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1 | INTRODUCTION
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Abstract

The emergence of glacial lakes is a significant consequence of global climate change
in high mountain regions. Recent developments in ice thickness modelling combined
with high-resolution glacier surface data led to the generation of modelling
approaches to simulate the ice-free bedrock topography below current glaciers and
to detect potential glacier bed overdeepenings (GBO) that may form into future
lakes. We simulated the subglacial topography in the Austrian Alps using two differ-
ent ice thickness models. Glaciers in the study area differ significantly from glaciers
investigated in previous studies on potential future lakes because of their in general
small size and location often restricted to cirques. The aim of this study is to estimate
the number and location of potential future lakes in Austria. We tested the perfor-
mance of ice thickness models for modelling of potential future lakes in an environ-
ment dominated by mountain glaciers that are under high stress of climate change.
Modelling results are compared with lakes that evolved since the modelling periods
and with data on subglacial topography derived from geophysical surveys. Results
show significant differences in model performance concerning the total ice volume
and the number of simulated GBOs. The number and total area of the modelled
GBOs is overestimated, compared with the number of lakes that have evolved in the
past. Most GBOs are simulated for valley type glaciers, even though most glaciers
are mountain types. This does not match with the location of existing glacial lakes
that are dominantly found in cirques. We ascertain that this modelling approach per-
forms better on large valley type glaciers and less well on mountain glaciers. Inter-
secting the modelling runs indicates that up to 42 new lakes may form within

23 glaciers in Austria covering a total area of 2 km?.
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the reduction of ice and water resources in high alpine regions. One

consequence of glacier melt is the formation of glacial lakes

The European Alps, like most mountain environments, are experienc-
ing significant landscape changes as a response to ongoing climate
change. Glacier mass loss in the twentieth and early twenty-first cen-
tury is the most visible manifestation of these changes, leading to the
exposure of new terrain, an increase in loose sediment deposits and

(Carrivick & Tweed, 2013; Haeberli et al., 2016). Glacial lakes form in
bedrock depressions, or behind dams of debris or ice. They are fre-
quent landscape elements in glaciated mountain environments. Lakes
that form in high mountain environments have significant impacts on
sediment transfer, hydrology and society, for example through the
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formation of hazards (Haeberli et al., 2017; Otto, 2019). Due to their
potential to create hazardous glacial lake outburst floods (GLOFS),
they are in focus of geomorphological research in many high mountain
areas (Clague & O’Connor, 2015; Kapitsa et al., 2017; O’Connor &
Costa, 2004). While in contact with ice, glacier lakes feed back posi-
tively on the glacier system, resulting in increased ice velocities,
impacts on mass balances and enhanced melting (King et al., 2019;
Sutherland et al., 2020). Recent insights also highlight their role as car-
bon sink due to their low organic carbon content and the high amount
of fine sediments that are available for CO,-consuming chemical
weathering (Pierre et al., 2019).

An increasing number of new lakes and growth of existing glacier
lakes have been reported from various mountain regions around the
globe (Buckel et al., 2018; Cook et al., 2016; Emmer et al., 2016;
Laute & Beylich, 2021; Mergili et al., 2013; Pandey et al., 2021; Pelto
et al., 2013; Song et al., 2016; Wilson et al., 2018; Zhang et al., 2015).
Recent developments in ice thickness models combined with high-
resolution glacier surface data led to the generation of approaches
to simulate the future, ice-free bedrock topography below current
glaciers (Frey et al., 2010b; Gharehchahi et al., 2020; Linsbauer
et al, 2012; Pandit & Ramsankaran, 2020; Paul & Linsbauer, 2012).
The analysis of these modelled glacier beds reveals subglacial bed-
rock depressions, termed glacier bed overdeepenings (GBO), that
represent potential locations for future lakes (Cook & Swift, 2012).
Based on the assumption that the shape of the glacier surface
reflects the bedrock surface beneath the glacier, a subtraction of the
ice thickness from the glacier surface produces a potential subglacial
morphology. Paul and Linsbauer (2012) back up this assumption by
postulating that current glaciers contribute less to bedrock erosion
compared with glaciers during the major glaciations. Consequently,
current glaciers rather flow on the previously carved bedrock sur-
face, thus portraying the bedrock morphology. An alternative to
modelling ice thickness explicitly is to analyse morphometric condi-
tions and surface characteristics of the glacier surface and estimate
the potential for the location of GBOs by selected criteria (Colonia
et al., 2017; Frey et al., 2010a). These criteria include slope < 5°,
increasing slope in flow direction, formation of crevasses, or a reduc-
tion in glacier width. This alternative requires a mostly manual classi-
fication of glacier morphology and thus does not allow predictions
on large scales. Modelling of potential GBOs has been performed for
selected mountain regions and even large ice shields (for example:
Gharehchahi et al., 2020; Kapitsa et al., 2017; Linsbauer et al., 2013;
Livingstone et al., 2013; Pandit & Ramsankaran, 2020; Viani
et al., 2020).

The most frequent ice thickness model used to predict potential
future lakes is the GlabTop model generated by Linsbauer and others
(2009) and further developed by Paul and Linsbauer (2012). A fully
automated version of GlabTop is presented as GlabTop2 by Frey and
others (2013). While the original GlabTop approach requires the man-
ual definition of branch lines, GlabTop2 uses random points for ice
thickness calculation. Thus, GlabTop2 seems to be better suited for an
assessment of GBOs in entire mountain ranges with a high number of
glaciers. GlabTop and GlabTop2 have been applied to model potential
GBOs in Switzerland (Linsbauer et al, 2012), the Himalaya-
Karakorum region (Allen et al., 2016; Linsbauer et al., 2016; Pandit &
Ramsankaran, 2020; Ramsankaran et al., 2018; Zhang et al., 2019),
Kasachstan/China (Kapitsa

the Djungarskiy Alatau, border

et al,, 2017), the Peruvian Andes (Colonia et al., 2017, Drenkhan et al.,
2019), the Mont Blanc Area (France, Magnin et al., 2020) and the
Aosta Valley in Italy (Viani et al., 2020).

To assess the quality of GBO simulations, modelled GBOs are
compared with potential GBO locations based on the glacier mor-
phology mentioned above (Frey et al., 2010a). Frequently, alternative
ice thickness models are applied to compare location and geometry
of GBOs (e.g. ITEM, Farinotti et al., 2009); HF-Model, Huss &
Farinotti, 2012; or Volta, James & Carrivick, 2016). Ice thickness and
GBOs are evaluated using field data derived from geophysical sur-
veys. The accuracy of GlabTop and GlapTop2 with respect to the
modelled ice thickness lies within a range of +30% (Linsbauer
et al., 2012, 2016), which is in accordance with the many other exis-
ting ice thickness models (Farinotti et al., 2017). Another way to vali-
date modelling results is by comparing predicted lakes with lakes
that have evolved in recent times. This requires topography data of
previous glacier extents and an inventory of lakes (Kapitsa
et al., 2017; Linsbauer et al., 2012; Viani et al., 2020). Similarly, the
performance of modelling subglacial topography can be assessed by
utilising older glacier inventories to model the subglacial topography
of now ice-free areas (Viani et al., 2020). Most studies conclude that
the models applied generate robust predictions with respect to the
location of potential GBOs but information on lake size or depth
contains a high degree of uncertainty (Magnin et al., 2020; Viani
et al., 2020).

