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The present study demonstrates the importance of recent atmospheric warming for the spatial distribution of debris flow initia-
tion in a central alpine area of the Eastern Alps. In particular, permafrost degradation due to increasing mean annual air tem-
perature (MAAT) since the end of the Little Ice Age (LIA) caused mechanical instabilities of sediments and slopes. In the study
area, the Rieserferner-Ahrn Nature Park, it can be shown that almost half of the debris flow initiation zones originate in areas
with loose rock that were still stabilized by glacier ice and/or permafrost about 150 years ago.

At present, the permafrost area covers 109 km? in the study area, while it covered ~211 km* during thermal conditions at the
end of the LIA. Since then glacier recession and permafrost degradation exposed extended areas of unconsolidated debris that
are uniformly distributed in the Rieserferner-Ahrn Nature Park. In general, present-day debris flows mainly originate from cor-
responding sediments, where permafrost degraded since the end of the LIA. These sediments are now susceptible to debris flow
hazards.

Compared to present conditions the permafrost area would decrease by approximately 72 % by the middle of the 21st century
with regard to an increased air temperature of +1 to +2 K. Moreover, glaciers widely disappear in this scenario. Ongoing glacier
recession and permafrost degradation increase the amount of instable debris as well as the potential of debris flow detachment
zones in the future.

Der Einfluss der atmosphérischen Erwarmung auf Permafrostdegradation und das Anreif3en von Muren - eine Fallstudie
aus den Ostalpen

In der vorliegenden Arbeit wird die Bedeutung der Erwarmung der Kryosphére seit dem Ende der Kleinen Eiszeit (LIA) fir die
raumliche Verbreitung von Muranrissen in einem zentralalpinen Gebiet der Ostalpen untersucht. Vor dem Hintergrund der
atmospharischen Erwdrmung verursachte hier insbesondere die Degradation von Permafrost bodenmechanische Instabilititen.
Im Untersuchungsgebiet, dem Naturpark Rieserferner-Ahrn in Siidtirol lasst sich zeigen, dass mehr als die Hélfte der Muranrisse
in Lockergesteinen auftreten, unter anderem in Morédnen- und Hangschuttablagerungen, die vor rund 150 Jahren noch durch
Gletschereis und Permafrost stabilisiert waren.

Derzeit sind rund 109 km* des Untersuchungsgebietes von Permafrost unterlagert, wihrend unter den thermischen Bedingun-
gen der Kleinen Eiszeit diese Flache noch rund 211 km?® umfasste. Die seither von Gletscherschwund und/oder Permafrostdegra-
dation betroffenen Areale mit schlecht oder nicht konsolidierten Ablagerungen sind tiber das untersuchte Gebiet weitgehend
gleichmafig verteilt. Ein Grofiteil der erfassten Muranrisse tritt in entsprechenden und nun fiir gefahrliche Prozesse disponier-
ten Sedimenten auf.

Unter Berticksichtigung aktueller Klimaszenarien mit einem Anstieg der Lufttemperaturen um +1 bis +2 K bis zur Mitte des
21. Jahrhunderts wiirde sich das von Permafrost unterlagerte Areal im Untersuchungsgebiet um anndhernd 72% gegeniiber
aktuellen Bedingungen verringern. Gleichzeitig wiirden die Gletscherflichen weitgehend verschwinden. In Zukunft ist durch
anhaltenden Gletscherschwund und Permafrostdegradation daher mit einer Zunahme instabiler Schuttvorkommen und einer
raumlichen Zunahme von Muranrissen und Murprozessen zu rechnen.

atmospheric warming, climate change, glacier recession, permafrost degradation, natural hazards, debris flow initiation, Little Ice
Age, European Alps
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1 Introduction

fected the mountain cryosphere (e.g. LEWIN & WARBURTON

1994, HARRIS et al. 2003, STOTTER et al. 2003, HAEBERLI &

Glacier ice and permafrost ice react sensitive to climate var- GRUBER 2009). High-mountain environments are presumed
iability in the European Alps (cf. BENISTON et al. 1997, DAv-  to response to atmospheric warming with glacier recession,
IES et al. 2001, ARENSON 2003, DAMM & LANGER 2006, HAR- increased permafrost temperatures and increased slope in-
Ris et al. 2009). Since the end of the “Little Ice Age” (LIA), stabilities (STOFFEL & HUGGEL 2012). In turn, these changes
about 150 years ago, the temperature increase especially af- affect present and future natural hazards (cf. HAEBERLI et
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Fig. 1: European Alps with the location of the study area Rieserferner-Ahrn Nature Park (box) and the adjacent areas in South Tyrol (Italy).

ADbD. 1: Der Alpenraum mit der Lage des Untersuchungsgebietes Naturpark Rieserferner-Ahrn (Kasten) und angrenzenden Gebieten in Sidtirol (Italien).

al. 1999, DAVIES et al. 2001, HARRIS et al., 2001, GRUBER et al.
2004, HARRIS 2005, FISCHER et al. 2006, DAMM & FELDERER
2008, PROBSTL & DAaMM 2009, KEILER et al. 2010).

The glacier retreat since the end of the LIA is well docu-
mented in the European Alps (e.g. DAMM 1998, LAMBRECHT &
KunN 2007, ZEMP et al. 2007, WINKLER 2009, WINKLER et al.
2010). In contrast, knowledge on the occurrence and distribu-
tion of permafrost and its spatiotemporal change during the
last 150 years is comparatively scarce (cf. VONDER MUEHLL
et al. 2007, MAIR et al. 2008). Early investigations estimated
an increase of the mean annual air temperature (MAAT) of
about +1 to +2 K since the end of the LIA in permafrost ar-
eas of the European Alps (cf. KUHN 1990, PATZELT & AELLEN
1990, HAEBERLI 1992). Thus, based on a thermal gradient of
0.5-0.6 K/100 m, the lower limit of permafrost increased by
150-300 m during the last 150 years (e.g. DAMM & LANGER
2006, see also HAEBERLI 1999). Similarly, the prognosticated
increase of air temperature of +1 to +2 K in the Eastern Alps
by the middle of the 21* century (cf. MATULLA et al. 2002, MA-
TULLA 2005) may lead to an additional rise of equilibrium line
altitudes (ELA) of alpine glaciers of approximately 150-350
m and a further increase of the lower limits of permafrost
of 200-400 m. According to this scenario, numerous glaciers
within the eastern Alps would disappear and permafrost di-
minish to the highest summits. Both processes would affect
the stability of mountain slopes and walls (e.g. DAVIES et al.
2001, ZEMP et al. 2006, 2007).

