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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 usually have been individually identified and modeled. Here
we are referring to the following processes: ice avalanches,
High mountains are characterized by a large mass turnoveglacial lake outbursts and periglacial debris flows from large
and thus represent highly dynamic systems (Haeberli 1996Yebris reservoirs. Problems related to the assessment of ice
The processes which drive the mass turnover potentialhavalanches and glacial lake outbursts have recently been
represent serious hazards when interacting with humadiscussed and corresponding methods presented (Margreth &
systems (Greminger 2003, Petraschek & Kienholz 2003)Funk 1999, Huggel et al. 2003a, Salzmann et al. 2004, this
We focus here on the glacial and periglacial areas of highissue). For ice avalanches and glacial lake outbursts, we
mountains. Glacial and periglacial environments react sensifollow the approaches by Salzmann et al. (2004) and Huggel
tively to climate change due to the propensity for melting ofet al. (2003a), respectively. However, recent modeling
surface and subsurface ice. Climate change can increase thpproaches for regional-scale debris flow initiation, based
mass turnover of such areas, change the hazard potential, and topographic/topologic parameters (Heinimann et al. 1998,
shift hazard initiation and adversely affected inhabited zone©swald 2001) and statistical multivariate models (Bathurst et
(Haeberli & Burn 2002, Kab et al. in press). For hazard al. 2003), often cannot be applied to periglacial zones since
assessments, it is of particular importance to assess thdebris flow initiation in large periglacial debris reservoirs
possible interactions of different hazardous processes. Sonand at the contact zone with bedrock has different character-
of the most devastating high-mountain catastrophes have, iistics, as we show below. Therefore, a major focus of this
fact, resulted from such process combinations and chaipaper is the identification and modeling of debris flow
reactions, as various case studies have documented (Lliboinitiation areas in periglacial environments. For this purpose,
try et al. 1977, Rthlisberger 1981, Clague & Evans 2000, we present a method for automatic identification of steep
Richardson & Reynolds 2000a, Kaet al. 2003a). However, debris reservoirs potentially prone to debris flow initiation,
hazard assessments do often not adequately take into accour@sed on very-high resolution satellite data and followed by
potential process interactions. Hence, there is a need for modeling of corresponding potential debris flows. Subse-
methodological framework which incorporates a robustquently, we attempt a synthesis of the individual approaches:
modeling environment and updated information basis reprehaving detected the hazard source areas and having simu-
senting the current state of high-mountain systems. lated the different processes, we try to model the interactions
We believe that the combination of Geographic Informa-of these processes. As a result, the critical chain reaction
tion Systems (GIS) and remote sensing is an effective tool tprocesses are identified and the potential impact can be
address this need because of the integration of differengstimated. Interactions involving rockfall, snow avalanches,
spatial and temporal information, up- and downscaling capaer landslides are beyond the scope of this study. The scale of
bilities, and because of the monitoring possibilities. To datethe study is regional. Thus, we indicate where critical situa-
hazards from high-mountain mass transport processesons may emerge and assess possible consequences. It is not
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the goal to perform a detailed hazard assessment of a certainfrared. Close-up studies were performed with IKONOS
site. Instead, our objective is to present a combination ofmagery. Together with QuickBird, IKONOS is currently the

techniques and to describe the application on selectednly commercially available satellite sensor with spatial
examples. Information on infrastructure (e.g. roads) isresolution in the range of 1 m (Dial et al. 2003). In this study
included in the modeling. we used an IKONOS panchromatic image (1 m resolution,

We first present the data used and the different modelingisible range) recorded on 17 September 2000.
approaches for the individual processes, and subsequently for As digital terrain data, the 25-m gridded DEM25, Level 2,
the process interactions. The models are then applied to thaistributed by the Swiss Federal Office of Topography
Grimsel-Susten region in the Bernese Alps, Switzerland(Swisstopo), was used. It entirely covers the area of
Finally, the results are discussed. 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
StUdy region and data (Swisstopo, 2003). Slope values derived from the DEM25
The study region is located in the central Swiss Alps in theare generally accurate to withirf 1o 2°.
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. odels
Selected sites investigated here are located in tributaries t'c\)/l
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 dn this study, ice-avalanche modeling consists of detection of
hydropower system operated by Kraftwerke Oberhaslisteep glaciers on the basis of multispectral remote sensing
(KWO). KWO has been in operation since the 1930s and idata and digital terrain modeling, and simulation of the
one of the major hydropower companies in Switzerland. Inavalanche process starting at the glaciers detected along a
addition to (natural) glacial and periglacial lakes, a series oimodeled trajectory.
reservoir dam lakes are situated in the region (Fig. 1). The avalanche starting conditions depend on the type of

With regard to remote sensing data, a 1998 Landsafailure. According to Alean (1985) and Haefeli (1966), ice
Thematic-Mapper scene of 28.5m spatial resolution wadreak-off may result from two main morphological types of
used (track 195/frame 28; August 31 1998). Landsat-TMpotential ice avalanche starting zones: ramp-type and cliff-
provides seven spectral channels, three of which are locatetype glaciers. Cliff-type glaciers are characterized by a
in the visible range and four in the near, middle and thermaimarked 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 ¢.25°, and cold-based glaciers frood5° (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
/:g:nn:}_ slope indicated here will therefore need re-assessment in the

7 g future.

o
4 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
Fig. 1. Overview map of the study region depicting lakes and glaciers ésults for mapping of glacierized areas (Hall et al. 1988,
referred to in this study, and the main traffic routes. Jacobs et al. 1997, Paul et al. 2002). Automated glacier

