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Velocities and Flux of the Filchner Ice Shelf and its Tributaries determined from Speckle
Tracking Interferometry

A.L. Gray1, N. Short, K.E. Mattar and K. C. Jezek

Abstract

Velocities of the Filchner Ice Shelf and its tributary glaciers are derived using a variation of
satellite radar interferometry known as speckle tracking. The method requires a coherent pair of
SAR passes, a digital elevation model and, for floating ice, an estimate of the height difference
due to the tide. Speckle tracking interferometry has the advantage that ice speed and direction
can be estimated from one interferometric pair and, with adequate coherence, it is suitable for
areas of high velocity and long repeat cycles. Fluxes are estimated using the ice velocities
together with ice thickness data derived from a hydrostatic equilibrium model. They are given
for gates downstream from the grounding lines of the input tributary glaciers, and for a gate close
to the ice shelf edge. The calculations show that the flux close to the edge of the Filchner Ice
Shelf (~75.3 km3/a) is comparable to that estimated further upstream. However, the errors in the
estimates (~ 10 km3/a) preclude any firm conclusions concerning equilibrium of the ice shelf, or
bottom surface melt or accretion.  Assuming the upstream fluxes reflect the flow across the
grounding lines, then the Recovery Glacier is the largest contributor to the ice shelf with 48%
and the Slessor Glacier is the second largest with 33%. Support Force Glacier and Foundation
Ice Stream both contribute ~7%. Ice Shelf accumulation accounts for the remaining 5%.

Introduction

Ice shelves are huge slabs of ice that extrude from the interior ice sheet onto the polar seas.
Almost half of the Antarctic shoreline consists of floating ice shelves (Grosfeld and Gerdes,
1998) and their interaction with the surrounding ocean is the primary means through which
Antarctica loses mass. Because ice shelves interact with the ocean and the atmosphere, the time
lag with which ice masses normally respond to climate change is considerably shortened. For
example, the recently observed collapse of parts of the Antarctic Peninsula Larsen and Wordie
ice shelves is concluded to be evidence of regional climate warming (Vaughan and Doake,
1996). Changes in the ice shelves, particularly migration of ice shelf grounding lines (the
boundary beyond which the ice is floating), due to changes in ice shelf thickness, may have
implications on the rate of ice discharge from the interior ice sheet and hence changes in global
sea level. Since Antarctica contains a volume of ice equivalent to 70 m of sea level rise (Hughes,
1998) monitoring Antarctic ice shelves is an important part of climate change studies.

Imagery from the RADARSAT Antarctic Mapping Mission (AMM) is providing a new and
detailed view of the morphology and dynamics of Antarctic ice shelves. The AMM took place
from September 19 to October 14 in 1997 (Jezek et al., 1998a, b; Jezek, 1999). The mission was
a collaboration between the National Aeronautics and Space Association (NASA) and the
Canadian Space Agency (CSA) to map Antarctica using the synthetic aperture radar (SAR)
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aboard the Canadian satellite RADARSAT. Rotation of the satellite from normal right looking to
a left looking mode enabled the first complete, high resolution mapping of the continent. The
first results of the AMM were a SAR amplitude map produced by the Byrd Polar Research
Center (BPRC) and termed the Antarctic Mosaic. As RADARSAT has a repeat orbit of 24 days
and the AMM lasted for 30 days, the final 6 days of the mission were used to collect repeat data
suitable for interferometry (Jezek et al., 1998a; Jezek, 1999). Results from interferometric
studies are now becoming available.

Repeat-pass SAR interferometry is well established as a means for measuring glacial ice motion
(Goldstein et al., 1993; Joughin et al., 1995, 1996, 1999a; Kwok and Fahnestock, 1996; Rignot,
1996; Mohr et al., 1998, Frolich and Doake, 1998, Dowdeswell et al., 1998, Fatland and Lingle,
1998, Stenoien and Bentley, 2000). Traditional interferometry uses differential phase to calculate
radial displacement of a specific surface pixel away from or towards the SAR. While the
accuracy of measurement is a fraction of a wavelength (5.6 cm for RADARSAT), the velocity
information is limited to the range direction unless some assumption is made concerning flow
direction. Using both ascending and descending image pairs can improve the information on ice
motion direction (Kwok and Fahnestock, 1996;  Joughin et al., 1998; Mohr et al., 1998; Vachon
et al., 1998). The interferometric method used here is a refinement of the image registration stage
in phase interferometry. It eliminates the range only directional limitation imposed by the use of
phase by using the correlation of image speckle (Gray et al., 1998).  Often referred to as “speckle
tracking”, the method uses the cross correlation of small ‘chips’ of SAR imagery to determine
flow direction and speed. Similar methodologies have been successfully applied by Thiele et al.
(1996), Michel and Rignot (1999), Derauw (1999) and Joughin et al. (1999b).

