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2Chemnitzer Werkstoffmechanik GmbH, Otto-Schmerbach-Str. 19, 09117 Chemnitz, Germany
3WSL Institut for Snow and Avalanche Research (SLF), 7260 Davos Dorf, Switzerland
4Institute of Low Temperature Science, Hokkaido University, Kita-19 Nishi-8, Sapporo, 060-0819 Japan
†deceased, July 2004

Received: 16 December 2010 – Revised: 21 April 2011 – Accepted: 17 June 2011 – Published: 4 August 2011

Abstract. The details and the consequences of the recent
retreat of Triftgletscher (Gadmertal, Bernese Alps, Switzer-
land) have been investigated. Geodetic volume changes indi-
cate a strong decrease since 1929 while the position of the
terminus remained practically unchanged until 1990. The
role played by calving in the tongue retreat running from
2000 to 2006 is confirmed by means of a mass balance model
including a calving criterion. Results show that without calv-
ing, it would have taken two years longer for the lake to
form than has been observed. The consequences of the en-
suing tongue destabilization are surveyed, first with an ice
avalanche model and second with a hydraulic study of the
potential impulse wave triggered by the impact of the falling
ice mass in the lake. Results point out that ice avalanches
with volumes greater that 1·106 m3 will flow into the lake
and that in the worst scenario, a discharge of 400 m3 s−1 is
expected to reach the endangered area in Gadmertal 11 min
after the break-off. In order to detect surface motion precur-
sors to such ice avalanches, a photographic monitoring sys-
tem was installed. The results indicate seasonal variations
with peak velocity in summer and no significant change dur-
ing the other months. Spectacular velocity increases were
not observed so far.

Correspondence to:P. Dalban Canassy
(dalban@vaw.baug.ethz.ch)

1 Introduction

Triftgletscher is located between the Gadmer and Hasli val-
leys in the Bernese Alps in Switzerland (Fig.1). It has a
length of 5.1 km, an area of 15 km2, an estimated ice vol-
ume of 1.3 km3 (Farinotti et al., 2009) and its altitude range
extends from 1651 to 3380 m a.s.l. Note that the altitude
of the terminus of Triftgletscher is one of the lowest in the
Alps. Between 2350 and 2000 m a.s.l. it flows over a 35◦

steep section towards the relatively flat tongue (Fig. 2, left).
The glacier snout lies in a basin, which is bordered on the
north side by a riegel (Fig. 2, right). The water drains of the
basin through a narrow canyon deeply incised in the riegel.
Over the last 15 yr Triftgletscher has retreated substantially
from the riegel and a proglacial lake containing 5·106 m3 wa-
ter (Grischott et al., 2010) has progressively formed in the
glacier forefield (Fig.3).

Proglacial lakes are likely to represent serious hazards, for
instance when they are located in unstable terrains (Vallon,
1989). In the case of Triftgletscher, one of the risks is in-
duced by the calving of numerous pieces of ice during lake
formation, which are likely to form a natural dam in the riegel
region. In this context, the modelling of the terminus re-
treat appears relevant regarding the information it provides
about how fast the lake forms. Moreover, because of the
glacier retreat and especially the thinning of the lower flat
tongue, the stability of the steep section behind it is affected.
The consequence will be an increased portability of large
ice avalanches from the steep section. The recent intense
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Fig. 1. Map of Triftgletscher with the locations of 2 automatic cameras.

Fig. 2. Steep part of Triftgletscher in 2003 (35◦, left) and the riegel with the narrow gorge through which Triftwasser drains the basin (2004)
(photos M. Funk).

glacier thinning of the lower tongue (6–10 m a−1) has ag-
gravated the situation further because the runout path of the
ice avalanches has become steeper. The result could be ice
avalanches with several million m3 of ice plunging into the
lake. Studies on the avalanche dynamics and hydraulics of
lakewater have shown that ice avalanches with more than one
million m3 of ice could generate dangerous flood waves, thus
posing a threat to the inhabitants of Gadmertal.

This paper is organised as follow: the changes in Trift-
gletscher since 1861 are presented first and the glacier ter-
minus retreat is then explained using a mass balance model
coupled with a calving criterion, followed by a discussion
of the likelihood of large ice avalanches occuring at Trift-
gletscher. Then the results from ice avalanche dynam-
ics calculations are presented and the consequences of ice

avalanches plunging into the lake in the context of a hy-
draulic study are discussed. Finally, we present the ongo-
ing monitoring program for early warning and the results ob-
tained so far.

2 Changes in Triftgletscher since 1861

It was possible to reconstruct the changes in Triftgletscher
since 1861 on the basis of old maps and aerial photographs
from different years. Information about the data used to in-
fer the glacier changes is given in Table1. Volume changes
since 1929 have been assessed using digitized old maps and
photogrammetric methods.

Nat. Hazards Earth Syst. Sci., 11, 2149–2162, 2011 www.nat-hazards-earth-syst-sci.net/11/2149/2011/
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Fig. 3. Tongue of Triftgletscher in 1948 and 2006 (photos: archive Gesellschaft für Ökologische Forschung (http://www.gletscherarchiv.de)
and F. Funk-Salaḿı).

2.1 Photogrammetric survey

2.1.1 Method

The high accuracy digital elevation models (DEMs) we use
in this survey are based on photogrammetrical evaluation of
aerial photographs, in a spatial resolution of 25 m (Bauder
et al., 2007). The aerial photographs were acquired between
mid-August and mid-October (Table1). Geodetic volume
changes were derived by assessing the elevation differences
(1Z) between two given DEMs.

