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14.1
Estimations of glacier-, snow-, and rainfall contribution to alpine streams
in the Swiss headwaters
Finger David1, Vis Marc1 & Seibert Jan1
1

Department of Geography, University of Zurich, Wintherturerstr 140, CH-8046 Zurich, Switzerland,

The contribution of glacier-, snow- and rainwater to runoff in mountain streams is of major importance for water resources managers as climate change is expected to distinct impacts on all three sources (e.g. Huss, 2012). While glaciers are
retreating worldwide, the snow cover during winter becomes shorter and precipitations events become more intense (e.g.
Finger et al., 2012). Besides field investigation such as chemical fingerprints in water samples and artificial tracer experiments (e.g. Finger et al., 2013), the contribution can also be estimated with hydrological models, given that the modeling
accounts adequately for snow-, glacier and rainwater runoff (Finger et al., 2011).
We present a multi-variable calibration technique to estimate runoff composition using the conceptual HBV model (Seibert
and Vis, 2012). The model code was updated in order to calibrated and validate simulation results with glacier mass balances, satellite derived snow cover area, observed snow heights and continuously measured discharge. We tested our
method on two small scale study sites in Switzerland: i) Rhoneglacier and ii) Paradise glacier. Subsequently, we compared
the results to similar studies performed with physically based, fully distributed hydrological models (Finger et al., 2011).
Preliminary results indicate that all four observational datasets are reproduced by the model adequately, allowing an
accurate estimation of the runoff composition in the two mountain streams. However, the use of one dateset alone to
calibrate the model leads to unrealistic snow- and glacier melt (Figure 1). These results are in line with previous studies
carried out with a more complex, physically based fully distributed hydrological model (Finger et al. 2011).
Based on these results we conclude that it is essential to use various observational datasets in order to constrain model
parameters and compute realistic discharge estimations. Finally, we postulate based on the comparison of model performance of HBV and the physically based, fully distributed model that the availability and use of different datasets to calibrate hydrological models might be more important that model complexity in regard to realistic predictions of runoff
composition.

Figure 1. Mean overall performance, POA,norm, of the best runs selected with the observational data set indicated on the abscissa (Q: discharge; SH: snow heights; MB: Glacier mass balances; and SC: satellite derived snow cover).
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14.2
Changes in area and volume of all Swiss glaciers over the last 25 years
Fischer Mauro1, Huss Matthias1 & Martin Hoelzle1
1

Department of Geosciences, University of Fribourg, Chemin du Musée 4, CH-1700 Fribourg, Switzerland (mauro.fischer@unifr.ch)

Since the mid-1980s, glaciers in the entire European Alps have shown widespread and accelerating mass losses. These
glacier changes have been investigated in several studies both focusing on area and length changes as well as on volume
losses (e.g. Carturan et al. 2013, Abermann et al. 2009). By comparing the DHM25 level1 Digital Elevation Models (DEMs)
from Swisstopo with the coarse-resolution and moderately accurate Shuttle Radar Topography Mission (SRTM) DEM, Paul
and Haeberli (2008) analyzed the spatial variability of glacier elevation changes in the Swiss Alps between the mid-1980s
and 2000.
According to the latest Swiss Glacier Inventory INVGLAZ10MF derived by manual digitization from high-resolution (50cm)
aerial orthophotographs acquired between 2009-2011 (Fischer et al. in prep.), the total area still glacierized in Switzerland
by 2010 amounts to 944 km2 (-28% or 366 km2 since 1973 (1311 km2 glacierized)). Together with this inventory and the
new high-precision DEM swissALTI3D of the same dates it became possible to extend the dataset of elevation changes of
individual glaciers in Switzerland by 10 years. Moreover, because the Alps are dominated by very small and thin glaciers,
we argue that a sound analysis of glacier elevation changes can only satisfactorily be done now that source data of sufficient quality is available.
In the context of this ongoing work, we present a first analysis of measured volume changes and area-averaged geodetic
mass balance of all glaciers in the Swiss Alps over the last 25 years (e.g. see Fig. 1). For the latter, the arithmetic mean of
1420 still existing glaciers amounts to -0.60 m w.e. a-1. The overall mass loss calculated over the analyzed period is -22.1
km3.
We discuss the uncertainties of our new dataset and compare it to available long-term mass balance time series (Huss et
al. 2010). Moreover, we can reassess the issue of extrapolating measured mass balance to the entire Swiss Alps (cf. Huss
2012).

REFERENCES
Abermann, J., Lambrecht, A., Fischer, A., & Kuhn, M. 2009: Quantifying changes and trends in glacier area and volume in
the Austrian Ötztal Alps (1969-1997-2006). The Cryosphere, 3, 205-215.
Carturan, L., et al. 2013. Area and volume loss of the glaciers in the Ortles-Cevedale group (Eastern Italian Alps): controls
and imbalance of the remaining glaciers. The Cryosphere Discussions, 7, 267-319.
Huss, M. 2012. Extrapolating glacier mass balance to the mountain-range scale: the European Alps 1900-2100. The
Cryosphere 6, 713-727.
Huss, M., Hock, R., Bauder, A., & Funk, M. 2010: 100-year mass changes in the Swiss Alps linked to the Atlantic
Multidecadal Oscillation. Geophysical Research Letters, 37, L10501.
Paul, F., & Haeberli, W. 2008: Spatial variability of glacier elevation changes in the Swiss Alps obtained from two digital
elevation models. Geophysical Research Letters, 35, L21502.
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Figure 1. Spatial distribution of elevation changes for Vadret da Tschierva (GR) derived from the difference between the DEM25 level1
and the swissALTI3D DEM. Volume change (mio m3) and area-averaged geodetic mass balance (m a-1) was calculated by combining the
DEMs with the digital glacier outlines from both the 1973 (dark blue) and the new 2010 (light blue) inventories.
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14.3
Influences of the seasonal varying snow cover on thermal processes in
steep Alpine permafrost rock walls
Anna Haberkorn1,2, Marcia Phillips1, Martin Hoelzle2, Robert Kenner1
1
2

