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ABSTRACT. A major surge of the glacier complex of Sortebra, East Greenland,
occurred between 1992 and 1995. The impact of this surge on the topography of Sortebra
was examined through the production of a pre-surge (1981) digital elevation model
(DEM) from interpolated digital map data, and a post-surge DEM from differential syn-
thetic aperture radar interferometry using European Remote-sensing Satellite (ERS)
imagery. The combined vertical error is typically 30—40 m; however, downdraw of up to
270 m in the reservoir zone, and uplift of up to 145 m in the receiving zone were measured.
The upper glacier reservoir area discharged in excess of 24.3 +9.5km’ volume over the
surge, of which ~12.5 km® was stored in the advanced lower glacier, the balance being lost,

predominantly to calving

1. INTRODUCTION

Surge-type glaciers experience an internally driven flow
instability which results in a periodic switch in their dynamic
behaviour. Iollowing a long period (decades) of slow, quies-
cent flow, ice accumulated in an upper glacier reservoir area
is rapidly discharged to the lower glacier, at surge velocities
up to 2 orders of magnitude greater than those in quiescence
(e.g. Raymond, 1987). Immediately prior to the surge, aver-
age glacier surface gradient is at a maximum, generating
high basal shear stress, particularly under the over-thickened
reservoir area. CGonversely, the immediate post-surge surface
1s at its shallowest mean gradient, and the reservoir at its thin-
nest. These two extremes in the surge cycle define the under-
lying conditions under which surges can initiate and
terminate. At all other stages of ice storage, flow is stable to
the annual fluctuations in meltwater supply and drainage
evolution, believed to be the factors which control a surge
(Clarke, 1987). The mechanisms by which surges initiate, propa-
gate and terminate are poorly understood, and detailed and
extensive quantitative information on the morphological devel-
opment of glaciers over a surge cycle is required (Dolguishin
and Osipova, 1975; Murray and others, 1998).

Surge-type glacier distribution is markedly clustered,
and the extent of the East Greenland surge cluster has only
recently been appreciated. This area has received little
study, but at least 26 glaciers are believed to be of surge type,
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though only four surges have been observed prior to that of
Sortebra (Weidick, 1988; Jiskoot and others, 2001). Sortebrea,
a 52km long tidewater-terminating glacier on the Blosse-
ville Kyst of East Greenland, underwent a major surge last-
ing 3 years from 1992 to 1995 (Tig. 1). This resulted in heavy
crevassing, moraine distortion and a frontal advance of
>5km to the mouth of the fjord, which were detected in
aerial photographs (Jiskoot and others, 2001) and synthetic
aperture radar (SAR) imagery (Murray and others, 2002).
Photogrammetric measurements of changes in glacier-mar-
gin elevation at 52 points in 1994 and 1995 have previously
been used to characterize the downdraw of Sortebre and
some of its tributaries over the surge (Jiskoot and others,
2001), but detailed and spatially extensive topographic map-
ping of the post-surge glacier surface is lacking.

The technique of SAR interferometry (InSAR) now per-
mits high-resolution, high-precision topographic mapping of
remote areas (e.g. Zebker and Goldstein, 1986). This study
employs a map of the elevation of the post-surge glacier sur-
face created through InSAR, which is compared to the pre-
surge surface derived from existing maps produced from 1981
aerial photographsby the Geological Survey of Denmark and
Greenland (1996). The InSAR measurements extend the area
of post-surge elevation data beyond that currently available
(Jiskoot and others, 2001), to include Sortebra West, Bulging
Tributary East and the upper reaches of the Loop basins (Fig.
1) (glacier names are unofficial, after Jiskoot, 1999). The num-
ber of points measured is increased from 52 (Jiskoot and
others, 2001) to approximately 250 000, at 40 m spacing (an
area of ~400km?), and at a single post-surge date. High-reso-
lution topographic data can also be employed to study flow-
related structures.

381


https://doi.org/10.3189/172756503781830593

Pritchard and others: Surge-related topographic change of Sortebre

767 0000

69°N

764 0000

68°45'N

26°45'W

27°15'W

48 0000 50 0000

Fig. 1. The Sortebre complex and its location on the Blosseville
Kyst of East Greenland. On-ice contours are shown for Sortebre
and tributaries only, and are those used for trend-surface genera-
tion. Contour interval s 100 m. Glacier names are ungfficial,
after Jiskoot (1999). Lines A—B, C—D, E-F and G—H repre-
sent the location of transects in Figures 4 and 5. Sortebre map
based on 1:100 000 topographic maps compiled by the Geological
Survey of Denmark and Greenland ( GEUS), from 1981 aerial
photographs and ground-control points supplied by the National
Survey and Cadastre, Denmark.

2. METHODS

2.1. Pre-surge DEM: Trend-surface contour inter-
polation

'Jo determine the magnitude of the glacier elevation change
over the surge, a pre-surge digital elevation model (DEM)
was created from 1:100 000 scale digital data at 100 m contour
interval from 1981 photographs (GEUS, 1996). The large ver-
tical interval of these data gives rise to a typical contour spa-
cing of >4 km over the main trunk of Sortebrz, in contrast to
the very dense spacing on surrounding valley walls (Fig. 1). In
addition to their often sparse spacing, data along each con-
tour are inherently of constant value, and distributed linearly
(in this case at the 100 m elevation intervals described), with
no data between contours. Such sparse and poorly distributed
data result in problems in applying standard techniques to
the interpolation of a continuous surface. For example, a local
curve-fitting interpolation algorithm (ArcInfo’s topogrid)
performed poorly, introducing steps into the interpolated sur-
face by modelling most of the inter-contour elevation change
in close proximity to the contour locations. The data distribu-
tion was also inappropriate for inverse-distance weighting
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and kriging interpolation, which requires a locally varying
sample of points (Oliver and others, 1989).

