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Abstract. In the course of glacier retreat, new glacier lakes
can develop. As such lakes can be a source of natural haz-
ards, strategies for predicting future glacier lake formation
are important for an early planning of safety measures. In
this article, a multi-level strategy for the identification of
overdeepened parts of the glacier beds and, hence, sites with
potential future lake formation, is presented. At the first two
of the four levels of this strategy, glacier bed overdeepen-
ings are estimated qualitatively and over large regions based
on a digital elevation model (DEM) and digital glacier out-
lines. On level 3, more detailed and laborious models are ap-
plied for modeling the glacier bed topography over smaller
regions; and on level 4, special situations must be investi-
gated in-situ with detailed measurements such as geophys-
ical soundings. The approaches of the strategy are vali-
dated using historical data from Trift Glacier, where a lake
formed over the past decade. Scenarios of future glacier
lakes are shown for the two test regions Aletsch and Bern-
ina in the Swiss Alps. In the Bernina region, potential future
lake outbursts are modeled, using a GIS-based hydrological
flow routing model. As shown by a corresponding test, the
ASTER GDEM and the SRTM DEM are both suitable to be
used within the proposed strategy. Application of this strat-
egy in other mountain regions of the world is therefore pos-
sible as well.

1 Introduction

In proximity to melting conditions, snow and ice react sensi-
tively to climate change (Haeberli and Beniston, 1998). As a
consequence, high-mountain landscapes that are dominated
by glacial and periglacial processes are influenced by the
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governing climatic conditions and their changes. The con-
tinuous rapid retreat of glaciers in mountain ranges all over
the world is one of the most obvious and reliable indicators of
global warming (GCOS, 2004; Lemke et al., 2007); it is well
visible and easily understandable for a wider public. Glaciers
are also symbols of an intact environment, thus glacier retreat
also has a strong impact on the perception of the landscape
(WGMS, 2008; Haeberli, 2005).

Fast changes of the high-mountain cryosphere affect vari-
ous phenomena, processes and process interactions and can
lead to hazard situations beyond historically known condi-
tions. Associated with glacier retreat, pro-glacial lakes can
form behind moraine dams or in overdeepened parts of the
exposed glacier bed. Such new lakes are attractive elements
in a landscape and compensate to a certain degree the loss
of attractiveness from glacier disappearance (Haeberli and
Hohmann, 2008). They also constitute interesting potentials
for hydropower production. However, glacier lakes can pose
a potential threat to the population and infrastructure in the
valleys below as they are forming in an environment dom-
inated by interacting, rapidly changing and highly dynamic
processes.

The most severe glacier catastrophes often result from
a combination and chain reaction of different processes
(Huggel et al., 2004; Kääb et al., 2005; Reynolds Geo-
Science Ltd, 2003). In glaciated environments, the following
changes affect the hazard situation of glacier lakes:

– Glacier retreat can lead to the development of new po-
tential ice avalanche starting zones (Clague and Evans,
2000; Kääb et al., 2005; Richardson and Reynolds,
2000a; Kershaw et al., 2005).

– Transitions in the thermal regime of hanging glaciers,
from cold to polythermal or temperate, can destabilize
them due to reduced basal friction (Alean, 1985; Fischer
et al., 2006; Huggel, 2009).
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– The retreat and thinning of glaciers since the Little Ice
Age has a destabilizing effect on steep adjacent rock-
walls due to the related debuttressing effect (Augusti-
nus, 1995; Ballantyne, 2002). Such rock walls can
be situated close to newly forming glacier lakes (e.g.
the Schlossplatten rock fall and -toppling at the tongue
of the Lower Grindelwald Glacier) (Oppikofer et al.,
2008).

– Glacier retreat often exposes morainic and unconsoli-
dated material (Evans and Clague, 1994) that, if situated
in steep terrain, is prone to be the starting zone for land-
slides and debris flows (Huggel et al., 2004; Haeberli
et al., 1991; Hubbard et al., 2005).

– The formation of new glacier lakes itself is a potential
threat because an outburst of such a new lake can ini-
tiate a cascade-like chain reaction involving other lakes
located further downstream (cf. Gruben Glacier,Hae-
berli et al., 2001).

– Regions with warm permafrost conditions are expected
to show the most critical stability conditions of frozen
rock walls (e.g.,Gruber and Haeberli, 2007). With in-
creasing air temperatures, permafrost degradation and
thus deep long-term warming of such rock walls will
increase the probability of rock falls. Glacier lake out-
bursts triggered by rock fall will thus be a scenario of
increasing probability in the future.

– Permafrost degradation also reduces the stability of
moraine dams that contain dead ice or other subsurface
ice (Richardson and Reynolds, 2000b).

Detecting and monitoring of existing glacier lakes by re-
mote sensing methods (Allen et al., 2009; Frey et al., 2010;
Huggel et al., 2002; Kääb et al., 2005) as well as field in-
vestigations with geophysical methods (Haeberli et al., 2001;
Richardson and Reynolds, 2000a) are a research focus in var-
ious mountain regions.

Knowledge about sites with potential future lake forma-
tion would thus be a useful basis for decision-making by
the responsible authorities. So far, only little research has
been done in the field of detecting sites with potential future
lake formation. Reynolds(2000) found a slope gradient of
2◦ to be the critical threshold for supraglacial lake formation
on debris-covered glaciers in the Himalayas.Quincey et al.
(2007) confirmed this finding and concluded that debris-
covered glacier parts with low flow velocities are most likely
sites with a potential for supraglacial lake formation.

