁndings and open questions.
While the chapters Geomorphometrics of Mountain Torrents and
The Frequency of Torrential Processes consisting of original research conducted by myself and collogues, introduces the ﬁrst chapter important
deﬁnition and hopefully provides the necessary scientiﬁc background for
the subsequent two parts. The ﬁrst chapter is completed with a short
and general overview on the scientiﬁc treatment of torrents. It follows
that the ﬁrst part can be easily skipped in the most cases.
The second chapter analyses the ability of primitive descriptors of
torrents like the basin area, the maximum altitudinal diﬀerence or the
channel slope and more complex indices derived from the primitive descriptors, refereed to as geomorphometrical indices, to discriminate
between basin dominated by debris ﬂow or bedload deposition at the
outlet1 . Which enabled me to contribute, with similar methods, to the
susceptibility assessment of check dams2 and the regional vulnerability
assessment due debris ﬂows3 .
The third chapter estimates the completeness of the Austrian torrential event catalog, which is the prerequisite of any subsequent statistical
analysis4 . The Austrian torrential event catalog is a collection of torrential
events obtained by various means reﬂecting the torrential activity of the
Eastern Alps in terms of temporal frequency and spatial distribution. The
temporal structure of the torrential activity, its meteorological control
and possible trends are detailed analysed in terms of annual frequency
and intra-annual timing.
The chapter relies heavily on resampling strategies, which I had the
opportunity to familiarize myself within the context of physical and social vulnerability assessment5 , and on exhaustive, systematic literature
reviews, which I could train in the course of the development of an evaluation concept for dynamic mass-movement simulations6 .
Numeric superscripts are used for citations, where the reference is
given in the margin. Superscripts in square brackets refer to notes at the
end of the thesis. These endnotes are used for detailed description of the
methods, additional analyses and cursory explorations of connected topics. The main text therefore describes, discusses and draws conclusions
from the results of the analysis, while the endnotes detail the methods
used to draw the aforementioned conclusions. The original articles are
included in the appendix after the references. Gender is avoided by using
the * instead.
That said, I hope that you enjoy reading the thesis and that at least a
few things can grab your attention, in a positive manner.
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
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The term “torrent”, “Wildbach” in German, “torrente” in Italy and “torrent” in France, refers to a small and steep, mountain catchment with a
permanent or ephemeral stream, where ﬂuvial bedload transport and
debris ﬂows can occur.
Due their small basin areas react torrents on intensive, short duration rainfalls with high peak discharges, typically within a few hours7 . The
mountainous environment, often permafrost inﬂuenced or overridden
and formed by past or recent glaciers, characterized by steep slopes and
abundant unconsolidated material provides the necessary gravitational
energy and material for high sediment loads of the runoﬀ, transferred to
the channel mouth by ﬂuvial bedload transport or debris ﬂows.
These properties of torrents are fascinating on their one right, but
can turn into nightmares of rumpled earth, tattered buildings and shattered lives wherever torrential and human activities overlap. To prevent
such disaster it is necessary to understand the causes and the ﬁrst step
toward understanding is to ﬁnd words that describe the phenomena, because “the limits of my language mean the limits of my world”8 .
Therefore is the following chapter designated to accurately deﬁne
the necessary terms torrent, ﬂuvial bedload transport and debris ﬂow,
to construct a sound, common basis. It superﬁcially discusses the main
theories of debris ﬂow initiation, which are important theoretical foundations for the interpretation of the geomorphometrical distinction between ﬂuvial bedload transport dominated and debris ﬂow dominated
basins, which will be the primary concern of the chapter Geomorphometrics of Mountain Torrents. But it is also important for the analysis of
the Austrian torrential event catalog in terms of frequency, magnitude
an repose time of torrential events, which will be the core of the chapter
The Frequency of Torrential Processes. And it ultimately gives a cursory
summary about the research on torrents, to emphasize that the following
thesis is only a small lobe on the impressive fan that has been deposited,
layer by layer, since the early 20th century.

Deﬁnitions and Phenomenological Characteristics of Sediment
Transport Processes in Steep Mountain Torrents

A torrent is a steep mountain catchment, where the sediment concentration of the runoﬀ reaches from low and mainly bedload transport, to high
sediment concentrations and transport by debris ﬂows.
A typical torrent, the Schesatobel situated in the Eastern Alps, Aus9
tria is shown in ﬁgure 1. Figure 1 also illustrate three characteristic process domains, the initiation, the transport and the deposition zone. The
initiation zone is mostly situated in the upper part of the basin, and from
a sediment transport process perspective exceeds, in this domain, erosion deposition. The initiation zone is followed by a region where ero-
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Figure 1: The Schesatobel, Eastern Alps, is
prime examples for torrents, with well developed initiation, transport and deposition
zone.
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Figure 2: The river classiﬁcation according to Rickenmann/Hunzinger/Koschni is shown as grey regions. Basins
with a channel slope of at least 3° and a basin area below 25 km2 are classiﬁed as Torrents. With increasing
basin area and accordingly decreasing channel slope are torrents followed by mountains rivers, with a maximum channel slope of 6° and a basin area between 25 km2 to 250 km2 . In contrast to valley rivers, which have
areas exceeding 250 km2 and a channel slope below 1°, is ﬂuvial bedload transport also frequently observed
in mountain rivers. Torrents can be further divided in debris ﬂow and bedload dominated ones, which is
indicated by the dashed white line. Where debris ﬂow dominated basins are situated above and bedload
dominated basins below the line. Also shown are basin area and channel slopes observations of debris ﬂow
and bedload dominated basins from a diverse physiogeographical catalog of torrent geomorphometrics. The
rationale behind the discrimination line, and the catalog, are exhaustively described in section The Distinct
Features of Torrents, p. 21. Reading example: A basin with an area of 25 km2 and a channel slope of 6° is a
bedload dominated torrent.
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sion and deposition are balanced and therefore only transport take place,
hence the name transport zone. Finally the deposition zone, which is, but
not necessarily, the alluvial fan, where deposition exceeds erosion.
Figure 2 deﬁnes torrents in terms of basin area and channel slope10 ,
where small basin areas and steep channel slopes, exceeding those of
rivers by several orders of magnitudes, are typical for torrents. So is the
characteristic channel slope of rivers11 well below 1° , while the typical
slope of torrents is between 6° to 20°. This geomorphometric characterisation of torrents, grounded in attributes of the basin and channel like
the area, length and slope, but also on the micro- and macro-roughness
and sediment connectivity, will be further elaborated in section Geomorphometrics of Mountain Torrents on pages 20.
The fast response to high intensity rainfall events, the high sediment
transport capacity and the type of sediment transport are, from a hydrogeomorphological perspective, distinct characteristics of steep mountain
catchments. The quick response or “ﬂashiness” of torrents, with respect
to runoﬀ generation, is a consequence of their small drainage area
[k]ann doch nur ein sehr kleines Einzugsgebiet von einem
Niederschlag höchster Intensität ﬂächendeckend getroﬀen
werden; in einem ausgedehnten Flußgebiet ist Gleiches nicht
möglich12

but also of the low water storage capacity of Alpine soils and the short
and steep channels. Moreover, are often considerable areas of the catchments bare rock, or rock faces situated in the uppermost regions of the
basin like the Aquabona basin in the Eastern Italian Alps13 or the basins
from the Grand Canyon and the French Alps shown in ﬁgure 8.
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Figure 3: A layer of coarse sediment above ﬁne grained sediment, sheltering the more mobile grain fraction and enhancing bed stability is called a armour layer.
The left panel shows an example of a well developed armour layer from the River Wharfe, UK. The middle panel shows an areal photo of the deposition of the
2005 Stubenbach, bedload transport event. It aﬀected an area of approximately 0.1 km2 with a deposition volume of 44 000 m3 , impressively demonstrating the
destructive potential, which lie dormant not only in debris ﬂows, but also in ﬂuvial bedload transport. The right panel shows a detail of the same event, to pin out
the depositional diﬀerence to debris ﬂows, as shown in ﬁgure 6.

Fluvial bedload transport and debris ﬂow are the to major modes
of sediment transport in torrents. Fluvial bedload transport is the ﬂuid
driven movement of solids, which are transported in a sliding, rolling
or saltating manner, to the channel mouth14 . In contrast to debris ﬂows
moves the ﬂuid at higher velocities than the solids, hence the sediments
are moved by water, while in the case of debris ﬂows the movement of
the sediment-water mixture is gravity driven15 . The terms “ﬂuvial bedload transport”, “bedload transport” and “bedload” will be used interchangeably to refer to this mode of sediment transport.
The transported grain size by bedload transport, is proportional to
the discharge, resulting in selective transport. Lower discharge predominantly washes out ﬁner sediment, leaving larger grains behind due the
limited upstream sediment supply. The larger grains often reorder themselves into an armour layer, resulting in higher bed stability against erosion16 . An example of such a layer formed in the River Wharfe, UK17 is
shown in the left panel of ﬁgure 3. Further increasing discharge results in
general bedload transport over the whole grain size distribution, where
the amount of transported sediment depends on the transport capacity
of the channel, as well as the available sediment18 .
Sediments deposited by bedload transport, as seen in the sedimentary record, consists of rounded grains, with well to moderate sorting and
obvious stratiﬁcation, exhibiting normal grading19 in striking contrast to
debris ﬂow deposits, which consists of angular, poorly sorted grains, with
weak stratiﬁcation nor preferred grain direction, often showing inverse
grading20 . The middle and the right panel of ﬁgure 3 shows typical recent
deposition patterns resulting from bedload transport.
The most notable feature of torrents is the possible occurrence of
debris ﬂows, which is a
[v]ery rapid to extremely rapid surging ﬂow of saturated debris in a steep channel [with s]trong entrainment of material
and water from the ﬂow path.21

Debris ﬂows are initiated, either by landslides or by channel bed failure,
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Figure 4: The left panel shows the middle reach of the Grosse Grabe, a torrent situated in the Swiss Alps. The
typical U-shape resulting from erosion due debris ﬂows is clearly visible. The channel bed and side wall store
abundant material, which is readily entrained and are a signiﬁcant share of the total debris ﬂows volume. The
right panel shows a cross-section from the Panamint Mountains, USA, recently visited by a debris ﬂow. The
U-shape, as well as lateral deposits, called levees, are readily seen.
22 Hungr/Leroueil/Picarelli (see n. 21, p. 9), p.

184.
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Figure 5: A debris ﬂow surge exhibits three
regions with unique behaviour, but the
transitions are ﬂuid. The ﬂow is headed
by an unsaturated bouldary front, were
dry friction dominates the movement.
The middle part is the debris ﬂow in strict
sense, where water and sediment are in
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body of the surge is followed by a tail of
decreasing sediment concentration, owing
behaviour similar to hyperconcentrated ﬂow
or bedload transport.
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which is discussed in more detail in section 1, page 12, and grow in size
by entraining material as large as boulders, but also organic material like
large woody debris, deposited in the channel, from the channel banks
and the channel bottom22 . The entrainment is an important and constitutive phenomenon of debris ﬂows, as the deposited volume is mostly
signiﬁcantly larger than the volume of the initial failure23 . Typically Ushaped channels are left from debris ﬂows, often accompanied by lateral
deposits known as “levees” (fr. “to lift”).
Figure 4 shows the active channel of the Grosse Grabe torrent situated in the Swiss Alps24 , and a debris ﬂow from the Panamint Mountains,
USA25 , both exhibiting the typical U-shaped channel cross-section.
As the growing mass ﬂows down the channel it develops three lucid
regions, as depicted in ﬁgure 526 , a bouldary or turbulent front, a region
where solid and ﬂuvial components are in complete mixture, followed
by a third region characterized by hyperconcentrated ﬂow. The entirety
of all three regions is called a “surge”, while the three parts are often referred to as the “head”, “body” and “tail”. One event often consists of
several surges.
Once a debris ﬂow reaches sections were the channel slope falls
below a value to maintain the movement or the channel cross-section
widens up, deposition sets in27 . The coarse bouldary front is deposited
ﬁrst, while the ﬁner and more dilute material continuous to spread over
the deposition plane, resulting in deposition patterns similar to that observed for bedload transport. The “frozen” bouldery front is often referred to as the debris ﬂow “snout” and an example from a debris ﬂow
deposited in the Panamint Mountains, USA28 is shown in the left panel
of ﬁgure 6. The depositional form from the snout backwards is called a
lobe, as a reference to its form, where behind the lobe U-shaped channels with levees are typical. The characteristic longitudinal pattern is altered by levee breaching and subsequent surges, resulting in complex
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Figure 6: Typical deposition phenomena of debris ﬂows are debris ﬂow snouts, large boulders and levees. The left panel shows the coarse, bouldary front of a
debris ﬂow deposit, which tend to stop spontaneously leaving the impression as it where “frozen” in middle of the movement, strikingly demonstrated by the
proﬁle view of the terminal end or “snout”, of the debris ﬂow from the Panamint Mountains, USA. The middle panel shows a large boulder transported by the 1966
Wollinitzgraben debris ﬂow, a torrent situated in the Eastern Alps. In the right panel a debris ﬂow levees is depicted. In such levees increases the size of the grains
from inside of the channel to the outside of the levee. The channel side also shows inverse grading in a vertical direction. Both phenomena are visible from the
levee left by a debris ﬂow from the Sölk valley, Eastern Alps.

deposition patterns29 , that ultimately build the debris ﬂow or alluvial fan.

Debris ﬂow depositions, as seen in the sedimentary record, are generally chaotic and poorly sorted. Due the high solid concentration are debris ﬂows able to transport and support large boulders. A large boulder,
now a memorial stone, transported by the 1966 Wollinitzgraben debris
ﬂow Eastern Alps, is shown in the middle panel of ﬁgure 6. Hence inverse
graining, coarsening of the deposits upwards, is sometimes observed30 .
In contrast exhibit the levees a certain depositional regularity. The
outside of levees are characterized by coarse material, while the channelside part shows matrix supported upward coarsening31 . A typical levee
cross-section, of a debris ﬂow from the Sölk Valley, Eastern Alps, is shown
in the left panel of ﬁgure 6.
The association to a speciﬁc ﬂow path renders debris ﬂows recurrent events, and sets them apart from other types of landslide, which are
essentially singular event.But it does not preclude the activity of other
transport processes in the same ﬂow path. In the same torrent ﬂuvial
bedload transport and debris ﬂows can occur, although their frequency
may greatly diﬀer. Hence a torrent can be either “dominated” by bedload
transport or debris ﬂow and will therefore show phenomena typical for
both processes, where the signs of the one are altered by the signs of the
other, which aggravates the determination of the dominant process.
Nevertheless is the determination of the dominant process of major
concern, especially for the design of mitigation measures, as debris ﬂow
peak discharges of the same return period, are considerable larger than
the peak discharges of pure water ﬂoods of the same return period[1] .
The ability of geomorphometrical indices - combinations of primitive
catchment variables like channel length, basin area or fan volume - to
delineate between the two domains will be shown in Discrimination of
Dominant Processes, p. 25.
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Torrents are therefore small, steep catchments, often showing a clear
partition in initiation, transport and deposition zone, were beside pure
water ﬂoods, also bedload transport and debris ﬂows are observed. Often torrents are intermittent or ephemeral streams, not maintaining ﬂow
throughout the year or even showing surface runoﬀ only as a reaction
to intensive, short duration rainfall events. The small area and the steep
gradients ultimately result in fast response, were signiﬁcant amounts of
sediments can be mobilize either by bedload transport or debris ﬂows by
means of diﬀerent initiation mechanism, which are brieﬂy discussed in
the next section.

Initiation of Debris Flows due Landslide Transformation and Critical Discharge
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While the detailed description of the dynamics of bedload transport is
a challenging problem, are the mechanics of its initiation well understood32 . In contrast is the initiation of debris ﬂows still an issue of discussion, where initiation by landslides and runoﬀ are the two main theories33 .
Initiation by landslides means, that debris ﬂows are initiated due the
transformation of landslides into debris ﬂows, while the landslides itself,
mostly fail due an increase in pore water pressure34 .
The initiation of debris ﬂows by runoﬀ, as opposed by the formation
due the transformation of landslides into debris ﬂows, was observed in
ﬂume experiments as early as 1983 were
[a]t slopes of about 20 % [11°] [. . .] [t]he underground material started to creep, and this can be considered to be the
beginning of a debris ﬂow.35

Although their is no doubt that debris ﬂows are initiated by excessive
runoﬀ, are the mechanism which ultimately lead to debris ﬂow formation still discussed today. Nevertheless two hypothesis prevail which are
grain-by-grain bulking or the triggering due hydrodynamic forces and
mass failure due sliding36 .
The most comprehensive theory for the sliding failure was developed
by Takahashi37 , where a debris ﬂows is initiated if the runoﬀ over the
channel bed reaches a critical height. This failure mechanism is illustrated
in the brown shaded region in ﬁgure 738 , for a hypothetical non-cohesive
stream channel segment.
The hypothetical failure mechanism for domain A, a completely dry
channel bed, is block sliding and it occurs if the slope of the channel is
larger than the internal angle of friction, which is obviously a purely hypothetical case. For increasing water content, domain B, the channel bed
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Figure 7: A channel bed can fail in diﬀerent modes, depending on its geotechnical conﬁguration, the channel gradient, the water content and the presence of
surface runoﬀ. A cohesionless channel bed will fail, as a dry block, as long as the channel gradient is greater than the internal angle of friction φ. This failure mode is
typical for domain A, shown in light grey. A channel bed with a gradient smaller than the internal angle of friction will fail due an increase in pore pressure as long
as the gradient is greater than the critical channel gradient according to equation 1. Shallow landslides are typical failure modes for domain B, shown in dark grey.
More gentle channel bed will be stable also under fully saturated conditions. With increasing runoﬀ enters the channel bed the failure domain C. Depending on the
relative ﬂow height, ﬂow height divided by the typical diameter of the channel bed, the channel may show pure water ﬂow, bedload transport or will fail as a debris
ﬂow.

will fail if the channel is steeper than critical gradient according to equation 1.
tan (θc ) = tan (φ) ∗

[(1 − m) ∗ γd + m ∗ γs ]
[(1 − m) ∗ γd + m ∗ γs + m ∗ γw ]

(1)

where m is the water content of the channel bed, γd is the speciﬁc weight
of the dry channel bed, γs is the speciﬁc weight of the saturated channel
bed, γw is the speciﬁc weight of water, φ is the internal angle of friction
of the channel bed and θc is the channel bed slope. The failure according to equation 1, is not a debris ﬂows in the phenomenological sense,
but a shallow landslide. A debris ﬂow can occur in domain B only if the
channel bed is fully saturated. This initiation is often described as debris
slide/debris ﬂow39 or debris avalanche/debris ﬂow40 .
A further increasing water content will lead to surface runoﬀ, which
will, for low ﬂow heights, cause pure water ﬂow, which is indicate by
the blue shaded region in ﬁgure 7. If the ﬂow height reaches a critical
value bedload transport will be observed, green shaded region in ﬁgure
7. And ﬁnally, if the ﬂow height further increases and a channel gradient
is steeper than the critical value given in equation 2, a debris ﬂow will be
initiated, which is illustrated by the brown shaded region in ﬁgure 7.


 −1
h
(2)
tan (θc ) = tan (φ) ∗ γs ∗ γs + γw ∗ 1 +
d
The initiation of debris ﬂows due hydrodynamic forces, starting as
scour processes extending to the whole channel bed, partially or completely eroding is a consequence of discharges greater than a critical
value41 . The necessary discharge is controlled by the channel gradient,
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Lake, British Columbia, en, in: Canadian
Geotechnical Journal 37.5 (Oct. 2000),
pp. 1109–1125, p. 1112-1114.

Figure 8: Two typical settings for debris ﬂows triggered by the ﬁrehose eﬀect. The left ﬁgure shows a steep
talus slope at the toe of a rock face in the Grand Canyon, Arizona, USA. Visible are also the levees and lobes
from past debris ﬂows. The right ﬁgure shows the Chalance torrent in Valgaudemar, French Alps. Although
not as steep as in the example from the Grand Canyon are the typical features, steep talus slope at the toe of
the antecedent rock face, clearly visible. The rock face collects and concentrates the rainfall, generating high
enough discharge at the toe to re- or mobilize the deposited debris due increasing pore-water pressure or due
hydrodynamic forces into a debris ﬂow.
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44 Carlo Gregoretti:

The initiation of debris
ﬂow at high slopes: experimental results,
en, in: Journal of Hydraulic Research 38.2
(Mar. 2000), pp. 83–88, p. 88.
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(Nov. 2002), pp. 1299–1307, p. 1299.

48 Berti/Simoni (see n. 13, p. 8).
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typical diameter of the channel bed sediment and the width of the channel. The debris ﬂows are triggered due the sudden impact of high discharge from the rock walls, which mixes with the debris deposited at the
toe and re- or mobilizing the debris due increasing pore-water pressure
into a debris ﬂow42 .
The initiation due hydrodynamic forces was not only observed by
Smart/Jaeggi, but also by Italian researchers in various laboratory experiments in the beginning of the 21st century43 , challenging the generality
of the proposed triggering due a sliding failure of the channel bed as described above, where the sliding failure is seen
[. . .] as an upper limit which is likely to be reached when the
increase of water discharge ﬂowing over the sediment bed is
relatively fast and sudden.44

This limiting case of “fast and sudden” discharge, was described as the
“ﬁrehose eﬀect”. The ﬁrehose eﬀect is a typical trigger mechanism for
debris ﬂows originating from the head of steep talus slopes or colluvium
wedges, at the toe of rock faces (see also ﬁgure 8). It is a common in
Canyons like in Uinta Mountains45 or the Grand Canyon46 , but it was also
observed in the French47 and Italian Alps48 .
While the runoﬀ initiation of debris ﬂows is assumed as the dominant
mode of debris ﬂow initation among European researchers49 , seem to
favour North-American ones the initiation due landslides50 .
In the case of landslide initiated debris ﬂows transforms a former
rigid mass of water-laden sediment into a debris ﬂow. The necessary
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water is assumed to be already present in the landslide mass, although
postfailure mixing is also observed51 . Several factors like the initial volume of the failed mass52 , the angle of entry between the initial failure
and the existing ﬂow path53 or the channel gradient at the congregation
of the initial mass and the channel54 , control the likelihood of the initial
landslide mass to transform into a fully developed debris ﬂow.
Beside the two main concepts of debris ﬂow initiation it was also
argued that debris ﬂows are triggered by “impulsive loading”, where a
landslide mass rapidly loads the partially or fully saturated channel bed,
increasing the downward force due its impact55 . Conceptually similar is
the initiation due undrained loading, were a failed mass overrides the
torrent bed leading to increased pore pressure under undrained conditions, which eases the incorporation of the channel bed material by the
initial failed mass56 .
Although resulting from diﬀerent mechanism are both types essentially special cases of the landslide initiated debris ﬂow type. Similarly
are debris ﬂows resulting from dam breach, Jökulhaups or glacier lake
outburst ﬂoods57 , essentially runoﬀ initiated debris ﬂows, with the difference that the trigger is not a rainfall event, but a sudden outburst of
stored water. Furthermore indicated recent studies58 , that both types act
together and are therefore not mutually exclusive.

The Scientiﬁc Treatment of Steep Mountain Torrents and Torrential Processes
The scientiﬁc treatment of mountain torrents dates back to the year 1778
as, ﬁrst in Italian language and later in 1779 in German, the professor of
mathematics and physics of the University of Innsbruck, Franz von Zallinger zum Thurn (1743-1828) published the ﬁrst scientiﬁc treatment
concerned with torrential ﬂooding59 . The book was a consequence of
the catastrophic ﬂoods in the ﬁrst half of the 18th century. In the year
1826, Jospeh Duile (1776-1863) published his seminal book “Über Verbauung der Wildbäche in Gebirgsländern, vorzüglich in der Provinz Tirol
und Vorarlberg60 ” summarizing his experience in construction of torrent control works and torrential hazards in general. The catastrophic
events in the 1882[2] (see also ﬁgure 9) and the forest-technical system[3]
established in the late 19th century in France, witnessed by the former
professor of the University of Natural Resources and Life Sciences, Vienna, Arthur von Decrescendo (1845-1886), lead to the foundation of the
Torrent and Avalanche Control in the year 1884. In the year 1901 Ferdinand Wang (1855-1917), published one of the ﬁrst complete treatments
in German about the forest-technical system of torrent control61 . “Die
Muren: Versuch einer Monographie mit besonderer Berücksichtigung der
Verhältnisse in den Tiroler Alpen62 ” published 1910 by Josef Stiny (1880-
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Figure 9: In the year 1882 widespread ﬂooding and debris ﬂows occurred in Tyrol and Carinthia, triggering the foundation of the Torrent and Avalanche Control in
Austria. The extent of the catastrophes in 1882 was even greater then in the year 1851, were also numerous torrential events caused devastation again focused in
Tyrol and Carinthia. Beside the 1851 and the 1882 events also in the years 1897 and 1899 a great number of events occurred, but this time mainly in Salzburg and
Upper Austria. Reading example: The left panel is based on the Austrian torrential event catalog as described on page 33. The blue line shows the square root of
the number of events per year. The square root is used to stabilize the variance i.e to damper the diﬀerence between years with a very high and years with a very
low number of events. The black line is a local polynomial regression with an α = 0.25. The right panel shows a kernel density estimate of the spatial intensity.
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1958), beside being one of the ﬁrst monographs on debris ﬂows, led to a
shift in research towards the geological and geomorphological causes of
torrential activity. It also introduced the dichotomy of “Jungschutt” and
“Altschutt” watersheds63 , which can be interpreted as sedimentlimited
and sedimentunlimited[4] and is discussed in more detail in chapter Repose Times of Torrential Processes on p. 57. Another important work of
Stiny was the compilation of a catalog of natural hazards in Austria from
village-, church and school chronicles, newspapers and oral and written
reports from lay* and experts64 . The list of events in this 1938 article,
“Über die Regelmäßigkeit der Wiederkehr von Rutschungen, Bergstürzen
und Hochwasserschäden in Österreich”, is one basis of the Austrian torrential event catalog, described in chapter Austrian Torrential Event Catalog on p. 33.
Hence the ﬁrst half of the 20th century was characterized by phenomenological studies, focusing on the qualitative description of torrential processes, especially debris ﬂows, but not only in Europe also in
Japan65 and Canada66 , resulting in diverse typologies of torrents. But also
throughout the second half of the 20th century deﬁnitions and typologies
of torrents were discussed, until in the year 2014, at least for debris ﬂows
and debris ﬂoods, a widely accepted deﬁnition was presented67 .
One of the ﬁrst rigorous physical treatments of debris ﬂow initiation
and movement was published in the year 1977 by Takahashi, which is,
although criticized68 , still successfully applied today69 . The number of
physical theories of debris ﬂow initiation hereafter increased steadily,
adding liquefaction due undrained loading70 , impulsive loading71 , initiation due landslides72 to the possible failure modes.
Also laboratory experiment and subsequently derived theories regarding the initiation and magnitude of bedload transport increased at
the end of the 1970s and the beginning of the 1980s73 and provided fertile ground for similar theories regarding debris ﬂow initiation due hydrodynamic forces as detailed in the last section. Most recent models of
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debris ﬂow initiation combine both, landslide initiation and initiation by
runoﬀ, in a common framework74 .
The development of debris ﬂow and bedload initiation theories, was
paralleled by the description of their dynamics75 , which ultimately resulted in a variety of physically based simulation models76 , readily used in
modern hazard assessment.
The increase in quantitative observations and the emergence of geoinformation systems, in the last quarter of the 20th century, lead to an increasing number of quantitative description of torrents and its distinct
morphometrical features77 . First attempts were made to predict the
important characteristic of debris ﬂows like the deposition volume, the
peak discharge and velocity based on empirical laws, which were summarized and integrated in a risk assessment framework, by Rickenmann in
the year 199978 . The spatial implicit empirical laws were further development into empirical models of depositional dynamics using geometrical
similarity between deposition volume and ﬂow cross section79 , geometrical similarity between the deposition volume and the deposition area80
or analogies to snow avalanches81 .
In the year 1980 Caine published The Rainfall Intensity presenting
a simple discrimination function between non-triggering and triggering rainfall events, constructed in the double, base 10 logarithm transformed, intensity-duration plane82 . Although it was not the ﬁrst study on
the rainfall control of debris ﬂows and their use as possible precursors,
the simple, yet eﬃcient idea, triggered a remarkable amount of studies
over the following three decades, which culminated in the year 2008.
Guzzetti et al. presented an update of the now 28 year old discrimination line based on a global landslide catalog consisting of more than 2500
observations from various physiogeographical conﬁgurations83 .
Since its publication challenged studies the validity of the purely rainfall controlled thresholds, may it because of technical reasons like insuﬃcient rain gauge network to measure the actual triggering rainfall84 or hydrogeomorphological reasons, as it obviously oversimpliﬁes the response
of torrent to rainfall events85 .
Parallel methods based on lichenometry86 and dendrochronology87
were developed to estimate the frequency of torrential events. Lichenometry was originally developed to date the paleoglacial extent in high altitudes, using the ability of lichen to grow in environments which are inhospitable for most other species88 . The age of deposits are dated by
the size of the lichen, as the size is highly correlated with the age89 . In
contrast uses dendrochronology growth disturbances found in trees and
the fact that these can be very accurately dated, by using the tree ring in
which they are observed, to determinate years in which torrential events
have occurred90 . And while studies using lichenometry are scarce, became dendrochronology a widely applied method for the determination
of torrential event frequencies91 .
The ﬁrst two decades of the 21st century are characterized by an increasing concentration of information, as several books on torrential haz-

17

74 Kean et al. (see n. 33, p. 12); McGuire et al.

(see n. 58, p. 15).

75 Iverson (see n. 51, p. 15); Dieter Rickenmann:

Hyperconcentrated Flow and Sediment
Transport at Steep Slopes, en, in: Journal
of Hydraulic Engineering 117.11 (Nov. 1991),
pp. 1419–1439.

76 e.g. Marc Christen/Perry Bartelt/Julia Kowal-

ski: Back calculation of the In den Arelen
avalanche with RAMMS: interpretation
of model results, in: Annals of Glaciology
51.54 (2010), pp. 161–168; Oldrich Hungr:
A model for the runout analysis of rapid
ﬂow slides, debris ﬂows, and avalanches,
en, in: Canadian Geotechnical Journal 32.4
(Aug. 1995), pp. 610–623; P. Aleotti et al.:
Numerical modeling to determine risk
scenarios in an alpine alluvial fan, English,
in: Management Information Systems 9
(2004), pp. 153–162.

77 e.g Olav Slaymaker:

The distinctive
attributes of debris torrents, en, in: Hydrological Sciences Journal 33.6 (Dec. 1988),
pp. 567–573; Lorenzo Marchi/Alessandro
Pasuto/Pia Tecca: Flow Processes on Alluvial
Fans in the Eastern Italian Alps, in: Zeit.
Geomorph. NF 37.4 (Dec. 1993), pp. 447–
458; V. D’Agostino: Analisi Quantitativa E
Qualitativa Del Trasporto Solido Torrentizio
Nei Bacini Montani Del Trentino Orientale,
in: Scritti dedicati a Giovanni Tournon, 1996,
pp. 111–123.

78 Dieter Rickenmann:

Empirical relationships
for debris ﬂows, in: Natural hazards 19.1
(1999), pp. 47–77.

79 Matteo Berti/Alessandro Simoni:

Prediction
of debris ﬂow inundation areas using
empirical mobility relationships, en, in:
Geomorphology 90.1-2 (Oct. 2007), pp. 144–
161.

80 Christian Scheidl/Dieter Rickenmann:

Empirical prediction of debris-ﬂow mobility
and deposition on fans, en, in: Earth Surface
Processes and Landforms 2009, n/a–n/a.

81 Adam B. Prochaska et al.:

Debris-ﬂow
runout predictions based on the average
channel slope (ACS), en, in: Engineering
Geology 98.1-2 (Apr. 2008), pp. 29–40.

82 Nel Caine:

The Rainfall Intensity-Duration
Control of Shallow Landslides and Debris
Flows, in: Geograﬁska Annaler. Series A,
Physical Geography 62.1/2 (1980), p. 23,
equation (1), p. 23.

83 Fausto Guzzetti et al.:

The rainfall intensity–duration control of shallow landslides
and debris ﬂows: an update, en, in:
Landslides 5.1 (Feb. 2008), pp. 3–17.

84 E.I. Nikolopoulos et al.:

Estimation of debris
ﬂow triggering rainfall: Inﬂuence of rain
gauge density and interpolation methods,
en, in: Geomorphology 243 (Aug. 2015),
pp. 40–50.

85 Michael Church/Michael J. Miles:

Meteorological antecedents to debris ﬂow in
southwestern British Columbia; Some case
studies, en, in: Reviews in Engineering Geology, vol. 7, 1987, pp. 63–80; Berti/Simoni
(see n. 13, p. 8); D. Prenner et al.: The Value
of Using Multiple Hydrometeorological
Variables to Predict Temporal Debris Flow
Susceptibility in an Alpine Environment, en,
in: Water Resources Research 54.9 (Sept.
2018), pp. 6822–6843, e.g.

ards, with a special emphasis on debris ﬂow were published, presenting
the accumulated knowledge in a structured manner92 and ultimately resulting in ﬁrst guidelines and standards regarding event documentation93
and the design of mitigation measures94 .

86 John L. Innes:

Lichenometry, en, in: Progress
in Physical Geography 9.2 (June 1985),
pp. 187–254.

87 John F. Shroder:

Dendrogeomorphology:
review and new techniques of tree-ring dating, en, in: Progress in Physical Geography
4.2 (June 1980), pp. 161–188.

88 R.E. Beschel:

Dating Rock Surfaces by Lichen
Growth and Its Application to Glaciology
and Physiography (Lichenometry), 1961.

89 Richard Armstrong/Tom Bradwell:

Growth
of crustose lichens: a review, en, in:
Geograﬁska Annaler: Series A, Physical
Geography 92.1 (Mar. 2010), pp. 3–17, Fig. 4,
p. 9.

90 Markus Stoﬀel (ed.):

Tree rings and natural
hazards: a state-of-the-art, en (Advances
in global change research v. 41), OCLC:
ocn495597927, Dordrecht [Netherlands] ;
New York 2010, p. 183-283.

91 Ibid.

92 Jakob/Hungr (see n. 23, p. 10); Tamotsu

Takahashi: Debris ﬂow: mechanics, prediction, and countermeasures, eng, 2nd
edition, Boca Raton 2014.

93 E. Berger et al.:

DIS-ALP: Disaster Information System of Alpine Regions – Final
Report, English, tech. rep. 101, INTERREG IIIB
- Alpine Space PROJECT, 2007, p. 96.

94 ONR 24801:

Schutzbauwerke der Wildbachverbauung - Statische und dynamische
Einwirkungen, Deutsch, Norm 24801,
Austrian Standards.

Deﬁnition and Phenomenology of Torrents

18

The Geomorphometry of Mountain Torrents and the
Distributional Diﬀerence of Geomorphometrical Features of Debris Flow and Bedload Dominated Basins

19

95 Ashok K. Mishra/Paulin Coulibaly:

Developments in hydrometric network design: A
review, en, in: Reviews of Geophysics 47.2
(Apr. 2009), p. 2.

96 Ion Zăvoianu:
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The sound basis of all river training and management are quantitative
measures of water and sediment discharge. And while gauging networks
have became denser, also longer and detailed observation series became
available. Unfortunately are these networks mostly restricted to river
systems several magnitudes larger and notably lees steep, than typical
torrents95 .
Because direct measurement series are seldom available for torrents,
relationships between their behaviour regarding sediment transport processes, frequency and magnitude and their physiographic conﬁguration,
in terms of geology, topography, land-use and especially the morphometrical characteristics of the basin96 , may be a potential substitute for the
missing measurement network.
On such important characteristic is the dominant ﬂow process, which
is beside the event magnitude, one of the most basic characteristics of
torrents, and indispensable for risk assessment or the design of mitigation measures97 . Basins where most of the sediment is transported
by bedload transport to the outlet are said to be “bedload dominated”,
while basins were most of the sediment is transported by debris ﬂow
to the basin outlet are said to be “debris ﬂow dominated”. The distinction between torrents dominated by bedload transport or debris ﬂows,
in terms of primitive morphometric characteristics like the basin area
and the channel slope, is the content of the ﬁrst part of the chapter. It
updates the The distinctive attributes of debris torrents98 by a diverse
catalog of torrent morphometrics originating from a variety of physiogeographical settings. However, diﬀerent studies showed, that the distinction
between the dominant ﬂow process based on morphometrical characteristics of the basin and the fan are better suited than discrimination solely
based on the characteristics of the basin99 .
The fan is a notable land form of torrents, which is situated at its
mouth. The fan is the result of a long history of complex deposition and
erosion processes controlled by geological, climate and land-use conditions, which may have changed over time100 . Whereas the morphometrical characteristics, expresses as indices which are mostly combinations
of measures of the basin, channel or fan shape and relief, are stable over
long periods and only altered by major endo- and exogenous processes
like earthquakes or glaciers.
Assuming that the geomorphometrical setting of a basin determinate characteristics like the dominant fan forming process, frequency of
events or magnitude, therefore implies stationarity of these characteristics over secular time scales, and that factors like climate and land-use
exert lower control on these characteristics than the geomorphometrical
conﬁguration.
While it seems plausible to assume that the dominant fan forming
process is controlled by the geomorphometrical setting of the basin,
which will be demonstrated in section Discrimination of Dominant Processes on page 25, is it fair to hypothesizes that the control on magnitude
and frequency should be less pronounced, as studied showed that the
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magnitude and frequency of events is altered by land-use101 or climate
change102 , which is investigated in the chapter The Frequency of Torrential Processes on page 32.

The Distinct Attributes of Debris Torrents: an Update

In the year 1988 Slaymaker published an article in the hydrological sciences journal about the “distinctive attributes of debris torrents”103 ,
where “debris torrents” refer do torrent which are dominated by debris ﬂow. Almost 40 years, where torrents were intensively researched
and data about them has signiﬁcantly increased, passed since then. The
increasing amount of data available today oﬀers an opportunity to revisit the article and update what is thought to be distinctive for torrents,
where debris ﬂows are the dominant ﬂow process.
The most notable feature is the small drainage area of debris torrents. In the year 1988 an area between 1 km2 to 10 km2 was thought
to be typical, and nothing changed since then. Several studies, from various physiogeographical settings, conﬁrmed the interval like Marchi/
D’Agostino where 90 % of all basin, situated in the Eastern Italian Alps,
had an area below 10 km2 , Tichavský/Ŝilhán, situated in the Eastern Sudetes,
where all basins had an area between 3 km2 to 7 km2 or the threshold of
11 km2 , separating basin dominantly producing debris ﬂows from those
dominated by bedload, estimated[5] from the pooled catalogs, situated in
the Swiss Alps, of Baumgartner, Gertsch and Rickenmann/Koschni104 .
Inferring from an even larger corpus of more than 1500 watersheds
derived from literature[6] and the Austrian torrential event catalog described in detail in section Austrian Torrential Event Catalog on page 33,
where at least one debris ﬂow was observed, also 90 % of all basins have
an area smaller than 10 km2 . Furthermore can the distribution of the
basin area be described by a log-normal distribution[7] , with a mean of
2.2∗1.05±1 km2 and a standard deviation of 3.8∗1.03±1 km2 , and is shown
in ﬁgure 10. The parameters of the log-normal distribution are stable for
a wide range of geographical regions such as Italy, Austria, Switzerland,
France or Canada, as depicted in ﬁgure 11. Except the Japanese catalog
has signiﬁcantly lower basin areas, hence it was excluded from the estimation of the parameters of the supra-regional log-normal distribution[8] .
Although the distribution of the drainage area of debris ﬂow basins is
narrow, is its distinctiveness questionable. Comparing it with the drainage
area of basins, where bedload transport is the dominant sediment transport process, a considerable overlap for areas below approximately 7 km2
is observed, as readily seen in ﬁgure 10. However the type of distribution is unaltered[9] , resulting in a log normal distribution with a mean
of 17 ∗ 1.1±1 km2 and a standard deviation of 4.3 ∗ 1.1±1 km2 , which
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Figure 10: The left panel shows the estimated log-normal distributions of the basin area for debris ﬂow and
bedload dominated basins. The mean of the bedload dominated basins is signiﬁcantly larger than that of the
debris ﬂow basins. Despite the clear diﬀerence in mean, show both distributions a remarkable overlap. The
consequences of the overlap is that for basins, with an area between 5.5 km2 to 7.5 km2 , debris ﬂow and
bedload dominance is equally likely, if only the area is concerned, as indicated by the grey shaded area in the
right panel. The right panel shows the Bayesian classiﬁer according to equation 19, based on the assumed lognormal distributions. Reading example: The left panel gives the probability of bedload dominated sediment
transport, as a function of basin area. From 100 basins, with an area of 10 km2 , will be, on average, 60 basins
dominantly bedload and 40 basins dominantly debris ﬂow controlled, according to the right panel.
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shows similar regional stable parameters as in the case of debris ﬂow
dominated basins[10] .
Applying a Bayesian classiﬁer[11] reveals that areas between 4 km2
to 9 km2 are associated with the highest uncertainty, i.e. having almost
equal probability, regarding the dominant ﬂow process, which is depicted
in the right panel of ﬁgure 10.
A “remarkable” consistency of 27° to 28° of the average channel
slope, estimated as the slope from the initiation point to the apex of
the fan, were stated by Slaymaker, back in the year 1988. Furthermore
where channel slopes greater than 25° seen as typical for the initiation,
channels slopes between 10° to 25° typical for the transport and channel slopes between 5° to 12° typical for the deposition zones of debris
ﬂows. While the range of average channels slopes are in fair agreement
with the channels slopes of the literature catalog, as discussed in a moment, must the threshold for initiation be revised in the light of the past
research.
The critical channel slope for debris ﬂow initiation depends, beside
the geotechnical properties of the material and the hydrological conditions, also on the triggering mechanism as described in section Initiation
Mechanisms of Debris Flow p. 12.
So showed several studies105 that the necessary channel slope for
debris ﬂows to be triggered by channel bed failure due excessive runoﬀ,
is indirect proportional to the upslope contribution area in the form of a
power law, according to equation 3.
θc∗ = α ∗ A−β

(3)

where θc∗ is the critical channel slope, A is the catchment area above the
channel, which drains into the point of interest and α and β are parameters of the power law controlling its behaviour.
Using an empirical estimate of the parameters α and β of equation 3
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Figure 12: The left panel shows the estimated normal distributions of the square root transformed average
channel slope for debris ﬂow and bedload dominated basins. The mean of the debris ﬂow dominated basins is
signiﬁcantly larger than that of the bedload dominated ones. The to distributions show a lower overlap than
observed for the basin area (see also ﬁgure 10), but still an overlap exits. The consequences of the overlap is
that for basins, with an channel slope between 11° to 13°, debris ﬂow and bedload dominance is equally likely,
as indicated by the grey shaded area in the left panel. The left panel shows, similar to ﬁgure 10, a Bayesian
classiﬁer according to equation 19, based on the assumed normal distributions. Reading example: The left
panel gives the probability of bedload dominated sediment transport, as a function of the channel slope.
From 100 basins, with an average channel slope of 15°, will be, on average, 10 basins dominantly bedload and
90 basins dominantly debris ﬂow controlled.

for data from the Swiss Alps[12] and utilizing the estimated basin area distribution given in ﬁgure 10, results, with an assumed area of the initiation
zone equal to one forth of the basin area, in a probability weighted[13]
initiation channel slope of 17°.
For debris ﬂows triggered by landslides, not only the relationship
with the upslope contribution area vanishes106 , also considerable higher
slopes are necessary. So states May107 , based on 53 observation from the
Oregon Coast Range, USA, that 95 % of all debris ﬂows initiated on channels slopes with an inclination greater than 28°. This value is in the range
stated by Rickenmann of 27° to 38° for debris ﬂows triggered by slope
failures in weakly consolidated material108 .
Similar high thresholds, 27° to 28° seem to be necessary for debris
ﬂows originating from talus slopes at the toe of rock faces, which are triggered due abrupt, concentrated discharge from the rock walls109 . Which
is conﬁrmed110 by debris ﬂows mainly triggered by the ﬁrehose eﬀect in
the Eastern Uinta Mountains, with channel slopes at the initiation point
above 26 ± 9°. Also in the Central Front Range of Colorado, USA, where
the highest slopes, 39°, were observed for debris ﬂows triggered by the
ﬁrehose eﬀect, which was signiﬁcantly diﬀerent from the initation slopes
observed for landslide, 33° or rill erosion, 37°, triggered debris ﬂows111 .
In contrast to the channel slope of the initiation zone, are the channel slope ranges for transport and deposition zones still valid today, as
readily visible in ﬁgure 13, which summarizes all available observations
on channel slopes typical observed in initiation, transport and deposition
zones[14] .
Beside the channel slope also the junction angle between two channels112 , abrupt changes in the channel slope or widening of the channel
cross section113 determinates if a debris ﬂow continuous or terminates.
Hence the non-uniqueness of channel slopes typical for deposition and
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transition zone. The overlap of the transition and initiation zone, with regard to the channel slope, is due the diﬀerent trigger mechanism but also
because a channel slope capable of initiating a debris ﬂow is also capable
of routing an already moving debris mass.
The interval of 27° to 29° for the average channel slope, observed primarily for the Howe Sound Area, Canada, is still highly probable if compared to the literature data catalog.
Similar to the basin area, can the distribution of the average channel
slope be described by a normal distribution, after a square root transformation is applied[15] . Although the distributional form is unaltered by the
dominant fan forming process, have bedload and debris ﬂow dominated
basins, signiﬁcant diﬀerent parameters, which is shown in ﬁgure 12.
Debris torrents have an average channel slope of 19.3 ± 0.4°, while
bedload dominated basins have a remarkable lower average channel
slope of 7.0 ± 0.5°. Also the standard deviations of the estimated normal distributions are diﬀerent with 0.8 ± 0.1° for debris torrents and
1.0 ± 0.1° for bedload dominated basins.
The distributional parameters are identical for bedload dominated
basins from the Swiss and Austrian Alps. Also for the debris ﬂow dominated basins are the distributional parameters stable for a wide geographical range including the Swiss, Austrian and Eastern Italian Alps,
but also observations from Canada are not distinguishable from the
aforementioned ones. In contrast had debris torrents observed from the
Hautes-Alpes, France, lower average channel slope and were therefore,
similar to the Japanese observations of the basin area, excluded prior the
estimation of the distribution[16] .
Still is the estimated distribution of channel slopes for debris torrents
plausible, which is further supported if compared to independent observations not included in the literature data set. Where in the Eastern
Italian Alps average channel slopes between 11° to 31° are typical for debris torrents114 , which is strongly overlapping with the average range of
channel slopes observed in Taiwan115 of 15° to 30°. Slightly lower values
are reported from Korea116 with average channel slopes between 10° to
20°. Nevertheless are all values well in the range of the estimated distribution, with odd ratios of 3 to 1, 6 to 1 and 2 to 1 if compared to the
probability resulting from assuming bedload dominance.
Although the distributional family is similar to the distribution of the
basin area, is the discrimination between debris ﬂow and bedload transport based on the channel slope less aﬀected by overlapping areas, but
still not perfect. Applying a Bayesian classiﬁer[17] , reveals that average
channel slopes between 11° to 13° are associated with the highest uncertainty, i.e. having almost equal probability, regarding the dominant ﬂow
process, which is also shown in the right panel of ﬁgure 12.
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Figure 14: The left panel shows typical Melton ratios and fan slopes observed in the Canadian Rocky Mountains and are reproduced primarily for historical reasons, because it were the ﬁrst attempts to discriminate between debris ﬂow and bedload dominated basin by means of the geomorphometrical pair. The second
panel from the left demonstrates the eﬀect of lithology. The center of gravities shift toward higher values if the lithology changes from mainly ﬁne weathering
schist, ﬁlled circles, to coarse weathering sedimentary rock, ﬁlled diamonds. Although the shape of the joint distribution is unaltered. Also observations from the
European Alps, as shown in the third panel from the left with the discriminant functions given in equation 4 and 5, exhibit the same relationship underpinning
the general applicability of the relationship to distinguish between bedload and debris ﬂow dominated basins. It also oﬀers, beside lithology, another possible
explanation for the overlap of the process-speciﬁc joint distribution through the incorporation of debris ﬂoods, which show, as expected intermediate behaviour.
The ﬁrst panel from the right shows a global catalog and the resulting discriminant function (equation 6), which is the most comprehensive analysis so far, further
strengthen the discriminant power of the relationship.

Discriminating the Dominant Fan Forming Processes Based on
Geomorphometric Features of the Basin
The previous chapter showed that two primitive morphometrical features, the basin area and the average channel slope, are, at least partially,
capable of distinguishing basins dominated by debris ﬂow from those
dominated by bedload transport[18] . This raises the question if other primary geomorphometrical features of the basin, channel or the fan like
the length, width or the perimeter or more sophisticated geomorphometrical indices[19] like the form factor117 , the Melton ratio118 or the sediment connectivity index119 proof to better distinguish between debris
ﬂow and bedload dominated torrents.
The most extensively studied pair of geomorphometrics, in the context of discriminating between debris ﬂow and bedload transport as the
dominant fan forming process, are the fan slope and the Melton ratio of
the basin120 , which resulted in various discriminant functions.
The Melton ratio is a normalized measure of gravitational energy of
the basin and is deﬁned according to equation 28, and the fan slope is
deﬁned as the rise over run measured from the fan apex to the fan toe.
First attempts using the Melton ratio and the fan slope to distinguish
between debris ﬂow and bedload transport dominated basins, were
made in the year 1987 for basins situated in the Canadian Rocky Mountains121 , which are depicted in the ﬁrst panel from the left of ﬁgure 14.
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Observations from New Zealand122 , revealed considerable control
of diﬀerent lithology on the typical fan slope and Melton ratio values.
Although still the process domains are well separated from each other,
as seen in the second panel from the left in ﬁgure 14, show the ﬁner
and more mobile weathering products from the schist ranges, depicted
as open circles, signiﬁcant lower values of both, the fan slope and the
Melton ratio, than the coarse weathering products from the sedimentary
ranges, depicted as open diamonds.
The shift toward higher Melton ratios and fan slopes per process, as
a consequence of the altered lithology from schist to sedimentary, is especially obvious if the average values are concerned, which are shown as
ﬁlled circles and diamonds in ﬁgure 14 respectively. Nevertheless does
the shift in the averages not change the principle shape of the joint distribution. Regardless of the tremendous eﬀect of lithology on typical debris
ﬂow and bedload fan slopes and Melton ratios, which still could be an
artefact of the small sample size, 59 from the sedimentary and 60 from
the schist ranges, was the lithological control not further investigated
since then.
The relationship between fan slope and Melton ratio of the basin,
was not only observed in the Canadian Rocky Mountains or the Southern Alps of New Zealand, but also in the European Alps123 , as seen in the
third panel from the left of ﬁgure 14. Beside demonstrating the validity of
the relationship, it additionally discriminates between debris ﬂood fans.
The process of debris ﬂoods and its contribution on fan formation is, beside lithology, another possible reason for the apparent overlap of the
joint distributions between debris ﬂow and bedload dominated basins.
Also shown are two discriminant functions, delineating bedload from
debris ﬂood124 and debris ﬂood from debris ﬂow125 , given in equation 4
and 5.
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where θfBD is the critical fan slope in °, at which the fan switches from
bedload to debris ﬂood domination, θfDF is the critical fan slope in °, at
which the fan switches from debris ﬂood to debris ﬂow domination and
MRb is the Melton ratio of the basin as deﬁned in equation 28.
The most comprehensive analysis so far, was based on 444 debris
ﬂow and 145 bedload dominated basins, originating from the European
and New Zealand Alps, as well as North America126 . The observations are
shown in the ﬁrst panel from the right of ﬁgure 14, while the discriminant
function derived from the catalog127 is given in equation 6.
θfDF = exp (0.23) MR−0.85
b

where θfDF is the critical fan slope in °, at which the fan switches from
bedload to debris ﬂow domination and MRb is the Melton ratio of the
basin as deﬁned in equation 28. Bertrand/Liébault/Piégay concluded,
that equation 6 could be used so that

(6)
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[e]ach segment of the stream network can be classiﬁed according to its probability to be travelled through by a debris
ﬂow128

hence the relationship may not only be applicable in primary hazard
assessment to distinguish between the dominant fan forming process,
it could also, in similar manner as equation 3129 , be used to asses debris
ﬂow susceptibility along the stream channel[20] .
Beside the Melton ratio and the fan slope also other geomorphometrical indices provided reasonable separation between the two fan
forming processes. Furthermore shifting the focus from the joint consideration of the cause and the eﬀect, solely on the cause hence towards
the basin and ignoring the fan, still the Melton ratio seems to be one of
the best suited indices for the dominant process delineation, which was
demonstrated by a diverse data set including over 10 diﬀerent geomorphological indices130 , where ultimately the Melton ratio and the elevation relief ratio, which is equal to the hypsometric integral131 and deﬁned
according to equation 29, proved to be suﬃcient to distinguish between
debris ﬂow, bedload and ﬂood dominated basin in the Eastern Alps.
The dataset, on which the above conclusion is grounded, consisted
of 84 basins, where 42 were ﬂood, 17 were bedload and 25 were debris
ﬂow dominated. The selection of the basins was based on the requirement, of at least 11 observed events between 1900 to 2013, resulting in
a yearly frequency of 0.1 # a−1 , which was determined from the Austrian
torrential event catalog (see section Austrian Torrential Event Catalog,
p. 33). From the resulting sub-catalog only those catchments were chosen, for which at least 80 % of all events belonged to one of the three
processes.
For each basin the channel slope, the elongation ratio (equation 21),
the circularity index (equation 23), the form factor (equation 24), the relief ratio (equation 27), the Melton ratio (equation 28), the elevation relief ratio (equation 29), the weighted bifurcation ratio (equation 31), the
ruggedness number (equation 32), the sediment connectivity index132
and the roughness index133 , were estimated.
The distribution of the indices for ﬂood, bedload and debris ﬂow
dominated basins is shown in ﬁgure 15. For each morphometric index a
permutation test134 , with the null-hypothesis of no diﬀerence in mean,
based on 10 000 repeats, was conducted. For signiﬁcant results, a pairwise comparison, based on the same procedure, was performed. The
p-values of the pairwise comparison are also shown in ﬁgure 15, where
insigniﬁcant diﬀerences, hence statistically equal means, are depicted in
grey.
The shape related indices, all indicating elongated shapes, are similar among all three processes and no signiﬁcant diﬀerences in the mean
could be observed. The relief related indices are signiﬁcantly diﬀerent
between debris ﬂow and ﬂood dominated basin, with no exception. But
also bedload and debris ﬂow dominated basins show signiﬁcantly diﬀer-
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Figure 15: The basin shape related indices, ERb , Cb and FFb , are fairly constant among the ﬂood, bedload and
debris ﬂow dominated basins, while the channel slope θc , the relief related, RRb , MRb , ERRb , the drainage
network related WBb , and RNb and the complex indices ICb and RIb are signiﬁcantly diﬀerent with respect
to the mean, based on a permutation test with 10 000 samples, at least for debris ﬂow dominated basins. In
contrast is the univariate separation between the ﬂood and bedload dominated basins only signiﬁcant for one
index, the roughness index RIb , but also probable for the elevation relief ratio ERRb and the weighted bifurcation ratio WBb . Based on the univariate distribution alone, one could conclude that the relief and therefore
the available gravitational energy in the basin exerting the strongest control on debris ﬂow dominance. In contrast is the available gravitational energy not suﬃcient to distinguish bedload from ﬂood dominated basins.
These dominant ﬂow processes seem to be controlled by channel roughness, mirrored by the roughness index
and the erosional age of the basin, which is correlated with the elevation relief ratio. But in general are the
diﬀerence in the geomorphological indices less pronounced in the ﬂuvial, than in the gravitational domain.
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Figure 16: A Melton ratio (equation 28) of 0.69 separates the basins into ﬂuvial and debris ﬂow dominated
ones. The ﬂuvial domain is further divided into a bedload and ﬂood dominated domain by an elevation relief
ratio (equation 29) of 0.63. Correctly classiﬁed basins are shown in grey, while incorrect classiﬁed basins
are shown in the color according to their observed dominant process. While only one debris ﬂow is wrongly
assigned, is the separation of ﬂood and bedload dominated basins less accurate, which is a consequence
of their geomorphometrical closeness. Reading example: A basin with a Melton ratio of 0.7 is debris ﬂow
dominated, regardless of its elevation relief ratio, while a basin with a Melton ratio of 0.4 and a elevation
relief ratio of 0.75 is dominated by bedload transport.

ent means for two out of three relief related indices. In contrast is the
roughness index the only morphological index, which is signiﬁcantly different between all three processes. Although also the elevation relief
ratio and the weighted bifurcation ratio are at least potentially diﬀerent
over all three processes.
The morphological indices were highly correlated135 , hence ultimately
redundant[21] . Therefore only those indices with pairwise correlation
below 0.7 were selected136 resulting in a catalog including the Melton
ratio, the elevation relief ratio, the roughness index, the elongation ratio, the circularity index and the weighted bifurcation index. Beside the
whole catalog two subcatalogs consisting only of the relief related indices
Melton ratio, elevation relief ratio and roughness index and only of the
shape related indices elongation ratio, circularity index and weighted bifurcation index, were investigated.
To estimate the most eﬀective subset of indices four diﬀerent classiﬁers, Naive Bayes137 , multinomial regression138 , decision tree139 and
majority vote driven combination of three aforementioned models, to
incorporate epistemic uncertainty, were estimated, on 100 bootstrap
samples, to account for aleatory uncertainty, for each of the three catalogs. The ﬁnal model was set to one with the lowest distance to a hypothetical perfect model, which has a misclassiﬁcation error of zero for all
processes, and having the lowest complexity, which increased from the
decision tree, over the Naive Bayes and the multinomial regression to the
majority vote driven combination of all three models140 .
The decision tree based on the relief related catalog, but using only
the Melton ratio and the elevation relief ratio, yielded the best results141
and is shown in ﬁgure 16.
From a hazard assessment point of view, provides the decision tree
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a fast and simple way for dominant process type identiﬁcation on the
basin scale and because of the trivial and unambiguous deﬁnition of the
used geomorphometric indices is it also easy and readily transferred to a
regional scale.
But its simplicity is not without sacriﬁce, and although the choice of
the model and its parameter estimation was objectively conducted, was
the preliminary choice of the morphometrics based on the correlation
threshold of 0.7, subjective[22] . Furthermore is no estimation of uncertainty deducible, as a result of the discrete boundaries of the decision
tree.
Nevertheless conﬁrms the decision tree the strong topographic control on debris ﬂow occurrence and it also conﬁrmed the ability of the
Melton ratio to reﬂect that control, by simply dividing the basin relief by
the square root of the basin area.

Geomorphometrics of Mountain Torrents

30
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The frequency and magnitude of torrential events is of major concern,
not solely but especially since our society became essentially risk driven142 .
The notion of risk, as deﬁned in equation 7, which is basically a probability weighted i.e. expected damage, is not conceivable without frequency,
as it is an essential part of the risk deﬁnition.
∫ ∞
R=
f (ω)D (ω) dω
(7)
0
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where R is the risk, f (ω) the density function describing the frequency
of the magnitude ω of a torrential event and D (ω) the damage function,
describing the damage resulting from a torrential event of magnitude ω.
The frequency of torrential events is controlled by a complex interplay of interwoven factors like climate, geomorphology and socioeconomic setting. Typical climatic drivers are precipitation, soil moisture and snow-melt. Geomorphological drivers are steepness, micro- and
macro-roughness and sediment availability. While typical socio-economic
drivers are land use change and river training.
The obvious importance of torrential event frequency or torrential
event rate, led to major research activity, especially regarding the estimation of magnitude-frequency relationships143 , estimation of torrential
event rates from dendrochronological series144 , by means of lichenometry145 or from lake sediments146 .
Another approach to determinate the frequency of torrential events,
is to use historical sources like annals, chronicles, newspapers, reports
from lay*, as well as experts147 , augmented by recent events document
according to developed standards148 to construct torrential event catalogs, which are spatially and temporally explicit collections of torrential
events. The “Wildbach- und Lawinenkataster” (eng. “Austrian Torrential
Event Catalog”), is an example of such a collection and is described in
detail in section Austrian Torrential Event Catalog, p. 33. The necessary
condition of completeness of the catalog, to derive unbiased estimates
of the torrential event frequency, will serve a prominent role in the very
section149 .
Beside the direct assessment of torrential frequency, indirect estimation based on the association between torrential and triggering events
is conceivable and moreover oﬀers, by careful determination of precursors, the opportunity of forecasting and warning. Torrential events are
commonly triggered by short-term, intensive rainfall including hail- and
thunderstorms[23] , long-term rainfall[24] or intensive snow melt i.e. rain
on snow events[25] . Beside those commonly observed triggers, torrential events, especially debris ﬂows can also be triggered by glacier lake
outburst ﬂoods[26] including jökulhlaups (Icelandic for “glacier run”) or
earthquakes[27] .
The association between possible triggers and the frequency of torrential events are analysed, using the results regarding the catalog completeness, in section The Frequency of Torrential Processes, p. 32, focusing on the annual and intra-annual frequency of torrential events, and
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their possible meteorological drivers[28] .
As mentioned at the beginning is frequency often connected to magnitude, as torrential event rates, although fascinating at their one right,
seldom investigated without taking also the event magnitude into consideration. Moreover are event magnitudes from a risk assessment standpoint and ultimately from a mitigation design perspective, indispensable.
A major question in this context is if debris ﬂow and bedload magnitudes show scale invariant hence power law behaviour. Furthermore if
the power law scales with an exponent below 2, which would mean, that
their is no such magnitude, as the mean debris ﬂow or bedload magnitude150 and even if the exponent is equal or above 2, could debris ﬂow
and bedload magnitudes still show “black swan” behaviour, unless the
exponent is above 3. Black swan behaviour means that, although the
magnitude distribution has a stable mean, it still has an indeﬁnite variance. Therefore the bulk of events would scatter around the mean, while
extreme events will be observed in sizes showing no regularity151 . The
section Magnitude of Torrential Processes, page 50, will investigate debris ﬂow and bedload magnitudes with a special focus on the distributional form.
The last section will be concerned with the temporal patterns of torrential events by investigating event histories, and associated time between events, derived from the Austrian torrential event catalog and
compiled from literature. It originates from the normative types of “Jungschutt” and “Altschutt” debris ﬂows152 , which are, although not entirely
correct, synonymously used with “sedimentlimited” and “sedimentunlimited” debris ﬂows153 , which imply two distinct classes of point processes.
On the one hand the homogeneous Poisson process and on the other
hand the renewal process. In the ﬁrst case past events exhibit no control on future events and ultimately question the ability of forecasting
torrential events, as the precursors of small events would not be fundamentally diﬀerent from those of extreme events154 . In contrast thus the
time elapsed since the last event, in the second case, carry information
on the likelihood of the next event.
Similar to the debris ﬂow and bedload magnitude, is the type of distribution of the times between events, constitutive for the underlying
process. The last section is therefore concerned with the hypothesis of
Poisson behaviour of torrential event series.
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The Wildbach- Und Lawinenkataster, a Catalog of Torrential Events
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The sources of the events in the torrential event catalog, can be roughly
classiﬁed into events from historical or archival sources and recent events
reported by the scientist of the Austrian Research Centre for Forests and
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German, Forschungsbericht 111, Wien, Österreich: Institut für Alpine Naturgefahren,
Dec. 2008, p. 16; Joahnnes Hübl et al.: IAN
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engineers of the Torrent and Avalanche Control in the course of the event
documentation or the hazard assessment155 .
One of the historical sources is the “Chronik der Hochwasser und
Wildbachverheerungen, der Bergschlipfe, Murbrüche und Felsstürze in
Tirol und Vorarlberg bis inklusive 1891” (eng. “Chronicle of devastations
due Floods and Torrents, Rock Avalanches, Debris Flows and Rock Falls
in Tyrol and Vorarlberg till 1891”), referred to as “Strele Chronicle” in the
following, which is a catalog of natural hazards from the end of the 6th
century till the year 1891 for the regions of Tyrol and Vorarlberg. It is argued156 that it was compiled by Georg Strele (1861-1950), the director of
the Tyrolean provincial headquarters of the Austrian Service for Torrent
and Avalanche Control from 1904 to 1923. The chronicle was digitized
by Plank157 and integrated into the event database by Hübl/Totschnig/
Scheidl158 . Main sources of information were village, school or church
chronicles[29] , newspaper articles[30] , oral reports and observations by
lay*[31] as well as experts[32] .
Of similar origin[33] and completing the event catalog especially for
the federal states of Salzburg, Upper and, Lower Austria, Styria and Carinthia is the event catalog compiled by Stiny159 , referred to as “Stiny Chronicle” in the following, from the year 1938. The catalog contains events, as
reported in village, school or church chronicles, newspaper articles or by
lay* as well as experts, from 792 till the year 1920.
A deﬁnite starting point of the systematic collection of torrential
events, and therefore sources of the second kind, was the introduction
of the “Hochwassermeldungen” (“ﬂood reports”) in the 1970s. The ﬂood
reports, were a framework, developed collectively by the Institute of
Mountain Risk Engineering, the Torrent and Avalanche Control and the
Austrian Research Centre for Forests, used from the year 1972 to document torrential events. It can be seen as the ancestor of the present
event documentation standards, compared with international standards
in the “Documentation Of MOuntain DISasters” (DOMODIS) project from
the years 1998 to 2002160 , and internationally standardized by the follow
up project “Disaster Information System of ALPine regions” (DIS-Alp), in
the years 2003 to 2006161 .
The “Hochwassermeldungen” were a consequences of the paradigmshifting introduction of the “Gefahrenzoneplanung” (“hazard zone assessment”), theoretically spearheaded by Aulitzky162 , in the 1970s. In the
course of the “Gefahrenzonenplanung”, which has its legally foundation
in the §§8. and 11. of the Forstgesetz 1975163 , a
[. . .] Sammlung der mit angemessenem Aufwand erreichbaren Informationen über Häuﬁgkeit und Ausmaß bisheriger
auf Wildbäche oder Lawinen zurückzuführender Schadenereignisse164

must be created, which resulted in event histories, compiled for the watersheds under study[34] . These fragmented, watershed speciﬁc event
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catalogs were collected, digitized, harmonized and integrated into a central torrential event catalog in the years 2008 to 2010165 .
Although the documentation of torrential events has reached high
standards, since its episodic collection in village-, church or school chronicles, and compilation by Strele and Stiny, one has to bear in mind, that
optimistically the last 40 and pessimistic the last 12 years are grounded
in systematically, observed and collected data. Therefore it seems indispensable to discuss some of the possible inherent biases of the event
catalog.
The similar data sources of the “Strele Chronicle” and the “Stiny
Chronicle”, leading to similar concerns about data quality and biases.
Because they are mainly collected in an unsystematic manner and by lay*
non-systematic errors, especially concerning the phenomena and the
identiﬁcation of the process itself are likely. The classiﬁcation into different process types strongly depends on the training of the observer,
as well on the process itself. While a lay* maybe able to distinguish between a ﬂood and a debris ﬂow, * may fail in distinguishing between
the intermediate processes like bedload transport or debris ﬂood. It is
also not always clear if, in the course of the centuries, some terms have
shifted their meaning and therefore refer to diﬀerent processes.
Also the timing of the events is subject to biases resulting from the
archival nature of the data. For some entries in the chronicles, only the
year of the event is given: “1600: Arge Verherrungen durch den Leisnitzbach (Lungau).”166 Some entries not even have precise, but imprecise information concerning the year like “beginning”, “middle” or “end”
of the decade. In this case the authors167 of the event catalog assigned
the ﬁrst, ﬁfth or ninth year e.g. 1921, 1925, 1929 as the event year. Similar
vagueness was encountered by the authors concerning the event month,
as information on the season i.e. “spring”, “summer”, “autumn” or “winter” but not the exact month was available. The authors of the event
database replaced spring, summer, autumn and winter by the month
April, August, October and January168 .
Another bias introduced to the timing of the event, beside the imprecise information on the year or month, is a consequence of event duration, as events may last for more than one day e.g.:
10., 11. und 12 September: Hochwasser im Bez. Aﬂenz, 400.000
ﬂ. Schaden. Große Mürzhochﬂut in Kindberg (3 Häuser weggerissen), große Schäden in Kapfenberg [. . .]169

date170 .

In this case the authors used the onset of the event as the event
Similar uncertainties were encountered concerning the location of the
events, reaching from changing village names to information given only
at a region wide precision.
The event history of a certain torrent in the course of the “Gefahrenzonenplanung” is grounded in sources not unlike those of Stiny and Strele
i.e. village or church chronicles, newspaper articles, oral reports and observations by lay* as well as experts from the Torrent and Avalanche Con-
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trol, but also geomorphological and dendrochronological methods are
used to reconstruct the event history[35] . Therefore in general one can
assume that these sources are less biased. The highest quality event reports are those reported in the course of the “Hochwassermeldungen”
since the 1972 and in recent time according to the mentioned standards
concerning the documentation of events. Despite these shortcomings, is
the torrential event catalog, i.e. “Wildbach- und Lawinenkataster”, a rich
source of information on torrential events in the Eastern European Alps.
Therefore the torrential event catalog, which was another major outcome of the aforementioned DIS-Alp project[36] , initiated in the year
2004, in which also the ﬂood reports, managed by the Austrian Research
Centre for Forests since 1972, the “Strele Chronicle” and the “Stiny Chronicle” were integrated, forms the basis of the following analysis of “The
Frequency of Torrential Processes and Their Spatio- and Temporal Patterns in the Eastern European Alps”.
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171 e.g. J.

C. Stepp: Analysis of completeness
of earthquake sample in the Puget Sound
area and its eﬀect on statistical estimates
of earthquake hazard, English, tech. rep.
80302, Boulder, Colorado: National
Oceanic and Atmospheric Administration
Environmental Research Laboratories,
1972, pp. 897–909; Asma Nasir et al.:
Assessing the completeness of historical
and instrumental earthquake data in Austria
and the surrounding areas, English, in:
Austrian Journal of Earth Sciences 106.1
(2013), pp. 90–102; M. Stucchi et al.: The
SHARE European Earthquake Catalogue
(SHEEC) 1000–1899, English, in: Journal of
Seismology 17.2 (Apr. 2013), pp. 523–544.

172 e.g. F.E Wickman:

Repose-period patterns
of volcanoes I-IV, English, in: Arkiv för Mineralogi och Geologi 4 (1966), pp. 291–352;
T Simkin: Terrestrial Volcanism in Space
and Time, English, in: Annual Review of
Earth and Planetary Sciences 21.1 (May
1993), pp. 427–452; Claudia Furlan: Extreme
value methods for modelling historical
series of large volcanic magnitudes, English,
in: Statistical Modelling: An International
Journal 10.2 (July 2010), pp. 113–132.

The Frequency of Torrential Processes

The completeness of an event catalog is equivalent to an unbiased sample and therefore essential for a meaningful analysis. Incompleteness
or biased sampling strongly impact the estimated parameters of the assumed models and therefore their interpretation and conclusions.
Problems concerning the completeness of event catalogs were faced
by seismologist171 and volcanologist172 , who studied the number of earthquakes and volcanic eruptions. These scientist developed diﬀerent theories to tackle the problem, which we can utilize for the catalog of torrential events. But before we can discuss the diﬀerent approaches to test for
completeness, we ﬁrst have to deﬁne completeness in the context of the
torrential event catalog.
Completeness can be motivated using the reporting rate, which is
given in equation 8.
r (t ) =

n̂ t
nt

(8)

with r (t ), the reporting rate of year t , n̂ t , the number of reported events
in year t and n t , the number of actual happened events in year t .
From equation 8 follows, that a catalog is complete if for a year t ,
r (t ) = 1, i.e. all events that actually happened in year t , were also reported. Although a reporting rate of 1 is desirable, it is also unrealistic
especially with respect to the number of small, local events[37] .
Therefore a realistic deﬁnition of completeness, for all possible event
sizes, could be: a catalog is complete if the yearly number of events is independent of the reporting rate i.e. that the ratio of the reported events
in year t , n̂ t , to the number of all events in year t , n t is nearly constant
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for all t and that the value of the constant is close to one (equation 9).
n̂ t
≈1
nt

(9)

n̂ t
≈ 1 for all t ≥ τ
nt

(10)

Hence to show that a catalog is complete turns into the equivalent problem of ﬁnding the ﬁrst year τ, for which equation 10 permanently holds.