2.1.2 Uncertainty assessment

The reliability of the photogrammetric survey results di-
rectly adresses the question of the uncertainty associated with
each photogrammetric calculation. According to Huss et
al. (2009), the uncertainty in such geodetic methods comes
from three principal error sources: (i) the orientation and
the geolocation of the individual aerial photographs which
lead to errors of±0.2–0.5 m, (ii) the elevation information
for single points whose contribution to the total uncertainty

is ±0.1 m because it is randomly distributed (Thibert et al.,
2008) and (iii) the interpolation to unmeasured gridpoints
which induces an uncertainty of±0.05–0.5 m (Bauder et
al., 2007). In order to take into account the different error
sources, we compute for each studied interval aσperiod char-
acterizing the uncertainty associated with the geodetic vol-
ume changes calculation between DEM1 and DEM2 (Huss
et al., 2009) (Eq.1):

σperiod=
1

1t

√
σ 2

DEM1
+σ 2

DEM2
, (1)

where1t is the period duration in years andσDEM the uncer-
tainty of each DEM. The reliability of each geodetic volume
change is assessed by comparingσperiodwith the mean of the
calculated elevation differences (1Z). The values of both pa-
rameters are given in Table2. We can see that for all the stud-
ied periods,σperiod is significantly smaller than the associated
1Z value, which indicates that the derived geodetic volume
changes are meaningful. In the following, the geodetic vol-
ume change uncertainty concerning one given studied period
is computed using the associated glacier surface change and
σperiod.

www.nat-hazards-earth-syst-sci.net/11/2149/2011/ Nat. Hazards Earth Syst. Sci., 11, 2149–2162, 2011
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Table 1. Database used to generate digital elevation models (DEMs) of Triftgletscher.

Data Date Source Coverage Processing

map 1:50 000 (Equidist = 30 m) 1861 Siegfried map whole glacier digitizing contour lines
map 1:50 000 (Equidist = 20 m 1929–1936 official map whole glacier digitizing contour lines
aerial photos 25-08-1959 swisstopo whole glacier photogrammetry
aerial photos 18-08-1970 swisstopo lower part photogrammetry
aerial photos 05-09-1980 swisstopo lower part photogrammetry
aerial photos 15-09-1980 swisstopo whole glacier photogrammetry
aerial photos 15-08-1986 swisstopo lower part photogrammetry
aerial photos 20-08-1990 swisstopo whole glacier photogrammetry
aerial photos 13-10-1995 swisstopo whole glacier photogrammetry
aerial photos 24-08-2000 swisstopo whole glacier photogrammetry
aerial photos 23-08-2001 swisstopo lower part photogrammetry
aerial photos 13-09-2002 swisstopo lower part photogrammetry
aerial photos 04-09-2003 swisstopo whole glacier photogrammetry
aerial photos 28-07-2004 swisstopo lower part photogrammetry
aerial photos 14-09-2005 swisstopo lower part photogrammetry
aerial photos 05-09-2006 swisstopo lower part photogrammetry
aerial photos 09-09-2008 swisstopo whole glacier photogrammetry

Table 2. σperiod and1Z for the geodetic volume changes calcula-
tions.

Periods σperiod 1Z

of study (m a−1) (m a−1)

1929–25/08/1959 ±0.023 −0.46
25/08/1959–15/09/1980 ±0.018 +0.26
15/09/1980–20/08/1990 ±0.040 −0.59
20/08/1990–13/10/1995 ±0.077 −0.90
13/10/1995–24/08/2000 ±0.082 −0.72
24/08/2000–04/09/2003 ±0.132 −1.05
24/08/2003–09/09/2008 ±0.079 −0.95

2.2 Volume changes

Figure 4a shows the cumulative length changes (averaged
along the terminus) and the volume changes since 1929,
from data indicated in Table3. After a retreat of more than
1.6 km from 1861 to 1950, the position of the glacier ter-
minus remained practically unchanged until 1990. A dra-
matic retreat of Triftgletscher started after 1990, acceler-
ated by calving (see survey below) in the newly formed
proglacial lake after the year 2000 (Fig.5). Since 2006,
the glacier tongue is no longer in contact with the lake
and therefore the retreat rate is expected to decrease in
the future. The cumulative ice volume loss in the pe-
riod 1929–2006 amounts to almost 0.5 km3 (38% of the
estimated actual ice volume; Farinotti et al., 2009). The
rate of ice volume loss has increased considerably since
1980, reaching values between−0.01± 0.0006 km3 a−1 and

−0.017± 0.002 km3 a−1 (Fig. 4b). It is interesting to com-
pare the rates of ice volume change in the accumulation
and ablation areas separately (the division is drawn at the
contour line 2500 m a.s.l., Fig.1) (Fig. 4c). Whereas be-
tween 1960 and 1980 the ice volume increased in the up-
per part at a rate of +0.006± 0.0002 km3 a−1, in the lower
part it decreased by−0.002± 0.00002 km3 a−1 during the
same period. In the following period 1980–1990, this rate de-
creased to−0.009± 0.0006 km3 a−1 in the upper part while
it reached−0.001± 0.00006 km3 a−1 in the lower part. In
the following years, the ice volume of the whole glacier de-
creased and the ice loss was particularly pronounced in the
lower part (−0.007± 0.0001 to−0.009± 0.00009 km3 a−1

from 1990 to 2005). Figure6 illustrates the changes in the
longitudinal profile of the lower part since 1936. Ice volume
changes show that between 1960 and 1980, the glacier mass
increase was particularly strong. Between 1980 and 1990,
the upper part was affected by a strong mass loss while the
rate of volume change in the lower part increased slightly.
This mass imbalance suggests an important ice flow from the
upper to the lower part in the latter period. Afterwards, both
the whole glacier and the lower part lost mass while the rate
of volume changes in the upper part increased, indicating a
progressive mass rearrangement within the glacier.