The thawing of mountain permafrost is expected to sig-
nificantly affect geotechnical properties of perennially fro-
zen and unconsolidated debris and may result in a regional
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increase of debris flow frequency and magnitude (cf. Zim-
MERMANN et al. 1997, HARRIS 2005, STOFFEL & HUGGEL 2012).
Both, the complete melting of the permafrost body and the
lowering of the thaw front within permafrost may reduce
the shear strength of debris. Instabilities appear most likely
to occur in areas near the lower limit of contemporary per-
mafrost distribution, where permafrost bodies are thin and
have temperatures close to 0°C (HAEBERLI 1992). Successive
failure of the unconsolidated debris destabilized in such a
manner can be triggered by the oversaturation of the active
layer or debris above water-impermeable rock (e.g. Damm
et al. 2012, SANDMEIER et al. 2012) or by the release of fine
grained material formerly fixed in the ice matrix (SATTLER
et al. 2011). However, the mechanisms of permafrost deg-
radation and related slope stability are rather complex and
many aspects and links remain uncertain to date (STOFFEL
& HUGGEL 2012).

The theoretical relation between permafrost degradation
in non-creeping slope material and the initiation or increase
of debris flow activity has hardly been verified. Field studies
of debris flow-triggering mechanisms on thawing slopes re-
main a challenge given the difficulties to predict where and
when slope instabilities occurs (cf. HARRIs 2005). Still, there
are some observations of large numbers of debris flows origi-
nating in areas presumed to be at the margin of contemporary
permafrost distribution supporting the hypothesis mentioned
above (e.g. ZIMMERMANN & HAEBERLI 1992, STOTTER et al.
2003, SATTLER et al. 2011). However, these studies are based
on comparatively small study areas and/or short time-frames.

The present study aims to identify and to prove the rela-
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tion among atmospheric warming, the spatial variability
of glaciers and permafrost and the spatial distribution of
debris flows in the study area during the last 150 years.
Furthermore, the study aims to predict future spatial devel-
opment of glacier and permafrost distribution in relation
to debris flows as hazardous geomorphic processes using
a GIS-based modelling approach. Climatic basis of the sce-
nario is an expected increase of air temperature by +1.5 K
until the middle of the 21* century (cf. MATULLA et al. 2002,
MartuLLa 2005, IPCC 2007b). Thus, for the first time this
study provides data of the development of hazard potential
from debris flow processes in the eastern Alps that exceed
the spatial dimension of a catchment area (cf. STOTTER et
al. 2003, KNEISEL et al. 2007, DAMM & FELDERER 2008).

2 Regional setting

The study area (fig. 1) extends to 450 km?® and covers the Ri-
eserferner-Ahrn Nature Park in South Tyrol (Italy) and ad-
jacent areas of the Hohe Tauern National Park (Austria). It
comprises the Rieserferner and Durreck Mountains, parts
of the Zillertaler Alps south flank, and the outer west parts
of the Venediger Mountains. Highest peaks in the study
area reach up to 3,500 m a.s.l.

The central parts of the study area are dominated by
granodiorite and tonalite bedrock. Additionally, pegma-
tite, paragneiss, mica schist, and orthogneiss are present.
Large areas in the upper valleys are covered by poorly con-
solidated or unconsolidated sediments, particularly debris
cones, talus, till and slide masses (SANDMEIER et al. 2012).
These sediments of Late Glacial and Holocene age can reach

thickness of several decametres (Damm 1996). In general,
most of the material is not or only sparsely vegetated. Ero-
sion and debris flow processes can be frequently observed.

In general, the study area is characterized by compara-
bly continental climate. Mean annual precipitation varies
throughout the study area and is highest in the northern part
of the Rieserferner-Ahrn Nature Park with up to 1030 mm
(meteorological station of Prettau, period of 1981-2000), as
this region is close to the central Alpine divide. Main pre-
cipitation period is the summer with frequent convective
rainfall.

The thermal gradient shows significant seasonal varia-
tions and ranges from 0.7° C/100 m (summer) to 0.35° C/100 m
(winter) based on data of nine meteorological stations be-
tween 821 m a.s.l. and 3105 m a.s.. for the period 1994-2004
(tab. 1, cf. DaAMM & LANGER 2006). Using a mean thermal
gradient of 0.57 K/100 m (tab. 2), the calculated 0°C-isotherm
is at 2323 m a.s.l.

Since the end of the Little Ice Age about AD 1860 the gla-
cier area decreased by 50 to 65% in the Rieserferner-Ahrn
Nature Park. The loss of glacier surface was marginally
above-average compared to surrounding mountain groups
of the Eastern Alps (cf. Damm 1998, ROSEN 2005). Strong
glacier recession was recorded during the last three dec-
ades when the ELA partially rose up to 3100 m a.s.l. within
the study area. Significant mass losses occurred during this
period, which were related to the decrease of the Accu-
mulation Area Ratios (AAR), for example at the Western
Rieser glacier (cf. SECCHIERI & VALENTINI 1985, AUTONOME
PrOVINZ BOZEN 2010, 2011).

