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ABSTRACT. The temporal and spatial variation in the surface albedo of the
Greenland ice sheet during the ablation season of 1991 is investigated. The study
focuses on an area east of Sendre Stromfjord measuring 200 km by 200 km and centred
at 67°5'N, 48°13' W. The analysis is based on satellite radiance measurements carried
out by the Advanced Very High Resolution Radiometer (AVHRR). The broad-band
albedo is estimated from the albedos in channel 1 (visible) and channel 2 (ncar-
infrared). The results are calibrated with the surface albedo of sea and dry snow.

Satellite-derived albedos are compared with GIMEX ground measurements at
three stations. There is a high degree of consistency in temporal variation at two of the
three stations. Large systematic differences are attributed to albedo variations on sub.
pixel scale.

In the course of the ablation season four zones appear, each parallel to the ice edge.
It is proposed that these are, in order of increasing altitude: (I) clean and dry ice, (II)
ice with surface water, (III) superimposed ice, and (IV) snow. An extensive
description of these zones is given on the basis of the situation on 25 July 1991. Zones 1,
IIT and IV reveal fairly constant albedos (0.46, 0.65 and 0.75 on average), whereas
zone I1 is characterised by an albedo minimum (0.34). Survey of the western margin

of the Greenland ice sheet (up to 71°N) shows that the zonation occurs between 66°

and 70°N.

1. INTRODUCTION

The ice volume of the Greenland ice sheet, the second
largest ice sheet on Earth, is estimated to be 3 x 10° km®,
Complete melting of this volume would raise the global
mean sea level by about 7m (Warrick and Oerlemans,
1990). As the ice sheet is situated in a relatively warm
climate, it is sensitive to climatic change. Recent concern
about enhanced greenhouse warming and possible sea-level
rise points to the importance of model studies which
attempt to quantify the response of the Greenland ice sheet
to climatic change. The mass balance of the ice sheet is to a
large extent determined by the summer energy halance
(e.g. Ambach, 1963). Model studies that are based on the
explicit treatment of energy exchange between the atmo-
sphere and the glacier surface should therefore start with a
calculation of the surface energy balance. Such studies
have been carried out by, for example, Greuell {1992) for
the Swiss ETH camp in West Greenland and van de Wal
and Oerlemans (1994) for the entire Greenland ice sheet.
Since most energy for melting is supplied by solar

radiation, the albedo is the key quantity in simulations of

the mass balance. In order to develop realistic albedo
parameterizations, one needs to understand the complex
variations of the albedo in space and tme. Sacellite data
provide an excellent opportunity to study these variations
on both a global and a regional scale.
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The present paper describes the spatial and temporal
variation in the surface albedo of the central western part
of the Greenland ice sheet, east of Sendre Stragmtjord
(Kangerlussuaq)). The study region is centred at about
67°5'N, 48°13' W and covers an area ol 200 km by 200 km
(Fig. 1). Tt extends from about 150 ma.s.l. at the ice edge
to about 2100 ma.s.l. at the eastern boundary. During the
early 1990s, the mean equilibrium-line altitude (ELA) lay
at about 1400 ma.s.l. (van de Wal and others, in press),
and therefore a significant part of the area consisted of ice
during the ablation season. Basically, we selected this area
so that we could study the remarkable behaviour of the
albedo which came to light during the Greenland Ice
Margin Experiment (GIMEX) of 1991 (Oerlemans and
Vugts, 1993). In contrast to the situation on mountain
glaciers, lowest values of the albedo were not found near
the ice edge, but higher on the ice sheet. So that we could
study this (eature as well as the development of the albedo
on a larger seale throughout the ablation season of 1991,
several NOAA AVHRR (Advanced Very High Resolu-
tion Radiometer) images were processed and studied. The
retrieval method will be described in section 2. A
comparison between satellite-derived and in situ albedos
during GIMEX, together with an analysis of the
differences lound, will be presented in section 3. The
evolution of the albedo on larger scale and a division in
glacier zones will be discussed in section 4.
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Fig. 1. Map of the study area. The crosses indicale
GIMEX sites 5,6 and 9 (at 519, 1028 and 1520m a.s.1.).
Names of some outlet glaciers are included: P, Polonia
Gletscher or Usugdlitp sermia; lg, Inugpait gqiat; Is,
Isiinguala sermia; RL, Russell and Leverett Glaciers; I,
Isorlersuup Gletscher; and O, @rkendal Gletscher (Scholz
and Grotlenthaler, 1988; Weidick and others, 1992).