Ice avalanches

|¢] lake ATSSES
0 3 km| Grimsel/* pass }

8°20'




NORSK GEOGRAFISK TIDSSKRIFT 58 (2004) Gl S-based modeling of glacial hazards 63

mapping is enabled by segmentation (thresholding) of thdocation downstream until a certain empirically defined point
TM4/TM5 ratio image (Paul et al. 2002). Here, a threshold ofof runout is reached. The modified single flow (MSF) model
2.2 was used to segment glacierized areas. The followingpplied here was developed by Huggel et al. (2003a). The
post-processing algorithms were then applied to improve thalgorithm is based on a single flow direction approach
results: (i) elimination of misclassified pixels (e.g. in (O’Callaghan & Mark 1984, Jenson & Domingue 1988),
shadowed vegetated areas), by segmentation of the huwehere the central flow line follows the direction of steepest
component of a IHS-transformation of TM bands 5,4,3; (ii) descent. However, debris flows show spreading flow
elimination of misclassified pixels in lakes by using a lake behavior in less steep terrain which cannot adequately be
mask (see the following section); (iii) application of &3 simulated by a single flow direction algorithm. Therefore, a
median filter for elimination of isolated glacier pixels (Paul function was integrated that enabled flow diversion of up to
et al. 2002). 45° from the steepest descent direction (Huggel et al. 2003a).
For identification of potentially avalanche-prone glaciers, A linear function defines that the more the flow diverts from
the DEM25 was combined with the glacier map to selectthe steepest descent direction the greater is the resistance.
those glacier areas with slopes greater thaf. Ziese Flow resistance is then related to a probability function
potentially hazardous glaciers subsequently feed the modethich basically defines that the more flow resistance that has
as avalanche starting zones. to be overcome to reach a point the less likely is it affected by
Ice avalanche trajectory and runout modeling is fully the flow (Huggel et al. 2003a). The model is thus capable of
implemented in a GIS Arc/Info environment. The trajectory simulating the different characteristics of debris flows in
is modeled according to a routing algorithm which assignsconfined channel sections (largely limited spread due to
flow from each cell to one of its eight neighbors, either converging flow) and on relatively flat or convex terrain (e.g.
adjacent or diagonal, in the direction of the steepest descendebris fans; greater spread due to more diverging flow), and
This method, designated D8 (eight possible flow directions)to provide corresponding probabilities.
was introduced by O’Callaghan & Mark (1984) and is still The modeled debris flow is stopped when an average slope
one of the most frequently used (Marks et al. 1984, Jenson &f 11° (tarx = 0.19) is reached. This value is based on studies
Domingue 1988, Tarboton et al. 1991). For determination ofthat analyzed the runout characteristics of debris flows from
the avalanche runout distance, a simple 1-parameter model gdacier/moraine-dammed lakes in the European Alps and
used. Alean (1985) has found that in the Alps the averagdound a minimum slope of T1(Haeberli 1983, Huggel et al.
slope of ice avalanche trajectories does not fall below 17 2002). The average slope is applied irrespective of the
(tarx = 0.31). Thereby, the average slope describes the anglgtreamflow connectivity in the modeled trajectory. However,
with the horizontal of a line from the top of the starting zone if the debris flow reaches a receiving stream in the main
to the furthest point of deposition. Outside the Alps, thisvalley, the slope criterion of ZImight no longer apply, and
minimum value may be under-run in extreme casegi§p has to be re-assessed. Floods with weight of sediment
1983). In particular, the recent ice avalanche in the Kazbekcweight of water commonly show a more attenuating runout
massif in the Russian Caucasus showed that an average slopehavior and are not modeled here due to the high sediment
as low as 8.5 (tarx =0.15) is possible under especially availability in the flow trajectories of the study region.
adverse conditions (Kb et al. 2003a). For application
within the Alps we model the probable maximum runout
distance based on an average slope 6f 17 Periglacial debris flows
Modeling of periglacial debris flows implies detection of
Glacial lake outbursts steep reservoirs of Ioose'sediment (e.g. morgines, scree
slopes) and subsequent simulation of flow trajectory and
Similarly to ice avalanches, glacial lake outbursts arerunout. Periglacial zones with large accumulation of loose
modeled by first detecting and mapping the potentiallyand unconsolidated material are particularly prone to debris
hazardous lakes, followed by a simulation of the outburstflow formation, and often show larger flow events that may
flood. For detection of potentially hazardous lakes, anreach inhabited areas at the bottom of the main valley
approach by Huggel et al. (2002) was followed. Thereby, aHaeberli et al. 1991, Zimmermann et al. 1997). Since the
Normalized Difference Water Index (NDWI), which uses the Little Ice Age maximum inc.1850, glaciers have retreated
spectral TM bands 1 and 4, was applied. Misclassificationsubstantially and exposed large areas of morainic, uncon-
resulting from pixels in shadow can be eliminated by com-solidated sediment (Evans & Clague 1994). Investigations of
puting a cast-shadow mask using a 25 m DEM to simulate th¢he severe and repeated debris flow disasters in the Swiss
sun position at the time of satellite overpass. The lakeAlpsin 1987 have shown that more than 50% of debris flows
volume is estimated based on a statistical relationshigreater than 1000 fnoriginated in zones still covered by
between lake volume and area (Huggel et al. 2002). A seglaciers 150 years ago (Haeberli et al. 1991, Zimmermann &
of decision criteria was then applied to evaluate the hazardHaeberli 1992). Poorly sorted debris accumulations are
potential of the lakes and to decide whether an outburst floodisually characterized by a heterogeneous, rather permeable,
is modeled. For instance, lake size, lake and dam geometrypose and porous structure (Oberholzer et al. 2003). The
or dam type are important parameters to consider (Richardhydrological conditions in cohesionless material are impor-
son & Reynolds 2000a, Huggel et al. 2002). tant for debris flow formation, the material being influenced
The basic idea is then to propagate flow from the sourcéby inhomogenities and changing permeability within the