Meteorological station Coordinate Altitude [m a.s.l.] Tabj E Posnf‘lon and altitude of mm?m_
logical stations used for the calculation of
Bruneck 11°55°53"E/46°48° 16" N 821 thermal gradients of monthly and annual
air temperature in the Rieserferner-Ahrn
Muhlen 11°56"25"E / 46° 54706 N 870 Nature Park and adjacent areas (source:
Steinhaus 11°58° 34 E / 46° 59" 46" N 1080 Autonomous Province of Bozen-South Tyrol
— Hydrographic Office).
Antholz - Mittertal 12°06°55“E/46°51"30"“N 1236 Tab. 1: Lage und Hohe von Wetterstationen
Antholz - Obertal 12° 0655 E / 46° 52° 14" N 1320 zur Berechnung thermischer Gradienten
der monatlichen und jihrlichen Lufttem-
Prettau 12°05°51"E/47°02'13"N 1448 peraturen im Naturpark Rieserferner-Ahrn
. . . und angrenzenden Gebieten (Quelle: Auto-
Rein in Taufers 12°04°34"E/46° 56" 46" N 1600 nome Provinz Bozen-Siidtirol — Hydrogra-
Prettau - Merbalm 12°07'21“E/47°02' 11" N 2002 phisches Amt).
Prettau - Lengspitze 12°07'52"E/47°00° 57N 3105

Tab. 2: Thermal gradients of monthly and annual air temperature and 0°C-isotherm based on data of nine meteorological stations in the Rieserferner-Ahrn
Nature Park and adjacent areas for the period 1994—2004 according to DAMM & LANGER (2006).

Tab. 2: Thermische Gradienten der monatlichen und jahrlichen Lufttemperatur sowie 0°C-Isotherme auf der Grundlage von neun Wetterstationen im Natur-
park Rieserferner-Ahrn und angrenzenden Gebieten fiir den Zeitraum 1994—2004 nach DAMM & LANGER (2006).

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Thermal gradient 036 | 051 | 064 | 0,70 | 0,70 | 068 | 070 | 062 | 059 | 053 | 048 | 035 | 057
[K/100 m]

0 C[;q':“;r?m 34 | 917 | 1633 | 2009 | 2801 | 3356 | 3473 | 3857 | 3072 | 2536 | 1439 | 280 | 2303
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3 Methods and data sets

Ground survey

Field work comprises the identification, mapping and as-
sessment of geomorphological, hydrological and physical
permafrost indicators, such as active and intact rock gla-
ciers, frozen talus, frozen till and perennial snow patch-
es, as well as measurements of basal temperature of snow
cover (BTS) and temperature of meltwater from permafrost
springs (DAMM & LANGER 2006).

Rock glaciers (fig. 2) and frozen talus are character-
ized by flow structures and were mapped, similar as snow
patches, by use of aerial photographs in combination with
ground-truth data. In contrast, frozen till and ice saturat-
ed talus (fig. 3) were identified by field survey. A total of
30 rock glaciers that still containing ice were recorded (cf.
DaMM 1996, 1999), indicating a mean lower limit at 2600 m
a.s.l. In addition, ice saturated talus and till was mapped at
69 locations in altitudes between 2240 m a.s.l. and 3160 m
a.s.l

Ground surface temperatures (GST) were logged over
a 5-years period from 2003 to 2008 using temperature log-
gers with a resolution of +0.2 K. The ONSET HOBO loggers
were positioned at 32 measuring points in altitudes of 2434
to 3340 m a.s.l. on different locations of rock glaciers, frozen
talus, frozen till as well as in the surroundings of perennial
snow patches. The recorded temperatures of -2.9°C to -9.5°C
on south oriented slopes (2760 to 3040 m a.s.1.) and -2.9°C to
-7.9°C on north oriented slopes (2560 to 2680 m a.s.l.) both
characterize the long-term thermal conditions in perma-
frost areas during winter period and below snow cover.
The basal temperature of snow cover (e.g. HAEBERLI 1973,
ISHIKAWA & HIRAKAWA 2000) was detected with a trans-
portable BTS sensor in February 2006 in the proglacial area
of the Rieserferner glacier and on the glacier tongue. On
the basis of ground surface temperatures and BTS the lower
limit of discontinuous permafrost is expected to be at 2530
m a.s.l. in north orientation and at 2730 m a.s.l. in south ori-
entation, indicating for this limit mean annual air tempera-
tures (MAAT) of -1.5°C and -2.6°C respectively (fig. 4).

Use of analogues and digital spatial data
Ground survey and mapping were carried out using aerial
photographs of 1997 and 1999 with a resolution of 4 m, digital

Fig. 2: Rock glaciers at 2500-2650 m a.s.l. in the Rieserferner-Ahrn Na-
ture Park. These geomorphologic phenomena are characterized by flow
structures and were mapped by use of aerial photographs and field survey
(source: orthophoto of the Autonomous Province of Bozen).

Abb. 2: Durch Flief$strukturen charakterisierter Blockgletscher in 2500-2650
m .M. im Naturpark Rieserferner-Ahrn. Blockgletscher wurden fiir die
vorliegende Arbeit auf der Grundlage von Orthophotos und Feldarbeiten
kartiert (Quelle: Orthophoto der Autonomen Provinz Bozen-Stidtirol).

Fig. 4: Relationship between ground surface temperature and altitude de-
rived from temperature logging and BTS measurements in the Rieserferner-
Ahrn Nature Park (modified from DAMM & LANGER 2006).

Abb. 4: Beziehung zwischen BTS-Werten aus Temperaturlogger- und Son-
denmessungen sowie der Geldndehohe der Messpunkte in unterschiedli-
chen Expositionen im Naturpark Rieserferner-Ahrn (verdndert aus DAMM
& LANGER 2006).

Fig. 3: Permafrost degradation in frozen till of a LIA terminal moraine at 2700 m a.s.l. (left hand) and ice saturated talus at 2600 m a.s.l. in the Rieserfern-

er-Ahrn Nature Park (right hand) (photographs: B. Damm).

ADbb. 3: Degradation von Permafrost in einer Stirnmordne des neuzeitlichen Gletscherhochstandes um 1850 in rund 2700 m Hohe (links) und eisgesdttigter
Hangschutt in 2600 m Hohe im Naturpark Rieserferner-Ahrn (rechts) (Aufnahmen: B. Damm).
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orthophotos with a resolution of 1 m, land cover maps and
a digital elevation model (DEM 20x20 m grid) allocated by
the government of the Autonomous Province of South Tyrol.
Land cover maps are based on aerial photo interpretation and
were available in a scale of 1:10,000 (ZANVETTOR et al. 2006).

Mapping of debris flow initiation areas

Debris flow initiation areas were identified using digital or-
thofotographs of the summer/autumn 1999 with a resolu-
tion of one meter and mapped as point data within ArcGIS
9.1 using the DEM of the Autonomous Province of South
Tyrol. In general, initiation areas were defined as areas on
which material is released due to erosion or land slide and
from which the material is subsequently transported by flow
processes in channelized and open-slope debris flows. The
mapped debris flow source areas were classified based on
spatial distribution, elevation and slope and intersected with
the grid information of the DEM.