Nevertheless partial completeness, in the sense that r (t ) depends on
the size of the event, is not an unrealistic assumption whether for earthquake, volcanic nor torrential event catalogs. Especially high to extreme
and to a certain extend medium to low intensity events, are likely to be
fully reported in modern times, due an increasing population density i.
e. exposure173 , development of standards of documentation schemes174 ,
technical developments in the realm of remote sensing and an increasing
network of monitoring systems175 .
Additional factors inﬂuencing the reporting rate and hence the point
in time τ, at which completeness of event catalogs is assumed are historical events, like the First and the Second World War, the increased public
and scientiﬁc interest after major events[38] and the foundation of relevant institutions[39]
As mentioned in the introduction, the issue of completeness has
some research history in seismology and volcanology, which enables us
to build on the experiences from these ﬁelds of scientiﬁc interest. Completeness of earthquake catalogs are assessed diﬀerently for instrumentaland historical based catalogs. For the former ones, in principal two diﬀerent approaches are used: catalog- and network-based[40] , while for the
latter ones methods grounded in statistics prevail over historiography
grounded ones.
Of greater interest, in the context of the torrential event catalog, because of its similar nature, are the approaches of assessing completeness
for historical or paleoseismic earthquake catalogs. Again these can be
divided into two classes: statistical methods which mostly rely on the
assumption of stationarity i.e. assuming that the series of earthquakes
are produced by a Poisson process176 and methods based on historical
analysis of the information ﬂow from the event itself to the receiver in a
dynamic socioeconomic environment177 .
Stucchi et al.178 use the appealing dichotomy of ”inside” and ”outside” of the catalog to describe the two approaches. In this sense, statistical techniques use internal features of the data while historical methods are concerned with the external factors, factors which controlled
the catalog generation. Indeed are external factors, those who control
the quality of historical data because it depends on when, how and why
these records were made. Historiographical completeness is therefore
assessed by the comparison of diﬀerent historical sources for a given locality, where locality, from this perspective, is interpreted as a “recorder”
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of events. If the diﬀerent sources, like chronicles or newspapers, have
recorded events of comparable categories like other natural hazards or
events of political interest for that locality, it seems unlikely that the hazard under investigation was overlooked provided the event had a considerable high intensity. On the other hand, if also these other records
are missing, an actual data gap seems plausible. The main disadvantage
however, of historical methods are their high resource intensity and their
subjectivity, which is considerable lower for statistical techniques.
Statistical methods, although objective have to assume a generative
mechanism for the number of events per year to determinate the year at
which the catalog can be assumed complete. The assumption of a generative mechanism, i.e. model, goes hand in hand with simpliﬁcation of the
process, which is kind of the statistical equivalent to the “subjectivity” inherent the historiographic approach. One widely used assumption is, that
the number of events per year are generated by a homogeneous Poisson
process179 . It follows from the Poisson assumption, that the cumulative
number of events per year shows an linear increase, proportional to the
mean of the underlying Poisson distribution180 as given in equation 11[41] .
λ(t ) = λ ∗ t

(11)

with λ(t ) the mean number of events after t years, λ the event rate in
# a−1 and t , the number of elapsed years. Breaks in the slope of the cumulative number of events, are therefore only possible if λ is changing.
Because λ is per deﬁnition constant, changes in break must indicate a
change in the reporting rate181 .
If breaks in the slope of the cumulative number of events, are interpreted as change points[42] the rich corpus of statistical theory on change
point detection182 can be utilized. This conceptually view on completeness are common in the analysis of volcanic eruption series183 , but were
also used for earthquake catalogs184 . The main assumption in change
point centered completeness assessment, is that the change in the reporting rate is not gradual but abrupt. In general change points are found
by using an algorithm to split the event series into non-overlapping periods and a functions which characterizes the variability within and between the segments e.g. Albarello used an exhaustive segmentation
and a binomial distributed random variable to characterize the homogeneity within and the heterogeneity between the segments185 . Also
Hakimhashemi/Grunthal tested every possible time point as a possible
change points but based on the variance of the time between events186 .
Restricting the reporting rate to be independent from time i.e. stationary before and after the change point, although it may be a function
of the magnitude or intensity of the event, e.g.:
Data completeness is assumed to follow a step-change model,
where the probability of documenting an eruption is Volcanic
Explosivity Index-dependent before the change point date
and 100 % after187
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allows for Bayesian determination of completeness. Hence, additionally to a generative model of the event series, these kind of change point
models for event catalog completeness also need a functional relationship for the reporting rate[43] .
Mead/Magill188 used an sigmoid function of the event intensity, r (t , I ),
where I is the event intensity, to model the reporting rate. The mean
number of events per year is then given by equation 12, which they used
as the mean number of events per year and intensity in the likelihood
function of the assumed Poisson process given by Furlan189 .
λ M (t ) = λ(t , I ) ∗ r (t , I )

(12)

The change point, τ was then estimated by means of Bayesian statistics.
Although successfully used on volcanic eruption catalogs, will be less speciﬁc, but widely applied change point models190 used to test the completeness of the torrential event catalog.
Another quantitative alternative191 to mere visual comparison, uses
the equality of the variance and the mean of a Poisson distributed random variable192 . The maximum likelihood estimate of the mean of a
Poisson distributed variable193 in the context of yearly counts, is given
in equation 13.
Ít ≤t n
Nt
t ≥t 1 n t
= n
(13)
λ=
tn − t1 + 1
T

with λ, mean number of events per year, t 1 , ﬁrst year of observations, t n ,
last year of observations and n t , the number of events in year t . Because
of the constant mean per year of a homogeneous Poisson process one
would expect a similar λ regardless of the length of the interval T . Using
this fact one could estimate the mean for diﬀerent length intervals T and
compare the estimated mean values. In case of stationarity i.e. the data
follows the assumed homogeneous Poisson process, one would expect
that the means for the diﬀerent intervals are nearly identical and that the
standard error of the mean is inversely proportional to the square root of
the length of the interval.
The deﬁnition of the standard error of the mean[44] , and using the
mentioned equality of the variance and the expectation for the Poisson
distribution, lead to equation 40.
√
λ
(14)
σλ = √
n
For diﬀerent intervals of length T of the catalog the standard error is a
linear function of the inverse square root of length of the interval i.e.
σλ = λ 0.5 ∗ T −0.5 . Deviations from the line indicate incompleteness of the
event catalog[45]
Turning the focus on the torrential event catalog and using the aforementioned methods, several years of completeness were identiﬁed. A
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Über die Regelmäßigkeit der
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purely historiographic threshold for the completeness of the torrential
event catalog is diﬃcult to motivate, nevertheless some general statements are possible. For the western regions, Vorarlberg and Tyrol, a great
amount of information is available due the Strele Chronicles and the rich
history of people being exposed to torrential event [46] , therefore having
a high probability of actually recognizing and reporting these events. Also
for eastern Austria similar amount of information is available due the
Stiny Chronicle. Utilizing the the similarity in origin of both chronicles,
their completeness could also be assumed similar. Following this line of
argument, both chronicles must be assumed incomplete, because Stiny
concludes that the event catalog compiled by him has numerous gaps194 .
The main reasons for the gaps, beside the ignorance about available
sources, are low exposure, i.e. if an event happened but no damage
occurred, the event was not reported, ignorance about torrential processes:
In den verschiedenen Orten ﬁnden sich gar nicht selten Männer,
die stattgefunde Feurbrünste, Hagelwetter u. dgl. gewissenhaft aufzeichnen, von Hochwässern aber anscheinend
keine Kenntnisse nehmen. Nur selten trifft man Berichterstatter an, die auch die Verheerungen durch Muren, Wasserﬂuten usw. wahrheitsgetreu [. . .] überliefern.195

And destruction of historical sources due, not without irony natural,
or human-made disasters including war, as Stiny196 argues that a considerable amount of sources were lost due the Ottoman wars in Europe,
especially during the Austro-Turkish War from 1663 to 1664.
The anticipated begin, as formulated by Hübl et al.197 , of the event
catalog of the Austrian Research Centre for Forests is the year 1912,
which is identical with the year of its foundation. An equal rationale leads
to a begin of the catalog of the Torrent and Avalanche Control with the
year 1884. Nevertheless, the equality of the year of foundation and the
systematic compilation of events can only serve as a crude approximation. Using the “Gefahrenzonenplanung” as the beginning of the systematic collection of event data, would lead to a division of the event series
at the 1970s into a ”unsystematic” and a ”systemic” one. The most rigorous, but also most pessimistic estimate of the year of completeness is the
end of the DIS-Alp project i.e. 2006. Although not standardized before
that project, events were documented before that in a systematic manner. Also the single event histories per watersheds, in the course of the
“Gefahrenzonenplanung” add, although not uniformly, a considerable
amount of information to the event catalog. Further taking the fact into
account, that “[s]o far [2015], 92 % of all communities with an obligation
for hazard mapping in Austria do have a legally valid hazard map”198 the
year 2006 seems overly strict.
Beside these torrential hazard speciﬁc historical inﬂuences on the
completeness, also general historical events like the First and the Second
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World War must be considered. In conclusion a historiographical year
of completeness after the Second World War, but at least since 1970 is
assumed.
The year of complete recording, estimated by the cumulative sum of
events per years, is usually based on visual inspection of the graph199 .
Solely visual inspection, which suﬀers from ambiguity, would lead to a
break point around 1940 to 1950 (see ﬁgure 17a). A quantitative estimation of the break position, can be derived by using linear regression on
successive splits of the catalog [47] . The upper panel of ﬁgure 17a shows
the distance of the coeﬃcient of determination200 R 2 , for the regression before and after the split to the perfect value of 1 for all events of
the torrential event catalog, as a function of the split year. A clear hallow
i.e. minimum distance to a nearly perfect linear ﬁt before and after the
break, is visible in the beginning of 20th century, with a maximum R 2 at
the year 1925. Using only the R 2 of the linear ﬁt for the right half of the
catalog, i.e. the number of events per year after the split and therefore
not assuming stationarity before the split, results in a maximum R 2 at the
year 1942 (see dashed line in the upper panel of ﬁgure 17a).
According to the method described by Stepp201 , the catalog is complete for the last 35 a i.e. since the year 1984 (ﬁgure 17b). The cumulative
number of events, in contrast, suggest completeness before the end of
the Second World War since 1942 resulting in 75 years of complete reporting (ﬁgure 17a). The short period resulting from the standard error,
is a consequence of its conservative behaviour[48] . Using this threshold,
would mean to lose a considerable amount of data. Threshold two, beside adding 35 additional years to the analysis, is also plausible, especially
if we take historical information about the foundation of important related institutions and research trends into account (see also ﬁgure).
Change point detection[49] resulted in 1919, 1920 and 1948 as possible years from which the catalog can be assumed complete. Interestingly
indicate two of them a completeness after the First World War, similar to
the cumulative sum based on the balanced R 2 and only one the anticipated begin of completeness after the Second World War, which suggest,
that the Second World War did not inﬂuence the reporting of torrential
events. A loser look at number of events shows, that they slightly decline from 1940 till 1943, but similar series of decline are observed from
1955 to 1957 and 1932 to 1934, which renders the mid-forties decline
non-exceptional. Therefore a completeness before the Second World
War is plausible at least according to two out of three change point estimation approaches. Summarizing the proposed years of completeness,
excluding the interval derived by the standard error due its low robustness, yields a value of τ = 1931 ± 13. In conjunction with historical information, which indicate years of completeness since 1945 to 1972, a ﬁnal
τ = 1945 is assumed.
Similar results are obtained for diﬀerent intensity classes[50] with
mean years of completeness equal to 1941 ± 7, 1927 ± 11, 1917 ± 23
and 1927 ± 17, for low, medium, high and extreme intensities and pro-
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Figure 18: The mean year of completeness
for the whole catalog is 1931, which is
similar to the year of completeness of the
medium and extreme intensity events. The
large intensity events and the ﬂoods have
a marginally earlier year of completeness,
while the small intensity events and the
bedload as well as the debris ﬂow series
have a marginally later year of completeness. Also depicted are the error bars which
are ± one standard deviation.
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(a) The lower panel shows the cumulative
number of events per year since the beginning
of the event catalog. The x-axis is restricted to
the years were approximately linear growth is
observed. Based on a visual inspection of the
graph one could argue, that linear growth is
evident since the middle of the 20th century. An
objective estimate of the break point is based on
linear regression on the divided catalog starting
from 1850 and successively shifting the split
point into present time. The euclidean distance
d , of the coeﬃcient of determination of the two
regression lines per split, to the perfect value
of 1, is shown in the upper panel of the ﬁgure,
as well as the R 2 of the right side of the split
(dashed line). After a phase of ﬂuctuations due a
low number of observations, d stabilizes, reaching a hollow at 1925, resp. a maximum of the
right-side R 2 at 1942 indicated by the brown and
blue circles. Reading example: the cumulative
number of events, i.e. the sum of all events in
the catalog including the events that happened
in 2017, is 21 427. The euclidean distance of the
two regression lines before and after the split at
the year 1950, to the perfect solution is 0.06 with
an R 2 of the right-side regression of 0.99.
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(b) The ﬁgure shows the standard error of the
mean against the length of the record since the
year 2017 on a double, decimal logarithmic i.e.
base of 10, scale. If the number of events per
interval T , are generated by a homogeneous
Poisson process, which is assumed to correspond
with a complete record, than the standard error
should follow the line depicted in black. This
behaviour is approximately witnessed till 35 a
from 2017, which results in a, rather short,
complete record since 1982. Reading example:
the standard error of the mean for the catalog
with a length of 50 a since 2017 is 2.02.

Figure 17: The graph of the cumulative sum, using the balanced R 2 for
the regression before and after the anticipated break point as a quantitative measure, suggest completeness of the torrential event catalog since
the year 1925. According to the development of the standard error of the
mean, the catalog is complete since the year 1982. Taking historical considerations, and the conservative behaviour of the standard error of the
mean, as well as the development of the R 2 after the split into account,
completeness since 1945 to 1950 seems plausible.
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Scaled Yearly Anomalies
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Figure 19: The scaled yearly anomalies (black line), i.e. z-scores, of the decadic logarithm of the number of events since 1945 to 2017. The decadic logarithm, i.e.
logarithm to the base 10, was used to damper the variability in the number of events. The yearly number of events ﬂuctuates randomly around the mean. Remarkable are the high number of events in the years 1959, 1965, 1966, 1991, 2002, 2005 and 2013 exceeding one and a half standard deviations. These high number
years are balanced by the low number years 1984, 1988, 2001, 2003 and 2011 with number of events falling below on half standard deviation. A slight trend in time
is indicated by the local polynomial regression, but also stationarity is plausible according to the bootstrapped 95 % conﬁdence region of the smoother. Reading example: The decadic logarithm of the number of events in the year 1965 were as high as the mean from all years, plus 2.11 times the standard deviation estimated,
from all years. Therefore the number of events in 1965 is 10(n̄+2.11∗s n ) = 10(2.23+2.11∗0.27) ≈ 630 events.

cess types[51] with 1921 ± 3, 1943 ± 12 and 1934 ± 12, for ﬂood, bedload
and debris ﬂow events . Also the spatial distribution of completeness[52]
is virtually uniform for whole Austria, with nearly half of the area with
series complete since at least 1945 and almost the entire area since the
year 1960. The longest series (78 a to 118 a) are observed in Vorarlberg,
western Tyrol, parts of Salzburg, Styria and Carinthia and the shortest
periods 12 a to 37 a on the north-eastern edge of the Alps.

The Temporal Frequency of Torrential Processes in the Eastern
European Alps
According to the previous section the event catalog is complete since the
year 1945 (see also ﬁgure 18), which results in a 73 a long observation
series. This series, or sub-catalog, is the basis for all subsequent analysis regarding the temporal frequency of torrential processes. The use of
“temporal” before frequency should indicate that the following chapter is exclusively concerned with the occurrence of events in time on a
supra- to regional scale, nevertheless some aspects of spatial frequency,
, if suitable, are also discussed. The frequency of certain magnitudes,
e.g. deposition volumes, is addresses in detail in the chapter Magnitude
of Torrential Processes on page 50 to 57, while the frequency on watershed scale, shifting the notion of frequency to the distribution of times
between events, is thoroughly discussed in chapter Repose Times of Torrential Processes on page 57.
Figure 19 shows the scaled yearly anomalies[53] on a base 10 logarithmic scale, for all events and whole Austria since the anticipated year of
completeness 1945 to 2017. In total 15 255 events were recorded, with a
mean number of hni = 171 # a−1 , with a 95 % BCa conﬁdence interval202 ,
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Figure 20: The linear regression of the yearly scaled anomalies versus year for the same data as in ﬁgure 19,
shows a low, insigniﬁcant, upward trend in the number of events per year. The slope has a value of 0.004, with
a 95 % conﬁdence interval of −0.007 to 0.015. The p-value for the null-hypothesis of the slope being equal to
0 is 0.48, leading to the rejection of the hypothesis of a trend in the yearly number of events.
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based on 2000 bootstrap samples, of 148 # a−1 to 196 # a−1 . The standard
deviation, and its analogously derived 95 % conﬁdence interval, of the
yearly number of events is s = 147 # a−1 (119 # a−1 to 184 # a−1 ).
Although years with a very high number of events, i.e. the number
of events exceed two standard deviations, occurred, also years which fall
below two standard deviations were observed. Moreover the distribution
of the number of events per year is fairly symmetric with a skewness[54]
of 0.36, indicating a non-signiﬁcant[55] departure from symmetry around
the mean. Despite the minor curvature of the smoothing line in ﬁgure 19,
no signiﬁcant trend with time[56] , for the number of events, from 1945 till
2017, is detectable (ﬁgure 20).
If absolute time is not explaining the variability in the number of
events from year to year, we must look for other factors, that may explain
these ﬂuctuations. Possible factors include, but are not limited to, geology, topography, land-use, meteorological conditions, mitigation, as well
as, socioeconomic status and although these factors, especially geology
and topography, set the stage for the occurrence of torrential processes
(see chapter Geomorphometrics of Mountain Torrents on p. 20 to 32),
are the meteorological conditions, which ultimately drive the number of
events.
To estimate which climatic variables inﬂuence the number of events
per year, precipitation and temperature measurements from the “Historical, Instrumental, Climatological, Surface Time Series of the greater
ALPine region”, referred to as “HISTALP” in the following, project203 and
the Hydrograﬁschen Dienst204 , referred to as “HD” in the following, were
compiled[57] .
All daily observations were transformed into anomalies using the
mean of the period 1961 to 1990 for the HISTALP and mean of the period
1971 to 2000 for the HD stations. The daily measurements were temporally aggregated into monthly, seasonal and yearly anomalies, and spatially into means for whole Austria, as well as means for four regions of
similar climate deﬁned in the course of the HISTALP project205 .
Beside the anomalies 27 indices of climate extremes[58] proposed
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Scaled Yearly Anomalies
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Figure 21: The decadic logarithm of the yearly scaled anomalies of the number of events per year, follow closely the regional mean of the scaled anomalies of the
total yearly rainfall sum above the 99th percentile, also on logarithmic scale, especially for years with slight above and slight below average number events. For
years with extraordinary number of events, like 1965 and 1966 or 2005, the common trend is signiﬁcantly relaxed, suggesting diﬀerent drivers for the number
of events per year. The blue shaded area is the 95 % conﬁdence interval around the yearly mean, which is narrower after 1970 because also HD, beside HISTALP,
climate stations are available after that year. In the above panel a local polynomial regression of the decadic logarithm of the yearly scaled anomalies of events per
year and the total yearly rainfall sum above the 99th percentile scaled anomalies on the same scale, are shown. The bands around the the lines are 95 % bootstrap
conﬁdence intervals. Both smoothing lines run almost parallel, showing a slight, but insigniﬁcant, increase at the beginning of the 21st century. Reading example:
The decadic logarithm of the number of events in the year 1965 were as high as the mean from all years, plus 2.11 times the standard deviation estimated, from all
years. Therefore the number of events in 1965 is 10(n̄+2.11∗s n ) = 10(2.23+2.11∗0.27) ≈ 630 events, while the yearly scaled anomalies of the total yearly rainfall sum
above the 99th percentile is only as high as the mean times one standard deviation.

by the “Climate Extremes Indices” project206 , also the standardized precipitation index207 and the precipitation concentration index208 were
estimated, and similarly spatially and temporally aggregated, using the
HISTALP and HD station data[59] .
The total rainfall sum above the 99th percentile, the total rainfall sum
above the 95th percentile, the total summer precipitation and the maximum 5 day precipitation, are highly correlated with the yearly number
of events. Because the observed high correlations are also a result from
the high correlation between the precipitation variables, the total rainfall sum above the 99th percentile was chosen as representative and is
depicted with the events per year in ﬁgure 21.
The high association agrees well with the signiﬁcances of short-duration,
high intensity precipitation events in triggering torrential ﬂooding, bedload transport and debris ﬂows. But using Poisson regression to quantify
the association and predicting the number of events per year, relying
solely on R 99pT OT [60] , results in a considerable root mean squared error of ±122 events per year (see also ﬁgure 22). Inspecting the contribution of the single years to the total error, shows that the main sources
of the error are the years 2005, 1965 and 1966, which account for almost two-third of the total error. The events in the years 1965 and 1966
where mainly triggered in autumn, a season where high-intensity, short
duration storms are less frequent than in the summer, therefore one
could argue, that the eﬀect of autumn storms is not incorporated by the
R 99pt ot and hence the model fails in predicting a reasonable number of
events.
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Figure 23: The intraannual mean day of torrential event occurrence, show good agreement with the intraannual mean day of the maximum 7-day antecedent precipitation index. Some years, however, show
considerable diﬀerent mean occurrence days like 1974, 1963 and 1999. These diﬀerence are less extreme if
the approximate conﬁdence band, mean plus/minus a half standard deviation, is taken into account. Reading
example: The mean day of occurrence of torrential events in the year1960 is 213, which is the 31st July, for the
same year the mean day of occurrence of the maximum 7-day antecedent precipitation index is 217 which is
the 4th August.
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Figure 22: The Poisson regression of the
yearly number of events as a function of the
total rainfall sum above the 99th percentile
shows well agreement for a wide range of
yearly numbers. In contrast to the mean
body of the data are the catastrophic years
1965 and 1966 and 2005 highly underestimated and the year 2002 signiﬁcantly
overestimated in terms of number of events
per year.
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In the year 2005 on the other hand, almost all events happened at
the end of August, so that one could assume, that the model is able to
predict a reasonable number of events, although it did not.
Nevertheless demonstrates the simple analysis the high impact of
storm rainfall events on the interannual number of events on a regional
scale regardless of the torrential process. It also showed that for exceptional years like 1965 and 1966 or 2005 other meteorological variables
strongly control the number of events not incorporated by the total rainfall sum above the 99th percentile.
Not only the interannual number of events, but also the intraannual
timing is mainly driven by climate. Figure 23 shows the intraannual mean
day of torrential event occurrences per year[61] .
The use of days of the year, instead of events per month, to analyse
the intraannual timing, has the advantages that the data is continuous
and by applying a simple transformation[62] , the methodological corpus
of directional or circular statistics209 , can be used to analyse seasonality,
as commonly done in hydrology210 . A disadvantage, however, could be
that events with only monthly precision are lost, reducing the available
sample size. Although this concern is of minor importance for the event
catalog under study, because considering only events, with fully speciﬁed
dates, reduces the number of observations from 15 255 to 8598. If also
events with a speciﬁed month, but not day of occurrence, are considered
increases the number of observations from 8598 to 9861, which is a gain
of 15 %, in sample size[63] . Thus, the small increase in sample size does
not justify the information loss due discretization.
Also shown, in ﬁgure 23 is the respective intraannual mean day of the
maximum 7-day antecedent precipitation index[64] including the rainfall
of the day, for which the antecedent precipitation index was estimated.
One could argue that the 3-day precipitation sum, reﬂecting short-term
precipitation events, would be better suited, because as demonstrated in
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the last paragraph are short-term high intensity rainfall events the main
trigger for torrential ﬂooding and debris ﬂows. But one could also argue
that the 3-day precipitation sum does not capture the long-term trend
due antecedent moisture conditions. Therefore also the 7-day precipitation sum, as well as the 7-day, and 30-day antecedent precipitation
index were calculated and the mean day of occurrence of the maximum
per year was estimated[65] . But, because of the high correlation211 , 0.86,
0.92 and 0.96, with the mean day of the maximum 7-day antecedent precipitation index, were the 3-day, 7-day sum and the 30-day antecedent
precipitation index ultimately discarded.
Beside rainfall, also snow melt can inﬂuences the occurrence of torrential events. Snow melt increases the susceptibility212 , or even triggers torrential events213 , especially in combination with high intensity,
short duration rainfall. Similar eﬀects on the susceptibility of torrential
ﬂooding and debris ﬂows, has the ampliﬁcation of streamﬂow due glacier
runoﬀ214 . Therefore a simple index for the timing of snow melt215 , end of
the ﬁrst 7 consecutive days of the year, at which the daily mean temperature is above 0°, was estimated[66] . The snow melt index thought to also
describe, admittedly in a coarse manner, the inﬂuence of glacier runoﬀ.
The mean day of torrential event occurrence follows closely the mean
day of maximum 7-day antecedent precipitation index. The high association indicates the importance of the soil moisture condition at a regional
scale. And although considerable variability is evident, no trend in the
mean seasonal day of torrential event occurrence for the period 1948
to 2015 is measurable[67] . Which is especially interesting, then as mentioned in the beginning of the chapter, is the torrential activity controlled
by a set of highly interwoven factors. Hence are the eﬀects of a single
factor, e.g. climate and ultimately climate change, not easily separated
from eﬀects due other factors. But as Blöschl et al. stated, could the
[. . .] seasonal timing of ﬂoods as a ﬁngerprint of climate effects on ﬂoods [. . .] be a way to avoid some of those complications216

and indeed did simulation studies show a shift in the occurrence also for
torrential ﬂoods217 and debris ﬂows218 , or even a total disintegration of
seasonality219 .
Following this line of argument, and taking the insigniﬁcance of a
changing mean time into account, no climate change eﬀect on the supraregional timing of torrential events, at least for the last 68 a, was detectable. Furthermore exhibit the results, a certain spatial stability for
most of the Eastern Alps, if orographic subregions are investigated (ﬁgure 24), as for 54 out of 56 regions, no signiﬁcant trend with time could
be detected[68] , the only exceptions being the Nock Mountains, with a
signiﬁcant trend toward later and the Ybbstaler Alps, with a signiﬁcant
trend towards earlier days of torrential event occurrence, on the 95 %
conﬁdence level.
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Figure 24: The mean intraannual timing of torrential events for the mountain ranges according to the Austrian
Alpine Club classiﬁcation of the Eastern Alps (grey coloured areas). The vectors start at the gravitational center
of the mountain group and end at the day of the year, which represents their intraannual mean over all years.
The length is proportional to the mean concentration of the events over the course of the year. Greater length
means higher concentrations. Mountain ranges with a signiﬁcant trend in time are marked with an asterisk.
The most striking feature is the spatial drift from east to west and from north to south. The north-eastern
parts of the the Eastern Alps have a mean day of occurrence at the mid to the beginning of July. The mid July
is shifted from east to west toward the end of July. The most extensive drifts occur from north-east toward
the south-eastern part of the Eastern Alps, where the mean day of occurrence is shifted from the end of July
toward August in the most eastern parts of Carinthia even till September.
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The trend in the Ybbstaler Alps could be a consequence of the significant earlier onset of snow melt, as shown in the left panel of ﬁgure 25,
but the same signiﬁcant trend is observed for the Nock Mountains (right
panel of ﬁgure 25). Although the trend in the snow melt index has equal
direction toward earlier days in the Ybbstaler Alps and the Nock Mountains, has the trend in the mean day of occurrence of torrential events
diﬀerent directions in both regions. Furthermore are the Ybbstaler Alps
an the Nock Mountains not the only groups with a signiﬁcant trend toward earlier mean days with respect to the snow melt index, as for 9 out
of 56 mountain groups a similar trend is observed[69] . The snow melt index is therefore not a unique explanation for the observed trends.
Nevertheless is the earlier onset of snow melt a plausible explanation
for the negative trend in the Ybbstaler alps. The climate, based on the
period 1971 to 2000, of the mountain group is characterized by almost
evenly distributed 140 ± 10 rainy days per year, with 21 % of the total
precipitation sum observed in the winter220 . In contrast are the Nock
Mountains characterized by 100 ± 9, highly seasonal rainy days, with a
maximum in June and 13 % of the total precipitation sum observed in the
winter221 Therefore could a shift in the snow melt onset in the Ybbstaler
Alps, have a considerable eﬀect on the mean day of torrential event occurrence. Additionally does an earlier occurrence of the snow melt index
also imply that liquid precipitation and hence possible event triggering
rainfall, is observed earlier in the year.
Considering the precipitation indices, less regions as in the case of
the snow melt index, show signiﬁcant trends[70] . No signiﬁcant trends
are observed for the Ybbstaler Alps, but a positive trend, i.e. later mean
of occurrence, for the 3-day rainfall sum in the case of the Nock Moun-
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Figure 25: The mean intraannual timing of torrential events and the snow melt index of the Ybbstaler Alps (left panel) and the Nock Mountains (right panel). The
vertical lines are error bars, representing 0.5 circular standard deviation, while the shaded area is the 95 % bootstrapped, conﬁdence interval of a local polynomial
regression. The snow melt index shows a sudden decrease toward earlier days of the year, for both mountain region, at the end of the eighties and decrease
continuously after that. Similarly decreases the mean day of the year of torrential event occurrence in the Ybbstaler Alps, suggesting that the day of torrential event
occurrence is linked to the onset of the snow melt. In contrast increases the mean day of torrential event occurrence in the Nock Mountains suggesting a diﬀerent
mechanism behind the observed trend in torrential event arrival.

tains. The signiﬁcance of the trend, is similar to the snow melt index, not
a unique feature of the Nock Mountains, but in contrast to the snow melt
index is it only one additional mountain group, the Karavanks and Pohorje, which is the southern neighbour of the Nock Mountains. The later
arrival of the maximum 7-day rainfall sum could therefore be a possible,
although only suﬃcient, explanation of the trend towards later mean
days of torrential event occurrence.
The ﬁrst order analysis showed that torrential event frequency, on
a regional scale, can be, at least partially, explained by suitable precipitation indices and that no signiﬁcant trend in the number of events between 1945 to 2017 were observed. However should future research
focus on constructing robust relationships between the regional torrential event frequency and the described precipitation indices, similar to
the model shown in ﬁgure 22, which are ideally unambiguously and accurately predictable by regional climate models, to quantify the eﬀect of a
warming climate on the torrential event frequency.
The seasonal timing of torrential events proved to be highly stable,
peaking around the end of July and the beginning of August, showing a
shift toward later mean day of occurrence from the north-western to the
south-eastern Eastern Alps.
As for the annual frequency, showed the mean day of occurrence
well agreement with precipitation, as the mean day of occurrence of the
maximum value of the 7-day antecedent precipitation index was highly
associated with the mean day of torrential event occurrence. Also the
solid precipitation, in terms of the snow melt onset, was associated with
the intra-annual timing of torrential events.
No clear supra-regional trends in the seasonal timing of torrential
events were observed, although on a regional scale, signiﬁcant seasonal
shifts, in two cases, were associated with the shift in snow melt onset
and occurrence of the maximum 7-day rainfall sum. However were sim-
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ilar trends for the precipitation and snow melt indices also observed for
regions with no signiﬁcant shifts in the intra-annual torrential event timing. Hence no clear signal regarding climate change on the seasonal timing could be observed.
Future research should therefore improve the analysis, by using high
resolution meteorological data, and more detailed deﬁnition of the snow
melt index, as the intra-annual timing of torrential event is a highly robust indicator of torrential activity, less aﬀected by land-use change and
mitigation.
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Statistical models, about debris ﬂow and bedload magnitudes, date back
to the last quarter of the 20th century, were Takai analysed the relationship between over 500 initial landslide and resulting debris ﬂows
volumes in Japan222 , VanDine investigated the scaling of debris ﬂow
magnitudes with basin area in the Southern Canadian Cordillera223 and
Kronfellner-Kraus published his ﬁrst attempts to quantify the torrentiality
of watersheds in the Austrian Eastern Alps224 .
In the year 1991, which also marks an signiﬁcant increase in quantitative studies on torrential event magnitude, which should culminate in the
ﬁrst decade of the 21st century, proposed Johnson/McCuen/Hromadka
an index method for debris ﬂow deposition volumes[71] , and investigated the eﬀect of wildﬁre on debris ﬂow volumes225 . While the index
method reached little attention, are the eﬀects of wildﬁre on debris ﬂow
frequency and volumes still a ﬁeld of ongoing research226 .
A ﬁrst comparative global description of debris ﬂow magnitudes, in
terms of regional cumulative distribution functions, was conducted by
van Steijn. Using the well-known Weibull plotting positions from extreme
value statistics, to compare magnitude and frequency of hillslope and
channelized debris ﬂows over a wide range of geographical regions227 .
He concluded that debris ﬂows from the European Alps have in principal higher magnitudes then debris ﬂows from the Tatra, Scandinavia or
Scotland. He attributed the diﬀerences, to diﬀerences in precipitation
patterns, sediment availability and soil water storage capacity, but concluded that
[. . .] ﬁrm statements about the causes of observed diﬀerences in magnitude-frequency patterns cannot yet be given.228

Sediment availability, as recognized by van Steijn, has a distinct eﬀect
on debris ﬂow magnitude and frequency, but attempts to quantify these
eﬀects were scarce and mostly limited to Canada229 . Sediment availability inﬂuences the relationship between debris ﬂow magnitude and basin

50

characteristics, as only for basins where sediment availability is not a limiting factor, unambiguous scaling laws emerge230 .
The scaling of debris ﬂow magnitude with basin characteristic was
quantiﬁed for diﬀerent locations like Canada231 , Japan232 , the Swiss Alps233
and especially for the Eastern Italian Alps, where the publications primary focused on establishing regression and envelope models between
extreme debris ﬂow volume and basin parameters like the basin area,
channel slope and geological setting234 . Beside the empirical relationships also a ﬁrst attempts to utilize extreme value statistics were undertaken235 , but like the index method236 , was it a one-time eﬀort.
The notion of torrentiality formed the conceptual basis of the formulated scaling laws of extreme magnitudes conducted by Kronfellner-Kraus
from 1970 to 1990 for the Austrian Eastern Alps. Torrentiality is the sum
of all properties of a steep mountain catchment, inﬂuencing its behaviour
regarding erosion and deposition. In these sense torrentiality
[. . .] includes not only, the bedload and sediment potential,
but also transport and sediment situations according to the
geomorphology and the size of the corresponding drainage
basin.237
15238 ,

The torrentiality index τ as used in equation
these eﬀects.
Vd = τ ∗ Ab ∗ θc

is said to incorporate

(15)

with the maximum deposition volume Vd in m3 , the torrentiality index τ,
the basin area Ab in km2 and the channel gradient θc in %. High values
of τ indicate high torrentiality i.e. higher expected, maximum volumes,
while lower values of τ indicate low torrentiality i.e. lower expected,
maximum volumes. Rearranging equation 15 to equation 16, reduces the
regional distribution of extreme magnitudes, to regional diﬀerences of
torrentiality.
Vd
(16)
τ=
Ab ∗ θc
Figure 26 shows the extend of 4 regions with equal torrentiality239 , estimated on
[. . .] the basis of all sediment transports observed until now
[1988] and their local distribution in Austria240 .

Although these events were nearly 1420 in number, observed from 1971
to 1988, was the demarcation of the three regions, ultimately based on
subjective judgement. The torrentiality index for each region, was then
estimated, by least square regression as a function of the torrentiality
index estimated from the observed deposition volumes and the basin
area[72] . The resulting functions are shown in the left panel of ﬁgure 26.
Albeit the work of Kronfellner-Kraus is highly relevant for hazard assessment, remains it problematic. After all, no publication details how
the parameters of the regional torrential functions are determined or
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Figure 26: The map shows regions of equal, expected maximum deposition volumes for bedload and debris ﬂow events. Increasing number of the zone indicates
decreasing expected, maximum volume. The zones are based on subjective delineation, of nearly 1420 event points from 1971 to 1988. The left panel shows the
torrentiality index as an exponential decreasing function of the region and the basin area. The highest torrentiality indices are associated with zone 1, while from
west to east, i.e. zone 1 to zone 3, the torrentiality decreases. Zone 4 has no torrentiality index function, because of the special nature of the basins, being mostly
loess-gullies. Reading example: A basin in region 1, with an basin area of 5 km2 has a torrentiality index of 1600.
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how the regions were delimited. In addition, no information about accuracies or quality of the functions is given. However, these problems do
not impair the fundamental methodological value of the work. Therefore is it not surprising that the approach was adopted by Weinmeister/
Andrecs/Pichler241 in the year 2005, who published the second important
treatise on magnitudes of torrential events in the Eastern Alps.
Weinmeister/Andrecs/Pichler grounded their analysis on the speciﬁc
volume, i.e. deposition volumes divided by the basin area. The catalog
of events, seems to be similar, if not identical, to the catalog of torrential events used by Kronfellner-Kraus and the Austrian torrential event
catalog. Although that assumption remains speculative[73] . They concluded, that the speciﬁc volumes are distributed according to a power
law, with a parameter below 2. This result has tremendous implications,
because power laws with a parameter below 2 have no ﬁnite mean and
even worse, no average maximum, as it is, approximately, an increasing
function of the number of observations242 . This would mean that their
is no average speciﬁc volume of a torrential event and that the average
maximum observed speciﬁc volume, is always increasing as the number
of observations grows.
The parameters of the power law were also found to vary with location. The highest magnitudes were observed for the western part (Vorarlberg) of the Eastern Alps, followed by the northern (Upper Austria)
and southern (Carinthia) part. The eastern part (Burgenland and Lower
Austria) showed considerable lower magnitudes, with a parameter of the
power law above 2243 . Furthermore showed debris ﬂows and bedload
transports diﬀerent distribution of the speciﬁc deposition volume, where
debris ﬂows had larger magnitudes and a parameter below 2, while bedload transports had a parameter greater 2244 .
The applicability of the power laws were tested by plotting the frequency of a speciﬁc magnitude and the magnitude, expressed as the
speciﬁc volume, on the log-log plane245 . From the linearity of the dis-
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tribution in the log-log plane, the power law was concluded and the parameters of the distribution were estimated by linear regression on the
log-log transformed data.
Although this was a standard approach equivalent to “rank/frequency
plots”, one has to keep in mind, that linearity on the log-log plane is only
a suﬃcient, but not a necessary condition, for power laws. Furthermore
declines modern research the rank/frequency plot, with subsequent
linear regression, as a suited method for testing and estimating power
laws246 .
Despite their diﬀerent methodological approaches showed both
works, that the distribution of torrentiality is not erratic and can be described in a systematic manner. Both analysis agreed upon spatial diﬀerence in the distribution and the later also showed diﬀerences between
processes. But also both works suﬀer from methodological weakness, be
it the qualitative discrimination of the torrentiality on the one hand, or
the ambiguous conclusion drawn from the rank/frequency plots on the
other hand.
To analyse the magnitudes of torrential processes in the Eastern
Alps a total of 2427 debris ﬂow and bedload events with known magnitude are available from the Austrian torrential event catalog. For each of
those events, the basin area and main channel slope was estimated[74]
and transformed into torrentialities by equation 16, after removing incorrectly speciﬁed magnitudes, magnitudes referring to the collective
deposition of more than one torrent, or magnitudes resulting from exceptional causes like the Starkenbach debris ﬂows from 2005[75] .
The resulting catalog, has a median bedload transport deposition
volume of 1000 m3 , with a interquartile range of 2750 m3 and a median
debris ﬂow deposition volume of 4500 m3 , with a interquartile range
of 12 000 m3 . In terms of absolute debris ﬂow deposition volume, are
these magnitudes situated in the mid- to lower range if compared to a
literature based debris ﬂow and bedload transport deposition volume
catalog[76] , as shown in ﬁgure 28. The highest debris ﬂows deposition
volumes are observed for the Eastern Italian Alps, followed by the Swiss
Alps, Canada and Japan. The diﬀerence between the Eastern Austrian
Alps, the Swiss Alps and Canada vanish, if the speciﬁc debris ﬂow deposition volume, as shown in the left panel of ﬁgure 28, is used instead.
Still show the observations from the Eastern Italian Alps higher values,
although the largest are observed for Japan. The consistent large magnitudes of the Eastern Italian Alps may be a result of the sampling regime,
as in most of the cases only the event with the maximum deposition volume per basins was included247 .
Although an obvious choice, considering its extensive use in hydrology, is an analysis based on extreme deposition volumes, like the Mühlbach
debris ﬂow of the year 1970 with a deposition volume of 500 000 m3 and
the Enterbach debris ﬂow one year before, with a deposition volume of
350 000 m3 (see also ﬁgure 27), not feasible, because of the recurrent
and dependent nature of the deposition volumes. Developing a statisti-
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246 Aaron Clauset/Cosma Rohilla Shalizi/M.

E. J.
Newman: Power-Law Distributions in
Empirical Data, en, in: SIAM Review 51.4
(Nov. 2009), pp. 661–703, Appendix A, p.
690-692.

Figure 27: The above panel shows an aerial
and ground photograph of the deposition
area of the 1970 Mühlbach debris ﬂow
in the municipality of Niedernsill, Tyrol.
The deposition volume was estimated as
500 000 m3 . The lower panel also shows
an aerial and ground photograph, but
from the Enterbach debris ﬂow from the
year 1969, with a deposition volume of
350 000 m3 . These two events, beside
being one of the largest in the Austrian
torrential event catalog, also triggered
the paradigm shifting introduction of the
“Gefahrenzonenplanung” (eng. “hazzard
zone assement”) and the connected beginning of the “Hochwassermeldungen”, an
important source of the catalog.
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Figure 28: The left ﬁgure shows the speciﬁc debris ﬂow deposition volume, deposition volume divided by
basin area, while the right ﬁgure shows the absolute deposition volume, for the Austrian torrential event
catalog, the Swiss Alps, Canada, Japan and the Eastern Italian Alps. The most striking features are that the
diﬀerence between Canada, the Swiss Alps and the Austrian Eastern Alps vanishes if the speciﬁc, instead of
the absolute deposition volume is considered. And the consistent high magnitudes observed for the Eastern
Italian Alps, which maybe a result from the sampling toward extreme deposition volumes.
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2007, p. 20.
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cally sound series of extreme values is hard to motivate, as the assumption of independent and identically distributed random variables is violated by diﬀerent causes. These causes are discussed in detail in section
Repose Times of Torrential Processes on p. 57, therefore only the main
arguments are shortly stated.
Debris ﬂows and bedload transports are recurrent events, which signiﬁcantly alter the channel and the proximity of the channel, by means of
erosion and deposition. Beside altering the micro- and macro roughness,
also the geometry of channel is changed. The sediment dependency is
another reason why independence maybe violated, especially for sedimentlimited basins, where available debris has to build up again after
an event. The problem of dependence maybe overcome by careful sampling248 .
Still the assumption of identical distribution remains, which is diﬃcult
to argue for volumes resulting from diﬀerent regions. The diﬀerent topographical, geological and land use conﬁgurations, ultimately inﬂuence the
deposition volume, as they control the transport energy, available sediment and water. Meaningful transformations and normalization of the
deposition volumes, incorporating these eﬀects are therefore vital.
The torrentiality index, as deﬁned in equation 16, present such a
transformation. It normalizes the deposition volume by the topographic
energy of the basin, by the use of the main channel slope. The additional
division by the basin area, which is associated with runoﬀ249 , normalizes
the deposition volume by the hydrological conditions.
Although also correlated with the basin area[77] , lacks equation 16
to incorporate eﬀects of debris or sediment availability, which is beside
steepness and available runoﬀ, the third important control on debris ﬂow
and bedload transport occurrence (see Introduction to Mountain Torrents, p. 7).
Ultimately depends the availability of loose debris on the geological conditions, in terms of lithology and geological history, of the basin.
Especially the overprint by glaciers during the last glaciation, approxi-
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Figure 31: The left ﬁgure shows the maximum Kolmogorov-Smirnov values of the bedload transport torrentialities, for 10 000 samples with randomly permuted group labels. The observed maximum Kolmogorov-Smirnov
Value D̂ = 0.17 is not exceptional and is well within the sampled range. Therefore no diﬀerence in the torrentiality distribution among the geological units for bedload transport can be stated. Debris ﬂow torrentiality,
in contrast, exhibit signiﬁcant diﬀerences, p-value of 0.01, among the geological main units. In particular
have the Central Alps a signiﬁcantly lower torrentiality than the Calcareous Alps and the Greywack Zone in a
broader sense.

mately 10 000 a ago, which aﬀected 60 % of the area of the Austrian Eastern Alps250 (see also ﬁgure 29), resulted in enormous amounts of loose
debris and unstable, over-steepened slopes, in the aﬀected regions.
Readily available glacier deposits, are typical for highly active and
hazardous torrents[78] , like the Enter- and Mühlbach in Inzing and Niedernsill (see also ﬁgure 27), and the Graden- and Wollinitzbach[79] in the Möll
Valley. But also weathering signiﬁcantly controls debris availability. Especially in regions which were not, or only slightly inﬂuenced by glaciers,
and are underlain by bedrock with a high propensity due weathering, like
parts of the Greywacke Zone251 .
To incorporate the proposed eﬀect of the underlying bedrock, the
signiﬁcance of diﬀerent torrentiality, among the main geological units
as shown in ﬁgure 30, is tested by utilizing a permutation procedure[80] .
Beside the geological units, also regionalization based on the 4 main geomorphological units of the Eastern Alps, Southern, Central and Northern
Alps and Alpine forelands, as well as the 9 main ecoregions proposed
by Kilian/Müller/Starlinger252 , were tested but proved to be insigniﬁcant or show similar zonation, as the geological units[81] . Incorporating
the ﬁndings of Weinmeister et al.253 , a possible diﬀerence in torrentiality between debris ﬂow and bedload transport events was tested before
regionalizing by geological units. The test showed that debris ﬂow and
bedload transport torrentialities are signiﬁcantly diﬀerent[82] and therefore the processes are considered separately.
The results of the permutation tests for the geological main units
are given in ﬁgure 31. While for bedload transport no signiﬁcant diﬀerences among the geological units are measurable, show the Central Alps
signiﬁcant diﬀerence in torrentiality from the Calcareous Alps and the
Greywack Zone, if debris ﬂows are considered. The Calcareous Alps and
the Greywack Zone in general, were pooled because of their visual similarity in distribution and the quantitative conﬁrmation according to the
Wilcoxon rank-sum test254 , with a p-value of 0.50.
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Die Ostalpen in den Eiszeiten
(Populärwissenschaftliche Veröﬀentlichungen der Geologischen Bundesanstalt),
1987.
Würm Glaciation
Eastern Alps

Figure 29: The maximum extent, approximately 23 000 a to 24 000 a ago, of the
glaciation at the Würm glaciation covered almost 60 % of the Austrian Eastern
Alps. The over-steepened slopes and the
huge amount of loose debris, left by the
retreating glaciers at the beginning of
the Holocene, strongly inﬂuence, if not
necessitate, the recent torrential activity in
the Eastern Alps.

251 Aulitzky (see n. 12, p. 8), p.

49.

252 W Kilian/F Müller/F Starlinger:

Die
forstlichen Wuchsgebiete Österreichs, de,
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Figure 32: Bedload transports, have a higher probability of lower torrentialities, than debris ﬂows in the
Central Alps or in the Calcareous Alps/Greywack Zone, as shown by the ﬁtted logistic distributions in the
left and right panel. The probability of exceeding higher torrentialities therefore increases from bedload to
debris ﬂow, and in the group of debris ﬂows from the Central Alps to the Calcareous Alps and Greywack Zone,
as visible in the right panel of the ﬁgure. The shaded area around the curves are the pointwise conﬁdence
intervals, based on 2500 bootstrap samples. Reading example: according to the complementary distribution
function, depicted in the right panel, is the exceedance probability of a decadic logarithm torrentiality of 3.5,
0.36, 0.70 and 0.75 for bedload transport, a debris ﬂow in the Central Alps and a debris ﬂow in the Calcareous
Alps/Greywack Zone, respectively. On the natural scale equals the decadic torrentiality of 3.5, a torrentiality
of 103.5 ≈ 3200. For a standard torrent with an area of 2 km2 and a mean, main channel slope of 18°, the
torrentiality equals a volume of 1900 m3 . Hence the deposition volume of 1900 m3 is exceeded in 36 out of
100 cases for bedload transport, for 70 out of 100 cases for debris ﬂows in the Central Alps and for 75 out of
100 cases for debris ﬂows in the Calcareous Alps/Greywack Zone.

Figure 30: The main geological units of the
Austrian Eastern Alps are the Bohemian
Massif in the northern part of Austria,
followed by the Molasse and Inner Alpine
Basins. The Calcareous Alps, which are
separated by the Rhenodanubian Flysch in
the north from the Molasse and Inneralpine
Basins, cover a considerable part of the
Eastern Alps in the north. The second
largest unit, partly separated from the
Calcareous Alps by the Greywacke Zone
in a broader sense, are the Central Alps,
which cover most of the southern part of
the Eastern Alps.

254 Christine Duller:

Einführung in die nichtparametrische Statistik mit SAS und R, de,
Heidelberg 2008, p. 165-172.
Table 1: The parameter of the Weibull
distribution describing the torrentiality of
debris ﬂows in the main geological units.
Parameter

Central Alps

location
scale

Calcareous Alps
and Greywack
Zone

3.82 ± 0.03
0.37 ± 0.01

3.93 ± 0.01
0.39 ± 0.02
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In general are bedload transport events associated with lower torrentialities than debris ﬂows. The insigniﬁcance of the geological units
mean, that the torrentiality, with respect to bedload transport, is similar
for the whole Eastern Alps and can be described by a logistic distribution[83] with a location parameter of λ = 3.26 ± 0.02 and a scale parameter of s = 0.41 ± 0.01. In contrast to the bedload transport, exhibit
the geological main units a signiﬁcant control on debris ﬂow torrentiality. Higher torrentialities are observed in the Calcareous Alps and the
Greywacke Zone, while the Central Alps are characterized by lower torrentialities. Despite the signiﬁcant control of the geological main units,
have debris ﬂow and bedload torrentialities identical distributional form.
Hence also the debris ﬂow torrentiality, for each geological main unit, is
well described by a logistic distribution[84] . The parameters are shown in
table 1, and the all three distributions are shown in ﬁgure 32.
The analysis showed that the deposition volume of torrential processes can be systematically analysed if a suitable transformation of the
deposition volume is used. The torrentiality index as deﬁned in equation 16 represents such a transformation accounting for the scaling of
the deposition volume with basin area and main channel slope. Debris
ﬂow torrentiality is signiﬁcantly higher than bedload torrentiality, even
if it originated from the same channel. The diﬀerent distributions of the
torrentiality in terms of debris ﬂow and bedload transport can be used
to estimated the necessary volume for a system change from bedload
to debris ﬂow dominated runoﬀ, as postulated by Rimböck255 , if it is accounted for the debris ﬂow background rate associated with a certain
basin area and main channel slope[85] .
While diﬀerent regionalizations based on ecoregions or mountain
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groups did not prove to be signiﬁcant, exhibits the main geology a significant control on debris ﬂow volumes. In contrast are bedload deposition
volumes not signiﬁcantly altered by the main geology. On average are
torrentialities of debris ﬂows in the Central Eastern Alps of lower magnitude, than those observed in the Calcareous Alps and the Greywack
Zone.
The estimated distributions oﬀer the opportunity to calculate expected volumes, with well deﬁned occurrence probabilities, if the basin
area and the main channel slope are known. Hence they could guide the
design of mitigation measures, in terms of expected volume.
Nevertheless lacks the analysis validation by means of interdependent observations, therefore should future research focus on validation
of the proposed result, but also on the applicability of the torrentiality
among diﬀerent physiogeographical regions. Furthermore suggest the
result no power-law behaviour, at least if the torrentiality is considered,
which should be veriﬁed for a more diverse data set originating from different locations than the Eastern Alps.

255 Andreas Rimböck:

OptiMeth Beitrag zur
optimalen Anwendung von Methoden zur
Beschreibung von Wildbachprozessen:
Schlussbericht, German, OCLC: 953628784,
2013, Abb. 4, p. 12.

The Repose Time Distribution of Torrential Processes for Individual Watersheds

In the section about the Austrian torrential event catalog on pages 33, it
was noted that the event catalog is remarkable similar to earthquake and
volcanic catalogs. Especially the similarity between the latter oﬀers an
interesting view on the frequency of torrential events. But before further
elaboration on this and the resulting conclusions, a general description
on watershed-based, torrential event frequency in the Eastern Alps on a
supra-annual, regional scale is necessary.
Previous analyses on local and regional scale showed, that event
rates of torrential activity depend on basin morphometry256 , land-cover[86] ,
climate257 and available sediment[87] .
The mean event rate in the Eastern Alps is 0.4 # km−2 and 100 a, with
95 % conﬁdence interval of 0.3 # km−2 to 0.5 # km−2 and 100 a[88] . The
event rate varies signiﬁcantly between mountain groups[89] , as readily
seen by comparing the risk ratios, which is deﬁned as event rate in the
mountain group divided by the supra-regional event rate (see also equation 67) and is shown in ﬁgure 33.
Signiﬁcantly higher event rates, according to ﬁgure 34, are observed
for the western and the eastern part of the Central Eastern Alps. But also
for the North Eastern Prealps. Signiﬁcantly lower events rates are observed for the southern and northern rim, as well as for the outermost
eastern part of the Eastern Alps.
Event rates per watershed, estimated according to equation 66, are
lower then debris ﬂow and debris ﬂood event rates derived from a di-
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Figure 34: Signiﬁcantly higher risk ratios
are observed especially in the western
and central part of the Eastern Alps, while
signiﬁcantly lower risk ratios are observed at
the northern and southern rim. Insigniﬁcant
risk ratios are shown in grey.
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Figure 33: Risk ratios above 1 indicate higher event rates and risk ratios below 1 indicate lower event rates
compared to the supra-regional mean rate. Signiﬁcantly higher event rates are observed in 11 out of 56
mountain regions, while in 18 out of 56 mountain regions lower event rates, compared to the supra-regional
mean rate, are observed. The spatial distribution is shown in ﬁgure 34. Reading example: The 9th mountain
group has a 1.5 times higher event rate, compared to the supra-regional mean rate, while the 50th mountain
group has a event rate approximately 0.8 times of the supra-regional mean rate.
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Figure 35: The mean catchment-wise event
rates derived from the Austrian torrential
event catalog are signiﬁcantly lower, than
those estimated from literature derived
dendrochronological based event series. A
possible reason is that the catalog mainly
consists of event resulted in damage, while
the literature catalog also includes smaller
events. Although the diﬀerence is obvious,
one has to keep in mind, that the literature
catalog is based on 55 event histories, while
the torrential event catalog consists of over
300 event histories. Hence considerable
uncertainty remains.
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verse set of physiogeographical settings, mainly by means of dendrochronology[90] .
The mean catchment-wise event rate derived from the literature catalog is 0.09 ± 0.03 # km−2 a−1 , while for the Austrian torrential event
catalog the mean catchment-wise event rate is 0.03 ± 0.01 # km−2 a−1 .
The lower event rates can be attributed to the fact, that the Austrian torrential event catalog mainly includes events which resulted in considerable damages and are therefore mostly larger events than those reconstructed by dendrochronology. Furthermore reaches the dendrochronologicaly derived event series further back in time. But also the number
of available event series from literature are remarkable less, with 55 in
comparison to 342 in the case of the Austrian torrential event catalog.
Nevertheless are the estimated torrential event rates, in the case of the
torrential event catalog, lower frequencies mainly associated with extreme events in the sense that those event resulted in a at least tangible
damage.
Although one can therefore not assume completeness on a watershed scale for a whole region, one can assume that at some watersheds
have almost complete event series, especially regarding events with a
certain magnitude. To analyse these event series, the at the beginning
mentioned similarity between volcanoes and torrents, which is motivated by the fact that as volcanic eruptions, also torrential events result
from well deﬁned process regions and both are recurrent in nature, is
utilized. A direct consequence of the recurrent nature is the emergence
of “repose times”, which are deﬁned as the time between two consecutive events and are thoroughly studied in volcanology258 . The analogy
between volcanoes and torrents regarding repose times, was also noted
by Stiny in the year 1938, who wrote that
[d]er Wechsel zwischen scheinbarer Ruhe und auﬂebender
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Tätigkeit, den wir auch an den ganz anders gearteten Erscheinungen der Feuerberge beobachten können, ist übrigens den
Wildbachverbauern nichts Neues.259

However did the temporal patterns of torrential event not reach
much attention, till the year 1997 where Zimmermann/Romang/Mani
postulated four typical patterns of temporal debris ﬂow activity, based on
the event histories of 17 basin situated in the Swiss Alps260 .
Two patterns are special cases and are only brieﬂy discussed. The
ﬁrst reﬂects systems were debris ﬂows are extraordinary events with
no historical reference and hence debris ﬂows are not constitutive processes for the torrential system under study. The second special case are
systems were a major disturbance lead to abundant amounts of highly
mobile sediment, resulting in periods of high activity followed by prolonged periods of dormancy261 . Beside these special cases two normative
patterns are described, which are thought to be consequences from the
prevailing sediment conditions, usually referred to as “sedimentlimited”
and “sedimentunlimited”.
The ﬁrst normative type is characterized by regular intervals between
events. The deposition volumes are typically below 100 000 m3 and the
sediment is eroded along the channel262 . This type can be attributed to
“sedimentlimited” systems263 , which are identical to “Jungschuttmuren”264 .
The occurrence of debris ﬂows in sedimentlimited torrents, is controlled by the sediment stored in the channel, which depends, among
others, on the time since the last debris ﬂow and the sediment recharge
rate265 . Hence a debris ﬂow is initiated only if a triggering rainfall event,
or similar source of abundant runoﬀ, coincidence with a signiﬁcant amount
of in channel stored sediment, as shown in the right panel of ﬁgure 36266 .
Past events in sedimentlimited basins therefore control future events and
the event rate is depending at least on the time since the last event.
In contrast to the regular pattern is the second normative type characterized by irregular intervals between events with no typical magnitude267 . The available sediment, originating from moraines, talus slopes,
ternary debris etc., is literally unlimited and therefore insigniﬁcantly altered by previous events. Hence Bovis/Jakob268 referred to the type as
“sedimentunlimited”, where Stiny used the term “Altschuttmure”269 .
The initiation of debris ﬂows in sedimentunlimited basins is controlled by the triggering rainfall, or similar sources of high runoﬀ, alone,
which is illustrated in the left panel of ﬁgure 36. In contrast to its sedimentlimited counterpart, exert past events no control on future events
and therefore not altering the event rate. Debris ﬂows from sedimentunlimited basins can therefore be interpreted as statistically independent
events.
It follows, that the two normative patterns are characterized by different repose time distributions, which are a result of the underlying
stochastic process, responsible of “producing” the events. The speciﬁcation of that process has not only major implications for risk assessment,
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Über die Regelmäßigkeit der
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Verhältnisse in den Tiroler Alpen (see n. 62,
p. 15), p. 92.

265 Matthias Jakob/Michael Bovis/Marian

Oden: The signiﬁcance of channel recharge
rates for estimating debris-ﬂow magnitude
and frequency, en, in: Earth Surface Processes and Landforms 30.6 (June 2005),
pp. 755–766, p. 756 and ﬁgure 3, p. 760.

266 atopted after Bovis/Jakob (see n. 153, p. 33),

Figure 4, 1045.

267 Zimmermann/Romang/Mani (see n. 260), p.

418.

268 Bovis/Jakob (see n. 153, p. 33), Fig.

1045.

269 Stiny:

4, p.

Die Muren: Versuch einer Monographie mit besonderer Berücksichtigung der
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Figure 36: The left upper panel shows the event history of a sedimentunlimited basin. Every year a maximum peak discharge is observed, which initiates a debris
ﬂow only if the value is greater or equal to the critical value shown as the blue region. The black bars indicate debris ﬂows, while the grey bars are bedload transport or debris ﬂood events, but no debris ﬂows because of the less than critical peak discharge. The lower left panel shows the available sediment in the initiation
zone. Because the basin is sedimentunlimited no signiﬁcant change in the sediment status is observed, whether or not a debris ﬂow was observed. The right
upper panel shows the exact same series of maximum yearly peak discharges but for a sedimentlimited basin. In such catchments debris ﬂows are initiated if the
triggering discharge coincidence with a minimum amount of available sediment. The available sediment is shown in the lower right panel. The debris ﬂow at the
year 9 removes the entire available sediment, which is recharged in the following years. In the year 25 the minimum amount of sediment is reached, depicted in
brown, so that in principal a large enough discharge initiates a debris ﬂow, which is observed in the year 46. The higher than the critical discharges in the following
years do not initiate debris ﬂows, because the minimum amount of necessary sediment has not yet accumulated. This cycle of debris ﬂow - recharging - charged debris ﬂow is postulated to cause the periodically pattern observed in sedimentlimited basins.
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but can also be used to test theories that try to explain the frequency of
torrential events like the aforementioned sediment control.
Exponentially distributed repose times emerge from homogeneous
Poisson processes and are characterized by pure randomness270 . This results in irregular appearing event histories and hence are the null model
for the second normative type or sedimentunlimited torrential systems.
The most striking feature of such homogeneous Poisson processes, is
that they are memoryless
exactly meaning that the probability of observing a next
event in a given time window is always the same, irrespective of the time passed from the last observed event.271

In other words, the probability of the next extreme event is always
the same, no matter how many years, may it be one or a million, have
passed since the last extreme event was observed. Hence their is no such
event as the “overdue” event.
The memoryless characteristic results from the hazard function of the
exponential distribution, which is constant and deﬁned in equation 17.
h(t ) =

f (t ) λe−t λ
= −t λ = λ
S (t )
e

(17)

where h(t ) is the hazard function, t is the repose time, f (t ) is the density function of the exponential distribution, S (t ) is the survival function
of the exponential distribution deﬁned as 1 − F (t ), where F (t ) is the
cumulative distribution function of the exponential distribution and λ
is the mean event rate. The hazard function is proportional to the likelihood that an event will instantaneously happen, if till the considered
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time point no event had happened, which is equal to λ in the case of the
exponential distribution regardless of the elapsed time t .
Unlike the exponentially distributed repose times of sedimentunlimited basins, must the distribution of repose times for sedimentlimited
basins account for the increasing likelihood of an event with elapsed time
since the last debris ﬂow, as sediment accumulates in the channel. Hence
unlike the null model of the sedimentunlimited basin, “remembers” the
null model of the sedimentlimited basin the last event, but is reset after a
debris ﬂow occurred.
The dependency of the likelihood of an event, on the time elapsed
since the last event, is naturally modelled by renewal processes272 . The
repose times, resulting from renewal processes, are typically, but not
exclusively, Weibull, gamma or log-logistic distributed273 . Renewal processes are best studied in terms of their hazard function. The Weibull,
gamma and log-logistic distribution can model a variety of diﬀerent shapes
of the hazard functions, including monotonic increasing, decreasing and
non-monotonic hazard functions[91] .
The repose time distribution can therefore be used to characterize
torrents according to the two proposed normative types, which has implications for risk assessment. Torrents with exponential distributed repose time can be treated according to standard procedures, while torrents showing repose time distribution diverging from the exponential,
must be treated according to their hazard function, which may imply
an increasing or decreasing likelihood with elapsed time since the last
event. The diﬀerent treatment is especially important for passive mitigation measure like forecast and warning system. Hence from a hazard
assessment perspective is the exponential distribution preferable due its
memoryless properties and is therefore readily assumed274 .
To verify the exponential assumption a literature data set of debris
ﬂow event histories[92] and event histories from the Austrian torrential
event catalog were compiled[93] . For each event history the exponential,
Weibull and log-logistic distribution were tested as possible repose time
distributions[94] .
The literature catalog is dominated by exponential distributed repose times with 11 out of 26 basins having exponential distributed repose times. The Weibull and the log-logistic have almost equal frequency
with 4 and respectively 5 out of 26 basins. For 6 basins none of the three
distributions were a plausible model[95] .
The estimated parameters resulted in three distinct shapes of hazard functions, beside the constant hazard resulting from the exponential distribution, as shown in ﬁgure 37. Monotonically increasing hazard
functions are estimated for the Illgraben, the Wildibach and an unnamed
channel in the Wildsee area.
Monotonically decreasing hazard resulted from the event histories
of the Klepáčský Potok and the Meretschibach and non-monotonic hazard were evaluated for the Keprnický Potok, the Torrent de Pétérey, the
Torrent de la Greﬀe and the Lahars of the Shiveluch volcano.
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272 Bebbington:

Models for Temporal Volcanic
Hazard (see n. 258, p. 58), p. 4-6.

273 Alexander Garcia-Aristizabal/Warner Mar-

zocchi/Eisuke Fujita: A Brownian model for
recurrent volcanic eruptions: an application
to Miyakejima volcano (Japan), en, in:
Bulletin of Volcanology 74.2 (Mar. 2012),
pp. 545–558, p. 3.

274 e.g. D.

M. McClung: The encounter probability for mountain slope hazards, in:
Canadian Geotechnical Journal 36.6 (1999),
pp. 1195–1196; May/Gresswell (see n. 256,
p. 57); B. Calvo/F. Savi: A real-world application of Monte Carlo procedure for debris
ﬂow risk assessment, en, in: Computers &
Geosciences 35.5 (May 2009), pp. 967–977.
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rey

0 10 20 30 40

Elapsed Years Since The Last Debris Flow

Torr
ent
de

40
20
0

0
0.3

60

la G

reﬀe

0 10 20 30 40

Figure 37: Estimated hazard functions from the literature compiled catalog. Sedimentlimited basins are shown
in blue, sedimentunlimited are drawn in brown. Basins with unknown sediment status are shown in grey.
The underlying repose time distributions are indicated by the line style, where dashed lines refer to the
exponential, dotted to the Weibull and solid lines refer to log-logistic distribution. The most common repose
time distribution is the exponential, regardless of the sediment status. The Weibull and the log-logistic are
almost equally likely.
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The monotonic increasing hazard function, observed for the unnamed
channel in the Wildsee area, is in perfect agreement with the expected
shape of the sedimentlimited normative type. After an event the channel is scoured and the likelihood of a debris ﬂow is literally zero. With
elapsing time erosion delivers sediment to the channel increasing the
likelihood that a triggering event initiates a debris ﬂow.
A diﬀerent shape, but still monotonically increasing hazard is observed for the Illgraben and the Wildibach. In contrast to the sedimentlimited channel in the Wildsee area, increases the hazard after an event almost instantaneously in a concave manner, whereas the increase in the
case of the unnamed channel of the Wildibach area was convex. The Illgraben275 , as well as the Wildibach276 are classiﬁed as sedimentunlimited, therefore one would not expect an increasing hazard, at least is
sediment availability not a possible explanation. The increase in debris
ﬂow likelihood with elapsed time suggest that after an initial but insignificant period of stability, system stability steadily increases probably due
accumulation of small instabilities, hence increasing the likelihood that a
triggering event initiates a debris ﬂow.
Although also modelled by a Weibull distribution have the Klepáčský
Potok and the Meretschibach a monotonically decreasing hazard function. In this case debris ﬂows perpetuate the system resulting in a short
period characterized by high instability. The instabilities are sustained as
long as further debris ﬂows introduce new instabilities leading to a clustering of events. But if a certain amount of time elapses without further
disturbances, the systems enters a waning stage with a signiﬁcant lower
likelihood of debris ﬂow initiation.
The last type of hazard functions, which were observed in 4 out of
26 cases, resulting from the log-logistic distribution, are characterized
by non-monotonic behaviour. After an event the likelihood of a further
debris ﬂow is low, but increases till a peak of maximum debris ﬂow hazard is reached. After the peak the likelihood decreases again. This type is
particularly interesting as it incorporates the two competing mechanisms
of stabilisation and destabilization acting in a torrent. The debris ﬂow
event introduces instabilities due its erosive behaviour, but also removes
a signiﬁcant amount of sediment from the channel. The ﬁrst years after
a debris ﬂow are therefore characterized by low amounts of readily mobilizable sediment in the channel, which starts to accumulate especially
due bank failures. The increasing amount of sediment in the channel also
increases the likelihood that a triggering event initiates a debris ﬂow, but
at the same time the unstable banks, stabilize themselves by small, local
failures. Furthermore is the sediment in the channels stabilized by selective sediment transport, forming armour layers.
In the course of the natural stabilisation a system state is reached
where the amount of unstable sediment in the channel and frequency of
unstable banks, is maximized and hence the likelihood of debris ﬂow initiation. If no debris ﬂow is initiated the process of stabilisation continues,
decreasing the likelihood of debris ﬂow initiation due a triggering event,
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275 Estelle Arbellay/Markus Stoﬀel/Michelle

Bollschweiler: Dendrogeomorphic reconstruction of past debris-ﬂow activity using
injured broad-leaved trees, en, in: Earth
Surface Processes and Landforms 2010,
pp. 399–406, Figure 2, p. 401.

276 Michelle Schneuwly-Bollschweiler/

Christophe Corona/Markus Stoﬀel: How to
improve dating quality and reduce noise in
tree-ring based debris-ﬂow reconstructions,
en, in: Quaternary Geochronology 18 (Dec.
2013), pp. 110–118, p. 111.
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Figure 38: The frequency of the four fundamental hazard function shapes is similar
for the Austrian torrential event catalog
and the literature catalog. In both cases the
constant and therefore purely random event
occurrence dominates, well in line with the
Poisson assumption for rare events. The
second most common case is the de- and
restabilizing shape (ﬁgure 37 last row). In
the case of the increasing and decreasing
hazard, show the literature and torrential
event catalog diﬀerent frequencies.

277 Mark Bebbington:

Incorporating the
eruptive history in a stochastic model
for volcanic eruptions, en, in: Journal of
Volcanology and Geothermal Research 175.3
(Aug. 2008), pp. 325–333.

278 Klaus Schraml et al.:

Estimation of debris
ﬂood magnitudes based on dendrogeomorphic data and semi-empirical relationships,
en, in: Geomorphology 201 (Nov. 2013),
pp. 80–85, Fig. 4, p. 83.
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as larger amounts of water are necessary to mobilize the now stable sediment.
A similar analysis was performed for 222 event histories of the Austrian torrential event catalog. In contrast to the literature catalog were
event histories consisting of mixtures of the whole spectrum of possible
torrential processes, beside histories dominated by a single process, considered. Another diﬀerence to the literature catalog is that most of the
event histories originate from higher order streams, while the literature
catalog mainly consisted of ﬁrst- to third-order channels.
As in the case of the literature catalog are most of the event histories, 103 out of 222, characterized by exponentially distributed repose
times. The second most common type are decreasing likelihood of torrential events with elapsed time since the last event, with 69 out of 222
event histories. The destabilizing-stabilizing type of hazard function was
observed, with comparable frequency, in 43 out of 222 cases. In contrast
only 4 event histories showed an increasing hazard function and for 3
neither the exponential, the Weibull nor the log-logistic were a plausible
hypothesis. Figure 38 summarizes the results in terms of frequencies and
compares it with the results obtained from the literature catalog.
The analysis of the repose time distributions revealed that the sedimentunlimited normative type is readily observed, and hence is a valid
theory, explaining the torrential event occurrence, regarding sediment
dominated ﬂows like bedload transport and debris ﬂows.
But while the sedimentunlimited type was the most common, regardless if debris ﬂow dominated or mixture event histories, was the ideal
sedimentunlimited normative type, as seen for the Wildsee Area in ﬁgure
37, seldom observed. The special type of system irritation due a major
disturbance, with subsequent event clustering, seems to be more common, as 40 % of the Weibull distributed literature based event histories
and 32 % of the the Weibull distributed torrential event catalog based
event histories showed decreasing likelihood of torrential events, after an
event happened. Moreover were the destabilizing-stabilizing, log-logistic
distributed repose times as common as the Weibull distributed ones, introducing additional complexity to the monotonic in- or decreasing hazard.
Future research should therefore focus on revealing factors, ideally
easily and unambiguously measurable, which control the shape of the
hazard function, as it has major implications regarding risk assessment,
especially if passive measure like warning systems are considered.
More elaborated theories, like the volume-history model277 , were the
event history of Schraml et al.278 could serve as patient zero, may provide successful models to accurately estimating the probability of future
events.
And ﬁnally should existing event histories, like those of the Austrian
torrential event catalog, supplement by event histories reconstructed by
dendrochronology, lichenometry or sediment cores, be compared with
event histories, ideally diﬀerent only in the prevailing climate, to estimate
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possible trajectories of torrential event rates in a changing climate.
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Notes

Natural Logarithm of Debris
Flow Peak Discharge m3 s−1

[1.] Debris ﬂow peak discharges scale with the respective ﬂood peak discharges by a factor of approximately 18,
based on 93 observations from various physiogeographical regions279 with a 95 % BCa conﬁdence interval
based on 2000 bootstrap sample280 , of 15 to 23, although values up to 100 are reported281 . The left panel, of
the ﬁgure below, shows the debris ﬂow peak discharge and corresponding ﬂood peak discharge observations.

279 Markus Pﬁtscher:

Bestimmung von Murgangsintensitätsfaktoren und deren Relevanz auf die Ausbreitung alpiner Murgänge,
de, Masterarbeit, Vienna, Austria: University Of Natural Resources and Applied Life
Sciences Vienna, Jan. 2016, Tabelle A.5, p.
119-120.

Debris Flow vs. Flood Peak Discharge
European Alps, CHN, JP and KAZ
Granular and Muddy Debris Flows
103

103

280 Efron/Hastie (see n. 134, p. 27), equation

102

102

10

10

281 Rickenmann:

1

1

10

(11.39), p. 192.

Methods for the quantitative
assessment of channel processes in torrents
(steep streams) (see n. 7, p. 7), p. 98.

1

1
10
102
102
103
Natural Logarithm of Flood Peak Discharge m3 s−1

103

Diﬀerent scaling is observed for debris ﬂows situated in China, which were mainly observed in the
Jiangjia gully, and the rest of the data. In contrast show debris ﬂows observed in the European Alps, Japan and
the Chemolgan basin, Kazakhstan, similar slopes, although the variability is high.
The principal diﬀerence between the Chinese debris ﬂows and the other locations, could be the a consequences of the diﬀerent typical diameters of the involved sediments, as the record of debris ﬂows in China are
dominated by mudﬂows. For a subset of 63 observations the distinction between muddy and granular debris
ﬂows could be made, and are shown in the right panel of the ﬁgure above. A linear regression, with the debris
ﬂow type as an interaction variable, showed a signiﬁcant diﬀerence in slope (p-value 0.01), as well as in the
intercept (p-value 0.01), between granular and muddy debris ﬂows. The resulting regressions are shown in
equation 18.
Q p,d =

(

1.38±0.28
5.07 ∗ 1.72±1 ∗ Q p,w
±1
0.81±0.46
31 ∗ 4.25 ∗ Q p,w

granular
muddy

(18)

where Q p,d is the debris ﬂow peak discharge in m3 s−1 , and Q p,w is the corresponding ﬂood peak discharge in
m3 s−1 . Higher peak discharge ampliﬁcations are observed for muddy debris ﬂow till clear water discharges of
approximately 9 m3 s−1 , afterwards peak discharge of granular debris ﬂows are higher.

[2.] The spatial distribution of the events in the year 1851, 1897 and 1899 are shown in the ﬁgure below.
1851

1897

1899

Events per km²
0.02

0.04

0.06

0.08

While in the year 1851 the main number of events happened in Tyrol and Corinthian, happened most of the
events in the years 1897 and 1899 in Salzburg and Upper Austria.

[3.] The forest-technical system of torrent control, “Forstliche System der Wildbachverbauung,” is based on two
principles to prevent harmful torrential events. The ﬁrst principle is the reduction of available sediment,
mainly by stabilization of the channel bed and side walls in the upper reaches. The second principle is the
reduction of discharge, mainly by reforestation of the basins.

[4.] Stiny deﬁnes four classes of debris ﬂows282 : Eismuren (eng. “ice-debris ﬂows”), Vulkanische Schlammströme
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282 Stiny:

Die Muren: Versuch einer Monographie mit besonderer Berücksichtigung der
Verhältnisse in den Tiroler Alpen (see n. 62,
p. 15), p. 89.

(eng. “volcanic mudﬂows”), Moormuren (eng. “moor- or peat-debris ﬂows”) and Schuttmuren (eng. “debrisdebris ﬂows”).
The ﬁrst class are debris ﬂows originating from calving glaciers, where the ice mixes with water and
loose material to form a debris ﬂow. The second class are known as “Lahars” in the recent geomorphological
literature. The third class are debris ﬂows, which mostly consist of organic debris like peat. The fourth class
are debris ﬂows in the proper sense, which he is dividing into “Jungschuttmuren” (eng. “young-debris debris
ﬂows”) and “Altschuttmuren” (eng. “old-debris debris ﬂows”). The diﬀerence is based on the age of the debris
mobilized by the debris ﬂow

283 Stiny:

Die Muren: Versuch einer Monographie mit besonderer Berücksichtigung der
Verhältnisse in den Tiroler Alpen (see n. 62,
p. 15), p. 92.

284 Ibid., p.

The main sources of debris for “Jungschuttmuren” are therefore recent weathered material and shallow landslides with no well established connection to the channel. In contrast are the debris sources of
“Altschuttmuren”
[. . .] älter[e] Schuttablagerungen mannigfacher Enstehung (Moränen, alte Schwemmkegel,
mit Vegetation bekleidete Schuttkegel und Schutthalden, Hangterrassen, Flußbaustufen,
Tertiärschotter, ältere Tuﬀe der Vulkanberge u.) [. . .].284

94.

285 Agresti (see n. 138, p. 29), p.

Jungschuttmuren entstehen in jungen bis jüngsten Ablagerungen und sammeln ihre Massen
vorwiegend aus Verwitterungsprodukten, Rasenneubildungen u. Auch das Materiale, das
jene Terrainbrüche erzeugen, welche ohne Verbindung mit einem Gerinne in Bewegung
geraten [. . .] gehört zum Jungschutt.283

In the case of “Jungschuttmuren” every debris ﬂow is, more or less thoroughly, “cleaning” the channel
i.e. eroding it till the bedrock. After such a debris ﬂow the sediment in the channel has to build up again,
hence the watershed is sedimentlimited. On the other hand, “Altschuttmuren” are the sedimentunlimited,
because in geological older ages processes like glaciation have build up a thick layer of available sediment,
which is not signiﬁcantly altered in abundance by a debris ﬂow.
The classiﬁcation of Stiny is not consisting of mutually exclusive classes e.g. an ice-debris ﬂow is separated from “Altschuttmuren” solely due its trigger mechanism. This is because the classiﬁcation is based on
the origin of the material available to form a debris ﬂow.

70-72.

