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11.1
A first attempt to model an Artificial Ice Reservoir (Ice Stupa) using a
simple energy balance approach
Suryanarayanan Balasubramanian1, Martin Hoelzle1, J.Oerlemans2, Sonam Wangchuk3, Felix Keller4,
Michael Lehning5
University of Fribourg, Fribourg, Switzerland (suryanarayanan.balasubramanian@unifr.ch)
Institute for Marine and Atmospheric Research, Utrecht University, Utrecht, The Netherlands
3
Himalayan Institute of Alternatives, Leh, India
4
Academia Engiadina, Samedan, Switzerland
5
WSL Institute for Snow and Avalanche Research, Davos, Switzerland
1

2

Artificial Ice Reservoirs (AIRs, also called icestupas) have been successful in storing water during winter and releasing the
water during spring and summer (M. Nusser 2018). This has made them a vital fresh water resource for irrigation in dry
environments. Many different forms of AIRs do exist and not many studies have tried to model them.
We will present simulations of the most important physical processes that causes the formation and melt of AIRs using one
dimensional equations governing the heat transfer, vapour diffusion and water transport of a phase changing water mass.
For this purpose, an AIR was constructed in Schwarzsee region in the Canton of Fribourg, Switzerland. Meteorological data
in conjunction with fountain discharge data was measured. According to the model, the Schwarzsee AIR was able to store
and discharge 850 litres or 3.7 percent of all the water sprayed over a duration of 40 days.

Figure 1. Daily Ice Volume of Schwarzsee AIR. Validation measurements are indicated through green line segments.
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11.2
Physically-based modelling of the future evolution of Scandinavian and
Icelandic glaciers
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4
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Due to global climate change, the majority of glaciers worldwide are losing volume. This trend is expected to continue in the
future, with serious consequences for sea level, water availability, and hydropower production. In this study, we used a
further developed version of the GloGEMflow model (Zekollari et al., 2019) to predict the evolution of Scandinavian and
Icelandic glaciers until 2100. GloGEMflow explicitly accounts for both surface mass balance and ice flow. The model is
initialized with three distinct observational climate dataset and reanalysis products (E-OBS, ERA-I, ERA-5), while future
climate is prescribed by both global circulation models (GCMs) and with high-resolution regional climate models (RCMs).
Different climatological models are used to create an ensemble and to analyze glacier model sensitivity. The mass-balance
model is calibrated with glacier-specific geodetic ice volume change data (Zemp et al., 2019).
Under various representative concentrations pathways, we find that by 2100, Scandinavian glaciers might have lost
between 63 % and 96 % of their 2018 ice volume. In the same time period, Icelandic glaciers are expected to lose only
between 22 % and 59 % of their ice volume (Figure 1). The results indicate a large spread in glacier response to future
climate, depending on future CO2 concentration.

Figure 1: Volume evolution of (a) Scandinavian and (b) Icelandic glaciers using ERA-5 to initialize the model and various RCMs to simulate
the future. Thin lines correspond to the individual RCM chains and the thick lines show the RCP mean. The transparent bands are one
standard deviation.
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11.3
Correcting solid precipitation gauge undercatch in quantitative
precipitation estimates for snow modelling in Alpine catchments
Alain Foehn1, Javier García Hernández2, Bettina Schaefli3, Giovanni De Cesare1 & Andrea Rinaldo4
Platform of Hydraulic Constructions (LCH), Ecole Polytechnique Fédérale de Lausanne (EPFL), Station 18,
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4
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1

Reliable quantification of solid precipitation remains a challenge due to gauge undercatch by precipitation gauges in snowy,
windy conditions. Accordingly, quantitative precipitation estimates (QPE) based on uncorrected gauge data generally lead to
underestimation in the interpolated precipitation fields, which ineluctably results in a negative volume bias in snow or
hydrological models [Pollock et al. 2018].
In this study, a methodology to define a global correction factor to be applied to hourly solid precipitation values before
computing QPEs is proposed. Four different QPEs are used as input for a snow temperature-index model. These include
the CombiPrecip [Sideris et al. 2014] product of MeteoSwiss (QPE1) and the spatial product of precipitation combining
radar data with gauge data from the networks of MeteoSwiss and MeteoGroup developed by Foehn et al. [2018] (QPE2) as
well as two variants of QPE2 including correction factors for solid precipitation of 1.2 and 1.3 (QPE2-120 and QPE2-130,
respectively). A temperature-index snow model is calibrated on absence and presence of snow as obtained from MODIS
snow-covered area products [Hall et al. 2016]. The simulated snow amounts are compared to snow water equivalent (SWE)
observations at 10 monitoring stations located in the Valais alpine region from the Swiss Institute for Snow and Avalanche
Research (SLF).
Results suggest that applying a correction factor of 1.2 considerably reduces the bias between simulated and observed
SWE values (Figure 1). The results encourage further developing the approach to integrate other parameters such as the
wind speed for the solid precipitation correction instead of using constant factors.

Figure 1. Simulated vs. observed SWE for the four QPE products. The gray dashed line indicates a slope of 1. Number of observations: 367.
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11.4
Ground Temperature within Mountain Permafrost Zones of the Central
Andes
Cassandra E.M. Koenig1, Christin Hilbich1, Christian Hauck1 & Lukas U. Arenson2
1
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Department of Geosciences, University of Fribourg, Chemin du Musée 4, CH-1700 Fribourg
BGC Engineering Inc., Vancouver BC, Canada

The hydrological role of ground ice in the Central Andes is poorly understood because quantitative research within the
region is scarce. Consequently, there are conflicting opinions about the importance of permafrost and related landforms as
a strategic water resource in Chile and Argentina. This could have negative economic and environmental consequences for
local communities if the application of incorrect conclusions needlessly hinders development or causes scarce water
resources to be mis-managed.
Project developers in Chile and Argentina are required by legislation to consider the evolution of cryoforms in environmental
impacts assessments of their projects. Industry site characterization and monitoring campaigns are therefore compiling
valuable data for quantifying the thermal state of the periglacial environment in the central Andes. Such data are critical for
developing thermal-hydrologic models to assess the potential contribution from ground ice melt to the hydrological cycle.
We present the first coordinated effort to compile existing ground temperature datasets in mountain permafrost regions of
the Central Andes and examine relationships with key climate and borehole attributes. Ground temperature data for periods
up to 9 years were available from thermistor strings installed at sites located between 34°S and 27°S at a transect along
the Chile-Argentine border. The dataset includes measurements within cold and warm permafrost where average ground
surface temperatures are above 0°C, as well as locations outside permafrost zones with ground temperatures remaining
above 0°C along the profiles.
While these observations suggest that permafrost, where present, is in a state of degradation, there is currently no
discernible warming trend in ground temperature with time. Similarly, there is no observable increase in active layer
thickness for the period of data examined. It is noted, however, that the existing dataset is not yet sufficient to evaluate
long-term changes to the subsurface thermal regime. Ongoing monitoring will provide valuable data for assessing potential
trends under climate warming, which may be used to estimate melt water volumes within local catchments.
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Real-time glacier mass balance monitoring with low-cost sensors: first
experiences
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In the context of climate change, hydropower production and numerous public requests, real-time information on glacier
mass balance is of high interest. Blending different types of direct and indirect observations makes it possible to infer
glacier mass changes from monthly to even daily time scales.
Here, we make a first step, and put seven low-cost cameras on three glaciers in Switzerland during summer 2019 (Glacier
de la Plaine Morte, Rhonegletscher and Findelgletscher) at heights between 2240 and 3015 masl. The cameras are
mounted on a self-made stake construction floating on the glacier surface (see Figure 1) and take images of a 2cm-marked
ablation stake every 20 minutes. By using the Swiss mobile network, we transfer the so-recorded surface elevation
changes to our servers in real-time. The surface height changes are then converted into a mass balance estimate.
Correlations between different stations on the same glacier and between glaciers are calculated. Further, we assimilate the
observed daily mass balance values into a temperature index melt model ensemble (cf. Hock, 2003) and compare the
assimilated mass balances to model runs not knowing about observations (Figure 2). The high temporal frequency of the
information allows modelled mass balance to be constrained at daily intervals. Uncertainty arises during night time, when
images are not taken and when melt up to approx. 3cm w.e. can occur.
To reduce uncertainties, future work aims at automating the readings of the monitored mass balance stakes by means of
image correlation, and at merging the in situ measurements with optical satellite observations.

