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Key Points:

e A survey of 22 Alpine glaciers shows increased margin collapse frequency linked to
rapid climate warming since the 1980s

e Collapse appears to be associated with glacier thinning, stagnation of snout
margins and reduced rates of subglacial channel closure

e Glaciers with collapse features have retreat rates that are more sensitive to inter-
annual temperature fluctuations

e Intensive study of a collapse event confirms that significant up-glacier extension of
an unpressurised subglacial channel drives the collapse process
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Abstract

Alpine glacier retreat has increased markedly since the late 1980s, and is commonly
linked to the effects of rising temperature on surface melt. Less considered are
processes associated with glacier surface collapse. A survey of 22 retreating Swiss
glaciers suggests that snout marginal collapse events have increased in frequency since
the late 1980s, driven by ice thinning and reductions in glacier-longitudinal ice flux.
Detailed measurement of a collapse event at one glacier showed vertical deformation of
the surface above the main subglacial channel. But with low rates of longitudinal flux
and vertical creep closure, this was insufficient to close the channel in the snout marginal
zone. We hypothesise that this maintains contact between subglacial ice and the
atmosphere, allowing greater incursion of warm air up-glacier, thus enhancing melt
from below. The associated enlargening of subglacial channels at glacier snouts leads

to surface collapse and removal of ice via fluvial processes.

Plain language summary

Mountain glaciers have been melting and retreating more rapidly since the onset of
accelerated atmospheric warming in the late 1980s. Our study examines 22 Swiss
glaciers in order to understand why for some glaciers the ice surface close to the glacier
margin breaks down and forms collapse features, and for others it does not. We find
that the combination of thin ice having a low surface slope results in locally reduced ice
flow, which causes subglacial channels to close more slowly and eventually leads to
channel roof collapse. A detailed study based on ground-penetrating radar and drone
surveys at one of the glaciers showed that the subglacial channel there is very wide and
shallow, and that its strongly sinuous shape may have contributed to a recent ice-
surface collapse. Ice blocks from the melting and collapsing channel were flushed out
by the proglacial stream. We observe that such collapse features have become more
frequent with a stronger increase in air temperature. Visibly, such collapse features may

contribute to more rapid glacier recession.
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1 Introduction

Alpine glaciers have been retreating rapidly since the 1980s because of rapid climate
warming (Salzmann et al., 2012; Huss et al., 2010; Paul & Haeberli, 2008). Retreat is
forecast to accelerate in the coming decades (Zekollari et al., 2019). The primary
mechanism of mass loss is surface melt. However, other mechanisms may play an
important role. One of these involves the collapse of subglacial channels in the snhout
marginal zone, driven by thinning ice combined with slow creep closure. After collapse,
the ice is removed via the channel to the glacier outlet. This mechanism of glacier retreat
was first described some time ago as ‘subglacial stoping’ or ‘block caving’ (Paige, 1956;
Loewe, 1957).

There are few examples where such collapse behaviour has been documented and
quantified (Bartholomaus et al., 2011; Dewald et al., 2021; Kellerer-Pirklbauer &
Kulmer, 2018; Konrad, 1998; Lindstrém, 1993; Stocker-Waldhuber et al., 2017). As a
result, little is known about where and when these collapse features form and whether
or not their frequency of formation is changing in response to climate warming.

We hypothesise that the formation of collapse features is driven by three interconnected
mechanisms: (1) high temperatures lead to high melt rates and shallow ice in the snout
marginal area of glaciers; (2) shallow ice means reduced longitudinal ice flow velocities
and reduced creep closure of subglacial channels; and (3) the presence of a subglacial
channel underneath shallow ice can initiate a collapse feature due to upwards melting

and block caving.