This paper describes the speckle tracking methodology and presents the first detailed
measurements of surface velocity obtained for the Filchner Ice Shelf.  Combining these
velocities with estimates of ice shelf thickness we quantify the ice flux at gates ~ 20 km
downstream from the input glacier grounding lines and for a gate close to the ice front.

Study area

The Filchner Ice Shelf (FIS) is located in the southern embayment of the Weddell Sea, it forms
the eastern arm of the Filchner-Ronne Ice Shelf, between Berkner Island and Coats Land.  The
ice shelf is fed by tributary glaciers from East Antarctica (McIntyre, 1986) and is thus important
in the stability of the eastern sector of the continent. It is also the source of huge tabular ice bergs
that calve periodically into the Weddell Sea and a potential factor in the formation of Antarctic
Bottom Water which in turn plays a key role in global thermohaline circulation (Foldvik et al.,
1985; Hellmer and Olbers, 1991; Gammelsrød et al., 1994; Mikolajewicz, 1998).

The velocity of specific points on the ice shelf has been studied since the 1950s using a variety of
techniques. The results vary and often lack any quantification of error. Table 1 summarizes the
results of these studies. Vaughan and Jonas (1996) summarized the early velocity estimates for
the Filchner Ronne Ice Shelf and their work shows the sparsity of data in this area, particularly
for the Filchner Ice Shelf.



Table 1: Velocity estimates from a variety of locations on the Filchner Ice Shelf

Technique Velocity Reference
Astronomical
positioning

1300 and 2500 m/a
1242 m/a

Aughenbaugh et al., 1958
Lisognoli, 1964

Temperature studies 2000 m/a Wexler, 1960
Ice front positions in
ERTS-1 imagery

644, 721, 1194, 1460 and 1762
m/a (increasing westward across
the front)

Colville, 1976

Doppler satellite
measurements

1400 m/a
1059 m/a

Crabtree and Doake, 1980
Gerdau and Schenke, 1984

Ice front advance rates
from observation

< 2000 m/a
1000 to 1200 m/a westward
across the ice front

Orheim, 1979
Lange and Kohnen, 1985

Tandem mode ERS
interferometry

890 m/a, 1163 m/a increasing
westward to < 1450 m/a

Schmidt et al., 1999

Ice shelf/ocean model 1200 m/a at ice front Grosfeld et al., 1998

Estimates of flux have also been made since the 1960s and are summarized in Table 2. For
consistency and ease of comparison all estimates are quoted here in km3/a of ice, using a density
of 850 kg/m3 (Lange, 1987) for the conversion where necessary.

Table 2: Estimates of ice flux

Location Flux (km3/a) Reference
FIS ice front 120 Behrendt, 1962
        � 127.1 � 47 Giovenetto, 1970
        �   82 Doake, 1985
        �   70.2 Lange, 1987
        �   70.6 Bentley and Giovenetto, 1991
Foundation Ice Stream     4.0 ± 2.5 Lambrecht et al., 1998
Sum of fluxes from the drainage
basins of Slessor, Recovery,
Support Force and Bailey.

118 McIntyre, 1986

Behrendt’s (1962) original estimate of 120 km3/a for the FIS used a width of 240 km, an average
velocity of 2 km/a and an average ice thickness of 250 m. Maps derived from Landsat satellite
imagery since that time (Vaughan et al., 1995) show that the current ice front of the FIS is ~160
km wide and so this early estimate certainly exaggerates the current flux. The flux estimate of
Doake (1985) was made just prior to the major calving event of 1986 and used an ice front width
of 180 km, again wider than the present width. The flux estimates by Lange (1987) and Bentley
and Giovenetto (1991) have utilised more recent Landsat data and observations of the ice front to
determine ice speed and front width and are likely to be closer to the current value. The estimate



for the Foundation Ice Stream (Lambrecht et al. 1998) was calculated using a combination of
field data and numerical modelling. Balance velocities and basin accumulation were modelled by
McIntyre (1986) to estimate ice discharge into the Filchner Ronne Ice Shelf.

It is interesting to note that the relatively high balance velocity estimated for the Bailey Ice
Stream (275 m/a) in McIntyre (1986) appears consistent with the Antarctic wide estimates
illustrated in Figure 2 of Bamber et al., (2000), but not with the lower velocities derived in the
present work. Most of the present data is downstream of the grounding line but even here the
speeds are only ~150 m/a. As the Bamber et al., (2000) work reflects recent, reliable ice
topography from ERS altimetry, this discrepancy suggests that this part of the Filchner drainage
system may not be in equilibrium.

InSAR methodology for ice velocity
In our original assessment of five interferometric pairs completed soon after the AMM, it was
clear that there were areas with sufficient coherence for study, but that traditional interferometric
techniques dependent on the differential phase would be difficult to apply. The reasons for this
were:

� For the 6 day AMM InSAR mission (Crawford, 1997; Jezek, et al., 1998a) most of the
interesting areas were covered by only an ascending or a descending pair so that a solution
for 2-dimensional ice motion would be impossible from phase alone.

