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ABSTRACT

A satellite radar interferometric analysis was performed in the Swiss Alps, in an area which in-
cludes the largest glacier of the European Alps GroBler Aletschgletscher and many others. Particular
attention was paid to Unteraargletscher, because extensive in-situ and modelling activities have
been dedicated to this glacier. A surface displacement map of Unteraargletscher in the line-of-sight
direction of the ERS-1/2 satellites was estimated using two winter Tandem pairs. The line-of-sight
surface displacement map of Unteraargletscher shows in detail the component of the displacement
in nearly vertical direction. This information is useful in the estimation of the mass-balance distri-
bution using the kinematic boundary condition without the use of any ground measurements. This
interferometric analysis in the Swiss Alps also demonstrated that similar displacement maps could
be derived for many of the other glaciers of the area.

INTRODUCTION

Many studies on Arctic and Antarctic glaciers and ice streams have demonstrated the invaluable
potential of differential satellite radar interferometry to map ice surface displacements at cm resolu-
tion resulting in spectacular new results in glaciology (1,2,3,4). However, only minor studies have
been carried out in the European Alps despite the availability of a large ERS-1/2 Synthetic Aperture
Radar (SAR) data archive (e.g. 5,6). Here we report on a SAR interferometric analysis performed in
the Swiss Alps, in an area that includes the largest glacier of the European Alps Grofler Aletschglet-
scher and many other glaciers including Unteraargletscher and Fleschergletscher (see Figs 1 and 2).
S Wetter/T#y b;i;%m’“m S \";,, " :

<& :&‘ S r\

NS O{

) j ; m‘.
LN ‘:%Qﬁ “ﬁ* (: U‘ntemar G ’

@% %
ﬂz”ﬁe“ v’é’

= \
% j“z Lt
RN 2

F igure I Test-site in the Swiss Alps with the  Figure 2: Averaged backscattering coefficient
Unteraar, Fiescher and Grosse image of the test-site in the slant-
Aletsch glaciers. range (SAR) geometry.
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Particular attention is paid to Unteraargletscher, Bernese Alps, because over the last few years this
glacier has been the focus of a concentrated glaciological process study (7,8,9). As a consequence
the flow dynamics of this glacier are known in considerable detail. In particular, the spatial pattern
of annually averaged horizontal surface velocities has been mapped with a high resolution, and
hourly temporal changes in flow velocities have been measured over periods of months. The meth-
ods used to determine surface geometry and velocities include the use of atomized theotolite, an ar-
ray of permanently installed GPS receivers, laser scanner measurements, and semi-automized ex-
traction of surface velocities from annual aerial photographs. Despite extensive field measurements
and the intense use of traditional remote sensing methods on this glacier, the vertical component of
the surface motion is, nevertheless, relatively poorly known. Direct measurements of the vertical
velocity component are highly desirable. They can be used in combination with other comparatively
easily obtained data sets to determine the surface mass-balance distribution, a key quantity describ-
ing the state of the glacier with respect to current climate. Recent attempts to obtain the mass-
balance distribution in an indirect way without any direct measurements of vertical surface motion
have not been successful, and stress the need for developing and testing new approaches towards
vertical displacement measurements (8).

ERS SAR data and interferograms

In the interferometric approach two complex SAR images acquired from slightly different orbit
configurations and at different times are combined to exploit the phase difference of the signals
(10,11). The interferometric phase is sensitive to both surface topography and coherent displace-
ment along the look vector occurring between the acquisitions of the interferometric image pair.
The differential use of two interferograms with similar displacement allows the removal of the to-
pographic-related phase from the interferogram to derive a displacement map (12,13,14).

Two winter Tandem pairs (one day acquisition time interval) were considered in this analysis, one
acquired on the 7 and 8 March 1996 and one acquired on the 11 and 12 April 1996. The two inter-
ferograms have different baselines and are suitable for differential analysis. The interferograms of
Figures 3 and 4 show both topography and displacement effects on the phase and are combined with
the backscatter intensity.

Figure 3:  Flattened, filtered interferogram of  Figure 4: Flattened, filtered interferogram of
7/8 March 1996. The perpendicular 11/12 April 1996. The perpendicular
component of the baseline is 35 m. component of the baseline is -97 m.