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

meter and decimeter range (Rickenmann & ZimmermanrLandsat-TM for supporting automated classification have
1993). In cases of enhanced water input, locally saturatethrgely failed as well and even visual image interpretation
zones can form and lead to instabilities. In fact, Haeberli etcan be very difficult.
al. (1991) have found that debris flow initiation in periglacial ~For multispectral data with a spatial resolution of 20 to
zones has been mainly related to large, very poorly con30 m, an improved discrimination between debris and rock is
solidated debris accumulations which were furthermoreenabled by the definition of a threshold slope between rock
unfrozen, hydraulically inhomogeneous and permeableand debris zones. In high-mountain areas, debris predomi-
The debris flow size, however, seems to be limited by thenantly originates from the weathering processes of surround-
flow dynamics rather than by the internal structure of theing rock walls and subsequent transport processes. Related
scree slope. rockfalls typically build up debris cones, whose slopes are
In addition, permafrost and melting of permafrost underlimited by the stability of loose debri.30°). Rockwalls, on
conditions of atmospheric warming can affect debris flowthe other hand, have been found to be best represented by a
activity. Zimmermann & Haeberli (1992) found that the 1987 minimum threshold slope of 34(Heinimann et al. 1998,
debris flows predominantly formed at locations whereZemp 2002). The upper slope range for debris flow initiation
permafrost is absent or marginal. Active layer instability in talus slopes was previously defined a$.38e therefore
processes have been observed only at two sites. Permafrasisted both 3%and 38 as a debris-rock threshold slope by
thawing and related depth increase of the active layer, as welhtersecting the slope ranges with the ANN classification of
as incomplete thaw consolidation after melt, may increaselebris and rock. Since the potential for debris flows is
both frequency and magnitude (higher potential erosiormodeled here, availability of water — important in influen-
depth) of debris flows (Zimmermann et al. 1997). However,cing runout — is assumed to be given for a particular event.
permafrost also acts as a barrier to groundwater percolatiodimmermann et al. (1997) presented an approach which
and can imply local saturation within the non-frozen debris.considered only debris slope areas with catchment sizes
Permafrost degradation can thus reduce debris flow initia=>5000 nf as debris-flow initiation zones.
tion. The limited success of the ANN classification for detec-
A determinant factor for debris flow initiation is the slope tion of steep debris reservoirs stimulated further investi-
gradient of a debris accumulation. Rickenmann & Zimmer-gations. The spectral similarity of debris and rock caused the
mann (1993) investigated the starting conditions of debrifocus to shift to the importance of spatial resolution for
flows and found that debris flows originating in large and detection of debris accumulations. As a function of spatial
steep debris reservoirs such as talus or scree slopes hawesolution, debris accumulations show a uniform surface
typical starting slope inclinations of between°2and 38. structure in contrast to exposed bedrock. Such uniform
For debris flows initiating at the contact zone between a rockstructures are not recognised by satellite sensors with spatial
wall and a talus slope, starting slopes lie in a similar rangeresolution of 20 to 30 m, and thus, spatial resolution is a
Generally, these slope values have been confirmed by othéimiting factor for debris reservoir applications when using
investigations (Takahashi 1981, Hungr et al. 1984) and aréandsat-TM. In order to vastly improve the spatial resolu-
also related to the angle of repose associated with the graition, IKONOS panchromatic data of 1 m resolution was used.
size of the material involved. To summarize, the starting An edge detection filter was found to be able to detect the
conditions of debris flows with origins in periglacial areas structural uniformity of debris accumulations, and to
can significantly differ from lower-land debris flows. Topo- discriminate them from the irregular structure of bedrock.
graphic criteria for debris flow initiation in lower-elevation The filter calculates the average of the grey value difference
zones, such as relative distance from a flow channel or terraibetween the central pixel and each of its surrounding
concavity (curvature) (Heinimann et al. 1998, Bachmannneighbors, and assigns the value to the central pixel. More
2001), may not apply to debris flow initiation types in peri- uniform areas have smaller grey value differences and are
glacial zones, and therefore different approaches had to béhus assigned lower values. The number of neighbors is
found here. defined by a moving window of specified dimensions.
The detection of steep sediment reservoirs from remoté\ppropriate window size basically depends on the scale of
sensing imagery is a major challenge. A main problem is thehe structure to be detected. In the present study, the best
spectral similarity of bare rock and debris (Paul et al. 2004)results were obtained by using a %111 window. The
Therefore, classification algorithms considering spectraresulting grey value image was then segmented into debris
information only are unlikely to yield satisfactory results. and bedrock according to a threshold value of 47. Finally, a
Recent research efforts directed towards mapping of debriss x 5 median filter was applied to smooth the classification
covered glaciers by remote sensing were confronted witland avoid small isolated pixels.
similar problems, and stressed the importance of including For detection of potential debris flow initiation zones,
digital elevation information for classification (Bishop et al. areas with a slope range betweert 2ind 38 were selected
1999, Paul et al. 2004). In this study, we first evaluated a@rom the previously classified debris accumulation areas.
combined method of artificial neural network (ANN) classi- These locations represented the input or source to the
fication and digital elevation modeling for identification of modified single flow direction model (cf. glacial lake
steep periglacial debris reservoirs. We used a feed-forwardutbursts) to simulate the impact of a potential debris flow.
back-propagation network with two hidden layers (each withFor the probable maximum runout distance, an average slope
15 nodes) (Pao 1989). The success of the ANN classificationf 11° (tarx = 0.19) was used. Several studies have shown
was generally limited. Tests with textural analysis of 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 approache

relating the critical average runout slope to the catchmen Y= 4
area of each cell (Heinimann et al. 1998) are less suitable fo Periglacia dbrlsm%
our purpose since large periglacial debris reservoirs ma Rockfall /| 4

have enormous sediment yields that are not directly related t
catchment size.

