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SPOT multispectral data and digital terrain model for the analysis of
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Abstract. Satellite data from the Arctic present extensive shaded zones arising
from the combination of low Sun elevation and mountainous topography. Field
radiometry measurements from training zones on two glaciers in Arctic north-
west Svalbard discriminate the different surface states of the glaciers. The SPOT
reflectance values have been corrected using the slope orientation and dip
parameters from the digital terrain model combined with the corresponding Sun
elevation and azimuth. The reflectances of the shaded and illuminated zones have
been restored to a new image based on the XS3 versus XS1 bimensional
histogram. The pixel values of the new image can distinguish between firn and
superimposed ice surface states on the glaciers defined and controlled by field
measurements. From the new image a map of the different surface states of the
glacier can be produced which is homogeneous in both the shaded and illumi-
nated zones. The boundary between the firn and the superimposed ice can be
located on the median and longitudinal profile of the glacier by combining the
new image and the digital terrain model. With this method it is possible to locate
the boundary between the firn and the superimposed ice and, consequently, the
equilibrium line to within 40 m of altitude.

\

Introduction
The satellite-level radiance of a high spatial resolution snow-ice covered ground

scene of sub-polar glaciers is affected by a number of factors including the Sun’s
position, atmospheric composition, reflectance of the region surrounding the scene
and. the terrain slope (Justice et al. 1981, Dave and Bernstein 1982). Justice and
Holben (1979) have shown that the degree of the ‘topographic effect’ on sensor
_response varles cons1derab1y as a function of solar elevation. With the availability of
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multispectral data from SPOT satellites several studies have been undertaken aimed
at the quantitative evaluation of the Sun’s position and the topographic effects (e.g.
Lyberis et al. 1990). The relations amongst the radiance recorded by the satellite
sensors, the surface reflectance and the cosine of the solar zenith angle have been
described by Wiscombe and Warren (1980), Choudhury and Chang (1981), Kowalik
and Marsh (1982), and Lyberis et al. (1990).

The albedo contrast between the snow-ice fields and the rock outcrops is shown
to be exaggerated by the satellite sensors. The albedos of the snow-ice fields are
highest in the spectral bands sensed by the satellites and fall off rapidly in the near-
infrared (Shine and Henderson-Sellers 1985). Consequently, the satellite records will
tend to exaggerate the brightness of the snow and ice surfaces.

The aim of this paper is to show how the ice and snow fields of two sub-polar
glaciers (figure 1) can be mapped, using SPOT satellite reflectances combined with
digital terrain model (DTM) data (figure 2). The studied glaciers are formed by
accumulation of successive layers of annually superimposed ice (Lliboutry 1965).
The accumulation occurs mainly during the winter time and the ablation takes place
during the summer time. At the end of the ablation period, the glacier surface is
roughly divided into two areas with an accumulation zone on the upper part, and an
ablation zone on the lower part. The equilibrium line (EL) corresponds to the
boundary of those two parts and defines the position where the ablation (melting of
ice and snow) is equal to the snow-ice accumulation.

The glacier surface presents, from the upper to the lower part, the firn zone, the
firn line, the superimposed ice zone where the EL is located and the blue ice zone.
Field radiometer measurements have been carried out in Breggerbreen and Lovén-
breen glaciers on training zones located in the field from the satellite images.
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Figure 1. Position of the investigated area.
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Reflectances calculated from the field measurements show that it is possible to
distinguish the different surface states of the ice and snow fields of the studied
glaciers. Fresh snow, settled snow, firn, superimposed ice and blue ice display
pronounced reflectance differences in the 0-2-1-6 um wavebands (Dozier 1984, Hall
and Martinec 1985, Shine and Henderson-Sellers 1985, Dedieu and Elizechea 1988).

The method has been applied to two sub-polar glaciers in western Spitsbergen,
At 79° N. East Broggerbreen and Central Lovénbreen glaciers (figure 1) are situated
on Breggerhalvoya and lie between 50 and 600m in altitude. They are northwards
facing and they have a surface area of about 6 km?.