� Phase unwrapping would be difficult because of the very high fringe rate caused by the long
24 day period between acquisitions, coupled with the high flow rates and patchy coherence
in many scenes.

As a result of these considerations it was decided to develop a 2-dimensional image chip or patch
correlation technique. When the backscatter from an area remains coherent, then the image
speckle pattern will be correlated and it is possible to register patches from the 2 images to a
small fraction of a pixel spacing. It should be emphasized that this does not depend on image
features. In fact, use of this ‘speckle tracking’ technique is normally much more accurate than
any type of incoherent image feature tracking procedure.

The advantages of the speckle tracking technique are:

� Motion in both the range and azimuth direction can be derived.

� No phase unwrapping is required so that velocity can be derived for areas separated by
incoherent data.

� Assuming coherence, the speckle tracking technique will work for high ice speeds and longer
orbit repeat cycles.

� If the topography and satellite orbits are known accurately, then the ice speed can be derived
from the range and azimuth displacement data in a straightforward manner. In practice
however, the uncertainty in both the ice topography and satellite orbit data is such that ice
velocity ‘control’ is still required to calibrate the ice speed.

The disadvantages of the speckle tracking technique are:

� The relative velocity in range is much less accurate with speckle tracking than with
unwrapped differential phase. To estimate the range displacement to an accuracy of 0.5 m



(1/50 of a 25 m range pixel) would require good coherence and averaging over a relatively
large area (Bamler, 1999). However, the resulting estimate would still be at least an order of
magnitude worse than that possible with differential phase. For this reason, it is
recommended that wherever possible, differential phase also be used for the range
component of the ice motion. Experience has shown, however, that often the use of
differential phase for radial motion from RADARSAT data is limited to areas with lower ice
speeds, typically less than ~125 m/a. For many Antarctic glaciers speeds exceed 300 m/a,
and the gradients in speed can also be high, thus making  the use of differential phase
difficult for 24 day repeat RADARSAT or 35 day repeat ERS-2 data.

Ice velocity can be estimated from the corrected range and azimuth displacements using the
formalism given by Joughin et al. (1996), see Figure 1. The range ( r� ) and azimuth ( a� )
displacements can be related to the displacements in a local Cartesian co-ordinate system ( x�

parallel to the azimuth direction, y�  locally horizontal and parallel to the range plane, and z�

local vertical) by

sin cosr p y zB� � � � �� � �  (1)

x a� ��  (2)

where:

cos( )pB B � �� �   is the parallel baseline, see Figure 1.

� = look angle at the satellite
�   = local incidence angle

��

Figure 1: Illustration of (a) satellite geometry and (b) ground geometry for the calculation of
surface displacement in three dimensions. B is the baseline, Bp is the parallel baseline and Bn is



the perpendicular baseline, � is the baseline angle, � is the radar look angle at the satellite, and �
is the local incidence angle. In (b), the yz plane is in the plane of incidence and x is parallel to
the along-track direction. The displacements of the ice between the times of the 2 passes are
described in this frame by � �x y z, ,� � � .

Assuming that the ice motion is parallel to the ice surface then the vertical displacement can be
related to the horizontal displacements through (Joughin et al., 1996):

z x a y rS S� � �� �  (3)

Where aS and rS are the local azimuth and range slopes. The approximations implicit in this
assumption have been discussed by Reeh et al. (1999). In the present context, the additional error
associated with the ‘surface parallel’ approximation is negligible. From these equations one can
derive the local horizontal displacement in the range plane as:

� � � �cos / sin cosy r p a a rB S S� � � � � �� � � � (4)

The total ice displacement is then 2 2 2
x y z� � � �� � � , and the ice velocity, V , in meters per year

is:

� �365 24V �� (5)

where the factor (365/24) reflects the 24 day RADARSAT repeat orbit. Strictly speaking, this
factor should reflect the solar year, i.e. (365.2425/24), but the difference is small. The direction
of motion can be estimated readily from  and x y� � , and the angle between the local azimuth and
true north.
The SAR data processing steps to produce the estimates of range and azimuth displacement are
summarized in Figure 2. The procedure for combining the elevation data, the tidal model and the
orbit information with the displacement data, first to correct the displacement data and then to
estimate ice speed, is given in Figure 3.
The azimuth displacement correction mentioned in the first box of Figure 3 requires some extra
explanation. The basic azimuth spacing between pixels is a function primarily of the radar pulse
repetition frequency (prf), but also depends on orbit height, terrain elevation, radar look angle
and on latitude dependent Earth rotation parameters, see for example Raney (1986). For an
interferometric pair the Earth rotation, topographic contributions, prf, etc., are the same, but there
remains the subtle difference in azimuth pixel spacing as a function of the differences in the 2
orbits, i.e. the baseline. From a straightforward consideration of the geometry (assuming a
circular orbit), and the variation in satellite speed with distance H from the centre of the Earth, it
is possible to show that the fractional change in the azimuth pixel spacing is given by:

� � � �az1 2 az1/ 1.5 tan /az V HB B H� � � �� � � �                                                           (6)

where:
1,2az�  =  the azimuth pixel spacing for passes 1 and 2, neglecting Earth rotation effects.