WSL Institute for Snow and Avalanche Research SLF, Flüelastrasse 11, CH-7260 Davos Dorf, (haberkorn@slf.ch)
Department of Geosciences, University of Fribourg, Chemin du Musée 4, CH-1700 Fribourg

In recent years rock fall events in high mountain permafrost have been more pronounced due to changes in rock temperatures or shifts in the ice and water content of the rock walls. Snow free conditions or a thin, uniformly distributed snow
cover have been assumed for the modelling of the thermal regime in permafrost rock walls. However, in reality a heterogeneously distributed snow cover is mostly present in steep rock walls. Depending on the terrain, slope and surface roughness of the rock walls, either a considerable amount or just a thin layer of snow can accumulate. The impact of the varying snow cover on permafrost rock slopes is still not understood in detail and is often poorly implemented in some permafrost models. Nevertheless, the role of the snow, which affects the rock temperatures, the ice and water content and
the energy balance of the rock walls, is most likely of central importance. Altered thermal properties and variations in ice
and water content inf luence mechanical processes which lead to rock wall instabilities.
We investigate the role of the snow on the thermal regime and mechanical stability of steep permafrost rock walls. To
assess the temporal and spatial evolution and inf luence of the snow, detailed measurement campaigns in summer and
winter time have been carried out on several north and south facing permafrost rock walls in the Swiss Alps since 2012.
Especially near-surface rock temperature measurements in the slopes provide substantial information about different
snow cover conditions and snow cover duration, depending on local conditions, like aspect, slope and shading effects.
In order to run the 1 dimensional energy balance model SNOWPACK, a multi-method approach is applied, combining
meteorological measurements in the near vicinity of the rock walls, borehole rock temperature measurements and rock
properties, such as thermal conductivity. To validate the results of the ground thermal regime and the seasonal varying
snowpack, the model output is compared to near-surface ground temperature measurements and remote (terrestrial laser
scanning and time lapse photography), as well as in-situ (snow pit investigations) snow cover observations.
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14.4
Results from five years of ground surface monitoring in mountain
permafrost regions using terrestrial laser scanning
Robert Kenner1, Marcia Phillips1
1

WSL-Institur für Schnee und Lawinenforschung SLF, Flüelastrasse 11, 7260 Davos Dorf

Terrestrial laser scanning has become a commonly used method to monitor ground surface deformation in mountain
permafrost regions. We have carried out terrestrial laser scanning since 2009 on active rock glaciers and permafrost rock
walls in the Swiss Alps. At some of the sites additional data was obtained from borehole temperature measurements,
weather stations or automatic photographs. The dataset provided some interesting observations regarding the dynamics
of rock glaciers, rock fall events and surface changes related to snow distribution. We observed intermittent acceleration
of rock glaciers in steeper terrain, leading to heave in the acceleration zone in steep terrain and subsidence in the root
zone, thus finally contributing to the formation of ridges and furrows in the compression zone on f latter terrain. During
the warm and wet summer 2012 rock glacier creep accelerated by a factor of ten in an ice-rich feature with ground temperatures just below 0°C. In addition, surface subsidence downslope from snow avalanche deposits was observed and
numerous rock fall events and debris f lows were registered and quantified at various sites. Terrestrial laser scanning
proved to be a useful tool to distinguish annual f luctuations in surface dynamics.

Vertical movements and creep rates of the Schwarzhorn rock glacier between
2009 and 2011 (orthophoto © Swisstopo DV03349.2).
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14.5
Monitoring the Cryosphere in Switzerland and Incentives for Extending
Glacier Observations Worldwide
Koenig Sebastian J.1, Foppa Nando1, Fontana Fabio1, & Seiz Gabriela1
1
Federal Office of Meteorology and Climatology MeteoSwiss, Swiss GCOS Office
(sebastian.koenig@meteoswiss.ch)

Switzerland has a long tradition in the observation of cryospheric parameters, including more than 100 years of glacier
and snow depth measurements, the longest Central European lake ice cover records, the permafrost monitoring network
PERMOS, the world’s longest snow water equivalent series for catchment areas, and is also hosting the World Glacier
Monitoring Service WGMS. The National Climate Observing System (GCOS Switzerland) at the Federal Office of Meteorology
and Climatology MeteoSwiss ensures the continuation of such climate relevant measurements and international data
centres in Switzerland.
Here, we report on activities of the Swiss GCOS Office and its partners on monitoring cryospheric Essential Climate
Variables (ECV) in Alpine Switzerland and provide an example on how systematic monitoring can be extended worldwide
through means of a capacity building project.
We provide an overview of systematic observation of state and changes of mountain permafrost and ice in the Swiss Alps
from Swiss GCOS partners as contributions to GCOS Switzerland. Complementing the network of snow cover data from
the ground, we present results from a recent study demonstrating a 10-year spatiotemporal variability of snow cover days
over Switzerland based on satellite data.
Whereas Switzerland features an established network of cryospheric information, globally, data is highly limited. In the framework
of the GCOS Cooperation Mechanism the Swiss GCOS Office coordinates an international project to improve climate observation in
developing and emerging countries where climate and terrestrial data is sparse. Financed by the Swiss Agency for Development
and Cooperation (SDC), this project promotes among others in situ glacier mass-balance monitoring in alpine Central Asia and
South America. The data obtained through field measurements are submitted to the WGMS. We present results from this capacity
building project and show how the outcomes will contribute to extending glacier observations globally.

