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ABSTRACT. Superimposed ice forms when meltwater refreezes onto a sub-freezing
glacier surface.The accumulationzones of manyArctic glaciers include large areas of super-
imposed ice, which for mass-balance purposes have to be distinguished from the ablation
zone consisting of glacier ice. We examine the ability of synthetic aperture radar (SAR)
satellite sensors to detect superimposed ice on the glaciers Kongsvegen and midre Lovën-
breen on Svalbard. Structural analysis of ice cores as well as surface observations from these
glaciers in 1999 and 2000 provide a spatial record of superimposed ice.Winter SAR images
show three distinct zones, which correspond closely to areas of glacier ice, superimposed ice
and firn. This is seen very clearly on Kongsvegen, but not as clearly on the much smaller
midre Lovënbreen. One possible explanation for the contrasting SAR signal may relate to
the differing air-bubble content of firn, superimposed ice and glacier ice. Thin layers of
winter-formed superimposed ice (510 cm) in some places are not seen on the SAR images,
indicating that a certain thickness is needed for detection. The equilibrium-line altitude
cannot be detected since the SAR cannot differentiate old superimposed ice, superimposed
ice formed currently in the accumulation area in summer and superimposed ice formed
currently in the ablation zone in autumn and winter.

INTRODUCTION

One of the principal aims in using satellites for glacier moni-
toring is to identify distinct zones on the glacier surface and
to observe their extent and variation over several years (see,
e.g., Fahnestock and others, 1993, Partington, 1998). A
detailed summary on how to identify various such zones
can be found in Ko« nig and others (2001b). In the present
study we concentrate on one particular zone, the super-
imposed-ice zone.When present, the superimposed-ice zone
separates the firn area on the upper part of the glacier from
the glacier ice area on the lower part.While glacier ice forms
through the gradual metamorphism of snow (firnification),
superimposed ice forms by the freezing of meltwater directly
onto the glacier surface (Paterson,1994). The main period of
superimposed-ice formation on Svalbard glaciers is during
summer, when superimposed-ice formation followsthe retreat
of the snowline up-glacier. The superimposed-ice zone con-
sists of accumulated superimposed ice, i.e. ice that has sur-
vived one mass-balance year and is still present at the end of
the summer-melt season. Superimposed ice may also form in
parts of the ablation area of Svalbard glaciers in autumn, as
falling air temperatures promote freezing of supraglacial
meltwaters, and during winter when short-lived warm events
induce snowpack melting (J. L. Wadham and A.-M. Nuttall,
unpublished information). Only the accumulated super-
imposed ice, however, is important for mass-balance purposes.

Since both the glacier ice area and the superimposed-ice
area consist of ice, Bindschadler andVornberger (1992) con-
sider it virtually impossible to distinguish these two areas on
SAR images. Marshall and others (1995), however, report

having detected the superimposed-ice zone on Ayerbreen,
Svalbard, due to marked differences in surface roughness of
bare and superimposed ice on late-summer synthetic aper-
ture radar (SAR) images. In the following,we analyze three
distinct zones of backscatter, which are visible on winter
SAR images from Kongsvegen and midre Lovënbreen, one
of which corresponds to the superimposed-ice zone.

DESCRIPTION OF STUDYAREA

The glaciers Kongsvegen (78³48’ N,13³ E) and midre Lovën-
breen (78³53’ N, 12³04’ E) are located in the northwest of
Spitsbergen, Svalbard, close to the research facility Ny-
Ðlesund (Fig. 1). Kongsvegen is a surge-type glacier, with a
length of about 25 km, an area of 102 km2 and a very gentle
surface slope of 0.5^2³. The glacier flows from an ice divide
at 800m a.s.l. (above stake 9) down to sea level, where it
shares its calving front with the fast-flowing Kronebreen.
Kongsvegen has a flow velocity of 54 m a^1 (Melvold and
Hagen, 1998). This is insufficient to transport all accumu-
lated mass to the ablation area and indicates that the glacier
may be building up to a new surge (Lefauconnier and others,
1999), the last surge having occurred in 1948 (LiestÖl, 1988;
Melvold and Hagen, 1998). Mass balance on Kongsvegen
has been measured annually by the Norwegian Polar Insti-
tute since1987 using nine stakes positioned along the glacier’s
centre line (Hagen and others,1999).