� �1 2az az� ��  =  the difference in azimuth pixel spacing.



VB  =  the vertical baseline (positive for pass 2 higher than pass 1).

HB  =  the horizontal baseline (positive when the angle �  subtended at the centre of the Earth by
the sub-satellite point and the swath pixel decreases for pass 2 in relation to pass 1).

For example, for a purely vertical separation of the orbits equivalent to a change of 2 parts in 106

of the orbit radius (corresponding to ~ 14 m change in satellite height), the azimuth spacing will
change by 3 parts in 106. In this case there will be an accumulating azimuth displacement such
that after 105 pixels (~ 500 km) there will be a relative azimuth displacement of 0.3 pixels, which
is easily measurable. However, this correction may not be necessary if there are along-track
velocity control areas.

The correction to the range displacement data due to tidal motion has been made using an
Antarctic tidal model (Padman et al., 2000; Rignot et al., 2000) to predict heights at the times of
the satellite overpasses. The predictions were provided to us by L. Padman and showed that
height differences of 2 – 2.5 m were quite common across the FIS. The tidal height difference
data were resampled to the same grid as the estimates of ice motion, a mask was generated to
identify those values on floating ice, and the range displacement was corrected by projecting the
vertical motion due to the tide in the direction of the SAR. The position of the grounding zone
was estimated, where possible, by examining the phase fringes from the interferometric SAR
data (Goldstein et al., 1993, Rignot, 1996). In the region close to the grounding zone, within 5-10
km, the range displacement offset was reduced according to the model of ice shelf flexing used
by Goldstein et al. (1993).



Figure 2: Data processing sequence to generate azimuth and range displacement data.

Complex image pairs are processed with an appropriate bandwidth and a
common Doppler centroid model in order to optimize coherence.

To avoid any loss of resolution when detecting the complex imagery, the
I,Q data is upsampled by a factor of 2 in both the range and azimuth directions.

As this is done with a sin(x)/x resampler, the spectra of the complex data is
shifted to zero Doppler prior to the resampling.

Fine registration of image chips is done by cross-correlation of detected image chips.
The image chip size is variable but is normally optimal in the range 0.5 to 1 km.

 Estimates of displacement in range and azimuth are obtained by finding the peak
 in an upsampled 2 dimensional cross correlation function. As the upsampling is done

normally by a factor 20, the resolution of individual estimates of displacement is
1/40 of the azimuth or range sampling.

Doppler centroid parameters are estimated for pairs of images along the pass.



Figure: 3 Procedure for velocity calculations based on the DEM, orbit and displacement data.

Errors in the speckle tracking approach

The uncertainty in velocity, V� , arises from both random and bias errors in the displacement
estimates. In general, the uncertainty in velocity is related to the uncertainty in the displacement
estimates, ,  ,  and x y z� � �� � � , by:

2 2 2
x y z
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   (7)

where:
365/ 24c �

The last term can be neglected as the vertical motion is normally much smaller than the
horizontal motion.

Orbit data from SAR
processing and
ancillary files

Relevant area of DEM extracted
from Antarctic DEM and

 upsampled to 100 m resolution

DEM section mapped into slant
range using orbit data

Latitude, longitude, elevation,
incidence angle, range slope

and azimuth slope determined
 for the centre of each velocity

estimate cell

Initial estimate made
of baseline using
orbit parameters

Displacement in azimuth adjusted for
the predicted baseline, and

displacement in range adjusted for ice
surface height differences due to tidal

effects of floating ice

Stationary or known velocity
areas used to calibrate
final azimuth and range
 displacement values

Velocity calculations

Quality control removes poor
points for which the correlation

coefficient falls below a
predetermined limit

Baseline refined using
velocity and displacement

reference data



Random errors
The standard deviation or random component of the uncertainty in an estimate of displacement in
‘speckle tracking’ has been given by Bamler (1999) as:

,

2
3/ 2

,
13

2x y x yosf
N�

�
� �

	�

�
� (8)

Where:
,x y�

�  =  standard deviation of the estimate of displacement in the x or y direction
 (has same units as pixel spacing).