Figure 1. Camera setup on Glacier de la Plaine Morte. A 2cm ring-marked mass balance stake is drilled into the ice, while the attached
camera floats on the surface. Pictures are taken at regular intervals to document the stake melt-out, and are sent to a server in real-time
using the Swiss mobile network.
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Figure 2. Modeled and assimilated daily evolution of the glacier-wide mass balance at Findelgletscher between October 2018 and end of
August 2019. The green (orange) line shows the estimated evolution when the camera observations are (are not) assimilated. Error bars
indicate the standard deviation of the model ensembles.
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Snow Avalanche Detection in Sentinel-1 and TerraSAR-X Radar Satellite
Images
Silvan Leinss1, Raphael Wicki1, Sämi Holsteiner1, Simone Bafelli1, Yves Bühler2
1
2

Institute of Environmental Engineering, ETH Zürich, CH 8093 Zürich, (leinss@ifu.baug.ethz.ch)
WSL-Institute of Snow and Avalanche Research SLF, CH- 7260 Davos

In January 2018 two extreme snow fall events happened in Switzerland, rising the avalanche warning twice to level 5, on 9th
of January in the district Visp and on 22nd of January for most of the Swiss alps. Due to the cut-off of valleys and ski
resorts, information about avalanches was scarce. In such cases, high resolution optical satellite imagery is currently used
to provide an analysis of the avalanche events, at least if cloud-free images can be acquired. To asses the potential of
weather-independent radar satellites, we analyzed 2-meter resolution TerraSAR-X images and 10-meter resolution
Sentinel-1 images and compared them to optical 1.5m resolution SPOT-6 data.
Avalanches were mapped manually by visual inspection of single radar backscatter images and also by visual inspection of
change detection RGB composites created from 2 consecutive backscatter images. The comparison of radar results to the
current standard of optical SPOT-6 satellite images showed that radar images are a valuable, comparable and possibly
cheap alternative.
We found that both, radar and optical data have geometric limitations: in optical images, avalanches are difficult to detect in
the sun shadow. In radar images, no information exists in the radar shadow and avalanches in layover areas are difficult to
detect and cannot be correctly orthorectififed. Nevertheless, in areas visible for both optical and radar satellites, detection
results are comparable to each. Still, the lower resolution Sentinel-1 data often miss smaller avalanches.
Remarkably, we found that the combination of multiple operationally and freely available Sentinel-1 images can provide
comparable results to pairs of expensive and only on-demand available, high resolution TerraSAR-X images. The
combination of different polarizations and orbits by an incoherent average of radar speckle enhances not only the effective
resolution, but allows for an almost complete coverage of entire Switzerland especially in the difficult terrain of the Swiss
Alps which is in single images affected by shadow and layover. As a demonstration, we present a Sentinel-1 change
detection image covering entire Switzerland for the first period around the first avalanche event on 9th January.
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11.7
Rock mass disintegration at the Moosfluh slope, Switzerland
Andrea Manconi1, Simon Loew1 & Franziska Glueer2
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The Moosfluh rock slope, located in the vicinity of the current tongue of the Great Aletsch glacier, Switzerland, hosts one of
the largest active instabilities of the European Alps. Despite at this location accelerated slope displacement has been
detected over the past decade, the rapid evolution observed between September and November 2016, locally reaching
tens of meters, was largely unexpected. During this “crisis phase”, the rock mass experienced substantial internal
deformation mainly composed of toppling, formation of tensile scarps, and basal sliding. The large internal deformation
caused also several local failure events in the form of single block falls and/or rock mass collapses of moderate size. Here
we focus on the post-crisis, i.e. the period going between spring 2017 until today. The deformation occurring at the
Moosfluh slope is still large and rock failure events regularly occur, however, not in a dramatic fashion as observed in fall
2016. In particular, we focus on the joint analysis of the information obtained from the optical imagery acquired with high
temporal frequencies and the seismic waveforms associated to rock failure events.

Figure 1. (top) Analysis of the catalogue showing differences in seismic energy release (SER). This change was associated to a change of
the surface deformation style (Digital Image Correlation results shown at the bottom).
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Forest canopies strongly affect snowpack energetics during wintertime. In discontinuous forest stands, spatiotemporal
variations in radiative and turbulent fluxes create complex snow distribution and melt patterns. As increasingly detailed
canopy structure datasets are becoming available, canopy-induced energy exchange processes can be explicitly
represented in high-resolution snow models. Yet, assessing canopy representation strategies for a variety of weather and
canopy patterns necessitates in-situ measurements of the sub-canopy micrometeorological conditions.
In this study, we designed and deployed observational systems to capture spatial and temporal variations of incoming
short- and longwave radiation, air and snow surface temperatures in subalpine and boreal forest stands. For all measured
quantities, combining fixed sensor arrays and sensor assemblies mounted on a motorized cable car system and on a
handheld stabilized gimbal yielded 1) time series at point locations, 2) spatiotemporal patterns along linear transect of
varying canopy density, and 3) snapshots in time of 2-dimensional spatial distributions across forest discontinuities.
We then applied the multi-physics modelling framework FSM2 to obtain concurrent, spatially distributed simulations of the
forest snowpack at high resolution (2m). By comparing modelled sub-canopy radiative and turbulent fluxes to observational
data, model performance could be evaluated at the level of individual energy balance components, under various
meteorological conditions and across canopy density gradients. We show which canopy representation strategies within
FSM2 best succeed in reproducing snowpack energy transfer dynamics in discontinuous forested environments.
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11.9
On the influence of debris cover on glacier surface morphology
Mölg, N., Ferguson, J., Bolch, T., Vieli, A.
Universität Zürich, Winterthurerstrasse 190, 8057 Zürich
(nico.moelg@geo.uzh.ch)

Various feedback mechanisms shape the intensity and the connections of processes that affect the evolution of debriscovered glaciers. While topics like mass balance, sub-debris melt and influence of ice cliffs and supraglacial ponds have
received large attention during the past years, only few studies combined different processes to investigate the
characteristic evolution of the surface morphology to sharpen the knowledge of glacier evolution on a wider spatial and
temporal scale, although the morphology of many debris-covered glaciers is remarkably different from that of debris-free
glaciers. In particular their tongues often show surfaces of high relief with abundant ice cliffs and experience surprisingly
high mass loss despite the insulating debris.
We analysed the evolution of the surface features of Zmuttgletscher, a debris-covered glacier in Switzerland, over a period
of 140 years using time series of historic maps, high resolution digital elevation models, and glacier velocities, as well as
data on debris cover extent and thickness. Over time, the debris cover has expanded up-glacier, and moraine ridges have
formed in the prolongation of the uppermost debris bands. Ridge prominence increased during periods of negative mass
balance, and throughs developed in debris-free areas between ridges and persisted also after a continuous debris cover
had developed. The changing surface morphology inhibits across-glacier meltwater flow, both supra- and subglacially.
Accordingly, we found that large cryo-valleys with ice cliffs have formed down-glacier of the throughs where meltwater
runoff accumulates. The meanders of these valleys have enlarged over time, especially by ice cliff backwasting at steep
slopes, and most of the glacier width today is affected by such high-relief erosion features. We found that about 75% of all
ice cliffs are located in this high-relief zone. The volume of the erosion features has increased by a factor of five since the
1980s, but is still small in comparison to the high glacier-wide thinning rates.
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Comprehensive field measurements of the supra- and sub-glacial
drainage of Lac des Faverges, Glacier de la Plaine Morte, in summer
2019.
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Glacier de la Plaine Morte, located in the Bernese Alps, is the largest plateau glacier in the European Alps. Since 2011, the
ice-marginal Lac des Faverges drains annually through englacial and subglacial hydraulic channels with lake volumes up to
2x106 m3 and typically within only a few days. This causes floods and damage downstream along the Simme river. Since
the lake volume is expected to continue to increase in the future (Huss et al., 2013), a 1.3km-long canal was dug at the
glacier surface in April-June 2019. The intention was to progressively evacuate the lake water toward a nearby active
moulin. On 10th July, the lake level reached the canal spillway elevation, corresponding to a volume of 1.35x106 m3, and
started to drain through the canal (Figure 1). In early August, the canal was no longer able to drain the lake and its level
remained constant (at a low volume of about 0.5x106 m3). On the 24th August, the remaining water suddenly drained
subglacially, within 48h. The discharge at Simme river, however, did not show a pronounced peak.
Here, we present a comprehensive set of field measurements that were carried out during the 48 days of drainage and
present insights into the temporal evolution of the event. The measurements aimed at quantifying both the drainage-canal
erosion and lake discharge through time. The data set includes the incision rate of the canal into the ice, water
temperature, seismic recording of hydraulic tremor, lake level and discharge measurements.