In this study, we perform statistical analysis on a sample of 22 Swiss glaciers based on
24 glacier properties, climate data, and historical aerial imagery in order to investigate
how pervasive these collapse events are becoming and to test the abovementioned
hypotheses. The results obtained are supported by the intensive study of one retreating
glacier which experienced a recent (2017-2018) collapse event, the Glacier d’'Otemma.
For this glacier we were able to measure ablation, surface elevation change, and the
position of the corresponding subglacial channel, which allowed us to document the

processes leading to the channel collapse.
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2 Materials and Methods

2.1 Overview

We first examine the conditions driving snout margin collapse through the analysis of
topography, ice thickness, historical aerial imagery, air temperature, and glacier retreat
data for 22 glaciers in the western and central Swiss Alps (Figure S1). We focus on
Swiss glaciers because of the widespread availability of measurements, notably of
glacier bed topography, ice thickness, and aerial imagery, that allow us to build an
extensive database of the conditions at glacier snout margins. Based on historical and
contemporary aerial imagery, 12 glaciers were selected that were found to show at least
one subglacial channel collapse feature near their terminus since the first date of aerial
imagery in 1938. In addition, 10 glaciers not exhibiting collapse features were chosen,
all of them located in close vicinity to the aforementioned glaciers and having
comparable topography and size to nearby glaciers with collapse features, in order to

do a balanced statistical comparison (Figure S1).

In the second part of our study, we examine in detail the ice surface lowering, subglacial
channel position, and ice ablation measured using uncrewed aerial vehicle (UAV)
imagery, ground-penetrating radar (GPR) measurements, and ablation stakes,
respectively, before and during a collapse event at the Glacier d’'Otemma (2017-2018).
This is done to investigate the mechanisms leading to such events and to reveal the

exent to which unpressurised subglacial marginal channels can extend up-glacier.
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2.2 Frequency of collapse events

To test whether the frequency of snout marginal channel collapse events is increasing
with time, we used the SwissTopo LUBIS visualization system. LUBIS contains all of the
digitized aerial imagery held by SwissTopo back to 1938. We inspected the imagery
available for the snout region of each glacier in order to determine whether or not a
collapse feature was present (Figure S1). Each instance where the snout of one of the
glaciers was shown was counted as an observation. On some aerial images several of
the chosen glacier snouts were visible, meaning that the same image could be counted
more than once. There were 179 observations in total, of which 29 showed a collapse
feature and 150 did not. After eliminating multiple counts of the same collapse feature,
27 separate collapse events remained. The cumulative number of identified collapses
through time is presented alongside the cumulative number of observations made in

order to account for a change in the number of observations after 1980.

2.3 Characterization of collapse conditions

For each of the 22 glaciers considered, we assembled a database consisting of (i) surface
elevation information from the SwissAlti3D Digital Elevation Model (SwissTopo, 2020);
(ii) bed topography and ice thickness measurements based on GPR data and modelling
(Grab et al., 2021); and (iii) retreat history information from the Swiss Glacier
Monitoring Network (GLAMOS, 1885-2019). Supporting Information section 3.1 explains
how this database was put together and Table S2 lists the 24 properties, considered in
our analysis, that were derived from the data either directly (e.g., ice thickness in the
snout marginal zone) or inferred from basic process laws (e.g., mean snout marginal

glacier velocity).

To investigate the extent to which glaciers showing collapse features are likely to have
lower longitudinal ice flux and subglacial channel closure, we determined the mean ice

thickness, bed slope and surface slope for the entire glacier and for the first 2 km of
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each glacier tongue. These parameters were also determined for a 100 m radius around
each of the most recent collapse zone locations. The mean distance between the center
of the most recent collapse feature and the glacier terminus for the 12 glaciers showing
collapse features was found to be ~250 m. Thus, for glaciers not showing collapse
features, a hypothetical collapse zone of 100 m radius, positioned at the centerline at a
horizontal distance of 250 m from the terminus, was used. Supporting Information
section 3.1 explains how the latter information was used to estimate the mean

longitudinal velocity and vertical closure rate.

We also characterized glacier retreat using GLAMOS (GLAMOS, 1881-2019) data to
determine length change and variability in length change since 1987, which is the date
considered for the onset of rapid recession related to climate warming in the study
region (Costa et al., 2018).

