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9.1
Observation of the Ice Coverage of Great Lakes with Landsat 8
Multispectral Imagery
Kévin Barbieux1, Antigoni Charitsi1, Bertrand Merminod1
1

Geodetic Engineering Laboratoy, Ecole Polytechnique Fédérale de Lausanne

The ice coverage of great lakes is a very impactful phenomenon for their local ecosystems. The ice formation and melt
influence heavily the organic life of the lakes, like the carbon cycle [1] or the phytoplankton dynamics [2], but also acts as
an indicator of climate change [3]. Consequently, it is of interest to study the evolution of the ice coverage of great lakes, in
terms of spatial distribution, ice characteristics (structure, temperature, radiative properties, optical properties) and temporal
evolution.
The availability of the Landsat 8 data allows to monitor the ice coverage of great lakes. We have designed a simple
procedure to segment the lake body and the ice in the Landsat multispectral images. This procedure combines radiometric
indexes, mathematical morphology and information about the object texture for the segmentation. The ice-water
discrimination performed has been proven consistent with concurrent classification from Sentinel-2 SAR imagery, with a
Kappa coefficient of 0.92 between the two classification of lake Ladoga (Russia).

Figure 1. Examples of classifications performed on lake Onega, Russia (top) and the Great Bear Lake, Canada (bottom). The original
images are on the left and the processed image on the right, with ice in yellow overlaid on the original image in blue.

Additionally, for the date of April 11th, 2015, merging the Landsat and the Sentinel-2 SAR information allows us to quantify
the variations of the ice coverage on the shore of lake Ladoga. The Landsat image and the SAR image were taken
respectively at 9:03 and 15:31 (UTC). Our processing shows that in the meantime, the ice cover maximum reach
decreased by almost 2 kilometers.
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Figure 2. North shore of lake Ladoga. The blue background is the original image; the green and the red colors represent respectively the
classifications of ice from the SAR and Landsat 8 images; the yellow colors is where both classifications agree.

REFERENCES

[1] Claude Belzile, John AE Gibson, and Warwick F Vincent. Colored dissolved organic matter and dissolved organic carbon
exclusion from lake ice: Implications for irradiance transmission and carbon cycling. Limnology and Oceanography,
47(5):1283–1293, 2002.
[2] Christian H Fritsen and John C Priscu. Seasonal change in the optical properties of the permanent ice cover on lake
bonney, antarctica: consequences for lake productivity and phytoplankton dynamics. Limnology and Oceanography,
44(2):447–454, 1999.
[3] Glenn A Hodgkins, Ivan C James, and Thomas G Huntington. Historical changes in lake ice-out dates as indicators of
climate change in New England, 1850–2000. International Journal of Climatology, 22(15):1819–1827, 2002.

Swiss Geoscience Meeting 2017

Platform Geosciences, Swiss Academy of Science, SCNAT

9.2
Large-scale monitoring of rapid permafrost thaw with satellite radar
interferometry
Philipp Bernhard1, Simon Zwieback2, Silvan Leinss1 and Irena Hajnsek1
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Vast areas of the Arctic host ice-rich permafrost, which is becoming increasingly vulnerable to rapid thaw in a warming
climate. Rapid permafrost degradation has major impacts on the local hydrology and ecosystems, and it can also reinforce
climate change by mobilizing organic carbon leading to the emission of large amounts of the greenhouse gases CO2 and
CH4 (Schuur et al. 2015). However, on the pan-Arctic scale the prevalence and rates of rapid thaw remain poorly
constrained, and so is their contribution to climate change. Here we outline an observational strategy to quantify hillslope
thermokarst and its contribution to the carbon-climate feedback on the pan-Arctic scale. At its core are radar interferometric
data acquired by the german TanDEM-X satellite, from which accurate measurements of elevation changes can be derived.
The data we will be using are obtained during the TanDEM-X operational phase between 2011 to 2016. This provides us
with at least three observations over this timespan to generate digital elevation models (DEMs). Due to the spatial
resolution of about 12m and the height sensitivity of 0.5-1m we will focus on forms of abrupt permafrost thaw that are
noticeable at these scales, namely active layer detachment slides (ALDS) and retrogressive thaw slumps (RTS). RTS and
ALDS evolve by retreat of the headwall which lead to the mobilization of soil resulting in detectable height changes in the
landscape (Fig 1). Annual rates of headwall retreat can reach rates of several tens of meters per summer (Jorgenson et. al.
2008, Swanson 2012).
For processing and generating DEMs of the TanDEM-X data we will use the Gamma Remote Sensing Software (Werner et
al. 2004). This process should be optimized and automated as much as possible to be able to cover large areas of the
northern hemisphere. This includes detecting common problems with the data and apply appropriate algorithms to obtain
DEMs with high accuracy. Additionally we will implement methods to deal with problematic features like old firn patches,
vegetation and water bodies. It is not clear yet if it will be feasible and necessary to generate DEMs for the whole panArctic land masses or if it will suffice to limit our study on specific regions and upscale the results. After generating the
DEMs we will identify and classify different thermokarst features and investigate if a simple rule-based classifier suffices
and if not consider other possibilities like classifiers based on machine learning. After the correct classification we will be
able to investigate our dataset with regard to spatial variability as well es volumetric changes which is a first estimate for
the amount of carbon that is mobilized.
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Figure 1. Observations of a thaw slump in the Mackenzie River Delta, Canada. A: Aerial photo of a thaw slump (picture by Simon
Zwieback) B: Sentinel-2 L1C image of part of the area in the Mackenzie River Delta (Date: 21.08.2017), C: Result after DEM generation
process for single-pass TanDEM-X observation in the Science Phase (01.06.2015). The heigt change shows the difference to a previous
TanDEM-X DEM from 2013. The strong height change of up to -8m indicate that the thaw slump shown in A was increasing in size
between the two observations.
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9.3
A fiber bundle model with healing mechanisms for snow failure
modelling
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Snow is a heterogeneous material with strain/load rate dependent strength. In particular, a transition from brittle to ductile
failure at low loading rates is observed. The rate dependent behavior can partly be explained with the existence of a unique
healing mechanism in snow. As soon as broken elements in the ice matrix get in contact, they start sintering and the
structure may re-gain strength – or at least the damage process slows down. The failure process of heterogeneous
materials is often studied with fiber bundle models (FBM) that consist of a set of linear elastic fibers with heterogeneous
strength subjected to an external load. The fibers fail as the load exceeds the strength. The load of failed fibers is then
redistributed to the intact fibers possibly causing a cascade of failures. A non-linear failure process emerges from the
interaction of the single fibers. We present a new version of a FBM with two concurrent time dependent healing
mechanisms: sintering of broken fibers and relaxation of load inhomogeneity. The speed of the two processes can be
controlled by two characteristic times. We performed a sensitivity analysis for the speed of the two healing mechanisms.
Both healing mechanisms cause an increase of bundle strength, sintering by distributing the load among more fibers and
load relaxation by distributing the load to the fibers carrying less load. The two healing mechanisms have opposite effects
on the fiber failure dynamics. The sintering cause larger bursts of failing fibers resulting in a lower b-value, whereas the
b-value is higher for faster relaxation. (The b-value describes the distribution of burst sizes, which is assumed to be powerlaw distributed with the b-value as exponent.) Without healing mechanisms the rate of failing fibers increases towards
failure following a power law. The sintering mechanism increases the exponent of the power law. On the other hand, the
relaxation inhibits the divergence of the rate of failing fibers, which grows exponentially. Comparing the model with snow
failure experiments and in particular the resulting acoustic emissions, we aim to better understand the snow failure process
in view of avalanche formation.

Swiss Geoscience Meeting 2017

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 9: Cryospheric Sciences

337

Symposium 9: Cryospheric Sciences

338

9.4
Numerical Reconstructions of the Flow and Basal Conditions of the
Rhine Glacier at the Last Glacial Maximum
Denis Cohen1, Guillaume Jouvet2, Fabien Gillet-Chaulet3, Wilfried Haeberli4, Horst Machguth4,5 Julien Seguinot2, Michael
Imhof2, and Urs H. Fischer6
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At the Last Glacial Maximum (LGM), the Rhine glacier in the Swiss Alps covered an area of about 16,000 km2. We modeled
the Rhine glacier using (1) a fully-coupled, three-dimensional, thermo-mechanical Stokes flow model (Elmer/Ice) down to a
horizontal resolution of about 500 m and (2) a shallow-shelf/shallow ice flow model (PISM) with a resolution of 1 km. Both
models ran transient simulations: Elmer/Ice was used for short-term constant-climate forcing simulations around the LGM;
PISM simulated full glacial cycles.
Using Elmer/Ice, the accumulation and ablation gradients that roughly reproduced the geomorphic reconstruction of glacial
extent and ice thickness suggested extremely cold and dry climatic conditions (TJuly close to 0 oC at the glacier terminus;
about 10 to 20% of today’s precipitation). The geomorphically reconstructed ice thickness could not be obtained with PISM.
Forcing either models with warmer and wetter conditions that better matched LGM climate proxy records yielded a glacier
on average 500 to 700 m thicker than geomorphic reconstructions (Fig. 1). In both models, mass balance gradients
controlled ice velocities, fluxes, and sliding speeds. These gradients, however, had only a small effect on basal conditions.
Although the two models use different model representation of the basal boundary condition, all simulations indicated that
basal ice reached the pressure melting point over much of the Rhine and Linth piedmont lobes, and in the glacial valleys
that fed these lobes. Only the outer margin of the lobes, some bedrock highs beneath the lobes, and Alpine valleys at high
elevations in the accumulation zone remained cold-based. The Rhine glacier was thus polythermal. In all simulations,
relatively cold and dry climatic conditions yielded a LGM Rhine glacier that moved rather slowly with maximum ice surface
speeds of 150 to 530 m a-1 in the Rhine valley and 25 to 80 m a-1 in the piedmont lobe. Sliding speed ranged from 20 to
100 m a-1 in the lobes to 50 to 250 m a-1 in Alpine valleys depending on climate parameters. Velocity ratios (sliding to
surface speeds) were > 80% (lobes) and about 60% (valleys). Results with Elmer/Ice indicate that basal shear stresses
were very low in the lobes (0.03 to 0.1 MPa), much higher in Alpine valleys (> 0.2 MPa). In these valleys, viscous strain
heating was a dominant source of heat, particularly when shear rates in the ice increased due to flow constrictions,
confluences, or flow past large bedrock obstacles, contributing locally up to several W m-2 but on average of the order of
0.1 W m-2. For comparison, the geothermal heat flux varies between 0.06 and 0.12 W m-2. In the lobes, despite low surface
slopes and low basal shear stresses, sliding dictated main fluxes of ice which closely followed bedrock topography: ice was
channeled in between bedrock highs along troughs, some of which coincide with glacially eroded overdeepenings. These
sliding conditions may have favored glacial erosion by abrasion and quarrying. In contrast, several bedrock highs remained
frozen. Some of these coincide with Deckenschotter deposits that have suffered little erosion in the last 1 to 2 million years.
Our results confirmed general earlier findings but provide more insights into the detailed flow and basal conditions of the
Rhine glacier at the LGM. Ongoing work includes the effect of permafrost on the basal temperature and a systematic
parametric study of sliding and ice rheology to see if models can match the geomorphic reconstruction of glacier thickness.
Our model results thus far suggest that the trimline could have been buried by a significant thickness of cold ice. These
findings have significant implications for interpreting trimlines in the Alps and for our understanding of ice-climate
interactions.
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Figure 1. Ice thickness reconstruction. (a) Geomorphic reconstruction of Benz-Meier (2003). (b,c) Numerical reconstructions using Elmer/
Ice. Simulation (b) uses an extremely cold and dry climate. Simulation (c) uses a warmer and wetter climate that better matches LGM
climate proxy records. Black contours are every 500 m. The 2500 m contour is shown in yellow. The equilibrium line in purple is at 1200 m.
Present-day topography is shown in ice-free areas with a different color scheme.

