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SATELLITE REMOTE SENSING OF VATNAJOKULL, ICELAND
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ABSTRACT

Iceland’s largest ice cap, Vatnajokull, has been the test
site. for a series of airborne and satellite remote-sensing
studies since 1966. Various types of image data acquired by
the Landsat Multispectral Scanner (MSS) and the Seasat
Synthetic Aperture Radar (SAR) are assessed for their value
to glaciological studies of Vatnajékull. A low Sun angle
winter 1973 MSS band 7 Landsat image of Vatnajokull
provides information about the distribution and size of
subglacial volcanic calderas, cauldron subsidence caused by
subglacial geothermal and (or) intrusive volcanic activity,
and delineation of the probable position of surface ice
divides. Two types of multi-spectral digital enhancements
were applied to a late summer 1973 MSS image of
Vatnajokull. The first type was wused to prepare a
planimetric base map showing the location of the principal
surface features and an inventory of 38 named outlet
glaciers, one internal ice cap (Oraefajokull), and two
detached glaciers which comprise this complex ice cap, and
to measure its area (8300 kmz) The second type provides
information about the position of the snow line at the
approximate end of the 1973 melt season, the areas
encompassed by the ice facies of the ablation area and the
slush zone and wet-snow facies/percolation facies of the
accumulation area. More information about the surface
morphology of Vatnajékull was available from the low Sun
angle winter and the digitally enhanced summer Landsat
image of the ice cap than from the Seasat SAR image.

INTRODUCTION

Iceland’s largest ice cap, Vatnajokull (Figs 1 and 2A),
has been the focal point for a series of volcanological and
glaciological airborne and satellite remote-sensing studies
during the past 20 years. In the late 1960s and early 1970s
three aerial thermographic surveys of known or suggested
geothermal and volcanic areas within and peripheral to the
ice cap were conducted (Friedman and others 1969, 1972),
including the high-temperature geothermal area (Hveradalur)
and volcanic features associated with the calderas at
Kverkfjoll on the north-central margin of Vatnajékull. The
knowledge gained from these surveys provided the scientific
impetus for a succession of satellite remote-sensing
experiments on Vatnajékull, beginning in 1973 with the
first usable Landsat Multispectral Scanner (MSS) images.
Research with Landsat data was initially directed at
achieving a  better understanding of the subglacial
geomorphology and regional tectonic setting of the ice cap
(Thorarinsson and others 1974); subsequent research has
focused on glaciological studies (Williams 1983[a], 1986).
Only limited analysis has been done with Seasat Synthetic
Aperture Radar (SAR) images of Vatnajokull.

Vatnajokull is situated in south-eastern Iceland. It has
an area of 8300 km?, according to measurements made from
the 22 September 1973 Landsat image (Williams 1983[a]), or
8% of the area of Iceland (73.7% of the area covered by

Author's note: The Icelandic letters, thorn (b), eth (8), and
(ee) are used on all figures and in Table I. In the text,
however, thorn, eth, and @ are transliterated to th, d, and
ae, respectively. Diacritics over Icelandic vowels are retained
in both figures and text.
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Fig.l. Index map (after Williams 1983[a]) of the 13
principal ice caps of Iceland. Base map modified from
Rikisutgifa Namsboka, Reykjavik (no date).

glaciers (Bjornsson 1980[a])). It has an estimated volume of
3520 km®  (Bauer 1955, Sigbjarnarson 1971).  Although
Vatnajokull appears to be simply a single large ice cap, in
reality it is dynamically complex, the result of the
coalescence of several independent foci of ice accumulation
centered on subglacial volcanic highs. Emanating from this
8300 km® composite ice cap are 38 named outlet glaciers
(Table I; Fig.2A, B), each with its own physical and flow
characteristics. There may be at least as many additional
unnamed outlet glaciers, if all the various protruberances
around its margin are included (Figs 2A, B, and 3). West
of a line between the western edge of Kverkfjéll and the
eastern margin of Sidujékull, Vatnajokull straddles the
northern part of the Eastern and the southern part of the
Northern Volcanic Zones of active volcanism, including the
dormant subglacial volcano at Thérdarhyrna which last
erupted in 1903 (Thorarinsson and Saemundsson 1980), and
intrusive and extrusive volcanic and geothermal activity
associated with the calderas at Grimsvoétn and Kverkfjoll.
Grimsvétn has had a long history of volcanic activity
(sporadic documentation since the sixteenth century), with
two eruptions in this century (1934 and 1983); there have
been seven (or eight?) known volcanic eruptions from the
Kverkfjoll area during the past 500 years (Thorarinsson and
Saemundsson 1980). The south-eastern part of Vatnajékull is
dominated by the ice center and large composite volcano,
Oraefajokull, which has the highest elevation in Iceland at
2119 m; two historic eruptions took place in 1362 and 1727,
respectively (Iceland Geodetic Survey 1979, Thorarinsson and
Saemundsson 1980). Volcanic eruptions from Kverkfjoll and
Oraefajokull cause jokulhlaups, or glacier outburst floods,
down the valley of Jokulsi 4 Fjollum to the north and
across the eastern part of the outwash plain of
Skeidararsandur on the south, respectively, Grimsvotn is also
the source of more periodic jékulhlaups (Rist 1955),
following penetration of the ice dam on the east side of the
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Fig.2A. Map of Vatnajokull, Iceland, showing the 38 named outlet glaciers, one interior ice cap

