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12.1
Snowmelt observations at the slope scale and implications for the
catchment response using the Alpine3D model
Tristan Brauchli1, Ernesto Trujillo, Huwald Hendrik1 & Michael Lehning2
School of Architecture, Civil and Environmental Engineering, Ecole Polytechnique Fédérale de Lausanne (EPFL), Switzerland
(tristan.brauchli@epfl.ch)
2
WSL Institute for Snow and Avalanche Research, SLF, Davos
1

Snowpack and especially its melt during spring is a crucial resource for water availability in mountainous regions. A better
understanding of the processes and their representation in hydrological models is therefore necessary for different
purposes, such as water management, flood forecast or hydropower production. However, this remains a challenge given
the complexity of the controlling processes and their relative interactions. In this study, we analyze data from snowmelt
lysimeters in a small alpine catchment, the Dischma river basin (~40 km2) near Davos, Switzerland. The objective is to
study relationships between snow ablation and its driving processes, morphology and watershed response. The overall goal
is to improve snowmelt processes representation in distributed hydrological models. Four measurement stations installed
on representative slopes monitored continuously the snowpack temperature profile, snowpack liquid water output, and soil
moisture throughout the melting season. The catchment response is measured at three stream gauges, the first one at the
watershed outlet and the two others at specific sub-basins outlets. The results for the water year 2015 will be presented:
our analysis focuses on the snowmelt lysimeters data and the implication for the stream flow. These measurements are
compared to model results obtained from the spatially distributed and physically based model Alpine3D (Lehning et al.,
2006) and its recent hydrological extension StreamFlow (Gallice et al., 2016). We will notably discuss the influence of the
liquid water transport scheme within the snowpack on the snowmelt response, and the spatio-temporal snow distribution
over the catchment.
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12.2
Modelling backwasting of supraglacial ice cliffs over a debris-covered
glacier, Nepalese Himalaya.
Pascal Buri1, Jakob Steiner1, Evan Miles2 & Francesca Pellicciotti3,1
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High melt rates at supraglacial ice cliffs on debris-covered tongues are thought to contribute a significant amount of the
total mass losses of these glaciers, affecting their surface dynamics and downwasting considerably.
The steep slopes of the cliffs represent a non-negligible area of ice exposed to the atmosphere, with their energy balance
depending on cliff aspect, steepness and surrounding topography. This results in a strong variability of melt across single
cliffs and over different cliffs, and leads to complex backwasting patterns over the glacier surface.
Extrapolation of melt rates to the glacier scale from point-scale observations or models might result in misleading total
volumes as the use of constant slopes and aspects neglects the topographic variability at the cliff scale. We develop a gridbased ice cliff melt model, which uses as input high resolution UAV-imagery and DEMs and on-glacier meteorological data.
By using a high-resolution DEM we are able to account for shading effects on shortwave radiation and longwave emission
from the surrounding, debris-covered glacier surface. Model results from detailed energy balance calculations show
longwave radiation from debris being a key flux, able to counteract the net longwave flux of radiation from the from sky and
the ice.
Compared to existing point scale models, the model is dynamic in the sense that the ice cliff geometry is updated
periodically, considering cumulative melt, reburial by debris, newly exposed slopes in the cliff’s marginal sections and the
influence of adjacent supraglacial ponds. The additional melt sourcing from supraglacial water bodies at the cliff’s base has
been observed to lead to a homogenuous translation of cliff geometry by conservation of steep sections. The absence of
adjacent ponds in contrast seems to lead to continuously demising cliffs instead. The simulated backwasting patterns are
validated with consecutive, detailed UAV- and ground-based observations over two melt seasons. The model presented and
validated in this study is a clear step forward compared to existing approaches for the simulation of cliff backwasting and
can be applied to quantify the contribution of cliffs over debris-covered glaciers to their total ablation and mass balance.
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Figure 1. Elevation profiles (roughly north to south) across one cliff with an adjacent lake on Lirung Glacier, Nepal. The orthoimages are
from UAV-flights in May (left) and October 2013 (right). The elevation profiles are shown below as derived from the May and October UAVDEMs (0.6m resolution) and modelled for October 2013.
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12.3
A unique time series of daily and weekly snowpack measurements at
Weissfluhjoch, Davos, Switzerland
Neige Calonne1, Cecilia Cetti1, Charles Fierz1, Alec van Herwijnen1, Matthais Jaggi1, Henning Löwe1, Margret Matzl1, Lino
Schmid1 and Martin Schneebeli1
1

WSL Institute for Snow and Avalanche Research SLF, Flüelastrasse 11, CH-7260 Davos Dorf

Recently, different efforts were dedicated to improve various components of snowpack models, notably, by including more
objective parameters of snow microstructure. To contribute with a dataset for this purpose, we designed a new
measurement campaign for the winter 2015-2016 at Weissfluhjoch, Switzerland. We focused on density and specific
surface area (SSA) of snow, two fundamental microstructural parameters from which many physical snow properties can be
estimated. Weekly measurements of density (density cutter) and SSA (IceCube) profiles at 3 cm vertical resolution now
extend the traditional snow measurements. To investigate also short time evolutions, daily SnowMicroPen measurements
were additionally done from which proxies of density and SSA can be calculated at 1 mm vertical resolution. Occasionally,
snow samples were also taken from the snow pit for micro-tomography measurements to investigate specific snow cover
features, such as weak layers, graupel or crusts at a 10 micrometers resolution. Finally, Propagation Saw Tests were
performed nearly on a weekly basis.
In this paper, we present an overview of this measurement campaign carried out from December 2015 to March 2016. We
show preliminary results of the density profile evolution that highlight the advantage of daily measurements compared to
weekly ones when aiming at a highly continuous picture. The present dataset offers new opportunities for calibrating and
validating physically based snowpack models, as well as for a better understanding of processes such as fracture
propagation, snow densification, or crust formation.
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Rockglacier flow law determined from deformation data and
geomorphological indicators: An example from the Murtèl rockglacier
(Engadin, SE Switzerland)
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1
2

Geological Institute, ETH Zurich, Sonneggstrasse 5, CH-8092 Zurich (marcel.frehner@erdw.ethz.ch)
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Rockglaciers are tongue-shaped permafrost landforms creeping downslope due to gravity. They consist of unconsolidated
rock fragments (silt/sand–rock boulders) with interstitial ice. Therefore, their creep behavior (i.e., rheology) may deviate
from the simple and well-known flow-laws for pure ice.
During creep, rockglaciers develop typical flow structures (e.g., furrow-and-ridge morphology; Figure 1A) on time scales of
decades to centuries. For the Murtèl rockglacier (upper Engadin valley, SE Switzerland), Frehner et al. (2015) reproduced
these surface structures using a linear viscous (Newtonian) flow model. However, here we demonstrate why and how these
flow structures provide much more detailed information about the flow law that governed rockglacier creep in the past
centuries. In addition, we use the readily availabe deformation data (both borehole (Arenson et al., 2002; Figure 1B) and
surface data) of the Murtèl rockglacier to further determine the flow law that governed rockglacier creep in the past
decades and today.

Figure 1. Base data for our study. A) Differential elevation model of the Murtèl rockglacier (Frehner et al. 2015). B) Time-lapse borehole
deformation data (Arenson et al. 2002).

Both the surface flow structures (Figure 1A) and the borehole deformation data (Figure 1B) exhibit curved deformation in
map view and in vertical direction, respectively. We use this curved flow geometry to constrain the viscous flow law
governing the creep of the rockglacier. Linear viscous creep results in perfectly parabolic flow geometries; non-linear creep
leads to non-parabolic flow geometries. Hence, by fitting theoretical functions to the curved flow geometry (Figure 2), we
determine the non-linear viscous flow law that describes the rockglacier creep most adequately.
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Figure 2. A) Borehole deformation curve and power-law fitting functions using different boundary conditions (curve fitting details in table).
Best fits are obtained fitting only the middle section of the borehole. B) Digitized ridges on the NE side of the rockglacier (black) and
calculated average ridge geometry (red). The latter is fitted with quadratic (blue) and power-law curves (green). Both fits work equally well.