Trend surfaces have the potential to represent well the
predominantly low relief and gradual longitudinal and
transverse curvature which characterize the glacier profiles
in this study. Such surfaces have been applied in interpolat-
ing data whose variability has a strong regional trend and a
lesser local residual component, for example in the geological
mapping of palaecosurfaces at a regional scale (Chorley and
Haggett, 1965; Haining, 1987).

Trend surfaces were fitted through multiple regression to
on-ice contours only, for individual glaciers and tributaries.
The appropriate order of surface polynomial for each glacier
was chosen through calculation of the root-mean-squared
(rms) fit to the contours, and through visual assessment of
the shape of the resulting surface. The point at which
increases in polynomial order failed to produce substantial
reductions in rms error was used to guide this selection (cf.
Haining, 1987). Optimum fits to the glaciers studied were
found with third- and fourth-order polynomials. The result-
ing continuous surfaces were gridded at 40 m spacing.

2.2. Post-surge DEM: InSAR processing

InSAR is an established technique capable of measuring both
surface topography and surface displacement (e.g. Goldstein
and others, 1988). Interferometric processing produces a
measurement of phase difference at each pixel location in a
pair of satellite SAR images acquired from orbits which are
typically separated in time by a short interval, and in space
by a baseline between orbits of up to hundreds of metres. Vari-
ations in phase difference result from the differences in range
between the satellite and the surface. These range differences
can result from displacement of the glacier surface over the
time interval, from the slightly different viewing geometry
associated with the baseline separation, and from the topog-
raphy of the surface (Rignot and others, 1995).

In order to separate the topographic component of the
phase change from the displacement component due to
glacial flow, differential processing can be employed (e.g.
Zebker and others, 1994). By assuming that the displacement
due to flow is the same in two interferograms, it is possible to
subtract one interferogram from the other to leave only the
topographic component. The sensitivity of the phase meas-
urement to topography is dependent on the spatial baseline
between the positions of acquisition for the two images:
larger baselines give greater topographic sensitivity but also
reduce interferometric coherence. The accuracy of the topo-
graphic measurement is partially dependent on the validity
of the assumption of constant displacement between the two
interferograms used. Unaccounted-for changes in the mag-
nitude of displacement will introduce a residual phase com-
ponent, and hence error, into the data used for topographic
mapping (Fatland and Lingle, 1998).

For this study, C-band SAR data from the European
Space Agency (ESA) European Remote-sensing Satellites
1 and 2 (ERS-1/-2) tandem satellite mission, with 1day
separation between SAR images, were used. Tandem data
are regularly available from April 1995 to July 1996. An
interferogram of Sortebra from late May 1995 showed that
most of the glacier was incoherent due to high flow
velocities, but by September 1995 the flow rate had fallen
sufficiently for interferometric measurements to be made
over most of the surface (Murray and others, 2002). This
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widespread, sudden deceleration of flow during summer
1995 is taken to indicate the end of the surge, but data from
the following winter were used in order to maximize inter-
ferometric coherence. Data from track 396, frame 2205 were
processed, for 7-8 January, 11-12 February and 17-18
March 1996, for which the perpendicular baselines were 6,
132 and 142 m respectively. The differential baseline for the
January—February pairs was 126 m, and 10m for the
February—March pairs. Data were selected with reference
to meteorological records (supplied by the Danish Meteoro-
logical Institute) from the closest recording stations at Apu-
titeq and Scoresbysund (Fig. 1), with the aim of selecting
periods when weather-related surface change was slight,
and hence coherence was maintained. Dates with below-
freezing temperatures, light winds and minimal precipita-
tion were favoured.

In order to minimize the potential for significant changes
in glacier flow velocity in the interferograms used for differ-
ential processing, only tandem-pair interferograms separated
by the minimum 35 day repeat interval were used. Of the
three winter interferometric pairs available, the January and
February pairs showed the greatest coherence, and the differ-
ential baseline of 126m gave an acceptable compromise
between topographic sensitivity and coherence loss. Inter-
ferograms were 2 by 10 multilooked (spatially averaged by 2
pixels in range, 10 in azimuth) to achieve a compromise
between spatial resolution and the reduction of phase noise,
which facilitates phase unwrapping, the summation of phase
cycles through image space (Zebker and others, 1994).