2. METHOD

The surface albedo was derived from radiance (W m st ")
measurements carried out by the AVHRR, a sensor on
board the NOAA-I1 satellite (and successors). This
satellite was in orbit from 1988 to 1995 and provided
daily coverage of the study arca at a nominal altitude of
850 km above the surface, The AVHRR was designed to
measure in five spectral bands of the electromagnetic
spectrum, of which band 1 (visible: 560-680 nm) and band
2 (near-infrared: 730-1100nm) were used to derive the
albedo. The radiometer is a cross-track scanning instru-
ment with a ground resolution ranging from 1.1km at
nadir to 2.4 km (along track) or 6.9 km (across track) at the
swath edge (55.4° ofl-nadir). The reader is referred to
Lauritson and others (1979) for further technical details
about the instrument.

The following expression relates the AVHRR count
level (C) to the so-called eflective albedo at satellite level

(A;) (Abel, 1990):
A =5C+1;. (1)

The index 4 refers to the AVHRR spectral band
(i=1,2). An effective albedo of 100% corresponds to
the radiance received from a perfectly Lambertian surface
illuminated by the sun at normal incidence at the top of
the Earth's atmosphere. The effective albedo was
calculated on the basis of pre-launch values of slope and
intercept: Sy = 0.095, Sy = 0.090, I; =-3.8 and I =
-3.6 (Brown, 1988). The bi-directional planetary albedo
(R;) follows from the effective albedo after a correction for
the reduction of the solar Aux due to the solar zenith angle
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90 (Ri = Ai/COS 90).
The spectrally integrated albedo R was estimated
from the band albedos R; and Ry as follows:

R=a+b R +bhR;. (2)

This relation and values of the coefficients were
established by comparing simultaneous and coincident
measurements of R and R; and Ry performed by the
ERBE (Earth Radiation Budget Experiment) and
AVHRR radiometers in the region north of 60°N (Li
and Leighton, 1992). Since the albedo of each surface has
its own spectral distribution, the values of a, by and by
depend on the surface type. In the present study, the
values a = 2.48, by = 0.490 and by = 0.699 were used for
a sea surface (explained later in this section), and the
values a = 4.53, by = 0.389 and by = 0.452 for snow and
ice.

Since all natural surfaces reflect anisotropically and
the satellite instrument measures a flow of energy in a
particular direction, R is a function of the view angles ¢
and ¢. The hi-directional albedo should therefore be
integrated over the upper hemisphere to obtain the
planetary albedo ayp:

1 2 pw/2
0 0

However, R is measured in one direction (6, ¢) only. A
solution to this problem is to assume that the reflected
radiation feld is isotropic (@ = R) and thereupon apply a
correction according to o = a/f. The so-called aniso-
tropic correction factor f describes the anisotropy of the
reflected radiation field, and depends primarily on the
view angles, the solar angles and the physical state of the
surface (Rashcke and others, 1973; Taylor and Stowe,
1984). However, distributions of f(0, ¢) are neither
sufficiently nor accurately known for the partly inhomo-
geneous ice surface that dominates the ablation zone of
the Greenland ice sheet. It is therefore assumed that the
reflected radiation field is isotropic (ap, = R or f = 1).

According to the principles of invariance (Chandra-
sekhar, 1960), the relation between planetary albedo o,
and surface albedo ¢ is linear:

Qg = C1 + o0y . (4)

Koepke (1989) and Koelemeijer and others (1993), [or
instance, calculated the values of the coeflicients ¢; and ¢y
by using radiative transfer models which simulate
scattering and absorption by the atmospheric constitu-
ents. Laborious modelling of the atmosphere can be
avoided if the albedo of extensive dark and bright surfaces
is known with sufficient accuracy. Using both the surface
albedo and the planetary albedo of these surfaces,
Equation (4) can be solved for ¢; and ¢3. The dry snow
surface in the interior of the Greenland ice sheet and the
sea surface between Canada and Greenland (Davis
Strait) supplied the data needed for the application of
this method. These areas appear to be so homogencous
that tens of thousands of pixels (km?) revealed constant
planetary albedo. For dry snow, as = 0.85 was assumed.
The surface albedo of water was parameterized as a
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function of the solar zenith angle 8y, on the basis of an
experimental study of the albedo of the sea surface
(Payne, 1972). A third-order polynomial fit to clear-sky
data was used:

a5 = (8.07 x 1072) + (1.38 x 1076y
—(1.99 x 10756p?) 4+ (5.22 x 10776,%) . (5)

Unlike radiative transfer models, this approach does not
need any data about the thermodynamic structure of the
atmosphere or about the concentrations of various gases
and aerosols. Moreover, the method reduces the impor-
tance of errors caused by degradation of the AVHRR.,

Clear-sky images are the only ones that can be used to
study the surface in the visible and near-infrared part of
the electromagnetic spectrum. In spite of this severe
restriction, 18 images were found to be suitable for
campiling a time series (Table 1). Most images were
selected on the basis of cloud observations and measure-
ments of global radiation during GIMEX. Nevertheless,
cloudy regions were present in some of the images.
Objective techniques for detecting clouds from visible and
near-infrared satellite radiances often fail in polar regions
due to the small visible and thermal contrast between
cloud and surface (Ebert, 1987). The cloudy regions were
therefore detected visually by examining textural char-
acteristics of the images in combination with ground
observations.

