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ABSTRACT. This paper presents the first attempt to measure the calving rate and flow velocity of the
front of a glacier using ground-based high-range resolution interferometric radar at a high temporal rate
(2Hz). The radar, operating at 5.75 GHz, is located ~4km from the calving front of Kronebreen,
Svalbard. The radar measures a horizontal width of ~700 m of the front, and a range of 300 m. The latter
includes the calving front and 250 m up-glacier. We find that the glacier surface provides permanent
scatterers, so spatially continuous movements at the front and at locations further up-glacier can be
tracked. For ~8hours we measured a large increase in velocity at the calving front, which extended
30 m up-glacier, while further up-glacier the velocity was stable (~2.5md™") during the entire period.
Two large calving events were identified during this survey, removing 25 m of ice in the radar range
direction normal to the ice front. The velocity of the front slowed to a stable 2.5md™" after the events.
During another data series the velocities were stable (~2.5m d™") and no calving events were identified.
The method is promising for carrying out studies of processes at a calving front, as it provides spatially

continuous, high-frequency accurate velocities from a safe distance to the glacier.

INTRODUCTION

Calving is an important process in the mass budget of
glaciers. In Antarctica most mass loss is through calving
(Bentley and Giovinetto, 1991). In Greenland the import-
ance of calving is less clear but an estimated average of
~50% of total mass loss through calving is suggested (Bigg,
1999; Reeh and others, 1999). For Arctic tidewater glaciers
the calving rate is highly variable, depending on whether the
glacier is retreating, advancing or in a steady state. Climatic
warming may change the calving rate. Higher supplies of
surface meltwater to the bed induce higher velocities, and
altered accumulation rates will affect the velocity. As a
response to changed velocity, the front position may move to
deeper water depths, inducing higher calving rates (Brown
and others, 1982; Hansson and Hooke, 2000, 2003). As
stated by Oerlemans and Nick (2005), more tidewater
glaciers were observed to be retreating than advancing
during the last century, so knowledge of the calving process
becomes crucial for assessing the mass loss of glaciers and
their contribution to global sea level.

Calving processes are not entirely understood. In a
review article, Benn and others (2007) classified the calving
processes into two groups according to their importance in
determining the position of the calving front. First-order
control on calving is determined by strain rates due to
spatial variations in stress, and second-order controls on
calving are the processes occurring in the calving front
(e.g. fracture propagation due to stress imbalances, under-
cutting due to melting at or below the waterline, and
bending at the junction of grounded or buoyant parts of
the ice). We use Benn and others’ (2007) first- and second-
order classification in this paper. The relative importance of
first- or second-order processes varies for each glacier.
There is also an important discussion on whether calving
triggers flow acceleration up-glacier (Hughes, 1986; Meier
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and Post, 1987; Howat and others, 2005), or whether
calving is a passive response to dynamic changes such
as flow acceleration and thinning in the upper parts of
the glacier (Van der Veen, 1996, 2002; Venteris and
others, 1997).