Finally, Jarque and Bera (1980) tests of the 22 samples of each property in Table S2
suggested that 13 out of 24 properties were non-Gaussian distributed at the 5%
significance level. Consequently, we used Mann and Whitney (1947) U tests to assess
the extent to which these properties differed between those glaciers showing channel

collapse and those not showing collapse.

2.4 Relationship between summer air temperatures and retreat

If collapse formation is driven by the incursion of warm air underneath snout margins
via unpressurised subglacial channels, then we might expect variation in the annual
shout recession to be more sensitive to mean annual summer air temperature variations
than for those glaciers where snout recession is driven by temperature effects on surface
melt alone. To investigate this hypothesis, we identified for each glacier the year of
onset of continuous retreat according to the GLAMOS (1881-2019) database
(Supporting Information section 3.7). We then calculated a time-series of annual retreat
rate (Ra) and its mean (Rwm) for each glacier for the period during which each glacier was
retreating. For the same period, we determined the annual mean summer air

temperature in the snout region (7Tsa) and its mean (Tsm). This was done using spatially
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interpolated and gridded MeteoSwiss data (temperature 2 m above the ground between
June 1 and August 31) from the center of the 1x1 km grid cell located closest to the
glacier terminus. We determined the coefficient of variation of retreat (Rcv) by dividing
the standard deviation of retreat by the mean annual retreat rate. We computed the
Pearson’s correlation coefficient (Prr) between Tsa and Ra and we calculated the
sensitivity of Ra to Tsa (SrT) using simple linear regression. For each of these parameters
a Jarque and Bera (1980) test was used to check for normality (Ho, hormal distribution,
could not be rejected at p=0.05). This allowed us to compare glaciers with and without
collapse features using Student’s t, for all parameters except Srr. The latter was not
normally distributed (p<0.05) and so we used the Mann and Whitney (1947) U test.

2.5 Surface dynamics and subglacial channel collapse at the Glacier

d'Otemma

To establish in more detail the physical processes that explain these extensive
inferences, we studied the process of snout marginal collapse for one of the glaciers in
the database, the Glacier d'Otemma (Figure S1). In 2018, this glacier had a snout
elevation of 2490 m and a maximum elevation of 3600 m. A collapse feature was
observed to be forming 210 m upstream of the glacier snout in 2017, where the glacier
surface slope was 10°, the glacier bed slope was 12°, and the mean ice thickness was
22 m. The collapse feature coincided with a major subglacial channel that became visible
after the collapse event in 2018. We aimed to determine the planform geometry of the

subglacial channel and vertical ice deformation of the snout zone.

To determine the planform geometry of the subglacial channel, during the summer of
2017, we acquired a series of densely spaced GPR lines over the snout zone of the
Glacier d’'Otemma that provided us with high-resolution images of the main subglacial
channel location (Egli et al., 2021). The channel outline in the northeast is based on an
additional GPR dataset, processed in the exact same way as in Egli et al. (2021). We
also calculated the Shreve hydraulic potential (Shreve, 1972;, Figure S14; section 3.2

in Supporting Information).
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We hypothesize that if the subglacial channel close to the glacier snout was
unpressurised and large enough, then we might see greater rates of vertical deformation
on the ice surface in this location due to creep, albeit insufficient to close the channel,
thereby setting the preconditions for a subglacial channel collapse feature and at the
same time providing a diagnostic tool of the spatial extent of unpressurised channels.
Thus, to calculate vertical ice deformation, UAV surveys were undertaken for the
purpose of structure from motion multi-view stereo (SfM-MVS) photogrammetry
(Supporting Information section 3.2, Figures S3, S4, S5). These also allowed us to
visualise the development of a collapse feature (Figure S15). We used two surveys to
determine vertical deformation on the 7t of August 2018 and on the 23 of August
2018 whilst the collapse was happening. Each involved ~1000 images and was
supported by 54 ground control points (GCPs) that were surveyed using a differential
global positioning system (dGPS). Digital elevation models (DEMs) were produced
applying a standard processing workflow (James et al., 2020; Rossini et al., 2018,
Gindraux et al., 2017; Westoby et al., 2012; Supporting Information section 2.2; Figure
S3) using the Agisoft Metashape® software. A DEM of difference (DoD; dznet) showing
the difference in surface elevation between the two surveys (16 days apart) was then
computed. We did not correct the surface elevation change for lateral ice flux as the
lateral velocity in the snout margin was measured by dGPS at the ablation stakes as

only a few centimeters per month.