Both the surface morphology (Figure 2B) and the middle section of the borehole (Figure 2A) are governed by a linear
viscous rheology (i.e., close to quadratic flow geometry). However, considering the entire borehole (i.e., including the shear
zone at about 30 m depth), a power-law flow law has to be used. Therefore, We interpret that the surface morphology is not
controlled or influenced by the shear zone, but solely by the bulk rockglacier flow.
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Destabilization of the Jegi rock glacier: historical development and
ongoing crisis
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1

Institut de Géographie, University of Fribourg, Chemin du Musée 4, CH-1700 Fribourg (name.surname@unifr.ch)

The so-called destabilization of a rock glacier is characterized by a fast motion rate of the landform (usually more than 2
meters per year (m/y)) and the development of crevasse(s) or landslide-like scarp(s) on its surface. It may concern the
entire of a rock glacier or only a part of it. Such a destabilization phase is generally considered to be the result of the
varying and combined influence of different factors (thermal, geometric, mechanic) (Delaloye et al., 2013).
The object of the study is the 720m long Jegi rock glacier, located between 2750 and 2450 m a.s.l. on the western flank of
the Jegihorn summit (3206 m a.s.l.) in the western swiss Alps. It consists of an upper tongue ending with a first front
superimposed on a 150m long second tongue located below.
In 2008, the rock glacier was detected with satellite-borne DInSAR as presenting morphological and kinematical evidences
of an ongoing destabilization phase between 1991 and 1999, affecting a steep section above the upper front moving in the
order of 2-3 m/y since at least 1995 (Delaloye et al., 2008). Since 2009, its surface motion has been under investigation:
GNSS measurements campaigns have been held twice a yeat since June 2009 ; detailed investigations have been
conducted using DInSAR technologies between 2011 and 2013 (Barboux et al., 2015) ; two permanent GNSS sensors
have been installed since 2012 and 2016.
In this context, the aim of the present study is to reconstruct the story of the Jegi rock glacier for the last 85 years as well
as to detect the trigger point of the ongoing crisis and its cause. One terrestrial (1931) and twelve aerial images (19462015), of which eleven were ortho-rectified, have been photogrammetrically analyzed to recognize and reconstruct earlier
stages of the destabilization development. The focus is on the evolution of surface morphology and horizontal velocity.
Our results points out 5 successive phases of the Jegi rock glacier destabilization development: a surge-like crisis (1) which
was either distinct or bound to a destabilization phase active in 1946 and lasting at least until 1958 (2); a quiet phase with
slower movements after 1958 (3); a new destabilization phase beginning between 1993 and 1995 and affecting mainly the
frontal part of the upper tongue (4); a significant acceleration of the whole rock glacier with very high local displacement
rate, up to 17m/y in the frontal part of the upper tongue (5). This current destabilization phase is now propagating upwards.
Even if the triggering factors of the first crisis cannot be known precisely, both following destabilization phases appear to be
closely related to warm atmospheric periods (around 1950 and since about 1990). The pluri-decennial permafrost warming
trend which was particularly pronounced in the Swiss Alps for the last 5 years (2011-2015) is likely to play an important role
in the current acceleration. This thermal (climatic) trigger seems to be an important factor for rock glacier dynamic, as
increasing velocities have been observed in most monitoring sites in the Alps (Delaloye et al., 2010).
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Geostatistical inversion of subglacial drainage system.
Inigo Irarrazaval1, Grégoire Mariethoz1 & Frédéric Herman1
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Water flow at the glacier and bedrock interface plays an important role in understanding alpine catchment hydrology, glacier
motion, erosion processes, as well as potential hazards such as glacial outburst floods. In general, the subglacial drainage
system (channelized and distributed water flow) 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. Numerical models that aim 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 focuses on identifying ranges of parameters for a subglacial system based on inverse modeling. As such, it
investigates for the first time the use of inverse geostatistical modeling for identifying inaccessible subglacial features. To
this end, two innovations are proposed.
The first innovation is a methodology where subglacial features are generated using a combination of stochastic and
physics-based processes. The methodology includes the generation of discrete elements such as channels incised to the
ice (Röthlisberger channels) and a linked cavity system represented by distributed diffuse flow. We use a finite element
groundwater model to represent pressurized flow and mass transport (Cornaton 2007).
The second innovation is the use of an inverse framework that iteratively modifies the subglacial drainage network to match
the observed discharge at the outlet of the glacier and breakthrough curves from tracer experiments in moulines. At each
iteration, the channel network and model parameters are perturbed to search for an ensemble of suitable solutions. This
technique ensures a hydrologically coherent connectivity of the channelized elements and allows the generation of different
network structures.
Overall, 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 rigorous assessment of
parameters uncertainty in subglacial modeling.
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Initiation of a major calving event on Bowdoin Glacier captured by UAV
photogrammetry
Guillaume Jouvet1, Yvo Weidmann1, Julien Seguinot1, Martin Funk1, Takahiro Abe2, Daiki Sakakibara3, and Shin Sugiyama3
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In this study, we analyse the calving activity of Bowdoin Glacier, north-west Greenland, in 2015 by combining satellite
images, UAV photogrammetry and ice flow modelling. During our 2015 summer field campaign on Bowdoin Glacier, using a
long-range fixed-wing UAV (Unmanned Aerial Vehicle) we collected aerial images of the calving front before and after the
initiation of a 1-km long fracture, which later induced a major calving event. Combining photogrammetrical techniques to
infer georeferenced orthoimages, and feature tracking techniques, we obtained a high-resolution surface velocity field,
which indicates a strong discontinuity at the crack location, see Fig. 1. A detailed analysis of the displacement field and the
strain rates allowed us to map accurately the opening crack. Modelling results (see Fig. 2) indicated that the crack was
about half-thickness deep, filled with water up to sea level, and getting irreversibly deeper when it was captured by the
UAV. Later on, the crack deepening caused stress concentration around the tip, lateral propagation, and final collapse
about two weeks later. The crack initiated in a highly crevassed area which is likely caused by a local bump of the basal
topography between the medial moraine and the left margin, see Fig. 1. The asymmetry of bed at the front explains the
typical calving pattern observed in spring and summer 2015, while a symmetric bed would have made calving events less
predictable. Importantly, our results also evidence a subglacial depression directly behind the current calving front of
Bowdoin Glacier, so that a rapid unstable retreat of the front must be expected in the coming years if the glacier keeps
thinning.

Figure 1. Calving front of Bowdoin Glacier: orthoimages obtained by UAV on the 11th (a) and the 16th (b) of July 2015, and resulting
velocity field inferred by feature tracking (c), respectively. The discontinuity in the velocity field is due to the fracture, which appeared on the
second orthoimage.
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Figure 2: Velocity field modelled with ELMER/ICE.
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In recent years, Lac des Faverges – a glacier-dammed lake on Glacier de la Plaine Morte located in Switzerland’s canton
Bern – was subject to sudden drainage events (Huss et al., 2013). These events are of interest, as they 1) partly caused
floods in the Simme valley and 2) impact the ice flow by changing subglacial hydraulic conditions. However, the drainage
process is difficult to monitor with conventional approaches as borehole pressure measurements provide point
measurements, only, tracer experiments give an integrated view of water routing and radar and active seismics identifying
changes in subsurface water flow are laborious.
In summer 2016, we monitored Lac des Faverges using passive seismological recordings. Seismology provides continuous
measurements and has shown to provide valuable insights into fracture opening, basal motion and water flow. In the
context of subglacial hydraulics, turbulent water flow through englacial or subglacial conduits generates seismic signals
(Gimbert et al., 2016) and water-filled void spaces can cause resonance effects which are quantifiable with seismic sensors
(Roeoesli et al., 2016). Glacier seismology is advantageous as it is not a point measurement and not limited to surface
processes, but capable to “look into the glacier”.
The lake reached an all-time maximum volume of ~2 Mm3 (million cubic meters) this summer, before the drainage initiated
at the end of August. The peak discharge of ~1 Mm3 over the course of nine hours was recorded by six on-ice
seismometers installed close to the lake and ten geophones installed along the approximate expected drainage path. With
this setup we intend to study 1) the initiation mechanism of the outburst-flood, 2) the drainage path 3) the evolution of the
subglacial drainage system over time.
Furthermore, with geophones placed in crevasse fields, we can investigate seismic anisotropy caused by preferred fracture
and crevasse orientations in these parts of the glacier. As the water content of crevasses can change significantly during an
outburst flood, the anisotropy signature (if observable) should change as well. This would elucidate variations in subglacial
water pressure before, during and after the drainage process.