Measurements of calving fronts are sparse due to the
dangers connected to fieldwork, so remote-sensing tech-
niques that yield average velocities have been applied.
Crevasse tracking is conducted using pairs of optical
satellite images (Scambos and others, 1992), aerial photo-
graphs (Krimmel, 2001; O’Neel and others, 2005), airborne
laser altimetry (Abdalati and Krabill, 1999) and interfero-
metric measurements or speckle tracking with pairs of
satellite synthetic aperture radar (SAR) images (Goldstein
and others, 1993; Joughin, 2002; Joughin and MacAyeal,
2005; Rignot and Kanagaratnam, 2006). However, near
the calving front there may be problems with these
methods. In the crevasse-tracking method there can be
large changes in the crevasse pattern due to shear or
surface melting (Rolstad and others, 1997), and in the
interferometric SAR method there can be problems with
high speed and loss of coherence in the radar signal due to
high shear (Hanssen, 2001). These satellite-based tech-
niques provide average velocities at a low temporal rate,
ranging from 1 day to 1year. Ground-based remote sensing,
using terrestrial photogrammetry, has also provided velocity
data on calving rates averaged over days, weeks or years
(Theakstone and others, 1986; Melvold, 1992; Pfeffer,
2004). Remotely sensed data provide information on
surface velocities and thus surface strain rates, and are
useful for investigating first-order calving processes. Global
positioning system (GPS) measurements provide data at a
high temporal rate (seconds) for specific points (Elosegui
and others, 2007), though access to the glacier is required
and the locations are some hundreds of metres up-glacier
from the front.
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Velocity measurements using ground-based radar inter-
ferometry may be useful for studying calving processes at
high temporal resolution. A ground-based differential inter-
ferometric radar is currently used for rock-slide monitoring
near the Norwegian fjord Tafjorden (Norland, 2006). The
radar has been developed by the company ISPAS as
(Norway), and measures corner reflectors mounted on
unstable rocks on slopes. Typical variations in the pos-
itioning of the reflectors measured at this site are ~3 mmd".
Measurements are made across the fjord at a distance of
3km and the variations are mainly due to differences in
meteorological conditions. The differential interferometric
radar system measures movement with an estimated accur-
acy of 0.1 mm (Norland, 2006). A similar ISPAS radar was
used in our project on the Kronebreen calving front.

Our goal was to test whether a ground-based inter-
ferometric radar system is suitable for measuring the velocity
of a calving front. The radar was placed 4km from the
glacier and measurements extended from the vertical
calving front to ~300m up-glacier. The measurement
interval was every 0.5s (2Hz) so that speed variations
during a single calving event could be resolved. A video
camera recorded the calving front to aid radar data
interpretation. Several questions were addressed:

Is there an orientation of the antennas that is most
favorable?

Are there coherent radar targets (permanent scatterers)
on the glacier surface that can be tracked in the radar
dataset?

What is the accuracy of the determined velocities?

Is it possible to identify calving events from radar and
video data?

Is it possible to measure spatial differences in speed on
the vertical calving front and further up-glacier?

Does calving influence the speed of the glacier?

Can the dataset contribute to improved understanding of
the second-order calving processes?

The measurements were made on Kronebreen, Svalbard, over
1 week at the end of August/beginning of September 2007.
Kronebreen has the second largest drainage area (1375 km?)
in Svalbard, covering Holtedalsfonna and Isacsenfonna. It is
the fastest glacier in Svalbard, with a velocity up to 3md™'
near the calving front. Previous measurements of velocities
on Kronebreen have been conducted by Pillewizer and Voigt
(1968), Melvold (1992), Lefauconnier and others (1994),
Rolstad (1995) and K&dib and others (2005).

Interferometric radar measurement

The measurements were performed using real-aperture
antenna interferometric radar. Interferometric radar measure-
ment is a well-proven technique, demonstrated for the first
time in 1974 (Graham, 1974). It was later used in a number of
different applications either regionally using air- or space-
borne radar for ice-sheet movement detection (Goldstein and
others, 1993), digital elevation models (DEMs) (Zebker and
Goldstein, 1986), monitoring of volcanoes (Massonnet and
others, 1995) and the detection of unstable slopes (Strozzi
and others, 2002), or locally as a ground-based fixed
installation real-aperture antenna for monitoring, for exam-
ple, slope movement with reflectors (Norland, 2006).
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Interferometric radar measures the phase of an electro-
magnetic wave scattered back from an object at some
distance, R. The phase (¢) varies as a function of the distance
and electromagnetic wavelength, A:

47R
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G is the velocity of light in a vacuum, Tis the two-way travel
time of the electromagnetic wave from the radar to the
measured object, and n(7,t) is the spatial and temporal
index of refraction. Indirectly, the index of refraction is also a
function of atmospheric turbulence due to varying degrees
of mixing in the atmosphere. The accuracy of interferometric
measurements of scatterers at a large distance is thus
dependent on the variation of the refractive index. For
example, the variation in measured distance to a reflector at
a distance of 2900m was ~30cm during 1month in
Tafjorden (Norland, 2007). The accuracy can be improved
using either differential interferometric measurements to a
stable reflector (Norland, 2006), or by estimating the
variation of the refractive index using local meteorological
data (Norland, 2007).