Assessment and simulation of permafrost distribution
and glacier recession

The calculation of the present mountain permafrost dis-
tribution is based on the spatial distribution of perennial
snow patches, which can be detected easily with remote
sensing techniques. Widespread remnants of snow cover at
the end of the late summer suggest low or negative ground
temperatures underneath. Hence, the frequent occurrence
of perennial snow patches may imply the existence of per-
mafrost in the immediate vicinity (cf. FURRER & FrTzE 1970,
ROLSHOVEN 1982).

The spatial distribution of 3000 perennial snow patches
(total area: ca. 390 ha) between 2100 m a.s.l. and 3450 m
a.s.l. was proved and mapped using aerial photographs of
1985, 1997, and 1999. Taking topography, terrain orienta-
tion and altitude into account, the assessment and simula-
tion of permafrost distribution was operated by CRYOS-
NOW (cf. DAMM & LANGER 2006, LANGER & DaMM 2008).
CRYOSNOW represents a statistical approach for the simu-
lation of mountain permafrost and identifies to what ex-
tend the spatial frequency of perennial snow patches corre-
spond to the spatial distribution of permafrost. In addition
to the analysis of snow patches, the simulation also tested
the measured and recorded characteristics of hydrological,
physical and geomorphologic permafrost indicators (see
above). Measured and approximated permafrost areas are
significantly correlated. Thus, these parameters allow the
determination of the lower limit of discontinuous perma-
frost areas in the study area (cf. DAMM & LANGER 2006).

Data about the recession of the glaciers in the Rie-
serferner-Ahrn Nature Park were derived from studies of
Damm (1998), ROSEN (2005) and supplementary analysis of
aerial photographs and orthofoto images. Assuming a fu-
ture increase of air temperature (MATULLA et al. 2002, Ma-
TULLA 2005, see below), the ELA of glaciers rises, based on
a thermal gradient of 0.66° C per 100 m related to summer
temperatures.

Analysis and prediction of hazard susceptibility in re-
lation to a variable cryosphere

The distribution of permafrost areas and glacier extent for
colder and warmer climatic conditions in the past and fu-
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Fig. 5: 10 m thick section of a debris flow gully in the Klammbach catch-
ment area. Extended surface area is covered by talus, debris cones and till
deposits of Late Glacial and Holocene glaciations (photograph: B. Damm).

Abb. 5: Aufschluss in einem rund 10 Meter hohen Anriss einer Mure im
Klammbach-Einzugsgebiet. Ausgedehnte Flichen im Umfeld sind von
Hangschutt, Schuttkegeln und Mordnen spdt- und postglazialer Gletscher
bedeckt (Aufnahme: B. Damm).

ture was calculated to analyse and predict hazard suscep-
tibility in relation to a variable cryosphere (cf. Damm &
LANGER 2006). Referring to this, the end of the LIA is sup-
posed to represent an environmental status of increased
geomorphologic stability with more extended perma-
frost and glacier areas compared to the present situation.
In contrast, the future environmental status with an
expected increase of air temperature by 1.5 K until the
middle of the 21 century (cf. MATULLA et al. 2002, MAT-
ULLA 2005, IPCC 2007a, 2007b) is presumed to change to
more unstable geomorphologic conditions with reduced
permafrost area and shrunken glaciers compared to the
current state. Thermally controlled permafrost extent is
linked to the variability of the lower permafrost limit
and was calculated using a thermal gradient of 0.57 K
per 100 m in the study area (for general discussion see
ISHIKAWA & HIRAKAWA 2000, LEWKOWICZ & EDNIE 2004).

Erosion surfaces and detachment zones of debris flows
predominantly occur in unconsolidated debris bare of veg-
etation in the study area. Hence, current areas with related
sediments and absent vegetation cover were located from
land cover maps and intersected with areas of permafrost
degradation derived from permafrost and glacier model-
ling (cf. DaAMM & LANGER 2006) to identify areas that would
be exposed to debris flow processes under warmer climate
conditions.

4 Results
4.1 Cryosphere-hazard-interactions:
The Klammbach example

The Klammbach is a tributary stream of the Antholz creek
and located in the south-eastern part of the Rieserferner
Mountains (see fig. 8). The south facing drainage basin
comprises an area of 6.5 km?® Altitudes reach from 1,310 m
to 3,270 m a.s.l. along a horizontal distance of 3,000 m. The
catchment area of the Klammbach is composed of plutonic
rock of the Rieserferner-Tonalite. Extended surface area is

E6G / Vol. 62 / No. 2 / 2013 / 136-149 / DOl 10.3285/eg.62.2.05 / © Authors / Creative Commons Attribution License



Fig. 6: Klammbach catchment area and main debris flow channel (left-hand photo) and extent of the August 2005-debris flow deposits in Antholz-Mittertal
village (right-hand photo) (source: Autonomous Province of Bozen, flood protection office).

ADbb. 6: Einzugsgebiet des Klammbachs mit dem zentralen Murgraben (links) und Ausdehnung der Murablagerungen vom August 2005 in Antholz-Mitter-
tal (rechts) (Quelle: Autonome Provinz Bozen-Siidtirol, Amt fiir Wasserschutzbauten,).

covered by talus, debris cones and till deposits of Late Gla-
cial and Holocene age (fig. 5). In general, in the upper parts
of the Klammbach basin, in particular above the timberline,
this material is poorly consolidated and sparsely covered
by vegetation.

Several debris flows in the past were supplied from the
above-mentioned debris sources. In order to evaluate the
sediment characteristics in the Klammbach catchment, dif-
ferent sediment bodies were sampled and analysed con-
cerning their particle size distribution. Grain size distri-
bution was analysed from till of moraine bodies, talus of
debris cones and frost debris of an ancient rock glacier (cf.
tab. 3). Five samples were taken from debris flow initia-
tion areas and another three samples from fluvial reworked
sediments (cf. SANDMEIER et al. 2012). In general, sampling
was undertaken at natural cuts in the proximity of debris
flow gullies and deposits. Particle size of the sediment was
established according to DIN 18123 by wet-sieving using
the required mesh width (DIN 18123).