Figure 1. Lac des Faverges on Glacier de la Plaine Morte with view to the mountains of canton Valais.
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Interfering reflections in ground based radar measurements:
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Spatially continous snow depth information over large areas is important for different applications such as runoff predictions
during snowmelt or avalanche warning. Whereas automated weather stations or manual field measurements only provide
localised point measurements, imaging radar has the potential to map large regions, without the need of physically
accessing the area even if the visibility is limited.
During the winter season 2015/2016 we performed a measurement campaign using our Ku-band Advanced Polarimetric
Radar Interferometer (KAPRI) in Davos (GR). The south-east facing Dorfberg slope was monitored continously by KAPRI
during the entire winter season.
Ku-band radar waves are expected to penetrate up to a few meters into dry snow (Mätzler 1987, Wiesmann & Mätzler
1999), with a scattering center located close to the ground surface. As snow gets wet, free water appears in the snow
which increases microwave absorption by several oders of magnitude. This limits the penetration depth to the uppermost
few centimeters (Mätzler 1987, Wiesmann & Mätzler 1999). Using the interferometric capabilities of KAPRI, a digital
elevation model (DEM) of a snow free, a dry and a wet snow scenario was produced. Subtracting the dry snow DEM from
the wet- or snow free DEM results in a snow depth map. Reference measurements were acquired using UAS
photogrammetry as described in Bühler et al (2016). The DEM Differencing technique was previously performed by Leinss
(2015) using spaceborne TanDEM-X data and produced promising results in agreement with snow depth maps provided by
the WSL Institute for Snow and Avalanche Research. However due to a lack of in situ reference data, the findings could not
directly be validated.
During our campaign with the ground based KAPRI, we observed an interference pattern, overprinting the data and
obscuring the measurement. The pattern of this signal consists of undulations in the intensity and the interferometric phase
parallel to the elevation contour lines of the terrain, leading to artefacts in the derived DEMs. Due to the similarity of this
signal to the pattern left by grazing cows in mountainous areas, it was dubbed “Ochsohypsen”.
To investigate to origin of the pattern, we performed an experiment at the Campus of ETH Hönggerberg, where the
undulations could be reproduced and were identified as interference patterns. For this experiment KAPRI was mounted on
a fork lift and measurements were performed from different heights between 0.5 and 4.6m above the ground. It was found
that the wavelength of the interference pattern changes as the antenna height above the ground increases. Further analysis
indicates that they emanate from an interference of direct and indirect waves reflected on the ground, similar to the overlay
problem known in radar images acquired with a downward looking geometry, such as airborne or spaceborne radar images.
With our experiment, we show that a similar problem arises from upward looking radar geometries where a flat ground
located between the radar and the area of interest produces specular reflections.
These findings show that snow depth retrieval with the DEM Differencing methodology and the used measurement
geometry is not possible due to interference of direct and indirect waves. Whereas the expected snow depth results could
not be obtained, we were able to pinpoint a crucial problem for ground based radars, which impacts a large spectrum of
applications. Our findings allow to avoid such problems in the future by chosing an appropriate measurement geometry and
should make snow depth estimation with ground based radars possible.
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In 1959 the U.S. Army Corps of Engineers built Camp Century beneath the surface of the northwestern Greenland Ice
Sheet (Fig. 1; Colgan et al., 2016). The camp served at studying the feasibility of “Project Iceworm”, which sought at
exporing the possibility of deploying ballistic missiles within the ice sheet. The subsurface base was also the locale of major
scientific endaveours, in particular the retrieval of the first ever ice core drilled to the bed of an ice sheet.
The base was abandoned with minimal decommissioning in 1967, under the assumption material and waste from six years
of operation would be “preserved for eternity” by perpetually accumulating snowfall (Clark et al., 1962). However, ice sheet
mass loss has accelerated under anthropogenic climate change, and current scenarios indicate continued increase in melt.
Here, we firstly review the history of Camp Century and inventory the nature and quantity of abandoned wastes. We
conclude that the site likely hosts substantial quantities of physial waste, diesel fuel, radiological waste and non-trivial
amounts of polychlorinated biphenyls (PCBs). Secondly, we show that a transition from net accumulation to net ablation at
the site of the former camp is plausible within the next 75 years, under a business-as-usual anthropogenic emissions
scenario (Representative Concentration Pathway 8.5). Net ablation would guarantee the eventual remobilization of the
abandoned waste.
Burried under 35 to 70 m of firn, the abandoned waste rather calls for monitoring than immediate remediation. However,
Camp Century, legally established under Danish-U.S. treaties, stands emblematic for the potential remobilization of a whole
spectra of abandoned assets, resulting from climate change.

Figure 1. Location of Camp Century on Greenland, installation of the nuclear reactor that powered the camp and view into the tunnel
system (image credits: US Army, National Geographic, Getty Images)
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Glacier surface albedo is crucial to determine the amount of energy absorbed by snow/ice surfaces throughout the year.
Especially in summer, when large parts of the glaciers are snow-free, the albedo of heterogeneous bare-ice surfaces
substantially impacts on glacier melt rates (Naegeli et al. 2015). However, an operational data product providing broadband
surface albedo suitable for rather small-scale mountain glaciers is still lacking. Hence, current glacier mass balance models
rely on oversimplified homogeneous ice albedo parameters in their energy balance functions, neglecting the diverse nature
of glacier surfaces and their changes over time. While in-situ measurements provide valuable point data, indicating local
temporal variations in albedo, airborne- and/or satellite-based sensors offer the possibility to attribute glacier surface albedo
to larger areas with reasonable spatial (<30 m) but still limited temporal resolution (Paul et al. 2005, Klok et al. 2003).
Here, we outline a methodology to derive shortwave broadband albedo for glacier surfaces based on in-situ, airborne and
satellite (Sentinel-2 and Landsat 8) data. We use APEX (Airborne Prism Experiment) and in-situ reflectance measurements
obtained on several Swiss glaciers to evaluate the accuracy of derived albedo products from satellite data and discuss
related uncertainties, in particular the influence of spectral and spatial resolution. Applying our approach to Landsat and
Sentinel-2 data, allows us to quantify the glacier albedo in high spatial resolution at regional-scale. In addition, we highlight
the value und implications of such detailed albedo data for glacier mass balance modelling with focus on the summer melt
season.
Our results contribute to a better understanding of spatio-temporal variations in bare-ice albedo and demonstrate the
benefit of spatially distributed albedo datasets to study the heterogeneous melt behaviour of glacier surfaces. We conclude
on the relevance of these recent satellite missions to extend the yet limited temporal resolution for mapping dynamic
glaciological processes such as the recent darkening of glacier surfaces, and to advance and facilitate modelling
approaches to study future glacier evolution.
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Figure 1. Albedo products of Glacier de la Plaine Morte (left), Findelengletscher (right) based on: (a) APEX data (22.08.2015), (b)
Sentinel-2 data (29.08.2015) and (c) Landsat 8 data (30.08.2015). The insets show the albedo frequency distribution per glacier and
product.
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The observed rapid retreat of ocean-terminating glaciers in southern Greenland in the last two decades has now
propagated to the northwest. Hence, tidewater glaciers in this area, some of which have remain stable for decades, have
started retreating rapidly through iceberg calving in recent years, thus allowing a monitoring and investigation of ice
dynamical changes starting from the early stages of retreat.
Bowdoin Glacier, a small and relatively accessible calving glacier in Northwest Greenland, appeared to be very stable since
its frontal position had been first documented by explorers in the late 19th century. However, following a two-fold increase
of surface velocity in the early 2000s, the calving front of Bowdoin Glacier has experienced a rapid retreat of ca. 2 km
between 2007 and 2013. Since 2013, the ice front is once again stable, yet the glacier surface continues to experience
lowering at an alarming rate of ca. 6 m/a.
Here, we present a two-year record of surface velocity and englacial deformation of the tidewater glacier tongue. From July
2014 to July 2016, we monitored, 1.5 to 2 km upstream from the calving front, subglacial water pressure changes in
boreholes, internal ice deformation through tilt sensors at different depths, englacial ice temperature profiles from the
glacier bed to the surface, and high-resolution surface motion from GPS records. Combined with feature tracking velocities
from visible (Landsat-8) and Radar (Sentinel-1A) satellite imagery, this record allows for a continuous, 20-month
reconstruction of basal sliding in the vicinity of the calving front. Our results indicate that the glacier›s ice is below pressure
melting point except for its temperate base. Basal sliding accounts for ca. 90 % of the observed surface motion. Both sliding
and deformation increase by up to 100 % during periods of warm weather in the annual melt season. Such speed-up events
have been most pronounced in 2016, perhaps due to the continued thinning of the ice tongue.

Figure 1. Bowdoin Glacier surface velocity from solar-powered GPS receiver (green), and Landsat-8 (orange) and Sentinel-1A (purple)
satellite images, compared with deformation velocity from tilt sensors (red and blue).
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Observing and monitoring glacier mass balance is of great importance for future sea-level rise, regional hydrology and
climate change. Radar observations or manual in-situ measurements at stakes are used to determine the mass balance
seasonally to annually. Mounted on such stakes, GPS is commonly used for glacier flow measurements. In general, GPS
multipath signals reflected off the surrounding surface lead to errors in accurate position estimation. GPS-reflectometry
(GPS-R) is a method where these multipath signals are used to derive height information of the reflection surface and its
roughness.
By using the GPS signals reflected off a glacier surface, it is possible to continously determine the sensor’s height change
over the surface and thus to monitor point-wise snow accumulation and ice melt. We therefore set-up an automated GPS
station on the Glacier de la Plaine Morte, Switzerland. From GPS signal reflections of approximately 50 meters around the
station, a mean antenna height over the snow-covered glacier surface can be estimated. We compared these results to
measurements from a sonic ranger, installed at our station. By knowing the absolute position of the GPS antenna and the
antenna height over the surface, a mean height of the (snow-covered) glacier surface and thus the snow accumulation and
ice melt at our location could be derived.
Our results show a high level of correlation and an accuracy within a few centimeters compared to the independent height
measurements of the sonic ranger. Our method has a considerable potential to measure surface elevation changes over
snow and ice at high temporal resolution without the need of installing additional specific sensors.

