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Hazard interactions in glacial and periglacial environments are of crucial importance due to their potential for causing major cat-
astrophes. Nevertheless, glacial and periglacial hazards have usually been modeled separately to date. In this study, we therefore
propose a methodological strategy for modeling and assessing glacial and periglacial hazard interactions on a regional scale,
including ice avalanches, lake outbursts and periglacial debris flows. Due to climate-related rapid changes in glacial and periglacial
areas, methods which incorporate monitoring capacities are needed. Hence, the methods presented here are based on remote sen-
sing data, which are particularly powerful for monitoring tasks, and GIS modeling. For ice avalanche and lake-outburst hazard
detection and modeling, we applied recently published methods based on Landsat-TM imagery, terrain modeling and flow routing.
For detection of potential debris-flow initiation zones in steep debris reservoirs, we present a novel method based on image pro-
cessing of IKONOS data and terrain modeling, followed by flow modeling. Using this method, we achieve the synthesis of the
individual process modeling in order to assess the potential interactions. The modeling is applied to a study region in the central
Swiss Alps. The results show that systematic modeling based on remote sensing and GIS is suitable for first-order assessment of
glacial and periglacial hazard interactions as well as assessments of possible consequences, including impacts on traffic routes and
other infrastructure. Based on this, critical cases can be detected and analyzed by subsequent detailed studies.
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Introduction

High mountains are characterized by a large mass turnover
and thus represent highly dynamic systems (Haeberli 1996).
The processes which drive the mass turnover potentially
represent serious hazards when interacting with human
systems (Greminger 2003, Petraschek & Kienholz 2003).
We focus here on the glacial and periglacial areas of high
mountains. Glacial and periglacial environments react sensi-
tively to climate change due to the propensity for melting of
surface and subsurface ice. Climate change can increase the
mass turnover of such areas, change the hazard potential, and
shift hazard initiation and adversely affected inhabited zones
(Haeberli & Burn 2002, Ka¨äb et al. in press). For hazard
assessments, it is of particular importance to assess the
possible interactions of different hazardous processes. Some
of the most devastating high-mountain catastrophes have, in
fact, resulted from such process combinations and chain
reactions, as various case studies have documented (Llibou-
try et al. 1977, Ro¨thlisberger 1981, Clague & Evans 2000,
Richardson & Reynolds 2000a, Ka¨äb et al. 2003a). However,
hazard assessments do often not adequately take into account
potential process interactions. Hence, there is a need for a
methodological framework which incorporates a robust
modeling environment and updated information basis repre-
senting the current state of high-mountain systems.

We believe that the combination of Geographic Informa-
tion Systems (GIS) and remote sensing is an effective tool to
address this need because of the integration of different
spatial and temporal information, up- and downscaling capa-
bilities, and because of the monitoring possibilities. To date,
hazards from high-mountain mass transport processes

usually have been individually identified and modeled. Here
we are referring to the following processes: ice avalanches,
glacial lake outbursts and periglacial debris flows from large
debris reservoirs. Problems related to the assessment of ice
avalanches and glacial lake outbursts have recently been
discussed and corresponding methods presented (Margreth &
Funk 1999, Huggel et al. 2003a, Salzmann et al. 2004, this
issue). For ice avalanches and glacial lake outbursts, we
follow the approaches by Salzmann et al. (2004) and Huggel
et al. (2003a), respectively. However, recent modeling
approaches for regional-scale debris flow initiation, based
on topographic/topologic parameters (Heinimann et al. 1998,
Oswald 2001) and statistical multivariate models (Bathurst et
al. 2003), often cannot be applied to periglacial zones since
debris flow initiation in large periglacial debris reservoirs
and at the contact zone with bedrock has different character-
istics, as we show below. Therefore, a major focus of this
paper is the identification and modeling of debris flow
initiation areas in periglacial environments. For this purpose,
we present a method for automatic identification of steep
debris reservoirs potentially prone to debris flow initiation,
based on very-high resolution satellite data and followed by
modeling of corresponding potential debris flows. Subse-
quently, we attempt a synthesis of the individual approaches:
having detected the hazard source areas and having simu-
lated the different processes, we try to model the interactions
of these processes. As a result, the critical chain reaction
processes are identified and the potential impact can be
estimated. Interactions involving rockfall, snow avalanches,
or landslides are beyond the scope of this study. The scale of
the study is regional. Thus, we indicate where critical situa-
tions may emerge and assess possible consequences. It is not
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the goal to perform a detailed hazard assessment of a certain
site. Instead, our objective is to present a combination of
techniques and to describe the application on selected
examples. Information on infrastructure (e.g. roads) is
included in the modeling.

We first present the data used and the different modeling
approaches for the individual processes, and subsequently for
the process interactions. The models are then applied to the
Grimsel-Susten region in the Bernese Alps, Switzerland.
Finally, the results are discussed.

Study region and data
The study region is located in the central Swiss Alps in the
area of the Grimsel Pass (Fig. 1). The upper Hasli valley,
through which the Grimsel Pass highway runs and where the
River Aare has its origin, dominates the study region.
Selected sites investigated here are located in tributaries to
the main Hasli valley. The western part of the study region
includes the Urbach valley ending up at Gauli glacier. The
region is characterized and hydrologically connected by a
hydropower system operated by Kraftwerke Oberhasli
(KWO). KWO has been in operation since the 1930s and is
one of the major hydropower companies in Switzerland. In
addition to (natural) glacial and periglacial lakes, a series of
reservoir dam lakes are situated in the region (Fig. 1).

With regard to remote sensing data, a 1998 Landsat
Thematic-Mapper scene of 28.5 m spatial resolution was
used (track 195/frame 28; August 31 1998). Landsat-TM
provides seven spectral channels, three of which are located
in the visible range and four in the near, middle and thermal

infrared. Close-up studies were performed with IKONOS
imagery. Together with QuickBird, IKONOS is currently the
only commercially available satellite sensor with spatial
resolution in the range of 1 m (Dial et al. 2003). In this study
we used an IKONOS panchromatic image (1 m resolution,
visible range) recorded on 17 September 2000.

