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ABSTRACT
World wide Alpine glaciers suffer from global warming, resulting in a sophisticated melting process affecting the
mass balances and the volume of these frozen water resources. In this paper the preliminary results of a joint
international glaciological project are presented, which is aimed to make synergetic use of high resolution remote
sensing data from different parts of the electromagnetic spectrum in combination with airborne laser scanning data
in order to monitor the melting process of Alpine valley glaciers. The test site Hintereisferner was selected due to
the excellent data situation of various previous LIDAR data acquisitions (14 in total) and the long tradition of
glacialogical field measurements of the University of Innsbruck. From the laser scanning data exact DEMs are
derived which are used to georeference the SAR data precisely. The TerraSAR-X X-Band microwave data is
analysed according to the different acquisition modes and the multitemporal potential of nine ScanSAR images in
relation to glaciological observations. The preliminary results show the capability of the TerraSAR-X data to map
surface details along the equilibrium line or the different moraines as well as the option of short time snow cover
observations of multitemporal acquisitions. Such a monitoring system documented the possibility of information
gains for glaciological inventories and databases. Finally an outlook to the actual summer campaign 2009 with DualPolarization-Mode acquisitions is presented.

INTRODUCTION
Background
Glacier monitoring by remote sensing is becoming increasingly important due to global climate change and its
impacts on glacier mass balance and volume. The recent retreat of glaciers in the Alps is a potential economic
(reduced reservoirs for HydroPower production) and environmental threat (catastrophic outflows of melt water lakes
inside the glacier) to the mountainous areas of Europe. Glaciers are remote objects which have been observed and
monitored over a long period (in recent years also with remote sensing data). The main interest in glacier monitoring
has not only been the study of the areal extent of the glaciers, but also the glacial topography thus allowing relative
estimates of the glacier volume and the classification of the accumulation zone (snow, firn, ice). The innovative
hybrid evaluation of multitemporal optical and SAR imaging presents a unique methodology to obtain up-to date
information about the melting process in the rough environment of the Alps. The multipolarimetric design of
TerraSAR-X is especially suitable for mapping and analysis of the snow hydrology around the equilibrium line,
even under bad weather conditions.
The behaviour of glaciers has been monitored with remote sensing methods since many years. Recent studies
increasingly engage SAR data to determine glaciological parameters (Nagler & Rott 2000; Engeset 2003; Martini et
al. 2006; Barcaza & Aniya 2008). Also the potential of multitemporal remote sensing methods has been proofed
repeatedly. So Rott et al. (2007) developed a mass balance model, which is able to calculate daily accumulation and
ablation rates due to surface elevation. Optical and ERS SAR data were used to map snow and ice areas. For the
differentiation of ice and firn on large scale glaciers the Normalized Difference Snow Index (NDSI) was calculated
from Moderate Resolution Imaging Spectroradiometer (MODIS, Terra). Valenti et al. (2008) monitored the snow
cover in mountainous areas using the difference between the backscattering coefficients of multitemporal Advanced
Synthetic Aperture Radar (ENVISAT A-SAR, C-Band) and reference backscattering. Solberg et al. (2008)
developed a method for snow cover mapping by calculating image fusion between optical MODIS data and
ENVISAT A-SAR data. An increased performance of high resolution SAR-systems like TerraSAR-X for periodic
glacier monitoring was determined by Vasile et al. (2008).
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Test Site Oetztal
The study area comprises the two glaciers Hintereis- and Kesselwandferner in the Central Eastern Alps
(46°48‘N, 10°58‘E; Austria). The Hintereisferner is a typical valley glacier with a simple geometry and appear in a
dry high mountain climate (2500 to 3700 m elevation, Fig. 1). For both glaciers exist excellent data bases of old
terrestrial and aerial photography, long series of glaciological and meteorological records and a large variety of
modern remote sensing data and DEMs from different data sources (e.g. from laser scanner data). The mass-balance
of the glacier has been measured by terrestrial methods during the last years, offering an excellent opportunity for
the calibration of the remote sensing data.

Fig. 1: permanent observation of the accumulation zone of Hintereisferner with a stationary webcam (left,
©Meteorologie Innsbruck), oblique view of the Hintereisferner valley glacier tongue (right).

OBJECTIVES
The objective of this study is to map different snow hydrological zones along the equilibrium line in relation to
the determination of mass balance parameters using time series of Rapid Eye and TerraSAR-X data, acquired in the
time span of the seasons 2008 until 2010. A major advantage of the analysis is the synergetic use of high resolution
microwave (including polarimetric capabilities), optical and airborne laser scanning data, verified by extensive
ground truth measurements in the field (Nagler et al. 2008).