To relate the continuous series of phase cycles in an un-
wrapped interferogram to the continuous change in height
on the ground, the phase rate must be calculated (Zebker
and Goldstein, 1986). This is achieved by establishing
ground-control points of known elevation within the image
(Unwin and Wingham, 1997). The limited extent of the un-
wrapped area restricted the availability of ground control,
which was extracted from the pre-surge 1:100000 scale
photogrammetric maps (GEUS, 1996). In particular, none
of the surveyed spot heights used in the map generation
could be used because high-relief areas were not un-
wrapped, and furthermore, many glacier margins were ob-
scured by layover and radar shadow. Control points were
therefore restricted to successfully unwrapped glacier areas,
where prominent features could be identified within the
image and on the topographic map surveyed before the
surge. Because the surface elevation of large areas of the gla-
cier was known, or expected, to have changed substantially
during the surge, control points were taken at the margins of
tributaries visible in the SAR images but not involved in the
surge. These tributaries were identified by surface pitting
visible in the radar images, indicative of quiescent flow
(Sturm, 1987); by photogrammetric spot measurements
showing very little surge-related topographic change (Jis-
koot and others, 2001); by analysis of the May 1995 (in-
surge) interferometric coherence image; and by studying
the displacement maps produced alongside the topography
results during differential InSAR, which highlighted areas
of very slow flow.

2.3. DEM rectification for height- and volume-change
measurement

In order to difference the pre- and post-surge surfaces, it was
necessary to convert the InNSAR DEM from SAR image
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Iig. 2. Pre-surge trend-surface interpolated DEM of Sorte-
bre, with glacier outlines for context. Numbers in boxes are
the mean absolute errors for each error zone, in vertical metres,
produced by comparison of the trend surface with contours
lying within each zone. The division of each trend surface into
error zones is discussed in the text. Shading shows elevation in
metres above datum; contour interval is 100 m, with trend-
surface contours in white, original map contours in black
( space prohibits labelling of all contours ). Sortebre map based
on 1:100 000 topographic maps compiled by the GEUS, from
1981 aerial photographs and ground-control points supplied by
the National Survey and Cadastre, Denmark.

geometry to the projection and datum of the map-derived
DEM. An automated approach employing the precision
orbital data available for the SAR images and the existing
topographicinformation was used (Werner and others, 2001).

The initial bilinear polynomial for conversion from
SAR to map geometry was established from the ERS preci-
sion orbit parameters. However, small errors in the orbital
data can introduce relatively large positional errors in the
rectified product. In order to refine the rectification, a
further DEM was interpolated from the digital contour
data, in this case for the full area surrounding Sortebrza that
is also covered by the SAR data. Because this larger area is
dominated by steep slopes and high relief, and hence has
densely spaced contours, a curve-fitting interpolation algo-
rithm (ArcInfo’s topogrid) was applied to produce a con-
tinuous gridded DEM. The SAR images used in this study
were then rectified to a SAR image modelled from this
DEM, using an automated cross-correlation of intensity
technique to refine the initial rectification model. The trend
surfaces and InSAR DEM were differenced to produce a
difference DEM at 40 m pixel spacing for most of the surface
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Table 1. Trend-surface polynomial order and resulting rms fil
to contours, and an estimate of the overall combined elevation
error which would result from the differencing of the trend-
surface and InSAR DEMSs ( contour error (£l0m) is com-
bined with trend-surface rms as a root-of-sum-of-s quares, and
the InSAR ervor (X20m) is added to this)

Glacier Trend Trend- Combined
order surface rms error estimate
m m
Sortebrae Main 4 16 39
Sortebra West 4 27 49
Lower Loop 3 10 34
Upper Loop 3 34 55
Bulging Tributary East 4 17 40

of Sortebra. The height-change and area information in this
DEM was then used to calculate glacier volume change.

3. RESULTS
3.1.The pre-surge surface

The 1981 pre-surge surface was interpolated to a regular
gridded DEM for the full area of the main trunk and the
tributaries of Sortebra also covered by the InNSAR DEM
(Fig. 2).

The contour data on which the pre-surge surface is based
have an estimated +10m error (personal communication
from H. Jepsen, 2002). Additionally, the trend surfaces have
fit errors to the contour data, expressed as rms error values.
Table 1 shows the overall trend-surface rms error values
which were used in selection of the polynomial order and
the orders which most successfully modelled the longitudinal
and lateral surface topographic trends.

The overall rms error values do not represent the distri-
bution of error in each surface because the topography is
more readily represented by the polynomials used in some
parts of the glacier than in others. For the purpose of char-
acterizing this spatial distribution, error “zones” were
defined for each surface. Trend-surface height values were
extracted along each contour and differenced from the con-
tour elevation. Error zones were selected according to the
nature of the errors for adjacent contours, where a zone
was characterized by contour means and standard deviations
of error with greater intra-zone than inter-zone similarity.
The error value assigned to a zone was calculated by taking
the absolute difference in elevation of the trend surface from
the contour elevation for every trend-surface pixel along each
contour in a zone (Fig. 2). The mean of all of these absolute
differences (for each zone) was then calculated. This value
was then combined with the contour error by taking the root
of the sum of the squares. The combined trend-surface error
was then summed with the InSAR error to give a total height-
change error. These localized errors, rather than those for the
whole surface, were used when calculating volume-change
error values (Table 1). This improves the accuracy of the
volume-change error estimates at a local scale.

