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Greenland Ice Sheet Surface
Properties and Ice Dynamics from
ERS-1 SAR Imagery

Mark Fahnestock, Robert Bindschadler, Ron Kwok, Ken Jezek

C-band synthetic aperture radar (SAR) imagery from the European Space Agency’s ERS-1
satellite reveals the basic zonation of the surface of the Greenland Ice Sheet. The zones
have backscatter signatures related to the structure of the snowpack, which varies with the
balance of accumulation and melt at various elevations. The boundaries of zones can be
accurately located with the use of this high-resolution imagery. The images also reveal a
large flow feature in northeast Greenland that is similar to ice streams in Antarctica and
may play a major role in the discharge of ice from the ice sheet.

Understanding the current state of balance
of ice sheets requires monitoring their mass
exchange processes. An ice sheet’s mass
balance (I) primarily depends on snowfall,
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loss of mass due to surface melting and
subsequent runoff, and the calving of ice-
bergs from outlet glaciers which reach the
sea. Measurement of the mass balance of an
ice sheet is not simple. Changes in the
margins of the ice sheet reflect a complex
integration of fluctuating input, internal
flow, and discharge processes that operate at
different characteristic time scales. While it
is not easy to measure directly a small change
in the geometry of an entire ice sheet, it is



possible to look for changes in input pro-
cesses and attempt to relate these changes to
changing climatic conditions that will have
an effect on the mass balance in the long
term.

Recent changes in input conditions
would show up most quickly as changes in
the patterns of surface melt and accumu-
lation. Synthetic aperture radar (SAR) -
imagery provides a view of the effects of
these processes on the snowpack over an
entire ice sheet. While these data are not
directly related to mass accumulation or
ablation, variations in these patterns can
provide an indication of changing input
conditions on a near-continental scale.

Surface melting is extensive on the
Greenland Ice Sheet. Spatial variation in
the effects of this melting enabled Benson
(2) to divide the snow pack of the Green-
land Ice Sheet into distinct diagenetic
facies, or zones, on the basis of properties
observed in snow pits and cores. These
facies, which are described below, result
from differential diagenesis of the snow-
pack caused by variations in the amounts
of surface melt and accumulation, both of
which vary with elevation, latitude, and
local climate. Benson extrapolated the
location of the zones around Greenland on
the basis of point observations, poorly
known surface elevation, and a represen-
tative atmospheric lapse rate.

Several of the boundaries between the
zones are distinct and, as Benson suggest-
ed, changes in their locations should pro-
vide a sensitive indicator of change in
local climatic conditions. Because of the
low surface slope of the ice sheet, typically
0.01, changes in temperature that cause
shifts in the elevation of these boundaries
will also result in large lateral shifts of
boundary positions, which should be easily
observable in satellite imagery (3). Moni-
toring the locations of the boundaries
between these zones can reveal changes in
the input conditions long before they re-
sult in a change in ice-sheet geometry or
dynamics.

Snow Facies in SAR Imagery

Zones are clearly apparent in early and late
winter SAR scenes (Fig. 1) (4). The
large-scale structure of the zones, reflected
in variations in radar backscatter (image
brightness), correspond closely to eleva-
tion, which is to be expected as the zones
are related to the amount of surface melt-
ing. Backscatter strength can vary with
the dielectric properties of the material, as”
a result of wetness or changes in conduc-
tivity, and also with variations in geomet-
ric properties such as roughness, grain size,
and internal structure. The large-scale
variations in backscatter over the ice sheet
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Fig. 1. A mosaic of 18 ERS-1 SAR scenes from two separate orbits, draped over a digital elevation
model of the western Greenland Ice Sheet. The four regions of distinct radar backscatter have been
labeled with Benson's correlative snow facies. Vertical exaggeration is 100:1, contour interval 500
m, grid spacing 25 km. The view is looking eastward toward the west coast between 67° and 74° N

latitude.

show a pattern that is similar to Benson’s
determination of facies; this similarity sug-
gests that the set of physical parameters he
observed are in some way responsible for
the regional brightness patterns in the
imagery.