This study complements the picture of potential future glacial
lakes in mountain environments by modelling GBOs at glaciers of the
Eastern Alps in Austria. The composition of glaciers in the study area
differs significantly from most of the regions where the modelling of
potential future lakes has been performed previously (Colonia
et al.,, 2017; Kapitsa et al., 2017; Magnin et al., 2020; Ramsankaran
et al., 2018). The Eastern Alps in Austria are significantly lower com-
pared with the Western Alps (Switzerland, France) or the Central
Asian or Andean mountain regions, with maximum elevations below
4,000 m (Sommer et al., 2020). Ninety percent of all glaciers in Austria
are smaller than 1 km? and account for 34% of the total glacier area
(Fischer et al, 2015b). Seventy-five glaciers (9%) have an area
between 1 and 5 km? and covering 41% of the total glacier area. The
ten largest glaciers are between 5 and 12 km? in area and share 25%
of the glacier cover and about 35% of the total glacier volume in
Austria (Fischer et al., 2015b; Helfricht et al., 2019). Glaciers in the
Austrian Alps are mostly mountain glaciers like cirque and niche gla-
ciers (Cogley et al., 2010), with only a few typical valley glaciers (Otto
et al., 2018). Furthermore, all glaciers have experienced strong melt
leading to significant reduction in glacier size, a notable decrease in
flow velocity and frequent split-up into small parts (Fischer
et al., 2015b; Fleischer et al., 2021; Stocker-Waldhuber et al., 2019).
We assume that mountain glaciers experience different mass turnover
and flow dynamics, compared with valley glaciers, due to their small
size, reduced thickness and lower shear stress (Capt et al., 2016;
DeBeer & Sharp, 2009; Florentine et al., 2020; Paasche, 2011;
Sanders et al, 2010). However, theoretical approaches of the ice
thickness models are mainly based on flow behaviour (driving stress)
or mass conservation, which are predominantly tested and calibrated
against data from large glaciers. In general, ice thickness models esti-
mate total glacier volume within a range of 10 4+ 24% compared with

measured thickness (Farinotti et al., 2017). The aim of the study is to
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test the performance of two ice thickness models on the simulation of
GBOs. We assess the sensitivity of modelling parameters on the num-
ber and characteristics of GBOs and estimate the location and dimen-
sions of potential future lakes in Austria. We discuss the performance
of ice thickness models for modelling of potential future lake locations
in an environment dominated by mountain glaciers that are under high
stress of temperature warming.

The objectives of this study are:

1. To model the location and size of GBOs in order to assess the
potential locations and characteristics of potential future glacial
lakes in high mountain areas of Austria.

2. To compare the performance of two different ice thickness
models, namely GlabTop2 (Frey et al., 2014) and the HF-model
(Huss & Farinotti, 2012), and to assess the sensitivity of modelled
GBOs on model choice.

3. To compare the modelled GBOs of past glacier extents with exis-
ting lakes in order to evaluate model uncertainties and the esti-
mated number of potential future lakes.

4. To validate the modelling results against ice thickness and bedrock
surface data derived by high-resolution geophysical surveys.

5. To discuss the performance of the models applied with respect to
glacier types observed in the Austrian Alps.

2 | STUDYSITE

We performed this study in the Austrian Alps, Europe (Figure 1). The

Austrian part of the Eastern Alps represents around one-third of the
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European Alps, covering an area of roughly 53,000 km?. Around
8,000 km? of the Austrian Alps are located at altitudes above
2,000 m, setting the stage for the formation of more than 900 individ-
ual glaciers. The highest density of glaciers can be found in the
Otztaler Alps and the Venediger and GroRglockner range. Austrian
glaciers have lost more than 70% of area since the Little Ice Age (LIA)
covering 330 km? in 2015 (Buckel et al., 2018). Glacier melt thus
uncovered more than 600 km? of high alpine terrain. Between 2006
and 2016, Austrian glaciers lost about 22% of their volume (Helfricht
et al., 2019). Since the onset of warming in mid-nineteenth century,
more than 260 lakes have formed in the proglacial zone (Buckel
etal, 2018).

3 | METHODS AND DATA
3.1 | Modelling glacier ice thickness and deriving
subglacial depressions

We compare two different ice thickness models for the automated
detection of future glacier lakes: GlapTop2 (Frey et al., 2014) and the
HF model (Helfricht et al., 2019; Huss & Farinotti, 2012). The general
approach to identify GBOs is to model the ice thickness, which is then
subtracted from the ice surface to obtain the subglacial topography.
Within the simulated subglacial topography, GBOs are detected using
GIS analysis techniques (see below). The method only allows
predicting glacier lakes forming in bedrock depressions without
accounting for lakes that may form behind moraine dams. GBO
modelling was performed for two different glacier extents, 1969 and
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FIGURE 1 The study focusses on glaciers in the Austrian Alps, Europe (Map A). Present-day glaciers in Austria are limited to the highest
ranges in the western part of the country. The investigated glaciated mountain ranges are labelled (Map B). Map C locates the glaciers within the
Glockner range that have been used for model validation using geophysical field data
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2009. Glacier extents are taken from the Austrian glacier inventories
(GI) (Fischer et al., 2015b). More information on the data used is pro-
vided below.

The model GlapTop2 (Frey et al., 2014) quantifies ice thickness
h based on the shallow ice approximation:

_ T
" fpgsina

where 7 is the basal shear stress, f is a shape factor that parameterises
apparent lateral drag of U-shaped glacier troughs (Nye, 1965), p is the
density of ice, g is gravitational acceleration and « is glacier surface
slope. Following the approach by Linsbauer et al. (2012), this model
utilises an empirical relationship determined by Haeberli and
Holzle (1995) to quantify 7 in equation i. Ice thickness is calculated for
random points on the glacier surface. a is averaged within a moving
window around the random cell. The moving window is scaled to
meet a minimum elevation range to avoid very low slopes, which
would lead to unrealistically thick ice in (i). Ice thickness at the random
points is finally interpolated to the entire glacier surface. Ice thickness
at glacier margin cells is set by the user. We reproduced the model in
a Python script, which allowed the modification of model parameters
for testing.

A uniform shear stress  is obtained for each glacier based on the
formula by Haeberli and Holzle (1995):

t[kPa] = 0.5 + 159.84H — 43.5(AH)2 (ii)

for glaciers with AH < 1.6 km, where AH is the elevation difference
along the entire glacier. For glaciers with AH>1.6km (h=1 in GI1,
0 in GI3), a 7 of 150 [kPa] is applied (Frey et al., 2014). Consequently,
the only remaining variable on the right side of (i) is surface slope a,
which determines the shape of the bedrock topography, while z scales
with elevation for each individual glacier.

For comparison, we also applied the approach of Huss and
Farinotti (2012) for ice thickness modelling (HF model). The HF model
was developed from the ice thickness estimation method presented
by Farinotti and others (2009). The HF model scored highest among
the automated methods applicable at large scales compared within
the Ice Thickness Models Intercomparison eXperiment (ITMIX;
Farinotti et al., 2017), and has already been applied to all glaciers glob-
ally (Huss & Farinotti, 2012) and for regional glacier volume studies
(e.g. Andreassen et al., 2015; Frey et al., 2014).

The basic principle of the HF model is the estimation of ice vol-
ume flux along the glacier, from which local ice thickness is computed
based on measured surface slope and the flow law for ice. The
approach accounts for basal sliding conditions, variations in the valley
shape, and the influence of ice temperature on ice flow using several
adjustable parameters. The surface mass balance and the volumetric
balance flux are calculated along a simplified longitudinal profile of the
glacier flow line for estimating the mean ice thickness of individual
elevation bands. In a final step, ice thicknesses are extrapolated from
the flow line to all cells within the glacier extent on a regular grid con-
sidering local surface slope and distance from the glacier margin. We
refer to Huss and Farinotti (2012) for more details on the model archi-

tecture. We ran the model for 10 m elevation bands. Valley shape

factor, continentality and climate parameters were kept as proposed
in Huss and Farinotti (2012).