The states of the glacier surface have been mapped using the results of the field
measurements and the digital data of SPOT XS1, XS2 and XS3 bands. The
processing developed here allocates the reflectance scale of the shaded zones to the
scale of the reflectances of the illuminated zones. The method assigns the same value
to a formation situated either in the shadow or in the illuminated zones and provides
an homogeneous map of the glacier.

2. Satellite data

The available SPOT multispectral image (k= 152, j= 140, near nadir view angle)
was acquired at 14h 21 min GMT on 7 September 1986, when the Sun’s elevation
was 13-6° and the Sun’s azimuth was 229-9°. The SPOT image used was taken after
six sunny days.

The SPOT multispectral mode has three spectral bands (XS1, XS2 and XS3) in
the visible and near-infrared wavelength ranges (0-50-0-59, 0-61-0:68 and
0-79-0-89 um, respectively). The pixel size is 400 m? (20 m x 20 m). This scene is free
of clouds and it was acquired in September at the end of the ice ablation period,
three days before the first winter snow and cast shadows are predominant (figure 2).

The recorded albedo depends on the atmospheric conditions and the glacier
surface properties. The spectral response of remotely sensed data partly depends on
the radiance which is essentially a function of the slope, the Sun’s azimuth and
elevation angle (Holben and Justice 1980, 1981, Dave and Berstein 1982, Kowalik
and Marsh 1982) and the structure of the ice and snow surfaces.

3. Field radiometer measurements

Some surface information is required to interpret remotely sensed data for
environmental surveying, especially in the case of low-spectral resolution. Therefore,
training zones have been defined as representative of the different ice and snow
surfaces. They have been located on the satellite image in order to compare the field
results and the satellite values. The field radiometer (CIMEL) measurements
correspond to the ratio between the vertical component of the incident flux and the
vertically reflected flux measured on a 1m? surface. For each training zone, several
measurements have been collected in 1987 and 1988 using the method described by
Lyberis et al. (1990). Parameters such as albedo, information about the structure of
the snow and the ice, the state of the surface, aspect of the site and inclination of the
slope have been taken into account. Each set of measurements has been calibrated
by comparison to a reference surface and restored on a homogeneous scale for the
three SPOT bands (Lyberis et al. 1990).

Figure 3(a) integrates all the measurements obtained during two field seasons
(August 1987 and August 1988) including those from clear and overcast sky
conditions. The recorded values decrease from the fresh snow to the blue ice. A
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dispersion, producing an important overlapping of the values, is observed for each
surface state. Nevertheless, several general and significant trends are observed. First
it is recognized that absorption coefficients of snow and ice are dependent on the ice-
crystal size (Dozier et al. 1981) and the reflectance of snow and ice decreases with
increasing crystal size (Hall and Martinec 1985, Sergent et al. 1987). At the end of
the ablation period snow, firn and new superimposed ice have 2-5mm crystal sizes
whereas close to the front of the glacier, crystals of the blue ice up to 3cm are
predominent. Old snow induces a marked transparency carrying a reduction of the
extinction coefficient in the visible and the near-infrared wavelengths (Chang et al.
1976, Wiscombe and Warren 1980, Sergent et al. 1987). In addition, the state of the
surfaces changes during the ablation period when fresh snow is transformed into
settled snow and firn corresponding to an increase of the crystal sizes.

The dispersion and the overlapping of the measured values of reflectance are due to
the presence of dust which produces a reduction of the values in the three bands.
Presence of water has the same effect, particularly in the third band (h, on figure 3(b)).
Thus, clear blue ice is characterized by a higher value than dusty superimposed ice.

