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Substantial thinning of a major east Greenland outlet glacier

Robert H. Thomas,'! Waleed Abdalati,? Torry L. Akins,? Beata M. Csatho,*
Earl B. Frederick,' Siva P. Gogineni,’ William B. Krabill,? Serdar S. Manizade,'

and Eric J. Rignot®

Abstract. Aircraft laser-altimeter surveys in 1993 and 1998
over Kangerdlugssuaq Glacier in east Greenland reveal
thinning, over the 5-year interim, of several meters for all
surveyed areas within 70 km of the seaward ice front, rising to
50 meters in the final 5 km. Such rapid thinning is best
explained by increased discharge velocities and associated
creep thinning, most probably caused by enhanced lubrication
of the glacier bed. The calving ice front over the past decade
has occupied approximately the same location as in 1966.
Velocity estimates for 1995/96 are about the same as those for
1966 and 1988, but significantly less than for 1999,
suggesting that major thinning began after 1995.

Introduction

As part of a NASA survey of the Greenland ice sheet by
airborne laser altimeter (Krabill et al., 1999), repeat surface-
elevation profiles along the final 80 km of the
Kangerdlugssuaq Glacier in east Greenland (Figure 1) were
obtained on 23 June, 1993 and 15 and 19 July, 1998. Data
were acquired by a conical-scanning laser altimeter, with
aircraft location determined by kinematic Global Positioning
System (GPS) techniques. At an aircraft altitude of 400 m
above the surface, a 140-m swath of data was acquired,
comprising a dense array of 1-m diameter laser footprints
with root-mean-square elevation accuracy of about 10 cm
(Krabill et al., 1995). Ice thickness was measured with an
airtborne coherent radar depth sounder operating at a center
frequency of 150 MHz (Gogineni et al., 1998). Radar data
showed strong bottom echoes upstream of approximately 20
km from the calving front, with weak bottom echocs
embedded in off-nadir surface reflections to within 7 km from
the ice front. Ice-thickness accuracy for areas with strong
echoes was about +/- 10 m, degrading to about +/-50 m for
areas with weak echoes.

Observations

Each laser-footprint elevation from the 1998 flights was
compared with the elevation of every footprint from 1993

IEG&G Inc., Wallops Flight Facility, Wallops Island, Virginia.

2| aboratory for Hydrospheric Processes, NASA/GSFC/Wallops
Flight Facility, Wallops Island, Virginia.

3Radar Systems and Remote Sensing Laboratory, University of
Kansas, Lawrence. Now at Jet Propulsion Laboratory, Pasadena,
California.

“Byrd Polar Research Center, Ohio State University, Columbus.

SRadar Systems and Remote Sensing Laboratory, University of
Kansas, Lawrence.

SJet Propulsion Laboratory, Pasadena, California.

Copyright 2000 by the American Geophysical Union.

Paper number 1999GL008473.
0094-8276/00/1999GL008473505.00

within a horizontal search radius of 1 m. Resulting estimates
of elevation change are shown in Figure 2, plotted against
distance along glacier, with elevation profiles of the glacier
surface and bed also shown. Elevation change becomes
increasingly noisy near the calving glacier front (Fig. 3)
because it includes details associated, for instance, with
changes in local surface roughness and with the downstream
motion of crevasses.

The glacier thinned between 1993 and 1998, by about 50 m
near the ice front, decreasing to 20 m 25 km inland and to 1.5
m 70 km inland. Nearby June - August coastal temperatures,
averaged for 1993-1997, increased by about 0.3° C above
equivalent values for 1979-1997, suggesting that melting
contributed to the observed thinning. Assuming a positive
degree-day (PDD) ablation factor of 8mm of water/PDD for
ice or 3 mm of water/PDD for snow (Braithewaite, 1995), the
increase in average summer temperature corresponds to a
surface lowering of about 25 cm/yr for either ice or snow, or

Figure 1. Flight lines over Kangerdlugssuaq Glacier,
surveyed by laser altimeter and ice-sounding radar in June
1993 (a) and July 1998 (b and c) to measure profiles of
surface and bedrock elevation and of surface-elevation
change. The flight lines are mapped onto a SAR image of the
glacier obtained in December 1995. The flow line of
maximum velocity (white dots) was derived from SAR
correlation analysis. Observed ice-front locations are marked
by the white lines (see also figure 4). The inset shows the
Greenland ice sheet, with the Kangerdlugssuaq catchment
area highlighted.
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Figure 2. (a) Surface and bed profiles from the July 15, 1998
flight in the lower 75km of the Kangerdlugssuaq Glacier.
Height (H) above the ellipsoid is plotted against distance from
the 1998 ice front. (b) Elevation change (dH) derived by
comparing 1993 and 1998 laser measurements with horizontal
separations of less than 1 meter. The data gap in (b) was
caused by excessive divergence of both 1998 flight lines from
the 1993 flight line.
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Figure 3. Details of glacier elevation within 6km of the ice
front. (a) Ellipsoid height (H) of the ice surface in 1993
(gray) and 1998 (black) plotted against distance from the ice
front. (b) Elevation change (dH) from 1993 to 1998. The
large positive values of dH near the ice front are caused by a
small advance of the ice front between 1993 and 1998.
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1.3 m over the 5-year period. This effect decreases to zero at
higher altitudes where there is no surface melt, so it probably
represents an upper limit. Decreasing snowfall could also
cause thinning. The local mean annual accumulation is
equivalent to about 50 cm of water per year (McConnell et al.,
2000). A decrease of 40%, as suggested for 1985 — 1995 by
modeling studies (Bromwich et al., 1999), would translate to a
surface lowering of about 2.5 m between 1993 and 1998,
assuming average density of the 5-year snow layer is 400
kg/cu m. This is certainly an upper limit, because snow
accumulation started to increase after 1995 (McConnell et al.,
2000), so excessive melting and/or decreased snowfall are
unlikely to have contributed more than 3 m to the 1993-98
observed thinning. Consequently, we believe that the glacier
must be thinning by creep at rates significantly larger than can
be balanced by the thickening effects of snowfall and
advection of thicker ice from upstream.