In order to distinguish between ablation and ice dynamics, we defined the net surface
height change (dznet), as the sum of a component due to vertical deformation (dzaynamics)

and a component due to ablation (dzapiation):

AZper = AZgynamics T AZapiation 233 [1]

234
The ablation component (dzapiation) was estimated from manual measurement of melt
for 49 stakes distributed across the area. These measurements were interpolated
spatially using kriging to yield dzapiation. The latter was substracted from dznet to derive

the surface change due to ice dynamics, dzdynamics (Supporting Information section 3.3).
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To test for the influence of variables such as aspect, reflectance, slope or debris cover
on ice surface elevation change and melt we computed their correlations with dznet and
dz pation (Figure S7, S8, Table S4). As a proxy for the albedo we looked at surface
reflectance as a measure for the fraction of short wave radiation reflected (Rippin et al.,
2015).

Finally, we tested for a relationship between the presence of a subglacial channel and
patterns of increased ice surface elevation change. Based on the GPR-derived channel
outlines and on the Shreve hydraulic potential (Figure S14), the ablation stakes were
classified according to the likelihood that they were located on top of a subglacial
channel in order to assess the importance of the presence of a subglacial channel for

ice surface lowering (Supporting Information section 3.8; Figure 3a-d).

3 Results

3.1 Collapse events and their changing frequency

Figure 1 shows the most recent channel collapse features identified in aerial imagery
for the different glaciers considered. They differ in the detail of their form, but most
have concentric crevasse-like features present in both the early stages of development
(e.g. Figure 1c, 1i), during collapse (e.g. Figure 1a) and afterwards (e.g. Figure 1e, 1j).
The images confirm that these features can develop in both debris-free and debris-

covered snout marginal zones.
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(a) Corbassiere
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Figure 1: Composite image of aerial imagery of collapse features. (a) Glacier de
Corbassiére (2020, partly debris covered), (b) Glacier de Ferpecle (2016, partly debris
covered), (c) Findelengletscher (2017, debris free), (d), Furgggletscher (2019, largely
debris covered), (e) Gornergletscher (2006, partly debris covered), (f) Langgletscher
(2017, largely debris covered), (g) Glacier de Moiry (2017, partly debris covered), (h)
Oberaargletscher (2018, largely debris covered), (i) Glacier d'Otemma (2017, partly
debris covered), (j) Turtmanngletscher (2017, debris free), (k) Unteraargletscher
(2018, largely debris covered), (1) Glacier de Zinal (2016, largely debris covered)
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Figure 2 shows the cumulative number of different collapse events observed on the
aerial images, along with the cumulative humber of observations, as a function of time
from 1938 to present. The 5-year running average and standard deviation of the mean
summer air temperature of all glaciers with collapse features are also displayed for
comparison. We see that, as described previously, there is an increase in the frequency
of observations starting in the early 1980s. Interestingly, however, the frequency of
observed collapse events only starts to increase after the year 2000. Specifically, from
the mid to late 1990s there is a substantial increase in the frequency of collapse events,
and especially in the last 5 years, suggesting that as climate warming accelerates and

as glacier retreat continues, so does the tendency for collapse features to form.
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Figure 2: Cumulative number of collapse events (blue dots) and cumulative number
of observations (orange dots) since 1938 for all 22 glaciers considered in our study. 5-
year running average of the mean summer temperature (Tsm, black line) since 1961
over the 12 glaciers exhibiting one or several collapse events, along with the standard

deviation around the mean temperature (grey shaded area).

