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1. Jokulhlaups and drainage of glacier dammed lakes

Jokulhlaups are glacier outburst floods caused by the sudden drainage of water reservoirs located in
(internal water pockets), on or at the margin of glaciers. During the flood, the discharge at the glacier
terminus can increase by more than one order of magnitude within a time period varying between
hours and days, as shown by documented past events. Jokulhlaups have caused substantial damage in
the past in most glacierized high mountain areas in the world, including Switzerland. Glacier outburst
floods are documented for the Alps (Rothlisberger, 1981; Haeberli, 1983; Raymond et al., 2003),
Norway (Liestal, 1956), Iceland (e.g. Bjornsson, 1992, 2002), Canada (Clague and Mathews, 1973;
Clarke, 1982), Alaska (e.g. Anderson et al., in press) and most other glaciated regions of the world
(e.g. Walder and Costa, 1996; Tweed and Russell, 1999). Glacier floods represent in general the
highest and most farreaching glacial risk with the highest potential of disaster and damages. Because
of accelerated glacier retreat due to climate warming, former glacierdammed lakes e.g. Marjelensee,
which is known to have drained periodically with catastrophic consequences in the last century
(Raymond et al., 2003) can almost disappear, while new ones can form at places without known
historical records (e.g. Belvédere glacier, Monto Rosa, Italy, (Haeberli et al., 2002)). For this reason
and because in some areas in the Alps infrastructures and settlements were developed only recently,
the hazard potential of existing and newly forming glacierdammed lakes must be considered. For an
efficient hazard assessment strategy, an accurate prediction of the timing, duration and magnitude of
the glacier flood event is crucial. Furthermore, during megafloods from large icedammed lakes which
formed in front of the Laurentide Ice Sheet during the last deglaciation (approx. 812 kyr. BP), huge
amounts of fresh water were routed to the Arctic Ocean within a short time period (a few years).
According to recent studies, these floods are linked to abrupt but shortlived climatic cooling events
(Clarke, 2002; Broecker and Denton, 1990).

Outburst floods from subglacial or icedammed lakes (e.g. Bjornsson, 1992) are commonly described to
occur when the lake level has risen to a critical level before the hydrostatic water pressure maintained
by the lake is equal to the ice overburden pressure of the ice dam. As water begins to leak underneath
the dam, flow typically localizes in one or a few channels incised into the ice. Such channels increase
rapidly in size due to meltback of the ice walls caused by the dissipation of potential energy (e.g.
Réthlisberger, 1972; Nye, 1976). As lake drainage proceeds, water pressure in the channel drops and
creepclosure of ice dominates meltenlargement progressively. The rapid closure or even collapse of
the channel can stop the flood, even if the lake is not empty. The typical jokulhlauphydrograph has an
exponentially ascending limb (because of progressive channelgrowth) and a steep falling limb,
reflecting rapid closure of the conduit (e.g. Rist, 1955; Bjornsson, 1974).

Rothlisberger (1972) and Shreve (1972) were the first to describe the physics of steady water flow
through icewalled conduits. Based on these theories, Nye (1976) published a timedependent theory
and successfully simulated ”slow” (several days) jokulhlaup events. In the Nye theory the effects of
lake temperature are ignored and several assumptions are made: a simplified form of heat transfer is
postulated and water flow is assumed to be driven by the hydraulic potential gradient averaged over
the length of the conduit. Clarke (1982) modified the theory to account for the effects of lake
temperature and reservoir geometry. Spring (1980) and Spring and Hutter (1981, 1982) developed the
most complete theory of the drainage process, including the temporally evolving water velocity,
discharge, temperature and crosssectional area over the entire length of the conduit. However, their
system of equations was not solvable without major simplifications, so that they could not demonstrate
the effective impact of their theoretical innovation. Their system of equations suffers from numerical
stiffness, a fact which restricts the applicability of their theory in a numerical model.