METHODOLOGY
The methodological approach is threefold:
(1) With its fast repetition cycle of 11 days, TerraSAR-X data enables multitemporal change detection
applications to observe the transition periods in autumn (snow accumulation) and spring (snow melt) with a higher
time resolution as ERS and ENVISAT (35 days). This multitemporal quantification of the areal extent and height
variations of the equilibrium line is of tremendous importance for the estimation of mass balance alterations and ice
dynamics. The conditions for ascending and descending mode differ considerably. This gives the opportunity to
compare conditions of glacier surface in frost at early morning ascending overpasses and on melting conditions
during descending afternoon overpasses. The attention is focused mainly on: melting patterns, superimposed ice,
percolation zone and wet snow as well as on the comparison of the different acquisition modes (Fig. 2).
(2) The signal intensity and the polarimetric information content are key issues in the detection of snow and firn
in the accumulation area of the glaciers, since optical data suffers from saturation and the lack of penetration
capability. Nevertheless data fusion techniques will be applied to combine TerraSAR-X data with high resolution
optical Rapid Eye and laser scanner data. This synergetic remote sensing analysis comprises object oriented
detection and classification of TerraSAR-X data with the major advantages of the high spatial resolution, the fast
repetition cycle and the full-polarimetric capabilities in combination with high resolution optical data and laser
scanner data (DEMs and intensity values). Simultaneous to the satellite acquisitions extensive ground measurements
of snow depth, etc. will be carried out on the glacier and in the surroundings.
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(3) Apart from these multisensoral evaluations also new object oriented classification approaches should be
developed for applications in glaciology as well as a comparison of the different spatial acquisition modes of
TerraSAR-X, to determine the highest potential for future glaciological observations.

Fig. 2: TerraSAR-X image of Hintereisferner, 17th of July 2008, Descending orbit (StripMap mode)

RESULTS
The comparison between ScanSAR and StripMap-Mode acquisitions shows distinct advantages of ScanSAR for
overview purposes (16 m spatial resolution). Nevertheless there are backscatter differences visible on the glacier
surface also on ScanSAR images, which are result of the smooth, snow covered accumulation area and the rough,
snow free ice surface of the glacier tongue. The StripMap-Mode acquisitions (3 m spatial resolution) allow the
detection of many more glacio-hydrological details (Fig. 3). Here the smoother, snow covered accumulation zone is
easily to be distinguished from the snow free glacier tongue (yellow line). On the margins there are zones of rugged
ice (red arrows) which are due to moist snow accumulated within the crevasses. Moreover dark linear structures are
visible on the glacier (light blue dotted line), which are supraglacial runoffs.
The comparison of the descending and ascending orbits shows the altered position of the border between the
snow covered and the snow free zone. This is according to the acquisition times, for the descending orbits in the
early morning (approximately 05:30 hours) and for the ascending orbits in the late afternoon (approximately 17:00
hours), when the ice surface is already snow free. Attention has to be paid to the previous weather conditions with
snowfall or melting conditions, where the web-cam acquisitions are of tremendous help. Fig. 4 shows a
multitemporal ScanSAR-composite of the following dates: 19.08. (red), 10.09. (green) and 02.10.2008 (blue). The
general red colour is probably due to moist snow of the 19th of August, causing a stronger backscatter on this
acquisition date.
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Fig. 3: StripMap-Mode image of the equilibrium line area (Descending orbit, 20.07.2008).

Fig. 4: Multitemporal ScanSAR-composite of ascending orbits of 19.08. (red), 10.09. (green) und 02.10. (blue).
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Together with glaciological and meteorological records the results can be combined in regional glacier
databases. TerraSAR-X data will therefore be a tremendously important new information for such glaciological
inventories. The monitoring system and glacier database is aimed to support natural exploration, socio-economic
activities and environmental protection in European mountainous areas. It will be also useful in operational glacier
mass balance monitoring and in global change studies, since changes in glacier volume might be indicators of global
change.

OUTLOOK
In the summer season 2008 we obtained a series of nine ScanSAR mode images for the period from August
until October and two StripMap mode images from July. The scenes were orthorectified and examined together with
webcam images of the glacier that help us to understand the snow cover extent at the time of the acquisitions. The
time series appeared to be useful for the identification of last-year firn extent and in identification of certain surface
features like crevasses or supraglacial meltwater flows. On the 7th of May 2009 another laser scanning flight has
been acquired which will support the exact georeferencing of the SAR images and the determination of the
backscattering coefficient. Additionally continuous acquisitions of Rapid Eye and TerraSAR-X data (SpotLight
mode and Dual-Polarization mode) are previewed for spring and summer 2009.
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