   N  =  number of samples in each registration window
   �   = coherence
 osf  = oversampling ratio
 ,x y�  = pixel spacing  (m)

Typically, we use N = 1.2 �104 samples in the registration window, and �  is usually between 0.3
and 0.6. The oversampling factor in range is around 1.2, but depends on the processed bandwidth
in azimuth. Typically, the product of the range and azimuth oversampling is around 2.
From (8) above, the random component in the speckle tracking component for an individual
estimate of azimuth displacement is in the range 1.1 to 2.6 m/a. The unit of displacement in our
work has usually been 1/40 of a pixel spacing which corresponds to a velocity quantization of ~
2 m/a in azimuth ( x� �  5.4 m), so that for individual estimates the quantization may limit the
accuracy. In fact, further averaging is normally done and this would rarely limit final accuracy.
In the range plane, the errors from speckle tracking are more significant than those in azimuth.
As the pixel sampling in ground range, y� , is ~ 20 m in (8) above, the random error in an
individual estimate of registration in the speckle tracking process in the range direction is in the
range 4 to 10 m rms. Again, by averaging the results over a 5 x 5 km window the random
component of error can be further reduced and is normally much smaller than bias errors.

Bias errors
The first source of bias errors in azimuth is uncertainty in along-track registration. Velocity
reference control is needed in the azimuth direction to correct for this uncertainty. This is best
obtained by identifying regions of zero or known velocity on low slope terrain. Any error in this
value translates directly into a bias error in the results. Unfortunately, even if a good control
point can be identified, a bias error may still enter into the results as one moves further away
from the reference point. This can arise because of small errors in the orbit models. For example,
the orbit models may be incorrect such that the assumed zero Doppler direction may not be
precisely correct, i.e. in the interferogram there may be an uncompensated squint, leading to a
range dependent displacement in azimuth bias. Although these errors are very small, over long
distances they can become a significant fraction of an azimuth pixel spacing. As a result, it is
desirable to have both along- and across-track control, preferably separated by less than 100 km.
It is difficult to quantify these errors and they have to be treated on a pass-by-pass basis.



The second source of errors in speckle tracking for displacement in azimuth arises from the
possibility of a varying electron density in the ionosphere. Evidence has been presented (Gray et
al., 2000) that along-track variations in electron density can affect satellite SAR through both
phase errors and a mismapping of pixels in azimuth. The effect has been observed previously in
ERS satellite radar interferometry (e.g. Joughin et al., 1996), particularly in data collected in the
polar auroral zones. For C-band interferometry the effect appears as ‘streaks’ in an image of the
azimuth displacement, where the streaks are aligned close to the range direction. For the C-band
satellite SAR data, the modulation in azimuth displacement is on a 1 km scale in the azimuth
direction, and the amplitude is typically in the range 0.1 to 0.2 of a pixel spacing.  At L-band
both the depth of modulation and width of the streaks in azimuth are larger, which will make the
application of this technique potentially more difficult at this frequency. The azimuth
displacement due to this ionospheric effect can lead to serious errors in velocity (~ 10 m/a or
more at C-band), however, filtering over along-track distances of approximately 5 km can be
used to reduce the modulation. The effect has been observed with the RADARSAT AMM
InSAR data, but the passes from which these ice flux results have been derived were not
corrupted by this effect.
Bias errors in displacement in the range plane can arise from errors in baseline estimation, errors
associated with the displacement calibration, errors in tidal corrections for floating ice, and DEM
errors. These errors have been discussed in the literature, see e.g. Joughin et al. (1996) and
Frolich and Doake, (1998). If, for example, a near swath reference velocity is used then an error
in either the baseline model or the DEM at that point is unimportant as the parallel baseline has
been corrected to compensate for the problem. However, at other points in the scene, particularly
at other radar look angles, there will be an error dependent on the error in the DEM, the
magnitude of the perpendicular baseline, and the error in the baseline model. Joughin’s
conclusion (Joughin at al., 1996) that baseline error is often the largest source of error in the
estimation of ice velocity from differential phase is also true for the speckle tracking method.
It is useful, however, to look at the magnitude of some of the contributions particularly because
of the longer orbit repeat cycle of RADARSAT (24 days) in relation to the early ERS-1  (3 days)
or ERS tandem mode (1 day) data. An error of 100 m in terrain height, coupled with a
perpendicular baseline of 100 m will lead to a bias error in velocity of only around 1 m/a,
dependent on the mode of data acquisition (the error reduces slightly for the larger incidence
angle modes). However, the error in knowledge of the parallel baseline can be more significant:
even if a good velocity reference area exists at one point in the swath this only calibrates the
parallel baseline at that incidence angle, and the error at other points in the swath will lead
directly to a bias error. For example, at 30 degrees incidence a 0.5 m error in parallel baseline
leads to an error of around 15 m/a in estimated ice speed in the ground range direction. This can
be the most serious error in the estimation of ice velocity and it reinforces the desire to have as
much reference data as possible, particularly near and far range, so that the baseline can be
refined.
For regions of floating ice, an incorrect compensation for the vertical tidal motion will cause an
additional bias error for the range component of horizontal motion (Rignot, 1996). As explained
earlier, the variation in the range displacement due to tide related height variation between image
acquisitions is removed using results from an Antarctic tidal model (Padman et al., 2000; Rignot
et al., 2000). Potential errors can arise in the sub-shelf tidal model because of poor bathymetry
and mismapped grounding lines. Estimated model errors due to these and other errors are in the
10-50 cm range (Padman, 2000).  In addition, the height over floating ice can be influenced by