As digital terrain data, the 25-m gridded DEM25, Level 2,
distributed by the Swiss Federal Office of Topography
(Swisstopo), was used. It entirely covers the area of
Switzerland and is therefore suited for regional applications
within Switzerland. In the region of interest, the digital
elevation model (DEM) accuracy of DEM25 is given with a
vertical RMSE (Root Mean Square Error) between 4 and 6 m
(Swisstopo, 2003). Slope values derived from the DEM25
are generally accurate to within 1° to 2°.

Models

Ice avalanches

In this study, ice-avalanche modeling consists of detection of
steep glaciers on the basis of multispectral remote sensing
data and digital terrain modeling, and simulation of the
avalanche process starting at the glaciers detected along a
modeled trajectory.

The avalanche starting conditions depend on the type of
failure. According to Alean (1985) and Haefeli (1966), ice
break-off may result from two main morphological types of
potential ice avalanche starting zones: ramp-type and cliff-
type glaciers. Cliff-type glaciers are characterized by a
marked break in slope of bedrock and/or ice. The glacier
develops a nearly vertical front. Ice break-off processes
relate to high normal stresses at the front with crevasse
formation rather than to the slope of the glacier bed or
surface. Such glacier fronts experience frequent small-size
processes of ice breaking off (Deline et al. 2002).

Ramp-type glaciers are situated on a more-or-less uni-
formly inclined plain. The failure mechanism is due to
sliding or shearing of an ice mass on or near the bedrock after
reduction in shear strength (Haeberli et al. 1999, Margreth &
Funk 1999). The occurrence of ramp-type ice avalanches
suggests a dependency on the inclination of the glacier bed
and on temperature conditions within and at the base of the
glacier (Alean 1985). Accordingly, the critical bed slope of
avalanching glaciers has been observed to increase with
increasing altitude (Alean 1985). Temperate glaciers have
been found to produce ice avalanches from a minimum slope
of c.25°, and cold-based glaciers fromc.45° (Alean 1985).
Climatic change, i.e. atmospheric warming and/or intense
liquid precipitation, may imply higher amounts of water at
the base of the glacier, and thus unfavorable stress changes
and possibly failure (Haeberli et al. 1999). The critical bed
slope indicated here will therefore need re-assessment in the
future.

Detection of glaciers is achieved using Landsat-TM
imagery. Previous studies have shown that an algorithm
applying the ratio of TM bands 4 and 5 provides robust
results for mapping of glacierized areas (Hall et al. 1988,
Jacobs et al. 1997, Paul et al. 2002). Automated glacier

Fig. 1. Overview map of the study region depicting lakes and glaciers
referred to in this study, and the main traffic routes.
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mapping is enabled by segmentation (thresholding) of the
TM4/TM5 ratio image (Paul et al. 2002). Here, a threshold of
2.2 was used to segment glacierized areas. The following
post-processing algorithms were then applied to improve the
results: (i) elimination of misclassified pixels (e.g. in
shadowed vegetated areas), by segmentation of the hue
component of a IHS-transformation of TM bands 5,4,3; (ii)
elimination of misclassified pixels in lakes by using a lake
mask (see the following section); (iii) application of a 3� 3
median filter for elimination of isolated glacier pixels (Paul
et al. 2002).

For identification of potentially avalanche-prone glaciers,
the DEM25 was combined with the glacier map to select
those glacier areas with slopes greater than 25°. These
potentially hazardous glaciers subsequently feed the model
as avalanche starting zones.

Ice avalanche trajectory and runout modeling is fully
implemented in a GIS Arc/Info environment. The trajectory
is modeled according to a routing algorithm which assigns
flow from each cell to one of its eight neighbors, either
adjacent or diagonal, in the direction of the steepest descent.
This method, designated D8 (eight possible flow directions),
was introduced by O’Callaghan & Mark (1984) and is still
one of the most frequently used (Marks et al. 1984, Jenson &
Domingue 1988, Tarboton et al. 1991). For determination of
the avalanche runout distance, a simple 1-parameter model is
used. Alean (1985) has found that in the Alps the average
slope of ice avalanche trajectories does not fall below 17°
(tan� = 0.31). Thereby, the average slope describes the angle
with the horizontal of a line from the top of the starting zone
to the furthest point of deposition. Outside the Alps, this
minimum value may be under-run in extreme cases (Ko¨rner
1983). In particular, the recent ice avalanche in the Kazbek
massif in the Russian Caucasus showed that an average slope
as low as 8.5° (tan� = 0.15) is possible under especially
adverse conditions (Ka¨äb et al. 2003a). For application
within the Alps we model the probable maximum runout
distance based on an average slope of 17°.

Glacial lake outbursts

Similarly to ice avalanches, glacial lake outbursts are
modeled by first detecting and mapping the potentially
hazardous lakes, followed by a simulation of the outburst
flood. For detection of potentially hazardous lakes, an
approach by Huggel et al. (2002) was followed. Thereby, a
Normalized Difference Water Index (NDWI), which uses the
spectral TM bands 1 and 4, was applied. Misclassifications
resulting from pixels in shadow can be eliminated by com-
puting a cast-shadow mask using a 25 m DEM to simulate the
sun position at the time of satellite overpass. The lake
volume is estimated based on a statistical relationship
between lake volume and area (Huggel et al. 2002). A set
of decision criteria was then applied to evaluate the hazard
potential of the lakes and to decide whether an outburst flood
is modeled. For instance, lake size, lake and dam geometry,
or dam type are important parameters to consider (Richard-
son & Reynolds 2000a, Huggel et al. 2002).