The clear-sky images were geometrically corrected by
a procedure of so-called inverse referencing or indirect
navigation. This method uses orbital models to resample
satellite data so that they fit a certain geographical
projection. For details, the reader is referred to Klokocnik

and others (1991). The images were mapped to a grid of
512 x 512 pixels, covering the central western part of the
Greenland ice sheet from 66° to 72° N and 40° to 56° W.
This area measures approximately 650 x 650 km?; the
pixel size of the geometrically corrected images is
therefore of the same order of magnitude as the AVHRR
nadir resolution, and loss of resolution is prevented,

3. SATELLITE-DERIVED AND IN SITU ALBEDO
3.1. Comparison

In this subsection, the AVHRR-derived albedo (a) will
be compared with ground measurements of the albedo at
GIMEX sites 5, 6 and 9 (ag). Figure 2a shows a scatter
plot of as vs ag. The time-dependent variation in both
ag and cep is presented in Figure 2b. Near sites 5 and 6,
snow patches were present till about 15 June. Site 9
became snow-free around 15 July. Most surface measure-
ments presented in Figure 2a and b were therefore
performed above ice. More details about the surface
conditions will be given in section 4. The vertical error
bars represent the standard deviation o of the 3 x 3
neighbourhood of the pixel with the value aca. The error
bars were added to indicate uncertainty in the position of
the GIMEX sites in the satellite images. In the field, the
geographical coordinates of the sites were known
accurately (within about 10m) from measurements with
the global positioning system (GPS). The geometrically
corrected images may have an error that is much larger
than the pixel size (>10km). The coordinates of all
images were therefore fixed to the snout of Russell Glacier

Table 1. An overview of all processed AVHRR scenes and some relevant parameters. The scenes marked with an asterisk
are presented in Figure 6. The last six columns refer lo Equation (4). The measured planetary albedo (ap) and the
preseribed surface albedo (o) of dry snow (interior of the Greenland ice sheet) and sea (Davis Strait) are given. The
variation in the albedo of the sea surface reflects the dependency on the solar zenith angle ( Equation (5))

Date (1991) Scene 1D Time Sea Dry snow
hUTC ap Qo Qp o 1 (%) ey

10 June 1033/04 15.14 0.05 0.09 0.57 0.85 1.91 1.46
12 June 1034702 14.76 0.05 0.09 0.57 0.85 1.91 1.46
15 June” 1035/07 15.86 0.04 0.09 0.56 0.85 2.92 1.47
19 June 1037/04 15.09 0.05 0.09 0.55 0.85 1.17 1.52
24 June® 1039/07 15.81 0.05 0.08 0.54 0.85 0.63 1.56
I 1043/07 16.15 0.05 0.09 0.56 0.85 1.11 1.50
6 July 1045/10 15.20 0.04 0.09 0.57 0.85 3.03 l.44
12 July” 1048/06 15.72 0.04 0.09 0.56 0.85 3.05 1.46
17 July 1050709 16.44 0.04 0.09 0.54 0.85 3.00 1.52
200 July 1051/13 15.87 0.05 0.09 0.55 0.85 1.12 1.53
25 July” 1054/03 16.59 0.04 0.09 0.54 0.85 3.32 1.51
5 August 1059701 16.15 0.04 0.10 0.55 0.85 4.36 1.47
8 August” 1060/06 15.58 0.05 0.10 0.56 0.85 2.27 1.48
30 August 1070/04 16.37 0.05 0.12 0.55 0.85 4.60 1.46
3 September” 1071711 15.61 0.06 0.12 0.55 0.85 3.35 1.48
17 Stpt('mbcr* 1076/11 16.26 0.06 0.14 0.52 0.85 4.53 1.55
20 September 1077/11 15.68 0.06 0.14 0.53 0.85 4.79 1.51
27 Scpwmbcr* 1080/06 16.01 0.06 0.16 0.52 0.83 6.76 1.50

366



0.8 4

0.7 %1
0.6
8° 0.5

0.4 ‘ h! »}’}‘ "E@;;:

0'3': ¢ site 6
1 o gite 9

0.2 Frrrpr
0.2 03

L L B e L BN

04 05 06 07 08

a
G

0.8
0.7
0.6

3 0.5

0.3 ]

0.8
0.7 -
0.6 “
8 0.5

0.4

0.3

0.2 — T T T T T T
11 June 23 June 5 July

Date (1991)

Fig. 2. (a) AVHRR-derived albedo (cea) vs ground
albedo (ag) at GIMEX sites 5, 6 and 9 (Fig. 1). The
error bars in o represent the measuring ervor. The
AVHRR-derived albedo is presented as the central ground
element of a set of nine elements. The error bar in each
value is the standard deviation of the distribution of ithe
nine values. (b) Time-dependent variation in cep and og.
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(Fig. 1). It is estimated that the GPS coordinates ol the
sites are situated in areas of 3 x 3 pixels. Hence, g is
presented with error bars which represent the standard
deviation of 9 pixels.