Process interactions

Interaction between the above processes may strongl
increase the risk of hazards. The most significant chair
reaction in this context is probably the danger from ice
avalanches, debris flows, rockfall or landslides reaching ¢
lake and thus provoking a lake outburst. In fact, mass move
ments may act as outburst trigger mechanisms by producin " Dammed river/ temporary lake
impact waves and overtopping of the dam (Reynolds 1992,
Clague & Evans 2000, Richardson & Reynolds 2000a). WeFig. 2. Sch_ematic pverview s_howi_ng pot_ential interactions of hazardous
concentrate on ice avalanches and debris flows as lakd¥°cesses in a glacial and periglacial environment.
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 Other important process interactions relate to ice ava-
to their steep shores and narrow lake geometries (Fritz 2002)anches, or possibly debris flows, blocking river channels.
The processes responsible for producing impact waves, runFemporary lakes can form behind such dams and cause
up on the dam and overtopping are complex and not comsudden, very high discharges in cases of rupture. Further
pletely understood (Vischer & Hager 1998). Formation andhazardous process interactions not specifically considered
dimension of impact waves depend on the depth and voluméere are, for instance, snow avalanches and rockfall into a
of the lake, on the volume, flow height and velocity of the lake, rockfall onto a glacier, flow transformation of ice
incoming mass movement, and on the angle of the flow pattavalanches into snow and debris avalanches/flows, or debris
at which the mass enters the lake. Watts & Walder (2003¥lows into hyperconcentrated flows, or vice versa ey
and Walder et al. (2003) emphasized the significance of thd983, Pierson & Scott 1985, Haeberli et al. 1997aKat al.
rate of volume entering the lake and Froude number effect2003a). Fig. 2 provides a schematic overview of potential
(i.e. supercritical flow). The run-up height on the dam furtherinteractions in a glacial and periglacial environment. Fig. 3
depends on wave length and height, freeboard height anshows the work flow of the different methods to assess
slope of the dam (Miler 1995). The overtopping volume is hazards from ice avalanches, glacial lake outbursts, peri-
related to the run-up height. For estimates of the overtoppinglacial debris flows, and the resulting process interactions.
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; llktu1995, : :
Walder et al. 2003), we defined the following ranges for H: Model apphcatlons
For H=1:1t0 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 toThe ice avalanche model was applied to the whole study
the dam height. As a first approximation, the overtoppingregion but for better comprehension, a specific case at
volume may be considered equal to the incoming mass. R&erichsboden, in the Grimsel region, was selected. In 1962,
It is beyond the scope of this study to provide a detailedthe reservoir lake Rarichsboden was hit by a major snow
analysis of flow dynamics of the mass movements andavalanche ¢300,000 m) which penetrated the ice on the
related effects in the lake. Instead, it is intended to indicatdake surface and caused run-up waves and possibly dam
where critical situations may emerge, and if possible, toovertopping (Mlier 1995). Presently, two small glaciers in a
model related processes. Rough estimates of flow volume ofvest-exposed cirque under Gerstémtes mountain (3189 m
the incoming mass and lake volume can be supported by high.s.l.) show potentially avalanche-prone areas with slopes
to very-high resolution remote sensing data and empiricabetween 25and 34.
relations (e.g. IKONOS, aerial photography) (Huggel et al. A more detailed analysis based on the IKONOS image
2002), and flow velocities can be approximated by basicallyindicates that the glaciers can be considered relatively stable.
distinguishing between avalanche and debris flow processe¥hough a few crevasses can be identified on the image, no
Avalanches usually reach velocities between 15 and 100 m/sndication of instability was found (Fig. 4). However,
whereas debris flows commonly move at speeds.8fto  assessment of the stability of steep glaciers is highly complex
15 m/s. The slope of the flow path is available from digital and difficult. The 1989 ice avalanche at Glacier de Coolidge
elevation models (DEMSs). showed that a small cirque glacier with relatively moderate
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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.
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I Gersten
glacier /%

