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Topography and dynamics of Austfonna, Nordaustlandet,

Svalbard, from SAR interferometry
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ABSTRACT. The ice caps of Nordaustlandet, Svalbard, represent one of the largest
glaciated areas outside of Antarctica and Greenland. They ‘demonstrate a variety of dif-
ferent flow regimes within a comparatively compact area. We report on the first interfer-
ometrically derived elevation models and velocity visualisations of Austfonna. This initial
investigation had three purposes: to determine whether the coherence and ve locity char-
acteristics of the region permitted interferometric survey; to determine the accuracy of
derived elevations; and to assess the possibility of investigating time-variant flow of ‘the
more dynamic ice bodies using differential interferometry. A trio of coherent synthetic
aperture radar images from ERS-17s First Ice Phase was identified. The images were com-
bined to separate the topographic “and velocity components of the resultant interfero-
grams. The topographic phase difference was used to produce a digital elevation model
of Austfonna. Its accuracy relative to radio-echo-sounding derived tie-points is 8 m and
its resolution 40 m. We also present synoptic views of the velocity field of three of Aust-
fonna’s drainage basins, and comment on the extraction of useful velocny information.

1. INTRODUCTION

The ice masses of the Svalbard archipelago, in the Nor-
wegian Arctic, are thought to be contributing a positive in-
crement to sea-level rise.
accumulation and summer melting at several valley glaciers
on the island of Spitsbergen have shown a net loss almost
every year since observations began in 1950 (Hagen and
Liestol, 1990). Much mass is also lost through iceberg pro-
duction, from the numerous tidewater glaciers making up
over 1000 km of Svalbard’s coastline. This increment to the
total mass balance is very poorly constrained. A suitable
method is needed of measuring glacial near-terminus velo-
city. Used in conjunction with existing ice thickness infor-
mation (Dowdeswell, 1986), such a data set would allow
calculation of the archipelago-wide mass loss associated
with calving. In addition, a means of efficiently monitoring
changing velocity fields would facilitate study of Svalbard’s
variable dynamic regimes. These include fast-moving ice
streams whose time-variant activity is of particular signifi-
cance to the stability of their parent ice cap (Dowdeswell
and Collin, 1990), and numerous glaciers in various stages
of build-up to surge activity (Dowdeswell and others, 1991).
Nordaustlandet, in eastern Svalbard, contains ice caps cov-
ering an area of 11150km”. This is one of the largest
glaciated areas outside of Greenland and Antarctica. If the
complete topography and velocity fields of the caps were to
be characterised, this data would provide input for glaciolo-
gical modelling studies in the region.

The new technique of satellite radar interferometry
(SRI) may provide a means of extracting accurate, high-
resolution height and velocity information in Svalbard.
Large quantities of 3d repeat synthetic aperture radar
(SAR) data were acquired over the archipelago during
ERS-1’s First and Second Ice Phases in 1992 and 1994, and
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the 1995-96 tandem ERS-I/ERS-2 mission is similarly set to
obtain a significant number of 1d repeat scenes. The region
is well known in glaciological terms, providing useful vali-
dation for interferometrically derived data sets.

The use of SAR interferometry for topographic map-
ping was first demonstrated by Zebker and Goldstein
(1986). A good description of the theory, including a treat-
ment of errors, may be found in Rodriguez and Martin
(1992). The processing steps necessary to transform inter-
ferometric phase difference into useful topographic infor-
mation are detailed in Zebker and others (1994). Sources of
incoherence between repeat-pass SAR images are discussed
by Zebker and Villasenor (1992).

Over the past 3 years, the SRI technique has been ex-
tended to allow synoptic visualisations of surface displace-
ment. Following Massonnet and others’ (1993) visualisation
of the Landers carthquake displacement, there has been a
rapid application of the technique to glacier flow. Goldstein
and others (1993) imaged the line- of-site velocity field of the
Rutford Ice Stream, and Joughin and others (1995) pro-
duced the first detailed regional view of ice motion near
Greenland’s western margin. Kwok and Fahnestock (1996)
described how the separation of mixed topographic and dis-
placement components of interferometric phase may be
achieved through the differencing of successive interfero-
grams,

In this paper, we apply SRI to investigate the topogra-
phy and dynamics of Austfonna, an ice cap on Nordaustlan-
det. Our initial investigations had three purposes: to
determine whether the coherence and velocity characteris-
tics of the region permitted interferometric study; to pro-
duce a digital elevation model (DEM) and determine the
accuracy of the derived elevations; and to assess the possibi-
lity of investigating time-variant flow of the more dynamic
ice bodies using differential interferometry. In section 2 we
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Fig. 1. SAR amplitude image of Austfonna. Orbit 3077, frame
1629, date 16 February 1992. Image size 100 km x 100 km.
The ice cap terminates at an ice cliff bordering marine waters
to the south, and at bedrock to the north. The positions of some
of Austfonna’s drainage basins are marked. These will be
referred to later in the text.

describe the selection of a suitable sequence of SAR images
for use in an interferometric investigation of Austfonna. In
section 3 we present single-pair interferograms containing
phase components due to both topography and ice velocity.
Section 4 describes how we isolated the topographic phase.