Analyses result in contents of 37% to 76% of coarse grain
fraction. Fine grain fraction contents high percentage of
Sand (70-95%) and partly of silt (4-27%), the percentage
of clay (0.3-2%), in contrast, is low (cf. tab. 3). The differ-
ent sediments show substantial similarity in their composi-
tion and the grain size distribution of samples from debris
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flow initiation areas is highly similar to samples from debris
cones or the rock glacier. According to grain size distribu-
tion (BONNET-STAUB 1999), existing proportion of fine and
coarse grain (IVERsON 2005) and weak consolidation these
sediments are potential sources for debris flows and have to
be considered to be controlling factors of these processes (cf.
ZNAMENSKY & GRAMANI 2000, REMAITRE et al. 2005).

In summer 2005 a series of three debris flows occurred
in the Klammbach gully. In total, about 140,000 m* of debris
was deposited on the alluvial cone in Antholz-Mittertal vil-
lage (fig. 6). Agricultural area was inundated and the An-
tholz creek was dammed and displaced (DamM 2005). Run-
off events and the successive two debris flows in July 2005
were triggered by comparatively low rainfall intensities of
0.5 to 3 mm per minute, which were measured in the upper
part of the drainage basin. In contrast, torrential rainfall of
30 mm during 60 minutes on August 1% 2005 triggered the
third debris flow with a total volume of about 100,000 m? (cf.
SANDMEIER et al. 2012). This major event originated from a
steep debris cone, sparsely covered by vegetation and lo-
cated below rock flanks and, on the base of ground survey,
debris-covered dead ice. The latter are relics of a glacier that
melted continuously during the last 80 years. Overland flow
from bedrock and dead ice was rapidly conducted into the
sediment. Due to several former but smaller events (e.g.
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Tab. 3: Grain size distribution of different sediments in the Klammbach basin (modified from SANDMEIER et al. 2012). *: sample originates from debris flow

initiation area. +: sample originates from fluvial reworked sediment.

Tab. 3: Korngriflenverteilung unterschiedlicher Sedimente im Einzugsgebiet des Klammbachs (verdndert nach SANDMEIER et al. 2012). *: Probe aus Muran-

rissbereich. +: Probe aus fluvial umgelagertem Sediment.

g * * * + 3

T £ : £ g 3 g E 3 2 -

£ S £ 8 g s s s 3 E " e

Source / £ E = E = - 2 g ° 5 - -

= k] @ - o 2 2 2 c c e g

B s 1o ] u ] ] ] 8 8 8 =

Grain size class [mm] i) = s = s H b b o o b s

s/ 3| |a|=| 8| 3|88 |8 | 8| ¢
Coarse grain [> 2] 47.35 72.28 52.62 36.71 62.55 67.10 55.79 53.72 53.45 75.79 56.75 55.26
Fine grain [< 2] 52.65 27.72 47.38 63.26 37.45 3290 | 44.21 | 46.28 | 46.55 24.21 | 43.25 | 44.74
Sand [0,02-1] 79.59 7161 84.14 82.84 87.08 74.23 83.55 83.92 85.57 95.30 69.87 77.70
Silt [0,002-0,02] 18.54 26.55 15.10 15.83 12.00 23.74 14.99 13.07 13.73 441 27.20 20.32
Clay [<0,002] 1.88 1.84 0.76 1.33 0.92 2.03 1.46 3.01 0.70 0.29 2.93 1.98

1882, 1947, 1979) the Klammbach drainage system was al-
ready known to be an active debris-flow system (AMT FUR
WASSERSCHUTZBAUTEN 2005). Hence, a storage basin with
total retention capacity of 100,000 m®> was constructed on
the alluvial cone as a response to the 2005-events.

The following parameters favoured and/or triggered
runoff and debris flow processes in particular (AMT FUR
WASSERSCHUTZBAUTEN 2005, DAMM, 2005, 2008):

+ On the base of ground survey, extended areas of low
or not consolidated talus and till deposits occur in the
sparse or not vegetated areas above 2,200 m a.s.l. They
enclose an area of about 25% of the total drainage basin
(6.5 km?).

« The source area of the August-2005-debris-flow was lo-
cated in a more than 10 m thick talus cone in contact
to bedrock. As result of the GIS-based simulations, this
area was most likely underlain with permafrost and sta-
ble related to soil-mechanics until the middle of the 19*
century. Ground survey indicates that meanwhile per-
mafrost has completely melted.

+ Since 1940 mean annual air temperature rose by 1 K in
the Antholz valley (meteorological station of Antholz-
Mittertal). The increase of MAAT caused a rise of the
lower permafrost limit of most likely 100-180 m in the
Klammbach drainage basin, using a mean thermal gradi-
ent of 0.57 K/100 m.

« Terrain surface properties controlled overland flow. The
existence of extended debris covered dead ice without
water retention capacity and steeply sloping rock flanks
(approx. 60°) may have intensified runoff quantity and
velocity in the rainfall area. Field study subsequent to
the event indicates that runoff infiltrated into the talus
cone and increased the soil water pressure.

On the base of ground survey and permafrost modelling,
the debris flow processes in the Klammbach basin supposed
to be substantially controlled by permafrost degradation
in the study area. The detachment area of the main debris
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flow mentioned above is south exposed and located at an
altitude of 2,600 m a.s.l. Until a few decades ago mountain
permafrost still occurred in altitudes and expositions like
these throughout the Rieserferner-Ahrn Nature Park (e.g.
Damm & LANGER 2006).

The degradation of permafrost due to the increase of
MAAT caused soil mechanical instabilities of sediments
and slopes. Similar to the Klammbach example, our study
during the last two decades could frequently verify cry-
osphere-hazard-interactions in other areas of the Rie-
serferner-Ahrn Natural Park and the surroundings. This
information is recorded in the natural hazard database for
the study area and partly in the ED-30 hazard database of
the South Tyrol state (Z1scHG et al. 2007).