REFERENCES

Benz-Meier, C. 2003: Der würmeiszeitliche Rheingletscher – Maximalstand. Digitale Rekonstruction, Modellierung und
Analyse mit einem Geographischen Informationssytem, Ph.D. thesis, Universität Zürich.

Swiss Geoscience Meeting 2017

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 9: Cryospheric Sciences

340

9.5
Using a cosmic ray sensor and weather radar composites to estimate
the snow water equivalent on a Swiss glacier
Rebecca Gugerli1, Matthias Huss1/ 2, Nadine Salzmann1
Department of Geosciences, University of Fribourg, Chemin de Musée 4, 1700 Fribourg, Switzerland
(rebecca.gugerli@unifr.ch)
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Zürich, Switzerland

1

Precipitation estimates in high-mountain regions are essential for environmental studies in many research fields (glaciology,
meteorology, hydrology, climate risk and adaptation). Although precipitation data exist for the Swiss Alps, accuracy is limited
by data sparsity and measurement challenges in high-mountain regions (e.g., Goodison et al., 1998, Martinaitis et al.,
2015). We propose a novel approach to estimate the snow water equivalent (SWE) on glaciers and to spatially integrate
these measurements by combining continuous measurements of SWE, conventional glaciological measurements and
operational measurements of solid precipitation.
Reliable and continuous measurements of SWE are indispensable for inferring temporal snow-accumulation dynamics.
Therefore, we investigate the application of a cosmic ray sensor to measure SWE continuously on the Glacier de la Plaine
Morte in Switzerland. The sensor is located on the glacier surface below the snowpack and counts low-energy neutrons at
an hourly interval. The neutron count is negatively correlated to SWE. Comparing the cosmic ray sensor with manual
measurements of SWE in snow pits, we find a mean overestimation of 1.03+/-0.16 in SWE measured by the cosmic ray
sensor. After adjusting with snow height measurements, the overestimation is reduced to a mean factor of 1.01+/-0.10.
In a further step, we compare operational weather radar composites compiled by MeteoSwiss (Germann et al., 2006,
Sideris et al., 2014) to continuous SWE measurements on the Glacier de la Plaine Morte. These weather radar composites
show precipitation estimates over Switzerland at a horizontal grid resolution of one kilometer and a temporal grid resolution
of one hour. This grid resolution is sufficient to directly compare these solid precipitation estimates to hourly SWE
measurements from the field site. A further advantage of the weather radar composite is that several grid cells in the
weather radar composites cover the glacier area, and, therefore, allow an analysis of the spatial variability in precipitation.
First results from the winter season 2016/17 show an underestimation of accumulated solid precipitation by the radar
composites (696mm) compared to the SWE measured by the cosmic ray sensor (1330mm) on the Glacier de la Plaine
Morte. Precipitation events often agree in time, but the weather radar generally underestimates the amount of solid
precipitation.
In future work, we aim to verify the applicability of weather radar composites for solid precipitation information in high
mountain regions by comparing accumulated solid precipitation to conventional glaciological field measurements on several
monitored glaciers in Switzerland (Glaciological Reports, 1881-2017).
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Localisation of avalanches using seismic monitoring
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Seismic monitoring systems are well suited for the remote detection of mass movements, such as landslides, rockfalls and
debris flows. For snow avalanches, this has been known since the 1970s and seismic monitoring could potentially provide
valuable information for avalanche forecasting.
Avalanche warning services try to estimate the avalanche danger level based on information about the snow pack, weather
conditions and current avalanche activity.
Using a geophone array, we are able to detect seismic wavefields produced by avalanches and to estimate the avalanche
activity in a remote area.
Apart from the avalanche activity we are also interested in the release area and path of the avalanches. To obtain these
information, we use array processing techniques such as multiple signal classification (MUSIC) and beam-forming.
The MUSIC method seperates the signal subspace from the noise space and multiple sources can be determined. The
beam-forming method shifts the time traces and searches for the maximal enegry stack.
By determing the sources for the MUSIC method or the maximal energy stack for the beam-forming method, the backazimuth, i.e. the direction of the signals is also calculated.
Applying the methods to small sliding windows, changes in the back-azimuth for avalanche signals can be observed.
Analysing theses back-azimuths, we are able to backtrack the moving front of an avalanche.
By combing the back-azimuth results with a map of the local area, we are able to estimate the path of the avalanche.
For a high avalanche activity period in March 2017 we identified around 20 avalanche events and tried to locate them. 14
events could be located using the MUSIC method and confirmed with visual observations.
Seismic arrays are able to detect avalanches and using array processing techniques events can also be located.
These information will help avalanche warning services to improve the estimation of the current danger level.
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9.7
Genesis and conservation of permafrost excess ice in the Flüelapass
talus slope
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Manfred Buchroithner4
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The genesis of ice-rich permafrost at relatively low elevations such as talus slope foot positions or in low elevation rock
glaciers is a phenomenon which is not entirely understood. In several cases, one dimensional modelling of ground
temperatures at low elevation permafrost sites shows that permafrost would not be possible here without high ground ice
contents (Hipp et al., 2012). How can large amounts of ground ice develop at sites which are unfavourable for permafrost
as long as they are free of ice? Some of these permafrost sites could be attributed to intra-talus air ventilation, which
causes a cooling of the ground (Delaloye and Lambiel, 2005). But can ventilation allow the development of excess ice,
without causing a sealing of the ventilation channels with ice? And what causes the permafrost at sites without ventilation?
Finally, the process of excess ice development in a rough talus slope including massive ice lenses could not be
documented in experimental studies so far.
Kenner et al. (2017) investigating these questions at the oldest permafrost study site in Switzerland, the talus slope at
Flüelapass in the eastern Swiss Alps, which is located above the lakeshore of Schottensee. Based on a photogrammetric
DEM of the lake bottom and geomorphological observations, an interesting reconstruction of the geomorphologic history of
the site could be established. It revealed the presence of a rock glacier within the lake, which was flooded by the latter as a
rock fall dammed the current lake basin.
A 14 year temperature-time series measured in two boreholes in the talus slope, one at the base in permafrost ground and
one further upslope in permafrost free terrain allowed the analysis of thermal processes within the ground. Additionally, the
influence of avalanche snow at the talus slope base could be quantified, which was focused on as possible factor
contributing to the presence of permafrost in the talus slope base by Haeberli (1975) (Figure 1). Geophysical investigations
provided an insight in the distribution and thickness of the ground ice body and terrestrial laserscanning was used to
analyse the snow distribution during winter.
Our investigations suggest that permafrost did not cause the development of ground ice in this talus slope, but that mass
movement deposits (avalanches and rock fall) caused the onset of permafrost here. The ground ice distribution
corresponds to the main deposition zones of snow avalanches, which were perennial here in the past. The formation of the
approximately 30 m thick talus slope during the Holocene most probably covered similar snow deposits with rock fall
material and led to the insulation of the snow and to the formation of ground ice. A slight intra-talus ventilation and the
insulation effect of long lasting avalanche snow fields against radiation and atmospheric warming turned out to have a
measureable but limited effect on the ground temperatures.
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Figure 1. Temperature differences between both boreholes in the Flüela talus slopes at different depths. Whereas temperatures differ
strongest close to the surface in winter, the largest differences in summer occur at 3 m, close to the permafrost table in B2. The effect of
different snow melt out dates is limited.
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9.8
Basal-ice accretion – pushing boundaries within ice sheets
Gwendolyn Leysinger Vieli1
Department of Geography, University of Zurich, Winterthurerstrasse 190, CH-8057 Zürich
(gwendolyn.leysinger@geo.uzh.ch)
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Large, englacial, plume-like structures, rising from the ice-sheet base up to half of the ice thickness, have been observed in
modern radio echo sounding data from the Greenland and Antarctic ice-sheet (e.g. Fig. 1). The mechanism behind the
formation is not fully understood. However, freeze-on at the ice-sheet base is amongst one of the possible processes.
Here I explain the theory behind the freeze-on process and show by means of numerical modelling how such accreted icestructures evolve within the ice sheet and cause deformation of the surrounding meteoric ice. Further, by means of spatial
analysis using data sets from the Greenland ice-sheet, I show that potential constraints and relationships between the
observed complex, near-basal layer structures and the prevailing spatial conditions are consistent with the hypothesis of
basal freeze-on.

Figure 1. Radio echo sounding profile 20120507_07_001&002 in NorthEast Greenland from NASA’s Operation IceBridge (Leuschen et al.,
2014).
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Using Continuum Damage Mechanics to Simulate Iceberg Calving from
Tidewater Outlet Glaciers
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Many ocean terminating glaciers in the Arctic are currently undergoing rapid retreat, thinning and strong accelerations in
flow. The process of iceberg calving plays a crucial role for the related dynamical mass losses and occurs when the
stresses at the calving front exceed the fracture strength of ice, driving the propagation of cracks and eventually leading to
the detachment of ice blocks from the glacier front. However, the understanding of the processes involved in iceberg
calving as well as the capability of flow models to represent the calving mechanism remain limited.
Here, we use a time-dependent two-dimensional finite-element flow model coupled to a damage model to simulate the
break-off of ice at the front of idealized tidewater outlet glaciers. The flow model computes flow velocities and the resulting
stresses, which are in turn used to calculate the evolution of the glacier geometry and damage. Damage is defined as a
change of rheological properties, e.g. viscosity, due to increasing material degradation. Elements of ice are removed when
the damage variable reaches a critical threshold. The effects of material properties and of geometrical parameters such as
water depth, ice thickness and submarine frontal melting on the simulated calving rates are explored through systematic
sensitivity analyses.
The coupled ice flow/damage model allows for successful reproduction of calving front geometries typically observed for
different water depths. We further use detailed observations from real glacier geometries to better constrain the model
parameters. The proposed model approach should be applicable to simulate iceberg calving on arbitrary glaciers, and thus
be used to analyse the evolution of tidewater glacier variations from the past to the future.

9.10
The roughness of englacial R-channels determined by physical
experiments
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In 1972, Röthlisberger presented a theoretical study describing the evolution of pressurised en- and subglacial channels.
The existence of these so-called R-channels has later been confirmed through field observations. To our knowledge,
however, no physical experiment has ever been conducted to actually measure the properties of such channel flow in the
laboratory. Here, we present a setup for such a laboratory experiment and results showing that the Darcy-Weisbach
roughness of such channels is very high.
The aim of our experiment is to measure the Darcy-Weisbach friction factor. For our experiment, we produce transparent
ice blocks of 1.6m length and a cross section of up to 25x25cm. A small metal tube is frozen into the ice block and removed
before the experiment to create an initial R-channel. Pipes attached to flanges frozen into the ice block allow us to let water
flow under pressurised conditions. Water pressure is measured at the inlet and outlet of the ice block as well as within. The
evolution of the channel diameter is captured by photographic imaging. A magnetic flow meter measures the discharge.
During a typical experiment, the diameter of the R-channel evolves from 1 to 9cm with flow speeds of up to 2m/s, the
Reynolds number is around 5x104, and the friction factor increases from about 0.024 to 0.12.
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9.11
75 years snow water equivalent measurements in the Wägital catchment
Mario Rohrer, Urs Steinegger, Christian Nötzli, Daniela Lorenzi, Manfred Schwarb
Meteodat GmbH, Technoparkstr. 1, 8005 Zürich, Switzerland

The Wägital snowcover measurements have started in the early 1940ies as a basis of inflow forecasts for the dammed lake
of Wägital. The Wägital hydro-electric power plant was - after completion - the largest pumping power plant of the world.
But in the 1980ies, the forecasts where not any longer of interests for the power company - as in meantime Wägital was
one of the tiniest pumping power plants of Switzerland. Thereafter, the snow measurements have been continued by the
Geographical Institute of the ETH, and - after 1998 - by Meteodat. As Meteodat could not finance the full costs of the
measurement campaign; the WSL Institute for Snow and Avalanche Research SLF, the Geographical Institute of the ETH
and of the University of Zurich co-financed these measurements. Since 2010, the Wägital snow cover measurements are
co-financed by the Federal Office of Meteorology and Climatology MeteoSwiss in the framework of GCOS (Global Climate
Observing System) Switzerland. In our knowledge, the snow-cover water equivalent series of the Wägital are the longest of
its kind of the world. A lot of students and senior scientist have helped us from Meteodat to perform the measurements and
- on the other hand - these data have been a basis for publications and master thesis (e.g. Nötzli & Rohrer, 2014 or Tilg,
2013). The Wägital data series are open access under Creative Commons Attribution 4.0 Licence (Steinegger et al., 2017).
Let’s hope that GCOS and all of you will help us also in future to continue this long snow cover data series. Particularly in
times of climate change, such time series can serve as a valuable basis for the assessment of the state and fate of the
snow cover in pre-alpine Switzerland.