Section 5 discusses the computation of a DEM and its accu-
racy relative to an external data set. In section 6 we present
velocity visualisations of three of Austfonna’s drainage
basins. We draw our conclusions in section 7.

2. SAR DATA SELECTION

Our investigations focused on frame 1629 of ERS-1s 3d
repeat track 13. This 100 km x 100 km image covers vir-
tually the whole of Austfonna. We obtained 16 First Ice
Phase repeats of this scene, dated between 1 February and
29 March 1992. The images were in single-look complex
form, having been processed at the German Processing
and Archiving Facility (DPAF). Figure 1 shows the SAR am-
plitude image from 16 February 1992.

Two pairs of coherent repeat-pass SAR scenes, forming
two interferograms, are needed to separate interferometric
phase difference into its topographic and displacement com-
ponents (Kwok and Fahnestock, 1996). The coherence of
each pair was investigated, in order to identify scenes suit-
able for full interferometric processing. Small portions of
each pair were approximately registered, to the nearest
pixel, by first manually matching features, and then iterat-
ing to maximise correlation. Interferograms and coherence
images were formed. We found that image pairs acquired
between 13 and 19 February achieved high coherence across
the whole scene and hence yielded high-quality fringes.
Most of the other pairs did not match this quality, display-
ing low coherence over part or all of the scene. Local temp-
erature data, obtained from the Norwegian Metcorological
Institute, indicate that melting could not be the cause of this
coherence loss. It is therefore assumed that precipitation, in
the form of snow, has destroyed the correlation.

Three coherent images, forming two mutually coherent

.a) _11,2

Fig. 2. Mixed motion/topography interferograms formed from (a) SAR images | and 2 (I 2 ), and (b) SAR images 2 and 3
(Ina). One fringe cycle from black to white represents a phase change from 0 to 2m. The size of each interferogram s
100 km x 100 km. The longer baseline of Iy 3 resulls in its greater sensitivity to topography relative to Iy 5. Enhanced flow regions
are apparent at the three drainage basins delineated in Figure 1. The complexily in Basin 5 corresponds to an area of surface
roughness and ils corresponding velocity field. Fringes occur over regions of water where fast ice is present.
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Fig 3. (a) Topographic interferogram formed by differencing Iy 5 and I 3. One fringe cycle from black to white represents a phase
change from 0 to 2. The motion effects apparent in Figure 2 have been removed. The feature marked X is a small ice dome. (b)
The unwrapped version of Liopog. Black regions were masked out of the unwrapping algorithm. The size of each image is

100 km x 100 km.

3 d repeat pairs, were selected for further study. The images
were acquired on 13, 16 and 19 February 1992, from orbits
3034, 3077 and 3120, respectively. The scenes will henceforth
be referred to by the numbers 1-3. At scene centre, the base-
line for image pair 1-2 is 61 m, and for pair 2-3 it is 186 m.

3. SINGLE-PAIR INTERFEROGRAMS

The three SAR images were mutually registered to sub-pixel
accuracy using the technique of Gabriel and Goldstein
(1988). For each pair the complex multiple was computed
and non-topographic range-dependent ramps were removed.
Baselines were estimated using Precise Orbit data (ESA,
1990), and the coordinate system used was that of a spherical
Earth of radius equal to the local geodetic radius. To reduce
speckle, at the expense of resolution, averaging was per-
formed over two samples in range and ten samples in azi-
muth (Zebker and others, 1994). This process is often
referred to as “multi-looking” The resultant sample size was
then 39.61 m in azimuth and 15.81 m in slant range (equivalent
to approximately 40 m in ground range, though this varies
with topography). The phase and correlation of each complex
interferogram was calculated. Figure 2 shows the interfero-
metric phase formed from each pair. These phase-difference
images contain components due to both topography and flow.
The topographic component is less dominant in [} 5 because
of its relatively short baseline.