The basic idea is then to propagate flow from the source

location downstream until a certain empirically defined point
of runout is reached. The modified single flow (MSF) model
applied here was developed by Huggel et al. (2003a). The
algorithm is based on a single flow direction approach
(O’Callaghan & Mark 1984, Jenson & Domingue 1988),
where the central flow line follows the direction of steepest
descent. However, debris flows show spreading flow
behavior in less steep terrain which cannot adequately be
simulated by a single flow direction algorithm. Therefore, a
function was integrated that enabled flow diversion of up to
45° from the steepest descent direction (Huggel et al. 2003a).
A linear function defines that the more the flow diverts from
the steepest descent direction the greater is the resistance.
Flow resistance is then related to a probability function
which basically defines that the more flow resistance that has
to be overcome to reach a point the less likely is it affected by
the flow (Huggel et al. 2003a). The model is thus capable of
simulating the different characteristics of debris flows in
confined channel sections (largely limited spread due to
converging flow) and on relatively flat or convex terrain (e.g.
debris fans; greater spread due to more diverging flow), and
to provide corresponding probabilities.

The modeled debris flow is stopped when an average slope
of 11° (tan� = 0.19) is reached. This value is based on studies
that analyzed the runout characteristics of debris flows from
glacier/moraine-dammed lakes in the European Alps and
found a minimum slope of 11° (Haeberli 1983, Huggel et al.
2002). The average slope is applied irrespective of the
streamflow connectivity in the modeled trajectory. However,
if the debris flow reaches a receiving stream in the main
valley, the slope criterion of 11° might no longer apply, and
has to be re-assessed. Floods with weight of sediment
�weight of water commonly show a more attenuating runout
behavior and are not modeled here due to the high sediment
availability in the flow trajectories of the study region.

Periglacial debris flows

Modeling of periglacial debris flows implies detection of
steep reservoirs of loose sediment (e.g. moraines, scree
slopes) and subsequent simulation of flow trajectory and
runout. Periglacial zones with large accumulation of loose
and unconsolidated material are particularly prone to debris
flow formation, and often show larger flow events that may
reach inhabited areas at the bottom of the main valley
(Haeberli et al. 1991, Zimmermann et al. 1997). Since the
Little Ice Age maximum inc.1850, glaciers have retreated
substantially and exposed large areas of morainic, uncon-
solidated sediment (Evans & Clague 1994). Investigations of
the severe and repeated debris flow disasters in the Swiss
Alps in 1987 have shown that more than 50% of debris flows
greater than 1000 m3 originated in zones still covered by
glaciers 150 years ago (Haeberli et al. 1991, Zimmermann &
Haeberli 1992). Poorly sorted debris accumulations are
usually characterized by a heterogeneous, rather permeable,
loose and porous structure (Oberholzer et al. 2003). The
hydrological conditions in cohesionless material are impor-
tant for debris flow formation, the material being influenced
by inhomogenities and changing permeability within the
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meter and decimeter range (Rickenmann & Zimmermann
1993). In cases of enhanced water input, locally saturated
zones can form and lead to instabilities. In fact, Haeberli et
al. (1991) have found that debris flow initiation in periglacial
zones has been mainly related to large, very poorly con-
solidated debris accumulations which were furthermore
unfrozen, hydraulically inhomogeneous and permeable.
The debris flow size, however, seems to be limited by the
flow dynamics rather than by the internal structure of the
scree slope.

In addition, permafrost and melting of permafrost under
conditions of atmospheric warming can affect debris flow
activity. Zimmermann & Haeberli (1992) found that the 1987
debris flows predominantly formed at locations where
permafrost is absent or marginal. Active layer instability
processes have been observed only at two sites. Permafrost
thawing and related depth increase of the active layer, as well
as incomplete thaw consolidation after melt, may increase
both frequency and magnitude (higher potential erosion
depth) of debris flows (Zimmermann et al. 1997). However,
permafrost also acts as a barrier to groundwater percolation
and can imply local saturation within the non-frozen debris.
Permafrost degradation can thus reduce debris flow initia-
tion.

A determinant factor for debris flow initiation is the slope
gradient of a debris accumulation. Rickenmann & Zimmer-
mann (1993) investigated the starting conditions of debris
flows and found that debris flows originating in large and
steep debris reservoirs such as talus or scree slopes have
typical starting slope inclinations of between 27° and 38°.
For debris flows initiating at the contact zone between a rock
wall and a talus slope, starting slopes lie in a similar range.
Generally, these slope values have been confirmed by other
investigations (Takahashi 1981, Hungr et al. 1984) and are
also related to the angle of repose associated with the grain
size of the material involved. To summarize, the starting
conditions of debris flows with origins in periglacial areas
can significantly differ from lower-land debris flows. Topo-
graphic criteria for debris flow initiation in lower-elevation
zones, such as relative distance from a flow channel or terrain
concavity (curvature) (Heinimann et al. 1998, Bachmann
2001), may not apply to debris flow initiation types in peri-
glacial zones, and therefore different approaches had to be
found here.

The detection of steep sediment reservoirs from remote
sensing imagery is a major challenge. A main problem is the
spectral similarity of bare rock and debris (Paul et al. 2004).
Therefore, classification algorithms considering spectral
information only are unlikely to yield satisfactory results.
Recent research efforts directed towards mapping of debris-
covered glaciers by remote sensing were confronted with
similar problems, and stressed the importance of including
digital elevation information for classification (Bishop et al.
1999, Paul et al. 2004). In this study, we first evaluated a
combined method of artificial neural network (ANN) classi-
fication and digital elevation modeling for identification of
steep periglacial debris reservoirs. We used a feed-forward
back-propagation network with two hidden layers (each with
15 nodes) (Pao 1989). The success of the ANN classification
was generally limited. Tests with textural analysis of

Landsat-TM for supporting automated classification have
largely failed as well and even visual image interpretation
can be very difficult.