REFERENCES
Foppa, N. & Seiz, G. 2012. Inter-annual variations of snow days over Switzerland from 2000–2010 derived from MODIS
satellite data. The Cryosphere, 6, 331–342, doi:10.5194/tc-6-331-2012.
Seiz, G. & Foppa, N. 2011. National Climate Observing System of Switzerland (GCOS Switzerland). Advances in Science
Research, 6, 95-102, doi:10.5194/qsr-6-95-2011.
International CATCOS Project – Capacity Building and Twinning for Climate Obser ving Systems
www.meteoswiss.ch/catcos
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Snow Height Determination by Polarimetric Phase Differences
in X-Band SAR Data
Leinß Silvan1, Parrella Giuseppe2, Hajnsek Irena1,2
1
2

Institute of Environmental Engineering (IfU), ETH Zürich, 8093 Zürich, Switzerland (leinss@ifu.baug.ethz.ch)
Microwaves and Radar Institute, German Aerospace Center (DLR), Germany

Snow depth determination and the estimate of the main hydrological parameter, snow water equivalent (SWE) from remote sensing data are very tricky as the electromagnetic properties of snow change over orders of magnitude. In this talk
I will give a short overview over current techniques and their limitations to determine snow properties from microwave
remote sensing data and will present a new technique which is sensitive to freshly fallen snow.
Current techniques to retrieve snow-related parameters are based on optical, nuclear and microwave methods. The sensitivity of optical methods is limited to the top surface layer and can provide binary snow/no-snow maps, clear-sky conditions and daylight presupposed. Nuclear methods are available only as ground and air-borne instruments which provide
accurate information about SWE, but are limited to point measurements or by a very coarse resolution. Microwave techniques, being weather independent, are able to penetrate the snow volume. Passive microwave instruments are able to
cover very large area with the drawback of a very coarse resolution. Active radar instruments (SAR) are right choice to
provide a high spatial resolution. However, the penetration depth and scattering properties of snow vary significantly with
temperature and frequency. Optical frequencies are scattered very strong due to the refractive index of ice and water,
causing the white color of snow. For microwave frequencies, the penetration depth depends on the frequency and ranges
between several 10s of meters for frequencies around 1 GHz, a few meters at 10 GHz and some cm at 40 GHz, as long as
the snow is cold and dry (Hallikainen, 1986). When the snow shows some liquid water content, the high dielectric constant
of water at microwave frequencies, together with strong absorption, leads to a dramatic loss of penetration depth such
that only the top few cm can be samples for wet snow.
Here I will present observations of early winter snow at a test site in northern Finland, close to the city of Sodankylae.
Space-borne polarimetric SAR measurements (sensor: TanDEM-X, 9.56 GHz) show a strong phase delay between horizontal
and vertical polarized microwaves (polarimetric phase difference, fHHVV) which is proportional to snow depth in early winter. A model, developed by (Parrella, 2013) explains the observed delay and links it to the orientation of snow crystals.
Recent measurements of the Swiss snow and avalanche research institute (SLF) support the modeled anisotropy of snow
and can explain the observed decay of the polarimetric phase difference by observing the structural changes of a snow
samples under a temperature gradient, which is observed with computer-tomographical scans (Riche, 2013).

REFERENCES
Riche, F., Montagnat, M. & Schneebeli, M., 2013: “Evolution of crystal orientation in snow during temperature gradient
metamorphism”, Journal of Glaciology, vol. 59, P.47-55.
Parrella, G., Papathanassiou, K. & Hajnsek, I., 2013 : ” On the Interpretation of L- and P-band PolSAR Signatures of
Polithermal Glaciers ”, POLinSAR 2013, Frascati.
Hallikainen, M., Ulaby, F., & Abdelrazik, M., 1986: „Dielectric properties of snow in the 3 to 37 GHz range“,IEEE
Transactions on Antennas and Propagation, vol. 34, p. 1329 – 1340.
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14.7
Future trends of the alpine and ephemeral snowpack at selected sites
across Switzerland
Schmucki Edgar1,2,3, Marty Christoph1, Fierz Charles1, Lehning Michael1,4 & Weingartner Rolf2,3
WSL Institute for Snow and Avalanche Research SLF, Flüelastrasse 11, CH-7260 Davos Dorf, Switzerland (schmucki@slf.ch)
Institute of Geography and 3Oeschger Centre for Climate Change Research, University of Bern, Switzerland
4
CRYOS, School of Architecture, Civil and Environmental Engineering, EPFL, Lausanne, Switzerland
1

2

Snow is a key feature of mountainous environments because of its high implications for hydrology, vegetation and economics, such as winter tourism or hydropower (Beniston et al. 2003, Marty 2008). In particular, snow depth, the stored snow
water equivalent, the snow load on a roof or the duration of the snow on the ground are all important parameters for
services like road maintenance, avalanche warning, water management, hydro power, f lood prevention or building code
regulations. The measurement of these snow parameters is either not always possible or too expensive. To overcome this
problem, snow models with input from meteorological stations are sometimes used.
In this study we apply the complex one-dimensional, physically based snow model SNOWPACK (Lehning et al. 2002). We
first demonstrate the performance of SNOWPACK in modelling the seasonal evolution of snow characteristics such as
snow depth or duration of snow cover for single years. The input data SNOWPACK requires includes air temperature, relative humidity, wind speed and direction, incoming short- and long-wave radiation, and precipitation intensity. As most
stations do not measure incoming long-wave radiation, it needs to be parameterized. Moreover, due to wind-induced errors, it is not meaningful to use precipitation measurements directly as an input into SNOWPACK, so they need to be calibrated or corrected.
In a second step we show future trends of the Swiss snowpack at selected sites located at different elevations across
Switzerland. Therefore we concentrate on the ability of SNOWPACK to model climatological mean values of seasonal snow
depth, maximum snow depth and the length of snow season for example. For the assessment of future trends, scenario
data from the recently released CH2011 report will be used in order to perturb the observed time series of temperature
and precipitation.