Figure 1.: Data series of the water equivalent of the snow cover (SWE) in the Wägital catchment. In dark blue the values of the altitude
zone between 900 and 1500 m asl. and in light blue the SWE-values for the altitude zone between 1500 and 2300 m asl.
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Wind tunnel experiments: inﬂuence of erosion and deposition on windpacking of fresh snow
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We observed the formation of wind crusts in an obround wind tunnel. A SnowMicroPen was used to measure the snow
hardness and a Microsoft Kinect provided spatially resolved snow depth data. Earlier experiments showed that no crust
forms without drifting snow and that the dynamics of erosion and deposition may be an important factor to explain windpacking. The Kinect data could be used to quantify spatial erosion and deposition patterns and the combination with the
SnowMicroPen data allowed to study the effect of erosion and deposition on wind-hardening. We found that erosion had no
hardening effect on fresh snow and that deposition is a necessary but not sufficient condition for wind crust formation. In
fact, deposited snow was only hardened in wind-exposed areas as revealed by the wind-exposure parameter Sx, which
was derived from the Kinect data. We observed no significant hardening for Sx>0.25.
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9.13
A rapid glacier surge in the Karakoram – employing new high-resolution
satellite products for coupled research and hazard assessment
J.F.Steiner1, P.D.A. Kraaijenbrink1, Sergiu G. Jiduc2, W.W. Immerzeel1
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Numerous glaciological studies have addressed glacier surges in the Karakoram in the past and some examples have been
identified that result in hazards for downstream communities. Using recent ASTER and TanDEM-X DEMs as well as Landsat
imagery in combination with high-resolution Planet imagery we quantify surface elevation changes and flow velocities to
document a glacier surge of the Khurdopin glacier in the first half of 2017.
Results reveal an accumulation of ice mass leading to a rapid surge peaking with velocities above 5000 m a-1 or 0.5 m h-1
during a few days. Velocities increase during a four-year build-up phase prior to the actual surge, while the remaining 15 years
of the recurring cycle the glacier is quiescent. We believe that the surge is mainly initiated as a result of increased pressure
melting caused by ice accumulation, i.e. the thermal switch hypothesis. However, surface observations show increased
crevassing and disappearance of supra glacial ponds, which could have led to increased lubrication of the glacier bed. As a
consequence of the surging tongue blocking the main valley a lake has formed and grown continuously in size over two
months, culminating in a rapid release of water over a few days, resulting in downstream infrastructure damage.
Using satellite imagery with a frequent overpass rate we are able to identify peak surging better and describe the development
of the actual surge in great detail. It also enabled us to monitor the formation and drainage of the lake with a delay of
sometimes less than a day. We use this data for a better scientific understanding of surges and with a close connection to
local stakeholders as a means of hazard assessment for a remote region of the Karakoram.

Figure 1. The Glacier terminus with the lake extents (left) as well as the peak velocities derived from Planet imagery (right).
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The longest detailed and continuous permafrost temperature time series in mountain permafrost is measured in the
borehole on the Murtèl rock glacier on Corvatsch, Upper Engadine, Switzerland. As the first series in mountain permafrost it
reaches the significant length of 30 years this year, i.e. one normal climate period. Since the first drilling campaign in 1987,
a large number of additional permafrost research studies were performed at and in the region of the Murtèl-Corvatsch rock
glacier, making it the likely best-investigated mountain permafrost site with global relevance (e.g. the 4th EU Framework
Project «Permafrost and Climate in Europe – PACE» from 1997–2001 also originates from this site). Due to its unique
length, the Murtèl series is of high importance for long-term monitoring activities, both at national and international level in
the framework of the Swiss Permafrost Monitoring Network PERMOS, respectively the Global Terrestrial Network for
Permafrost (GTN-P).Today it can be considered a role model for education, research as well as longterm monitoring.
Due to considerable internal shearing of the rock glacier at 28 m depth as well as the limited lifetime of the instruments the
risk of loosing parts or even all of the permafrost temperature time series continuously increased in the past years. A
replacement borehole was drilled only 5 m apart in summer 2015 to validate, secure and continue the measurements. The
overlapping period of the old and new measuring systems enables to assess the quality and accordance of the two records.
For the celebration of the 30 year anniversary of the Murtèl borehole, the Swiss Society for Snow, Ice and Permafrost
(SEP-NGP) organized an excursion to the drill site as well as a special session at the Swiss Geosciences Meeting 2017. In
this session, we will look back to the drilling and installation of the borehole in 1987, and outline the intense large number
of field investigations. The Murtèl rock glacier was a key site for method testing or model development concerning mainly
the following topics: borehole temperatures and deformation, core-analysis (physico-chemical properties), photogrammetry,
geophysical soundings, energy balance measurements, and approaches for modeling the mountain permafrost distribution.
The concept and drilling campaign for the new borehole 2015 will be outlined and the first ca. 1.5 years of comparing data
as well as an outlook on future activities will be presented.

Figure 1. View on the rock glacier Murtèl on Corvatsch from the cable car to the summit station. Photo: J. Nötzli, August 2010.
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P 9.1
Long-term mass changes on three Kyrgyz glaciers
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Glacier mass balance observations in the Tien Shan and Pamir mountains are sparse and often discontinuous. However,
glaciers are one of the most important components of the high-mountain cryosphere and crucially influence water
availability of the arid, continental and intensely populated downstream areas (Duethmann et al., 2014; Chen et al., 2016).
With this study, we aim at improving the temporal and spatial representation of long-term glacier mass balance series to
create accurate and continuous baseline data for three selected glaciers located in the Tien Shan and Pamir mountains
(Fig. 1). We used a combination of three independent methods to reconstruct robust mass balance series for the three
benchmark glaciers Abramov, Golubin and No. 354, for the past two decades. Through the consideration of the different
approaches, we bridge the limitations and shortcomings of each individual method. Here, we propose the use of transient
snowline observations throughout the melting season obtained from satellite imagery and terrestrial automatic cameras. By
combining remotely acquired information on summer snow depletion with mass balance modelling, glacier mass changes
can be inferred even for unmeasured years at high temporal and spatial resolution. Multi-annual mass changes based on
high-accuracy digital elevation models and in-situ glaciological surveys are used to validate the results for every
investigated glacier.
Continued mass loss was confirmed for the three studied glaciers by all three methods. Figure 2 compares the geodetic
mass balance to the snowline derived mass balance for all three glaciers. Abramov exhibited a mean annual mass balance
of -0.30±0.04 m w.e. a-1 from 2004 to 2016 derived from our snowline-approach. For Golubin Glacier and Glacier No. 354 a
slightly more negative annual mean balance of -0.41±0.09 m w.e. a-1 and -0.36±0.09 m w.e. a-1, respectively, was calculated
for the same time period using the same method. Model experiments revealed relatively small sensitivity to the input
parameters and the meteorological data used, indicating a considerable advantage in comparison to conventional mass
balance modelling not including direct observations. Our results show that integration of snowline observations into the
conventional mass balance modelling significantly narrows the uncertainty ranges of mass balance estimates for the here
studied glaciers and, hence, highlights the potential of the methodology for application to inaccessible glaciers at larger
scales for which no direct glaciological measurements are available.
Today mass balance observations in the Pamir and Tien Shan mountains are sparse but essentially needed to improve
understanding of the glacier behaviour in the region and its effect on future water availability (Hoelzle et al., in review). For
remote and inaccessible regions and countries, lacking financial power and infrastructure to support such monitoring, our
proposed approach delivers a tool to investigate and reconstruct the mass balance of inaccessible and remote glaciers with
minimal effort.
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Figure 1: Overview map of Central Asia and the location of glaciers (blue) with available mass balance long-term
measurements. Glaciers investigated for this study are marked in red. The insets show the position of the automatic
weather station for (a) Golubin Glacier, (b) Abramov Glacier and (c) Glacier No. 354.

Figure 2: Cumulative snowline-derived mass change (red) in comparison to the geodetic mass change (circles) for (a) Abramov, (b) Golubin
and (c) Glacier No. 354. The grey lines indicate the uncertainty range of the snowline-derived mass change.
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Effect of load-sharing rules in modeling snow failure with a fiber bundle
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Gregoire Bobillier1, Achille Capelli1, Jürg Schweizer1
WSL Institute for Snow and Avalanche Research SLF, CH-7260 Davos Dorf (gregoire.bobillier@slf.ch)

1

Fiber bundle models (FBM) are widely used to model the failure process of heterogeneous materials and hence considered
an appropriate tool to study snow failure in view of snow avalanche formation. The fiber bundle consists of a set of linear
elastic fibers with variable strength. As during a snowfall, the load on the fibers is progressively increased. When the load
on a fiber exceeds its strength, the fiber fails and the load is redistributed to the intact fibers according to a load-sharing
rule.
A sharing rule with a variable range of load redistribution can be used to study the transition between two distinct regimes.
Global load sharing where the load is distributed equally to all fibers, and local load sharing where the load is redistributed
to the nearest neighbors. If the range of interaction decreases, the stress is distributed to fewer fibers and stress
concentrations occur. They enable a failure to grow. Finally, the bundle fails at lower stress than with a large range of
interaction. For a large sample, the probability is higher for a weak zone to exist, which then can serve as nucleus for the
failure process. Therefore, for local load sharing the strength of the sample decreases with increasing sample size,
whereas for global load sharing the strength of the sample is independent of sample size.
Furthermore, we developed a new version of the local load-sharing rule taking into account the spatial distribution of
already broken fibers, With the new, more realistic load sharing rule, the load is redistributed locally and recursively to all
fibers (also to the failed ones) until the load on the failed fiber is negligible. In this way, the load is redistributed more widely
around damaged zones instead to be limited to the nearest neighbors. As a consequence, the strength of the bundle is
increased.
Dry-snow slab avalanche formation starts with the formation of an initial, localized failure that progressively grows due to
stress concentrations in a weak layer below a cohesive snow slab. The developed fiber bundle models are intended to
investigate failure initiation, eventually followed by rapid crack propagation in weak snow layers.
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Supraglacial ice cliffs are typical surface features of debris-covered glaciers worldwide, affecting surface evolution and
mass balance by providing a direct ice-atmosphere interface where melt rates can be very high. Their role as windows of
energy transfer suggests they may explain the anomalously high mass losses of debris-covered glaciers observed in High
Mountain Asia despite the insulating debris, currently at the centre of a debated controversy.
However, their contribution to glacier mass balance has never been quantified at the glacier scale, and all inference has
been obtained from extrapolating results of point-scale models or observations at selected cliffs. Here we use a 3D,
physically-based backwasting model to estimate the volume losses associated with the melting and backwasting of
supraglacial ice cliffs for the entire debris-covered glacier area of the Langtang catchment. We estimate mass losses for the
2014 melt season and compare them to recent values of glacier mass balance determined from geodetic and numerical
modelling.
We derive cliff outlines and -topography from high-resolution stereo SPOT6-imagery from April 2014. Meteorological data to
force the model are provided by automatic weather stations on- and off-glacier within the catchment. The model simulates
ice cliff backwasting by considering the cliff-atmosphere energy-balance, reburial by debris and the effects of adjacent
ponds.
In the melt season of 2014, cliffs’ distribution and patterns of mass losses vary considerably from glacier to glacier, and we
relate rates of volume loss to both glaciers’ and cliffs’ characteristics. Only cliffs with a northerly aspect account for
substantial losses. Uncertainty in our estimates is due to the quality of the stereo DEM, uncertainties in the cliff delineation
and the fact that we use a conservative approach to cliff delineation and discard very small cliffs and those for which
uncertainty in topography is high.
Despite these uncertainties, our work presents the first estimate of the importance of supraglacial ice-cliffs to total glacier
mass-balance, and shows that the volume lost by backwasting of ice cliffs is a non-negligible term in the total glacier mass
balance of debris-covered glaciers, providing a partial explanation of the higher-than-expected mass losses of debriscovered glaciers of High Mountain Asia.