For multispectral data with a spatial resolution of 20 to
30 m, an improved discrimination between debris and rock is
enabled by the definition of a threshold slope between rock
and debris zones. In high-mountain areas, debris predomi-
nantly originates from the weathering processes of surround-
ing rock walls and subsequent transport processes. Related
rockfalls typically build up debris cones, whose slopes are
limited by the stability of loose debris (c.30°). Rockwalls, on
the other hand, have been found to be best represented by a
minimum threshold slope of 34° (Heinimann et al. 1998,
Zemp 2002). The upper slope range for debris flow initiation
in talus slopes was previously defined as 38°. We therefore
tested both 34° and 38° as a debris-rock threshold slope by
intersecting the slope ranges with the ANN classification of
debris and rock. Since the potential for debris flows is
modeled here, availability of water – important in influen-
cing runout – is assumed to be given for a particular event.
Zimmermann et al. (1997) presented an approach which
considered only debris slope areas with catchment sizes
�5000 m2 as debris-flow initiation zones.

The limited success of the ANN classification for detec-
tion of steep debris reservoirs stimulated further investi-
gations. The spectral similarity of debris and rock caused the
focus to shift to the importance of spatial resolution for
detection of debris accumulations. As a function of spatial
resolution, debris accumulations show a uniform surface
structure in contrast to exposed bedrock. Such uniform
structures are not recognised by satellite sensors with spatial
resolution of 20 to 30 m, and thus, spatial resolution is a
limiting factor for debris reservoir applications when using
Landsat-TM. In order to vastly improve the spatial resolu-
tion, IKONOS panchromatic data of 1 m resolution was used.

An edge detection filter was found to be able to detect the
structural uniformity of debris accumulations, and to
discriminate them from the irregular structure of bedrock.
The filter calculates the average of the grey value difference
between the central pixel and each of its surrounding
neighbors, and assigns the value to the central pixel. More
uniform areas have smaller grey value differences and are
thus assigned lower values. The number of neighbors is
defined by a moving window of specified dimensions.
Appropriate window size basically depends on the scale of
the structure to be detected. In the present study, the best
results were obtained by using a 11� 11 window. The
resulting grey value image was then segmented into debris
and bedrock according to a threshold value of 47. Finally, a
5� 5 median filter was applied to smooth the classification
and avoid small isolated pixels.

For detection of potential debris flow initiation zones,
areas with a slope range between 27° and 38° were selected
from the previously classified debris accumulation areas.
These locations represented the input or source to the
modified single flow direction model (cf. glacial lake
outbursts) to simulate the impact of a potential debris flow.
For the probable maximum runout distance, an average slope
of 11° (tan� = 0.19) was used. Several studies have shown
that this slope value encompasses debris flow events in the
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Swiss Alps (Haeberli et al. 1991, Rickenmann & Zimmer-
mann 1993, Zimmermann et al. 1997). Other approaches
relating the critical average runout slope to the catchment
area of each cell (Heinimann et al. 1998) are less suitable for
our purpose since large periglacial debris reservoirs may
have enormous sediment yields that are not directly related to
catchment size.

Process interactions

Interaction between the above processes may strongly
increase the risk of hazards. The most significant chain
reaction in this context is probably the danger from ice
avalanches, debris flows, rockfall or landslides reaching a
lake and thus provoking a lake outburst. In fact, mass move-
ments may act as outburst trigger mechanisms by producing
impact waves and overtopping of the dam (Reynolds 1992,
Clague & Evans 2000, Richardson & Reynolds 2000a). We
concentrate on ice avalanches and debris flows as lake-
outburst triggers. The effects of process interactions have to
be analyzed for each case individually. In general, glacial
lakes are often particularly susceptible to impact waves due
to their steep shores and narrow lake geometries (Fritz 2002).
The processes responsible for producing impact waves, run-
up on the dam and overtopping are complex and not com-
pletely understood (Vischer & Hager 1998). Formation and
dimension of impact waves depend on the depth and volume
of the lake, on the volume, flow height and velocity of the
incoming mass movement, and on the angle of the flow path
at which the mass enters the lake. Watts & Walder (2003)
and Walder et al. (2003) emphasized the significance of the
rate of volume entering the lake and Froude number effects
(i.e. supercritical flow). The run-up height on the dam further
depends on wave length and height, freeboard height and
slope of the dam (Mu¨ller 1995). The overtopping volume is
related to the run-up height. For estimates of the overtopping
volume, it is important to consider the ratio, H, between the
volume of the incoming mass and the lake volume. Based on
an analysis of case histories (Huber 1980, Mu¨ller 1995,
Walder et al. 2003), we defined the following ranges for H:
For H = 1:1 to 1:10, the lake may be emptied completely. For
H = 1:10 to 1:100, there is still a high probability of
overtopping when the freeboard is small in comparison to
the dam height. As a first approximation, the overtopping
volume may be considered equal to the incoming mass.

It is beyond the scope of this study to provide a detailed
analysis of flow dynamics of the mass movements and
related effects in the lake. Instead, it is intended to indicate
where critical situations may emerge, and if possible, to
model related processes. Rough estimates of flow volume of
the incoming mass and lake volume can be supported by high
to very-high resolution remote sensing data and empirical
relations (e.g. IKONOS, aerial photography) (Huggel et al.
2002), and flow velocities can be approximated by basically
distinguishing between avalanche and debris flow processes.
Avalanches usually reach velocities between 15 and 100 m/s,
whereas debris flows commonly move at speeds ofc.3 to
15 m/s. The slope of the flow path is available from digital
elevation models (DEMs).

Other important process interactions relate to ice ava-
lanches, or possibly debris flows, blocking river channels.
Temporary lakes can form behind such dams and cause
sudden, very high discharges in cases of rupture. Further
hazardous process interactions not specifically considered
here are, for instance, snow avalanches and rockfall into a
lake, rockfall onto a glacier, flow transformation of ice
avalanches into snow and debris avalanches/flows, or debris
flows into hyperconcentrated flows, or vice versa (Ko¨rner
1983, Pierson & Scott 1985, Haeberli et al. 1997, Ka¨äb et al.
2003a). Fig. 2 provides a schematic overview of potential
interactions in a glacial and periglacial environment. Fig. 3
shows the work flow of the different methods to assess
hazards from ice avalanches, glacial lake outbursts, peri-
glacial debris flows, and the resulting process interactions.