REFERENCES
Beniston, M., Keller F., Koffi B. & Goyette S. 2003: Estimates of snow accumulation and volume in the Swiss Alps under
changing climatic conditions. Theor. Appl. Climatol., 76, 125-140.
CH2011 2011: Swiss Climate Change Scenarios CH2011. published by C2SM, MeteoSwiss, ETH, NCCR Climate, and OcCC,
Zurich, Switzerland, 88p. ISBN: 978-3-033-03065-7
Lehning, M., Bartelt, P., Brown, B. & Fierz, C. 2002: A physical SNOWPACK model for the Swiss avalanche warning Part III:
Meteorological forcing, thin layer formation and evaluation. Cold Reg. Sci. Tech., 35, 169-184.
Marty, C. 2008: Regime shift of snow days in Switzerland. Geophys. Res. Lett., 35.
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Seismic Monitoring Deployments of the Swiss Institute of Technology
(ETH Zurich)
Walter Fabian1,2,3, Röösli Claudia3, Dalban Canassy Pierre2, Faillettaz Jérome4, Husen Stephan3, Clinton John F.3,
Deichmann Nicholas3 & Funk Martin2
Institute des Sciences de la Terre (ISTerre), Université de Grenoble I, F-38041 Grenoble (Fabian.Walter@ujf-grenoble.fr)
Versuchsanstalt für Wasserbau, Hydrologie und Glaziologie (VAW), ETH Zürich, CH-8092 Zürich
3
Swiss Seismological Service, ETH Zürich, CH-8092 Zürich
4
Soil and Terrestrial Environmental Physics, ETH Zürich, CH-8092 Zürich
1

2

Recent advances in seismic instrumentation have allowed for the deployment of seismic networks on glaciers and ice
sheets. This has accelerated the development of cryo-seismology, an emerging field of glaciology benefitting from a large
suite of well-established and sophisticated seismological techniques. Consequently, a large variety of glaciological phenomena have been scrutinized with seismic techniques, including englacial fracturing, basal sliding, glacier outburst f loods,
subglacial hydraulics and iceberg calving.
The Swiss Federal Institute of Technology (ETH Zurich) has made important contributions to our understanding of seismogenic processes in glaciated regions. Combining efforts and resources, the glaciological groups at the Laboratory of
Hydraulics, Hydrology and Glaciology (VAW) and the Swiss Seismological Service (SED) have installed seismic instruments
on Alpine glaciers, the Greenland ice sheet and various unstable ice masses. Resulting from these deployments were high
precision locations of ice fracture processes as well as source characterization via waveform modeling techniques.
Furthermore, seismic precursors to collapses of instable ice masses have expanded the toolbox for monitoring of glacierrelated natural hazards.
Here we give an overview of ETH’s seismic deployments during the last ten years focusing on high-density seismic networks in the Alps and on the Greenland ice sheet. We describe the challenges of seismometer installations, seismic analysis techniques and the glaciological phenomena, which they have targeted. Whereas earlier studies were mostly eventbased and focused on the study of discrete ‘icequakes’, ongoing projects highlight the benefit of continuous data acquisition. This allows for monitoring of sustained signals related to englacial and subglacial processes. Processes at the glacier or ice sheet base, in particular, are inherently difficult to investigate due to their remoteness. In combination with
other observations (e.g. surface motion, ice deformation, basal water pressure), seismic methods thus constitute valuable
tools to study the subglacial environment.
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P 14.1
Precipitation Redistribution for Snow Models
Robert Spence & Mathias Bavay
WSL-Institut für Schnee- und Lawinenforschung SLF, Flüelastrasse 11, CH-7260 Davos Dorf, Schweiz
(robert.spence@slf.ch, bavay@slf.ch)

An approach has been developed to model the redistribution of precipitation falling on steep terrain, a progression of research performed by Huss et al. (2008) and Magnusson et al. (2011). This method involves modifying the solid precipitation
distribution according to the local slope and curvature of the Digital Elevation Model (DEM). With models such as this, the
precipitation fields must be tuned in order to maintain a constant global sum within the catchment area. A major weakness of this modeling technique is that precipitation is removed from the higher, steeper slopes and reintroduced elsewhere in the domain. This can lead to unrealistic results and means precipitation from a particular slope may be deposited
anywhere in the domain, not necessarily nearby. This project aims to improve and redesign the way in which precipitation
is redistributed by these models, such that the redistribution occurs in a more realistic and physically meaningful way.
Two additional algorithms have been developed and implemented into the simulation.
The first of the algorithms tests each cell to determine if redistribution is required and then, where required, removes
precipitation from this cell, with the amount dependent on the slope angle. The function then uses an iterative minimisation to find the route of steepest descent (ROSD) and then systematically moves the precipitation along this route, gradually depositing it as it descends. In this way, the precipitation can be tracked and will accumulate at the bottom of the
same slope from which it was removed. If the ROSD leads out of the domain, the precipitation is allowed to leave. This
means that the global sum may not remain constant, but this is a much more natural and logical way to redistribute solid
precipitation due to the terrain.
The second algorithm tests for cells that have accumulated an unnatural amount of precipitation during the redistribution. This is achieved by comparing the precipitation height from one cell with all adjacent cells. If the difference in heights
is unreasonably large then the function equally distributes the excess precipitation until a more acceptable level is reached.
This new approach has been successful for data at a single time-step. An example output is shown in figure 1. Simulations
have also been performed continuously over an entire winter, in order to investigate how the precipitation builds up over
this period. After each interpolation, the DEM is updated in order to see how the constantly changing terrain - due to
precipitation build-up - affects how the model redistributes the precipitation. Effects of melt and sublimation are ignored
for the purposes of the investigation. The final output, which can be considered a reasonable estimate of the snow water
equivalent, can then be validated using measured data.