Kangerdlugssuaq Glacier has high ice velocities most
probably associated with basal sliding. Under these
conditions, small changes in conditions at the glacier bed can
have large effects on glacier velocity, which increases if basal
friction decreases for any reason. Longitudinal creep rates
also increase, and the glacier thins. Thus, some glaciers
periodically surge, with long, comparatively quiescent periods
when ice velocities are low and the ice slowly thickens,
interspersed by brief surges when ice velocities increase by a
factor of 10 or more and the ice rapidly thins (Van der Veen,
1999, p. 323). In some cases, very high velocities can be

sustained indefinitely because the glaciers are fed by
sufficiently large snmow accumulation to maintain high
discharge rates.

Kangerdlugssuaq glacier falls into this

Figure 4. Map of the ice front of Kangerdlugssuaq Glacier,
a. June 1966 (DISP); b. Sept 1966 (DISP); c. Sept 1988
(Landsat); d. Jan 1992 (ERS); e. Dec 1995 (ERS); f. April
1999 (SPOT); g. June 1999 (SPOT). The stars show ice front
positions measured during each laser survey in June 1993 and
July 1998 (black stripes). The underlying image is the DISP
image from June 1966.
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category. [Estimated ice velocities between 2.5 and 8 km
inland from the calving front were between 5 and 6 km/yr
(Dwyer, 1995) from comparison of Landsat images acquired
in July and September, 1988. We determined velocities also
for 1966 and 1995/6. The 1966 estimates were obtained by
tracking displacements of prominent ice features, such as
crevasses, between 3-m resolution satellite images acquired
on June 23 and September 24, 1966 during the DISP
reconnaissance program (Csatho et al., 1999). The 1995/96
velocities were determined by correlating image speckle
(Gray et al.,, 1998) between 25-m resolution ERS synthetic
aperture radar (SAR) images acquired on Dec 31, 1995 and
Jan 1, 1996. Our estimated velocities for 1966 and 1995/96
are similar to those for 1988, within errors of about 0.3 km/yr
for each survey. Moreover, the calving front in 1966, 1988,
1992, and 1995/6 was in approximately the same location as
during the laser surveys in 1993 and 1998 (Figure 4). The
comparatively steep upstream surface slope is characteristic
of grounded ice, and the position of the calving front is
probably determined by steeply deepening seabed
immediately seaward of this location (Andrews et al, 1994),
permitting the heavily-crevassed glacier to float and easily
break away to form icebergs.

Following our observations of such rapid thinning, we
obtained SPOT multi-spectral 30-m resolution images
acquired on April 14, and June 12, 1999, and determined
glacier velocities by correlating reflectance properties
between the two images (Scambos et al., 1992). This is the
same method used by Dwyer (1995) to estimate the 1988
velocities from Landsat data. Additional velocities were
obtained by manually tracking the motion of distinct features,
as was done with the 1966 DISP images, and the two methods
showed good agreement. The 1999 results show a significant
velocity increase of about 1 km/yr, compared to those for
1966, 1988, and 1995/96, for much of the first 17 km
upstream from the calving front (Figure 5). Moreover, they
show good agreement with 1998 estimates of almost 7 km/yr
derived by comparing the detailed surface topography
(Abdalati and Krabill, 1999) of a small area of glacier very
close to the ice front, derived from flights on 15 and 19 July.
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Figure 5. Velocity profiles along the flow line of maximum
velocities (Figure 1) within 25 km of the 1995/6 calving ice
front. The 1999 values are consistently higher, by about 1
km/yr, than earlier observations. Errors in each case are less
than 300 m/yr.
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Table 1. Ice velocities (V) and total ice flux (Q) of the
Kangerdlugssuaq Glacier across a section 7 km inland from
the calving ice front. Q, is the flux corresponding to observed
ice velocities assuming the glacier thickness changed only
between 1996 and 1998, and Q, is the flux required to balance
total net upstream snow accumulation plus (for 1996-98) total
observed ice thinning.