Fig. 5. Modeled ice avalanche
from Gersten glacier reaching lake 46°35'-. )
Réerichsboden. The empirically-
based determination of the
avalanche travel distance predicts
a runout beyond lake
Ré&erichsboden 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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inclination €.23°) can fail as a whole (Dutto et al. 1991). derived from topographic maps by the Swiss Federal Office
Subglacial hydrological conditions are likely to be a of Topography (Swisstopo 2003). However, availability or
determinant factor (Haeberli et al. 1999, Funk & Minor generation of reliable and congruent ground truth is a major
2001). In our case, the potential ice avalanche volume wouldbstacle for measuring the classification accuracy (e.g.
thus involve the whole glacier in an extreme case. Based osubjective interpretation of debris cover for production of
an estimated average depth of 10 to 20 m, the ice voluméopographic maps, or temporal changes caused by a 5-year
amounts to 2 to 4 million rhfor the northern glacier and 0.7 time lag between ground truth acquisiton and remote
to 1.4 million n? for the southern glacier. sensing data used). The accuracy of the ANN classification
The modeled avalanche trajectory leads directly into thealone was not acceptable. The integration of slope ranges
reservoir lake Rerichsboden (Fig. 5). The following con- could improve the classification but still did not lead to
siderations have to be taken into account in relation with thesatisfactory results.
potential hazard. The average slope of the trajectory from the For the detection of steep debris reservoirs based on very-
Gersten glacier to Rarichsboden is rather steep {22 25), high resolution remote sensing data, a test area near lake
and a potential ice avalanche has thus higher probability té&selmen was chosen. Fig. 6 shows the results of the detection
actually reach the lake. The Grimsel Pass road above the lakaethod based on IKONOS imagery. Visual analysis of the
could also be affected by an ice avalanche. While snowmage suggests that the classification algorithm provides
avalanches are limited to winter or spring, ice avalanchesccurate results. An exact quantification of the classification
have equal, and in this case likely higher, probability of accuracy is difficult due to missing reference data but it may
occurring in summer than in winter, and may flow along be estimated to 80 to 90%. Notably, only small parts of the
different tracks than the better-known snow avalanchedarge debris accumulations fall into the critical range of 27
usually flow along. Furthermore, reservoir lakes are usuallyor steeper, usually the uppermost parts of talus slopes. As can
more vulnerable during summer because lake levels arbe inferred from Figs. 7 and 8, there is a scale difference
higher than in winter due to higher water input and lake levelbetween DEM and satellite data with spatial resolutions of
lowering in winter for safety reasons related to snow?25m and 1 m, respectively. Intersection of classification and
avalanche impacts. A hazard aspect which should be takeDEM-derived slope values thus introduces, to a certain
into account in winter is the likely enlargement of the initial degree, a mixed-pixel problem but related negative effects
ice avalanche volume by entrainment of snow along theare limited here according to a series of random tests
trajectory. performed.
For modeling a debris flow, a contact zone between a rock
wall and a steep talus slope was selected from the classi-
Debris flow and lake outbursts fication (Fig. 7). S_uch zones have r_epeatedly beer_1 found to
be typical for debris flow initiation (Rickenmann & Zimmer-
Results of the ANN classification were compared to groundmann 1993, Wilkerson & Schmid 2003). The trigger location
truth data obtained by visual interpretation of the Landsat-is at the top of a large talus slope, and the erosion potential of
TM scene combined with a debris layer automatically a debris flow is thus considerable. In comparable talus slopes,
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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 bedroclébpergidictdrey).

bedrock depth can be several tens of meters, and in largenters the flow channel of the debris flow described above.
neoglacial moraines up to more than 100 m (Haeberli et alThe size of a possible debris flow from a lake outburst
2001, Huggel et al. 2003b). However, the availability of depends mainly on whether the lake dam is fully breached.
water or the flow dynamics are the limiting factors for the According to analysis of the IKONOS image, it is more
debris flow size rather than the sediment supply of the taludikely that the breaching process is stopped when the bedrock
slope. Snow patches present at contact zones between roikreached. Nevertheless, an outburst volume 59,000 ni
wall and talus slope (Fig. 7) can be a source of water forcould be sufficient to trigger a debris flow 0f100,000 to
debris flow initiation (Haeberli et al. 1991). Channel debris 150,000 mi. Such a debris flow would probably reach lake
yield rates in deep taluses have been reported as 15 tGelmen and enter it at a slope of°10
30 n/m (Hungr et al. 1984) whereas yield rates of several
hundred n/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. The Gauli-Grueben region was selected to demonstrate the
2002). According to the above estimates and based on a talusiportance of modeling potential process interactions. The
slope length of 2250 m, the maximum debris flow size wouldgeographic name Grueben is used for the glacier as well as
be in the range of 34,000 to 68,000 Based on the modeled for the lake at the bottom of the glacier. Historically, two
runout distance, the simulated debris flow reaches lakenain lake outbursts were recorded from lake Grueben. Both
Gelmen. There are no other structures potentially affecte@vents, in 1921 and 1941, were related to ice masses
before the flow reaches lake Gelmen (Fig. 7). damming the lake, which eventually provoked the outbursts.
A second debris flow of slightly different conditions was The 1941 event caused damage along the flow channel and
modeled in the same Gelmen catchment further to the weggarticularly in Handegg, where the Grimsel Pass road was
(Fig. 8). The debris flow is triggered at the top of a similar butdestroyed. Since then, the Grueben glacier has predomi-
smaller talus slope. The model suggests that the debris flowantly been in retreat and no further catastrophic events have
reaches the periglacial lake immediately below, which haseen recorded. Between 1950 and 1954, the hydropower
formed in the cirque after glacier recession. Though such @ompany KWO constructed a water intake at both lake
debris flow is probably of limited size (channel length of Grueben and Grueben glacier. These water intakes are
200 m, estimated maximum flow size @B000 to 6000 rf) presently still providing water for the larger Grimsel hydro-
and energy dissipation is not directed straight to the danpower system.
outflow, an adverse impact on the lake cannot be excluded. Today, the glacier is located less than 100 m from lake
The slope of the inflowing mass is rather steep’2%he  Grueben. The modeling performed suggests several potential
lake has a considerable area of 28,000 with a probable ice avalanches from the Grueben cirque reaching the lake.
volume of 150,000 to 300,000%0f water. Based on analysis Two main avalanche trajectories can be roughly distin-
of the IKONOS image, the lake is dammed by morainic guished, one entering lake Grueben from the north and a
sediment, with bedrock depth probably being not more than aecond one from the south. Both inflow directions are
few meters. Bedrock is exposed at the surfacé0Om  approximately perpendicular to the longitudinal axis of the
downstream from the dam crest. An overflow channel hadake, which results in a stronger dissipation of (wave) energy
developed. A potential impact wave by an inflowing debrisat the opposite bank than at the lake outflow. Inflow slopes
flow and subsequent overspill of the dam could cause erosioare ¢.10° for the northern and.20° for the southern ava-
of the sediment at the dam. The slope downstream of théanche. The effect of an impact at the lake outflow is not
overflow is 15 to 20°, with a smaller drop of 3Q and then it clear. However, in consideration of the lake size (60,08 m