Midre Lovënbreen is much smaller than Kongsvegen,
with a length of about 5 km and an area of only 6 km2. Its flow
velocity does not exceed 8 m a^1. Mass balance on midre
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Lovënbreen has been measured annually by the Norwegian
Polar Institute since 1967.

Further information on Kongsvegen, midre Lovënbreen
and other glaciers in the Kongsfjorden area can be found in
LiestÖl (1988), Hagen and LiestÖl (1990),Winther (1993) and
Lefauconnier and others (1999).

FIELD DATA COLLECTION

The fieldwork was conducted in spring 1999 between 30
April and 14 May, and in spring 2000 between 26 April and
4 May. Snow pits were excavated at mass-balance stakes
located along the centre lines of midre Lovënbreen and
Kongsvegen. The snow-pit stratigraphy and the nature of
the ice surface at the snow-pit base were recorded. Particular
attention was paid to the presence of ice lenses within the
snowpack. Shallow ice cores, 0.5^1m long, were collected
from the base of these snow pits and from a number of add-
itional sites located in between mass-balance stakes on
Kongsvegen (see Fig. 1). Cores were sealed in plastic tubing
and stored at ^20³C prior to analysis.The ice cores were ana-
lyzed for their appearance, air and sediment content. To-
gether with snow-pit observations and mass-balance data,
these indices were used to determine the presence or absence
of superimposed ice at a site.

Superimposed ice has a contrasting air-bubble content
to glacier ice (Schytt, 1955; Koerner, 1970). The air-bubble
content of the former is more heterogeneous due to vari-
ations in freezing rate and saturation of the snowpack
during superimposed-ice formation (Koerner, 1970). Typic-
ally, ice that forms in the early melt season has a high air-
bubble content, since freezing is rapid and the snowpack
partially saturated with meltwater. Later in the melt season,
when the snowpack is more water-saturated and the under-
lying ice surface is warmer, freezing takes place at a slower
rate, giving time for air bubbles to be expelled from melt-
waters as they freeze.This gives superimposed ice that accu-
mulates a banded appearance (Koerner, 1970; Wakahama
and others, 1976). The length of each core was measured,
and down-core variations in air-bubble content and appear-

ance were noted. The modal diameter of air bubbles in dif-
ferent sections of the cores was recorded, as was the presence
of any sediment horizons.These horizons indicated the pres-
ence of a former or the present summer surface.Where sedi-
ment was noted at the surface of the core, no superimposed-
ice accumulation was inferred. The presence of sediment
horizons at greater depths in the cores indicated past or
current accumulation of superimposed ice.

SATELLITE DATA

SAR images of the study area were acquired for both 1999
and 2000 (see Table 1). In addition, a time series of winter
SAR images since 1992 has been available (Table 1). The
European Remote-sensing Satellite (ERS) images were
calibrated to absolute backscatter (dB) using the European
Space Agency’s (ESA) ERS SAR Toolbox (available at the
internet address http://earth.esrin.esa.it/services/stbx_). The
calibrationalgorithmused in the SARToolbox is described in
detail in Laur and others (1998).The RADARSAT image was
calibrated using the algorithm implemented in the software
PCIWorks version 6.3 (http://www.pcigeomatics.com). A 5-by-
5 average filter was applied to all SAR images to remove
speckle noise.

On SAR images, points with higher elevation are dis-
placed towards the SAR sensor, causing layover and fore-
shortening. Geocoding and removal of displacement by
layover and foreshortening was done using an algorithm by
Guindon and Adair (1992), which is implemented in the soft-
ware PCIWorks. We tested the accuracy of the geocoding
process using known ground-control points located on
mountain tops. Deviations are 30^300m, with an average
deviation of 96 m in east^west direction and of 220 m in
north^south direction. These, however, are values for
locations at high elevations and at steep slopes, where dis-
placement is very strong to begin with. For Kongsvegen,
having a very gentle slope and almost being flat, we expect
an accuracy of around 50^100 m.

RESULTS: KONGSVEGEN

SAR image analysis and comparison with ice cores

In Arctic regions, winter SAR images are generally free from

Fig. 1.The location of Kongsvegen and midre Lovënbreen.The
sites on Kongsvegen where ice cores were taken are marked.