In addition, the weather conditions prior to the field radiometer measurements
have to be taken into account because of changes in the state of the glacier surface.
With sun and clear sky, glaciers receive far more solar than infrared radiation: A large
part of the solar radiation penetrates the superficial layer of the ice producing a melting
at the periphery of crystals and the ice bubbles. In addition, the evaporation is
relatively high and the surface of the ice remains ‘dry’ increasing the ruggedness of the
ice surface. In the three CIMEL bands the dynamic scale is then drastically reduced.
On the other hands, when the sky is overcast, the received solar radiation decreases and
the melting formerly described is weaker. Often the moisture maintains a film of water
on the surface of the ice. Thus, this surface is smoother, the scattering is reduced and

©

Figure 2. (a) SPOT-XS1 image of the studied glaciers, (b)) SPOT-XS3 image of the studied
glaciers, and (c) perspective view (XS3 superimposed on DTM), with 180° rotation.
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Figure 3. Reflectance measurements (August 1987 and 1988) on the three SPOT bands (C1,
C2 and C3) obtained with a CIMEL radiometer. (@) Diagram showing the whole
measurements. a, snow; b, settled snow; c. settled snow and firn; d, superimposed ice; ¢,
blue ice. (b) Mean values obtained on 24 August 1988, along the central axis of the
East Brogger glacier for chosen sites. The altitude decreases from 1 to 13. a, snow; b
and c, firn; d and e, thick superimposed ice; f, blue ice; g, thin superimposed ice
(<2cm) on blue ice; h, superimposed ice covered by water; i. blue ice with some dust; j,
blue ice, k, superimposed ice with slush and water; 1, superimposed ice with slush,
water and dust; m, dirty blue ice.

the difference between the CIMEL values of snow and ice increases. Nevertheless, the
dispersion is largely due to the multidate records and the overlapping of the CIMEL
values is seriously reduced when the measurements are from the same day.

4. Topographic effects

The ‘topographic effect’ is manifested by the visual appearance of terrain
ruggedness and is caused by the differential spectral radiance due to surface slope
angle (Holben and Justice 1980, 1981). Holben and Justice (1981) proposed to
correct the Landsat Multispectral Scanner (MSS) images for the topographic effect
using a ratioing. Here, we propose to use the DTM for the calculation of the topo-
graphic effect on SPOT multispectral imagery. The 10m contour lines have been
digitized from the Norsk Polarinstitutt topographic maps of the Breggerhalvoya
peninsula (SI0V28H60 and S10V28HS55, 1/10 000, 1980 and ‘Broggerbreen Vestre og
midre Lovénbreen’, 1/20 000, 1979). The altitude of the points situated between these
contour lines have been calculated by multidirectional linear interpolations.
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The distributions of shadows calculated from the DTM is detailed below. For the
investigated area, the slope direction, the dip and the variation of the dip (figure
6(c)) have been calculated from the DTM. On the basis of the distribution of the dip
variation, the pixels over the whole scene have been recoded. Using the morphologi-
cal recoding, we can identify the pixels which correspond to sharp crest, smooth
crest, sharp thalweg, smooth thalweg, shoulder, convex and concave slope, flat
surface, and a horizontal plane. The morphological recoding of the dip and the dip
variations have to be combined with the satellite image.

The satellite radiometric values depend on the properties of the reflecting surface
including the dip and the orientation of the slope. The natural surfaces are non-
Lambertian but the nadir reflectance shows a decrease in error with decreasing solar
zenith angle, from the hemispherical reflectance (Kimes and Kirchner 1982, Kimes
and Sellers 1985). To simplify the calculation, and because of the lack of available
information, it is assumed that the terrestral surfaces possess Lambertian properties
in which case hemispherical reflectance is equal to the nadir reflectance. Therefore,
the spectral irradiance (R) received at the sensor has to be corrected for the
topographic effects taking into account the incident angle defined by the direction of
the incident flux and the normal of the reflecting surface:

R=Ryxcos ¥ ¢})

cos O=nxs/|n| x |s| with

i Az, cos(El) x sin(A4z)

Az, | and s= | cos(El) x cos(Az)

=73 2 A2 | Oy
VARG Az | sin(El)

Az, x cos(El) x sin{Az) — Az, x cos(El) x cos(Az) +r x sin(El)
\/ r*+Az2+Az2

cos 8=

@

where 6 is the angle between the incident flux and the normal of the ground surface,
r is the distance between two successive points (20 m), Az, and Az, are the differences
of altitude between two successive points on X and on Y, El is the Sun’s elevation,
Az is the Sun’s azimuth, n is the normal to the ground surface, s is the incident flux
and R is the reflected flux after correction for the topography. The negative sign of
the y component is due to the raster-scan order, that is row-column order from top
left to lower right.