Figure 1: Lake runoff into the 2 meters-wide canal. Imprints of daily canal incision are well visible on the side walls.
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11.11
SnowNet - a deep learning approach for automatic snow and cloud
classification in public webcam images
Céline Portenier1, Stefan Wunderle1
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Terrestrial photography offers a huge potential to study the variability of snow cover on a high spato-temporal scale. A vast
amount of readily available public webcam images can be used to complement and validate satellite-derived snow cover
products. However, an accurate and automatic snow classification is of major importance. Additionally, the detection of
adverse cloud cover and fog and its distinction from the snow cover is an enormous challenge.
Most existing classification approaches are threshold- or pixel-based. Therefore, the accuracy of these methods is
insufficient under difficult conditions. Varying illumination due to daytime, weather, or shadowing hinder the application of
threshold-based approaches. Moreover, the lack of global context for pixel-based techniques makes snow-cloud distinction
ill-posed.
We propose to train a deep convolutional neural network on appropriate training data to predict snow and cloud coverage
with per-pixel accuracy. For this purpose, we leverage manually labeled webcam images to train and evaluate the proposed
network. To improve the accuracy of our network, we incorporate global context in the prediction for each pixel. This is
achieved by considering an entire image patch instead of only a small local neighborhood to predict a single pixel. We
evaluate our approach by comparing the performance of our trained network to state-of-the-art hand-crafted snow
classification techniques.
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Antarctic ice cores provide high-resolution greenhouse gas records and open a clear window to the climate of the Earth of
the past 800 kyr. The record for atmospheric CO2 nevertheless hides fine structure on the sub-millenial scale in many
intervals of lesser data resolution. Restricted ice availability and difficulties with traditional CO2 dry extraction techniques
inhibit high-resolution datasets. Here we present a novel CO2 dataset from EPICA Dome C covering the Marine Isotope
Stages 5 and 6. Discrete sampling with a centrifugal ice microtome achieved state-of-the-art ±1ppm in precision and
improved seven-fold the resolution of the previous dataset. The reconstruction uncovers a long and stable interglacial
period from 127 to 115 kyr at 277 ppm. There are hints of rapid CO2 incursions during Termination II, a feature only seen so
far during Termination I. We also find that rates of CO2 change and timing of events match with another highly-resolved CO2
record from MIS9-11. Together these features point to further CO2 behavioral patterns between past interglacial periods and
underline the importance of the study of past interglacials to our overarching understanding of the Holocene.
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11.13
Quantification of Snow Water Equivalent Using GNSS Refractometry
and Standard GNSS Software
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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.
The potential to quantify snow water equivalent above a GPS antenna placed underneath a snowpack is evaluated using
phase based differential GPS processing. In contrary to previous studies, standard off-the-shelf GNSS processing
softwares are used and evaluated regarding the possibility to accurately determine snow water equivalent. One commercial
software, Leica Infinity, and one open-source software, RTKLib, are thereby investigated.
Data is provided from a measurement network, which is set-up at the WSL SLF test site “Weissfluhjoch” consisting of a
GPS reference station above the snow pack and a geodetic and low-cost GPS antenna mounted on the ground underneath
the snowpack. The provided data are analysed for the winter seasons 2016/17. The results are compared to three
reference sensors snow pillow, snow scale, and manual SWE observations provided by the WSL SLF, and results obtained
from a high-end GNSS processing using the scientific Bernese GNSS software. Results of this point-wise estimation of
snow water equivalent agree very well with all reference sensors within 10 percent over one complet dry and wet snow
seasons.
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Monitoring and Analysis of Landslide-Glacier Interactions (Great Aletsch
Glacier, Switzerland)
Enea Storni1, Simon Loew1, Marc Hugentobler1, Andrea Manconi1
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Valley glaciers might influence stability and movement rates of adjacent paraglacial landslides. However, detailed studies
concerning the interactions between glacier ice and the mechanical behaviour of rock slopes are very rare. This Master
Thesis deals with a detailed in-situ investigation of the displacement field of the Great Aletsch Glacier and the adjacent
Moosfluh Landslide Landslide. The overall goal of the thesis is to better understand the dynamics which are acting at an
active landslide-glacier interface. Main research questions are if landslide displacements cause modifications of the ice
flow or vice versa if the viscous ice of the glacier has an effect on the creeping movement velocities and stability of an
adjacent deep rock slope instability.
The Moosfluh landslide is a Deep-Seated Gravitational Slope Deformation (DSGSD) located near the currently retreating
tongue of the Great Altesch Glacier. We have performed repeat UAV-based photogrammetric surveys (august 2018) and
applied Digital Image Correlation (DIC) techniques, to record high-resolution surfaces movement’s patterns for 74 h of both
the landslide and glacier. A geomorphological analysis of the mapping area was done involving also previous airbourne
pictures in order to properly detect the ice-contact boundary. In the end, observed displacements and modelled velocities
have been compared from a statistical points of view in order to validate the performed work. Results show that the rapid
movement of the landslide (up to 0.7 m displacement in 74 hours) has clear influence on the glacier vector field. This
influence tends to be higher near the ice-contact boundary and decrease within a distance of about 100 m from the rock
slope instability. Using the multiphysics simulation software COMSOL, the glacier-landslide system was modeled. Input
parameters obtained during the UAV survey were used to calculate the glacial flow under the presence of an active
landslide. The obtained vector field was finally compared with the field data supporting the idea that the observed glacial
vector field is significantly influenced by the presence of the adjacent active landslide.
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11.15
Changes in calving activity and front geometry of a marine terminating
outlet glacier over six years
Andrea Walter1,2, Martin P. Lüthi1, Martin Funk2, Andreas Vieli1
Department of Geography, University of Zurich, Winterthurerstr. 190, 8057 Zürich
(andrea.walter@geo.uzh.ch)
2
ETH Zürich, VAW, Hönggerbergring 26, 8093 Zürich
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By using a terrestrial radar interferometer, pressure sensors and a time-lapse camera we observed an outlet glacier in
West-Greenland over six years. With the terrestrial radar interferometer we investigated additionally an outlet glacier with
different characteristics in geometry and ice flow in Northwest-Greenland during two field campaigns. The resulting very
detailed dataset provides us new insights on the calving process and the changes in front geometry. A comparison of the
three different datasets offers us also a validation of the used methods. With the time-lapse camera alone, all calving
events of different sizes and styles can be detected, but not quantified. The pressure sensors and the terrestrial radar
interferometer are limited to calving events of a minimal size, but the terrestrial radar interferometer allows us to quantify
the volumes of aerial calving events and calving waves measured with the pressure sensors enable us to distinguish
between aerial and subaquatic events. We find that the calving style and size as well as the front geometry is mainly
controlled by the bed topography and the presence of a subglacial discharge plume. The location of the plume can change
from year to year, which leads also to changes in the calving pattern. Calving style and pattern as well as glacier velocity
patterns and geometry changes are additionally compared with environmental conditions such as the temperature and the
presence of ice-mélange in the proglacial fjord. The results will enable us to better understand the ongoing changes of the
marine terminating outlet glaciers in Greenland.
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Light absorbing impurities in the Olivares Catchment, Central Chile
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Light absorbing impurities (LAIs) such as mineral dust, organic material or black carbon can reduce the albedo on a glacier
surface considerably. The lowered albedo values provoke a set of positive feedback mechanisms that enhance snow and
ice melt. The glaciers located in the Olivares catchment in Central Chile are reported to have lost a substantial amount of
mass in recent years (Rivera, 2019). Rowe et al. (2019) and Alfonso et al. (2019) showed important anthropogenic LAI
content in snow for Central Chile. They also highlighted not only the effect of black carbon but also of mineral dust in snow.
Despite its importance, the complex effects of LAIs on ice albedo and the associated impact on ablation increase on the
Olivares glaciers are so far not well understood. More investigation is required (1) to identify the origin of LAI pollution in
snow and ice, (2) to quantify the related change in albedo and (3) to estimate the effect of such albedo changes on the
ablation processes. To identify potential LAI sources, we combine the results from laboratory, remote sensing and field
measurements. We use field spectrometry (Analysis Spectral Device (ASD) FieldSpec Pro, Boulder, USA) and
Hyperspectral Imaging Microscope Spectrometry (HIMS by CytoViva, Inc.) to collect spectral reflectance properties of 65
surface ice and snow samples as well as of the containing LAI particles on Olivares Alfa, Beta, Paloma Norte and Juncal
Sur.
The spectral information together with the LAI composition and concentration provided by mineralogical and chemical
analysis enables in a second step to quantify the individual contribution of each LAI component. Organic carbon (OC) and
elemental carbon (EC) are determined with a recently developed thermal-optical method (Swiss_4S), quantified with a nondispersive infrared (NDIR) detector using an OC/EC analyzer (Sunset Laboratory Inc., USA). We use X-Ray Diffractometry
(XRD) to assess the mineralogical composition and analyse trace element concentrations in the surface ice samples with
inductively coupled plasma optical emission spectrometry (ICP-OES). For each tracer element, we calculate enrichment
factors above the natural background to identify possible anthropogenic pollution through external LAI sources.
Using remote sensing, we aim to extrapolate the collected LAI concentration/composition and spectral properties to the
entire glacier surface through establishing a relationship with surface reflectance maps from spatially distributed shortwave
broadband albedo maps from Landsat images. The albedo maps are compare to the signatures of the representative
surface material measured with the ASD FieldSpec, which serve as endmembers for surface classification on the Landsat
Images.
First results show high concentration of mineral dust and rather low concentrations of EC which is in line with Rowe et al.
(2019). HIMS analysis on Olivares Alfa, Beta and Paloma Norte confirm mineral dust as the predominant material of the
LAIs. Preliminary XRD analysis show that the samples contain large amounts of quartz, chloride, andesite and muscovite. A
first analysis of the ASD FieldSpec data indicates slightly lower reflectance values (field of measurement of 4 by 4 meters)
at Olivares Alfa in comparison with the other sampling location (Fig. 1). This is in line with previous assessments of albedo
on Landsat satellite images and of a permanently installed albedometer (CODELCO report, 2018).
Comparison of the LAI concentrations with values from Central Asia and Switzerland indicates elevated quantities of
mineral dust in comparison to OC and EC. The origin of the mineral dust can on the one hand be natural erosion and, on
the other hand, might origin from anthropogenic dispersible mineral dust such as from the deposition sites of the close by
copper mine activities. However, the origin of the mineral dust is so far unclear and needs more profound assessments.
Furthermore, the effect of LAIs on the glacier surface albedo remains unclear. Possible reasons for the difference in the
reflectance can originate from elevated mineral dust concentration but might be connected to a more complex set of
feedback mechanism such as increased melt water retention at the glacier surface. The spatio-temporal effect of LAIs on
glacier albedo and the associated melt will be investigated in further analysis for the sample sites but also on glacier-wide
and catchment scale using the full archive of Landsat surface reflectance data from 2000 to present. Comparison to
unaffected glaciers and times are of crucial importance to identify possible anthropogenic effects (e.g. mining activities, air
pollution of the capital city Santiago).
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Figure 1: Reflectance spectra measured for a field of 4 by 4 meters at different ablation stake locations at glacier Olivares Alfa, Beta,
Paloma Norte and Juncal Sur.
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A ground-based radar survey using a PulsEkko 50 MHz system was conducted on the Oberaletsch Glacier, Valais in
February 2019 in order to detect and characterize the glacier’s bedrock. We were able to detect a large overdeepening at
the glacier’s tongue, which could result in a proglacial lake with continued retreat of Oberaletsch Glacier. Additionally, a
number of englacial features were detected. Different hypothesis for such englacial features were determined and
compared to previous study oberservations on other temperatre glaciers.
As shown in the figure, two englacial features were identified; 1) a transparent layer overlying a high amplitude zone of
scattering and, 2) a strong continuous englacial reflection. Both englacial features have been mapped across the survey
area providing an insight into their spatial distribution.