The dry snow zone of the high interior
produces little backscatter of the transmit-
ted signal and thus appears dark. The cold
snow pack, which is unmodified by melt-
water, has a low density and relatively
uniform small grain size. The fine grain
size causes little volume scattering of the
C-band signal (5.3 GHz; 5.7-cm wave-
length) used by the ERS-1 SAR.

Below the dry snow zone (at lower
elevations) is a region with the brightest
regional returns from the ice sheet. This
region is the percolation zone, where sur-
face meltwater percolates downward, oc-
casionally spreading out into layers. Freez-
ing of this water in the surrounding cold
firn transforms this drainage network into
a set of vertical fingers or pipes and hori-
zontal ice lenses. Surface scattering of the
radar signal by the rough tops of the ice
lenses and refrozen melt surface cause the
bright returns from this region. This inter-
pretation is in close agreement with the
results of field measurements (5) taken in
the percolation zone.

Below this region is a narrow zone of
intermediate brightness: the wet snow
zone. Here the snow has reached the
melting point as a result of latent heat
released by extensive refreezing of meltwa-
ter. The elevated temperature enhances
compaction, which causes the firn to be
denser than in the percolation zone. Ben-
son found that the upper boundary of this
zone occurred over a distance of a few
kilometers and could be identified from a
transition in the hardness of the snow-
pack, as measured by a penetrometer. Ice
lenses are still present in this zone, but are
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probably less effective backscatterers be-
cause of the reduced penetration of the
radar into the higher density firn.

The lowest zone on the ice sheet is the
bare ice zone, which is a combination of
glacier ice produced by compaction of
snow at higher elevations and superim-
posed ice that forms by freezing of melt-
water at the base of the firn. In winter
images (Fig. 1) this region exhibits rela-
tively low backscatter compared to that
of the firn of the wet snow zone, which
is frozen throughout at this time. The
difference in backscatter presumably is a
result of the smooth surface of the ice—
new snow interface in the bare ice zone,
and a rougher surface and greater vol-
ume scattering in the firn of the wet snow
zone. The backscatter pattern in this re-
gion is inverted during the summer, when
the water-soaked firn of the wet snow
zone appears darker than the bare ice
zone.

Some bright regions are caused by ex-
treme roughness associated with crevass-
ing. For example, in the lower right of Fig.
1, the bright areas on the ice are the
crevassed margins and drainage area of
Jakobshavns Isbra, an extensively studied
(6, 7) major outlet glacier in western
Greenland. The margins of this glacier are
heavily crevassed because of the velocity
contrast of several kilometers per year
between flow in the main channel and the
surrounding ice.

The winter images used to produce Fig.
1 are free from the complicating presence
of meltwater, revealing only the effects of
melt-related diagenesis on the snowpack.
Imagery acquired during the summer
shows the effects of melt at lower eleva-
tions, where the presence of water sub-
stantially reduces the backscatter and
makes the determination of zone bound-
aries more difficult.
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Mosaic of Greenland

Comparison of the winter images in Fig. 1
with the mosaic of ERS-1 SAR imagery of
Greenland acquired during one 35-day cy-
cle that began on 1 August 1992 (Fig. 2)
(8) reveals little difference at higher eleva-
tions but shows the effect of melt at lower
elevations. The images in the August mo-
saic were acquired at the end of the melt
season; there was still water-saturated firn
in some parts of the wet snow zone, but
most melting in the percolation zone had
ceased.

The dry snow zone and percolation zone
are clearly apparent at the resolution of Fig.
2. The wet snow zone, which is somewhat
dificult to see at this scale, appears as a
narrow band slightly darker than and at the
outer (lower elevation) edge of the perco-
lation zone, and the bare ice zone is the
darker region outside of this. The bare ice
zone, at this resolution, is much more
homogeneous in appearance than the ice-
free bedrock of the coastal areas.