[5.] The catalogs consists of 104 debris ﬂow and 53 bedload dominated catchments and is essentially a subset of
the catalog described in more detail below. The decadic logarithm of the basin area was used to estimate a
univariate logistic regression285 , to distinguish debris ﬂow from bedload domination. The resulting regression
is shown in the ﬁgure below.
Probability of Bedload as the Dominant Transport Process as a Function of Basin Area
1
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0.8
0.6





P debris ﬂow |11 km2 = P bedload |11 km2 = 0.5

0.4
0.2
0
0.01

0.1

1

10

Basin Area in km2

100

1000

The regression has a slope of −1.84, suggesting a decreasing probability of debris ﬂows with increasing basin
area. The blue line shown above is the inverse probability, hence the probability of observing bedload transport. The shaded region is the 95 % pointwise conﬁdence interval based on 2000 bootstrap samples. The
distribution of the debris ﬂow and bedload basin areas are depicted as rugs on the lower and upper x-axis.
Also shown are the empirical probabilities of observing a bedload dominated basin, for a certain basin area
interval. The intervals are on the logarithmic scale, dividing the decadic logarithm of the basin area into even
0.5 width intervals between −2 to 3. Hence the intervals increase in width, with increasing basin area, on the
natural scale.
The basin area, at which bedload and debris ﬂow domination is equally likely, is 11 km2 , which is the
proposed threshold given in the text.

[6.] The catalog was compiled from studies on torrents published in scientiﬁc journals, proceedings, technical
reports and theses, for a wide range of geographical regions as described in the table below.
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ID
22
38
48
49
50
58
4, 5, 6
12
19
20, 21
26, 53
27
33
35
51
13
14
15
39
40
41
42
43
45
46
47
52
56
44
54
34
7
16
28
29
30
36
2, 3
8
10
11
18
24, 25
32
37
55
57
9
17
31
23
1

Location
AD
AT
AT
AT
AT
AT
CA
CA
CA
CA
CA
CA
CA
CA
CA
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CH
CZ
CZ
ES
FR
FR
FR
FR
FR
FR
IT
IT
IT
IT

IT
IT
IT
IT
IT
IT
JP
NZ
NZ
AT,CH,IT
IT, CH, FR

Observations
2 (0/0/2)
8 (0/0/8)
1 (0/0/1)
1 (0/0/1)
1 (0/1/0)
84 (59/0/25)
104 (40/0/30)
34 (0/0/34)
18 (1/4/13)
41 (16/0/25)
2 (0/2/0)
42 (14/0/28)
65 (16/36/13)
12 (0/0/12)
12 (0/0/12)
99 (16/0/62)
22 (2/0/20)
56 (34/0/22)
1 (0/0/1)
2 (0/0/2)
1 (0/0/1)
1 (0/0/1)
1 (0/0/1)
1 (0/0/1)
1 (0/0/1)
1 (0/0/1)
1 (0/0/1)
1 (0/0/1)
4 (0/0/4)
2 (0/0/2)
3 (0/3/0)
1 (0/0/1)
1 (0/0/1)
46 (9/4/26)
21 (3/6/12)
26 (0/0/0)
34 (0/0/34)
149 (18/8/123)
127 (0/0/127)
18 (0/0/18)
29 (1/0/28)
83 (5/0/28)
179 (40/67/72)
1 (0/0/0)
1 (0/0/1)
11 (0/0/11)
1 (0/0/1)
512 (0/0/512)
60 (28/0/32)
59 (18/0/41)
114 (15/0/99)
183 (0/0/183)

Variables

Ab , MRb , θf , ∆E , min (E b ) , max (E b ) , L f , Wb
Ab , MRb , θf , ∆E , L c , min (E b ) , max (E b ) , θb , max (E f )
Ab , MRb , θf , ∆E , min (E b ) , max (E b )
Ab , MRb , θf , ∆E , min (E b ) , max (E b ) , θb , Af , min (E f ) , max (E f ) , L f
Ab , MRb , θf , ∆E , min (E b ) , max (E b ) , min (E f ) , max (E f )
Ab , θc , MRb , ERRb , RRb , Cb , ERb , FFb , RNb , ICb , RIb , WBb
Ab , θc , MRb , θf , max (θc ) , ∆E , L c
Ab , MRb , ∆E , θb , DD, ERRb
Ab , θc , MRb , θf , ∆E , Af
Ab , MRb , Af
Ab , MRb , θf , ∆E , θb , Af , L b , RRb , r f
MRb , θf
MRb , L b
Ab , θc , MRb , θf , ∆E , max (E b ) , θb , Af , E b , ERRb , RRb , Ab/f
Ab , MRb , ∆E , DD
Ab , θc , MRb , ∆E , L c , min (E b ) , max (E b ) , E b , ERRb
Ab , MRb , ∆E , min (E b ) , max (E b ) , θb , ERRb
Ab , θc
Ab , MRb , θf , ∆E , min (E b ) , max (E b ) , max (E f )
Ab , MRb , θf , ∆E , min (E b ) , max (E b ) , min (E f ) , max (E f )
Ab , MRb , ∆E , min (E b ) , max (E b ) , min (E f ) , max (E f )
∆E , min (E b ) , max (E b ) , θb
Ab , MRb , ∆E , min (E b ) , max (E b ) , Af , min (E f ) , max (E f )
Ab , MRb , θf , ∆E , min (E b ) , max (E b ) , Af , min (E f ) , max (E f )
Ab , MRb , θf , ∆E , L c , min (E b ) , max (E b ) , Af , min (E f ) , max (E f )
Ab , MRb , θf , ∆E , min (E b ) , max (E b ) , θb , min (E f ) , max (E f )
Ab , θc , MRb , θf , ∆E , min (E b ) , max (E b ) , Af , min (E f ) , max (E f )
θf , max (E b ) , min (E f ) , max (E f )
Í
Ab , MRb , ∆E , θb , DD, L c
Ab , MRb , ∆E , L c , min (E b ) , max (E b ) , θb , DD, L ∆E
Ab , θc , MRb , θf , ∆E , θb , Af , DD, E b
Ab , MRb , θf , ∆E , min (E b ) , max (E b ) , θb , Af
Ab , MRb , θf , min (E b ) , max (E b ) , L b
Ab , MRb , θf , ∆E , min (E b ) , max (E b ) , Af , L f
MRb , θf
Ab , MRb , ∆E , min (E b ) , max (E b ) , θb , L b , RRb , Pb
Ab , θc , MRb , θf , ∆E , min (E b ) , max (E b ) , Af , DD, L b , RRb , r f , Ab/f , Gb
Ab , MRb , θf
Ab , θc , L c
Ab , θc , MRb , θf , ∆E , L c , max (E b ) , θb , Af , min (E f ) , max (E f ) , L f , DD
Ab , θc , MRb , θf , ∆E , L c , min (E b ) , max (E b ) , θb , max (E f ) , E b , min (θb ) ,
max (θb ) , ERRb
Ab , MRb , θf , ∆E , Af , L f , L b , RRb , Wb
Ab , MRb , θf , Af
Ab , θc , MRb , θf , ∆E , L c , min (E b ) , max (E b ) , θb , Af , E b , ERRb , θcf
MRb , θf
Ab , θb , Af , Ab/f
Ab , θc , MRb , θf , max (θc ) , ∆E , L c , min (E b ) , max (E b ) , θb , Af , Ab/f
Ab
MRb , θf , RRb
MRb , θf
MRb , θf
Ab

The primary object of the catalog was to compile morphometrics regarding the basin, but also of the fan and
the channel. Beside the morphometrical data and the location, also the observed transport process or processes, main geological units, frequencies and magnitudes were collected. The table above summarizes the
available observations and morphometric variables per source. The column observation states, beside the
total number of available observations, also the number of observations per dominant process, if available,
where the ﬁrst number in the brackets correspond to the number of bedload, the second to the number of
debris ﬂood and the third to the number of debris ﬂow dominated basins. Please note that the sum over all
dominant process must not necessarily correspond to total number of events. Furthermore are the number of
observations per location in the table larger, then given in the map above. This is due duplicates, which were
not excluded in the table for reasons of reproducibility, because diﬀerent sources stated diﬀerent variable for
the same basin. The available variables are listed in the column variables, where primary variables are width
W in metre, length L in m, radius r in m, perimeter P in m, altitude E in m, area A in km2 and inclination
θ in degree. The normal case is the average and is therefore not specially indicated, but if the minimum or
maximum is considered, min and max are used. Derived variables are relief ∆E (equation 26), L ∆E horizontal
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Source

Hürlimann/Copons/Altimir
Procter et al.
Schraml et al.
Procter et al.
Mayer et al.
Heiser et al.
VanDine
Jakob
several sources*
Kostaschuk/Macdonald/Putnam
Ouellet/Germain
Jackson/Kostaschuk/Macdonald
Wilford et al.
Kovanen/Slaymaker
Martin/Johnson/Chaikina
Baumgartner
Gertsch
Rickenmann/Koschni
Bollschweiler/Stoel/Schneuwly
Bollschweiler/Stoﬀel
Sorg et al.
Szymczak et al.
Bollschweiler/Stoﬀel/Schläppy
Arbellay/Stoﬀel/Bollschweiler
Stoﬀel/Bollschweiler/Hassler
Bollschweiler/Stoﬀel/Schneuwly
Schneuwly-Bollschweiler/Corona/Stoﬀel
Bollschweiler et al.
Tichavský/Ŝilhán
Tichavský/Ŝilhán/Tolasz
Gómez-Villar/Garcı́a-Ruiz
Lopez Saez et al.
Malet et al.
Marchi/Brochot
Bardou
Remaitre
Thenard
D’Agostino
Marchi/D’Agostino
Berti/Simoni
Lenzi
Sorriso-Valvo/Antronico/Le Pera
Ceriani/Crosta/Quattrini
Marchi/Cavalli
Mambretti
Tiranti/Bonetto/Mandrone
Marchi/Arattano/Deganutti
Takai
Scally/Owens/Louis
Scally/Owens
Scheidl/Rickenmann
Franzi/Bianco

286 Borselli/Cassi/Torri (see n. 119, p. 25), equa-

tion (7), p. 270.

287 Cavalli et al. (see n. 133, p. 27), p.

253-255.

distance from the point of maximum elevation to the point of minimum elevation, relief ratio RRÍ(equation
27), elevation-relief ratio ERR (equation 29), melton ratio MR (equation 28), total stream length L c , which
is the total length over all individual streams, drainage density DD (equation 30), weighted bifurcation ratio WB (equation 31), circularity index C (equation 23), Gravelius index G (equation 22), elongation ratio ER
(equation 21), form factor FF (equation 24), Ab/f basin area divided by fan area, sediment connectivity index
IC according to Borselli/Cassi/Torri286 and roughness index RI according to Cavalli et al.287 . Subscripts are utilized to indicate for which feature the variable applies. Hence b stands for the basin, f the fan, c the channel.
Sub-subscripts are used if the measurement applies for a feature in the realm of another feature. For example Ab stands for the basin area, max (θf ) for the maximum fan slope, and θcf for the average slope of the
channel on the fan. The data set 19 consists of observations extracted from Hope et al., Jordan, Crookshanks,
Crookshanks, Jordan and Nicol et al.
GEOGRAPHICAL DISTRIBUTION OF MORPHOMETRICAL DATA
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340

6
143
512

680
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288 R Core Team:

R: A Language and Environment for Statistical Computing, Vienna,
Austria 2017.

289 Marie Laure Delignette-Muller/Christophe

Dutang: ﬁtdistrplus: An R Package for Fitting Distributions, in: Journal of Statistical
Software 64.4 (2015), pp. 1–34.

290 Duile (see n. 60, p. 15), p.
291 Carlos J.

116-118.

Gil Bellosta: ADGofTest: AndersonDarling GoF test, 2011.

[7.] Beside the log-normal, also the exponential, gamma and Weibull distribution were possible candidates. The
parameters of the distributions were estimated by maximum likelihood, using the R288 package ﬁtdistrplus289 . To determinate the principal applicability and the goodness of ﬁt, of the distribution, the Anderson
Darling test290 , provided by the package ADGofTest291 , was conducted.
The Anderson Darling statistic of 2.38 for the log-normal distribution, was the only non-signiﬁcant test
result. The other three distributions yielded signiﬁcant departure. Therefore the log-normal distribution was
assumed.

[8.] The data sets of Takai292 , ID = 9 and VanDine293 , ID = 4, 5 and 6, were excluded from the analysis of the
basin area, because the ﬁrst one is solely responsible for the bimodality in the distribution of debris ﬂow basin
areas, while the same is true for the second catalog but for bedload transport.

Basin Area Distribution of Bedload and
Debris Flow Basins for the Whole Catalog

292 Takai (see n. 222, p. 50).

Density

293 VanDine (see n. 38, p. 12).

Basin Area Distribution of Bedload and
Debris Flow Basins, Without CA and JP
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The ﬁgure above shows the distribution of the basin area per dominant ﬂow process. The left ﬁgure, based
on all available data, shows two peaks, which vanish, as shown in the right ﬁgure, if the two aforementioned
catalogs are excluded. The signiﬁcantly lower basin areas in the case of the debris ﬂow dominated basins in
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Japan, are a result of the combined eﬀect of the narrow and elongated shape of the Japanese island and the
considerable steep and rugged terrain294 .
In the case of the Canadian catalog, which is responsible for the peak at very small, debris ﬂow typical
basin areas, the reason may be found in the classiﬁcation of the basins. The source295 states “debris ﬂows
have occurred” and “no debris ﬂows have occurred”, which is not equal to debris ﬂow and bedload dominated, because dominated, which is equal to “typical”, means that most of the sedimentary transport process
occur either as debris ﬂows or as bedload transports. Hence one can not concluded from no debris ﬂow observed at the time of the study, that the basin is bedload dominated, because no debris ﬂow observation does
not necessarily imply that no debris ﬂow can happen at all.

[9.] Similar to the areas of debris ﬂow dominated basins, beside the log-normal, also the exponential, gamma
and Weibull distribution were possible candidates. The parameters of the distributions were estimated by
maximum likelihood, using the R296 package ﬁtdistrplus297 . To determinate the principal applicability and the
goodness of ﬁt, of the distribution, the Anderson Darling test298 , provided by the package ADGofTest299 , was
conducted.
The Anderson Darling test was not signiﬁcant for all four distribution, with p-values equal to 0.11, 0.10,
0.74 and 0.93. Although the gamma and Weibull distribution showed higher p-values, was the log-normal
distribution ultimately chosen, to facilitate comparison with the debris ﬂow dominated basins.

[10.] The variability of the parameters of the log-normal distribution for the bedload dominated basin was estimated based on 2000 bootstrap samples, and are shown in the ﬁgure below. For comparison also the parameters of the debris ﬂow basins are reproduced from ﬁgure 11, which were also estimated on the basis of 2000
bootstrap samples.

295 VanDine (see n. 38, p. 12), Fig.

4, p. 8.

296 R Core Team (see n. 288).

297 Delignette-Muller/Dutang (see n. 289).

298 Duile (see n. 60, p. 15), p.
299 Bellosta (see n. 291).
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Basin Area Distribution Parameters per Location of Debris Flow and Bedload Dominated Basins
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The distributional parameters are nearly similar for bedload transport basins originating from Italy, Austria
and Switzerland, but are signiﬁcantly larger than those from Canada. The Canadian basins, however, show
similar means as the bulk of the debris ﬂow basins, which suggests that the classiﬁcation may be ﬂawed.
Therefore were the Canadian catchments not considered in the estimation of the supra-regional distribution
of the bedload basin area.

[11.] By estimating the distribution of the basin area for debris ﬂow and bedload dominated torrents, the Bayes
theorem can be used to determinate the conditional probability of a basin belonging to the debris ﬂow or
bedload dominated group. The Bayes theorem for the bivariate case, with a discrete class and a continuous
variable, is given in equation 19.
P (C = ci ) ∗ fCi (x )
P (C = ci |X = x ) = Í2
i =1 P (C = c i ) ∗ fC i (x )

(19)

where P (C = ci |X = x ) is the posteriori probability of belonging to class ci given X = x , P (C = ci ) is the
prior probability of class ci and fCi (x ) is the probability density of X for class ci .
In the case of the basin classiﬁcation, c 1 is equal to debris ﬂow dominated basins, c 2 is equal to bedload
dominated basins, fCi (x ) are the densities of the estimated log-normal distributions of the basin area and
P (C = ci ) is set to 0.5, because their is no evidence which would support a more informative prior. The
resulting probability as a function of the basin area, is shown in the right panel of ﬁgure 10.

[12.] The estimation of the parameters was conducted by means of quantile regression300 . While ordinary least
square regression estimates the mean of the response variable conditional on the independent variables,
estimates quantile regression the conditional median or any other quantile, including the minimum and
maximum, of the repose variable. The R301 package quantreg302 was used to estimate the parameters of the
quantile regression.
Beside for the Swiss Alps, also for two small datasets from Japan and the USA, thresholds were estimated for comparative purposes. The resulting parameters and the data sets are summarized in the table
below.
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300 Roger Koenker:

Quantile regression (Econometric Society monographs no. 38), Cambridge ; New York 2005.

301 R Core Team (see n. 288).

302 Roger Koenker:

sion, 2017.

quantreg: Quantile Regres-

ID

Location

Observations

CH
USA
JP

1
2
3

40
76
39

α

Source

β

0.33
0.16
0.32

-0.18

Heinimann et al.
Cannon et al.
Takahashi

-0.20

The thresholds for the Swiss Alps Japan and the USA, as well as the variability in the threshold parameters, are
shown in the ﬁgure below.

Critical Channel Slopes for
Debris ﬂow Initiation by Runoﬀ for USA, JP and CH

Parameter values of
USA, JP and CH
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303 Moody et al. (see n. 226, p. 50), p.

304 Rickenmann (see n. 108, p. 23), p.

17.

1104.

305 Cannon et al. (see n. 105, p. 23), p.

71.

306 Rickenmann/Zimmermann (see n. 106,

p. 23), Fig. 4, p. 181.

307 Larsen/Pederson/Schmidt (see n. 45, p. 14),

Fig.5, p. 122.

β

Slope in °
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100
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−0.3

α

The threshold curves show signiﬁcant diﬀerence for the geographical regions, with the highest channel slopes
for the Swiss Alps and the lowest for the wildﬁre inﬂuenced basins from the USA, as seen in the right panel of
the above ﬁgure. The diﬀerence is evident although the uncertainty in the parameters, estimated based on
2000 bootstrap sample, is large and highly skewed for all three regions.
The insigniﬁcance of β , the 95 % bootstrap conﬁdence interval is −0.15 to 0.04, for the observations
from the USA, maybe a consequence of the post-wildﬁre state of the basins, leading to increased discharges
even from small contribution areas due the removal of vegetation and the formation of water-repellent
layers303 . Hence if β = 0, solely α determinates the threshold, which is equal to 9°, a value close to the
absolute minimum of 8.5°, necessary to trigger debris ﬂows due channel bed failure304 . But also the assumed
trigger mechanism, that debris ﬂows
are generated through a process of progressive bulking of storm runoﬀ with material
eroded from hillslopes and channels, rather than from the mobilization of discrete landslides on hillslopes305

maybe questioned. Because also debris ﬂows originating from landslides failures on weak consolidated talus
slopes or on talus slopes at the toe of rock faces, have an insigniﬁcant β value with a mean of −0.06 and a
95 % conﬁdence interval of −0.15 to 0, based on 2000 bootstrap samples and a data set consisting of the 1987
debris ﬂow events in the Swiss Alps306 . For the same data set, in contrast, a signiﬁcant β = −0.22, with a 95 %
conﬁdence interval of −0.25 to −0.04, based on 2000 bootstrap replicates, was estimated for debris ﬂows
originating from channel bed failure due excess runoﬀ. Please note that the similar β -values of the Swiss Alp
dataset described above and the 1987 data set is a consequence of the partially identical observations.
Also debris ﬂows triggered by the ﬁrehose eﬀect, which describes the abrupt downpouring of water
from cliﬀs onto colluvium wedges at their toe, in the Eastern Uinta Mountains, USA307 are independent
from the upslope contribution area, with a 95 % conﬁdence interval of β , based on 2000 bootstrap samples,
between −0.21 to 0.05, and are initiated at slopes above 26 ± 9°.
The diﬀerence in the threshold for the observations from Japan and the Swiss Alps maybe attributed to
the signiﬁcantly smaller basin areas of Japanese debris torrents (see ﬁgure 11), which consequently result in
smaller contribution areas. Also possible, but unlikely due the signiﬁcance of β , is that the Japanese catalog
not solely consists of debris ﬂows triggered by runoﬀ. Despite the diﬀerences is the similarity of the β values,
for the Swiss Alps and Japanese dataset, remarkable.

[13.] The mean value was calculated by numerically solving the integral given in equation 20.
θc∗ =

∫

∞

−∞

g (Ab ∗ r ) f (Ab ) dAb

(20)

where θc∗ is the mean critical channel slope in m m−1 , Ab is the basin area in km2 , r is the ratio of the potential initiation area, g is equation 3 and f is the estimated log-normal probability density of the basin area for
debris ﬂow basins, shown in ﬁgure 10. The parameters of g were set to α = 0.33 and β = −0.18, based on the
quantile regression for the Swiss Alps described above.
The average value varies between 15.8° to 17.5°, according to a simple sensitivity analysis conducted
by varying r between 0.1 to 1, corresponding to an initiation zone of 10 % to 100 % of the basin area, at least
superﬁcially conforming the stability of the estimated threshold.
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[14.] The data sets used are the same as for the contribution area and initiation slope expect the dataset of Rickenmann/Zimmermann, was excluded because it is partially included in the observations of Heinimann et al.,
and a trustworthy segregation was not possible. Additionally data from Canada308 and the USA309 , mainly
landslide triggered debris ﬂows, were compiled.

[15.] As for the basin area, beside the normal, also the exponential, gamma and Weibull distribution were possible candidates. The parameters of the distributions were estimated by maximum likelihood on the square
root of the average channel slope, using the R310 package ﬁtdistrplus311 . To determinate the principal applicability and the goodness of ﬁt, of the distribution, the Anderson Darling test312 , provided by the package
ADGofTest313 , was conducted.
For the debris ﬂow dominated basins, were the Anderson Darling test was signiﬁcant only for the exponential distribution, which was also observed for the bedload dominated basins. For the remaining three
distribution, normal, Weibull and gamma, were the p-values for the debris ﬂow dominated basins 0.68, 0.77
and 0.10 and for the bedload dominated basins 0.40, 0.71 and 0.99. Although the gamma and Weibull distribution showed higher p-values, was the normal distribution ultimately chosen, to facilitate comparison
between the debris ﬂow and bedload dominated basins, as well as the similarity to the basin area.

310 R Core Team (see n. 288, p. 70).

311 Delignette-Muller/Dutang (see n. 289,

p. 70).

312 Duile (see n. 60, p. 15), p.

116-118.

313 Bellosta (see n. 291, p. 70).

[16.] The variability of the parameters of the normal distribution for the debris ﬂow and bedload dominated
basin was estimated , equally to the variability of the log-normal parameters of the basin area. Hence 2000
bootstrap samples were drawn and a normal distribution were ﬁtted on each sample. The parameters of the
ﬁtted normal distribution are shown in the ﬁgure below.

Channel Slope Distribution Parameters per Location of Debris Flow and Bedload Dominated Basins
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The distributional parameters are similar for bedload transport basins situated in Austria and Switzerland.
Also the parameters for debris ﬂow basins from Austria, Canada, Italy and Switzerland are undistinguishable,
at least if the uncertainty is considered. Only the distribution for the debris torrents originating from France
deviates from the bulk of the data, having signiﬁcantly lower average channel slopes, but still signiﬁcantly
larger channel slopes than bedload dominated basins from Austria and Switzerland.

[17.] The classiﬁer is based on equation 19, where in the case of the average channel slope classiﬁcation, c 1 is
equal to debris ﬂow dominated basins, c 2 is equal to bedload dominated basins, fCi (x ) are the densities of
the estimated normal distributions of the average channel slope and P (C = ci ) is set to 0.5, because their
is, as in the case of the basin area, no evidence which would support a more informative prior. The resulting
probability as a function of the basin area, is shown in the left panel of ﬁgure 12.

[18.] The discriminant power can be increased by utilizing the bivariate distribution of the basin area and the
average channel slope. In principal could the established distributions from ﬁgures 10 and 12 be used, if the
basin area and the average channel slope are uncorrelated, but in fact they are not.
Using only complete pairs of observed basin area and channel slope from the literature compiled data
set, results in a Pearson correlation coeﬃcient314 , with according 95 % BCa conﬁdence intervals based on 2000
bootstrap samples315 , of −0.65 to −0.83 for the 109 bedload dominated and −0.55 to −0.69 for the 373 debris
ﬂow dominated basins, which is similar to the supra-processional correlation reported from the Italian Alps316 ,
with −0.51, not included in the literature data set.
The high correlation is also visible in the left panel of the ﬁgure below. To enhance the interpretation
a linear regression was estimated for debris ﬂow and bedload dominated basins respectively. Both types of
basin show equal trends of increasing average channel slope with decreasing basin area, but the increase
is faster for bedload dominated than for debris ﬂow dominated basins. The faster decline suggested that, if
a basin wants to maintain the primary bedload driven transport of sediment to the channel mouth, it must
reduces its channel slope at a higher pace than debris ﬂow dominated basins if the basin area is equally
reduced.
To incorporate the correlation between both variables a bivariate normal distribution was estimated for
the complete pairs, after applying a log-transformation on the basin area and a square root transformation on
the channel slope. The applicability of the bivariate normal distribution, was tested by applying the ShapiroFrancia317 , the Lilliefors, the Anderson Darling and the Kolmogorov-Smirnov test318 on the marginal distribu-
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314 Schiller/Srinivasan/Spiegel (see n. 200,

p. 41), equation (54), p. 82.

315 Efron/Hastie (see n. 134, p. 27), equation

(11.39), p. 192.

316 M. Ceriani/Giovanni Crosta/S. Quattrini:

Evaluation of Hydrogeological Hazards on
Alluvial Fans, Deutsch, in: Tagungspublikation, vol. 2, Villach, Österreich 2000,
pp. 213–225, Table V, p. 218.

tions of the basin area and the channel slope per dominant ﬂow process using the R319 package nortest320 .

319 R Core Team (see n. 288, p. 70).

320 Juergen Gross/Uwe Ligges:

Bayesian Decision Plane of
Debris ﬂow against Bedload Dominance

nortest: Tests for

Natural Logarithm
of Basin Area in km2

Normality, 2015.

Table 2: Results of the normality test on
the marginal distributions of the basin area
Ab and the channel slope θc of debris ﬂow
and bedload dominated basins. Signiﬁcant
departure from normality at the 95 %
conﬁdence level is indicated by the process
speciﬁc color.
Test
SF
L
AD
KS

Ab

Bedload

0.03
0.04
0.01
0.38

Debris ﬂow

θc

Ab

0.02
0.14
0.02
0.57

0.45
0.49
0.38
0.85

θc

0.00
0.06
0.01
0.41

SF is the Shapiro-Francia, L the Lilliefors, AD the
Anderson-Darling and KS the Kolmogorov-Smirnov test

321 Heiser et al. (see n. 1, p. 4).
322 Borselli/Cassi/Torri (see n. 119, p. 25), equa-

tion (7), p. 270.

323 Cavalli et al. (see n. 133, p. 27), p.

253-255.

324 Stanley A. Schumm:

Evolution of drainage
systems and slopes in badlands at Perth Amboy, New Jersey, English, in: Bulletin of the
Geological Society of America 67.5 (1956),
pp. 597–646, p. 612.

325 Harry Gravelius:

Grundriß der gesamten
Gewässerkunde: in vier Bänden, German,
Berlin [u.a.] 1914.
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The test results are summarized in table 2 and although signiﬁcant departure from normality is indicated
by 2 out of 4 test for the channel slope regardless of the dominant process and for the basin area, if bedload
dominated basins are considered for 3 out of 4tests, is normality still a plausible hypothesis. Specially if debris
ﬂow dominated basins are considered.
The mean and standard deviation vector components and a correlation of the bivariate normal distribution for debris ﬂow dominated basins are 2.2 km2 , 19.8°, 3.2 km2 , 0.8° and −0.62, which is close to the
univariate estimates from the larger data sets stated in ﬁgure 10 and 12. Similarly are the estimates of the
bedload dominated basins similar to the univariate estimates of the larger data sets with mean and standard
deviation vector components and a correlation of 13 km2 , 6.9°, 7 km2 , 1° and −0.76.
Using the Bayes Theorem given in equation 19 on 2000 bootstrap estimates of the bivariate normal
distribution per process, results in the grey, dashed discriminant line is shown in the left and right panel of
the ﬁgure above. The dashed line represents the outer most line of all points on the plane, for which at least
90 % of all bootstrap samples resulted in a probability of debris ﬂow greater than 0.5. The grey shaded region
is accordingly the envelope of all points for which 80 % and 95 % of all bootstrap sampled Bayes classiﬁers
resulted in a probability for debris ﬂow greater than 0.5.
The uncertainty increases at the edges of the distribution, which is evident by the larger regions around
the 90 % line. Highest probabilities of debris ﬂow dominance is observed for channel slopes stepper than 12°
and basin areas below 10 km2 . Moreover are basins with average channel slopes above 16° to 20° predominantly debris ﬂow controlled.
The depicted decision line in the ﬁgure is ultimately arbitrary, because it is based on a preference at
which a probability is high enough so that it translates into one of the two processes. Therefore the probability surface is shown in the right panel of the ﬁgure. Brown colors refer to debris ﬂow and blue to bedload,
while the intensity of the color is proportional to the probability of the process. Grey points refer to correctly
classiﬁed, while coloured points refer to incorrect classiﬁed ones.
The simultaneous consideration of the basin area and the average channel slope, although still not ﬂawless, provides a reasonable discrimination of the two processes. Furthermore allows the probabilistic nature
to incorporate the natural variability resulting from geology and land-use, which alter purely topographic
control toward debris ﬂow or bedload dominance at untypical morphological settings.

[19.] In principal can geomorphometrical indices be classiﬁed into shape and relief related ones321 , but it is convenient to add a third group of drainage network related ones. Most indices are derived from primitive
variables, like the length, perimeter, area, slope or elevation of the basin, fan, channel or any combination
thereof, but also complex indices exits like the sediment connectivity index IC322 or the roughness index RI323 .
In the following are all indices, for greater clarity, presented for the basin, which is indicated by the subscript
b, but in general apply most of the indices also for the fan.
Shape related indices have in common that they compare the basin length, perimeter or area with the
length, perimeter or area of an ideal geometric shape like a circle, square or a lemniscate. If not otherwise
stated are shape related indices equal to 1, if the basin shape is equal to the reference shape and below 1 if
the basin has an elongated shape.
The elongation ratio324 compares the length of the basin, with the diameter of a circle, that has the
same area as the basin and is deﬁned according to equation 21.
−1 −0.5
ER = 2A0.5
b Lb π

(21)

where Ab is the basin area in km2 and L b is the basin length in km. The elongation ratio estimates to 1.275, if
the basin is a perfect circle. Another index, that also assumes equality between the area of the basin and that
of the circle, is the Gravelius index325 . In contrast to the elongation ratio, which compares the diameter of the
circle with the length of the basin, compares the Gravelius index their perimeters. The Gravelius index is given
in equation 22 and is greater 1 for elongated basins.
G = Pb (Ab π)−0.5 2−1

(22)
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where P b is the basin perimeter in km and Ab is the basin area in km2 . Finally the circularity index326 , deﬁned
in equation 23, which compares the area of the basin with the area of a circle, assuming equal perimeters.
C = 4πAb P b−2

(23)

where Ab is the basin area in km2 and Pb is the basin perimeter in km. The form factor327 , as deﬁned in
equation 24, assumes equal perimeter of the basin and a square, while comparing their areas.
FF = 16πAb P b−2

327 Zăvoianu (see n. 96, p. 20), equation (62), p.

(24)

where Ab is the basin area in km2 and Pb is the basin perimeter in m. The form factor is therefore the square
based equivalent to the circularity ratio. The shape index328 , also comparing the basin area with the area of
square, assumes equal length instead of equal perimeters and is given in equation 25.
SI = Ab L −2
b

(25)

Relief related indices are measures of the apparent gravitational energy and are often based on the relief
as deﬁned in equation 26.
∆E b = max (E b ) − min (E b )

RRb =

(27)

where ∆E b is the basin relief in m according to equation 26 and L b is the length of the basins in m. While the
relief ratio uses the basin length as normalization constant, uses the Melton ratio330 the square root of the
basin area, avoiding the apparent ambiguity in the deﬁnition of the basin length.
MRb =

∆E b A−0.5
b

(28)

where ∆E b is the relief in m according to equation 26 and Ab is the basin area in m2 . The elevation relief
ratio331 is another measure of gravitational energy and is deﬁned in equation 29.
ERRb =

avg (E b ) − min (E b )
∆E b

(29)

where avg (E b ) is the average elevation of the basin in m, min (E b ) is the minimum elevation of the basin in
m and ∆E b is the basin relief deﬁned in 26. The elevation relief ratio, which is identical to the hypsometric
integral332 , is an indicator of basin age and hence erosional stage, with high values for young and low values
for mature basins.
The drainage density333 and the weighted bifurcation ratio334 are indices describing the drainage network of a basin. The ﬁrst is stated in equation 30.
DDb = A−1
b

Õ

Lc

(30)

Í
where L c is the total stream length in km and Ab is the basin area in km2 . The weighted bifurcation ratio
builds on the law of stream numbers335 , which states that the number of streams of increasing order i , is a
decreasing geometric series proportional to (r b )−i +1 , where r b is the bifurcation ratio. If N 1 is the number
of ﬁrst-order streams in a basin, follows from the law of stream numbers, that the number of second-order
streams in the same basin is equal to N 2 = N 1 ∗ r b−2+1 = N 1 ∗ r b−1 . Consequently is each ratio N i /N i +1 an
estimate of r b and the weighted bifurcation ratio accordingly a weighted average as deﬁned in equation 31.
WBb = N −1


n−1 
Õ
Ni
∗ (N i + N i +1 )
N i +1

328 D.

J. Wilford et al.: Recognition of debris
ﬂow, debris ﬂood and ﬂood hazard through
watershed morphometrics, in: Landslides 1.1
(Mar. 2004), pp. 61–66, Table 1, p. 63.

(26)

where max (E b ) is the maximum elevation of the basin in m and min (E b ) is the minimum elevation of the
basin, typically the fan apex. in m. The relief ratio329 , deﬁned in equation 27, is beside the Melton ratio, on oft
the most commonly used normalized index of gravitational energy.
∆E b L −1
b

103.

329 Schumm (see n. 324), p.

612.

330 Melton (see n. 100, p. 20), p.

23.

331 Pike/Wilson (see n. 131, p. 27), equation (1),

p. 1079.

332 Ibid., p.

1080-1081.

333 Zăvoianu (see n. 96, p. 20), equation (102),

p. 139.

334 Ibid., p.

53.

335 Ibid., p.

45.

(31)

i =1

Í
where N is the total number of streams, i.e. in=1 N i , N i is the number of i -th order streams and n is the
highest observed stream order. The ruggedness number is an intermediate index combining drainage network
and relief characteristics of the basin336 . The deﬁnition is given in 32.
RNb = DDb (∆E b )−1

(32)

where DDb is the drainage density according to equation 30 and ∆E b is the basin relief deﬁned in equation
26.
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336 Arthur N. Strahler:

Dynamic Basis of Geomorphology, en, in: Geological Society of
America Bulletin 63.9 (1952), p. 923.

[20.] This implies that the fan slope is correlated with the channel slope, because only such the relationship to the
Melton ratio and therefore the discrimination between bedload and debris ﬂow domination is maintained.
Using the 160 available pairs of average channel and fan slope from the literature catalog, conﬁrms the
assumption of apparent correlation, where the mean Pearson correlation coeﬃcient337 evaluated to 0.57,
with a 95 % BCa bootstrap interval338 of 0.45 to 0.65.
A regression between the fan and the channel slope resulted in a signiﬁcant slope of 0.34 ± 0.08° and
intercept of 2.48 ± 1.71°. The conversion from channel to fan slope is given in equation 33
(33)

θf = 2.48 + 0.34 ∗ θc

339 Schiller/Srinivasan/Spiegel (see n. 200,

p. 41), equation (54), p. 82.

340 Efron/Hastie (see n. 134, p. 27), equation

(11.39), p. 192.

where θf is the fan slope in ° and θc is the average channel slope in °. Hence after transforming the channel
slope into a synthetic fan slope using equation 33, the threshold estimated from equation 6 could be used to
determinate if a debris ﬂow, which reached the stream segment, will terminate or continue.

[21.] The pearson correlation coeﬃcient339 was estimated for all possible pairs of geomorphometric indices and
the 95 % BCa conﬁdence interval340 was constructed on the basis of 2000 bootstrap samples. The resulting
correlation matrix is shown in the ﬁgure below. Each cell, consisting of a positive and negative correlation
region, refers to the correlation between one of the geomorphometrical indices. The cells are divided by the
dashed line into a positive correlation and negative correlation region. The width of the cell is scaled to −1 to
1. The mean correlation is indicated by a circle, where brown refers to positive, blue to negative and grey to
insigniﬁcant correlation. Please note that only the upper triangle of the matrix is shown, and that the principal
diagonal is neglected.
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High correlations are observed as well within the relief and the shape related groups of indices. In the group
of the relief related indices are the Relief ratio (equation 27), the Melton ratio (equation 28) and the channel
slope highly correlated. These indices are also highly correlated with the two complex indices, the sediment
connectivity index341 and the roughness index342 , but also with the drainage related ruggedness number
(equation 32).
Especially low and partially insigniﬁcant correlation were observed between shape related and relief
related, respectively complex indices, although signiﬁcant correlation within the group of shape related
indices were observed. Only the weighted bifurcation ratio (equation 31) and the ruggedness number, both
incorporating the drainage network, showed considerable correlation with the shape related indices.

[22.] The lasso, short for “least absolute shrinkage and selection operator”, regression penalizes the number of
used predictors and hence can be used to perform feature selection343 . The degree of the penalty is controlled by a hyperparameter, which is typically chosen by cross-validation344 .
Because of the penalization, the sum of the absolute parameter values, lasso regression can better
handle correlated predictors than ordinary least square regression and tends to select a single predictor from
a set of correlated ones345 . Also logistic regression can be formulated in form of a lasso346 . The intrinsic
feature selection and the better performance under collinearity predestinate lasso regression as a possible
addendum, to estimate those geomorphometric parameters, which highly control bedload or debris ﬂow
dominance.
The lasso regression was therefore estimated for 1000 bootstrap samples of the data set from the
Austrian Eastern Alps347 including all 11 geomorphometric indices. To enhance the reliability of the result and
to increase the number of observations, was the response variable reduced to debris ﬂow and non-debris
ﬂow domination, instead of ﬂood, bedload or debris ﬂow dominance. The hyperparameter, which controls the
amount of penalization, was chosen by 10-fold cross-validation348 for each bootstrap sample. The importance
of the speciﬁc index was estimated by counting the number of models including the index divided by the total
number of estimated models.
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The left panel of the ﬁgure above shows the geomorphological indices sorted by decreasing importance. As
inferred from the distribution of the parameters are the shape related indices non-conclusive with regard to
the dominant process. The relief related indices on the other hand are highly conclusive.
The relief ratio (equation 27) was included in almost all of the 1000 bootstrap sample and is closely followed by the roughness index349 . The third and fourth important parameter are the channel slope and the
sediment connectivity index350 . The Melton ratio (equation 28) is only on the 9th place, which is a consequence of the high correlation with the relief ratio. Also the elevation relief ratio (equation 29) seem to be
relatively unimportant situated at the exact midpoint.
If the relief ratio is excluded, the rank of the Melton ratio is signiﬁcantly increased from the 9th to the
third place, emphasizing the principal equality of those two highly correlated indices. In contrast is the rank of
the elevation relief unaltered. Also stable in position are the channel slope and the roughness index which are
used in more than 75 % of all models.
This conﬁrms the ability of indices of normalized gravitational energy, like the relief ratio and the Melton
index, in describing debris ﬂow susceptibility. It also showed that the channel roughness signiﬁcantly enhances the principal discriminative power of purely relief related indices, which maybe due the description of
apparent sediment traps in the basin, which inﬂuences the probability of a debris ﬂows being routed downstream351 .

[23.] The high association between thunderstorms and torrential events, can be illustrated by comparing their
diurnal distributions, as depicted in the left ﬁgure below.
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The diurnal cycle of lightning ﬂashes, as a surrogate for thunderstorms, expressed as the relative number of ﬂashes from 1992 to 2001 in Austria352 , is mirrored by the diurnal distribution of hours of the day, at
which torrential events were observed since 1945 in the eastern Alps (see section Austrian Torrential Event
Catalog, p. 33, for more details). The most striking feature are the similar peaks in torrential events and lightning ﬂashes. In principle is the number of ﬂashes proportional to the rainfall sum353 . Hence result a high
number of ﬂashes, in large precipitation sums. Therefore no events are triggered before a certain amount of
ﬂashes, i.e. a certain rainfall threshold, is reached354 , which would explain the rise in the diurnal circle of the
torrential events and the simultaneous peaks.
Beside the diurnal distribution, also the number of thunderstorms per month for the period 1971 to
2000355 as shown in ﬁgure 39 and, shown in the right panel of the above ﬁgure, the day of the year of the
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349 Cavalli et al. (see n. 133, p. 27), p.

352 W. Schulz:

Cloud-to-ground lightning in
Austria: A 10-year study using data from a
lightning location system, en, in: Journal of
Geophysical Research 110.D9 (2005), Figure
4, p. 5.

353 Colin G. Price:

Lightning Applications in
Weather and Climate Research, en, in:
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354 F. Guzzetti et al.:

Rainfall thresholds for
the initiation of landslides in central and
southern Europe, en, in: Meteorology and
Atmospheric Physics 98.3-4 (Dec. 2007),
pp. 239–267.

annual maximum 3-day precipitation sum from 1957 to 2015 (see also The Frequency of Torrential Processes,
p. 32), exhibit similar seasonality, as the day of the year at which torrential events were observed. Similar patterns, with regard to the strong seasonality of debris ﬂows occurrence, are observed in the eastern Italian356
and Swiss Alps357 , where both regions show summer maxima.
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Figure 39: The number of thunderstorms
per month peaks in the same month as the
number of torrential events. Considerable
is the fast decline of thunderstorms after
August, which is also visible in the torrential
event distribution. The delayed increase in
the number of events in spring, in contrast
to thunderstorms indicates that spring
storms are less eﬀective in triggering
torrential events, than summer storms.

356 E.

I. Nikolopoulos et al.: Debris ﬂows in the
eastern Italian Alps: seasonality and atmospheric circulation patterns, en, in: Natural
Hazards and Earth System Sciences 15.3
(Mar. 2015), pp. 647–656, Fig. 4, p. 50.
Circulation
patterns related to debris-ﬂow triggering
in the Zermatt valley in current and future
climates, en, in: Geomorphology 272 (Nov.
2016), pp. 127–136, Fig. 1, p. 3.

[24.] The autumn ﬂoods in Carinthia and Eastern Tyrol are typically a consequence of long lasting rain fall, often
combined with rain on snow, or intense snow melt, like the year 1882, where the spatial distribution of the
events are depicted in ﬁgure 9. It was a year of contrasts, with a dry spring and an exceptional wet summer,
which considerable reduced the available soil storage. At the beginning of the the autumn, after several days
lasting rainfall, with snow fall on the mountains, an increase in air temperature combined with storm rainfall
lead to the catastrophic ﬂoods and debris ﬂows at the middle of September, in Carinthia and South Tyrol.
Similar conditions at the end of October in the same year, triggered again numerous ﬂoods and debris ﬂows in
the same regions, but especially in Carinthia358 .

The years 1965 and 1966 are another examples of torrential events as a consequence of long-lasting
rainfall. The year 1965, which was preceded by a snow rich winter, was also unusually wet, with some daily
precipitation sums, as high as the average monthly sums, and some monthly sums reached values, which were
as high as four times their average values. Further ampliﬁed by snow melt, extensive ﬂoods and debris ﬂows
occurred at the end of August and the beginning of September in Carinthia and Eastern Tyrol359 .
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Only one year later, 1966 also in August, but primarily in November, Carinthia and Eastern Tyrol were again
hit by widespread ﬂoods and debris ﬂows triggered by similar conditions as in the year before. The catastrophes in Austria in the two years, but also the ﬂooding in Germany in 1965, as well as one the largest ﬂoods
in Florenz Italy in 1966, had widespread national and international consequences. Leading not only to the
foundation of the international research consortium Interpraevent, but also to the passing of the Katastrophenfondgesetz360 , a law regulating the funding of mitigation measures against, but also the compensation
due, such hazards in Austria. Another interesting aspect of the aftermath of the catastrophe, was the early
discussion about the correlation between circulation and weather types and hydrogeomorphological hazards361 .

A circulation and weather type, “Großwetterlage” in German, is a certain atmospheric conﬁguration,
which is typically persistent over several days. These circulation and weather types inﬂuence the local temperature and precipitation conditions and are important instruments of mid-term weather forecast362 . Hence
one could argue, that these types may also have potential as precursors of torrential events and hence explain
their frequency. Also could a possible correlation between circulation types and the occurrence of torrential events, oﬀer an alternative to investigate the eﬀect of a changing climate on the frequency of torrential
events. Because, as previous studies showed, changed the frequency of certain circulation types signiﬁcantly
changed since the end of the 19th century363 .
Therefore circulation types, based on an objective classiﬁcation364 , which are comparable to the
Großwettertypen of Gerstengarbe/Werner365 , from the COST733 catalog366 consisting of daily circulation
and weather types, for 12 diﬀerent domains of Europe, based on 23 classiﬁcation schemes, for the years 1957
to 2002, is used for a ﬁrst order analysis about the correlation between days with torrential events and circulation types. The 10 circulation types describe the “geographical position of major centres of action [i.e.
pressure systems] and the location and extension of frontal zones”367 .

The mean annual frequency of the circulation types for event and non-event days is, according to the
Wilcoxon rank-sum test368 , signiﬁcantly diﬀerent for 8 out of 10 circulation types. The ﬁgure below shows
the distribution of the yearly frequency for event and non-event days. The circulation types are ordered by
increasing p-values, were the grey line separates the signiﬁcant, from the insigniﬁcant diﬀerences in the mean
frequency on the 95 % conﬁdence level.
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Insigniﬁcant are the north-western and western circulation types, which are the most common airﬂow direction for Central Europe369 . Signiﬁcantly higher frequencies on days with events, are observed for circulation
types with a northern and north-eastern ﬂow direction, as well as for central lows. Less frequent are airﬂows
in southern directions, and central highs.
To estimate the strength of association between a certain circulation type and the occurrence of torrential events, the contrast of the positive and negative weights of evidence370 is calculated for each year,
according to equation 34.
(34)

C i = Wi + − Wi −

where C i is the contrast for the circulation type i , Wi + is positive and Wi − is the negative weight of circulation
type i , as deﬁned in equation 35 and 36.
Wi + = ln
Wi − = ln





fi ∗

165-172.



369 Beck/Jacobeit/Jones (see n. 364), p.

479.

370 Biswajeet Pradhan/Hyun-Joo Oh/Manfred

Buchroithner: Weights-of-evidence model
applied to landslide susceptibility mapping
in a tropical hilly area, en, in: Geomatics,
Natural Hazards and Risk 1.3 (Sept. 2010),
pp. 199–223, p. 203-206.

(35)

fi

f,i∗

(36)

f,i

where Wi + is the positive weight of circulation type i , fi ∗ is the relative frequency of event days with circulation type i and fi is the frequency of circulation type i , on non-event days. Similarly is Wi − is the negative
weight of circulation type i , f,i∗ is the relative frequency of event days with circulation type diﬀerent to i and
fi is the frequency circulation types diﬀerent to i of non-event days. The weights are proportional to the
posterior log odds of having an event, if the circulation type i is present or absent371 .
Therefore is Wi + positive and Wi − negative, if more events happen on days with circulation type i as expected by chance and hence the contrast is positive. Otherwise, if less events happen on days with circulation
type i as expected by chance, Wi + would be negative and Wi − positive, hence the contrast would be negative.
It follows, that a contrast of zero means that no association between event occurrence and the circulation
pattern is present.
The ﬁgure below shows the distribution of contrasts for the 10 circulation types. The circulation types
are ordered by decreasing value of the mean contrast, and the size of the boxes is proportional to the number
of years available for calculating the contrasts for each circulation type. Grey boxes refer to circulation types,
where the 95 % BCa conﬁdence interval of the mean372 includes 0, and hence are not associated with event
occurrence.

371 Ibid., equation (4) and (5), p.

204.

372 Efron/Hastie (see n. 134, p. 27), equation

(11.39), p. 192.
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The strongest positive association is observed for central lows or “low over central Europe”373 . This circulation
pattern was also associated with the widespread ﬂooding, resulting from persistent rainfall, in central Europe
in the years 2002 and 2013374 . Although having the highest association, only 6 % of all events considered
in the analysis happened on days with the circulation type central low. In contrast nearly 50 % of all events
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happened on days with northern or north-eastern circulation types. The circulation type north includes also
lows with a Vb, “ﬁve-b”, cyclone track. Cyclones following this tracks were responsible for 15 % of all extreme
precipitation events over the northern Alpine region and Central Europe between 1979 to 2013375 , which
explains the positive association with torrential event occurrence. Also the north-eastern circulation types
are highly associated with torrential event occurrence. These circulation types tend to the development of
“cut-oﬀ” lows. These are in turn correlated with heavy precipitation376 .
The north-western circulation types, brown box in the ﬁgure above, are also positively associated with
the occurrence of torrential events. Furthermore was the north-western circulation type, the only one that
did show a signiﬁcant trend on the 95 % level, with a p-value of 0.01, based on the Kendal Tau test377 of the
Theil–Sen estimator378 of the slope. The estimated trend is toward negative contrast values, with a slope of
−0.01, indicating a loss in association since 1958. The negative trend can be attributed to the general decrease
in frequency of that type for the summer months379 .
Although the results from the analysis, conﬁrmed the potential, it also showed, that the observation of
a certain circulation type not necessarily result in the occurrence of torrential event. Also did the analysis rely
on one circulation type deﬁnition and did not consider the circulation types on days before the event, neither
the persistence of circulation types, which has been shown to be an important factor in the occurrence of
ﬂoods from large catchments380 . Beside these limitation, one could conclude, that a principle inﬂuence of
certain circulation types on the occurrence of torrential events is evident.

[25.] An example of an event inﬂuenced by snow and glacier melt are the wide spread ﬂooding and debris ﬂows
on the 24th and 25th August in the year 1987 in north-western Salzburg. A cool spring, was followed by a
warm summer with frequent thunderstorms and high glacier runoﬀ. The high precipitation on the 24th and
25th August, due a cutoﬀ low, which formed 5 to 6 days prior the catastrophe, was substantively enhanced
by progressively increasing glacier run oﬀ from the Venediger Group on the 23rd August, triggering numerous
ﬂoods, bedload transport and debris ﬂows381 .

[26.] In the torrential event catalog of Austria, 22 glacier lake outburst ﬂoods, exclusively observed in Tyrol, are
reported. Almost three quarters of them occurred at two glaciers, 11 at the Vernagtferner, which was intensively studied by Nicolussi382 and 6 at the Gurgler Ferner. The ﬁgure below shows the spatial distribution of
the reported events.

GLACIER LAKE OUTBURST FLOODS
Vernagtferner
Other
Gurgler Ferner
Maximum Glacier Extent at the Little Ice Age
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Notes

The ﬁrst breach of the ice-dammed Rofener lake, at the Vernagtferner occurred in the year 1600. After nearly
70 a, with no considerable breaching the Rofener lake formed again in 1678 and breached in the same year at
the 16. of July, resulting in minor damages. Outburst of the ice dammed lake, with similar damages, followed
in 1679 and 1680.
In the year 1716 the second most active ice-dammed lake formed for the ﬁrst time: the Gurgler lake at
the Gurgler Ferner. It breached one year later on the 29. of June, resulting in minor damages. The Gurgler
lake formed again in the years 1718 and 1724 without breaching. But 25 a later the Gurlger lake did breach,
although only with little consequences. In the 18th century no more outburst ﬂoods are reported, despite that
the Rofener and the Gurgler lake formed ones more in the year 1771.
The 19th century turned out, to be the century of highest activity, regarding glacier lake outburst ﬂoods.
First the Gurgler Lake formed again in 1817383 and breached catastrophically two times in the year 1834.
First on the 6. of June, resulting in a ﬂood wave which travelled down the Gurglerache, damaging 7 bridges
and the second time at the 14. of July, once more damaging a bridge and leaving the road “Sölden-Kaisers”
impassable.
The most wide spread and catastrophic event from the Vernagtferner occurred 11 years later on the 14.
June 1845, impressively portrayed in the Strele Chronicle:
Ausbruch des Rofner-Eissees mit furchtbarer Verheerung des Ötzthales. Die ganze auf circa
1 320 000 m3 berechnete Wassermasse ﬂoß in 1 Stunde ab. Von den 21 Brücken über die
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Ache im Ötzthale wurden 18 fortgerissen. Fast durch das ganze Thal wurden die Straße und
die Archenbauten zerstört. Huben wurde furchtbar verwüstet, die Häuser eingemuhrt, das
ganze Längenﬂederbecken überschwemmt und verschottert; in Zwieselstein wurde der
ganze Thalkessel versandet, mehrere Häuser weggerissen und beschädigt.

Occurrence Rate of Glacier Lake Outburst Floods
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In the year 1862, due the retreat of the Gefratschferner, a failure of the ice-dammed lake on the 7. August
happened, leading to enormous devastation as the ﬂood wave travelled down the Faggenbach. The 1862
event, was followed by a debris ﬂows in the year 1864 triggered by a GLOF at the Wildlahnerbach, Tyrol which
damaged 11 buildings. The year 1867 marks the end of an era, as the Gurgler lake breached for the last time,
followed by the last ﬂood caused by the Rofener lake on year later, 1868. In the year 1874 a debris ﬂow was
caused by the outburst of the moraine-dammed lake, the ﬁrst moraine dammed lake breach in the record, of
the Madalschgletscher, which dammed the Faggenbach to a 70 000 m2 large lake. Before the second moraine
breach in the year 1890 at the Gallruth glacier385 , a debris ﬂow was caused by the outburst of the lake at the
Tristgletscher, in the year 1888. Only one glacier lake outburst ﬂoods, in the event catalog, was reported for
the 20th century, namely 1948, but a recent study on the distribution of glacier lakes states that “[. . .] some
GLOFs were also reported in the twentieth century [. . .].”386 .
Although glacier lake outburst ﬂoods are triggers of catastrophic ﬂooding and debris ﬂows in Austria,
seems their contribution to the overall number of events negligible. Especially in the light of the fact, that
most of the GLOF were caused by ice-dammed lakes, formed during the little ice age of two since then retreating glaciers387 .

[27.] Earthquakes not only trigger landslide, but also increase the susceptibility of subsequent ones. For example
Marc et al. state that “[. . .] landslide rates have been found to peak after an earthquake[. . .] [with Mw 6.6
to 7.6] and decay to background values in 1 to 4 a, with the decay time scale probably proportional to the
earthquake magnitude.”388 Fan et al.389 conﬁrms this observations for the 2008 Mw 7.9 Wenchuan earthquake: after an initial increase of the number of landslides, especially of debris ﬂows as a consequence of
the abundant loose debris deposited in the channels by the earthquake triggered landslides390 , the number
of landslides is returning to pre-earthquake activity level. Also Hovius et al.391 could show that not only the
number of landslides, but also the landslide susceptibility increases after an earthquake, as the state in the
abstract of their 2011 study, “[. . .] that the Mw 7.6 Chi-Chi earthquake in Taiwan was followed by a period of
enhanced mass wasting and ﬂuvial sediment evacuation, peaking at more than ﬁve times the background rate
and returning progressively to pre-earthquake levels in about six years.”392

[28.] In general focuses the analysis of torrential event frequency on single events, were rainfall intensity-duration
curves are commonly used to distinguish triggering from non-triggering rainfall events393 . Also for the Eastern
Alps diﬀerent intensity duration curves were proposed394 , which show a wide range of possible values, as
readily seen in the right panel of the ﬁgure below. Also shown is a mean threshold curve in black, which
was constructed by pointwise averaging all available curves. The mean threshold was used to estimate the
background rate of debris ﬂow occurrence due rainfall events of 1 hour, as the yearly exceedance probability
of a one hour lasting rainfall event with an intensity of 37 mm h−1 .
To estimate the yearly exceedance probability of the critical threshold the gridded extreme value precipitation statistics for the Eastern Alps, ÖKOSTRA, were used395 . For each basin an area weighted average rainfall
intensity per return period was estimated. To determinate the probability of exceeding the critical one hour
rainfall intensity, a generalized extreme value distribution396 was ﬁtted to the rainfall intensity and return
period pairs in two steps. First approximate parameter values were estimated by numerically minimizing the
weighted, squared diﬀerence between the observed exceedance probabilities and the exceedance probabilities determined by the extreme value distribution according to equation 37. The weights were chosen to
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Three more events from the Rofener lake followed in the year 1846. Also one year later, 1847, the Gurgler,
as well as the Rofener breached again and the Rofener lake also in the year 1848. The 1848 event terminates
the period of high activity of the Vernagtferner, as well as the Gurgler Ferner, which can be seen in the ﬁgure
below. It shows the timing of the glacier lake outburst ﬂoods and an estimate of the yearly frequency384 .
The period of high activity, at the end of the little ice age 1850, is clearly visible. As well as the decline of the
number of events, at the beginning of the 20th century.
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Figure 40: Length change of the Vernagtferner since 1971 and the Gurgler
Ferner since 1980. After a slight increase
in the length in the 1980s, both glacier are
continuously retreating.
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θ
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Õ
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(37)

1 + P (p i )
[P (p i − F (p i |θ))]2 ∗ Ín
i =1 1 + P (p i )

where P (p i ) is the observed exceedance probability of rainfall intensity i , F (p i |θ) is cumulative distribution function of the generalized extreme value distribution, θ are the parameter of the generalized extreme
value distribution, which are varied till a minimum value is reached, p i is the rainfall intensity i in mm h−1 and
n is the number of available rainfall intensities, which is equal to 11.
The resulting parameters from equation 37 were used as starting values to reﬁne the parameters using
a method commonly applied in fragility curve estimation397 , were the probabilities derived from the generalized extreme value distribution are used to model the probability that a certain rainfall intensity is exceeded.
The exceedance is binomial distributed, and therefore by maximizing the log-likelihood of the binomial distribution the ﬁnal parameter estimates of the general extreme value distribution were estimated. Finally from
the parametrized extreme value distribution the probability of exceeding the critical hourly rainfall intensity
was derived.

The ﬁgure below shows in the left panel the scaled anomalies of the yearly exceedance probability per
basin, where the anomalies were estimated according to equation 41, with a mean of 0.06 and an equal standard deviation of ±0.06. The high standard deviation indicates a highly skewed distribution of the exceedance
probabilities.
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Notes

Basins shown in blue have below mean annual exceedance probabilities, while basin shown in brown
have above average annual exceedance probabilities. The most striking feature are the above average probabilities for the north-eastern rim of the Eastern Alps. Also in the north Western Rim higher than average
exceedance probabilities are observed. The Central Alps but also south-western part of the Eastern Alps have
lower than average exceedance probabilities, at least as precipitation event of one hour duration are considered. On could therefore conclude that the north-eastern rim of the Eastern Alps have a high background rate
of debris ﬂow occurrence in terms of short term, heavy precipitation, while the rest of the Eastern Alps show
below or average background rates.

[29.] Chronicles, similar to annals, state important events in temporal order. But beside a mere enumeration, they
also give additional information and try to put them in a wider historical context. Therefore chronicles, serve
diﬀerent purpose like telling the story of a village, a school or a family398 .
In monasteries annals (“yearbooks”) were kept, in which in temporal order important, contemporary
events were documented including natural disasters399 . Monastery annals reach back till the early middle
ages (500 to 1050), but most of them end in the 13th century400 . A notable exception are the annals of the
Melk monastery401 , which were kept till the year 1564, from which Grossmann402 state an excerpt about a
ﬂood on the 15. August 1501, which is also given by Stiny403 .

The number of actively reporting chronicles (upper panel) and annals (lower panel) in Austria per year
from 500 to 1600 are given in the of the ﬁgure below. The data for the ﬁgure was compiled from the “Repertorium Geschichtsquellen des deutschen Mittelalters”404 , which is a digital, bibliographic archives of narrative
sources provided by the Bavarian Academy of Sciences and Humanities. Only annals and chronicles were
considered. Although not all annals and chronicles will report about natural disasters, and some annals and
chronicles share content, one gets a good impression of the number of available historical sources for medieval times. Especially the years 1100 to 1300 have a great number of reporting annals and chronicles. As
already mentioned, drops the number of annals in the 13th century, while the number of chronicles, drop
signiﬁcantly a 200 a later.
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Not included, but an equally imported source of historical information, are church, village and school
chronicles especially for more recent centuries. The church chronicles (“Pfarrchroniken”) started at the 18th
century and can be seen as the descendant of the monastery annals and the ancestors of the village chronicles. The church chronicles were followed by the village chronicles, soon after the school chronicles. Moreover
from 1869 schools in Austria were obligated to keep a chronicle (the obligation was superseded in the second
half of the 21st century). Teachers, at that time, were often highly intertwined with the political and social
life of the community, therefore school chronicles, which were written by the teachers, also report about
historical and events of general interest as for example devastations due torrents405 .
Also the number, temporal and spatial extent of village chronicles is hard to estimate. According to the
Landesarchiv Tyrol are their more than 300 chronicler active in Tyrol and almost all municipalities have a more
or less extensive chronic.

[30.] The event catalog of the Swiss Federal Institute for Forest, Snow and Landscape Research (WSL) uses “approximately 3000 Swiss newspapers and magazines [which] are the main source of information [. . .][those]
are scanned by a media-monitoring company for information”406 on damages caused by ﬂoods, debris ﬂows,
landslides and rock falls. Although important can newspapers also be a unreliable sources, because the reporters are, in most cases, not experts on natural hazards. The Fresh-faced nature of newspapers, as sources
of information on natural hazards, was also noticed by Stiny407 , for whom in the year 1920, newspaper articles were, especially for the last decades “[. . .] reichlich schüttende, aber nicht immer verläßliche Quellen”.
The statement of Stiny about the high number of newspapers for the last decades, ﬁnds its visual pendant in the upper panel of the ﬁgure below. It shows the number of actively reporting newspapers and magazines in Austria, per year, and is based on a corpus408 of 1291 newspapers and magazines published between
1568 and 2018. The corpus was reduced to those entries, which mainly reported about events in Austria and
operating on a daily or weakly basis. The items were then manually checked if they have at least 10 issues, in
which articles or reports about torrential processes were published, resulting in a corpus of 164 newspapers
and magazines.
The number of daily and weakly published newspapers continuously increases at the middle of the
19th century and reaches a maximum, of nearly 80 actively reporting newspapers and magazines, at the beginning of the year 1914. After the First World War the number of newspapers and magazines signiﬁcantly
drop. After approximately 20 a of an almost stable number of newspapers and magazines, the number drops
again at and during the Second World War. After 1945 the number of newspapers and magazines at a daily
or weakly publishing cycle stays nearly constant. At the top of the ﬁgure the end of the Strele and the Stiny
chronicles are shown, as well as the establishment of the Avalanche and Torrent Control (WLV) and the Austrian Research Centre for Forests (BFW). Also shown are the legal obligations for keeping police and school
chronicles.
The lower panel shows the anomalies of the square root of the number of events per year, based on
the torrential event catalog. The square root stabilizes the variance of the data, i.e. dampers the diﬀerence
between years with low and very high number of events. The anomalies are estimated by subtracting the
mean number of events from the actual events per year. The mean was calculated as the sum of events
between 1800 to 1960, divided by the number of years between 1800 to 1960.
The increasing number of newspapers and magazines could serve as a possible explanation for the
increase in reported events since the last quarter of the 19th century. The increase is evident in the lower
panel of the ﬁgure above, as more years are above than below the mean i.e. showing positive anomalies.
But in contrast to the number of newspapers and magazines, which decrease in number at the First and the
Second World War, the number of reported events are still constantly increasing, till approximately the year
1945.
Although newspaper and magazines are an important source of information, especially for the second
half of the 19th century, they can only partly explain, the increase in events at the end of the 19th and the
beginning of the 20th century. Moreover the correlation vanishes at the end of the First World War. Beside the
number of newspapers or magazines, also the establishment of the Avalanche and Torrent Control, marked as
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ANNO/Österreichische Nationalbibliothek, German, Oct. 2018.

WLV in the ﬁgure below, as a reaction to the 1882 catastrophes, may have inﬂuenced the number of reported
events, but the eﬀect is not easily quantiﬁable.
Active daily and weekly published Newspapers and Magazines and the Number of Reported Torrential Events
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[31.] Oral reports of lay*, i.e. witnesses are crucial for the documentation of recent event, but also for reconstruction of past events.
A special case of oral reports are sagas. Sagas are one of the three main types of folk poetry, the other
tow are fairy-tales and anecdotes409 , and can give indications about the possibility or level of activity of torrential processes in a region in the distant past. This is, one the one hand, due the stylistic properties of sagas
and on the other hand to the claim of sagas, to report about actual events410 . From a stylistic perspective,
sagas are mono-episodic, short, syntactically simpliﬁed stories with a clear deﬁnition of the locality and the
time at which the event is happening411 . The clear deﬁnition of locality and time are the stylistic properties, which make sagas a useful source for the, admittedly very general, assessment of torrential activity. In
contrast to fairy-tales, which are purely ﬁctional work, sagas claim, as already said, to report about actual incidents, while the anecdote diﬀerentiate from the other two, to its short, humoristic content412 . The claim of
veracity is the second property, which makes sagas a useful source in the context of torrential event frequency
estimation.
Although sagas are useful sources, one always has to bear in mind, that sagas are not objective reports,
if anything the are often traversed by superstition. The superstitious aspect, i.e. the supernatural reinterpreting of the events, gets obvious by the distinction of sagas into memorats and fabulats. The ﬁrst are spontaneous narratives of a subjective experience. The latter the stylized version of the former. In other words: their
is a gradual nuance from the non-ﬁctional to the ﬁctional i.e. from the “natural” to the “supernatural”413 .
A typical supernatural reinterpretation of torrential events, commonly used in sagas, is to depict debris
ﬂows as dragons. These beliefs have their roots in the proto-scientiﬁc and early scientiﬁc work of the 16th
and 17th century, were bones of fossils served as evidence for the existence of dragons414 . Two sagas from
the village of Inzing, Tyrol may exemplify the supernatural interpretation of debris ﬂows. The people of Inzing
have a long tradition of dealing with the former glaciated basin of the Enderbach. A torrent with 15 reported
events, the most devastating one in and the last 200 a, in the year 1969 and the oldest event, reported by
Vikar Dyonisius Puecher in the church chronicle, in the year 1807. The ﬁrst saga “Der blasende Drache”, tells
about the origin of the “Drachenwiese”
In dieser Klam [Enderbach] ﬂießt im Sommer ein Bächlein durch, im Winter fast keines, so
war es auch dazumal, und doch war es im Stande, das Ungeheuer herauszutreiben, denn als
im Frühjahr jählings sehr warmes Wetter einﬁel, wurde das Bächlein vom geschmolzenen
Schnee geschwellt wie ein Strom, unterwühlte die Felsenwohnung des Drachen im Hundstall und riß Felsengerölle und das Ungeheuer heraus, überschwemmte die Wiese und ließ
alles miteinander da liegen, wo es jetzt Drachenwies heißt.415
The second saga tells about the ﬁrst debris ﬂow in the record of the Enderbach
Vor langer Zeit sah ein damals in Inzing wirkender Geistlicher auf einem Versehgang einen
großen ”Wurm”, der einer Schlange ähnlich sah und quer über dem Weg lag. Der Pfarrer
sprach ihn an: ”Was willst denn du hier?”. Das Tier antwortete: ”Inzing übermuren”. ”Aber
Seele wirst du keine bekommen” erwiderte darauf der Geistliche. Der Mesmer, der ihn
begleitete, erschrak sehr, denn er hörte wohl das Sprechen, konnte aber außer dem Priester
niemanden sehen. Noch im selben Jahr (1807) wurde Inzing mit Murschutt überschwemmt,
doch war kein Menschenleben zu beklagen.416
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The association between dragons and debris ﬂows is shown in the ﬁgure below. It shows the distribution
of sagas related to debris ﬂows depicted as or caused by dragons (blue circles), dragons related to natural hazards in general (brown circles), dragons with no association to natural hazards (grey circles) and debris ﬂows
with no association to dragons (blue squares). It is based on a corpus of nearly 6800 sagas collected from
diﬀerent sources for whole Austria417 . The sagas were searched for common terms referring debris ﬂows e.g.
“Mure”, “Murgang” or “Murbruch” and terms referring to dragons and dragon-like creatures e.g. “Drache”,
“Lindwurm” or “Schlange”. The resulting matches were manually checked and classiﬁed into “dragons associated with natural hazards”, “dragons associated with debris ﬂows”, “dragons in diﬀerent contexts” and “debris
ﬂows not associated with dragons”. The 182 remaining sagas were located based on the center of gravity of
the municipality. If the municipality was undeﬁned, the next higher political unit was used, with the lowest
resolution equal to the center of gravity of the federal state.

417 Traditionelle Sagen aus Österreich, German,

Oct. 2018.

SAGAS ABOUT DRAGONS AND DEBRIS FLOWS
Dragons Associated with Natural Hazards
Dragons Associated with Debris Flows
Dragons in Diﬀerent Contexts
Debris Flows not Associated with Dragons

Whole Tyrol

The association of dragons and debris ﬂow, is common in Tyrol and Vorarlberg, but still dragons or dragon-like
creatures are often associated with natural hazards, especially those resulting from mountain torrents, clearly
visible in the ﬁgure above also in the rest of Austria. Beside dragons also witches, demons (e.g. the “Butz” in
Dornbirn, Vorarlberg) or lost souls (e.g. “Salige” in Vent, Tyrol which caused the breach of the ice-dammed
Rofener lake), or the devil himself, were thought to cause debris ﬂows or ﬂooding.
An especially interesting example of a saga with a witch as the cause of a torrential event, is “Die Feichtenhexe von Sölden”, from Sölden, Tyrol. The witch, who evokes thunder- or rainstorms, which in turn
cause devastations due ﬂoods or debris ﬂows, is not an unusual motive. Their are other sagas beside “Die
Feichtenhexe von Sölden”, from Tyrol, telling about the “Runsa” (note the phonetic proximity to “Runse” (eng.
“gully”)), near Innsbruck, the “Stasa” in Prutz, or the “Murhexen” (eng. “debris ﬂow witches”) in Längenfeld,
causing ﬂooding and debris ﬂows.
“Die Feichtenhexe von Sölden” is unusual, because it, not only describes the triggering due intensive
rainfall, but also the inﬂuence of large woody debris on the torrential process
Am Tage, an dem das Glöcklein im [Kirch-][t]urm aufgehängt wurde, erregte sie [die Hexe]
ein gräßliches Unwetter; der Wildbach, der am Kirchlein vorbeitost, wuchs fürchterlich an
und stieg höher und höher. Das ging aber der Hexe noch zu langsam, sie verwandelte sich
in eine ungeheure Fichte und stürzte sich in den Bach, um denselben anzuschwellen und
die ganze Wut des Wassers auf die Kirche zu lenken. Im Augenblick der höchsten Not und
Gefahr wurden die Glöcklein zum Wettersegen geläutet und der Zauber war gebrochen.418
The saga also shows a typical motive of sagas associated with torrential processes: breaking of the curse.
This motive is characterized by a curse, which is broken due pious behaviour of the people like gathering
together in a church and ringing the bells. This motive is also used in the above cited saga “Der große Wurm”,
in which the dragon (“Lindwurm”) curses the village of Inzing, but the priest breaking the spell and saving the
lives of the villagers.
Other recurrent motives are the rich peasant, who maltreats his attendants, rejecting the poor, although
no shortage prevails, not attending the church service or not celebrating religious celebrations, because one
lives in abundance, blasphemous acts especially concerning food and breaking of oaths. In sagas from this
cannon, natural hazards act as punishment, but there are also these seldom examples of sagas were the
torrential process is positively connotated. As in a saga about the Sankt Pankrazberg, St. Pankraz in Tyrol
Die [Kapelle] ist aber nicht lang gestanden, denn in einer Gewitternacht gingen Muren ab,
eine davon riss die Kapelle mit. Der Stolleneingang lag am nächsten Morgen aber wieder
frei da. Da meinten die Leute, dass sie vielleicht doch zu früh aufgegeben hätten, und
begannen von neuem mit den Grabungen. Und wirklich, als sie tiefer kamen, trat pures
Silber zutage.419
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418 Christian Falkner:

Ötztaler Buch, German,
in: Schlern-Schriften 229 (1963), p. 137.

419 Erich Hupfauf:

Hifalan und Hafalan: Sagen
aus dem Zillertal, German, Schwaz 1995, p.
19.

421 e.g.

“Wie die Barrmsteine zu ihrer Form
gekommen sind”, p. 111 Josef Brettenthaler: Das Salzburger Sagenbuch, German,
Salzburg 1962.

422 e.g.

“Der Jäger im Hintereis”, p. 117 Falkner
(see n. 418, p. 85).

423 Franz Toula:

Über Wildbach-Verheerungen
und die Mittel, ihnen vorzubeugen, German,
in: Vorträge des Vereins zur Verbreitung
naturwissenschaftlicher Kenntnisse in Wien
23.15 (1892), p. 123, Fig. 18 and 20 on p. 50
and 54.

424 Roland Luzian/Bernhard Kohl:

Wildbäche
und Muren: Eine Wildbachkunde mit einer
übersicht von Schutzmassnahmen der Ära
Aulitzky, German, OCLC: 807640138, Wien
2002, Foto 1, p. 19.

425 Nicolussi (see n. 382, p. 80), see Abb.

1 to
12 on p. 72, 74, 75, 77, 78, 80, 81, 82, 83, 85
and 86.

426 Ibid., see Abb.
427 F. Fliri:

3, p. 75.

Naturchronik von Tirol: Tirol, Oberpinzgau, Vorarlberg, Trentino : Beiträge zur
Klimatographie von Tirol, German, 1998.

428 F. Barnikel/M. Becht:

A historical analysis
of hazardous events in the Alps – the case
of Hindelang (Bavaria, Germany), en, in:
Natural Hazards and Earth System Science
3.6 (2003), pp. 625–635.

A debris ﬂow reopens a tunnel a day after the people closed it and build a small chapel in front of it, only that
the people ﬁnd out that the tunnel has not gone barren
Beside torrential processes sagas also report about other natural hazards like rock avalanches420 , rockfalls421 or glacier lake outburst ﬂoods422 .

[32.] Beside oral reports of lay*, which are an important source especially for the documentation of recent events,
are oral reports from expert, but also scientiﬁc treatments like articles, maps, pictures and drawings of natural
hazards the most reliable source of information, but also the most scarce one. An example of photographs
from a scientiﬁc treatment are given in the ﬁgure below. The left and middle panel of the second row shows
the ice-dammed lake formed by the the two glaciers the Zufallsferner and the Langenfern, in the headwater
of the Plimabach eight days before and after it breached in the morning of the 18th of June 1891. The high and
abrupt runoﬀ initiated a debris ﬂow, which devastated the village Gand, South Tyrol423 .

The right panel in the second row of the ﬁgure above shows a photograph and a map of the deposition
of the Ganderbach debris ﬂow, South Tyrol, from the 18th of August 1891. A massive landslide was triggered
by intensive rainfall, after a prolonged series of wet days, in the upper reach of the Ganderbach. The landslide
entered the channel and turned into a debris ﬂow which devastated the village of Kollmann and dammed the
Eisack river.
The left panel in the ﬁrst row of the ﬁgure above is an example of a drawing depicting the deposition
of the Schmittenbach debris ﬂow from the year 1737, Zell am See, Salzburg424 . Another impressive example
are the drawings concerning the Rofener ice-lake, which depict the changes of the Vernagtglacier, as well the
changes in the lake since the year 1601425 . An example of a map, is the “Atlas Tyrolensis” published in the
year 1774, which is the most important cartographic work, in the context , of glaciology, before 1800 due its
highly accurate depiction of the glaciers in Tyrol at that time. The map also states the outburst ﬂoods of the
Rofener ice-lake in the years as shown in the left and middle panel of the ﬁrst row of the ﬁgure above1678,
1679 and 1681426 .