4.2 Thermally-controlled development of the
cryosphere in the Rieserferner-Ahrn Nature Park

Development of glaciation
The glacier retreat since the end of the LIA is comparably
well documented in the Rieserferner-Ahrn Nature Park.
The glacier surface decreased by 50% in the Rieserferner
Mountains and by 65% in the upper Ahrntal Mountains
over the past 150 years (Damm 1998, ROSEN 2005). In gener-
al a reduction of glacier area is observed for all glaciers of
the eastern European Alps since the end of the LIA (ZeEmp
et al. 2007) however it was slightly above-average in the
study area compared to other mountain ranges. Glacier
volume in total decreased by 70% in the Rieserferner-Ahrn
Nature Park, even though changes of individual glaciers
show a wide variability, depending on their size, physio-
graphic setting and altitude (cf. LAMBRECHT & KUHN 2007).
For this reason, maximum losses generally occurred in ab-
lation zones, but numerous small glaciers completely dis-
appeared.

At present glaciers of the Rieserferner-Ahrn Nature Park
are retreating with increasing equilibrium line altitudes up
to 3,000 to 3,100 m a.s.l. since the latest advance during
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Tab. 4: Equilibrium line altitudes (ELA) of glaciers in the Rieserferner-Ahrn Nature Park related to climatic conditions at the end of LIA (ca. “1850”), the
present day situation (basis “2000”) and compared with the scenario +1.5 K. Assuming that alpine summer temperature increases by +1.5 K, the ELA of
glaciers rises by 230 m in the study area, based on a thermal gradient of 0.66° C per 100 m related.

Tab. 4: Mittlere Gleichgewichtslinie (ELA) auf Gletschern im Naturpark Rieserferner-Ahrn fiir Temperaturbedingungen zum Ende der ,Kleinen Eiszeit"
(um ,,1850%), fiir aktuelle Bedingungen (um ,,2000“) und fiir ein Temperaturszenario +1.5 K. Auf der Grundlage eines thermischen Gradienten von 0.66° C
/100m ist bei Zunahme der Sommertemperatur um 1.5 K mit einem Anstieg der Gleichgewichtslinie um rund 230 m zu rechnen.

Glacier area ELA,,1850” [m] ELA, rise [m] ELA,,2000” [m] ELA+1.5K[m]
Rieserferner Mountains 2747 99 2846 3077
Ahrntal Mountains 2586 107 2693 2920
Study area, mean 2667 105 2772 2999

Fig. 7: Present-day extent of permafrost area in the Rieserferner-Ahrn Nature Park related to altitude and different thermal scenarios with lower (-1.5 K)

and higher (+1.5 K) mean annual air temperature.

ADbD. 7: Von Permafrost unterlagerte Flichen im Naturpark Rieserferner-Ahrn unter aktuellen Klimabedingungen sowie bei um 1.5 K hoheren bzw. tieferen

Temperaturen, differenziert nach Hohenstufen.

the 1970ies and 1980ies. Air temperature of the ablation
period showed a rise of 0.3 to 0.5 K since 1981 and pre-
cipitation increased by 14%, as data of the meteorological
station Antholz-Mittertal (1236 m a.s.l.) indicate. Based on
reports of glaciological survey (ComrtaTro GLACIOLOGICO
ITALIANO 1977-2011), the development of the ablation area
from about <50% of the glacier surface at the end of the
1970s to about 20% in 2010 (cf. SECCHIERT & VALENTINI 1985,
AuTONOME PrROVINZ BOZEN 2010, 2011) is connected with
the rise of ELA of 150-300 m, which seems to be the prin-
ciple reason of the latest glacier recession in the study area
(cf. ESCHER-VETTER & SIEBERS 2007).

Assuming the scenario of MATULLA et al. (2002) and Ma-
TULLA (2005) that forecast the increase of alpine summer
temperature by +1.5 K during the next 40 years, the ELA of
glaciers can rise by 230 m in the study area (cf. chapter 3, tab.
4). Hence, numerous glaciers continue to retreat and can be
affected by significant loss of volume and extent. The total
glacier area decreases to 1.1 km?® in the Rieserferner Moun-
tains and to 0.7 km?® in the upper Ahrntal Mountains.

Development of permafrost distribution

Different scenarios of the spatial variation of mountain
permafrost in the Rieserferner-Ahrn Nature Park (Damm &
LANGER 2006, DaAMM 2008) are interrelated with lower (-1.5
K) and higher (+1.5 K) MAAT compared to the present situ-
ation. The lower temperature represents the environmen-
tal situation before significant warming at the end of LIA,
while the simulation with the higher temperature may de-
scribe possible future developments according to predicted
climatic scenarios. The variability of the lower permafrost
limit was calculated using a thermal gradient of 0.57 K per
100 m in the study area.

On the basis of field evidence and permafrost model-
ling, the present permafrost area in the Rieserferner-Ahrn
Nature Park and that related to the thermal conditions at
the end of LIA is calculated to be 109 km? and 211 km?,
respectively. Similarly, permafrost area would decrease by
approximately 72% compared to present conditions with
increasing MAAT of +1 to +2 K (fig. 7). The permafrost ar-
eas calculated for the present conditions and different sce-
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Fig. 8: General map of glacier extent, permafrost distribution and debris flow initiation areas in the Rieserferner-Ahrn Nature Park. In total, 408 debris
flow initiation zones were mapped. The Klammbach drainage area is located in the south-eastern part of the study area (box).

ADbD. 8: Gletscherflichen, Verbreitung von Permafrost und Lage von Muranrissen im Naturpark Rieserferner-Ahrn. Insgesamt konnten 408 Muranrisse
kartiert werden. Das Einzugsgebiet des Klammbachs liegt im siidostlichen Teil des Untersuchungsgebiets (Kasten).

narios include all types of permafrost landforms and mate-
rials, such as loose rock, talus, rock glaciers and bedrock.
Based on these assumptions present and future debris flow
hazard potential is estimated as follows.

4.3 Debris flow initiation zones and debris flow hazards

Characterization and distribution of debris flow initia-
tion zones
In total, 408 debris flow initiation zones were identified and
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mapped in the study area (fig. 8). In general, these zones
occur throughout the study area and are concentrated in
drainage basins of torrents and in various debris accumula-
tions. Debris flow initiation zones are located to almost 50%
in areas, where discontinuous permafrost degraded since the
end of the LIA and to approximate 20% within the present
area of probable permafrost. In contrast, only few detach-
ment areas were identified in positions, where discontinuous
permafrost is supposed to outlast the increase of tempera-
ture by +1.5 K.
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Fig. 9: Debris flow detachment
areas in the Rieserferner-Ahrn
Nature Park related to temporal
variability of permafrost distribu-
tion and glacier extent.