Figure: Profile 37 (left – Feature 1), GPR profile with the transparent layer and the englacial scattering horizon; profile 39 (right – Feature
2), GPR profile with a strong continuous reflector (black arrows).

The radar transparent zone, feature 1, was observed across the entire survey area. This transparent layer resembles cold
ice in polythermal glaciers. However, it is argued that this transparent layer can be attributed to ice lacking in water. This
has also been observed on Bench Glacier, Alaska (Brown, Harper and Bradford, 2009).
The strong continuous reflections, feature 2, was observed in the lower regions of the glacier. This englacial feature can
potentially be attributed to an englacial water channel. However, by relying solely on GPR data, the interpretation and
analysis of the observed englacial features is difficult and ambiguous. More research is thus required for a better
understanding and an unambiguous interpretation of the nature of the englacial features.
These englacial features are ubiquitous within temperate glaciers and a thorough understanding will provide improvements
in glacio-hydrology modelling.

REFERENCES

Brown, J., Harper, J. and Bradford, J. (2009) ‘A radar transparent layer in a temperate valley glacier: Bench Glacier, Alaska’,
Earth Surface Processes and Landforms, 34(11), pp. 1497–1506. doi: 10.1002/esp.1835.

Swiss Geoscience Meeting 2019

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 11: Cryospheric Sciences

355

P 11.3
Monitoring an unstable hanging glacier in the Swiss Alps using
icequake repeaters and seismic coda wave interferometry
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High-altitude glaciers frozen to steep mountain faces are inherently unstable and produce catastrophic break-off events
(Faillettaz et al., 2015). The hanging glacier on Switzerland’s Mount Eiger periodically produces ice avalanches, which
threaten tourist activity and a train line located in the avalanche runout path (Margreth et al., 2017). Reliable forecasting
remains a challenge as physical processes leading to rupture events are not fully understood yet and/or difficult to observe.
The hanging glacier on Mount Eiger was intensely monitored in 2016 as crevasses and ice flow speed suggested that a
large break-off event was impending. Among different instruments, such as an interferometric radar measuring ice motion,
an automatic camera, an infrasound array, and four 3-component seismometers (natural frequency: 1 Hz) were installed on
the glacier between April and August 2016 (stations EIG1:EIG4, Figure 1a). Avalanche activity, snow fall and other factors
associated with high altitude conditions posed severe challenges for instrument maintenance. However, one station was
recording continuously for 4.5 months, and up to three seismic stations operated simultaneously.
On 25 August 2016 an ice mass of 15,000 m3 broke off the hanging glacier. We investigate the local microseismic activity
and icequake occurrence recorded by the seismic array before, during and after the rupture event. We find no
straightforward correlation between the icequake detections and the break-off event. However, we find thousands of
repeating seismic events with practically identical waveforms. We group the repeating events into clusters based on the
similarity of the waveforms. Figure 1b shows one of the clusters with 290 repeating events recorded at the vertical
component of station EIG 2. Figure 1c shows a normalized average of repeating event waveforms (continuous black line)
and the amplitude variation from the average (dashed black line). The direct P-waves and Rayleigh waves are marked with
a red dashed box, and coda waves (waves reflected at the boundaries of the glacier and scattered at the pervasive
fracturing within the hanging glacier) are marked with a blue dashed box.
Based on the clusters of repeating events, we perform a statistical analysis of microseismic activity and test seismic coda
wave-interferometry [CWI: Snieder et al., (2002), Campillo and Paul, (2003)] as a means to monitor englacial elastic
properties. First results indicate changes in englacial fracture state, which may be related to variations in ice motion. This
suggests that though technically challenging, on-ice seismic measurements provide new insights into fracture processes
within the ice influencing the stability of avalanching glaciers.
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Figure 1. a) Four stations installed on Mount Eiger glacier (EIG1:EIG4). b) One of the clusters with 290 repeating events recorded at the
vertical component of station EIG 2. Direct waves are marked with a red box, and scattered waves are marked with a blue box. c)
Normalized average of repeating event waveforms (continuous black line) and the amplitude variation from the average (dashed black
line).
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Englacial drainage network temporal evolution using impendance
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Glacier hydraulic drainage systems are continuously evolving throughout the melt season on alpine glaciers. Englacial
drainage systems impact glacial dynamics by routing surface meltwater to the glacier’s base and facilitating basal
lubrication which often results in basal slip (Cuffey and Paterson, 2010). Therefore, advanced knowledge of such drainage
systems is essential.
This study was conducted within the ablation zone of the Rhone Glacier, Switzerland. Repeated ground-penetrating radar
(GPR) surveys were acquired between 2017 and 2019 in order to investigate the glacier’s drainage system evolution.
Additionally, we drilled six boreholes in and around the drainage network in summer 2018 to provide ground truth
measurements. Direct observations were also made into the englacial conduit network using a GeoVISIONTM Dual-Scan
borehole camera.
GPR is highly sensitive to the presence of water and is therefore a suitable tool to monitor englacial drainage evolution. We
studied the seasonal evolution of the englacial drainage network by inverting GPR data for impedance contrasts using an
amplitude inversion workflow (Schmelzbach, Tronicke and Dietrich, 2012)which controls GPR wave velocity and reflectivity.
Conventional tools like common midpoint (CMP based upon the seismic reflection impedance inversions. The reflectivity
analysis provided an indication of the englacial network’s geometry and the water content. Our inversion results indicated
the englacial network was inactive during the winter season (November-May) with low reflectivity values between 0 and -0.1
(Figure 1 top). Whereas, the drainage system became activated between May and July and flowed through a meandering
channel network, imaged with GPR, with high reflectivity around -0.3, indicating the likely presence of water (Figure 1
bottom).
The englacial drainage network shut down and became inactive between two GPR surveys in October and December.
Alongside the inversion results, we are able to draw conclusions on the geometry using a GPR thin layer modelling
analysis. The englacial drainage network seems to remain active across three melt seasons, thereby indicating that
conditions in temperate glaciers can provide long term fluid flow paths, even though englacial drainage networks can be
inactive throughout the winter.
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Figure 1: Top: Englacial reflectivity inverted from GPR data acquired in April (winter). Bottom: Englacial reflectivity inverted from GPR data
acquired in September (summer). In both plots the black lines represent the GPR profiles from their respective montly acquisitions.
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An automated classification of snow cover on glaciers using optical remote sensing data is challenging, but has the
potential to frequently constrain glacier mass balance estimates and improve glacier modeling. In the past, there have not
been many approaches to fully automate the workflow of mapping snow, firn and ice facies on glaciers. Recent earth
observation initiatives, such as the European Space Agency’s Copernicus programme, offer great opportunities to
complement in situ measurements with observations from space. The Sentinel-2a and Sentinel-2b optical satellites, for
example, offer revisiting times of 2-4 days at mid-latitudes, and a spatial resolution of 10 m. In this study, we test the use of
such data over Switzerland.
We developed the open source Python tool “SnowIceSen” (https://github.com/lgeibel/snowicesen) which uses Sentinel-2
data to distinguish snow and firn cover from ice surfaces. This tool automates image availability checks for a given time and
glacier, downloads the data, performs terrain correction, and excludes debris and cloud-covered areas. After image preprocessing, snow and ice are distinguished by using three classification algorithms: the ASMAG algorithm (Automated
Snow Mapping on Glaciers) by Rastner et al. (2019), a method presented in Naegeli et al. (2018), and an alternate version
of the latter introducing more flexible parameters for the multi- step classification. All three algorithms make use of snow
and ice spectral reflectance properties and partly introduce additional geometric rules to confine the model results.
We validate algorithm performance against a manually created dataset of 430 snow distributions. The validation scenes are
weighted with the glacier area to account for the glaciers contribution to the overall mass balance, and are uniformly
distributed over the time for which data is processed. The evaluation shows that the performance varies greatly with the
conditions under which the images are acquired: for a snow cover of 30-80% and low cloud coverage, the snow maps
created by the ASMAG algorithm and the alternate version of the method by Naegeli et al. show good agreement with the
manual snow maps (average Cohen’s Kappa of 0.58 and 0.56 respectively). Contrarily, for high snow cover (over 80%) and
cloud coverage higher than 30%, the agreement is often very low (Cohen’s Kappa under 0.1). This shows that image
conditions can severely hamper the application of a fully automated workflow as implemented in SnowIceSen. Often
encountered problems are small contrasts between snow and ice reflectance, erroneous cloud cover detection, as well as
terrain and cloud induced shadows. Improvements in the algorithm performance might be possible through additional rulebased classifiers in the future.