Model applications

Ice avalanches

The ice avalanche model was applied to the whole study
region but for better comprehension, a specific case at
Räterichsboden, in the Grimsel region, was selected. In 1962,
the reservoir lake Ra¨terichsboden was hit by a major snow
avalanche (c.300,000 m3) which penetrated the ice on the
lake surface and caused run-up waves and possibly dam
overtopping (Müller 1995). Presently, two small glaciers in a
west-exposed cirque under Gerstenho¨rner mountain (3189 m
a.s.l.) show potentially avalanche-prone areas with slopes
between 25° and 34°.

A more detailed analysis based on the IKONOS image
indicates that the glaciers can be considered relatively stable.
Though a few crevasses can be identified on the image, no
indication of instability was found (Fig. 4). However,
assessment of the stability of steep glaciers is highly complex
and difficult. The 1989 ice avalanche at Glacier de Coolidge
showed that a small cirque glacier with relatively moderate

Fig. 2. Schematic overview showing potential interactions of hazardous
processes in a glacial and periglacial environment.
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Fig. 3. Work flow integrating the methods for assessment of hazards from ice avalanches, glacial lake outbursts, periglacial debris flows and resulting process
interactions.

Fig. 4. IKONOS image
(panchromatic channel) from
Gersten glacier from 17 September
2000. Crevasses zones
recognizable on the image are
shown enlarged on the right-hand
side.

66 C. Huggel et al. NORSK GEOGRAFISK TIDSSKRIFT 58 (2004)



inclination (c.23°) can fail as a whole (Dutto et al. 1991).
Subglacial hydrological conditions are likely to be a
determinant factor (Haeberli et al. 1999, Funk & Minor
2001). In our case, the potential ice avalanche volume would
thus involve the whole glacier in an extreme case. Based on
an estimated average depth of 10 to 20 m, the ice volume
amounts to 2 to 4 million m3 for the northern glacier and 0.7
to 1.4 million m3 for the southern glacier.

The modeled avalanche trajectory leads directly into the
reservoir lake Ra¨terichsboden (Fig. 5). The following con-
siderations have to be taken into account in relation with the
potential hazard. The average slope of the trajectory from the
Gersten glacier to Ra¨terichsboden is rather steep (22° to 25°),
and a potential ice avalanche has thus higher probability to
actually reach the lake. The Grimsel Pass road above the lake
could also be affected by an ice avalanche. While snow
avalanches are limited to winter or spring, ice avalanches
have equal, and in this case likely higher, probability of
occurring in summer than in winter, and may flow along
different tracks than the better-known snow avalanches
usually flow along. Furthermore, reservoir lakes are usually
more vulnerable during summer because lake levels are
higher than in winter due to higher water input and lake level
lowering in winter for safety reasons related to snow
avalanche impacts. A hazard aspect which should be taken
into account in winter is the likely enlargement of the initial
ice avalanche volume by entrainment of snow along the
trajectory.

Debris flow and lake outbursts

Results of the ANN classification were compared to ground
truth data obtained by visual interpretation of the Landsat-
TM scene combined with a debris layer automatically

derived from topographic maps by the Swiss Federal Office
of Topography (Swisstopo 2003). However, availability or
generation of reliable and congruent ground truth is a major
obstacle for measuring the classification accuracy (e.g.
subjective interpretation of debris cover for production of
topographic maps, or temporal changes caused by a 5-year
time lag between ground truth acquisition and remote
sensing data used). The accuracy of the ANN classification
alone was not acceptable. The integration of slope ranges
could improve the classification but still did not lead to
satisfactory results.

For the detection of steep debris reservoirs based on very-
high resolution remote sensing data, a test area near lake
Gelmen was chosen. Fig. 6 shows the results of the detection
method based on IKONOS imagery. Visual analysis of the
image suggests that the classification algorithm provides
accurate results. An exact quantification of the classification
accuracy is difficult due to missing reference data but it may
be estimated to 80 to 90%. Notably, only small parts of the
large debris accumulations fall into the critical range of 27°
or steeper, usually the uppermost parts of talus slopes. As can
be inferred from Figs. 7 and 8, there is a scale difference
between DEM and satellite data with spatial resolutions of
25 m and 1 m, respectively. Intersection of classification and
DEM-derived slope values thus introduces, to a certain
degree, a mixed-pixel problem but related negative effects
are limited here according to a series of random tests
performed.

For modeling a debris flow, a contact zone between a rock
wall and a steep talus slope was selected from the classi-
fication (Fig. 7). Such zones have repeatedly been found to
be typical for debris flow initiation (Rickenmann & Zimmer-
mann 1993, Wilkerson & Schmid 2003). The trigger location
is at the top of a large talus slope, and the erosion potential of
a debris flow is thus considerable. In comparable talus slopes,

Fig. 5. Modeled ice avalanche
from Gersten glacier reaching lake
Räterichsboden. The empirically-
based determination of the
avalanche travel distance predicts
a runout beyond lake
Räterichsboden without
considering the dam structures.
Potentially unstable glacier ice is
shown in light grey, ice avalanches
in black. Arrows indicate the
direction of the flow trajectory of
ice avalanches.
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bedrock depth can be several tens of meters, and in large
neoglacial moraines up to more than 100 m (Haeberli et al.
2001, Huggel et al. 2003b). However, the availability of
water or the flow dynamics are the limiting factors for the
debris flow size rather than the sediment supply of the talus
slope. Snow patches present at contact zones between rock
wall and talus slope (Fig. 7) can be a source of water for
debris flow initiation (Haeberli et al. 1991). Channel debris
yield rates in deep taluses have been reported as 15 to
30 m3/m (Hungr et al. 1984) whereas yield rates of several
hundred m3/m are generally observed only in connection
with lake outbursts when water is not a limiting factor
(Haeberli et al. 1989, O’Connor et al. 2001, Huggel et al.
2002). According to the above estimates and based on a talus
slope length of 2250 m, the maximum debris flow size would
be in the range of 34,000 to 68,000 m3. Based on the modeled
runout distance, the simulated debris flow reaches lake
Gelmen. There are no other structures potentially affected
before the flow reaches lake Gelmen (Fig. 7).