4. TOPOGRAPHIC-PHASE ISOLATION

The topographic phase was isolated by subtracting I5 3 from
I12 (Kwok and Fahnestock, 1996), under the assumption
that the velocity field remained constant over the relevant
6 d period. The subtraction was performed by multiplying
the complex interferograms before the multi-look averaging
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procedure to optimise speckle reduction. Figure 3a shows
the resulting topography-only interferogram, ligpog. Its
equivalent baseline is the vectorial difference between the
baselines of I; 2 and I3, which is 245 m at image centre.
The greater length of this baseline relative to that of I3
accounts for the tighter fringe spacing of Ii,peg.

The modulo-27 phase of I;pos was unwrapped using
the algorithm of Joughin (1995). Figure 3b shows the un-
wrapped phase. Areas of complicated topography or sea
water were masked out of the procedure, and these regions
are shown in black.

5. DEM PRODUCTION

Io produce accurate height information, the interferometric
baseline parameters have to be known very accurately. Cur-
rently the best orbit estimates for ERS-l are accurate to
about 30 cm (ESA; 1990). This uncertainty can lead to sys-
tematic height errors of the order of lkm (Zebker and
others, 1994), and smaller, spatially varying height errors. It
is therefore necessary to use tie-points of ground-truth
heights to constrain the baseline parameters. Provided
enough tie-points, of suflicient accuracy, are used, it is possi-
ble to reduce this component of the height error to less than
5m (Zebker and others, 1994), equivalent to millimetre-order
accuracy in baseline length. In the absence of tie-point errors,
only four points would be needed to solve for the two baseline
components and their gradients. However, where there are
random errors in the tie-points, the result will be optimised
by use of a greater number.

The tie-points used in this work are from an airborne
radio-echo sounding (RES) mission performed jointly by
the Scott Polar Research Institute (SPRI), Cambridge, and
Norsk Polarinstitutt, Oslo, in 1983 (Dowdeswell and others,
1986). The mean of 251 RES crossing-point errors on Aust-
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Fig. 4. (a) Shaded isometric plot of interferometrically
derived DEM of Austfonna. The positions of the main ice
domes and drainage basins are marked. The edges correspond
lo the edges of the unwrapped phase image rather than the
edges of the ice cap. (b)) Contour plot with 50 m interval.

fonna was 1l m, with a standard deviation of 9.3 m. These
errors were due to poor navigational accuracy over much
of the ice cap, and are larger where slopes are steep. The
lowest errors occurred where two or more transponder posi-
tion fixes could be made. Here position accuracies were cal-
culated as + 30 m (Dowdeswell and others, 1986), as distinct
from 4+250m elsewhere on the cap. Of over 17000 tie-
points, we selected 2500 from within the area where cross-
over errors were lowest (Dowdeswell and others, 1986). The
tie-points were given pixel locations within the image using
the best available knowledge of the orbit. A subset of 250
points, chosen by extracting every tenth point in the time
series, was used in the baseline estimation procedure, sol-
ving for the parameters in a least-squares sense.

Once the baseline geometry is known, topographic
heights may be derived from the unwrapped interferometric
phase (Zebker and others, 1994). Figure 4a shows a shaded
isometric image of the interferometrically derived DEM.
The main ice domes, Austdomen and Serdomen (Dowdes-
well and Drewry, 1985), can clearly be seen, as can the main
ice divides delineating Austfonna’s drainage basins. The
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edges of this plot mark the edges of the SAR scene, or the
limit of interferometric phase that could be unwrapped
(see Fig. 3b), rather than the edge of the ice cap itself. A
contour plot of the DEM is shown in Figure 4h.

The interferometrically derived DEM was compared to
the 2500 tie points selected from the low tie-point error
zone. The average difference was 0.5 m and standard devi-
ation 79 m. A comparison was also made with the whole
tie-point data set, for which the mean difference was - 12 m
and standard deviation 42 m. Figure 5 shows that the largest
differences occur in the northeast corner of the ice cap. No
transponder fixes were available in this region. Slopes are
also steep, exacerbating height errors arising from naviga-
tional uncertainties. Flight-line crossovers in the poorly na-
vigated zone yielded RES height differences of up to 40m
(Dowdeswell and others, 1986). It is therefore likely that it
is the RES data set that is in error in this area of the ice
cap, rather than the interferometric height information. In
order to corroborate this, an attempt to repeat the result
using different SAR scenes is currently under way.