Process interactions
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probability Fig. 8. Modeled initial debris flow and subsequent lake outburst. Debris flow
850" 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.
Fig. 7. Model of a potential debris flow initiated at the contact zone of a large P 9 P

debris reservoir with bedrock. The color range of the flow model relates to the

probability of a certai_n _ceII to be affected. The model is projected on theghown that small overflows can also be sufficient to trigger

lﬁgl'i';isfrf&rm:ég t';?("’;?]e;fm;jig;e;ber 2000, and at the edge °?iebri§ 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

the ratio, H, would likely be between 1:10 and 1:100 in thelong section of unconsolidated sediment which could

case of an impact by a major ice avalanche. Lake overpossibly be mobilized by such an event. The modeled debris

topping is then a realistic scenario. Recent cases have therelflpw reaches Handegg and the Grimsel Pass highway (Fig. 9).

Gauli glacier low hazard
» probability

m— Main road _ High i
munn minor road/trail probability

Fig. 9. Modeled process interactions within the study region showing potentially unstable glacier areas (blue), ice avalanches (white) and dehuisirfiipws res
from lake failure (color range). The color range of the flow model relates to the probability of a certain cell to be affected. Potentially endaffigexades,
roads, or hiking areas can be observed. The models are projected on the Landsat-TM image from 31 August 1998.
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A second focus of process interaction modeling is directedhe interaction of hazardous processes in glacial and
on the Gauli glacier area. The Gauli glacier, currently with anperiglacial environments based on remote sensing data and
area of 13.7 krfy has substantially retreated in recent years.GIS. The emphasis is thus on developing and demonstrating
In the glacier forefield, mainly consisting of bedrock, two techniques and tools for first-order hazard assessments,
main lakes have formed (and recently joined) and arerather than on the analysis of the actual hazards encountered
presently increasing roughly proportional to the glacierin the selected region. Regional-scale studies such as the
recession rate (Fig. 10). Further downstream, a reservoipresent one enable us to indicate where complex hazard
lake called Mattenalp is dammed by a 25-m high weightinteractions can possibly be found. In doing so, they prepare
dam. A water intake serves the Grimsel hydropower systemthe field for more detailed analyses which are needed for a
The model indicated several possible process interactionghorough study of processes and associated parameters and
Two ice avalanches were modeled into the southern part oéffects. Consequently, this relates as follows to the processes
Gauli glacier lake from the south and south-west, with slopedreated here.
entering the lake at 3tand 13 to 20, respectively. Due to
the inflowing direction and slope, it is assumed that the
south-western ice avalanche has a higher potential fotce avalanches
producing an impact wave and subsequent outburst ﬂoodR

Predominant bedrock conditions and moderate slopes be_emote sensing Imagery W'.th spatial _resolutlon in the range
of 20 to 30 m and appropriate near-infrared spectral reso-

tween the Gauli glacial lake and lake Mattenalp make a i . _ -
A . . X ution allows mapping of glacier ice, and could indicate
significant flow increase by sediment entrainment rather

. . . recent major break-off zones or ice avalanche deposits.
unlikely. According to the model, lake Mattenalp can be hit . . .
. . . IKONOS imagery, representing the new generation of very-
either by such a flood or an ice avalanche from a small glacie

at Steinlauihorn, 2 km south-east of lake Mattenalp. In thehIgh resolution space-borme data, allows for studying

. - . - crevasse systems and more details on break-off zones.
absence of a detailed engineering study, we consider thg.” "~~~ * S .
oo g iscrimination of further characteristics, such as surrounding
possibility of severe damage of the weight dam at lake

Mattenalp by such inflowing mass movements unlikely. bed conditions, meltwater presence or general ice structure,

However, depending on the dam freeboard, an overtoppinand ice volume estimates, may thus be facilitated. However,

wave cannot be excluded. The size of the subsequent debr?%vestlgatlon of glacier stability and break-off conditions

flow (or flood) largely depends on the overtopping water avalanche starting conditions) is extremely difficult and

volume and is not further analyzed here. The debris flow wasfalrly uncertain, particularly for steep or hanging glaciers. In

routed downstream by the model. The runout distance igeneral, it remains highly complex to predict the avalanche

. S tarting volume or the time of failure. In selected critical
related to the sediment concentration in the flow, an . . .
- . . cases, direct measurements (e.g. ice deformation rates) can
therefore also depends on the available sediment in the flo . .
trajectory e 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
Discussion here on topography-related hydrological flow routing.
0§a|zmann 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.