Table 1. All SAR images available for this study (C-band,
5.3 GHz)

Sensor Type Date Orbit Track Frame

ERS-1SAR PRI 30 Apr 1992 4133 481 1989
ERS-1SAR PRI 4 Feb 1993 8141 481 1989
ERS-1SAR PRI 16 Dec1993 12650 481 1989
ERS-1SAR PRI 8 Apr 1995 19507 481 1989
ERS-1SAR PRI 17 Feb 1996 24016 481 1989
ERS-2 SAR PRI 9 Mar1997 9854 481 1989
ERS-2 SAR PRI 29 Mar 1998 15365 481 1989
ERS-2 SAR PRI 1May 1999 21062 166 1989
ERS-2 SAR PRI 1Aug 1999 22379 438 1989
ERS-2 SAR PRI 17 Aug1999 22608 481 1989
ERS-2 SAR PRI 7 Oct1999 23338 209 1989
RADARSAT Std. Beam-1 24 Feb 2000 22477 ^ 1989
ERS-2 SAR PRI 24 Feb 2000 25342 438 1989
ERS-2 SAR PRI 4 May 2000 26344 438 1989
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336
https://doi.org/10.3189/172756402781817617 Published online by Cambridge University Press

https://doi.org/10.3189/172756402781817617


the influence of wet snow which hides the underlying charac-
teristics. All winter SAR images from Kongsvegen listed in
Table1show three distinct zones of backscatter on the glacier
surface (Fig. 2). An area of low backscatter (^12.1 §1.1dB for
May 2000) around core sites 1 to 4 and 5N, an area of inter-
mediate backscatter (^6.2 §1.6 dB for May 2000) around
core sites 5S and 5a to 7met, and an area of high backscatter
(^0.6 § 0.6 dB for May 2000) around core sites 7^9. The

boundary between the areas of high and intermediate back-
scatter (black dashed line in Fig. 2) is virtually static between
1992 and 2000. In the same time-frame, the boundary
between the areas of low and intermediate backscatter (white
dashed line in Fig. 2) varies in location between below core
site 4 and core site 5. The May 1999 image (Fig. 2), however,
is almost identical to the February 2000 image. While the
position of the boundary varies, the backscatter values of

Fig. 2. ERS-2 SAR images from Kongsvegen from 1 May 1999 and 24 February 2000. Sites where ice-core analysis indicated
presence of glacier ice (marked with a circle) coincide with an area of comparably low backscatter. Superimposed-ice core sites
(marked by a triangle) coincide with an area of medium backscatter, and firn-core sites (marked by a square) coincide with an
area of high backscatter. Note the highly crevassed tongue of the fast-flowing Kronebreen (upper left corner) giving high back-
scatter. See Figure 1 for geographic information and complete labelling of each core site.The SAR image data were provided by the
European Space Agency (ß ESA 2000).

Table 2. Comparison of results from ice-core analysis and SAR backscatter at each core site for Kongsvegen in spring 1999
(SI, superimposed ice)

Core site/stakes Interpretation of core data (thickness of layer) SAR backscatter Sediment horizons Net balance at stake, 1997/98

cm m w.e.

9 Firn (41m) High 0.20
8 Firn (41m) High ^0.30
7 Firn(41m) High ^0.59

7met Summer-formed SI (multi-year) (41m) Medium none
6 Summer-formed SI (multi-year) (41m) Medium 20 ^0.78
5 No data Medium ^ ^1.10
4 Glacier ice (41m) Low surface ^1.38
3 Winter-formed SI (5 cm), below glacier ice Low 5 ^1.33
2 Winter-formed SI (9 cm), below glacier ice Low 9 ^1.58
1 Winter-formed SI (6 cm), below glacier ice Low 6 ^1.82
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the respective zones stay approximately the same in all years.
The three zones are also seen on many surrounding glaciers,
which are not examined in this study.

The nature of the boundary between areas of high and
intermediate backscatter (black dashed line in Fig. 2) has
already been examined by Engeset (2000). Using ground

radar data, Engeset (2000) showed that this boundary cor-
responded to the lower boundary of the firn area of Kongs-
vegen, the so-called firn line.This firn/ice boundary inclines
very steeply down into the glacier, and, as a result, vari-
ations in summer ablation do not cause significant lateral
movement of this boundary. Below the firn area, the SAR
images show two distinct areas of backscatter within the
ice area. Engeset (2000) reported that this may be due to
differences in surface roughness or varying firn extent, but
did not have supporting field data available.