Recently, Clarke (in press) removed the source of numerical stiffness that plagued the SpringHutter
model and the full system of equations can now be solved numerically. Analyzing the behaviour of the
model, Clarke (in press) showed that some of the key assumption of previous models (e.g. Nye, 1976;
Clarke, 1982) are not generally satisfied. While previous studies assume that outburst floods are
controlled by conditions at a single point along the conduit (bottleneck model), solutions of the more
general SpringHutter model indicate, that flow constrictions appear to be highly mobile during the
course of an outburst flood, and for some floods the dominant flow constriction is not located close to
the water reservoir (as it was assumed in previous works), but near the tunnel outlet.
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All theories presented so far are able to explain socalled “slowly rising” jokulhlaups, in which a
balance between melting of ice and release of potential energy is described. Some observations in-
dicate that rapidly rising” jokulhlaups can occur (e.g. Bjornsson, 2002; Johannesson, 2002b), which
are governed by a fundamentally different physical mechanism as in the “’slowly rising” case. The
Grimsvotn (Vatnajokull, Island) jokulhlaup of 1996, triggered by a subglacial volcanic eruption, is a
typical example illustrating the “rapid rising” case. According to Johannesson (2002b), rapidly ris-
ing” jokulhlaups can be large or small, and may originate from both, subglacial and marginal lakes at
many different locations. They are also not limited to cases induced by volcanic eruptions. It follows
that the existence of two main types of jokulhlaups must be assumed, governed by fundamentally dif-
ferent mechanisms and resulting in fundamentally different hydrographs. The example of Grimsvotn
shows that both types can occur at a single location and that the trigger mechanism determines the
type of lake drainage. When a jokulhlaup is initiated by a water pressure exceeding the ice overburden
pressure of the ice dam, a pressure wave outburst will occur, whereas a flood triggered at a lower
water level will be characterized by the progressive enlargement of a single drainage channel. These
two situations are believed to be determined by the rate at which the lake fills with water. If the water
level rises slowly, preexisting hydraulic connections can adjust to the changing conditions and the
hydraulic seal that controls the flood initiation migrates closer to the lake. The flood is triggered when
the seal reaches the lake position and the flow path increases gradually in size by meltenlargement. In
contrast, in the case of a fast rising lake level drainage occurs when the water pressure in the ice dam
exceeds the ice overburden pressure. Flow paths are then rapidly enlarged by hydrofracturing and
water spreads out laterally along the glacier bed.

Empirical methods to estimate the peak discharge from lake characteristics have been developed by
Clague and Mathews (1973) and Walder and Costa (1996). Ng and Bjornsson (in press) investigated
the ClagueMathews relation in light of the Nyetheory. Fowler and Ng (1996) and Ng (1998) advanced
the Nyetheory by considering the flood conduit to be floored by deformable sediment and Fowler
(1999) concentrated on the conditions for triggering outburst floods from a lake dammed by a soft-
bedded glacier. Walder and Costa (1996) considered a breach drainage mechanism and in analogy to
the Nyetheory, Raymond and Nolan (2000) developed a model to describe floods by overtopping of
the ice dam. Szilder et al. (1997) analyzed the stability regimes for water flow in a subglacial conduit
draining from a reservoir.

The assessment and prevention of natural hazards related to jokulhlaups requires a reliable prediction
of the timing, duration and magnitude of the outburst flood. The following limitations and open
questions can be identified in previous works and existing theories:

- The empirically derived relation of Clague and Mathews (1973) is helpful to estimate the
magnitude of a jokulhlaup from the lake volume. However, the scatter of observed versus
predicted values is considerable (Walder and Costa, 1996) and the relation appears to be site-
specific (Ng and Bjornsson, in press).

- The mechanism of jokulhlaup initiation is poorly understood. Some lakes drain when the
water level reaches floatation pressure of the ice dam whereas others release their water at a
lower level (e.g. Walder and Costa, 1996; Bjornsson, 1992; Johannesson, 2002a,b). Fowler
(1999) developed a model which explains both types of triggering a jokulhlaup from
Grimsvotn. He demonstrated that the seal will break (the flood will be initiated) while the lake
level is below floatation pressure when the lake filling rate is low (in the case when the
potential gradient toward the lake is low). On the other hand, floatation can be achieved before
a flood is initiated when the lake filling rate is rapid.