This paper presents a concept on the modeling potential

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
Fig. 10. Gauli glacier tongue with the proglacial lake. The width of the valley Walder & Q'Connor (1997) and Fread (19.91)’ r_espectlvely.
bottom covered by the lake 700 m. Arrows indicate the flow trajectories Assessment of downstream flow hazards is achieved here by
of ice avalanches as modeled and shown in Fig. 9 (photo: H. Glauser, Jul@ model which provides potentially endangered areas in
2003). terms of probability. However, the model does not directly
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give any information on the expected debris flow volume, Process interactions
amount of sediment eroded and deposited, or on flow dept . .
and velocity (Huggel et al. 2003b). These parameters can b o date, the problem of process Interactions hfas sequm been
estimated by empirical models, or alternatively or Comple_addressed with respect to glacial hazards. This study intends

mentarily by physically-based models. A main obstacle witht© achieve systematic modeling of such interactions. As for

the application of physically-based models in this area is théhe modeling of individual processes, a regional-scale range

difficulty of assessing parameters required for models, e. was chosen. In consideration of the complexity of interacting

the volume of water released from the lake. Assumption rocesses, the model requires an expert to interfere and ana-

which need to be made can have a Iar.ge degree ize the conditions at the interface of interacting processes.

uncertainty. In particular, in glacial and periglacial areas, he most Imminent and vx_/ldespread haz?“ds emerge from
mass movements into glacial lakes. Here, ice avalanches and

collection of field data may be impossible or prohibitive in debris fi idered il h
terms of finance, time or personal risk. For the determination €bns Tlows Were considered as Inflow Processes, whereas

of the runout distance of the outburst-related debris flow > avalanches, rockfall or _Iandshdes were be_yond the
relying on a 1-parameter model is a simplification but oneScope of the study. The model is capable of indicating where

that is viable for regional-scaled first order assessmentgr't'call situations may be found. Based on reasonable

(Huggel et al. 2003a). Models based on energy dissipation Ozf;ssumptions, findings from recent studies and digital terrain

volume conservation approaches can be applied for morgata' a first-order as;e;ssment of the effects on the lake was
conducted. For a critical case, the flow dynamics of the

detailed studies (Hirano et al. 1997, Zimmermann et al.. .

1997). incoming mass movement anq the eﬁects on wave Iength 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

Periglacial debris flows generally remains highly complex. The inflowing mass

The method presented to detect steep debris reservoirs basé%lume is one of the most critical parameters that needs to

on IKONOS imagery allows remote assessment of potentia N as\s/,elssr(ra]d.i chr)wevﬁtr\’lvipt);edr']c“?? igI the r?iot?n:llalf f?'il'ng
debris flow initiation areas. Results show a high ac:curac;maSS olume IS fraug uncertainty, particuarly for ice

compared to the less successful combined AI\lN/SIopeavalanches. It is therefore suggested here that different

classification. The ANN classification indicated that Spatialscenanos of mass fal_lure and flow are defl_ned including a
resolution of remote sensing data is an essential element. | orst-case, which typically assumes instability of the whole

fact, due to the spectral similarity between debris and anging glacier in the case of ice avalanches. Other process

bedrock, the latter had to be distinguished by a measure d tgrgctfllons, suhch I?js ﬁlverbdatmlTlng_ tt)y ice avatlagch(as_ or
texture at a spatial resolution higher than Landsat-TM allows ebris Tlows, should also be taken into account. such ice
for. The scale difference between 1-m spaced IKONOSavalanche dams often burst by sudden failure unl_ess the dam
imagery and 25-m spaced DEM data can theoreticallyinducéS very large (several hundred meters long), highly com-

classification errors. According to the algorithm used, a 25- acted, and W!th a sigqificant content .Of debris"alia?t al.
spaced slope cell (between 2and 38) is classified as 003a). Empirical relations for peak discharge estimates of

‘debris with critical slope value’ if there is a majority of 1-m sudden ice dam failures have been provided by, for example,

spaced debris cells intersected with this cell. Based on this'_k"eberl.I (1983) and Walder & Cpsta (1996). Ir! vView Of. the
Ihtegrative hazard assessment aimed at here, information on

the scale difference theoretically induces an erds0%. infrastructure was included. Individual buildinas were not
Larger, connected areas of debris have smaller errors thafj rastructure was included. /ldual buildings were no
nsidered since that would require a more detailed assess-

areas with small debris patches. Analyses have shown th&
such errors do not significantly affect the subsequent debrid?ent than performed here.
flow modeling. An interesting question, not investigated

here, is the minimal spatial resolution necessary for

_successfu_l detection of debris r_eservoirs. If, for i”St.ancePerspectives

images with a 2.5 or 5m resolution (e.g. corresponding to
satellite sensors SPOT-5 Pan or IRS-Pan, respectively) yiel@he use of recent satellite imagery together with simple but
acceptable results, a more economic and efficient solutiomobust models is an effective tool to address rapid changes in
could be achieved due to the larger area covered by a satelliglacial and periglacial environments and to assess the related
scene and the lower price per kife.US$1 to 1.5 per kifor hazards. Climate change can significantly affect the condi-
SPOT-5/IRS compared to US$20-30 per’or IKONOS).  tions in glacial and periglacial areas, though the related
As an alternative to IKONOS, though on comparable effects and processes are often not well understood. Degra-
expense, QuickBird panchromatic imagery of 0.6 m spatialdation of permafrost (Haeberli et al. 1997) or ice-cored
resolution could be used. If an area under investigation isnoraines (Richardson & Reynolds 2000b) can increase the
covered by recent aerial photography this may be the mostelated hazards. As far as hanging glaciers are concerned,
economic and practical solution. However, in areas withoutknowledge on their reaction to rising temperatures is limited.
any aerial photography, IKONOS and QuickBird data mayThe small number of studies available indicates a potential
still be a more economic or even the only solution, par-reduction in stability due to changes in the thermal and
ticularly if political, military/strategic, or technical restric- hydrological regime of the glacier (lthi & Funk 1997,
tions are involved. Haeberli et al. 1999). In periods of glacier recession, glacial
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lake formation tends to increase (Richardson & Reynolds moraine-dammed lakes in British Columbfguarternary Science Reviews
2000a, Kdb et al., in press). In the region of the present Diilgyclamg:)\l/v?egr?. H., Gerlach, F., Grodecki, J. & Oleszczuk, R. 2003
StUdy’ tWO_ Smkmg_ examp_les Of_ lake formatlon_ a”‘?' rap|d IKONOS satellite, imagery, and producRemote Sensing of Environment
growth which modify and intensify the hazard situation are gg 23-36.