A new image has been obtained by replacing the value R, recorded from the
satellite, by the calculated value R. The following process has been applied on the
new images R of the three SPOT bands. Atmospheric effects, emphasized by Singh
and Cracknell (1985) are not addressed here. However, these effects are less
important for the Spitsbergen latitude, with clear sky, because of the high atmos-
pheric optical depth.

5. Reflectance scales on shaded and illuminated zones

The discrimination of the different superficial formations of the glaciers is based
on the equilibration of the spectral responses both in the illuminated and shaded
zones. Two methods, taking into account the DTM, have been used.

5.1. Distribution of the shadow on the DTM r
The first method consists of obtaining a map (x’, y) showing the d1str1but1on of
the shadow on the DTM at the time that the scene was acquired (Figure 4). The
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method used to calculate the illumination is based on an elementary model. On the
hoizontal plane (x, y), for each pixel (i, j), the altitude (z; ;) combined with the
altitude of the two neighbouring pixels (7, j+1; i+1, j), define a surface whose the
normal is calculated. The reflection on a reflecting mirror is described by Lambert’s
law and the flux reflected is proportional to the cosine of the angle 0, defined by the
direction of the incident flux and the normal of the reflecting surfaces (equation (3)).

I=l;xkdxcos @ 3)
with 0<8<z/2, if not:
=0

where, [ is reflected flux, /; is incident flux, and k, is the diffusion coefficient.
Equation (3) gives the distribution of the shadow. The pixels of the shaded zones
are recoded with 0 and the pixels corresponding to the cast shadow are determined

Figure 4. Shadow distribution calculated from the DTM for a Sun azimuth and elevation
corresponding to the available SPOT image.

—~
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by equation (4). The whole scene is scanned, in the x direction and in the y direction,
to define the pixels S (x,, z,) corresponding to the crest lines. The illumination of the
pixels is calculated by taking into account their altitude and their position with
regard to the neighbouring crest lines. For a scanning following x, the position of the
illuminated pixels is given by

Xy F0X,=X;4 0(X;0 1 —X;)
Zs+“Zv=Zj+5(Zj+1_Zj) (4)

When ¢>0 and 0<d <1 the corresponding pixel is located out of the cast shadow
produced by the last crest point and the direction of the solar flux (x,, z,) at the
point S. If not, the corresponding pixel of the x’, ¥ plane is recoded with 0. When
o>0 and 0<d<1, the reflected flux 1, given by equation (1) for each illuminated
pixel of the DTM surface, is projected orthogonally on an horizontal plane (x', y').
This processing is repeated for the y direction.

This simulation of the shadow extension from the DTM, for a given Sun azimuth
and elevation, does not take into account the diffuse flux which is present in the
shaded zones. This approach however does not distinguish the shadow from the cast
shadow which are recoded with the same value (figure 4).

5.2. Rectification of the SPOT reflectances using the DTM

The SPOT digital numbers (ID(, j)) of the shaded zones and those of the
illuminated zones have been processed separately. The whole digital numbers of the
two zones have been restored on the dynamic scale (0, 255) using the values (TD(I,
j)) of the illuminated DTM. The restored values (RR) have been calculated in order
to obtain a simulation of the original SPOT image on an horizontal surface.

In this approach we have assumed that the ID and their corresponding
maximum TD values are described by a straight line. This line corresponds to a
theoretical maximum of a homogeneous surface which is dependent on the illumina-
tion angle, without any correction for saturation and absorption.