6. DRAINAGE-BASIN FLOW FIELDS

The interferometric phase due to ice displacement was iso-
lated by subtracting the unwrapped topographic phase from
the mixed interferogram, I 5, performing appropriate scal-
ing to account for their different baselines (Kwok and Fahne-
stock, 1996). Since the baseline of I} 5 is known only to an
accuracy of about 0.5 m, this cancellation of topography is in-
complete, and a residual phase ramp remains. Each phase
cycle from 0 to 27 represents a velocity increase of 0.95 cm
d !, or 35 myear . The residual error induced by a baseline
uncertainty of 50 cm is roughly two [ringes across the 100 km
image in the look direction, which corresponds to a velocity
change of about 7myear '. Over short distances, such as the
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Fig. 5. Differences between RES heights and the interferome-
trically derived DEM. The black circles delineate the area
from which tie-points were used to constrain the baseline para-
meters. The largest differences occur where the reliability of
the RES data was poor due to inadequate geolocation ( see
lext ).


https://doi.org/10.3189/S0260305500012519

Unwin and Wingham: Topography and dynamics of Austfonna

a) Basin 3

Line of sight
_b.

b) Duvebreen

c¢) Leighbreen

Fig. 6. Displacement fringes for three of Austfonna’s drainage basins. Each cycle from black to white represents a velocity increase
of 35myear " in the line-of-sight of the satellite. Black areas represent regions where the topographic phase could not be un-
wrapped. The locations of these interferograms are indicated in Figure I.

width of an outlet glacier, this error can be considered negli-
gible.

Figure 6 shows the displacement fringes for three of
Austfonna’s drainage basins, for which flow was enhanced
relative to the rest of the cap. The basins are Duvebreen in
the north, Basin 3 in the south and Leighbreen in the east
(Dowdeswell and Drewry, 1985). The interferometric {ringes
represent the flow-induced phase shift that occurred, in the
line-of-sight of the satellite, during the 3 d period between
the acquisitions of images 1 and 2. Each image is a contour
map of slant-range displacement, with a contour interval of
2.8 cm (half the ERS-1 SAR wavelength). This converts to a
line-of-sight velocity scale of 3.5 m year ' per fringe. As the
origin of the phase shift is unknown, displacement, and
hence velocity, may only be determined relative to that of a
chosen reference point. In regions of phase continuity, abso-
lute line-of sight velocities may be obtained if [ringes are
counted from a point of known velocity.

Examining Basin 3, for example, 18 fringes may be
counted from where the flow begins at the point marked A
to where it ends at point B, at the edge of the cap. This cor-
responds to a velocity increase over this region of 63m
year ' (I8 x 3.5). Since this represents only the velocity
component in the line-of-sight of the satellite, true velocities
will be higher.

Basin 5, to the east of Basin 3 (see Fig. 1) has maximum
measured velocities of around 45 m year ' (Dowdeswell and
Drewry, 1989). Dowdeswell (1986) divided Austfonna’s drai-
nage basins into two categories: those which had low driv-
ing stresses and were thought to be in the quiescent phase
between surge activity, and those, such as Basin 5, which
had high stresses and profiles and were interpreted as being
frozen to their beds. Basin 3 was classified as the former
type, and the high velocities visualised in Figure 6a confirm
that basal sliding is probably taking place. Leighbreen was
thought to be intermediate between the two groups, with
higher driving stresses than Basin 3. Figure 6¢ confirms this
observation. Duvebreen was not included in Dowdeswell’s
study, but the high velocities implied by Figure 6b, with a
line-of-sight velocity increase of 2l myear ' between points
C and D, suggest that it could be in the same category as
Basin 3.
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7. CONCLUSIONS AND FUTURE WORK

We have investigated the temporal coherence of ERS-1 First
Ice Phase SAR data over Austfonna and identified a series of
images suitable for interferometric study. We note the diffi-
culty of obtaining sufficient quantities of coherent images in
this region, due to high precipitation in the winter and melt-
ing in the summer. Topographic and displacement compo-
nents of interferometric phase difference have been
separated. The topographic phase has been used to produce
a DEM of Austfonna, with a relative accuracy of 8 m and
spatial resolution of approximately 40 m. The repeatability
of this result, using different SAR scenes, is to be investi-
gated and a comparison with ERS-1 altimetry data is cur-
rently under way. Since the use of satellite altimetry is
highly problematic over regions of high slope, SRI provides
an alternative for use over small ice caps and glaciers, as
well as across the margins of the larger ice sheets. Resolution
is also much higher than for altimetry, at about 40 m for
data that has been multi-looked over 2 x 10 samples.

We have presented synoptic images of the line-of-sight
velocity field of three of Austfonna’s drainage basins. We
are currently investigating methods to obtain more com-
plete resolution of the ice surface velocity vector. Vertical
velocities are appreciable over local obstacles and are
known to affect ice flow interferograms (Rignot and others,
1995). Physical assumptions concerning ice flow, and the use
of ascending and descending scenes, will therefore be
required to close the velocity vector.