A second debris flow of slightly different conditions was
modeled in the same Gelmen catchment further to the west
(Fig. 8). The debris flow is triggered at the top of a similar but
smaller talus slope. The model suggests that the debris flow
reaches the periglacial lake immediately below, which has
formed in the cirque after glacier recession. Though such a
debris flow is probably of limited size (channel length of
200 m, estimated maximum flow size ofc.3000 to 6000 m3)
and energy dissipation is not directed straight to the dam
outflow, an adverse impact on the lake cannot be excluded.
The slope of the inflowing mass is rather steep (25°). The
lake has a considerable area of 28,000 m2, with a probable
volume of 150,000 to 300,000 m3 of water. Based on analysis
of the IKONOS image, the lake is dammed by morainic
sediment, with bedrock depth probably being not more than a
few meters. Bedrock is exposed at the surfacec.40 m
downstream from the dam crest. An overflow channel has
developed. A potential impact wave by an inflowing debris
flow and subsequent overspill of the dam could cause erosion
of the sediment at the dam. The slope downstream of the
overflow is 15° to 20°, with a smaller drop of 30°, and then it

enters the flow channel of the debris flow described above.
The size of a possible debris flow from a lake outburst
depends mainly on whether the lake dam is fully breached.
According to analysis of the IKONOS image, it is more
likely that the breaching process is stopped when the bedrock
is reached. Nevertheless, an outburst volume ofc.50,000 m3

could be sufficient to trigger a debris flow ofc.100,000 to
150,000 m3. Such a debris flow would probably reach lake
Gelmen and enter it at a slope of 10°.

Process interactions

The Gauli-Grueben region was selected to demonstrate the
importance of modeling potential process interactions. The
geographic name Grueben is used for the glacier as well as
for the lake at the bottom of the glacier. Historically, two
main lake outbursts were recorded from lake Grueben. Both
events, in 1921 and 1941, were related to ice masses
damming the lake, which eventually provoked the outbursts.
The 1941 event caused damage along the flow channel and
particularly in Handegg, where the Grimsel Pass road was
destroyed. Since then, the Grueben glacier has predomi-
nantly been in retreat and no further catastrophic events have
been recorded. Between 1950 and 1954, the hydropower
company KWO constructed a water intake at both lake
Grueben and Grueben glacier. These water intakes are
presently still providing water for the larger Grimsel hydro-
power system.

Today, the glacier is located less than 100 m from lake
Grueben. The modeling performed suggests several potential
ice avalanches from the Grueben cirque reaching the lake.
Two main avalanche trajectories can be roughly distin-
guished, one entering lake Grueben from the north and a
second one from the south. Both inflow directions are
approximately perpendicular to the longitudinal axis of the
lake, which results in a stronger dissipation of (wave) energy
at the opposite bank than at the lake outflow. Inflow slopes
are c.10° for the northern andc.20° for the southern ava-
lanche. The effect of an impact at the lake outflow is not
clear. However, in consideration of the lake size (60,000 m2),

Fig. 6. IKONOS panchromatic image from 17 September 2000, with 1-m spatial resolution of a periglacial area with mixed presence of large talus slope, debris
and bedrock (left). Potential debris flow initiation zones (black) are based on the classification of debris reservoirs (grey) and bedrock/sporadic debris (light grey).
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the ratio, H, would likely be between 1:10 and 1:100 in the
case of an impact by a major ice avalanche. Lake over-
topping is then a realistic scenario. Recent cases have thereby

shown that small overflows can also be sufficient to trigger
debris flows with severe effects (Huggel et al. 2003b). The
lake is constrained by bedrock such that we assume stable
dam conditions. Downstream of the lake, there is a 700-m
long section of unconsolidated sediment which could
possibly be mobilized by such an event. The modeled debris
flow reaches Handegg and the Grimsel Pass highway (Fig. 9).

Fig. 9. Modeled process interactions within the study region showing potentially unstable glacier areas (blue), ice avalanches (white) and debris flows resulting
from lake failure (color range). The color range of the flow model relates to the probability of a certain cell to be affected. Potentially endangered traffic routes,
roads, or hiking areas can be observed. The models are projected on the Landsat-TM image from 31 August 1998.

Fig. 7. Model of a potential debris flow initiated at the contact zone of a large
debris reservoir with bedrock. The color range of the flow model relates to the
probability of a certain cell to be affected. The model is projected on the
IKONOS panchromatic image from 17 September 2000, and at the edge on
the Landsat-TM image taken 31 August 1998.

Fig. 8. Modeled initial debris flow and subsequent lake outburst. Debris flow
starting cells are shown in brown, the color range of the flow model relates to
the probability of a certain cell to be affected. The model is projected on the
IKONOS panchromatic image from 17 September 2000.
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A second focus of process interaction modeling is directed
on the Gauli glacier area. The Gauli glacier, currently with an
area of 13.7 km2, has substantially retreated in recent years.
In the glacier forefield, mainly consisting of bedrock, two
main lakes have formed (and recently joined) and are
presently increasing roughly proportional to the glacier
recession rate (Fig. 10). Further downstream, a reservoir
lake called Mattenalp is dammed by a 25-m high weight
dam. A water intake serves the Grimsel hydropower system.
The model indicated several possible process interactions.
Two ice avalanches were modeled into the southern part of
Gauli glacier lake from the south and south-west, with slopes
entering the lake at 30° and 15° to 20°, respectively. Due to
the inflowing direction and slope, it is assumed that the
south-western ice avalanche has a higher potential for
producing an impact wave and subsequent outburst flood.
Predominant bedrock conditions and moderate slopes be-
tween the Gauli glacial lake and lake Mattenalp make a
significant flow increase by sediment entrainment rather
unlikely. According to the model, lake Mattenalp can be hit
either by such a flood or an ice avalanche from a small glacier
at Steinlauihorn, 2 km south-east of lake Mattenalp. In the
absence of a detailed engineering study, we consider the
possibility of severe damage of the weight dam at lake
Mattenalp by such inflowing mass movements unlikely.
However, depending on the dam freeboard, an overtopping
wave cannot be excluded. The size of the subsequent debris
flow (or flood) largely depends on the overtopping water
volume and is not further analyzed here. The debris flow was
routed downstream by the model. The runout distance is
related to the sediment concentration in the flow, and
therefore also depends on the available sediment in the flow
trajectory.