In this study, we present a multi-level strategy to antici-
pate the formation of future glacier lakes at different scale
levels. At all levels, local overdeepenings in the glacier bed
are estimated by analyzing the current glacier surface char-
acteristics based on digital elevation models (DEMs), digital
glacier outlines and satellite imagery. Such input informa-
tion is widely available, enabling the methods to be applied

to other mountain ranges in the world. The focus of this study
is on the quick and qualitative assessment of potential future
lake formation in regions, where only sparse data are avail-
able. Therefore, the first two larger-scale levels of the strat-
egy are the main focus of this paper; the third and the fourth
level relate to existing, but more laborious approaches and
are not discussed in detail.

The paper first describes the test sites and the used data
before the methods of the four strategy-levels for future lake
detection and hazard assessment are presented. In view of the
obvious difficulty of verifying predictions of future condi-
tions, the approaches are validated using historic data at a test
site in the Bernese Alps (Trift Glacier), where a proglacial
lake formed recently. Scenarios of future lake formation are
then derived for the two regions Bernina and Aletsch. In
addition, the likely runout path of a flood from potential out-
bursts of expected future lakes are modeled in the Bernina
region. In view of applying the approach to other regions in
the world, the influence of different DEMs on the results is
tested as well.

2 Test sites and data

2.1 Test sites

Although the presented approach is intended to be globally
applicable, we chose test sites in the Swiss Alps for this study
due to the good data availability, including a high-quality
DEM and various historical maps since the middle of the
19th century. The methods for the detection of overdeep-
enings in the glacier bed are verified at Trift Glacier in the
Bernese Alps (Fig. 1). Since the mid 1980’s, the tongue of
this glacier experienced strong down-wasting (Paul and Hae-
berli, 2008) and finally collapsed between 2000 and 2005.
A new lake (length 1 km, max. width 450 m) formed, which
contributed to the rapid disintegration of the glacier tongue.
The location is easily accessible and a suspension bridge over
the gorge at the end of the lake attracts many tourists in sum-
mertime. We applied the assessment strategy on data from
before the start of the lake formation (i.e., before 2000), to
analyze whether the formation of this lake could have been
anticipated with this approach.

For the Aletsch and Bernina regions (Fig. 1), scenarios of
potential future lakes are presented. The testing of the dif-
ferent DEMs and the preliminary hazard assessment are per-
formed in the Bernina region. In both regions, glaciers are
prominent elements of the landscape (the Aletsch Glacier is
the largest glacier of the Alps and part of the UNESCO world
heritage Swiss Alps Jungfrau-Aletsch) and of high economic
importance for tourism.

2.2 Input data

The used DEM was produced by the Swiss Federal Office
of Topography (swisstopo) and has a cell size of 25 m. This
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Fig. 1. Overview of the study regions. Aletsch Glacier (A), Trift
Glacier (T) and the Bernina region (B) are shown in red, other
glaciers are shown in light blue. The relief is depicted as a hillshade
view of the DHM25L2.

dataset is based on the interpolation of contour lines from the
Swiss National Map (1:25 000) and includes digitized lake
perimeters, main break lines and spot heights. Two editions
of this data set are available: a Level 1 (DHM25L1) and a
Level 2 (DHM25L2) version, which primarily vary regard-
ing the algorithms for the contour line interpolation and the
acquisition date (Swisstopo, 2004). The DHM25L1 was ac-
quired around 1985, whereas in the DHM25L2 the contour
lines of glaciers were updated to the state of around 1995,
except for the Bernina region. In view of applying the here
presented approaches to other regions in the world, the influ-
ence of the DEM quality on the result is tested in the Bernina
region for different DEMs, including the global DEM com-
piled from ASTER data (ASTER GDEM,Hayakawa et al.,
2008) and the DEM from the Shuttle Radar Topography Mis-
sion (SRTM, Farr et al., 2007) in addition to the DHM25L2.

To determine the glacier extent, we used glacier out-
lines from the Swiss Glacier Inventory (SGI, described in
Paul, 2007). Regarding applications to other regions, digital
glacier outlines can be found for example in the Global Land
Ice Measurement from Space (GLIMS) glacier database
(Raup et al., 2007). To study the crevasse pattern of glaciers,
the panchromatic channel with a resampled spatial resolu-
tion of 10 m from two scenes of the Indian Remote Sensing
satellite (IRS-1C) from September 1997 were used.

For the validation at Trift Glacier, the corresponding map
sheet of the Siegfriedkarte is used, a precursor of the actual
topographic map of Switzerland. For the Alps, the Siegfried-
map has a 1:50 000 scale and we used the 1932 edition of
sheet number 392 “Meiringen”.

3 Methods

3.1 Strategy to detect glacier bed overdeepenings

Glaciers have a considerable erosive power, which – un-
like fluvial erosion – can result in large depressions in the
bed. When such overdeepened parts of the glacier bed are
exposed after glacier disappearance and filled with (melt-)
water rather than with sediments, new proglacial lakes ap-
pear (Clague and Evans, 1994; Costa and Schuster, 1988).
In other words, sites with potential future lake formation
can be identified by detecting overdeepenings in the glacier
bed. Roughness and irregularities of the glacier bed induce
stresses to the glacier ice, which are compensated to a certain
degree by deformation. But due to the non-perfect plasticity
of ice, bed irregularities are only partly compensated. Hence,
the glacier surface topography is in principle a smoothed im-
age of the underlying bed, and the current glacier surface can
serve as a key to identify overdeepened parts of the glacier
bed (Oerlemanns, 2001).