REFERENCES
Magnusson. J et al. (2011), Quantitative evaluation of different hydrological modelling approaches in a partly glacierized
Swiss watershed, Hydrological Processes, 25(13), 2071-2084.
Huss. M et al. (2008), Modelling runoff from highly glacierized alpine catchments in a changing climate, Hydrological
Processes, 22(19), 3888-3902.
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Figure 1. Simulated precipitation accumulation after interpolation of data from a single time-step of one hour. Two areas with particularly substantial build-up are indicated. The colour-coded key to the right is precipitation height in mm.

P 14.2
Measuring acoustic emissions in an avalanche starting zone
to monitor snow stability
Ingrid Reiweger, Jürg Schweizer
WSL Institute for Snow and Avalanche Research SLF
Evaluating the stability of a specific snow slope still involves time-consuming and labour-intensive manual tests; in dangerous or remote areas it might not even be possible at all. In other natural, heterogeneous materials such as wood, limestone, or ice, monitoring the acoustic signals emitted by cracks forming and growing within the material has proven a
valuable tool for stability estimation and fracture prediction. In a pioneer field study we tested the acoustic emission
method for monitoring snow stability and possibly predicting avalanche release. We performed several preparatory laboratory studies in order to evaluate the optimal sensor frequencies and coupling of the sensors to the snow. The resonant
(30 kHz) sensors, which were coupled to thin aluminium plates with silicone and protected by a plastic housing, were
placed in a potential avalanche slope close to a weak interface (old snow – storm snow) within the snow cover. We then
measured acoustic emissions and seismic signals and compared those to the slope stability which was assessed by the
success of avalanche control by explosives. Preliminary results are shown and discussed with respect to their practical
relevance for avalanche prediction.
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State, changes and impact of glacier surface albedo in the Swiss Alps
Naegeli Kathrin1, Huss Matthias1, Hoelzle Martin1, Hauck Christian1
Department of Geosciences, University of Fribourg, Switzerland, (kathrin.naegeli@unifr.ch)

1

The ice-albedo feedback plays a crucial role in various glacial processes, but especially inf luences glacier ablation.
Furthermore, glacier surface albedo depends in a complicated way on many factors, such as cryoconite concentration,
impurities due to mineral dust and organic matter or ice surface morphology, and is therefore difficult to model or parameterize. Nevertheless, albedo is one of the most important variables in the energy balance of snow and ice and glacier
mass balance modelling, and hence is usually strongly simplified.
In the last two decades, several studies focused on glacier surface albedo using in-situ automatic weather stations (e.g.
Oerlemans and Knap, 1998; Bühlmann, 2011) or satellite images (e.g. Klok et al., 2003; Paul et al., 2005). Nevertheless, still
fairly little is known about the state, changes and impact of glacier surface albedo in the Swiss Alps, although there are
obvious changes and variations in glacier surface characteristics on most alpine glaciers over the last years. The SEON
(Swiss Earth Observatory Network) project therefore aims to undertake detailed investigations of glacier surface albedo
using data from the hyperspectral sensor APEX (Airborne Prism Experiment) as well as from in-situ observations.
The 2013 field campaign on the Glacier de la Plaine Morte, VS, Switzerland includes a stake farm of 22 ablation stakes
distributed randomly on the glacier surface, whereof 12 and 10 stakes are placed in a rather dark and bright area of the
glacier, respectively. Additionally, measurements of spectral ref lectance as well as albedo are conducted along a transect
leading west to east on the glacier surface.
Here, we present first results of the measurements of the 2013 field campaign and discuss them in terms of recent changes in the dynamics and the spatial distribution of ice melt on Glacier de la Plaine Morte.
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Figure 1. Observed glacier surface elevation changes between 1954 and 2011. Two cross-profiles are shown in the insets. Two red
squares represent the two plots of the stake farm. (modified after Huss et al., subm.)
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P 14.4
Soil moisture quantification in mountain permafrost:
A model-data comparison between Southern Norway and the Swiss Alps
Pellet Cécile1, Scherler Martin1 & Hauck Christian1
Department of Geosciences, University of Fribourg, Chemin du Musée 4, CH-1700 Fribourg (cecile.pellet@unifr.ch)