3.2. The post-surge surface

The post-surge surface elevation was successfully mapped
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Iig. 3. Post-surge InSAR DEM of Sortebre. Crossed circles
show the location of control points. Shading shows elevation in
metres above datum; contour interval is 50 m. The detail inset
(*) shows a section of the very short-baseline differential
interferogram from the February and March InSAR pairs.
The fringes visible indicate an acceleration of flow over this
period, and contours here (dotted) are unreliable. Up-glacier
of this, the interferogram is incoherent, and no fringes are pres-
ent, a result of persistently fast flow in the Top Basin tributary.

over most of the main trunk and the major tributaries,
Sortebrae West, Bulging Tributary East and the Lower and
Upper Loop basins (Fig. 3). However, coverage is limited in
the upper reaches of the main trunk and Upper Loop, and
absent over the Top Basin (Fig. 3). The high resolution of the
post-surge DEM permits the study of localized glacier topo-
graphic features.

After the surge, the upper main trunk of Sortebra
(transects C—D and E—F in Fig. 1) can be seen to be domin-
ated by two adjacent flow units, each with a lateral convex-
ity, separated by a medial trough which corresponds with
the visible medial moraines (Fig. 4). In contrast, the topog-
raphy of the snout region, which has advanced into the
fjord, is characterized by a prominent medial ridge, with
depressions to either side, with an amplitude of 50—70m
(Fig. 4, transect G—H, Fig. 1). This medial ridge extends to
the front, and coincides with the most advanced section of
the glacier front at the time of imaging. The height of the
late-surge ice cliff adjacent to the medial ridge was 24-34m.
The Lower Loop basin can be seen to exhibit an undulating
longitudinal post-surge topography (Fig. 5).

3.2.1. Extent of InSAR coverage
Significant limitations to InSAR topographic mapping of
Sortebrae were encountered due to the nature of the study
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Fig. 4. Cross-profiles of elevation across (a) upper Sortebre
main trunk (between points C and D in Fig. 1);(b) mid-
main trunk ( E—F; Fig. 1); (¢) the advanced front of Sortebre
(G—H; Fig. 1) (flow is out of page). UL denotes the Upper
Loop flow unit, LL the Lower Loop unit, and TB the Top
Basin unit, with arrows indicating the locations of principal
medial moraines. The cross-profile of the advanced section
(¢) appears to reflect the basal topography rather than indi-
vidual flow unts.

area. Phase unwrapping was hindered by areas of low coher-
ence at lateral margins, which likely resulted from surface
change, including rotation due to shear (Goldstein and
others, 1988). In addition, the Sortebra area is characterized
by very high relief, with typical slope angles of ~60°. These
slopes caused extensive radar layover in the images, which
introduced abrupt phase jumps that could not be successfully
unwrapped (De Fazio and Vinelli, 1993; Zebker and others,
1994), and as a result it was not possible to map beyond the
low-relief glacier surfaces (Fig. 3).

The spatial extent of the InSAR DEM is also limited by
the low coherence of the Top Basin tributary above approxi-
mately 800 m elevation (Fig. 3). Given the generally good
coherence in adjacent areas and on adjacent glaciers, this is
attributed to high ice-flow velocities rather than to snow
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Fig. 5. Long profiles of the pre-surge ( X) and post-surge (1)
elevation along the centre line of a section of the Lower Loop
tributary, from point A to point B in Figure 1. The interpolated
trend surface is depicted by X, with the magnitude of combined
error associated with the fit to the contours and the contour error
shown. Black dots show contour location. 1 shows the wayy
post-surge InSAR surface, with estimated error (it is not
known whether waves existed in the pre-surge surface).

accumulation or melt. Thislocalized, incoherent area of fast
flow which persisted through winter 1996 is in contrast to
the widespread coherent conditions which rapidly became
established following the surge termination during the pre-
vious summer.

Between the confluences of the rapidly flowingIop Basin
and the Upper Loop basin tributaries with the quiescent
trunk (Tig. 1), a large apparent downdraw and substantial
surface bulge were observed in the DEM (Fig. 3). The unex-
pected magnitude and nature of this feature were further
examined through the generation of another differential
interferogram for the February—March datasets. This differ-
ential interferogram has a very short baseline (10 m), and
hence has very little topographic sensitivity (Zebker and
others, 1994). With differential processing to remove constant
velocity, the resulting interferogram should show almost no
change in phase over the image. Instead a series of fringes
indicating rapid changein phase was found in the very short
baseline interferogram in the area of the surface “bulge”
(insert in Fig. 3). Rather than resulting from a large change
in surface height in this region, this phase change resulted
from a relatively small change in surface flow rate, i.e. a
local failure in the constant velocity assumption (CVA).
This change resulted in an increase in radar range to the
surface at a rate of ~0.06-0.08m d ' in slant range (equiva-
lent to a horizontal, ground-range speed-up of 0.14—
022md !, or a vertical lowering of 0.06-0.09md ') in the
35 days between the February and March data. The intro-
duction of unaccounted-for velocity-related phase cycles in
this area in the January—Tebruary data is likely to have led
to the propagation of a constant underestimate of height by
approximately 110 m over the relatively small basins above
the zone of acceleration; thus the elevation data from these
basins were not used in this study. This zone of surface-flow
change is found immediately down-glacier of the incoherent
Top Basin tributary, which is interpreted as remaining in
surge during winter 1995 (Murray and others, 2002). It is
therefore unlikely that surface lowering occurred here,
under a compressive regime, and more likely that it was
the down-glacier flow rate that increased.
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Fig. 6. Difference DEM showing the change in surface eleva-
tion resulting from the surge. Boxes give the volumes of ice lost
and gained in each region in km”> Shading shows surface ele-
vation change in metres; contour interval is 70 m, the min-
imum interval given the estimated error ( Kraus, 1993). The
dashed lines show the 1992 (A ) and 1996 (B ) margins; the
dotted contour shows the zero-change line crossing the trunk
between 200 and 300 m altitude (ELA is 1100—1200 m).
On the main trunk, this defines the receiving zone, with the
reservoir zone lying up-glacier of this. Slight thickening also
occurred above the zero-change line on Sortebre West. The step
vistble at the confluence of Lower Loop tributary results from
the mismatch of the poorly constrained edges of two separate
pre-surge trend surfaces at this point, although a genuine, less
abrupt step also exists in the post-surge surface.