Both models were calibrated using low-resolution ice thickness
measurements from 58 glaciers in the Austrian Alps (Fischer
et al., 2015). The calibration procedure was developed by Helfricht
et al. (2019) for the HF model and adopted to calibrate the GlapTop2
model used in this study. Measured ice thickness data have been
homogenised due to temporal offsets between field surveys and our
modelling periods. The time of ice thickness measurements ranges
between 1995 and 2010. Field data were first homogenised to the
date of an intermediate glacier inventory (GI2), based on topographic
surveys from 1996 to 2002. This was chosen by Helfricht et al. (2019)
because they also modelled the ice thickness for GI2, and because it
was closest to the time of field surveys. First, the mean annual ice
thickness change between GI2 and GI3 was quantified from glacier
surface elevation change (z). For the calculation of GI2 ice thickness
(hgi2), the mean annual thickness change between GI2 and GI3 was
multiplied by the number of years (y) between GI2 and the time of

field measurement and added to the measured ice thickness (hy).

2613 — ZG12
heiz =hm + <;> *(Ym—Yoi2) (iii)
Yoz — Yai

The ice thickness (h) in GI1 and GI3 was derived using the observed
surface change between the respective glacier inventory and GI2

using:
hei1 = hei2 — (ze12 — Z611) (iv)

heiz = hei2 + (Z13 — Za12) )

Helfricht et al. (2019) report an overall uncertainty of this approach of
11% for GI1 and 13% for GI3. For more information on the ice thick-
ness homogenisation, refer to Helfricht et al. (2019).

These adjusted ice thickness measurements were used for param-
eter testing and calibration of both models. For GlapTop2, we applied
a similar procedure as Frey et al. (2014) by testing different values for
the shape factor (f, &= 0.1), the applied shear stress (z, &= 20%) and the
interpolation method (Inverse Distance Weighted and TopoToRaster;
Hutchinson, 1989). These modified model parameters simulate differ-
ent shapes and dimensions of glaciers targeting to approach the
nature of glaciers in our study area (Table 1). For the HF model,
Helfricht et al. (2019) altered the apparent mass balance gradient for
calibration (see their publication for more details). Calibration of both
models was done using 3,500 (GI1) and 3,200 (GI3) point measure-
ments of ice thickness at 58 glaciers (Fischer et al., 2015) and for each
glacier inventory with the effort to reduce the mean absolute error
(MAE) between modelled and measured ice thickness. For GlapTop2,
the parameter combination with the lowest MAE was used for model-
ling of GBOs (Table 1).

Furthermore, we also produced a bulk averaged model ice thick-
ness for each time period (Gl1_av, GI3_av) by generating a mean ice
thickness of both GlapTop2 and HF. This is based on the experiences
of the ITMIX study by Farinotti et al. (2017) and on Farinotti
et al. (2019), who conclude that a combination of different models

leads to improved modelled ice thickness.
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TABLE 1 Model runs with modified model parameters used for calibration of GlapTop2

Model run Shape factor (f) Maximum shear stress (z, kPa) Interpolation method

Varl 0.8 150 IDW

Varlm 0.8 120 IDW

Varlp 0.8 180 IDW

Var2 0.8 150 TTR

Var3 0.7 150 IDW

Var3m 0.7 120 IDW

Var3p 0.7 180 IDW

Var4 0.9 150 IDW

Var4m 0.9 120 IDW

Vardp 0.9 180 IDW

To derive GBOs, we applied a fill-sinks algorithm to the modelled
subglacial topography and extracted the filled locations following
Linsbauer et al. (2012). We considered modelled depression >
10,000 m? in accordance with previous studies (Frey et al., 2014;
Linsbauer et al., 2012; Linsbauer et al., 2016). Finally, to assess the
GBOs with the greatest confidence of prediction, we analysed the
ensemble of all model runs (GlapTop2 in GI1 and GI3, HF model in
GI1 and GI3, Gl1_av, GI3_av) within the boundaries of the 2015 gla-
cier extent. We intersected all model run results and generated a ras-
ter data set containing the number of intersecting models within the
simulated GBO area. We assigned the greatest confidence to areas
where all six model runs predict a GBO and lower levels of confidence
at zones with a lower number of model predictions accordingly.
Objects resulting from this intersection have been filtered to areas >
10,000 m2.

3.2 | Datafor modelling and evaluation

Both models require two kinds of input data: (1) glacier outlines, and
(2) a digital elevation model (DEM) of the ice surface at the same
period. In Austria, several data sets on glacier outlines exist, resulting
in different glacier inventories (Gl). Outlines representing glacier
extents from 1850 (Gl LIA), 1969 (GI1), 1996-2002 (GI2), 2004-2012
(GI3) and 2015 (Gl4) are available. The glacier outlines were mapped
manually using orthophotos and airborne laserscan data with varying
acquisition dates (Buckel & Otto, 2018; Fischer et al., 2015a;
Patzelt, 2013). We used data from GI1 and GI3, representing the
dates 1969 and around 2009, respectively, because for these periods
digital elevation data are available, which are required for modelling
(Fischer et al., 2015b). Additionally, we applied the Gl4 extent to
assess GBOs that have not been exposed by glacier melt yet. GI1 data
are based on aerial images from 1969, while glacier extents in GI3
were mapped on both orthophotos and illuminated airborne laserscan
(ALS) data between 2004 and 2012, with most glaciers mapped in
2009 (Abermann et al., 2009; Fischer et al., 2015b). Gl4 data are
based on orthophoto mapping (Buckel et al., 2018). We used different
DEMs for the two modelling periods. At GI1, we applied a DEM with
10 m resolution derived from aerial photographs with a vertical accu-
racy of £1.9 m (Lambrecht & Kuhn, 2007). For the GI3 period, we
used a 10 m DEM based on ALS data from 2006 to 2012 provided by
Open Data Osterreich, with a vertical accuracy of 0.15 m (http://data.

gv.at). We applied both models to glaciers with an area > 100,000 m?
at GI1 and analysed a total of 616 glaciers with a size of 529 km? at
Gl1. Total glacier area decreased to 397 km? at GI3 and less than
320 km? at Gl4.

We evaluate the model performance in several ways. First, ice
thickness models are compared with the global consensus data on gla-
cier ice thickness by Farinotti et al. (2019). The data set covers 525 of
the 616 glaciers studied. The Farinotti et al. (2019) data set uses gla-
cier outlines of the RGI 6.0 (Randolph Glacier Inventory), which was
published in 2017. RGI 6.0 glaciers for the Austrian Alps are slightly
smaller than glaciers at GI3. For large glaciers (>50,000 m?), outlines
correspond well with the other inventories. Smaller glaciers are often
missrepresented, probably owing to the different data acquisition
technigue. The RGI data were derived automatically from LANDSAT
TM imagery (Pfeffer et al., 2014; RGI_Consortium, 2017) in contrast
to manual mapping on high-resolution orthoimages for the Austrian
Glacier inventories.

Second, modelled GBOs were compared with existing glacial
lakes listed in the Austrian lake inventory (Buckel & Otto, 2018). Num-
ber, location and size of the modelled GBOs from the GI1 and GI3
model runs were compared with lakes, which evolved between Gl1
and Gl4 because of ice retreat. This comparison faces some restric-
tions due to the nature of the modelling approach that only delivers
bedrock-dammed lakes. Therefore, only lakes classified as bedrock-
dammed and embedded-in-glacial-sediment were considered for this
comparison (see Buckel et al., 2018 for details on classification). The
latter type is chosen, assuming that it represents locations where bed-
rock depressions have been partially covered with debris, masking the
bedrock dam. In this step, we first selected both lakes and GBOs
within the area released by glaciers between GI1 and GI3 and GI3 and
Gl4, respectively. Subsequently, lakes and GBOs of the respective
model runs were intersected on an object basis.