[33.] Another chronicle about torrential events and extreme natural hazards in general, which uses similar types of
sources as the Strele and Stiny Chronicle, as well as the individual “Wildbachchroniken”, is the “Nature Chronicle of Tyrol”. It was complied by the archivist Josef Schorn at second half of the 19th century and continued till
the early 21st century by Franz Fliri427 .
In Bavaria the Project HANG428 from the years 2004 to 2006 also complied a catalog of torrential events,
based on similar types of historical sources.

[34.] The event history for a single watershed is known as the “Wildbach Chronik”, (eng. “torrent chronicle”), which
is essentially an event catalog for a single basin. Similar to the chronicles of Strele and Stiny, are the torrent
speciﬁc catalogs based on reports in village, school or church chronicles, newspaper articles, reports from
local lay* and reports, maps or articles from experts, as well as on geomorphological, dendrochronological
and sedimentological evidence. Note the conceptual similarity between an event catalog for a single basin
and that of a single volcano.
[35.] Especially the geomorphological phenomena, which in Austrian literature on alpine hazards are referred to as
”Stumme Zeugen” (”silent witnesses”), are a major source of information.

429 Hübl/Kienholz (see n. 160, p. 34).

Notes

[36.] Not only the data structure of the event catalog, but also the methodical framework of the event documentation was developed in the course of the DIS-Alp project. The authors deﬁned two standards for the documentation of torrential events and the systematic compilation of historical data about torrential events, as well as
internationally harmonized technical terms concerning torrents. The two standards of documentation, which
are the basis of the Austrian torrential event catalog are the “3W” and “5W” standard. The latter refers to the
“Five Ws” of journalism: who, what, when, where and why, while the former reduces the “Five Ws” to the
fundamental trinity of what, when, where.
In conjunction with the results of the DOMODIS429 project, the results from the DIS-Alp were opera-
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tionalized into a university course on event documentation on the University of Natural Resources and Life
Sciences, Vienna in the year 2008.

[37.] Í
If we classify the events according to their magnitude or intensity than the total number of events is n =
C
also the numc=1 n c where c is the magnitude or intensity class and C the total number of classes. Hence
Í
ber of reported events can be given as a partial sum of magnitude or intensity classes: n̂ = C
c=1 n̂ c . For high
magnitude or intensity classes the number of reported events will become more or less equal to the number
of actual happened events due the larger eﬀects on the society and the landscape. Whereas for small events,
even with better monitoring techniques, the number of reported events will be lower than the number of actual events. A possible reason are the low beneﬁt-cost ratios i.e. high expenses, low beneﬁts, associated with
ÍC t h
ÍC t h
the reporting of small events. Therefore c=1
n̂ c < c=1
n c for a certain magnitude or intensity boundary
C t h , thus r (t ) < 1.

[38.] Figure 3 on page 437 in Terrestrial Volcanism in Space and Time430 oﬀers an example of the inﬂuence of wars
on the reporting rate. It shows the number of volcanoes active per year from 1790 to 1990. The increasing
number of eruptions, is not attributed to an increase in the frequency of global volcanism, but to an increase
in the reporting rate because of “more observers, in wider geographic distribution, with better communication, and broader publication.”431 Further implications, that the trend in the data is caused by a changing
reporting rate, rather than a change in the eruption frequency are the lower number of reported active volcanoes during the ﬁrst and the second world war, the increased number of reports after major events and the
random ﬂuctuations around a constant value for the last decades.

[39.] The signiﬁcant increase in reported earthquakes in Austria at the end of the 19th century, was a consequence
of the Ljubljana earthquake in 1895. After this Mw 6.1 earthquake, the former Austrian-Hungarian Empire
established a systematic macroseismic recording network, which lead to a increase of the number of reported
earthquakes in the catalog of lower intensity432 .
Also in the realm of torrential research, major disasters trigger the foundation of research and public
institutions. A typical example is the foundation of the Torrent and Avalanche Control in the year 1884, as a
consequence of the widespread devastations in Tyrol and Carinthia in the year 1882. The Interpraevent, an
international research society focusing on the protection against ﬂoods, debris ﬂows, landslides, rockfall and
avalanches, was founded after the devastating ﬂoods and debris ﬂows in Carinthia and Eastern Tyrol in the
years 1965 and 1966433 . The same catastrophe also lead to the foundation of the department concerned with
the research on natural hazards at the Austrian Research Centre for Forests.

[40.] Due their systematic recording of events are completeness methods for instrumental catalogs predominantly
of quantitative nature. The catalog based techniques try to estimate the lowest magnitude Mc , for which the
frequency-magnitude distribution departure signiﬁcantly from the Gutenberg-Richter law. The diﬀerence
between the methods is how a signiﬁcant departure is deﬁned.
Network-based methods estimate the probability of detection of a certain magnitude earthquake as a
function of the seismic network. Hence network based techniques shift the completeness estimation from the
properties of the earthquake sample to the network properties434
[41.] The number of events per time of a homogeneous Poisson process is constant i.e. the intensity or rate λ(t ) =
λ for all t . The expected number of events after
∫ t an elapsed time t i.e. the average total number of events
in the interval [0, t ) or the cumulative rate is 0 λ(u)du. Solving the integral for λ(u) i.e. λ, because of the
constant nature of the homogeneous Poisson process, results in λt 435 . Assume that the following data, which
are 10 random samples of a Poisson distribution with λ = 5, are the number of torrential events from 1950 to
1959: 2, 7, 8, 6, 4, 4, 4, 5, 4 and 6. The mean is estimated with equation 13:
λ=

430 Simkin (see n. 172, p. 36), Fig.

431 Ibid., p.

3, p. 437.

437.

432 Nasir et al. (see n. 171, p. 36), p.

95-96.

433 Research Society Interpraevent, English,

Oct. 2018.

434 Arnaud Mignan/Jochen Woessner:

Theme
IV–Understanding Seismicity Catalogs and
their Problems, English, tech. rep., Zürich,
Swiss: Swiss Seismological Service, 2012, p.
5-13.

435 Finkelstein (see n. 180, p. 38), p.

71.

2+7+8+6+4+4+4+5+4+6
=5
1959 − 1950 + 1

An estimate of the mean of the Poisson distribution of the cumulative number of events at the year 1956 is,
using equation 11: λ(7) = 5 ∗ 7 = 35.

[42.] A change point or points are one or more points in time, after which one or more characteristic values of a
stream of events signiﬁcantly change. There are a variety of methods to detect change points from parametric436 , non-parametric437 to Bayesian methods438 . A further distinction can be made if the number of change
points is known in advance or if they have to be evaluated based on the data.
For the completeness assessment of torrential event catalogs it is convenient to assume only one change
point t k is present in the temporal ordered series of events y t i , where y t 1 are the number of events in the
ﬁrst year of the catalog, y t n are the number of events in the last year of the catalog and y t k are number
of events at the change point and t k has to be estimated. To ﬁnd t k i.e. the year of complete records, the
minimization problem given in equation 38 must be solved.


C (t , y ) = c y t 1 ...t k + c y t k +1 ...t n

(38)


where C (t , y ) is the contrast function, which is minimized, c y t 1 ...t k is the cost function for the ﬁrst segment
and c y t k +1 ...t n is the cost function of the second segment. Note that equation 38 is easily extended to more
than one change point. Typical cost functions are based on the mean or variance diﬀerence or the parameters
of linear estimators between the segments.
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436 Priyadarshana/Sofronov (see n. 190, p. 39),

section II.

437 Haynes/Fearnhead/Eckley (see n. 190,

p. 39).

438 Chib (see n. 190, p. 39), section 4.3, p.

235.

439 Furlan (see n. 172, p. 36), eq.

(4.1), p. 119.

[43.] A simple model is a step-function with a value below 1 before a certain point in time and 1 afterwards. More
complexity is introduced by incorporating the eﬀect that high intensity events are more likely to be recorded
than low intensity events, by using a sigmoid function of the event intensity to model the reporting rate
before the change point439 (equation 39).
r (t , I ) =

441 Stepp (see n. 171, p. 36), Table II, p.

1

√ √
λ/ T

Slop

904.

λ/ √
T
break

5

10

20

Years (T )

λ/ √
T

50

100

442 Lorelies Ortner et al.:

Die Landschaft und
ihre Namen - Landwirtschaftliche Nutzung
und Nutzungsänderungen im Spiegel der
Flurnamen von Obergurgl und Vent (Ötztal), German, in: Publikationen Alpine
Forschungsstelle Obergurgl 2 (2012), pp. 39–
73, see Tab. 3, p. 49.

443 L. Steinberger:

Flurnamen des Unteren
Wipptals, German, in: Veröﬀentlichungen
des Museum Ferdinandeum 14 (1934),
pp. 203–248, p. 227.

Die Wassernamen Nordtirols
und verwandte Bezeichnungen, German, in:
1927, p. 92, p. 211.

Notes

(39)

t ≤τ

otherwise

[44.] The variance of the sampling distribution of means is given in equation 40440 .
σµ2

√

(40)

σ2
= √
n

[45.] The number of earthquakes with intensities of VI, from 1870 to 1969 for the Puget Sound Area, USA given
by Stepp441 are used to illustrate the use of the standard error of the mean to estimate the interval length of
catalog completeness.

Slo
pe
, √

Figure 41: For intensities of VI the year
at which the catalog is complete, is approximately 15 a from 1969. For points
longer back in time, the standard error
departures signiﬁcantly from√the proposed line with a slope of 1/ T . Please
note that the data is plotted on double,
decimal logarithmic i.e. base of 10, scale.
On this scale equation 40 turns into
log10 (σλ ) = 0.5 ∗ log10 (λ) − 0.5 ∗ log10 (T )
i.e. the slope of the black line in the ﬁgure,
which is the line resulting from a homogeneous Poisson process or a complete
catalog data, is 0.50.

444 Otto Mayr:

1

σµ2 , variance of the mean, σ 2 , variance of the population and n number of observations. For a sample σ 2 is
replaced by the sampling variance.

e= √

0.1

eα+β ∗I
1+eα+β ∗I

with t the year, τ the year at which the catalog is complete, I an intensity measure of the event, as well as α
and β , parameters controlling the shape of the reporting rate.
Another possibility is to model the reporting rate as a continuous function of time and or event intensity. The rationale behind this choice is, that the reporting rate, increases over the years due e.g. technical,
institutional or socioeconomical development, asymptotically reaching 1. Moreover the s-like shape of the
increase reﬂects the diﬀerence in reporting of medium to high, to low intensity events: in the early years of
the catalog only high to extreme intensity events are reported. With an increasing socioeconomic and scientiﬁc interest, as well as an increasing population and development of modern reporting techniques also the
medium intensity events are reported. The eﬀorts, which would be necessary to report also all low to lowest
intensity events are not proportional to the socioeconomically beneﬁts of reporting these events, therefore
the reporting rate is levelling of in the modern times of the catalog, but in principle never reaching 1.

440 Schiller/Srinivasan/Spiegel (see n. 200,

p. 41), Theorem 5-2, p. 158.

(

Interval (T ) in years from
1969
5
10
15
20
30
40
50
60
70
80
90
100

Number of VI events in the
interval T

3
18
27
29
44
48
50
56
59
64
66
69

λT

σλT

0,6
1,8
1,8
1,45
1,47
1,2
1
0,93
0,84
0,8
0,73
0,69

0,35
0,42
0,35
0,27
0,22
0,17
0,14
0,12
0,11
0,1
0,09
0,08

Based on the data given in the table the means λT , which are shown in the third column of table, are calculated by dividing the number of VI intensity events from column 2, by the length of the interval T from
column 1. For example the mean for the interval T of length 30 a is given by 44/30 = 1.47. The standard error
of the mean
is calculated accordingly to equation 40. For the same period T = 30 a, equation 40 results in
√
√
1.47/√ 30 = 0.22. The results for all intervals are shown in the ﬁgure 41.The points are systematically below
the 1/ T sloping line for intervals longer than 20 a. Therefore one would conclude that for the last 20 a the
catalog is complete.

[46.] Beside the rich corpus of sagas from Tyrol and Vorarlberg about the devastations caused by ﬂoods and debris ﬂows, the many toponymy, i.e. geographical names, used in Tyrol and Vorarlberg, referring to torrential
hazards are further evidence for a rich tradition and therefore sensibility regarding torrential hazards. For
example the etymologically oldest geographic names used in Vent and Obergurgl refer to natural hazards442 ,
which are toponymy constructed with “Ramol-” < rom. *ru mal (< *riu malu) = “übler Bach” (eng. “bad
creek”), “Plattai-” < rom. *plattêdu = “Plattach” (eng. “area with stone plates”) or“Rofen” < pre-rom. *rovinâ
= “Muhre”(eng. “debris ﬂow”).
In the municipality of Trins the “Schmurzbach” is located. The word “Schmurz” has the same roots as
the German word “Muhre”, which means debris ﬂow443 . The word “Mure” or “Muhre” < ohg. mur(u)wi =
“mürbe”, which means “fragile, soft, unresisting, easily disintegrating”444 . The word can be found trough out
Tyrol and Vorarlberg, as pre- or suﬃx for creeks as for example in the “Murgraben” in Biberwier, a combination of “Mur”and “Lehne” the “Murlehnbåch” in St. Leonhard im Pitztal, the “Müerenboch” in Sölden or the
“Murwasser” in Navis and also for numerous slopes in virtually all municipalities.
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Another commonly used term, either alone or as pre- or suﬃx, to name locations is “Lehne” or “Lehner”,
which refers to snow and seldom rock avalanche tracks445 . Further words like “Ganda” < pre-rom. *ganda
= “Geröllhaufen, Steinhaufen”(eng. “pile of debris, pile of stones”)446 , or “Guss” < gmh. *güsse = “Wasserschwall bei Regengüssen”(eng. “surge from storm rainfall”)447 demonstrate the rich history of these two
region concerning torrential processes.

[47.] The catalog is split into two catalogs, while the ﬁrst split is made so that at least 3 years of observations are
included at the left side of the split. On both catalogs a linear regression is ﬁtted to the cumulative sum of
events per year and the R 2 is calculated. On the next step the split is shifted one year into present, again
ﬁtting two linear regressions to the disjunctive catalogs. This procedure, split, ﬁt, shift, is repeated till the split
has reached the years 2015, i.e. three years before present. The break in the slope of the catalog is assumed
to occur where both, the R 2 before and after the split, are closest i.e. having a minimal euclidean distance,
to the perfect solution, which would be 1 in both cases. Please note, that if only the R 2 after the split is
considered, the assumption of stationarity before completeness is relaxed.
To test the procedure, it was used to ﬁnd the year of completeness for 1000 randomly, generated homogeneous Poisson event catalogs of length 200 a, with an abrupt change of the event rate from 2 # a−1
to 5 # a−1 , at the year 100. The mean year of completeness was 99 ± 6 a, with 74 % of all simulation in the
range of 95 a to 105 a. Although by no means exhaustive, indicate the simulation results, that the procedure is
appropriate for ﬁnding τ at least for the catalog under study.

[48.] To test the procedure, it was used to ﬁnd the year of completeness for 1000 randomly, generated homogeneous Poisson event catalogs of length 200 a, with an abrupt change of the event rate from 2 # a−1 to 5 # a−1 ,
at the year 100. The mean year of completeness was 84 ± 60 a, with only 4 % of all simulation in the range of
95 a to 105 a. Although by no means exhaustive, indicate the simulation results, that the procedure has a high
variability and tend to underestimate the length of the complete interval. The low number of simulations in
the interval 95 a to 105 a is a further indication of the low robustness of the procedure.

[49.] The parametric method of Priyadarshana/Sofronov448 assuming a negative binomial distribution of the events
per year, the non-parametric approach proposed by Haynes/Fearnhead/Eckley449 and the Bayesian method
of Chib450 based on the natural logarithm of the events per year. For the last method the threshold of the
posterior probability of a true change in mean was set to 0.4.
For all method the most present detected change point was assumed to coincidence with the year of
completeness. For the parametric method change points were detected at 1756, 1867 and 1920, the nonparametric method at 1755, 1867 and 1948 and the Bayesian method at 1840, 1845 and 1919.

448 Priyadarshana/Sofronov (see n. 190, p. 39).
449 Haynes/Fearnhead/Eckley (see n. 190,

p. 39).

450 Chib (see n. 190, p. 39).

[50.] The cumulative sum of events per year, separated by intensity, are shown in the ﬁgure below.
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Beside the cumulative sum, also the change point methods were used to estimate the length of complete
records. Because of its instability the standard error method was avoided. For the low intensity events the
years 1933, 1944 and 1945 were estimated, yielding a mean year of 1941 ± 7. The parametric change point
detection yielded an implausible year of 1880 similar to the balanced R 2 for the segmented regression before
and after the split, which did not converge. The mean intensity events, the class with the most events (6200,
in comparison to low with 4900, high with 3200 and extreme with a total of 1000 events), has a mean year
of completeness of 1927 ± 11, based on 1919, 1920, 1921, 1931 and 1944. The high intensity events are
complete, on average, since 1917 ± 23, based on 1878, 1919, 1920, 1929 and 1937. The cumulative number
of extreme intensity events changed at least twice: ﬁrst in the year 1927 ± 17 and in the year 2011. The ﬁrst
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break in the slope is assumed as the completeness year, which is based on 1899, 1929, 1938 and 1943. The
parametric change point method yielded the year 1807, which was excluded because of its extreme value. All
methods agreed upon the 2011, as a second change point. Although obvious (see the lower right panel of the
above ﬁgure), it cannot be the point of complete reporting, because almost linear growth is observed since
the ﬁrst third of the 20th century.
[51.] Beside the cumulative sum, also the change point methods, but not the standard error, were used to estimate
possible years of completeness for the catalog divided by process. The cumulative sum of events for ﬂood,
bedload transport and debris ﬂow, are shown in the ﬁgure below.
In the series of ﬂoods (left panel) and debris ﬂows (right panel), only one change point is visible, resulting in years of completeness of 1921 ± 3 for ﬂoods and 1934 ± 12 for debris ﬂows. The number of bedload
events (mid panel) show, similar to the extreme events, two breaks in the cumulative sum of events in the
20th and 21st century. The ﬁrst break, associated with the completeness of the catalog occurs at the year
1943 ± 12. Beside those minor diﬀerence, a similar completeness as for the whole, as well as the intensity
separated catalog is inferred from the cumulative sum plots.
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The mean year of completeness for ﬂoods is based on 1876, 1919, 1919, 1920 and 1926. The value
of 1876 from the parametric change point method, was excluded from the calculation of the mean due its
extremity and historical implausibility. The estimated years for debris ﬂow were 1878, 1925, 1921, 1944 and
1944, excluding the year 1876, which also resulted from the parametric change point detection. The mean
year of bedload events is based on 1926, 1947, 1945 and 1953, which is assumed as the year of completeness.
[52.] To estimate the spatial distribution of completeness of the torrential event catalog, Austria was overlain by a
50 km by 50 km raster. The size of the cells are a compromise between spatial accuracy and a minimum number of events per pixel. For every cell, the completeness was estimated based on the event series within each
cell. The same methods, cumulative sum, parametric, non-parametric and Bayesian change point detection,
as for the whole catalog were used to estimate the year of completeness. The map below shows the median
year of completeness based on the four estimates.
Vorarlberg, western Tyrol, as well as parts of Salzburg, Styria and Carinthia have the longest, complete
series of events, dating back till the years 1910 to 1930. Adding those regions with complete catalogs since at
least the 1950s, results in a area, which covers nearly whole Austria. The missing area, almost entirely on the
edge of the Alps, have the shortest catalogs with length of 12 a to 37 a.

Notes
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[53.] Anomalies are estimated by equation 41.
(41)

ñ i = n i − hn i

where ñ i is the anomaly in year, i , n i is the number of events in year i and hn i is the mean
Í number of events
per year, i.e. the arithmetic mean of the number of events per year, estimated as n −1 ∗ Ti=τ n i with τ = 1945
to T = 2017. The scaled anomalies are the yearly anomalies divided by the standard deviation of the yearly
anomalies as given in equation 42.
zi =

(42)

ñ i
σ̂n

where z i is the scaled anomaly of year i and σ̂n is the standard deviation of the yearly number of events
estimated as usual451 .
The advantage of the scaled anomalies is that they are dimensionless, but on a scale in terms of multiples of the standard deviation, and therefore are easily compared with other similar treated measurements.
Please note that the scaled anomalies, are equivalent to the standard or z-scores commonly used in statistics452 .

[54.] Sknewness is measures of the symmetry of a distribution. An unbiased estimated of the skewness is given in
equation 43.
γ̂m =


n 
Õ
n
x i − x̄ 3
(n − 1) ∗ (n − 2)
s

451 Schiller/Srinivasan/Spiegel (see n. 200,

p. 41), equation (14), p. 78.

452 Ibid., p.79.

(43)

i =1

The normal distribution, because being symmetric around the mean has a skewness of 0. Distributions with a
longer left tail have a negative, while distributions with a longer right tail, a positive skewness.

[55.] The 95 % BCa conﬁdence interval of the skewness453 , based on 2000 bootstrap samples, is −0.04 to 0.81. Because of the inclusion of 0 and the low value of the skewness (a sample of the same size, 73, from a standard
normal results in a skewness of −0.56 to 0.56 in 95 % of all cases), we can safely assume, that the distribution
of the base 10 logarithm of the number of events per year is symmetric around the mean.

[56.] The non-parametric Mann-Kendall trend test454 is used to test for a trend in the scaled anomalies of events
per year. If the data is a temporal ordered series of observations, x 1 , x 2 , x 3 . . . , x n , then if an upward trend is
present, most of the observation after some observation x i , should be greater than x i , which is equivalent to
the diﬀerences between x i and the observations after x i being mostly positive. Similar a negative trend would
result in a series where all observations after some x i are mostly smaller than x i and therefore the diﬀerences
are mostly negative. The Mann Kendall trend test uses these properties, to test for the null hypothesis of
H0 B no monotonic trend
against the alternative hypothesis of an either monotonic increasing or monotonic decreasing trend. The test
statistc S is given in equation 44.
S=

n−1 Õ
n
Õ

k =1 j =k +1
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sgn x j − x k



(44)

453 Efron/Hastie (see n. 134, p. 27), equation

(11.39), p. 192.

454 Robert D. Gibbons/David E. Coleman:

Statistical methods for detection and quantiﬁcation of environmental contamination,
New York 2001, p. 197-200.

where sgn is the sign function evaluating to 1 if x j > x k , 0 if x j = x k and −1 if x j < x k . High positive
values of S indicate a increasing, low negative values of S a decreasing monotonic trend. If S is divided by its
standard deviation (equation 45), then S approximately follows a standard normal distribution.


p

Õ






σ 2 = n (n − 1) (2n + 5) −
t j t j − 1 2t j + 5 /18




j =1



where p is the number of the tied groups, i.e. pairs of observations with the same value, in the data set and
t j is the number of data points in the j -th tied group. The p-value for the two sided-alternative, positive or
negative monotonic trend is 2 ∗ ϕ (z = S /σ). For the one sided-alternative the p-value for a positive trend is
1 −ϕ (z = S /σ), and for a negative monotonic trend ϕ (z = S /σ), and ϕ(z ) is the standard normal probability
function.
The Mann Kendal test was conducted on the scaled yearly anomalies, as shown in ﬁgure 19, using the
R455 package trend456 . The two sided null hypothesis of no monotonic trend, could not be rejected with a
p-value of 0.39.

455 R Core Team (see n. 288, p. 70).

456 Thorsten Pohlert:

trend: Non-Parametric
Trend Tests and Change-Point Detection,
2018.

457 Auer et al. (see n. 203, p. 44), p.

(45)

29.

[57.] The HISTALP, as well as the HD, stations are shown below. Also depicted are the four “coarse resolution subregions” used for sub-regional analysis, deﬁned in the course of the HISTALP project, which are “[. . .] semisubjectively optimized [regionalizations] in order to gain the best possible common regions for all climate elements”457 .

HISTALP

HD

Monthly
Daily
coarse resolution subregions

aggregation year

next year

spring
summer
autumn
winter
hydrological year

1st half

Figure 42: The year, depicted as line, is divided into 12 month, which are aggregated
into four seasons. While for spring, summer
and autumn only months of the aggregation
years are used, is the winter the sum of
the December of the aggregation year, and
the January and February of the next year.
The hydrological year starts at the April
of the aggregation year and ends at the
March of the next year. It is, as the usual
calendar year, 6 months long. The end of
the semester of the hydrological year is at
the September of the aggregation year.

Notes

Available HISTALP Stations per Year (Sample Depth)

2nd half

Available HISTALP Stations

prev. year

The maximum temporal resolution for both data sets are daily precipitation totals and mean, minimum and
maximum daily air temperatures, which are aggregated to monthly, seasonal and yearly totals in the case of
precipitation and into monthly, seasonal and yearly means, minima, and maxima in the case of air temperature (ﬁgure 42). The used years are the calendar year, i.e. January to December and the hydrological year,
which begins in April and ends on March. The ﬁrst hydrological half year therefore includes the Months April
till September while the second hydrological half year includes the months October till March. The hydrological year is overlapping the calendar year in the sense that e.g. the hydrological year 1990, begins in April
1990 and ends on March 1991. The used seasons are spring, summer, autumn, winter, wet and dry season.
The spring is deﬁned as the months March, April, and May, the summer as the months June, July and August,
the autumn as the months September, October and November and the winter as the months December and
January and February of the next calendar year. The wet season is identical to the second hydrological half
year, i.e October till March, and the dry season is accordingly identical to the ﬁrst hydrological half year, i.e.
April till September.
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The HISTALP data is already homogenized and quality checked, in contrast the HD data was manually checked
and corrected for erroneous data. The resulting available stations per year are shown in the ﬁgure above. All
506 HD stations are available from 1971 to 2015. The ﬁrst available HISTALP station, although only in monthly
resolution, dates back to the year 1813. From then the number of stations continuously increases, reaching a
maximum at the year 1900, with 48 available stations. The number of HISTALP stations slightly decline at the
beginning of the 21st century to 44 available stations. The maximum temporal and spatial, coverage occurs as
the operation times of the HISTALP and HD stations overlap each other which is the case from 1971 to 2015,
with a total of 554 available stations.

[58.] The 27 indices of climate extremes are the result of two workshops held in the course of the joint World Meteorological Organization Comission for Climatology and World Climate Research Programm Project “Climate
Variability and Predictability”, by the expert team on climate change, detection, monitoring and indices458 .
The indices are derived from daily maximum and minimum temperature, as well as daily precipitation
measurements, and were chosen
for [the] assessment of the many aspects of a changing global climate which include
changes in intensity, frequency and duration of temperature and precipitation events.459

16 of the indices are temperature and 11 are precipitation related. The list below deﬁnes the indices and
states their estimation, using the same notation as Alexander et al.460 . T is used for temperature, with an
additional N indicating minimal and an additional X indicating maximal daily temperatures. R is used for
precipitation, with an additional R indicating daily precipitation. Wet days are deﬁned as days, with a least a
precipitation of R w = R R i ≥ 1 mm. The number of all wet days in a given period is W . The subscripts i and j
refer to the day and the year respectively. The base period, n, for long-term values like the percentiles, is set
to n = 1961 to 1990 for the HISTALP and to n = 1971 to 2000 for the HD data. The diﬀerent base periods, are
a consequences of the temporal data availability. The order of the list, follows a grouping of the indices into 5
categories: percentile based (indices 1 to 6), absolute (indices 7 to 12), threshold (indices 13 to 19), duration
(indices 20 to 24) and other indices (indices 25 to 27).
1. T N 10p percentage of days with a minimum temperature below the long-term 10th percentile of
minimum temperatures
T N i ,j < T N i ,n 10
where T N i ,j is the daily minimum temperatures on day i and year j , T N i ,n 10 is the 10th percentile
of the minimum temperatures of day i , based on the measurements from n = 1961 to 1990 for the
HISTALP and n = 1971 to 2000 for the HD stations.
2. T N 90p percentage of days with a minimum temperature above the long-term 90th percentile of
minimum temperatures
T N i ,j > T N i ,n 90
where T N i ,j is the daily minimum temperatures on day i and year j , T N i ,n 90 is the 90th percentile
of the minimum temperatures of day i , based on the measurements from n = 1961 to 1990 for the
HISTALP and n = 1971 to 2000 for the HD stations.
3. T X 10p percentage of days with a maximum temperature below the long-term 10th percentile of
maximum temperatures
T Xi ,j < T Xi ,n 10
where T Xi ,j is the daily maximum temperatures on day i and year j , T Xi ,n 10 is the 10th percentile
of the maximum temperatures of day i , based on the measurements from n = 1961 to 1990 for the
HISTALP and n = 1971 to 2000 for the HD stations.
4. T N X 90p percentage of days with a maximum temperature above the long-term 90th percentile of
maximum temperatures
T Xi ,j > T Xi ,n 90
where T Xi ,j is the daily maximum temperatures on day i and year j , T Xi ,n 90 is the 90th percentile
of the maximum temperatures of day i , based on the measurements from n = 1961 to 1990 for the
HISTALP and n = 1971 to 2000 for the HD stations.
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458 Alexander et al. (see n. 206, p. 45), p.

459 Ibid., p.
460 Ibid.

4-5.

2.

5. R 95pT OT annual total precipitation on wet days, with rainfall totals above the long-term 95th
percentile of precipitation on wet days
R 95p j =

W
Õ

w =1

R R w ,j ∗ I (R R w ,j > R R w ,n 95)

where R 95p j is the total annual rainfall on wet days of year j in mm, above the 95th wet day precipitation percentile, R R w ,j is the precipitation in mm, on wet day w in year j , I () is the indicator
function returning a 1 if the condition R R w ,j > R R w ,n 95 is met, and a 0 otherwise, and R R w ,n 95 is
the 95th percentile of the wet day precipitation, based on the measurements from n = 1961 to 1990
for the HISTALP and n = 1971 to 2000 for the HD stations.

6. R 99pT OT annual total precipitation on wet days, with rainfall totals above the long-term 99th
percentile of precipitation on wet days
R 95p j =

W
Õ

w =1

R R w ,j ∗ I (R R w ,j > R R w ,n 99)

where R 99p j is the total annual rainfall on wet days of year j in mm, above the 99th wet day precipitation percentile, R R w ,j is the precipitation in mm, on wet day w in year j , I () is the indicator
function returning a 1 if the condition R R w ,j > R R w ,n 99 is met, and a 0 otherwise, and R R w ,n 99 is
the 99th percentile of the wet day precipitation, based on the measurements from n = 1961 to 1990
for the HISTALP and n = 1971 to 2000 for the HD stations.

7. T X x monthly maximum of daily maximum temperatures

T X x k ,j = max T Xk ,j



where T X x k ,j is the maximum, daily maximum temperatures in month k of year j , T X k ,j are the
daily maximum temperatures in month k and year j

8. T N x monthly maximum of daily minimum temperatures

T N x k ,j = max T N k ,j



where T N x k ,j is the maximum, daily minimum temperatures in month k of year j , T N k ,j are the
daily minimum temperatures in month k and year j

9. T X n monthly minimum of daily maximum temperatures

T Xn k ,j = min T X k ,j



where T X x k ,j is the minimum, daily maximum temperatures in month k of year j , T X k ,j are the
daily maximum temperatures in month k and year j

10. T N n monthly minimum of daily minimum temperatures

T N n k ,j = min T N k ,j



where T N n k ,j is the minimum, daily minimum temperatures in month k of year j , T N k ,j are the
daily minimum temperatures in month k and year j

11. R x 1da y maximum 1-day precipitation

R x 1da y j = max R R i ,j



where R x 1da y j is the maximum 1-day precipitation in year j , R R i ,j is the precipitation on day i in
year j

12. R x 5da y maximum consecutive 5-day precipitation

R x 5da y j = max R R k ,j



where R x 5da y j is the maximum consecutive 5-day precipitation in year j , R R k ,j is the k -th consecutive 5-day precipitation period in year j .

Notes
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13. F D number of frost days
F Dj =

N
Õ

I (T N i ,j < 0°)

N
Õ

I (T Xi ,j < 0°)

i =1

where F D j is the number of frost days in year j , I () is the indicator function returning a 1 if the
condition T N i ,j < 0° is met, and a 0 otherwise, T N i ,j is the daily minimum temperature of day i in
year j and N is the total number of days in year j .

14. I D number of icing days

I Dj =

i =1

where I D j is the number of icing days in year j , I () is the indicator function returning a 1 if the
condition T Xi ,j < 0° is met, and a 0 otherwise, T Xi ,j is the daily maximum temperature of day i in
year j and N is the total number of days in year j .

15. T R number of tropical nights

T Rj =

N
Õ

I (T N i ,j > 20°)

N
Õ

I (T Xi ,j > 25°)

i =1

where T R j is the number of tropical nights in year j , I () is the indicator function returning a 1 if the
condition T N i ,j > 20° is met, and a 0 otherwise, T N i ,j is the daily minimum temperature of day i in
year j and N is the total number of days in year j .

16. SU number of summer days

SU j =

i =1

where SU j is the number of summer days in year j , I () is the indicator function returning a 1 if the
condition T Xi ,j > 25° is met, and a 0 otherwise, T Xi ,j is the daily maximum temperature of day i in
year j and N is the total number of days in year j .

17. R 10mm number days with a precipitation above 10 mm
R 10mm j =

N
Õ
i =1

I (R R i ,j > 10 mm)

where R 10mm j is the number of days in year j with precipitation above 10 mm, I () is the indicator
function returning a 1 if the condition R R i ,j > 10 mm is met, and a 0 otherwise, R R i ,j is the daily
precipitation of day i in year j and N is the total number of days in year j .

18. R 20mm number days with a precipitation above 20 mm
R 10mm j =

N
Õ
i =1

I (R R i ,j > 20 mm)

where R 20mm j is the number of days in year j with precipitation above 20 mm, I () is the indicator
function returning a 1 if the condition R R i ,j > 10 mm is met, and a 0 otherwise, R R i ,j is the daily
precipitation of day i in year j and N is the total number of days in year j .

19. R nnmm number days with a precipitation above some threshold nn
R nnmm j =

N
Õ
i =1

I (R R i ,j > nn)

where R nnmm j is the number of days in year j with precipitation above some threshold nn, I () is
the indicator function returning a 1 if the condition R R i ,j > nn is met, and a 0 otherwise, R R i ,j is the
daily precipitation of day i in year j and N is the total number of days in year j .
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20. C S D I cold spell duration index, i.e. the number of periods, with at least 6 consecutive days of daily
minimum temperatures below the long-term 10th percentile of minimum temperatures

C S D Ij =

K
Õ

T N k ,j

k =1

where C S D I j is the cold spell duration index of year j , T N k ,j is the k -th 6 consecutive day period
with T N i ,j < T N n,i 10, where T N i ,j is the daily minimum temperature on day i in year j , and
T N i ,n 10 is the 10th percentile of the minimum temperatures of day i , based on the measurements
from n = 1961 to 1990 for the HISTALP and n = 1971 to 2000 for the HD stations.
21. W S D I warm spell duration index, i.e. the number of periods, with at least 6 consecutive days of
daily maximum temperatures above the long-term 90th percentile of maximum temperatures

W S D Ij =

K
Õ

T Xk ,j

k =1

where W S D I j is the warm spell duration index of year j , T X k ,j is the k -th 6 consecutive day period
with T Xi ,j > T X n,i 90, where T Xi ,j is the daily maximum temperature on day i in year j , and
T Xi ,n 90 is the 90th percentile of the maximum temperatures of day i , based on the measurements
from n = 1961 to 1990 for the HISTALP and n = 1971 to 2000 for the HD stations.
22. G S L growing season length. The growing season length of year j , G S L j , is the number of days
between the ﬁrst occurrence of at least 6 consecutive days with T G i ,j > 5°, where T G i ,j is the
daily mean temperature at day i of year j and the ﬁrst occurrence of at least 6 consecutive days of
T G i ,j < 5° after the 1st July in year j .
23. C D D maximum length of dry spell, i.e. maximum length of consecutive days with a precipitation
< 1 mm.
24. CW D maximum length of wet spell, i.e. maximum length of consecutive days with a precipitation
≥ 1 mm.
25. P R C PT OT total annual precipitation

P R C PT OTj =

N
Õ

R R i ,j

i =1

where P R C PT OTj is the total precipitation in year j , and R R i ,j is precipitation on day i of year j .
26. S D I I simple precipitation intensity index
S D I Ij =

ÍW

w =1

R R w ,j

W

where S D I I j is the simple precipitation intensity index of year j , and R R w ,j is precipitation on wet
day w in year j , and W is the total number of wet days in year j .
27. DT R daily temperature range

DT R k ,j =

461 R Core Team (see n. 288, p. 70).

462 David Bronaugh for the Paciﬁc Climate

Impacts Consortium: climdex.pcic: PCIC
Implementation of Climdex Routines, 2018.

Notes

Ín k

i =1

T Xi ,j − T N i ,j
nk

[i ∈ k

where DT R k ,j is the mean daily temperature range of month k and year j , and T Xi ,j is the daily
maximum, and T N i ,j the daily minimum temperature on day i in year j , k is the set of days the year,
which are in month k and n k are the total number of days in month k .
The temperature related indices were calculated solely based on the HISTALP data, because no minimum
nor maximum temperature was available for the HD stations, while the precipitation related indices were
estimated for the HISTALP, as well as the HD stations using the R461 package climdex.pcic462 .
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The ﬁgure above shows the number of available stations per year for the temperature and the precipitation
related indices. The maximum number of available stations for the temperature related indices are 55, which
is almost constant till 2010. The number of stations for the precipitation related indices increases suddenly at
the year 1971 due the availability of the HD station to its maximum value of 573. It declines to 520 at the year
2011, due the drop out of the HISTALP stations.

[59.] The standardized precipitation index, S P I , was ﬁrst proposed by McKee/Doesken/Kleist463 as an objective
measure of drought. The basis of the S P I is an at least 30 a long series of monthly precipitation totals, R i ,j ,
with i the month and j the year. The distribution of precipitation per month, i , is modelled by a gamma
distribution, to account for the positive skew of the distribution of precipitation. This means that for every
month a gamma distribution is estimated, resulting in 12 gamma distribution, one for each month. The ﬁtted
gamma distributions are used to estimate the probability P (R ≤ R i ,j ), which is, if G i is the probability
function of the i month, G i R i ,j = p j i.e. the probability of the measuring a precipitation in month i , that is
equal or less than the observed precipitation R i ,j .
Although dimensionless, is the comparison between months only meaningful if the shape of all distributions is known, therefore one has to ﬁnd a transformation for the resulting probabilities p j . This is accom
plished by using p j as the input for the quantile function of a standard normal distribution φ −1 p j . By doing
this a median precipitation amount would result in a value of 0. Precipitation amounts below the median precipitation, in negative and precipitation amounts above the median precipitation, in positive values. Typically
values below −1 and above 1 are considered as signiﬁcant dry or wet periods. Please note that the SPI can be
extended to longer periods than months.
The S P I was estimated for 1, 6 and 12 month periods, for the HISTALP, as well as the HD stations using
the R464 package SPEI465 .
The precipitation concentration index measures the temporal distribution of the rainfall and is estimated, on a monthly basis, according to equation 46.
Ín

P C I j = Íi =1
n

R i ,j

i =1 R i ,j

2

 2 ∗ 100

(46)

where P C I j is the precipitation concentration index of year j and R i ,j is the precipitation in month i of year j .
A perfectly uniform distributed precipitation, i.e. all month receive the same amount of precipitation, results
in a P C I = 8.3. In general the P C I under perfectly uniformity is equal to 1/n, with n the number of summed
periods. In the case of the monthly P C I , n = 12 and therefore 1/12 = 8.3 under perfect uniformity. If the
precipitation is concentrated into one period, e.g. one month, then the P C I = 100466 .
Values below 10 are classiﬁed as uniform, 11 to 15 as moderate seasonal, 16 to 20 as seasonal and values > 20 as strongly seasonal467 . Please note that the P C I can be extended to longer periods than months.
The P C I was estimated per year (as in equation 46), per season and the hydrological half years for the
HISTALP, as well as the HD stations using the R468 package precintcon469 .
The number of available stations per year, for the S P I and the P C I is identical to the number of available station used to calculate the precipitation related CLIMDEX indices. This means before 1971 only the
HISTALP station were available, which amounts to 48 stations and after 1971 to 2015 also the additional 502
HD station could be used to estimate the indices. The yearly values of both indices were obtained by averaging if necessary.

[60.] Poisson regression is a special case of generalized linear models, where the errors are Poisson distributed470 .
Hence the number of events per year follows a Poisson distribution. To model the dependency of the number of events per year n t , the natural logarithm of a linear combination of total rainfall sum above the 99th
percentile R 99pT OT (equation 47), is ﬁtted by maximum likelihood.
ln(n t ) = β 0 + β 1 ∗ R 99pT OTt
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(47)

463 McKee/Doesken/Kleist (see n. 207, p. 45).

464 R Core Team (see n. 288, p. 70).

465 Santiago Beguerı́a/Sergio M. Vicente-

Serrano: SPEI: Calculation of the Standardised Precipitation-Evapotranspiration Index,
2017.

466 see also Table 2, p.

p. 45).

302 Oliver (see n. 208,

467 P. Michiels/D. Gabriels/R. Hartmann:

Using
the seasonal and temporal Precipitation
concentration index for characterizing the
monthly rainfall distribution in Spain, en, in:
Catena 19.1 (Feb. 1992), pp. 43–58, Tab. 3, p.
48.

468 R Core Team (see n. 288, p. 70).

469 Lucas Venezian Povoa/Jonas Teixeira Nery:

precintcon: Precipitation Intensity, Concentration and Anomaly Analysis, 2016.

470 Adrian Colin Cameron/P.

K Trivedi: Regression analysis of count data, English, OCLC:
70752326, Cambridge, UK; New York, NY,
USA 1998, p. 20.

where n t is the number of events in year t , R 99pT OTt is the total rainfall sum above the 99th percentile in
year t and β 0 and β 1 are the slope and intercept respectively found by maximizing equation 48.
l (β 0 , β 1 ) =

T
Õ
t =1

[n t − exp (β 0 + β 1 R 99pT OTt )] ∗ R 99pT OTt

(48)

Using equation 47 and 48 on the event catalog, resulted in highly signiﬁcant, both p-values literally zero,
parameters with a intercept of 5.26 and a slope of 0.39.

[61.] The distribution of Julian days at which events happened exhibits strong seasonality and are distributed
asymmetric around July, the month with the highest torrential activity, as depicted in ﬁgure below. Julian days,
or days of the year, are consecutive integers, starting at 1 for the 1st January and ending at 365 for the 31st
December, where leap years are treated as normal years.
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Almost 80 % of all events happened between June and September (left panel of ﬁgure above). Beside the
asymmetry of the distribution, also the two additional peaks at approx. 153 (beginning of June) and 308
(beginning of November), are notable (right panel of the ﬁgure above). The peak at the beginning of June is
the consequence of the catastrophic year 2013, with widespread devastations not only in whole Austria, but
also in the rest of Central Europe. The second peak results from the catastrophic ﬂooding in Eastern Tyrol and
Carinthia in the years 1965 and 1966. The density in the left ﬁgure is estimated without the exceptional years
1965, 1966 and 2013, while the density on the right ﬁgure is estimated including the years to demonstrate the
tremendous eﬀect, which these two years have, on the density distribution. The blue shaded area, is the 95 %
pointwise conﬁdence interval, based on 2000 bootstrap samples.

[62.] The transformation, projecting the days of the years on the unit circle, is given by equation 49.

θ
(∗)

θi = t i

r

∗



Notes



(49)

where t i is the Julian day at which event i happened. The mean occurrence angle, hθ i, is estimated according to equation 50.
(∗)

hθ i = tan−1
Figure 43: Illustration of the mean direction,
θ and the concentration, hr i. The grey
points are observed days of occurrence in
Julian days transformed into angles on the
unit circle using equation 49. The mean
direction, i.e. measure of central tendency,
is the mean angle over all points. The
concentration, a measure of variance or
dispersion, is the length of the vector with
the mean direction. The tighter the points
are clustered around the central value, the
higher is the concentration and also the
length of the vector, with a maximum length
of 1.

2π
365



hy i
hx i



(50)

where hθ i is the mean occurrence angle, hx i is the mean x -coordinate and hy i the mean y coordinate
based on all events, given by equation 51 and 52.
hx i = n −1 ∗
hy i = n −1 ∗

n
Õ

i =1
n
Õ
i =1

cos (θi )

(51)

sin (θi )

(52)

where hx i and hy i are the coordinates of the mean occurrence date and θi are the angles of the events
according to equation 49. The mean angle can be converted back to a day of the year by means of equation
53.
D



E
365
t (∗) = hθ i ∗
2π

(53)

98

The temporal concentration in the course of the year, i.e. the magnitude of seasonality, is given by the length
of the vector hr i (equation 54), with hr i ∈ [0, 1].
hr i =

p

(54)

hx i + hy i

A value of hr i close to unity indicates low spread i.e. high seasonality, while a value close to zero indicates
high spread, i.e. uniformity in time, but could also indicate a cyclic pattern, which also results in a hr i near 0.
A natural deﬁnition of the variance, as the conceptual opposite of concentration, is given in equation 55.
(55)

s 2 = 1 − hr i
The standard deviation, as deﬁned in equation 56, is used to construct approximative conﬁdence bands
around the mean (e.g. ﬁgure 23).

s=

p
−2 ∗ ln (hr i)

(56)

Please note, that θ can also be stated in degree, instead of radian, by replacing (2π)/365, with 360/365 in 49
and its reciprocal in equation 53, with the according reciprocal 365/360.

The calculation of the circular statistics were conducted using the R471 package circular472 . The Mann
Kendall trend test was performed using the trend473 package.

[63.] The minimum standard for the documentation of torrential events, is a description of the event in the terms
of what, when and where, the so called 3W-standard474 . Especially the when, in terms of month, day, time
and duration increased in precision over time.

Fraction of Events with
no Month Information

471 R Core Team (see n. 288, p. 70).

472 C. Agostinelli/U. Lund:

R package: Circular
Statistics, CA: Department of Environmental
Sciences, Informatics and Statistics, Ca’ Foscari University, Venice, Italy. UL: Department
of Statistics, California Polytechnic State
University, San Luis Obispo, California, USA
2017.

473 Pohlert (see n. 456, p. 92).

474 Berger et al. (see n. 93, p. 18), Figure 10, p.
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In the ﬁgure above, the fraction of events per year, where only the year is known, is shown in the left panel
(blue line). A clear decreasing trend, i.e. increasing precision, starting from half of the events per year at
the year 1945, to zero events at the year 2010 is visible. A similar evolution of precision is observed for the
fraction of events, where only the month is known, shown in the right panel of ﬁgure above (brown line).
The fraction of 0.8 in the year 1945, which means that for 80 % of all events the day of the event is unknown,
is reduced steadily reaching zero at the year 2010. The signiﬁcant drop after 2006 can be associated with
the end of the DIS-Alp project. Similar trends concerning the precision of the entries, including the DIS-Alp
associated gain after 2006, are observed for event duration and time, magnitude and trigger conditions. The
latter are not part of the 3W-standard, but the 5W-standard, including the who and how475 .
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475 Ibid., p.

26-27.

Fraction of Events with
no Magnitude Information

Fraction of Events with
no Duration or Time

Fraction of Events with
no Trigger Information

1
0.75
0.5
End of
DIS-Alp Project

0.25
0
1960

1980

Year

2000

1960

1980

Year

2000

1960

1980

Year

2000

Fraction of Events with
no Intensity Class Information

Fraction of Events with
no Basin/Creek Information
1
End of
DIS-Alp Project

0.75
0.5
0.25
0
1960

1980

Year

2000

1960

1980

Year

2000

In contrast is the fraction of events with no information on the creek, which ultimately caused the event, stable at 0.10 over time. Complication arises for the event intensities. Before 2005 for, on average 75 % of the
events per year, the intensity class is available and since 2013, all events have an observed intensity class.
But in the period of 2005 to 2011 almost 80 % of events per year have no assigned intensity class. The abrupt
change, and the striking regularity before 2005 and after 2012 of the mean number of events with an observed intensity class, point at technical or administrative issues, regarding the intensity class for this period.
Furthermore is the distributions of the deposited volume, stratiﬁed by intensity class considerable diﬀerent
between the events before 2005 and those after 2012, at least for bedload and debris ﬂow processes. The
same is true for the distribution of the aﬀected area. It seems that a lower threshold for the intensity classes
are used since 2013, which would explain the high number of extreme events since then.

476 Max Adam Kohler/Ray K Linsley:

Predicting
the runoﬀ from storm rainfall, vol. 30, 1951,
equation (1), p. 2.

477 K. Schröter et al.:

What made the June 2013
ﬂood in Germany an exceptional event? A
hydro-meteorological evaluation, en, in:
Hydrology and Earth System Sciences 19.1
(Jan. 2015), pp. 309–327, p. 313.

478 Auer et al. (see n. 203, p. 44), p.

Notes

29.

[64.] The k -day antecedent precipitation index476 is deﬁned in equation 57.
APIk (i ) =

k
Õ
i =1

p i −1 ∗ P (i )

(57)

where APIk (i ) is the antecedent precipitation index for day i , p an empirical constant representing the characteristic time of soil moisture depletion, typically between 0.89 to 0.98477 and P (i ) the precipitation sum on
day i . Because the index is used to deﬁne the mean day of torrential event occurrence, the deﬁnition above
also includes the precipitation on the event day, which is in opposition to the original deﬁnition. The constant
was set to 0.9 and k was 7 and 30 days respectively. The index was calculated using all available HISTALP and
HD stations.

[65.] For each station the date of the maximum of each precipitation index, i.e. 3-day and 7-day precipitation sum,
3 and 30-day antecedent precipitation index, was estimated. The date was transformed into an angle using
equation 49. The circular mean, concentration and standard deviation per year was calculated according to
equation 54, 55 and 56 respectively. Beside for whole Austria the three circular statistics were also estimated
for the regions of similar climate deﬁned by the HISTALP project478 .

[66.] The snow melt index is based on the temperature measurements from the HISTALP and HD stations. For each
station the ﬁrst day in the year, for which the mean temperature on at least six days before were above 0°,
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was estimated. The resulting Julian days per station were aggregated to mean values, using equation 54, for
whole Austria, as well as for the HISTALP regions479 and the mountain ranges according to the Alpine Club
classiﬁcation of the Eastern Alps480 .

[67.] For all years the mean day of occurrence (equation 50) and the concentration a measure of temporal clustering (equation 54) and the circular standard deviation (equation 56), were estimated (see also ﬁgure 43).
The magnitude of a possible trend was estimated using the Theil–Sen estimator481 , a robust, non-parametric
alternative to ordinary linear regression. The signiﬁcance of the trend was tested using the Kendal Tau test482
on the Theil-Sen estimator, as well as by the Mann Kendal Trend test483 . The Theil-Sen estimator is deﬁned as
the median slope of all lines, trough all possible pairs of points. The slope of a single line through point i and j
is given by equation 58.
(58)

hr j i − hr i i + k
βi =
j −i

479 Ibid., p.

29.

480 Franz Grassler:

Alpenvereinseinteilung
der Ostalpen (AVE), de, in: AlpenvereinsJahrbuch 1984, pp. 215–224.

481 Duller (see n. 254, p. 56), p.

482 Ibid., p.

259-262.

300-302.

483 Gibbons/Coleman (see n. 454, p. 91), p.

197-200.

where hr i i and hr j i is the mean direction of year i and year j respectively and k a correction factor, that
accounts for the 365 periodic nature of the data, deﬁned as


−365



k = 365


0


if hr j i − hr i i > 365/2
if hr j i − hr i i < −365/2
otherwise

(59)

The slope, β , is estimated for all possible pairs i < j . The median of these, according to the gaussian sum
formula, (n ∗ (n − 1)) ∗ 0.5, with n the number of observations, slopes, βˆ , is the slope of the trend line. The
signiﬁcances of βˆ , against zero, is veriﬁed, by testing for signiﬁcant correlation between the observed mean
directions and those calculated by βˆ ∗ t i using Kendall’s Tau Test.
The mean Julian day per year, as shown in ﬁgure below, ﬂuctuates randomly around a mean of 201, with
a 95 % BCa conﬁdence interval484 , based on 2000 bootstrap samples, of 198 to 205. The mean is equal to
20th July and its conﬁdence interval is accordingly the 16th and 23rd of July.

484 Efron/Hastie (see n. 134, p. 27), equation

(11.39), p. 192.

Intraannual Julian Day of Event Occurrence per Year
334
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Day of the Year

304
273
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243

hr i + 2s

212
181
hr i + 2s

151
1950

1960

1970

1980

Year

1990

2000

2013
2010

Deduced from the local polynomial regression and its 95 % BCa conﬁdence interval485 , based on 2000 bootstrap samples, shows the mean day of occurrence no trend over the last 73 a. Also the concentration, depicted by the radius of the points, is nearly constant for all years, where a large radius corresponds to high
concentration, and a small radius to high dispersion of the event occurrences over the course of the year. Remarkable are the years 1961, 1966 and 2013, shown in grey, which have mean days of occurrence beyond two
standard deviations. The concentration, however, is similar to the remaining years except for the year 1961
with a considerable lower concentration.
The suggestive no trend hypothesis of the polynomial from the above ﬁgure, is ratiﬁed, by the insigniﬁcance of the Theil–Sen estimator and the Mann-Kendal Trend test with p-values of 0.59 and 0.59

[68.] The stability of the estimated mean direction and concentration was estimated by using, beside the informative spatial subsetting by the mountain groups, a non-informative spatial subsetting by two regular grids.

101

485 Ibid., equation (11.39), p.
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The left ﬁgure shows the mean direction and concentration for the grid of 400 × 400 km. The spatial pattern
is similar to the mountain range based subsetting. The north-south and east-west drift towards later mean
days of occurrence are clearly resampled. Increasing the resolution of the grid to 100 × 100 km, as done in
the right ﬁgure, does not change the overall drift but introduces sample size related artefacts, especially in the
north-eastern rim of the Eastern Alps. Still the spatial pattern is similar and consistent with the spatial pattern
obtained for the mountain ranges. Furthermore is the spatial pattern also consistent with that of the maximal
annual river ﬂoods in Austria486 .
For each mountain range the intraannual mean day of occurrence was estimated, according to equation
54. The Theil-Sen estimator (equation 58), with subsequent Kendall Tau487 was conducted to estimate the
magnitude and signiﬁcance of the trend.

[69.] The ﬁgure below shows the mountain groups with signiﬁcant trends in the snow melting day.

TREND IN
MEAN DAY OF SNOW MELT OCCURRENCE
Signiﬁcant Trend Towards Earlier Days
Insigniﬁcant Trend
Excluded

All trends are negative, hence towards earlier days of the year and are summarized in the table below.

488 Duile (see n. 60, p. 15), p.

Notes

259-262.

Mountain Range

Available Stations

Gailtal Alps
Goldberg Group
Karavanks and Pohorje
Lavanttal Alps
Nock Mountains
Upper Austrian Prealps
Prealps East of the Mur
Salzkammergut Mountains
Ybbstaler Alps

3 to 11
3 to 5
2 to 12
2 to 50
3 to 25
2 to 28
2 to 36
2 to 16
3 to 10

Theil-Sen Estimator
d 10a−1

p-value

−5.85
−3.99
−4.97
−5.04
−5.83
−4.05
−3.33
−4.89
−8.97

0.01
0.05
0.01
0.00
0.01
0.01
0.01
0.00
0.00

The magnitude of the trends were estimated using the Theil-Sen estimator, as deﬁned in 58 and the subsequent Kendal tau test488 was used test their signiﬁcance. To increase the reliability of the estimates, the
trends were exclusively calculated for series with at least two available stations for 30 years.

[70.] The map below shows regions with signiﬁcant positive and negative trends for the occurrence of the maximum 3-day and 7-day precipitation sum and the occurrence of the maximum 7 and 30-day antecedent precipitation index. For the dark grey regions no trends were estimated, because only 1 station was available and/or
the length of the measurement series was below 30 a.
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Signiﬁcant Trend Towards Earlier Days

Excluded
Insigniﬁcant Trend

Signiﬁcant Trend Towards Later Days

3-day
Precipitation Sum

7-day
Precipitation Sum

7-day Antecedent
Precipitation Index

30-day Antecedent
Precipitation Index

Most of the trends are positive and only for the Tauern the occurrence day of the maximum value of two
precipitation indices show a signiﬁcant trend. The table below summarizes the estimated trends, where R 3
and R 7 are the occurrence day of the maximum 3 and 7-day precipitation sum and API7 and API30 are the
occurrence day of the maximum 7 and 30-day antecedent precipitation index respectively.

[71.]

Mountain Range

Index

p-value

Karavanks and Pohorje
Kreuzeck Group
Lavanttal Alps
Nock Mountains
Salzkammergut Mountains
Seckau Tauern
Seckau Tauern

Theil-Sen Estimator
d 10a−1

R3
API7
API30
R3
R7
API30
R7

10.59
18.86
4.01
12.49
−12.32
−4.89
−5.94

0.03
0.03
0.04
0.03
0.01
0.01
0.02

Similar to the mean day of torrential event occurrence and the snow melt index, was the magnitude of the
trends estimated with the aid of the Theil-Sen estimator, as deﬁned in 58 and the signiﬁcance of the trend,
was tested by the Kendal tau test489 .
The method is similar to the ﬂood index used in hydrology490 .

The assumption underlying the index method
is, that the distribution of debris ﬂow volumes is equal for all basins in a well deﬁned region, except for a scale
parameter. If the mean deposition volume is used as the scale parameter, i.e. index, then the basin speciﬁc
deposition volume with a probability p, for basin i , is given by equation 60.
(60)

Vd (p) = hVdi i ∗ F −1 (p)

where Vd (p) is the deposition volume with a probability of p, hVdi i is the mean deposition volume of basin i ,
and F −1 (p) is the quantile function of the regional distribution of the dimensionless deposition volume.
The regional quantile function is estimated as the mean quantile function over all N basin speciﬁc quantile functions, of the dimensionless deposition volume, in the region. Hence, ﬁrst are all n i deposition volumes
divided by the mean over all n i observed deposition volumes, to establish the series of dimensionless deposition volumes for each basin i , according to equation 61.
Vd∗ =
i ,j

(61)

Vdi ,j
hVdi i

where Vd∗ is the j -th dimensionless deposition volume of basin i , Vdi ,j is the j -th observed volume of basin
i ,j
Ín i
i and hVdi i is the mean deposition volume estimated as n i− 1 ∗ j =1
Vdi ,j . Then are the Vd∗ used to estimate

the parameters θ1,i . . . θp,i of the quantile function, of the candidate distribution, for basin i .
Finally, is the weighted average over all basin parameters used to estimated the parameters hθk i, of the
regional quantile function F −1 (p), according to 62.
i ,j

hθk i =
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N
Õ
i =1

ni

! −1

∗

N
Õ
i =1

n i θk ,i

(62)

489 Ibid., p.

490 J.

259-262.

R. M. Hosking/J. R. Wallis: Some statistics
useful in regional frequency analysis, en, in:
Water Resources Research 29.2 (Feb. 1993),
pp. 271–281.

Once F −1 (p) is established, deposition volumes with any probability, can be derived by equation 60, solely
based on the index deposition volume, i.e. mean deposition volume. But the most tremendous advantage is
that by constructing a relationship between the mean deposition volume hVd i and suitable basin parameters,
also deposition volumes with a speciﬁc probability for basins with no observations can be estimated by means
of equation 60.
Although the index method has great potential, especially due its simplicity, hampers the data requirements the widespread use in the assessment of torrential event deposition volumes, as repeated observations
from the same basin are seldom available.

[72.] The torrentiality index was assumed to be an exponential function of the basin area, according to equation 63.

491 Rickenmann:

Methods for the quantitative
assessment of channel processes in torrents
(steep streams) (see n. 7, p. 7), p .21.

τ = β ∗ exp (α ∗ Ab )

(63)

ln (τ) = ln (β ) + α ∗ Ab

(64)

where α and β are coeﬃcients controlling the shape of the function and Ab is the basin area in km2 . β is the,
hypothetical, maximum torrentiality and torrentiality itself a decreasing function of the basin area, which is a
reasonable assumptions as Rickenmann states that “such catchments [torrents] are associated with drainage
areas of less than about 25 km2 ”491 , hence the “torrential character” or torrentiality, fades with increasing
area. By taking the natural logarithm on both sides one yields equation 64.

which can be solved by simple linear regression. For every, predeﬁned and subjectively delimited region, α
and β were estimated and the originally proposed values for the regions, in conjunction with the deﬁnitions of
the regions are given in the table below.
Zone
1

2a

2b
3

Regions

Tauern main crest, Reaktikon, Verwall,
Silvretta Group, Oetztaler-, Stubaier-, Zillertaler Alps, High Tauern, Defreggen, Kreuzegg
Group
Northern and Southern Calcareous
Alps, Greywacke Zone and Low Tauern

Foothills of Austria

Description

very high bedload potential, latent sedimentation
areas or active landslides

with very high bedload
potential
other torrents of zone 2

The number of the regions corresponds to the numbers in ﬁgure 26.

492 David G. Tarboton:

A new method for the
determination of ﬂow directions and upslope areas in grid digital elevation models,
en, in: Water Resources Research 33.2 (Feb.
1997), pp. 309–319, p. 310.

493 Lawrence E. Band:

Topographic Partition of
Watersheds with Digital Elevation Models,
en, in: Water Resources Research 22.1 (Jan.
1986), pp. 15–24.

494 David G. Tarboton/Daniel P. Ames:

Advances
in the Mapping of Flow Networks from
Digital Elevation Data, in: Bridging the Gap,
2001, p .6.

495 A.

J. Broscoe: Quantitative Analysis of
Longitudinal Stream Proﬁles of Small Watersheds, Technical Report 18, Oﬃce of Naval
Research, 1959, p. 109.

Notes

α

β

−0.018

1750

−0.014

1150

−0.008
−0.0016

540
254

[73.] Kronfellner-Kraus used 1753 observations in the year 1988, while Weinmeister et al. state, in the year 2004,
that 2648 observations were used. The assumption of identical data source is grounded in the statement
of Weinmeister et al., who write on page 356 that the catalog is based on the “Hochwassermeldungen”
(eng. “ﬂood reports”), which are published since 1972 by the Austrian Research Centre for Forests. Also the
increase in events from 1988 to 2004 seems plausible if similar data source are assumed. The ﬂood reports
were, among others, a basis of the Austrian torrential event catalog (see section 28, p. 33) and therefore
one could argue that the Austrian torrential event catalog include the events used by Weinmeister et al. But
actually their is a considerable discrepancy between the two.
The Austrian torrential event catalog lists a total of 2693 events with known basin and observed deposition volume. For the completeness period of 1945 to 2017, the number of observations is reduced to 2427.
If only events before 2004 are considered the number of events reduces to 901, incorporating events before
1945 only slightly increases the number of events to 979. Which is a considerable discrepancy in the number
of events between the Austrian torrential event catalog on the other two. It seems therefore plausible that,
at least the Austria torrential event catalog not identical to the other two, but that they have a considerable
overlap.

[74.] The following steps describe the stream channel delineation for a speciﬁc catchment, and hence were repeated for each catchment.
The basis of the stream channel delineation, was a 5 m × 5 m digital elevation model and the torrential
catchments provided by the Austrian Service for Torrent and Avalanche Control. After removing artefacts from
the dem, the ﬂow direction and ﬂow accumulation was estimated using a D8 ﬂow algorithm492 . As a ﬁrst
approximation the deepest point of the basin was chosen as the outlet. After establishing a primary stream
channel network, solely based on local curvature493 , a stream drop analysis was conducted to estimate the
ﬂow accumulation threshold for channelization.
Stream drop analysis, where stream drop is “the diﬀerence in elevation between the beginning and
end of Strahler streams”494 , is grounded in the empirical geomorphological law of constant stream drop,
formulated by Broscoe in the year 1959495 . The law states, that for properly graded networks, the average
stream drop is independent from its Strahler order. Hence the mean stream drop for channels of Strahler
order i , h∆h i i, is equal to the mean stream drop of any Strahler order j , h∆h j i, with j , i . In other words it
implies equal stream drop means over all Strahler orders. The ﬂow accumulation threshold is therefore the
smallest values, resulting in a stream channel network, which obeys the constant stream drop law.
To test the hypothesis of constant stream drop, a t-test on the equality of the mean stream drop of the
ﬁrst order and higher order streams was conducted for varying ﬂow accumulation areas. The lowest value of
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the ﬂow accumulation, for which the test was insigniﬁcant on the 95 % conﬁdence level, was chosen as the
channel initiation threshold496 .
The channel slope, was calculated by ﬁrst estimating the minimum and maximum channel elevation for
the stream network, resulting from the previous analysis. The main channel was established by propagating a
virtual drop of water from the maximum channel elevation to the channel outlet, along the steepest descent
of the stream network. The distance was estimated by the length of the main channel, while the drop was set
to the diﬀerence between maximum and minimum main channel elevation. The slope was then estimated as
drop divided by distance. The basin area was set to whole area above the basin outlet.
While the channel slope, estimated according to aforementioned method, measures the steepness with
respect to the whole catchment, are the depositions of the analysed events frequently not at the basin outlet.
Furthermore are the catchments provided by the Austrian Service for Torrent and Avalanche Control, often
of higher order, than the creek responsible for the deposition. Using the main channel and catchment area as
deﬁned above, would therefore introduce a systematic bias towards larger basin, with less steep channels. To
reduce the possible bias the event point were projected on the main channel, serving as a pseudo-outlet. The
channel slope, was then estimated in the same manner as described above. The basin area, was set to ﬂow
accumulation area at the pseudo-outlet.
Beside the channel slope and the basin area, also the Melton ratio for the whole basin, as well as the
basin upward to the pseudo-outlet was estimated.
The ﬂow direction, ﬂow accumulation, primary stream channel network, drop analysis and the extraction of the ﬁnal stream channel network was conducted by using the TauDEM code package497 .

[75.] The main source of sediment for the Starkenbach since 1999 is a massive landslide, that buried the Starkenbach on a length of approximately 500 m, up to 70 m deep, which had a volume of nearly 3 000 000 m3 . The
landslide was triggered on the 29th August 1999 by intensive rainfall over two days, after exceptional high
precipitation since October 1998498 . It originated from the “Scheißet Riepe”, one of the longest post-glacial
scree slopes in the Northern Limestone Alps499 . The name is a typical example of an often used pejorative,
made of “scheißen” (eng. “to shit”), which is refers to an avalanche track or channel with frequent rockfall,
and “Riepe”, which refers to an unvegetated, rock slope, originating from lat. “rupes” = “Felssturz” (eng.
“rockfall”)500 . The pictures below, impressively show the extent and consequences of the 1999 landslide501 .

497 David Tarboton:

TauDEM (Terrain Analysis
Using Digital Elevation Models), eng, 2018.

498 Josef Hauser et al.:

Massenbewegungen aus
Sicht der Behörde und ihrer Sachverständiger, German, in: Geoforum Umhausen Band
2, vol. 2, Umhausen Oct. 2000, pp. 73–94,
p. 85.

499 Thomas Huber:

Die Grossrutschung im
Starkenbach am 29.8.1999 in der Gemeinde
Schönwies/Tirol, German, in: Tagungspublikation Internationales Symposion Interpraevent 2000 - Villach, vol. 1, Villach,
Österreich 2000, pp. 239–250, p. 240.

500 Mayr (see n. 444, p. 88), p.

213.

501 Hauser et al. (see n. 498), Foto 11 and 12.

The two debris ﬂows debris ﬂows, originated from the landslide deposits, with volumes between 1 000 000 m3
to 1 500 000 m3 within two days in the year 2005, were excluded from the analysis because of the nonrepresentative sediment availability as a result of the 1999 landslide.

[76.] The sources and basic characteristics of the literature compiled catalog, ID 1 to 13 and the torrential event
catalog, ID 14, in terms of deposition volume are given in the table below.
ID
1a
2
3a
4a
5
6a
7
8
9
10
11
12a
14a,b
13

Location

IT, CH, FR
IT
CA
FR
IT
JP
IT
IT
CA
CH
CH
CH
World
AT

Number of
Debris
Bedload
183
62
6
5
127
512
27
40
34
63
22
17
715
605

Decadic Logarithm
of Volume in m3

Source

Franzi/Bianco
D’Agostino
VanDine
Lopez Saez et al.
Marchi/D’Agostino
Takai
Berti/Simoni
Lenzi
Jakob
Baumgartner
Rickenmann/Koschni
Gertsch
Riley et al.
Torrential Event Catalog

7

16
34
1
1452
0

1

2

3

4

5

6

7

The number of available debris ﬂow deposition volume observations, exceeds the number of bedload
deposition volume observations by approximately 1.6. This fact is also reﬂected by the colors of the boxplots,

105

where the color of the boxplot is proportional to the ratio of debris ﬂow and bedload transport observations.
A datasets containing solely of debris ﬂow deposition volumes is depicted in brown, while a dataset consisting
only of bedload transport is depicted in blue. Hence a catalog with a balanced number of debris ﬂow and
bedload deposition volumes is depicted in green.
The grey line and grey shaded area are the median and the interquartile range of the pooled catalog.
All literature catalogs, expect the catalog of Riley et al., are above the grant median. This is because mostly
extreme deposition volumes are given, were the deﬁnition of extreme varies with publication. The lowest
median is observed for the Austrian torrential event and the Riley et al. catalog. In the Austrian catalog a
majority of events are bedload transport, which have signiﬁcant lower deposition volumes than debris ﬂows
and the Riley et al. catalog includes observations from a wide range of geographical regions like FR, CA, CH, IS,
IT, NZ, PE, UK, US, US-HI and VE, for pre- and post-wildﬁre debris ﬂows, but only the pre-wildﬁre deposition
volumes were considered.
The highest medians are observed for the catalogs of D’Agostino Marchi/D’Agostino and Berti/Simoni.
These catalogs consist mostly of the maximum observed deposition volumes per basin from the Eastern
Italian Alps, with a considerable overlap of events. Also the catalogs of Gertsch, Rickenmann/Koschni and
Baumgartner, from the Swiss Alps, are extreme deposition volumes and non-proper subsets of each other.
Hence share a remarkable number of events. To avoid double-counting, identical events across the catalogs
were identiﬁed and only used once. Therefore the unique number of events per catalog and not the available
number of observations are stated in the table above.
Beside the deposition volume also the basin area and the slope of the main channel were included in
the catalog if available, which is indicated by the superscripts a and b in the ID column, where a means, that
no main channel slope observations were available and b means no basin area observations were available. To
preserve consistency only catalogs with available basin area, are used for density estimation in ﬁgure 28.

502 Rickenmann:

Methods for the quantitative
assessment of channel processes in torrents
(steep streams) (see n. 7, p. 7), p. 93.
Equation

[77.] Table 5.1 in Rickenmann502 lists 7 such equations published in the period of 1980 to 2001. All 7 equations use
the basin area, followed by the channel and fan slope, which are both used two times. Based on an extended
literature review 15 equations could be added. All equations are listed in the table below.

Formula

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Vd
Vd
Vd
Vd
Vd
Vd
Vd
Vd
Vd
Vd
Vd
Vd
Vd
Vd
Vd

16
17
18
19
20
21

Vd
Vd
Vd
Vd
Vd
Vd

22

Vd

Notes

= 7000 ∗ Ab
= c ∗ A0.78
b
= 13600 ∗ A0.61
b
= 8900 ∗ A0.76
b
= 29100 ∗ A0.67
b
= 70000 ∗ A0.30
b
= 1000 ∗ A0.30
b
= (640θf − 23) ∗ L c
= (110 − 250θf ) ∗ L c
= (180 − 44000 ∗ θf ) ∗ L c
= 2.8 ∗ VL0.838
= 150 ∗ Ab ∗ (100 ∗ θf − 3)2.3
= 65000 ∗ A1.35
∗ θc1.7
b
= 84000 ∗ Ab ∗ θb1.3
= 0.909 ∗ L 1.283
d

 3/2
3/2
= 5.07 ∗ θf−0.1 ∗ θc−1.68
∗ Ad
= 667000 ∗ Ab ∗ θb ∗ exp(−0.005 ∗ Ab )
= 45000 ∗ A0.90
∗ θc1.5 ∗ GI
b
= 33400 ∗ Ab ∗ θb1.3 ∗ IT−0.6
= 3900 ∗ Ab ∗ θb1.5 ∗ GI ∗ IT−0.3
= 540000
∗ Ab ∗ θfc ∗ MR0.8
∗ LI−2
b

 
 2.63 
min(E )
θf
= 4.47 ∗ Ab ∗ h 100 ∗ φ ∗ 1 − 2400b ∗ 100−1.28
∗(100∗θc )−1

with 17000 ≤ c ≤ 270000
Maximum value
Minimum value
for 0.07 < θf ≤ 0.15
for 0.15 < θf ≤ 0.40

θc and θf in degree

Source

Gostner
Rickenmann
Rickenmann
Franzi/Bianco
D’Agostino
Marchi/D’Agostino
Marchi/D’Agostino
Rickenmann
Rickenmann
D’Agostino
Takai
Schraml et al.
Marchi/D’Agostino
D’Agostino
May

Schraml et al.
D’Agostino
D’Agostino/Marchi
D’Agostino
D’Agostino
Ceriani/Crosta/Quattrini
D’Agostino

Ab basin area in [m], θb , θf , θc and θfc , basin, channel, fan and channel on fan slope respectively in [m m−1 ], L c channel length in [m], L d run-out length in [m],
E b elevation of the basin in [m], MRb Melton ratio of the basin, φ runoﬀ coeﬃcient, h 100 24 h rainfall intensity, for a return period of 100 a, GI, IT and LI geological,
process and landslide index respectively, for the geological index see table I in Marchi/D’Agostino, the process index is 1 for debris ﬂow, 2 for debris ﬂood and 3 for
bedload transport, and for the landslide index see table IV in Ceriani/Crosta/Quattrini.
To quantify the extend, to which the basin area explains the variation observed in the deposition volume, a
catalog of debris ﬂow volumes and basin area, from literature data was compiled. The resulting signiﬁcant
regression is given in 65.
Vd = 11000 ∗ (1 ± 0.07) ∗ A0.53±0.05

(65)

The regression is displayed with its associated 95 % prediction interval, in the left panel of the ﬁgure below.
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The correlation between the basin area and the deposition volume is considerable, with 0.53 ± 0.04. The
explained variation between 0.24 to 0.33, based on 2000 bootstrap samples, although low, underpins the
association between the deposition volume and the basin area.
But the remaining variability is still remarkable, as also demonstrated by the width of the prediction
interval. Also the relative errors of equations 1, 3, 4 and 5 and the regression, used to predict the deposition
volume for the catalog, presented in the right panel of the above ﬁgure, show a high scatter. Using the estimated regression results in a deposition volume from 700 m3 to 165 000 m3 in 95 out of 100 times, for a
basin with an area of 1 km, spanning almost three orders of magnitudes. Similarly under- or overestimate the
equations 1, 3, 4 and 5 the deposition volume, up to 1000 times.
The envelopes of equation 2, 7 and 8 perform considerable better, with only 5 % of all observations
below the envelope of equation 8 and 10 % above the envelope of equation 7. Also the upper envelope
of equation 2 results in a reasonable performance with only 1 % above the suggested line, but the lower
envelope fails with almost 40 % of all observation below the estimated line.
Although their is no doubt of a systematic dependency between the debris ﬂow deposition volume and
the basin area, is the basin area alone not suﬃcient to explain the high observed variability in the deposition
volumes. Because basin area does not, or only partially reﬂects the signiﬁcant growth of volume due entrainment503 , which was demonstrated to depend, for example, also on channel slope504 . Neither does the basin
area fully reﬂect the availability of sediment in general505 , which depends, among others, on the lithology506 .