3.2 Statistical analysis of collapse conditions

Application of the Mann-Whitney U test with a 5% - 95% confidence interval to all 24
properties (Table S2) shows that the collapse and non-collapse groups of glaciers only
differ significantly with respect to five variables (Figure S2); (1) ice thickness near the
collapse area (Figure S2a): (2) estimated creep closure rate in the collapse area (Figure
S2b); (3) estimated ice flow velocity in the collapse area (Figure S2c); (4) the mean
surface slope within the collapse area (Figure S2d); and (5) the mean surface slope as
measured from the upstream edge to the downstream edge of the collapse area (Figure
S2e). These results suggest that relatively thin ice, a shallow surface slope and, a
function of these two parameters, low longitudinal flow velocity in the immediate vicinity
of a marginal subglacial channel are the conditions required for collapse. Ice having a
thickness of less than 50 m, for example, results in creep closure being small enough
that a subglacial channel with a diameter of 5 m does not close over winter (calculations
according to Supporting Information section 3.1; results for each glacier in Table S6).
Combined with a small surface slope (a median of 11.4° for glaciers with collapse
features; Table S6) and a small bed slope (a median of 14.3° for glaciers with collapse
features; Table S6) this shallow ice also results in very low estimated glacier-

longitudinal flux, further impeding channel closure. Retreat and ice thickness data are
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displayed in Table S3 (further details are provided in Table S5), whereas the results of
the Mann-Whitney U test are displayed in Table S2.

3.3 Relationship between summer air temperatures and retreat

The mean annual retreat rate, the mean summer temperature in the snout zone in the
period during which each glacier was retreating, and the coefficient of variation of
retreat did not differ between glaciers exhibiting and not exhibiting collapse features.
However, glaciers with collapse features had systematically more negative correlations
between annual retreat and mean annual summer temperature (p<0.05) and
significantly higher sensitivity of annual variations in glacier length to mean annual
summer temperature (p<0.05) (Figure S11). For the glaciers with collapse features, 6
out of 12 had significant (p<0.05) negative Prr values compared with 2 out of 10 non-
collapse glaciers. Thus, a diagnostic feature of glaciers showing collapse features

appears to be a stronger sensitivity to mean summer temperature.

3.4 Measurement of an active collapse at the Glacier d’'Otemma

Figure 3a shows the UAV-based orthoimage of the Glacier d’'Otemma that was taken on
August 7, 2018, upon which are superposed the positions of the ablation stakes and the
location of a 10-m-wide subglacial channel that was detected based on high-resolution
GPR data acquired a year earlier in August 2017 (Egli et al., 2021). The orthoimage
shows development of a collapse feature close to the snout of the glacier near the

downstream end of the identified channel.

Figure 3b shows the surface elevation changes that occurred between August 7 and 23,
2018. General surface height loss is observed all along the glacier tongue. This loss is
greatest (up to 1.2 m) in areas of bare ice and reduced where there is higher debris
cover (Figures 3a and 3b). Figure 3b also shows increased lowering of the surface above

the GPR-identified subglacial channel. Areas outside of the glacier outline show little
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vertical change, with the exception for zones where ‘dead ice’ is melting under the debris
cover (e.g. at 200 m / 280 m relative Easting / Northing in Figure 3b). Figure 3c shows
the surface change after removal of the kriging-interpolated ablation stake
measurements. This results in some differences from the original DoD, but the pattern
of strong surface lowering in the vicinity of the subglacial channel persists. To rule out
factors other than the presence of a subglacial channel that may cause surface elevation
changes, we examined the correlations between surface change and the glacier surface
slope, reflectance, aspect and elevation for small patches (0.5 x 0.5 m) around each
ablation stake location. None of these four variables were correlated with elevation
change or ablation rate (Table S4, Figures S7 and S8). Thus, the surface change shown
in Figure 3c can be attributed to enhanced vertical deformation related to the presence
of a subglacial channel that must have been at atmospheric pressure; but where this
enhanced deformation was not sufficient for the channel to close and to become

pressurised.