A multi-scale approach for identifying such overdeepen-
ings allows to cover large regions on the one hand (level 1
and level 2), and to analyze selected situations in more detail
(level 3 and level 4) on the other hand.

The assessment strategy integrates the following four lev-
els (Fig. 2):

– Level 1: selection of parts of the glacier surfaces below
a slope threshold. Application to regions of 104 km2

to 105 km2 to quickly obtain an overview over large re-
gions.

– Level 2: manual application of three criteria (distinct
slope increase, reduction of glacier width, and crevasse-
free part followed by heavily crevassed part), to detect
potential overdeepenings in the glacier bed. Application
to regions of 103 km2 to 104 km2 to detect regions and
situations of special interest.

– Level 3: use of more detailed tools, which require more
input data (e.g. digitized central flow lines) to model
the ice thickness distribution (e.g.,Farinotti et al., 2009;
Linsbauer et al., 2009). The region of application ranges
from individual glaciers up to several 104 km2, depend-
ing on the model and the availability of required input
data.

– Level 4: in-situ geophysical investigations (e.g., radio-
echo sounding) or drilling in the field for detailed infor-
mation about the bed topography and bed properties at
individual points or transects. Local application for sit-
uations that are considered to be critical. This level 4 is
not further discussed in this article.
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Fig. 2. Illustration of the different levels of the strategy for detecting
sites with potential future lake formation.

3.1.1 Level 1

Rothenb̈uhler(2006) selected sites with a glacier surface gra-
dient below 5◦ and a minimum area of 6250 m2 (ten 25 m-
cells) to define sites with potential lake formation on glaciers
in the Bernina region. Instead of selecting only parts that
consist of 10 connected cells as proposed originally, we here
used a median filter that was applied on a 5 by 5 cells mov-
ing window (low pass filtering). That way, isolated pixels are
eliminated, small holes are filled and the result is smoothed.
This threshold algorithm can be easily implemented in a Ge-
ographic Information System (GIS) and a first overview of
potential overdeepenings can be quickly gained for a large
region. The 5◦ threshold also includes the critical slope gra-
dient of 2◦ for supraglacial lake formation on debris-covered
glaciers (Reynolds, 2000).

3.1.2 Level 2

Based on simple ice mechanical considerations, we defined
three additional criteria for level 2: (I) a distinct break in
slope, (II) a reduction in glacier width, and (III) a heavily
crevassed glacier part below a crevasse-free part. The expla-
nations for these criteria are as follows:

(I) According to the shallow ice approximation (SIA) and
the assumption of perfect plasticity (Paterson, 1994) and
thus constant basal shear stress (τ ), the ice thickness (h)
only depends on the surface slope (α), averaged over a
distance longer than the thickness:

h =
τ

Fρgsinα

with F = shape factor,ρ = density of ice, andg = the
gravitational acceleration It follows that steep parts of

a glacier have thinner ice than flat parts. Thus, depres-
sions in the bed can be expected at places that are above
a distinctive break in the surface slope along the flow di-
rection, where a glacier moves from a flat part with thick
ice into a steeper section with thinner ice. This is qual-
itatively correct, although valley glaciers support a con-
siderable amount of the driving stress by lateral drag.
The influence of the shape factor (F ) (Paterson, 1994),
as well as the variability of the basal shear stress (τ )
with different slopes (Haeberli and Schweizer, 1988)
are neglected here.

(II) Assuming that cross sections of valley glaciers are uni-
form, there is an empirical relation between width (w)
and ice thickness (h) in the form of

h ∼
w

c

with values for the constantc in valley glaciers ranging
from 3 for steep slopes to 8 for less pronounced val-
leys (Benz, 2003; Haeberli and Schweizer, 1988). Ac-
cordingly, wide glacier parts have a larger ice thickness
than narrow parts and an overdeepening can be expected
above a distinct glacier narrowing.

(III) If the glacier has to overcome a negative bed slope at the
end of an overdeepened basin, the ice will undergo lon-
gitudinal compression and thus has no crevasses (com-
pressive flow), but showing a crevassed surface (ex-
tending flow) when overflowing a threshold in the bed
(Paterson, 1994). A part without crevasses followed
by a heavily crevassed region, mainly with transversal
crevasses, can thus indicate an overdeepening. This cri-
terion is often coexistent with criterion (I) and (II), be-
cause a distinct increase in slope is often related to a
narrowing of the valley and accelerating flow and, thus,
a crevassed surface (e.g.,Hooke, 1991).

These three criteria are schematically illustrated in Fig. 3.
There is no need that all three criteria are fulfilled simulta-
neously, but often they occur combined. Criteria (I) and (II)
can be estimated with terrain information (DEM) whereas
for criterion (III) a satellite image of at least 30 m resolu-
tion (e.g. Landsat TM) or better or an aerial photograph can
be used. Tools like Google Earth™ might also be suitable
if high-resolution imagery is at hand in those services. If
available, also a high resolution DEM – e.g. from airborne
LIDAR – can help to identify the crevasse pattern at the sur-
face. In general, large flat glacier parts as used in level 1 are
closely related to all the three criteria of level 2, as often a
steeper scarp is following (I), narrow glacier parts normally
are steeper than the wide parts (II), and flat parts tend to show
no or only few crevasses (III). Therefore, the results of level 1
can be used as a guideline for the manual analysis of level 2.
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Fig. 3. Simplified schematic sketch of the three criteria that are ap-
plied manually on level 2. The black arrows indicate a distinct break
in slope (criterion I), the red arrows show a narrowing of the glacier
width (criterion II) and the yellow areas cover a flat and crevasse-
free region followed by a heavily crevassed area (criterion III). The
dashed line in the overdeepening represents the potential future lake
level.