3 Effect of the lake on glacier retreat

3.1 Goal of the study

By modelling the glacier retreat using a simple mass balance
model coupled with a calving model, we aim to assess the
role played by calving when the lake formed. Indeed, an

Nat. Hazards Earth Syst. Sci., 11, 2149–2162, 2011 www.nat-hazards-earth-syst-sci.net/11/2149/2011/
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Table 3. Surface areas (km2) for the whole glacier (S) and for its upper (Su) and lower part (S`). 1V : corresponding ice volume changes
(km3).

year S 1V Su 1Vu S` 1V`

1929 18.697 – 16.109 – 2.587 –
1959 10.938 −0.238503 9.224 −0.046331 1.713 −0.192172
1980 16.945 0.076030 15.471 0.113483 1.474−0.037453
1990 16.354 −0.099623 14.904 −0.089642 1.449 −0.009981
1995 16.236 −0.076287 14.863 −0.042049 1.373 −0.034238
2000 15.734 −0.057870 14.706 −0.024826 1.028 −0.033044
2003 15.337 −0.050387 14.541 −0.023994 0.796 −0.026393
2006 14.662 −0.073421 14.213 −0.055994 0.449 −0.017427
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Fig. 4. Cumulative length(a); volume changes (solid line) and rate
of volume change (dashed line) of Triftgletscher since 1929(b);
rates of volume change for the whole glacier (solid line), the upper
part (dashed line) and the lower part (dotted line)(c).

important question regarding glaciers ending in lakes is to
what extent the water contact influences their advance or re-
treat. It is well known that iceberg calving can be a very
efficient ablation mechanism, permitting a much higher rate

of mass loss than surface melting alone (Van der Veen, 1996;
Vieli et al., 2001). We consider the dynamics of the tongue
as negligible, which is reasonable given that the ice veloci-
ties measured in 2003 in this area were lower than 10 m a−1

(Müller, 2004). We also consider that the totality of the ice
was grounded in August 2000. The evolution of the lake
surface from 2000 to 2006 is documented by ortho-photos
(Fig. 5) taken every year in summer and by DEMs derived
from the photogrammetric treatment of each photograph.
The mass balance model is based on temperature and pre-
cipitation data. The lake bathymetry (Fig.7a) was obtained
from a reflection seismic survey aiming at the determination
of the sediment layer thickness at the lake bottom (Grishott
et al., 2010) in July 2009. The associated errors are estimated
as 10 %.

3.2 Calving rate definition and flotation level

The calving rateuc is defined as the volume of ice that
breaks-off from the glacier terminus, per unit time and per
unit of vertical area (Paterson, 1994, p. 376; Vieli et al.,
2001). It is expressed by ice velocityui at the terminus minus
the rate of change at the terminus positionL (Eq. 2) :

uc = ui −
dL

dt
. (2)

Based on observations on Columbia Glacier (Meier and
Post, 1987), Van der Veen (1996) proposed a flotation model
to describe this phenomenon in the case of tidewater glaciers.
In this model, the terminus of the glacier retreats to the posi-
tion where the ice thicknessh approaches the flotation height
by an amountho. The critical thicknesshc at the terminus is
then given by Eq.3:

hc =
ρw

ρi
d +h0, (3)

whereρw is the density of the sea water,ρi the density of
the glacier ice andd the water depth. Once the ice thickness
at a given point of the terminus reacheshc, the ice portion
between this point and the calving front floats and can be

www.nat-hazards-earth-syst-sci.net/11/2149/2011/ Nat. Hazards Earth Syst. Sci., 11, 2149–2162, 2011
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Fig. 5. Orthophotos of the glacier terminus from 2000 to 2006.

likely to calve when it can no longer resist the induced buoy-
ancy force. The application of this calving criterion to lake
ending glaciers has to be considered cautiously. First be-
cause such glaciers differ from tidewater glaciers because of
lower velocities and calving speed. Second because they can
sustain floating tongues for long periods prior to the onset
of calving phases (Warren et al., 2001; Boyce et al., 2007).
In this study, we propose to apply a flotation model to ex-
plain the retreat of the Triftgletscher terminus. For that, we
chose the flotation levelhc =

ρw
ρi

d (with ρw = 1000 kg m−3

andρi = 900 kg m−3) as calving criterion, assuming that it is
only governed by surface ablation and settingh0 to 0. This
implies that as soon as the elevation of a surface point behind
the calving front becomes equal tohc, the portion between
that point and the glacier terminus is assumed to calve and
is removed. The limits of such an assumption are discussed
with the analysis of the results.

3.3 The mass balance model

The terminus area, which lies between 1651 and
1700 m a.s.l., is discretized using a 25× 25 m mesh.