Discussion
This paper presents a concept on the modeling potential of

the interaction of hazardous processes in glacial and
periglacial environments based on remote sensing data and
GIS. The emphasis is thus on developing and demonstrating
techniques and tools for first-order hazard assessments,
rather than on the analysis of the actual hazards encountered
in the selected region. Regional-scale studies such as the
present one enable us to indicate where complex hazard
interactions can possibly be found. In doing so, they prepare
the field for more detailed analyses which are needed for a
thorough study of processes and associated parameters and
effects. Consequently, this relates as follows to the processes
treated here.

Ice avalanches

Remote sensing imagery with spatial resolution in the range
of 20 to 30 m and appropriate near-infrared spectral reso-
lution allows mapping of glacier ice, and could indicate
recent major break-off zones or ice avalanche deposits.
IKONOS imagery, representing the new generation of very-
high resolution space-borne data, allows for studying
crevasse systems and more details on break-off zones.
Discrimination of further characteristics, such as surrounding
bed conditions, meltwater presence or general ice structure,
and ice volume estimates, may thus be facilitated. However,
investigation of glacier stability and break-off conditions
(avalanche starting conditions) is extremely difficult and
fairly uncertain, particularly for steep or hanging glaciers. In
general, it remains highly complex to predict the avalanche
starting volume or the time of failure. In selected critical
cases, direct measurements (e.g. ice deformation rates) can
be a viable method of prediction (Wegmann et al. 2003). In
most other cases and on a regional scale, assessments have to
be based largely on empirical experience and topographic
information (Alean 1985). Ice avalanche modeling is based
here on topography-related hydrological flow routing.
Salzmann et al. (2004) have shown that this GIS-based
approach yields hazard delineations comparable to Voellmy-
Salm based models (Margreth & Funk 1999). In general,
modeling of flow dynamics of ice avalanches remains a
poorly developed area.

Lake outbursts

The investigation of lake-outburst hazards applies a strategy
of lake detection followed by assessment of outburst trigger
factors, dam stability and breach mechanism, and down-
stream flow processes. Indicators can be used for evaluation
of lake and dam stability (Huggel et al. 2002, J.M. Reynolds
et al., unpublished data). Dam breach and peak discharge are
not explicitly analyzed here but we suggest consideration of
earlier contributions based on empirical information (Huggel
et al. 2002). More sophisticated models, including physically
based formulations and related publicly available software
for derivation of flow hydrographs, have been presented by
Walder & O’Connor (1997) and Fread (1991), respectively.
Assessment of downstream flow hazards is achieved here by
a model which provides potentially endangered areas in
terms of probability. However, the model does not directly

Fig. 10. Gauli glacier tongue with the proglacial lake. The width of the valley
bottom covered by the lake isc.700 m. Arrows indicate the flow trajectories
of ice avalanches as modeled and shown in Fig. 9 (photo: H. Glauser, July
2003).
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give any information on the expected debris flow volume,
amount of sediment eroded and deposited, or on flow depth
and velocity (Huggel et al. 2003b). These parameters can be
estimated by empirical models, or alternatively or comple-
mentarily by physically-based models. A main obstacle with
the application of physically-based models in this area is the
difficulty of assessing parameters required for models, e.g.
the volume of water released from the lake. Assumptions
which need to be made can have a large degree of
uncertainty. In particular, in glacial and periglacial areas,
collection of field data may be impossible or prohibitive in
terms of finance, time or personal risk. For the determination
of the runout distance of the outburst-related debris flow,
relying on a 1-parameter model is a simplification but one
that is viable for regional-scaled first order assessments
(Huggel et al. 2003a). Models based on energy dissipation or
volume conservation approaches can be applied for more
detailed studies (Hirano et al. 1997, Zimmermann et al.
1997).

Periglacial debris flows

The method presented to detect steep debris reservoirs based
on IKONOS imagery allows remote assessment of potential
debris flow initiation areas. Results show a high accuracy
compared to the less successful combined ANN/slope
classification. The ANN classification indicated that spatial
resolution of remote sensing data is an essential element. In
fact, due to the spectral similarity between debris and
bedrock, the latter had to be distinguished by a measure of
texture at a spatial resolution higher than Landsat-TM allows
for. The scale difference between 1-m spaced IKONOS
imagery and 25-m spaced DEM data can theoretically induce
classification errors. According to the algorithm used, a 25-m
spaced slope cell (between 27° and 38°) is classified as
‘debris with critical slope value’ if there is a majority of 1-m
spaced debris cells intersected with this cell. Based on this,
the scale difference theoretically induces an error�50%.
Larger, connected areas of debris have smaller errors than
areas with small debris patches. Analyses have shown that
such errors do not significantly affect the subsequent debris
flow modeling. An interesting question, not investigated
here, is the minimal spatial resolution necessary for
successful detection of debris reservoirs. If, for instance,
images with a 2.5 or 5 m resolution (e.g. corresponding to
satellite sensors SPOT-5 Pan or IRS-Pan, respectively) yield
acceptable results, a more economic and efficient solution
could be achieved due to the larger area covered by a satellite
scene and the lower price per km2 (c.US$1 to 1.5 per km2 for
SPOT-5/IRS compared to US$20–30 per km2 for IKONOS).
As an alternative to IKONOS, though on comparable
expense, QuickBird panchromatic imagery of 0.6 m spatial
resolution could be used. If an area under investigation is
covered by recent aerial photography this may be the most
economic and practical solution. However, in areas without
any aerial photography, IKONOS and QuickBird data may
still be a more economic or even the only solution, par-
ticularly if political, military/strategic, or technical restric-
tions are involved.