Swiss Geoscience Meeting 2017

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 9: Cryospheric Sciences

353

Symposium 9: Cryospheric Sciences

354

P 9.4
Mass-flux dynamics in a drifting snow wind-tunnel
Philip Crivelli1, Enrico Paterna1 & Michael Lehning1,2
WSL Institute for snow and avalanche research SLF, Flüelastrasse 11, CH-7260 Davos Dorf, Switzerland
(philip.crivelli@slf.ch)
2
CRYOS, School of Architecture, Civil and Environmental Engineering, Ecole Polytechnique Federal de Lausanne,
CH-1015 Lausanne, Switzerland

1

For the observation the snow surface changes during events of drifting snow, we introduce a Kinect sensor as a new, lowcost tool enabling relatively high resolutions both in time and space which is unmatched by most other current systems.
The goal is to compare changes in the surface mass balance recorded with this new method to flux measurements based
on traditional measurements such as particle counters in the saltation layer. And investigate how the dynamics of surface
erosion and deposition are related to the snow particles mass-flux in the saltation layer above the snow cover.
The conducted experiments consisted of stepwise increasing wind-speeds from the threshold velocity towards strong
saltation.
For the specific setting in our wind tunnel, we found that for low wind speeds, there is a balance between erosion and
accumulation on the snow surface, while at higher wind speeds erosion dominates.
Furthermore we found that the mean mass flux calculated from the snow surface change correlates well with the mean
mass flux in the saltation layer (r^2 = 0.93). Based on this good initial correlation we investigated different parameterizations
to establish a link between the particle mass flux in the saltation layer and the dynamic of the snow surface erosion.
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Glaciers are important sources of water in many regions, and are vital components of the Earth’s climate system.
Widespread decline in glacier size has occurred in recent decades. Previous studies have suggested that along with rising
temperatures, a decrease in surface albedo plays a role in their decline. Albedo is defined as the ratio of the radiant flux
reflected from a unit surface area into the whole hemisphere to the incident radiant flux of hemispherical angular extent. For
snow and ice light absorbing impurities (LAI) . LAI cause darkening of the snow/ice surface resulting in greater absorption
of solar energy, heating of the snow/ice, and accelerated snow and glacier melt. In regions with high LAI deposition, LAI
can be a larger driver of snow/ice melt than temperature. LAI include Black Caron (BC), mineral dust and organic Carbon
(OC). Previous research investigating the role of LAI in albedo reduction has utilized chemical analysis to determine the
relative abundances of LAI. Snow albedo models such as the Snow, Ice, and Aerosol Radiation (SNICAR) model have
been widely used to determine albedo based on LAI. A key limitation of this approach is that most users utilize generic
optical properties for the dust that are based on global means, and that may not accurately reflect the unique optical
properties of LAI inherent to different sampling locations. Poorly constrained optical properties of LAI, particularly dust and
organics, can result in differences in observed and modelled snow albedo. Advanced methods are needed to constrain the
optical properties of LAI, which will improve our ability to identify the contribution of the different LAI constituents to albedo
reductions and snow and ice melt.
The aim of this study is to establish a method to analyse the reflectance of LAI in environmental samples using a
Hyperspectral Imaging Microscope Spectrometer (HIMS). This instrument allows the collection of hyperspectral images, in
which for each pixel a spectrum is obtained. The use of HIMS is unique in measuring LAI in snow and on glacier surfaces,
and has the potential to improve quantifying the contributions of different LAI classes to albedo reduction and therefore to
attribute causes of snow and ice melt. We describe modifications made to HIMS to allow particle reflectance to be
measured at the submicron scale. We present the results comparing reflectance spectra of various reflectance standards
with the HIMS to spectra of the bulk materials obtained with a spectroradiometer (FieldSpec 3, PANalytical Analytical
Spectral Devices (ASD)). Lastly, for a sample collected on Glacier de la Plaine Morte, reflectance spectra of various
particles belonging to different classes of LAI were measured. These spectra provide information on how much radiation is
reflected from each class of LAI and allow, taking into account their relative abundances, quantifying their relative
contributions to the decrease of surface albedo on the glacier system.
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Figure 1.Reflectance spectra of the different standard materials (Diesel soot, minerals and humic substances). Dotted lines: HIMS
measurements at the particle scale, solid lines: field spectroradiometer measurement of bulk samples. The images represent examples of
the measured standards; the colours of the frames correspond to the spectra (humic substances are not present).
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Glaciers not only release water as they melt, they also erode and transport sediment from their beds. Similar to water,
changes to sediment discharge from glacierized catchments has implications for those who use glaciers’ resources and are
affected by processes such as reservoir sedimentation. This is especially pronounced in Switzerland, where much
hydropower infastructure lies close to glaciers. Although some sediment orginates from areas around the glacier that have
been exposed by glacier retreat, subglacial sediment contributes greatly to material being expelled from glacierized
catchments. This is because glaciers are far more effcient at transporting sediment than their fluvial counter parts. Due to
the observed increases in sediment discharge from some Swiss glaciers and its effects on hydropower operations,
parameterizing subglacial sediment discharge is of great importance. Implimentation of a model will help understand and
predict how forthcoming hydrological shifts and glacier retreat will effect sediment discharge.
Here a 1-dimensional subglacial sediment transport model consisting of three parts is presented. A simple hydraulics model
is used to establish the shear stress between the presurized meltwater and the glacier bed. This is then implemented in a
sediment transport relationship. Finally, till processes including sediment exhaustion and creation of transportable sediment
by processes such as quarrying are parameterized. The model is driven by surface hydrology and calibrated to measured
suspended sediment and bedload data from Gornergletscher, Canton Vallis collected over the 2016 and 2017 melt
seasons. Comparision with these measured data show, that the model can capture seasonal evolution of sediment
transport and approximate proper quantities of sediment. However, the model has difficulties in capturing dramatic extreme
events such as high sediment discharge following high precipitiation or lake drainages. Despite these short-comings, the
results suggest, that the model is able to successfully parameterize subglacial sediment transport.

Figure 1. A) Glacier surface under three scenerios. B) Till height after 20 years of water input. C) Change in hydraulic gradient as surface
evolves. Note increase erosion rate under conditions of glacier retreat (blue lines).
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At the end of the Little Ice Age (around 1850), glaciers in the Alps reached their last maximum extent. However, it is still
uncertain what caused the preceding advance and the following retreat. Several studies have concluded that temperature
alone cannot explain this behaviour. A precipitation increase of about 25% could explain the anomaly, but this is not
supported by observations. Further processes have been proposed, including changes in solar radiation (due to either solar
activity variations or aerosols in the atmosphere), surface impurities on ice and snow, and dynamical effects in both the
atmosphere and the glaciers. We will test some of these processes in a model study and determine their relative
importance by coupling the ice flow model Úa to a mass balance model.
In a first step, we are assessing the performance of Úa, which has previously been used primarily for simulations of the
Greenland and Antarctic ice sheets, in the Alpine environment. Initial test simulations of Rhonegletscher between 1874 and
today, driving the model with mass balance records, showed that Úa is capable of simulating the glacier›s retreat
reasonably well. We now extend the simulations to between 1600 and today using a simple mass balance based on
different temperature and precipitation reconstructions, e.g. Casty et al. (2005), the PAGES2k database, and Pauling et al.
(2006). To validated these simulations, we compare them with observations of glacier length change, flow velocity, and
geometry change.
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Knowledge about snow distribution and snow accumulation patterns is important and valuable for different applications
such as the prediction of seasonal water resources or avalanche forecasting. Furthermore, accumulated snow on the
ground is an important ground truth for validating meteorological and climatological model predictions of precipitation in
high mountains and polar regions. Snow accumulation patterns are determined by many different processes from ice crystal
nucleation in clouds to snow redistribution by wind and avalanches. In between, snow precipitation undergoes different
dynamical and microphysical processes, such as ice crystal growth, aggregation and riming, which determine the growth of
individual particles and thereby influence the intensity and structure of the snowfall event. In alpine terrain the interaction of
different processes and the topography (e.g. lifting condensation and low level cloud formation, which may result in a
seeder-feeder effect) may lead to orographic enhancement of precipitation. Furthermore, the redistribution of snow particles
in the air by wind results in preferential deposition of precipitation. Even though orographic enhancement is addressed in
numerous studies, the relative importance of micro-physical and dynamically induced mechanisms on local snowfall
amounts and especially snow accumulation patterns is hardly known.
To better understand the relative importance of different processes on snow precipitation and accumulation we analyze
snowfall and snow accumulation between January and March 2016 in Davos (Switzerland). We compare MeteoSwiss
operational weather radar measurements on Weissfluhgipfel to precipitation patterns in very high resolution Weather
Research and Forecasting (WRF) model simulations. Snow precipitation estimated from the radar and meteorological
parameters from our WRF simulations are in reasonable agreement with measurements from automatic weather stations
close to the weather radar. Deriving snow accumulation based on radar data is challenging as the close-ground
precipitation patters cannot be resolved by the radar due to shielding and ground clutter in highly complex terrain.
Nonetheless, radar measurements show distinct patterns of snowfall and accumulation, which may be the result of
orographic enhancement. Furthermore, large-scale radar snow accumulation patterns show a snowfall gradient consistent
with the prevailing wind direction. The general gradient is partially represented by the large-scale WRF simulations.
However, WRF generally overestimates precipitation, but is able to represent larger scale spatial precipitation patterns and
an elevation gradient. Additionally, a spatially continuous snow accumulation map derived from airborne digital sensing
(ADS) snow height for the area of Dischma valley in the vicinity of the weather radar is available. Overall, snow height
ground measurements show a distinct pattern of much smaller scale structures, which are a sign of snow redistribution by
wind.
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The elastic modulus is a fundamental mechanical property of snow and key for the interpretation of seismic measurements,
assessment of slope stability or development of constitutive models. However literature values scatter by orders of
magnitude due to visco-plastic peculiarities of ice and microstructural variability. Hitherto still no cross-validated
measurement exists.
To this end we employ P-wave propagation experiments under controlled laboratory conditions on decimeter-sized snow
specimen prepared from artificial snow and subjected to isothermal sintering, to cover a considerable range of densities
(170 − 370 kgm−3). The P-wave modulus was estimated from wave propagation speeds in transverse isotropic media and
compared to microstructure-based finite element calculations (FEM) facilitated by X-ray tomography imaging of sub-sample
microstructures. Heterogeneities and size differences between acoustic and FEM sample volumes were characterized by
SnowMicroPen measurements, yielding an elastic modulus as a by-product. The moduli derived from the acoustic and FEM
method are in very good agreement (R2 = 0.99) over the entire range of densities covering values from 10 − 340 Mpa. A
remaining bias (24 %) between both methods can be explained by layer heterogeneities which systematically reduce the
estimates from the acoustic method.
The consistency of these first-principle methods supports the validity of long-standing, published FEM moduli for various
snow types and opens non-destructive routes to time-resolved elasticity measurements during fast sintering.
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Basal sliding of glaciers and the ratio between the sliding velocity at the bed-ice interface and the glacial surface motion is
of critical importance for ice flow models. Although the surface velocities of glaciers can be measured easily by satellite,
GPS or classic geodetic methods, the sliding velocity at the ice-bedrock interface is difficult to determine experimentally.
During a field campaign on the tounge of Rhonegletscher in August 2017, we drilled three boreholes from the glacier
surface to the bed by using a hot water drill. For one borehole, fine-grained sediments that were swirled up by the turbulent
outflow of the hot water drill, settled on the bottom of the borehole and thus made it possible to observe the glacier bed
visually with a borehole camera. Pictures of the glacier bed taken with the borehole camera show a hard bedrock partially
covered by a thin till layer of a few centemeters thickness. Isolated and repeated measurements within a ten-day period
allow estimation of basal sliding velocity and sliding direction of the glacier.
Here we present the deduced sliding velocity vector together with data from surface motion measurements at four
differential GPS stations in the neighborhood of the borehole. We discuss these results in terms of general glacier dynamics
and offer an outlook on future applications of our approach.
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In contrast to the central and eastern part of High Mountain Asia (HMA), no extensive glacier mass loss has been observed
in the Karakoram during previous decades. However, the potential meteorological and glaciological causes of the so-called
Karakoram Anomaly are manifold and still under debate. This study introduces and presents a novel glacier Surface Mass
Balance Model (glacierSMBM) to test whether the characteristic regional mass balance pattern can be reproduced using
recent field, remote-sensing and reanalysis data as input. A major advantage of the model setup is the implementation of
the non-linear effect of supra-glacial debris on the sub-surface ice melt. In addition to a first assessment of the annual
surface mass balance from 1st August 2010 until 31st July 2011, a sensitivity analysis was performed to investigate the
response of Karakoram glaciers to recent climate change and to identify meteorological and glaciological processes that
promote stable mass balances. The mean glacier mass balance for the Karakoram during the observation period is -0.92 m
w.e. (water equivalent) a-1 and corresponds to an annual melt water contribution of ~12.66 km3. Data inaccuracies and the
neglected process of snow redistribution from adjacent slopes in the accumulation area are probably responsible for the
negative bias in the model output. Despite the general offset between mass gain and mass loss, the model captures the
characteristic features of the anomaly and indicates that positive glacier mass balances are mainly restricted to the central
and northeastern part of the mountain range. From the evaluation of the sensitivity analysis it can be concluded that the
complex glacier response in the Karakoram is not the result of a single driver, but related to a variety of regional
peculiarities such as the favourable meteorological conditions, the extensive supra-glacial debris and the timing of the main
precipitation season.