Figure 1. Performance (Cohen’s Kappa) of Snowicesen’s snow cover maps as a function of the snow cover (x-axis) and the cloud cover
(color of the dots). The three panels correspond to the three implemented algorithms, the horizontal line shows the average Cohen’s
Kappa for all scenes (ASMAG: 0.38, Naegeli, 0.28, Naegeli alternate: 0.42). Validation is performed against manually delineated snow
cover extents extracted from 430 scenes. Cohen’s Kappa for each scene (Kappa=1 means perfect agreement, Kappa=0 means no
agreement) is low for high snow cover and high cloud cover and better for medium snow cover for the ASMAG and alternate Naegeli
algorithm. The original method by Naegeli et al. shows no clear dependence, and a generally lower Kappa.
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In earlier studies the total ice volume in the Swiss Alps for the year 1999 as been estimated to be 74 ± 9 km3 (Farinotti et
al., 2009) and 65 ± 20 km3 (Linsbauer et al., 2012). These estimates were based on glaciological modeling. Ground
penetrating radar (GPR) data of some glaciers have been used to validate the models. Until 2015, around 1500 km of GPR
profiles have been recorded on Swiss glaciers by various researchers, with some of them being used for the Swiss-wide ice
tickness estimates mentioned above.
For our new study, we additionally acquired around 1100 km of GPR profiles since 2016, with the helicpoter-borne GPR
system AIR-ETH (Langhammer et al., 2019a) and the corresponding processing software GPRglaz (Grab et al., 2018), both
developed for this purpose. To obtain continuous maps of the ice thickness and the bedrock topography, we recently
established the Glacier Thickness Estimation (GlaTE) algorithm (Langhammer et al., 2019b). It enables to invert for the
three-dimensional ice thickness of Alpine glaciers based on glaciological modeling (after Clarke et al., 2013) and observable
data constraints (glacier outlines, digital elevation model, by Swisstopo), while adequately accounting for the ice thickness
obtained from GPR-measurements.
The GlaTE algorithm has now been used to calculate the total ice volume in the Swiss Alps, taking into account the large
amount of accessable data recorded during earlier years and the new data recorded with AIR-ETH. The resulting
distribution of the ice thickness is shown in Figure 1. In contrast to the earlier studies, this ice thickness map is based on
much more field data, such that Swiss-wide around 80% (large pie-diagram in Figure 1) of the obtained ice volume is
constrained by GPR data. For individual subregions, the ratio of GPR-constrained volume estimates versus ice volumes
estimated by glaciological modeling only, are shown with the small pie-diagrams. From the ice thickness map, the total ice
volume in the Swiss Alps will be calculated and presented during the Swiss Geoscience Meeting 2019.

Figure 1. Glacier thickness map obtained during our study. Note that the color-range is clipped to 600 m. Maximum ice thickness at
Konkordiaplatz is approximately 850 meters. Around 80% of the total ice volume is estimated using our GPR-constrained GlaTE algorithm,
whereas 20% are obtained from glaciological modeling without GPR constraints. Small pie-diagrams show this ratio for different subregions.
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The Karakoram in the northwestern part of High Mountain Asia is one of the most extensively glacierised areas outside the
polar regions and an important fresh water source for millions of people living in the Indus Basin. The mountain range has
increasingly attracted attention in recent years due to an anomalous glacier stability, which contrasts the progressing ice
mass loss elsewhere in the Himalaya. Decreasing summer temperatures and increasing winter precipitation are discussed
as potential causes for the anomaly. However, the lack of weather stations and glaciological investigations above 3,000 m
a.s.l. hampers the corroboration of this hypothesis. To study the spatio-temporal variations of snow accumulation across the
Central Karakoram, we repeated a Canadian research expedition from 1986 (Hewitt et al. 1989; Wake 1989) and
investigated eight snow pits between 4,388 and 5,202 m a.s.l. in the accumulation zone of the Biafo-Hispar glacier system.
Snow density measurements were performed in the field to quantify the elevation-dependent annual snow water equivalent
and compared to the 30-year-old results from Hewitt et al. (1989) and Wake (1989). In addition, snow water samples were
retrieved in 10 cm intervals for analysis of the stable isotope O18 and the chemical fingerprint of several detected dust
events.