Surface elevation changes and ablation measurements were compared for three
different categories defined according to position: locations known to be above the
identified subglacial channel (called on-channel), locations that are likely to be above
the channel (called likely on-channel), and locations that are off-channel (called off-
channel). A Mann-Whitney U test shows no significant difference (p=0.05) in ablation
between on-channel/likely-on and off-channel locations. With regard to surface
elevation changes, on the other hand, the Mann-Whitney U test shows that on-channel
values are significantly different from those at off channel stakes (p<0.05), whereas
likely on-channel values are not significantly different from off-channel values (Figure
S12, Table S5).
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Figure 3: (a) Orthophoto with locations of ablation stakes (dots) and subglacial

channel locations in blue stipples (b) Change in surface elevation (DoD) computed

between August 7 and 23, 2018, overlain by subglacial channel positions (grey
stipples) detected based on GPR data from August 2017 (Egli et al., 2021). The

collapsed area is clearly visible at 280 m Easting / 200 m Northing. (c) Image in (b)

after subtraction of ablation measurements. The ablation stakes are subdivided in
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different colors, where black is for stakes located off-channel, cyan is for stakes
located almost certainly on top of a subglacial channel (on-channel) and magenta is
for stakes likely to be located on-channel, according to a map of the Shreve potential
(Figure 6d) and to the proximity to the GPR-derived channels. Ablation was
interpolated using kriging in order to fit the grid cells of the DEMs. There are some
obvious local artifacts such as the point at 700 m Easting / 500 m Northing, but the

strong ablation pattern from the image in (b) is preserved.

4 Interpretation and discussion

The analysis of historical imagery has revealed a systematic increase in the frequency
of surface collapse features due to ‘subglacial stoping’ or ‘block caving’ (Loewe, 1957;
Paige, 1956) in a set of Swiss glaciers since the mid to late 1990s (Figure 2) and about
5 to 10 years after the onset of rapid climate warming for this region (Costa et al.,
2018). Such a delay is not surprising as most Alpine glaciers show a lag in the onset of
retreat following a reduction in accumulation and an increase in ablation (Jouvet et al.,
2011). Although the examined glaciers differ significantly in properties such as size,
elevation range, and retreat rate, collapse features shown in Figure 1 were found
predominantly in those glaciers having margins comprised of thin ice (generally with a
thickness of less than 50 m; Table S3) and with shallow surface slopes and bed slopes
(both less than 23°; Table S6). Flow velocity calculations suggested that these were
zones of almost no longitudinal ice flux (Figure S2c¢, S2d) and reduced vertical channel

closure rates (Figure S2b).

Intensive investigation of one of the 12 glaciers with collapse features showed that the
collapse was centered directly over a subglacial channel. Remarkably, enhanced vertical
deformation was observed above this channel for at least 600 m up glacier (Figure 3b,
3c¢) Any void under a glacier should be subject to void-directed ice flow unless the water
pressure in the void equals the ice overburden pressure (Nye, 1953; Fountain and
Walder, 1998). The enhanced vertical deformation observed above the subglacial

channel at Otemma indicates that the latter was not the case for some way up-glacier.



415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

Manuscript submitted to Geophysical Research Letters

Indeed, it is likely that this channel was at atmospheric pressure but that the vertical
deformation was not enough to close the void. Based on the analysis presented in Hooke
(1984, Figure 2) and with the thickness of ice at the snout of the glacier and a glacier
bed slope that is marginally greater than the glacier surface slope, the channel is likely
to be open. Our work importantly suggests that locally-increased vertical deformation
rates on Alpine glaciers may be used to map the position of such subglacial channels

flowing at atmospheric pressure.

The vertical deformation over the subglacial channel at the Glacier d’'Otemma was
approximately 0.2 to 0.3 m over a 16 day period (Figure 3c). Theoretical calculations
using Hooke (1984) (Supplementary Information section 3.1) for the glacier suggested
a closure of 0.18 m per year if we assume a 5-m diameter semi-circular channel. One
explanation for a higher closure rate than predicted by the theory is that the channel is
wider and flatter than an assumed semi-circle, as has now been observed in boreholes
at the Glacier d’'Otemma in summer 2021, and reported for Rhonegletscher (Church et
al., 2021). The analysis using the theory on shallow subglacial conduits by Hooke et al.
(1990) produces closure rate estimates over a 16-day period of ~0.03 to 0.13 m

(Supplementary Information section 3.5).