Third, modelled ice thickness and bedrock locations were com-
pared with field data derived from high-resolution geophysical surveys
of individual glaciers. A crucial control on the quality and resolution of
ground-penetrating radar (GPR) data is the choice of antenna fre-
quency, the density of measurements and the accurate positioning on
the glacier. Very low frequencies and large measurement intervals
may result in low-resolution and low-accuracy images of the bedrock
interface. The ice thickness data by Fischer et al. (2015) used for
model calibration was derived using a low-frequency antenna (3-

6 MHz). Most of these data were collected using a very large
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measurement spacing of 100 m and more. Consequently, the bedrock
topography may not be represented well enough to identify bedrock
depressions using these data. Further, the data set by Fischer
et al. (2015) does not include information on glacier surface height at
the time of data acquisition. Thus, it cannot be used to determine the
topography of the glacier bed and compare potential bedrock depres-
sion locations.

We used high-resolution GPR data collected at three typical cir-
que glaciers, Schmiedingerkees, Wurtenkees, and Goldbergkees gla-
ciers, as well as reflection seismic data collected at the Pasterzenkees
glacier (refer to Figure 1 for locations). Modelling results are evaluated
along linear sections using interpolated bedrock surfaces based on the
geophysical data. Additionally, we detected GBOs also within the
interpolated bedrock surface following the same procedure as for the
modelled surfaces. Reflection seismic data were collected in 2009
(Binder et al., 2011). GPR data on Schmiedingerkees were collected in
2016 (unpublished data), and data on Wurtenkees (Binder, 2009) and
Goldbergkees were collected between 2002 and 2004 (Binder
et al., 2009). GPR data sets have been collected using antenna fre-
quencies of 100 MHz for Schmiedingerkees and 20 MHz for the other
glaciers (Binder et al, 2009). GPR data sets have been collected
pointwise with a common-offset acquisition geometry and intervals of
1 m (Schmiedingerkess) and 2 m (Wurtenkees, Goldbergkees). GPR
traces were positioned with Differential Global Positioning System
(DGPS). A standard signal processing was applied on the GPR data.
Migration images correctly sloped undulating reflectors, which makes
it an essential processing step for U-shaped subsurfaces like glacial
bedrocks (Binder et al., 2011). A standard 2D migration was applied
for the Schmiedingerkees data set, and a 3D migration routine was
applied for the Pasterzenkees, Wurtenkees and Goldbergkees data
sets (further described in Binder et al., 2009). Bedrock features have
been picked manually on filtered and migrated radargrams. For the
Schmiedingerkees, 1,550 individual bedrock points have been picked.
For Wurtenkees and Goldbergkees, 2,800 and 2,030 points have been
picked representing bedrock topography (Binder et al., 2009). The
GPR data at the Schmiedingerkees were interpolated using the
TopoToRaster tool in ArcGIS (Hutchinson, 1989). The GPR data of
Wourtenkees and Goldbergkees were interpolated following a glacier
mechanical approach with the assumption of minimum spatial varia-
tion of the basal shear stress (Binder et al., 2009). The GPR and seis-
mic data sets of the Pasterzenkees were jointly processed and
interpolated following Binder et al. (2009); details are described in
Binder et al. (2011). For the Pasterzenkees, reflection seismic data
have been jointly migrated and interpolated in combination with low-
frequency GPR data by Span et al. (2005).

4 | RESULTS
4.1 | Calibration and comparison of ice thickness
models

Both models have been calibrated using GPR-based ice thickness
values from more than 50 glaciers in the study area. For Glaptop2, a
mean absolute error (MAE) between 29 and 56 m was reached by the
various model runs compared with the reference data (Table 2A). For

Gl1, lowest MAE was established using parameter set Varim (refer to

Table 1 for parameter details). For the GI3 extent, Varim is slightly
outperformed by Vardm. These two parameter sets have been used
for the simulation of GBOs consequently. Calibration of the HF model
by Helfricht et al. (2019) generated significant lower MAE values com-
pared to GlapTop2 (Table 2B). The MAE of the consensus data pres-
ented by Farinotti et al. (2019) is in the same range as GlapTop2
(Table 2C).

We investigated 616 glaciers with a size of >100,000 m? at GI1.
More than 90% of the glaciers investigated can be classified as moun-
tain glaciers at GI1, mostly cirques and niches, characterised by glacier
termini that did not reach the valley floors, (Table 3). Glacier melt
increased this proportion to 95% at GI3. A total volume of 18.8 and
24.4 km® of ice at GI1 was modelled by GlapTop2 and HF, respec-
tively. Total volume decreased to 11.5 (GlapTop2) and 16.1 km® (HF).
The data set published by Farinotti et al. (2019) simulates a total vol-
ume of 18.7 km® for 505 of the 616 glaciers analysed in this study
(Table 3). Figure 2 visualises the derived subglacial topography based
on these thickness models along a profile section on the Pas-
terzenkees in comparison with the GPR data by Fischer et al. (2015)
and an interpolated bedrock model generated from seismic and GPR
data by Binder et al. (2011). Significant differences are apparent in the
bedrock location upslope and downslope of the ice fall. At the
plateau-like upper part of the glacier, all models deviate from the geo-
physical data, overestimating the depth of the bedrock. The Farinotti
et al. (2019) data set has the largest offset to the geophysically
derived bedrock with deviations of up to 100 m, while GlapTop2 and
HF deviate by 40-50 m. The ice fall area is well represented by all
models. In the tongue area, bedrock surfaces become very similar with
increasing distance from the ice fall. Between 4,500 and 6,500 m, all
models generate a highly similar bedrock surface with deviations well

below 30 m that corresponds well to the seismic data.

4.2 | Locations and characteristics of GBO
modelled at two different periods

We simulated GBOs at two glacial stages, 1969 (GI1) and 2009 (GI3),
using ice thickness modelled by GlapTop2 and HF as well as an aver-
aged ice thickness of the two models for each time period. Between
127 and 305 GBOs are simulated within the different glacier extents,
covering a total area between 5.9 and 12.7 km? (Table 4). While the
total area of GBOs per time period is similar between the models, the
HF model generates more GBOs and GBOs of smaller mean size com-
pared with GlapTop2. Using the averaged ice thickness data generates
a similar number of lakes compared with GlapTop2, but the GBOs are
of smaller mean size and sum up to a smaller total area. GlapTop2
generates deeper GBOs compared with the other models, which sum
up to a maximum total volume of 0.21 km?® for GI1. The total volume
and depth of the averaged ice thickness models (Gl1_av, GI3_av) are
significantly reduced compared with the other models. Compared
with Gl1, the number of GBOs simulated for GI3 decreases by 30-
40%, while the total area and volume of the simulated GBOs
decreases by 45% and 50%, respectively.

Frequently, we observed good agreement in the spatial distribu-
tion of the GBOs between the model runs as exemplified in the
GroRglockner area (Figure 3a). Here, depressions modelled by

GlapTop2 (purple colours) are often larger, compared with several
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TABLE 2 Mean absolute error (MAE) between modelled and measured ice thickness. (A) MAE quantified for different parameter variations in
GlabTop2. The underlined values indicate the parameter set used for the final modelling of GBOs. (B) MAE for HF model derived by Helfricht

et al. (2019). (C) MAE between measured and modelled thickness in direct comparison with data by Farinotti et al. (2019) for GI3 (note: number
of reference points is smaller compared with (A) and (B) owing to smaller number of glaciers provided by Farinotti et al. (2019))

A) MAE (m) of model test runs GlapTop2
Inventory Varl Varim Varlp Var2 Var3 Var3m Var3p Var4 Vardm Vardp
Gl1 34.3 31.0 442 34.9 41.0 32.0 55.9 31.9 32.2 374
GI3 33.8 29.1 43.7 35.0 40.3 31.0 53.9 30.3 29.0 36.4
B) MAE (m) of HF model
Gl1 23.0
GI3 20.1
Q) MAE (m) of models within glaciers of RGI 6.0
GlapTop2 HF Farinotti et al. (2019)
GI3 26.6 235 29.8
TABLE 3 Characteristics of the glaciers investigated (min. size > 100,000 m? at Gl1)
No. of glaciers: 616 (RGI 6.0*: 505) Glacier type Modelled volume
Total area Meanarea  Min Mean No. mountain No. valley GlapTop2 HF Farinotti
Period (km?) (m?) altitude (m)  altitude (m) glaciers glaciers (km®) (km?®) et al. (2019)
Gl1 529 859,337 1755 2,868 568 49 18.8 244
GI3 397 644,864 1756 2,884 582 37 11.5 16.1
RGI 6.0 350 649,972 2020 3421 471 34 18.8

*Randolph Glacier Inventory.