ACKNOWLEDGEMENTS

This study was funded through UK. Natural Environment
Research Council grants GST/02/919 and GR3/9600. We
would like to thank J. Dowdeswell, of the University of
Wales, Aberystwyth, and G. Rees, of SPRI, for allowing ac-
cess to the radio-echo sounding data. We are grateful to L.
Joughin of the Jet Propulsion Laboratory, Pasadena, for use
of his phase unwrapping software, which was developed as
part of his Ph.D. at the University of Washington. We thank
the Norwegian Meteorological Institute for providing us with
weather data.

407


https://doi.org/10.3189/S0260305500012519

Unwin and Wingham: Topography and dynamics of Austfonna

REFERENCES

Dowdeswell, J. A. 1986. Drainage-basin characteristics of Nordaustlandet
ice caps, Svalbard. 7 Glaciol., 32(110), 31-38.

Dowdeswell, J. A. and R. L. Collin. 1990, Fast-flowing outlet glaciers on
Svalbard ice caps. Geology, 18(8), 778781

Dowdeswell, ]. A. and D, J. Drewry. 1985. Place names on the Nordaustlan-
det ice caps, Svalbard. Polar Rec., 22(140), 519-523.

Dowdeswell, ]. A. and D. J. Drewry. 1989. The dynamics of Austfonna, Nor-
daustlandet, Svalbard: surface velocities, mass balance, and subglacial
melt water. Ann. Glaciol., 12, 37-45.

Dowdeswell, J. A., D.J. Drewry, A. . R. Cooper, M. R. Gorman, O. Liestol
and O. Orheim. 1986, Digital mapping of the Nordaustlandet ice caps from
airborne geophysical investigations. Ann. Glaciol., 8, 51-58.

Dowdeswell, J. A., G.S. Hamilton and J. O. Hagen. 1991. The duration of
the active phase on surge-type glaciers: contrasts between Svalbard
and other regions. 7. Glaciol., 37(127), 388-400.

European Space Agency (ESA). 1990. German PAF ERS-1 RAT product speci-
fication. Paris, European Space Agency. (ESA Publication ERS-D-PSD-
30000,

Gabriel, A. K. and R. M. Goldstein. 1988. Crossed orbit interferometry:
theory and experimental results from SIR-B. Int. J. Remote Sensing, 9(5),
857-872.

Goldstein, R. M., H. Engelhardt, B. Kamb and R. M. Frolich. 1993. Satel-
lite radar interferometry for monitoring ice sheet motion: application to
an Antarctic ice stream. Science, 262 (5139), 1525-1530.

https://doi.org£6§1 89/50260305500012519 Published online by Cambridge University Press

Hagen, J. O. and O. Liestol. 1990. Long-term glacier mass-balance investi-
gations in Svalbard, 1950-88. Ann. Glaciol., 14, 102-106.

Joughin, I. R. 1995, Estimation of ice-sheet topography and motion using
interferometric synthetic aperture radar. (Ph.ID. thesis, University of
Washington.)

Joughin, L. R., D). P. Winebrenner and M. A. Fahnestock. 1995. Observations
of ice-sheet motion in Greenland using satellite radar interferometry.
Geaphys. Res. Lett., 22(5), 571 -574.

Kwok, R. and M.A. Fahnestock. 1996. Ice sheet motion and topography
from radar interferometry. [EEE Trans. Geosci. Remote Sensing, GE-34(1),
189-200.

Massonnet, D. and 6 others. 1995, The displacement field of the Landers
earthquake mapped by radar interferometry. Nature, 364(6433), 138 142.

Rignot, E., K. C. Jezek and H. G. Sohn. 1995. Ice flow dynamics of the
Greenland Ice Sheet from SAR interferometry. Geophys. Res. Lett., 22(5),
575-578.

Rodriguez, E. and]. M. Martin. 1992. Theory and design of interferometric
synthetic aperture radars. JEE Proc., Ser. I, 139(2), 147-159.

Zebker, H. A. and R. M. Goldstein. 1986. Topographic mapping from inter-
ferometric synthetic aperture radar observations. 7 Geophys. Res.,
91(B5), 4993-4999.

Zebker, H. A. and . Villasenor. 1992. Decorrelation in interferometric radar
echoes. IEEE Trans. Geosci. Remote Sensing, GE-30(5), 950-959.

Zebker, H. A., C. L. Werner, P. A. Rosen and 8. Hensley. 1994. Accuracy of
topographic maps derived from ERS-l interferometry. IJEEE Trans. Geos-
¢i. Remote Sensing, GE-32(4), 823-836.


https://doi.org/10.3189/S0260305500012519