Figure 1. Modelled surface mass balances from 1st August 2010 until 31st July 2011 for all Karakoram glaciers included in our inventory.
The spatial mass balance pattern of the debris-covered Baltoro glacier is highlighted in more detail in the lower left box.
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Practitioners and researchers worldwide have developed different best practices for snow-related in-situ measurements.
However, these practices lack harmonization and thus hamper further developments, for example, of numerical weather
prediction models, remote sensing applications and homogenization of long-term records needed for hydrological and
climatological applications. Indeed, homogenizing long-term data series of snow depth are scientifically challenging mostly
because of the marked spatial variability of this essential climate variable. Another aspect is the determination of snow cover
onset and disappearance in order to assess changes in the duration of the snow cover. Beside the need of harmonizing
practices across the borders, there is a strong interest from both the operational and the researcher communities to rely on
data that can be interpreted globally the same way.
The European Union COST action ES1404 “HarmoSnow” aims at assessing and harmonizing practices and standards
applied to snow measurements, building a better connection between snow measurements and models, between snow
observers, researchers and forecasters, for the benefit of various stakeholders and the entire society. Since we not even know
which European countries operationally measure snow, not to mention which snow variables, “HarmoSnow” produces a
“European Snow Booklet”. The main objective of this book of reference is an inventory of basic snow measurements realised
in each European country, as well as an evaluation of the methods used and on the data availability of these measurements.
In addition, best practice recommendations on snow cover monitoring currently developed in close collaboration with WMO’s
Global Cryosphere Watch will complete the “European Snow Booklet”.
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Snow avalanches represent a severe natural hazard in snow covered, mountainous regions. The flow behaviour and thus
destructive potential of snow avalanches depend, among other things, on the physical properties of the flowing snow.
However, the snow properties and consequently also flow behaviour change over time as the snow travels downwards
along the avalanche path. Recent field investigations aimed to study the effect of physical properties of snow on the flow
behaviour and found significant changes at snow temperatures above -2°C. We aim to measure snow properties and their
influence on flow behaviour under laboratory-like conditions and present an experimental setup of flowing snow in a rotating
drum. With our vertically rotating drum with a diameter 2.5 m and a rectangular cross section of 0.45 m, we created a
continuous movement of flowing snow. Our experimental set-up allowed us to measure the temperature of the snow and
the ambient air, the flow height, the basal normal stress, and the volumetric liquid water content of the snow. We conducted
thirteen continuous flow experiments with air temperature ranging from -5°C to +10°C and rotational speeds ranging from
5.2 rpm to 15.2 rpm. Considerable changes in the flow behaviour of the snow such as the onset of granulation and the
formation of free liquid water could be observed. Granulation was particularly pronounced at temperatures above -1°C.
Moreover, the experiments showed that the temperature of the snow could significantly exceed the ambient air temperature
if the flow moved fast. Concluding, we feel that the rotating drum constitutes an applicable technique for investigating the
flow behaviour of snow. Future research could concentrate on a comprehensive consideration of the energy balance of the
flow to enhance physical modelling and improve avalanche simulation programs.
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Despite available geological evidence, only a few ice flow modelling studies have been done on the European Alpine ice
cap during the Last Glacial Maximum (LGM). These studies show a good agreement with maximum glacier tongue extent
reconstructed from moraines. However, the ice flow models systematically overestimate the ice thickness by up to 800 m
when compared to reconstructions based on trimlines, unless extremely low precipitation rates are assumed. This
discrepancy between model results and geological reconstructions is calling for a more detailed exploration of model
sensitivity to uncertain ice physical parameters.
In this study, we investigate the effect of model parameters related to basal motion of the Parallel Ice Sheet Model (PISM)
at the Rhine Glacier. We evaluate whether a set of realistic parameters can reproduce the thickness of the Rhine Glacier at
the LGM reconstructed from trimlines, without involving extremely low precipitation rates. PISM is a state-of-the-art ice
sheet model, that computes the extent and thickness of ice and its thermal and dynamic state, for given initial basal
topography and climate forcing. Since PISM is based on simplified ice mechanics (combining shallow ice approximation
and shallow shelf approximation), it is computationally inexpensive, making it possible to perform a large number of
simulations representing the evolution of the Rhine Glacier during the last 35,000 years of the Würm ice age.
We find that the basal motion is playing a minor role around the highest peaks in the accumulation zone because the ice is
mostly cold based there. The piedmont lobes and large Alpine valleys, however, had mostly tempered basal conditions and
basal motion plays a key role there. We suggest that trimlines mapped in the Rhine valley may instead depict a transition
zone between temperate and cold ice, or characterise a different period than the LGM.
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Figure 1: Modelled ice extent in the Rhine basin 24 ka ago. Red indicates warm based ice while blue indicates cold based ice. The red line
represents the reconstructed ice margin and purple the equilibrium line. Thick and thin black lines have an elevation spacing of 1000 m
and 200 m respectively.
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Glacier-bedrock interface plays an important role in understanding glacier dynamic processes such as glacier motion,
erosion processes and catchment hydrology, as well as potential hazards such as glacial outburst floods (Benn and Evans,
2010). In general, the subglacial drainage system, made of channelized and distributed hydraulic pathways at the base of
the glacier, is not directly accessible and measurable. In addition, the transient processes of melt, freezing and the advance
of the glacier make it a very complex system to study. Numerical models that aiming to represent the physics of this system
have been built, however, existing models require to know a number of physical parameters that are usually impossible to
uniquely determine based on the available data (Flowers 2015).
This work investigates, for the first time, the use of inverse geostatistical modeling for identifying inaccessible subglacial
features. The aim is to assimilate observations coming from boreholes (water pressure) and breakthrough curves from
tracer experiments in moulines, and retrieve the model parameters values and channel geometries that are able to match
the observations.
The inversion framework consists three steps carried out iteratively:
•
First, generate subglacial features (discrete channels and a distributed system) using a combination of stochastic
and physics-based processes;
•
Second, compute the water pressure and mass transport in the system using a finite element groundwater model
(Cornaton 2007);
•
Third, using a likelihood function, compare the pressure and mass transport outputs with the observations, and
update the model parameters for the next iteration.
When convergence is reached the probability distribution of the model parameters is retrieved.
The model is set up for a synthetic ice sheet under different recharge scenarios, and constrained by different number of
water pressure observations from boreholes and tracer tests. By comparing the different cases, it is possible to assess the
sensitivity of the model parameters and to quantify the uncertainty reduction in the characterization of the subglacial system
when adding more observations.
The proposed methodology is able to represent and identify the type of connected patterns that drive subglacial dynamics
and allows conditioning to observed data. As such, this work is a step towards a better understanding and a rigorous
assessment of parameters uncertainty in subglacial modeling.
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Sun2Ice: Monitoring calving glaciers from solar-powered UAVs
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Here we present the first outcomes of ETHZ‘s Sun2Ice project, which aims to use a state-of-the-art, highly-optimized, solarpowered Unmanned Aerial Vehicle (UAV), AtlantikSolar (Oettershagen, 2017), for long-range, and multi-day monitoring of
calving glaciers in the Arctic. The „midnight sun“ in polar summer time offers unique conditions for solar-powered flights,
including potentially energetically perpetual flight, consequently enabling frequent, high-resolution and large-scale glacier
surveys. In Sun2Ice, this cutting-edge technology is dedicated to the monitoring of iceberg calving (Jouvet, 2017), a still
poorly understood process which plays a major role in the observed retreat of many ocean-terminating glaciers. The main
achievement of Sun2Ice‘s 2017 fieldwork was the undertaking of the first-ever autonomous, solar-powered flights of a UAV
in a polar region, including a flight of more than 12 hours duration, and the survey of the calving front of Bowdoin Glacier,
Northwest Greenland, see Fig. 1. This monitoring revealed the opening of a major crack, which led to a major calving event
one week later. This presentation will focus on the technical challenges, the glaciological outcomes, and the potential of
using such a technology for monitoring the Cryosphere with a spatial and temporal resolution not achievable by satellite
remote sensing.

Figure 1. AtlantikSolar on the way to Bowdoin Glacier on the 3rd of July 2017.
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1

Despite their effects on glacier mass balance, processes within the firn cover of mountain glaciers such as melt water
refreezing are poorly explored. Therefore, understanding and modelling the evolution of glacier firn are regarded as an
asset to overcome numerous uncertainties in mass balance studies. Moreover, long-term simulations of firn processes may
provide valuable information in the context of climate change.
In our study we investigate firn changes of the Abramov glacier, located in the Pamir Alay mountain range of Central Asia.
To simulate and understand the firn evolution of Abramov glacier an existing multi-layer snow model coupled to a surface
energy balance model (van Pelt et al. 2012) is iteratively adapted and applied. The model is forced from meteorological
measurements from local weather stations. Furthermore, we apply re-analysis data to fill gaps in the measurements and to
extend our simulations beyond the duration of direct measurements (2011 to present). Model calibration and validation at
various time steps will on one hand rely on (i) ongoing (glaciological) and (ii) planned measurements including the drilling of
firn cores to measure firn properties such as stratigraphy, density and temperatures. On the other hand (iii) a unique data
set of historical data including accumulation rates from several firn cores drilled in the 1970s will be used. Furthermore, we
aim on reproducing expected changes between firn stratigraphies, temperatures and densities measured in the 1970s
(Figure 1) and todays firn properties at the same locations.