Process interactions

To date, the problem of process interactions has seldom been
addressed with respect to glacial hazards. This study intends
to achieve systematic modeling of such interactions. As for
the modeling of individual processes, a regional-scale range
was chosen. In consideration of the complexity of interacting
processes, the model requires an expert to interfere and ana-
lyze the conditions at the interface of interacting processes.
The most imminent and widespread hazards emerge from
mass movements into glacial lakes. Here, ice avalanches and
debris flows were considered as inflow processes, whereas
snow avalanches, rockfall or landslides were beyond the
scope of the study. The model is capable of indicating where
critical situations may be found. Based on reasonable
assumptions, findings from recent studies and digital terrain
data, a first-order assessment of the effects on the lake was
conducted. For a critical case, the flow dynamics of the
incoming mass movement and the effects on wave length and
height in the lake have to be investigated. Though consider-
able progress has been made with respect to wave-generating
processes (Fritz 2002, Walder et al. 2003), the problem
generally remains highly complex. The inflowing mass
volume is one of the most critical parameters that needs to
be assessed. However, prediction of the potential failing
mass volume is fraught with uncertainty, particularly for ice
avalanches. It is therefore suggested here that different
scenarios of mass failure and flow are defined including a
worst-case, which typically assumes instability of the whole
hanging glacier in the case of ice avalanches. Other process
interactions, such as river damming by ice avalanches or
debris flows, should also be taken into account. Such ice
avalanche dams often burst by sudden failure unless the dam
is very large (several hundred meters long), highly com-
pacted, and with a significant content of debris (Ka¨äb et al.
2003a). Empirical relations for peak discharge estimates of
sudden ice dam failures have been provided by, for example,
Haeberli (1983) and Walder & Costa (1996). In view of the
integrative hazard assessment aimed at here, information on
infrastructure was included. Individual buildings were not
considered since that would require a more detailed assess-
ment than performed here.

Perspectives
The use of recent satellite imagery together with simple but
robust models is an effective tool to address rapid changes in
glacial and periglacial environments and to assess the related
hazards. Climate change can significantly affect the condi-
tions in glacial and periglacial areas, though the related
effects and processes are often not well understood. Degra-
dation of permafrost (Haeberli et al. 1997) or ice-cored
moraines (Richardson & Reynolds 2000b) can increase the
related hazards. As far as hanging glaciers are concerned,
knowledge on their reaction to rising temperatures is limited.
The small number of studies available indicates a potential
reduction in stability due to changes in the thermal and
hydrological regime of the glacier (Lu¨thi & Funk 1997,
Haeberli et al. 1999). In periods of glacier recession, glacial
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lake formation tends to increase (Richardson & Reynolds
2000a, Kääb et al., in press). In the region of the present
study, two striking examples of lake formation and rapid
growth which modify and intensify the hazard situation are
found (i.e. Gauli and Trift glacial lakes) (Fig. 1), and stress
the importance of periodic observations (�1 year in these
cases). glacier retreat also continues to expose debris accu-
mulations. Hazardous future developments may be antici-
pated by assessing glaciers with sediment beds (Maisch et al.
1999, Zemp 2002) and estimating related slopes.

Though the methodological strategy presented here is
designed to meet the change in glacial and periglacial areas,
techniques may be subject to adjustment to new data
available in the future. Recent very-high resolution satellite
sensors such as IKONOS, QuickBird or SPOT-5 have
already widened the horizon of application techniques
(Goward et al. 2003, Huggel et al. 2003c). The development
of new sensors with high spatial and spectral resolution is
continuing, and DEM quality and spatial resolution are
expected to be improved (Ka¨äb et al. 2003b). On the other
hand, the production of increasingly large data volumes may
make adequate techniques for data handling and retrieval of
information over large areas an increasingly more critical
issue.

Finally, a note on user perspectives: commercially
oriented practice still strongly relies on aerial photography.
The methods presented here are basically compatible with
aerial photography but the automatic procedures would then
be lost. An exception is the method to detect steep debris
reservoirs, since IKONOS panchromatic imagery is compar-
able to aerial photography. In addition to this, the models
presented here are relatively simple in their use and thus
favor the application in practice. Hence, the models may be a
tool for practitioner institutions to assess potential hazard
process interactions in glacial and periglacial environments
as well as their likely effects on downstream areas.
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Kääb, A., Huggel, C., Paul, F., Wessels, R., Raup, B., Keiffer, H. & Kargel, J.
2003b. Glacier monitoring from ASTER imagery: accuracy and appli-
cations. Wunderle, S. (ed.)EARSeL eProceedings 2, 1/2003, Observing
our Cryosphere from Space, 43–53. EARSeL, BIS-Verlag, Oldenburg.
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Müller, D. 1995. Auflaufen und Überschwappen von Impulswellen an
Talsperren. VAW/ETHZ 137, Zürich.

Oberholzer, P., Vonder Mu¨hll, D. & Ansorge, J. 2003. Shallow structure of
the Rossboden Glacier and its moraine dam (Valais, Swiss Alps).Eclogae
Geologicae Helvetiae 96, 299–312.

O’Callaghan, J.F. & Mark, D.M. 1984. The extraction of drainage networks
from digital elevation data.Computer Vision Graphics and Image
Proceedings 28, 323–344.

O’Connor, J.E., Hardison, III, J.H. & Costa, J.E. 2001.Debris Flows from
Failures of Neoglacial-Age Moraine Dams in the Three Sisters and Mount
Jefferson Wilderness Areas, Oregon. US Geological Survey Professional
Paper 1606. USGS, Reston (VA).

Oswald, S. 2001.Kartierung und Modellierung von periglazialen Murgän-
gen. Diploma thesis, Department of Earth Sciences. ETH, Zu¨rich.

Pao, Y.H. 1989.Adaptive Pattern Recognition and Neural Networks.
Addison-Wesley Publishing Company, Massachusetts.
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