3.1.3 Level 3

Models like the ones presented byFarinotti et al.(2009) or
Linsbauer et al.(2009) estimate the ice thickness distribu-
tion or the glacier bed topography, respectively. They proved
to be in good agreement with ice thicknesses measured in
the field and provide thus helpful tools for the detection of
overdeepened parts of the glacier bed. Compared to the re-
sults of level 1 and level 2, quantitative information can be
gained at this level. Of course, in an absolute sense the
modeled glacier beds might have large uncertainties. How-
ever, the potential maximum area and volume of a lake as
well as topography of the lake bottom and the surrounding
terrain after glacier disappearance can be realistically esti-
mated. Compared to the methods for assessments on level 1
and level 2, such models require additional input data (e.g.
digitized center lines for major glacier branches and param-
eters describing the mass balance distribution and the ice
flow). Depending on the model, the size of the region that
can be processed may be restricted due to limited computa-
tional power or the availability of input data. In this study, we
used the model ofLinsbauer et al.(2009) for comparison and
validation purposes, and the modeled glacier bed topography

with its overdeepenings was used as input for the modeling
of potential future lake outbursts (see Sect. 5). The main
workload for this model is given by the manual digitization
of flow lines for each glacier and all its main tributaries.

3.1.4 Level 4

For more detailed investigations of a specific site, e.g.,
accurate assessment of potential future lake volume, geo-
physical measurements like ground penetrating radar (GPR)
(e.g.,Binder et al., 2009) or even drilling (e.g.,Truffer et al.,
1999) have to be performed. However, as mentioned before,
these methods are not further discussed in this study.

3.2 Validation

To validate the methods of the different levels, they were ap-
plied to historical data to allow a comparison with the present
situation (Fig. 4). For Trift Glacier in the Bernese Alps,
where a lake formed after the year 2000, the topographic map
(Siegfriedkarte) from 1932 and a photograph from 1948 pro-
vide the information for the qualitative assessments. For the
quantitative analyses the DHM25L1, representing the surface
of 1985, was used.

Analyses on level 1 and 2 based on the historical map are
shown in Fig. 4a. The contour lines indicate a surface slope
slightly below 5◦ (level 1) in the region of the present-day
lake, and the criteria of level 2 apply as well. In the pho-
tograph from 1948 (Fig. 4b), these criteria are illustrated
as well, to demonstrate that they can also be applied vi-
sually in the field for a rough assessment. Based on the
DHM25L1 (dating to 1985) and the digital glacier outlines
from 1973 (Paul, 2007), the model fromLinsbauer et al.
(2009) was used to estimate the glacier bed topography at
level 3 (Fig. 4c). The results indicate a distinct depression in
the glacier bed with a depth of about 100 m at the location of
the new lake. The surface slope of the glacier in 1985 (calcu-
lated from DHM25L1) is slightly larger than in 1932 (mea-
sured in the Siegfriedkarte), but the surface gradient near the
tongue is still below 5◦. Qualitative tests of the strategy on
level 1 and level 2 with historical maps were also performed
at Rhone Glacier and Gauli Glacier, two other sites with re-
cent lake formation. In both examples, the former glacier
surface was flat and all three criteria of level 2 applied as
well. Concluding, it can be stated that these lakes could
clearly be anticipated from the historic data by the manual
application of the three criteria of level 2 and the model used
on level 3. The application of the slope threshold on level 1,
although being less reliable, also proved to give a quick and
sufficiently accurate overview.

3.3 Modeling potential future lake outbursts

In order to detect critical situations and cases, which require
in-situ investigations on level 4, a hazard assessment con-
cerning the expected lakes is performed based on the results
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Fig. 4. Application of the strategy to Trift Glacier, using historical
data.(a) Level 1 (slope<5◦) and level 2 (three criteria, same sym-
bols as in Fig. 2) applied to the Siegfried map from 1932. The eye
and the triangle indicate viewing directions of photographs shown
in (b) and (d). (b) Photograph from 1948, level 2 criteria are in-
dicated again.(c) Modeled bed topography based on DHM25L1
from 1985 and glacier outlines from 1973 (red lines). The modeled
overdeepening (blue) is more than 100 m deep. Light and transpar-
ent blue areas are parts with surface gradient below 5◦ (level 1) for
comparison. (d) Photograph from 2006, taken from the same loca-
tion as (b). Photographs (b) and (d) © Gesellschaft für ökologische
Forschung (www.gletscherarchiv.de).

of level 3. Because these future scenarios have large uncer-
tainties about the exact location, lake volume and properties
of the environment surrounding the lakes, such an assess-
ment can only be of preliminary nature. Relationships gained
from the analyses of past events showed that for the forma-
tion of debris flows, firstly loose sediments must be available
for entrainment, and secondly, a minimum channel slope of
8◦ is required to mobilize the material (Hungr et al., 1984;
O’Connor et al., 2001). So far, the maximum runout dis-
tances of coarse debris flows originating from outbursts of
ice and moraine dammed lakes in the European Alps have
not been documented to fall below 11◦ (tanα = 0.19) (Hae-
berli, 1983; Huggel et al., 2002). This value can thus be used
as a limit for worst-case scenarios of debris flow type out-
burst floods. If no loose sediment is available or slopes are
too flat for sediment entrainment and the water volume by far
exceeds the sediment volume, flood waves with much longer

potential runout distances can form. For such a case,Hae-
berli (1983) found in an empirical study in the Swiss Alps an
overall slope of 2◦ to 3◦ as maximum distance of the destruc-
tive reach of flood waves.