FIGURE 2 Comparing the location of
the bedrock topography derived from the
three different ice thickness models along
a profile section on the Pasterzenkees
glaciers. (1) marks the ice fall
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TABLE 4 Number, area, volume and depth of modelled GBOs per model and time period

Modell Period Total number
GLABTOP2 Gl1 199
GI3 141
HF Gl1 305
GI3 190
Gl1_av Gl1 207
GI3_av GI3 127

Total area (km?)

12.7
7.0
12.6
7.4
10.5
5.9

Mean area(m?)  Total volume (km®)

63,912 0.21
50,149 0.10
41,423 0.16
38,948 0.08
50,649 0.11
46,715 0.06

*Depths that have been considered modelling artefacts have been omitted.

Mean depth (m)* Max. depth (m)*
7.4 125
7.1 90
6.8 110
6.2 90
5.9 67
5.9 62
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small depressions at the same locations produced by HF (green col-
ours) and the averaged models (dashed lines red (Gl1_av) and orange
(GI3_av)). In the case of the Pasterzenkees glacier tongue, the results
are reversed with larger depressions predicted by the HF model com-
pared with several smaller features derived by GlapTop2 and the aver-
aged models. Even though GBOs generated by the HF model are
more abundant and of smaller dimension, the HF model also produced
the largest GBOs (Figure 4). More than 50% of all modelled depres-
sions have a surface area smaller than 20,000-26,000 m? (Figure 4a).
The largest depression measuring more than 800,000 m? was gener-
ated by HF at the Pasterzenkees glacier using the GI1 glacier extend
(Figure 3a). The Pasterzenkees is Austria’s largest glacier with a char-
acteristic glacier tongue. The tongue area, contains the country’s larg-
est proglacial lake that evolved since 2004 (Avian et al., 2020). In the
1990s, fossil peat was discovered at the Pasterzenkees, dated to
around 7,500 a/BP, indicating that at this location lakes also existed in
the past (Nicolussi & Patzelt, 2000; Slupetzky, 1993). All simulations
produce exceptionally large GBOs with surface areas of >500,000 m?
mainly at three locations within the Gepatschferner glacier, Otztaler
Alps (Figure 3b). GlapTop2 shows the highest agreement in GBO posi-
tion between GI3 and GI1. Eighty percent of the GBOs simulated at
GI3 have also been simulated using the GI1 DEM. This agreement is
smaller fir the averaged ice thickness models (76%) and drops to 66%
for the HF model.

FIGURE 3 Locations of simulated
Ice thickness model GBOs at the Pasterzenkees area (a),
(:3 GL2_GI Gepatschferner area (b)
C3 GL2_GI3

C2 HF_GI1
HF_GI3
7% Gl _av

o~

GI3_av

Glacier Outline Year
9 Glaciers Gl4

9 Glacier GI3
S5 Glaciers Gl1

Glacier surface
slope (GI3)
[degrees]

> 0-2

> 2-5

> 5-10
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-
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The simulated GBOs have mean depths between 5.9 and 7.4 m,
with 50% of the depressions below 6 m (Table 4). Around 80% of the
modelled GBOs have a mean depth < 10 m for all models and times.
Maximum depths of GBOs reach values between 40 and 125 m.
These are located at very flat glacier zones with inclination < 5°. The
largest volumes have been simulated for both periods at the plateau
like accumulation zone of Gepatschferner and within the Pas-
terzenkees tongue, the two largest glaciers of the study. Maximum
volumes of >25 x 10° m® have been simulated by GlapTop2 (both
Gl1 and GI3) at the Gepatschferner and >20 x 10°m® by HF (GI1) at
the Pasterzenkees. GBOs detected within the averaged ice thickness
data do not exceed 13 x 10° m®in GI1 and GI3.

4.3 | Model evaluation using existing lakes

We compared our modelling results from the two different periods
with mapped lakes in the study area. In the proglacial area between
glacier extents of GI1 and GI3 (period 1) and between GI3 and Gl4
(period 2), 82 and 61 lakes have been mapped, respectively (Table 5),
with 21-30% of the existing lakes being represented by the simulated
GBOs (right positive). The models are not capable to predict between
70% and 79% of mapped lakes (false negative). Between 50% and

72% of the GBOs have been modelled at locations where no lake was
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FIGURE 4 Distribution of area (a) and depth (b) of simulated GBOs
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TABLE 5 Comparing modelled GBOs with mapped lakes that evolved between 1969 and 2009 and between 2009 and 2015. True positive:
modelled GBO matches existing lake. False positive: GBO modelled, but no lake. False negative: existing lake, but no modelled GBO

Period 1: 1969-2009 (GI1-GI3) Lakes: 82

Model No. of GBOs True positive (no. [%]) False positive (no. [%)]) False negative (no. [%])
GlapTop2 34 17 (21%) 17 (50%) 65 (79%)

HF 76 25 (30%) 51 (67%) 57 (80%)

Gl1l_av 52 19 (23%) 33 (63%) 63 (77%)

Farinotti et al. (2019) 64 10 (12%) 54 (66%) 72 (88%)

Period 2: 2009-2015 (GI3-GI5) Lakes: 61

Model No. of GBOs: True positive (no. [%]) False positive (no. [%]) False negative (no. [%)])
GlapTop2 47 13 (21%) 34 (72%) 48 (79%)

HF 47 15 (25%) 32 (68%) 46 (75%)

Gl1l_av 40 12 (21%) 28 (68%) 48 (79%)

mapped (false positive). For comparison, using the ice thickness model
by Farinotti et al. (2019), only 12% of the lakes evolved between GI1
and GI3 are simulated and 88% of the existing lakes have been missed
(note that the number of glaciers in the data set is smaller compared
with the other models; see chapter 3.1). Figure 5 illustrates the model
performance in relation to existing lakes in the GroBvenediger range.
While the proglacial lakes in the Obersulzbachkees glacier forefield
(orange circles) are reproduced by all models, the lake in the neigh-
bouring Krimmler valley (red circle) is not predicted by any of the
models. One reason for this missing GBO is that lake formation
started before Gl1, suggesting that parts of the lake were already pre-
sent in the DEM used for modelling GI1 depressions. This shows that
the simulation of GBOs that are only partially covered by the glacier
at the modelling time is difficult. In this case, the glacier tongue most
probably retreated largely from the flat area, thus preventing the gen-
eration of a GBO by the models. The example of Obersulzbachkees
glacier also shows that, though the models predict the general loca-
tions of the existing lakes correctly, shape and size between the
modelling result and the real lakes differ in most cases. Lake
Obersulzbach, for example (Figure 5), evolved between 1999 and
2012 and has a size of about 180,000 m? and a volume of 2.5 x 10°

m® (derived from unpublished lake bathymetry surveys). The

geometry of the lake is best reproduced by GlapTop2 at Gl1, which
simulated a GBO of 170,000 m? with a volume of 2.7 x 10° m®. In
contrast, the HF model (GI1) generates a GBO of 28,000 m? with a
volume of 170,000 m3. The same is true for the lake evolved at the
Pasterzenkees (Figure 3a), where the models generate GBOs of vari-
ous characteristics and locations within the glacier tongue. The exis-
ting lake, however, formed at a location at the frontal part of the Gl
1 glacier extent that is only marginally covered by the HF depressions
and slightly better represented by GlapTop2 (Figure 3).