Tables 2 and 3 list the results from our field observations
at each core site and the observed SAR backscatter for both
1999 and 2000. A layer thickness of 41m inTables 2 and 3
means that we retrieved a core of 1m length, which solely
contained that particular ice type. The ice-core results are
also displayed in Figure 2, where stakes in firn areas are
marked with a square, stakes in superimposed-ice areas
with a triangle, and stakes in glacier ice areas with a circle.
Additionally, photographs from representative ice cores are
seen in Figure 3. In both years we find very good agreement
between the results from the ice-core analysis and the corres-
ponding SAR backscatter. High SAR backscatter corres-
ponds to the glacier’s firn area, medium SAR backscatter to
areas with superimposed ice, and low SAR backscatter to
areas with glacier ice.

Ice-core analysis

Cores in the superimposed-ice area (Fig. 3b) contain a deep
layer (usually 41m) of white ice (opaque ice containing
many micro air bubbles, 51mm) and clear ice with large
air bubbles (around 4 mm, often 41cm and often elongated
along the z axis). In contrast, cores in the glacier ice areas
(Fig. 3c) contain clear ice with small air bubbles (1^3 mm).
A thin surface layer of snow ice (similar to firn but 51year
old) or white ice on top of the glacier ice is detected in spring
cores from sites 1 and 3 in spring 1999 and at site 1 in 2000,
but is not seen on the SAR images.This thin layer is believed
to have formed by partial melting and refreezing of the
snowpack during warm periods in early winter 1998/99 and
1999/2000, respectively. These events commonly cause snow-

Table 3. Comparison of results from ice-core analysis and SAR backscatter at each core site for Kongsvegen in spring 2000
(SI, superimposed ice)

Core site/stakes Interpretation of core data (thickness of layer) SAR backscatter Sediment horizons Net balance at stake, 1998/99

cm m w.e.

9 Firn (42 m) High ^ 0.84
8 Firn (41m) High ^ 0.52
7 Firn (41m) High ^ 0.14

7met Summer-formed SI (multi-year) (41m) Medium 17, 28^33 ^
6c Summer-formed SI (multi-year) (41m) Medium none
6b Summer-formed SI (multi-year) (41m) Medium 23^26
6a Summer-formed SI (41m) Medium 9^19
6 Summer-formed SI (multi-year) (41m) Medium 23^26,34^35,50^54 ^0.14
5a Autumn-formed SI (41m) Medium 3^13
5S Autumn-formed SI/glacier ice (460 cm) Medium 10^15
5N Autumn-formed SI (10 cm), below glacier ice (41m) Low 6^13
5 ^ Medium 3^17 ^0.47
4c Autumn-formed SI (7 cm), below glacier ice (41m) Low 6^7.5
4 Glacier ice (41m) Low 0^3 ^0.95
3 Glacier ice (41m) Low 0^12 ^0.93
2 Glacier ice (41m) Low 0^12 ^1.49
1 Winter-formed SI (4 cm), below glacier ice (41m) Low 4 ^1.92

Fig. 3. Photographs of representative ice cores from the firn area,
superimposed-ice area and the glacier ice area on Kongsvegen,
with photographs from the ice surfaces for the latter two.The
average backscatter and corresponding core sites are listed.
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pack melting at 5350 m a.s.l. on glaciers in northwest Spits-
bergen (Hanssen-Bauer and others, 1990; J. L. Wadham and
A.-M. Nuttall, unpublished information).

All superimposed-ice cores, apart from 7met in 1998/99,
were located in areas of net mass loss during the study years.
Superimposed ice detected in cores from these areas must
either have formed during autumn or winter by refreezing of
supraglacial meltwater or be `̀old’’ superimposed ice that was
melting out. An autumn/winter formation time is favoured at
sites located in areas where the mass-balance data indicate a
cumulative net mass loss over the14 year mass-balance moni-
toring period.This refers to all cores down-glacierof core site
6. Detection of superimposed ice in non-firn areas where
there was a cumulative net gain in mass over the 14 year
mass-balance monitoring period but net mass loss during
the two study years, is interpreted to be `̀old’’ superimposed
ice that is now melting out.This includes core sites 7met and
6 in spring 1999, and 6a, 6b and 6c in spring 2000. Super-
imposed ice present at sites of net mass gain (e.g. site 7met)
during the study years is new superimposed ice formed in
these years. Banding of ice facies, such that several white and
clear layers of ice are juxtaposed in a single core, or multiple
sediment horizons indicated multi-year superimposed-ice
formation at a site. Cores at sites 7met and 6 in 1999 and
7met, 6c, 6b and 6 in 2000 all showed evidence of multi-year
superimposed-ice formation.