Huggel et al.(2003) presented a simple but robust debris
flow model that includes these empirical runout distances and
slope thresholds, and that can be applied with reasonable as-
sumptions for the required input data. The so-called modi-
fied single flow model (MSF) is a hydrological flow routing
model that calculates for each cell of a DEM a probability of
affection by a flooding event. It is based on a hydrological
algorithm that calculates the flow direction from one DEM
cell to another according to the steepest downward gradi-
ent between one cell and its eight neighbours. In addition,
it allows also a flow spreading of up to 45◦ from the main
flow direction. The input data are starting cells and a DEM.
In this study we used the modeled potential future lake ar-
eas as starting zones and the DEM without glaciers obtained
on level 3 for flow path modeling. The MSF model can be
applied to larger regions, i.e. several lake outbursts can be
modeled within one model run. The somewhat speculative
and uncertain assumptions about the volume and the sedi-
ment concentration of outburst floods are not considered in
the model.

4 Results

4.1 Future lake scenarios

For the Aletsch and for the Bernina test regions, locations
with potential future lake formation were delineated based on
the results of levels 1 and 2 (Figs. 5 and 6). The DHM25L2
was used for an automated selection of glacier parts with sur-
face slopes below 5◦ (level 1, blue areas). For the manual
application of the three criteria on level 2, a slope map de-
rived from the DHM25L2, the digital glacier outlines from
the SGI, and the IRS-1 C scenes were used.

In Fig. 5 the results for the Aletsch Glacier are shown.
Large parts of the glacier surface have a slope gradient be-
low 5◦ (blue areas in the figure) and are selected on level 1.
This is not surprising, as large glaciers tend to have low mean
slope values (Paul, 2007). However, it is unlikely that all
these parts with a flat surface are overdeepened. On level 2,
the overdeepenings can be located already from the informa-
tion from level 1, although estimations of the exact positions
and sizes of the overdeepenings 2, 3, 5, 9, 10 and 11 are un-
certain. On the one hand, it is possible that some of them are
connected (e.g. overdeepenings 2 and 3), on the other hand,
some of them are likely to be much smaller than indicated.
The other overdeepenings were identified according to the
following criteria of level 2: at locations 8 and 9, a distinct
break in slope (criterion I) applies, at number 1, 6 and 7, a
reduction in glacier width further downstream (criterion II),
can be observed. Overdeepenings number 4 and 6 are located

Nat. Hazards Earth Syst. Sci., 10, 339–352, 2010 www.nat-hazards-earth-syst-sci.net/10/339/2010/

www.gletscherarchiv.de


H. Frey et al.: Anticipating future glacier lake formation 345

Fig. 5. Potential overdeepenings in the bed of Aletsch Glacier; IRS-
1C scene (10 m resolution) in the background. Surface gradient of
glaciers is shown in green (flat) to red (steep): results of level 1
are shown in blue (glacier surface parts with slope<5◦); and the
overdeepenings estimated on level 2 are indicated with red circles.
Further explanations are given in the text.

at confluences with tributary glaciers, a factor that favors the
erosive power of a glacier (MacGregor et al., 2000).

The application of the methods to the Bernina region is
shown in Fig. 6. On level 1, the overdeepenings number 2, 4,
6, 7 and 10 can be identified, while locations 1, 3 and 5 are
somewhat unclear because only small flat areas are detected.
On level 2, numbers 3 and 5 are detected more clearly: all
criteria apply at site 3 and criterion (I) and (III) apply for lo-
cation 5. Site 7 is considered to be overdeepened as well, be-
cause the confluence of the two glacier branches favors ero-
sion. Sites 8 and 9 are identified clearly on this second level,
also here all three criteria apply, at site 9 even more clear than
at site 8. However, the surface gradients are slightly steeper
than 5◦ at both locations.

Fig. 6. Potential overdeepenings in the Bernina region; IRS-1C
scene (10 m resolution) in the background. Surface gradient of
glaciers is shown in green (flat) to red (steep): results of level 1
are shown in blue (glacier surface parts with slope<5◦); and the
overdeepenings estimated on level 2 are indicated with red circles.
Further explanations are given in the text.

4.2 Comparison of qualitative assessment
(levels 1 and 2) with modeled overdeepenings
(level 3)

With regard to applications of this strategy to other moun-
tainous regions, we applied only the first two levels on both
regions, as it would be the case for remote and unexplored
regions, where input data for more detailed investigations
are missing. A comparison of the results of these qualita-
tive assessments to the modeled overdeepenings from the es-
timated bed topography (level 3) is shown in Fig. 7 to reveal
the strengths and weaknesses of these first two levels.