Atsite 5, ap is systematically lower than ag (Fig. 2a).
The average difference is 0.07. The temporal variation in
ag is close to that in oy, although the satellite-derived
albedo drifts slowly away from the in situ albedo towards
the end of the measuring period (Fig. 2b). At site 6, the
situation is reversed: ay is always higher than «q, the
average difference being 0.08. Again, the temporal
variation in the satellite-derived albedo is consistent
with the ground observations, although there is some
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convergence as time passes. As will be suggested in section
4. the tremendous decrease in the albedo is related to the
accumulation of meltwater at the ice surface. At site 9 (as
at site 5) ap underestimates ag. The large crror bars
indicate that the surface around site 9 is very inhomoge-
neous, which interferes with a comparison of ca and ag.
However, during the second half of July, the inhomo-
geneity diminishes (o < 0.01) and the values converge to
approximately 0.68 (Fig. 2b). This is an extremely high
albedo for an ice surface,

3.2. Analysis of differences

The differences hetween ca and ag are too large to be
attributed to a measuring error in the ground observa-
tions of the short-wave fluxes, which is of the order 0of 2%.
Furthermore, the values of o are generally not large
enough to explain the differences in terms of spatial
variation in the albedo on the scale of several pixels, i.e.
several square kilometres (see error bars in Figure 2a and
b). The discrepancy between aa and g may therefore be
explained in terms of errors introduced by the retrieval
method (section 2). Errors associated with Equations (2),
(3) and (4) will be examined in turn.

Since Li and Leighton (1992) do not distinguish
between ice and snow, it is obvious that a certain error
has been introduced by the application of Equation (2). To
establish the sensitivity of the albedo to changes in the
coefficients of Equation (2), the set of constants corre-
sponding to ice and snow was replaced by the constants
that were used for the sea surface. Figure 3 shows a scatter
plot of the adjusted albedo against the initial values along
the GIMEX transect on 25 July. These data were selected
in order to cover a wide range of albedo values,
corresponding to a variety of surface conditions. This
exercise shows a relatively small decrease in the albedo, by
an average of 0.01. The largest decrease is 0.03. This is too
small to explain the differences between o and og. In
general, the albedo will be rather insensitive to changes in
the coefficients in Equation (2). This is an immediate result

0.8
1 GIMEX transect, 25 July 1991
0.7 - 3
— ] ‘:
8 ]
w 0.8 .
3
£ ] H
4] .
~— - (]
o< 0.5-: ...
] ‘%
0.4-:' .:.’
1 4%
0.3 7T T T T
0.3 0.4 0.5 0.6 0.7 0.8
%a

Fig. 3. Adjusted AVHRR-derived albedo (cvp), celculated
by using the constanls for the sea surface (see Equation
(2) and lext) vs the original dala.
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Fig. 4. Satellite and solar geomelry (left) and polar diagram (right). The radial coordinate represents the satellite zenith
angle (0). The azimuth angle (¢) is caleulated relative to the solar principal plane, i.e. the sun is always situated at 0°.
The dark sector indicales the view geometry of the AVHRR at the time of the nine selected passes (Table 1).

of prescribing the surface albedos of sea and dry snow in
Equation (4). The effect of a change in the coefficients
a, by and b2 (Equation (2)) is compensated by an
adjustment of the coeflicients ¢; and ¢y (Equation (4)).
For the same reason, the albedo is insensitive to changes in
the calibration coefficients (Equaticn (1)).