44 | Comparing modelling results with measured
ice thickness data from geophysical surveys

We compared the modelling results with high-resolution geophysical
data that detected the subglacial topography at three typical cirque
glaciers and one valley glacier in the study site (see Supplementary
Data for additional figures). The geophysical data have been used to
interpolate the subglacial topography of the selected glaciers. Model-
ling results are evaluated along linear sections and by detecting GBOs
within the interpolated bedrock topography based on the geophysical
surveys. The representation of the bedrock topography by the models
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and simulated lakes from the
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is significantly different between profile sections along the flowline
and cross-sections (Figure 6, and supplementary figures). At profile
sections, simulated bedrock topography often resembles the glacier
surface and not the bedrock derived from geophysical surveys. At
cross-sections, bedrock topography is much better reproduced by the
models, based on visual inspection. At Pasterzenkees (Figure 6) and at
Schmiedingerkees (see Supplementary Figure 1), for example, all mod-
elled bedrock surfaces run parallel to the glacier surface and fail to
reproduce the curved shape of the geophysically derived bedrock
when compared along profile sections. In contrast, along cross-sec-
tions, the trough shape of the bedrock surface is well reproduced at
the Pasterzenkees (Figure 6), Wurtenkees (Supplementary Figure 2)
and Goldbergkees glaciers (Supplementary Figure 3). However, some
models do not match the exact position of the bedrock in cross-sec-
tions. The offset between modelled and geophysically derived bed-
rock is between >20 m and <100 m. GlapTop2 and HF most often
generate a similar shape of the bedrock, but frequently HF simulates
the bedrock at larger depth compared with GlapTop2. We also
observed that the bedrock topography was better reproduced using
GI3 DEM data for modelling. Models applying GI1 DEM data tend to
produce a bedrock topography at higher distance above the geophysi-
cally derived location, thus underestimating the ice thickness. Using
the Farinotti et al. (2019) data set, a bedrock topography is generated

that is comparable to the other models at the Pasterzenkees (Figure 6)

and Schmiedingerkees (Supplementary Figure 1), but strongly offset
at the Goldbergkees and Wurtenkees glaciers with positions far above
the measured bedrock (Supplementary Figures 2 and 3). In the later
examples, also the shape of the simulated bedrock is completely out
of range.

We applied the same GBO detection procedure to the geophysi-
cally derived bedrock surfaces to compare the simulated GBOs with
the field data. We observed GBOs in the subglacial topography of the
Pasterzenkees and the Goldbergkees glacier. At the Pasterzenkees
glacier, 13 GBOs can be detected within the subglacial topography
derived from geophysical surveys (Figure 7a). Three of them cover
areas >100,000 m? (Table 6). Two large GBOs are located within the
glacier tongue area, while one large GBO is apparent north of the ice-
fall within the plateau-like upper zone of the glacier. The southern-
most GBO is in contact with the existing proglacial lake, indicating
that this lake will continue to expand in the near future. The models
simulate between 7 (GlapTop2 GI3) and 21 (HF GI1) GBOs within the
Pasterzenkees glacier (Figure 7a). Between six and ten of these GBOs
overlap with the GBOs derived from the geophysical data; however,
sometimes the simulated GBOs are much smaller compared with the
existing bedrock depression (Figure 7a). The GBOs derived from geo-
physical surveys have a total volume of 27.8 x 10° m?, of which more
than 95% are covered by the three largest GBOs. These are

reproduced with different dimensions by the simulations (Figure 7a,
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FIGURE 6 Location of measured and modelled glacier beds at the Pasterzenkees glacier tongue. Refer to Figure 1 C for location of the

glacier and to Figure 7 for location of the profile lines

Table 6). At the plateau-like upper zone (GBO 1), all models produced
depression of similar size, but varying volumes. Except for HF GI1, all
models generate smaller volumes compared with the reference data.
The two GBOs located in the tongue area are simulated with highly
differing areas and volumes, with none of them coming close to the
volumes found within the geophysical data. At the same time, the
entire tongue area contains several modelled GBOs of various size,
which are not observed in the reference data.

At the Goldbergkees, three GBOs are apparent in the GPR data,
one in the upper and central part, one at a marginal position in the
centre and one towards the glacier tongue (Figure 7b). The latter GBO
corresponds well to a proglacial lake that has evolved at the glacier
tongue since 2015. Another, ice-marginal lake has formed recently at
the upper end of the glacier, which is located within the largest GBO
derived from GPR data and was simulated by all model runs. Only HF
at GI3 reproduced GBOs at the other locations, however, with much
smaller extent. The lake and GBO (from geophysics) in the frontal part
of the glacier could not be reproduced by the applied models. The
measured GBOs have a total volume of 6.6 x 10° m® with a maximum
depth of 67 m at the largest GBO apparent in the GPR data
(Figure 7b). The simulations generate much smaller volumes and
depths, and the maximum depth of these depressions is shifted 350 m

uphill of the measured location.

4.5 | Assessing the potential locations of future
lakes in Austria

The application of six different ice thickness models enables us to use
the ensemble of simulated GBOs for a confidence estimation of
potential locations where future glacier lakes may evolve despite
other sources of uncertainties such as sedimentation or drainage. We
consider locations where five or more models predict a GBO as high
confidence, which is the case at 42 locations for predicted GBOs >
10,000 m? (Table 7). The total area of potential new lakes sums up to
around 2 km?. These locations are within the boundaries of 23 gla-
ciers, most of them in the Otztaler Alps, the Venediger Range and the
Glockner Range (Figure 8). Especially within the largest glaciers Pas-
terzenkees and Gepatschferner, several new glacial lakes may evolve
(Figure 8b,c). Most potential future lakes are simulated in mid-to-up-
glacier locations, with very few being located close to the lower gla-
cier margin. About 30% of these potential future lakes are located
within a distance of <500 m from ridges or steep bedrock slopes. At
Gepatschferner, some of the locations are in close vicinity to each
other and may result in a single lake (Figure 8b). At the
Obersulzbachkees, which has split into several single glaciers in the
recent past, three to four new lakes may evolve in addition to the
existing two lakes that formed within the last 20 years (Figure 8d).
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TABLE 6 Geometrical characteristics of the largest GBOs located within the Pasterzenkees compared with the modelled GBOs at these

locations
Geophysical data GL2 Gl1 GL2 GI3 HF GI1
GBOno. Area(m?) Depthmax(m) Vol (md Vol. (m®) Vol. (m%) Vol. (m®)
1 247,500 45 4,329,000 12,172,791 6,304,519 8,778,960
2 369,900 63 10,475,100 747,670 137,928 22,988,200
3 431,100 57 12,077,100 5,647,792 7,725,501 227,481

TABLE 7 Number of potential future lakes resulting from model intersection

Number of intersecting models Potential future lakes (cumulative) Area (km?)
2 or more 149 9.8
3 or more 99 5.6
4 or more 61 3.5
5 or more 42 20

6 22 0.8

HF GI3
Vol. (m%)
1,719,120
4,579,320
1,831,270

Gl1_av

Vol. (m®)

10,651,100
3,412,520
3,276,830

GI3_av
Vol. (m%)
4,808,920
1,667,390
4,304,570

No. of glaciers with potential future lakes

54
39
28
23
13
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5 | DISCUSSION
51 | Number of GBOs and ice thickness
estimation