12.14
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With the end of the Last Glacial Maximum (LGM), about 20 000 years ago, ended the most recent long-lasting cold phase
in Earth’s history. This last glacial advance left a strong imprint on the landscape, such as abandoned moraines, trimlines
and other glacial geomorphic features. These features provide a valuable record of local climate change on the continents.
In particular, terminal moraines reflect the extent and volume of glacier ice, which itself reflects past temperature and
precipitation conditions. Here we present an inverse approach we have recently developed to reconstruct the LGM mass
balance from known ice extent data. The ice flow model is developed using the shallow ice approximation and the
developed codes are accelerated using Graphical Processing Units capabilities (GPU). The mass balance field, , is the
constrained variable defined by the ice surface, balance rate β and the spatially variable equilibrium line altitude field (ELA),
where c is the cutoff value:

We show that such a mass balance, and thus the spatially variable ELA field, can be inferred from the observed past ice
extent and ice thickness. We start with synthetic test to demonstrate the method. We then apply the method to LGM ice
extent the South Island of New Zealand. This example shows that the method is capable of constraining spatial changes in
mass balance at the scale of a mountain range.
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Hans Tausen Iskappe (Greenland), situated at 82.5°N, is the world’s
northernmost ice cap. During several field campaigns in the 70s and 90s, its
ice thickness was measured, mass balance and meteorological
measurements were made, and a 345 m deep ice core was drilled
(Hammer, 2001). From this ice core it is known that the ice cap (largely)
disappeared during the Holocene Thermal Maximum. The present-day ice
cap started building up some 3500-4000 years ago in a wetter and slightly
warmer climate than at present.
Here we present thermo-mechanical ice flow modelling results of the ice
cap’s fundamental climate sensitivity. A 3-D higher-order ice flow model, that
was previously developed and applied for modelling the ice flow of the
Morteratsch glacier complex (Engadine, Switzerland) (Zekollari et al., 2013,
2014; Zekollari and Huybrechts, 2015), is used. The surface mass balance
model considers snowfall and meltwater runoff. Net precipitation is based on
RACMO2.3 output at a 1 km horizontal resolution. Runoff is calculated from
a positive degree-day model that includes water retention in the snowpack
with parameters derived from field measurements. The simulations are
validated and calibrated with field observations complemented with satellite
derived surface velocities.
The ice cap geometry evolves to a state close to the presently observed for
average 1961-1990 climate conditions, but the ice cap is found to already
lose a substantial part of its volume and area under slightly warmer
conditions. Sensitivity analyses point out that the ice cap’s northern part,
situated on a plateau, is fairly stable under changing climatic conditions,
whereas the southern part is much more sensitive. Under the 2005-2014
climatic conditions the entire southern part of the ice cap disappears and
the ice cap loses about 80% of its present-day volume. The future projected
loss of surrounding permanent sea-ice and corresponding potential sharp
precipitation increase may lead to a attenuation of the retreat and even
potential stabilization of the ice cap for a warming up to around 2°C. Under
such conditions the ice margin will retreat while the interior is projected to
grow, leading to a steeper ice cap, which is in line with the present-day
observed trends. For intermediate (+4°C) and extreme warming scenarios
(+8°C) the ice cap is projected to disappear respectively around 2400 and
2200, almost irrespective of the projected precipitation regime.
Figure 1. Observed and modelled ice cap geometries
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High alpine glaciers provide valuable information about past climate and atmospheric composition since they store a
continuous record of entrapped atmospheric air and precipitation. Retrieving and analyzing ice cores from high alpine
glaciers allows tracking climate variability and environmental changes over time in regions where most of the world’s
population lives. For instance, past changes in atmospheric pollution can be reconstructed from ice core trace element
records (Schwikowski et al., 2004).
Due to the current global temperature increase glaciers are rapidly retreating and even glaciers at high altitudes are in
danger to melt. Percolation of meltwater alters the information originally stored in these environmental archives. A previous
study (Eichler et al., 2001) revealed evidence that the preservation of impurities with respect to meltwater depends on their
location in the crystal ice lattice. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is the method
of choice for the direct in situ chemical analysis of trace elements at a sub-millimeter resolution in glacier ice (Sneed et al.,
2015). However, there are still difficulties regarding the quantification of signals (Reinhardt et al., 2001, Della Lunga et al.,
2014). Here, we present the setup of a newly designed cryocell compatible with a commercially available laser ablation
system. This cryocell is able to simultaneously hold ice samples and frozen standard solutions for quantifying differences in
concentrations of trace elements between grain boundaries and ice grain interiors. The development and optimization of
frozen standards for calibration will be discussed. Application of this analytical technique will facilitate the evaluation of the
potential of trace elements as environmental proxies in glaciers affected by melting.
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Alpine glaciers are vital components of the earth’s hydrological system; the current prevailing trend shows an overall
increase of their melt rates [IPCC, 2007]. Previous studies have suggested that along with rising temperatures, a decrease
in surface albedo might play a role in this phenomenon [Warren,1980].
Albedo is a property of surfaces and is defined as the proportion of incident radiation that is reflected by a surface. The
surface albedo of glaciers decreases through a number of effects, such as the ageing of snow, the presence of liquid water
on the surface, the exposure of the underlying bare ice and the presence of light absorbing impurities (LAI)[Gabbi, 2015].
Light absorbing impurities commonly found on glaciers include black carbon, mineral dust and colored organic material. In
order to assess how each class of LAI influences the surface albedo of ice and snow a representative reflectance spectrum
from each class should be defined. Instead of separating the classes of LAI and collecting the reflectance of each, which
might alter their optical properties, we opted for collecting reflectance spectra from different individual particles. To achieve
that, we developed a new method using the Cytoviva Hyperspectral Microscope (CHM, Cytoviva).
The CHM provides quantitative spectral analysis of nanoscale (128 nm pixel resolution) materials in the visible to near-infrared
range (400 nm-1000 nm). Reflectance spectra of standard materials, such as diesel soot, fullerene, humic substances, fulvic
substances and various minerals have been collected both with the CHM setup and with a commonly used spectoradiometer.
The agreement between the two methods validates this powerful technique. The samples were collected on Plaine Morte
glacier, a flat glacier of 7.8 km2, located in the Swiss Alps between the cantons of Valais and Bern.
The glacier is easily accessible, has a strong negative mass balance and has been snow-free during the summer for the
past seven years, progressively enriching a dark layer of light absorbing impurities on its surface [Huss, 2013]. An
environmental sample was analyzed with the analytical method established in this work. The results comparing the
reflectance spectra of all the LAI classes in this sample will show which of them has the highest effect on the albedo
decrease.

Figure 1. Plaine Morte glacier with fresh snow in June 2010 [Bühlmann, 2011] with albedo value of 0.9 and in August 2015 with bare ice
and an albedo of 0.2
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Devastating, uncontrolled fires and air pollution have increasingly occurred in recent years, resulting in enormous economic
costs and disruption of habitats (Moritz et al. 2014). Air pollution plumes related to extreme fire events are of growing
concern due to their effect on human health (Peel et al. 2013). Nevertheless, the drivers for long-term biomass burning are
still debated. For the period since 1850 a decoupling of fire-activity from temperature and human population density was
proposed (i.e. the “broken hockey stick”-hypothesis). In combination with increasing fire severity in recent decades such
uncertainty raises major public and scientific questions about future management strategies under global-warming
conditions (Kehrwald et al. 2013).
Pollen and spores as proxies for past vegetation and land use, microscopic charcoal (>10µm) as a proxy for fire activity,
and framboid organic particles (or soots) as a proxy for fossil fuel combustion preserve in ice cores over millennia (Eichler
et al. 2011). We present the results of an ice core record from Tsambagarav Mountain in the Mongolian Altai (4130 m a.s.l.)
covering the past 5500 years (Herren et al. 2013). A sound chronology allows a comparison of vegetation and societal
responses to climatic change and fire disturbance with a focus on the last 150 years. The record reflects large scale fire
and vegetation dynamics in the Mongolian steppes under a continuous impact of pastoralism over five millennia. A decline
of forested areas is tentatively correlated with the rise of Dshingis Khan’s empire around 1200 AD, and a pollution signal
comparable to Western Europe is reconstructed, starting in the 18th century AD, peaking in the 1960ies.
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Wild fires are an ecological disturbance agent across ecosystems, driving vegetation dynamics and resulting in disruption of
habitats (Moritz et al. 2014).
We analyze pollen and spores as proxies for vegetation composition, structure and agricultural activity, microscopic
charcoal as a proxy for fire activity, and framboid organic particles (or soots) as a proxy for fossil fuel combustion which
preserve in ice cores over millennia (Eichler et al. 2011).
Our high-alpine ice core (4452 m a.s.l.) from Colle Gnifetti is located in the center of Western Europe, thus allowing to
assess vegetation and societal responses to climatic change and wildfire disturbance on a subcontinental scale. The
record covers the last millennium with an excellent chronological control (Jenk et al. 2009, Sigl et al. 2009), particularly over
the most recent 150 years - the period that experienced important climatic changes and an increasing globalization of
economy.
The Colle Gnifetti record reflects large scale impacts such as extreme weather, societal innovations, agricultural crises and
pollution of the industrial period in Western Europe. We aim at disentangling the role of climate, vegetation and human
impacts on biomass burning in the Mediterranean realm and Western Europe to significantly advance the understanding of
the regional role of wildfire events and vegetation responses under future climate change scenarios. To our knowledge we
present the first long-term high-resolution palynological record of a high elevation ice core in the Alps.

Figure 1. Panorama of the Monte Rosa and a map showing the drilling location of the ice core on the Colle Gnifetti glacier (blue triangle).