[78.] The signiﬁcance of the last glaciation is evident for debris ﬂow and bedload processes, if event rates of
glaciated and non-glaciated areas are compared to the overall event rate for these two processes. Pure water
ﬂoods are not considered. The ﬁgure below shows in the left panel the mean event occurrence per 100 a and
torrential active area, for the Eastern Alps.

Event Rates in Regions Glaciated and
Not Glaciated during the Würm

Risk Ratios of Regions Glaciated and
Not Glaciated during the Würm

0.4

0.3

Supra-Regional Mean Rate

1
0.2

0.1
No

Yes

Glaciated in Würm

No

Yes

Glaciated in Würm

Regional Rate ÷ Supra-Regional Rate

1.5
Event Rate as # per km2 and 100 a

Median and 95 % Range
of Relative Error of Equations
1, 3, 4, 5, and the Regression

0.5

The torrential active area was deﬁned as the total area of all torrential basins in the region. The mean rate
was estimated according to equation 66 and the conﬁdence interval was determined on the basis of 2500
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503 Miller/Burnett (see n. 27, p. 11), p.

185.

504 Guthrie et al. (see n. 53, p. 15), Fig.

6, p. 607.

505 e.g. Jakob/Bovis/Oden (see n. 265, p. 59).

506 e.g. D’Agostino/Marchi (see n. 143, p. 32).

507 Efron/Hastie (see n. 134, p. 27), p.

168.

block-bootstrap samples507 , respecting the time series nature of the event occurrence per year.
hλ i =

n
A ∗T

(66)

where n is the total number of events in the region, A is the area occupied by torrents, i.e. the torrential active area and T is the length of the catalog, 72 a. Equation 66 was also used to estimate the mean occurrence
rate for the Würm glaciated hλ g i and non-glaciated hλ ¬g i subregions of the Eastern Alps. On the basis of the
event rates, the risk ratio, right panel of the above ﬁgure, was computed according to equation 67.
Ri =

hλi i
hλ i

(67)

where hλ i is the supra-regional event rate, i = g and i = ¬g for the the event rates in glaciated and nonglaciated area respectively. A value of R i below 1 indicates lower, a R i value above 1 higher risk. The conﬁdence interval for the risk ratio, was also estimated on the basis of 2500 block-bootstrap samples.
As depicted in the right panel of the above ﬁgure, is the risk ratio signiﬁcantly higher then 1, for formerly
glaciated regions, while non-glaciated regions have a risk ratio signiﬁcantly lower than 1.

[79.] The Wollinitzgraben debris ﬂow from the year 1966 was a consequence of long-lasting rainfall, and ultimately,
of a massive landslide, which dammed the channel in the headwater. The landslide dammed lake breached
several hours later triggering a debris ﬂow, which grew in size by landslides from the side slopes, but especially by entraining enormous amounts of loose, glacial deposits from the sidewalls and the channel bed, as
shown in the pictures below.

508 Oswald Zuegg:

”Am Rande der Verzweiﬂung” Hochwasserkatastrophen 1965 und
1966 in der Gemeinde Flattach, de, Flattsch
2013, p. 28.

509 Efron/Hastie (see n. 134, p. 27), p.
510 Duile (see n. 60, p. 15), p.109.

49-51.

The deposition of the debris ﬂow, which devastated the municipality of Kleindorf, with a unveriﬁed volume508
of 3 × 106 m3 , is shown in the lower right picture. The photograph above shows the area before the debris
ﬂow for comparison. Remarkable is the block, shown in the middle upper panel, which was transported by
the debris ﬂow. A similar sized block, was also transported by the Mühlbach debris ﬂow in the year 1970 as
depicted in ﬁgure 27.

[80.] The permutation, or randomization, test is used to estimate the signiﬁcance of a suggested grouping. It is
based on the principle, that if the grouping has no inﬂuence on the parameter under study, than assigning the
observations in all possible ways to the groups, should results in values of the parameter quite similar of that,
obtained by the original grouping. Because the number of possible assignments grows super-exponentially
with the number of observations, the permutation test is approximated by repeated random assignment of
the group a large number of times509 .
The signiﬁcance of the diﬀerent regionalizations on the distribution of the torrentiality is tested by ﬁrst
estimated the maximum distributional diﬀerence between all possible regions, i.e. the maximum KolmogorovSmirnov statistic510 D̂ . Then B = 10000 random samples, with randomly assigned groups are generated. For
each sample the test statistic D i∗ is calculated. The number of times where D i∗ is greater than D̂ divided by B
is the approximated p-value of the null hypothesis that their is no diﬀerences among the groups.
[81.] The results of the permutation tests are given in the ﬁgure below. The ﬁrst two ﬁgures show the histogram of
the geomorphological and ecological subregions for bedload transport, while the third and fourth ﬁgure show
the histogram of the geomorphological and ecological subregions for debris ﬂow.
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None of the two regionalization resulted in signiﬁcant diﬀerence for the bedload transport, with p-values of
0.35 and 0.18 respectively. While the ecoregions are insigniﬁcant, p-value of 0.14, yielded the geomorphological regionalization signiﬁcant diﬀerences, p-value of 0.01, if debris ﬂows are concerned.
The diﬀerences are due the higher torrentialities in the Northern and Southern Alps, than in the Central Alps. This result is also reﬂected in the signiﬁcant diﬀerence in the geological subsetting (see ﬁgure 31),
because the geomorphological regions can be interpreted as roughly geological similar.

[82.] The left panel of the ﬁgure below shows the distribution of the torrentiality for bedload transport and debris
ﬂows. The shape of the distribution are quite similar, but the debris ﬂows seemed to be shifted to higher
values.
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The result of the permutation test, also used for the regional diﬀerence, are shown in the right panel of the
above ﬁgure. The observed maximum diﬀerence between the two distributions is signiﬁcantly higher, p-value
of 0.0005, as those obtained by randomly mashing the class labels.
Because only two groups are tested against each other also the Kolmogorov-Smirnov-Test511 could be
used, which also resulted in a signiﬁcant diﬀerence of the distributions, with a p-value of literally 0.

[83.] Beside the logistic distribution also the Weibull and the log-normal distribution were ﬁtted by maximum
likelihood using the R512 package ﬁtdistrplus513 . The Anderson Darling test514 , provided by the package ADGofTest515 , was used to estimate the goodness of ﬁt for all three distributions. Among them, did the logistic
and the Weibull distribution show insigniﬁcant departure, with p-values of 0.14 and 0.15 respectively, while
the log-normal showed signiﬁcant departure with a p-value of 0.04.
Although the Weibull was also a plausible distribution for the bedload torrentialities, was the logistic
distribution selected. The choice is supported by the similar distributional family for debris ﬂows and hence
facilitate comparison.

[84.] For the Central Alps the log-normal, Weibull and logistic distribution are in principal suited to model the
distribution of torrentiality. However, the logistic distribution showed the lowest diﬀerence in terms of the
Anderson-Darling statistic516 with a p-value of 0.91, in comparison to the log-normal with a p-value of 0.81
and the Weibull with 0.14.
For the pooled observations of the Calcareous Alps and the Greywack Zone also the log-normal Weibull
and logistic distribution are possible candidates, according to the Anderson-Darling test, with p-values of 0.35,
0.33 and 0.64 respectively.
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511 Duller (see n. 254, p. 56), p.

108-112.

512 R Core Team (see n. 288, p. 70).

513 Delignette-Muller/Dutang (see n. 289,

p. 70).

514 Duile (see n. 60, p. 15), p.

116-118.

516 Duile (see n. 60, p. 15), p.

116-118.

515 Bellosta (see n. 291, p. 70).

Accordingly one can conclude, that the debris ﬂow torrentiality in the Central Alps, as well as the Calcareous Alps and the Greywack Zone, are logistic distributed.

4, p. 12.

p. 59), Fig. 6, p. 418.

519 e.g. Radek Tichavský/Karel Ŝilhán/Radim

Tolasz: Origin, triggers and spatio-temporal
variability of debris ﬂows in high-gradient
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Earth and Environmental Sciences 9.3 (Aug.
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Analysis of coniferous forest ecosystems in
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series v. 14), Stroudsburg, Pa. : [New York]
1982; Swanston/Swanson (see n. 101, p. 21).

520 Edmonds (ed.) (see n. 519); K.M. Rood:

An aerial photograph inventory of the frequency and yield of mass wasting on the
Queen Charlotte Islands, British Columbia,
tech. rep. 34, British Columbia Ministry of
Forests, Dec. 1984; P.H. Morrison: Ecological
and geomorphological consequences of
mass movementsin the Alder Creek watershed and implications for forest land
management, B. Sc. thesis, Eugene, Oregon:
University of Oregon, 1975.

521 Edmonds (ed.) (see n. 519), Figure 8.4, p.

258.

522 Vazken Andréassian:

Waters and forests:
from historical controversy to scientiﬁc debate, en, in: Journal of Hydrology 291.1-2
(May 2004), pp. 1–27, Fig. 4, p. 10 and Fig.
10, p. 16.

523 Martin/Johnson/Chaikina (see n. 229,

p. 50).

524 Emily Procter et al.:

A regional reconstruction of debris-ﬂow activity in the Northern
Calcareous Alps, Austria, en, in: Geomorphology 132.1-2 (Sept. 2011), pp. 41–50.

525 Thomas Glade:

Linking debris-ﬂow hazard assessments with geomorphology, en,
in: Geomorphology 66.1-4 (Mar. 2005),
pp. 189–213.

526 Church/Miles (see n. 85, p. 18); Procter et al.

(see n. 524); Radek Tichavský/Karel Ŝilhán/
Radim Tolasz: Tree ring-based chronology of hydro-geomorphic processes as
a fundament for identiﬁcation of hydrometeorological triggers in the Hrubý Jesenı́k
Mountains (Central Europe), en, in: Science
of The Total Environment 579 (Feb. 2017),
pp. 1904–1917.

527 Efthymios I. Nikolopoulos et al.:

Impact of
uncertainty in rainfall estimation on the
identiﬁcation of rainfall thresholds for debris
ﬂow occurrence, en, in: Geomorphology 221
(Sept. 2014), pp. 286–297.

528 Church/Miles (see n. 85, p. 18), p.
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Necessary Deposition Volume to Change from Bedload to Debris Flow dominated Deposition
Probability of Bedload
and Debris Flow Deposition

517 Rimböck (see n. 255, p. 57), Abb.

518 Zimmermann/Romang/Mani (see n. 260,

[85.] Every torrent has a background rate of debris ﬂow and bedload occurrence depending on the basin area and
the mean channel slope. In small basins with steep channels debris ﬂows are more likely initiated even by
low magnitudes of triggering rainfall or similar source of runoﬀ, while large and gentle sloped basins need
high magnitudes of runoﬀ or extraordinary sources of initial volume to initiate a debris ﬂow. The occurrence
probability of the triggering magnitude determinates the probability of the system to change from bedload
dominated to debris ﬂow dominated runoﬀ517 .
The background rate or basic disposition518 , was quantiﬁed in section Discrimination of Dominant Processes, p. 25 using a Bayes classiﬁer with an assumed bivariate normal distribution of the natural logarithm of
the basin area and the square root of the channel slope. The torrentiality was modelled by a logistic distribution and for a deﬁned basin area, channel slope and volume the probability of the resulting decadic logarithm
of the torrentiality, as calculated by means of equation 16, being deposited by means of bedload transport or
debris ﬂow can be estimated by equation 19. Combining both classiﬁers results in the probability of a volume
being deposited by bedload transport or debris ﬂow, given the general ability of the basin, in terms of its area
and channel slope, to produce debris ﬂows. Hence the change point of the systems is modelled as a function
of the potentially deposited volume.
For a basin with an area of 7.5 km2 and a mean channel slope of 10°, solid line, and for a basin with
equal area but a signiﬁcantly steeper channel of 15°, dashed line, the probability of a distinct volume being
deposited as bedload or debris ﬂow is shown in the ﬁgure below.
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For the basin with a channel slope of 10° a volume of 12 000 m3 is necessary that the probability of deposition by debris ﬂow is exceeding the probability of deposition by means of bedload transport. An increase
of channel slope from 10° to 15° considerable lowers the necessary volume. On average a deposition volume
of 280 m3 is suﬃcient to change from bedload to debris ﬂow dominated transport.
Future research will provide the necessary observations to verify the calculated volumes. Nevertheless
behaves the calculation properly and as one would expect by theory, which is at least an indication of its
principal suitability.

[86.] Especially changes in forest cover due natural disturbances or harvesting, has a considerable eﬀect on the
frequency of torrential events519 .
Generally increases the number of events, if the forest cover is abruptly reduced. Several studies estimated the acceleration of debris ﬂow event rates due clear cutting520 , which reached from 5 times up to 43
times higher rates compared to pre-clear cutting conditions. The increase can be attributed to the stability
deterioration of the slopes and channel banks, and hence augmented erosion and mass wasting into channels,
due root decay521 .
Beside the control on erosion, inﬂuences the forest-cover the hydrological response of the torrent. As for
the sediment yield, also the discharge increases due removal of the forest stand522 .
[87.] Available sediment is a major factor controlling debris ﬂow occurrence in sedimentlimited basins like those of
the Haida Gwaii, British Columbia, Canada523 , the Gamperdonatal, Eastern Alps, Austria524 , or near the village
Bı́ldudalur, Iceland525 .
The low correlation between meteorological patterns and debris ﬂow occurrence on a watershed
scale526 and the high false alarm rates of precipitation thresholds based forecasts527 , further imply that
the occurrence of debris ﬂows is not controlled by meteorological conditions alone, although this could also
result from signiﬁcant undercatch of rainfall events, because “[e]vents rarely occur close to a rain gauge and
very local downpours may occur in the mountains”528 , hence are not measured by the existing raingauge
network529 .
The presence and absence of permafrost is another factor inﬂuencing the rate of debris ﬂows by controlling the amount of available debris for debris ﬂow initiation530 . The permafrost inﬂuenced Ritigraben in the
Swiss Alps, showed lower activity during the little Ice Age, with increasing activity in the ﬁrst decades of the
20th century. The lower event rates during the little Ice Age are attributed to the presence of permafrost and
snow fall instead of liquid precipitation events in the summer531 .

[88.] The supra-regional mean rate was estimated according to equation 66. The 95 % BCa conﬁdence interval532 ,
was estimated based on 2500 block bootstrap samples533 , respecting the time series nature of the obser-
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vations. To estimated the diﬀerence in event rates between the mountain groups the risk ratio according to
equation 67 was estimated for each group. Accordingly was the95 % BCa conﬁdence interval, estimated based
on 2500 block bootstrap samples.
[89.] The ﬁgure below shows the mean event rate per mountain group. The grey solid line is the supra-regional
mean event rate, while the dashed lines are the 95 % BCa conﬁdence interval534 . Signiﬁcant deviation from
the supra-regional mean rate is observed, if the error bars of the regional mean rates, also estimated on the
basins of 2500 block bootstrap samples, are not overlapping with the supra-regional mean rate. Mountain
groups with signiﬁcant higher event rates are shown in brown, signiﬁcant lower event rates are show in blue,
while insigniﬁcant event rates are shown in grey. Please note that the observations are ordered from highest
mean rate to lowest and that the rate is expressed in terms of 100 a, instead of yearly values.

529 see also Sonja Szymczak et al.:

Debris-ﬂow
activity and snow avalanches in a steep
watershed of the Valais Alps (Switzerland):
Dendrogeomorphic event reconstruction
and identiﬁcation of triggers, en, in: Geomorphology 116.1-2 (Mar. 2010), pp. 107–
114; Nikolopoulos et al. (see n. 84, p. 17);
Francesco Marra et al.: Radar rainfall estimation for the identiﬁcation of debris-ﬂow
occurrence thresholds, en, in: Journal of
Hydrology 519 (Nov. 2014), pp. 1607–1619.

530 Stoﬀel:

531 Ibid., p.

Magnitude? (see n. 29, p. 11), p. 74.
74.

532 Efron/Hastie (see n. 134, p. 27), equation

Event Rate as # per km2 and 100 a

(11.39), p. 192.

533 Ibid., p.
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Signiﬁcantly deviating from the supra-regional mean rate in terms of more frequent events are the
Lechquellen Mountains, Verwall, Rätikon, Kitzbühel Alps and the Prealps East of the Mur. Lower rates are
observed for the Allgäu Alps, Karwendel, Bavarian Prealps, Dachstein Mountains, Zillertal Alps, Mürzsteger
Alps, Ybbstal Alps, Seckau Tauern and the Karavanks and Pohorje, as shown in the ﬁgure blow.

DIFFERENCE IN MEAN EVENT RATE
Signiﬁcant Lower Mean Rate
Insigniﬁcant Diﬀerence
Signiﬁcant Higher Mean Rate

[90.] The event rates were compiled from scientiﬁc literature and technical publications. The main characteristics
are summarized in the table blow.
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534 Ibid., equation (11.39), p.
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192.

Location
USA
USA
CH
CAc
USAc
USAc
CA
USA
CH
CH
IT
CH
FR
CH
CH
CH
AT
CH
CZ
CH
KGZ
ATd
CH
CH
CH
CZ
IT
CHd
AT
AT
IT

Basins
1
1
1
2
2
2
11
1
1
2
11
2
1
1
1
1
1
1
2
1
1
1
1
1
1
1
1
1
1
1
1

Event Rate
Meana
Std.b
0.016
0.017
0.31
0.012
0.005
0.008
0.014
0.3
0.031
0.031
0.107
0.106
0.039
0.029
0.12
0.153
0.082
0.016
0.027
0.209
0.006
0.070
0.035
0.11
0.073
0.034
0.457
0.008
0.187
0.583
0.001

Main Lithology

Reference

sedimentary
ingenious
ingenious

0.009

0.11

0.004

ingenious
ingenious/sedimentary
sedimentary
metamorphic
sedimentary
metamorphic/sedimentary
ingenious/metamorphic
sedimentary
sedimentary
metamorphic
metamorphic
sedimentary
metamorphic
sedimentary
sedimentary
metamorphic
metamorphic
metamorphic
metamorphic
sedimentary
sedimentary
sedimentary
sedimentary
ingenious

May/Gresswell
Edmonds
Stoﬀel
Rood
Morrison
Swanston/Swanson
Martin/Johnson/Chaikina
Lancaster/Hayes/Grant
Sorg et al.
Szymczak et al.
Tiranti/Bonetto/Mandrone
Bollschweiler/Stoﬀel
Lopez Saez et al.
Arbellay/Stoﬀel/Bollschweiler
Bollschweiler/Stoel/Schneuwly
Bollschweiler/Stoﬀel/Schneuwly
Schraml et al.
Schneuwly-Bollschweiler/Corona/Stoﬀel
Tichavský/Ŝilhán/Tolasz
Stoﬀel et al.
Zaginaev/Canovas/Stoﬀel
Mayer et al.
Stoﬀel/Bollschweiler/Hassler
Stoﬀel/Bollschweiler
Bollschweiler et al.
Tichavský/Ŝilhán
Marchi/Arattano/Deganutti
Bollschweiler/Stoﬀel/Schläppy
Procter et al.
Procter et al.
Marchi/Cavalli

a given in # km−2 a−1 , b the standard deviation was estimated only if at least ﬁve observations were available,
c event rate for undisturbed conditions, event rates after clear cuts are 0.51, 0.044 and 0.036, d debris ﬂood
event rates, all others are debris ﬂow event rates.

[91.] The ﬁgure below illustrates the variety of hazard functions of Weibull, gamma and log-logistic distribution can
incorporate.
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The left panel are hazard functions resulting from the Weibull distribution, as for the gamma distribution
these hazard functions are strictly monotonically increasing. In contrast can the log-logistic distribution also
model non-monotonic hazard behaviour as shown in the right panel of the ﬁgure above.

[92.] The event histories were compiled from scientiﬁc and technical publications. The main characteristics are
summarized in the table below.
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Basin

Aksay
Bärenrüfe
Birchbach
Bruchji
Channels of the Meng
Entire catchment
Geisttrifzbach
Gratzentalbach
Grosse Grabe
Illgraben
Jelenı́ Potok
Kaserbach
Keprnický Potok
Klepáčský Potok
Manival
Meretschibach
Moscardob
Reuse de Saleinaz
Ritigraben
Rudohorský Potok
Shiveluch volcanoc
Torrent de la Fouly
Torrent de la Greﬀed
Torrent de Pétérey
Wildibach
Wildsee area

Location
KGZ
AT
CH
CH
AT
CZE
CH
AT
CH
CH
CZE
IT
CZE
CZE
FR
CH
IT
CH
CH
CZE
RUS
CH
CH
CH
CH
IT

Type

unlimited

Observations
26
18
52
43
31
24
14
37
51
14
13
14
13
20
35
19
14
40
123
26
41
32
20
26
52
12

unlimited
unlimited
limited
limited

unlimited
unlimited
unlimited
limited
limited
limited
limited

unlimited
unlimited
unlimited
unlimited
limited

unlimited
limited
unlimited
limited

Period
From
To

Repose Time in years
Mean
BCa-CIa

1877
1839
1752
1867
1839
1953
1919
1800
1782
1965
1953
1741
1921
1953
1889
1940
1991
1743
1570
1921
1798
1862
1792
1861
1623
1884

5.52
9.88
4.86
3.19
5.6
2.57
6.38
5.75
4.36
3.07
4.75
18.46
7.42
3
3.5
3.78
0.53
6.44
3.54
3.56
5.35
4.32
11.16
5.68
7.39
9.55

2016
2008
2001
2002
2008
2013
2003
2008
2001
2005
2011
1982
2011
2011
2009
2009
1998
1995
2003
2011
2012
1997
2005
2004
2001
1990

3.77
6.67
3.81
2.75
3.84
1.91
4.14
4.46
3.35
2.12
2.82
12.62
4.33
1.95
2.62
1.87
0.31
4.51
3.11
2.52
3.34
3.31
6.35
4.25
5.3
7.91

9.3
14.32
6.27
3.75
8.1
3.96
9.29
7.67
6.16
4.4
7.69
29.04
14.18
4.89
4.83
7.65
0.76
10.26
4.56
5.55
10.39
5.77
27.24
9.42
12.5
11.07

a the 95 % BCa conﬁdence interval of the repose times were estimated based on 2500 bootstrap samples535 ,
b is the only basin with event series based on continuous monitoring. The event series from the other basins
were derived by means of dendrochronology. c is a lahar event history and d is a debris ﬂood event history, all
others are debris ﬂow event histories.

Reference

Zaginaev/Canovas/Stoﬀel
Procter et al.
Bollschweiler/Stoﬀel
Bollschweiler/Stoﬀel
Procter et al.
Tichavský/Ŝilhán
Sorg et al.
Mayer et al.
Bollschweiler/Stoﬀel/Schneuwly
Arbellay/Stoﬀel/Bollschweiler
Tichavský/Ŝilhán/Tolasz
Strunk
Tichavský/Ŝilhán/Tolasz
Tichavský/Ŝilhán/Tolasz
Lopez Saez et al.
Szymczak et al.
Marchi/Arattano/Deganutti
Bollschweiler/Stoﬀel
Stoﬀel et al.
Tichavský/Ŝilhán/Tolasz
Salaorni et al.
Bollschweiler/Stoﬀel
Bollschweiler/Stoﬀel/Schläppy
Stoﬀel/Bollschweiler
Schneuwly-Bollschweiler/Corona/Stoﬀel
Strunk
535 Efron/Hastie (see n. 134, p. 27), equation

(11.39), p. 192.

[93.] Only basins with at least 10 events since the anticipated end of the Little Ice Age, 1850, were considered.
Each basin was classiﬁed into “debris ﬂow”, “bedload” or “ﬂood” dominated if at least 80 % of all observed
events were of one particular process type and basins with other process frequency structure were classiﬁed
as “mixed”. The ﬁgure below shows the distribution of the four event history types.

[94.] To estimate the repose times from the compiled event histories the event dates were ﬁrst transformed into
fractional years according to equation 68.
t i∗ = yi +

(∗)

ti

T (∗)

(68)

where t i∗ is the fractional year at which event i happened, yi is the year in which the event i happened, t i is
the Julian day, day of the year, at which the event i happened, and T (∗) is the total number of days in year yi .
The exact date of the events was seldom known for the event histories derived from literature. In most
cases only the year in which the event happened was available, as a major source of the literature derived
catalog were dendrochronological reconstructed event histories. But also for the torrential event catalog
some events had only yearly precision. In the case of yearly observation, the possible range of the event date,
was set to the whole year.
Beside yearly resolution also seasonal accuracy, inferred from the position of the growth disturbance
in the tree ring536 , was available. In this case the range were the event could happen was set to the 1st June
to the 15th July for growth disturbances in the earlywood and the 16th July to the 10th October for growth
disturbances in the late wood. These two periods were further divided into early earlywood, mid earlywood
and late earlywood ranging from the 1st to the 15th June, the 16th to the 30th June and the 1st to the 15th July.
The latter was divided into early and late latewood ranging from the 15th July to the 28th August and the 29th
to the 10th October537 . For observations with monthly accuracy the possible range of the event date was set
to the beginning and end of the month.
The repose times for exact dates were calculated according to equation 69.
(∗)

r i = t i∗ − t i∗−1

(69)

where r i is the repose time between event i and i − 1, t i∗ is the fractional year at which event i happened,
and t i∗−1 is the fractional year of the event before the event i . For event dates only available as intervals, the
possible longest r iu and shortest repose time r il , were calculated by according choice of the event dates by
means of equation 69.
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536 M. Stoﬀel et al.:

Seasonal timing of rockfall
activity on a forested slope at Täschgufer
(Swiss Alps) - a dendrochonological approach, in: Zeitschrift für Geomorphologie
49.1 (2005), pp. 89–106, p. 95-96.

537 Ibid., p.

96.

The resulting repose times dates were therefore essentially interval censored, and the estimation of
the repose time distribution had to take their censored nature into account. Maximum likelihood is a natural
choice in this cases, as it can easily incorporated censored data538 as shown by equation 70.

i Ö


Ö
Ö h

 Ö
L (θ) =
f (r i |θ) ∗
F r iu |θ − F r il |θ ∗
F r iu |θ ∗
(70)
1 − F r pi |θ
i ∈n

539 Papale (see n. 151, p. 33), p.

7-8.

i ∈n l ,r

i ∈n l

i ∈n r

where L (θ) is the likelihood function, θ are the parameter or parameters of the distribution, f is the density
function, F is the distribution function, n is the set of uncensored repose times, n l ,r is the set of interval
censored repose times, n l is the set of left censored repose times, n r is the set of right censored repose times,
r are exact repose times, r l are the lower and r u is the upper boundary of the repose times.
The principal suitability of the assumed distributions was tested by means of equation 71, which is a
Monte Carlo version of the Kolmogorov-Smirnov-Test539 .
p=

n

1Õ
i ∈ max Sˆi∗ (r ) − S (r ) ≥ max Sˆ (r ) − S (r )
n

(71)

i =1

540 Yong Wang/Stephen M. Taylor:

Eﬃcient
computation of nonparametric survival
functions via a hierarchical mixture formulation, en, in: Statistics and Computing 23.6
(Nov. 2013), pp. 713–725.

541 Kenneth P. Burnham/David Raymond Ander-

son/Kenneth P. Burnham: Model selection
and multimodel inference: a practical
information-theoretic approach, 2nd ed,
OCLC: ocm48557578, New York 2002, p. 61.

542 R Core Team (see n. 288, p. 70).

543 Delignette-Muller/Dutang (see n. 289,

p. 70).

544 Yong Wang:

npsurv: Nonparametric Survival
Analysis, 2017.

where p is the p-value of the hypothesis that the repose times are drawn from the tested distribution, n is the
number of Monte Carlo sample, which were set to 1000, Sˆi∗ (r ) is the empirical survival function estimated
from a random sample, of the same size as the tested event history, drawn from the assumed distribution,
with parameters found by maximizing equation 70 for the tested event history and Sˆ (r ) is the empirical
survival function of the tested event history estimated according to Wang/Taylor540 . All distributions with a
p-value larger than 0.05 were considered suitable.
The estimate the best suited distribution among all suitable distribution, the AIC541 was utilized. The
distribution with the lowest AIC, over all suitable distributions, was chosen as the best ﬁt .
The maximum likelihood estimation and the derivation of the AIC, were performed using the R542 package ﬁtdistrplus543 , where the estimation of empirical survival function was performed by the npsurv544
package.

[95.] For each basin the parameters of the exponential, Weibull and log-logistic distribution were estimated by
maximizing the likelihood according to equation 70, respecting the censored nature of the observations. The
suitability of the distributions was estimated by the Kolmogorov-Smirnov statistics based on 1000 Monte Carlo
samples according to equation 71, using a non parametric estimator of the empirical cumulative function for
interval censored data. The choice between the suitable candidate distribution was based on the minimum
AIC value. The resulting p-values, as well as the AIC-values for each event series, are listed in the table below.
Basin

Aksay
Bärenrüfe
Birchbach
Bruchji
Channels of the Meng
Entire catchment
Geisttrifzbach
Gratzentalbach
Grosse Grabe
Illgraben
Jelenı́ Potok
Kaserbach
Keprnický Potok
Klepáčský Potok
Manival
Meretschibach
Moscardo
Reuse de Saleinaz
Ritigraben
Rudohorský Potok
Shiveluch volcano
Torrent de la Fouly
Torrent de la Greﬀe
Torrent de Pétérey
Wildibach
Wildsee area

log-logistic

p-Value
Weibull

exponential

0.03
0.11
0.00
0.00
0.01
0.00
0.30
0.01
0.00
0.67
0.04
0.35
0.33
0.00
0.00
0.90
0.30
0.00
0.00
0.01
0.35
0.00
0.05
0.13
0.02
0.28

0.16
0.18
0.00
0.00
0.04
0.05
0.28
0.01
0.00
0.60
0.06
0.38
0.16
0.06
0.00
0.75
0.24
0.07
0.00
0.01
0.08
0.01
0.05
0.14
0.06
0.18

0.16
0.60
0.00
0.01
0.05
0.23
0.30
0.03
0.22
0.74
0.09
0.71
0.24
0.04
0.01
0.08
0.22
0.09
0.00
0.04
0.00
0.09
0.02
0.16
0.15
0.14

log-logistic

AIC
Weibull

exponential

92

106
90.9

104
90.4

62

59.4

123.6
58.4
58.1

65

62.6
48.6
49.5
59.3
56.8

49.1
57.3
143.2
17

143.1
12.8
126.7

183.4

191.6

94.2
105.3
43.2

136.6
62.6
46.6
48.7
57.4

145.6
11.7
124.8

111.4
110
121.8
41.3

109.7
122.7
58.4

Insigniﬁcant departure from the theoretical distribution deﬁned as p-values greater or equal to 0.05, are set
in bold, while signiﬁcant departure from the theoretical distribution is printed in grey. For each distribution,
where the p-value was greater than 0.05, the minimum AIC, and therefore the best ﬁt, is set in bold. For rows
completely set in grey none of the three distributions was a plausible candidate.
The maximum likelihood estimation and the derivation of the AIC, were performed using the R545 package ﬁtdistrplus546 .
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Falkner, Christian: Ötztaler Buch, German, in: Schlern-Schriften 229 (1963)
(cit. on pp. 85, 86).
Fan, Xuanmei et al.: What we have learned from the 2008 Wenchuan
Earthquake and its aftermath: A decade of research and challenges,
English, in: Engineering Geology 241 (July 2018), pp. 25–32 (cit. on
p. 81).
Finkelstein, Maxim: Failure rate modelling for reliability and risk, English
(Springer series in reliability engineering), OCLC: ocn268799966, London 2008 (cit. on pp. 38, 87).
Fischer, Andrea, Gernot Patzelt, and Hans Kinzl: Length changes of Austrian glaciers 1969-2016, eng, 2016 (cit. on p. 81).
Fliri, F.: Naturchronik von Tirol: Tirol, Oberpinzgau, Vorarlberg, Trentino :
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111, Wien, Österreich: Institut für Alpine Naturgefahren, Feb. 2008,
p. 17 (cit. on pp. 34, 35).
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Irmler, R., G. Daut, and R. Mäusbacher: A debris ﬂow calendar derived
from sediments of lake Lago di Braies (N. Italy), en, in: Geomorphology 77.1-2 (July 2006), pp. 69–78 (cit. on pp. 32, 57).
Iverson, Richard M.: The physics of debris ﬂows, en, in: Reviews of Geophysics 35.3 (Aug. 1997), pp. 245–296 (cit. on pp. 15, 17).
Iverson, Richard M., Mark E. Reid, and Richard G. LaHusen: Debris-ﬂow
Mobilization From Landslides, en, in: Annual Review of Earth and
Planetary Sciences 25.1 (May 1997), pp. 85–138 (cit. on pp. 12, 15, 16).
Jackson, Lionel E., Raymond Allan Kostaschuk, and Glen Michael Macdonald: Identiﬁcation of debris ﬂow hazard on alluvial fans in the Canadian Rocky Mountains, in: Reviews in Engineering Geology 7 (1987),
pp. 115–124 (cit. on pp. 25, 69).

References

124

Jacobeit, Jucundus et al.: Atmospheric circulation types and extreme
areal precipitation in southern central Europe, en, in: Advances in
Science and Research 14 (Apr. 2017), pp. 71–75 (cit. on p. 80).
Jakob, Matthias: Morphometric and Geotechnical Controls of Debris Flow
Frequency and Magnitude in Southwestern British Columbia, English,
PhD Thesis, Vancouver, B.C: University of British Columbia, Oct. 1996
(cit. on pp. 69, 105).
Jakob, Matthias, Michael Bovis, and Marian Oden: The signiﬁcance of
channel recharge rates for estimating debris-ﬂow magnitude and frequency, en, in: Earth Surface Processes and Landforms 30.6 (June
2005), pp. 755–766 (cit. on pp. 59, 107).
Jakob, Matthias and O. Hungr: Debris-ﬂow hazards and related phenomena, en, Berlin ; New York 2005 (cit. on pp. 10, 15, 18).
Jakob, M et al.: An unusually large debris ﬂow at Hummingbird Creek,
Mara Lake, British Columbia, en, in: Canadian Geotechnical Journal
37.5 (Oct. 2000), pp. 1109–1125 (cit. on p. 13).
Jammalamadaka, S. Rao and Ashis Sengupta: Topics in circular statistics,
en (Series on multivariate analysis v. 5), River Edge, N.J 2001 (cit. on
pp. 46, 47).
Johnson, Arvid M.: Physical processes in geology: a method for interpretation of natural phenomena; intrusions in igneous rocks, fractures,
and folds, ﬂow of debris and ice, San Francisco 1970 (cit. on pp. 10, 11,
66).
Johnson, C. G. et al.: Grain-size segregation and levee formation in geophysical mass ﬂows, en, in: Journal of Geophysical Research: Earth
Surface 117.F1 (Mar. 2012), n/a–n/a (cit. on p. 11).
Johnson, Peggy A., Richard H. McCuen, and Theodore V. Hromadka: Magnitude and frequency of debris ﬂows, en, in: Journal of Hydrology
123.1-2 (Feb. 1991), pp. 69–82 (cit. on pp. 50, 51).
Jomelli, V. et al.: Geomorphic Variations of Debris Flows and Recent Climatic Change in the French Alps, en, in: Climatic Change 64.1/2 (May
2004), pp. 77–102 (cit. on p. 21).
Jordan, Peter: Kemp Creek Fire, N70171 Post-Wildﬁre Risk Analysis, English, Technical Report, Nelson, BC: BC Ministry of Forests, Range:
Kootenay Lake Forest District, Southern Interior Forest Region, and
Southeast Fire Centre, Oct. 2007, p. 12 (cit. on p. 70).
Idem: Slocan Park Fire Number 50320 Post-Wildﬁre Risk Analysis, English,
Technical Report, Nelson, BC: BC Ministry of Forests, Range: Kootenay
Lake Forest District, Southern Interior Forest Region, and Southeast
Fire Centre, Sept. 2014, p. 8 (cit. on p. 70).
Kaitna, Roland et al.: Deucalion: Determining and Visualizing Impacts
of Greenhouse Climate Rainfall in Alpine Watersheds on Torrential
Disasters, Final Report, Vienna, Austria, 2014 (cit. on p. 82).
Karagiorgos, Konstantinos et al.: Integrated ﬂash ﬂood vulnerability assessment: Insights from East Attica, Greece, en, in: Journal of Hydrology 541 (Oct. 2016), pp. 553–562 (cit. on p. 4).

125

Karagiorgos, Konstantinos et al.: Micro-sized enterprises: vulnerability to
ﬂash ﬂoods, en, in: Natural Hazards 84.2 (Nov. 2016), pp. 1091–1107
(cit. on p. 4).
Katastrophenfondgesetz, German, 1966 (cit. on p. 78).
Kean, Jason W. et al.: Runoﬀ-generated debris ﬂows: Observations and
modeling of surge initiation, magnitude, and frequency, en, in: Journal of Geophysical Research: Earth Surface 118.4 (Dec. 2013), pp. 2190–
2207 (cit. on pp. 12, 15, 17).
Kilian, W, F Müller, and F Starlinger: Die forstlichen Wuchsgebiete Österreichs, de, tech. rep. 82, Forstliche Bundesversuchsanstalt, 1994,
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a b s t r a c t
Torrential hazards are omnipresent in the alpine regions, as it frequently causes damage to infrastructures. In
some cases, even people's lives are endangered. The classiﬁcation of these processes takes place according to factors like sediment concentration and ﬂow behaviour and ranges from ﬂuvial process types, including water
ﬂoods and ﬂuvial sediment transport processes, to ﬂuvial mass movements such as debris ﬂows. Following the
hypothesis of this study, a context exists between basic geomorphological disposition parameters and potential
dominant ﬂow process types in a steep headwater catchment.
Thus, examined catchments were selected based on a historical event documentation of torrential events in the
Austrian Alps. In total, 84 catchments could be analysed, and 11 different morphometric parameters were considered. To predict the dominant torrential process type within a catchment, a naive Bayes classiﬁer, a decision tree
model, and a multinomial regression model was trained against the compiled geomorphological disposition
parameters. All models as well as their combination were compared. Based on bootstrapping and complexity,
we present the classiﬁcation model with the lowest prediction error for our data that might help to identify
the most likely torrential process within a considered catchment.
© 2015 Published by Elsevier B.V.

1. Introduction
Torrential processes are part of living in mountainous regions. Event
documentations show that ﬂoods, ﬂuvial sediment transports or debrisﬂow-like processes can endanger mankind and human achievements at
all times. Such hazardous events differ in transport mechanism, sediment concentration and density as well as in grain sizes (Costa, 1984;
Phillips and Davies, 1991; Anderson and Anderson, 2010). They further
show diverse response to rainfall or other triggering events and to the
disposition conditions within the catchment (e.g. Berti et al., 2000;
Stoffel et al., 2005; Guthrie, 2009; Johnson et al., 2008). For this reason
hazard assessment of torrential processes is a complex task and needs
fundamental knowledge about the effective process type within a
catchment, especially if the dominant transported medium differs
from pure water ﬂow. This contribution will help to identify the most
likely torrential process within a considered catchment, supporting
the hazard assessment in ﬁnding accurate tools for delineating endangered areas or the design of mitigation measurements in an early
stage of planning.
In practice, torrential process types are often classiﬁed on the basis of
geomorphologic expertise (e.g. Costa, 1988; Hübl et al., 2002). Several
publications compared debris ﬂow and ﬂuvial catchments by morphometric analysis for mountainous regions in Europe, Canada, and New
Zealand (e.g. Marchi et al., 1993; Wilford et al., 2004; Rowbotham
⁎ Corresponding author.
E-mail address: christian.scheidl@boku.ac.at (C. Scheidl).
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et al., 2005; de Scally et al., 2010; Welsh and Davies, 2011). To distinguish torrential processes, the relationship between Melton's ruggedness number (Melton, 1957) and the alluvial fan gradient has ﬁrst
been stated by Melton (1965) and (Church and Mark (1980).
Kostaschuk et al. (1986) as well as (Jackson et al. (1987) identiﬁed debris ﬂows by Melton's ruggedness and fan slope in the Canadian
Rocky Mountains. Threshold lines for different torrential process types
were stated by Marchi and Brochot (2000) and Bardou (2002) and
Berti and Simoni (2007) and applied by Scheidl and Rickenmann
(2010) for events in the Austrian and Swiss Alps. Bertrand et al.
(2013) recently compiled data sets from 620 catchments to predict ﬂuvial and debris ﬂow response for the above-mentioned regions by
analysing Melton's ruggedness number and channel or fan slope.
In this study we classify torrential processes based on geomorphological parameters. We distinguish between pure water processes
(WFL), ﬂuvial sediment transport processes (FST), and debris ﬂow processes (DBF). In general, water ﬂoods (WFL) show higher runoff than on
average, involving only suspended load. Contrary, ﬂuvial sediment
transport processes (FST) may have a volumetric sediment concentration of up to 20% (ONR-24800, 2009). The term debris ﬂow (DBF) refers
to the classiﬁcation proposed by Hungr et al. (2014), deﬁning debris
ﬂow as a very rapid to extremely rapid surging ﬂow of saturated debris
in a steep channel with strong entrainment of material and water from
the ﬂow path.
A database of torrential events in Austria (Hübl et al., 2008c) is used
to sample prototypical catchments for all deﬁned process types (WFL,
FST, and DBF). Based on catchment-scale morphometrics, we determine
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several parameters that (i) might control the range of torrential
ﬂow characteristics and (ii) describe only the basic disposition in
order to ensure the comparability and resist short-time changes of an
environment—not susceptible to short-term variations. Here, we focus
on dynamic entities with corresponding periods of about 102 years, deﬁned by Schumm and Lichty (1965) as a graded time scale. Knighton
(1998) noticed that over the intermediate or graded time scale and
corresponding to that mean state, equilibrium channel forms may be
expected to develop, adjusted to average discharge of water and sediment delivered from the upstream catchment, and dependent on the
valley characteristics inherited from a longer time period.
The compiled parameters are further related to relief and shapedependent catchment factors, showing their relevance for the dominant
process type identiﬁcation. By using a naive Bayes classiﬁer, decision
tree analyses and a multinomial regression approach for the reliefrelated, shape-related, and whole parameter set, we train multiple
classiﬁer models to predict the dominant process type. Based on
bootstrapping and complexity of the resulting models, we ﬁnally
present the classiﬁcation model with the lowest prediction error for
our data.

index can be used as an indicator of the local variability of the elevation
and slope and allows us to distinguish different channel-bed morphologies such as rifﬂe–pool and step-pool reaches—the latter typically
formed by sediment transport processes.
2.2. Parameters related to catchment shape
The selected parameters for this study, related to catchment shape,
include parameters describing the channel system of a catchment, the
sediment connectivity, and the catchment form. Here, we considered
the weighted bifurcation ratio (wBr) proposed by Strahler (1953) as a
representation of the density of streams per unit area.
The sediment connectivity index (IC), ﬁrst described by (Borselli
et al., 2008), acts as an indicator for the sediment transfer at catchment
scale. The IC-value applied in this study was proposed by Cavalli et al.
(2013) and has been proved to be very promising for the characterization of sediment dynamics in the complex morphological settings of
Alpine headwaters.
Parameters addressing the catchment form are the circularity ratio
(Cr) (Miller, 1953), elongation ratio (Er) (Schumm, 1956), and form
factor (Ff) (Horton, 1932).

2. Morphometric parameters
3. Methods
To determine the dominant ﬂow process types for steep headwater
catchments (WFL, FST, DBF), we analysed morphometric parameters
that are contingently connected to ﬂowing. The used parameters,
which are related to the basic disposition, are characterised by the
slope and form–roughness of a torrential catchment, reasonably
inﬂuencing torrential ﬂowing processes. Hassan et al. (2005) stated
that sediment transport regime in steep headwater catchments is dominated by episodic sediment supply from adjacent slopes rather than the
hydraulic conditions. For this reason we further considered sediment
connectivity and a parameter describing the channel-bed morphology.
The basic sample for this study consists of 11 morphometric parameters,
either based on relief gradients (reﬂecting the slope inﬂuence within a
catchment) or on catchment shape (reﬂecting the form–roughness).
All parameters meet the requirements of being metric and
dimensionless.
2.1. Parameters related to relief gradients
Relief classiﬁed parameters, used in this study, are the average channel slope (S), the Melton ratio (Mr) (Melton, 1957), the ruggedness
number (Rn) (Strahler, 1952), the relief ratio (Rr) (Schumm, 1954),
and the elevation relief ratio (Err) (Wood and Snell, 1960). To characterise the channel bed morphology we also applied a roughness index (RI)
proposed by (Cavalli et al., 2008).
The relationship between S and torrential processes is evidenced by
several studies (e.g. Jakob, 1996; Marchi and D'Agostino, 2004; Scheidl
and Rickenmann, 2010). The Melton ratio has been used to differentiate
between process types by drawing it against the average fan slope (e.g.
Marchi and Brochot, 2000; Bardou, 2002; Berti and Simoni, 2007;
Scheidl and Rickenmann, 2010). The ruggedness number speciﬁes the
dynamics of basin evolution and has already been used to differentiate
process types in mountain torrents (Church and Mark, 1980). High
ruggedness numbers occur in mountain catchments with debris ﬂow
response, small values indicate ﬂuvial process types (Slaymaker,
2010). The relief ratio increases for smaller catchments with higher
relief. Schumm (1954) examined 35 drainage basins with different
lithology in the U.S. and stated a relationship between annual sediment
loss per unit area and relief ratio, where loss exponentially increased
with increasing relief ratio. Evans (1972) used the elevation relief
ratio to describe the degree of landscape dissection. Pike and Wilson
(1971) showed that the elevation relief ratio equals the hypsometric integral, which can be related to catchment form and process (Schumm,
1956; Strahler, 1964). Cavalli et al. (2008) reported that the roughness

The modelling procedure for this study consists of data acquisition,
pre-processing of the data, ﬁtting four different classiﬁcation models,
and measuring their performance via bootstrapping. The model based
on the best performance measures is ﬁnally selected. A detailed overview of the modelling procedure is given in Fig. 1.
3.1. Collection of prototypical catchments
The sampling of catchments, assigned to the deﬁned process types, is
based on a historical event documentation of all recorded events in
Austria (Hübl et al., 2008c). It contains records from the Austrian
Torrent and Avalanche Control Service and includes also the Brixner
Chronicle, which is a handwritten manuscript dealing with ﬂoods and
torrential devastations, landslides, debris ﬂows, and rockfalls in Tyrol
and Vorarlberg up to 1891. Detailed information about data acquisition
of the used event database can be found in Hübl et al. (2008a), Hübl
et al. (2008b), Hübl et al. (2008c), and Hübl et al. (2011). For this
study we only considered events recorded from 1900 to the most recent
entry, dated from 2013.
We identiﬁed those catchments showing the highest number of
identical process types for the considered period. The criterion to assign
a certain catchment to a deﬁned process type (WFL or FST or DBF) was
based on a frequency analysis as a result of two assumptions. First, we
selected only catchments where at least one of the deﬁned process
types has a minimum annual mean occurrence probability of 0.1. This
means that we only counted catchments with high event-frequencies
of one of the deﬁned process types. And second, 80% of all recorded
events within a catchment needed to be of the same process type. This
second assumption eliminated intermediate catchments, showing
more than one of the deﬁned process types—where a clear assignment
is not possible. Based on this methodology, 42 catchments were
assigned to the process water ﬂood (WFL), 17 to ﬂuvial sediment transport (FST), and 25 to debris ﬂow (DBF). Fig. 2 shows an overview of the
assigned torrential-catchments to a deﬁned process type across Austria.
3.2. Determination of morphometric parameters
All 11 morphometric parameters were determined for each of the 84
catchments based on a GIS analysis (ESRI). The delineation of the catchments, the channel segments as well as values for area and elevation
originate from a digital elevation model (DEM) with a resolution of
5 × 5 m. All streams, including intermittent ones, were analysed; and
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Fig. 1. Flowchart of the modelling procedure. The upper box describes how the performance measures are generated. The lower box describes the selection of the ﬁnal model.

the channel slope (S) is determined along the conﬁned reach from the
apex of the fan to the uppermost channelized stream point on the topographic map. As far as the basin length is concerned, the distance from
the mouth of the basin to the farthest point on the perimeter
(Gardiner and Park, 1978) was applied. For the calculation of Melton's
ruggedness number (Mr), the catchment area could not be divided
into accumulation and deposition zones because the data basis does
not allow a detailed demarcation and because of the fact that some
fans are overlapping with neighbouring catchments or lowland rivers.

In order to have consistent data for all catchments, the whole area is
therefore used for the estimation of the Melton number. The sediment
connectivity index (IC), ﬁrst described by Borselli et al. (2008), is deﬁned as the ratio of an upslope (Dup) and downslope component (Ddn)
of sediment connectivity. Here, Dup is a function of a weighting factor
(W; with W = RI), the upslope contribution area, and its average
slope gradient. The downslope component Ddn is a function of W, the
ﬂow path length, and slope gradient according to the deepest downslope direction. The lower limit of the weighting factor (W) was set to

Fig. 2. Spatial overview of the assigned torrential catchments to a deﬁned process type.
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0.001. Detailed information on how to calculate Dup and Ddn can be
found in Borselli et al. (2008) and Cavalli et al. (2013). The roughness
index (RI) is based on a local measure of topographic surface roughness
as proposed by (Cavalli et al., 2008), by using a 5 × 5 cell moving window to gain the residual topography. The roughness index equals the
weighting factor (W) necessary to calculate the sediment connectivity
index (IC).

3.4. Classiﬁcation models

3.3. Data preprocessing

�
�
�
� pð jÞp x1 ; …; xp j j
�
�
:
p Y i ¼ j j x1 ; …; xp ¼
p x1 ; …; xp

The most important step in preprocessing the data was the detection
of predictive variables with a high degree of correlation respectively
multicollinearity. Multicollinearity is not always a problem, i.e., in
speciﬁc circumstances as in interpolation (Harrell, 2001); but in our
case building a model on highly correlated predictive variables will
lead to an inﬂation of the variance of regression parameters and hence
to a, maybe wrong identiﬁcation of important predictors (Dobson,
1990). Also the generalization of a model can be a problem when
multicollinearity is not addressed (Meloun et al., 2002). Especially for
models that are based on the least square method, multicollinearity
not only leads to unstable results (small changes in the data lead to
high changes in the estimated parameters) that make parameter interpretation difﬁcult but also can prevent the algorithm to converge
(Dobson, 1990). Even in machine learning algorithms like decision
trees, multicollinear variables lead to models that are sensitive to slight
changes in the data hence leading to the same problems as previously
described by Hastie et al. (2009).
Fig. 3 shows the correlation matrix of the basic parameter sample for
this study. Strong correlations among the relief-related parameters can
be seen, inducing multicollinearity between the predictor variables and
severely violating the assumption of independence between the predictive variables. To overcome the problem of multicollinearity, we
removed parameters with a correlation coefﬁcient N 0.7 as proposed
by Dormann et al. (2013). The ﬁnal data set DðallÞ consists therefore of
the parameters Mr, Err, RI, wBr, Er, and Cr.
For model ﬁtting purposes, DðallÞ was further grouped into two
subdata sets: one consisting only of the relief-related parameters Mr,
�
�
Err, and RI DðRÞ , and the second consisting only of the shape-related
�
�
parameters wBr, Er, and Cr DðSÞ .

We applied a naive Bayes classiﬁer, a multinomial logistic regression,
a decision tree approach, and a combination of all three models by
majority voting to predict the dominant ﬂow process based on all data
�
�
sets DðallÞ ; DðRÞ ; DðSÞ .
The naive Bayes classiﬁer is based on the Bayes' theorem, which is
shown in Eq. (1) already in a classiﬁcation context:

ð1Þ

The term naive refers to the assumption that all prediction variables
are conditionally independent (Eq. 2),
pðxi j j; x1 ; …; xn−1 Þ ¼ pðxi j jÞ

ð2Þ

which results in the ﬁnal model, shown in Eq. (3):
�
�
p
p Y i ¼ j j x1 ; …; xp ¼ pð jÞ∏ pðxi j jÞ:
i¼1

ð3Þ

The class with the highest posterior probability is the assigned class
for a given vector of predictive variables. For this study we model the
likelihood distribution of the predictive variables with a kernel density
estimation.
The multinomial logistic regression is the generalization of the logistic regression to a problem with more than two classes (Dobson, 1990).
It predicts the probability of a class based on a set of predictive variables
that may be of an arbitrary scale. After choosing the ﬁrst class as the reference category, k − 1 logit equations are ﬁtted to the data, where k is
the number of classes (Eq. 4):
� �
� �
pj
¼ xβ j ; j ¼ 1; …; k:
logit p j ¼ log
p1

ð4Þ

Here, pj is the probability of class j; βj is the vector of regression coefﬁcients for the class j; and x = [x1, …, xp] is the row vector of predictive variables. After ﬁnding the parameter estimates for βj, which is
typically done by maximum likelihood estimation and with the help
of the relation p1 + … + pk = 1, we obtain the ﬁnal equation for the
probability of class j (Eq. 5) with x the predictive variables:
�
�
exp xβ j
�
�
pj ¼
Xk
1þ
exp xβ j :
j¼2

ð5Þ

The probability for the reference based on x is given with
p1 ¼

Fig. 3. Correlation matrix of the used data set. Parameters with an absolute correlation
coefﬁcient N 0.7 were not used for further analysis.

1þ

Xk

1

j¼2

�
�
exp xβ j :

ð6Þ

The third model, applied in this study, is a decision tree as described
in Breiman et al. (1984). The CART (Classiﬁcation and Regression Trees)
algorithm builds a binary tree that splits the data set into subsets depending on the value of a predictive variable xi. These splits are called
nodes and are repeated till we end up on a so-called leaf node, which is
the ﬁnal prediction. A decision tree can be seen as a series of if–then
rules, starting at the root of the tree and ending at a leaf or terminal
node. The split at every node is done by maximizing the information
(e.g., information gain) or the purity (e.g., Gini impurity) that is accomplished with a certain value of a certain predictive variable—in other
words, choosing the variable that best distinguishes the observation
on the dependent variable. This procedure is repeated for every subset
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introduced by the former split and stops when no further improvement
of the information or purity is accomplished.
Finally we also tested a combination of all three models described so
far. The idea is that a given algorithm is better suited for a speciﬁc subset
of problems than all others and that a combination of these algorithms
should increase the predictive accuracy (Kuncheva, 2004). There are a
lot of different approaches how classiﬁers can be combined in general
(Xu et al., 1992). For simplicity we used a majority vote approach,
which is a combination based on the discrete output of all classiﬁers.
The assigned class is simply the most frequent class provided by each
classiﬁer.

based on all four classiﬁcation models and DðallÞ ; DðRÞ , as well as DðSÞ –
with observed process types. The values of the matrix reﬂect the absolute frequency of predictions based on 100 random samples (with replacement) of the same process type. The best classiﬁcation model can
then be identiﬁed by the highest prediction values, speciﬁed from a
brighter background colour, of the principal diagonal of each matrix.
Fig. 5 indicates that, independent from the preprocessed data sets, all
classiﬁcation models are good predictors for water-ﬂood and debrisﬂow-dominated catchments. The difference of predicted ﬂuvial sediment processes (FST) to the other deﬁned processes (WFL, DBF) is
nonsatisfying and is lowest for the decision tree model considering

4. Results

DðallÞ .

4.1. Inﬂuence of morphometric parameters among process types
Fig. 4 gives an overview of the basic parameter sample, grouped by
the deﬁned process types. For comparability reasons, all parameters
have been normalized in relation to their range.
Besides the parameter Err, all relief-related parameters show on average the maximum values for DBF process types and differ signiﬁcantly
from FST and WFL process types. A higher offset between FST and WFL
process types can only be supposed for the mean values of the RI parameter. However, the elongation relief ratio Err is the only parameter that
signiﬁcantly differs catchments, characterised by ﬂuvial sediment transport processes (FST), from DBF and WFL process-type dominated
catchments.
The boxplots in Fig. 4 show that the minimum values of catchment
shape-related parameters seem to be more associated with debris
ﬂow process types (DBF). An exception here is the IC parameter that displays, similar to the relief-related parameters, higher values for DBF
catchments and a higher offset of its mean values from FST and from
WFL process types.
4.2. Results of the modelling procedure
All four models discussed in the previous sections were ﬁtted to the
�
�
DðallÞ ; DðRÞ ; DðSÞ using the R environment (R. Core

three data sets

Team, 2014). The model's performance is shown by the confusion
matrix in Fig. 5 evaluated with bootstrap resampling (Efron and
Tibshirani, 1994). It compares predicted numbers of process types –

4.3. Final classiﬁcation model
For the identiﬁcation of the ﬁnal classiﬁcation model, we performed
four measures to estimate the feature prediction error on unseen data of
the models. The performance measures are an overall classiﬁcation
error (Eall), the misclassiﬁcation rate of WFL (EWFL), the misclassiﬁcation
rate of FST (EFST), and the misclassiﬁcation rate of DBF (EDBF). The selection of the ﬁnal model is then based on the most balanced solution –
i.e., the model with the minimum Euclidean distance to the perfect
model (Schoups et al., 2005) – and the complexity of the model itself.
For the calculation of the distance to the perfect model, we used
Eq. (7) with the value of all four performance measures for the perfect
model being 0, i.e., the model makes no mistakes in predicting the
dominant ﬂow process:
D¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
�
�
ðEall Þ2 þ ðEW FL Þ2 þ ðE FST Þ2 þ ðEDB F Þ2 :

ð7Þ

After calculating D for every model and data set, we rank the models
according to their distance giving the lowest rank for the model that has
the lowest distance to the perfect model. To penalize the model
complexity, we further ranked the models as follows: ﬁrst decision
tree, second naive Bayes, third multinomial logistic regression, and
fourth the combination of all models. The ﬁnal rank is then calculated
as the arithmetic mean of the distance rank and complexity rank.
Table 1 shows an overview of the distance and ﬁnal rank for all models
and database applied in this study.
5. Discussion
5.1. Geomorphometric parameters

Fig. 4. Boxplot of min–max normalized morphometric parameters grouped by process
types.

In general, all parameters show plausible values for the assigned
process types. As expected the relief-related morphometric parameters
suggest that more relief energy is needed to trigger debris ﬂow process
types. The difference between ﬂuvial sediment transport and water
ﬂood processes cannot solely be explained by the relief condition of
the considered catchment.
The shape-related parameters Cr, Ff, and Er describe to some extent
the circularity of the catchment. For all three parameters, debris-ﬂowrelated catchments seem to be more elongated compared to the catchments of ﬂuvial sediment and water ﬂood processes. Sediment connectivity was considered by analysing the IC value, which shows a strong
correlation to the Melton number (Mr). Fig. 7 indicates a power law
relationship between IC and Mr values.
This implies that sediment connectivity for our compiled catchments can, to some amount, even be explained by the Melton number.
The elevation relief ratio (Err) is the only parameter that differs
signiﬁcantly for the FST process type. As suggested by the ﬁnal classiﬁcation model, the probability of an FST catchment increases with decreasing Err values. Because the Err parameter equals the hypsometric
integral (Pike and Wilson, 1971), we can interpret Err as the area
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Fig. 5. Confusion matrix, comparing observed dominant ﬂow process from predicted ﬂow processes—based on the used classiﬁer models and bootstrapping technique.

beneath the hypsometric curve. Hypsometric curves for all analysed
catchments grouped by process types can be seen in Fig. 8.
Analysed catchments, dominated by WFL process types, seem to be
in a mature equilibrium state (Strahler, 1964), e.g.; whereas the group
of DBF process types reﬂects more the young stage, indicated by a convex shape of the hypsometric curves. This seems plausible and correlates with the higher relief energy assumption described above.
However, the hypsometric curves of the analysed catchments dominated by FST process types show in general a more concave shape in

Table 1
Ranking of the models for the error distance and ﬁnal selectiona.
Model
Decision tree

Naive Bayes

Multinom. log. regression

Database

a

Final rank

1

1

2

2

DðSÞ

9

4

DðallÞ

4

3

D ð RÞ

8

5

DðSÞ

11

9

DðallÞ

5

6

6

7

DðSÞ

12

10

D ð RÞ

D

D ð RÞ
Combination

Distance rank

D ð RÞ

ðallÞ

DðallÞ

3

8

7

12

DðSÞ

10

12

The rank of the distance is based on the average distance–values calculated for all
classiﬁcation models and three data sets based on Eq. (7). The ﬁnal rank is based on
the arithmetic mean of the distance rank and complexity rank. The latter is deﬁned
with 1 for the decision tree, 2 for the naive Bayes, 3 for the multinomial logistic regression, and 4 for the combination of all models. Here, the decision tree model
trained against DðallÞ showed the best performance. Fig. 6 illustrates the ﬁnal model,
which consists of the Melton parameter (Mr) and elongation relief ratio (Err) as leaf
nodes in order to classify catchments prone to debris ﬂow process types (DBF), ﬂuvial
sediment transport processes (FST), or water ﬂoods (WFL).

relation to the 1:1 line (where the aspect ratio between relative
elevation and relative area is 1). If we assume the change of slope of
the hypsometric curve as an indicator for the change of potential energy
within a catchment, we can hypothesise that the loss of potential energy
within a debris-ﬂow-dominated catchment might happen over a
shorter distance near the end of the catchment, whereas loss of
potential energy is highest in the upstream sections and stays more or
less constant over a longer distance downstream for FST catchments.
The regime of the potential energy seems then to be balanced for the
WFL-dominated catchments.
The weighted bifurcation ratios compiled for this study are very low
compared to the literature. However, high wBr-values reﬂect fully developed stream networks that might justify the low wBr-values for
debris-ﬂow-dominated catchments. Otherwise the highest wBr-values
have been detected for ﬂuvial sediment types, implying those catchments to be in a more mature equilibrium stage.

Fig. 6. The decision tree method trained against DðallÞ .
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Fig. 7. Scatter-plot of IC values versus Mr values for all catchments analysed in this study.

5.2. Final classiﬁcation model
We propose the decision tree model, as illustrated in Fig. 6, as the
ﬁnal model to predict the dominant torrential process type within
steep headwater catchments. This model is very simple to apply and is
based on two geomorphometric parameters to distinguish between
water-ﬂow, ﬂuvial-sediment and debris ﬂow processes.
The Melton ratio (Mr) seems to be a very strong predictor for catchments, dominated by debris ﬂow processes. The threshold value of the
Melton ratio of the ﬁnal classiﬁcation model equals 0.69. This is within
the range of threshold values reported by other studies. Bertrand et al.
(2013) found an average Mr-value of 0.79 (without specifying any
standard deviation) based on 620 catchments from the literature to
distinguish debris ﬂow processes. Marchi et al. (1993) reported Mrvalues between 0.49 and 1.74 of studied basins showing debris-ﬂow
dominated fan types. An average threshold value of the Melton ratio
for debris-ﬂow-dominated fans of the Southern Alps of New Zealand
equals 0.94 (± 0.35) (de Scally et al., 2010). Based on the data of 106
debris ﬂow events from Austria, Switzerland, and South Tyrol, used for
the study of Scheidl and Rickenmann (2010), an average Mr-value of
1.17 (± 0.64) was calculated. Compared to the proposed values of the
above-mentioned studies, the Melton threshold value of the ﬁnal classiﬁcation model seems to reﬂect a lower limit to distinguish typical debris
ﬂow catchments.
The elevation relief ratio (Err) acts as a threshold to delineate ﬂuvial
sediment transport processes (FST) from water ﬂood processes (WFL).
The value proposed by the ﬁnal classiﬁcation model equals 0.37, whereas lower values are attributed to FST process-dominated catchments.
Pike and Wilson (1971) reported that Err values usually range from
0.15 to 0.85, with values tending to cluster between 0.40 and 0.60. The
threshold value of the ﬁnal classiﬁcation model is close to the lower
limit of the proposed cluster-range. Pike and Wilson (1971) further described low Err values as occurring in terrains characterised by isolated
relief features standing above extensive level surfaces, whereas high Err
values described broad, somewhat level surfaces broken by occasional
depressions. Rowberry (2008) used the elevation–relief ratio to constrain the horizontal and vertical extents of subhorizontal denudation
surfaces in Wales, United Kingdom. He found that the lowest elevation–relief ratio values are associated with the valley lowland relief regions—especially notable in valleys that have been deeply incised
below the general topographic surface. However, the argumentation
that catchments with low Err values tend to be more dominated by

Fig. 8. (a) Hypsometric curves for all WFL-dominated catchments. (b) Hypsometric curves
for all FST-dominated catchments. (c) Hypsometric curves for all DBF-dominated
catchments. The straight line refers to an aspect ratio of one between relative elevation
and relative area.

ﬂuvial sediment transport processes is not trivial and needs further
research.

5.3. Process type identiﬁcation with the ﬁnal classiﬁcation model against an
independent event data set
To test the ﬁnal classiﬁcation model against independent data, some
events documented recently (last 10 years) are considered. Fig. 9 shows
the confusion matrix of the predicted number of process types, estimated for each catchment of the independent data set. The ﬁnal classiﬁcation model classiﬁed ﬁve of seven catchments correctly.
Like for the bootstrapping method, the prediction seems to be quite
accurate in classifying debris ﬂow processes (DBF). Both debris ﬂow
catchments are correctly assigned. In the case of the independent data
set water ﬂood process types (WFL) also have been correctly classiﬁed,
although the confusion matrix shows one of the lowest prediction
values for WFL regarding the ﬁnal classiﬁcation model (decision tree
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Fig. 9. Process type identiﬁcation with the ﬁnal classiﬁcation model against an independent
event data set.

based on DðallÞ ). However, no clear classiﬁcation results were achieved
for ﬂuvial sediment transport processes. Only the one catchment
could be correctly predicted as a ﬂuvial sediment transport process.
The dominant process types within the other two catchments were
predicted as water ﬂood processes (WFL) instead of ﬂuvial sediment
transport processes (FST).
Here, the classiﬁcation might have failed in the documentation process as well. The distinction between small sediment transport rates and
pure water ﬂoods with suspended load is not always clear. Further, the
assignment to a certain process type does not mean that only this
process type occurs in the regarding catchment.
6. Conclusion
This study conﬁrms the ability of topographical gradients to differentiate between ﬂuvial processes and debris-ﬂow-like processes. The
proposed classiﬁcation model shows that the Melton number is a strong
predictor to identify debris-ﬂow-dominated catchments. The shaperelated parameters show, in general, lower prediction quality compared
to the relief-related parameters. Here we note that many parameters
proposed by literature are based on relationships of different catchment
morphometrics with similar meanings. An explicit differentiation
between water ﬂood and sediment transport processes can only be explained by the elevation relief ratio and sediment connectivity; whereas
channel roughness seems not to be an issue at this level of detail. Although the inﬂuence of the elevation relief ratio of a catchment, regarding ﬂuvial sediment transport, needs further research, the proposed
classiﬁcation model is easy to apply and might be used to support the
identiﬁcation of a potential dominant hazardous process in a steep
headwater catchment. However, more independent data is needed for
further evaluations of the proposed classiﬁcation model.
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Abstract The simulation of geophysical mass flows, including debris flows, rock and snow avalanches, has become
an important tool in engineering hazard assessment. Especially the runout and deposition behaviour of observed and
expected mass flows are of interest. When being confronted
with the evaluation of model performance and sensitivity,
there are no standard, objective approaches. In this contribution, we review methods that have been used in literature
and outline a new approach to quantitatively compare 2D
simulations of observed and simulated deposition pattern.
Our proposed method is based on the comparison of normalized partial areas which can be plotted in a ternary diagram to visualize the degree of over- and under-estimation.
Results can be summed up by a single metric between -1
(no fit) and 1 (perfect fit). This study shall help developers and end-users of simulation models to better understand
model behaviour and provides a possibility for comparison
of model results, independent of simulation platform and
type of mass flow.
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1 Introduction
In mountainous regions with a high density of population,
people meet a challenge to find an accurate balance between
the imminence of natural hazards and the progress in spatial developments. Thus, a detailed delineation of potentially endangered areas becomes increasingly important for
regional and urban planning and various countries published
guidelines or recommendations. For example, guidelines of
Austria1 , Southtyrol2 , Slovenia3 and Switzerland4 require
process-related information about, e.g. the pressure, flow
depth or flow velocity or deposition depth for different
return periods to delineate areas into different hazard zones.
This information is normally not available from in situ measurements, and one can only be inferred with the use of
simulation models.
In contrast to a forward simulation where constitutive
parameters θ are known and the outcome ω̂ is of interest (θ −→ Model −→ ω̂), most event simulations of
mass movement processes are conducted as inverse problems where the reference ω but not the model parameters
θ̂ are known (θ̂ ←− Model ←− ω). The objective of
inverse modelling is to find model parameters θ̂ which are
able to reproduce the known results or reference of the system under consideration. Back calculation, sometimes also
denoted as back analysis, calibration or reverse modelling is
essentially the same. By calibrating the model parameter(s)
θ̂, the event which is described by reference variables like
1 BMLFUW-LE.3.3.3/0185-IV/5/2007,

4th February, 2011
n. 2 al B.U. n. 35/I-II, 26th August,2008
3 e.g. Article 83,Waters Act ZV-1, 12th July, 2002
4 721.100 Federal law on Hydraulic, 1st January, 2011 and
921.0 Federal law on Forest, 1st Juli, 2013
2 Supplemento
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run out distance, deposition distribution or flow velocity,
should be reproduced so that the model outcome ω̂ is close
to the reference ω. This approach allows to simulate outcome variables like pressure, velocity or flow depth which
were not observed or measured.
This contribution focuses on the evaluation of 2D
simulation of gravitational mass movements like debris
avalanches, debris flows, lahars, rock(/-ice) avalanches,
rockslides, and snow avalanches. The prerequisite conditions for all these geophysical mass flows include an abundant source of material (snow, ice, rock or loose debris),
steep slopes and a trigger.
Owned to the complexity of such gravitational mass movements, existing simulation models may be divided into
empirical-statistical and analytical-deterministic methods.
In recent years, also an increasing number of simulation
models based on cellular modelling of mass movement
processes was published [e.g. 3, 10, 13, 27, 49, 50].
Empirical-statistical approaches are easy to use but rely
on empirical parameters (e.g. a mobility coefficient), which
have to be determined by the user, mostly out of a range of
“typical” parameters. The use of such models is restricted
to conditions similar to those on which their development is
based. 2 D empirical models like LAHARZ [29], DFLOWZ
[5], TopRunDF [49] or TopFLowDF [50] provide a quick
view on potential endangered areas and have been applied
for several hazard analyses [17, 21, 40, 45, 54].
More complex simulation models in engineering practice
are based on an “equivalent fluid” approach [25], routing
such mass flows in one or two dimensions along the talweg
or over a digital elevation model solving depth averaged
flow equations [11, 16, 26, 35, 36, 39]. Such models, like
DAN3D [25], Flo2D [39], RAMMS [11] or SAMOS [47],
are physically based and consider the momentum or energy
conservation of the flow. A major difficulty of models with
a more physical background is the choice of appropriate
flow resistance parameters or material rheologies [2, 25,
28] as well as finding an appropriate stopping criteria. Nevertheless, physical models have been applied worldwide for
hazard assessments for different kind of mass movements,
whereas simulation results respectively evaluation concepts
are often based on subjective or expert based rules. A systematic review of 75 peer reviewed articles5 from 1995 to
2015 which inverse modelled real events of different types
of mass flows revealed that there are no standard approaches
for testing the accuracy of observed and simulated deposition patterns of mass movement simulation models, unlike
in statistical, computational or meteorological modelling
where a lot of different error measures exist [1, 4, 14].

5 A table that lists all articles as well as meta-information used in this
study can be found in the supplementary material.

For this reason, an objective evaluation tool is needed to
allow comparison amongst different simulation results.
We will therefore first identify variables that are typically
of interest in simulating geophysical mass flows and subsequently discuss existing evaluation concepts, focusing
on the spatial distribution of deposits (i.e. model result).
Finally, we suggest a new evaluation concept that allows
an objective comparison and visualisation of model performance across platforms and independent of type of process,
which is illustrated by two examples.

2 Reference variables of interest
A lot of different reference variables are used to describe
mass movements (see Fig. 1). In an ideal situation, the modeler can evaluate or calibrate the model on a wide range
of reference variables that describe the flow and deposition
behaviour of the process (e.g. 1-D study of [37]). However, in most cases, these combined observations are not
available. Nearly 80 % of the studies used the deposition
distribution (dD ) as a reference variable for evaluation. We
use the term deposition distribution to emphasize that the
deposition area can not only be presented by a scalar value
but also by the shape and location of the deposited mass. In
25 % of the studies, the descriptive parameter is runout distance (r), which is the length measured between two points,
where one is representing the start and the other the end
of the mass movement. These points could be for example
the centre of gravity or the furthest point of the detachment
and deposition zone. The deposition depth (dz ), which is
the height of deposition expressed as the mean or maximum
height of the observed deposition, was used in 40 % of the
studies. The deposition volume (dV ) and the flow velocity
(fv ) where only used by nearly 25 % of the studies, where
fv can be measured at different locations of the process
(front, distal) an expressed as mean or maximum. Finally,
mean velocity (v̄), total distance travelled divided by the
duration of the movement and flow depth (fz ), which again
can be expressed as minimum, maximum or mean, where
at least often used. Besides those reference variables, some
more specific variables were applied in some studies. The
Heim friction coefficient [23] was used by [42, 43]. Total
discharge and the front trajectory–position of the debris flow
front at a certain time was used by [37]. Different geometric
measure of the reference and simulated deposition distribution was used by [42], including deposition length and
length to width ratio.
Most studies show qualitative measures like visual comparison and verbal descriptions, e.g. [9, 18, 38]. Fewer
studies applied quantitative measures for the comparison
between reference and simulation, e.g. [30, 41, 42]; in
almost 80 % of the reviewed studies, the deposition area was
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Fig. 1 Grey areas indicate a qualitative evaluation approach, black
areas indicate a quantitative evaluation approach expressed as a ratio
of all studies under consideration (see text for explanation of the reference variables). The most striking feature of this figure is the great

amount of studies where the deposition distribution was available
but only 26 % of those where evaluating it quantitatively. It seems
therefore convenient to base an evaluation concept on dD

observed and available, but only 26 % of those studies used
them as a quantitative measure for the error of the simulation. Figure 1 also shows that half of the studies focusing on
runout distance provided a quantitative comparison between
simulation and observation.
For model comparison and model development (e.g. testing whether higher complexity of simulation models leads
to higher accuracies of their outcomes), we argue that objective standardized approaches—as available in the field of
statistical science or meteorology [1, 14]—are needed for
modelling geophysical mass flows. Since engineering hazard assessment needs spatial information of areas affected
by mass movement processes and as we find for most studies the deposition distribution was available, but rarely used
for comparison, it seems convenient to base an evaluation
concept on dD .

the underestimated area and O to the magnitude of the
overestimated area.

3 Evaluation concepts for the comparison
of deposition area
The quantitative assessment of the similarity between the
observed deposition area (or reference area) and the simulated deposition area (Fig. 2) needs the definition of several
partial areas (1a)–(1c).
X = A ∩ Â

U = A \ Â

O = Â \ A

(1a)
(1b)
(1c)

Here, X defines the area overlapped by the simulation
outcome and the reference, U refers to the magnitude of

The simplest approach to evaluate simulation results is by
estimating the error �d as the difference between the reference area and the simulated area (�d = A − Â), applied for
instance by [19]. For a first-order evaluation, this approach
gives plausible results, but lacks the capability to detect the
shape similarity of the two areas. Similar arguments apply
also for the evaluation concept defining �q as the quotient
between simulated area and the reference area (�q = Â/A),
used by e.g. [15]. For both approaches, an error value of
�d = 0, respectively �q = 1 does not only refer to a perfect
fit but can theoretically also imply no overlapping for areas
with equal magnitudes. To avoid this problem [19, 24, 43,
53] used the amount of overlap between reference and
simulation as a measure of accuracy. Their error-approach
can be defined as �q = X/A. If �q —i.e. the error—is
solely defined by quotient of overlap and reference area,
a perfect fit might also be indicated as long as the simulation is totally overlapping the reference, regardless of
the amount of overestimation. For this reason, [19] also
used �q = U/A and �q = O/A to evaluate their simulations.6 However, they did not combine those three error
measures into one number. The combination of the error
sources is as important as the decomposition of the error
because an ideal evaluation concept should not only offer
the possibility to compare different models with respect to
an non-flawed error measure but should also give information about the dominating error source (overestimation or

6 Note that this three quotient are identical to the definition of α, β and
γ in Eq. 4.
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Fig. 2 Schematic figure of a mass movement deposition distribution
with superimposed simulation. Here, A refers to the observed deposition area (reference), whereas Â denotes the total simulated area.The
magnitude of the overestimated area is defined by O, whereas U refers
to the size of the underestimated area. Finally, X defines the area
overlapped by the simulation outcome and the reference

underestimation). [34] introduced the evaluation index Ia
which, to a certain amount, satisfy those criteria.