The restored values RR, in the shady zones are given by

RR =[ID(, j)/TD(, j)lAcota (5)
and in the illuminated zones, are given by
RR=[(IDG, j)—S)/(TD(, ) —SjAcotf ()

where i is the line number, j is the column number, 1=255, S, SPOT digital value of
the shadow-light boundary, S, is the value of the shadow-light boundary on the
illuminated DTM, « is the angle between the regressive line and the TD (7, j) axis for
the values of the shady zones, and f is the angle between the regressive line and the
ID (i, j) axis for the values of the illuminated zones.

Equation (5) cannot be applied when the shadow and the cast shadow are
recoded with the same value, because in this case «=90°. The projection of the RR
values on a horizontal plane (equation (6)) can be used only for the illuminated
zones. Therefore, the linear stretching of the reflectances from the shaded zones is
not sufficient to erase the topographic effects. However, if the shaded zones are
masked and recoded to zero on the illuminated DTM, the reflectance values of the
shadow zone, can be determined in the three SPOT bands. The values obtained by
this method for the boundaries between the shaded and illuminated zones in the
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different SPOT bands are used in the following treatment where the altitude of the
EL on the glaciers is defined on the DTM.

5.3. Bidimensional histogram

The equilibration of the reflectances in the shaded and the illuminated zones can
be explored using the XS1 and XS3 SPOT bands which shows the least degree of
correlation. The spectral responses depend on Sun and view geometry and their
effect is more pronounced for the highly absorptive red (0-6-0-7mm) and near-
infrared wavelength band (Ranson et al. 1985).

The bidimensional histogram XS3 band versus XS1 band presents two different
trends (figure 5(a)). In the first trend, the values of XS3 are relatively low and
correspond to the ice and snow domain. The second trend is characterized by the
weak values of XS1 and stretched values on XS3. This second trend corresponds to
neighbouring rock outcrops. The shadow-light boundary defined by the comparison
of the DTM and the SPOT data is reported on the bimensional histogram XS3
versus XS1 (figure 5(a)).

The distribution of the pixels on the bidimensional histogram presents a clear
limit between the two trends, characterized by relatively low values. The points of
the bidimensional histogram corresponding to a number of pixels less than 100 are
scattered and they have been eliminated.

Using the bidimensional histogram, a similar dynamic scale for the shaded and
the illuminated zones is obtained (figure 6(a) and 6(d)). The surrounding rock units
have not been considered in this processing. The ice and snow fields of the shaded
zones have been separated from the ice and snow fields situated in the illuminated
zones.\‘Each field can be described by a regression line with an envelope (figure 5(b)).
The regression line (bc) corresponding to the illuminated zone is a continuation of
that for the shaded zone (ab). The transition between shadow and light corresponds
to the point b. Each point of the shaded zone is projected on the regression line (ab)
and each point of the illuminated zone is projected on (bc). In this process the points
on the regression line are projected orthogonally and the calculated values are
stretched to obtain the new channel NC which is calibrated 0-200 (Delaune and
Parrot, 1993). The equation (y=Az-+B) of the regression line (ab) is calculated
(equation (7).

A=(XS1(b)—XS1(2))/(XS3(b)—XS3(a))

B=XS1(a)—(A4 x XS3(a)) )
where XS1(a) and XS3(a) are the coordinates on the bidimentional histogram XS1/
XS3 of the point (a), XS1(b) and XS3(b) are the coordinates of the point (b).

If a pixel (7, j) corresponds, on the bidimensional histogram XS1/XS3, to a point

dXS1(, f), XS3(, ), the equation (y=A'x+B’) of the line perpendicular to the
regression line (ab) issued from a point d contained in the envelope, is

A'=—1/4
B'=XS1(d(I, /) — (4" x XS3(d(, ) ®)