REFERENCES

Eichler, A., Tinner, W., Brütsch, S., Olivier, S., Papina, T., Schwikowski, M. 2011: An ice-core based history of Siberian forest
fires since AD 1250. Quaternary Science Reviews, 30(9), 1027-1034.
Jenk, T.M., Szidat, S., Bolius, D., Sigl, M., Gäggeler, H.W., Wacker, L., Ruff, M., Barbante, C., Boutron, C.F., Schwikowski,
M. 2009. A novel radiocarbon dating technique applied to an ice core from the Alps indicating late Pleistocene ages.
Journal of Geophysical Research: Atmospheres, 114(D14).
Moritz M. A., Batllori E., Bradstock R. A., Gill A. M., Handmer J., Hessburg P. F., Leonard J. McCaffrey S., Odion D. C.,
Schoennagel T., Syphard A. D. 2014: Learning to coexist with wildfire. Nature, 515(7525), 58-66.
Sigl, M., Jenk, T. M., Kellerhals, T., Szidat, S., Gäggeler, H. W., Wacker, L., Synal, H.-A., Boutron, C., Barbante, C., Gabrieli,
J., Schwikowski, M. 2009: Towards radiocarbon dating of ice cores. Journal of Glaciology, 55(194), 985-996.

Swiss Geoscience Meeting 2016

Platform Geosciences, Swiss Academy of Science, SCNAT

P 12.5
Towards the reconstruction of forest fires through chemical analysis of
black carbon in ice cores from mountain glaciers
Dimitri Osmont1,2,3, Michael Sigl1,3, Isabel Wendl1, Loic Schmidely3, Elisabeth Isaksson4, Mackenzie Grieman5,
Margit Schwikowski1,2,3
1
2
3
4
5

Laboratory of Environmental Chemistry, Paul Scherrer Institute, CH-5232 Villigen PSI (dimitri.osmont@psi.ch)
Department of Chemistry and Biochemistry, University of Bern, Freiestrasse 3, CH-3012 Bern
Oeschger Centre for Climate Change Research, University of Bern, Falkenplatz 16, CH-3012 Bern
Norwegian Polar Institut, Fram Centre, NO-9296 Tromsø
Department of Earth System Science, University of California, CA-92 697 Irvine, USA

In recent years, the repeated occurrence of huge fire events, like the 2016 forest fires in Portugal, drew public attention to
this phenomenon responsible of important damages to our infrastructures, buildings and environment, causing substantial
economic losses (Moritz et al., 2014). However, even if fires occur on all vegetated continents, the long-term drivers for
biomass burning are still not clearly understood because of the complexity of the interactions between climate, humans and
fires. By using a compilation of more than 400 charcoal records from lake sediment cores, it has been postulated that
global fire activity, after following temperature variations until 1870, abruptly showed a decoupling from its main drivers,
namely temperature and population density, and dropped due to increasing human influences (Marlon et al., 2008).
However, this hypothesis, called “broken fire hockey stick”, is still subject to large uncertainties inherent to the uppermost
part of lake sediment cores, and needs to be confirmed by means of records from other climate archives.
In this respect, ice cores retrieved from polar and high-mountain glaciers are a very powerful tool to reconstruct
paleoclimates due to the fact that glaciers behave as climate archives by trapping chemical information from the
atmosphere. The inter-disciplinary Paleo Fire project aims to test the “broken fire hockey stick” hypothesis by reconstructing
regional paleo fires history from multi-proxy high-mountain ice cores for the last 2000 years.
In this work, black carbon (BC) was used as a proxy for fire activity in ice cores. BC consists of aggregates of small
carbonaceous spherules produced by the incomplete combustion of fossil fuels and biofuels from both anthropogenic and
natural origin, including wildfires (Bond et al., 2013). BC was analyzed with a Single Particle Soot Photometer (SP2)
according to the protocol given by Wendl et al. (2014).
Here, we present a BC record from the already well-dated Lomonosovfonna ice core, drilled in Svalbard in 2009, which
covers 800 years of climate history. We will discuss the evolution of the anthropogenic influence in the record, which
overwhelms the natural BC background since 1800, as well as the detection of forest fire events, particularly during the preindustrial times when the BC background was low. We will compare our results to other ice-core records in order to assess
its representativeness and show that Svalbard is an interesting location which brings complementary information compared
to Greenland. Lastly, as BC is not only emitted by forest fires, we will combine the BC record with other forest fire proxies
measured in the same ice core (ammonium, vanillic acid, p-hydroxybenzoic acid) in order to disentangle the anthropogenic
sources from the fire emissions and thus obtain a more detailed picture of the paleo fire activity.
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A steady positive air-temperature trend has been observed for the last half century (>0.20°C decade-1) at several stations
from the northern Antarctic Peninsula and central West Antarctica. In the last decades the western side of the Antarctic
Peninsula has presented the highest temperature increase of the southern hemisphere. Recent publications describe that
the present condition is unusual for natural variability but not unprecedented (Mulvaney et al. 2012). The lack of
instrumental meteorological records in this region has hindered the study of regional climatic trends. In this context the
study of ice cores has became a powerful source of information because they contain records of greater temporal extension
and from areas where meteorological information hasn´t been retrieved. Ice cores from high-accumulation regions can
significantly contribute to understand the undergoing climate variability and expand short meteorological time-series to the
past.
Laclavere Plateau (63°27´15’’S / 57°41’53’’W / 1130 m.a.s.l.) is situated in the northern tip of the Antarctic Peninsula and is
the northern area in the Peninsula which has a height above 1000 m.a.s.l. The climatological regime in the north of the
Peninsula presents a complex interaction between the different elements that form the climatic system. Meteorological
conditions in this area are strongly controlled by the variation in the sea ice extension, the position of the Antarctic
Circumpolar Current and the differences in the lapse rate throughout the year.
The air parcels that precipitate over the Laclavere Plateau are strongly related with the conditions that prevail on the
Southern Seas at the west of the Antarctic Peninsula and in particular with the conditions present near coastal areas of the
Bellingshausen Sea. Since 2008, we have studied the northern part of the Antarctic Peninsula, where several surface firn
cores (<20m depth) have been collected from sea level to the divide between west and east coast at the Plateau Laclavere
(Fernandoy et al. 2012). The isotope signature of the cores shows a complicated signal to interpret. No clear seasonality is
observed from δ18O (δD). Here we show the statistical treatment that allow us to conclude that the deuterium excess
(dexcess = δD - 8 δ18O), oxygen and deuterium ratios can be potentially used as a seasonal marker. We propose that
variations observed in the stable isotope signal and in meteorological conditions are related with the development of an
inversion layer in the lower troposphere (below 1000 m.a.s.l.) during the winter because of the formation of sea ice in the
western coast of the Peninsula (Figure 1).
We estimate that the Laclavere Plateau present appropriate conditions for the conservation of the isotopic signal recorded
in the snow that accumulates on its surface (mean value of 1,700 kg m-2 a-1). Therefore, we conclude that isotopic signal
recovered from Laclavere’s Plateau ice show that ice is a strong indicator of actual meteorological parameters, which make
them capable of being proxy of local variability in atmospheric circulation, snow accumulation and temperatures above
surface. The well preserved isotope signal, along with the thick ice cover over the Laclavere Plateau (surveyed by
geophysical methods), project this place as a favorable spot to recorver a medium depth ice core (>250m), from which it
could be developed a paleoclimatic reconstruction covering at least half century at a high temporal resolution.
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Figure 1. (a) Proposed orographic trap effect of the AP over the stable water isotope depletion and accumulation at different altitudes, (b)
normal temparture gradient (adiabatic cooling) during summer season with sea ice free condition, (c) low tropospheric inversion layer
proposed during sea ice covered condition in winter. OH= O’Higgins Station.
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A complete and representative coverage of glacier monitoring sites is necessary to enhance the understanding of regional
to global response of glaciers to climate change. Accessibility and the lack of resources, however, are limiting such actions,
especially in politically and economically unstable countries. Today, glacier mass balance monitoring in Central Asia is
underrepresented in one of the most glacierized mountain areas in the world (Sorg and others, 2012).
In this study, a novel approach to calculate sub-seasonal mass balance based on remote snowline monitoring developed
after Huss and others (2013) is applied and enhanced for selected glaciers in Central Asia (Abramov, Golubin, Batysh Sook
Glacier and Glacier No. 354) from 2003 to 2015. Thereby, temporal changes of the snow cover during the ablation season
are related to the winter accumulation through backwards modelling.
In a second step, a rating curve is derived to link the Snow Covered Area Fraction (SCAF) to the glacier-wide transient
mass balance (Figure 1). Consequentially, the mass balance can be directly derived from the SCAF observations and thus
does not depend on glaciological measurements. Snowline observation is performed remotely either on satellite (here
Landsat and Terra ASTER) or camera images (Mobotix).
The approach is applied to four glaciers with direct mass balance measurements from 2011 to 2015 and with longer-term
reconstructed mass balance series. Re-analysed mass balance series are used for calibration. Furthermore, the derived
glacier-wide mass balance is validated with geodetic mass balances for the first decade of the 21st century. A minimum of
three images is necessary to achieve reliable results and results become more robust with increased image frequency and
regular distribution over the summer months.