X X
Ia =
(2)
+
· 2−1
A
Â
Equation 2 can been seen as a simple additive weighting
of under- (X/A) and overestimation (X/Â). A perfect fit
would yield a value of 1 for both fractions. While underestimation dominates the first fraction, overestimation affects
solely the second fraction in Eq. 2. Therefore, the approach
of [34] gives information about the amount of over- respectively underestimation caused to the simulation outcome.
However, no information about the goodness of overlapping
(e.g. the error that a simulation hits the reference) can be
given in such a case.
An evaluation concept that is also taking the shape of
the deposition distribution into account, has much similarity with classification problems. The objective is to identify
those points, in the model domain, which are affected by
the process and distinguish them from those which are not
affected, i.e. classifying the pixels into affected and not
affected ones. The classification can be made with the aid
of an indicator function, like that given by Eq. 3.7

1 if ω ≥ ωth
I (ω) =
(3a)
0 if ω < ωth

1 if ω̂ ≥ ω̂th
(3b)
I (ω̂) =
0 if ω̂ < ω̂th
ωth threshold for reference variable, e.g. deposition depth
ω̂th threshold for simulation variable, e.g. pressure, percentage of momentum
7 The

choice of ωth and ω̂th is a decision made by the user which is
based on his respective needs and should be well documented.

The result is a binary raster of A respectively Â where all
pixels are 1 for values greater than the pre-defined thresholds ωth and ω̂th . The advantage of using a binary raster
is that it allows to distinguish between over- and underestimation due to a pixel by pixel comparison. A disadvantage,
however, lies in the high number of true negatives, i.e. pixels
that are neither affected by the model nor the observation.
This might mask the true performance of the model.
Nevertheless, [8] used the idea of deposition distribution as
a classification problem which was then adopted to account
for the disadvantages stated earlier and denoted with � by
[49] . The calculation of the �-value is shown in Eq. 4. Here,
α indicates the fit between simulation and reference. The β
value is a measurement for the first source of error, i.e. the
underestimation, and finally γ is a measure for the second
source of error, i.e. the overestimation. The combination of
all three values defines �, a value accounting for the simulation accuracy with respect to the deposition distribution.
�=α−β −γ
α
β
γ

(4)

overlap calculated as X/A
underestimation calculated as U/A
overestimation calculated as O/A

A perfect simulation would totally fit the observed deposition area and is defined with Â = A and O = U = 0. For
such a case, X = Â = A which yields to α = 1 respectively β = γ = 0 and finally, following Eq. 4, results in the
maximum possible omega value, �max = 1. For the extreme
case of no underestimation, i.e. β = 0, α will get 1, but
the value of γ will depend on the amount of overestimation
(exceeding 1). In this case, only the size of the overestimated area, relative to the reference area, is determining the
value of � and so also its lower boundary. This is different to [49] which defined a lower boundary of �min = −1.
However, to calculate the minimum of the � value, we
hypothesise a simulation that totally misses the reference so
that O = Â and X = 0. Then the minimum omega value
can be calculated by:
�min = −1 − Â/A

(5)

Equation 5 refers to the lowest possible value of omega
for the simulation under consideration. For this reason, it is
clear that �min strongly depends on the value of γ which in
turn depends on the total area of the simulation. Based on
this approach, no unbiased comparison between simulations
can be made.
A possible solution to compare simulations over different
model domains by using � is to rescale it based on the difference of its minimum and maximum value. Because the
maximum value is defined with �max = 1, the rescaled

Comput Geosci

omega value (�� ) solely depends on �min (Eq. 5) as shown
in Eq. 6.
�� =

� − �min
1 − �min

(6)

In contrast to the first discussed error measures, �d and
�q , the � value combines the information about the overlap and the two sources of errors into one number. Because
� depends on the amount of overestimation a comparison
between different simulation outcomes is still impossible.
For this reason, we proposed �� , which is normalized to
the particular overestimation, showing a fix range between
[0, 1].

4 Proposed evaluation concept
An evaluation concept not depending on the amount of overestimation can be based on the intersection and union of
the reference and the simulation. This approach is known as
Lee-Salle index in the urban growth modelling community
[12, 33]. In Eq. 7, we denote the Lee-Salle index αT to indicate the similarity to α of Eq. 4. Here, αT is also a measure
of the amount of overlap but with respect to the total area
T , union of reference (A) and simulated (Â) area. Similarly,
we can define βT and γT which yields to �T .
�T = αT − βT − γT
αT
βT
γT

(7)

overlap calculated as X/T
underestimation calculated as U/T
overestimation calculated as O/T

The evaluation concept based on Eq. 7 has the advantage
that the possible range of �T is fixed between 1 and −1,
indicating a perfect fit or total misfit, regardless of the
model domain. A further benefit of this evaluation concept
is the possibility to compare different simulation results in
a ternary plot (Fig. 3b).To illustrate the evaluation concept,
described in this study, two different cases on how the evaluation concept can be applied are discussed.8
[49] developed an semi-empirical model to simulate the
runout of debris-flow events. Their model, TopRunDF,
is based on a multiple flow routine and the assumption
of geometric similarity between deposited area and volume. TopRunDF can be used to predict inundated areas of
debris-flow events on the fan based on a so called mobility

8 Note that the examples are chosen arbitrarily and shall not judge
whether one simulation model is superior to the other.

coefficient kB . For best-fit simulations, the mobility coefficent is defined by the observed deposition area as well
as the observed deposition volume—denoted by kBobs . For
forward modelling, [49] introduced a new empirical relation
to determine the mobility coefficient (kBpred ) as a function
of geomorphologic catchment parameters. Figure 3a shows
estimated �T values for the simulations of different events.
The filled circles refer to the best fit simulations (based on
kBobs ) whereas the half-filled circles show the �T values
of the predicted simulations of the same events (based on
kBpred ).
Although TopRunDF includes only one variable, the evaluation values of the best fit simulations scatter over a wide
range. However, no systematic over- or underestimation
can be detected. The scatter of the evaluation values of the
predicted simulations is even wider but this seems plausible
since [46] reported an uncertainty of a factor two, comparing kBpred with kBobs . Nevertheless, the evaluation values
show that simulations based on kBpred tend to underestimate the related observations.
Both cases of this example reveal that the proposed evaluation concept can be used to support the identification of
potential weaknesses and strengths of the considered simulation tool.
Another example is based on a parameter study from [52].
They used, amongst other, RAMMS-DF (developed at the
WSL Institute for Snow and Avalanche Research SLF and
the Swiss Federal Institute for Forest, Snow and Landscape
Research WSL) to conduct debris-flow runout simulations. Here, the objective was to find those set of basal
and internal friction parameters θ ∗ = [μ∗ , ξ ∗ ] where the
error for the deposition distribution dD gets a minimum;
respectively, the evaluation benchmark �T a maximum.
As a first step, [52] performed six simulations with an initially fixed parameter μ, varying only ξ from 120 to 1300.
Based on these simulations, they kept the best fit parameter
ξ ∗ = 300 constant and conducted seven more simulations
with μ ranging from to 0.20. We transformed the simulated
deposition patterns of all simulations into binary rasters,
using deposition depth as threshold leading to ω̂th = 10 cm
(see Eq. 3b). All calculated �T values are drawn in Fig. 3b,
showing that a maximum evaluation value of �T = −0.13
was obtained with ξ ∗ = 300 m s−2 , μ∗ = 0.13.
Sometimes, simulations of one event might yield to similar results although different constitutional parameters have
been chosen. In other words, if the differences between
the �T values are very small, the selection of the best fit
simulation will be difficult. In such a case, the proposed
evaluation model in combination with the ternary plot might
act as a decision support tool, providing the possibility to
chose whether over- or underestimation should dominate the
simulation error.
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Fig. 3 In a, the evaluation
concept is used to detect
systematic errors—over- or
underestimation—in the
simulation model, while in b,
the concept is used for finding
those parameters θ ∗ of the
simulation model which are best
reproducing the reference
(calibration)

5 Conclusion and outlook
Several studies apply simulation models with different
complexity approaches for gravitational mass movements.
Many of these studies provide somehow information on

the plausibility of their simulation outcomes. The review
conducted in this article shows that the deposition distribution acts as the most often used reference variable for
evaluation. However, existing evaluation concepts with
respect to the deposition distribution does only account for

Comput Geosci

one or a combination of two possible evaluation errors due
to overestimation, underestimation and/or overlapping of
the simulation outcome and the observed reference. The
proposed evaluation concept integrates all three possible
errors and, combined with a ternary plot, might act as a
simple decision support tool to (i) identify weaknesses and
strengths of the simulation model, (ii) to find the best fit
simulation setup and (iii) to test whether higher complexity
of simulation models are balanced by higher accuracies.

For future applications, the proposed concept could also
be used to compare reference and simulated deposition
volumes with:
�V = αV − βV − γV
αV
βT
γT

(8)

overlap calculated as VX /VT
underestimation calculated as VU /VT
overestimation calculated as VO /VT
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In Eq. 8, VT and VX are the maximal and minimal deposition height integrated over T . VU and VO are defined as
the absolute difference between reference dz and simulated
deposition height d̂z integrated over T , for dz > d̂z respectively dz < d̂z . For the discrete case of two raster data sets
with n rows and m columns, the integral reduces to a summation over all rows and columns times the pixel area pA
(Eqs. 9–12).

VT = pA ·
VX = pA ·
VU = pA ·
VO = pA ·

n 
m

i=1 j =1
n 
m




max dzi,j , d̂zi,j


min dzi,j , d̂zi,j

i=1 j =1
n 
m 





dzi,j − d̂zi,j  for dzi,j > d̂zi,j

i=1 j =1
n 
m 

i=1 j =1




dzi,j − d̂zi,j  for dzi,j < d̂zi,j

model simulations. Some studies also used a combination of
both methods [7, 20, 22]. The relatively new method based
on structure from motion as discussed in [55] will further
increase the availability of 3-D spatial data, as shown in an
UAV study by [48].
It has to be noted that the proposed evaluation concept and
all evaluation techniques reviewed for this study are often
not strongly influenced by any physical based stopping criteria but are rather based on heuristic stopping assumptions.
This could be seen as a fundamental limit for an evaluation of the applied model, which is out of the scope of this
study. The intension of the proposed concept is to provide
an objective evaluation tool between (somehow) arbitrary
observed and simulated deposition areas—whereas the latter is based on the state-of-the-art of the applied model.
For a true improvement of model performance and predictive power, more research on the stopping criteria for mass
movements is essential.

(9)

(10)

(11)

(12)

Although the accurate determination of deposition volumes for evaluation purposes is related to high financial and
technical efforts, it might become more popular because of
the recent technical advances, which may enhance the availability of dense spatial data of deposition heights in the
future. Airborne LiDAR was used by [6, 32, 51] to estimate
deposition volumes of debris flows. [31, 44] used terrestrial laser scanning (TLS) to determinate the dynamics of
a slow moving landslide and debris flows for subsequent
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Used Models

SAMOS
SamosAT
SamosAT
AVAL 1D
RAMMS
LAHARZ
FLO-2D
FLO-2D
FLO-2D, TREND2D
DAN-3D
r.avalanche
developed in this article
r.debrisflow
PCFLOW-2D, FLO-2D
FLO-2D
DEBRIS-2D
DFEM-2D, FLO-2D, HB
FLO-2D, RASH-3D
RASH-3D
MSF, FLO-2D
FLO-2D
DAN
DFEM-1D
developed in this article
DAN
DAN
RASH-3D
developed in this article
Titan-2D
RAMMS
DAN, DAN-3D
TopRunDF

SA
SA
SA
SA
SA
LH
DF
DF
DF
RA
RA
DF
DF
DF
DF
DF
DF
DF
DF
DF
DF
RS, DA
DF
DF
DF
DF, DA
RA
RA
BAF
RIA
RA
DF

a

Process
dD

Reference variablesb
r dz dV fv v̄
fz
front velocity from radar measurements
visual comparison/description
discrepancy indicator (fˆv /fv − 1)
Â − A, X/Â, O/Â, U/Â
numerical values given but no further analysis
used a confusion matrix approach (Ω)
visual comparison/description
numerical values given but no further analysis
maximum flow depth, pointwise comparison
problem of obtaining the right topography
desription of areal validation
compared the results in a table
presented ranges in a table
visual comparison/description
Â/A, X/Â; relative error
visual comparison/description
visual comparison/description
based on historical data
used squential optimization
visual comparison/description
Â/A, X/A; relative error
Â/A, (dˆz , dz )
also total discharge and front trajectory
visual comparison/description
velocity based on superelvation data
also measurement error as bars for dz and fv
visual comparison/description
also using combined metrics
also Heim friction coefficient; X/A
visual comparison/description
using front velocity estimated from video
advanced Ω-value based on [5]

Notes

Table 1: Used parameters for performance measurement of debris flow simulations in previous studies. stands
for qualitative description between observed parameter and simulation and stands for quantitative description
of the simulation results with the observed parameter values.

[57]
[18]
[16]
[19]
[11]
[5]
[30]
[31]
[65]
[67]
[39]
[33]
[38]
[6]
[21]
[69]
[56]
[49]
[48]
[66]
[62]
[15]
[40]
[55]
[29]
[54]
[47]
[51]
[53]
[60]
[63]
[58]

Reference

1

Used Models

RAMMS
FLATModel
developed in this article
D-Claw
Titan-2D
DAN-3D
DAN-3D
DAN-3D, RAMMS
RAMMS
RAMMS
RAMMS
DAN, FLO-2D
FLO-2D
EDDA
LAHARZ, FLO-2D
FLO-2D
developed in this article
SCIDDA S4c
Titan-2D, VolcFlow
MSF
developed in this article
DFLOWZ
SCIDDA S4c
Massflow-2D
DAN-W
developed in this article
developed in this article
DAN, FLATModel
FLO-2D
DAN-3D
model from [8]
DAN-3D
FLO-2D

SA
DF
DA
LS
LH
RS, DA
RA
DF
SA
SA
DF
DF
DF
DF
LH
DF
DF
DF
BAF
RIA
DF, RS
DF
DF
DF, LS
DF
DF
RA
DF
DF
RA
DF, DA
LS
DF

a

Process
dD

Reference variablesb
r dz dV fv v̄
fz
visual comparison/description
visual comparison/description
fv from photos; calibrated on r
visual comparison/description
fv expressed as travel time, percetange error
visual comparison/description
visual comparison/description
Ω-value for different parameter settings
δr = (r̂ − r) · r−1 · 100
visual comparison/description
range of observed parameters; relative error
calibration and testing on distinct events
relative volume error, visual comparison of area
visual comparison/description
visual comparison/description
visual comparison/description
visual comparison/description
used the square root of Lee-Salle index called φ
presented in table, also velocity on three points
visual comparison/description
numerical values given but no further analysis
visual comparison/description
same as [27] and also relative to A
numerical values given; visual comparison
calibration and testing on distinct events
numerical values given but no further analysis
numerical values given but no further analysis
X/A
Index of accuracy Ia = (A/X + Â/X) · 2−1
visual comparison/description
visual comparison/description
profiles of dz from ERT scanning
visual comparison/description

Notes

Table 1: Used parameters for performance measurement of debris flow simulations in previous studies. stands
for qualitative description between observed parameter and simulation and stands for quantitative description
of the simulation results with the observed parameter values.

[10]
[37]
[64]
[28]
[52]
[46]
[41]
[61]
[68]
[1]
[26]
[3]
[35]
[9]
[4]
[22]
[17]
[14]
[7]
[23]
[44]
[2]
[36]
[43]
[45]
[42]
[13]
[25]
[34]
[59]
[12]
[71]
[32]

Reference

2

b

a

a

developed in this article
DAN-3D
SCIDDA S4c
MSF
LAHARZ

Used Models
dD

Reference variablesb
r dz dV fv v̄
fz
relative error
visual comparison/description
same as [14] and also relative to A
visual comparison/description
visual comparison/description

Notes
[20]
[70]
[27]
[24]
[50]

Reference

BAF Block-And-Ash Flow, DA Debris Avalanche, DF Debris Flow, L Lahar, RA Rock Avalanche, RIA Rock-Ice Avalanche, RS Rockslide, SA Snow Avalanche.
dD deposition distribution, r run out distance, dz deposition depth, dV deposition volume,fv , flow velocity, v̄ mean velocity, fz flow depth.

LH
RA
DF
DF
LH

Process

Table 1: Used parameters for performance measurement of debris flow simulations in previous studies. stands
for qualitative description between observed parameter and simulation and stands for quantitative description
of the simulation results with the observed parameter values.
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Abstract Natural hazard catalogues provide information on past documented events, often as the most reliable indication to ensure future hazard mitigation performance – influencing both social and economic welfare. For such reasons, knowledge about the completeness is important and allows to define the period for
which the historical range of variability of the documented events can be stated.
Based on an extensive collection of torrential events
in Austria (more than 21 000), a robust completeness
analyses is presented, based on historiographic as well
as statistical approaches. The analyses are based on
a 3W-Standard, “When did it happen?”, “What happened?”, and “Where did it happen?”, for all documented events. Hence, a completeness of the whole torrential event catalogue can be assumed, if the yearly
number of events is independent of the reporting rate
– the number of reported events per year. We further
present completeness periods of i) the documented torrential processes, “floods”, “bedload processes”, and
“debris flows” as well as of ii) the documented eventintensities, “low”, “medium”, “high” and “extreme”. In
a first order analysis, an increase in events for the resulting completion period could not be detected. However,
a strong correlation to the total rainfall sum above the
99th percentile seems to be evident.
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completeness analysis · point process information ·
event documentation
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1 Introduction

In Alpine regions, human settlements, infrastructures
and environmental resources are frequently endangered
by flood or bedload transport processes (flood events
with high sediment transport rates) and mass movements like debris floods or debris flows. Such torrential
processes differ in their formation, procedure as well
as dynamic behaviour and thus they are all related
to occur in steep headwater catchments often associated with a high density of population. In countries
like Austria, people always meet a challenge to find
an accurate balance between the imminence of natural hazards and the progress in spatial developments.
For this reason, awareness of natural hazards is high
and reports of catastrophic events related to these kind
of processes can be dated back to the early middle ages.
In Austria, studies about hazard assessment procedures
for torrential processes started at the end of the 19th
century (Duile 1826; Müller 1857; Landolt 1886; Stiny
1907, 1909) and since then there has been a shift from
heuristic hazard reduction strategies to a quantified risk
culture. Today, risk culture has many facets in dealing
with natural hazards and risk reduction has become
socially relevant (Thaler et al. 2019; Keiler and Fuchs
2016). This is reasoned by a society’s awareness - also on
the political level - that a complete protection against
natural hazards is not affordable and economically justifiable (Wilhelm 1996; Fuchs and McAlpin 2005; Fuchs
et al. 2008), and that the global financial and insurance
markets, upon which the global economy depends, are
essentially risk-driven (Smith and Petley 2009). However, the reliability of modern risk reduction strategies
for natural hazardous processes depends on messages
from the past, either from event documentations, strati-
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graphic analysis or analysis of geomorphological field
traces.
In Austria, stratigraphic and detailed geomorphologic analysis are resource and cost intensive and thus
provide only selective information of past torrential events
(Mayer et al. 2010; Procter et al. 2011; Schraml et al.
2013). For these reasons, more attention was paid to existing event reports. From the early middle ages (544)
to present (2017) a total of 21 429 torrential events
have been collected and stored in the Austrian event
catalogue, hosted by the Forest Technical Service of
Avalanche and Torrent control, Austria (WLK digital event catalogue 2018). However, in Austria a systematic collection of torrential event information was
motivated by the introduction of the “flood reports”
in the 1970s. The flood reports were a consequence to
the paradigm-shifting introduction of the hazard zone
mapping and have found their legally foundation in the
Austrian Forest Act (Forest Act 1975) and an associated decree (Regulation: Hazard Zone Maps 1976). It
states that a collection of reasonable information about
the frequency and extent of previous damage due to
torrents or avalanche must be created, which resulted
in event histories, compiled for the watersheds under
study. These fragmented, watershed specific event catalogues were collected, digitized, harmonized and integrated, together with historical and archival informations (before 1970), into one central Austrian torrential
event catalogue during the years 2008 to 2010 (Hübl
et al. 2008b, 2009).
Thus, optimistically the last 40 years have been grounded in systematically, observed and collected data,
and it seems therefore indispensable to discuss some of
the possible inherent biases of one of the most extensive collections of torrential events worldwide, which
can also be considered as a rich source of information
on torrential events in the Eastern European Alps.
In this study we present a robust completeness analyses of the Austrian torrential event catalogue considering both, historiographic as well as statistical approaches. The objective is to find the year from which
on the torrential catalogue can be assumed complete.
The analyses are based on the 3W-Standard, “When
did it happen?”, “What happened?”, and “Where did
it happen?”, for all documented events. Beside the completeness period for the whole Austrian torrential event
catalogue, we further present completeness periods of i)
the documented torrential processes, “floods”, “bedload
processes”, and “debris flows” as well as of ii) the documented event-intensities, “low”, “medium”, “high” and
“extreme”. A first order analysis, shows no trend on
the event frequency for the resulting completion. However, a strong correlation to the Expert Team on Cli-
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mate Change Detection and Indices (ETCCDI) index
R99pT OT – the total precipitation sum above the 99th
percentile of precipitation on wet days – seems to be
evident.
2 A catalogue of torrential events in Austria
since the middle ages
All records in the Austrian torrential event catalogue
have caused damages and can be roughly classified into
i) events from historical or archival sources and ii) recent events compiled by scientists of the Austrian Research Centre for Forests (BFW) or reported by engineers of the Forest technical Service of the Austrian
Torrent and Avalanche Control (WLV-Austria) in the
course of exploratory hazard assessment activities Hübl
et al. (2008a,b, 2009, 2010).
One of the historical sources is the “Chronicle of
devastations due to floods and torrents, rock avalanches,
debris flows and rock falls in Tyrol and Vorarlberg till
1891”, which was compiled by Georg Strele (1861-1950),
the director of the Tyrolean provincial headquarter of
the Austrian Service for Torrent and Avalanche Control from 1904 to 1923. This compilation, referred to
as “Strele Chronicle” in the following, consists of natural hazards from the end of the 6th century till the
year 1891 for the regions of Tyrol and Vorarlberg. The
“Strele chronicle” was digitized by Plank (1995) and integrated into the Austrian torrential event catalogue by
Hübl et al. (2008a). Main sources of information were
villages, schools or church chronicles, newspaper articles, oral reports and observations by witnesses as well
as experts.
Of similar origin and completing the Austrian torrential event catalogue until the beginning of the 20th
century is the event chronicle by Stiny (1938). The catalogue, referred to as “Stiny chronicle”, contains events
especially for the federal states of Salzburg, Upper and,
Lower Austria, Styria and Carinthia as reported from
the year 792 till the year 1920.
A definite starting point of the systematic collection of more recent torrential events in Austria, was
the introduction of the “flood reports” in the 1970s.
The flood reports have been a framework developed collectively by the Institute of Mountain Risk Engineering
(BOKU, Vienna), the WLV-Austria and the BFW, and
was used from the year 1972 on to document torrential
events. It can be seen as the ancestor of the present
Austrian standard as well as international standard in
the European Alpine Space for event documentations
– defined by the projects DOMODIS “Documentation
Of MOuntain DISasters” (Hübl et al. 2006) and DISAlp “Disaster Information System of ALPine regions”
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(DIS-Alp) (Berger et al. 2007) during the first decade
of the 21st century.
The similar data sources of the “Strele Chronicle”
and the “Stiny Chronicle” leading to analogical concerns about data quality and biases. Because they are
mainly collected in an unsystematic manner and by inexperienced witnesses, uncertainties with regard to the
determination of the phenomena and the identification
of the process itself are likely. The classification into
different process types strongly depends on the specific
knowledge of the documenting person, as well on the
process itself. While an inexperienced witness maybe
able to distinguish between a flood and a debris flow,
he may fail in distinguishing between the intermediate processes like bedload transport or debris floods.
Other challenges might be changes of meanings for certain terms used for torrential process observations over
time, or changes in topographical names. Minor potential biases concern the correct event duration, as events
may last for more than one day. In this case the authors
used the onset of the event as the event date (Hübl et al.
2008a). Similar uncertainties were encountered concerning the location of the events, reaching from changing
village names to information given only at a region wide
precision.
However, most concerns of a completeness analyses are uncertainties of the correct timing of the documented events, which result often from the archival nature of the data. For some entries in the chronicles, only
the year of the event is given. Other entries only have
imprecise information concerning the year like “beginning”, “middle” or “end” of the decade. In this case
the authors of the compiled Austrian torrential event
catalogue (Hübl et al. 2009) assigned the first, fifth
or ninth year e.g. 1921, 1925, 1929 as the event year.
Similar vagueness was encountered by the authors concerning the event month, as information on the season i.e. “spring”, “summer”, “autumn” or “winter” but
not the exact month was available. Here, the authors
replaced spring, summer, autumn and winter by the
month April, August, October and January (Hübl et al.
2008b).
3 Completeness analysis
The completeness of an event catalogue is equivalent
to an unbiased sample and therefore essential for a
meaningful analysis. Incompleteness or biased sampling
strongly impact the estimated parameters of the assumed models and therefore their interpretation and
conclusions.
Problems concerning the completeness of event catalogues were faced in studies in the field of seismology

3

(e.g. Stepp 1972; Nasir et al. 2013; Stucchi et al. 2013)
and volcanology (e.g. Wickman 1966; Simkin 1993; Furlan
2010), who studied the number of earthquakes and volcanic eruptions. These scientist developed different theories to tackle the problem, which we can utilize for the
Austrian catalogue of torrential events.
We consider completeness in the context of a torrential
event catalogue to be given by the reporting rate, which
is described as,
r(t) =

n̂t
nt

(1)

with r(t), the reporting rate of year t, n̂t , the number of reported events in year t and nt , the number of
actual happened events in year t. A catalogue is complete when r(t) = 1, i.e. when all events that actually
happened in the year t, have been reported. Although a
reporting rate of one is desirable, it is also an unrealistic
scenario when compiling torrential processes, especially
with respect to the number of small, local events. We
therefore define completeness for all possible event sizes
by:
r(t) =

n̂t
≈1
nt

(2)

A catalogue is complete if the yearly number of events
is independent of the reporting rate i.e. that the ratio
of the reported events in year t (n̂t ), to the number of
all events in year t (nt ) is constant for all t and close to
one.
Hence, to show that a catalogue is complete turns into
the equivalent problem of finding the first year τ , for
which equation (3) permanently holds.
r(t) ≈ 1 for all t ≥ τ

(3)

Nevertheless partial completeness, in the sense that
r(t) depends on the size of the event, is not an unrealistic assumption – whether for earthquake, volcanic
nor torrential event catalogs. Especially high to extreme
and to a certain extend medium to low intensity events,
are likely to be fully reported in modern times, due to
an increasing population density (Fuchs et al. 2017),
development of standards of documentation schemes
(Hübl et al. 2006), technical developments in the realm
of remote sensing and an increasing network of monitoring systems (e.g. Hürlimann et al. 2003; Schimmel
et al. 2018; Marchi et al. 2002). Additional factors influencing the reporting rate and hence the point in
time τ , at which completeness of event catalogs is assumed, are historical events, like the First and the Second World War, the increased public and scientific interest after global economy and ecological changes and

4

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

the foundation of relevant institutions like the WLVAustria, the Interpraevent or BFW. The foundation of
the WLV-Austria in the year 1884 was a consequence of
the widespread devastations in Tyrol and Carinthia in
the year 1882. The Interpreavent, an international research society focusing on the protection against floods,
debris flows, landslides, rockfall and avalanches, was
founded after the devastating floods and debris flows
in Carinthia and Eastern Tyrol in the years 1965 and
1966. The same catastrophe also lead to the foundation of the department concerned with the research on
natural hazards at the BFW.
In principle, assessing completeness of historical event
catalogues can be divided into two classes, i) methods
based on historical analysis of the information flow from
the event itself to the receiver in a dynamic socioeconomic environment (e.g. Stucchi et al. 2009) and ii) statistical methods which mostly rely on the assumption
of stationarity i.e. assuming that the series of events
are produced by a Poisson process (e.g. Stepp 1972;
Albarello 2001; Hakimhashemi and Grunthal 2012).

3.1 Historical method
Stucchi et al. (2009) use the appealing dichotomy of ”inside” and ”outside” of the catalogue to describe the two
approaches. In this sense, statistical techniques use internal features of the data while historical methods are
concerned with the external factors, factors controlling
mainly the quality of the catalogue by influencing the
reason, the time and kind of documentation. Historiographical completeness is therefore assessed by the comparison of different historical sources for a given locality,
where locality, from this perspective, is interpreted as a
“recorder” of events. If the different sources, like chronicles or newspapers, have recorded events of comparable
categories like other natural hazards or events of political interest for that locality, it seems unlikely that
the hazard under investigation was overlooked – providing the event had a considerable high intensity. On
the other hand, if also these other records are missing,
an actual data gap seems plausible. The main disadvantage of historical methods, however, are their high
resource intensity and their subjectivity, which is considerable lower compared to statistical techniques.

3.2 Statistical methods
Statistical methods, although objective, have to assume
a generative mechanism for the number of events per
year to determinate the year at which the catalogue can
be assumed complete. The assumption of a generative
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mechanism, i.e. model, goes hand in hand with a simplification, which is kind of the statistical equivalent to
the subjectivity of the historiographic approach.
3.2.1 Cumulative number of events
One widely used assumption is that the number of events
per year are generated by a homogeneous Poisson process (e.g. Meyers 2011). Following the statement of a
Poisson assumption the cumulative number of events
per year shows an linear increase, proportional to the
mean of the underlying Poisson distribution (Finkelstein 2008) as given in equation (4).
λ(t) = λ ∗ t

(4)

with λ(t) the mean number of events after t years and t
the number of elapsed years. Breaks in the slope of the
cumulative number of events are therefore only possible
if λ is changing. Because λ is per definition constant,
changes in break must indicate a change in the reporting rate (Nasir et al. 2013), which corresponds to the
detection of τ defined by equation (3).
3.2.2 Change point detection
The statistical theory on change point detection (Truong
et al. 2018) for assessing completeness is common in
the analysis of volcanic eruption series (e.g. Coles and
Sparks 2006; Furlan 2010; Mead and Magill 2014), and
is also used for earthquake catalogues (Albarello 2001;
Hakimhashemi and Grunthal 2012). The main assumption in change point centred completeness assessment is
that the change in the reporting rate is not gradual but
abrupt. In general change points are found by using an
algorithm to split the event series into non-overlapping
periods and a function which characterizes the variability within and between those periods. Albarello (2001)
used an exhaustive segmentation and a binomial distributed random variable to characterize the homogeneity within and the heterogeneity between events. Similar, Hakimhashemi and Grunthal (2012) tested every
time point as a possible change point based on the variance of the time between events.
The change point, τ can then be estimated by means
of Bayesian statistics. In this study we applied three
different approaches to test the completeness of the
torrential event catalogue. The parametric method of
Priyadarshana and Sofronov (2012) assumes a negative
binomial distribution of the events per year, the nonparametric approach follows the proposed methodology
described in Haynes et al. (2017), whereas the Bayesian
method, based on the natural logarithm of the events
per year, follows Chib (1998). For the last method the
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threshold of the posterior probability of a true change
in mean was set to 0.4.
3.2.3 Standard error
Another quantitative alternative uses the equality of
the variance and the mean of a Poisson distributed random variable (Agresti 2007). The maximum likelihood
estimate of the mean of a Poisson distributed variable in
the context of yearly counts (Rychlik and Rydén 2006),
is given in equation 5.
t≤tn
Ntn
t≥t1 nt
=
(5)
λ=
tn − t 1 + 1
T
with λ the mean number of events per year, t1 the first
year of observations, tn the last year of observations
and nt the number of events in year t. Because of the
constant mean per year of a homogeneous Poisson process a similar λ, regardless of the length of the interval
T , can be expected. Using this fact we can estimate
the mean for different length intervals T and compare
the estimated mean values. In case of stationarity, i.e.
the data follows the assumed homogeneous Poisson process, we expect that the means for the different intervals
are nearly identical and that the standard error of the
mean is inversely proportional to the square root of the
length of the interval. The definition of the standard
error of the mean, σλ , and using the mentioned equality of the variance and the expectation for the Poisson
distribution, lead to equation 6.
√
λ
(6)
σλ = √
T
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Completeness analyses of the Austrian torrential event catalogue.
60

40

20

0
20
10
0

800

1000

1200

1400

Year

Fig. 1 Actively reporting chronicles (upper panel) and annals (lower pannel) in Austria per year from 500 to 1600. Data
is based on Bayerische Akademie der Wissenschaften (2018).

provided by the Bavarian Academy of Sciences and Humanities. Only annals and chronicles were considered.
Especially the years 1100 to 1300 have a great number
of reporting annals and chronicles. However, the number of annals decreased in the 13th century, while the
number of chronicles, decreased significantly 200 years
later.
Another equally imported source of historical information are newspapers. The event catalog of the Swiss
Federal Institute for Forest, Snow and Landscape Research (WSL), for instance, uses approximately 3000
Swiss newspapers and magazines which are the main
source of information on damages caused by floods, debris flows, landslides and rock falls (Hilker et al. 2009).
However, newspapers can also be an unreliable source,
For different intervals of length T of the catalogue the
because the reporters are, in most cases, not experts
standard error is then a linear function of equation (6)
on natural hazards. Figure (2) shows the number of acand deviations from the linear function indicate incomtively reporting newspapers and magazines in Austria
pleteness of the event catalogue (Stepp 1972).
per year, based on a corpus of 1291 newspapers and
magazines published between 1568 and 2018 (ANNO/Österreichische
Nationalbibliothek 2018). The corpus was reduced to
4 Results
those entries, which mainly reported about events in
Austria and operating on a daily or weakly basis. The
4.1 Historiographic results
items were then manually checked if they have at least
A purely historiographic threshold for the completeness
ten issues, in which articles or reports about torrential
of the torrential event catalogue is difficult to motivate,
processes were published, resulting in a corpus of 164
nevertheless some statements about periods differentinewspapers and magazines. The number of daily and
ating in number and quality of documentations are posweakly published newspapers continuously increases in
sible.
the middle of the 19th century and reaches a maximum
Figure (1) shows the number of actively reporting
of nearly 80 actively reporting newspapers and magachronicles (upper panel) and annals (lower panel) in
zines at the beginning of the First World War (1914).
Austria per year from 500 to 1600. The data was comAfter the First World War the number of newspapers
piled from the Bayerische Akademie der Wissenschaften
and magazines significantly dropped. This is followed
(2018), a digital, bibliographic archives of narrative sources by approximately 20 years of an almost stable number

6

End of Stiny Chronicle

End of Strele Chronicle

80
est. WLV

police chronicles

60

est. BFW

school chronicles

40
20

WW2

WW1

Active Newspapers (top) and Square Root
Anomalies of Torrential Events (bottom) per Year

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Micha Heiser et al.

0
20
10
0
−10
1800

1810

1820

1830

1840

1850

1860

1870

1880

1890

1900

1910

1920

1930

1940

1950

1960

Year

Fig. 2 Number of actively reporting newspapers and magazines in Austria per year, based on ANNO/Österreichische Nationalbibliothek (2018). The lower panel shows the distribution of the square root of the deviation of the actual events per year
from the mean number of events, estimated for 1800 to 1960. Also shown are the end of the Strele and the Stiny chronicles as
well as the establishment of the WLV-Austria, the BFW and start year of the legal obligations for keeping police and school
chronicles.

of actively reporting newspapers and magazines, after
which the number dropped again at the beginning and
during the Second World War. After 1945 the number of newspapers and magazines at a daily or weekly
publishing cycle stayed nearly constant. For comparison, the end of the Strele and the Stiny chronicles are
shown at the top of Figure (2), as well as the establishment of the WLV-Austria and the BFW. Also shown
are the start years of the legal obligations for keeping
police and school chronicles. Further, the distribution
of the square root of the deviation of the actual events
per year from the mean number of events, estimated
between 1800 to 1960, is indicated by the lower panel.
Besides historical or at least semi-historical written sources like chronicles, annals or newspapers also
narratives like sagas provide information about the frequency of natural hazards. A typical supernatural reinterpretation of torrential events in sagas are dragons
(Petzoldt 2002). These beliefs have their roots in the
proto-scientific and early scientific work of the 16th and
17th century, were bones of fossils served as evidence
for the existence of dragons (Petzoldt 2003, see article about “Drache”). The association between dragons
and debris flows is shown in Figure (3). It is based
on a corpus of nearly 6800 sagas collected from different sources for whole Austria (SAGEN.at 2018). The
sagas were searched for common terms referring debris
flows as e.g. “Mure”, “Murgang” or “Murbruch” and
terms referring to dragons and dragon-like creatures
e.g. “Drache”, “Lindwurm” or “Schlange”. The resulting matches were manually checked and classified into
“dragons associated with natural hazards”, “dragons

associated with debris flows”, “dragons in different contexts” and “debris flows not associated with dragons”.
The 182 remaining sagas were located based on municipalities. If the municipality was undefined, the next
higher political unit was used. The association of dragons and debris flow is common in Tyrol and Vorarlberg,
but still dragons or dragon-like creatures are often associated with natural hazards, especially those resulting
from mountain torrents, clearly visible in Figure (3) for
the rest of Austria. Beside dragons also witches, demons
(e.g. the “Butz” in Dornbirn, Vorarlberg) or lost souls
(e.g. “Salige” in Vent, Tyrol which caused the breach
of the ice-dammed Rofener lake), or the devil himself,
were thought to cause debris flow or flood events.
Beside these torrential hazard specific historical influences on the completeness, also general historical events
like the First and the Second World War must be considered. An optimistic estimation from a historiographical perspective would therefore result in a year of completeness after the Second World War (1945). However,
a pessimistic estimation corresponds to the introduction year of the flood reports (1972) – similar to the
geo-hydrological event catalogue of Blahut et al. (2012).

4.2 Statistical results
In a first step, the estimation of the beginning year of
complete recording, or in other words the break point τ ,
is based on a inspection of an abrupt changing in the reporting rate based on the cumulative number of events
per years. This leads to a visual break point estimate
somewhere between 1940 to 1950 (Figure 4). It can be

d & R2

max R 2
min d

2
1.5
1

τd ≈ 1925
τR 2 ≈ 1942

0.5
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Whole Tyrol

Debris Flows not Associated with Dragons

Dragons Associated with Debris Flows

Dragons Associated with Natural Hazards

Fig. 4 Estimation of τd by applying the cumulative number
of events methodology since the beginning of the event catalogue. For the estimation of τR2 , instationarity of the event
distribution left from the related break point is assumed. The
x-axis is restricted to the years were approximately linear
growth is observed. The upper panel shows the euclidean distance d (distance of R2 of the linear regressions), indicated
by the brown solid line. The distribution of the coefficient
of determination for estimating τR2 is indicated by the blue
dashed line.
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Fig. 3 Spatial distribution of sagas related to debris flows
depicted as or caused by dragons (red dotted circles), dragons related to natural hazards in general (cyan open circles),
dragons with no association to natural hazards (gray filled
circles) and debris flows with no association to dragons (red
open squares).

further assumed that a linear growth of the report rate
is evident since the middle of the 20th century.
However, a quantitative estimation of the break point
can be derived by successively splitting the catalogue
into two sub-catalogues. The first split is defined so that
at least three years of observations are included from
the beginning of the catalogue. On both sub-catalogues
a linear regression is then fitted to the cumulative number of events per year and the coefficients of determination R2 are calculated. In a further step the split is

shifted one year into present and again a linear regression model is fitted against the new disjunctive subcatalogues. This procedure, splitting, fitting and shifting, is repeated until the split has reached the years
2015, i.e. three years before present. We assume that
the break point of the catalogue τ is reached when the
R2 values of disjunctive sub-catalogues having a minimal euclidean distance d to the perfect solution.
Figure (4) shows the euclidean distance d of R2 to
r(t) ≈ 1 for the whole torrential event catalogue over
the reported years in the upper panel. After a phase of
fluctuations due a low number of observations, d stabilizes, reaching its minimum at τd = 1925. If we are
assuming instationarity (c.f. eq. 4) for the event distribution of the left sub-catalogues, the estimation of the
break point of completeness is then based on finding
the maximum coefficient of determination for the regression model of the right sub-catalogue. Hence, using
the maximum R2 of the linear fit for the right half of
the sub-catalogues, results in in τR2 = 1942 (see dashed
line in the upper panel of Figure 4).
By applying the quantitative estimation of the break
point as described above, we further differentiated between four different intensity classes as well as three
torrential process types (shown in Figure 5 and Figure
6).
Completeness of the event catalogue considering only
4910 low intensity events, resulted in τR2 = 1933. For
6,197 medium intensities events, τd = 1921 respectively
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τR2 = 1931 could be assumed. Regarding 3154 high intensities events, τd = 1937 as well as τR2 = 1929 is
obtained. Finally, for 1011 events observed in the extreme intensity class, a completeness of the catalogue
is related to the assumption of τd = 1938 respectively
τR2 = 1929.
Considering solely flood events (8579), a completeness
of the torrential catalogue could be assumed with τd =
1919 respectively τR2 = 1938. For 6462 bedload events,
completeness analyses resulted in τd = 1926 and τR2 =
1947, whereas τd = 1925 respectively τR2 = 1921 for
6386 debris flow events.
Applying change point detection with all methods
(parametric, non-parametric as well as Bayesian), the
most present detected change point was assumed to coincidence with the year of completeness. This assumption resulted for the parametric method in τP = 1920,
for the non-parametric method in τN = 1948 and for
the Bayesian method in τB = 1919.
According to the standard error method described
by Stepp (1972) and following equation (6), the catalogue can be assumed to be complete for the last 35
years, i.e. since τσ = 1984 (Figure 7). The short period
resulting from the standard error, is a consequence of
its conservative behaviour and would mean to lose a
considerable amount of data.
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Fig. 5 Estimated τd and τR2 , differentiated by intensities.
The x-axis are restricted to the years were approximately linear growth is observed. The upper panel shows the euclidean
distance d, indicated by the red solid line. The distribution
of the coefficient of determination for estimating τR2 is indicated by the cyan dashed line.

Overall results of completeness are based on historiographical information, the cumulative number of event
methodology and on the change point detection methods. For the later, parametric and non-parametric as
well as Bayesian approaches are considered. Because of
its instability, results from the standard error method
have been excluded.
Figure (8) gives an overview of the estimated years
of completeness based on the statistical methods, for
the whole catalogue and differentiated by intensities
and process types. Summarizing the results of τd , τR2 ,
τP , τN , and τB , a statistical based completeness can be
assumed with τ  = 1931 ± 13. Similar results are obtained for different intensity classes with mean years of
completeness of low intensities: τ  = 1941 ± 7, medium
intensities: τ  = 1927 ± 11, high intensities: τ  =
1917 ± 23 and extreme intensities: τ  = 1927 ± 17.
Overall completeness of the catalogue, differentiated by
process types, can be assumed for flood events with
τ  = 1921 ± 3, for bedload events with τ  = 1943 ± 12
and for debris flow events with τ  = 1934 ± 12.
However in combination with the historiographic analyses (indicating completeness somewhere between 1945
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Fig. 7 Standard error of the mean against the length of the
record since the year 2017 on a double, decimal logarithmic
i.e. base of 10, scale. If the number of events per interval
T , are generated by a homogeneous Poisson process, which is
assumed to correspond with a complete record, than the standard error should follow the black solid line. This behavior is
approximately evident until 35 a from 2017, which results in
a rather short complete record since 1982.

to 1972) we finally propose the year of completeness of
the Austrian torrential catalogue with τ ∗ = 1945.
Above information is based on a constant year of
completeness assumption for whole Austria. Fig. (9)
shows, however, a regional diversity of the completeness
for the torrential event catalogue, based on a 50 km by
50 km raster. Here, for each cell the completeness year
is averaged from the statistical results of the cumulative
number of events as well as the change point methods,
based on the event series lying within this cell. It is
evident that the mountainous regions like Vorarlberg,
western Tyrol, as well as parts of Salzburg, Styria and
Carinthia have the longest, complete series of events,

1920

1930

1940

1950

1960

Year of Completeness (τ)

400

Years before 2017 (T )

1910

Fig. 8 Overview of the estimated years of completeness
based on the statistical methods, for the whole catalogue
and differentiated by intensities and process types. A statistical based completeness for the whole dataset refers to
τ  = 1931 ± 13. Considering the historiographic results
within this study, a
final year of completeness of the Austrian torrential event
catalogue is given with τ ∗ = 1945. The error bars are ± one
standard deviation for the different statistical models used.

starting with the years 1930 or even 1910. The missing
areas, almost entirely on the edge of the Alps, have the
shortest complete catalogues with length of 12 to 37
years.
5 Discussion
The statistical methods agree upon a year of completeness, for the whole catalogue, between 1925 to 1985,
but most values cluster around 1940, except the value
resulting from the method described by Stepp (1972).
Similar clustering around the first half of the 20th century is also observed, regardless if the catalogue is divided by process or intensities. In contrast, the histori-
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to be unplausible during and in between the two World
Wars.
Hence the year 1945 is a compromise between the
suggestions from the statistical as well as historiographic
approaches, which results in a 73 year long documentation period and 15 255 torrential events for whole Austria (out of more than 21 000 registered torrential events
since year 544).
Documentations before the year 1945 can highlight
possible catastrophic events in the sense of what can
happen in a certain region– reflecting ranges of possibilities. However, these documentations cannot be used
to describe the dynamics of the number of events, because of their discrete nature.
Historical information are particularly interesting if
they deviate from, or correspond to, a long-term mean
within the completeness period, calculated by equation
7.

1940
to 1920

1990

1960

max
1960
1950

zi =

1990
1950

where ñi is the anomaly in year, i, ni is the number of
events in year i and n is the mean number of events
per year, i.e. the arithmetic mean of the number of
events per year, estimated according to equation (5),
with t1 = τ ∗ and tn = 2017. The scaled anomalies are
the yearly anomalies divided by the standard deviation
of the yearly anomalies as given in equation (8).
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Fig. 9 Spatial distribution of the completeness of the Austrian torrential event catalogue based on a 50 km by 50 km
raster. Each cell gives the completeness year, averaged from
the median results of the cumulative number of events and
the change point methods, based on the event series lying
within the cell.

ographic approach does not imply completeness before
1945 and hence a dissonance between the both methods
exist, which can be explained by the different frames of
discernment.
The holistic perspective of the historiographic method
assumes social stability as a basic requirement to allocate resources for an event documentation and ignores,
unlike the statistical approach, the possibility of individual completeness of certain regions. Completeness of
the Austrian torrential event catalogue seems therefore

ñi
s

(8)

where zi is the scaled anomaly of year i and s is the
standard deviation of the yearly number of events estimated as usual. The advantage of the scaled anomalies
is that they are dimensionless, but on a scale in terms
of multiples of the standard deviation, and therefore
are easily compared with other similar treated measurements. Note that the scaled anomalies, are equivalent
to the standard or z-scores commonly used in statistics
(Schiller et al. 2011).
Figure (10) shows the scaled yearly anomalies (Eq.
7) on a base 10 logarithmic scale, for all events in the
completeness period, 1945 to 2017. Remarkable are the
high number of events in the years 1959, 1965, 1966,
1991, 2002, 2005 and 2013 exceeding one and a half
standard deviations. These high number years are balanced by the low number years 1984, 1988, 2001, 2003
and 2011 with number of events falling below on half
standard deviation. A slight trend in time is indicated
in by a local polynomial regression line. However, according to the bootstraped 95 % confidence region of
the smoother, also stationarity is plausible, which is
confirmed by a Mann Kendal test with a p-value of
0.39.
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Fig. 10 Scaled yearly anomalies (black line), i.e. z-scores (Eq. 7), of the decadic logarithm of the number of events from 1945
to 2017. The decadic logarithm was used to damper the variability in the number of events. A slight trend in time, as indicated
by the local polynomial regression (incl. bootstraped 95 % confidence region), is rejected, based on a Mann Kendal test with
a p-value of 0.39.
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Fig. 11 Scaled yearly anomalies (black solid lines) of the decadic logarithm of the number of events from 1945 to 2017
compared to the scaled yearly anomalies of the annual total precipitation observed above the long-term 99th percentile of
precipitation on wet days, R99pT OT (blue dashed lines). Calculation of anomalies are based on equation (7).

Another important, socially relevant topic, is the
question of future increase (or decrease) of natural disasters due to predicted climate change. Many authors
have suggested changes of the frequency of natural hazard processes in steep headwater catchments such as
landslides or debris flows (Wieczorek and Glade 2005;
Borgatti and Soldati 2010; Crozier 2010; Stoffel et al.
2014; Youberg et al. 2014), sediment transport (Schneider et al. 2014) or floods (Beniston and Stoffel 2016).
However, due to the lack of historical event data, many
of those studies rely on modelling event-triggering factors, such as critical precipitation, assuming a strong
correlation with the occurence of torrential events.
If we consider the scaled yearly anomalies for all
events in the completeness period, starting in 1945, and
compare it with the annual total precipitation observed
above the long-term 99th percentile of precipitation on
wet days (R99pT OT ), we might assume a strong correlation (Fig. 11). To estimate R99pT OT – an ETCCDI
index proposed by Karl et al. (1999) – precipitation
data on a daily basis was used, i) based on measurements from the “Historical, Instrumental, Climatolog-

ical, Surface Time Series of the greater ALPine region
(HISTALP)” project (Auer et al. 2007) and ii) based on
stations operated by the Hydrographic Services (HD)
Austria. All daily observations were transformed into
anomalies (Eq. 8) using the mean of the period 1961
to 1990 for the HISTALP and mean of the period 1971
to 2000 for the HD stations. The daily measurements
were temporally aggregated into yearly anomalies and
spatially into means for whole Austria.
However, the first order analyses, based on the proposed completeness period of the torrential event catalogue, suggest further studies to face the challenge in
understanding magnitude and frequency of torrential
events in a changing environment.

6 Conclusion
The Austrian torrential event catalogue provides useful information on historical events. The completeness
analyses, based on a robust investigation, allows future
investigations in many fields dealing with natural haz-
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ardous processes in torrential catchments. In the case of
hazard assessment, magnitude-frequency analyses and
evaluation of mitigation measures can be supported.
Further, effects of changes in the environmental characteristics of steep headwater catchments can be related
to specific periods in the past. Finally, a long period
of complete event documentations facilitate risk governance and allows new forms of risk-communication to
a broader audience, as an alternative to the concept of
return period, which is often prone to misconceptions
and misuses (Serinaldi 2015).
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dieselben. Schweizerischer Forstverein
Marchi L, Arattano M, Deganutti AM (2002) Ten years of
debris-flow monitoring in the Moscardo Torrent (Italian
Alps). Geomorphology 46(1-2):1–17, DOI 10.1016/S0169555X(01)00162-3
Mayer B, Stoffel M, Bollschweiler M, Hübl J, Rudolf-Miklau
F (2010) Frequency and spread of debris floods on fans:
A dendrogeomorphic case study from a dolomite catchment in the Austrian Alps. Geomorphology 118(1):199–
206, DOI 10.1016/j.geomorph.2009.12.019
Mead S, Magill C (2014) Determining change points in data
completeness for the Holocene eruption record. Bulletin
of Volcanology 76(11), DOI 10.1007/s00445-014-0874-y
Meyers RA (2011) Extreme environmental events: complexity in forecasting and early warning. Springer reference,
Springer, New York, NY
Müller F (1857) Die Gebirgs-Bäche und ihre Verheerungen,
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Meletti C, Viganò D, Giardini D (2013) The SHARE European Earthquake Catalogue (SHEEC) 1000–1899. Journal of Seismology 17(2):523–544, DOI 10.1007/s10950012-9335-2
Thaler T, Attems MS, Bonnefond M, Clarke D, GatienTournat A, Gralepois M, Fournier M, Murphy C,
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a b s t r a c t
Wind and the associated snow drift are dominating factors determining the snow distribution and accumulation
in alpine areas, resulting in a high spatial variability of snow depth that is difﬁcult to evaluate and quantify. The
terrain-based parameter Sx characterizes the degree of shelter or exposure of a grid point provided by the upwind terrain without the computational complexity of numerical wind ﬁeld models. The parameter has shown
to qualitatively predict snow redistribution with good reproduction of spatial patterns, but has failed to quantitatively describe the snow redistribution. By comparing the parameter with high-resolution snow surface data
obtained through terrestrial laser scanning (TLS), we are able a) to identify areas of poor correlations between
predicted and measured snow distribution and changes in snow depths, and b) to increase its ability to predict
changes in snow depths by modifying the parameter, based on the TLS data and the terrain and wind conditions
speciﬁc to our research site, the Col du Lac Blanc in the French Alps. We show how results improve if a snow surface model is used for calculating the parameter instead of a digital elevation model, and demonstrate the effects
of changing the parameter's maximum search distance and of raster smoothing. Our analyses and results are important steps in the improvements of the parameter's ability to predict changes in snow depths.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
In alpine areas, wind and snow drift are the dominating factors determining snow distribution and accumulation. The distribution of
snow depths in such areas is consequently characterized by a high spatial variability that is difﬁcult to evaluate and quantify, but at the same
time of high interest for avalanche forecasting. For example, the amount
of snow present in avalanche starting zones is a key element for evaluating avalanche hazard. In addition to the complex numerical wind ﬁeld
models, Winstral et al. (2002) developed a terrain-based parameter, Sx, to
describe the wind effect on snow distribution. Sx characterizes the wind
scalar and quantiﬁes the degree of shelter or exposure of a grid point provided by the upwind terrain. Their work showed that Sx is a signiﬁcant
predictor of snow depth and has a stronger relationship to observed variances in snow depth than the variable elevation, net potential, and slope.
Additionally, the authors introduced a second parameter, Sb, measuring
upwind breaks in the terrain capable of generating ﬂow separation. By
combining Sx and Sb, they delineated sites of enhanced snow deposition,
and added additional precipitation to these areas.
⁎ Corresponding author at: University of Natural Resources and Life Sciences, Institute
of Mountain Risk Engineering, Peter Jordan Strasse 82, A-1190, Vienna, Austria.
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0165-232X/© 2015 Elsevier B.V. All rights reserved.

Winstral and Marks (2002) used the parameter Sx to simulate wind
ﬁelds and snow redistributions for input to Isnobal (Marks et al., 1999),
a mass and energy balance snow model. The authors accounted for
zones of enhanced snow redeposition with accumulation factors, determined by Sx and Sb, and added accumulated snow depths to the DEM.
Based on the adjusted DEM, they recalculated accumulation and windfactor images. Winstral et al. (2013) applied an algorithm that used
Sx, Sb and vegetation for input to Isnobal. Additionally, wind data
were used for the calculation of snow distribution in accumulationenhanced areas. The simulated snow-water-equivalent distributions
forced with the developed algorithm were far more accurate than simulations without a wind-affected accumulation component.
Erickson et al. (2005) modeled the spatial distribution of snow depth
across a wind-dominated alpine basin, and found the terrain-parameter
to have the greatest effect on predicting snow depths. Molotch et al.
(2005) included the parameter Sx into a binary regression tree model to
assess the impact of the type of digital elevation model (DEM) and independent variable selection for estimating spatial distributions of snowwater-equivalents. Winstral et al. (2009) used the terrain-based parameter to predict the distribution of wind speeds over heterogeneous terrain.
The work by Winstral and Marks (2002) was done in relatively
rolling and ﬂat terrain. The optimum search distance for the cells of
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highest wind shelter was determined to be 200 m, after assessing values
of 100 to 1000 m. Winstral et al. (2002) found that in the steeper terrain
of their research area the optimum search distance was 100 m.
In respect to scale, the previously cited studies were based on raster
resolutions of 10 to 30 m. Winstral and Marks (2002) concluded that
terrain-parameters, modeled from a 10 m grid scale, are appropriate
for modeling purposes to at least the 30 m scale. Results in the previous
publications were veriﬁed through snow depth or snow water equivalent samplings. Winstral and Marks (2002) and Winstral et al. (2002)
additionally used aerial photography, and Winstral et al. (2013) included snow density samples.
Schirmer et al. (2011) employed terrestrial laser scanning (TLR) to
observe the snow depth development for a series of precipitation events
for a test site in the Swiss Alps. Additionally, they used Sx to distribute
wind and precipitation ﬁelds for input to the energy and mass balance
model Alpine3D (Lehning et al., 2006). They concluded that while
individual storms generate diverse accumulation patterns, the pattern
of maximum snow accumulation is similar between the two years presented. The authors showed that the Sx parameter could qualitatively
reproduce this pattern. Sx failed, however, to reproduce the magnitude
of the observed variability, and, when applied in Alpine3D, failed to reconstruct the maximum snow depths. Their high-resolution TLR data
were resampled to 10 m resolution and they used a search distance of
300 m. The authors noted that much of the variance observed in a lee
slope seemed to result from small scale terrain effects, which cannot
be captured by a 10 m resolution DEM.
Payer (2012) made a statistical analysis of a terrain-based parameter
in the Mohnenﬂuh (Austria) and Col du Lac Blanc (France) research
areas. In contrast to previous work, he used 1 m resolution TLS data.
Snow redistribution was determined by comparing the scans of snow
surfaces acquired on different dates of one winter season. Slope, elevation, curvature and Sx were investigated for their statistical signiﬁcance.
He concluded that the terrain-based parameter was the strongest predictor for snow redistribution. The statistical correlation between measured changes in snow depths and the terrain-based parameter was
generally poor, however.
Our study is also based on 1 m resolution digital terrain (DEM) and
snow surface (DSM) data. The research is focused on the snow accumulation in the lee of two approximately 10 m high terrain breaks. The
objectives of our research were to a) identify areas of poor correlations
between predicted and measured changes of snow depth and
b) optimize the terrain-parameter for 1 m resolution data and our
site-speciﬁc circumstances.
Our hypothesis was that Sx must be adapted to the higher raster resolution and modiﬁed in dependency on surface morphology, the intensity and duration of wind events, and the magnitude of the resulting
deposition and redistribution of snow. Our two study areas are located
at the Col de Lac Blanc in the French Alps. The areas cover less than
0.06 km2 each. They are on a smaller scale than the previously published
studies. For example, the area in the study of Winstral et al. (2002) covered 2.25 km2 and an elevation range of 3560–4090 m. The research
area is described in Section 2 of this paper.
Similar to Schirmer et al. (2011), we compare the terrain-based parameter Sx to snow-depth data from terrestrial laser scanning (TLS). TLS
is used increasingly in snow and avalanche research for accurately mapping snow depths over an area of several square kilometers. Prokop
(2008), Prokop et al. (2008), and Grünewald et al. (2010) report mean
deviations between TLS data and reference tachymetry measurements
of 0.04–0.1 m for target distances reaching 500 m, depending on the
conditions and the laser used. We compare the estimated snow depths
obtained from the terrain-based parameter to the measured changes in
snow depths and absolute snow depths (snow distribution). The TLS
data also allows us to calculate the terrain-based parameter based on
a snow surface model (DSM) and compare the results with those obtained by using a digital elevation model (DEM). This approach is similar to that of using a snowpack-adjusted DEM by Winstral and Marks

(2002), but at a ﬁner resolution scale. The effect of reducing the
parameter's search distance at that raster resolution is also demonstrated. Finally, we examine how terrain smoothing and resampling to 5 m
raster resolution affect the results.
2. Research site
Our research site is the Col du Lac Blanc in the French Alps, near
Grenoble and the ski resort Alpe d'Huez. The pass is located at 2720 m
above sea level, between two 3323 m (Pic du Lac Blanc) and 2810 m
(Dôme des Petites Rousses) high summits (Fig. 1). The pass has a relatively ﬂat to undulating surface, stretching over 300 m in length. The topography creates a natural wind tunnel, orientated roughly north–
south (Durand et al., 2005; Vionnet et al., 2013). 90% of the observed
winds blow from the north-northeast or south. The Col is an area particularly suited for our study, for several reasons: a) the consistently bimodal wind directions, b) the presence of three automatic weather stations (AWS) located around the pass, and c) the availability of TLS data
from several surveying campaigns (Naaim-Bouvet et al., 2013).
Our results are from two sectors, one more to the north of the pass,
covering 0.022 km2 (125 × 180 m) and the other, to the south, covering
0.055 km2 (190 × 287 m) (Fig. 1). The sectors have pronounced, approximately 10 m high terrain breaks (Fig. 2), used for more detailed studies
described in forthcoming sections of this paper. Case study I is from the
north sector while case study II is from the south sector. The weather
station providing the wind data for our research is located inside the
north sector (Fig. 1). The two laser scan positions are shown in Fig. 1.
3. Methodology
3.1. Case studies
We selected two study periods to analyze the performance of the
terrain-based parameter. Both periods had consistent wind directions,
continuous meteorological data series and showed no shadows in the
laser scans. In Prokop et al. (2013), we presented the results from the
terrain break in the south sector. Now we present additional data
from this sector, referred to as case study II. The time period for this
study was between 17 and 28 February 2011, a period with winds consistent from north-northeast (Fig. 3b). Furthermore, we show results
from the terrain break in the north sector (case study I). The time period
for this study was between 11 and 15 February 2011, a period with
winds consistent from the opposite direction, south-southwest
(Fig. 3a). The wind data were obtained by an anemometer positioned
6.8 m above the ground (Vionnet et al., 2013). The snow depth below
the anemometer varied between 1.84 m and 1.91 m during case study
I, and 1.86 m and 2.46 m during case study II.
Fig. 3c shows the wind speeds, precipitation, and temperatures for
the two observation periods. For case study I, winds were below
4 ms−1 and no precipitation was recorded three days prior to the ﬁrst
scan on 11 February. These conditions persisted until 14 February.
This relatively calm and dry period was followed by an onset of
precipitation and south-southeasterly winds exceeding 8 ms−1. Precipitation and winds both increased on 15 February, the day of the second
scan. Consequently, redistribution of falling snow occurred on 14 and 15
February. In the night from 15 to 16 February the winds and precipitation eased off. The winds then increased and switched direction to the
north-northwest on 18 February, a day after of the ﬁrst scan of case
study II. Wind speeds stayed above 5–10 ms−1 until 28 February. Significant snowfalls occurred on 20, 24 and particularly 27 February. Therefore, changes in snow depths for case study II were mainly due to winds
with concurrent snowfalls.
Notable are the relatively high temperatures prior (8–14 February) to
the ﬁrst storm events (Fig. 3c). Temperatures fell as the winds increased
on 14 February. The precipitation data are derived from the SAFRAN meteorological analysis system (Durand et al., 1993; Naaim-Bouvet et al.,
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Fig. 1. Map of the study site with the areas of the case studies (=CS) I and II, and the two scan positions (SP N = scan position north, SP S = scan position south), approximately 335 m
apart; MS = meteorological station; lat/long grid for reference; contour lines = 10 m.
Source: FranceTopo.fr (2013).

2014). The measured changes in snow depths were 1.2 to 2.0 m in the lee
of case study I, and 2.5 to 4.1 m in the lee of case study II (Table 1).
3.2. The terrain-based parameter Sx
The terrain-based parameter's value for a cell of interest is obtained
through examination of all cells along a vector, originating from the cell
of interest, for the cell providing the maximum topographic shelter
from wind. The calculation returns the slope (Sx) between this
shelter-deﬁning cell and the cell of interest. Negative Sx values indicate

exposure whereas positive values indicate shelter. The parameter Sx for
a cell is calculated with the formula (Winstral and Marks, 2002):
2

3

−1 ELEVðxv ; yv Þ−ELEVðxi ; yi Þ7
6
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 5:
SxA;dmax ðxi ; yi Þ ¼ max4 tan
ðxv −xi Þ2 þ ðyv −yi Þ2

ð1Þ

A is the azimuth of the search direction, (xi, yi) are the coordinates of the cell of interest, and (x v, xv ) are the set of all cell

Fig. 2. Laser scanning at the Col du Lac Blanc. The terrain break used in case study II is visible in the background, lower right side.
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Fig. 3. Wind directions (in °) and speeds (in ms−1) as wind roses for a) case study I and b) case study II; c) wind speeds (in ms−1), precipitation (SWE in mm) and temperatures (in °C) for
the duration (marked with arrows) of the case studies and three days prior (8 to 28 February 2011).

coordinates located along the search vector deﬁned by (xi, yi), A,
and the search distance dmax (Winstral et al., 2002). Sx is determined along vectors within a search window around the prevailing
wind-direction. Like Winstral and Marks (2002) and Schirmer
et al. (2011), we applied 5° increments in a 30° search window.
We examined the effect of search distances (dmax) between
50 m and 3 m.
The advantage of the terrain-based parameter is the simplicity
and efﬁciency of calculation. The simplicity of the Sx calculation is
based, however, on omitting several factors that determine changes
in snow depths and snow distributions, for example wind speed and
precipitation, and the parameter does not account for the fact that

snow distribution is a highly nonlinear function of wind speed
(Schirmer et al., 2011).
3.3. Terrestrial laser scanning
A Riegl LPM-321 (Riegl, 2013) was used for the laser scanning campaigns. For registration purposes we followed the methodology described in Prokop and Panholzer (2009), and applied targets as well as
multi-station adjustment. In total nine targets were mounted, seven of
them could be measured from both scan positions (Fig. 2). An average
point spacing of 0.1 m was achieved and for ﬁltering of non-ground
points the wedge ﬁltering method was applied (Panholzer and
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Table 1
r2 and the minimum and maximum residuals between estimated and measured snow depths in dependency of dmax; for the best-ﬁt cases, the functions for the estimated changes in snow
depths (ΔHSest) or absolute snow depths (HSest) are given. Nash–Sutcliffe model efﬁciency coefﬁcients (NSE) and r2 are equal to the second decimal in all cases and listed in the same
column. P-values: 0.000 for all cases, as a result of high (N19,000; N1400 for data with 5 m resolution) f-values.
a) Estimated vs. measured changes in snow depths, calculated on DSM
Case study I
Measured max. ΔHS: −0.5/2.0 m
Dmax

r2/NSE

Residuals
Min/max

50 m
25 m
15 m
10 m
7m
5m
3m

0.47
0.55
0.61
0.65
0.68
0.71
0.73

−0.5/1.3 m
−0.6/1.2 m
−0.6/1.2 m
−0.7/1.1 m
−0.7/1.1 m
−0.6/1.0 m
−0.6/1.0 m

Case study II
Measured max. ΔHS: −0.4/4.1 m
Function
ΔHSest=

1.4 ∗ Sx − 0.0
1.5 ∗ Sx − 0.0

r2/NSE

Residuals
Min/max

0.47
0.41
0.54
0.55
0.54
0.55
0.50

−1.2/2.5 m
−1.3/2.4 m
−1.3/2.3 m
−1.2/2.3 m
−1.2/2.5 m
−1.2/2.4 m
−1.1/3.0 m

Function
ΔHSest=

3.7 ∗ Sx − 0.3
3.7 ∗ Sx − 0.3

b) Filtered, 9 × 9: estimated vs. measured changes in snow depths, calculated on DSM
Case study I
Measured max. ΔHS: −0.3/1.0 m
Dmax

r2/NSE

Residuals
Min/max [m]

15 m
10 m
7m
5m
3m

0.69
0.74
0.77
0.78
0.80

−0.4/0.4 m
−0.4/0.3 m
−0.3/0.3 m
−0.2/0.3 m
−0.2/0.3 m

Case study II
Measured max. ΔHS: −0.4/3.4 m
r2/NSE

Function
ΔHSest=

1.4 ∗ Sx + 0.0
1.4 ∗ Sx + 0.0

0.55
0.55
0.54
0.53
0.52

Residuals
Min/max
−0.9/1.7 m
−0.7/1.7 m
−0.6/1.7 m
−0.6/1.7 m
−0.6/1.7 m

Function
ΔHSest=
3.7 ∗ Sx − 0.3
3.7 ∗ Sx − 0.3

c) Estimated vs. measured snow distribution, calculated on DEM
Case study I
Measured max. snow depth: 6.8 m
Dmax

r2/NSE

50 m
25 m
15 m

0.53
0.50
0.41

Residuals
Min/max
−4.2/2.7 m
−4.0/2.7 m
−3.7/3.0 m

Case study II
Measured max. snow depth: 8.2 m
r2/NSE

Function
ΔHSest=
6.1 ∗ Sx + 0.7
5.7 ∗ Sx + 0.9

0.46
0.40
0.32

Residuals
Min/max

Function
HSest=

−4.4/4.2 m
−4.0/4.2 m
−3.6/4.4 m

5.1 ∗ Sx + 0.6
4.6 ∗ Sx + 0.8

d) Filtered, 9 × 9: estimated vs. measured snow distribution, calculated on DEM
Case study I
Measured max. snow depth: 6.2 m
Dmax

r2/NSE

50 m
25 m
15 m

0.62
0.60
0.50

Residuals
Min/max
−2.3/2.3 m
−2.4/2.2 m
−2.4/2.4 m

Case study II
Measured max. snow depth: 8.2 m
Function
ΔHSest=

r2/NSE

7.3 ∗ Sx + 0.6
6.9 ∗ Sx + 0.9

0.48
0.41
0.32

Residuals
Min/max
−3.0/3.5 m
−2.8/3.6 m
−2.6/3.7 m

Function
HSest=
6.1 ∗ Sx + 0.5
5.4 ∗ Sx + 0.7

e) Estimated vs. measured changes in snow depths, based on 5 m resolution data
Case study I
Measured max. ΔHS: −0.4/1.4 m
Dmax

r2/NSE

25 m
15 m
10 m
7m
5m

0.61
0.65
0.68
0.71
0.73

Residuals
Min/max
−0.6/0.7 m
−0.6/0.7 m
−0.7/0.6 m
−0.6/0.6 m
−0.4/0.6 m

Case study II
Measured max. ΔHS: −0.2/3.8 m
r2/NSE

Function
ΔHSest=

1.3 ∗ Sx − 0.0
1.3 ∗ Sx − 0.0

Prokop, 2013). We checked the data quality with reproducibility tests
and sorted the scans in dependency of their quality. These steps were
necessary because the meteorological conditions at the Col du Lac
Blanc were not always favorable, mainly due to strong winds shaking
the tripod. Data with a maximum deviation of 5 cm were considered
as acceptable. The scan data are initially in the form of heterogeneously
distributed point clouds, which we converted to raster data applying the
natural neighbor interpolation method (Prokop and Panholzer, 2009).
By subtracting rasters from various scan campaigns, we obtained precise quantitative information about the snow depths and changes in
snow depths. Then we correlated the snow depth and distribution
data with the results of the terrain-based parameter. The TLS and

0.54
0.55
0.54
0.51
0.49

Residuals
Min/max
−1.1/1.9 m
−0.9/1.9 m
−0.9/1.9 m
−0.9/1.9 m
−1.0/2.1 m

Function
HSest=
3.8 ∗ Sx − 0.3
3.8 ∗ Sx − 0.3

weather data allow for an evaluation of the modeled terrain-based parameter under site-speciﬁc terrain and weather conditions.
3.4. Determining spatial correlations
The study by Payer (2012) showed that Sx is the strongest predictor
for snow redistribution, but the statistical correlation between measured snow depths and the terrain-based parameter was generally
poor. In order to a) identify the areas of poor correlations and
b) evaluate the effect of changing the Sx parameters, we applied regression analysis between matching grid cells of measured snow depths and
modeled Sx values. The explanatory, independent variable (x) was the
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terrain-based parameter. The dependent variable (y) was the change in
snow depth, or the absolute snow depth. Correlation is expressed by r2,
the squared Pearson coefﬁcient of correlation. Positive residuals indicate
an underestimation of measured snow depths; negative residuals correspond to an overestimation.
The correlations must be interpreted with care. The coefﬁcient of determination (r2) will vary in absolute terms with how the sampling area
is chosen. The sampling areas were narrowed down to the vicinities of
terrain breaks, with the areas covering 125 × 180 m (case study I) and
190 × 287 m (case study II). Increasing or decreasing the size of areas,
or including other areas of lee wind-deposition or cross-loading, will affect the r2 values. At the same time, lower r2 may not necessarily correspond to low residuals, which should be evaluated alongside r2. In
addition to r2, we calculated the Nash–Sutcliffe model efﬁciency coefﬁcients (Nash and Sutcliffe, 1970).
3.5. Modiﬁcation of Sx
Our hypothesis was that Sx must be adapted to the higher raster resolutions and be modiﬁed in dependency on surface morphology and the
intensity and duration of wind events, and that the relation between
changes in snow depth and Sx can be approximated with linear regression in the form:
f ðSxÞ ¼ α � Sx þ b

ð2Þ

where α (slope) and b (intercept) are newly introduced parameters,
and f(Sx) yields the estimated change in snow depth:
f ðSxÞ ¼ ΔHSest ¼ α � Sx þ b:

ð3Þ

Both digital terrain and digital snow surface models were used to determine Sx. We varied the search distances, applied raster smoothing
and resampling, and calculated linear spatial regressions, residuals and
the resulting functions ΔHSest for these different data:
a) First, we calculated the spatial linear regression between the
measured changes in snow depths and the terrain-based parameter calculated from a digital elevation model (DEM). The DEM
was obtained in the summer and has a resolution of 1 m. Using
digital elevation models is a practicable approach, because they
are more readily available than snow surface models. Then the
digital snow surface model (DSM) was used to calculate the
parameter Sx.
b) The search distance is related to raster resolution, because the terrain reproduced by the DEM or DSM depends on the resolution.
Consequently, we reduced the search distance (dmax) from 50 to
25, 15, 10, 7, 5 and ﬁnally 3 m.
c) Third, we assessed how the terrain-based parameter, calculated on
the DEM, can reproduce the distribution of absolute snow depths,
and evaluated the effect of changing dmax on the results.

Fig. 4. For case study I: a) location and magnitude of terrain-based parameter Sx (blue scale), change in snow depth (red scale); b) location and magnitude of the residuals in 2D and (c) in
3D view (view towards SE); d) resulting scatter plot of change in snow depth (ΔHS; in meters) versus the terrain-based parameter (Sx). For reference, a 5 m grid is shown.
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d) Forth, we analyzed the effect of smoothing the terrain data with
low-pass ﬁlters. On both the DEM and DSM we applied 9 × 9 matrix
ﬁlters. A new value for each cell was calculated by multiplying the
category values of the cells in the 9 × 9 neighborhood around the
center cell by nine and adding them together. The sum was divided
by 81. The values of Sx calculated on the smoothed surfaces were
compared with the measured snow redistribution and distribution,
also smoothed with a 9 × 9 low-pass matrix ﬁlter. The purpose of
smoothing the DSM was to determine if ﬁltering of small, seasonand condition-speciﬁc snow surface features increases the prediction quality of the parameter. The smoothing of the DEM should
simulate ﬁlling of the summer surface with snow and reduce the
sensitivity of the parameter to small terrain features that are present
in summer, but covered by snow in the winter.
e) Finally, to evaluate how a lower resolution affects the results, we
resampled the raster data to 5 m resolution with the natural neighbor algorithm. Sx was calculated on the resampled DSM, and compared with the resampled measured changes in snow depths.