the “inverse barometric effect” or “IBE” (Gill, 1982; Rignot et al., 2000). The IBE involves a
depression of ~1 cm of the sea surface (and floating ice) for each 1 millibar increase in
atmospheric pressure: the pressure anomaly for a typical polar low is ~30 millibars, so the IBE
error in height can be ~30 cm. As the RADARSAT passes are separated by 24 days, the
atmospheric pressures from separate passes are essentially decorrelated and it is quite possible
that atmospheric pressures could lead to a significant height difference regardless of the accuracy
of the tidal model.  A 20 mb pressure change can lead to a height change of ~20 cm (Padman et
al., 2000), which if uncompensated would lead to a cross-track velocity error of around 5 m/a.
Barometric pressure data were obtained from the British Antarctic Survey, Halley Station on the
Brunt Ice Shelf (~ 500 km from the middle of the FIS). The barometric pressure differences at
the overpass times of the 2 pairs of data covering the floating ice were quite low, in one case less
than 1 mb and in the other case ~7 mb, so it is unlikely that a significant error has arisen from
this effect.

Data

The FIS area is covered with three swaths of interferometric RADARSAT data. Figure 4 shows
the location of the study area and the coverage of the data. The swath descriptions are given in
Table 3.

Table 3: Swath descriptions

Swath Mode Incidence
angle

Parallel
baseline (m)

Perpendicular
baseline (m)

Acquisition dates

A S7 44 - 49º 184.3 261.8 21/9/1997 and 15/10/1997
B S2 24 - 31º 53.6 121.6 24/9/1997 and 18/10/1997
C S2 24 –31º 83.7 197.2 23/9/1997 and 17/10/1997

Swath A, covering the upstream sections of the Recovery and Slessor Glaciers is standard 7
mode, with incidence angles varying from 44 to 49º from near to far range. Swaths B and C,
which cover the FIS are standard 2 mode, with incidence angles varying from 24 to 31º from
near to far range. The baselines are nominal values given for mid-swath, mid-range.

Surface elevations were obtained from the Antarctic digital elevation model (DEM) compiled by
the Byrd Polar Research Center (BPRC) of The Ohio-State University  (Jezek et al., 2000). For
the study area, most elevations were originally derived from satellite altimeter data.

Tidal corrections for the ice shelf were performed using predictions from an Antarctic tidal
model, as discussed above.

Figure 5 illustrates the ice surface velocity for the 3 swaths as a colour overlay on the AMM
mosaic. The low speeds are represented with blue tones, changing to red and purple for the
highest speeds.

Surface accumulation rates from Graf et al. (1988) and Oerter et al. (1998) were used to create a
local accumulation data set using average accumulation values for the latitude of the ice shelf.
These rates were originally derived from accumulation depths in snowpits on the ice shelf
surface and show a steady decline from 24 g/cm2/a at the ice front to 13.7 g/cm2/a at the



grounding line. They are considered accurate to 20% due to wind erosion and snow
redistribution.

Ice thickness

In order to calculate ice flux, velocities must be combined with ice thickness data. It is possible
to derive ice shelf thickness using the principle of regional hydrostatic equilibrium if the ice
surface elevation is known. Ice thickness data have been calculated for the FIS using the surface
elevations from the BPRC DEM and the relationship derived for the adjacent Ronne Ice Shelf by
Vaughan et al. (1995), which is:

(9)                                                                                                               17108.0 �� Hh

where:

h   = surface elevation (referenced to OSU91 geoid model) (m)
H  = total ice thickness (m)
17 = correction for lower firn density and offset between geoid model

 and true sea level (m)

The equation is considered reliable to �70 m in ice thickness.