Figure 1. Relation between snow covered area fraction (SCAF) and mass balance depending on glacier geometry for Abramov Glacier
(Pamir-Alay, Kyrgyzstan) in 2012. Sub-seasonal mass balance can be calculated for each observation date.
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The glaciers on the Antarctic Peninsula (AP) potentially make a large contribution to sea level rise. However, this
contribution was difficult to estimate, as no complete glacier inventory (outlines, attributes, separation from the ice sheet)
was available so far. This work fills the gap and presents a new glacier inventory of the AP north of 70° S based on digitally
combining pre-existing datasets with GIS techniques. Rock outcrops are removed from the glacier basin outlines of Cook et
al. (2014) by digital intersection with the latest layer of the Antarctic Digital Database (Burton-Johnson et al., 2016). Glacierspecific topographic parameters (e.g. mean elevation, slope and aspect) as well as hypsometry have been calculated from
the DEM of Cook et al. (2012). We also assigned connectivity levels to all glaciers following the concept by Rastner et al.
(2012). Moreover, the bedrock dataset of Huss & Farinotti (2014) enabled us to add ice thickness and volume for each
glacier.
The new inventory is available from the GLIMS database and consists of 1589 glaciers covering an area of 95 273 km2,
slightly more than the 90 000 km2 covered by glaciers surrounding the Greenland Ice Sheet. The total ice volume is 34 590
km3 of which 1/3 is below sea level. The hypsometric curve has a bimodal shape due to the special topography of the AP
consisting mainly of ice caps with outlet glaciers. Most of the glacierized area is located at 200–500 m a.s.l. with a
secondary maximum at 1500–1900 m. About 63% of the area is drained by marine-terminating glaciers and ice shelf
tributary glaciers cover 35% of the area. This combination results in a high sensitivity of the glaciers to climate change for
several reasons: (1) only slightly rising equilibrium line altitudes would expose huge additional areas to ablation, (2) rising
ocean temperatures increase melting of marine terminating glaciers, and (3) ice shelves have a buttressing effect on their
feeding glaciers and their collapse would alter glacier dynamics and strongly enhance ice loss (Rott et al., 2011). The new
inventory should facilitate modelling of the related effects using approaches tailored to glaciers for a more accurate
determination of their future evolution and contribution to sea level rise.
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Glacier shrinkage is a well-known phenomenon in most parts of the world and in the central Tian Shan, respectively. The
resulting meltwater of Tian Shan glaciers plays a significant role for the central Asian population and a continuing glacier
retreat could endanger the future water supply. With a better understanding of glacier dynamics and glacier hydrology the
potential threat could be reduced.
For this purpose former research have been estimated geodetic mass balances of glaciers in High Asia for several periods
starting in the 1960s using Corona reconnaissance satellite imagery on small areas (e.g. individual glaciers) or in the 1970s
based on Hexagon imagery on a larger scale. Due to a particular camera model and complex distortion effects the analysis
of especially complete Corona images is a challenging task.
We present a workflow to generate digital terrain models (DTMs) and orthophotos from Corona and Hexagon data including
the these camera models to estimate large-scale glacier dynamics. We calculated mass balances and length changes of
glaciers for an entire mountain range (Ak-Shirak) located in the central Tian Shan between 1964 (Corona), 1973 and 1980
(both Hexagon). We found negative mass balances up to -0.6 ± 0.1 m w.e.a-1 and -1.1 ± 0.2 m w.e.a-1 for the whole region
and individual glaciers, respectively. The future work will focus on automatisation approaches to analyse region-wide
Corona data which would allow the interpretation of glacier dynamics in a larger context.
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In the forefront of the Paris Climate Conference COP21 in December 2015, the WGMS and UNESCO jointly launched a
glacier application for mobile devices. This new information system aims at bringing scientifically sound facts and figures on
worldwide glacier changes to decision makers at governmental and intergovernmental levels as well as reaching out to the
interested public.
The wgms Glacier App provides a map interface based on satellite images that display all the observed glaciers in the
user’s proximity. Basic information is provided for each glacier, including photographs and general information on size and
elevation. Graphs with observation data illustrate the glacier’s development, along with information on latest principal
investigators and their sponsoring agencies as well as detailed explanations of the measurement types. A text search
allows the user to filter the glacier by name, country, region, measurement type and the current “health” status, i.e. if the
glacier has gained or lost ice over the past decade. A compass shows the closest observed glaciers in all directions from
the user’s current position. Finally, the card game allows the user to compete against the computer on the best monitored
glaciers in the world.
Our poster provides a visual entrance point to the wgms Glacier App and, hence, provides access to fluctuation series of
more than 3’700 glaciers around the world.
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The debris covered glacier surface is increasing also in the Alps. It is unclear in which way an extensive debris layer
influences the long-term mass change, surface characteristics and ice flow dynamics of a glacier and documentations of
such a development are rare. The archive of aerial images in the Swiss Alps dates back to 1946 and contains a large
number of photographs due to a regularly high observation frequency, which can be used to produce multi-temporal digital
elevation models to document the glacier surface changes with time.
We have investigated the possibilities of the increasingly popular structure-from-motion technique and compared its
performance to results from classical stereo photogrammetry using the same aerial images and ground control points as
input. The advantages of structure-from-motion are on the one hand a simple workflow process that requires less
theoretical background by the analyst and on the other hand, the capacity to handle large quantities of input data with little
meta information like the position or exterior orientation information of the camera.
Results show that both techniques produce comparably homogeneous and robust results even from images with partly low
quality (e.g. due to storing or scanning). The location accuracy is mostly within 5 metres and also the vertical accuracy is
on average below 10 metres. With fewer input images the structure-from-motion results become noisier on water surfaces
and in very steep terrain. Nevertheless, structure-from-motion is a powerful alternative to traditional photogrammetry,
especially under circumstances of unknown and oblique camera positions and large quantities of input data. With both
techniques we were able to retrieve a 70-year trend in surface elevation and detect surface characteristics of a debris
covered glacier tongue.
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Glaciers located in central Chile have experienced significant retreat during recent decades, mainly as a response to an
elevation increase of the 0°C isotherm. Whilst most studies have only investigated frontal and areal changes, there are no
detailed studies regarding elevation changes or volume losses. This gap of information restricts not only the evaluation of
freshwater resource availability in the region, but also has limited the environmental assessment of glaciers located close to
mining activities. This study aims to evaluated ice-elevation changes over a one-year (April 2015 to March 2016) period
from 3D data collected by terrestrial and aerial laser scanning campaigns performed on Olivares Gamma glacier (33°S).
Laser scanning data were processed to generate two Digital Elevation Models (DEMs) of high spatial resolution (2 m) and
accuracy (better than 0.2 m). Comparisons of the two DEMs revealed widespread negative elevation changes, up to -12 m,
associated with the development of an ice cliff in the lower glacier area. Averaged elevation change values close to zero
are localized on the middle glacier area. In this area, field observations indicated a slightly positive mass balance of the
glacier. Significant off glacier elevation changes on the west bounding moraine ridge are identified as mass movement
related to either massive glacier down wasting or earthquake induced slope failure. Additionally, terrestrial and aerial scans
were able to record small scale features such as penitents and crevasses, which are not normally captured by medium to
coarse resolution datasets. This study shows that the combination of laser scanner and field measurements provides a
good approach to study current glacier changes.
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The Federal Office of Topography swisstopo implements the country-wide vector-based Topographical Landscape Model
(TLM) as base for the topographical maps of Switzerland in the scales larger than 1:10 000. The whole territory of
Switzerland will be recorded by the year 2020. The different topics of the landscape model (land cover, roads, buildings,
hydrography, …) are entirely digitized as 3D geometries using stereo imagery in natural colours and the near-infrared
channel. The recorded geometries are checked and updated if needed on a 4 to 6-year basis. With the migration of the
former cartographical data model VECTOR25 towards the TLM, the subtypes glacier and unconsolidated rock are an import
and reliable data source for glaciological studies.
The three main Swiss Glacier Inventories (SGI) 1850, 1973 and 2010 (Maisch et al., 2000; Fischer et al., 2010) are based
on 2D reconstructions of the glacier outlines derived from historical maps, field surveys and aerial orthoimages. The
demanding task of recording the outlines of all Swiss glaciers was a major obstacle for having a higher temporal resolution
of inventories.
Within the framework of the GLAcier MOnitoring Switzerland (GLAMOS) the feasibility of using the data of TLM as a
continuous and highly reliable data source for future inventories was analysed. The analysis determined the differences
between geometries of the former SGI and the TLM, the data structure of the TLM, the possible workflow, the temporal data
coverage and reliability and much more. Based on the needs of GLAMOS, the requirements for the recording of glacier
geometries within the TLM were formulated.
By 2016 / 2017 the requirements of GLAMOS are implemented by swisstopo. With the completion of the first edition of the
TLM by 2020 a new Swiss Glacier Inventory entirely in 3D will be published (SGI20203D). With the constant update of the
TLM during the next decades, a continuous glacier inventory will be available which is expected to offer a highly valuable
basis for glaciological, hydrological geomorphological analyses in the Swiss Alps. Due to the integration of the workflow at
the Federal Office of Topography a long-term continuance and quality is guaranteed.
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The European Alps, cradle of pioneer glacial studies, are one of the the regions where geological markers of past
glaciations are most abundant and well-studied. Such conditions make the region ideal for testing numerical glacier models
based on approximated ice flow physics against field-based reconstructions, and vice-versa.
Here, we use the Parallel Ice Sheet Model (PISM) to model the entire last glacial cycle (120–0 ka) in the Alps, with a
horizontal resolution of 1 km. Climate forcing is derived using present-day climate data from WorldClim, the ERA-Interim
reanalysis, and time-dependent temperature offsets from the EPICA ice core record in Antarctica, which allows reproduce
the two major glaciation events documented in the geological record during marine oxygen isotope stages 4 (69–62 ka) and
2 (34–18 ka).
Despite the low variability of this Antarctic-based climate forcing, our simulation depict a highly dynamic ice cap, showing
that alpine glaciers may have advanced many times over the foreland during MIS 5 and 3. Cumulative basal sliding, a
proxy for glacial erosion, is modelled to be highest in the deep valleys of the western Alps. However, relict uplift rates at the
end of the simulation are most important in the eastern Alps where a thick ice cover persists for most of the modelled
glacial cycle. Finally, the Last Glacial Maximum advance, often considered synchronous, is here modelled as a timetransgressive event, with some glacier lobes reaching their maximum as early as 27 ka, and some as late as 21 ka, which
may explain some of the variability in published cosmogenic dates.