SAR time series from winter 1999/2000

The extent of glacier ice, superimposed ice and firn is identi-
cal on SAR images from October 1999, February 2000 and

May 2000.Backscatter values along the centre line (following
the core sites) are very similar for February 2000 and May
2000, indicating little change in the glacier’s surface charac-
teristics over this time period (Fig. 4). In comparison, the
October 1999 image shows lower backscatter in the glacier
ice area and some parts with lower backscatter in the firn
area (Fig. 4). In the glacier ice area, backscatter in February
and May is about 4 dB higher than in October, which is prob-
ably due to ice lenses in the deeper February snowpack.The
lower backscatter in the firn area, up to 9 dB lower compared
to February and May, is seen as a small, darker area in the
SAR image. This is most likely due to water in the base of
the present year’s firn, which gradually freezes through
October; a phenomenon observed in the field in earlier years.
Backscatterbetween the various dates in Figure 4 is somewhat
offset compared to each other. Corresponding peaks (or lows)
differ in position, where the peaks from one curve in some
cases precede, in other cases follow, the peaks from the other
curve. This difference is due to resampling during the geo-
coding process. Deviations are generally well below100 m.

DISCUSSION: KONGSVEGEN

Superimposed-ice detection

It is obvious that SAR can distinguish firn and ice surfaces.
Firn and snow crystals provide a relatively rough material,
reflecting much more of the incoming SAR signal than the
relatively homogeneous ice. This ability of SAR has been
shown in many studies before and is summarized in Ko« nig
and others (2001b). But why would SAR be able to distin-
guish superimposed ice from glacier ice? One possible
explanation relates to ice air-bubble content. Our spring field
observations from Kongsvegen suggest that there is a correla-
tion between differing backscatter from various glacier sur-
face types and the air-bubble contents of surface ice facies
(see Tables 2 and 3; Fig. 3). It is noticeable that in areas of
mediumbackscatter there is white ice containing many micro
air bubbles (51mm), and clear ice with large air bubbles
(45^10 mm). Both are interpreted to be superimposed ice.
In areas of low backscatter, however, there is glacier ice,
which in comparison is clear, with much fewer, smaller air
bubbles (1^3mm). More of the SAR signal is reflected from
superimposed ice having a high air-bubble content than from
glacier ice, whose structure is much more homogeneous.

At some core sites, although a thin layer of autumn- or
winter-formed superimposed ice is found on top of the clear

Fig. 4. Backscatter along the centre line for winter 1999/2000,
following themain core sites (i.e. stakes1^9)marked in Figure 3.

Table 4. Comparison of results from ice-core analysis and SAR backscatter at each core site for midre Lovënbreen in spring 1999
(SI, superimposed ice)

Core sites/stake Interpretation of core data (thickness of layer) SAR backscatter Sediment horizons Net balanceat stake, 1997/98

cm m w.e.

10 Firn (42 m) ^
9 Winter-formed SI (1.5 cm)/ summer-formed SI (multi-year) (450 cm) Medium 1.5 ^0.69
8 ^ Low ^ ^0.63
7 Winter-formed SI (2 cm), below glacier ice (450 cm) Low 2 ^
6 ^ Low ^ ^
5 Winter-formed SI (8 cm), below glacier ice (450 cm) Low 8 ^
4 ^ Low ^ ^0.98
3 ^ Medium ^ ^1.30
2 Winter-formed SI (25 cm), below glacier ice (450 cm) Medium 25 ^1.67
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glacier ice (Tables 2 and 3), the SAR image shows low back-
scatter (e.g. core sites 1^3 in 1999 and 1, 4c and 5N in 2000).
This suggests that a certain thickness of superimposed ice is
needed for detection by SAR. Comparing field observations
with the SAR images (Tables 2 and 3) shows that superim-
posed ice is not detected by SAR when the thickness is less
than about 10 cm. A simple estimate of the volume-scatter-
ing contribution based on Rayleigh scattering (single scat-
tering, sparse medium; see Ma« tzler,1987, p.310) gives ^17 dB
for10 cm of superimposed ice having two bubbles with 5 mm
diameter per cubic centimetre (personal communication
from H. Rott, 2001). This is even less than glacier ice back-
scatter, which suggests that the superimposed-ice layer must
be considerably deeper than10 cm in order to be detected by
SAR. On the other hand, the surface layer of superimposed
ice tends to have smaller bubbles (opaque ice), which would
give even lower backscatter. It may be the absence of large
bubbles (45 mm) in thin surface layers that mainly causes
SAR not to detect thin superimposed-ice layers. Again, for
most sites where superimposed ice was detected, the layer
thickness was deeper than the drilled core, having a length
of 50^100 cm (Tables 2 and 3). It will be shown further below
that a 25 cm thick layer of superimposed ice was detected by
SAR at core site 2 on midre Lovënbreen (Table 4).