Abb. 9: Haufigkeit von Muranris-
sen im Naturpark Rieserferner-
Ahrn differenziert nach zeitlicher
Variabilitit von Permafrostverbrei-
tung und Gletscherausdehnung.

Fig. 10: Debris flow initiation areas
in the Rieserferner-Ahrn Nature
Park related to slope gradient.

Two thirds occur at slopes of more
than 35°.

Abb. 10: Verteilung von Muran-
rissen im Naturpark Rieserferner-
Ahrn differenziert nach der
Geldndeneigung. Zwei Drittel der
Prozesse ereignen sich oberhalb
von 35°.

Debris flow source areas in reference to altitude, surface
characteristics and slope

Debris flow detachment areas occur between 1,800 and
3,000 m a.s.l. in the Rieserferner-Ahrn Nature Park. The ma-
jor part of initiation areas is located in altitudes between
2,100 and 2,800 m a.s.l. with a maximum between 2,300 and
2,700 m a.s.l., which coincide with the distribution of present
discontinuous permafrost calculated by DaMm & LANGER
(2006). Below 1,800 m a.s.l. close vegetation cover consisting
of krummbholz and forest as well as relief properties reduce
the potential of debris flow sources.

Almost 47% of the mapped debris flows originated in loose
rock, such as thick talus and till deposits, 37% in areas of al-
pine meadows and another 13% in shallow detritus covering
bedrock (fig. 9). In general, source areas appear at slopes up to
66° with a maximum occurrence between 35-40° in the study
area (fig. 10). Two thirds of these zones occurred at a slope
steeper than 35°.

Permafrost degradation and stability of looserock deposits
The distribution of debris flow initiation zones coincides sig-
nificantly with the spatial occurrence of unconsolidated de-
bris in the study area. Thus, areas are susceptible to debris
flow processes, where permafrost ice is degrading and talus
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or till deposits exist in (steep) slopes, where soil mechanical
stability is just near the limit.

In general, present-day debris flows mainly originate
from areas covered with loose rock, where vegetation cover
is absent and where permafrost degraded since the end of
the LIA. Corresponding sediments cover about 38 km?* and
are uniformly distributed in the Rieserferner-Ahrn Nature
Park. Furthermore, approximately 15 km? (39%) of the per-
mafrost degradation area has a critical slope of 25-45° (fig.
10) and is therefore susceptible to debris flow processes with
increasing MAAT.

According to field evidence and GIS-based permafrost
modelling, the total area of loose rock underlain by perma-
frost amounts to 21.7 km? in the Rieserferner-Ahrn Nature
Park (cf. DaMM & LANGER 2006). Increasing permafrost deg-
radation enhances instability of talus and till deposits and
generates possible debris flow initiation areas in the future.
According to topographic and environmental conditions of
the study area the complete degradation of permafrost in
areas of loose rock is expected due to a long-term increase
of MAAT by +1.5 K. In such a scenario, permafrost in rock
faces solely remains above 3,000 m a.s.l. and cover 1.8 km®.
Overall, the area of debris sources and possible debris flow
initiation zones increases to 20.1 km? in the study area.
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5 Discussion

Climate variability mainly controls the cryosphere by chang-
ing air temperature and influences the mass balance of gla-
ciers and the thickness and spatial extent of permafrost. As
a consequence, glacier recession and permafrost degradation
affect slope stability and enhance the susceptibility to mass
movement and debris flow processes, as it is demonstrated
in several studies (e.g. HAEBERLI 1999, HAEBERLI et al. 1999,
GRUBER et al. 2004, DAMM & FELDERER 2008).

In the context of debris flow processes, it is fundamen-
tal that permafrost degradation influences debris supply to
talus and torrential systems, for instance by rock fall from
destabilized rock walls and/or by permafrost creep processes
(DAVIES et al. 2001, GRUBER et al. 2004, DaMM 2007). In addi-
tion, the lowering of the permafrost table may increase the
susceptibility of slopes for instabilities and consequently the
initiation of debris flows. In this case, the thickening of the
active layer can increase sediment availability in potential
debris flow initiation zones and may also reduce the shear
strength of debris (for this discussion see SATTLER et al. 2012).

The permafrost table acts as aquiclude and as potential
failure plane during periods of elevated pore pressure, such
as thaw periods or after strong summer rainfall (cf. LARssoN
1982). Laboratory experiments of Rist (2007) showed that
the active-layer instability was much stronger affected by
the release of fine-grained material formerly fixed in the ice
matrix than by the oversaturation of material at the base of
the active layer. But for all, the most important factor seems
to be the loss of internal ice in loose rock by permafrost
melting, a process that was frequently observed in the study
area (fig. 11, DAMM & LANGER 2006, DAMM 2008, SANDMEIER
et al. 2012). The melting of interstitial ice leads to the loss of
cohesion of previously frozen debris, which becomes avail-
able for mobilization by surface processes. The development
of enhanced and irregular pore space and incomplete con-
solidation following permafrost thaw influences the hydrau-
lic conductivity and reduces the overall mechanical slope
stability (cf. ZIMMERMANN & HAEBERLI 1992).

The hypothesized connection between permafrost deg-
radation in non-creeping slope material and enhanced de-
bris flow activity has not been proven yet, but observa-
tions of debris flows originating in areas presumed to be
at the margin of contemporary permafrost distribution
support this hypothesis (e.g. ZIMMERMANN and HAEBERLI
1992; STOTTER 1994; DAMM and FELDERER 2008, SATTLER et
al. 2012). Furthermore, it is supposed that slopes current-
ly underlain by degrading permafrost become less stable
with ongoing climate change, even with increasing altitude
(HARRIS et al. 2001, 2009, STOFFEL ¢ HUGGEL 2012).