3.2.2. Error in the InSAR DEM

Interferometric processing is capable of producing elevation
measurements with centimetre-scale relative precision
(Zebker and Goldstein, 1986). Absolute height accuracy is,
however, subject to degradation in a number of ways, includ-
ing errors in the estimated satellite baseline, noise in the
measurements of phase due to system limitations and loss of
coherence, and variations in wave propagation rate through
the atmosphere due to varying humidity (e.g. Zebker and
others, 1994; Unwin and Wingham, 1997, Mohr and others,
1998). Errors in baseline can introduce large systematic errors
in elevation, though with sufficient ground-control points this
can be reduced to <5m vertical rms error (Unwin and
Wingham, 1997). In the absence of phase noise, six control
points of 5 m rms error will give a DEM rms height accuracy
of ~5m (Zebker and others, 1994). Baseline separation will
itself introduce a coherence-loss related error, although for a
126 m baseline averaged with 10 looks this is <1.8 m rms ver-
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tical (Zebker and others, 1994). North of 60° N, significant
signal delay due to atmospheric water vapour is believed to
be unlikely during winter (Fatland and Lingle, 1998; Mohr
and others, 1998). An additional source of elevation error
can occur over glacial surfaces in the absence of meltwater,
where the air—ice or air—snow dielectric contrast is relatively
low, and signal penetration into the surface occurs (Fatland
and Lingle, 1998) (see section 4.1).

As discussed above, the theoretical limit to InSAR
DEMs using ERS data is an rms error of approximately
5m, but with the error sources described, it is estimated that
20 m rms is a more reasonable value for glacierized areas
(Zebker and others, 1994; Fatland and Lingle, 1998). In this
study, 21 height control points were used (Fig. 3), and the rms
fit to these points was 16.6 m. With spatially variable coher-
ence and penetration effects, an rms error of 20 m is prob-
ably more realistic, and is used in error estimates.

3.3. Changes in surface elevation and glacier volume

Differencing of the rectified pre- and post-surge DEMs
reveals the glacier surface elevation change over the period
1981-96 (Fig. 6), and depicts the reservoir and receiving
zones of the glacier. Coverageis limited by the extent of the
post-surge (InSAR) DEM; for example, ice loss in the top
basin could not be measured.

3.3.1. Combined error

The errors resulting from differencing of the pre-surge trend
surfaces and the post-surge InSAR surface were calculated
using the constant estimated InSAR error, and the local,
zone-by-zone trend-surface error described previously.
Because errors in both DEMs are thought to be predomin-
antly systematic, combined errors were calculated by sum-
ming those for each (Squires, 1976) (Fig. 6). The comparison
presented in section 4.4 suggests that this is a conservative
estimate. As a guide, an estimate of the combined error pro-
duced using each overall trend-surface rms and the InSAR
surface error has been calculated (Table 1). The lowest errors
were found on Sortebre main trunk, and the Lower Loop
basin, covering most of the surge-affected area.

3.3.2. Reservoir zone downdraw

The reservoir zone of Sortebra (up-glacier of the zero-
change contour in Fig. 6), including the upper main trunk,
and the Upper and Lower Loop basins (Fig. 1), experienced
substantial ice loss over the surge, with the greatest measur-
able downdraw occurring in the Loop basin tributaries (Fig.
6). Mean downdraw for the lower 70% of the Upper Loop
basin measurable through InSAR was 180+ 39m (meas-
ured maximum 274 m, minimum 79m). In the Lower
Loop, mean downdraw from this study was 179 £33 m,
maximum 223 m, minimum 112 m.

Bulging Tributary East is dominated by downdraw
immediately up-glacier of the confluence with Sortebrz.
Elsewhere, the surface remained largely unchanged, as this
tributary did not become actively involved in the surge. The
difference DEM of Sortebra West shows a zone of surface
downdraw ranging from 117 37 m immediately up-glacier
of the confluence with Sortebra and decreasing linearly to
zero about 15 km up-glacier (Fig. 6); mean downdraw in this
zone was 86 + 37 m over an area of 47 km”. Immediately up-
glacier of this, slight thickening occurred.
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4. DISCUSSION
4.1. Glacier surface definition

For comparison of glacier surface elevations acquired using
photogrammetric and radar techniques, it is necessary to
consider the nature of the surface as imaged by each. In
order to limit loss of coherence due to surface change, winter
InSAR data were acquired from dates when it was expected
that temperatures were well below freezing, and Sortebra
was covered by a dry snowpack. This is significant because
radar penetration into dry snow and cold ice leads to the
measurement of a “surface” at some depth below the visible
snow or ice surface. In contrast, the pre-surge DEM was
derived from photographs taken in late summer, when the
winter snowpack was absent.