Our conclusion is that SAR can distinguish superim-
posed ice from glacier ice due to the contrasting air-bubble
content of these two ice types. We do not rule out, however,
the possibility that other structural features of the superim-
posed ice may contribute to the distinct backscatter signal

observed in the SAR. Superimposed ice is reported to have
a different texture from glacier ice, displaying variation in
crystal size and orientation depending on formation condi-
tions (Shumskii,1964; Koerner,1970).This may also result in
differing backscatter between ice types. There are no data,
however, to test this hypothesis for Kongsvegen.

Equilibrium-line detection

Superimposed ice is one component of the glacier’s mass
accumulation. Together with the firn area, the super-
imposed-ice zone is within the accumulation area, and the
lower boundary of the superimposed-ice zone divides the
accumulationand ablationareas, being the equilibrium line
(Paterson, 1994). For Kongsvegen, mass-balance data show
that the equilibrium line for 1997/98 (corresponding to the
winter 1998/99 images) was at 700 m a.s.l., between stakes
8 and 9.The equilibrium line for 1998/99 (corresponding to
the winter 1999/2000 images) was at 580 m a.s.l., just below
stake 7. Since superimposed ice was recorded at core sites
located below these altitudes (see Tables 2 and 3), it is infer-
red that most of the superimposed ice detected by SAR was
in the ablation area and therefore is not accumulated super-
imposed ice, as discussed above. It follows then that SAR
cannot detect the equilibrium line, the lower boundary of
the present year’s superimposed-ice zone, since superim-
posed ice formed in autumn, winter or in previous years
can appear below the present year’s extent and cannot be
distinguished from net accumulated superimposed ice.This
is actually a very similar case to the one presented in Ko« nig
and others (2001a).There, the lower boundaryof the present
year’s snow area, i.e. the snow-line, could not be detected
since old snow (firn) from previous years appeared below
the snow-line. This failure of SAR to differentiate firn and
snow parallels its inability to distinguish between different
types of superimposed ice.

RESULTS AND DISCUSSION: MIDRE LOVËNBREEN

The SAR images from midre Lovënbreen appear coarser in
resolution due to the glacier’s smaller size and the different
scale of the images. Figure 5 shows midre Lovënbreen from
the ERS-2 SAR image taken in February 2000. Just as on
Kongsvegen, it is possible to detect an area of lower back-
scatter (^10.6 §1.1dB) between stakes 2 and 8 and an area
of medium backscatter (^5 § 0.8 dB) at stake 9.The bound-
ary between the two areas is not as clearly defined as on
Kongsvegen. An area of high backscatter is hardly visible.

The record of different ice facies observed in ice cores in
spring1999 and 2000 is presented inTables 4 and 5, respect-
ively. The ice-core data have been interpreted in a similar
way to those from Kongsvegen. A lower glacier zone of
winter-formed superimposed ice comprising a layer of snow
ice overlying a layer of clear glacier ice with few air bubbles
is found at sites 2^9 in 1999 and 2^8 in 2000.The snow ice is
formed by rapid freezing of a partially water-saturated upper
part of the snowpack, while the clear bubble-free ice is formed
by slower freezing of a water-saturated slush layer at its base
(J. L.Wadham and A.-M. Nuttall, unpublished information).
At some sites only clear bubble-free ice was detected. Here, ice
layers in the pack replaced the snow ice.Winter-formed super-
imposed ice at core sites 2^8 was underlain by glacier ice
(clear ice with small air bubbles). Multi-year superimposed

Fig. 5. An ERS-2 image of midre Lovënbreen from 24 February
2000. Glacier ice areas (circles) correspond with comparably
low backscatter, while superimposed-ice areas (triangle) cor-
respond to medium backscatter. The firn area (square) is
located too close to the mountain slope and affected by layover.
See Figure 1 for geographic information and complete labelling
of each core site. The SAR image data were provided by the
European SpaceAgency (ß ESA 2000).
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ice was present in both spring 1999 and 2000 cores at site 9,
and an area of firn was present up-glacier of stake10.