The advantage of ground-based real-aperture antenna
interferometric radar is the high temporal sampling rate
combined with accurate relative interferometric range
measurements. Thus, it is possible to measure the range
variation (Ar) of objects using the phase of the reflected
electromagnetic wave from a stable scatterer within any of
the range cells simultaneously:

PVAN)

Ar = ?, (3)
where A¢ is the phase difference between the two measure-
ments. Because the phase is wrapped every 2w, the
interferometric range measurements are folded every A2,
so in order to track point scatterers over larger movements,
the phase must be unwrapped.

The measurements on Kronebreen were performed using
a frequency-modulated continuous wave (FMCW) at
5.75GHz (Fig. 1a and d). The distance to the front of
the glacier was ~4000m and the measured area was
3950-4250 m (Fig. 1b and c). The range resolution was 1 m,
and theoretically all 300 1 m range cells can be tracked in
the subsequent measurement. However, tracking requires
permanent scatterers which are not present for all range
cells. The temporal sampling rate was 2 Hz and the real-
aperture antenna beamwidth was ~9°. The location of the
range cells transverse to the beam direction cannot be
determined with this system. In order to monitor variations
of the refractive index and verify the radar transmissions, a
corner reflector was continuously measured at 108 m. No
correction for variation in the refraction index was
conducted in this study; however, the variation of the
refractive index from the radar to the reflector was extrapo-
lated to assess possible implications on the interferometric
measurements of the glacier. The data showed that the
measured movement of the glacier was much higher than
the small, low-frequency movements due to the variations of
the refractive index were. Tests were conducted with
horizontal (H) and vertical (V) electromagnetic polarizations
(Ulaby, 2006), in the following combinations: HH, VV and
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Fig. 1. Location and measurement set-up. (a) Schematic presentation of ISPAS FMCW radar. (b) The ellipse shows the approximate area
covered by the radar at the glacier front. (c) Sketch of radar location and beam orientation. (d) Radar antennas and equipment at

measurement site.

VH. Video images were recorded every 30s to aid
interpretation of the radar data. A total of 45hours of
measurements were completed. The radar is schematically
presented in Figure 1a.

RESULTS
Polarizations

Some rudimentary tests of the backscattering using different
polarizations were conducted for HH, VH and VV polariza-
tions, and the intensity of the returned signals is shown in
Figure 2. There are strong reflections from the glacier ice for
all three polarizations. The green colour from 3950 to
4020 m is the reflection from the sea and occasionally from
floating ice, the yellow and purple band from 4020 to
4080 m is the vertical glacier front and vertical ice faces in
this range further up-glacier, and green colours from 4100 to

4250m illustrate weaker signals from the more horizontal
glacier surface further up-glacier.

Velocities

Figure 3 shows two longer time series of continuous
measurements from 29-30 August (22 hours), and from
1 September (11 hours). The strong reflection plotted in
yellow and orange from 4020 to 4080 m is, as in Figure 2,
the vertical front. The two data series are measured with
different polarizations, which might explain the slightly
different appearance of the plotted signal. Note that there is
a small gap in the dataset at 30 August near 1500 h. The first
hour of the dataset from 1 September appears different from
the following data, possibly due to a slight shift in the
vertical/horizontal orientation of the antennas.

Some of the permanent scatterers are tracked, and the
velocities at these specific ranges are measured. The results
for the two periods are shown in Figure 4. Figure 4a

T T

_C. VV polarization _

NP

.