According to the interpolated bed topography from level 3
by the model fromLinsbauer et al.(2009), there are seven
sites in the Bernina region with a potential for the forma-
tion of a larger lake in the region of Morteratsch Glacier and
Pers Glacier (Fig. 7 A and 1 to 6). Three of these seven
sites, 2, 4 and 6, are detected on level 1 due to their sur-
face slopes below 5◦. The modeled overdeepening at site 3
is only weakly indicated on level 1 by the patchy distribu-
tion of areas with flat surfaces, but is detected on level 2. At
the site 1, two small patches of flat areas are indicated on
level 1, and on level 2 a slight increase in slope (criterion I),
however it was still unclear if there is an overdeepening in
the bed. At site 5, a small flat part and a distinct increase
in slope indicate an overdeepening. The model applied on
level 3 shows an overdeepening, however, it is a small de-
pression and it is even possible that the depression is only an
artifact of the model and the bed is not overdeepened at all at
this location. To assess this in more detail, geophysical mea-
surements must be performed (level 4). Finally, the modeled
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Fig. 7. Comparison of the results from level 1 and 2 with the mod-
eled bed topography (level 3, overdeepenings shown in dark blue,
A–G) on Morteratsch- and Pers Glacier (Bernina region), includ-
ing two profiles. Results from level1 are shown in transparent light
blue, results from level 2 are indicated by red circles (compare to
Fig. 6).

overdeepening at site A near the terminus may be an artifact
of the model due to the interpolation of a concave shaped bed
between the last interpolation point and the glacier outline
(Linsbauer et al., 2009). Regarding the formation of lakes
at these overdeepenings, the temporal component of glacier
retreat is important. Generally, lakes form earlier in lower
overdeepenings. Transient glacier retreat models could help
to estimate the point in time when the formation of a lake
will start.

4.3 Potential for application in other regions

According to the verification at Trift Glacier and the compar-
ison with the modeled bed topography, the first two levels of
the assessment strategy are sufficient for a preliminary and
qualitative identification of sites with potential future lake
formation in a larger region. In view of applying these meth-
ods to other mountain regions of the world, it was tested
whether the SRTM DEM and ASTER GDEM can be used
within this strategy. Therefore, for both DEMs the Morter-
atsch region was clipped, reprojected to the Swiss coordi-
nate system, horizontally adjusted to the DHM25L2 (Paul
and Haeberli, 2008) and resampled to 25 m by bilinear inter-

Fig. 8. Glacier surface areas with slope<5◦ (level 1) on
Morteratsch- and Pers Glacier derived from the ASTER GDEM
(yellow) and SRTM (orange). For comparison, flat parts derived
from the DHM25L2 (light blue) and overdeepenings in the modeled
glacier bed (blue) are shown as well. The background is a hillshade
view of the modeled bed topography and the DHM25L2 outside the
glacier margins.

polation. In contrast to the processing of the DHM25L2 on
level 1 (see Sect. 3.1.1), no filter was applied to the flat re-
gions derived from the SRTM and the ASTER GDEM. They
were smoothed already during the resampling process. The
selection of flat glacier parts with surface slopes below 5◦

(level 1) is shown in Fig. 8. Flat parts from the high-quality
DHM25L2 and the overdeepenings in the modeled bed to-
pography are also shown. The larger overdeepenings at sites
2, 4 and 6 can be identified in both other DEMs clearly; 3
and 5 remain unclear on level 1. Flat parts derived from both
DEMs are smaller compared to the DHM25L2 and small flat
parts in the latter are not represented in the other DEMs. This
is due to the coarser resolution of the original datasets. In
general, the results from SRTM correspond slightly better to
the results from the DHM25L2 than the results derived from
the ASTER GDEM.

For the second level, slope masks (not shown here) were
derived from the two additional DEMs. Again, compared to
the DHM25L2 both slope masks are less detailed and show
more artifacts. Also, the larger overdeepenings can be iden-
tified again; but smaller ones remain unclear or cannot be
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resolved. However, because the information extracted from
the DEMs is only used for a qualitative assessment on level 1
and 2, they are both considered to be suitable for being used
within this strategy, at least on the first two levels. Assuming
that the quality of these datasets is similar in other mountain
regions, these DEMs allow an application of the presented
strategy also beyond the European Alps.

5 Assessing potential future glacier lake outburst

In this study, the temporal evolution of glacier retreat and
thus also the temporal evolution of lake formation is not
considered. Instead, runout paths for worst-case scenarios
of glacier lake outburst are modeled: all glaciers have re-
treated strongly, most parts of the beds are exposed, and all
overdeepenings modeled on level 3 are completely filled with
water. Based on this setup, potential future lake outbursts
are modeled for the Morteratsch- and Pers Glaciers, also to
demonstrate the potential of simple flow-routing models like
the MSF model (Huggel et al., 2003) that can be used in such
cases with highly uncertain conditions. Based on the results
of such a preliminary assessment, sites that require more de-
tailed investigations on level 4 can be selected. Nevertheless,
the temporal evolution of glacier retreat and lake formation
has a direct influence on the hazard situation. For example,
after the formation of a lake at overdeepening 3 in Fig. 7,
Pers Glacier will terminate in a steeper part of the bed and
thus favor the formation of ice avalanches. The new lake in
front of this tongue might be in the runout distance of such
ice avalanches. After continued retreat of Pers Glacier, the
situation might become less critical.