- To assess the flood duration and peak discharge, the models of Nye (1976) and Clarke (1982)
yield reasonable estimates in some cases (Nye, 1976; Clarke, 1982; Bjornsson, 1992), whereas
in other cases they fail (Walder and Costa, 1996; Bjornsson, 2002; Jéhannesson, 2002b).

- Observations of supercooled water or water at the freezing point disagree with model calcu-
lations which predict a higher water temperature at the glacier terminus (Johannesson, 2002b;
Clarke, in press).

- The roughness coefficient in the hydraulic equations (e.g. Nye, 1976; Spring and Hutter, 1981;
Clarke, 1982) is implausibly high throughout all the different studies carried out so far. Clarke
(in press) associates this shortcoming with the unsatisfactory formulation of heattransfer that
is commonly used. Further, the high value may result from the simplifying assumption of a
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straight conduit axis since curvature and irregularities in the geometry of natural conduits
contribute additionally to frictional head losses (Schuler, 2002).

- The turbulent friction laws used so far were empirically derived for flow of water through
pipes with rigid walls (e.g. Bird et al. (1960)) and not for water flowing through its solid
phase.

- The spectacular 1996 jokulhlaup from Grimsvétn (Gudmundsson et al., 1997; Jéhannesson,
2002b; Bjornsson, 2002) revealed several unexpected aspects and, thus, highlights the need to
improve existing theories. For example, the catastrophic release of water (Bjornsson, 2002;
Johannesson, 2002b) and ice fracturing at the surface (Roberts et al., 2000; Waller et al., 2001)
strongly suggest that the flood moved like a pressure wave that propagated spatially
distributed over the glacier bed. This governing process differs substantially from the
mechanism described in the classical theories (Nye, 1976; Clarke, 1982, 2003) where water
flow is confined to a single conduit.

Data about jokulhlaups are sparse and available data are of highly variable quality and detailedness
(Walder and Costa, 1996; Anderson et al., in press; Clarke, in press). However, substantial progress
related to the above mentioned open questions require better observational data (Clarke, in press), in
particular, high quality data of:
- the geometry of the glacier bed and surface between the lake and the glacier snout,
- the strain rates at the glacier surface in the vicinity of the ice dam before, during and after the
drainage of the lake,
- the volume and rate of release of water impounded in an icedammed lake,
- the temperature of the impounded water, and
- the timing and hydrograph of the resulting flood at the glacier terminus as well as the water
temperature and ice content.

Subglacial drainage system

Closely associated with the outburst of water from glacierdammed lakes is the question of how this
water is routed within and beneath the ice to the glacier terminus. The study of subglacial drainage is
of importance since it controls glacier dynamics (e.g. Iken and Truffer, 1997; lken and Bindschadler,
1986; Iverson et al., 1995). Because water moves in response to potential gradients, drainage beneath
glaciers is in the simplest case controlled by geometric influences of the ice and bed. Thus,
measurements of ice surface and bedrock topography can be used to gain insights into the likely
locations of subglacial drainage catchments and preferential drainage axes. This approach requires the
derivation of two geometric quantities: a map of the hydraulic potential surface and the distribution of
a terrain characteristic called upstream area across the glacier bed (Flowers and Clarke, 1999, and
references therein). The total hydraulic potential is the sum of pressure potential and elevation
potential (Shreve, 1972), where the water pressure is usually assumed to be spatially uniform and
equal to some fraction of the iceoverburden pressure. For a particular gridcell of a hydraulic potential
surface, the upstream area is computed as the sum of all gridcell areas that are upstream and connected
(Zevenbergen and Thorne, 1987).

To explore the trigger mechanisms of jokulhlaups and to obtain more insight into the incompletely
understood controlling mechanisms combined field and modelling studies are necessary.
In particular the following open questions must be answered:

1. How the position of the seal is controlling the start of the lake drainage ?

2. What is the effect of the rising rate of the lake level on the start of drainage ?

3. Is the currently used heat exchange empirism between the water and the ice in the englacial or
subglacial conduits appropriate and what alternatives can be proposed ?