For every node, the daily specific mass balance is calculated
using a temperature-index melt and accumulation model
(Hock, 1999) based on a linear relation between melt
rate and positive air temperature (Ohmura, 2001). Daily
temperature and precipitation data are required as input. The
surface melt rateM (m d−1) is calculated as

M =

(
Fmelt·T T > 0
0 T ≤ 0

)
,

whereFmelt (m d−1 ◦C−1) stands for a melt factor which cor-
responds to the amount of snow or ice melted per positive
degree. The temperature and precipitation data are obtained
from the Grimsel MeteoSwiss station (1980 m a.s.l). Tem-
peratures are adjusted using a lapse rate of 0.006◦C m−1

(Vincent, 2002). The precipitation values are extrapolated
from the collected data using a positive gradientcprecip de-
termined during the model calibration. A threshold temper-
ature of 0◦C distinguishes snow from rainfall. In the fol-
lowing, we apply the model on time intervals running from
one DEM of the terminus to the next in the following year,
from 2000 to 2006. The reliability of the DEMs and of
the derived geodetic volume changes is validated as it has

Nat. Hazards Earth Syst. Sci., 11, 2149–2162, 2011 www.nat-hazards-earth-syst-sci.net/11/2149/2011/
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Table 4. Melt factors (m d−1 ◦C−1), cprecipvalues,σperiodand1Z

for the periods studied.

Period of study Fmelt Fmelt cprecip σperiod 1Z

(ice) (snow) (m a−1) (m a−1)

24/08/2000–23/08/2001 0.0063 0.0044 0.09 ±0.40 11.6
23/08/2001–13/09/2002 0.0063 0.0044 0.1 ±0.47 12.7
13/09/2002–04/09/2003 0.0061 0.0044 0.03 ±0.41 9.3
04/09/2003–28/07/2004 0.0061 0.0044 0 ±0.44 4.8
28/07/2004–14/09/2005 0.0061 0.0044 0 ±0.35 5.7
14/09/2005–05/09/2006 0.0061 0.0044 0 ±0.41 2.0

been done above (see Sect. 2.1.2) using values ofσperiod and
1Z shown in Table4. The calibration of the mass balance
model is performed in 2 steps: (i)Fmelt are first determined
for the periods 2001–2002 and 2002–2003, using surface ab-
lation measurements performed in these two years between
June and September (M̈uller, 2004). The values 0.0063 and
0.0061 m d−1 ◦C−1 are obtained, respectively. (ii) The mass
balance model is applied to the other periods, using the 2002
melt factor for 2000–2001 and the 2003 factor for 2003–
2004, 2004–2005 and 2005–2006 andcprecip is tuned to fit
the associated geodetic volume changes. Results for the dif-
ferent years are shown in Table4. For snow-melt, a melt
factor equal to 0.0044 m d−1 ◦C−1 was used (Vincent, 2002).

On the basis of this calibration, we applied the flotation
model in the following way: for one given period, an initial
elevation corresponding to the surface topography of the first
day was fixed for every point. This initial topography was
then modified on a daily time step according to the model.
We modelled the tongue retreat from 2000 to 2006 consid-
ering the calving effect (case 1) and surface melting only
(case 2). We also conducted this modelling year by year,
from 2000 to 2006, to demonstrate how the calving influ-
ences the formation of the lake and to discuss the limits of the
calving criterion assumption. A given point is considered as
removed when its elevation falls below the flotation levelhc,
as in case 1, or when the ice thickness becomes lower than
0.15 m, as in case 2. Concerning each of the used DEMs
between from 2000 to 2006, we consider an uncertainty of
±0.1 m.

3.4 Results

3.4.1 Assessment of the calving effect on the tongue re-
treat

Figures8a and8b show modelling results of the tongue re-
treat between 2000 and 2006. The melted ice volume, cor-
responding in both cases to the surface bounded by the thick
white line, is 0.120 km3 in case 1 and 0.08 km3 in case 2.
The modelling for case 1 accounts for 89 % of the ice tongue
retreat, whereas case 2 explains only 59 % of it. This result
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highlights the role played by calving on the glacier retreat.
The remaining glacier area in case 2 corresponds to ice thick-
nesses ranging from 70 to 80 m (see Fig.7b) in 2000, and in
2006 still exhibits values ranging from 1 to 20 m. Our results
show that with surface melting alone, the ice mass in the lake
area would have disappeared two years later (August 2008).

3.4.2 Yearly results with the calving model and limits of
the chosen calving criterion

Yearly results with the calving model are shown in Fig.9.
The circles indicate where the flotation levelhc was reached

www.nat-hazards-earth-syst-sci.net/11/2149/2011/ Nat. Hazards Earth Syst. Sci., 11, 2149–2162, 2011
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Fig. 8. Modelled deglaciated area (thick white line) with the calv-
ing criterion (case 1)(a) and with surface melting alone (case 2)
(b) from 2000 to 2006; the photograph in the background corre-
sponds to the state of the lake in 2006; the thick black line indicates
the lake bank.
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Fig. 9. Results of modelled glacier retreat from 2000 to 2006; cir-
cles denote points likely to calve, black circles denote points which
calved, white circles denote points where ice is still present at the
end of the considered time interval;tf indicates the time a point
requires to reach flotation level;rc is the flotation model relevance.

during the considered time interval. Their radius indicates
the time (tf) needed to reach flotation level. The black circles
indicate where the ice calved and the white circles where the
ice is still present at the end of the considered time interval,
i.e. where the calving model prediction is not verified. The
relevance of the flotation model to explain the glacier retreat

by calving is thus expressed by the ratiorc =

∑
black circles∑
white circles,

rc = 1 corresponding to the best suitability.