Figure 1. Two examples of firn stratigraphy and density measured in 1974/75 deep snow pits on Abramov glacier (source: Suslov & Krenke
1980, stratigraphy is simplified compared to original source).
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Under the impacts of climate change, the present and future potential of energy production from water resources in
mountainous environments is crucial. In Alpine regions, glacial runoff often plays a significant role in the hydrological
budget. Knowledge about glacier mass balance and runoff can therefore be critical. In situ mass balance measurements,
however, are demanding in terms of both time and manpower, and are thus not always available.
The “Cryospheric Monitoring and Prediction Online” project (CRAMPON) addresses this difficulty and aims at developing a
model-based, near real-time glacier monitoring and prediction platform for Swiss glaciers. At the moment, the operational
modeling workflow relies on meteorological analyses, whilst field-based data from the Glacier Monitoring Switzerland
(GLAMOS) program, elevation changes from Fischer et al. (2015) and multitemporal Digital Elevation Models (DEMs) from
the Swiss Forest Inventory (Ginzler & Hobi 2015) are used for calibration and validation. In a next step, we additionally plan
to assimilate satellite data as in situ constraints into the workflow.
The basis for the modeling infrastructure and parts of the preprocessing is the Open Global Glacier Model (OGGM;
Maussion et al. 2017). We extend OGGM with a workflow to digest operational high-resolution, daily meteorological grids
and refine the model in order to address regional/local modeling needs.
Workflow uncertainty is addressed through variation of model parameters within given thresholds (e.g. Huss & Fischer
2016, Farinotti et al. 2012) as well as through considering uncertainty of the input DEMs, elevation changes and
meteorological data. In this manner we are able to provide ensemble-like results for translating meteorological forcing into
mass change. The ensemble of realizations is used to estimate a probability distribution of the model results at any time
step. The median serves as the most likely predictor.
Our glacier mass balance calculations will be made publicly available on a web portal which will include (a) a “mass
balance status map” displaying the current state of every glacier with respect to the long-term average and (b) the temporal
evolution of the current mass balance year with respect to long-term conditions (Figure 1).
The work results in an operational data assimilation workflow capable of providing near-real time information on glacier
mass balance. We expect this will enable a better management of water resources and hydropower operations.
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Figure 1. Preview of the anticipated web portal. The illustration shows a preview of a status map for Switzerland as well as a current mass
balance figure for Griesgletscher as of August 15th in the mass balance year 2016/2017.
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A recent study revealed that glaciers in Northern Patagonia, including the larger ones, have shown a dramatic shrinkage
over the past three decades. Consequently, the landscape is changing rapidly, glacier fore-fields grow and new and / or
growing lakes can often be found where glacier ice had been a decade ago. These rapid changes require repeating glacier
inventories more frequently than elsewhere. Unfortunately, adverse weather conditions with clouds and seasonal snow
remaining at high elevations typically allow only regional inventory updates. In March 2016, however, near cloud free
Landsat 8 scenes were acquired under near-optimal snow conditions covering the entire region from Mt. Tronador to the
Gran Campo Nevado (GCN) ice cap.
This study presents the results of a new glacier inventory for entire study region, largely based on Landsat 8 OLI scenes
acquired in March 2016. The region encompasses more than 7000 glaciers larger than 0.05 km2 and covering about 20650
km2 of ice. The study also extends on currently used methods for glacier classification. In particular, the outlines for 2016
are derived from the 15 m resolution panchromatic band of Landsat 8 and two different thresholds are applied to the band
ratio for improved mapping of ice in shadow. The new TanDEM-X DEM is used to derive drainage divides as well as
topographic parameters, and lakes and other water surfaces are classified automatically considering DEM information. We
also utilize Sentinel-2 images acquired in February 2017 for intercomparsion and correction of remaining seasonal snow in
the northern and southern part of the study region. Comparison with glacier extents being currently available in the RGI 6.0
(from around 2000) reveal both a massive shrinkage of glaciers and a huge overestimation of glacier area in the RGI due to
inclusion of seasonal snow, in particular for small glaciers being located at high elevations.
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Seismic azimuthal anisotropy in crevasse fields
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Crevasses and englacial fracture networks route meltwater from a glacier’s surface to the subglacial drainage system and
thus strongly influence glacial hydraulics. However, rapid frac- ture growth may also lead to sudden (and potentially
hazardous) structural failure of unstable glaciers and ice dams, rifting of ice shelves, or iceberg calving.
Here, we use passive seismic recordings from Glacier de la Plaine Morte, Switzerland, to investigate the englacial fracture
network. Located in the Bernese alps and bordering the canton of Valais, Glacier de la Plaine Morte is the largest plateau
glacier in the European Alps. The annual drainage of an ice-marginal lake gives rise to numerous icequakes, thereby
demonstrating the interplay between hydraulics and fracturing. The majority of these naturally occurring events exhibits
dispersed, high-frequency Rayleigh waves at about 10 Hz and higher. A wide distribution of events allows us to study
azimuthal anisotropy of englacial seismic velocities in regions of preferentially oriented fractures.
Results from beamforming applied to a 100m-aperture array show strong (up to ≈ 9%) azimuthal anisotropy of Rayleigh
wave velocities. We find that the fast direction coincides with the observed surface strike of the fractures and that
anisotropy is strongest for high-frequency (around 30 Hz) Rayleigh waves that are sensitive only to the uppermost (few tens
of meters) part of the glacier. Whereas ice bodies are often assumed to resemble homogeneous media, our results
demonstrate that even comparatively narrow crevasses (few tens of decimeters wide at the surface) considerably impact
seismic wave propagation.
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A new parametrization and minimal model for glacier calving
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The iceberg calving process influences the geometry of a tidewater glacier, and is in turn controlled by the terminus
geometry through the stress field which controls damage and fracture of the ice. A simple parametrization of the stress field
at the glacier terminus is obtained from the results of a Finite Element model with varying water depths. Using this stress
field in an isotropic damage evolution equation yields calving rates in dependence of calving front thickness and water
depth. These parametrized calving rates compare favorably with observations, and extend well established
parametrizations. The proposed calving parametrization is easy to implement in numerical ice sheet models. Using these
parametrized calving rates in a minimal calving model allows us to analyze the intricate feedbacks of the calving process,
reproduce observed tidewater glacier dynamics, and to analyze the stability of glacier termini.
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The objective of this work is to analyze and understand the evolution of Admiralty’s Bay deglaciation since the Last Glacial
Maximum (LGM). The area has atypical characteristics compared to other Antarctic regions that allow a modern analogue
during its past interglacials. The main question we ought to answer is: which glaciomarine records and submarine
landforms present in Admiralty Bay can broaden our understanding of the evolution and dynamics of its deglaciation during
advances and retreats of the glaciers that once dominated the fjord?
Admiralty Bay, at King George Island, is a fjord with an U-shaped valley, approximately 16 km long and 4 km wide. Its mild
climate, with higher temperatures and precipitation, compared to the Antarctic Peninsula and other Antarctic regions, makes
the South Shetland Islands an exception of the typical Antarctic glaciomarine environments (Anderson, 1999). Providing
high sedimentation rates and, therefore, high-resolution climate data. The integration and interpretation of seismic profiles,
echo-characters, geological samples and multibeam bathymetry can significantly improve paleoenvironmental studies and
the interpretation of its dynamics through time.
Geological samples were acquired with piston and gravity corers and analyzed on laser granulometers and Multi-Sensor
Core Loggers (MSCL), for density, magnetic susceptibilities, resistivity and P-waves velocity. Multibeam data were
processed using CARIS®, were spikes and incoherent data have been removed, providing a detailed map of the bay’s
seafloor. Seismic profiles were acquired with Konsberg’s SBP 300 (2.5 – 6.5 kHz) and SIMRAD 3002 (300 kHz).
Interpretation was made on SMT KINGDOM®, where four different echo-characters were identified and correlated to
glaciomarine processes (Figure 1).
Echoes I and II show good resolution and are characterized by continuous and sharp echoes with sub-parallel reflections
and presence of glaciomarine muds. Echo III, a very prolonged echo with absence of sub-parallel reflectors, is associated
with the shallower portions of the bay, providing little sediment cover, sandier samples and presence of ice rafted debris.
Echo IV is associated with morainical banks and grounding zones.
Submarine landforms show that the region experienced major glacial advance, with subsequent rapid retreat of the glaciers
in the deeper parts of the fjord, followed by slower retreat, with the presence of several recessional moraines in the
shallower portions (Figure 2).
Submarine channels up to 1.5 km long and 50-80m wide identified in the records indicate the large contribution of
meltwater sedimentation in the fjord. The presence of morainical banks and sills show a possible grounding of glaciers at
these positions and a maximum extent at the shelf break during the LGM.
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Figure 1. The four different echo-characters found with its description and associated processes interpretation.

Figure 2. Submarine morphology of Martel Inlet showing the presence of several recessional moraines and a variety of interpreted
submarine landforms.
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Temperature time series measured in boreholes are the cornerstones of long-term monitoring in permafrost because they
are the only direct and continous observation of the thermal subsurface phenomenon. Around 30 boreholes are operated in
the scope of the Swiss Permafrost Monitoring Network (PERMOS). It is the core task of the network – but at the same time
a considerable challenge – to deliver reliable, robust and comparable measurements from key sites over decades. The
main difficulties relate to a) the selection of a limited number of sites in a highly variable environment, b) drilling in ice rich
underground in terrain that is difficult to access, c) robust instrumentation for harsh and cold conditions, and d) considerable
shearing in the underground at many of the high alpine sites, which can cause thermistor chains to be blocked in the
borehole or shear off completely (preventing recalibration or replacement). Additional requirements that a sound long-term
climate-related monitoring service has to meet are a robust data management as well as the standardization and quality
control of the measured data and their timely publication in a useful way.
PERMOS started in 2000 as a loose network of research-based sites with differing installations and measurement
procedures. Many of the borehole installations are now 15 years old or more and will require renovation or complete redrilling in the coming years in order to validate and secure the time series. A first and successful replacement drilling was
performed in 2015 for the 30-year temperature series measured in rock glacier Murtèl-Corvatsch.
The (stepwise) standardization and professionalization of the field installations, measurement protocols and documentation,
as well as the data flow are essential to further evolve towards a sustainable operational network. Corresponding guidelines
are lacking, both at the national and the international level. Based on the 17 years of experience within PERMOS and in the
scope of the ongoing overall evaluation of the network, we are compiling guidelines and standard procedures for the
installation and operation of boreholes in mountain permafrost. They include the entire process from site selection, drilling
and instrumenttation, maintenance and documentation to data flow and processing. Our experience will address a number
of mountain specific aspects but may also be useful for long-term global permafrost monitoring.