The assumption that the reflected radiation field is
isotropic was examined in view of patterns of bi-
directional reflectance of snow and water, constructed
by Taylor and Stowe {1984). These patterns were selected
because the unknown pattern of the surface within the
study area may resemble the pattern of snow (a rather
isotropic reflector) or of water (a highly anisotropic
reflector), depending on the actual conditions of the
surface. Snow surfaces (observed mainly from the
Antarctic and Greenland ice sheets) were found to
reflect almost isotropically at solar zenith angles of less
than about 66°. The solar zenith angles at the time of the
NOAA passes are substantially smaller and vary between
46° and 49°. Apart from the solar angles, the view
geometry of the satellite instrument determines the errvor
introduced by the isotropic assumption. Figure 4 shows a
polar diagram of this geometry. Most measurements are
performed more or less sideways (¢ & 907), i.e. perpendi-
cular to the solar principal plane. The zenith angles are
not very large (6 < 427). Due to forward scattering of
radiation at the surface and helow ity anisotropy is
especially pronounced in the specular direction
{¢p = 180%) at large zenith angles (6= 907). This
indicates that the view angles shown in Figure 4 are
situated within a rather favourable area ol the polar
diagram. Nevertheless, the reflectance pattern of water
suggests that the isotropic assumption leads o a certain
degree of underestimation of the real albedo (f < 1; see
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section 2). Correcting for this would increase the albedo.
Since the reflected radiation field above the surface
around site 6 may resemble the pattern of water (section
4), cp at site 6 is expected to improve as a result of a
correction. Unfortunately, the opposite is true and the
difference between ap and aq increases, If the reflected
radiation field were strongly anisotropic, one might
expect to find strong correlation between ay — ag and
the satellite view angles. According to Figure 3, there is
no evidence for a significant correlation. All this gives us
the impression that the assumption of isotropic surface
reflection is not the main factor causing the differences
between ap and ag.
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Fig. 5. The difference belween AVHRR-derived albedo
(vp) and GIMEX albedo (ag) (Fig. 7) vs the satellite
zenith angle (lefl) and the satellile azimuth angle (right).
The azimuth angle is caleulated relative to the solar

principal plane (see fig. 4).



The values of the coefficients ¢; and ¢y {Equation (4);
Table 1) depend on the choice of the prescribed surface
albedos of dry snow and sea. A realistic adjustment of
+0.05 is not enough to reduce the difference between aa
and ag. Moreover, this change decreases or increases Ga
at all sites, which is obviously undesirable. Sensitivity
experiments with a two-stream multiple-scattering radia-
tive model of a cloud-free atmosphere (Koelemeijer,
1992) showed that the influence of the atmosphere is
rather small and that the differences between ap and ag
cannot be attributed to the atmospheric correction. Note
that the large difference between planetary and surface
albedo (Table 1) is due not only to atmospheric
interference but also to degradation of the AVHRR.

It seems that crucial assumptions made in the retrieval
method do not conclusively explain the difference
hetween the satellite-derived and the ground albedo.
We therefore suggest that the deviations are caused
mainly by real differences introduced by sub-pixel
variation in the albedo, The downward-facing sensor of
the ground instruments receives most of the reflected
radiation from an area that is of the order of 10m x 10m.
By contrast, the ground resolution of the AVHRR is
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1.1 km at nadir, and this resolution becomes coarser with
increasing viewing angle off-nadir. The largest pixel size
within the raw images is approximately 1.7 km x 2.5 km.
The AVHRR resolution is therefore much too coarse to
ohserve variation in the albedo on a scale of several
hundreds or thousands of square metres, which is a
realistic variation in the ablation area of the Greenland
ice sheet.

4. DESCRIPTION OF SATELLITE-DERIVED ALBEDO
4.1. Temporal and spatial variation

In this subsection a brief description is given of the
temporal and spatial variation in the surface albedo in the
Sendre Stremfjord area. The main features are presented
in Figure 6 (images of the entire study area) and Figure 7
(data of the GIMEX transect only). The positions of
GIMEX sites 5, 6 and 9 are indicated. The time series is a
representative selection of nine scenes (Table 1) which
shows significant changes during the ablation period of
1991. The albedo data along the GIMEX transect (Fig.

M
17 Septernber 27 Septernber 0 2 m
Surface albedo
03 0.4 05 0.6 0T 0.8 0.9

Fig. 6. AVHRR-derived horizontal distribution of the surface albedo during the ablation season of 1991. The quality of the
images was enhanced by a 3 x 3 median and an edge-enhancement filler, successively (see, e.g., Cracknell and Hayes,
1991). Gloudy areas above the ice sheet are indicated. The albedo of the tundra is set to values <0.3. A geographical map of

the area is given in Iigure 1.
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Fig. 7. AVHRR-derived supface albedo (cup) along the
GIMEX transect (67° N) during the ablaiion season of
1991. Gaps n the data of 1 and 12 July are due io
cloudiness.

7} were extracted {rom the raw albedo files as the means
of five rows centred on the latitude of Russell Glacier
{approximately 67°N; see Fig. 1). A five-point running
mean was applied in order to obtain a good representa-
tion of the general albedo prolile.