1

Soil moisture is a key factor controlling the energy and water exchange processes at the soil-atmosphere interface as well
as the physical properties of the subsurface such as heat capacity, thermal conductivity, etc. In mountain environments
it is a particularly crucial factor since it can affect the stability of slopes and modify the characteristics and behaviour of
periglacial landforms. In 2010 soil moisture was classified as an Essential Climate Variable (ECV) by the Global Climate
Observing System (GCOS) and has thus to be continuously and globally monitored.
In spite of its importance, the technical challenges and its strong variability prevented the soil moisture from being measured operationally at high and/or middle altitudes. The newly launched SNF-project at the University Fribourg
(SOMOMOUNT) intends to fill this data gap with the installation of soil moisture stations distributed along an altitudinal
gradient between the Jura mountains and the Alps. In the mean time, quantification of soil moisture at high altitude remains possible through modelling approaches.
Here we present the analysis of data sets from two well-studied permafrost sites, Juvvasshøe (N) and Schilthorn (CH), where two different types of model were implemented in order to calculate soil moisture. At both locations soil temperature,
geophysical profiles and meteorological data over more than 10 years are available. Moreover at Schilthorn a 6-years period of soil moisture measurements exists. In a first step the meteorological records and the soil temperature measurements were used to constrain one dimensional heat and mass transfer models, to generate long term predictions and reconstructions of the subsurface properties including soil moisture and temperature (Hipp et al., 2012 & Scherler et al.,
2013).Then the available electrical resistivity tomography (ERT) and refraction seismic tomography (RST) data sets were
combined through a simple physically based model to calculate the different phase contents (ice, air and water) in the
ground (Hauck et al., 2011). Finally, the data from modelled long term point information and the one-time two-dimensional geophysical profiles were compared to each other, and between the study areas. Validation of both approaches could
be performed at Schilthorn using the in-situ measurements.
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Recent accumulation and firn compaction rates on Findelengletscher
derived from airborne GPR and firn cores
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The accumulation area of alpine glaciers contains a record of glacier mass balance in the past. By measuring thickness and
density of annual firn layers, past accumulation rates can be retrieved. We discuss such measurements from 2012 on
Findelengletscher, Switzerland, a large Alpine valley glacier, using several in-situ firn cores. The firn cores provide depth
and dating of annual summer surfaces, i.e. ice lenses, from the density profile, ionic content, and Deuterium concentration (Eichler et al. 2000). Ground-penetrating radar (GPR) has previously been used for a non-destructive assessment of
internal layers in snow, firn and ice (Plewes & Hubbard 2001). Signal ref lections indicate changes in the dielectric properties of the material, e.g. density changes at former summer surfaces. Conversion to depth or water equivalent requires the
radio-wave velocity that is obtained from the in-situ density-depth profiles. The depths of ref lectors in the helicopterborne single-offset GPR profiles are in line with the findings from the firn cores. A distributed data set of past accumulation rates can thus be obtained by tracking of the ref lectors between the firn cores. Furthermore, we use GPR to reconstruct the annual accumulation on Findelengletscher since 2007 based on the measurements that have been conducted in
2010 – 2013. Overlapping GPR profiles in consecutive years allow tracking firn layers over time and thus provide firn
compaction rates (Fig. 1). Results are compared with a firn densification model. We show that in remote areas helicopterborne GPR is an effective method to derive several years of past accumulation rates. It benefits but does not depend exclusively on the time-matched availability of firn cores when overlapping profiles are mapped in subsequent years.

Figure 1. Water equivalent (w.e.), thickness and density of firn layers detected by GPR in 2010, 2011, 2012, and 2013 at drilling site A1.
Black dots mark ref lectors that were not detected in the following year. Dating of layers is taken from the 2012 firn core analysis.
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On the morphological characteristics of overdeepenings
in high-mountain glacier beds
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2
NAGRA, Hardstrasse 73, CH-5430 Wettingen, Switzerland
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Overdeepenings, i.e. closed topographic depressions with adverse slopes in the f low direction, are characteristic for glacier
beds and glacially sculpted landscapes. Besides their importance as geomorphological landforms, groundwater bodies and
sedimentary archives, they are of increasing interest in relation to climate-induced lake formation in de-glaciating landscapes (Linsbauer et al., 2012) and depth erosion under ice age conditions in connection with the long-term safety of radioactive waste repositories in some mid-latitude countries (Fischer & Haeberli, 2010, 2012). Quantitative predictions of
their shape, distribution and conditions of occurrence remain difficult. One major problem thereby relates to the still
unsatisfactory treatment in glacier erosion theory of sediment evacuation at glacier beds, especially by subglacial meltwater. An alternative way of searching for realistic/empirical quantitative estimates is, therefore, to analyse the geometry of
well-documented overdeepenings. The present study attempts to do this by combining statistical analyses of numerous
bed overdeepenings below still existing glaciers of the Swiss Alps as modelled with a robust shear stress approximation
linking surface slope to ice thickness at high resolution.
This data sample includes more than 500 modelled overdeepenings, locations of possible future lake formation in the
Swiss Alps. For all these polygons, mean and maximum values of the parameters surface area, length, width, depth, volume, adverse slope and their statistical interrelations are determined with their corresponding uncertainty ranges (cf.
Figure 1). The bathymetry of these overdeepenings reveals maximum depths ranging from 3 to 300 m and mean depths
from 2 to 100 m, the overall average of mean depth being 15 m. The range of the values of the adverse slope is from 5° to
64°, with a mean of 22°. For the larger overdeepenings in the sample basal shear stress (as used in the model), thermal ice
types, glacier size/type, relation to f low characteristics (position along f low, confined-unconfined, conf luence-diff luencechannel-forefield) are also included. As a principal problem thereby remains the unsolved question of when (and if) the
overdeepenings is going to be formed or exposed. Some results nevertheless remain safe. Marked overdeepenings can, for
instance, exist under very small cirque glaciers f lowing under low shear stresses and having low melt-water input. They
can form at conf luences but also often occur under conditions of confined f low in rather straight channel configurations.
Corresponding lakes can be dammed by huge (terminal) moraines or may form in beautifully polished pure rock beds. The
full results of the study are hoped to improve the knowledge basis for practical applications (unmeasured and future lakes,
depth erosion by glaciers).

REFERENCES
Fischer U. & Haeberli W. 2010: Glacial erosion modelling – Results of a workshop held in Unterägeri, Switzerland, 29
April – 1 May 2010). Nagra Arbeitsbericht NAB-10-34.
Fischer U. & Haeberli,W. 2012: Glacial overdeepening – Results of a workshop held in Zürich, Sweitzerland, 20-21 April
2012. Nagra Arbeitsbericht NAB-12-48.
Linsbauer, A., Paul, F. & Haeberli, W. 2012. Modeling glacier thickness distribution and bed topography over entire
mountain ranges with GlabTop: Application of a fast and robust approach. Journal of Geophysical Gesearch, 117
(F03007). doi: 10.1029/2011JF002313.