Figure 1. Modelled ice surface elevation (top panel, 200 m contours) and ice surface velocity (top panel, colour mapping) at 25 ka. Timedependant input temperature offsets (bottom panel, black curve) and modelled sea-level equivalent ice volume (bottom panel, blue curve).

Swiss Geoscience Meeting 2016

Platform Geosciences, Swiss Academy of Science, SCNAT

P 12.15
Modeling glaciers and permafrost in connection with radioactive waste
repositories in northern Switzerland
Denis Cohen1, Thomas Zwinger2, Urs H. Fischer3, Wilfried Haeberli4
1
2
3
4

Department of Geological and Atmospheric Sciences, Iowa State University Ames, USA
CSC - IT Center for Science Ltd., Espoo, Finland
National Cooperative for the Disposal of Radioactive Waste, Nagra, Wettingen, Switzerland
Geography Department, University of Zurich, Switzerland (wilfried.haeberli@geo.uzh.ch)

The long-term management of radioactive waste produced through the use of radioactive materials in power production,
industry, research and medicine entails its containment and isolation within deep geological repositories over hundreds of
thousands of years. Over such extended time periods, the performance of repositories in mid- and high-latitude regions can
be affected by impacts from future ice-age conditions (Fischer et al. 2014). During the LGM, central Europe experienced
extremely cold and dry conditions. At this stage, flat and extended lobes of large piedmont glaciers spreading out over
much of the Swiss Plateau were poly-thermal, characterized by low driving stresses (typically around 30 kPa) and
surrounded by continuous periglacial permafrost (Haeberli et al. 1984) up to 150 m thick. Subsurface temperatures and
groundwater flow conditions were strongly influenced by the presence of extended surface and subsurface ice. Glacial
erosion in the ice-marginal zones with cold ice frozen to subglacial permafrost was probably limited due to strongly reduced
basal sliding and melt-water flow. More humid conditions with higher flow velocities, increased basal sliding and stronger
erosion by abrasion and melt-water effects must have prevailed during ice advance across the Swiss Plateau. Rapid downwasting or even collapse (calving instability in lakes) is likely to have taken place during the retreat phase back into the
Alpine valleys. It appears plausible to assume that similar cycles were characteristic for past ice ages in general and could
also be characteristic for future ice-age conditions in northern Switzerland.
Numerical simulations of the flow of the Rhine glacier at the LGM (Figure 1) were carried out using Elmer, a finite element
numerical model that solves the coupled three-dimensional heat, mass, and momentum equations for Stokes flow.
The model is initialized using the reconstructed ice
geometry. After adjusting this glacier geometry in order to
eliminate unphysical velocity fields resulting from
reconstruction artefacts a best fit with the geomorphological
reconstructions (extent) was obtained with extremely low
mass balance gradients (Cohen et al. 2015). This result
supports that climatic conditions of a cold desert must have
existed during the LGM. Nevertheless, while the ice
margins are cold and frozen to sub-glacial permafrost large
parts of the modeled piedmont ice lobe are warm-based.
Because the proposed sites for the radioactive waste
repositories are located in the marginal zones of ice-age
glaciations, the involved glacier-permafrost interactions and
their influence on deep groundwater hydrology must be
considered. One key aspect thereby is the question whether
permafrost is already in place when the ice margin
advances over it. Such a development could lead to
complex transient conditions of inverse heat flow from
glacier parts near melting conditions into still frozen ground.
In addition, the cold ice margin with subglacial permafrost
represents an important hydraulic barrier to groundwater
flow and may cause elevated water pressure in the
transition zone from warm- to cold-based ice. This elevated
water pressure increases basal sliding and, hence, erosion
further up-flow beneath warm-based parts of the glacier.

Figure 1: Modelled basal temperature of the Rhine glacier at the LGM. The yellow line outlines extent of temperate ice. Mass balance
gradients used for the model run are 0.02m per 100m and year in the ablation area and 0.01m per 100m and year in the accumulation
area.
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During the Last Glacial Maximum (LGM), glaciers in the Alps reached a maximum ice extent and broad sections of the
foreland were covered by ice. A recent study by Becker et al. (2016) successfully simulated the lateral LGM ice cap extent
using a glacier flow model to constrain the prevailing precipitation pattern with a geomorphological reconstruction of ice
extent. The study demonstrates, that for a reproduction of the LGM ice cap, a more severe decrease in precipitation in
the north than in the south is required. This result supports previous studies indicating a southwesterly advection of
atmospheric moisture to the Alps, by a southward shift of the North Atlantic storm track during the LGM.
However, the study revealed a significant overestimate in the modeled thickness of the ice thickness in the Upper Rhone
valley compared to the geomorphologically based mappings by Bini et al. (2009).
We will present a detailed study, modeling this area using the Parallel Ice Sheet Model (PISM). The modeled ice thickness
will be discussed as well as opportunities to narrow the gap between the modeled ice thickness and the geomorphological
mappings. Also we study the relation of ice thickness, the local glacier flow field, ice surface morphology.
We find a modeled ice coverage at the Upper Rhone Valley that builds up an ice divide between the Bernese and the Valais
ice domes near Brig at LGM. Thus, the drainage system of the Rhone glacier is separated into two regions. The glacier
downstream of Brig drains into the direction of Lake Geneva, following the relief of the mountain ranges, according to
present days river. In contrast, the glacier upstream of Brig transfluences over the Simplonpass and adjacent passes to the
south. This means, that ice of the Upper Rhone Valley is forced out of the Rhone drainage basin into the drainage system
of the Toce in the Piedmont region in Italy. Our findings agree well with the striations found at the top of the Simplonpass,
interpreted as north-south transfluence by Kelly et al. (2004).