The full-resolution (30-m) data set pro-
vided by the imagery used to produce this
mosaic makes it is possible to locate the
boundaries of several of these zones to
within a few kilometers. The full-resolution
data show that the transitions from the bare
ice zone to the wet snow zone and from the
wet snow zone to the percolation zone are
distinct, although locally complex because
of interfingering. This data set, which is an
accurate map of the ice sheet, provides a
baseline against which future variations in
surface characteristics can be detected.

Large Flow Feature

The August mosaic reveals a large flow
feature in northeast Greenland (Figs. 2 and
3). Visible band Advanced Very High Res-
olution Radiometer (AVHRR) imagery
(not shown) indicates that the local relief
of the feature is much larger than that of
the areas to either side. This enhanced
surface topography, as well as the distinct
edges of the feature, must be dynamically
generated by enhanced ice flow (9). SAR
imagery of the feature shows backscatter
variation with a spatial scale that is similar
to the variation in the AVHRR imagery;
however, the backscatter variations are re-
lated, at least in part, to snowpack proper-
ties rather than directly to surface slope as
they are in visible imagery.

The faint streaky character of the mar-

Fig. 2. Mosaic of August 1992 ERS-1 SAR
imagery of the Greenland Ice Sheet. The mo-
saic is in the SSM/I polar stereographic projec-
tion. A coastline has been superimposed in
white. Details of the mosaic are discussed in
the text.
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gins in full-resolution SAR imagery suggests
that the margins are sites of shear strain,
which elongates features within the region
where the velocity gradient is high. Near
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the coast, the margins change character
and are distinctly crevassed where the flow
divides around a ridge. The effects of this
crevassing are visible for as much as 100 km




downstream as dark bands in the SAR
imagery of this area (Fig. 3B), which is in
the percolation zone (10).

The feature clearly originates well into
the ice sheet, some 550 km from the coast,
and flows north-northeastward. From an
initial width of ~20 km, the feature widens
symmetrically downslope, becoming ~70
km wide 400 km from the coast. This width
is maintained for 150 to 200 km, until it
becomes more difficult to identify the mar-
gins because of a rougher regional surface
produced by the higher surface slope and
reduced ice thickness near the edge of the
ice sheet.

The feature is located along the axis of a
broad topographic basin that can be seen in
a recent digital elevation model of the ice
sheet (4). This location suggests that the

feature plays an important role in the ice
dynamics of this region and may be respon-
sible for the morphology of the basin. There
is little information available about flow
rates for the feature, except for a velocity of
500 m/year near the grounding line for
Zachariz Isstrgm (11), which is one of the
branches that carries ice from the feature to
the coast.

The topographic expression and large
size of this feature are distinct; it is larger
than Jakobshavns Isbrae and apparently has
a larger drainage basin (12). In the mosaic
of Fig. 2 the topographic expression related
to Jakobshavns Isbre only reaches a few
hundred kilometers inland from the coast.
It may be that Jakobshavns Isbra has an
equivalent or greater ice discharge, but the
mechanics of the flow of the two features

Fig. 3. Enlargement of Fig. 2, showing a large flow feature in northeast Greenland. Scale bar 100 km.
a, flow feature; b, crevasse trains related to flow around a topographic high; ¢, Lambert Land.
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seem to be fundamentally different.

The feature is morphologically closer to
the ice streams of the Siple Coast of Ant-
arctica than to Jakobshavns Isbrae. Com-
parison of Fig. 3 with an AVHRR image of
the Siple Coast ice streams (I13) shows that
the features are of similar scale, with similar
widths and distinct margins along some part
of their lengths. There are several differ-
ences: the Siple Coast ice streams have
heavily crevassed chaotic zones along much
of their margins; they also begin in broad
drainage regions, or catchments, where rap-
id flow starts at a number of points. This
pattern is in contrast to the narrow, well-
defined upper segment of the feature in
northeast Greenland, which initiates near
the ice divide. The subtle expression of the
margins of the feature in its upper reaches
suggests that the contrast in ice-flow veloc-
ity between the feature and its surroundings
is less than the contrast seen over much of
the length of the Siple Coast ice streams,
which is several hundred meters per year.