Flux calculations

Gates were taken across the ice shelf downstream from the entry of the tributary glaciers into the
FIS. While it is desirable to estimate the input flux from each glacier, uncertainty about the exact
grounding line position and the desire to use the hydrostatic equilibrium principle in the
calculation of ice thickness led to the downstream choice. The gates were placed ~ 20 km
downglacier of the estimated grounding line. The 3-dimensional circulation model of Grosfield
et al., (1998) indicated basal melting of ~ 1 m/a in the grounding line region of both the
Recovery and Slessors Glaciers, for this reason it is acknowledged that the gate fluxes may
underestimate the actual input fluxes. Gate width is constrained by the flow stripes, assumed to
represent flow direction. The interferometrically derived flow directions are seen to agree well
with the flow stripes suggesting stable and consistent patterns of flow over the last 500 years.
The ice front gate is placed at the northern limit of the data, as close as possible to the actual ice
front. Gates across the tributary glaciers are placed 300 years of flow back from the ice front gate
(on the assumption that there has not been a significant change in flow in this period). The time
delay between gate positions was determined using an integration of the velocity and distance
along the flow stripes. Figure 4 shows the positions of the gates and the flow stripe profiles used
to determine the 300 year limit in yellow.

As velocity and ice thickness vary across the gate, each gate is sub divided into 500 m sections
and the flux calculated as the sum of the subsection fluxes. The summation has used subsection
widths estimated perpendicular to the flow direction, determined using the interferometrically
derived flow direction.
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Where:
H = thickness (m)
V = velocity (m/a)
W = section width (m) perpendicular to the flow direction
x i…N  = gate section

The contributions of ice from the Bailey Ice Stream and Berkner Island are not included in either
the ice front or upstream gates due to potential thickness inaccuracies caused by the proximity to
grounded ice, and the difficulty of velocity estimation in the high shear regions at the eastern and
western edges of the Filchner Ice Shelf.

The area contained within the gates and profiles is multiplied by the local accumulation rate to
calculate the annual volume of surface accumulation in the FIS study area. An error estimate of �
20% is associated with the accumulation volume.

Flux calculation errors

As the derived flow directions and flow stripes are consistent for the ice shelf and inland thereof,
we are confident that the pattern of flow from the major input glaciers has remained relatively
constant over the past five centuries. We assume therefore that the gates are representative of the
width of the tributaries in the ice shelf. The dominant error associated with the gate velocity
profile is that associated with the determination of reference velocities. This is estimated for each
pass and then the error in velocity and ice thickness is combined as follows to estimate the flux
error. The maximum flux is estimated by combining the gate velocity profile plus the associated
error in velocity, with the ice thickness profile plus the associated error in thickness. Similarly,
the minimum flux value is estimated by combining the velocity profile minus the estimated
velocity error with the ice thickness minus the estimated thickness error. Using areas from
Berkner Island, the Shackleton Range, the Whichaway Nunataks and the areas adjacent to the
provisionally named Blackwall Ice Stream as low speed reference areas, we estimate the velocity
error to be � 21 m/a. The error in ice thickness is taken as � 70 m (Vaughan et al., 1995). These
calculations are made for each gate subsection and summed for the final minimum and maximum
gate flux estimates.

The largest errors in flux are associated with the northern, ‘ice front’, gate. Some velocity control
is provided by the relatively slow moving ice of Berkner Island on the west and Coats Land on
the east, as well as the mountains on both passes further to the south. Although the random errors
are larger for the ice front gate, due to increased noise in the fine registration of the image chips,
the potential bias errors still dominate. In addition, there is a section of the gate (coloured red in
Figure 6c) for which the data has been interpolated using a polynomial fit to span across the data
gap. To account for these problems we have used a relatively high velocity error of � 30 m/a and
a thickness error of � 70 m in estimating the flux limits for the ice front.

Results



Figure 5 shows the derived velocities as a colour overlay on the amplitude mosaic. The spatial
distribution and range of velocities agrees well with others, in particular the trend of westward
increasing velocities noted by Lange and Kohnen (1985) and Schmidt et al. (1999). The velocity
data also confirm the existence of two new ice streams first identified in the Antarctic Mosaic by
Jezek (1999). These ice streams actively feed the Recovery Glacier and their velocities of
between 200 and 400 m/a can be seen in Figure 5. They have been provisionally named the
RAMP Ice Stream, after the RADARSAT Antarctic Mapping Project, and the Blackwall Ice
Stream, after Hugh Blackwall Evans, the first Canadian scientist to work and overwinter in
Antarctica in 1899.

Figure 6 illustrates the velocity variation across the Recovery (6a) and the Slessor gates (6b), and
the ice front (6c). Figure (6a) is for gate R1 in Figure 4. The blue lines are based on the velocity
estimates and the red sections in Figure 6a and 6c are interpolated. For the ice front gate (6c)
there is a central section of missing velocity data due to the non-overlapping image swaths. For
this area the ice velocities are interpolated between the real values of the swaths either side.
Interpolation using polynomial fitting is also used to provide estimates of velocity over the areas
where there is loss of coherence such as the shear margins.