1746 17.21 17.26 17.31 1736 1741 1746 1751 1756 180

Time (h)

3900 L L L L L 1 1 1
16,15 16.20 1625 1630 1635 1640 1645 1650 1655 1700

Time (h)

N 1 L N N L L
1445 1448 1451 1455 1458 1501 1504 1507 1510 1513

Time (h)

Fig. 2. Intensity of returned signal (dB) during tests of HH, VH and VV polarizations. Colour scale is in arbitrary units. Signal ranging from

green (weak) to red (strong).
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Fig. 3. Amplitude of returned signal (dB). Colour scale is in arbitrary units. Signal ranges from green (weak) to red (strong). (a) Measurements
from local time 2100h, 29 September to 1900h, 30 August 2007, VV polarization. (b) Measurements from local time 1200-2300 h,

1 September 2007, HH polarization.

(29-30 August) shows a linear velocity at range 4189 m,
~150 m up-glacier from the front, of 2.5md™" for the entire
period. The variations between 2200h on 29 August and
0600h on 30 August may be noise due to problems with
tracking scatterers, as the horizontal positions of the
strongest scatterer at the range of 4189 m vary. At a range
of 4042 m, near the front, a linear velocity of 2.5md™ is
observed until ~0800h, then the velocity increases until
1440h. The gap in the data near 1500 h makes the curve
difficult to interpret, but the velocity appears to be stable and
linear after ~1530h, with a small jump at ~1700h.
Figure 4b shows the data for 1 September, where the
velocity is stable at 2.6 md™' for the front (range 4041 m),
and at 2.4md™', ~150m up-glacier (range 4189 m).

Calving events

A large calving event occurred on 30 August, at local time
10:09:06. Changes in the vertical calving front are identified
in the video images shown in Figure 5. The event is
identified in the radar data in Figure 6. The range to the
strong returned signal of the vertical front increases by
~10m at the time of the calving, from 4010 to 4020 m.
Visual inspection of Figure 3a shows another major
calving event between 1500 and 1600 h on 30 August. The
distance to the strong return signal at the front increased
from 4020 to 4035 m. From 1010 to 1600 h on that day, a
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total of 25m of glacier ice, in the radar range direction,
calved off. The range to the calving front increased from
4010 to 4020 m at 1010h, then to 4035 m between 1500
and 1600 h. No major calving events can be identified in the
radar data for 1 September (Fig. 3b). The range to the front
was stable at ~4035 m, gradually reducing, of course, with
the movement of the glacier.

Spatial and temporal variations in velocity from 4000
to 4200m

Between 1340 and 1440h on 30 August, high velocities of
up to 750mmh~" were detected near the glacier front
(Fig. 7c). These high velocities were limited to the first 30 m
of the glacier, and no significant changes in velocity up-
glacier of this region were observed. Figure 7 illustrates the
increase in velocity down-glacier from a range of 4045m,
which started at ~0800 h on 30 August, reached a peak near
to 1400 h and returned to normal values by 1700 h. Note
that the position of the calving front retreats in these plots
due to the two calving events. The velocity at a range of
4042 m during the whole period is shown in Figure 4a. The
increase in velocity starts before the calving events, and
returns to normal soon after the calving events.

In Figure 4b the velocity is seen to be stable during the
entire measurement period on 1 September. Figure 8 shows
the spatial variations in velocity for this latter period. The
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Fig. 4. Movement profiles at specific ranges, tracked from permanent scatters. (a) 29-30 August 2007, VV polarization, range 4042—4189 m.

(b) 1 September 2007, HH polarization, range 4041-4189 m.
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Fig. 5. Video images of the vertical calving front with a 30's interval,
30 August 2007, (a) at 10:09:01 h and (b) at 10:09:31 h. The calving
event has occurred in the lower image; note the dark area in the
yellow rectangle.

distance to the calving front was at ~4040m, decreasing
with the movement during the day. No large variations in the
movement were measured.

DISCUSSION

Tests with varying polarizations do not indicate a clearly
favourable polarization, all polarizations yielding strong
reflections. However, Figure 3 shows that it might be an
advantage to conduct all measurements during a campaign
using the same polarization for comparison of the datasets.

The glacier ice reflects strongly and also provides
permanent scatterers that can be tracked. It is clear that
there are periods when the positions of the strongest
reflectors shift, which introduces noise in the data
(Fig. 4a). Figure 7 also shows sharp peaks and troughs that
might stem from problems with tracking scatterers. How-
ever, these figures also illustrate that there were long periods
of stable conditions during which natural reflectors could be
tracked. Corner reflectors mounted on the ice, providing a
strong backscatter that can be tracked, would of course be a
large advantage. However, the results show that this method
can be used without such reflectors.