The mechanics of flood initiation, as describes by Fowler (1999), should be analysed with the Spring-
Hutter (1982) model. Fowler's analysis is based on the Réthlisberger-Nye model, in which the
assumption is made, that the flood is controlled by a "seal" acting as a flow-restricting bottleneck and
which is spatially fixed and situated close to the reservoir so that the water temperatur corresponds to
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that of the reservoir. As Clarke (in press) has shown in his work, this assumption is not generally
valid. Fowler's (1999) results indicating that the Rothlisberger-Nye's model provides a robust
explanation of the flood initiation is in sharp contrast with Johannesson's (2002) conclusions.

The Spring-Hutter model and earlier works appears to overestimate the temperature of the water
exiting the glacier at the snout. The reason is probably that the empirical formulas for heat exchange at
the conduits walls are inappropriate. Exact knowledge of the turbulent friction law in a conduit is
necessary to test whether the applied heat transfer law is appropriate or not. A thorough calibration of
the conduit roughness and an appropriate roughness description (Manning, Darcy-Weissbach or
others) for outburst floods is therefore mandatory to improve existing models. It is also necessary to
test the theory by laboratory experiments. In particular, it is important to test if the applied laws for the
turbulent friction and the heat transfer are appropriate or not. One should also verify if the assumption
of constant conduit geometry with time is correct or not. Finally, the question whether the straight-
channel theory is appropriate or not waits to be answered.

To achieve the goals the following data should be collected or prepared from case studies:

- Radio-echo-soundings to obtain the glacier bed.

- Photogrammetry of aerial photographs to obtain the present surface topography.

- Photogrammetry of aerial photographs taken before and after lake drainage to derive the lake
volume.

- Monitoring the evolution of water-level and temperature in the lake.

- Recording the flood hydrograph and water temperature at the exit from the glacier.

- Monitoring the local horizontal strain rates at the glacier surface in the vicinity of the lake
during lake filling and drainage with an automatic theodolite and GPS.

- Monitoring the internal ice deformation with permanently installed tilt sensors.

- Monitoring the vertical strain rates with depth in boreholes.

- Monitoring the englacial water pressure with permanently installed pressure transducers.

- Monitoring deep seismic signals (known as icequakes) during the flood in the ice dam area.

- Conducting tracer experiments before, during and after the flood.

The expertise developed on the glacial lakes of Rocciamelone and of Belvedere Glacier brings to some
considerations related to the studies to carry out in order to prevent or mitigate the GLOF hazard. The
recommendations for the future are:

- To acquire historical data on the glacier and on possible GLOF of the past (pictures,
airphotographs, chronicles, witnessed experiences, unpublished technical reports, scientific
publications). All these data are useful to reconstruct the evolutionary trend of the glacier and
the lake, if this trend is already present, and to define the occurrence frequency, magnitude,
the damage caused by past glacial outburst floods.

Very important

- To take every year airphotographs of the glaciers affected by epi- or proglacial lakes.
Useful in order to follow the evolutionary trend of these glaciers and lakes.
Advisable, expensive.

- To carry out bathimetric survey of the epiglacial lakes in order to define the intensity of the
thermokarst processes.
Advisable, expensive.

- In case of moraine-dammed lakes, to perform geophysical surveys of the moraines to ascertain
the presence of dead ice bodies (ice-cored moraines).

Advisable, expensive.

To install ablation stakes on the glaciers in order to evaluate the mass balance.

Advisable, expensive at the beginning, less expensive for the following seasonal
measurements.

- To assess the risk due to waves overtopping the dam of the lake in case of ice/rock/snow
avalanches impact or of the glacier ice cliffs breaking-off.
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Advisable, inexpensive.
In case of emergency is necessary to obtain immediate information about the following parameters:

- lake’s overall volume and the related level-volumes curve to determine the pumping plant (if
this remediation work is settled) and to assess its efficiency;

- the morphology of the lake bottom (by bathimetric survey), to evaluate the optimun position
for the pumping station and the presence of possible areas of critical stability within the
reservoir;

- the glacier-ice thickness underneath the lake and its immediate areas (by geo-radar survey) to
evaluate the stability of the damming ice and the opportunity to undertake a possible drilling
of the basin’s bottom to promote the subglacial drainage;

- amap of the subglacial discharge route (by tests with tracers), with the aim to investigate the
possible connection with streams and springs below the glacier.