Swiss Geoscience Meeting 2013

Platform Geosciences, Swiss Academy of Science, SCNAT

Symposium 14: Cryospheric Sciences

21

Figure 1. The photo on top right shows Gauli glacier with its recently forming lake in the fore field (the picture is taken from the south
shore of the lake by Bruno Petroni in August 2009; source: swisseduc.ch). The map depicts the outlines of the glaciers in the Gauli region as from 1973, displayed on a relief of a modeled DEM without glaciers. Based on this (filled) DEM the potential overdeepenings in
the glacier bed geometries are extracted and f low routing is derived, which leads to further parameters shown in the legend.
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Mapping of debris-covered ice using DInSAR and airborne photography:
A pilot study in the Upper Valais (Swiss Alps)
Barboux Chloé1, Fischer Mauro1, Delaloye Reynald1, Huss Matthias1 & Collet Claude 1
University of Fribourg, Departement of Geosciences, Geography Unit; Ch. Du Musée 4, CH-1700 Fribourg (firstname.lastname@unifr.ch)

1

The extent of glaciers in the European Alps has been mapped and inventoried consistently. Most of them have been outlined using semi-automated remote-sensing techniques. A major problem when deriving the glacier outlines from satellite
imagery is to detect debris-covered ice. Promising results using a semi-automatic method combining satellite multispectral
images and a digital elevation model have been obtained in the Swiss Alps (Paul et al. 2011). However, even if manual
delineation is very time-consuming and work-intensive for a large number of glaciers, it remains the best way to produce
an accurate inventory of glacier ice bodies in the Alps, where outstanding data sources are available. Therefore, mapping
of debris-covered glaciers using remote sensing techniques should only be used to assist in the development of an accurate inventory as an efficient starting point for manual delineation.
Differential SAR Interferometry (DInSAR) is a well-established technique for mapping surface displacement at mm to cm
resolution over alpine areas, where dense vegetation is no longer present. Moreover the nature of passive microwave response of the signal ref lected by natural scatters on the ground is related to a number of ground factors and depends on
the composition and the surface roughness. Especially, water and vegetation have a dielectric constant different from
other ground objects and can be clearly identified (Gupta 2003). Therefore, during snow-free periods, debris-covered glaciers are well delimited on shortest time lapse interferograms with a strongly decorrelated signal that can be caused by
the exposure of the melting ice itself (thinner debris coverage), by the rapid settlement of the glacier surface and/or by a
significant glacier motion (Delaloye et al. 2007).
This contribution proposes the use of DInSAR combined with airborne photography to outline debris-covered glacier ice
in glacier inventories. Firstly, glacier outlines are digitized manually using high-resolution (25 cm) orthophotographs covering the entire Swiss Alps acquired twice for every scene (both in the early and late 2000s). In contrast to the known
shortcomings of approaches based on satellite remote-sensing, the margins of very small glaciers are (with a few exceptions) clearly distinguishable on these orthophotos, even in shaded, snow- or debris-covered areas (Fischer et al. 2013).
Then the inventory is compared to a terrain activity map derived from DInSAR scenes where decorrelated areas are detected (Barboux et al. 2013).
This method allows refining outlines of debris-covered glaciers where visual interpretation is difficult. Moreover, it allows
the detection of debris-covered glacier ice bodies no more connected to any glacier source or no more fed by the glacier
f low (dead ice). Current glacier inventories do not consider every type of debris-covered glacier ice as they are mainly used
for climatic interpretation. The question is now: Is it necessary to take into account these (dead) ice bodies in glacier inventories if they are rather used to study runoff contribution, sediment transfer, slope dynamics, or natural hazards?
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Although the interest in mountain permafrost and related processes increased during the past decade due to its high
sensitivity to climate change, little is known about transient temperature conditions in rock fall detachment areas. Since
(i) rock slopes are difficult to access, (ii) it is usually not known in advance where and when a rock fall will occur and (iii)
not every single rock slope can be monitored. As a consequence, a modeling approach is chosen to determine the ground
surface temperature conditions under which rock fall in permafrost occurs.
For each investigated rock fall event the conditions in the detachment area from the beginning of the meteorological series
up to the rock fall event are modelled with a physically-based energy balance model including ground temperatures under
freezing conditions.
To evaluate if ground temperatures in the detachment area are extreme it is determined in which percentile of all temperatures the temperature at the time of the rock fall event lies (Figure 1). The focus isn’t on the singular rock fall event
indeed the rock falls are investigated together. This approach allows investigating a huge number of rock fall events and
so preconceived notions can be reduced. The evaluation of the methodological approach as well as its implications for
application and some selected results are presented.
It can be shown that the chosen approach is suitable and the only major implications are given through the availability
of long enough meteorological data and the selection of the meteorological stations for modeling.
Numerous rock fall events in locations where permafrost is likely and which have volumes of up to 50’000 m3 occur at
ground surface temperatures in high percentiles. It is more pronounced for daily and for weekly than for monthly temperatures. This and the seasonal distribution suggest that rock fall events in permafrost areas are advective controlled.
Since other processes correlate with the height further investigations are necessary for a better understanding of the related processes. In a next step the inf luence of the snow could be investigated.
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Figure 1 Modelled ground temperatures in a detachment area (top) are summed up in a cumulative frequency curve and the percentile
of the ground temperature for a rock fall event on the 14th of July 2010 is determined (bottom).
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Permafrost model sensitivity to seasonal climatic changes and extreme
events in mountainous regions
Marmy Antoine, Salzmann Nadine, Scherler Martin, Hauck Christian
Alpine Cryosphere and Geomorphology Group, Department of Geosciences, University of Fribourg.