found (i.e. Gauli and Trift glacial lakes) (Fig. 1), and stressDeline., P., Chiarle, M. & Mortara, G. 2002. The frontal ice avalanche of
the importance of periodic observations { year in these Frebouge Glacier (Mont Blanc Massif, Valley of Aosta, NW Italy) on 18
cases). glacier retreat also continues to expose debris accy September 200Zeografia Fisica e Dinamica Quarternaria 25, 101-104.

lati H d £ d | b . L-Jtto, F., Godone, F. & Mortara, G. 1991. Iceulement du Glacier
mulations. Hazardous future developments may be antici- superieur de CoolidgeRevue Géographique Alpine 79, 7—18.

pated by assessing glaciers with sediment beds (Maisch et atvans, S.G. & Clague, J.J. 1994. Recent climatic change and catastrophic
1999, Zemp 2002) and estimating related slopes. geomorphic processes in mountain environme@somorphology 10,
Though the methodological strategy presented here is 107-128.

. . . . . read, D.L. 1991 Breach: an erosion model for earthen dam failures.
designed to meet the change in glacial and periglacial areag, National Weather Service, NOAA, Silver Spring, MD.

technique_s may be subject to adeStment t(_) new d_at"ltritz, H.M. 2002. Initial phase of landslide generated impulse waves.
available in the future. Recent very-high resolution satellite Mitteilungen der VAW/ETHZ, 178, Ztich.
sensors such as IKONOS, QuickBird or SPOT-5 haveFunk, M. & Minor, H.E. 2001. Eislawinen in den Alpen: Erfahrungen mit

already widened the horizon of application techniques Schutzmassnahmen und”RerkennungmethodenWasserwirtschaft 91,
(Goward et al. 2003, Huggel et al. 2003c). The developmen 362-368.
' ! g9 ' ' p Eoward, S.N., Townshend, J.R.G., Zanoni, V., Policelli, F., Stanley, T.,

of new sensors with high spatial and spectral resolution is Rryan, R., Holekamp, K., Underwood, L., Pagnutti, M. & Fletcher, R. 2003.
continuing, and DEM quality and spatial resolution are Acquisition of earth science remote sensing observations from commercial
expected to be improved (i&h et al. 2003b). On the other sources: lessons learned from the Space Imaging IKONOS example.
hand, the production of increasingly large data volumes ma)§ Remote Sensing of Environment 88, 209-219.

. . . reminger, P. 2003. Managing the risks of natural hazards. Rickenmann, D.
make adequate techniques for data handling and retrieval of ¢ chen, c.L. (eds.)Debris-Flow Hazards Mitigation: Mechanics, Pre-

information over large areas an increasingly more critical diction and Asssessment, 39-56. Third International DFHM Conference,
issue. Davos, Switzerland, 10-12 September 2003. Millpress, Rotterdam.

Finally, a note on user perspectives: Commercia”yHaeberli, W. 1983. Frequency and characteristics of glacier floods in the

. . . . . Swiss Alps.Annals of Glaciology 4, 85-90.
oriented practice still strongly relies on aerial phOtOgraphy.Haebem’ W. 1996. On the morphodynamics of ice/debris-transport systems

Thg methods presented here are basically compatible with in cold mountain areaslorsk Geografisk Tidsskrift 50, 3-9.
aerial photography but the automatic procedures would theraeberli, W. & Burn, C.R. 2002. Natural hazards in forests: glacier and
be lost. An exception is the method to detect steep debris permafrost effects as related to climate change. Sidle, R.C.FKadnon-

; ; i ; _ mental Change and Geomorphic Hazards in Forests, 167-202. IUFRO
reservoirs, since IKONOS panchromatic imagery is compar Research Series 9. CABI Publishing, Wallingford/New York.

able to aerial phOtOQrath- In a.-dd't'orl‘ to thIS, the mOdeISHaeberli, W., Alean, J.-C., Mier, P. & Funk, M. 1989. Assessing the risks
presented here are relatively simple in their use and thus from glacier hazards in high mountain regions: some experiences in the

favor the application in practice. Hence, the models may be a Swiss Alps.Annals of Glaciology 13, 77-101.
tool for practitioner institutions to assess potential hazardiaeberli, W., Rickenmann, D. & Zimmermann, M. 193dirgange. In

. . . : . : . Ursachenanalyse der Hochwasser 1987, Ergebnisse der Untersuchungen.
process interactions in glacial and periglacial environments Mitteilung des Bundesamtesrfasserwitschaft, 4, Bern.

as well as their likely effects on downstream areas. Haeberli, W., Wegmann, M. & Vonder Mhli, D. 1997. Slope stability
problems related to glacier shrinkage and permafrost degradation in the
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