Figure 1. Snow accumulation studies at Biafo Glacier in the Central Karakoram in 1986 (left side) and 2019 (right side).
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For polar glaciers, it has been shown that firn properties are strongly affected by climate change (e.g. Bezeau et al., 2013;
Machguth et al., 2016). Changes within the firn area, where snow densifies into glacier ice, affect the glacier dynamics and
glacier mass balance. Only a few studies investigate firn on mountain glaciers. Despite the importance of firn temperature
monitoring for mountain ranges with cold and polythermal glaciers such studies are regionally biased and focus on sites in
the European Alps (Hoelzle, 2011). However, repeated firn investigations in data sparse regions such as Central Asia are
necessary to detect firn changes. Furthermore, such data allow to increase our process understanding and to address
uncertainties in mass balance estimates for data sparse regions.
Here, we use legacy firn core data (1970s – 1990s) from two glaciers that represent different climatic settings in Central
Asia. (i) Gregoriev ice cap is situated in the Inner Tien Shan, where the precipitation maximum occurs during summer
months and the annual precipitation is about 360 mm water equivalent (w.eq.). (ii) Abramov glacier is located in the Pamir
Alay and receives maximum precipitation during winter. Kislov (1980) described a strong precipitation gradient across the
glacier surface with up to 1800 mm w.eq. yr-1 in the accumulation area. At both sites, ~17 m long firn cores were drilled in
2018. Firn cores were shipped to Switzerland and analysed for water stable isotopes, black carbon and major ions at the
Paul Scherrer Institute, Villigen. Chemical measurements allow determining the annual accumulation rates of the Abramov
firn core for 2011-2017. In the Gregoriev core, chemical records are partly disturbed by melting and accumulation rates are
low.Thus, for dating, annual layer counting was complemented with identifying the year 1986 (Tschernobyl accident) based
on total beta activity measurements. Accordingly, the mean annual accumulation rate in the Gregoriev core is ~320 mm
w.eq. in the period ~1975-2018. The comparison of recent firn characteristics with legacy data shows that accumulation at
both sites has undergone no substantial changes over the past 5 decades. This is surprising as both glaciers have
experienced a substantial mass loss over the respective periods despite their different climatic setting. These results point
out, that more in situ data from remote areas is necessary to increase our process understanding.
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Ice flow causes spatio-temporal variations in englacial stresses which may result in crevassing (Colgan et al, 2016).
Through crevasses, meltwater produced at the surface may reach the glacier bed via existing conduits or hydrofracturing,
where it modulates the hydraulic head of subglacial discharge (Fountain & Walder, 1998).
Changes in the englacial stress and fracture state as well as the englacial water content affect the bulk properties of the ice
and thus its seismic wave velocities. By measuring the medium’s response between seismic sensors repeatedly, seismic
interferometry allows to detect such variations in subsurface velocity (e.g. Sens-Schönfelder & Wegler, 2006). Here, we
apply an interferometric approach called virtual-reflector seismology (Weemstra et al., 2017) to a 98-geophone dataset from
Glacier d’Argentière. The geophones were deployed for six weeks in a regular grid of 50 m on the tongue of the glacier.
The dense grid of sensors allows the retrieval of virtual reflections within the array, which increases the monitoring
capabilities of englacial changes (Lindner et al., 2018).
Based on icequakes which illuminate the glacier, we propose to retrieve interferometric responses allowing englacial
monitoring with subdaily resolution. Comparison of potential temporal changes in englacial velocities with time series of
subglacial water pressure and basal motion (measured in subglacial tunnel facilities), as well as surface ice motion allows
us to address the following questions: How do ice flow modulations affect the englacial fracture state? Can we detect
variations in water content of englacial void spaces resulting from subglacial water pressure variations?
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Interferometric radar systems, such as the Gamma GPRI, have been used to observe glacier motion at high spatial and
temporal resolution. In many cases the signal is severly distorted by atmospheric noise. Instead of the theoretical minute
interval, displacement data has to be averaged for many minutes, and even then the accuracy is poor.
Here, we present a novel method to cope with the phase noise caused by the atmosphere, and show how a much better
time and space resolution can be achieved. The method is illustrated at the examples of a steep glacier in the Alps and for
tidewater glaciers in Greenland.
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The dynamics of temperate alpine glaciers are the result of two main processes: internal plastic deformation (vertical ice
shearing) and sliding over the bedrock. However, the ratio between shearing and sliding is often difficult to estimate due to
lack of direct observations. Most of the time, we have only to rely on information from the glacier surface to give insights on
basal processes (Cuffey & Paterson, 2010).
Here we use a modelling approach to investigate the surface age distribution of Rhonegletscher under different shearing/
sliding conditions. First, we modelled diagnostically the ice flow field using the Stokes model Elmer/Ice and computed
particle streamlines of stationary 2D and 3D glacier geometries. In turn, this allows us to characterize the surface age
distribution of ice and to evidence how basal motion influences the surface age distribution of Rhonegletscher.
Second, we run our model prognostically by coupling to a mass balance model to simulate the dynamic evolution of
Rhonegletscher from 1874 to present time similarly to Jouvet et al. (2009). From the resulting ice flow field, we compute
backward-in-time trajectories of ice particles (Jouvet & Funk, 2014) passing by an ice core extracted in 2017 at the
terminus of Rhonegletscher in order to infer the modelled age of ice and to compare to independent results of analytic
dating methods.
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Ambient noise interferometry has revolutionized seismic characterization of the Earth’s crust at local to global scales. The
underlying techniques use continuous records of seismic background noise primarily generated by ocean and climate
activity to estimate the elastic properties of the propagation medium beneath one seismic array (e.g. Shapiro et al, 2005).
Seismic interferometry is rooted in the fact that the elastic impulse response between two seismic sensors (the Green›s
function) can be reconstructed via the cross-correlation of ambient noise seismograms recorded at the two sites
(Wapenaar, 2004). Consequently, passive noise techniques can image and monitor the subsurface without the need for
artificial active seismic sources. In this study, we apply such methods to obtain the seismic velocity structure of a glacier’s
subsurface using different types of passive seismic measurements in different glacier settings (Alps and Greenland). Ice
melting and brittle ice failure are responsible for a wide spectrum of seismicity which is recorded on seismometers deployed
directly on the ice (Figure 1a), and which includes numerous near-surface crevasse icequakes (102-103 daily events) and
high-frequency (>1Hz) continuous seismic noise generated by meltwater flow (Figure 1b).
An equipartitioned wavefield illuminating the propagation medium in all directions is a pre-requesite for obtaining accurate
Green’s functions. Such condition can be reached in (i) the presence of equally-distributed sources around the recording
network and/or (ii) in strong-scattering media as seismic scatterers act like secondary sources to create a diffuse
homogeneized wavefield in all propagation directions. These two scenarios are hardly met in glaciers as (i) microseismicity
is often confined to narrow regions such as crevasse zones or other water-filled englacial conduits, and (ii) due to
homogeneity of ice, which tends to suppress seismic scattering. This imposes strong limitations on the Green’s function
convergence from cross-correlations of glacier seismograms (Walter et al, 2015; Preiswerk and Walter, 2018). We address
this difficulty by investigating different patterns of glacier seismic wavefields: a favorable distribution of icequakes and noise
sources recorded on a dense array on Glacier d’Argentière (France), a dominant noise source constituted by a moulin
within a smaller seismic array on the Greenland ice-sheet, and crevasse-generated scattering at Gornergletscher
(Switzerland).
Surface meltwater flow through englacial channels produces sustained ambient seismic sources in glacier d’Argentière and
thus favorable conditions for Green’s function estimates on a regular grid of 98 sensors. From the velocity measurements of
reconstructed Rayleigh waves, we invert bed properties and depth profiles, and map seismic anisotropy introduced by
crevassing and englacial conduits. In Greenland, advanced signal processing allows to “denoise” the cross-correlation
functions and remove the moulin source signature. At Gornergletscher, cross-correlation of icequake coda waves shows
evidence for a small yet significant homogeneous wavefield likely due to crevasse scattering. Cross-correlations of
optimized coda time-windows enable compution of accurate Green’s functions and estimate seismic velocities beneath the
array.
This study introduces new processing schemes inspired from crustal seismology to investigate the glaciers’ structure from
naturally occurring glacier seismicity. It opens ways for monitoring any glacier changes from passive seismic
measurements.
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Figure 1. (a) Crevasse icequake locations (blue dots) and seismic stations (red triangles) deployed in Glacier d’Argentière (France). (b)
One-month spectrogram of continuous seismic recording in Argentière. About 3000 icequakes related to brittle ice failure are recorded
every day. High-frequency (1-20 Hz) ambient noise is recorded continuously over the melting season and attributed to glacier hydrology.
Recorded seismicity is used to compute the elastic response of the illuminated medium beneath the array and estimate the glacier
subsurface’s elastic properties and structure.
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Carbonaceous particles which comprise organic carbon (OC) and black carbon (BC; depending on the analytical technique
applied also referred to as elemental carbon, EC) are of increasing interest globally because of their influences on the
radiative balance of the Earth via direct and indirect effects(Pöschl et al., 2005). However, the magnitude of the
anthropogenic activities effect on earth climate is still uncertain, one of reason is due to the lack of knowledge about
interaction between biogenic volatile organic compounds (VOC) and the anthropogenic emissions. EC exclusively
originates from fossil-fuel combustion and biomass burning, while OC sources are complex. OC can be emitted directly as
primary organic aerosol (POA) from biogenic sources, biomass burning and fossil-fuel combustion or can be formed in the
atmosphere as secondary organic aerosol (SOA). Recent studies suggest that SOA formation rates are not adequately
constrained in current models limiting accurate modeling of their climate effect (Hodzic et al., 2016; Shilling et al., 2013).
Furthermore, changes in temperature, land cover and CO2 have effect on biogenic VOC emissions (Acosta Navarro et
al.,2014). Laboratory and field measurement indicate the production of SOA could increase by 20-200% on average due to
nitrogen-oxides emission at pristine location (Shrivastava et al., 2019). All these anthropogenic and natural perturbations
have effect on carbonaceous aerosol loading which in return could modified the climate.
Biogenic SOA production enhanced by anthropogenic emission have been study in laboratory and chamber experiment for
decades. Here we present a 340-year concentration record of carbonaceous particles from Fiescherhorn ice core (Swiss
Alps) to prove the enhancement of SOA formation by anthropogenic activities. Carbonaceous aerosol increased by a factor
of three at the end of 20th century compare to pre-industrial background. Radiocarbon based source apportionment shows
that fossil fuel combustion contributed to 35%. European BVOCs emission increase associate with enhanced SOA
production are the main reasons of increase in non-fossil origin carbonaceous aerosol. However, this increase in non-fossil
SOA due to anthropogenic activities is not reflected in the emission estimates of OC and NMVOC in the source regions with
a mismatch up to one magnitude in the second half of the 20th century. Thus, bottom-up emission inventories seem to
heavily underestimate the atmospheric OC loading by not accounting adequately for changes in SOA formation due to
climate change and anthropogenic activities, limiting the capacity of current models in estimating aerosol forcing.