Fig. 10. Glacier motion following the 1965 active phase at Allal-
ingletscher (dashed line) and active phases measured the next two
years (solid lines) (R̈othlisberger, 1981).

We first observe that the calving model is in general able to
reproduce the observed glacier retreat. However, discrepan-
cies can be noticed. First, on both sides of the glacier tongue,
where the ice retreated faster than predicted by the calving
model. For the east side, the presence of many crevasses
favoured surface melting and desintegration of the glacier
tongue. Evidences of high subglacial melt rates due to pre-
ferred basal water flow path could be observed on the west
side. Because the water depths decrease and the ice thick-
nesses increase towards the south (Fig.7a and b), the pre-
dicted times for calvingtf generally increase towards the
south. In all years the observed glacier retreat is slower than
predicted. The mismatch (lowestrc-values) is greatest in the
years 2000–2001 and 2001–2002 (Fig.9a and b), when a sig-
nificant number of points sustain the flotation without calv-
ing failure.

Similar observations of floating tongue sustainment were
made by Boyce et al. (2007) on the lake-calving glacier
Mendenhall (Alaska, USA). The authors showed that the ter-
minus was at flotation for two years before a calving event
was observed in summer 2004, and explained this stable state
because of the accomodation of the existing buoyant stress.
Both lateral stability and back pressure provided by the bed
geometry played a role, and the authors concluded that the fi-
nal calving event was not triggered by the seasonal variations
in thinning rate and in the lake level but by rapid perturba-
tions in the lake level at a several days time scale. Accord-
ing to the bathymetry shown in Fig.7a, no substancial back
pressure is expected in the case of Triftgletscher. Moreover,
the points where flotation is sustained are mainly located far
from the banks, which reduced the influence of the lateral
stability. The observed discrepancies mostly concern points
associated withtf values higher than 200 days, which im-
plies that the flotation level is approached progressively in
these cases. With regard to that, we suggest that the bending
stresses accompanying the flotation setting up increase too
slowly and may be relaxed by ice creep. The buoyant stress
is therefore accomodated as one goes along and rapid calving
failure is prevented (Boyce et al., 2007).
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Terrain profile 2008
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Fig. 11. Longitudinal profile of the expected surface geometry of
the Triftgletscher tongue in 2008, with maximal flow velocities for
the several ice-avalanche volume scenarios calculated with AVAL-
1D.

This points out the limits of the chosen calving criterion.
Indeed, if the impact of the time delays induced by the possi-
ble flotation sustainment is minimized in results from studies
running for several years, we see here that our criterion ap-
pears not to be able to reproduce in a precise way the glacier
terminus retreat at a yearly time scale. Despite these discrep-
ancies, the observed retreat of the tongue of Triftgletscher
between 2000 and 2006 would have occurred two years later
in the absence of calving. Calving is therefore an important
factor to take into account when a glacier is retreating in a
region where the glacier bed is overdeepened.

4 Ice avalanche history

Since the tragic Mattmark catastrophe (Allalingletscher in
Valais, Switzerland, 30 August 1965), it is known that a ma-
jor portion of a moderately steep (around 30◦ slope) glacier
tongue can become destabilized and release an ice avalanche.
In this case, 2·106 m3 of the glacier tongue slid down a rock
slope of about 27◦ over a vertical distance of 400 m and con-
tinued an additional 400 m across the flat bottom of the val-
ley, claiming 88 victims at the Mattmark construction site.
Intensive glaciological studies were undertaken immediately
after the catastrophe in order to safeguard the rescue opera-
tion and the construction work in the following years. It was
shown that the avalanche was released during a period of en-
hanced bed slip (called “active phase”) that started 2–3 weeks
earlier (R̈othlisberger, 1981). Measurement of 1965 showed
the end of the active phase, while those from 1966 and 1967
indicated a surface motion acceleration during summer end-
ing without break-off (Fig.10). This rapid motion can be
referred to as a surge-like movement or a build-up and dis-
charge process. It consists of phases of intensive bed slip,
alternating with quiescent phases with a relatively constant
motion around 0.1 m d−1. Similar events occurred at Glacier

Volume 1.0 .10 6 m3

Volume 2.5 .10 6 m3

Volume 5.0 .10 6 m3

Fig. 12.Time plot of the flow depth at the position of the edge of the
proglacial lake, for the surface geometry of Triftgletscher in 2008
calculated with AVAL-1D.

du Tour (France, 14 August 1949; Vivian, 2001) and Rhone-
gletscher (Valais, Switzerland; 23 July 1943; Raymond et
al., 2003). These examples show that parts of a temper-
ate glacier flowing on a steep slope (so called “ramp-type
glacier”) can sometimes fall as ice avalanches that devastate
the valley floor far below the level of the glacier tongue. In
the case of the 35◦ Triftgletscher, this means that a sudden
release of a substantial ice mass from the steep zone should
be seriously considered. The exact timing of such icefalls is
in most cases associated with a mechanical threshold that is
approached through relatively slow evolution of the glacier
over months to years. However, achieving a precise predic-
tion of such an event is still a long way off. If the runout of an
ice avalanche reaches the lake, a so-called impulse wave will
be generated and propagated towards the valley. The magni-
tude of such a wave depends on the volume and the velocity
of the ice avalanche plunging into the lake. In the following
section, the runout and the dynamics of ice avalanches start-
ing from the steep zone is investigated as a function of the ice
volume released. On the basis of these results, the generation
and the propagation of the subsequent impulse waves will be
analyzed.