On 15 June the albedo of the study area is generally
high, except in a zone near and parallel to the ice edge.
Along the transect (Fig. 7) the albedo gradually increases
from 0.53 near the ice edge to almost 0.85 at 200 km. The
surface near the upper limit of the profile (2100 m a.s.l.)
very probably consists of dry snow at the beginning of the
melt season. Near the ice edge the previous winter’s
snowpack has melted away and bare ice has emerged at
the surface. This is confivmed by GIMEX observations at
site b (Fig. 1). In view of the gradually increasing albedo
in the first 50 km along the transect there is not yet a
distinct boundary hetween ice and snow. The transition
from bare ice near the ice edge to snow higher up on the
ice sheet is marked by a broad zone of patches of wet
snow, slush and ice. With increasing altitude the surface
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becomes more dominated by snow, which causes the
gradual albedo increase. On 24 June, i.e. a week or more
after the first image, an average albedo decrease of 0.1 is
ohserved over the first 70km of the transect. The lower
parts of the transect are now completely free of snow. A
further decrease of the albedo can be observed on 1 July.
Striking is the appearance of a dark area extending in
north—south direction, east of the large outlet glaciers
(Isunguata sermia, Russell Glacier, etc.). Further devel-
opment of this dark arca in north—south direction and a
tremendous decrease in the albedo over the entire study
area can be observed on 12 July, The dark band shows up
distinctively as a broad dip in the albedo profile centred
at about 40 km from the ice edge (Fig. 7). Oerlemans and
Vugts (1993) state that this dark band should be
associated with the accumulation of meltwater at the
glacier surface (see section 4.2). East of the dark band
another zone can be distinguished in which we find
isolated pixels of very low albedo (Fig. 6). These are
probably caused by supraglacial meltwater lakes that
have formed in topographical depressions. Typical lake
sizes of several square kilometres match well with the size
of individual pixels. The frequent occurrence of low
albedos within the image of 12 July comes abruptly to an
end about 110 km from the ice edge (Fig. 7). Over a short
distance the albedo increases from 0.52 to 0.70. Most
probably, the transient snow-line is found here.

Although the albedo is generally higher on 25 July,
the albedo distribution on this day shows the same
remarkably regular pattern as on 12 July. Apparently the
albedo develops into a pattern of zones which lie more or
less parallel to the ice edge. The last cloud-free day on
which the typical zonation can be distinguished is 8
August (Fig. 6). The last three images (3, 17 and 27
September) show that the regular pattern has been
replaced by a fairly uniform area with high albedo values.
Undoubtedly this is due to fresh snow covering the glacier
surface. However, the albedo tends to decrease near the
ice edge on 27 September. This might be caused by
melting of new snow or by strong winds that expose bare
ice and lower the albedo.

4.2. Distribution of zones in the Sondre Stremfjord
area

A conspicuous feature of the albedo pattern discussed in
section 4.1 is the dark band. A direct consequence of the
existence of this band is that the albedo decreases (locally)
with increasing altitude. This is quite remarkable in view
ol the fact that on alpine glaciers the albedo usually
increases from the snout to the head of the glacier. In this
subsection we go further into the typical zonation in the
sendre Stromfjord area. A probable description of the
surfiuce within the zones is given in the light of the image
of' 25 July (Fig. 6). This image was selected because of the
obvious presence of the zones and because subsequent
images fall outside the measuring period of GIMEX.
Figure 8 gives a characterisation of the albedo pattern
along the GIMEX prolile in terms of four zones indicated
by Roman numerals [-IV. GIMEX sites 5, 6 and 9 are
situated within zones I, II and III, respectively. Some
details about the individual zones are summarised in
Table 2.
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Fig. 8. AVHRR-derived surface albedo (cva) along the
GIMEX transect (67° N) on 25 July 1991. The vertical
dolted lines represent the boundaries between the different
zones (see text). Altitudes (ma.s..) of the boundaries are
added (vertically).

Zone I represents the first 20km of the GIMEX
transect. Most meltwater which arises at the hilly surface
of this zone is drained efficiently by a complex system of
crevasses and moulins. The concentration of debris and
till at the bare-ice surface is rather small compared to the
amount of morainic material usually found at the surface
of an alpine glacier. Because of the small concentration of
water and supraglacial material, the ice is relatively dry
and clean. This contributes to the fact that zone I looks
quite bright on the image (Fig. 6).

Zone II, which includes the dark band, extends
between 20 and 75km from the ice edge. The albedo
reaches values as low as 0.34, substantially lower than the
albedo of zone 1. As the deeper ice in zone II is cold, L.e.
not at melting temperature, an effective internal drainage
system does not develop and most meltwater drains
supraglacially. If the surface slope is sufficiently small,
meltwater accumulates on the ice surface. This process
may explain the steady decrease of the albedo at site 6
(Fig. 2b) in the course of the melt season. Figure 9 gives
some indirect evidence for a relation between low albedos
and surface meltwater. It appears that the albedo
minimum at 40 km from the ice edge coincides with a
local minimum in the surface slope. That drainage and
surface slope are closely related was recognised by Zuo
and Oerlemans (1996) who attempted to model the
albedo along the GIMEX transect. On 12 July, zone II
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Fig. 9. Altitude and mean slope profile of the GIMEX
transect, as inferred from differential GPS (global
positioning system) measurements in 1991, The arrow
indicales the siluation of the albedo minimum derived from
satellite measurements (Fig. 8).

seems to be even more pronounced than on 25 July (Fig.
6). In general, the albedo is lower and the dark hand
spreads over zone I. This feature might occur during a
period of intense ablation.