Figure 1. FH concentration record of a) total carbon (TC), b) elemental carbon (EC), c) water-insoluble organic carbon (WIOC) and d)
water-soluble organic carbon (WSOC) covering the period 1660–2002. TC is the sum of EC, WIOC and WSOC.

Swiss Geoscience Meeting 2019

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 11: Cryospheric Sciences

371

Symposium 11: Cryospheric Sciences

372

REFERENCES

Acosta Navarro, J.C., S. Smolander, H. Struthers, E. Zorita, A.M. Ekman, J. Kaplan, A. Guenther, A. Arneth, and I. Riipinen,
Global emissions of terpenoid VOCs from terrestrial vegetation in the last millennium. Journal of Geophysical Research:
Atmospheres, 2014. 119(11): p. 6867-6885.
Hodzic, A., P.S. Kasibhatla, D.S. Jo, C.D. Cappa, J.L. Jimenez, S. Madronich, and R.J. Park, Rethinking the global
secondary organic aerosol (SOA) budget: stronger production, faster removal, shorter lifetime. Atmos. Chem. Phys.,
2016. 16(12): p. 7917-7941.
Pöschl, U.J.A.C.I.E., Atmospheric aerosols: composition, transformation, climate and health effects. 2005. 44(46): p. 75207540.
Shilling, J.E., R.A. Zaveri, J.D. Fast, L. Kleinman, M.L. Alexander, M.R. Canagaratna, E. Fortner, J.M. Hubbe, J.T. Jayne, A.
Sedlacek, A. Setyan, S. Springston, D.R. Worsnop, and Q. Zhang, Enhanced SOA formation from mixed anthropogenic
and biogenic emissions during the CARES campaign. Atmos. Chem. Phys., 2013. 13(4): p. 2091-2113.
Shrivastava, M., M.O. Andreae, P. Artaxo, H.M. Barbosa, L.K. Berg, J. Brito, J. Ching, R.C. Easter, J. Fan, and J.D.J.N.c.
Fast, Urban pollution greatly enhances formation of natural aerosols over the Amazon rainforest. 2019. 10(1): p. 1046.

Swiss Geoscience Meeting 2019

Platform Geosciences, Swiss Academy of Science, SCNAT

P 11.14
Permafrost monitoring by reprocessing and repeating historical
geophysical measurements
Christian Hauck1, Christin Hilbich1, Coline Mollaret1, Cécile Pellet1
1

University of Fribourg, Departement of Geosciences, Chemin du Musée 4, CH-1700 Fribourg

Geophysical methods and especially electrical techniques have been used for permafrost detection and monitoring since
more than 50 years. However, only after the development of 2-dimensional tomographic measurement and processing
techniques i.e. Electrical Resistivity Tomography (ERT) in the late 1990’s, these methods became generally available and
were applied on many mountain permafrost sites in the European Alps. Due to the large contrast in electrical resistivity
between unfrozen and frozen material, ERT is well suited to detect, but also to monitor frozen ground, and more specifically
the ground ice content.
Within the Swiss permafrost network PERMOS, operational ERT measurements are conducted since 2005 for the
monitoring of the changes in subsurface ground ice content at five permafrost stations in the Swiss Alps on a yearly basis
(Hilbich et al. 2008, PERMOS 2019). A thorough analysis of this data set has shown its high quality and robustness against
potential error sources related with the harsh high mountain field conditions and has indicated common climatic trends at all
sites, i.e. a decreasing trend of mean specific resistivity (associated with permafrost thawing) since the first measurements
in 1999 (Mollaret et al. 2019).
Because of the comparatively large efforts needed for continuous and long-term ERT monitoring, only a very small number
of operational ERT monitoring sites exist worldwide in permafrost terrain. However, a much larger number (estimated to be
> 500) of permafrost sites with singular ERT measurements exist, many of them published in the scientific literature. These
data sets are neither included in a joint database nor have they been analysed in an integrated way. Within a newly GCOS
Switzerland-funded project (REP-ERT) we address this important historical data source. Whereas singular ERT data from
different permafrost occurrences are not easily comparable due to the local influence of the geologic material on the
obtained electrical resistivities, their use as baseline for repeated measurements and subsequent processing and
interpretation in a climatic context is highly promising and can be effectuated with low efforts.
In this presentation we will give an overview over existing historical ERT profiles on permafrost terrain and show first results
of resistivity changes from repeated ERT data over time spans of more than 10 years from different regions, landforms and
subsurface compositions.
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The evolution of mountain permafrost in Norway has been studied since more than 20 years. During the European PACE
project (Permafrost and Climate in Europe, 1998 – 2001, Harris et al. 2009) a 129 m deep borehole was drilled on
Juvvasshoe in Jotunheimen (southern Norway), and as part of the Norwegian CRYOLINK and TSP Norway projects a
series of shallower boreholes was drilled at several mountain sites in northern and southern Norway (cf. Christiansen et al.
2010, Farbrot et al. 2013). In addition, at all borehole sites geophysical surveys using refraction seismic tomography (RST)
and electrical resistivity tomography (ERT) were conducted to characterise the ground composition (e.g. Hauck et al. 2004,
Etzelmüller et al. 2009).
Previous studies already evidenced ongoing permafrost degradation, partly including considerable thickening of the active
layer and the formation of taliks (e.g. Farbrot et al. 2013). At the Juvvass site the observed warming trend could also be
confirmed with ERT monitoring over a 10 year-period (Isaksen et al. 2011).
In summer 2019, ERT and RST surveys have been repeated at 4 different sites (including 10 individual boreholes and
geophysical profiles) in northern Norway (after 11 years) and in southern Norway (after 10 and 20 years). We here present
the observed long-term changes in electrical resistivity and seismic p-wave velocity at a) Iskoras/Finnmark and b)
Guolasjavri/Troms (Northern Norway) as well as at c) Juvvasshoe/Jotunheimen and d) in the Tron massif (southern
Norway) and relate them to the observed borehole temperature evolution. In addition, the change in ground ice content is
modelled with the 4-phase model for exemplary profiles (Hauck et al. 2011).
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The thermal regime of alpine permafrost is complex and not fully understood yet, among other things, because of the
heterogeneity of the material composition. The main governing processes are heat conduction, radiation and heat
convection. Heat convection can be either natural convection or forced convection, which is often also referred as
advection. In our study, we focus on natural convection of air within the active layer of rock glaciers. In permafrost
modelling air convection is often neglected or parametrized (eg. Pruessner et al., 2018; Scherler et al., 2014), but it has
been observed and described in field based studies (Hanson and Hoelzle, 2004; Panz, 2006). We solve a heat conduction
equation coupled with Darcy’s law in COMSOL Multiphysics over a 2D grid to explicitly model air convection and thus be
able to assess its effects on the ground thermal regime. Our model is forced and validated with measured temperature data
from PERMOS (2019) at various field sites in the Swiss Alps.
Our long-term simulations show that the ground permeability is the most sensitive parameter governing air convection. On
field sites with a high ground permeability (order of magnitude 106 m2), convection plays a crucial role and is required to
model measured borehole temperatures. Sites with a lower ground permeability show less sensitivity to air convection. The
simulations show an onset of natural convection at the critical Rayleigh number as theoretically expected. Our results also
confirm that under a warming climate the coarse blocky layer has the potential to delay permafrost degradation on certain
landforms. The internal convective air circulation and not only the low conductivity of air in the coarse blocky surface layer
leads to cooler ground temperatures.
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Rock glaciers have recently come more into focus as potential water sources due to the diminishing of clean-ice glaciers in
Alpine regions (Brighenti et al. 2019). In order to quantify the runoff contribution from rock glaciers it is necessary to model
their thermal regime and ice content evolution at the catchment scale.
The distributed Glacier Evolution and Runoff Model (GERM; Huss et al., 2008; Farinotti et al., 2012) has been extended to
allow for the inclusion of spatio-temporal changes in permafrost and, hence, corresponding changes in the ice content of
rock glaciers. GERM is an empirical model used for modelling runoff from glaciated basins at the catchment scale and
above. High mountain catchments often contain rock glaciers, which need to be treated differently due to their unique
characteristics. The coarse blocky surface layer characteristic of rock glaciers allows for air flow and thus different modes of
heat transport than purely conductive. Previous modelling work done with the physics-based Snowpack model (Pruessner
et al., 2018) has shown that ventilation is necessary to reproduce the measured low winter temperatures, thus this effect is
included in a parameterised form in GERM. The model solves the conduction-diffusion equation using a Crank-Nicholson
scheme; phase changes and water transport are accounted for. The aim here is to have a simple model that can readily be
applied to the larger scale while still retaining the important processes.
Both GERM and Snowpack are run at three sites in the Swiss Alps: Murtèl-Corvatsch, Schafberg and Ritigraben. These
sites were chosen because good borehole temperature measurements were available for a period of more than ten years.
The results of the two models were then intercompared and validated using direct ground temperature measurements at
the point scale. While GERM is less complex than Snowpack it is still able to reproduce the main features of the
temperature timeseries (Fig. 1).