Modeling the evolution and the sensitivity of permafrost in the European Alps in the context of climate change is one of
the most relevant and challenging task of the permafrost research in progress. Climate models project considerable ranges
and uncertainties in future climatic changes. To assess the potential impacts of climatic changes on mountain permafrost
within these ranges of uncertainty, this contribution presents a sensitivity analysis using a dimensional soil-snow-atmosphere model CoupModel (Jansson & Karlberg 2001) calibrated to the Schilthorn (Scherler et al, 2013) a typical low-ice
content mountain permafrost location in the Swiss Alps. The model is combined with climate input based on delta change
approaches.
Delta values comprise a multitude of coupled air temperature and precipitation changes to analyze long-term, seasonal
and seasonal extremes changes. The results show that seasonal changes in autumn (SON) have the largest impact on the
near-surface permafrost thermal regime in the model, and lowest impacts in winter (DJF) (Figure 1). For most of the variability, snow cover duration and timing is the important factor, whereas maximum snow height only plays a secondary
role unless maximum snow heights are very small. At least for the low-ice content site of this study, extreme events have
only short-term effects and have less impact on permafrost than long-term air temperature trends.

Figure 1 - Difference in mean annual soil temperature at 5m depth at the end of the century between SEA (i.e. the application of a ΔT
and a ΔP during a given season: DJF, MAM, JJA and SON, for every year) compared to the reference run (SEA-REF). The bars indicate the
range of 10 individual GCM/RCM model chains for A1B scenario for the period 2020-2049 (blue) and for the period 2070-2099 (black).
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in the Cordillera Blanca, Peru
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Digital high-resolution terrain information contained in Google Earth can be combined with a simple, fast, robust and
transparent parameterization scheme for analyses of glacier inventory data (Haeberli and Hoelzle, 1995) to derive important quantitative information about the characteristics and evolution of mountain glaciers under conditions of climate
change. This is demonstrated for the Artesonraju glacier, Cordillera Blanca, Peru.
We determined the maximum and minimum altitude of the glacier at 5420 m a.s.l. and 4720 m a.s.l., its vertical extent
at some 700 m and the length at 3.2 km. With an average slope of 13° and an assumed average basal shear stress of 150
kPa, its mean thickness along the central f lowline can be estimated at nearly 100 m with a maximum thickness of around
200 m at the upper and wider part of the f lat tongue. Mid-range elevation as a good approximation for the ELA is near
5060 m a.s.l. With the glacier margin rising from about 4300 m a.s.l., the ELA shifted by some 200 m since the maximum
extent of the LIA.
This corresponds to a warming of 1 to 1.5°C if only temperature change is considered. With additional atmospheric warming by 1°C, the lower glacier end would have to rise to about 5000 m a.s.l. at the upper end of the f lat glacier tongue
leaving a reduced vertical extension of approximately 400 m. The mass balance at today’s terminus is nearly 6 m y-1 and
the dynamic response time of the glacier about 30 to 40 years. The f lat tongue is therefore likely to be a left-over from the
late 20th century as confirmed by observed negative mass balances in recent years (unpublished data of UGRH); its foreseeable vanishing will enable the formation of a medium-size lake (a few million m³ volume) in a predominant rocky glacier
bed. Ice avalanches with a runout distance 3 times the drop height can reach the upper parts of this lake. Corresponding
f loods can be retained in the regulated but conf lict-related Lake Parón (Carey et al., 2012) if an adequate freeboard is
maintained.
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Figure 1. Regulated Laguna Parón (lower left) and Glaciar Artensonraju at the foot of Nevado Artensonraju
(6025 m a.s.l.; top, center) in the Cordillera Blanca, Peru.

Figure 2. Glacier tongue of Artesonraju (cutout Figure 1, dashed rectangle) with maximum and minimum altitude, total horizontal
length and past (LIA) and actual ELA.
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The storage of water within the seasonal snow cover is a substantial source for runoff generation in high mountain catchments. For hydrological modelling in these catchments, knowledge about the spatial distribution of the snow cover is an
important requirement. However, data of snow depths is usually available only on the point scale. Lidar techniques provide spatially distributed records of the surface elevation. Information on snow depth distribution can be derived by airborne laser scanning (ALS) even in inaccessible terrain on the catchment scale.
However, in addition to the snow cover, densifications of snow and firn and ice f low contribute to surface elevation changes on glacier surfaces. To evaluate surface elevation changes derived from ALS (∆zALS) on four glaciers in the upper
Rofental (Ötztal Alps, Austria), ∆zALS were compared to in-situ measurements of snow depth using ground penetrating radar (hGPR). In firn areas snow densification, firn densification and submergent ice f low cause an underestimation of actual
snow depths by ∆zALS. This underestimation is less than assumed errors of measuring precipitation with rain gauges in
mountain catchments and less than the typical snow depths on the investigated glaciers.
On the major parts of the glacier surfaces, differences between ∆zALS and hGPR are less than uncertainties calculated for the
combination of ALS and GPR techniques to derive snow depths. The results support the analysis of ALS data of seasonal
surface elevation changes recorded in the Ötztal Alps since 2001
Inter-annual persistence of the spatial snow distribution is a requirement for the application of simple parameterizations
of snow redistribution in hydro-meteorological models simulating the snow cover of high mountain catchments.
Therefore, a set of ∆zALS of five accumulation seasons was analysed regarding the inter-annual persistence of snow accumulation in a small glacierized catchment (approx. 36 km²) in the Ötztal Alps (10°50’E, 46°49.5’N). Obviously snow is redistributed from adjacent slopes towards the glacier (Fig. 1). While accumulation patterns on the glaciers are more persistent, a higher annual variability of surface elevation changes is found on ice-free slopes. In general, frequency distributions
of snow depth were more similar when using snow depths relative to the annual mean snow depth rather than absolute
values.
Inter-annually persistent maximum snow depths were found along glacier margins at the footslopes of rock walls caused
by avalanches and snow slides.
The results are a basis for snow-hydrological modelling in this mountain area and comparable Alpine catchments.
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Figure 1. Mean relative snow depth of five accumulation seasons. Glacier outlines are shown in black.
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