The high risk of GLOF directed the italian partners’ efforts to develop studies and promote factive
actions in cooperation with public administrators, National Civil Protection, research organizations.

As a matter of fact these two glaciers became exceptional field laboratories that should be followed in
the future, even after the end of the Glaciorisk Project. Moreover the Belvedere Glacier is still
extraordinarily dynamic and will likely cause hazard situations in the next years. In the same way the
epiglacial Rocciamelone lake seems to become still larger and deeper and therefore will endanger the
reservoir located in the valley below.

For these reasons a continue survey of these two glaciers is highly recommandable. Hopefully the
gained experience and the historical and experimental data will not get lost.

2. Stability of steep glaciers and ice avalanches

Alpine glaciers can be the source of spectacular ice avalanches when parts of them break off.
Although ice avalanches are relatively rare, in some cases they do threaten settlements and other fixed
installations. Several ice avalanches consiting of more than 10° m® of ice have occured in the Alps; the
destructive power of an ice avalanche increases during winter when snow may be entrained by the
flow. Particularly destructive events may be generated when rock and/or water is entrained into the
flow; such mixed-flow avalanches can run long distances.

The most destructive release of ice on record occured in the Peruvian Andes in 1962 and 1970. In
1962, a large snow and ice avalanche from Mount Huascaran traveled 16 km into the Santa Valley,
destroying 9 small towns and killing more than 4’000 people. In 1970, an earthquake triggered another
ice avalanche from near the summit of Huascaran (Patzelt, 1983, Lliboutry, 1975; Plafker and Eriksen,
1978). Total vertical descent was more than 4’000 m and the estimated volume (10’-10%m®) was about
10 times more than the 1962 disaster. The city of Yungay was completely buried by the avalanche and
more than 18’000 people were killed. In both cases, rock and soil entrained in the avalanche added to
the destruction. A similar process was the cause of the recent impressive and catastrophic event in
Dzimarai-Khokh (Caucasus), in which many peoples were killed (Kaeaeb et al., 2003). The largest
known release of ice (5 10°m’) in the Alps occured on 11 September 1895 from the summit region of
Altels (Bernese Alps, Switzerland). It is generally thought that the cause of the release was a
weakening of the contact between the ice/rock interface, possibly as a result of a frozen zone near the
snout of the glacier which was gradually thawing during several exceptionally warm summers prior to
the event. The probable failure process was a reduction of support at the bed, which initiates tensile
failure at the top and more complex fracturing at the other boundaries (Rothlisberger and Kasser,
1978; Rothlisberger, 1981; Raymond et al., 2003). The most destructive recent event occured in Valais
(Switzerland) on 30 August 1965, when a major portion of the terminus of Allalingletscher (2 10° m®)
slide down a rock slope of about 27°, claiming 88 victims at the Mattmark dam construction site.
Subsequent investigations showed that the avalanche released during a periof of enhanced bed-slip
that started 2-3 weeks earlier. Similar seasonal changes in speed have been observed in the years after
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the catastrophe, and it is now known that Allalingletscher speeds up regularly every 1-3 years.
Enhanced sliding usually starts in summer or late autumn and ends at the beginning of winter but in
most cases no large release of ice happens; evedently the speed-up event is necessary but not sufficient
to cause breaking off. It is likely that the convex bed topograpphy and a critical mass distribution also
contributed to the Mattmark catastrophe.This phenomena leads to the greatest known falling ice
volumes.

Snow avalanches or mudflows can be triggered by ice avalanches and devastate areas far away from
the glaciers. Experience shows that the larger the ice avalanche, the smaller is the probability of its
occurrence. Very large events have a return period of the order of one or two generations. The
perception by the local inhabitants of the dangers inherent to these glaciers is often missing.
Furthermore, due to climate variations, some hanging glaciers undergo rapid changes leading to
isolated catastrophic events or new situations, for which an historical background is missing. For these
reasons inhabitants of endangered zones show a psychological barrier to recognize or acknowledge an
immediate danger. On the other hand, experts may be wrong with their interpretation of observations,
which is largely based on previous experiences and intuition. In this paper we discuss the stability of
two types of glaciers: hanging glaciers and steep glacier tongues.