Sequential SAR Imagery

The ability of SAR to image the surface
without interference from cloud cover and
darkness makes it an ideal tool for the
systematic study of ice-sheet properties that
vary with time. We used this capability to
monitor the changes in the snow zones
during the transition from the melt season
to winter during 1992. The changes ob-
served are a result of water draining out of,
or freezing in, lakes, the snow pack, and the
surface ice in the bare ice zone. In addition,
there are changes in the images that are
produced by ice motion.

Regions in early August images in the
water-soaked wet snow zone appear dark
because of the free water contained in the
snowpack. These same regions are brighter
than the ice in the surrounding area during
the winter when there is no free water. This
inversion of the backscatter pattern oc-
curred between 17 August and 26 October
1992. The intermediate image in this se-
quence (21 September) shows a reduced
contrast between the two areas. The Au-
gust mosaic (Fig. 2) shows the effect of time
variation of the backscatter signature in the
wet snow zone between adjacent swaths.
This variation produces visible edges to the
swaths because areas that were melted at
the time of a first pass were frozen and
brighter at the time of an overlapping pass.
It is not yet known to what depth the
snowpack must refreeze in order to produce
increased backscatter, but this depth and
the rate of freezing must depend on local
climatic variables.

Winter images show less month-to-
month variation, and interpretation of the
backscatter pattern is simplified by the
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Fig. 4. Surface ice flow field of Jakobshavns Isbrze derived by computer determined displacements
of features in two images acquired 105 days apart. Vectors indicate flow direction and speed.
Contours show speed in kilometers per year, with a contour interval of 0.2 km/yr. The main channel
is the sinuous dark area, bounded by brighter crevassed regions, which flows from the upper right
to the middle left. North is toward the top of the image. The scene size is 16 km by 12 km.

lack of meltwater. The extent of the snow
zones in winter images is the same as the
extent at the end of the melt season, as new
snow has little effect on the backscatter
signature.

Tracking ice motion. It is possible to
follow the displacements of features such as
crevasses and lake shorelines in sequential
SAR images. Computer matching of fea-
tures allows a detailed surface velocity field
to be determined (14). Fields of surface
velocity produced in this way are useful for
understanding the dynamics of rapid dis-
charge from large ice sheets. Results for the
middle reach of Jakobshavns Isbrze (Fig. 4)
show that the ice flow in this area is
extremely rapid; velocities are as high as 2
km/year. The rapid flow makes it possible to
map the displacement field with the use of a
short time interval between SAR frames
(105 days in this case). The accuracy of the
velocities is about +80 m/year based on a
one-pixel misregistration between the two
images; this error is proportional to the
inverse of the time interval.

The main stream of ice shown in Fig. 4
contributes a large part of the flux to the
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calving face of Jakobshavns Isbrae (6). Flow
immediately to the north of the stream
(upper part of Fig. 4) is generally parallel to
the flow direction in the stream, whereas
flow to the south is strongly convergent.
This velocity field, when combined with
information about surface slope and ice
thickness, will allow detailed modeling of
conditions governing the ice discharge in
this area.

It is clear that SAR provides useful
glaciological information, but this infor-
mation is complementary to what is avail-
able from other satellite-based systems.
SAR provides much higher resolution
than passive microwave sensors such as
The Special Sensor Microwave/Imager,
but with less frequent coverage and with-
out a sensitivity to temperature. A com-
bination of the data from both active and
passive microwave sensors provides a bet-
ter view of the properties of the snowpack.
Although high-resolution visible sensors
provide higher quality data for mapping
velocity fields (less distortion from topog-
raphy, absence of the speckle inherent in
imaging radar), SAR acquisition is possi-
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ble through cloud cover and in darkness,
making it a reliable source of images for
these studies.
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