The problem of SAR penetration is mitigated by the
location of the height control points (of photogrammetric ori-
gin) used in this study, which were taken on glacier surfaces
only. Rock elevations were not used, and thus the penetration
error in the InNSAR DEM has to some extent been systemat-
ically cancelled out on the glaciers. The subsurface defined
by the mean locus of backscatter has been assigned the
absolute height of the visible surface through use of control
points which are located only where penetration occurs.
The heights reported in the InSAR DEM should therefore
approximate the true visible surface height.

The maps of the pre-surge surface were produced from
late-summer photographs from 198], so it is likely that the
photogrammetrically derived elevations below the equilib-
rium-line altitude (ELA) correspond very closely to the true
ice surface. Above the ELA, a representative glacier surface
is harder to define, as snowpack thickness varies seasonally,
and grades through firn to glacier ice at some depth. Such a
surface is, furthermore, difficult to map photogrammetric-
ally due to low surface contrast (Fox, 1995). The mapped
areas of topographic change lie, however, almost entirely
below the ELA. A further consideration is that the surface
topography may have changed between the 1981 mapping
and the 1992 surge initiation. It is not possible to quantify
the magnitude of any such change, though it is expected to
be small relative to the errors described.

4.2. Post-surge surface characteristics

4.2.1. Sortebre main trunk
Medial moraines visible between the Upper Loop and Top
Basin flow units, and the topographic expression of these
flow units visible within the main trunk of Sortebra (Fig. 4)
reveal that both participated in the surge. Neither tributary
1s sheared off, but bulging of the moraine by flow from the
Top Basin unit indicates that this tributary became increas-
ingly significant late in the surge. The Upper Loop unit loses
its topographic distinction further down-glacier, under the
influence of the confluent Lower Loop flow. From below this
tributary to below the confluence of Sortebraee West, the sur-
face topography is dominated by one laterally convex unit
from the Top Basin, and another resulting from the com-
bined flow from the Upper Loop and Lower Loop tribu-
taries (Fig. 4), and these are separated by a medial trough.
This indicates that these sources surged concurrently and
for a similar duration.

The presence of a medial ridge in the surface above the
glacier snout (Fig. 4), which corresponds with the area of
least frontal retreat in late surge, suggests that Sortebra
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advanced over a substantial submarine longitudinal ridge
that coincides with the large medial moraine demarcating
the observed flow-unit boundary described above. A time ser-
tes of SAR images shows rapid late-surge frontal retreat
either side of this central ridge (Murray and others, 2002),
where ice remains “pinned”. The grounding of the snout along
this ridge, and the consequent lack of tidal effects on surface
elevation, 1s supported by the maintenance of interferometric
coherence in this area (Iig. 3). Loss of coherence, relatively
rapid retreat and lower elevation over the snout on either side
of the ridge suggest that these sections lie in deeper water and
may not be fully grounded. This conjecture is supported by
the presence of fringes near the front on either side of the
ridge, in the short-baseline February—March differential
interferogram, indicating localized changes in velocity. Such
conditions resemble the “low-effective-pressure” zone identi-
fied as significant in permitting very rapid advance of tide-
water margins under longitudinal stress in surging Svalbard
glaciers (Hodgkins and Dowdeswell, 1994).

4.2.2. Lower Loop basin

The Lower Loop basin has been interpreted as the location
of surge initiation (Jiskoot and others, 2001). This interpret-
ation was made based on analysis of crevasse orientation,
from which it is suggested that the surge began approxi-
mately halfway up-glacier from the confluence with Sorte-
bre. A relatively early termination of the surge here is
indicated by coherence images produced from May 1995
interferograms which show some coherence on this tribu-
tary, in contrast to the main trunk.

Undulations in the late-surge surface of the Lower Loop
basin were first observed in aerial photographs, and were
suggested to be the result of kinematic waves (Jiskoot and
others, 2001). From the InSAR DEM, the post-surge undula-
tions on the Lower Loop can be seen to have an amplitude
range of 10-120 m, with a wavelength of 3.5-4.5km (Fig. 5),
though they are not systematically aligned perpendicular to
the down-glacier direction. Instead, wave location and
amplitude vary between the eastern and western sides of the
Lower Loop tributary, which originate as separate flow units
from independent source areas (Iig. 1). The western flow-unit
waves appear to be displaced down-glacier, suggesting that
the two units may have had distinct flow regimes, at least in
late surge.

4.3. Surface elevation change: comparison with an
earlier study

The surface elevation-change measurements from winter
1996 data described in this paper can be compared to photo-
grammetric measurements from summer 1995, undertaken
by Jiskoot and others (2001). Downdraw at a point on the
northern margin of the Upper Loop basin was measured as
215 = 39 m by this study, and 219 £10.3 m by photogrammetry
(Jiskoot and others, 2001). On the southern margin, the meas-
urements were 183 £39 and 191 £10.3 m, respectively, and at
the confluence with Sortebrae, 48 +39 and 60 0.7 m of down-
draw, respectively, in this area of high estimated trend-surface
error. The results of the two studies agree within the error
estimates, and this comparison suggests that the elevation-
change errors in this study may actually be lower than the
error estimates quoted.