Figure 1. Modeled ice surface topography at the LGM (solid red lines = glacier flow field, red dashed line = resulting ice divide, blue
shadings in the background = ice surface elevation).
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Knowledge about ice thickness and volume is indispensable for studying ice dynamics, future sea-level rise due to glacier
melt or their contribution to regional hydrology. Accurate measurements of glacier thickness require on-site work, usually
employing radar techniques. However, these field measurements are time consuming, expensive and sometime downright
impossible. Conversely, measurements of the ice surface, namely elevation and flow velocity, are becoming available
world-wide through remote sensing.
The model of Farinotti et al. (2009) calculates ice thicknesses based on a mass conservation approach using estimates of
the surface mass balance. The presented work applies a Bayesian inference approach to estimate the parameters of a
modified version of this forward model by fitting it to both measurements of surface flow speed and of ice thickness. The
inverse model outputs ice thickness as well the distribution of the error. We fit the model to ten test glaciers and ice caps
and quantify the improvements of thickness estimates through the usage of surface ice flow measurements.
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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 (e.g. Nesje & Dahl 2003). Vincent et al. (2005) found that 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 want to test some of these processes
in a model study and determine their relative importance by coupling the ice flow model Úa (Gudmundsson et al. 2012) 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 in the period for which observational data is available, i.e.
from the late 19th century until now. The Rhône Glacier has particularly long data series of length change, surface mass
balance, ice flow speed, and geometry change, and is thus used for these initial tests. We simulate the advance and retreat
of the Rhône Glacier around the Little Ice Age maximum with Úa, investigate how it reacts to changes in mass balance and
model parameters, and compare the results with observations.
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A new wind tunnel was designed and built at SLF. The facility is ring-shaped to simulate an infinite fetch. This is important
for experiments where the observed processes have a slow time scale (minutes to hours). The wind tunnel was developed
to study the formation of wind-packed snow. Wind-packing is the process whereby wind hardens the snow and forms crusts
or slabs. The facility is equipped with sensors to monitor environmental parameters such as wind speed, air temperature
and air humidity. A SnowMicroPen and an industrial camera allow to measure properties of the snow surface. The facility is
flexible and mobile having outer dimensions of 2.3x1.3x0.5 m. Airflow is created by a model aircraft propeller and the wind
speed reaches values of up to 8 m/s. First results suggest that saltation is a necessary condition for the formation of a wind
slab.
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Acoustic emissions generated by crack formation or bond failure allow a non-destructive observation of the progressive
failure of snow. Moreover, acoustic emission features often indicate imminent failure.
We developed a new apparatus for fully load-controlled snow failure experiments. Our apparatus includes six piezoelectric
transducers which record the generated acoustic emissions in the ultrasonic range. The six sensors allow localizing the
sources of the acoustic emissions, i.e. where the failure process starts and how it develops with time towards catastrophic
failure. The quadratic snow samples have an area of 0.25 m2 and a height of 10 to 20 cm and are clearly larger than
samples used in previous experiments. The size of the samples, which is comparable to the critical size for the onset of
crack propagation leading to dry-snow slab avalanche release, allows studying the failure nucleation process and its
relation to the spatial distribution of the recorded acoustic emissions. We performed tests with homogeneous as well as
layered snow samples, including a weak layer, for varying loading rates and loading angles.
We observed various signatures typical for an imminent failure. The analysis of the waiting time indicated an acceleration of
the AE and, therefore, of the damage process before failure. The observed variations in the distributions of the acoustic
emissions energy, i.e a decrease of the b-value, indicated a transition from homogeneously distributed damage to localized
damage toward failure. Furthermore, the changes in the energy distributions were weaker for lower stress rates, indicating
a more homogeneous distribution of the damage for lower stress rates.
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Microstructural properties are essential to characterize the mechanical behavior of loose and cohesive granular materials
such as snow. In particular, mechanical properties and physical processes of porous media are often related to the volume
fraction ν. Low-density microstructures typically allow for considerable structural diversity at a given volume fraction, leading
to uncertainties in modeling approaches using ν -based parametrizations only.
We have conducted discrete element simulations of cohesive granular materials with initial configurations which are drawn from
Baxter’s sticky hard sphere (SHS) model. This method allows to control independently the initial volume fraction ν and the
average coordination number Z.
We show that variations in elasticity and strength of the samples can be fully explained by the initial contact density C = ν Z
over a wide range of volume fractions and coordination numbers. Hence, accounting for the contact density C allows to resolve
the discrepancies in particle based modeling between samples with similar volume fractions but different microstructures.
As an application, we applied our method to the microstructure of real snow samples which have been imaged by microcomputed tomography and reconstructed using the SHS model. Our new approach opens a promising route to evaluate
snow physical and mechanical properties from field measurements, for instance using the Snow Micro Penetrometer
(SMP), by linking the penetration resistance to the contact density.
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As a large number of numerical snow models are available, a few stand out as quite mature and widespread. One such
model is SNOWPACK, the Open Source model that is developed at the WSL Institute for Snow and Avalanche Research
SLF. Over the years, various tools have been developed around SNOWPACK in order to expand its use or to integrate
additional features. Today, the model is part of a whole ecosystem that has evolved to both offer seamless integration and
high modularity so each tool can easily be used outside the ecosystem. Many of these Open Source tools experience their
own, autonomous development and are successfully used in their own right in other models and applications.
There is Alpine3D, the spatially distributed version of SNOWPACK, that forces it with terrain-corrected radiation fields and
optionally with blowing and drifting snow. This model can be used on parallel systems (either with OpenMP or MPI) and has
been used for applications ranging from climate change to reindeer herding.
There is the MeteoIO pre-processing library that offers fully integrated data access, data filtering, data correction, data
resampling and spatial interpolations. This library is now used by several other models and applications.
There is the SnopViz snow profile visualization library and application that supports both measured and simulated snow
profiles (relying on the CAAML standard) as well as time series. This JavaScript application can be used standalone without
any internet connection or served on the web together with simulation results.
There is the OSPER data platform effort with a data management service (build on the Global Sensor Network (GSN)
platform) as well as a data documenting system (metadata management as a wiki).
There are several distributed hydrological models for mountainous areas in ongoing development that require very little
information about the soil structure based on the assumption that in step terrain, the most relevant information is contained
in the Digital Elevation Model (DEM).
There is finally a set of tools making up the operational chain to automatically run, monitor and publish SNOWPACK
simulations for operational avalanche warning purposes. This tool chain has been developed with the aim of offering very
low maintenance operation and very fast deployment and to easily adapt to other avalanche services.

Figure 1. The components of the SNOWPACK ecosystem.
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In dry snow and under strong temperature gradients, snowpack metamorphism is driven by water vapor transport. Two
spatial scales are considered in kinetic growth metamorphism: microscopic exchange of vapour between grains (individual
dendrites scale) coupled with macroscopic vapor flux between snow layers over the entire snowpack. In SNOWPACK, a
1-dimensional physically-based snowpack model, a detailed representation of snow microstructure and metamorphism is
already formulated. It includes the relationship between grain growth and water vapour flux regarding the net inter-particule
vapour fluxes. Here the numerical implementation of the layer-to-layer transport of water vapour in the SNOWPACK model
is presented as well as the water vapour flux across the snow-air and snow-soil interfaces. Assuming saturated conditions,
the vapour flux between snow layers is expressed in terms of temperature and temperature gradients at the boundaries of
the layers. Also discussed are the implications of the vertical flux between snow layers on the snowpack density and the
grain types. The largest impact is observed in the basal layer of the snowpack where the formation of depth hoar occurs.
Simulated results are compared to measured snow profiles in the Alps as well as observations from subarctic regions,
where a significant source of water vapour is present and the snowpack is shallower compared to Alpine regions.
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Energy balance and melt over a patchy snow cover
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A patchy snow cover significantly alters the surface energy exchange. The two opposite effects of horizontal advection of
warm air from the bare ground to the snow patch and the development of strong stability close to the ground were
assessed in this study. Atmospheric, snow and hydrological models are typically limited to simulating pointwise vertical
exchange between the ground and the atmosphere and do not include lateral transport close to the ground. For a patchy
snow cover, this limitation leads to an underestimation of modelled melting rates at the upwind edge. We assess the
relative contribution of the advective heat flux to the total surface energy balance and therefore snow melt using (i) highresolution measurements of daily snow depth changes obtained from Terrestrial Laser Scanning, (ii) the distributed and
physics-based snow model Alpine3D using standard automatic weather stations as model input, and (iii) Alpine3D, which is
forced with air temperature and wind velocity fields calculated from the non-hydrostatic atmospheric model Advanced
Regional Prediction model (ARPS).
Analysis of measured melt rates have shown a 5 % increase in total snow melting due to the effect of the advective heat
flux for a typical spring snow distribution. We numerically investigate the effect of atmospheric flow field dynamics over a
patchy snow cover on the total surface energy balance by forcing Alpine3D with fully resolved meteorological fields (air
temperature and wind velocity) obtained from ARPS (i) close to the surface in order to represent the small scale variability,
and (ii) above the blending height as a reference due to the fact that the model input is typically recorded above the
blending height. Quantitative experimental and numerical results show how the snow melt rate increases with decreasing
snow cover fraction (SCF) and decreasing mean perimeter of the snow patches.
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The hanging glacier in the west face of Eiger is a well-known partly cold-based unstable glacier in the Bernese Alps
(Switzerland). A break-off of ice chunks from this hanging glacier might trigger dangerous combined snow/ice avalanches
due to the steep slopes beneath it. Since the train to Jungfraujoch as well as several buildings and hiking paths are in the
runout zone of a potential avalanche, the glacier has been monitored for the last two decades.
In fall 2015, pictures from an automated camera showed the development of an ice wedge at the glacier front and therefore
an increased chance of a break-off event. In early 2016, an interferometric radar was installed to provide real-time
measurements of ice velocity at the glacier front. Additionally, an array of seismometers was installed on the ice close to the
potential fracture to monitor seismic emissions of even small-scale ice avalanches and englacial crevasse development.
In August 2016, the hanging glacier lost ~25’000 m3 of ice in a series of icefall events. We show that all significant events
could be forecasted several days in advance based on a precursory acceleration of the glacier front, which was recorded
by an interferometric radar. We also present seismological records reflecting the long-term evolution of internal damage in
the weeks and months before these break-off events.
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Rapid growth of a terminal lake in the Glarner Alpen
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With receding glaciers moraine dammed terminal lakes become more common also in the European Alps, increasing
continuously in size. They are an indicator for glacier mass loss and can themselves contribute to an accelereated retreat
of glacier tongues. In some cases such lakes are considered a risk as moraine dams may desintegrate quickly with a rising
water level or mass movements into the lake may cause a flood wave overtopping the dam.
We investigate the development of such a moraine dammed terminal lake located in the Glarner Alpen which formed
initially in the 1980s and since expanded to an area of ~ 130 000 m2 (Figure 1).
It is obvious from field visits that dry calving events are taking place at the glacier terminus with the terminal cliff crest
continuously expanding in length. Based on available orthophotos and DEMs we document the development of the terminal
lake. We estimate the contribution to the lake’s runoff by precipitation and melt. Comparing to studies carried out by the
group on supraglacial lakes and ice cliffs in the Himalaya and bathymetry data available for the lake we can also provide
first estimates of cliff and subaqueous melt. Initial estimates on possible spill waves are also attempted.

Figure 1. Expansion of the lake (2003, 2010, 2013) on the left and the ice cliff in a picture from August 2016 (right).
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