The coordinates d'(j, j) of the intersection‘ between (y=Ax+B) and (y=A'x+B’) are
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Figure 5. (a) Bidimensional histogram XS1 versus XS3, (b) Sketch showing the main trends

of the bidimensional histogram XS1/XS3. ab, regression line for the shaded zone; b,
regression line for the illuminated zone; ¢, recalculated position of the point c.
(¢) Bidimensional histogram XS1 versus NC. A, B, C and D, training zones of the
figure 5(d). D', recalculated position of the point D. (d) Sketch showing four training
zones. A and C, corresponds to ice, B and D, corresponds to show. A and B are
located in the shaded zones, C and D are located in the illuminated zones.
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AQ0m.
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Figure 6. (a) The shaded parts of the studied image (figure 2(«) and 2(b)) recoded on the 0-200
dynamic scale. (b) Image of the investigated glaciers without shadow. The limit between
shaded and illuminated zones is plotted on the glacier surface. (¢) Dip variations
calculated from the DTM (thick line, location of the profile reported on figure 6(d)).
(d) Median and longitudinal topographic profile of the Broggerbreen glacier (A) and
corresponding NC values (B). a, firn situated up to 460 m; b, superimposed ice located
between 460 and 340 m; ¢, particular surface conditions; d, regular decreasing.

x=(B'—B)[(4—A")
y=Ax-+Bory=Ax+B
The value of the pixel (i, j) of the NC1 is:
NCI1(, j)={(ad'/ab) x S) )]
where S=200; and NCI1 is the neochannel for the shaded zone.
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The same calculation is applied for the illuminated zones (NC2). Using this
method two neochannels were obtained corresponding to the snow and ice fields in
the shaded and illuminated zones, respectively. First, the dynamism of the two ice
and snow fields in the two neochannels was considered to be equivalent to one
another. The addition of the two neochannels (NC1 and NC2) produces a third one
(NC), also calibrated 0-200, on which the ice and snow fields do not present any
discontinuity arising from the illumination.

The bidimensional histogram XS1/NC (or XS3/NC) exhibits two trends corres-
ponding to the shaded and the illuminated zones (figure 5(c)). The information
provided by the field measurements is used at this stage to correct, if required, the
coordinates of point (c) on the bidimensional histogram XS1/XS3 (end of the
regression line of the light field, figure 5(5)). The maximum and the minimum values
recorded in the XS3 band have been chosen to represent the illuminated and shaded
areas in the training zones.

The method of recalculation can be illustrated by reference to figure 5(c). Two
examples are given, one from an ice field, the other from a snow field and both span
the shaded-illuminated zones boundary. In figure 5(d) training zone A from the
shaded part of the ice field corresponds, on the histogram XS3 versus NC, to
training zone C in the illuminated part of the same ice field. Similarly, training zone
B, which is located in the shaded part of the snow field, corresponds to training zone
D in the illuminated part. Figure 5(c) illustrates the positions of the training zones
A, B, C and D on the bidimensional histogram XS3 versus NC. If any difference
between the two similar training zones (A, B and C, D) on the axis NC of the
bidimensional histogram XS3/NC is observed the length of the regression line (b) it
is corrected in such a way that the point (c) is located in (c") (figure 5(c)).

Thus, by analysing the distribution of the recalculated reflectances it is possible
to obtain an image free of shadow and in which any discontinuity between the
illuminated and shaded zones is erased (figure 6(5)).

6. Characteristics of the glaciers surface on the NC band

In the whole scene, the reflectances of the glacier surface, in the shaded and the
illuminated zones, gradually decrease from the top to the bottom. The difference in
the reflectances (DR) between the neighbouring pixels (calculated from a multidirec-
tional histogram of the differences between the reflectance values of two contiguous
pixels) is generally 1-2, following the direction of the dip of the glacier. Only at the
shadow-light limit is an important break of reflectances observed. High DR values
are produced by water flow on the glacier and by the rock-glacier boundary (figure
6(b)). The gradual increase in the reflectances does not permit the definition of the
ice and snow limits by simple thresholding based on the multidirectional histogram
of their differences.