5.1 Potential future lake outbursts at Morteratsch
Glacier and Pers Glacier

The results of the MSF modeling are shown in Fig. 9. Ac-
cording to the modeled bed topography, the lakes are all hy-
drologically connected, in other words, many of the outburst
floods reach other lakes located further downstream. This is
inherent to the applied model approach, because the largest
depths are modeled along the central flow line. However, this
is also realistic from a glaciological point of view, because
the depressions were shaped by the same glacier. The slope
values from the modeled glacier bed exceed 8◦ in the sur-
rounding of most future lakes, hence, loose material could
be entrained by outburst floods from these lakes. The av-
erage slope values of the glacier beds are around 25◦, but
below the glacier tongues the terrain levels out. Even in
worst-case scenarios with runout distances for debris flows
according to an 11◦ average slope threshold (Haeberli, 1983;
Huggel et al., 2002), debris flows from future glacier lakes
could reach lakes situated below, but in most cases the af-
fected areas are confined to regions close to the lakes; they

do not reach presently existing buildings, settlements or other
expensive infrastructure (Fig. 9a).

Because it is highly uncertain how much loose sediment
will be available in the future, we also modeled potential
flood waves, which, compared to debris flows, have a much
lower sediment concentration (Fig. 9b). For the maximum
runout distance we chose again a worst-case approach and
used a maximum average slope of 3◦ (see Sect. 3.3).

In the combined modeling of the whole region in a sin-
gle model run, the MSF model calculates the average slope
always from the lowest starting zone. In other words, if a
lake outburst flood reaches a lower lake, the modeling of the
flood from the upper lake is aborted and only the flow path
from the lower lake is calculated. This is reasonable because
a debris flow or flood wave from an upstream lake can trig-
ger an outburst of a lower lake, but the kinetic energy of the
incoming flow mass will be used to displace the water from
the lower lake. However, in the case of modeling outbursts
from potential future lakes, it is uncertain which lakes will
form at all and when. It is possible that a lower lake is filled
with sediments, drained already earlier, or did never form at
all. For this reason, we modeled flood waves for all potential
future lakes individually to avoid undesirable interactions.

The maximum runout paths of the individual flood waves
are shown in Fig. 9c. According to the model, the floods
could reach existing settlements and infrastructure. Flood
waves from all these potential future lakes could affect the
roads and the railroad in the Bernina Valley. Floods origi-
nating from the bed of Morteratsch Glacier would not reach
Pontresina (P), but all expected future lakes of Pers Glacier
have the potential to cause flood waves that could reach the
village of Samedan (S).

The influence of lakes located in the runout of an upstream
lake can be shown with the example of the lowest lake on
Morteratsch Glacier (M1). If this depression is empty of wa-
ter during an outburst of P1, P2 or P3, the potential destruc-
tive reach of such a flood wave could reach the flood plain of
Samedan, where a regional airport is located. But if there is
a full lake at M1, it could absorb the energy from an outburst
of a smaller lake upstream. Of course this depends strongly
on the volume and geometry of the retention basin at M1
and the magnitude of the outburst flood from P1, P2 and P3.
From these finding the hypothesis arises, that a lake of a suf-
ficient size, located at the transition from steep terrain to a
flat valley bottom reduces the hazard potential of other lakes
located higher up in steep terrain. This is only the case, if the
lower lake is large enough and has a sufficiently stable dam
to absorb the kinetic energy of an incoming flood wave from
an upstream lake outburst.
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Fig. 9. Flow routes of outbursts from potential future glacier lakes of Morteratsch (M1, M2) and Pers Glacier (P1–P3) modeled with the
MSF algorithm. Background image is a Landsat 5 TM scene from 1999; glaciers were replaced by hillshade views of the modeled glacier
beds.(A) debris flows;(B) flood waves modeled in one model run (runout path is interrupted as soon as another lake is reached);(C) flood
wave paths modeled for each glacier individually. The starting points are indicated by blue boxes; respective maximum destructive runout
distances are shown in grey boxes. Indicated settlements are Pontresina (P) and Samedan (S).

6 Discussion and perspectives

The presented strategy to detect sites with potential future
lake formation on four different levels proved to be feasi-
ble and the results of the different levels are consistent. In
the Bernina region all the overdeepenings in the modeled
bed topography at level 3 could be identified on the previous
levels already. Regarding an application to other mountain
regions of the world, where only sparse input data may be
available, the methods of these first two levels can quickly
provide qualitative information without much computational
effort.

For such an approach, designed to anticipate future sce-
narios, it is essential that all overdeepenings are identified,
even though not all of them may cause lake formation. In
statistical terminology type II errors (false negatives; in this
case a real overdeepening that is not detected by the strategy)
must be minimized. It is therefore accepted that too large ar-
eas are selected at level 1. But because the real glacier bed
topography and its properties are not known before glacier
disappearance, the value of this type II error cannot be quan-
tified precisely.
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So far, glacier sedimentation was not considered in this
study. The sedimentary properties of the glacier beds that
will be uncovered in the future have a twofold impact on po-
tential lake formation: on the one hand, continued sedimen-
tation can fill overdeepenings in the bedrock and thus reduce
the lake volume or prevent lake formation at all. On the other
hand, sedimentary glacier beds can provide loose material
for debris flow formation and lead to moraine dammed lakes
with a potential for mechanical dam failures and related ex-
treme discharges.Maisch et al.(1999) presented an index to
discriminate sedimentary and rocky glacier beds, based on
the heights of surroundig rock walls and a number of glacier
characterisitcs.Zemp et al.(2005) implemented this index
into a GIS, which allows including it in the suggested assess-
ment strategy at level 3, e.g. supplementary to the modeling
of potential outburst floods.