Figure 1. Drilling a new 60 m borehole on rock glacier Murtèl-Corvatsch (eastern Swiss Alps) in September 2015 about 5 m apart from the
old borehole. Photo: J. Nötzli.
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With an increasing data volume from seismic installations in environmentally challenging settings, a growing number of
more established techniques from traditional seismology are applied to the frontiers of geoscience. In the general contexts
of environmental seismology, scientists seek solid and portable methods to monitor environmental parameters using
passive seismology. For glaciologists, ice thickness and englacial or subglacial characteristics such as water flow, fracture
state or bed properties are of interest.
Here, we study the surface waves mainly composing the ambient wavefield on a glacier using methods established in
seismic site characterization such as H/V (horizontal-to-vertical) spectral ratios, array processing (beamforming) and
wavefield polarization analysis. These techniques allow the characterization of the subsurface structure (such as the
thickness of the glacier) and the analysis of 3D effects caused by the englacial structure.
We explore the feasibility of monitoring, i.e. the detection of variations over time from seismological observations
(resonance frequencies, dispersion curves, wavefield polarization), which can be attributed to changes of glaciologically
relevant parameters. We analyze data from several temporary seismic arrays of Alpine glaciers in Switzerland. These
networks include an array on Aletschgletscher, with 9 seismometers (corner frequencies: 1 Hz, array aperture: ~1200m,
installed for 10 days) as well as one on Bisgletscher, with 5 seismometers (corner frequencies: 1 Hz, array aperture:
~500m, installed for 2 months). We find that the combination of H/V and array processing allow to determine the depth of
the bedrock, whereas wavefield polarization seems to allow the monitoring of the glacial properties.
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Glaciers, rock glaciers and ice-rich permafrost are currently undergoing important changes caused by the continuous
increase in atmospheric temperatures. While glaciers are retreating, rock glaciers are expected to be less sensitive to
climate change as their composition is quite complex with a very variable mixture of debris and ice, and their active layer on
the top consists mainly of debris protecting the ice from excessive melt. As they sometimes contain high amounts of ice,
they could become important for water resources in regions which currently rely on glacial runoff, when the runoff from
glaciers has diminished. In order to determine whether rock glaciers can provide a viable source of water, it is important to
make reliable long-term projections about their thermal regime. The latter, however, can be difficult to model due to the
blocky surface layer allowing for modes of heat transport other than conduction and diffusion. The large pore spaces in
coarse blocky layers allow for advective forms of heat transport, either in form of the chimney effect in the case of open
pore spaces or in the form of Rayleigh-Benard convection in the case of closed ones.
The 1D physics-based model SNOWPACK (Lehning et al. 1999) is employed testing different setups for the study site
Murtèl-Corvatsch, for which long-term series of borehole temperature measurements and meteorological data are available
(Hoelzle and Gruber 2008). The setups considered are: simple standard SNOWPACK functionality without additional
modules, an added ventilation module (Lehning et al. 2002), an added canopy module (Gouttevin et al. 2015) and an
added advective heat flux (Luethi et al. 2016). In each case, SNOWPACK’s soil module was used to represent the rock
glacier. Furthermore, different setup parameters were tested to study the effect of e.g. blocky layer thickness, ice content,
porosity and grain size. Adding an advective heat flux is the only way to include any lateral effects, which are otherwise not
accounted for by the model. The ventilation module presents a parameterisation of air flow from the atmospheric boundary
layer into the open pore spaces of the blocky layer. Finally, the canopy module is considered to test whether it can be used
to simulate direct throughfall and interception of precipitation at the blocky layer.
It was found that for the Murtèl site ventilation is needed to reproduce the low measured ground temperatures. While the
advective heat flux was able to reproduce the rate of cooling well, a value for it needs to be prescribed for each time step.
This makes the procedure unsuitable for long term projections as the temporal evolution of these values is unknown.
The canopy module was found to be unsuitable for modelling the blocky layer on rock glaciers, as it caused modelled and
measured temperatures to diverge.
For the initialisation, setting the correct thickness of the blocky layer is important since this affects the depth at which zerocurtains occur in the modelled ground temperatures. Furthermore, the ice content of the icy layer has a significant effect for
long term modelling as it limits the maximal amount of ice that can melt. The porosity and field capacity (calculated from the
grain size of the soil material) determine the water transport and retention in the considered layer and thus exhibit a major
influence on the ground thermal regime due to latent heat involved in phase changes.
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Figure 1. Ground temperatures of the Murtel-Corvatch rock glacier at 3.5 m (top) and 7.5 m depth (bottom). Measured and modelled
(standard: blue, ventilation: red) temperatures are shown for the for period June 2007 to June 2016.
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The cryosphere of mountain regions is highly sensitive to climate change. This is particularly evident in region-wide retreat
of glaciers and reduced snow cover in mountain areas. Snow cover is not only an important parameter in the water regime
of a catchment, but also for glacier mass- and energy balance, as it controls the energy fluxes on the glacier surface and
protects the glacier from melt. However, monitoring glaciers and their characteristics in the field is laborious. Satellite
remote sensing is a most valuable approach, as parameters like snow cover (SC) or snow line altitude (SLA) can be
observed for a large number of individual glaciers. The SLA at the end of the ablation season is of particual interest
because it may be considered as a proxy for the equilibrium line altitude (ELA) on Alpine glaciers, which is an indicator of
the annual mass balance. In this study we have developed an automated tool, named “multi-temporal glacier parameter
tool; MultiGlaPa”, to map firstly the SC and secondly to derive the SLA on single glaciers based on multi-temporal Landsat
satellite imagery and an already existing glacier inventory. The method is developed in the Ötztal Alps where reliable in-situ
data (ELA) are available for several glaciers for a period longer than 30 years. Two new ways of processing are introduced
in this study. First, the approach is able to derive a threshold automatically to separate snow from ice on glacier surfaces
(Fig. 1) and, secondly, a robust method to map the SLA based on the consideration of several elevation bins of more than
50% snow cover has been developed. The results indicate a high mapping accuracy of about 90% and a snow line
detection capability of more than 80%. For the whole study period (1985-2016) a clear drop in the SC of all glaciers (~
10%) and a clear rise in the SLA is visible (1.6 m/year; 65 m rise). The approximation of the ELA by using in each case the
max. SLA of each year indicates a rather weak correlation, due to the temporal acquisition plan of Landsat (some years
with only one image available). If removing such years, the max SLA indicates an average rise of 5 m per year. Overall,
MultiGlaPa is a promising tool for future applications like with Sentinel 2 for monitoring the SLA and the SCF through time.
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Figure 1: Snow cover mapping performance for Landsat 7 ETM, SLC off scene (left). On the right hand side, the respective
histogram of the Ekstrand corrected image is shown with its automatic derived threshold.
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Figure 2: The oblique photo on the left hand shows the
patchy distribution of snow cover on Kesselwandferner.
The map on the right shows the classified snow cover
distribution for a similar day during summer. Using only
one elevation bin to map the SLA would result in a
wrong snow line altitude.
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Snow fascinates human beings since time immemorial. First written evidence of snowflake observations date back to 135
BC (Needham & Gwei-Djen 1961). While snow crystals captivate us due to their hexagonal symmetry, snow on the ground
has a not less unique structure. It is a complex, three-dimensional material with various grain shapes and sizes. Different
parameters as the density, the snow specific surface area, porosity, curvature or connectivity have been established to
describe the snow microstructure (Fierz et al. 2009). The snow specific surface area (SSA), which is defined as the area of
the ice-air interface per unit mass or per ice volume, is an important microstructural parameter for understanding the
electromagnetic properties and chemical processes in the snow. To determine the SSA, different measurement techniques
have been proposed, one being micro computed tomography (µCT) where the SSA is calculated from 3D-images. µCT
became a widely used technique in snow research, not only to measure the SSA, but also to investigate processes
occurring during the metamorphism of snow (Kämpfer 2007, Löwe 2011). Another measurement technique is the IceCube,
a device which derives the SSA from the mid-infrared reflectance of the snow.
Compared to the measurements using a Scanco Medical µCT40, up to 80 % larger SSA were measured with the IceCube
(SLF, 2016). While the different algorithms used for the SSA computation from the 3D-images have been already examined
by Hagenmuller et al. (2016) as source for variation, the impact of different µCT settings on the measured SSA has not
been systematically investigated. So far, the hypothesis has been that the influence of different µCT settings on the SSA
measurements is negligible. Hence the goal was to quantify the sensitivity of the image quality and the SSA measurements
to different µCT settings. The impact of the nominal resolution, the X-ray tube settings, namely the tube-voltage and tubecurrent, and the integration time has been investigated. The image quality has been assessed in terms of the signal-tonoise ratio, beam hardening, and the spatial resolution using clear ice and plastic cylinders, which have absorption
coefficients similar to snow. Furthermore two different types of snow were scanned with different µCT settings and the SSA
was calculated from the reconstructed images.
While the nominal resolution and the X-ray tube settings impacted all image quality characteristics, different integration
times only significantly affected the signal-to-noise ratio. The signal-to-noise ratio showed a higher sensitivity to X-ray tube
settings than the spatial resolution. Varying the voltage and current settings increased the signal-to-noise ratio by up to
84%, while changes in the spatial resolution were below 10%. Although the increase in the attenuation coefficient due to
beam hardening showed a high sensitivity to the µCT settings, the absolute effect of beam hardening on the attenuation
coefficient over the entire sample was small.
At a low nominal resolution changes in the X-ray tube settings had no significant effect whereas at higher nominal
resolutions changes up to 7% could be observed. The integration time did not impact the measured SSA significantly at any
nominal resolution. Generally higher SSA were measured at a higher nominal resolution. The combined effect of changes in
the nominal resolution and X-ray tube settings was 19%. It is assumed that higher SSA measurements better represent the
real SSA, based on the previous comparison of the µCT and the IceCube measurements. Thus, it is suggested to use a
high voltage, low current setting combined with a high nominal resolution for future measurements. The measured SSA was
subsequently linked to the image quality characteristics. A correlation between the measured SSA and the spatial resolution
was observed. This correlation was however not incontrovertible and needs further investigations.
The above mentioned deviations between the µCT and the IceCube measurements were smaller for lower SSA. For values
in the order of magnitude of the SSA measured in this work, differences around 40%
to 50% were observed (SLF, 2016). The observed maximum effect of different µCT settings on the measured SSA is
distinctively smaller and can thus not etirely explain the difference. To completely understand the deviation further research
will be necessary taking the combined effect of all possible sources of uncertainties into account, including the IceCube.
Nonetheless, this work contributes to a better understanding of how SSA measurements are influenced by different µCT
settings and image quality characteristics.
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In mountain regions in winter, snow avalanches are relatively frequent and widespread. Avalanche forecasts are issued in
many regions on a daily basis to warn the public. The forecasting process is data-driven, but mainly experience-based.
Snow instability is operationally assessed by linking present snow stratigraphy with future weather. Therefore, information
on snow stratigraphy plays a key role, but obtaining such data is difficult and time consuming. The ability to forecast
avalanches, i.e. predicting snow instability, is limited by the poor resolution in space and time of snow stratigraphy data that
can only be overcome with numerical modeling. In this study, we therefore investigated the ability of the snow cover model
SNOWPACK driven with meteorological data from automatic weather stations (AWS) to evaluate snow instability. Data on
snow instability were collected throughout three winter seasons at two field sites above Davos, Switzerland. Both sites are
equipped with an AWS to guarantee the best possible input for snow cover modeling. Stability was assessed by evaluating
the critical crack length from modeled snow properties and compared to results of in-situ propagation saw tests. Overall, we
observed an increase in stability with time on both field sites, which could be quite well reproduced by the snow cover
model. However, the modeled critical crack length was overestimated by up to 40%. The discrepancy was explained by an
overestimation of the densification of the critical weak layer in the snow cover simulation. Using density derived from daily
in-situ snow micro-penetrometer measurements improved the stability estimates to an error of 15%. Furthermore,
avalanche cycles were associated with a decrease in critical crack length in the snow cover model as well as in the field
results. This study shows that it is feasible to predict the critical crack length from snow cover simulations solely driven with
meteorological data. Operational use of spatially distributed snow instability data derived from a numerical weather
prediction model for numerical avalanche forecasting requires to further investigate influences of input uncertainties on
modeled snow density and subsequently modeled snow instability.
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As glaciers are expected to continue to retreat during the 21st century due to climate change, an important source of water
will be diminishing, especially during the summer months. Regarding this fact, other sources of water, such as meltwater
from permafrost and rockglaciers, will become more important to the runoff regime and the total amount of water
transported to areas downstream. This study is concerned with modelling the melt of permafrost with regard to runoff. We
use and compare two different models to simulate the hydrologic behavior of Murtèl-Corvatsch rockglacier form 1991 to
2100. One model is a physically based 1D heat and mass transfer model (Coup Model), the other a spatially distributed
hydrologic model (GERM). We present the simulated runoff regimes of both models for the periods 1991-2020 and 20612090. The contributions of snow melt, ice melt and liquid precipitation to runoff are studied and discussed.
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The surface energy balance of a snow cover significantly changes once the snow cover gets patchy. The substantial
progress in knowledge about the surface energy balance of patchy snow covers is a mandatory requirement to reduce
biases in flux parameterizations in larger scale meteorological or climatological models.
The aim of this project was to numerically improve energy balance calculations late in the melting season when the spatial
variability of turbulent fluxes is especially high owing to the complex feedback between bare/snow-covered areas and the
atmosphere above.
In order to account for the feedback between the atmosphere and the patchy snow-cover we calculated three-dimensional
air temperature and wind velocity fields with the non-hydrostatic atmospheric model ARPS for one clear-sky day and for an
idealized flat test site initialized with different snow distributions and atmospheric conditions. The physics-based surface
process model Alpine3D has been forced with these atmospheric fields close to the snow surface in order to resolve the
small-scale spatial variability.
Turbulent sensible heat fluxes over snow increase with increasing number of snow patches and decreasing snow-cover
fraction. This is mainly attributed to an increase in the mean near-surface air temperature over snow due to horizontal and
vertical exchange processes induced by the heterogeneous land-surface. The increase in daily near-surface air
temperatures is larger for high wind velocities than for low wind velocities.
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During the Last Glacial Maximum (LGM), Alpine glaciers extending far onto the foreland coalesced to form a continuous ice
expanse 750 km across. Ice flow was largely governed by subglacial topography, yet perched glacial deposits and highaltitude erosion marks show that Alpine glaciers occasionally flowed across major topographic features. This explains why
the Alpine ice complex has alternatively been referred to as an ice cap (surface topography-controlled flow), an ice field
(basal topography-controlled flow) and a network of valley glaciers.
Here, we use the Parallel Ice Sheet Model (PISM) to model the entire last glacial cycle (120–0 ka) in the Alps, and analyse
ice flow patterns during the LGM. The modelled fast-flow regions generally occur along the main river valleys, while ice
domes and ice divides are predominantly located over major reliefs. Nevertheless, the model results depict ice flow across
mountain passes (transfluences) in 55 locations, ice divide above topographic lows (hereafter referred to as crosswise
divides) in 27 locations (preliminary numbers), and self-sustained ice domes characteristic of ice caps in two locations over
Flüelapass and Ötztal.
In the Eastern Alps, modelled transfluences and crosswise divides are generally incompatible with geological
reconstructions, indicating that climate deterioration was overestimated in the model input. In the Western Alps, however,
transfluences generally occur where they have been documented by geologic evidence. Interestingly, crosswise divides are
often found over valley bottlenecks where glacial erosion has apparently been less efficient. These model results depict the
LGM Alpine ice complex as an intermediate between ice fields and ice caps, bearing characteristics of both and perhaps no
modern analogue.