On the NC band of the two investigated glaciers it is possible to locate the EL,
defined by field survey (Hagen and Liestol 1987). Descriptive statistics have been
done on the neochannel NC, for well-defined training zones, corresponding to the
permanent markers of the glaciological survey, including the EL area. The blue ice,
firn and other surface states of the glacier can be discriminated in the NC band but,
because of the wide range of NC values encountered along the EL, no significant
break corresponding to the EL is observed. In the NC band the values for the EL
zone are wider than expected. The vague spectral characteristics of the EL zone are
due to its unique location on sub-polar glaciers. The EL of the Spitsbergen glaciers
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does not correspond to the firn-ice boundary, as observed in alpine glaciers where
the EL is located close to this limit (Reynaud ef al. 1984). On sub-polar glaciers, the
EL is situated downwards from the firn line (lower limit of the firn), because of the
presence of superimposed ice. This superimposed ice is formed by either refreezing of
melt water during the autumn and/or during the ablation period, or refreezing of
melt water on the glacier surface, below the firn line at the end of the ablation
period. The position of the EL does not always coincide with the boundary between
the superimposed and blue ice but it is located above this boundary. Thus, it is
difficult to distinguish in the field the latest ice layer from the previous ones and the
distinction is similarly difficult on the satellite images. However, the method
developed here would be applicable to glaciers in temperate areas.

7. Comparison between the NC band and the DTM

The differences between firn, superimposed ice and blue ice on the NC band are
weak and their limits do not present significant reflectance breaks. This is partly due,
in both glaciers, to the position of the drainage basin with respect to the Sun’s
azimuth on both shady and illuminated zones and the results should be improved by
an analysis of several glaciers with different surface orientation. However, the
principal characteristics of the glacier surfaces can be identified on the NC band
along a median-longitudinal profile. ‘

Figure 6(d) shows the median and longitudinal topographic profile of the
Broggerbreen glacier (A) and the corresponding NC values calculated on a five-
pixels wide strip (B). The NC profile shows four zones: a, an area of the highest NC
values, situated up to a height of 460 m; b, a plateau of NC values corresponding to
460-340m altitude; c, serrated NC values due to particular surface conditions such
as dust accumulations, running water, etc.; d, a zone of regularly decreasing NC

values toward the front of the glacier. However, field observations have shown that .

at 460-340m altitude the Breoggerbreen glacier is characterized by homogeneous
reflectance values, This area is covered by superimposed ice formed at the end of the
ablation period. The boundaries of the b area should be used for the mapping of the
limit between firn and superimposed ice. :

8. Discussion and conclusion

A method is presented of analysis of the sub-polar glaciers based on the DTM
‘which provided the shadow extension with respect to the Sun’s azimuth and
elevation. The DTM is used for a first correction of the satellite gross values
according to the illumination angle and to define the limit between shaded and
illuminated areas. The corrected reflectances of the shady and the illuminated zones
have been restored to a commeon spectrum (255) on a new image (NC) by using of
the bidimensional histogram XS3 versus XS1. This image corresponds to homo-
geneous glacier surfaces which do not present any discontinuity when crossing the
original light-shadow limit.

In the two glaciers studied, the EL is situated in the superimposed ice zone. Thus,
it is difficult to distinguish the latest ice layer from previous layers, both in the field
and on satellite images. The annual displacement of the EL is related to the
evolution of the mass balance which is directly linked to the climate (Martin 1977,
Lefauconnier and Hagen 1990). Therefore, the climatological evolution of this area
could be determined by annually monitoring the position of the Equilibrium Line
from satellite data (Qstrem 1975). On the basis of data accumulated over 20 years,

o
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significant correlations between mass balances and altitude of the EL have been
calculated for the two glaciers investigated in this study (Hagen and Liestel 1987).
The correlation coefficients are 0-95 and (-92 for the Broggerbreen (Brogger glacier)
and the Lovénbreen (Loven glacier), respectively.

Whilst it is not yet possible to locate precisely the EL for sub-polar glaciers, the
boundary between the firn and the superimposed ice can be identified on the new
images. This boundary has been located for the Braggerbreen and Lovénbreen on
longitudinal profiles on the NC band and confirmed by field measurements on the
surface states of the glaciers. Because the EL lies within the firn-superimposed ice
boundary its position can be estimated, following the method described here, to
within 40m altitude.
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