Hanging glaciers are a fascinating class of small glaciers characterized by the contrast of their wild
beauty and the dangers inherent to ice fall. The typical feature of hanging glaciers is the absence of
ablation replaced by a mechanical release process of ice mass. The second type, steep glacier tongues,
concerns alpine glaciers ending in a steep (25 degrees or more) slope.

Direct measurements of a threatening hanging glacier are usually sparse, not representative and
difficult to interpret. Most of the time, these measurements are carried out after clear signs of
destabilization have been observed. The knowledge of the conditions prevailing before an unstable
state is therefore rare. The factors responsible for the destabilization of large ice masses are the
mechanical behavior of ice and the applied loads in the zone of fracture. The physics of the ice be-
havior and the feedback mechanisms between ice deformation and load repartition are complex and
yet mostly unknown. Moreover measurements are difficulty to perform on these steep, heavily
crevassed and avalanche endangered glaciers. Lack of theory and efficient measurements make an
accurate assessment of the stability of hanging glaciers difficult. In this paper a thorough presentation
of recent investigations on some hanging glaciers and steep glacier tongues located in the Alps is
presented to understand the physical processes governing the dynamics of hanging glacier and their
complex relations. Mechanisms leading to rapid changes in the stability of the glaciers are identified.
The occurrence of the ice fall are analyzed. Empirical methods are applied to evaluate the danger of
ice avalanches and to forecast the failure time.

Classification

Numerous case histories from Switzerland have been used to identify typical morphological features
of zones where glacier break off and relationships between the volume, velocity and runout distance of
ice avalanches. It is usual to distinguish between two main types of failure processes and topography
of the bedrock (Haefeli, 1965): the wedge failure and the slab failure process.

- Hanging glaciers typically flow over a moderately inclined bed (< 10°) and end in a frontal ice
cliff near where the slope angle increases. Wedges of ice tend to break off when the cliff
steepens or becomes overhanging. The basal ice temperature is either temperate or cold. The
unstable ice mass (lamella) separates progressively from the glacier by the formation of a
frontal crevasse due to traction forces acting at the terminus part of the glacier. The lamella
tilts progressively downstream. When the ice cliff becomes too steep or even overhanging, the
lamella breaks off. The typical volume amounts to 10°-10°m’ .

- In contrast, much larger volume release (typically 10°-10° m®) from ramp-type glaciers. In
these cases there is no significant change in slope and the ice fails as a slab. No release has yet
been observed where the bed slope is less than 25°. Three types of ramp glaciers can be found:

1. Ramp hanging glaciers (e.g. Weisshorn),
2. Ramp glaciers (e.g. Altels) and
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3. Steep glacier tongues (e.g. Allalin).

The unstable ice mass can be the totality of the glacier, or a large part of the glacier tongue.
The instability is primarily due to the loss of shearing forces at the glacier base and is
therefore strongly related to the bed slope. In case of temperate basal ice, the unstable ice slips
over the bed. . For cold basal ice, a shearing fracture propagates parallel to the bed. Here the
bedrock slope is steeper but does not exceed 45°. Alean (1985) observed a dependence of the
critical slope (the slope for which the glacier is unstable) with the altitude: the higher the
altitude, the steeper is the critical slope. This dependence is related to the correlation of the ice
temperature (especially the basal ice temperature, i.e., the basal adhesion of the glacier) with
altitude.

This classification is based on a two dimensional representation of the glacier morphology. In reality,
subprocesses of failure related to the third dimension exist. The major ones are the arched structure of
the glacier front and the concavity or convexity of the bedrock (Ott, 1985). These subprocesses can
interfere in the main fracture process.