The coherence was high for most areas of the glaciers. Only the lowest parts of the large glaciers in
April (because of melting snow and ice) and some other particular areas with very high displace-
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ment rates show de-correlation. On the other hand, two Tandem pairs acquired during the summer
showed only minor coherence over parts of the glaciers and a winter interferogram with 35 days
acquisition time interval did not show any coherence at all.

Surface Displacement map of Unteraargletscher in the line-of-sight direction

The surface displacement of Unteraargletscher was estimated after differentiation of the two Tan-
dem interferograms of Figures 3 and 4. The differentiation permitted to separate the components of
the interferometric phase relative to the displacement from the one relative to the topography by
assuming similar displacement rates in March and April. For the quantitative retrieval of displace-
ment values, phase unwrapping was applied using a region-growing algorithm (15).

The line-of-sight surface displacement map of Unteraargletscher in one day is shown in Figure 5.
The slant-range (SAR) geometry was used to present the map, but the displacement values are also
available in the Swiss geographical coordinate system. The maximum velocity of more than 4 cm in
one day was measured in the upper part of the glacier characterized by the steeper topography. As
expected, the displacement velocity decreases towards the end of the glacier. The effects of the line-
of-sight direction are very clear: where look and flow direction approximate perpendicular direc-
tions, the SAR measurements are not sensible to the displacement. Dual-azimuth pass combination
(i.e. data acquired for ascending and descending orbits) together with a Digital Elevation Model
(DEM) will allow the determination of a 3-dimensional surface displacement map by assuming
flowing at the surface of the glacier (3,16).

Figure 5: Line-of-sight surface displacement map of Unteraargletscher in one day in the slant-
range (SAR) geometry: cyan < 1 cm, yellow 1-2 cm, green 2-3 cm, red 3-4 cm, violet >
4 cm. A backscattering image is used as intensity background.

The line-of-sight surface displacement map of Unteraargletscher is useful in the estimation of the
mass-balance distribution using the kinematic boundary condition without the use of any ground
measurements (8). Estimating the vertical velocity distribution by means of high precision aerial
photograph was not possible and this quantity had to be derived by an assumption of a simple varia-
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tion of the vertical strain rate with depth. This missing information could be retrieved with ERS
SAR interferometry because the incidence angle of the ERS satellites is nearly vertical (i.e. 23°).

A further problem with aerial photographs is that surface velocities can only be extracted from the
ablation area, and only when it is free from snow. This time period is limited to about 3-4 months
each year. Because surface velocities on alpine glaciers change both in space and time in an irregu-
lar fashion, annual averages of surface velocity obtained from aerial photographs may not corre-
spond to a physically possibly velocity distribution. For this reason long temporal averages of ve-
locities cannot be used to validate models of glacier flow. SAR interferometry has the potential to
overcome this problem. A particularly appealing aspect of this method for glaciological research is
that the displacement fields are temporal averages over a short period (days) and therefore essen-
tially snap-shots of the glacier velocity field. Such data sets put strong constraints on any numerical
flow models, and can be used to invert for basal variability. The use of a high precision DEM de-
termined with aerial photographs to subtract the topographic effect on the phase of the interfero-
grams should be further investigated to avoid the assumption of similar displacement during two
winter days and possibly improve the temporal sampling of the displacement values.

CONCLUSIONS

A surface displacement map of Unteraargletscher in the line-of-sight direction of the ERS-1/2 satel-
lites was estimated with differential SAR interferometry. This information will be integrated with
other remote-sensing techniques (aerial photographs and aerial laser scanning) to replace (or sup-
port) the expensive in-situ measurements.

This interferometric analysis in the Swiss Alps also demonstrated that similar maps could be de-
rived for most of the other major and minor glaciers of the area. An example for the Griiebu Glet-
scher in the Saas Valley in Wallis is shown in Figure 7. The line-of-sight displacement of the com-
plete glacier could not be retrieved because of high crevasses and displacement rates that caused
ome areas (see differential interferogram of Figure 6).
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Figure 7: Geocoded line-of-sight surface dis-
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of the 7/8 March 1996 of Griiebu
Gletscher. The perpendicular com-
ponent of the baseline is 35 m. A
Swiss topographic map at 1:50000 is
used as intensity background.
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placement map of Griiebu Gletscher in
one day. The arrow indicates the line-
of-sight direction projected onto the
horizontal (incidence angle is 23 9.
One grid space corresponds to 1 km.
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