The correlation between zones of different surface types
and backscatter is similar to that on Kongsvegen: areas of
low backscatter correspond to areas of glacier ice, whileareas
of medium backscatter correspond to areas of summer-
formed/multi-year superimposed ice. Backscatter values for
these zones are similar for both Kongsvegen and midre
Lovënbreen. The backscatter around stake 10 cannot be
determined. Stake 10 is located in the firn area and would be
expected to produce a highbackscatter. It is, however, located
very close to the mountain slopes, where layover and fore-
shortening (the areas that appear `̀ smeared’’) obscure the
backscatter record.

The layer of winter-formed superimposed ice overlying
glacier ice between core sites 2 and 7 and 8 does not appear
to be detected by the SAR (e.g. sites 5^7 in 1999 and 2^8
have superimposed ice but a low backscatter). Field obser-
vations demonstrated that winter-formed superimposed ice
could vary significantly in thickness between sites (1^20 cm)
but also at any one site over distances of 1^2 m. As discussed
earlier, it is likely that the thinner layers of winter-formed
superimposed ice will be penetrated and therefore invisible
to SAR. Only the thicker layers are likely to have an effect
on the backscatter.This is seen at core site 2 on the May1999
SAR image, where 25 cm of winter-formed superimposed
ice on top of glacier ice corresponds with a localized area
of medium backscatter at the glacier tongue (seeTable 4). It
may also explain the existence of smaller spots of medium
backscatter elsewhere within the area of low backscatter.
We have too few data on spatial distribution of winter-
formed superimposed ice to make any definite conclusions
about this matter. Even then, the spatial variation is gener-
ally on a scale much smaller than the geocoding accuracy of
the SAR images.

As on Kongsvegen, the superimposed ice that registers
in the SAR images on midre Lovënbreen is almost all
located in the ablation area, and is therefore superimposed
ice formed in previous years which is now melting out.

CONCLUSIONS

Our study successfully used SAR winter images to distin-
guish areas of glacier ice, firn and superimposed ice on two
Svalbard glaciers. On winter images from Kongsvegen we
find three distinct areas of backscatter which correspond

closely to areas of glacier ice, superimposed ice and firn, as
determined from ice-core analysis. Our explanation for the
differences in backscatter relates to the contrasting air-bubble
content of these ice facies.The clear glacier ice has a relatively
low air-bubble content, reflecting little of the incoming SAR
signal and therefore leading to low backscatter. Super-
imposed ice typicallyhas a relatively high air-bubble content,
which compared to clear glacier ice reflects more of the SAR
signal producing medium backscatter. Finally, grain clusters
and ice lenses in the firn reflect much of the SAR signal and
cause a high backscatter. These three distinct areas are seen
on all winter SAR images from Kongsvegen, as well as on
some surrounding glaciers. They are seen in all years from
1992 to 2000, but only in 1999 and 2000 do we have field data
to demonstrate this connection.

As for midre Lovënbreen, the much smaller size of the
glacier and its location close to steep mountain slopes makes
interpretation more difficult than on Kongsvegen. Low and
medium zones of backscatter are observedandcorrespond to
areas of glacier ice and superimposed ice, respectively. The
firn area is not detected due to its location close to the moun-
tain slopes. Extensive but spatially variable accumulations
of winter-formed superimposed ice on the lower part of
midre Lovënbreen may explain localized areas of medium
backscatter in the area of otherwise low backscatter. These
are not observed on Kongsvegen, where winter-formed
superimposed ice on the lower part is thin (510 cm). This
suggests that a certain thickness is necessary for super-
imposed ice to be detected by SAR. In our study, detected
superimposed-ice layers were generally 450 cm thick.

Comparison of SAR results with mass-balance data
from Kongsvegen and midre Lovënbreen shows that the
superimposed ice detected in the winter images is predomi-
nantly located in the ablation zone.This superimposed ice is
interpreted to have formed in autumn and winter by refreez-
ing of supraglacial meltwater and slush on to the ablation-
zone glacier surface or is superimposed ice formed in pre-
vious years, which is now melting out.The equilibrium line,
therefore, cannot be detected. This has implications for
using SAR in mass-balance studies.
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