The accuracy of the velocity measurement is dependent
on the spatial and temporal variation in the refractive index,
movement of antennas due to wind or unstable antenna
racks, and whether a scatterer can be tracked. At Krone-
breen, a stable reflector was placed on the side of the fjord
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Fig. 6. Amplitude of returned signal (dB) during the calving event at
10:09:06, 30 August 2007, indicated by the arrow. Colour scale is
in arbitrary units. Signal ranges from green (weak) to red (strong).

near the instrument to monitor the radar transmissions and
variations in the refractivity, but not to correct for variations
in the refractivity as was conducted for the rock-slide
monitoring in Tafjorden (Norland, 2007). Such corrections
could be made from differential measurements to a stable
corner reflector on the opposite side of the fjord from the
radar, or by using meteorological data to calculate the
variation. The latter method is less accurate than the first.
Experiments with uncorrected measurements in Tafjorden
show a low-frequency deviation of 103 mm for a measured
distance of 2910m over 1month in December—January
(Norland, 2007). The meteorological conditions were stable
during the fieldwork at Kronebreen, and as the profile in
Figure 4b shows, the measured velocity was also stable.

When a stable permanent scatterer can be tracked, we
assume that the accuracy of the measurements is near the
results found for Tafjorden, but possibly less accurate since
natural reflectors give a weaker return signal and there might
be movement of the antennas. An accuracy of the velocity of
some hundreds of mmd™ is expected, but tests must be
conducted to confirm this. The accuracy of the relative
velocities between scatterers on the glacier is expected to be
good since the variations in the refraction index along some
hundreds of metres of the glacier ice are most probably
smaller than over the fjord. The accuracy of relative
velocities over the glacier is thus expected to be similar to
the instantaneous instrument accuracy of interferometric
measurements of £0.1 mm determined at Tafjorden, at some
mmd~'. A stable corner reflector could be placed at the
opposite side of the fjord to correct for variations in the
refractive index and thus improve the absolute accuracy.
Corner reflectors could also be placed on the glacier to
provide strong backscatter for continuous accurate point
measurements of velocities.

The measured stable velocities seem to be in general
agreement with previous measurements; however, these are
not directly comparable since previous measurements do
not cover the calving front and also represent average values
over different periods. The front position also varies over the
years, and has in general been retreating since 1948
(Melvold, 1992). Previous measurements have shown
transverse variations in longitudinal velocity, and both
seasonal and interannual variations. Kddb and others
(2005) have summarized available measurements and show
a transverse velocity profile ~1 km up-glacier from the front,
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Fig. 7. Spatial variation in a velocity over 4000-4200m: (a) 2200-2300h, 29 August; (b) 0830-0930h, 30 August; (c) 1340-1440h,

30 August; and (d) 1700-1800h, 30 August.

and a longitudinal profile extending down to ~1km from
the front. Maximum velocities on the transverse profile are
1.4-3.1md™" (in August 1990 (Melvold, 1992)). Pillewizer
and Voigt (1968) measured seasonal variations in velocities,
and found a maximum speed at the end of June of twice the
mean annual speed, and for August a speed similar to the
mean annual speed, decreasing to half the mean annual
speed for September. The radar data are observed near the
location of the maximum on the transverse profile, but
should be lower than the mean annual speed owing to the
seasonal variations. The radar data from 1 September show
an increase in speed of 0.2 md™" over the last 150m to the
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front. Thus the speed 1 km up-glacier from the front may be
substantially lower than the measured speed at 2.5m™" at
the front. Therefore, the radar data are certainly within the
range of previously measured interannual and seasonal
variations 1 km further up-glacier.