Our modelling approach simulated between 86 and 198 potential
GBOs underneath the existing glaciers in the Austrian Alps (Gl4,
2015), with a total area between 4.5 and more than 8 km? (Table 8).
Since the maximum glacier extent of the Little Ice Age (LIA) in the
mid-1850s, 264 lakes evolved that still exist today with a total area of
2.93 km? (Buckel et al., 2018). Considering the remaining glacier area
of 330 km?, which is only about 30% of the LIA extent, the number
and total area of potential GBOs is overestimated significantly. It is
obvious that not all potential GBOs will turn into lakes, since sediment
deposition within the subglacial topography may fill potential depres-
sions during glacier downwasting. Furthermore, some lakes may drain,

or evaporate once the water input from the melting glacier ceases or
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water drains into the ground in karst areas (Carrivick & Tweed, 2013;
Salerno et al., 2014). On the other hand, for the same reasons, some
lakes may have disappeared already since the LIA. However, as previ-
ously stressed, the GBO detection approach is restricted to the pre-
diction of potential bedrock-dammed lakes, which account for less
than 50% of the existing lakes (Buckel et al., 2018). Nevertheless, this
mismatch may also result from insufficient performance of the
approach to simulate subglacial topography of the glaciers in Austria.
Despite the same reference data for calibration, the HF model gener-
ates 40% greater total ice volume compared with GlapTop2. At the
same time, the model calibration of HF allowed for a smaller MAE
compared with GlapTop2. This was also previously observed by Frey
et al. (2014), although their difference between GlapTop2 and HF was
significantly smaller. The observed MAE values by both models are
comparable to similar studies (e.g. Pelto et al., 2020). In comparison,
the Farinotti et al. (2019) data represent a total volume around 60%
greater than GlapTop2 and 15% greater than HF, while having the
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TABLE 8 Simulated GBOs within the glacier extent at Gl4 (2015)

Model Number Area (km?) Volume (km°)
GL2 GI1 123 8.7 0.15
GL2 GI3 95 5.3 0.07
HF GI1 198 8.1 0.09
HF GI3 143 6.0 0.07
Gll_av 140 7.8 0.09
GI3_av 86 4.5 0.05

highest MAE when compared with the ice thickness field data. Con-
sidering that many small glaciers are poorly represented by the RGI
6.0 data, the overestimation of the larger glaciers within the Farinotti
et al. (2019) model is considered substantial. With respect to the GBO
simulation, Farinotti et al. (2019) produced the lowest matching with
existing lakes (Table 5).

GlapTop2 calibration revealed that for both time periods different
parameter sets lead to minimised MAEs. For Gl1, a shape factor of 0.8
and a 20% reduced shear stress (r) was applied. For GI3, the lowest
MAE was reached using a shape factor of 0.9 and a 20% reduced
shear stress. Parameter testing showed that a reduction of the shape
factor to 0.7 as well as an increase in shear stress by 20% lead to an
increase in MAE, both factors contributing to generate a larger ice vol-
ume compared with other combinations of f and z. This was previ-
ously reported by Frey et al. (2014). A similar parameter testing was
also performed by Ramsankaran et al. (2018), who derived a shape
factor (f) of 0.66 for modelling of the ice thickness of a large valley
glacier in the Himalayas. Based on the results, they conclude that a
glacier-specific shape factor would produce best results using
GlapTop2. An adjustment of the shape factor has previously been pro-
posed by Li et al. (2012). However, this kind of adjustment is very
tedious with respect to the large number of glaciers investigated in
this study.

5.2 | Model accuracy and simulated bedrock
topography

A comparison with high-resolution geophysical data revealed that the
bedrock topography simulated by GlapTop2 and HF does not corre-
spond well to the observed bedrock. The modelling approach tends to
smooth the subglacial topography and fails to capture bedrock varia-
tion especially in the vicinity of large topographic changes, like bed-
rock steps. The HF model visually showed a better performance
especially along glacier cross-sections. This may be due to the HF
modelling approach that calculates the ice thickness along elevation
belts. However, the model underestimates the bedrock elevation
partly in the upper locations of the glaciers (cf. Figure 2,
Supplementary Figures 2 and 3). This could be due to too little cumu-
lated mass required for mass conservation depending on the apparent
mass balance gradient. The offset of bedrock topography simulated
by GlapTop2 compared with the field data is often greater than for
the HF model. Thus, the resulting location and geometry of potential
GBOs are considered less reliable compared with HF. Averagering the
ice thickness between the two models leads to a further smoothing of

the ice thickness values, resulting in a smaller number und generally

less deep GBOs. Therefore, we ascertain that the model performance
in generating a realistic subglacial bedrock topography is rather limited
and that the detected locations of potential GBOs may include high
uncertainties. This is caused by the low accuracy of the ice thickness
models and is also affected by the different ways of interpolating the
calculated thickness values. The model calibration allowed for a MAE
of 20-30 m, which locally can be much higher. The mean lake depth
of <10 m indicates that GBO detection using these data may be chal-
lenging. However, we observed GBOs simulated by more than one
model at the same locations, indicating that, despite lower ice thick-
ness by GlapTop2, smoothing by the averaged models, or different
ways of interpolating the data, the approach is still able to generate
GBOs at locations in agreement between the models. Thesse over-
lapping locations have been considered as most probable locations for
potential future lakes. Based on our observations, we conclude that
the modelling approach is capable of indicating potential GBO loca-
tions within existing glaciers. However, we consider large uncer-
tainties in the simulated size and volume for all models applied. This
finding is in line with previous studies (Magnin. et al.. 2020. Viani.
et al.. 2020). We conclude that simulating GBOs with several models
and at different time periods is beneficial for the reduction of uncer-
tainties of locations and dimensions and helps to better predict poten-

tial future lakes.

5.3 | Glacier characteristics, climate change
impacts and GBO modelling

We applied our modelling approach to detect GBOs within a moun-
tain range dominated by mountain glaciers like cirque or niche gla-
ciers. Previous studies focused on regions with much larger glaciers
and a greater share of valley type glaciers, like the Himalayas, the
Peruvian Andes or the Swiss Alps (Colonia et al, 2017; Frey
et al, 2014; Kapitsa et al., 2017; Linsbauer et al., 2016; Pandit &
Ramsankaran, 2020). In the Austrian Alps, more than 90% of the gla-
ciers are cirque and niche glaciers and less than 8% of the glaciers can
be classified as valley glaciers (Otto et al., 2018). All glaciers suffered
significant area and volume loss since the Little Ice Age (Fischer
et al., 2015b; Helfricht et al., 2019). Glacier melt led to the disappear-
ance of many glaciers and the retreat of glacier tongues from the val-
ley floors. Consequently, the geometry of many glaciers changed
significantly since the Little Ice Age and between the investigated
times. Besides changes in glacier length, glacier volume and overall
shape, many glaciers disintegrated into single ice bodies. The
Goldbergkees, the Wurtenkees and the Obersulzbachkees are typical
examples of this behaviour in our study region (Figure 5 and
Supplementary Figures 2 and 3). Abermann et al. (2011) showed that
glaciers < 0.5 km? in the Austrian Alps decreased more than twice in
area between Gl1 and GI2 (1998) compared with larger glaciers, indi-
cating a greater climate sensitivity of small mountain type glaciers.
With increasing equilibrium line altitudes, climate change alters the
mass balance and flow velocities of degrading glaciers (Fischer &
Markl, 2008; Stocker-Waldhuber et al., 2019). These changing glacier
characteristics can have an impact on the application of the ice thick-
ness models. Originally, the shallow ice approximation was postulated
for large ice shields and not for mountain glaciers (Hutter, 1983). The