Zone 11T was chosen on the basis of its rather constant
albedo (about 0.65) on 25 July (Fig. 8; Table 2). The
upper boundary of the zone (110km from the ice edge or
1650 m a.s.l.) is most probably the transient snow-line,
Zone II1 therefore consists entirely of ice with an
extremely high albedo. Site 9 of GIMEX (Fig. 1) was
situated in the middle of zone IIL. Snow-depth measure-
ments at this station showed that the previous winter’s
snow cover disappeared on 15 July (Henneken and
others, 1994). Subsequently, the icc layer dried and
fragmented into little bars (4-8 cm long) with an angular
structure. This typical structure indicates that at the time
of observation the surface of site 9 consisted ol super-
imposed ice. It seems that the same type of ice was found
at the Swiss ETH camp in July 1990 (Konzelmann,
1994). Konzelmann refers to it as “‘candle ice” and also
suggests that it is superimposed ice.

The consistency of the albedo in zone III and the
ohservations at site 9 bring us to the hypothesis that zone
II1 is the superimposed-ice zone. Benson (1961) classified
this zone on the basis of field observations made near the
western margin of the Greenland ice sheet from 1952 to
1955. The hypothesis will be further investigated in view

Table 2. Summary of zones_found along the GIMEX transecl on 25 July 1991, See also Figure 8. The third column refers
to distances from the ice edge. The surface lypes as presented in the last column are discussed in the lexl ( section 4.2)

Lone Altitude Distance Albedo Surface type
ma.s.l. km Lowes! Highest Mean

I 300-850 0-20 0.45 0.46 0.46 Clean dry ice

11 850-1450 2075 0.34 0.63 0.45 Ice with surface water

I11 1450-1650 75-110 0.63 0.66 0.65 Superimposed ice

v 1650-2100 110200 0.66 0.78 0.75 Snow
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of the upper and lower boundaries of zone I11. According
to the concept of glacier zones (Benson, 1961; Paterson,
1994) the upper boundary of the superimposed-ice zone is
the snow-line. As the ablation season progresses, the
transitional area between ice and snow becomes
narrower. This results in a rather sudden increase in the
albedo. We can therelore state with certainty that the
stepwise increase of the albedo at 1650 ma.s.l. (Fig. 8) is
associated with the snow-line. Within the superimposed-
ice zone there is an annual increment of superimposed ice.
The zone 1s therefore part of the accumulation area,
Below the lower boundary of the superimposed-ice zone
there is net loss of mass over a year. The lower houndary
of the superimposed-ice zone is therefore the equilibrium
line. Bearing this in mind, it is useful to compare the lower
boundary of zone IIT with the ELA, inferred from stake
measurements {Table 3). The ELA for the 1990-91

Table 3. Equilibrium-line altitudes (ELAs) of the
GIMEX transect, inferred from siake measurements over
the period 1990-94 (van de Wal and others, in press).
The average ELA is 1420 m a.s.i.

Year ELA
ma.s.l.

1990-91 1575

1991-92 1205

1992-93 1440

1993--94 1465

balance year (1575ma.s.l.) is rather high compared to
the lower boundary of zone IIT (1450 m a.s.1.}. This could
imply that superimposed ice is found below the
equilibrium line, which is not impossible since the
ablation season is generally not finished by 25 July.
However, the lower boundary of zone 111, as derived from
subsequent images, did not approach the 1990-91 ELA.
Large interannual variation in the ELA may be the
reason that superimposed ice is found well below the
equilibrium line. A substantial increase of the ELA could
expose superimposed ice formed during previous years.
The fact that the 1990-91 ELA is relatively high (Table
3) gives some support for this idea. The formation of
superimposed ice during successive summers (instead of
during one summer) could therefore determine the lower
boundary of the superimposed-ice zone in the Sendre
Stromfjord area. For this reason, the lower boundary of
zone III should be compared with the mean ELA,
averaged over several years. The available data (Table
3) give a mean ELA of 1420ma.s.l. which corresponds
fairly well to the lower boundary of zone III
(1450 ma.s.l.).