The cryosphere development in mountain regions has
particular importance for issues of future research on cli-
mate impact (IPCC 2007a, 2007b). According to the ,Special
Report® of the IPCC from 2011 the number of cold days and
nights will decrease, while the number of warm days and
nights will increase in Europe (IPCC 2012). Corresponding
changes are supposed to affect the alpine cryosphere directly
by intensifying the continuous deglaciation and permafrost
degradation.

In the present study the assessment of future natural haz-
ard potential in the Rieserferner-Ahrn Nature Park is based
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Fig. 11: Internal ice of talus and till deposits uncovered by sliding at the
Hochgall peak north face in July 2011. Thickening of the seasonally un-
frozen active layer and the loss of internal ice by permafrost degradation
destabilize loose rock and favour the detachment of debris (photograph: B.
Damm).

Abb. 11: Durch Rutschung freigelegtes Eis in Hangschutt- und Mordnen-
ablagerungen in der Nordflanke des Hochgalls im Juli 2011. Zunehmende
Michtigkeit der saisonalen Auftauschicht und tiefgreifende Permafrostde-
gradation destabilisieren Lockergesteine und begiinstigen deren Abgleiten
(Aufnahme: B. Damm).

on a scenario that forecasts an increase of air temperature
by 1.5 K until the middle of the 21* century. Even though the
world climate report (IPCC 2007b) forecasts a global rise of
mean air temperature by 1.1 to 6.4 K by the end of the 21
century, in our study a more detailed differentiation seemed
to be necessary for assessing climate impact. The climate
change scenario assumes that the MAAT increases by +2 K
within the next 30 to 40 years in the Eastern Alps show-
ing a pronounced warming during summer time with +2.5
K (cf. MaTUuLLA 2005, OcCC 2007, FORMAYER et al. 2008). In
this scenario, the mean annual precipitation hardly varies,
while precipitation exhibits a significant seasonal variability.
Overall, an increase of summer temperature (summer-JJA-
season) by +1.5 to +2.5 K and winter temperature (winter-
DJF-season) by +2 to +3 K is assumed for the study area and
the surroundings. Hence, this study is based on a restrained
assessment for the degradation of cryosphere and the result-
ing natural hazard potential by using a moderate climatic
scenario of +1.5 K.

The warming of the cryosphere in the study area exposed
extended sources of destabilized debris in till deposits, creep-
ing permafrost and talus during the past 150 years. Such sed-
iments are susceptible to debris flow processes now. About
68% of the mapped debris flows originated in areas of desta-
bilized debris. Furthermore, 74% of the detachment zones are
located between 2,300 and 2,700 m a.s.l. Taking into account
the climatic conditions of differing exposure this altitude
range coincides with the present lower limit of permafrost
in the Rieserferner-Ahrn Nature Park, which rose due to in-
creased air temperature since the end of the LIA. In this per-
spective, the observable evidence of the recent past suggests
a spatial expansion of the debris flow initiation area under
warming conditions. In the Rieserferner-Ahrn Nature Park,
the potential debris flow detachment area is calculated to in-
crease by 52%, if long-term MAAT rises by +1.5 K.
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Similarly to the results of our study, significant corre-
lation between debris flow source areas and permafrost
degradation areas were found amongst others by ZIMMER-
MANN & HAEBERLI (1992) in the Swiss Alps and by StoT-
TER et al. (2003, 2012) in the Suldental in northern Italy.
In contrast, the case study of SATTLER et al. (2012) docu-
ments that distinct changes in the spatial position of debris
flow initiation zones mainly occur at elevations above the
current permafrost degrading areas in the Schnals valley
(Otztal Alps / Ttaly). The study was based on comparing
debris flow activity since 1983 with modelled contempo-
rary permafrost distribution. The authors conclude that the
changes detected in debris flow activity were probably not
influenced by atmospheric warming-induced permafrost
degradation, but were connected with the thickening of
the active layer. In accordance to the study of SATTLER et
al. (2012), about 20% of debris flow detachment area in the
Rieserferner-Ahrn Nature Park occurred above the simu-
lated lower limit of permafrost. On the one hand, this may
be due to uncertainties of the modelling of permafrost dis-
tribution. On the other hand, it seems to be probable that
numerousness debris flows are related to the thickening of
the seasonally unfrozen active layer and were triggered by
increased ground-water circulation and pressure.

About 40% of debris flow detachment areas are located
at slopes between 26-45° in the Rieserferner-Ahrn Nature
Park. Depending on lithologic characteristics slope inclina-
tions like that are principally assumed to be susceptible to
debris flow processes (e.g. JOHNSON & RAHN 1970, LEWIN
& WARBURTON 1994). Thus, relevant terrain needs to be es-
pecially considered when assessing potential debris flow
hazards, when permafrost continues to thaw with warm-
ing conditions.

The present study has tried to shed light on the effects of
climate change on the high mountain cryosphere and the
response of morphodynamics. With focus on the identifi-
cation of present causalities and the prediction of poten-
tial future processes, the investigation has addressed the
impacts of glacier recession and permafrost degradation
on the spatial occurrence and distribution of debris flow
initiation areas. Despite of the recent progress in climate
impact research, the study illustrated that some questions
have to be treated in greater detail, so as to bridge the gaps
in knowledge, which still exist.

6 Conclusions

Atmospheric warming in high mountain environments
causes a range of impacts, including glacier recession, re-
duction of permafrost extent and distribution as well as
changes in thermal permafrost properties. Furthermore, it
is likely that climate change affects the occurrence of nat-
ural hazards, like shallow landslides and debris flows, as
their initiation is related to the degradation of the cryo-
sphere. However, changes in mass movement activity can
hardly be detected so far.

The present study indicates the importance of atmos-
pheric warming for the occurrence and susceptibility of
debris flow processes in the eastern Alps. There is first
evidence that it is possible to quantify the regional debris
flow hazard potential on the basis of field survey, in-situ
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measurements, climate data analyses, and GIS-based simu-
lations for different climate scenarios and variable geomor-
phic stability.

The presented scenarios of the future distribution of in-
stable areas susceptible to debris flow hazards are based on
the assumption that MAAT increases by 1.5 K by the mid-
dle of the 21* century. This may presumed to be a moderate
increase of temperature in relation to the predicted climate
development of the IPCC. The quantitative results of the
present study can provide a basis for spatial planning and
risk assessment.
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