Figure 1. Modeled and measured ground temperatures at the Ritigraben site at approx. 6m depth. Modeled temperatures have a
normalised root mean square error of 0.144 K (GERM) and 0.135 K (Snowpack).
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Repeated sequences of glacial and interglacial have strongly orchestrated multi-phased geomorphic processes in glacier
forefields in permafrost environments, and contributed to their present-day morphology and dynamical behaviour (Maisch et
al., 2003). In the Alps, glaciers and frozen landforms have coexisted and episodiacally interacted throughout the entire
Holocene. In the context of this study, the focus is attributed to the Little Ice Age (LIA), the last important glacial period, as it
has a direct influence on today’s morphodynamic processes in glacier forefields. Indeed, LIA glacier forefields located within
the belt of discontinuous permaftrost are complex systems sitting astride the glacial, paraglacial and periglacial research
frontier. These recently deglaciated environments have been characterized as transient systems pursuing a state of
equilibrium by adjusting to non-glacial conditions, and are therefore subject to intense geomorphological activity, especially
under the current conditions of a warming climate (Lane et al., 2016; Bosson et al., 2015). Present-day landforms existing
in these systems are legacies of the interrelations between glacial and permafrost-driven morphodynamics and are
therefore precious proxies for the understanding of the spatio-temporal evolution of permafrost in glacier forefield systems
since the LIA.
Specifically, this project aims at
•
inventorying the occurrence of mass-wasting processes of glacitectonized (potentially) frozen sediments in LIA
glacier forefields within the belt of mountain permafrost from the western to the eastern Swiss Alps;
•
assessing the spatio-temporal dynamical evolution (decadal time frame) of selected glacier forefields in mountain
permafrost environments, and specifically of the associated mass-wasting glacitectonized frozen sediments;
•
providing in-situ data on the current state of permafrost/ground ice through geophysical prospection and to assess
the evolution of permafrost/ground ice by repeating historical geophysical measurements (20-year interval);
•
compiling, analysing and integrating existing datasets of more than 20-year of permafrost monitoring in glacier
forefields (ground surface temperature, kinematics and geophysical data).
The combination of a complete inventory of permafrost-driven mass-wasting processes in glacier forefields in mountain
permafrost environments, a thorough analysis of current and historical aerial images (and remotely sensed data, e.g.
InSAR), and the repetition of existing geophysical surveys will allow a detailed assessment of the processes behind the
spatio-temporal evolution of glacier forefields in mountain permafrost environments.
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The scarcity and the considerable uncertainties of precipitation observation and estimation in high mountain regions are a
major drawback for enhancing our understanding of climatic-cryospheric processes and limits the reduction of uncertainties
in related climate impact studies.
We aim at tackling this research need by combining methods from atmospheric and cryospheric sciences. Here, we present
a concept and first results for a study in the Swiss Alps. Based on weather radar (Rad4Alp network of MeteoSwiss) and
ground measurements from two swiss glaciers (glacier de la Plaine Morte and Findelengletscher), a spatially and
temporally highly resolved estimate of solid precipitation is produced. The distinction between solid and liquid precipitation
is performed establishing a linear relationship between 0°C and a temperature threshold, as well as applying an
hydrometeor classification based on dual-polarization characteristics (Besic et al., 2016). Available standard mass balance
observations and temporally highly resolved measurements obtained through a cosmic ray sensor (Gugerli et al., 2019) are
used to validate the model.
Moreover, solid precipitation estimations of the NWP model COSMO-1 are analyzed too. The finer topography of COSMO-1
does not exclude erroneous elevation, causing model uncertainties. Therefore, COSMO-1 estimations are post-processed,
combining them with very high resolution topographical parameters and other auxiliary meteorological variables showing
correlations with the error of COSMO-1 (e.g. relative humidity, wind direction and wind speed). Advanced supervised
techniques of machine learning are exploited in order to model non-linearities. The highly resolved product built in the first
step is used as ground truth data.
Finally, a similar approach involving regional and global climate models is also applied to distribute the data in space and
time and to asses the related future evolution and impacts for the environment and societies.
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The annual amount of snow accumulation in high mountain regions is a key parameter in many research fields related to
climate change impacts and adaptation, or hydrology and glaciology. Therefore, it is important to have reliable and
continuous snow water equivalent (SWE) measurements. However, such measurements are challenging in high mountain
regions because of the harsh environment with cold and windy conditions, the remoteness and the complex topography.
The cosmic ray sensor (CRS) is a device that estimates SWE continuously through cosmic ray neutron fluxes. We placed
this sensor directly on the glacier surface (below the snow pack) of the Glacier de la Plaine Morte (Switzerland) where it
has been measuring since October 2016. To validate the CRS estimates of SWE, we use 15 manual field measurements
(snow pits, snow probings) obtained during three winter seasons (2016-2019). On average, the CRS overestimates the
manual measurements by +2%±11% (Fig.1 a,d). A sonic ranging sensor (SR) that was installed next to the CRS provides
continuous snow depth (SD) measurements. These are on average -1%±5% lower than manual measurements (Fig. 1b,d).
From the daily SD and SWE observations, we calculate the bulk snow density which overestimates manual observations by
+1%±8% on average (Fig.1c,d).
With this measurement setup, we were able to analyse the evolution of snow density over three winter seasons (Fig.2). In
Fig.2, we see that the snow density has a similar evolution for all three distinct winter seasons. The accumulation period is
characterised by the lowest densities and snowfall events results first in a decrease of snow depth followed by an increase.
When the seasonal maximum in SD is reached, the snow pack enters a period of densification before ablation begins.
During the ablation phase, SWE and SD decrease continuously while the snow density remains almost constant.
We conclude that the CRS is a suitable measurement device for continuous observation of snow accumulation in high
mountain regions. The CRS requires no flat surface, no signal reception from satellites or a fixed location as many other
similar and promising devices do. Validated by our field measurements, it also shows a good agreement. However, several
uncertainties in the data processing of the CRS data remain which need further investigations.

Figure 1. Manual and autonomous measurements for SWE (a), SD (b) and snow density (ρ, c). (d) shows the over- and underestimations
of the individual field campaigns for SD (squares), SWE (dots) and snow density (diamonds).
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Figure 2. Daily SD and SWE for the winter seasons of 2016-17 (blue), 2017-18 (green) and 2018-19 (purple). Orange dots represent the
seasonal maxima of SD.
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