4. Results and discussion
4.1. Comparing summer DEM and winter DSM for the calculation of the
terrain-based parameter
We ﬁrst investigated how the terrain-parameter Sx can predict
changes in snow depths using a digital elevation model (DEM),
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obtained with TLS in the summer. Similar to the results for case study
II presented in Prokop et al. (2013), analyses of spatial correlations for
case study I show that areas of poor correlations (high residuals) are
in the lee of terrain breaks. The terrain-based parameter predicts shelter
close to terrain breaks. The actual snow deposition occurs farther away
from the terrain break, however. This shift between the maximum
values of Sx and measured snow depositions results in a poor correlation between the two. Fig. 4 illustrates this for case study I. The residuals
in the snow accumulation area in the lee reach 1.8 m.
Calculating Sx based on a digital snow surface model instead of the
snow-free terrain surface improves the correlation between Sx and
measured changes in snow depths (Table 1a). The resulting correlation
allows us to lay a regression line and determine a coefﬁcient of determination, r2 (Fig. 5). For dmax = 50 m, r2 is 0.47 for both case studies I and
II (Fig. 5a; Table 1).
4.2. Reducing the search distance
Reducing the parameter's search distance (dmax) yields signiﬁcantly improved results for both case studies (Fig. 5; Table 1a). The best results are achieved with dmax = 3 m for case study I and 10 m for case
study II, with r2 values of 0.73 and 0.55. Fig. 5a and b shows for case
study I the scatter plots between Sx for dmax = 25 m and 3 m versus
the measured change in snow depths. Fig. 5c and d shows the plots
for case study II for dmax = 25 m and 10 m. The functions for estimated
changes in snow depths are ΔHSest = 1.5 ∗ Sx − 0.0 and ΔHSest =
3.7 ∗ Sx − 0.3. Fig. 8a and b shows the plot of estimated (ΔHSest) versus
measured snow depth for case study I (dmax = 3 m) and II (dmax =

Fig. 5. Plots of measured changes in snow depths (in meters) versus Sx for a) dmax = 50 m and b) for dmax = 3 m, case study I; c) dmax = 50 m and d) dmax = 10 m, case study II. Sx
values are based on the DSM from 11 February 2011 for case study I, and 17 February 2011 for case study II.
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Fig. 6. a) Terrain-based parameter (Sx; dmax = 50 m) and b) snow depths (HS; in m) on 11 February 2011, case study I.

10 m). In the zones of enhanced snow accumulation the residuals are reduced to 1.0 m for case study I and to 2.3 m for case study II (Table 1).
4.3. Using the terrain-based parameter to estimate snow distributions
Fig. 6 shows a comparison between Sx, based on the DEM, and absolute snow depths for case study I. The pattern of snow distribution is
represented well. For both case studies, we found the best search distance to be dmax = 50 m (Table 1c). For case study I, the resulting r2
is 0.53. The residuals are high: The snow depths near the terrain break
are 5 to 6.2 m. The highest residuals in the accumulation zone behind
the terrain-break are exceeding 2.5 m, and negative residuals reach
− 4.2 m. For case study II the resulting r2 is 0.46. The snow depths
near the terrain-break reached from approximately 6 m to a maximum
of 8.2 m. The residuals in the zone of enhanced accumulation, behind
the terrain-break, reach −4.4/+4.2 m (Table 1c).
4.4. Terrain smoothing and raster resampling
In the next step, we investigated the inﬂuence of terrain smoothing,
using 9 × 9 moving windows, on the correlation between the terrainbased parameter Sx and a) measured changes in snow depths and
b) the distribution of absolute snow depths. Then we evaluated the effect of resampling both Sx and measured snow data to a resolution of
5 m.

4.4.1. Terrain smoothing: change in snow depth
In case study I, r2 and also the model efﬁciency slightly increase compared to the unﬁltered data (Fig. 7; Table 1b). Residuals in the lee of the
terrain break decrease to 0.3 m. In case study II, smoothing increases r2
slightly and reduces the residuals in the lee to 1.7 m. The functions for
the estimated changes in snow depth (ΔHSest) have remained similar
to the unﬁltered data. Fig. 8b shows estimated (ΔHSest) versus measured snow depths for case study II and dmax = 3 m.
4.4.2. Terrain smoothing: absolute snow depth
The smoothing increases the correlation between the terrainbased parameter and absolute snow depths (Fig. 9; Table 1d). For
dmax = 50 m, r2 increases from 0.53 to 0.62 and residuals decrease to
−2.3/+2.3 m (Table 1d). For case study II, the smoothing does not increase the value of r2 substantially (0.46 to 0.48), but the residuals decrease to −3.0/+3.5 m (Table 1).
4.4.3. Resampling to 5 m resolution
In case study I, r2 and also the model efﬁciency increase slightly
when using resampled 5 m data (Table 1e). Residuals in the lee of the
terrain break decrease to 0.6 m. In case study II, the optimal search distance is 15 m, and r2 increases slightly compared to the 1 m data. The residuals in the lee reach 2.3 m. The functions for the estimated changes in
snow depth (ΔHSest) have remained in both cases similar to the 1 m
data. Fig. 10 shows plots of estimated versus measured snow depths.

Fig. 7. Plots of measured changes in snow depths (smoothed, 9 × 9; in meters) versus Sx based on smoothed (9 × 9) for a) case study I, dmax = 3 m; b) case study II, dmax = 10 m.
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Fig. 8. Plots of measured versus estimated changes in snow depths (in meters) for a) case study I, dmax = 3 m, b) case study II, dmax = 10 m; and c) case study I, smoothed 9 × 9,
dmax = 15 m.

4.5. Discussion
In our study, the terrain-based parameter fails to adequately describe changes in snow depths when calculated based on a digital elevation model (DEM). The reason is a shift between the position of
maximum Sx values and the location of the maximum values of snow
deposition. This shift results in a poor correlation between the terrainbased parameter and measured changes in snow depths. When a digital
snow surface model (DSM) is used for the Sx calculation, the cells providing maximum shelter are closer to the areas of enhanced snow accumulation. Consequently, the ability of the terrain-based parameter to
predict snow redistribution improves when it is calculated based on a
DSM that was acquired shortly prior to the wind and snow event.
Fig. 11 shows the differences in morphology and of the location of
the terrain breaks between the a) summer DEM and b) DSM from 17
February 2011 (case study II). It is also apparent how much smoother
the DSM (b) is compared to the DEM (a).
The ideal search distance (dmax) and the value of α (slope of the regression line) have shown to depend on the magnitude of snow deposition. More snow deposited in the lees of the terrain breaks results in an
increased dmax and a higher value for the parameter α, as shown in our
case studies: case study I: dmax = 3 m, α = 1.5; case study II: dmax =
10 m, α = 3.7. It must be pointed out that our observations are based on
winds with concurrent snowfall, conditions favorable for snow drift and
accumulation. In scenarios of winds without concurrent snowfalls, the
value of α will depend on the snow available for redistribution and
the transport capacity of the wind, which are linked to snowpack

densities (for example density, grain types), previous snow transport,
and wind speeds.
Areas of enhanced snow deposition are located in the lee of the two
terrain breaks and are probably directly linked to wind ﬂow deceleration and ﬂow-separation (Winstral and Marks, 2002; Winstral et al.,
2002). In these areas, linear correlation underestimates the snow accumulation. Our observations are in line with Winstral and Marks' (2002)
and Wintral et al.'s (2002) ﬁndings and support their approach of applying an additional parameter Sb to delineated sites of enhanced snow deposition and adding additional precipitation to these areas.
Fig. 12 summarizes these observations in cross sections of case studies I and II. Shown are the change in snow depths (ΔHS, in meters) and
the terrain-based parameter (Sx), based on a DEM (dmax = 50 m) and
a DSM (dmax = 25 and 3 m). The strong peaks of ΔHS are related to enhanced accumulation (note that ΔHS for both case studies are normalized). Furthermore, it is evident how the ﬁt increases for the Sx curves
when derived from the snow surface, and how the ﬁt also depends on
the search distance dmax. A search distance of 25 m would yield a better
ﬁt, if the areas of snow accumulation would continue to grow.
The Sx values for dmax = 3 m (case study I) and 10 m (case study II)
and dmax = 25 m merge as they approach the location of maximum
snow accumulation in the lee of the terrain breaks. This conﬁrms that
areas of enhanced snow accumulation are associated with terrain
breaks and ﬂow separation.
The correlation has also shown to depend on the length of the studied period. The longer the studied period, the more factors not
accounted for by the terrain-based parameter play a role in shaping

Fig. 9. Plots of absolute snow depths (in meters) on 11 February 2011 versus Sx for case study I, based on a) 1 m DEM and b) smoothed 1 m DEM; dmax = 50 m.
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Fig. 10. Plots of measured versus estimated changes in snow depths (in meters), based on 5 m resolution data, for a) case study I, dmax = 5 m; b) case study II, dmax = 15 m.

the snow surface. These factors are mainly: varying wind directions,
snow pack settlement, radiation, and snowfalls without concurrent
winds. This is particularly evident from the comparison of the correlation between Sx and a) absolute snow depths (poor correlation) and
b) changes in snow depths (better correlation).
The optimal search distance dmax has shown to be linked to raster
resolutions, as comparisons with the work of Winstral and Marks
(2002) and Schirmer et al. (2011) show. In their studies dmax between
100 and 300 m were used, in combination with raster resolutions of 10
to 30 m. In contrast, we used 1 m resolution data and found search radii
of 3 to 10 m to yield the best results. Higher search radii of 15 and 25
performed better in the studies using 5 m, particularly in case study II.
Smoothing of the terrain increases the correlations for case study I,
but not for case study II. This can be attributed to the already quite

smooth surface of case study II prior to the ﬁltering (Fig. 11). Improved
results in case study I can be attributed mostly to smoothing in the areas
of enhanced snow accumulations. The improvements also suggest that
high residuals are partly linked to terrain features that strongly vary between observation sites and observation periods, and are represented
by a 1 m DSM. Resampling to 5 m resolution also improves the results,
but a fraction of the increase in r2 can be attributed to a reduced sample
size. While the correlations are generally better, the estimated changes
in snow depths derived from the smoothed and resampled data sets are
still too low in the zones of enhanced accumulation.
Patterns of the distribution of absolute snow depths are described
well by the terrain-based parameter. This is in accordance with the observations made by Schirmer et al. (2011). Predictions of the magnitude
of snow distributions by linear regression are not feasible, however. The

Fig. 11. a) Summer DEM and b) DSM from 17 February 2011, case study II. Red dashed lines show the difference in the location of the terrain break.
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Fig. 12. Cross sections, a) case study I and b) case study II, showing the change in snow depth (ΔHS, normalized, in meters) and the terrain-based parameter (Sx), based on DEM (dmax =
50 m) and DSM (dmax = 25 and 3 m).

correlation with snow depths and model efﬁciencies is low, and residuals are high, exceeding 4 m in places, and both in under- and overestimation. This can be attributed to omitting meteorological conditions
and processes in the snowpack, which contribute substantially to
shaping the snow distribution from the ﬁrst snows in autumn 2010 to
February 2011. A higher dmax of 50 m shows better results than
lower dmax. The values of α are 6.1 (case study I) and 5.1 (case study
II), higher than the values observed for the changes in snow depths during storm events. Consequently, the search radius and the value of α increase as the magnitude of deposited snow during an observation
period increase.
Applying a low-pass ﬁlter on the DEM improves correlations and
model efﬁciencies slightly, with more notable improvements for case
study I. The smoothing does not eliminate the problem of high residuals,
however, and is not a satisfactory method to mitigate the problems
resulting from the omission of meteorological conditions and processes
in the snowpack.

5. Conclusions
We used high-resolution snow surface data obtained with TLS to
compare the terrain-based parameter Sx with measured snow depths
and changes in snow depths in the Col du Lac Blanc area. Sx was calculated based on 1 m surface data. We investigated two wind-induced

redistribution events with concurrent snowfalls, and the distribution
of absolute snow depths present in February 2011.
Based on our data, the terrain-based parameter Sx fails to adequately
describe changes in snow depths in mid-winter when a digital elevation
model is used to calculate Sx. The results improve substantially when a
digital snow surface model from prior to the observation period is used.
The relation between the parameter Sx and the measured change in
snow depths can then be approximated with linear regression in the
form ΔHSest = α ∗ Sx. The value of α has shown to depend on the
amount of snow deposited. The search distance has substantial inﬂuence on the quality of the terrain-based parameter. Raster smoothing
and coarser resolutions can also increase the correlations. The terrainbased parameter's systematic underestimation of snow deposition in
accumulation-enhanced zones is problematic, however.
The terrain-based parameter is able to reproduce the pattern of
snow distribution, but predictions of absolute snow depths by linear regression have shown not to be feasible. In this application, the reduced
model efﬁciency due to omitting meteorological factors and processes
in the snowpack becomes apparent.
Our analysis is a prerequisite to improve the parameter's ability to
a) quantitatively describe changes in snow depths, and b) qualitatively
reproduce snow distribution patterns, using high raster resolutions. An
improved terrain-based parameter can be valuable not only in snow
and avalanche research, but also glaciology and hydrology, and for forcing snow distribution models such as Alpine3D (Lehning et al., 2006).
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Future work should focus on a) addressing and correcting the quantitative and systematic underestimation in the accumulation enhanced
zones, possibly by applying an additional parameter, b) better understanding the inﬂuence of terrain variables, raster resolutions and
intra-seasonal small-scale variations of the snow surface in shape and
location, and c) investigating the response of Sx to wind events with
and without concurrent precipitation. The next step should then be to
quantify the variable α through an integration of meteorological parameters, including wind speeds and ﬁelds, precipitation, and drifting snow
ﬂuxes.
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Regional vulnerability assessment for debris flows
in China—a CWS approach

Abstract Based on former conceptual models of vulnerability, this
paper aims to improve the quantitative model for regional vulnerability assessment by analyzing in-depth the relation between
vulnerability, exposure, coping capacity, and resilience. Taking
the mountain settlements in the upper reaches of Min River,
China, as a case study, the method of Contributing Weight Superposition (CWS) is applied in establishing both a model and a
system for the vulnerability assessment of elements at risk. The
CWS approach consists of 13 index factors including population,
economic and road densities, building and farmland coverage,
hazard-affected areas, urbanization rate, and GDP per capita.
Accordingly, a debris flow hazard vulnerability zoning map was
obtained and the assessment results show that the distribution of
high and comparatively high vulnerability zones, where economic
activities are considerably high, has a close correlation to the
topography of the catchment and population characteristics. The
results thus may serve as a pertinent guidance for settlement
relocation, population distribution readjustment, and management to prevent and reduce hazards in the upper reaches of Min
River and beyond.
Keywords Contributing Weight Superposition . Debris
flow . Vulnerability . Min River . China
Introduction
Mountain communities worldwide have continuously suffered
from natural hazards that have regularly caused loss of life, agricultural land, infrastructure, and buildings. Focusing on landslides, the adverse effects associated may increase due to the
continued socioeconomic development in mountain regions
(Fuchs et al. 2013) and the predicted influence of climate change
on the frequency and magnitude of these processes (Keiler et al.
2010; Malone and Engle 2011; Field et al. 2012). In order to mitigate
the adverse effects of landslides, the concept of risk has proven to
be an appropriate quantitative method (e.g., Fell et al. 2008). Risk,
defined as the expected degree of loss due to a potentially hazardous phenomenon of a given magnitude and frequency (Varnes
1984), requires an understanding of the place-based susceptibility
of elements at risk such as buildings exposed. This susceptibility
can be expressed by vulnerability, even if it is argued by Lewis
(2014) that the latter is superimposed by the first, and is pillared by
multiple disciplinary theories underpinning either a technical or a
social origin of the concept and resulting in a range of (scaledependent) paradigms for either a qualitative or quantitative assessment (Fuchs 2009; Birkmann et al. 2013).
With respect to mountain hazards, the significance of quantifying physical, economic, institutional, and social vulnerability has
been emphasized by several scholars (Fuchs et al. 2011, 2012a, b;
Papathoma-Köhle et al. 2011). Understanding regional vulnerability has advanced over the past several decades with studies using a
combination of indicators, case studies and analogs, stakeholderdriven processes, and scenario-building methodologies (Malone

and Engle 2011; Fekete 2012). The focus of the methodologies varies
significantly. The majority of studies was focused on buildings
exposed and is, therefore, applicable on a local scale (Cui et al.
2013; Totschnig and Fuchs 2013), while others include infrastructure and lifelines such as the road network (Puissant et al. 2014).
Very few studies focus on the vulnerability of the environment or
the agricultural land, or the economic vulnerability of the affected
community that may include the vulnerability of businesses, the
tourism sector, etc. (Papathoma-Köhle et al. 2011). A very limited
number of the reviewed studies address the multi-dimensional
nature of vulnerability (Leone et al. 1996; Liu and Lei 2003; Galli
and Guzzetti 2007) by using multiple data sources for a computation of vulnerability on a regional scale. Scientific approaches
mostly focus on the physical vulnerability of elements at risk
exposed to natural hazards (e.g., Fuchs 2009; Fuchs et al. 2007,
2011, 2012a, b; Ding and Hu 2014) in order to provide information
necessary for operational risk analyses and technical mitigation.
Scholars from the social sciences often address regional development indicators (Cutter and Finch 2008; Cutter et al. 2008) and
economic indicators (Zhang and You 2014). A comprehensive
regional vulnerability assessment is important to understand the
overall susceptibility to landslides and to make decisions regarding funding allocations for adaptation or mitigation.
Global and international vulnerability indices are used to measure vulnerability by means of indicators and indices at the national scale and for global-scale comparisons. These include the
Disaster Risk Index (UNDP 2004), the Hotspots project by Columbia University (Dilley et al. 2005), and the Indicators for the
Americas presented by the Institute of Environmental Studies of
the National University of Colombia (Cardona 2004).
At the regional (country) level, a wide variety of approaches
have been applied to assess vulnerability and risk to hazards of
natural origin. A comprehensive compilation of various approaches can be found in Birkmann (2006). Acknowledging that
vulnerability is driven by exposure, sensitivity, and resilience,
Cutter and Finch (2008) addressed vulnerability in the USA based
on the computation of indicators measuring both the environmental and social systems. They concluded that an indicator-based
vulnerability assessment be a critical element for emergency preparedness, immediate response, mitigation planning, and longterm recovery from disasters. Although such indicators are available for Europe and North America, they are rather limited for
other regions such as China and the Russian Federation. For
China, Tang (2004) took population density, density of building
values, GDP, farmland density, and the distribution of highways as
indices for vulnerability when computing regional landslide risk
for the Red River drainage area. Jin (2007) not only presented a
specific method of landslide hazard vulnerability assessment based
on land use types, but also established an index system for hazard
prevention and the reduction of the associated negative efforts on
society. Ding et al. (2012) extended this work by compiling a debris
flow hazard vulnerability zoning map for Dongchuan City in the
Landslides 13 & (2016)
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Yunnan Province, China. They selected six indices, including
building structure, construction year, floor area, floor number,
number of people exposed, and family income, to establish an
index system for debris flow vulnerability by using a selforganized neural network method.
In order to check the wider applicability of this method, and to
extend the method towards a broader set of indicators, we present
a Contributing Weight Superposition (CWS) method to quantitatively assess the vulnerability of elements at risk exposed to debris
flow hazards by taking the upper reaches of Min River, China, as a
case study. The upper reaches of Min River are an area inhabited
by multi-ethnic groups with multiple cultural backgrounds. The
region is characterized by considerable urbanization leading to
frequent and considerable human influence on the mountain
ecosystem. As a consequence, the region is prone to mountain
hazards (Table 1). Furthermore, the upper reaches of Min River are
located in an active seismic zone with increasing activity being
recognized in recent years. In particular, since the May 12, 2008
earthquake, a tendency towards higher frequency and magnitude
becomes increasingly obvious, causing more and more serious
losses and casualties (Cui et al. 2010; Ge et al. 2015).
Study area
The upper reaches of Min River are defined as the upper part of
the river catchment, including tributaries upstream the
Dujiangyan Dam. This area includes the counties of Wenchuan,
Mao, Li, and Songpan; the major part of Heishui County in the
Aba Tibetan Autonomous Prefecture; and a small part of
Dujiangyan City. The area is located in the northwest Sichuan
Basin, the east Aba Tibetan Autonomous Prefecture, the east
Qinghai-Tibet Plateau, and the east margin of the Hengduan
Mountain (30° 45′ N–33° 09′ N and 102° 35′ E–103° 56′ E), as shown
in Fig. 1. The region is in the transition zone between the lower (of
mountainous and hilly areas around the Sichuan Basin) and the
upper (Mantle of Qinghai-Tibet Plateau) tectonic plates. With a
total length of 337 km, the upper reaches of Min River cover an
area of approximately 22,000 km2. The major parts of the test site
can be characterized as a typical active area of debris flows in
Southwest China. In this area, the debris flows are mainly observed
in the alpine ravines, especially along the river banks downstream
Zhenjiangguan Village. A total of 319 representative large-scale
debris flow gullies have been selected for our case study (Table 2).

Natural environment
Located in the alpine ravines of the Qinghai-Tibet Plateau east
margin, the upper reaches of Min River serve as a transition area
from the Sichuan Basin towards the Qinghai-Tibet Plateau, incorporating geomorphologic features of mountains and canyons between 6250 m a.s.l in the west and 780 m a.s.l. in the east. The relief
is characterized by middle and high mountains with an intensifying surface incision from north to south leading to the formation
of canyons. Large longitudinal slopes are formed along the river
valleys, and strong erosion has made the geomorphologic balance
in the lower river valley quite dynamic.
Geologically, the exposed strata ranges from the Proterozoic to
the Cenozoic Era, with the Triassic stratum of the Mesozoic Era
demonstrating the widest distribution: rocks exposed are mainly
continental clastic, volcaniclastic, and carbonate rocks, as well as
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regional metamorphic rocks; intercalated with carbonate rocks, in
the river valley region, phyllites, slates, and metamorphic rocks of
the Devonian and Silurian systems of the Paleozoic Era are extensively exposed (Ding et al. 2014).
An azonal arid valley climate is characterizing the study area.
Under the alternate control of westerly circulation and warm
monsoon currents, the area transits horizontally from a subtropical to a warm temperate and finally a cool temperate zone (Ding
et al. 2014). Vertically, an appropriate climatic distribution is
found. The mean annual temperature is 5.7–13.5 °C, and the annual
precipitation is 400–800 mm with an 80 % concentration between
May and October (Ding et al. 2014). In addition to a deep river
incision and a large relative elevation difference, the fact that
warm and moist air flows have to climb over mountains before
reaching the area is unfavorable for precipitation and results in
scarce rainfall and dry climate, further promoting the formation of
dry-hot valleys.
Socioeconomic characteristics
With a population of 397,000 (Bureau of Sichuan Province 2014),
the region is the largest Qiang ethnic community and a povertystricken minority mountain area with relatively poor economic
development. People there inhabit the river valleys and mountain
terraces. Wenchuan County, Yingxiu Township, and Xuankou
Township are the most densely populated regions.
Based on the farming culture and dense population, the river
valleys have gathered most of the secondary and tertiary industries
of the entire area. High mountains and mountain plateaus compose a vast and sparsely populated area, with animal farming as
the main economic activity. Co-inhabited by minorities including
Han, Zang, Qiang, and Hui, it is an area with diverse economies
and cultures. Currently, there exist 625 administrative villages and
66,500 rural households (see Table 3), demonstrating a settlement
characteristic of dispersion, low density, and small scale.
Methods
Vulnerability assessment
In this paper, regional vulnerability is defined as a function of
exposure to a hazard and the social response capacity of the
communities exposed (e.g., Cutter and Finch 2008). Vulnerability
and exposure are positively correlated: it is the existence of exposure that leads to vulnerability of a system; while the increase of
response capacity will, to some extent, decrease the vulnerability
of a system. As the social response capacity consists of abilities to
cope, to adapt, and of resilience, the model of vulnerability can be
expressed as shown in Eq. (1):
V ¼ f ðE; C; ReÞ

ð1Þ

In this assessment, V is vulnerability, E is exposure, C is coping
capacity, and Re is resilience. Vulnerability was calculated by using
regional data as a proxy for E, C, and Re. Following an approach
outlined in Liu and Lei (2003) and Liu (2006), a regional vulnerability model was applied using Eq. (2).

V ¼ E 1‐

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!
C þ Re
2

ð2Þ

Table 1 Recent debris flow events in the upper Min River region

Date

Location

09 August 2003

Chayuan Gully, Wenchuan County

1 casualty
10 missing people
Severe property loss

Liu et al. (2004)

14 June 2008

Wachang Gully and Huangjia Gully, Wenchuan County

>200 m highway buried
Blockage of the main river
>1000 evacuees

Xie et al. (2009)

20 August 2008

Mawo Gully, Heishui County

1 fatality
1 building destroyed
13 km road damaged

Xie et al. (2009)

10 July 2013

Wenchuan County

29 casualties
22,086 buildings destroyed
633×106 US$ loss

Ge et al. (2015)

In this model, the assumption was made that coping capacity C
and resilience Re once normalized between 0 and 1 are strictly
increasing and leveling out at a value of 1. The resulting value is
then subtracted from 1 and multiplied by exposure E. As a result of
the square root function, the reduction of vulnerability (when
coping capacity and resilience are increasing) is higher at lower
values of C and Re and lower at higher values of C and Re. If both
coping capacity C and resilience Re are 0, vulnerability V is

Losses

Source

entirely defined by exposure E, and if both coping capacity C
and resilience Re are 1, vulnerability V becomes 0.
CWS-based assessment
The method of Contributing Weight Superposition (CWS) has
been adopted to determine the weight of different index factors
for the assessment of vulnerability. After being proposed by Qiao
et al. (2004), CWS has already been successfully applied in various

Fig. 1 Location of the study area in the upper reaches of Min River, Sichuan, China
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Table 2 Location of the debris flow gullies in the study area

Counties

Debris flow gullies (N)

Main distribution range

Songpan

46

Banks of Min River and tributaries

Heishui

45

Banks of the Heishui River and tributaries

Mao

57

Banks of Min River and tributaries

Li

95

Banks of the Zagunao River and tributaries

Wenchuan

76

Banks of Min River and tributaries

Sum

319

Chinese case studies (Shi and Qiao 2009; Wang et al. 2010). The
CWS method is based on a multiplication of the contribution rate
of different factors with their self and mutual weight as shown in
Eq. (3) (see Fig. 2). The contribution ratio is used to express a
relation between one of the factors used to describe vulnerability
and the probability of debris flow occurrence. After getting the
contribution ratios, they are equidistantly divided into five, and
then the weight of these five classes is calculated to achieve the
self-weight. Hence, self-weight is defined as a measure of the
importance of a particular sub-factor of each factor compared to
the general characteristics of this factor. Mutual weight is used to
describe the importance of one factor compared to another factor.
X¼

n
X
i¼1

ðiÞ

ðiÞ

Uo j ⋅wl ⋅wðiÞ

ð3Þ

In Eq. (3), X is either exposure (E), coping capacity (C), or resilience
(Re), depending on the ability of the individual factor to reduce
exposure, or to increase coping capacity or resilience, Uoj(i) is the
contribution ratio of sub-factor j of factor i, wl(i) is the self-weight of
contribution class l of factor i, and w(i) is the mutual weight of factor i.
Calculation of the contribution ratio
The contribution ratio Uoj(i) is calculated for every sub-factor
j=1,…,k of every factor i as the ratio of the number of debris flow
occurrences in a sub-factor to the total occurrences in the study
area, using Eq. (4).
ðiÞ

Uo j ¼

ðiÞ
nj

ð4Þ

n

where Uoj(i) is the contribution ratio of sub-factor j of factor i, nj(i)
is the number of debris flows in sub-factor j of factor i, and n is the
total number of debris flows in the study area.
Calculation of the self-weight
For the calculation of the self-weight wj(i), the contribution ratios are
first re-classified and then equalized, and finally calculated as follows:
The classes are equidistant and the intervals of the classes are
different for every factor i. We defined m=5 classes in accordance
with their ability to reduce vulnerability as
Ll(i)={high, comparativelyhigh, middle, comparativelylow, low}. The
self-weight for every class l and factor i is computed applying Eq. (5).
ðiÞ

wl ¼

ðiÞ
b
Ll
m
X
ðiÞ
b
Ll

ð5Þ

l¼1

with

ðiÞ
b
Ll

¼

k
X
j¼1

ðiÞ

Uo j

� �
� ðiÞ �
�L l �

ðiÞ

ðiÞ

with Uo j ∈Ll

ð6Þ

ðiÞ

where b
Ll is the mean value of contribution class l of factor i, Uoj(i) are
the contribution ratios of factor i element of the contribution class
Ll(i), and |Ll(i)| is the number of elements in the contribution class Ll(i).

Table 3 Village distribution and economic development of the study area

a

Counties

Land
area
(km2)

GDP per
capita
(Yuana)

Net income of each
rural resident
(Yuana)

Number
of towns
(N)

Number
of villages
(N)

Number of
rural
households
(N)

Density of
administrative
villages/km2

Songpan

8323

5780

1425

25

142

11,640

0.017

Heishui

4165

2656

1029

17

124

10,950

0.021

Mao

4064

3748

1222

23

152

19,219

0.037

Li

4313

6016

1112

13

81

8176

0.016

Wenchuan

4083

11,262

1679

14

126

16,515

0.031

Sum

24,948

5892

1293

92

625

66,500

0.025

As of 01 April 2014, 10 Chinese Yuan equals 1.17 Euros
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Fig. 2 Schematic representation of the Contributing Weight Superposition, taking the example of one factor i=1. The lowermost layer shows the contribution ratio for
four sub-factors Uoj(i). In the second layer, the self-weight of contribution class 1 is highlighted. The topmost layer shows the mutual weight of factor i=1

Calculation of the mutual weight
The calculation of the mutual weight w(i) is based on the contribution ratios and contribution classes of every factor i. First, the
contribution ratios in a particular contribution class l of every
factor i are summed up using Eq. (7).
k

ðiÞ

Rl ¼

X
j¼1

ðiÞ

ðiÞ

ðiÞ

Uo j with Uo j ∈Ll

ð7Þ

where Rl(i) is the sum of the contribution ratios of factor i in
contribution class l, Uoj(i) is the contribution ratio of sub-factor j
of factor i, and Ll(i) is the contribution class l of factor i. Then, Rl(i)
is normalized through Eq. (8).
bðl iÞ ¼
R

ðiÞ

Rl
X

ð8Þ

n

i¼1

ðiÞ

Rl

Table 4 Factors and sub-factors selected for vulnerability assessment

Factor
Exposure

Sub-factor

Description
2

Population density (persons/km )

Population per unit area

2

Building density (buildings/km )

Potential loss of buildings

Economic density (10,000 Yuan/km2)

Based on GDP/km2, used to quantify the
economic vitality

Farmland density (%)

Potential farmland loss
2

Road density (km′/km )

Potential infrastructure loss

Area influenced by hydropower stations (km2 affected/area of grid cells)
2

Coping capacity

Resilience

Potential infrastructure loss

Area influenced by debris flows (km affected/area of grid cells)

Influence of the debris flow hazards

Monitoring coefficient (number of monitoring stations/number of debris
flow sites)

Social early warning capacity

Hospital beds per 10,000 inhabitants (beds/10,000 persons)

Social rescue capacity

Doctors per 10,000 inhabitants (persons/10,000 persons)

Social rescue capacity

Urbanization rate (%)

Economic development level

GDP per capita (10,000 Yuan/person)

Social well-being

Labor-aged population ratio (%)

Social power

Landslides 13 & (2016)
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Fig. 3 a–g Single-factor distribution maps used as a proxy for exposure
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Fig. 4 a–g Single-factor contribution ratio graphs for exposure
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bðl iÞ is the normalized sum of factor i and contribution class
R
Rl(i) is the sum of the contribution ratios of factor i in

where
l and
contribution class l. Finally, the mutual weight for every factor i
is derived using Eq. (9).
wðiÞ ¼

DðiÞ
X
DðiÞ
n

ð9Þ

i¼1

where w(i) is the mutual weight of factor i and D(i) is the sum of
bðl iÞ for every factor i over the contribution classes l.
R

Assessment factors
A total of 13 factors was selected for the debris flow hazard
vulnerability assessment on mountain settlements in the upper
reaches of Min River, China. These factors have been chosen with
respect to their ability to represent the different characteristics of
vulnerability, and were established in line with the principle of
being systematic, comparative, and regionally applicable. Seven
factors were related to exposure, four factors indicating coping
capacity were identified, and two factors serving as proxy for
resilience were considered (see Table 4).
The indices selected for vulnerability assessment were defined
as follows:
(1) The population density refers to the population per unit area
(D=Pi/Si) with D being the population density, Pi the population within a region i, and Si the area of region i. Vulnerability
is closely correlated with the population density. The higher
the latter is, the higher the former. It is also correlated with
the population quality (such as gender, age, physical condition, professional feature, educational attainment, social status) and national characteristics regarding the ability of the
population to prevent, cope with, and resist hazards. Generally speaking, the elderly, women, children, and people with
poor physical condition are groups that are more vulnerable
to natural hazards than other parts of the population. Therefore, this factor has been modified to address these characteristics. Consequently, three modifiers were adopted:
population ratios of people older than 60 and younger than
16, women, and rural population were used in order to provide information of both population quantity and quality (see
Eq. (10)).
DR ¼ D � ða þ b þ cÞ=3

ð10Þ

In Eq. (10), DR is the modified population density, D is original
population density, a is the population ratio of people older than
60 and younger than 16 years, b is the population ratio of women,
and c is the population ratio of rural population.
(2) The building density refers to the elements at risk susceptible
to the impact of debris flow hazards. The building area used
in our study was extracted from SPOT satellite data, referring
to the footprint of all the buildings in the study area. Accordingly, the ratio of building area over total area was used to
reflect the density of buildings, neglecting different buildings
heights.
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Fig. 5 Final exposure distribution map

(3) Economic density refers to the ratio of GDP and the grid area,
indicating the effect of economic power in the unit area. The
larger the economic density is, the higher is the social
vulnerability.
(4) Farmland density is the farmland area per grid area. Being
extracted from the Sichuan provincial land use map, this
factor indicates the importance of local agricultural activities
and simultaneously indicates the economic susceptibility towards debris flows.
(5) The road density was extracted from the Sichuan road network map and was calculated as buffered running meter per
grid area. This information included freeways and provincial
and national highways. It was assumed the higher the road
density index, the higher is the susceptibility of roads to
landslides.
(6) Areas influenced by hydropower stations were determined
utilizing the location information of each hydropower plant,
a buffer zone with a 2-km radius was computed to assess the
area influenced by hydropower activities.
(7) Areas affected by debris flows were obtained utilizing information acquired from field surveys and remote sensing images. A buffer zone with a 1-km radius was set up with the
center at the fan apex for computing the area of influence for
each individual hazard site.
(8) The spatial configuration of monitoring spots used to observe
debris flow hazards reflects the governmentally targeted level
of hazard prevention and reduction on the one hand and the
degree of early warning and forecasting for debris flow hazards on the other hand. The monitoring coefficient was calculated as the ratio of the number of monitoring spots to the
number of debris flow sites per grid cell.

Fig. 6 a–d Single-factor distribution maps used as a proxy for coping capacity

(9) The number of hospital beds per 10,000 inhabitants was used as
a proxy for local rescue capacity and was obtained from the
number of beds in medical organizations per 10,000 persons.
(10) Simultaneously, the number of doctors per 10,000 inhabitants was used as an indicator for local rescue capacity.
(11) The urbanization rate was used as a quantitative index to measure
the urban development, expressed by the percentage of urban
population compared to the overall population per grid cell.
(12) GDP per capita was used to assess the economic development level of a grid cell. Accordingly, GDP per capita is a
preferable index to indicate the status, level, and rate of
economic development. Generally speaking, the higher the
GDP is, the stronger is the post-hazard resilience of a region.

(13) The labor-aged population ratio was used as proxy for resilience and was calculated as the percentage of labor force in
the total population. It was assumed that the higher this ratio
is, the stronger the resilience.

Data used in this paper originated from three sources: (1) road
and building distribution data extracted from Landsat ETM+
images of the study area; (2) basic data of social and economic
statistics, topography, geomorphology, and land use provided by
the Earth System Scientific Data Sharing Platform, one of the
National Chinese Science and Technology Infrastructure Platforms
(http://www.geodata.cn); and (3) data obtained through field
Landslides 13 & (2016)
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Fig. 7 a–d Single-factor contribution ratio graphs for coping capacity

surveys and the analytic interpretation of remote sensing images
(SPOT 5: two resolution ratios of 2.5 and 10 m; 2009). During
quantitative assessment, all the index data were expressed in terms
of density since density is the number of a certain element within a
unit area. It can thus be regarded as a continuous variable.

Fig. 8 a–b Single-factor distribution maps used as a proxy for resilience
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Secondly, density is a type of spatial data correlated with the size
and location of the study area. The total study area of 21,899 km2
has been divided into 88,667 assessment units with a spatial
resolution of 0.5×0.5 km through grid-based vector data processing using the software ArcGIS 9.3.
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Fig. 9 a–b Single-factor contribution ratio graphs for resilience

Application and results
By using the software ArcGIS 9.3, the procedure of debris flow
hazard vulnerability assessment on mountain settlements was
computed according to the outlined CWS method.
For the calculation of the seven exposure factors (see Table 4), the
base maps of each factor were acquired. The distribution information of each factor in the grid cells was obtained (Fig. 3a–g) and
added to the grids. Subsequently, the contributing ratio of exposure
index factors in each grid was calculated according to Eq. (4). The
contributing ratios were divided into five classes (Fig. 4a–g). In order
to get the weight values for each factors (see Table 4), the self-weight
was computed according to Eq. (5) and the mutual weight according
to Eq. (9). Then, the exposure value of each grid cell was obtained by
superposition through Eq. (3) and is presented in Fig. 5.
Similarly, the statistical data of the six factors used to describe
coping capacity (Figs. 6a–d and 7a–d) and resilience (Figs. 8a, b

and 9a, b) were gained (see Table 4). Using the similar model
described for the exposure factors, the values describing coping
capacity and resilience were computed, as shown in Figs. 10 and 11.
Finally, the degree of vulnerability was computed by Eq. (2) and
is shown in Fig. 12.
Table 5 shows that the mutual weight of the seven exposure
factors in a decreasing order is population density, economic
density, building density, farmland density, road density, area
influenced by hydropower stations, and area affected by debris
flows. By comparing Figs. 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12, it becomes
evident that the value for population density and economic density is spatially available while the other five factors are lineshaped data. Thus, the population density and economic density
prominently influence the spatial extent of vulnerability given in
Fig. 12, and both factors influence exposure by around 86 %
compared to the other factors. The population density and

Fig. 10 Final coping capacity distribution map

Fig. 11 Final resilience distribution map
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Fig. 12 Final vulnerability map for the study area

economic density in the townships of Wenchuan County are
among the highest values, followed by those of Li County. Accordingly, these factors show higher values for the mutual weight. The
mutual weight of the four factors used to indicate the coping
capacity in a decreasing order is monitoring coefficient, hospital
beds per 10,000 inhabitants, doctors per 10,000 inhabitants, and
urbanization rate. Due to the frequency of debris flows in the
upper reaches of Min River, early warning and, as a prerequisite,

monitoring capability will make a significant contribution in response to debris flow occurrence. Therefore, this coefficient has
the highest mutual weight (0.290, compare Table 5). In contrast to
the mutual weights for exposure, however, the four factors used as
proxy for coping capacity are relatively balanced among each
other. The mutual weight of the two factors used as a proxy for
resilience is the labor-aged population ratio and the GDP per
capita, whereas the first contributes around one third and the
latter around two thirds to this factor.
Given by Eq. (2), the exposure to debris flows has a positive
correlation with the vulnerability. The higher the exposure is, the
higher is the vulnerability. In contrast, resilience and coping capacity decrease the vulnerability to debris flows. The larger the
contribution of factors in exposure in one grid, the higher the
vulnerability to debris flows is. If the values of resilience and
coping capacity are becoming higher, the value of vulnerability
to debris flows is decreasing.
As shown in Fig. 12, areas of high and comparatively high
vulnerability with hazard distribution densities of 2.15/100 and
2.08/100 km2, respectively, are 325.18 and 818.21 km2, taking up
1.42 and 3.55 % of the total area. These areas of higher vulnerability
coincide with areas having a high degree of economic activities,
which in turn mirrors the shape and topography of the catchment.
Extraordinary high values can be found in the counties of
Songpan, Heishui, and Mao situated near the river trenches. Moreover, the high economic density of Wenchuan County in the
southern part of the test site results in medium vulnerability
values even if the hazard density is low (Table 6). On the contrary,
the areas with lower vulnerability values are characterized by a
large spatial extension but medium hazard distribution densities
(Table 6). Therefore, it can clearly be shown that the hazard
distribution alone is not responsible for vulnerability. In particular, a saturated socioeconomic development causes high and comparatively high vulnerability zones.

Table 5 Weights of the assessment factors and sub-factors describing exposure, coping capacity, and resilience

Factor

Exposure

Coping
capacity

Resilience

Sub-factor

Self-weight
Low
Comparatively
low

Middle

Comparatively
high

High

Mutual
weight

Population density

0.013

0.102

0.142

0.306

0.437

0.501

Building density

0.039

0.085

0.137

0.204

0.535

0.056

Economic density

0.087

0.265

0.045

0.588

0.014

0.362

Farmland density

0.056

0.124

0.168

0.230

0.421

0.038

Road density

0.046

0.120

0.134

0.183

0.517

0.026

Area influenced by
hydropower stations

0.007

0.016

0.099

0.236

0.641

0.010

Area affected by debris flows

0.119

0.279

0.235

0.191

0.176

0.007

Monitoring coefficient

0.147

0.066

0.239

0.276

0.271

0.290

Hospital beds per 10,000
population

0.064

0.088

0.189

0.220

0.439

0.248

Doctors per 10,000 population

0.062

0.144

0.282

0.225

0.287

0.245

Urbanization rate

0.082

0.153

0.126

0.362

0.277

0.217

GDP per capita

0.187

0.174

0.134

0.149

0.356

0.318

Labor-aged population ratio

0.070

0.050

0.062

0.178

0.639

0.682
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Table 6 Vulnerability zoning results for debris flows in the test site

Zoning

Area (km2)

Area (%)

Hazard sites
(number of spots)

Hazard sites (%)

Hazard density
(spot/100 km2)

High vulnerability

325.18

1.42

7

2.19

2.15

Comparatively high vulnerability

818.21

3.55

17

5.33

2.08

Middle vulnerability

4296.46

18.65

31

9.72

0.72

Comparatively low vulnerability

7628.6

33.12

150

47.02

1.97

Low vulnerability

9965.55

43.26

114

35.74

1.14

Sum

23034.00

100.00

319

100.00

1.38

Discussion
We presented an in-depth multi-dimensional analysis of indicators to
compute vulnerability for the upper reaches of Min River, China. The
model presented here extended the available vulnerability approaches
towards a more integrative assessment of exposure, coping capacities,
and resilience. It has been shown that vulnerability is positively
correlated with exposure and negatively correlated with societal capacities of coping and resilience. Moreover, the information content of
such an approach has been extended in comparison to earlier models
(which compute vulnerability through the direct addition of exposure
and social coping capacity) by using the CWS approach. In particular,
population density and economic density were found to be the key
factors for exposure, while other factors are less important. Coping
capacity is mostly steered by the ability to monitor hazards and
provide an appropriate early warning. Lack of resilience or societal
response capacity is determined by limitations in terms of access to
and mobilization of the resources of a community in responding to an
identified hazard; therefore, labor force available for reconstruction
was found to have a high influence on the capability to recover.
The factor system for the vulnerability assessment has been built
in line with the principle of being systematic, comparative, and
regionally applicable by using available regional statistical data. As
a matter of fact, when exposure is equal to 0, there is no vulnerability,
since Ba hazard is not hazardous unless it threatens something; [and]
vulnerability does not exist unless some elements at risk are threatened by something^ (Alexander 2004:267). However, when the capacity to cope or resist exists, vulnerability is not just determined by
exposure: once this capacity increases, the vulnerability will decrease
given no dynamics in exposure. In contrast, if this capacity decreases,
the vulnerability is increasingly determined by exposure. In this
sense, the function presented in Eq. (2) can express the relation
between exposure, coping capacities, and resilience. Approaches
showing the same direction but explicitly focusing on social sciences
include the Social Vulnerability Index presented by Cutter and
colleagues (Cutter et al. 2003; Cutter and Finch 2008) for the USA
or de Oliveira Mendes (2009) for Portugal. However, also other
factors contribute to vulnerability, as for example the hazard density
or the possibility of monitoring and early warning, as shown in our
study. Therefore, the use of such indicators as a proxy for vulnerability is recommended, in particular for regional assessments where
a local assessment by using vulnerability functions is challenging.
Depending on data availability, it would be possible to extend the
approach beyond the presented exposure indices and—as shown for
landslide susceptibility modeling by various scholars (e.g., Fell et al.
2008; Kappes et al. 2011; van Westen et al. 2008)—to include more

information on the process magnitude and frequency by using more
sophisticated variable such as geology or meteorological information. Moreover, in principle, it would also be possible to include
other dimensions for the assessment of coping capacity and resilience, such as institutional dimensions in terms of existing legal
regulations for construction in exposed areas or risk bearing (Fuchs
2009). This would also support the ongoing efforts in the study
region, where since the devastating 2008 Wenchuan earthquake, a
paradigm change towards a risk approach in managing mountain
hazards is promoted (Ge et al. 2015). It is particularly acknowledged
that recovery and reconstruction are necessary, but after an appropriate regional as well local re-assessment of hazard, vulnerability,
and risk (Xie et al. 2009; Cui et al. 2010).
Conclusion
During the last decades, the management of natural hazards was
shifted from a process-based approach focusing on conventional
technical measures—which were targeted at decreasing either the
frequency or the magnitude of an event—towards the concept of
risk which allows for an assessment of the effects of hazards on the
anthroposphere and their impact on the built environment. To
manage natural hazard risk, a broader understanding of the concept of vulnerability is needed in order to reduce losses resulting
from hazardous events. Multiple conceptualizations of vulnerability exist that show inherent differences in underlying theories due
to sectoral disciplinary foci. A general difference can be made
between rather deductive and inductive vulnerability assessments.
While the first aims at identifying, comparing, and quantifying
vulnerability of areas, groups, or sectors by relying on different
(empirically gained) indicators and indices, the second is targeted
at a better understanding of the perceptions of vulnerabilities of
actors and their capacities in order to develop locally embedded
adaptation and coping strategies. Acknowledging these different
roots of the multiple concepts of vulnerability, it becomes apparent that the overall aim of reducing natural hazard risks can be
achieved by multi-dimensional approaches. Such approaches
should include physical dimensions focusing on the hazard source,
but also economic, social, and institutional dimensions responsible for coping capacity and resilience.
A core element of these approaches is an internal feedback loop
within the system that underlines that vulnerability is dynamic
and that vulnerability assessment cannot be limited to a static
model allowing for identification of individual factors contributing to exposure, coping capacity, and resilience. The model presented here can be repeatedly applied by using an update of
Landslides 13 & (2016)
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indicators and indices and therefore is particularly suitable for
regional application in otherwise data-scarce regions.
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s u m m a r y
In the framework of flood risk assessment, vulnerability is a key concept to assess the susceptibility of
elements at risk. Besides the increasing amount of studies on flash floods available, in-depth information
on vulnerability in Mediterranean countries was missing so far. Moreover, current approaches in vulnerability research are driven by a divide between social scientists who tend to view vulnerability as representing a set of socio-economic factors, and natural scientists who view vulnerability in terms of the
degree of loss to an element at risk. Further, vulnerability studies in response to flash flood processes
are rarely answered in the literature. In order to close this gap, this paper implemented an integrated vulnerability approach focusing on residential buildings exposed to flash floods in Greece. In general, both
physical and social vulnerability was comparable low, which is interpreted as a result from (a) specific
building regulations in Greece as well as general design principles leading to less structural susceptibility
of elements at risk exposed, and (b) relatively low economic losses leading to less social vulnerability of
citizens exposed. The population show high risk awareness and coping capacity to response to natural
hazards event and in the same time the impact of the events are quite low, because of the already high
use of local protection measures. The low vulnerability score for East Attica can be attributed especially to
the low physical vulnerability and the moderate socio-economic well-being of the area. The consequence
is to focus risk management strategies mainly in the reduction of the social vulnerability. By analysing
both physical and social vulnerability an attempt was made to bridge the gap between scholars from
sciences and humanities, and to integrate the results of the analysis into the broader vulnerability
context.
 2016 Elsevier B.V. All rights reserved.

1. Introduction
Flash flood events play an important role in the ongoing flood
risk management discussion and provoke significant economic
losses and casualties within the society (Barredo, 2007; Gaume
et al., 2009; Marchi et al., 2010). Under flash floods we understand
very localised (in space and time), fast-evolving surface water
responses to rainfall from intense thunderstorms or a sudden
release of water from a reservoir, which results in short lead time
and a considerable potential for damage due to high flow velocities
and thus high hazard intensities. Flash floods tend to affect small
catchment areas with mostly local effects and typically occur in
tropical, arid and semiarid zones, where the local geology is

⇑ Corresponding author. Tel.: +43 1 47654 4364.

E-mail addresses: kkaragio@boku.ac.at (K. Karagiorgos), thomas.thaler@boku.ac.
at (T. Thaler), micha.heiser@boku.ac.at (M. Heiser), johannes.huebl@boku.ac.at
(J. Hübl), sven.fuchs@boku.ac.at (S. Fuchs).
http://dx.doi.org/10.1016/j.jhydrol.2016.02.052
0022-1694/ 2016 Elsevier B.V. All rights reserved.

characterised by loose sediments available for erosion or remobilisation (Hong et al., 2012; Terti et al., 2015). Further, inundation
occurs over normally dry land and is regularly associated with
short-term, high-intensity rainfall of convective origin on a local
scale (Borga et al., 2011). Also, small catchments tend to have
few structural defences with the result of considerable susceptibility to damage, and therefore a high vulnerability of elements at risk
within flood-prone zones (Spitalar et al., 2014). Moreover, the negative consequences of flash flood events depend not only on the
intensity and magnitude in relation to space and time, but also
due to economic, psychological and social aspects of the affected
population (Amaro et al., 2010; Creutin et al., 2013; Papagiannaki
et al., 2015; Terti et al., 2015). Between 1950 and 2006 more than
40% of flood-related casualties were reported during flash flood
events in Europe (Barredo, 2007). A key problem is the potential
increase of flash flood casualties and losses due to the social and
economic development; even if an improvement of early warning
systems for flash floods is reported (Montz and Gruntfest, 2002;
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Marchi et al., 2010). The main reasons are the combination of
dynamics underlying such extreme events (e.g. shift in heavy precipitation due to climate change, Keiler et al., 2010) and the exposure of assets and population in endangered areas (Groisman et al.,
2004, 2005; Calianno et al., 2013), even if some flash flood prone
areas may have experienced a decrease in population and assets
(Bätzing, 2002; Fuchs et al., 2015). As reported by Montz and
Gruntfest (2002), due to high potential for losses from flash flooding, efforts are needed to identify the susceptibility of the society
and of elements at risk. The assessment of susceptibility should
be introduced in additional to the knowledge of land use and social
criteria. In consequence, the literature encourages an interdisciplinary approach to analyse the impact and response to flash flood
events (Gruntfest and Handmer, 2001; Spitalar et al., 2014). Therefore, the assessment of vulnerability is necessary, and requires an
ability to identify and understand the exposure of elements at risk
and – in a broader sense – of society to these hazards (Fuchs et al.,
2012a; Meyer et al., 2013; Rojas et al., 2013).
The term vulnerability is closely related to the negative consequences of natural hazards, and is used in hazard and disaster
management in different settings. These consequences are generally measured in terms of damage or loss, either on an ordinal scale
based on social values or perceptions and evaluations, or on a metric scale, such as in monetary units. Consequently, two diverse perspectives on the concept of vulnerability exist: (1) the perspective
from social sciences; and (2) the perspective from engineering
sciences (see Fuchs, 2009 for a discussion with respect to mountain
hazards). Social scientists tend to view vulnerability as representing a set of socio-economic factors that determine the ability of
society to cope with stress, to anticipate changes or to recover from
the impact of hazards (Cutter et al., 2003; Turner et al., 2003;
Wisner, 2004; Birkmann, 2006; Kuhlicke et al., 2011; Menoni
et al., 2012). Such studies provide valuable information on the different parameters that determine a vulnerable population, while
not linking this specifically to risk management (Koks et al.,
2015). On the other hand, natural scientists often view vulnerability in terms of the degree of loss to an element at risk as a result of
the impact of a hazard based on a given frequency and magnitude
(Fell et al., 2008; Fuchs et al., 2011; Papathoma-Köhle et al., 2011;
Jongman et al., 2012; Totschnig and Fuchs, 2013). However, these
studies often neglected the social dimensions, which is based on
the cultural and spatial variation (Cutter et al., 2003; Wisner,
2004; Scolobig et al., 2012). Hence, representatives from each discipline often understand and analyse vulnerability in a way which
fits to their individual disciplinary purposes. To overcome this limitation several scholars presented integrative approaches to provide a better understanding of the challenges and to provide
better information for decision-makers (Birkmann et al., 2013).
Integration of methods for assessing vulnerability refers to different approaches used in vulnerability assessment and to what
extent they are integrated for exploring vulnerability from different perspectives (Fuchs et al., 2012a; Rød et al., 2012, 2014). On
this basis, we identified four different scenarios of vulnerability
combinations (Fig. 1). The type I scenario refers to local communities that demonstrate a high degree of coping capacity during flood
events, but where the events have a tremendous impact on buildings and infrastructure, such as flash floods in the Italian Alps in
2003 or in Austria in 2005 (Norbiato et al., 2007; Fuchs et al.,
2012b). These events caused serious effects to the critical infrastructure and buildings in the regions, but demonstrated a high
response capacity within the society (Fuchs et al., 2011;
Totschnig and Fuchs, 2013). Typically this scenario refers to flood
events with low magnitude in high-income regions. Communities
classified under the type II scenario are those that compound high
social and physical vulnerability, where flood hazards events cause
high damages to the population and constructions, such as flood

Type I:

Type II:

Low social
vulnerability and
high physical
vulnerability

High social
vulnerability and
high physical
vulnerability

Type III:

Type IV:

Low social
vulnerability and
low physical
vulnerability

High social
vulnerability and
low physical
vulnerability

Fig. 1. The four scenarios of integrated vulnerability.

and mudslides events in Latin America or in Asia (e.g. the 2011
events in Rio de Janeiro or the 2011 Southeast Asian floods). Type
II events have serious effects on affected societies and usually
occur in a multi-hazard environment in combination with landslides or mudslides. This scenario is typical for geographical
regions with no or non-adequate mitigation schemes in combination with large settlement areas in hazard-prone areas. The type
III scenario applies to situations that show a high social understanding and coping capacity of the society, which can fast absorb
and recover from an natural hazard event (high resilience), which
is also based on the extensive use of local protection measures. The
community is not inherently vulnerable towards natural hazards
events. Communities classified within type IV are those with a high
degree of resilience-building policies, but deficits to develop a local
network system and in adequate demographic structure. Typically
this refers to flood events in aging communities (Tobin, 1999;
Manuel et al., 2015).
The aim of this paper is to identify and to analyse vulnerability
factors (physical and social) due to flash flood processes, which is
largely missing in the literature so far (Terti et al., 2015). Our study
deals with the lack of predictability of the flash flood impacts,
focusing on vulnerability as a framework for describing and measuring these impacts. The first objective refers to the assessment
of the physical susceptibility of the buildings and their content.
The second objective relies on a social vulnerability assessment,
utilising socio-economic variables to calculate the social vulnerability. A final step includes the integrated assessment of physical
and social vulnerability to improve the understanding and knowledge of vulnerability assessment due to flash floods hazards and
risk management.
2. Description of the study area
The study has been carried out in the regional unit of East
Attica, which is located east of Athens in Greece (Fig. 2). The district covers an area of 1513 km2 between sea level and 1109 m a.
s.l. with a plain hilly relief and a population amounting to
502,348 inhabitants (Hellenic Statistical Authority, 2011). Four
communities were selected for our study (1) Nea Makri, (2) Oropos,
(3) Rafina-Pikermi, and (4) Marathonas. The climate of East Attica
region belongs to subtropical Mediterranean type, where during
the year long dry (mainly in the summer months) and short wet
periods (mainly in the winter months) are dominant. The mean
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Fig. 2. Location of the study area.

annual temperature is 18.9 C. The mean annual precipitation of
the area is approximately 400 mm by intense rainfall events during
autumn and winter months (Stamatis et al., 2006; Karagiorgos
et al., 2013). The study area is characterised by extensive anthropogenic activities with settlements continuously growing, especially since the 2001 with the construction of the international
airport of Athens in 2001 and the organisation of the Olympic
Games in 2004. The specific geographical settings of this region
in combination with extensive anthropogenic activities often
result in sudden and hazardous flash flood events in the area
(Diakakis, 2010; Lasda et al., 2010; Papagiannaki et al., 2013, 2015).
3. Materials and methods
The assessment of vulnerability includes the determination of
the individual vulnerability parameters such as elements at risk,
their physical exposure and social characteristics as well as the
underlying institutional settings responsible for exposure. For our
study, these parameters have only been calculated for elements
at risk that have been affected by the studied flash flood events.
3.1. Analysing physical vulnerability
Physical vulnerability of buildings can be expressed as the relation between degree of loss or damage ratio and the corresponding
process intensity causing this loss (Fuchs et al., 2007, 2011;
Totschnig and Fuchs, 2013). Within this study, a damage ratio
was computed using an economic approach by establishing a ratio
between the empirically collected loss and the value of every

individual element at risk exposed (Fuchs et al., 2007). In a second
set of calculations, this value obtained for every individual building
was attributed to the respective process intensities responsible for
the loss. Therefore, the information on the elements at risk exposed
in the test sites was necessary, as well as data on the process characteristics of the particular hazardous events.
The analysis is based on the evaluation of loss assessment
reports1 collected in the Prefecture of East Attica (Table 1) following
the flash flood events of 27 January 1996 (in Nea Marki), 4 November
2001 (in Marathonas and Oropos), 25 January 2003 (in Rafina, Marathonas, Oropos and Nea Makri) and 23 November 2005 (in
Marathonas).2
As damage had only been reported qualitatively in the loss
assessment reports, for the building envelopes the necessary quantitative values were calculated for each building using data given
by the Earthquake Recovery Service of Greece (Greek Ministry of
Infrastructure, Transport and Networks, 2011). These monetary
values included necessary reconstruction materials, taxes and salaries of the workforce. Damages referring to the household contents were calculated using the respective legal amendment

1
These reports were made available by the official authorities of the prefecture of
East Attica. Loss assessment reports were used to document the incurring losses
shortly after each event and are regularly used by the government for compensation
purposes.
2
The reports describe the characteristics of the affected building (building location
and type, number of floors, building size, construction materials used and the year of
construction), the process characteristics (flash flood magnitude using the water
depth as proxy) and the incurring losses (description of the damages to the building
envelope and/or damages to regarding to the content).
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Table 1
Summary of the flash floods events in the selected study sites.
Date of
event

Location

Catchment size
(km2)

Accumulated rainfall
(mm)

Rainfall duration
(in h)

Number of
casualties

Houses
affected

Total direct damage to private
properties (in €)

27/1/1996
4/11/2001
4/11/2001
25/1/2003
25/1/2003
25/1/2003
25/1/2003
23/11/2005

Nea Makri
Marathonas
Oropos
Rafina
Marathonas
Oropos
Nea Makri
Marathonas

23
37.5
166
129
37.5
166
23
37.5

64
82
82
66
66
66
66
200

11
24
24
24
24
24
24
48

2
–
–
–
–
–
–
–

22
8
26
25
1
16
2
14

92,289.19
31,943.30
115,792.50
101,686.14
4,226.16
85,408.42
6,339.60
80,588.64

(Greek Ministry for Health and Social Solidarity, 2001). These calculations were based on the number of residents within every
accommodation unit, the size of the accommodation unit, and
the categorised degree of damage which was obtained from the
loss assessment reports. The damage ratio was then obtained for
every building and served as a proxy for the resistance of buildings
with respect to flash floods in the study area. A function was subsequently deduced from the scatter plot of the entire data set. The
targeted type of function had to fulfil three requirements: (a) the
vulnerability values had to be between zero and one ðf : I#½0; 1�Þ,
(b) the vulnerability function had to pass through the origin
ðf ðI ¼ 0Þ ¼ 0Þ and (c) the function had to be strictly increasing
ðI1 6 I2 ) f ðI1 Þ 6 f ðI2 ÞÞ.
Different functions meet these requirements and were tested
within this study for their ability to best reflect the vulnerability
characteristics in the test site (Table 2). These functions were
repeatedly used in similar studies, such as Totschnig et al. (2011)
and Papathoma-Köhle et al. (2015), and were found to represent
the loss behaviour adequately: as long as the process magnitude
is relatively low the degree of loss increases slowly, within the
range of medium process magnitudes the degree of loss increases
almost linear and for high process magnitudes the degree of loss
flattens out to one. Because of this behaviour, other functions such
as linear functions were not taken into account for this study. The
functions presented were modified from their original form in
order to mirror the three requirements outlined above (Totschnig
et al., 2011).
In order to select the most appropriate model M � based on the
ability to predict the degree of loss from water depth the data set
was separated. The data was randomly split into a training data set
(Dtrain) which contained 80% of data points and a test data set (Dtest)
contained 20% of the data points. Dtrain was used to estimate the
parameters h of all the presented models by minimising the Root
Mean Squared Error (RMSE, Eq. (1)); the model with the lowest
RMSE was chosen for the final vulnerability model.

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
2
^
i¼1 ðyi � yi Þ
RMSE ¼
n

ð1Þ

To avoid selecting a model which follows Dtrain and therefore
capturing a trend which is only apparent in the training data but
not in the underlying population, the RMSE was calculated on an
independent data set. Because the data set was relatively small
another splitting of the data seemed not to be reasonable due
the loss of information for the parameter estimation. Instead, bootstrapping was used to calculate the RMSE for all models under consideration (Efron, 1979). This was done by drawing a random
sample with replacement of the same size than Dtrain, named first
bootstrap sample x�1 . The model was then fitted on x�1 and the
RMSE was calculated on the left-out sample. This samplingtraining-validation cycle was repeated 2,000 times. The selection
of the best fitting model M � was done by comparing the mean of

Table 2
Modified functions applied for vulnerability analysis (Totschnig and Fuchs, 2013).
Model [M]

Function

M1

Modified Weibull

M2

Modified Exponential

M3

Modified Frechet

Formula
1�e

a, b, c

W d þb
�1Þ
b

a, b

1 � e�að

a
W þb
�cð db �1Þ

e

Parameters [h]

c
W d þb
�1Þ
b

�að

a, b, c

the 2000 RMSEs for all models where M � is the one with the lowest
error. To estimate the predictive error M⁄ was applied on the Dtest.
Finally, M� was fitted to the entire data set to determine h� . Confidence intervals for the h� were estimated using the bias-corrected
and accelerated BC a bootstrap percentiles.

3.2. Analysing social vulnerability
In hazard research, social vulnerability mostly described as the
specific social inequalities in the context of the disaster (O’Keefe
et al., 1976; Kuhlicke et al., 2011). Following this understanding,
empirical research focuses on the unequal exposure of different
groups to disasters and/or on the unequal capacities of groups to
anticipate, cope and recover from the impact of a hazard
(Fielding and Burningham, 2005; Green et al., 2007; Kuhlicke
et al., 2011). Approaches to measure social vulnerability (by using
census or questionnaire-based data) is commonly assessed using
means of indicators or indices. In this paper, we used an eventbased methodology to conduct our interviews (Walters, 2012;
Ruin et al., 2014). The method allowed us to collect and to analyse
the empirical data in the background of post-flood field studies
(Ruin et al., 2014). The assessment of the social vulnerability was
undertaken between May and June 2012 based on a door-to-door
survey. The total number of respondents was 114 previous flood
victims distributed between four different villages in the study
area (Table 3).3
Based on a literature review (Tapsell et al., 2002; Cutter et al.,
2003; Fekete, 2009; Felsenstein and Lichter, 2014); we selected
in total 18 parameters (Table 4) to assess the social vulnerability
of residents in East Attica. The variables mainly focus to the aspect
of (1) social networks, such as family and friends living in the communities, members of local associations or local social networks (2)
post-incidents outcomes, which focusing on damages and psychological effects; (3) security with respect to the village, owned properties and individual life and (4) socio-economic and demographic
characteristics, such as employment rate, educational background,
age, household incomes and savings, with particular focus on the
consequences and impacts of the current social and economic
crises in Greece.
3
The selection of the sampling is equal with the official Census data from 2011, in
terms of age, gender and ownership.
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Table 3
Descriptive statistics of the study area.
Community

Nea Makri
Oropos
Rafina-Pikermi
Marathonas

N

24
42
25
23

Mean age

39.6
44
35.3
38.4

Gender

Homeowner

Male (%)

Female (%)

Yes (%)

No (%)

51.35
55.81
45.95
53.85

48.65
44.19
54.05
46.15

86.11
93.02
81.08
74.36

13.89
6.98
18.92
25.64

To analyse our data we used the Statistical Package for Social
Sciences (SPSS) for windows (version 21.0.0.0). The categories then
were summed using an equal weighted scheme in order to create
an overall social vulnerability score for the study area. Higher
scores indicate higher social vulnerability.
3.3. Integrated vulnerability assessment
The final step of our analysis was to couple physical and social
vulnerability in an integrated vulnerability assessment (IVA). For
social vulnerability an index was computed by taking a simple
average of the four categories described above. The components
of social vulnerability were standardised (Eq. (2)) to make it comparable with the results from the physical vulnerability. By using
this transformation the values of the variables analysed take a
range of values from 0 to 1.

x0 ¼

x � min
max � min

ð2Þ

where x0 is the standardised value and x is the observed value for
which the standardised values was calculated. Min and max refer
to minimum and maximum values of the scale of the variables used.

Finally, we combined both variables (physical (PhV) and social (SoV)
vulnerability) to an integrated vulnerability index (IVA) by using Eq.
(3). However, based on the lack of our empirical data we were not
able to provide different weights for each variable. Therefore, we
choose an equal weight for physical and social vulnerability (similar
to Rød et al., 2012).

IVA ¼

1
1
PhV þ SoV
2
2

ð3Þ

4. Results
4.1. Physical vulnerability
A total of 114 buildings suffered losses; 64 of them not having a
cellar. Focusing to the latter buildings, the average process intensity causing losses was 0.49 m and ranged between 0.10 m and
1.50 m with a median of 0.33 m. The mean damage amounted to
€ 4810 per property ranging from € 1174 to € 10,533. The mean
degree of loss was 0.052 ranging from 0.011 to 0.321 with a median of 0.04. For the buildings having a cellar, the average process
intensity causing losses was 0.97 m and ranged between 0.10 m
and 2.50 m with a median of 1.00 m. The mean damage amounted
to € 4208 per property ranging from € 2113 and € 7553. The mean
degree of loss was 0.025 ranging from 0.006 to 0.079 with a median of 0.024.
In Table 5, the mean RMSEs resulting from the bootstrapping are
presented. For the buildings without a cellar, it is shown that the
modified Weibull model has the lowest RMSE (0.039) followed by
the Frechet (0.040) and Exponential model (0.041). Consequently,
the Weibull model was considered as M⁄ and applied during the
analysis. The prediction error for Dtest was 0.087. Similarly for the

Table 4
Parameters for assessing social vulnerability.
Categories

Parameters

Primary attribute (increase (+) social vulnerability)

Sources

Social network indicators

Length of residency
Degree of solidarity
Trust to people living in the
area
Participation in local
associations

Short (+)
Low (+)
Low (+)

Hurlbert et al. (2000) and Kuhlicke
et al. (2011)

Post-incident indicators

Outcomes/loss

Injury, illness, or death (+)
Property damage (building) (+)
Property damage (content) (+)
No access to working place (+)
Mental health disorders, such as depression (+)
Stress and tension within the family (+)
Stress and tension within the village (+)
Evacuation/displacement (+)

Tunstall et al. (2006), Fekete (2009),
Kuhlicke et al. (2011) and Martin
(2014)

Security indicators

Self-concern to the village
Self-concern about
individual life
Self-concern about the
owned property
Individual preparedness
Upcoming events
Previous flood experiences

Low (+)
Low (+)

Adger (2000), Birkmann and Wisner
(2006), Cutter and Emrich (2006) and
Tapsell et al. (2010)

Ownership
Unemployment
Savings
Household incomes
Education
Age
Disabled persons in the
household

Renters (+)
Unemployment (+)
No financial savings (+)
Low income, poverty and low-to-no income (+)
Less than high school diploma (+)
Children and older adults (75 and older) (+)
Cognitive/development, physical/mobility disability, sensory
or people with disabilities (+)

Socio-economic and
demographic indicators

No membership/social isolation (+)

Low (+)
Low (+)
No (+)
None (+)
Cutter (1996, 2006), Cutter et al.
(2003, 2006), Hewitt (1997), Fekete
(2009), Lujala et al. (2014), Kuhlicke
et al. (2011) and Koks et al. (2015)
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Table 5
Modified functions used for the physical vulnerability analysis.
Model [M⁄]

Function

Mean RMSE for buildings
without cellar

Mean RMSE for buildings
with cellar

M1
M2
M3

Modified Weibull
Modified exponential
Modified Frechet

0.039
0.041
0.040

0.0131
0.0150
0.0132

Fig. 3. Vulnerability relations for residential buildings with and without cellar
based on flood intensities.

buildings with cellar, the modified Weibull model had the lowest
RMSE (0.0131) and was considered as M⁄. The prediction error
for Dtest was 0.029.
In the last step, the models were fitted to the entire data sets
resulting in Eq. (4) for buildings without a cellar and Eq. (5) for
buildings with cellar. The final curves are presented in Fig 3.

W

DoL ¼ 1 � e�0:169

d þ2:104�1
2:104

0:77

W þ1:76 0:283
d
DoL ¼ 1 � e�0:032 1:76 �1

ð4Þ
ð5Þ

4.2. Social vulnerability
The assessment of social vulnerability resulted in particular
insights in social network indicators, post-incident indicators,
security indicators and socio-economic and demographic
indicators.
The sampling generally showed a low degree of local integration or embeddedness in the region. The lack of local embeddedness is represented by a low degree of solidarity (mean = 2.54)
and trust (38.85% answered generally no) in people living in the
village. Further, the respondents showed no high interest in participating in local associations (87.3% answered with no).
With respect to post-incident indicators, almost all the responders (90.4%) were not directly affected by flood events in the past.
The respondents rated the seriousness of the effects of the impact
of the last flood events as insignificant (injury, illness, or death:
mean value of 1.23; property damage (building): mean value of
1.80 and property damage (content): mean value of 1.54). On the
other hand, responders rated the seriousness of the psychological
health and stress as significant (mental health disorders: mean

value of 2.46; stress and tension within the family: mean value
of 2.81 and stress and tension within the village: mean value of
3.34). Considering the low degree of physical and health damages,
it is not surprising that the most of the responders (85.5%) did not
leave their properties due to the events.
The sample showed a high degree of concerns for the village
(mean = 2.79), in contrast to the results for individual life
(mean = 1.96) and their property (mean = 2.39). Additionally, we
asked responders about their flood experiences before the events.
The sample showed that people were not prepared (mean score
of 1.87) for the events. However, the minority of the responders
(8.3%) believes that will not face similar events in the future.
Socioeconomic and demographic indicators are an important
factor influencing the construction and assessment of social vulnerability in the region. In general, the respondents showed an
average household of 3.88 (mean value) people with high length
of residency (mean = 34.85 years). Disabled or non self-sufficient
persons played no role in the responds, because only 3.8% respondent householders answered with yes. The sample showed an age
distribution, where more than 7.6% are 65 and older, whereabouts
3.16% are very old (75 years and older). The indicator, ownership
structure, showed a high degree of private properties within the
respondents. More than 82.8% of the interviewees indicate as being
private owner of the house. Additionally, more than 85.8% of the
sample had no financial backup to manage any savings or investments for their property. Moreover, the questionnaires showed
that the household income is insufficient to satisfy the family’s
needs (mean = 1.8), where almost 25% of the respondents were
unemployed.
4.3. Integration of vulnerability
In order to obtain an integrated vulnerability index all the social
vulnerability values were minimum – maximum transformed
(Table 6). The social vulnerability indicators range from 0.038 (disabled persons in the household) to 0.904 (previous flood experience indicator). The mean vulnerability value of social network
indicators calculated equal to 0.520 followed by socio-economic
and demographic indicators (mean score of 0.387), security indicators (mean score of 0.373) and post-incident indicators (mean
score of 0.369).
Finally, in order to obtain an integrated index, physical vulnerability (PhV) based on an economic approach calculated equal to
0.041. Similarly, the social vulnerability (SoV) produced out of four
different indicators is 0.384. Based on Eq. (3), an overall vulnerability of 0.212 was obtained for the study area.
5. Discussion
The ability to assess vulnerability is an essential step towards a
reduction of consequences and to manage risk (Fuchs, 2010).
Within this study, by analysing both physical and social vulnerability an attempt was made to bridge the gap between scholars from
sciences and humanities, and to integrate the results of the analysis into the broader vulnerability context. As such this study refers
to the different facets of vulnerability, as the economic and engineering evaluation of monetary damage is combined with a social
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Table 6
Social vulnerability variables scores for social vulnerability analysis.
Categories

Parameters

Social
vulnerability
score

Social network indicators

Length of residency
Degree of solidarity
Trust to people living in
the area
Participation in local
associations

0.434
0.385
0.389

Injury, illness, or death
Property damage
(building)
Property damage (content)
No access to working place
Mental health disorders
Stress and tension within
the family
Stress and tension within
the village
Evacuation/displacement

0.058
0.200

Self-concern to the village
Self-concern about
individual life
Self-concerned about the
owned property
Individual preparedness
Upcoming events
Previous flood experiences

0.448
0.240

Ownership
Unemployment
Savings
Household incomes
Education
Age
Disabled persons in the
household

0.172
0.247
0.858
0.200
0.636
0.171
0.038

Post-incident indicators

Security indicators

Socio-economic and
demographic indicators

0.873

0.135
0.303
0.365
0.453
0.585
0.854

0.348
0.218
0.083
0.904

impact assessment and an evaluation of adaptive capacities of people, households and communities. Moreover, and focusing on the
challenges within the test sites, the combination of different perspectives of physical and social vulnerability will probably lead
to a better understanding of perceptions of actors regarding their
vulnerabilities and capacities in order to develop locally embedded
coping strategies.
Physical vulnerability assessment reveals important information about potential structural damages. An empirical relation
between the process intensity and the degree of loss was established for exposed buildings. Based on the RMSE, modified Weibull
functions were found to represent our data sets best. The results
were surprisingly low compared to other types of flood hazards
(e.g., Fuchs et al., 2007; Apel et al., 2009; Totschnig and Fuchs,
2013) and assumptions within the flash flood research community
(Spitalar et al., 2014) but are in accordance with the study from
Luino et al. (2009). As reported by Highfield et al. (2014), building
standards and codes are important for reducing physical vulnerability. Low vulnerability values may be a general result from local
building construction techniques as well as construction materials
used, such as reinforced concrete for the construction of the supporting structure, bricks for the construction of the walls, and a
flagged floor which can be easily cleaned after a low-magnitude
event (Papamanolis, 2005). The use of these materials is apart from
local construction preferences also a result of the strong antiseismic regulations enacted in 1960 for an enhanced earthquake
retrofitting, revised in 1985, 2000 and 2003 (Sarris et al., 2009).
Focusing on the analysis of the buildings without and with cellar a contradiction in the degree of loss was observed in comparison to other studies from European mountain regions: buildings
without cellar turned out to be more susceptible than the buildings
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with cellar. One possible explanation is that a large number of
buildings was without heating system because of the climatic conditions in the study area, which significantly reduces the values
exposed in the cellar. Additionally, a considerable amount of buildings is only used during summer months, which may result in
reduced exposure compared to a year-round utilisation of the
buildings. Moreover, in many studied buildings the cellar was just
used as car garage with no further value accumulation, and removing these mobiles significantly reduced the observed loss. As such,
vulnerability of Mediterranean buildings in Europe is considerably
lower than vulnerability of buildings located in the mountain
regions of Europe, which in turn gives a hint to possible adjustments in management strategies. Such strategies should be targeted at the further implementation of relatively low-cost local
structural protection in order to prevent a material intrusion
through building openings (Holub et al., 2012).
Focusing on social vulnerability the results indicate that the
inclusion of social networks indicators, post-incident indicators,
security indicators and socio-economic and demographic indicators in an extended model for the quantification of vulnerability
was useful for obtaining insights affecting households flash flood
vulnerability. Social vulnerability assessment focusing on the characteristics of the population calls for further closer examination.
However, the communities showed a lack of local integration,
which can have a negative impact in particular in the warning, mitigation and recovery phase. Main reason is the socio-economic
characteristics of the villages, which are a result of rapid developed
in the past few years as a classical sub-urbanisation process from
Athens (Morelli et al., 2014) where East Attica is influenced by
urban sprawl and respective satellite settlements from the agglomeration of Athens (Sapountzaki et al., 2011). Security indicators
analysed including variables describing flood risk perception. The
analysis demonstrated a high risk perception in the area as a result
of the recent flood history and frequency (1996 to 2006 we
counted four events). Risk perceptions in regard to flood risk management generally include a positive correlation with local flood
protection measures (Grothmann and Reusswig, 2006; Lo, 2013;
Birkholz et al., 2014). The sample shows a high degree of concerns
for the village, in contrast to the results for individual life and their
property. Moreover, the majority of the interviewees disagreed
that future flash floods events will not happen again in the
hazard-prone areas. However, this high risk perception could not
increase the preparedness in the community; more than 50% of
the sample showed a very low and low level of individual preparedness, respectively.
In order to compute the overall vulnerability, physical and
social vulnerability was given equal weight. This in in line with
other studies such as Rød et al. (2015), but will probably need
some adjustments in the future depending on the further development of the Greek economy in the 2010s (Economakis et al., 2015).
If social inequalities continue to rise, social vulnerability should
maybe given a stronger impact on the overall vulnerability. In contrast, since physical vulnerability is here understood to be the
source for any other type of vulnerability, if there was no impact
due to a flash flood event on elements at risk, no loss would result,
and the society as a whole would not suffer harm.
In summary, the selected case study can be described as a type
III scenario, where the community shows high risk awareness and
coping capacity to natural hazard events and in the same time the
impact of the events seems quite low, because of an already frequent use of local protection measures. The low vulnerability score
for East Attica can be attributed especially to the low physical vulnerability and the moderate socio-economic well-being of the area.
The consequence is to focus risk management strategies further to
the reduction of social vulnerability, such as to improve the risk
communication strategy within the four different communities

560

K. Karagiorgos et al. / Journal of Hydrology 541 (2016) 553–562

with the aim to increase the local engagement in grassroots organisations (Thaler and Priest, 2014; Thaler and Levin-Keitel, 2016).
The key objective is to increase the social interconnections (and
therefore to increase trust and openness) between the neighbours
and to encourage the co-operation between them. On the other
hand, the implementation of local structural protection measures
should be strengthened since so far, because of the low physical
vulnerability, the selected householders are unlikely to adopt local
structural measures as well as to introduce flood insurances.