5 Ice avalanche dynamics

The goals of the ice avalanche dynamics study were to de-
termine the minimal volume of an ice avalanche required
to reach the proglacial lake and to calculate the amount
of ice, the speed and flow depth of large ice avalanches
with volumes between 1 and 5·106 m3 flowing into the lake.
There are no dynamic models explicitly developed for the
calculation of ice avalanches. In practice, topographical
models (Alean, 1984) and dynamic models developed for
snow avalanches (Margreth and Funk, 1999) are applied.
As the validation of such models for the calculation of ice
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avalanches is complex, the results have to be interpreted care-
fully. For the present study, we applied AVAL-1D (Chris-
ten et al., 2002), a quasi one-dimensional, hydraulics-based,
depth-averaged continuum model. It tracks the motion of
the avalanche (velocities and snow heights) from initiation to
runout. The main input parameters are the topography, the
area and the thickness of the ice avalanche and the friction
coefficients (dry frictionµ and turbulent frictionξ ). In the
case of Triftgletscher, we assumed a ramp-type failure below
the elevation of 2350 m a.s.l. According to the assumed sce-
narios, a 20 to 65 m thick and 120 to 480 m long ice mass
might slide off. The width was assumed to be 200 m. The
mean inclination of the glacier bed is around 35◦. AVAL-
1D employs a Voellmy-fluid law. This law divides avalanche
flow resistance into the dry coulomb-type frictionµ and a
viscous resistance turbulent frictionξ which varies with the
square of the flow velocity (Bartelt et al., 1999). The fric-
tion parametersµ and ξ depend on the avalanche volume,
the terrain roughness and the snow type, which means that
the ice volume is much more relevant for the calculation
than the exact geometry of the detached ice mass. These pa-
rameters are usually specified according to the Swiss Guide-
lines for avalanche runout calculations (Salm et al., 1990),
and were calibrated on the runout distance and velocity of
observed real avalanches. Dry snow avalanches with large
volumes (>60 000 m3) flowing over smooth terrain have a
much smaller friction than small, wet snow avalanches flow-
ing through a terrain with a high roughness. For an extremely
dry snow avalanche with a volume of more than 60 000 m3

and a smooth terrain,µ andξ - values of 0.16 and 2500 m s−2,
respectively, are recommended.

An ice avalanche has higher friction than a snow
avalanche. For Triftgletscher we therefore appliedµ = 0.2
andξ = 1750 m s−2, assuming that the ice avalanche is flow-
ing over snow-covered terrain. For the “best-case” scenario
we increased the friction (µ = 0.35 andξ = 1000) for the
very crevassed part of the track. In this part of the track,
a loss of mass can be expected. However, large avalanches
can erode and entrain additional ice masses. We performed
avalanche dynamics calculations for the geometry of Trift-
gletscher in 2003 and 2008. In 2008 the runout zone above
the lake became 3◦ steeper and 200 m shorter because of
glacier retreat, in comparison with 2003. The width of the
avalanche in the runout zone is assumed to be 300 m. The
maximal altitude drop from the release area to the proglacial
lake is around 700 m. Figure11 shows the flow velocities
along the longitudinal profile calculated with AVAL-1D. The
maximum calculated velocity is 67 m s−1. The main results
of the calculations are summarized in Table5.

According to the results of the avalanche dynamics calcu-
lations and a careful interpretation of the data, we assume
that an ice avalanche does not reach the proglacial lake if the
detached ice volume is less than 0.2·106 m3 for the surface
geometry of Triftgletscher in 2003, and 0.1·106 m3 for the
situation in 2008. If the detached ice volumes are greater than

5.10 6 m3: at Point A
5. 10 6 m3: at Point B
1. 10 6 m3: at Point A

Fig. 13. Discharge in the canyon (position A) and 800 m down-
stream (position B) for ice release of 1 and 5×106 m3.

1·106 m3, the avalanche plunges into the lake at high veloc-
ity. More than 90 % of the avalanche mass with a volume of
5·106 m3 flows into the lake. In this case, the immersion time
into the lake is about 20 s with an intermediate flow depth of
7 m. We estimated the flow density of the ice avalanches to
be between 400 and 500 kg m−3.

To check the plausibility of the calculations, we compared
our results with those from the Mattmark ice avalanche of
1965 (R̈othlisberger, 1981) using the reach of the ice release.
The reach of an ice avalanche is described with the so called
average slopeα. It is the slope of a line which starts at the
top of the zone of release and ends at the farthest point of the
deposit (Alean, 1984). There the reach of the ice avalanche
with a volume of 2·106 m3 wasα = 39◦, the height difference
from the release area to the end of the runout zone 450 m, and
the runout distance about 300 m with an average slope incli-
nation of 33◦. If the α value were transferred to the terrain
profile of Triftgletscher, the ice mass would easily reach the
lake. The mean height of the avalanche deposit at Mattmark
varied between 8 m and 10 m. The comparison confirms that
ice avalanches with volumes greater than 1·106 m3 will flow
into the lake.