Table 4: Flux results (See Figure 4 for gate positions and Figure 6 for profile examples)

Input source Minimum flux
(km3/a)

Flux
(km3/a)

Maximum flux
(km3/a)

Percentage
contribution

Recovery Glacier 30.4 34.9  39.7  47.4
Slessor Glacier 20.5 24.0  27.3  32.6
Support Force Glacier   4.6   5.4    6.2    7.4
Foundation Ice Stream   4.4   5.3    6.2    7.2
Accumulation   3.2   4.0    4.7     5.4
Total input 63.1 73.6  84.1 100.0
Ice front
Total output 64.2 75.3  87.0

The fluxes show that the Slessor and Recovery Glaciers are the most important contributors to
the FIS, together accounting directly for 80% of the ice volume. This dominant role of the
Recovery and Slessor Glaciers in the ice shelf flux indirectly highlights the importance of their
catchment areas in East Antarctica and the possible changes that may result from a climatically
induced reduction in the size of the ice shelf. The flux of Foundation Ice Stream (5.3 ±  0.9
km3/a) is found to match reasonably with the estimate of 4 ± 2.5 km3/a by Lambrecht et al.
(1998).  In the total estimate above no contribution has been included from Coats Land or the
Bailey Ice Stream on the east or from Berkner Island on the west of the FIS, because of
uncertainties in the ice thickness and speed. However, the contribution appears to be quite low
and would only increase the total flux by ~5%.

While the similar input and output ice volumes imply that the ice shelf is not dramatically out of
equilibrium, the associated errors are large and we do not know the scenario at the ice shelf edge
and at the grounding line, areas where considerable melting usually takes place. Grosfeld et al.
(1998) proposed an average melt rate of 0.35 m/a for the FIS but showed that it was spatially
variant with some regions close to Berkner island actually experiencing refreezing of < 2.8 m/a.



While we are currently unable to comment on this proposed regime, the acquisition of accurate
thickness data in the grounding line regions, and interferometric coverage of the northern ice
edge, would enlarge the present study and enable the investigation of basal melt and accretion
rates, and improve our knowledge of the equilibrium status of the ice shelf.

Conclusions

Speckle tracking interferometry is an effective and useful technique for monitoring Antarctic ice
motion. The method has advantages for areas of high velocity and long repeat cycles and is
particularly suitable for the large, flat surfaces of ice shelves. When used for ice shelf monitoring
the method requires the additional input of tidal height variations between image acquisitions.
Areas of stationary ice or mountains are needed to correct for bias errors in the speckle tracking
method. Interferometrically derived velocities are especially useful when combined with ice
thickness data and used to calculate ice flux. For the FIS we show that the Slessor and Recovery
Glaciers dominate the regime of the ice shelf, directly contributing ~ 80% of the ice shelf
volume. Because the flow stripes are parallel to the ice velocity vectors and there are similar
fluxes in the FIS at gates separated by a distance equivalent to ~ 300 years, we suggest that the
flow regime in the FIS has not changed dramatically in the last few hundred years.
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Figure 4:
Illustration, in red, of the positions of the 1997 AMM RADARSAT repeat swaths over the
Filchner Ice Shelf which can be used to derive ice motion. The background image is from the
AMM Antarctic mosaic and the main outlet glaciers are labelled. The yellow lines illustrate both
flow lines on the Ice Shelf and the ‘gates’ across which the flux of ice has been estimated in
Table 4. The gates are labelled: S = Slessor Glacier; SF = Support Force Glacier; F = Foundation
Ice Stream; IF = Ice Front; R1 = Recovery Glacier; R2 = Recovery Glacier ice that spills over
the ice fall into the ice shelf. Gates R1 and R2 are combined for the total Recovery Glacier flux.



Figure 5:
Illustration of the surface velocity of the ice for the 3 swaths. Colour is used to indicate speed, as
given by the inserted colour bar in the top left of the image. The low speeds are represented with
blue tones, changing to red and purple for the highest speeds. The previously documented
increase in speed from east to west across the front of the Filchner Ice Shelf is apparent, even
with the data gap. Again, the background image is from the AMM Antarctic mosaic.





Figure 6:
Graphs showing the estimated velocity across three of the gates defined in Figure 4. The left side
of the profile in (a) corresponds to the western part of gate R1, slightly downstream from the
input of the Recovery Glacier. The velocity increases across the gate and peaks on the east side.
The short interpolated region is necessary because of incoherence across the strong shear zone at
the edge of the glacier. In (b) the velocity of the Slessor gate increases sharply to peak on the
southern side of the gate and decreases almost linearly down to ~ 320 m/a on the northern
(upper) side. In both (a) and (b), the estimated error is � 21 m/a, due primarily to uncertainty in
the velocity reference regions. The estimated velocity profile across the ice front gate is
illustrated in (c). The velocity increases approximately linearly from the Coats Land side of the
gate to peak at ~ 1145 m/a slightly on the east side of the flow stripe defining the junction of the
ice from the Recovery Glacier and that from Support Force Glacier. The red region has been
interpolated and uncertainties in this process contribute to the estimated � 30 m/a error in the
derived flux across this gate.
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