. \Y Q Q
Time Interval (km/yr) (cu km/yr) (cu km/yr)
6-9/1966 5 13 17
7-9/1988 5 13 17
12/95-1/96 5 13 17
1/96-7/98 (10) ? 23
4-6/1999 6 14 17

Interpretation

Glacier thickness in 1998 was about 460 m within 7 km of
the ice front, where its velocity, in 1966, 1988, and 1995, was
approximately 5 km/yr and the width about 5 km. Assuming
thickness and velocity to be constant across the width, and
with the equivalent 1993 thickness of 510 m, the glacier then
discharged about 13 cu km of ice per year into the ocean
(Table 1). If our observations of thinning are typical for the
full width of the glacier within 60 km of the ice front (Figure
1), integration of the product of total thinning and glacier
width gives an estimate of the additional ice discharge,
between 1993 and 1998, to account for the thinning.
Assuming linear variation of thinning in the data gap in
Figure 2, this calculation gives a value of approximately 15 cu
km of ice lost by thinning between 1993 and 1998. If
thinning began after 1995, as suggested by the recent increase
in velocity, this represents about 6 cu km/yr over and above
the 13 cu km/yr “normal” discharge, or an increase by about
45%. Clearly, the various assumptions make this a very
approximate estimate, and probably an upper limit, but it does
indicate that velocities must have increased substantially to
discharge the additional ice. The observed 1999 velocities
show an increase of approximately 1 km/yr near the calving
ice front, or about a 20% increase between 1995/96 and 1999
(figure 5). However, ice thickness also decreased during this
period, by as much as 50 meters or about 10% of its 1993
value. Consequently, the observed velocity increase
corresponds to an increased ice discharge of only 10%
compared to the 45% increase estimated above. The
difference may simply reflect the large uncertainty in both
these estimates, or it may indicate that velocities peaked at
significantly higher values between 1995 and 1998.

Interpretation is further complicated by our estimates of the
ice discharge required to balance total snow accumulation —
the balance flux. Based on ice-sheet surface topography (J. L.
Bamber et al., A new high-resolution digital elevation model
of Greenland fully validated with airbomne laser altimeter
data, submitted to J. Geophys. Res.) and improved estimates
of snow-accumulation rates (McConnell et al., 2000), we
estimate the Kangerdlugssuaq catchment area to be
approximately 42,300 sq km, within which total snow
accumulation is equivalent to about 18 cu km of ice per year.
We estimate total melt, using the degree-day model of Reeh
(1991), to be equivalent to about 1 cu km of ice/yr, so the
balance flux is about 17 cu km of ice/yr. Using the 1998 ice
thickness, this flux would correspond to an ice velocity 7 km
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from the ice front of 7.4 km/yr. Furthermore, the additional
flux of 6 cu km/yr due to ice thinning increases this estimate
to 10 km/yr, averaged over the 2.5-yr period from January
1996 to June, 1998 (Table 1). OQur observations indicate that
ice velocities at this location in April-June, 1999 were
approximately 6 km/yr. The difference (equivalent to 9.2 cu
km of ice/yr) is too large to be explained by large errors in our
estimates of both total thinning and total accumulation, and
suggests that there was a very large, but brief, increase in ice
discharge some time during the 2.5-yr period.

Our accumulation estimates are based on ice cores from
sites well distributed within the high-elevation, low-
accumulation part of the catchment basin, two widely
separated sites at lower elevations where accumulation is
high, and a coastal station about 80 km southeast of the basin.
They represent accumulation rates averaged over the past 15-
30 years, but snow-accumulation rates derived from these
data show good agreement with 1996-97 accumulation rates
from nine stake measurements at 30-km spacing across the
southern part of the basin, and we estimate errors for the
entire snow catchment to be < 10%, equivalent to 2 cu km of
icefyr. Errors in total ablation are probably less than 1 cu km
of ice/yr. Although the entire catchment basin thinned
between 1993 and 1998 (Krabill et al., 1999), thinning above
2500 meters elevation (less than 10 cm/yr) could have been
associated with reduced snow accumulation during the period.
We cannot estimate errors in the volume of ice lost by
thinning at lower elevations — 6 cu km/yr — but they could be
50% or more. Consequently, the total error in our estimate of
23 cu km ice discharge to balance snow accumulation and
thinning might be as high as 6 cu km/yr, but is unlikely to
explain the 9.2 cu km/yr imbalance. Instead, we believe that
ice velocities must have increased for part of the period
between January 1996 and June, 1998, probably by at least
100%, and possibly by much more if the increase was short
lived.

Our observations give no indication of why the glacier
thinned so rapidly and, apparently, so suddenly. We believe it
is unlikely to be the result of a conventional surge because the
glacier was already moving at surging speeds before thinning
began. However, the observations indicating ice discharge to
be insufficient to balance total snow accumulation suggest
that the glacier has a “normal” mode of rapid flow that cannot
discharge all the ice flowing into it. This would cause the
glacier to thicken until it reaches a critical condition
consistent with a far more rapid mode of flow, perhaps
associated with a build-up of basal melt water as the glacier
thickness profile changes. If rapid thinning did occur over a
very brief period, it is remarkable that the thinning zone
extends more than 50 km inland, suggesting that this entire
region was affected almost simultaneously by whatever
change in conditions caused the glacier to thin.
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