In the Alps, only a limited number of hanging glaciers have been investigated so far, some of them
after a catastrophic event, others within the context of a consulting work or a research program. Some
of them, which have been more carefully investigated, are the following:

Eiger

This hanging glacier is situated between 3’200 and 3’500 m above see level on the west-facing slope
of Eiger (Bernese Alps, Switzerland). In 1993, Liithi and Funk (1997) determined the bed topography
and the ice thickness by carrying out radio echo soundings along several profiles across the glacier.
Boreholes were drilled to the glacier bed and the englacial temperature distribution was measured with
thermistors, and surface velocities were measured with stakes. They found that the glacier is temperate
except near the front and concluded that the ice temperature is an important factor for the global
stability of the glacier. In 1990 a large crevasse behind the glacier front could be observed. Three
stakes surrounded with prismas were installed on the lamella and their position regularly surveyed
using a theodolite laser-distometer. By applying an hyperbolic function to fit the measurements, the
forecasted time for breaking off too was estimated. The ice fall of 10" m’ occurred on August 20, three
days after the prediction. In 2001, the position of a smaller lamella was measured until failure with a
higher temporal resolution. Because of disaggregation of the unstable ice mass, ice blocks began to
fall some days before the predicted time estimated on August 18. The failure process covered an entire
week.

Gutzgletscher .

In September 1996 an important ice fall (2 10 m ) occured on Gutzgletscher (Bernese Alps) and
dropped down a 1000 m high rock face. The avalanche debris blocked a road and the air pressure
injured three people (Margreth and Funk, 1999). Three years later, a dangerous situation could be
recognized at time and a stake network was installed on the glacier to perform velocity mesurements.
A breaking off could be predicted one week in advance within one day accuracy. The event occurred
on August 14.

Monch

The hanging glacier of the Monch south face is also located in the Bernese Alps. It is situated between
4100 m and 3600 m. In 2001 the glacier bed was derived from the depth of boreholes drilled to the
bed. Temperature records in the borholes showed that the glacier is temperate. The glacier is reposing
on a large flat bedrock terrace. The detachment of two lamellas (in 2000 and 2001) were monitored by
repeated surveying of stakes. In both cases the lamella broke off in several pieces. Note the abrupt
velocity decrease after a partial fracture. Tglregz partialsbr%aks where 3obsaerved in the year 2000. The
volume of eacgl ige fall amounted to 45 10 m , 35 10 m and 30 10 m . The remaining part of the
lamella (60 10 m ) desegregated progressively (VAW, 1997b and VgAV\g, 2000). The ice volume of th%
two recorded ice falls in 2001 were of the order of magnitude of 10 m . They broke off from a a 10
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m’ large lamella, which disaggregated progressively during one year. According to observations over
the past 20 years, only a few lamella fell in one major ice fall (VAW, 1997b) and further observations
by the authors). The majority of the lamella disaggregated in many successive partial ice falls. No
observations allowing to identify the evolution of the fracture process.

Allalin
The Allalin glacier is a temperate glacier in the Vallese alps (Switzerland). Its frontal part is formed of

a tongue located on a 26 steep (middle value) sleek bedrock (Fig. 8a). In 1965 the destabilization of
the tongue killed 88 people, who were working on a construction site. According to Rdthlisberger
(1981), this event was primary due to an important decrease of the friction forces at the glacier base.
This modification of the friction conditions led to a rapid advance of the tongue and the overlapping of
a terrace bedrock, which contributed to the stability of the glacier front. Then the abutment on the
margin of the glacier and the retain on the upper stable glacier zone progressively failed and led to the
collapse of the frontal part of the glacier tongue. No important precursor signs were observed before
the breaking off. Only the fall of some small ice blocks have been reported the day of the drama. The
volume of the ice avalanche amounted to approximatively 1 million m . Until present the global
behavior (velocity, geometry) of the glacier has been surveyed. Only in summer but not every years an
acceleration (active phase) of the glacier tongue has been observed. Réthlisberger (1981) concluded
that this acceleration is not only due to the increase of the lubrication due to melt water, but also to a
dynamic effect of mass repartition along the longitudinal profile of the glacier. During a summer, if an
acceleration occurs, the ice thickness at the upper part of the unstable zone is decreasing, since the
glacier is longitudinally stretched. The following summer, if the frontal part is stable (e.g. leaning on a
terrace bedrock), it retains the glacier tongue and the thin zone is filled with the upper flowing ice.