The difference DEM for the Lower Loop basin, how-
ever, shows discrepancies with the earlier photogrammetric
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measurements (Jiskoot and others, 2001). InSAR-derived
downdraw at 17 points taken on this tributary is consistently
greater, by an average of 80 m, which exceeds the combined
error of the two studies. However, the photogrammetric
measurements were made at the margin from August 1994
photographs, 18 months before the InSAR ones. It is likely
that downdraw continued for up to lyear after this date,
until the surge termination during summer 1995, and led to
alower final surface. In addition, the relatively high relief of
marginal zones is likely to be least well represented by a
trend surface unconstrained by elevation data beyond the
ice margin.

The Lower Loop tributary is fed by a large, poorly
mapped eastern accumulation area, and a western distribu-
tary of the nearby Geikie Plateau, which also branches to
feed the Upper Loop tributary. Although not included in
the trend surface interpolation, some downdraw in the flow
units which feed Lower Loop is detectable, relative to
mapped contours, up to an elevation of 1600—1700 m to the
east, and up to ~1800m to the west, though the eastern
downdraw area is spatially much more extensive. In con-
trast, the effect of the surge of Upper Loop does not appear
to have propagated above the icefall which links it to the
Geikie Plateau.

4.4. Overall volume change and ice loss

4.4.1. Reservoir zone volume loss

The total volume of ice lost from the measured 226 km” of
the reservoir zone (calculated as the product of downdraw
and zone area from the DEM) is estimated as 24.3 £9.5
km®, These measurements cover ~70% of the estimated
area of the reservoir zone. Jiskoot and others (2001) apply a
10% correction to glacier volume measurements of Sorte-
bra to account for the porosity introduced by heavy crevas-
sing in surge. When this is applied, the volume loss was
21.9 £ 8.6 km®, which represents a minimum for the Sorte-
bre complex because those upper basins remaining in
surge, or lying above the area of CVA failure, could not be
included in this study.

4.4.2. Receiving-zone volume gain

Recently obtained images of Sortebra shortly before the
surge in summer 1992 show that a retreat of ~2.5 km from
the 1981 mapped margin had occurred, and the maximum
surge advance was 9-10 km. Taking this into account, gla-
cier volume gain in the lower trunk (down-glacier of the
zero-change contour) is dominated by the estimated volume
of ice stored in the 31.6 km” of the glacier advance, rather
than that stored through lower-glacier thickening above
the pre-surge margin (Fig. 6). Mean thickening above the
pre-surge margin was measured as 18 m (36 m) over a
24 km” area, giving a volume gain of ~04 £ 0.9 km”.

In order to calculate the volume of ice stored by the
advance of Sortebra into the fjord, the fjord depth was
estimated. The late-surge calving ice cliff adjacent to the
medial ridge is 24—34m high in the InSAR DEM, which
can be compared to a photogrammetric measurement of
24m (and 59 m over the ridge) (Jiskoot and others, 2001).
If floating, this would indicate an overall ice-cliff thickness
of approximately 240-340m. This is in keeping with esti-
mates from bathymetric maps of a fjord depth of approxi-
mately 300m (Jiskoot and others, 2001). Furthermore,
seven large icebergs are visible in front of the retreating
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Table 2. The surge of Sortebre compared to surges for which
similar results are available ( after Jiskoot, 1999)

Glacier and region Length Upper- Volume
glacier  displaced
downdraw

km m km’
Variegated Glacier, Alaska, U.S.A. 20 50 -
West Fork Glacier, Alaska, U.S.A. 40 60 37
Bering Glacier, Alaska, U.S.A. 200 50 -
Storstreommen, North Greenland 120 80 50
Medveziy glacier, Pamirs, central Asia 13 100 0.06
Chiring glacier; Karakoram, Himalaya 15.5 150 1-15
Bakaninbreen, Svalbard 17 15 0.67
Sortebra, East Greenland 52 Up to 270 >22

margin of Sortebre in a Landsat ETM panchromatic band
8 (15 m pixel size) image from August 1999. These icebergs
have approximately rectangular, highly reflective upper
surfaces, in contrast to the dirtier, debris-mantled upper sur-
face of the trunk of Sortebre, indicating that they have
rotated during calving, exposing an englacial section. The
exposed berg ¢ axis therefore represents the minimum pos-
sible thickness of the glacier front at this time, the measured
thickness range being 160—230 m. For comparison, the snout
of Storstremmen is estimated to be 210 m thick (Reeh and
others, 1994). The 300 m fjord depth estimate of Jiskoot and
others (2001) was used for volume calculations, and assumed
to represent the mean depth, but the error in this depth is
unknown and the error estimate in Figure 6 accounts only
for the error in the InSAR DEM over this area.

Mean elevation above sea level of the lower advanced
trunk was 83 =20 m, which, with the estimated 300 m
depth below sea level, gives a total estimated receiving-zone
ice storage volume of 12.5 (£ >15) km® (or11.3 (+>14) km®
with the 10% correction) in February 1996 (these volume
errors are minima because the error in fjord depth is not
known). This value can be compared to the summer 1995
estimate of 7.7 £1.3 km” of Jiskoot and others (2001), who
also used the 300 m depth estimate, though without know-
ledge of the pre-surge retreat. For comparison, the volume
added to the front of Storstrommen after a 10-12 km surge
advance is estimated as 45 km® (Reeh and others, 1994).