Zone IV consists of snow. It is common to distinguish
the dry-snow zone, the percolation zone and the wet-snow
zone (Benson, 1961, Paterson, 1994). According to
Benson (1961), the dry-snow zone in Greenland roughly
coincides with the region where the mean annual air
temperature is —25°C or lower. At the upper boundary ol
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the profile (2100ma.s.l.) the mean annual air tempera-
ture is substantially higher than ~25°CG (Ohmura, 1987).
Zone IV therefore does not extend to the dry-snow zone.
The percolation zone and the wet-snow zone are
distinguished on the basis of sub-surface characteristics.
It is highly unlikely that these are visible in the albedo
distribution,

4.3. Distribution of zones between 63° and 71°N

The typical albedo distribution within the study area
leads obviously to guestions about the extent of this
pattern. Therefore, we briefly discuss the albedo of the
southwestern part of the Greenland ice sheet as it was on
25 July 1991 (Fig. 10). The western margin of the ice
sheet is cloud-free and the ice edge is clearly visible
between 63° and 71°N latitude. The typical zonation as
described in section 4.2 extends roughly between 66° and
70°N. In the southern part, zone IT (the dark band)
bends towards the ice edge, whereas zone 111 (prohably
superimposed ice) becomes broader. Just north of 65° N,
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Fig. 10. AVHRR-derived surface albedo of the Greenland
ice sheet south of 72° N on 25 Fuly 1991. A significant
part of the inland ice is obscured by clouds (smooth grey
area). Clouds are also visihle above the Atlaniic Ocean
(southeastern part of the tmage). The white square shores
the study area (Fig. 1). The glacierized Sukkertoppen
show up as bright clusters just oulside the southwestern
corner of the study area.



zone 11 becomes very narrow and eventually disappears.
This may be related to the steep surface south of the
Sukkertoppen mountain range which prevents accumula-
tion of meltwater at the surface. In the area of
Jakobshavns Isbre (69°-69°30'N), the zonation is
squeezed westwards and zone IT extends to the ice edge.
Meltwater therefore seems to be poorly drained at the
surface of the lower catchment area of Jakobshavns Ishra.
Zone 1T is visible up to a latitude of about 70°N and
disappears rather suddenly. Zone ITI narrows in the area
of Jakobshavns Isbre, which may imply that the
superimposed-ice zone is not as broad as in the Sendre
Stremfjord area.

Explaining all regional variations of the albedo shown
in Figure 10 is a task which goes beyond the scope of this
paper. The figure nevertheless demonstrates convincingly
that the zonation exists on a fairly large scale and is not
limited to the immediate surroundings of Sendre Strom-
fjord.

5. DISCUSSION AND CONCLUDING REMARKS

Despite the simplicity of the retrieval method presented
here, our results show that realistic values of the surface
albedo can be derived from visible and near-infrared
radiances measured by the AVHRR. The fact that the
temporal variation in the satellite-derived albedo at sites 5
and 6 is consistent with the in situ albedo (Fig. 2b)
inspires confidence in the method. Nevertheless, the
measurements at all three sites show that large systematic
differences are common. Because the AVHRR resolution
(>1.1km) is so coarse compared to the field of view of the
ground instruments, it is difficult to draw a firm
conclusion regarding the accuracy of the satellite-derived
albedo. Satellite and ground measurements performed
simultaneously at equal scales may provide more insight
into this. Instruments with finer ground resolution (e.g.
Landsat TM (30m) or RESURS-01 MSU-SK mult-
spectral scanner (170m)) may be used to determine
whether sub-pixel variation in the albedo in the Sendre
Stremfjord area is indeed large enough to explain the
differences between satellite-derived and in situ albedos.

On the basis of remotely sensed data of Braarjokull (a
surge-type outlet glacier of Vatnajokull, Iceland),
Williams and others (1991) combined glacier ice and
superimposed ice into one ice zone. In contrast with this
work, we distinguished three zones below the snow-line in
the Sondre Stromfjord area (Fig. 8; Table 2). The
occurrence of zones 11 and I1I (probably ice with surface
water and superimposed ice, respectively) may be
attributed to non-temperate conditions. The tempera-
ture of the ice is below 0°C (except for a surface layer),
which prevents the development of an effective internal
drainage system. Consequently, meltwater can accumu-
late on the ice surface. Superimposed ice forms only if firn
temperatures are below 0°C. Since Vatnajokull is a
temperate ice cap, zones IT and I1I may simply not exist.

The satellite-derived albedo at site 6 roughly halves in
the course ol the melt season (Fig. 2b). Energy-balance
calculations for this site showed that 80-90% of the
energy available for melting comes {rom solar radiation
(van de Wal, 1992). The development of zone II therefore
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has serious consequences for the mass balance in the region
of Sendre Stromfjord. Yearly variation in temperature and
precipitation, for example, is likely to affect the develop-
ment of the zones and the altitude of the boundaries, Long-
term monitoring of the albedo pattern by satellites may
therefore be a useful technique for studying the interaction
between the climate system and the ice sheet. Nevertheless,
surface measurements should continue in order to verify for
instance the suggested relation between the lower
boundary of zone IIT and the ELA.
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