Figure 1. (a) Modelled bedrock topography (grey), ice surface topography (200 m contours), and ice surface velocity (blue) in the Alps
24.57 ka before present, corresponding to the maximum modelled ice cover. Modelled Last Glacial Maximum (LGM) ice extent (dashed
orange line) and geomorphological reconstruction (solid red line). (b) Temperature offset time-series from the EPICA ice core used as
palaeo-climate forcing for the ice flow model (black curve), and modelled total ice volume through the last glacial cycle (120–0 ka),
expressed in meters of sea level equivalent (m s.l.e., blue curve).
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Extensive amount of water stored in snow covers has a high impact on flood development during snow melting periods.
Early assessment of the snow water equivalent in mountain environments enhance early-warning and thus prevention of
major impacts. Sub-snow GNSS techniques are lately suggested to determine liquid water content, snow water equivalent
or considered for avalanche rescue. This technique is affordable, flexible, and provides accurate and continuous
observations independent on weather conditions. However, the characteristics of GNSS observations for applications within
a snow-pack still need to be further investigataed.
Liquid water exerts the largest influence on GPS signal propagation through a snow-pack. Therefore, we focus on
determining the characteristics of GNSS observables under water. An experiment was set-up to investigate the
characteristics and limitations of submerged GPS observations using a pool, a level control by communicating pipes, a
geodetic GPS antenna, and a water level sensor. The GPS antenna was placed into the water. The water level was
increased daily by a step of two millimeters up to thirty millimeters above the antenna. Based on this experiment, the signal
penetration depth, satellite availability, the attenuation of signal strength and the quality of solutions are analysed. Our
experimental results show an agreement with the theoretically derived attenuation parameter and signal penetration depth.
The water level above the antenna could be estimated with submillimeter accuracy compared to the independent water
level sensor.
The potential to quantify snow water equivalent above a GPS antenna placed underneath a snowpack is evaluated in a
next step. Therefore, a measurement network is set-up at the WSL SLF test site “Weissfluhjoch” consisting of a GPS
reference station above the snow pack and a geodetic as well as low-cost GPS antenna mounted on the ground
underneath the snowpack. These measurements are analysed for the winter 2016/2017 and compared to the reference
sensors provided by the WSL SLF. The preliminary results of this point-wise estimation of snow water equivalent agree with
the reference sensors at centimeter level during the first month and diverges around 10 centimeter during the rest of the
winter.
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Chemical compounds from the atmosphere are deposited on the ground during snowfall. If the snow does not completely
melt, like on polar and alpine glaciers, these impurities will be preserved in the snowpack and later incorporated into the
glacier ice. To use the impurity records of an ice core as a proxy for past changes of climate, the processes leading to the
final embedding of these chemical impurities have to be better understood. Especially the recrystallization of the snowpack
during metamorphism processes can cause a redistribution of embedded compounds. We therefore investigated the
transport of compounds as major ions, stable water isotopes and black carbon in the dynamic snow. The project is a joint
project between the Paul Scherrer Institute (PSI) and the WSL Institute for Snow and Avalanche Research (SLF).
In an elution experiment, originally chemically homogeneous ice droplets were metamorphosed and then rinsed with zerodegree water, to measure the accumulation of ions on the surface of the ice crystals and their inclusion in the ice. Further,
from January to May 2017, we monthly sampled the vertical distribution of the compounds in the natural snowpack at a
field site above Davos, Switzerland.
First results show a strong separation of the ions during snow metamorphism. The concentration of sulfate and calcium on
the outside of the crystals increased of up to 6 times with storage time.
In the next step, the fluxes inside the snow during the experiments have to be quantified and the behavior of stable oxygen
isotopes and black carbon at the surface snow has to be investigated.
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Recently, many marine-terminating glaciers of the Greenland ice sheet revealed rapid retreat, thinning and flow
acceleration. These glaciers lose mass by calving, a process which can change on short timescales. An increase of the
calving rate can increase the contribution of outlet glaciers to global sea level rise significantly. However, major limitations in
understanding the dynamics of calving glaciers remain. Terrestrial radar interferometry provides displacement and
topographical data with a high spatial and temporal resolution. We observed two Greenland outlet glaciers in one minute
interval with a resolution of 5 meters. We use these data to establish detailed calving statistics which can be compared to
environmental forcings like tides or weather conditions. Addtionally, we are able to identify source areas and ice volumes of
individual calving events at the front. This also allows us to recognize a relationship between the geometry of the calving
front and the calving rate. A better understanding of the calving process is crucial to predict the future evolution of marineterminating outlet glaciers in an appropriate way.
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Understanding processes and factors affecting rock slope stability are essential for detecting and assessing the stability of
potentially hazardous slopes. Despite ever increasing range of possibilities for the instrumentation of steep rock slopes, our
ability to detect precursor events remains limited. Analysis based on surface displacement measurements may successfully
be complemented by passive monitoring of acoustic emission and micro-seismic activity, providing a potential integrated
signal of a rock mass.
However, analyzing such signals raises significant challenges, since it depends on (i) the nature and positioning of sensors
as well as (ii) the attenuation of signals in the rock mass under observation. To explore these properties in detail through a
set of controlled experiments simulating surface detachment events, we installed an experimental setup in steep, fractured
bedrock permafrost on Matterhorn (CH) acquiring acoustic and micro-seismic activity in the range 1-105 Hz (Figure 1).
The analysis of artificial forcing using a rebound hammer led to two major findings: First, a strong change in waveform
characteristics during propagation was observed, disabling feature detection by cross-correlation. Second, significant signal
amplification in the frequency band 33-67 Hz was observed (Figure 2). The origins of this phenomenon remains unclear,
especially whether this frequency band of amplification is site or location dependent and is a general characteristic for
fractured bedrock conditions. However, this latter effect leads to an enhanced detection in this particular frequency band, an
observation that is strongly supported by evidence from artificial rock fall events and natural fracture displacement.
Furthermore our analysis of the two-years time series suggested that filtering raw data in such frequency band might be a
first important step towards the constitution of an unbiased catalogue of micro-seismic events. Indeed, the energy rate of
the triggered events in this frequency band is not sensitive to positive temperature values. However, anthropogenic noise,
e.g. caused by mountaineer activity, is also detected in this frequency band and complicates statistical analysis. Further
analysis is required to label and eventually distinguish anthropogenic activity from bedrock-internal activity.
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Figure 1. Detailed view on the Hörnligrat field site on the North-East ridge of the Matterhorn in the Swiss Alps with an average slope
>60°C. Instrumentation setup for measuring acoustic (AS = acoustic sensor), micro-seismic (SM = seismometer; AM = accelerometer) and
fracture kinematics (CR = crackmeter with displacement directions) are indicated in pink. A schematic zoom-in of the AE/MS
instrumentation in the scarp is shown in the top white box. The yellow stars show the locations of the artificial events generated by the
rebound hammer method.

Figure 2. Filter spectrum between Location 3 and Location 4 indicating mean and standard deviation of 81 combinations. Amplification in
the middle part of the frequency range (33-67 Hz).
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Permafrost is a widespread phenomenon in the Swiss Alps. Its occurrence is not only influenced by meteorological and
topographical parameters of the site, also landform and soil substrate have a significant impact on the ground thermal
regime. Many studies showed that especially coarse blocky material with a high porosity influences the ground temperature
(Kneisel et al., 2000; Delaloye & Lambiel, 2005; Gudong et al., 2007; Wicky & Hauck, 2017). The high porosity allows air
(in addition to water) to circulate within the ground and thus convective heat transfer takes place. Convective heat transfer
can lead to a cooling of the ground, which has the largest effect on low elevation permafrost sites, which would otherwise
be unfrozen. On steep slopes, the gradient between the temperature of the air in the atmosphere and the ground
temperature leads to a seasonally alternating circulation which is generally referred as the “chimney-effect”. On flatter
terrain, the lateral extension of the circulation is smaller and vertical convection cells are forming. This is referred to the
“Rayleigh-Bénard-Circulation” (Gudong et al., 2007).
In this study, we will present results from numerical experiments on the changing slope angle of an idealised talus slope to
show the transition from vertical convection cells to a more lateral dominated convection (advection) and its influence on
the ground thermal regime in the context of permafrost. The model setup consists of three domains (bedrock, porous talus
and air as a simplified atmosphere; for material properties and other details refer to Wicky & Hauck 2017), where the
governing equations for heat transfer, pressure and air flow are solved with the finite element method in GeoStudio2016©.
The results show that the slope angle has a major influence on the air circulation pattern and thus also on the temperature
distribution in the ground. Flat terrain and low slope angles (<10°) result in a vertically dominated circulation. This is
characterized by (i) the air velocity amplitude being higher in the vertical direction (ii) the air flow direction often close to
+-90° and (iii) lower summer temperatures than winter temperatures compared to the mean over all slope angles due to the
absence of air circulation in summer. Advection can also be observed on low inclines but has a minor influence. Steeper
slopes (>20°) lead to a bi-directional chimney-type circulation characterized by (i) a seasonal reversal of 180° in main air
flow direction parallel to the surface and (ii) temperatures being high/low in summer/winter compared to the mean over all
slope angles due to the pronounced aspiration of warm/cold air. Slope angles in between show both vertical convection
cells and advection over the whole domain depending on the boundary condition. A higher temperature gradient between
air and talus temperatures generally leads to a convection dominated by one horizontal cell, whereas lower gradients lead
to a vertical convection regime. The transition period in spring and autumn with air temperatures around the freezing point
are often characterized by a phase of vertical convection.
The different circulations regimes are also reflected in the temperature distribution. Steeper slopes lead to a more
pronounced chimney-type circulation and thus to a higher temperature difference between the lower and the upper part of
the talus. This results in a strong cooling at the foot of the slope and can be favourable for azonal permafrost as observed
in many field cases (e.g. Kneisel et al., 2000). Still, also at high Alpine sites, these circulations can lead to colder ground
temperatures and in some cases explain the inhomogeneous distribution of permafrost in an Alpine setting (Delaloye &
Lambiel, 2005).
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