Of the estimated 21.9km’ of ice transported from the
reservoir area, ~10.6 +72km” of ice must therefore have
been lost from the glacier complex to ablation (calving and
melt) over the duration of the surge (24—35months, from
SAR image interpretation (Murray and others, 2002)).
Given this high rate of loss, calving is likely to have domin-
ated, implying a calving rate of 36-53km”a ' Little ice
was stored above the pre-surge margin, and this may be
related to the ease with which the glacier could advance
where buoyancy acted to reduce effective pressure.

4.4.3. Comparison with other surges

The ~22 km® of ice displaced from the upper glacier by the
surge can be compared to other surges for which there are
comparable measurements (Table 2). The magnitude of the
downdraw and the volume of ice transferred in this surge
rank it as one of the larger surges on record. The calving rate
of 36-53km” a ' between 1993 and 1996 can be compared to
average annual calving rates of 10 and 13km® a ' for the two
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most productive ice-sheet outlet glaciers in East Greenland,
Daugaard-Jensen and Kangerdlugssuaq Gletscher, and
~30km® a ' for the largest outlet of the Greenland ice sheet,
Jakobshavn Isbra, on the west coast (Olesen and Reeh, 1969;
Thomas and others, 2000). For the period of the surge, the
calving output of locally draining Sortebra would have made
a significant contribution to the total calf-ice output from
East Greenland.

4.4.4. Quiescent-period accumulation

The quiescent period of Sortebra hasbeen determined as 39—
49 years, from photographic evidence of a major surge in the
1950s, when a frontal advance of similar magnitude occurred
(Jiskoot and others, 2001). Moraine and crevasse patterns
from 1950s photographs indicate that the full trunk and the
Upper and Lower Loop tributaries were also involved in this
surge (Jiskoot and others, 2001).

The accumulation area for the Sortebra complex
(above ~1150 m altitude, excluding Sortebraee West which is
believed to have an independent flow regime) was meas-
ured as ~580km?, at a mean elevation of 1930 m. Annual
accumulation was estimated from measurements made at
an altitude of 2200 m on nearby Geike Plateau (Fig. 1) (Dall
and others, 2001) as ranging between 0.4 and 0.9m w.e.
(~0.46—1.0 m glacier ice), which is broadly consistent with
the accumulation estimates of 0.3—0.45 m w.e. for this region
(at an unspecified altitude) given by Ohmura and Reeh
(1991). Assuming a crude constant lapse rate of accumu-
lation with elevation, from zero at the ELA, the annual
accumulation of ice is estimated as 020-045km’a 1,
though there is evidence from aerial photographs and
Landsat images that avalanching from the steep surround-
ing mountains also contributes to accumulation. Given this
range of accumulation rates, the required quiescent period
18 49110 years, which is comparable to the observed quies-
cent period. The accumulation area consists of numerous
short, steep glaciers that supply ice along much of the length
of Sortebrae and its major tributaries (Fig. 1); hence travel
time for ice from accumulation to reservoir area is likely to
be short, and it is not unreasonable that the necessary
volume could be recharged within the quiescent period.

5. CONCLUSIONS

Approximately 400 km” of the post-surge surface of Sortebrae
was mapped through interferometry. Ground-control point
availability was limited to the area successfully phase-
unwrapped, and those areas known not to have changed in
height over the surge. This is likely to have been a major con-
tributor to the relatively large error estimate of 20m for the
InSAR DEM. Trend-surface interpolation was found to be a
method well suited to sparse contour data on glacier surfaces,
though the magnitude of the error when the pre- and post-
surge surfaces are differenced (31-70m in this study) is such
that this approach is only applicable to cases where the pre- to
post-surge surface elevation change is large.

Results from the InSAR DEM, coherence products and
the short-baseline differential interferogram show that an
upper tributary of Sortebra remained fast-flowing 6—
10 months after the surge termination over the rest of the
complex, and that in the period between the January and
February interferograms, flow accelerated in the coherent
area immediately downflow of the confluence. This led to a
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height error in this area through a failure of the assumption
of constant velocity.

At least 21.9+86km’ of ice (243+95km’ total
volume) was lost from the upper Sortebre complex over
the surge, of which approximately 11.3 £ >14 km® (~125 +
> 1.5 km® volume) was stored in the lower glacier in early
1996, with 106472km’ lost to ablation, principally
through calving. Ice was supplied from the Upper and
Lower Loop and main trunk, which surged concurrently,
and the Top Basin, which surged late. The InSAR DEM
and coherence data suggest that the rapid retreat of the mar-
gin in the late/post-surge period was due to the front having
advanced into water close to flotation depth, which is esti-
mated as approximately 300 m. In terms of the volume of
ice involved, the surge of Sortebre is amongst the largest
for which equivalent measurements exist. According to cal-
culations of accumulation rate, the measured surge volume
loss could be replenished within the observed quiescent
period, particularly given the short travel distances from a
distributed accumulation area to a reservoir zone which lies
largely within the ablation area.
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