ice thickness models applied in our study contain either assumptions
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on the glacier geometry and basal shear stress (GlapTop2), or the mass
balance or ice flow (HF) of the glacier. GlapTop2 is based on the per-
fect plasticity assumption (Nye, 1952), which was formulated for
actively deforming glaciers. The central parameters for GlapTop2 are
surface slope and basal shear stress = (Paul & Linsbauer, 2012). Thus,
this approach assumes that the glacier is in a condition in which basal
shear stress is near the yield stress (Clarke et al., 2009), which is more
probable for glaciers near to equilibrium conditions with significant ice
flow. To overcome some of the restictions of the perfect plasticity
assumption, some authors have proposed a slope correction or an
individual adjustment of f (Carrivick et al., 2016; James &
Carrivick, 2016; Li et al., 2012). The HF model explicitly requires ice
flow dynamics to grant mass conservation between the elevation
bands (Huss & Farinotti, 2012). Surface slope of glaciers is central to
both modelling approaches and also other more qualitative
approaches like the manual criteria analysis to detect GBOs proposed
by Frey et al. (2010a). GBO detection in the glacier bed relies on the
assumption that the surface of current glaciers represents a smoothed
copy of the subglacial topography (Frey et al, 2010a; Paul &
Linsbauer, 2012). The subglacial topography composed of irregulari-
ties, zones of variable roughness and steepness, and GBOs impacts on
the flow behaviour and the ice stress field (Sanders et al., 2010). Ice
reacts to these impacts by deformation and compressive or extensive
flow, illustrated by the formation of crevasses or ogives for example.
Thus, ice flow and subglacial topography affect the shape of the gla-
cier surface. In the case of cirque glaciers that experience strong
downwasting, ice flow is strongly altered by negative mass balances,
leading to a slowdown of glacier velocities, and by the shape of the
subsurface (Dehecq et al, 2019; Sanders et al., 2018). Increasing
debris cover, shading effects of surrounding cliffs and the topography
are important factors that affect mass turnover and flow dynamics
(Cuffey & Paterson, 2010). Hence, the surface of cirque and niche gla-
ciers often does not necessarily reflect the subglacial bedrock well,
challenging the assumption of a glacier surface representing the gla-
cier bed. These factors vary significantly between valley and cirque
glaciers and even more for ice sheets. With respect to the shallow ice
approximation, this becomes most apparent when considering the
longitudinal and lateral stresses. The smaller the glacier is, the more
differences to the assumptions postulated within the shallow ice

approximation arise owing to a more and more dominating lateral drag
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and thus longitudinal stress regime (Sanders et al., 2010). Thus, the
assumptions made by the ice thickness models, such as constant basal
shear stress, are most probably met at valley glaciers rather than at
small cirque glaciers (Haeberli & Hélzle, 1995; Viani et al., 2020). In
consequence, the reliability of the GBO detection approach may be
more successful for those depressions formed in the valley glaciers
and less in the cirques.

Around 70% of the simulated GBOs are located in valley gla-
ciers. Though these GBOs are not restricted to the tongue areas,
this distribution indicates that larger glaciers may be closer to the
idealised glacier condition that are assumed by the ice thickness
models than smaller mountain glaciers. This distribution of potential
GBOs, however, most probably underestimates potential future
lakes in the cirques. Looking at the spatial distribution of high-
alpine lakes, we can observe that the majority of lakes that formed
after the Pleistocene glaciation are located in cirques and not in
the valley floors (Buckel et al., 2018). Some of the glacier lakes
that formed in valley floors may have disappeared in the meantime
because of higher sediment delivery to valleys compared with the
cirques induced by larges contributing areas. On the other hand,
lakes that have evolved between the investigation periods mostly
developed at the lower glacier margin of the glaciers, with a few
exceptions at lateral glacier positions like at Goldbergkees glacier
(Supplementary Figure 3). This observation may influence the vali-
dation of the approach using existing lakes. When lakes form at
proglacial locations, their position within the glacier DEM used for
modelling must have been at the margins of the glaciers. Slope
values of the glacier surface may be higher at the margins com-
pared with central parts of the glaciers because of glacier down-
wasting. Figure 9 plots slope angles of the glacier surface at the
locations of simulated GBOs and the later exposed lakes. We
observe up to 50% steeper inclination of the glacier surface at lake
locations compared with locations where GBOs have been mod-
elled (Figure 9). The slope analysis reveals that GBO modelling
using GlapTop2 is more closely linked to low inclination zones of
the glacier surface compared with HF. This effect may explain why
the models show such a poor performance in predicting the true
number of lakes, but also indicates that GBOs simulated within a
distance to the glacier margin may be more reliable, compared with

those directly positioned at the glacier front.
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6 | CONCLUSIONS

We simulated the bedrock topography underneath glaciers in the
Austrian Alps using two different ice thickness models in order to
detect locations of glacier bed overdeepenings. Our simulations were
performed at two periods of glacier extent with glaciers dominated by
cirque and niche types. The results indicate large differences in model
performance between GlapTop2 and HF concerning the total ice vol-
ume and the number and geometry of simulated GBOs. The number
and total area of the modelled GBOs are significantly overestimated
by all models compared with the number of lakes that have evolved in
the past. In comparison with high-resolution geophysical data, large
discrepancies between models and field measurements are apparent
in shape and location of the subglacial topography. Even though some
of the observed GBOs underneath the existing glaciers have been
reproduced by the models, their shape and volume were not met by
the models. This indicates that the modelling approach in general is
capable of indicating potential GBOs, but a prediction of their geome-
try is not reliable. We rank the HF model higher with respect to the
shape and location of the bedrock, but less performant concerning the
number of GBOs. GlapTop2 generated a significantly lower total ice
volume and in general too high subsurface bedrock locations, but
more consistent GBO locations between the model runs.

We compared GBOs modelled for two glacier extents with lakes
that evolved within the time between the two extents. This analysis
revealed very low matching for all model runs. Various factors influ-
ence these observations, including uncertainties in the comparisons
between existing lakes and GBOs as well as potential shortcomings in
GBO modelling at glacier margins. We could show that, even though
glacier slope is a central parameter of the models, the range of slope
within the area of simulated GBOs is high. This indicates that surface
characteristics alone do not sufficiently predict potential GBOs. The
reliability of the GBO detection approach may be higher for those
depressions simulated in the tongue area but with a sufficient distance
to the glacier margin and lower for those located within the cirques.

We relate the limited modelling performance to potential short-
comings of fundamental assumptions on glacier conditions by the
models with respect to the type of glaciers. Both models assume vital
glacier conditions characterised by a flow-driven glacier surface. Gla-
ciers in the study area are much smaller compared with many other
mountain areas and heavily affected by climate warming. We argue
that cirque glaciers are not at all fulfilling the assumption of the shal-
low ice approximation, which is in accordance with other studies
(Sanders et al., 2010). We assume that mass turnover of degrading cir-
que glaciers is low and that surfaces of downwasting cirque glaciers
are often dominated by processes other than pure glacier flow. Hence,
we consider some of the fundamental implications of the flow driven
ice thickness models are not met by our glaciers. The ice thickness
models perform better on large valley type glaciers and less well on
cirque and niche glaciers. Even though more than 90% of the glaciers
investigated here are mountain glaciers, GBOs are simulated mainly
within valley glaciers. This mismatches with the overall occurrence of
postglacial lakes in alpine areas that are dominantly found in cirques.

For the Austrian Alps, the models simulated roughly 20-150
GBOs underneath the current glacier extent. Analysing the ensemble
of all modelling runs indicates that 42 GBOs have the greatest proba-

bility of occurrence, despite uncertainties that persistent lakes will

indeed form in these depressions in the future. The potential new
lakes are located within 23 glaciers only, with most of them simulated
in some of the largest glaciers of Austria, including the Pasterzenkees
and the Gepatschferner glacier. Modelled GBOs at these locations
account for a total area of 2 km? of new lakes. However, considering
a potential underestimation of GBOs within cirque glacier, the number
of potential future lakes may be higher. Many of these potential new
lakes will be located at higher altitudes compared with the existing
lakes (Salerno et al., 2014). With respect to the occurrence of
warming-related gravitational mass movements, this will lead to a
decreasing distance between lakes and steep rockwall at uppermost
locations, where potential hazard processes may occur. This indicates
a localised increase in hazard potential for high-alpine zones affected

by climate change induced by some of these future high-alpine lakes.
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