These theoretical estimates are much closer to, albeit still lower than, the measured
vertical deformation rate. The question then becomes why is it possible to maintain such
high vertical deformation rates without returning the subglacial channel to a pressurized
state? Field observations revealed large blocks of ice in the braid plain downstream from
the glacier during the collapse event. We propose that as the ice overlying the subglacial
channel close to the terminus is thin (~5-7 m; Figure S13 in Supporting Information)
and as it creeps towards the channel, ice blocks may fall off the ceiling (block caving;
Paige, 1956). Thus, whilst there is an enhanced vertical deformation rate additional ice
is lost via subglacial caving rather than contributing to subglacial channel closure. These
findings are supported by the results of a study of more than 1400 Esker enlargements
assumed to indicate ice marginal subglacial channel collapse in the late stage of rapid

ice sheet retreat (Dewald et al., 2021).
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There are two additional mechanisms that may play a role in the development of
collapse features and that merit further investigation. The first relates to the greater
sensitivity in the retreat of glaciers with collapse features to inter-annual summer
temperature variation (Figure S11b). This sensitivity could arise from reduced
longitudinal flux in the snout margin of such glaciers (Figure S2c¢), but it could also arise
because of enhanced subglacial exposure to warm air during summers. The measured
vertical deformation at the Glacier d’'Otemma suggests a significant up-glacier extent of
water flow at atmospheric pressure (Figure 3b and 3c) and hence subglacial exposure

to the atmosphere and warm air incursion.

The second mechanism to note is suggested in Figure 3a, which shows that the
subglacial channel at the Glacier d’'Otemma is meandering and that the collapse feature

forms at a bend in the channel.

The time-series images of collapse at the Otemma glacier shows that the collapse
morphology has meander-parallel crevasses (Figure S15). The possibility that subglacial
channels are sinuous has been recognized, notably in studies of dye breakout curves
(Kohler, 1995) suggesting the presence of open-channel flow with walls comprised of
ice and/or till that can be mechanically eroded. It is well-established that straight rivers
that are able to erode their beds and/or banks tend to initiate meandering as a result
of the inherent instability related to the effects of turbulent anisotropy on secondary
circulation and which tends to grow as a function of time across a wide range of river
scales (Dey and Ali, 2017). In theory, deviation from a glacier-longitudinal orientation
exposes the channel to greater longitudinal fluxes and hence greater closure so meaning
that subglacial channels can’t meander unless they can erode into bedrock. The margins
of temperate Alpine glaciers are commonly zones of ice compression (Hart, 1995) as a
zone of colder surface ice in the ablation zone connects with the bed at the snout margin
(Moore et al., 2009). This would also aid closure of non-longitudinally-oriented channels.
At the Otemma glacier with the estimated longitudinal velocities (1.29 m per year, Table
S4) the 10-m-wide subglacial channel would only close by around 10 to 15% per year.
This would allow maintenance of channels that meander. Thus, as glaciers thin and their

loingitudinal velocities fall, not only do subglacial channels close less readily, they may
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be increasingly able to maintain a meandering form. As technologies for mapping
subglacial channels improve, it should become possible to test the hypothesis that the
formation of meandering open channel flow under glacier snout margins with low

longitudinal ice flux is a contributory mechanism to the onset of collapse.

Our wider statistical analysis suggests that glaciers with collapse features tend to have
lower rates of longitudinal flux and so reduced compression and longitudinal closure
(Figure S2f). Low longitudinal flux is a consequence of short-term increases in ablation
and glacier thinning and long-term reduction of flux of accumulated ice into the ablation
zone, both a consequence of climate warming. This explains the increased frequency of
glacier collapse events (Figure 1) and that such events are likely to be a more frequent

occurrence at Alpine glacier margins as climate warming continues.
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