The calving event at 1009 h on 30 August is recorded by
the video. Thus, the sudden increase in range to the strong
reflecting front observed in the radar record at that time can
be associated with calving. A similar increase in range later
the same day is also attributed to calving. Video images are
not required for identification of calving events, but were
useful to support the first interpretation.
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Fig. 8. Spatial variation in a velocity over 4000-4200 m: (a) 1300-1400 h, 1 September 2007; and (b) 2200-2300h, 1 September 2007.
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Fig. 9. Photographs of the calving front: (a) aerial photograph and (b) terrestrial photograph of measurement area.

During the fieldwork we observed large transverse
surface crevasses, isolating blocks of ice that we expected
to calve (Fig. 9). Generally, final failure occurred not along
the initial crevasse but rather between that crevasse and the
ice front. Several failures occurred before the crevasse was
finally reached. The strain rate of the ice, derived from the
movement of 600mmh™" over a distance of 10m on 29
August (Fig. 7c), implies a stress far beyond the tensile stress
for fracture of ice of 90-320kPa (Vaughan, 1993). The
measured speed-up of this 30 m slab of ice near the glacier
front may be explained by rotation due to longitudinal
(along-glacier flow) widening of a transverse crevasse. This
crevasse was not observed in the field, but its presence may
be confirmed by terrestrial stereophotogrammetry, from
which data have yet to be processed. The position of the
crevasse must have been at least 32 m up-glacier from the
front position before the two calving events occurred on that
day, or up-glacier of a range of 4042 m (Fig. 4a). The two
major calving events on that day resulted in removal of 25 m
of ice in the radar range direction. The velocity returned to
its background velocity of 2.5md™ by 1530h after the
calving events.

During the fieldwork we also observed that there were
large variations in calving activity. There can be several
calving events during an hour or over a day, while another
day can be without any events. The locations of the calving
also vary: while it is uneventful at the measurement site,
there may be a large number of calving events in other parts
of the glacier front. This is in agreement with the two data
series we have presented: there are two major calving events
during 29-30 August, while on 1 September the velocity is
stable and no events are registered in the radar data.

CONCLUSIONS

Some rudimentary tests using different polarizations did not
indicate a favourable polarization of the antennas, but we
recommend that measurements are carried out with the
same polarizations during an entire campaign to facilitate
comparison of the data.

There are coherent radar targets (permanent scatterers) on
a glacier surface that can be tracked to determine ice
velocity at different distances from the radar. However,
when the position of the strongest scatterer for the specific
range cell shifts to another range cell, the tracking is lost and
the interferometric distance becomes corrupted by noise.

When permanent scatterers can be tracked over stable
periods, the accuracy of the determined movements is
expected to be within some hundreds of mmd™', while the
relative movement on the glacier may be measured to some
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mmd~" accuracy. The accuracies can be verified by placing
a stable corner reflector on the opposite side of the fjord
from the radar, and moving reflectors on the glacier.

Major calving events can be readily identified in the radar
data from sudden steps in the range to the strongly reflecting
calving front. Video data are not necessary to identify
calving events, but one major calving event is confirmed by
the video recordings. A total of 25 m of ice in the radar range
direction calved off during a 5hour period, in two large
events. We find that there are periods of hours with high
calving rates, and periods with calm and stable conditions.

The data show that calving events do not influence the
speed further up-glacier. The measured velocities are stable
150 m up-glacier from the front. However, we measured an
increase in the velocity of ice within 30m from the front,
starting before the calving event. After the calving event the
velocity returned to its pre-calving value. The large increase
in speed may be due to widening of a transverse surface
crevasse. This explanation will be tested by analysis of
terrestrial photogrammetry conducted during the period.
After the two calving events, the velocity returned to a stable
2.5md™". The measured velocities are in agreement with
previous measurements.

We believe that these types of radar data can contribute
to an improved understanding of second-order calving
processes, as they give spatially continuous (every 1m)
velocities in the radar range direction at a high temporal
rate, and also the depth of the calving blocks. Terrestrial
photogrammetry, which provides daily terrain models and
crevasse positions near the front, aids interpretation.

Ground-based interferometric radar is a useful and
promising technique for velocity and calving-rate measure-
ment of a calving front. The radar can be placed at a safe
distance from the calving ice blocks, and still provide
accurate measurements of the glacier front velocity.
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