6 Hydraulic study

The impact of the ice avalanche plunging into a lake induces
a so-called impulse wave. The generation of such a wave
is subject to a nonlinear, three-dimensional process which
comprises a highly unsteady three-phase flow (air, water,
solids). The momentum transfer from the avalanche to the
water body determines amplitude and length of the wave.
Although this phenomenon has been under investigation for
more than a century (Russel, 1844; Zweifel et al., 2006), it is
not yet fully understood and its correct numerical simulation
still poses a real challenge.

In the case of Triftgletscher, the generation and propa-
gation of impulse waves were simulated based on a depth-
averaged two-dimensional shallow water model (Fäh, 1996).
To investigate the prognostic ability and the sensitivity of the
numerical scheme, we performed a comparison with results
from laboratory experiments dealing with the impact of a
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Table 5. Results of the avalanche dynamics calculations for different scenarios and surface geometries of Triftgletscher in 2003 and 2008
(Vaval: total ice avalanche volume,Vaval−lake: ice avalanche volume reaching the lake, velmax anddmax: velocity and flow depth of the
avalanche entering in the lake).

Year Vaval Friction Parameters Vaval−lake
(106 m3) values at lake (106 m3)

µ ξ (m s−2) velmax (m s−1) dmax (m)

2003 0.2 0.35/0.20 1000/1750 9.6 0.2 –
2003 1 0.2 1750 41.0 6.8 0.5–0.8
2003 5 0.2 1750 62.8 25.8 4.0–4.5

2008 0.1 0.35/0.20 1000/1750 4.0 0.3 –
2008 1 0.2 1750 48.5 7.5 0.6–0.9
2008 2.5 0.2 1750 59.3 14.5 2.0–2.4
2008 5 0.2 1750 66.9 27.4 4.3–4.8

granular landslide on a water body (Zweifel et al., 2006).
A close agreement between the computed flood trace (the
envelope of the amplitude peaks) and the measured values
was found. The wave generation due to the impact of the
ice avalanche into the lake was modelled with a rigid body
immersing into the lake. The form and propagation speed
of the body was taken according to the resulting velocities
and snow heights of the avalanche as they were determined
in the avalanche dynamics study. The front speed of the vir-
tual body was reduced linearly from the maximum at the be-
ginning of the lake to zero within the immersion time. The
length of the runout zone in the lake was chosen so that the
displacement of water corresponds to the submerged ice vol-
ume. In the simulation model these boundary conditions
were implemented by moving the bottom in space-time.

Figure13shows the simulated discharge in the canyon im-
mediately beyond the lake (position A in Fig. 1) and 800 m
downstream (position B in Fig. 1) for ice avalanches of 1 and
5·106 m3. Immediately beyond the lake, Triftwasser flows in
the 300 m long canyon. Afterwards, the surface topography
bordering the river is flat, causing a strong dampening effect
on the flood wave. At the entrance to the canyon (riegel),
immediately past the lake, the wave is retained and reflected
on the rock wall. Due to the run-up, for an ice release of
5·106 m3, the water level is expected to rise up to 13 m above
the lake surface in the canyon. After 6 min of propagation,
the amplitude of the impulse waves is reduced by 90 %, but
the lake water level remains above its normal value due to the
water displacement of the submerged ice volume. A slow de-
crease in the lake level follows, since the corresponding wa-
ter is progressively drained through the canyon. In the worst
case scenario, the peak discharge of the first wave amounts to
3,000 m3 s−1. Whereas the period of this wave is only 37 s,
the transported water volume is so small (45 000 m3) that it
is spread out over the plateau after the canyon causing only
a wetting of this area but no relevant peak discharge. The
impact of the ice avalanche induces seiches (standing waves)

in the lake. When the waves after the run-up at the “riegel”
swash back, the water level falls below the bottom of the out-
flow slot leading to intermittent releases of water from the
lake. After 180 s the superposition of the different order of
waves and its damping due to the bottom friction causes the
lake level to stay persistently higher than the bottom of the
outlet. The corresponding continuous outflow is the relevant
one for the delimitation of the flooded area in the Gadmer-
tal. The amount of discharge is controlled by the bottleneck
effect in the canyon. After position B, the flood propagates
through a steep and narrow 4.5 km long valley until it reaches
the endangered areas in the Gadmertal after 11 min. Here, a
discharge of 400 m3 s−1 is expected for an initial release of
5·106 m3 of ice, corresponding to the eightfold of the peak
discharge ever recorded at this location.

7 Flow velocities monitoring

It is likely that ice avalanches from cold hanging glaciers
can be predicted with some success. However, prediction of
avalanches that release from temperate ramp-type glaciers is
more problematic and presently unattainable (Pralong et al.,
2005; Pralong and Funk, 2006). Although high rates of slid-
ing have been observed prior to the break-off and are likely
to be necessary for such an event to occur, experience from
Allalingletscher indicates that accurate prediction of catas-
trophic release is not yet possible. On the other hand, expe-
rience indicates that the hazard is small during the quiescent
phase, which extends roughly from November to May. Large
ice avalanches occur only during a period of enhanced slid-
ing (the active phase), which appears to be limited to a few
weeks during the late melt season (June–October). However,
in view of the uncertainties concerning the mechanisms and
controls on fast sliding, even this constraint must be viewed
very cautiously. Nevertheless, early detection of an active
phase can give an indication of a possible catastrophic re-
lease. On Allalingletscher, one of the monitoring methods
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Fig. 14. Triftgletscher and locations of the two automatic cameras.
The critical steep glacier sector is marked by the box. Time series
of surface motion were determined for the points 1 and 2.