The methods of this study were developed and tested
for glaciers without extensive debris cover. However,
supraglacial lakes can also develop on debris-covered
glaciers of the Alps, e.g. on the Belvedere Glacier in Italy
or on the tongue of the Lower Grindelwald Glacier in
Switzerland. Reynolds(2000) anticipated sites with poten-
tial supraglacial lake formation on heavily debris-covered
glaciers in the Himalayas (Bhutan) by identifying stagnant
parts of the glacier tongue with average surface slopes be-
low 2◦. This approach was later confirmed by a study of
Quincey et al.(2007) who investigated the flow velocities of
debris-covered tongues in Nepal and Tibet (China) by using
synthetic aperture radar (SAR)-interferometry. In principle,
this procedure corresponds to our approach at level 1 and
level 2, respectively. The different lake formation processes
explain the differences of the slope values for level 1: on
debris-covered tongues, lake formation normally starts with
the occurrence of small individual supraglacial ponds that co-
alesce later to a single lake, which finally grows constantly by
melting the adjacent ice in all directions (mainly upstream).
This process can take the whole valley width and finally even
replace a large part of the tongue (Bolch et al., 2008; Komori,
2008; Reynolds, 2000; Watanabe et al., 1994). Our approach
is related to proglacial lake formation at (nearly) debris-free
glaciers where lake formation starts at the (retreating) glacier
front. Thus, the threshold slope value for the detection of
glacier-bed overdeepenings is greater than for supraglacial
lake formation on debris-covered tongues (5◦ instead of 2◦).

The formation of a lake that is in contact with a glacier
can have a strong impact on glacier dynamics. In general,
a lake at the front of a glacier will accelerate glacier retreat
due to increased ablation by calving and thermokarst effects
(Kääb and Haeberli, 2001). For this reason, length changes
of glaciers that terminate into a lake, are to a certain de-
gree decoupled from the direct forcing of climate change and
should thus not be used as indicators of climatic changes.
Chinn et al.(2008) estimated an increase in the rate of ice
loss by about one order of magnitude for glaciers terminat-
ing in a lake compared to other glaciers with ice loss only due

to surface melt. These authors also state, that the inclined
glacier surfaces are replaced by horizontal water surfaces
which results in steeper upslope glacier surfaces and, hence,
in faster ice flow. Such impacts of glacier lake formation
on glacier dynamics are not commonly taken into account
for physically based, dynamic modeling of future glacier de-
velopment (e.g., like in the studies fromJouvet et al., 2009
or Le Meur et al., 2007). In combination with such models
of transient glacier evolution, the temporal component could
be included in the assessment of future lake formation. So
far, only relative predictions of sequence of lake formation
for individual glacier branches are possible by locating the
bed-overdeepenings (first, the lake at the lowest overdeep-
ening will form). As soon as multi-tributary glaciers start
to separate into individual glaciers, the order of formation
may change. For example, Morteratsch and Pers Glacier will
separate in the near future and it is possible, that a lake at
overdeepening 3 (Fig. 7) will form earlier than the lower lake
at overdeepening 2 due to different retreat rates caused by
different ice thicknesses of the individual glacier branches.

In this study outburst floods were modeled, but other im-
portant components for the determination of the hazard po-
tential of future lakes were not considered. Dam character-
istics for example strongly influence the risk of failure, and
external factors like impact waves from mass movements can
trigger catastrophic lake outbursts. To allow a more detailed
and integrated hazard assessment of lakes expected to form
in the future, such components must be anticipated as well.
More detailed assumptions about the lake size, dam proper-
ties and lake surrounding would allow a more sophisticated
modeling of potential lake outbursts.

7 Conclusions

The presented integrated four-level strategy for the detection
of sites with potential glacier lake formation is a suitable ap-
proach to anticipate future situations in high-mountain en-
vironments. Starting with the first level to gain a rough
overview over a large region, the strategy subsequently fo-
cuses on smaller regions in more detail, down to in-situ geo-
physical measurements in the field. This multiscale pro-
cedure allows to rapidly identifying the most critical sites
in a large region. Applications of the strategy to two test
regions showed, that the newly presented, qualitative ap-
proaches (levels 1 and 2) proved to be consistent with the re-
sults from more detailed/laborious models that are applied on
the third level. In both test regions, ten or more overdeepen-
ings were detected and the formation of several glacier lakes
has to be expected in the future. Due to the irregular longitu-
dinal bed profiles caused by glacier erosion (Hooke, 1991),
glacier lakes will form in the course of continued glacier re-
treat in cold mountain regions. Tests of the presented strategy
with the nearly globally available SRTM and ASTER DEMs
revealed satisfying results. This indicates that the approach
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can be applied worldwide, even in remote regions with less
detailed data coverage.

The hazard situation of such glacier lakes needs to be
(re-)assessed regularly and at short time intervals, because
these lakes form in a rapidly changing environment and their
hazard potential is determined by factors that are themselves
subject to changes. Modeling of potential glacier lake out-
bursts is an important part of such a hazard assessment and
can also be performed for glacier lakes that are expected to
form in the future. The modeling of potential debris flows
and flood waves originating from anticipated future lakes of
the Morteratsch- and Pers glaciers indicated that a growing
number of lakes may not in all cases imply a higher regional
hazard potential.

To predict the time of lake formation, the here-presented
strategy needs to be coupled with simple but transient mod-
els that determine glacier retreat over large regions. Such a
combination is in the focus of future research and will further
increase the benefit of the presented approaches.
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