This filling process occurs without acceleration and ends when the Z0ne, who was thinner, becomes
heavy enough to move the whole tongue (typically after one or two years). The active phase can be
accompanied by ice falls. During an active phase, the velocity of the unstable ice mass develops
gradually. The velocity ratio between active and quiescent phases is of the order of hundred. In 1999,
since the glacier configuration was similar to 1965, before the ice fall, the hazard zone was closed
during summer. An ice volume of 1,6 105 m3 fell, but did not cause any damage.

The first category concerns steep (20° or more) glacier tongues, like Allalingletscher. The breaking

off of such large ice masses (1 million m” or more) is very rare. But it has been recognized that such
events occur during an active phase with enhanced sliding motion, which usually lasts for 1-2 weeks
prior to the event. Such an active phase only occurs during the melt season or shortly after its end. The
experience on Allalingletscher showed that the breaking off of large ice masses only occurs in very
rare cases during such active phases.
The mechanisms of such break-off of large ice masses remain unclear. It is also not known, why some
steep glacier tongues switsch in a so-called active phase (e.g. Allalingletscher) during the summer
season and other glacier tongues do not (e.g. glacier de Giétro).
To obtain more insights in the processes governing such events, field studies on such steep glacier
tongues are necessary:

1. Monitoring the surface velocity field of the tongue with remote sensing techniques

(photogrammetry, laser-scanning).

2. Monitoring the water discharge exiting the glacier tongue.

3. Monitoring the water turbidity of the proglacial water stream.
The progressive increase of the flow velocities due to enhanced sliding motion has to be analyzed in
detail and explained. For future hazard assessment strategies, the following questions have to be
answered :

1. Why do certain glacier tongues switch in an active phase during the summer season and others
do not ?

2. What are the causes for the sudden detachement of large ice masses during an active phase
and why this happens only in very rare occasions ?
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3. Reliable observable criterion have to be defined, which allow to predict or at least indicate that
a large breaking off event must be expected in a particular case.

The second category concerns hanging glaciers. Observations show that ice masses become detached
from such glaciers by progressive fracture at englacial interfaces. Such events occur all around the
year. The main difference between hanging glaciers and steep glacier tongues is that for hanging
glaciers a progressive motion increase of an instable ice mass always leads to a major break off. For
steep glacier tongues this happens only in very rare situations. Results from combined field and
modelling studies on hanging glaciers show that a forecast of a major breaking off event is possible in
some situations. However, it is still very difficult to predict in advance the breaking off volume. In
most cases, an instable ice mass breaks off in many smaller chunks of ice. But even a small volume of
falling ice can trigger a huge combined ice/snow avalanche if a thick and unstable snow pack exists
around a hanging glacier. Such events can be relevant in the winter season and should be seriously
considered by people responsible for the security of roads and railways in regions where hanging
glaciers exist.
To improve forecasting possibilities of breaking off of instable ice masses, it is necessary to monitor
the regular formation and detachment of ice chunks on hanging glaciers by:

1. Monitoring the breaking off activities at the front of hanging glaciers with regular high quality

photographs, and
2. Monitoring the evolution of the motion of the unstable ice mass from the beginning of the
instability to the time of breaking off.

For hanging glaciers located in regions where the basal ice temperature is close to the melting point,
their stability can change in near future because of global warming. This is because the transition of a
previously cold to a temperate glacier base, basal sliding can suddenly be induced, leading to a major
destabilisation of the hanging glacier. Where such an evolution is expected to happen and if human
activities are endangered, a monitoring program for these type of hanging glaciers is extremely
important for hazard assessments.

Also the Croce Rossa Glacier would require a permanent monitoring in order to evaluate the glacier
stability and future scenarios in case of outburst floods and of ice avalanches.

The glacier overhangs the Lago della Rossa reservoir. Because flood waves generated by an ice fall
may overtop the dam, the lake level was kept very low in the last years. A complete survey has been
carried out since 1998. A detailed analysis of the stability conditions and a permanent monitoring of
the relevant parameters (e.g. basal ice temperatrures, surface velocities, crevasse formation) would be
a usefull contribution for using the reservoir being aware of the hazard.
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