consisted of aerial surveys repeated at short time intervals
(one to two weeks) with subsequent photogrammetric pro-
cessing to obtain flow velocities. With the other method, sur-
vey markers were installed directly on the glacier and regu-
larly surveyed with a theodolite. While good results could
be obtained with the first method, the second one proved
difficult due to frequent loss of the markers. In any case,
the total costs of the photogrammetric method are too high
to be applied over long periods. However, the start of an
active phase can be recognized with an adequate monitor-
ing system for the surface motion of the critical zone. Al-
though this approach does not allow a precise forecast of
the release, it does at least enable the critical period to be
identified within a few days. For Triftgletscher, its evolu-
tion is monitored by means of two automatic digital cameras
installed in front and beside the critical part (Fig.14). Cam-
era 1 covers mainly the lower part of the steep glacier sec-
tion, while camera 2 covers the upper part. Both cameras
are remotely operated and equipped with a data-transmitting
device (http://www.alpug.ch). Pictures have been taken once
a day since 2004. On the basis of these pictures, the flow
velocities in the steep glacier part are determined.

The flow velocities computation was performed using a
sophisticated image-processing method called Digital Image
Correlation (Chao and Sutton, 1993, implemented in the soft-
ware VEDDAC). Digital Image Correlation (DIC) applied

to digitized grey scale patterns is an optical field measuring
method based on digital image acquisition and image pro-
cessing. Digitized images acquired from the object under
investigation at a reference state and, at least, one different
state are compared using a special algorithm (Dost et al.,
2003). An additional subpixel algorithm enhances the lat-
eral resolution to approximately 1/10 to 1/100 of an image
point (Pixel).

Seasonal changes in the glacier flow velocity (Fig.15), and
a typical flow velocity profile at its surface (Fig.16) can be
inferred from the DIC results. The velocity analysis is per-
formed at least 3 times a month (depending on visibility con-
ditions) and the associated accuracy is roughly±5 cm. The
first interesting results concerns the ability of the method to
describe surface motion in chaotic areas such as the Trift-
gletscher seracs fall. We see on Fig.16 surface motion dur-
ing a week in late summer 2005, with values running from
0 to 10 pixels per 7 days. Their spatial distribution empha-
sizes the breaking-off of the slope well, with lower values
upstream and bigger values in the middle dowstream. It was
also possible to observe and detect potential significant disor-
ders (Fig.15) on a daily basis during summer and thus ensure
early warning against contingently dangerous behavior of the
Triftgletscher. During the 5 yr of monitoring, the peak veloc-
ities around June–July decreased from 0.9–1.1 m d−1 in 2005
to 0.6–0.7 m d−1 in 2008 and 2009. During the other months,
the flow speed did not change significantly and amounted
to 0.4 m d−1 on average. Spectacular active phases with an
order-of-magnitude flow velocity increase as observed on Al-
lalingletscher have not been recorded so far.

8 Conclusions

The recent changes in Triftgletscher demonstrate nicely that
a previously harmless glacier could become a serious hazard
within a few years. There is, in fact, no historical record of
any damage caused by flooding from the Triftwasser. How-
ever, the area of the newly formed proglacial lake has prob-
ably already been ice free in historic times during periods
of glacial recession (Joerin et al., 2006). Although very rare
in the Swiss Alps, large extent break-offs of steep temperate
glaciers have occurred at other glaciers with a similar topog-
raphy, such as Allalingletscher.

Results from our models indicate that without calving it
would have taken 2 yr longer for the lake to form than what
was observed. They also indicate that the conditions for
sudden release of a large ice mass (1 million m3 or more)
are given for Triftgletscher. Numerical simulations of ice
avalanche dynamics and of the generation as well as the prop-
agation of the subsequent impulse wave show that damage is
only to be anticipated in Gadmertal if the released ice volume
exceeds 1 million m3. In this case, the flood wave is likely to
reach the valley 11 min after the release. Triftgletscher is ex-
pected to retreat beyond the steep zone within the next two
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Fig. 15. Flow velocities for two points in the steep part of Triftgletscher from 2005 to 2009 (dashed line: point 1; solid line: point 2, see
Fig. 14).

N

100 m

Fig. 16. Surface flow velocity field for Triftgletscher inferred from
pictures taken with the upper camera: image-related displacements
during a week in late summer 2005 in grey-coded representation
(displacements in pixels/7 days).

decades under the present climatic conditions (Müller, 2004).
This means that the hazard of dangerous ice avalanches will
persist as long as the critical ice volume (106 m3) in the steep

zone is exceeded. The measured surface motion time series
over the last 5 yr show that they increase in summer to dou-
ble the winter season values, but in comparison to the ob-
served velocity changes at Allalingletscher, where the sur-
face motion increased from 0.1 m d−1 to several m d−1 within
2–3 weeks, the observed velocity increases at Triftgletscher
are small. However, in view of the poorly known controls
and mechanisms of the release of substantial parts of temper-
ate ramp-type glaciers, there are no rigorous criteria indicat-
ing whether an important icefall is imminent. With regard to
the uncertain early warning signs in the case of Triftgletscher,
a safest hazard mitigation strategy is necessary.
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