6. Conclusion
Physical and social vulnerability are aspects of a multi-faced
concept. The relationship between the two vulnerabilities can be
characterised as a two-way relationship, where physical vulnerability influencing social vulnerability and vice versa, and where
vulnerability is directly connected with potential loss (physical
vulnerability), ability to recover (physical, social vulnerability)
and adaptive capacity (physical, social vulnerability). By analysing
both, physical and social vulnerability, an attempt was made to
bridge the gap between scholars with different academic background, and to integrate the results of the analysis into the broader
vulnerability context. The empirical research presented in this
paper stressed that there are several factors as well as interactions
which shape vulnerability in a dynamic concept. For example, the
interdependencies of hazard parameters such as flood frequency or
duration were found to influence the perception of the society and
the impact of the hazard. This study refers to the different definitions of vulnerability, as the social impact assessment and an evaluation of adaptive capacities of people, households and
communities is combined with an economic and engineering evaluation of monetary damage. Moreover, and focusing on the challenges within the test site, the combination of different
perspectives of physical and social vulnerability will probably lead
to a better understanding of perceptions of actors regarding their
vulnerabilities and capacities in order to develop locally embedded
coping strategies developing alternative flood risk management.
In overall, a major challenge in vulnerability research is that
‘‘not only people are different, but they are changing continuously,
both as individuals and as groups. This constant change within the
human system (. . .) interacts with the physical system to make
hazard, exposure, and vulnerability all quite dynamic” (Mileti,
1999: p. 199). These dynamics lead to the postulate that the only
consideration of either structural vulnerability, subject to the
domain of natural scientists, or social vulnerability, subject to the
domain of social scientists in a broader sense, is not sufficient to
assess vulnerability comprehensively from an integrative point of
view. In contrast, dimensions of susceptibility, presumably starting
with the physical impact on elements at risk defined as structural
vulnerability, further encompass institutional, economic, and
social aspects. Thereby, any damage occurring might be considered
as prerequisite for structural and economic susceptibility, while
institutional susceptibility and social aspects provide the framework for vulnerability in general. In this manner, multiple interactions between these conceptualisations of vulnerability exist.

Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jhydrol.2016.02.
052. These data include Google maps of the most important areas
described in this article.
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Abstract In the framework of risk assessment for flash floods, vulnerability is a key
concept to assess the susceptibility of elements at risk. Vulnerability is defined as expected
degree of loss for an element at risk due to a hazard impact of a defined magnitude and
frequency. Besides the increasing number of studies on flash floods available, in-depth
information on vulnerability was missing so far. In order to close this gap, a vulnerability
model was created for micro-sized enterprises exposed to flash floods in Greece. This
model was based on a nonlinear regression approach using data from four different events.
By means of bootstrapping, different functions were fitted to the data, and a modified
Weibull distribution was found to represent the relationship between process magnitude
and degree of loss best. Moreover, there is no need to distinguish between different
business sectors when computing vulnerability for buildings exposed. The model can be
applied on a local scale and may serve as a basis for flash flood risk management.
Keywords Vulnerability  Flash floods  Loss assessment  Micro-sized enterprises 
Greece

1 Introduction
A significant increase in losses due to flooding was repeatedly claimed by several scholars,
including river flooding (Barredo 2007; Kreibich et al. 2014; Winsemius et al. 2014) and
flash floods (Gaume et al. 2009; Calianno et al. 2013). Besides the ongoing discussion on
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climate change (Keiler 2013), this increase is triggered by exposure dynamics of elements
at risk (Fuchs et al. 2015). Flash flood is usually understand as a high-intensity rainfall
event [intensive rainfall up to 12 h (Gaume et al. 2009)] leading to high peak discharges
(IAHS-UNESCO-WMO 1974), where the size of the catchment area is in most of the cases
less than 1000 km2; with rather low runoff coefficients (Marchi et al. 2010). Additionally,
the catchment shape includes a mean channel slope of less than 5–10 % (Rickenmann et al.
2008; Scheidl and Rickenmann 2010; Heiser et al. 2015). The timeliness of flood anticipation (relationship between catchment size and flood response time) is (depending on the
catchment size) most of the time less than 6 h (Creutin et al. 2013). Nevertheless, the
literature shows no clear definition of flash flood hazards. The National Weather Service
Glossary (NWS 2016) defines flash floods as ‘‘rapid and extreme flow of high water into a
normally dry area, or a rapid water level rise in a stream or creek above a predetermined
flood level, beginning within 6 h of the causative event (e.g., intense rainfall, dam failure,
ice jam). However, the actual time threshold may vary in different parts of the country.
Ongoing flooding can intensify to flash flooding in cases where intense rainfall results in a
rapid surge of rising flood waters’’. On the other hand, Borga et al. (2014, p. 194) described
flash floods as a result of ‘‘extreme rainstorms in headwater catchments [which] may
trigger liquid floods, debris floods or debris flows. The type of process triggered depends
on several characteristics, including the hydrologic, geomorphometric and geotechnical
features of the slopes, the source materials and the availability of sediments, and the
frequency-magnitude characteristics of the precipitation event’’. Therefore, flash flood
events strongly depend on the interconnection between rainfall distribution as well as
geomorphological and hydrological factors of the area. Further important characteristics
refer to the relationship between time and space of the rainfall distribution and the flash
flood event; usually both aspects occur at the same place (Norbiato et al. 2008; Rozalis
et al. 2010). The losses of such flood events highlight the increased importance of studies
on flood hazard and risk, not only on a global scale but in particular on a national and subnational level (Adhikari et al. 2010; Karagiorgos et al. 2016a). Apart from droughts, flash
floods are reported to be among the most severe hazards in Mediterranean countries (Llasat
et al. 2010). The Mediterranean region is especially vulnerable because of its propensity
for high intense rainfalls in certain areas (Koutsoyiannis et al. 2012), its relatively high
population density (Ganoulis 2003) and degree of development compared with some other
semi-arid regions. Furthermore, the long history of settlement and land use (Papagiannaki
et al. 2015) resulting in urban sprawl has produced major soil erosion and associated
environmental impacts (Ganoulis 2003; Hooke 2016), which in turn support the generation
of flash floods.
An analysis of flash flood events has shown a high amount of economic loss and
fatalities resulting from the impact on the built environment (Gaume et al. 2009). Traditionally, besides the increasing amount of studies available on flash floods (e.g., Zorn et al.
2006; Comiti et al. 2008; Gaume et al. 2009; Llasat et al. 2010), most of the efforts are
centred around physical process characteristics so far (e.g., Gaume et al. 2004; Delrieu
et al. 2005; Zorn et al. 2006). Recently, some studies were explicitly focusing on the effects
of flash floods, such as Gaume et al. (2009) taking a European perspective, Llasat et al.
(2010) for Mediterranean countries, or Vinet (2008), Lasda et al. (2010) and Karagiorgos
et al. (2016b) funnelling down to individual countries or regions exposed. In order to study
the effects of flash floods, in addition to meteorological triggering and hydrological or
hydraulic process propagation, information on elements at risk and their vulnerability is
required. Consequently, a particular need for studies on vulnerability was repeatedly
claimed in order to enhance risk management capabilities (De Marchi and Scolobig 2012;
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Borga et al. 2014). Following the axiom that risk is a function of hazard (i.e. events with a
given magnitude and probability) times consequences (i.e. economic loss), the ability to
quantitatively determine the vulnerability to flash floods is an essential need for reducing
these consequences and planning for mitigation and adaptation (Fuchs 2009). While the
understanding of hazard and exposure has significantly improved over the last decades, the
analysis of vulnerability remains one of the challenges in the ongoing flood risk management discussion (Koks et al. 2015).
In overall, vulnerability to natural hazards refers to the potential losses (based on an
impact event) and exposed elements, such as people or buildings (Cutter et al. 2003;
Birkmann 2006; Thywissen 2006; Fuchs et al. 2015). Within the domain of natural sciences, vulnerability is usually considered as a function of a given process magnitude
towards physical structures (Mazzorana et al. 2014), often referred as ‘‘technical’’ or
‘‘physical’’ vulnerability, and is defined as the expected degree of loss for an element at
risk as a consequence of a design event (e.g. Fell et al. 2008; Fuchs et al. 2012a). The
assessment includes in many cases the analysis of a complex system with the evaluation of
several different parameters and factors such as building materials and techniques (Holub
et al. 2012), damage analysis (Fuchs et al. 2007; 2011; 2012b) and process characteristics
(Mazzorana et al. 2009; 2012). Consequently, vulnerability values range from 0 (no
damages) to 1 (complete destruction) (Varnes 1984).
In recent years, several attempts have been made to address vulnerability to flooding
focusing on tangible damages as outlined by Messner (2007) and Meyer et al. (2013) as
well as on different empirical or synthetic approaches of model development for use on
different scales (Papathoma-Köhle et al. 2011). The most common internationally
accepted approach for the assessment of physical vulnerability for all hazards considered
is the use of vulnerability functions. Governmental agencies, research institutions and
insurance companies in many countries develop and use these functions to assess the
potential damages and further apply these functions as a basis for prioritisation in flood
risk management options (Penning-Rowsell et al. 2005). In almost all the models in use,
flood depth is treated as the determining parameter for expected damages (Jongman et al.
2012) because there is a particular lack of other factors defining magnitude, such as e.g.
flow velocity (Fuchs et al. 2007). Local-scale analyses are used to evaluate losses on an
object level (individual buildings, e.g. Papathoma-Köhle et al. 2015) in contrast to
regional analyses which are based on aggregated data, such as different land-use categories, using vulnerability indicators (e.g. Eidsvig et al. 2014). Different vulnerability
models were developed in the past based on different approaches for the estimation of
losses. These empirical models use observed data collected after an event by official
authorities or insurance companies, or they are based on surveys, such as Fuchs et al.
(2007), Totschnig et al. (2011) and Papathoma-Köhle et al. (2012) for torrential flooding
in the European Alps, Thieken et al. (2008) and Kreibich et al. (2010) for river flooding in
Central Europe and Luino et al. (2009) for flash floods in Southern Europe. Most of the
studies performed were aiming in vulnerability assessment for either residential buildings
(Totschnig et al. 2011; Papathoma-Köhle et al. 2012) or commercial buildings (Kreibich
et al. 2010; Seifert et al. 2010), where some of the works were also targeted at hostels and
hotels to mirror the importance of the tourism sector in individual case studies (Totschnig
and Fuchs 2013).
Focusing on the commercial sector exposed to river flooding, Kreibich et al. (2010)
presented an empirical model based on three different flood events in Germany. Losses
were estimated using relative loss functions (expressed as a ratio between the loss and the
total value of elements at risk) on local scale. Loss was separately computed for the
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building envelope, the building equipment, and the goods and products for different
enterprise sizes (small and medium-sized businesses and larger companies). The data were
gained through interviews, followed by the development of a vulnerability model, and a
sensitivity analysis was performed using results of competitive models and information
gained from reconstruction grants. Penning-Rowsell et al. (2005) presented flood damage
losses on a local scale (expressed in absolute monetary terms) by combining flood duration
and water depth. Information on vulnerability was provided for the building envelope, the
building equipment, the mobile and immobile inventory as well as the stock of products
and finally summed up in terms of cumulative vulnerability. Further, the US HAZUS-MH
model (Scawthorn et al. 2006a, b) is based on an assessment of relative loss and provides
vulnerability information for the building envelope, the building equipment, and the goods
and products for different enterprise sizes (small and medium-sized businesses and larger
companies). Similarly, the Australian RAM model is focusing on an assessment of vulnerability, taking absolute figures for larger enterprise sizes (NRE 2000).
It was repeatedly stated that an estimation of flood losses in the commercial sector is
challenging because of the data generation and inhomogeneity due to the high range of loss
for different types of companies and economic sectors affected (Seifert et al. 2010) or
because of a general lack of information on losses (Gissing and Blong 2004; Kreibich et al.
2010). While for larger river floods in Europe, these challenges have been recognised and
increasingly acknowledged in the different modelling approaches (see Kreibich et al. 2010
for a discussion), the gap still remains open for local-scale flash flood hazards. While it has
been shown by Totschnig et al. (2011), Papathoma-Köhle et al. (2012) and Totschnig and
Fuchs (2013) that fundamental differences between vulnerability functions for river
flooding and torrential flooding exist, in-depth studies on flash flood vulnerability are still
outstanding. However, such local-scale events repeatedly cause considerable damage in
particular in Southern European countries, as shown for the example of Greece by Diakakis
et al. (2012) and Karagiorgos et al. (2016a).
Hence, the objective of this study is to contribute to this gap and to assess the vulnerability of buildings occupied by micro-sized enterprises using data from well-documented flash flood events in Greece. Focusing on the commercial sector in Greece, 85 % of
private employment is concentrated in small and medium-sized enterprises (SMEs) and
more than 50 % in micro-sized enterprises. Micro-sized enterprises are defined as businesses with less than ten employees and an annual turnover and/or annual balance not
exceeding €2 million (EU 2003), as such they often are family enterprises. In terms of total
numbers, 96.7 % of businesses belong to the category of micro-sized enterprises (92.3 %
for the EU27), employing 54.5 % of workforce (28.9 % for the EU27) and adding to the
local economy a share of 34.6 % of the added value (21.1 % for the EU27) (EU 2013).
These figures indicate the high dependence of the Greek economy on this type of enterprises compared to other European countries.
The presented model is based on object-specific empirical data, refers to the damage
assessment of buildings and their content (equipment and goods) and supports the ongoing
efforts in enhancing the capabilities in risk computation in the Mediterranean region
(Karagiorgos et al. 2016a, b). For model validation, we used recent flood events from 2001,
2002, 2003 and 2007 which occurred in Greece. Further, the model results are compared
with other loss models, such as those presented by Totschnig et al. (2011), PapathomaKöhle et al. (2012, 2015) and Kreibich et al. (2010).
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2 Study area
The study has been carried out in the region of East Attica, which is a part of the Attica
administrative district located east of Athens in the Republic of Greece (Fig. 1). The study
area extends from the municipality of Oropos in the north to the municipality of Lavreotiki
in the south and is considerably influenced by counter urbanisation due to the adjacent
capital of the country. The district covers an area of 1513 km2 between sea level and
1109 m a.s.l. with a plain hilly relief and a population amounting to 502,348 inhabitants
(Hellenic Statistical Authority 2011). The geological structure of East Attica is dominated
by two main units (Alexakis 2011): (a) the crystalline basement (Palaeozoic–Upper Cretaceous) which is composed of metamorphic rocks (marbles, schists and phyllites) and
(b) Neogene–Quaternary deposits consisting of clays, marls, conglomerates, ophiolite
fragments, sandstones and other coarse and unconsolidated erosion-prone sediments, the
latter being responsible for the high number of flash floods in the region. The climate of the
area is typical Mediterranean with hot, dry summers and cool, wet winters, including a
long arid period between April and September (Petropoulos et al. 2012). The land surface
is mainly covered by sparse sclerophyllous vegetation and some agricultural land at lower
elevations. The higher altitudes are dominated by forest of different types as well as
transitional woodland–scrubland vegetation.

Fig. 1 Location of the study area
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The study area is characterised by extensive anthropogenic activities with settlements
continuously growing. The economic development of this area is closely related to the
construction of the international airport of Athens in 2001. In the period 1998–2010, the
annual rate of increase in the building stock has been within a range of 5 to 30 % (Sapountzaki et al. 2011). As reported by Mantelas et al. (2010), the province of Mesogia has
developed faster than any other area in Attica during the last 20 years. Specifically, the
urban land cover increased from 60 km2 in 1994 to 75 km2 in 2000 and to 125 km2 in
2007. While the urban cover has grown by 25 % during the period 1994–2000, it increased
by 66 % during the period 2000–2007 (Mantelas et al. 2010).

3 Method
The method is based on object-specific empirical data for micro-sized enterprises in order
to derive vulnerability curves linking absolute loss data with flash flood magnitudes. The
conceptual framework of the vulnerability model implies a quantitative valuation of the
individual vulnerability components.
The study is based on the evaluation of loss assessment reports of the exposed microsized enterprises collected in the Prefecture of East Attica following the flood events of
November 2001, 2002, January 2003 and May 2007. These loss assessment reports document the incurring losses shortly after each event and are regularly used by the public
authority for possible compensation. These reports describe the characteristics of the
affected building (building location and type, number of floors, building size, construction
materials used and the year of construction), the process characteristics (flash flood
magnitude using the water depth as proxy) and the incurring losses (description of the
damages to the building envelope and/or damages regarding the content). A total of 61
reports with 41 belonging to the retail and 20 to the service sector was analysed. For the
building envelope, damages had only been reported qualitatively in the loss assessment
reports and the necessary quantitative values were calculated using data provided by the
Earthquake Recovery Service of Greece (see also Appendix). Damages referring to the
contents have been reported in quantitative values. The data were collected in a database,
adjusted to inflation and checked for plausibility using available in situ and online information (Gordon and Janzen 2013).
A damage ratio was used to compute vulnerability, using an economic approach by
establishing a ratio between the empirically collected loss and the value of every individual
element at risk (Hausmann 1992). In a second set of calculations, this value obtained for
every individual building was attributed to the respective process magnitude collected from
the loss assessment reports. Scatter-plots were obtained linking these data on an object
level. To analyse the differences between retail and service sectors, the Kruskal–Wallis test
was used. In a subsequent step, a vulnerability function was fitted using non-linear
regression approaches. This function represented the relationship between the degree of
loss (DoL) and the process magnitude (I) for the businesses affected by flash floods in the
study area (Eq. 1).
DoL ¼ f ðIÞ

ð1Þ

The targeted type of function had to fulfil three requirements. Firstly, the vulnerability
values had to be between zero and one (f : I7!½0; 1�), the vulnerability function had to pass
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through the origin (f ðI ¼ 0Þ ¼ 0) and the function had to be strictly increasing
(I1 � I2 ) f ðI1 Þ � f ðI2 Þ).
Different functions meet these requirements and were tested within this study for their
ability to best reflect the behaviour of vulnerability in the test site (Table 1). These
functions were repeatedly used in similar studies, such as Totschnig et al. (2011) and
Papathoma-Köhle et al. (2015), and were found to represent the loss behaviour adequately:
as long as the process magnitude is relatively low, the DoL increases slowly; within the
range of medium process magnitude, the DoL increases almost linear; and for high process
magnitude, the DoL flattens out to one. Because of this behaviour, other functions such as
linear functions were not used. The functions presented were modified from their original
form in order to mirror the three requirements outlined above (Totschnig et al. 2011). The
parameters h of all the presented models were calculated by minimising the root-meansquared error (RMSE, Eq. 2).
In order to select the most appropriate model M � based on the ability to predict the
degree of loss from water depth, the data set was separated. The data were randomly split
into a training data set (Dtrain) which contained 51 data points and a test data set (Dtest) with
ten data points. To avoid selecting a model which follows the training data set (Dtrain) and
therefore capturing a trend which is only apparent in the training data but not in the
underlying population, the RMSE should be calculated on an independent data set.
However, as the data set was relatively small, bootstrapping was used to calculate the
RMSE for all models under consideration (Efron 1979). This was done by drawing a
random sample with replacement of the same size than Dtrain, named first bootstrap sample
x�1 . The model was then fitted on x�1 , and the RMSE was calculated on the left-out sample.
This sampling–training–validation cycle was repeated in total for 2000 times. The model
with the lowest RMSE was chosen for the final vulnerability model.
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
y i � yi Þ2
i¼1 ðb
RMSE ¼
ð2Þ
n

The selection of the best-fitting model ðM � Þ was done by comparing the mean of the 2000
RMSEs for all models where M � is the one with the lowest error. In a next step, in order to
estimate the predictive error, M* was applied on the Dtest. Finally, M � was fitted to the
entire data set (61 data points) to determine the parameters for the final vulnerability model
ðh� Þ. Confidence intervals for the h� were estimated using the bias-corrected and accelerated BCa bootstrap percentiles.

Table 1 Modified functions applied for vulnerability analysis (Totschnig and Fuchs (2013)
Model (M)

Function

Formula

M1

Modified Weibull

M2

Modified Exponential

1 � e�að

M3

Modified Frechet No. 1

M4

Modified Frechet No. 2

Parameters (h)
c
Wd þb
b �1

a, b, c

Wd þb
b �1

a,b,

1 � e�að

Þ
Þ

a
Wd þb
b �1

e�ð

Wd þb
b �1

e�cð

a, b

Þ

a

Þ

a, b, c
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4 Results
As presented in Table 2 for the 61 elements at risk, the average process magnitude causing
losses was 0.75 m and ranged between 0.30 and 1.40 m with a median of 0.7. The mean
damage amounted to € 16,909 per business ranging from € 200 to € 181,256 with a median
of € 5850. Comparing the relatively low median to the relatively high mean, it becomes
obvious that the data are positively skewed and that only a few incidents caused high
losses, while the overall average loss was considerable lower. The mean degree of loss was
0.08 ranging from 0.001 to 0.43 with a median of 0.03.
In Fig. 2, the results are shown as box plots separating the data set into the two
categories of retail and service sector. The median and the lower quartile is 0.034 and
0.013 for the retail sector and 0.028 and 0.016 for the service sector. The third quartile is
slightly higher for the retail sector (0.104) in comparison with the service sector (0.089).
Independently from the data distribution, there is no significant influence of the business
category on the degree of loss (p = 0.485).
In Fig. 3, the results of the bootstrapping are presented for Dtrain. The grey lines show
the respective series of curves drawing from a random sample with replacements, while
every grey line represents one bootstrap sample x�i .The exponential model (M2) shows a
systematic underestimation in the degree of loss for water depths [1 m. In contrast, the
other models (M1, M3 and M4) do not show a systematic bias. As shown in Fig. 4 in terms
of box plots, the models M1, M3 and M4 exhibit similar behaviour with regard to the mean
and the position of the quartiles of the RMSE. The systematic underestimation of M2
results in a RMSE distribution shifted to higher values and higher variance.
The mean RMSEs resulting from the 2000 repetitions during bootstrapping are provided
in Table 3, and it is shown that the Weibull function has the lowest RMSE (0.0478)
followed by the Frechet No. 1 (0.0480) and No. 2 (0.0481) and the Exponential function
(0.0795). Therefore, the Weibull function was considered as M* and applied during subsequent analyses. The prediction error for Dtest was 0.0723.
Finally, the model was fitted to the entire data set (61 points) resulting in Eq. 3. The
final model is presented in Fig. 5 (including the 5 and 95 % confidence intervals).
wd

3:622

DoL ¼ 1 � e�2:839�ð2:271Þ

ð3Þ

As defined by the Weibull function, vulnerability is strictly increasing. For process
intensities from 0 to 0.2, the DoL is zero; and therefore, vulnerability equals zero. For
process intensities[0.5 m, the DoL and therefore vulnerability is strictly increasing until a
value of 0.468 for a water depth of 1.5 m. Similarly, the 5 and 95 % intervals are
increasing until 0.1 and 0.7, respectively.
Table 2 Summary statistics for the data set analysed
Statistic

Symbol

Number of observations

Process intensity (m)

Loss (€)

Degree of loss (-)

61

61

Minimun

xð1:61Þ

0.3

200

0.00

Mean

x�

0.75

16,909

0.08

Median

e
x

0.7

5850

0.03

1.4

181,256

0.43

Maximum

123

x(61:61)

61
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0.3

0.4
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Retail

Service

Degree of loss [−]
1.0

0.0

1.5

0.0

1.0

0.5

Water depth [m]

M3

M4

0.5

1.0

Water depth [m]

1.5

0.0 0.2 0.4 0.6 0.8 1.0

Water depth [m]

Degree of loss [−]

Degree of loss [−]

0.5

0.0 0.2 0.4 0.6 0.8 1.0

0.0

M2

0.0 0.2 0.4 0.6 0.8 1.0

M1

0.0 0.2 0.4 0.6 0.8 1.0

Degree of loss [−]

Fig. 2 Box plots which highlight the range in the degree of loss (DoL) for the business categories retail
sector and service sector

0.0

0.5

1.0

1.5

1.5

Water depth [m]

Fig. 3 Results from the bootstrap for the four different models. The exponential model (M2) shows a
systematic underestimation in the degree of loss for water depths [1 m. In contrast, the other three models
represent the trend in the data more appropriate
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RMSE [−]

0.10

0.08

0.06

0.04

M1

M2

M3

M4

Fig. 4 Box-plots of the RMSE for the models M1–M4 with the mean (solid line) and the standard deviations
(dashed lines). M1, M3 and M4 show similar behaviour with regard to the mean and the position of the
quartiles of the RMSE. The systematic underestimation of M2 results in a RMSE distribution shifted to
higher values and higher variance

Table 3 Mean RMSE resulting from the 2000 repetitions during bootstrapping for the Weibull, Exponential, Frechet No. 1 and Frechet No. 2 functions
Model (M)

Function

Mean RMSE

M1

Modified Weibull

0.0478

M2

Modified Exponential

0.0795

M3

Modified Frechet No. 1

0.0480

M4

Modified Frechet No. 2

0.0481

5 Discussion
The study resulted in a local-scale vulnerability model for micro-sized enterprises located
in a Mediterranean environment prone to flash floods. The data were based on an
assessment of 61 incidents which occurred during four flash flood events in the province of
East Attica, Greece.
The data included 41 claims from the retail sector and 20 from the service sector. When
comparing the degree of loss of these two sectors, it was found that the median and the
mean in both subsets were quite low (0.03 and 0.08) compared to the overall data range.
Even if the upper limits of the upper quartile were different, it has to be concluded that
there was no statistically significant difference between the two business categories. As for
the two subsets, the median of the population was also low compared to the spread. This
value is considerably below the values reported from other studies. Totschnig et al. (2011)
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0.0

0.5

1.0

1.5

Water depth [m]

Fig. 5 Final model for the Greek commercial data set including the 5 and 95 % confidence interval based
on 2000 bootstrap re-samples

presented a study on the vulnerability of residential buildings prone to fluvial sediment
transport and their data resulted in a mean degree of loss of 0.17, ranging from 0.02 to
almost 0.4 in different test sites. Totschnig and Fuchs (2013) had shown a mean of 0.17 and
a median of 0.08 for 471 documented losses in the Eastern Alps. Similarly, PapathomaKöhle et al. (2015) reported a mean degree of loss of 0.16 and a median of 0.07. One
reason for the lower degree of losses is the lack of considerable sediment transport during
the studied flash flood events, compared to fluvial sediment transport and other types of
torrential flooding and flash floods with higher sediment concentration. On the other hand,
as reported by Karagiorgos et al. (2016a), the low vulnerability values in the area are also a
result of local building construction techniques as well as construction materials used. This
is in line with conclusions drawn in Fuchs et al. (2012c) and Highfield et al. (2014)
showing that building codes and standards are an important factor to reduce physical
vulnerability.
Studies presented by Totschnig et al. (2011), Totschnig and Fuchs (2013) and Papathoma-Köhle et al. (2015) were focusing on fluvial sediment transport and debris flow
processes in mountain torrents with considerably higher impact pressure than the flash
flood events analysed in East Attica. As reported by Merz et al. (2010), impact reflects the
specific effects of a flood event on the element at risk and depends on the type and
magnitude of the flood event. In contrast, available studies on the vulnerability to river
flooding resulted in a mean degree of loss of 0.3 and a median of 0.14 for the building
envelope of small and medium-sized enterprises, but a mean degree of loss of 0.6 and a
median of 0.7 for the affected stock (Kreibich et al. 2010). One possible explanation for
these higher values in comparison with the presented material is that Kreibich et al. (2010)
computed a considerable part of the loss as result of the contamination apart from the water
depth inside the exposed elements at risk. Based on the RMSE, a modified Weibull
function was found to represent the data set best. This is in line with earlier studies in small
catchments (Totschnig et al. 2011; Papathoma-Köhle et al. 2012; Totschnig and Fuchs
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2013) but in contrast with studies using damage classes (Jakob et al. 2012) and studies in
larger catchments using stepped vulnerability functions such as Kreibich et al. (2010),
Seifert et al. (2010) or MURL (2000) based on a linear function and ICPR (2001) based on
a quadratic equation.
Finally, the modified Weibull function had shown a clear relation between the process
magnitude and the degree of loss. As given by the requirements of Weibull distributions,
vulnerability increased strictly with increasing process intensities. Similarly, as indicated
by the confidence intervals based on bootstrap re-sampling the range increased considerably with increasing process intensities. Because the analysed buildings suffered damage
from water depths B1.4 m, it was not possible to fit the model to higher process intensities.
This is a restriction compared to other studies which also included losses resulting from
higher process intensities (e.g. Tsao et al. 2010; Totschnig et al. 2011; Lo et al. 2012;
Papathoma-Köhle et al. 2012; Totschnig and Fuchs 2013; Papathoma-Köhle et al. 2015).
However, since flash floods have considerably different process characteristics with respect
to the sediment load, the range in the data has to be smaller (Gissing and Blong 2004;
Fuchs et al. 2007). The resulting curve is in line with the results presented by Kreibich
et al. (2010) for small and medium-sized enterprises exposed to river flooding as well as by
Papathoma-Köhle et al. (2015) for residential buildings and tourist accommodations
exposed to torrential flooding, but in the latter study, the overall range in the data was
higher.
The vulnerability model presented here is an essential step for designing and implementing effective and efficient flood risk mitigation strategies (Holub et al. 2012; Thaler
and Hartmann 2016; Thaler et al. 2016). The results as well as the comparisons with other
models provide valuable information in the ongoing discussion on vulnerability and
highlight the importance of relatively small study areas with local and heterogenic characteristics in order to provide valuable insights for the development of a sophisticated panEuropean flood damage modelling approach (Jongman et al. 2012).

6 Conclusion
The high number of losses due to flash floods in Mediterranean countries highlighted a
particular need for studies on exposure and risk. Even if an increasing amount of studies
focusing on the physical process characteristics of flash floods is available, there is still a
gap in the assessment of vulnerability to this hazards type. Consequently, a vulnerability
model has been built focusing on flash flood-prone commercial buildings in a Greek test
site. The method was based on object-specific empirical data for micro-sized enterprises
linking absolute loss data with process magnitudes. The vulnerability model followed a
modified Weibull distribution for properties suffering damages from process intensities
B1.4 m. The accuracy of the model was estimated by the RMSE, and the bootstrap
validation procedure has shown reliable results.
The validation of the vulnerability model based on data from the Greek test site suggested a wider applicability of the presented approach. Based on the limitations discussed,
there is a need for further research in order to increase the amount of data and consequently
to improve the significance of the vulnerability model. To achieve this goal, additional
studies in other Mediterranean countries facing flash flood hazards are recommended, such
as in Portugal, Spain and southern France. In these countries, small and medium-sized
enterprises account for a high proportion of total employment compared to other countries
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of the European Union. Future research should also be focused on the improvement of the
model by using data from events with higher process magnitudes. Moreover, since vulnerability is highly dependent on the characteristics of exposed elements at risk, different
Mediterranean building types should also be assessed with respect to their susceptibility to
flash floods.
Future needs concerning research may include the spatiotemporal dynamics in vulnerability to natural hazards. During the past decades, Mediterranean regions experienced
major transformations in population size, economic conditions and social characteristics,
leading to changing development patterns. As a result, vulnerability may have changed
considerably. To improve natural hazard risk management, these changes should be
quantified according to institutional, economic and social concerns. The assessment of
flood risk is required by the EU Floods Directive in order to set up risk management plans.
As such, the presented approach contributes to a deeper insight of vulnerability in
Mediterranean countries and supports the ongoing efforts in minimising risk.
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Appendix
See Table 4.
Table 4 Prices of repair work according to the ‘‘Invoice for the calculation of necessary repair works in
buildings affected by natural hazards (earthquake, forest fires, floods, landslides) and the respective housing
assistance’’ Greek Ministry of Infrastructure, Transport and Networks (2011)
Repair work

Unit of measurement

Masonry reconstruction (25–50 cm thickness)

m3

42

Masonry reconstruction with concrete bricks

m3

15

2

7

2

40

Wall colouring
Wood floor reconstruction

m
m

2

Cost (€)

30

Floor reconstruction with tiles

m

Exterior (main door) replacement

piece

400

Interior door replacement

piece

150

Balcony doors and windows

piece

150

Balcony doors and windows with shutter

piece

300

Heating system (repair or replacement)

unit

1000

Electric Installation (repair or replacement)

unit

800

Drainage installation (repair or replacement)

unit

500

Plump installation (repair or replacement)

unit

500
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(2000) Potentielle Hochwasserschäden am Rhein in NRW. MURL, Düsseldorf
Norbiato D, Borga M, Degli Esposti S, Gaume E, Anquetin S (2008) Flash flood warning based on rainfall
thresholds and soil moisture conditions: an assessment for gauged and ungauged basins. J Hydrol
362:274–290
NRE (Department of Natural Resources and Environments, Victoria) (2000) Appraisal method (RAM) for
floodplain management report prepared by read sturgess and associates, Melbourne, Australia
NWS (2016) National Weather Service glossary. http://w1.weather.gov/glossary/index.php
Papagiannaki K, Lagouvardos K, Kotroni V, Bezes A (2015) Flash flood occurrence and relation to the
rainfall hazard in a highly urbanized area. Nat Hazards Earth Syst Sci 15(8):1859–1871
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In this work, a Rough Set Analysis-based approach is proposed to quantify the
damage susceptibility of check dams through specific indexes, which all require
expert judgment to be quantified. The indexes are the Post-Event Damage Condition (DamPost), the induced Condition Change (DamCh), the Residual Condition
(RC), and the Post-Event Functionality (FPost). Preliminarily, an existing data set,
containing a quantification of the damage indexes, the associated characterisation
of the flow process type of three torrential hazard events occurred in South Tyrol
(Italy), the identification of construction material and the determination of age of
the structure, was statistically analysed. To predict the damage indexes based on
Rough Set Analysis, a general model, which considered all check dams regardless
of their construction material, two specific models, for concrete and for masonry
structures respectively, and a simplified version of the general model were set
up. The derived rule bases exhibited satisfactory prediction accuracies only when
the post-event functionality, FPost, was chosen. Prediction accuracies were 68%
for the general model, 79% for the material category concrete, 60% for the material category masonry, and 86% could be obtained by simplifying the decision
attribute to a binary form (functionality given or not).
KEYWORDS

flood damage Indexes, flood defence structures, integrated flood risk
management, life-cycle management

1 | INTRODUCTION
Preventing the release of sediment from their sources in
mountain catchments, interfering with the dynamics of sediment transport by stabilising the streambeds through the
realisation of grade control structures and retaining solid
material volumes transported during extreme events are
widespread strategies to reduce risks in mountain areas
(Bergmeister, Suda, Hübl, & Rudolf-Miklau, 2009).
On the contrary, it is ascertained that, without a release
of sediments either from their sources or from their intermediate deposits and without maintaining sediment connectivity throughout the stream network, the reactivation of
hydro-morphological and the associated ecological

functionalities are physically unfeasible for supply-limited
and highly altered mountain rivers (Rinaldi, Surian,
Comiti, & Bussettini, 2011). In parallel, on several debris
cones and alluvial fans a clear increasing tendency of wealth
moving into flood prone areas could be retraced over the
last decades, leading to a possible net exacerbation of risk
(Fuchs, Keiler, Sokratov, & Shnyparkov, 2013; Mazzorana,
Simoni, et al., 2014). Without a profound revision of land
use management and without significantly reducing the vulnerability of the built environment, the persistence of both
functional and reliable check dam structures is of highest
priority (Suda, 2012). As outlined by Dell’Agnese, Mazzorana, Comiti, Von Maravic, and D’Agostino (2013), the
determination of check dams damage susceptibility is an
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essential requirement for the definition of adequate maintenance strategies. With the intent to promote an enhanced
life cycle management of check dams, this need was
recently recognised on an operative level also by the Platform on Natural Hazards of the Alpine Convention
(Rimböck et al., 2014). With respect to natural hazard risk
management, Mazzorana, Trenkwalder-Platzer, Fuchs, and
Hübl (2014) observe that the aim to reduce potential hazards by consolidating the stream beds, and in particular by
using grading structures that artificially may retain amounts
of sediment, has to be judged carefully. Due to a limited
technical lifetime of any constructive mitigation, in combination with the possibility of technical failure (residual hazard), the natural disposition factors gradually change. This
gradual change, however, does not seem to be acknowledged by the local actors, for example, the population
affected. On the contrary, land-use in the run-out areas of
hazardous processes increased since the 1950s, and depending on the respective national and regional building laws, a
considerable amount of value was concentrated in endangered areas (Fuchs et al., 2013). The failure to prevent
completely damages by natural hazards generated a higher
demand for protection in those areas heavily developed in
recent decades. Therefore, starting from the 1960s, the
respective agencies responsible for the protection against
natural hazards continued to pursue the consolidation strategy throughout the European Alps by constructing new
grade control structures, prevailingly as masonry works in a
first stage and then progressively as concrete structures. To
give an example, approximately 30,000 check dams have
been constructed in South Tyrol, Italy, since 1900, and 16%
of them were judged not to satisfy the required reliability
and, consequently, technical efficiency requirements
(Mazzorana, 2008). Due to these inherent deficiencies of
pure consolidation strategies, a large number of open, filtering check dams has been constructed since the early 1970s.
The functional efficiency of this type of structure was gradually refined (Üblagger, 1972) firstly by improving the
mechanical sieving function and subsequently by modifying
the design to obtain a cost-efficient dosing function
(Armanini & Larcher, 2000). In many cases, however, the
design of such systems was inherently weak due to
(a) erroneous assumptions of full performance of the previously constructed consolidation structures and (b) procedural and content-related gaps in the adopted planning
procedures (Mazzorana & Fuchs, 2010). From a reactive
perspective, capillary monitoring activities have been carried out to both ascertain the condition and functionality of
the realised constructions. At the beginning of the 21st century, large, but more or less systematic and homogeneous,
check dam condition survey campaigns were conducted in
many alpine regions (Suda, 2012). For hazard mapping and
risk management purposes, it is essential to recognise the
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following three basic or fundamental characteristics of protection structures:
1. Structures forming the protection systems are of a dual
nature because they are designed to mitigate natural
hazards but on the other hand they are prone to be damaged throughout their lifecycle by the same processes
they should mitigate (Vorogushyn, Merz, & Apel,
2009), thus reducing their performance over time.
2. Sudden unexpected collapse of check dams can result
in increased hazards downstream due to the formation
of dam-break surges and the release of large volumes of
sediments.
3. Physical susceptibilities of single check dams contribute
to the susceptibility of the entire risk mitigation system,
but the latter is not equal to the sum of the susceptibilities of the single structures. In fact, because of the interrelationships between structural damage and event
intensity, non-linear dynamics emerge making it difficult to predict the final state.
However, the need to develop predictive models to
quantify the damage susceptibility of mountain stream check
dams for extreme events has only recently be fully recognised (Mazzorana & Fuchs, 2010). Dell’Agnese et al. (2013)
made extensive use of statistical methods to determine a
damage index defined on pre- and post-event comparisons
of check dam conditions and relevant impact variables. As a
result of their study they proposed a vulnerability matrix for
consolidation check dams. This matrix describes the average
expected values for residual functionality (RF) of check
dams as a function of structure characteristics (taking into
consideration also the initial RF values) and event intensity
and type. Event intensity is expressed as type of event, discharge, local energy slope, unit stream power, sediment size,
flow width, and depth. The matrix is meant to represent only
a preliminary tool to estimate the physical vulnerability of
check dams, and, as such, it is intended as a starting point to
plan the preventive maintenance of check dams. With the
overall aim to enhance the detection of the damage generating mechanisms and to improve pro-active check dam maintenance strategies, a series of prediction models based on
Rough Set Analysis techniques (Munakata, 2008; Rutkowski, 2008) are set up. In its essence, Rough Set Analysis
is flexibly used to generate rule bases, which establish a
relation (i.e., in form of if-then implications) between attributes of the system and a selected objective variable. To this
end, as described in the next sections, an existing data set,
which contains quantified process-response information with
respect to selected check dam structures built in South
Tyrol, Italy, is first analysed. In a successive step, as outlined in Section 3 below, the damage susceptibility prediction models based on Rough Set Analysis techniques are
described and the obtained results are presented.
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TABLE 1

Overview of the occurred events, the selected creeks, the dominant processes and the associated number of selected and investigated check dams

Creek

Date of the event

Process

Hölderle creek

August 1, 2013

Debris flow

Number of check dams
28

Holer creek

August 6, 2008 and August 21, 2008

Debris flow

77

Höllental creek

August 6, 2008 and August 21, 2008

Debris flow

18

Keltal creek

July 17, 2009

Debris flow

22

Rethen creek

July 29, 2009 and September 24, 2009

Debris flow

24

Gadria-Allitzer creek

July 24, 2009

Debris flow

14

Tanz creek

September 4, 2009

Intense bedload transport—debris flood

10

Tinne creek

September 4, 2009

Intense bedload transport

13

Ziel creek

August 6, 2008 and August 21, 2008

Debris flow

25
231

2 | DA TA AN AL YSIS
2.1 | Data set, data structure, and damage indexes
A data set originally complied by Von Maravic (2010) and
Dell’Agnese et al. (2013) containing quantified process–
response information with respect to selected check dam
structures, is the basis for both statistical data analysis and
knowledge generation by means of rough set analysis techniques (compare next section). The data set contains information about (a) torrential hazard events occurred in 2008,
2009, and 2013 in South Tyrol, Italy and (b) knowledge
about check dam structures and responses to process events
impacts.
Table 1 presents an overview of the events considered
along selected creeks, their dates of occurrence, the dominant process, the municipality were the event took place,
and the number of selected and investigated check dams.
Figure 1 provides an associated geographical overview of

Geographical overview of the
selected creeks in South Tyrol, Italy

FIGURE 1

the selected creeks, the district names and the associated
limits.
With reference to the sketch of the functional parts of a
check dam as shown in Figure 2, the structure of the data
set including all considered variables is shown in Table 2
(i.e., factorial and numeric variables).
To provide an overview about the value range of the
main geometrical characteristics of the considered check
dams (see Figure 2), the construction height −h− varies
from 1 to 9.5 m, whereas the construction width comprising the spillway and unanchored part of the wings −b−
ranges from 5.8 to 28.5 m. Since the main function of the
surveyed check dams is consolidating the streambed and
both the distance between two successive structures
(10–100 m) and the difference between channel slope and
equilibrium slope (0–5%) are relatively small, their retention volume is practically negligible. The estimated eventrelated peak discharges range from 80 to 200 m3/s
(Trenkwalder-Platzer, 2014).
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Subdivision of the check dam
into functional parts, considered
geometrical parameters

FIGURE 2

It has to be remarked that the set of damage indexes
reported in Table 2 is not exhaustive. Comiti, Lenzi, and
Mao (2010) extensively investigated the local scouring
which may exceed the depth of the check dam foundations and decrease the global stability of the structure
and Suda (2012) highlights critical seepage and filtration
effects. The available data set did not allow a detailed
event based analysis of these damage generation mechanisms, and their qualitative assessment should be
mandatory.
The computation of the damage indexes is based,
respectively, on the assessment of the vectors PRE and
POST, which express the condition of the check dam in a
pre- and post-event situation, respectively. These vectors
contain as elements the expert based assessments of each
part of the check dam on a factor–point scale (range: 1–5,
see Table 2).
PRE = ðfl:pre, kl:pre, ml:pre, km:pre, kr:pre, fr:preÞ
= ðpre1 , pre2 , pre3 , pre4 , pre5 , pre6 Þ = ðprei ; i = 1,…,6Þ
ð1Þ

POST = ðfl:post, kl:post, ml:post, km:post, kr:post, fr:post Þ
= ðpost 1 , post2 , post 3 , post4 , post 5 , post 6 Þ
= ðpost i ; i = 1,…,6Þ

ð2Þ

As outlined in Dell’Agnese et al. (2013) the vector of
weights, whose elements reflect the relative importance for
structural stability of the different parts of the check
dam, is
W = ðw:fl, w:kl, w:ml, w:km, w:kr, w:fr Þ
= ðw1 , w2 , w3 , w4 , w5 ,w6 Þ = ðwi ; i = 1,…,6Þ

ð3Þ

Based on a previous assessment of the vectors PRE,
POST and W, the damage indexes expressing the check
dam’s pre- and post-event condition DamPre and DamPost,
respectively, can be calculated as follows:

DamPre =
DamPost =

P

i ½wi � ðprei Þ� − 1

P

4

� 100

i ½wi � ðpost i Þ�− 1

4

� 100

ð4Þ
ð5Þ

The damage index change through the event—
DamCh—and the residual condition—RC—are then evaluated through the following expressions:
DamCh = DamPost − DamPre

ð6Þ

RC = 100− DamPost

ð7Þ

The introduction of these damage indexes is useful to
monitor the evolution of the check dam condition throughout its life cycle as exemplified in Figure 3.
2.2 | Descriptive statistics
In Figure 4 the distribution with respect to the building
material and to the construction age class is shown. The
number of construction age classes was reduced and their
upper and lower limits adjusted with respect to Dell’Agnese
et al. (2013) to avoid classes with a relatively low number
of structures and limit the complexity of the developed prediction models (compare Section 3 for details). Whereas the
creeks Ziel and Rethen feature exclusively check dams built
of concrete, the check dams in the Höllental creek and Hölderle creek are made of masonry. In the Allitzer (Gadria)
creek and Holer creek an approximately equal distribution
of concrete and masonry check dams is to be found. In the
Tinne and Tanz creeks masonry structures prevail, whereas
in the Keltal creek the opposite is true.
In the bar charts shown in Figure 5 the average values of
the Damage Indexes DamPre, DamCh, and DamPost are
reported separately for the different creeks (Section A), for
the different structural parts of the check dam considering
the entire data set (Section B) and for both construction
material categories concrete and masonry (Sections C and D,
respectively). The response, captured by the damage index
DamCh, was particularly significant for the check dams
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TABLE 2

Variables of the data set, typological description, categorisation, and value range

Variable name

Description

Type

Categories and range

Creek

Name of the creek

Factor: info available from the stream network

No subdivisions

Event

Identification number of the event

Factor: info available from the event database

No subdivisions

Assessment on a factor—point scale (range:
1–5) based on photo interpretation from the
structure database (Baukat30)

1: No visible damages; 2: Elements slightly
damaged at the surface; 3: Parts with gaps,
fissures or fractures; 4: larger portions
severely damaged; 5: Structural integrity
completely missing

Assessment on a factor—point scale (range:
1–5) based on photo interpretation from the
structure database (Baukat30)

1: No visible damages; 2: Elements slightly
damaged at the surface; 3: Parts with gaps,
fissures or fractures; 4: larger portions
severely damaged; 5: Structural integrity
completely missing

Condition before the event (xx.pre)
fl.pre

Left wing of the check dam

kl.pre

Left part of the spillway

ml.pre

Central part of the check dam

km.pre

Central part of the spillway

fr.pre

Right wing of check dam

kr.pre

Right part of the spillway

Condition after the event (xx.post)
fl.post

Left wing of the check dam

kl.post

Left part of the spillway

ml.post

Central part of the check dam

km.post

Central part of the spillway

fr.post

Right wing of the check dam

kr.post

Right part of the spillway

Flowtype

Dominant process type: Debris
Flow, Debris Flood
(Hyperconcentrated flow)
or Bedload transport

Factor: Assessed from the event database
(ED30)

1: Bedload transport; 2: Debris flood
(Hyperconcentrated flow); 3: Debris Flow

h0

Flow depth (m)

Numeric value measured during post-event
documentation based on silent witnesses
(e.g., water marks) debris flow levees etc.)

Continuous range h0 > 0

Factor: Deduced by photo interpretation from
the structure database (Baukat30) and by
post event documentation surveys

1: Concrete; 2: Masonry

w0

Flow width at the free surface (m)

Material

Construction material typology
(concrete, masonry)

History

Info on occurred damaging
mechanism

Age

Age of the structure (years)

Construction age of the structure

1: <15; 2: 15–30; 3: 31–50; 4: >50

Geometry

Height of the check dam (m)

Numeric value: retrieved from the structure
database (Baukat30) and during post event
documentation surveys

Continuous range > 0

Inclination

Slope of the stream at the check
dam location

Dimensionless numeric value: deduced from
the digital terrain model - DTM (resolution: 2.5 m); measured during post
event with a laser distance meter

Diameter

Estimated D90 at the check
dam location

Numeric value: assessed during post event
documentation surveys
Computed numeric value (%)

DamPre

Damage index before the event

DamCh

Damage index change through
the event

DamPost

Damage index after the event

RC

Residual condition

Continuous range w0 > 0

1: First damaging event; 2: Pre-existing
damages

(construction material: masonry prevailingly) in the Tanz
creek, similarly for those in the Hölderle creek (construction
material: masonry exclusively). In both cases, DamPre was
relatively large. In the Rethen creek, DamPre was large as
well, but, in comparison, DamCh was lower (construction
material: concrete exclusively). In the Ziel, Tinne and Allitzer (Gadria) creeks, DamPre was rather low. These three
creeks exhibited a similar response in terms of DamCh,
despite different construction materials were used (concrete
exclusively in the Ziel creek, prevailingly masonry in the
Tinne creek and both construction materials in the AllitzerGadria creek).

Continuous range: 0–100%

Plot B in Figure 5 reveals, as intuitively expected, that
the central parts of the check dam (i.e., mL and km, respectively) are more prone to be damaged in comparison to the
lateral parts (i.e., kl, kr, fl, fr). This pattern emerges clearly
for masonry check dams, whereas for check dams built in
concrete it is less pronounced. In plot C, the empirical
cumulative probability density distributions of all damage
indexes are shown separately for concrete and masonry
check dams. For the latter case, a comparably large damage
increase—DamCh—could be detected, not only for check
dams with large DamPre index values but also for a significant percentage of previously undamaged structures (low
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Representation of the
evolution of the check dam condition
using the defined damage indexes. RC,
residual condition; DamCh, damage index
change; DamPre, damage index value
before the event; DamPost, damage index
value after the event

FIGURE 3

Left: Distribution of the number of check dams for each creek belonging to the different construction material categories (concrete, masonry);
Right: Distribution of the check dams with respect to their age class

FIGURE 4

DamPre index values). This fact is appreciable taking note
of the remarkable “shift” to the right of the DamPost cumulative probability distribution in the masonry check dam
case. The same information content is represented through
box plots in plot D.
In Figure 6 one can appreciate that for masonry check
dams, which belong prevailingly to older construction age
classes, the scatter of both DamCh and DamPost increases
significantly compared to concrete check dams featuring a
pre-existing damage state. The functional performance of a
consolidation check dam related to its capacity to stabilise
the stream bed and the adjacent hillslopes is judged through
a proper functionality attribute, FPost. The functionality classification is as follows: class 1 (the Post-Event Functionality
of the structure is unaltered), class 2 (the Post-Event Functionality of the structure is slightly reduced), class 3 (the
Post-Event Functionality of the structure is significantly
reduced), and class 4 (no residual Post-Event Functionality).
In Figure 7, the relationship between FPost and the
average DamPost values is shown for each functionality

class for the whole check dam set and for the check dam
sets according to their construction type.
Multivariate linear regression models were applied for predicting the values of the adopted damage index set from various collection of predictor variable values (Johnson &
Wichern, 2002). The maximum likelihood of the mean square
error arising from the prediction of the values of the damage
indexes was unacceptably large for all models applied. Therefore, the capabilities of a rule induction approach based on the
rough sets theory were explored (compare Section 3).
3 | D A MAG E S USC EPT IB IL IT Y
P R E D I C T I O N T H R O U G H RO U G H S E T
AN AL YS I S
3.1 | Theoretical background
Rough Set Analysis is a computational intelligence technique, which has been recently developed to mine complex
data sets featuring quantitative and qualitative attributes and to
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FIGURE 6 Box plots of the damage indexes DamCh and DamPost
depending on the pre-existing damage condition (DamPre > 0 or
DamPre = 0), differentiating between different construction materials and
construction age classes

overcome the limited applicability of statistical methods to
such data sets (Rutkowski, 2008). It was initially proposed in
the 1980s by Zszislaw Pawlak (Pawlak, 1997). Since then the
range of applications and software implementations in the
technical, economic, and natural science domain, has been
significantly extended (Munakata, 2008). In its essence,
Rough Set Analysis is used to generate rule bases, which
establish a relation (i.e., in form of IF-THEN implications)
between attributes of the system and a selected objective variable (Olson & Delen, 2008). Non categorical data need to be
discretised in classes by a manual way or by ad hoc
discretisation-algorithms. Typically, data processed by Rough
Set Analysis is organised in form of an information system

Calculated average values for the damage indexes DamPre,
DamCh and DamPost for the events along the selected creeks (A), for the
different check dam parts without discerning the construction material (B).
Plot C: Empirical cumulative probability density distributions for all
damage indexes for the considered construction materials, concrete and
masonry, respectively. Plot D: Box plots for all damage indices for the
considered construction materials

FIGURE 5

FIGURE 7 Relationship between FPost classes and the corresponding
average DamPost values for the whole check dams set (red), for the check
dams built of concrete (green) and masonry (blue)
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K = (U, C, D, V, ρ) where U indicates the entire data set,
represented in form of a decision table, which links condition
attributes C to the decision attributes D. V is the set of possible
levels the key attributes C [ D can assume, and ρ is the information function defined as ρ : CxD ! V. The information
function defines unambiguously the set of rules encoded in
the given information system. The elimination of redundant
information to provide more compact rules is achieved by
identifying reducts, or subsets of key variables that still manage to preserve all the information within the decision table K.
As outlined by Skowron and Rauszer (1992) the task of finding all reducts is an NP-complete problem. The search for
reducts has been significantly enhanced by developing, for
example, greedy algorithms (Johnson, 1974) and genetic algorithms (Düntsch & Gediga, 2000; Vinterbo & hrn, 2000).
The identified reducts provide the basis for the determination
of the rules of the rule base. Figure 8 visualises the core concepts of Rough Set Theory.
In a sharp definition of a set, every rule corresponds
exactly to one outcome. For this reason, the boundary
region equals 0 and all the rules are explicitly defined. On
the contrary, a Rough Set describes a boundary region
where a certain rule can have different meanings. In this
case, the outcome of the rule can only be approximated by
a lower and an upper approximation, quantified by the confidence factor alpha. The sum of uncertain rules describing
X is visualised by the grey area in Figure 8. The blue area,
instead, describes the number of rules with an exact
outcome.

3.2 | Rule base generation
3.2.1 | Methodological approach

For determining the rules in the analysis of the present data
set, the software ROSETTA (Rough Set Toolkit for
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Analysis of Data) was used. ROSETTA was developed in
the period 1996–1998 at the Technical University of Trondheim on the kernel of RSES (Technical University of Warsaw). ROSETTA allows a spreadsheet based input of the
data and a dynamic selection of the decision and the condition attributes. Continuous data is discretised applying one
of the various algorithms available. With respect to the general structure of an information system K = (U, C, D, V, ρ)
and with the aim of conducting a Rough Set Analysis with
the software ROSETTA, the pre-selected condition attributes C are shown in Table 3.
In this paper the rule base generation by Rough Set
Analysis is presented, considering the post-event functionality, FPost, as decision variable. Other decision variable
choices (i.e., DamPost, DamCh, RC) did not result into
models and, hence, rule bases, featuring acceptable accuracies (Trenkwalder-Platzer, 2014). The attributes FPost with
the classes 1, 2, 3, and 4 (compare Section 2), as well as a
binary variable (i.e., YES, NO) expressing the post-event
functionality fulfilment (or its absence), were chosen as
decision attribute set D. Rearranging the whole data set
according to the selected condition and decision attributes
(i.e., the sets C and D) three distinct models reflecting particular condition attribute structures and featuring FPost as
well as an additional simplified model were considered for
Rough Set Analysis: (a) an overall general model containing
the whole data set regardless of the material type, (b) a specific model for check dam structures built of concrete
obtained by partitioning the whole data set according to this
particular level of the condition attribute material, (c) a
model for check dam structures built of masonry obtained
by the corresponding data partition, and (d) a model containing the whole data set with the binary functionality decision attribute instead of FPost. For validation purposes, the
TABLE 3

Attribute structure (condition attributes C) for Rough Set Data

Analysis

The set X can only be approximated by pixel sets. The following
regions can be discerned: Universe U, Rough Set X, Lower Approximation S,
Upper Approximation S, Negative Region NEG ðX Þ = U −SðX Þ
FIGURE 8

Attribute

Description

Scaling

Flowtype (m)

Flowtype reflecting the flow process
(i.e., bedload transport, debris flood and
debris flow according to post-event
documentation evidences)

Nominal

h0 (m)

Flow depth (i.e., measured by a laser beam
device according to flow marks measured in
the field)

Discretised

w0 (m)

Flow width (same measurement as for flow
depths)

Discretized

Material

Type of construction material (i.e., concrete,
masonry)

Nominal

Age

Year of construction

Ordinal

History

History of the structure (i.e., past damaging
events)

Ordinal

Geometry (m) Height of the structure

Discretised

Inclination

Channel slope at structure’s location

Discretised

Diameter (m)

Maximum detectable grain size diameter in
the reach containing the structure

Discretised

DamPre (%)

Estimation of the pre-damaged structural parts

Discretised
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data set was divided into a training-set consisting of 75% of
the data and a complementary test-set with 25% of the data.
The resulting rule bases (compare next subsection) are
derived based on the algorithmically identified reducts
based on the underlying training-sets. The predictive performance of generated rule bases is then validated against the
complementary test-set. The goodness of classification is
evaluated through a cross-validation according to an accuracy parameter on a 0–1 scale, that is, the rule base generated with 75% of the K is used to predict the outcome D of
the remaining test data (25% of K). The accuracy of the
model is defined as a percentage based on the ratio between
the number of correct implications (CxD ! V)corr and the
total number of implications(CxD ! V)tot. The validation
procedure entails repeating this process for 16 times, always
using different cuts on the data set. This entails, first, a partition of the data set in four parts (e.g., A, B, C, and D).
Each of these parts is used once as a test-set and three times
as one of three of the training set. In a next step, the partition point of the data in four parts is randomly changed and
the same algorithm is repeated. Applying this procedure
4 times leads to a total number of 16 evaluations on 4 different cuts on the entire data set and, hence, considering an
overall number of 4 different test data sets (25% of K, compare Shuib, Bakar, & Othman, 2009). It has to be remarked
that, in spite of the significant efforts put maximising the
prediction accuracies, they may still partially depend on
alternative selections (or proportions) of the training data.
3.2.2 | Results

In Tables 4–7 respectively, excerpts of the entire rule bases
are shown, corresponding to the set of previously outlined
models in form of 10 significant rules in decreasing order
with respect to the specified goodness criterion. The
TABLE 4

structure of the Tables is as follows: column 1—rule number, column 2—rules of the rule base (CxD ! V), column
3—LHS Support (i.e., number of objects in the training set,
matching the Left Hand Side or IF-part of the rule), column
4—RHS Support (i.e., number of objects in the training set,
matching the Right Hand Side or THEN-part of the rule),
column 5—RHS Accuracy (i.e., ratio between the RHS Support and the LHS Support.), column 6—LHS Coverage
(i.e., ratio between the LHS Support and the number of
objects in the training set), column 7—RHS Coverage
(i.e., ratio between the RHS Support and the number of
objects in the test set, in other words the percentage expressing the extent of outcomes covered by the rule). In each of
the reported Tables, Variable ([X,Y]) means that the value
of the variable lies in the closed interval [X,Y]. The symbol
* in the closed interval substituting X (or Y) indicates the
smallest (largest) measured value of the variable with respect
to the entire data set. Equivalently, it indicates the smallest
(largest) value of the lowest (uppermost or highest) discretisation interval of the considered variable. The definitions
and descriptions of all variables are provided in Table 2.
Satisfactory prediction accuracies could be obtained for
all models. The prediction accuracy for classified post event
functionality, FPost, was 68% for the general model, whereas
for the material category concrete alone the accuracy raised
to a value of 79% and for the material category masonry the
value decreased to 60%. The reasons for the lower prediction
accuracy of the model designed for the material category
masonry in comparison to prediction accuracy obtained
through the model designed for the material category concrete reside in less predictable damaging mechanisms.
Whereas for the material category concrete the damage patterns tend to progress form the structural parts directly
exposed to the flow process toward the central part of the

Excerpt of the rule base of the general model comprising 10 rules with the largest coverage

Nr.

Rule

LHS Support

RHS Support

RHS Accuracy

LHS Coverage

RHS Coverage

1

h0 ([*, 1.78]) AND Geometry ([3.85, 4.03]) AND Inclination
([0.35, 0.42]) AND Diameter ([0.87,1.39]) = > FPost (2) OR
FPost (1)

3

1, 2

0.333, 0.667

0.01

0.022, 0.014

2

Flowtype (2) AND h0 ([3.55, *]) AND Material (2) = > FPost (4)

6

6

1

0.03

0.29

3

h0 ([3.23, 3.55]) AND History (2) AND Inclination ([0.14, 0.35])
= > FPost (3)

3

3

1

0.01

0.14

4

w0 ([12.90, 22.50]) AND Inclination ([0.42, 0.6)] AND Diameter
([1.39, *]) = > FPost (4)

3

3

1

0.01

0.14

5

Flowtype (2) AND h0 ([3.55, *]) AND w0 ([22.50,*]) = > FPost
(4)

3

3

1

0.01

0.14

6

h0 ([*, 1.78]) AND Material (1) AND DamPre ([0.04,0.26])
= > FPost (1)

17

17

1

0.07

0.12

7

Flowtype (3) AND h0 ([*, 1.78]) AND Inclination ([*,0.14])
= > FPost (1)

14

14

1

0.06

0.10

8

Flowtype (3) AND h0 ([3.55, *]) AND DamPre ([0.04,0.26])
= > FPost (3)

2

2

1

0.01

0.10

9

Flowtype (2) AND Diameter ([0.64, 0.87])= > FPost (4)

2

2

1

0.01

0.10

10

h0 ([2.28, 3.23]) AND Geometry ([2.85, 3.45]) AND Diameter ([*,
0.53]) = > FPost (3)

2

2

1

0.01

0.10

LHS = left hand side; RHS = right hand side.
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Excerpt of the rule base of the model (material type—concrete) comprising 10 rules with the largest coverage

Nr. Rule

LHS support

RHS support

RHS accuracy

LHS coverage

RHS coverage

4

w0 ([*, 14.75]) AND Geometry ([3.55, *]) AND Inclination
([0.3450, 0.4150]) AND Diameter ([0.8150,*]) = > FPost
(2) OR FPost (1)

3

1, 2

0.333, 0.667

0.03

0.038, 0.023

5

h0 ([2.45, 3.125]) AND w0 ([14.75, *]) AND Geometry ([2.8500,
3.5500]) AND Inclination ([*,0.1450]) = > FPost (3)

2

2

1

0.02

0.25

18 History (1) AND Geometry ([2.85, 3.55)]) AND Inclination
([*,0.1450]) = > FPost (1)

15

15

1

0.13

0.18

25 h0 ([2.45, 3.125]) AND w0 ([*, 14.75]) = > FPost (1)

15

15

1

0.13

0.18

21 h0 ([*, 2.35]) AND Geometry ([3.55, *]) AND DamPre ([0.0748,
0.2657]) = > FPost (1)

14

14

1

0.12

0.16

13 h0 ([*, 2.35]) AND w0 ([14.75, *]) AND Diameter ([*,0.815])
= > FPost (2)

4

4

1

0.03

0.15

17 h0 ([*, 2.35]) AND DamPre ([0.2657, *]) = > FPost (2)

4

4

1

0.03

0.15

30 h0 ([*, 2.35]) AND Geometry ([3.55, *]) AND Inclination ([*,
0.145]) = > FPost (1)

13

13

1

0.11

0.15

1

11

11

1

0.09

0.13

1

1

1

0.01

0.13

h0 ([3.125, 3.60]) AND Age (1) = > FPost (1)

11 h0 ([3.125, 3.60]) AND Geometry ([*, 2.85]) AND Inclination
([0.18, 0.345]) = > FPost (3)
LHS = left hand side; RHS = right hand side.
TABLE 6

Excerpt of the rule base of the model (material type—masonry) comprising 10 rules with the largest coverage

Nr.

Rule

LHS support

RHS support

RHS accuracy

LHS coverage

RHS coverage

4

h0 ([*, 0.95]) AND Geometry ([4.90, *]) AND DamPre ([0.0164,
*]) = > FPost (2) OR FPost (1)

4

2, 2

0.5, 0.5

0.04

0.111, 0.035

5

h0 ([1.125, 2.225]) AND Age (4) AND Geometry ([4.90,*]) AND
Inclination ([0.241, *]) = > FPost (2) OR FPost (4) OR FPost
(1)

4

1, 1, 2

0.25, 0.25, 0,5

0.02

0.055, 0.047, 0.035

18

h0 ([1.125, 2.225]) AND Inclination ([*, 0.241]) AND Diameter
(0.78) = > FPost (2) OR FPost (1)

2

1, 1

0.5, 0.5

0.02

0.055, 0.017

25

h0 ([*, 0.95]) AND Geometry ([4.90, *]) AND Inclination ([*,
0.241]) = > FPost (2) OR FPost (1)

2

1, 1

0.5, 0.5

0.02

0.055, 0.017

21

Geometry ([3.35, 4.90]) AND Diameter (0.78) => FPost (4) OR
FPost (1)

2

1, 1

0.5, 0.5

0.02

0.047, 0.017

13

Flowtype (1) AND Age (3) AND Geometry ([2.10, 3.35])
= > FPost (1) OR FPost (2)

3

2, 1

0.667, 0.333

0.03

0.035, 0.055

14

h0 ([2.225, 3.05]) AND Age (4) AND Diameter (0.78) = > FPost
(1) OR FPost (4)

3

2, 1

0.667, 0.333

0.03

0.035, 0.045

30

Flowtype (1) AND Age (4) AND Geometry ([3.35,4.90])
= > FPost (1) OR FPost (2)

2

1, 1

0.5, 0.5

0.02

0.017, 0.055

1

Flowtype (2) AND h0 ([3.05, *]) = > FPost (4)

8

8

1

0.07

0.38

11

Diameter (2.00) AND DamPre ([0.0164, *]) = > FPost (3)

3

3

1

0.03

0.23

LHS = left hand side; RHS = right hand side.

check dam, for the masonry case the less homogeneous damage patterns can be explained by a larger scatter of the material property values and by the presence of inbuilt weak shear
planes within the stone structure which may fail under collisional loadings (Trenkwalder-Platzer, 2014). Moreover,
masonry check dams built in staircase like fashion in steep
debris flow channels may be locally subjected to significant
impulsive horizontal earth pressures in the central parts of the
check dam, which are caused by large boulder collisions in
the short channel tracts between two adjacent structures
(Valentini, 2012). An accuracy of 86% could be obtained by
simplifying the decision attribute to a binary form, discerning
only whether the post event functionality was given or not.
This approach leads to high accuracy values, at the expense

of a lower explanatory power of model, since the number of
outcomes of the decision attribute FPost has been reduced to
two outcomes only.

4 | D I S CU S S I O N A ND CO N CL US I O NS
By means of descriptive statistics, in this work the relationships between observed characteristics of three torrential
hazard events occurred in South Tyrol, Italy, were explored
and the process-structure interaction was quantified through
the damage characteristics DamPre, DamCh, and DamPost.
The survey of the damage characteristics was carried out
through field inspections, measurements and subjective state
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Excerpt of the rule base of the simplified general model with a binary decision variable functionality (yes/no) comprising 10 rules with the
largest coverage

TABLE 7

Nr.

Rule

LHS support

RHS support

RHS accuracy

LHS coverage

RHS coverage

1

h0 ([*, 2.23]) AND Material(1) = > Functionality (YES)

52

52

1

0.23

0.23

2

Age(1) = > Functionality (YES)

26

26

1

0.11

0.14

28

h0 ([2.95, 3.05]) AND Inclination ([0.38, *]) AND Diameter
([1.39, *)) = > Functionality (NO)

5

5

1

0.02

0.12

3

h0 ([2.28, 2.95]) AND DamPre ([*, 0.04]) = > Functionality
(YES)

22

22

1

0.10

0.12
0.11

4

Flowtype (3) AND w0 ([5.90, 6.50]) = > Functionality (YES)

21

21

1

0.09

5

w0 ([8.85, 9.25]) AND Material (1) = > Functionality (YES)

20

20

1

0.09

0.11

7

h0 ([2.28, 2.95]) AND History (1) = > Functionality (YES)

18

18

1

0.08

0.10

7

h0 ([2.28, 2.95]) AND History (1) = > Functionality (YES)

16

16

1

0.07

0.09

8

Flowtype (3) AND h0 ([3.05, 3.55]) AND Geometry ([2.85, 4.90])
= > Functionality (YES)

16

16

1

0.07

0.09

9

w0 ([13.30, 14.10]) = > Functionality (YES)

14

14

1

0.06

0.08

LHS = left hand side; RHS = right hand side.

assessments. Specifically, an increased damage impact on
the central structural parts of the structures could be retraced
thereby confirming previous results obtained by Von Maravic (2010) and Dell’Agnese et al. (2013). Based on the distribution of the damage characteristics, namely the PreEvent Damage conditions (DamPre), the Post-Event Damage conditions (DamPost), and the associated condition
Change (DamCh), it can be stated that check dams built of
concrete show a better performance with respect to resistance and exhibit also longer durability in comparison to
masonry check dams. These results are consistent with previous findings reported in literature (Hübl & Fiebiger,
2005). Based on the surveyed damage characteristics and
depending on the construction material, a remarkable difference in damage behaviour could be detected. Check dams
built of concrete exhibit more uniform damage patterns and
total structural failure could not be observed. Fore masonry
check dams, instead, (a) a larger variability with respect to
the observed damage patterns, (b) single cases of total structural failure, and (c) a faster damage progression with
respect to the material type concrete (i.e., particularly if the
considered structure was pre-damaged) could be retraced.
Previous attempts to provide statistical tools for the prediction of event based damage susceptibility by applying multiple linear and non-linear regression models failed to provide
conclusive insights. As also Dell’Agnese et al. (2013)
pointed out, the collected data set did not allow reliable
relationships between event characteristics and expected
damage to check dams to be established. In fact, many variables other than event intensity may exert some influence
on the physical vulnerability of these structures, that is,
type, age, geometry, pre-event conditions, and event type,
thus resulting in an extremely high number of possible combinations to be assessed in order to determine regression
equations for each combination.
To overcome such difficulties and with the aim to provide a decision support tool for mountain stream managers,
Rough Set Analysis was applied to derive compact rule

bases out of structured empirical data sets. As outlined in
the previous section both in theory and practice, four Rough
Set models were set up and the associated rule bases were
derived as a support for an enhanced prediction of damage
susceptibility. The accuracies of the damage susceptibility
predictions (compare previous section) accuracies obtained
by the application of the Rough Set Data Analysis model
provide a reliable basis to improve check dam maintenance
strategies.
It can be stated on a more general level that being able
to predict the performance decay of check dams in case of
debris flows in mountain streams allows to enhance the
design of such structures by properly take into consideration
the effects of process-structure interaction and, as a consequence, to identify more suitable construction sites, to better
quantify both the overall number and necessary dimensions
of planned check dams to achieve the desired hazard mitigation result. From a check dam management perspective, the
developed Rough Set Data Analysis model may contribute
to accomplish the shift from a reactive maintenance
approach based on capillary and expensive post-event onsite
inspections, to a proactive maintenance strategy, which,
based on predicted performance decays, may allow preventive maintenance and reinstatement works for key functional
elements of the protection system.
To further improve the prediction results of the setup
Rough Set Data Analysis model and to open new research
possibilities in the field, it is essential to refine data collection protocols to accurately collect field data for both pre
and post event check dam conditions and reliably assess
local process intensities. A larger data set may improve the
prediction accuracies of the obtained rule bases, or, alternatively, lead to their slight modification based on the support,
accuracy and coverage measures of the rule set. In this
respect, Trenkwalder-Platzer (2014) points out that the consideration of further condition attributes C may lead to an
overall improvement of the prediction performance of the
developed models. As already mentioned, the evaluation of

12 of 12

MAZZORANA ET AL.

pre- and post-event damage conditions still requires the use
of expert judgement. This partial gap, however, indicates
that agencies in charge of the life-cycle management of
check dams should invest appropriate amounts of resources
to continuously monitor through proper measuring instruments the structural resistance parameters to systematically
reduce subjective evaluation elements.
In parallel, it is essential to systematically collect data
about ongoing scouring process downstream of the considered check dams (see Comiti et al., 2010), to monitor seepage filtration processes (Suda, 2012) and to use such data
for broader prediction purposes.
Rough Set Data Analysis might be applied with success
also to other damage susceptibility problems in flood risk
management, in particular if statistical techniques fail to
completely make sense of data related to pre- and postdamage conditions of structures exposed to flood impacts
(e.g., vulnerability of residential buildings, damage susceptibility of bridges clogged by large wood).
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