(Oraefajokull), and two detached glaciers, and principal morphological features of the ice-cap surface,
such as calderas (short-dashed lines), collapse cauldrons, surface lineations (dotted lines), and the
probable positions of surface ice divides (long-dashed lines) derived from Figs 3, 4, and 5.
Geographic place-names are from published maps and articles (see Table I). The transient snow line
on 22 September 1973 is shown by a heavy dashed line. The stippled areas are nunataks. The
portrayal of the glacial headwaters of Jokulsa a Fjollum and Skafta are derived from the third
edition of the 1:500000 scale Touring Map of Iceland published by the Iceland Geodetic Survey
(1984).
B. Cross-section (12.5% vertical exaggeration) along line A—A’' north-east across Vatnajokull from the
terminus of Sidujokull to the terminus of Briarjokull (123.5 km) showing the altitudinal positions of
the transient snow line and the up-glacier boundary of the slush zone on 22 September 1973 (derived
from Fig.5). The ice facies (IF) of the ablation area, and the slush zone (SZ) and wet-snow facies
(W-SF)/percolation facies (PF) of the accumulation area are also shown. The position of the surface
ice divide is derived from Figs 3 and 4. The probable subglacial course of flood water from the
March 1972 joékulhlaup from Grimsvétn (Thorarinsson and others 1974) is derived from Fig.3 (series
of shallow depressions forming a chain east to south-south-east of Grimsvotn). Témasson (1975) and
Bjornsson (1975) also showed the subglacial course of the 1972 joékulhlaup. Topographic elevations
along A—A' derived from 1:250000 scale Adalkort (General) maps of Iceland, Iceland Geodetic
Survey: Sheet 5 (1978), Sheet 6 (1973), Sheet 8 (1976), and Sheet 9 (1971).
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Fig.3. Conventionally processed, low Sun angle ('.'°) Landsat 1| MSS image (1192-12084, band 7; 31

January 1973), showing detailed surface morphology on Vatnajékull (see Fig.2). (Image by courtesy of
EROS Data Center, US Geological Survey.)

Fig.4. Digitally enhanced Landsat 1 MSS false-color composite image (1426-12070, bands 4, 5, and 7;
22 September 1973), showing the principal morphological features on the surface of Vatnajdkull (see

Fig.2). (Custom digital image-processing by courtesy of Lincoln Perry, EROS Data Center, US
Geological Survey.)

Fig.5. Digitally enhanced Landsat 1 MSS false-color composite image (1426-12070), bands 4, 5, and 7;
22 September 1973), showing differences in spectral reflectance of the various facies in the ablation
and accumulation areas on the surface of Vatnajékull at the approximate end of the 1973 melt
season. (Digital image processing by courtesy of Michael J. Abrams, Jet Propulsion

Laboratory,
California Institute of Technology.)
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TABLE 1. NAMED OUTLET AND DETACHED GLACIERS OF VATNAJOKULL.! SEE FIG.2 FOR
GEOGRAPHIC LOCATIONS OF EACH GLACIER. ALTERNATIVE NAMES WHICH APPEAR ON
SOME MAPS ARE GIVEN IN THE FOOTNOTES

Number Name of outlet glacier Number Name of outlet glacier

1 Skeidararjokull? 23 Brékarjékull

2 Sidujokull® 24 Fellsdrjokull”

3 Skaftarjokull® 25 Breidamerkurjokull®
4 Tungnadrjokull® 26 Fjallsjékull

5 Sylgjujokull 27 Hrutarjokull

6 Kéldukvislarjdkull 28 Kvidrjokull

7 Rjupnabrekkujékull 39 Holarjokull

8 Dyngjujokull 30 Stigarjokull

9 Kverkjokull 31 Stérhafoajokull

10: Skarphédinsjokull 32 Gljufursarjokull

11 Bruarjokull 33 Kotarjdkull

12 Eyjabakkajokull 34 Falljékull

13 Oxarfellsjokull! 35 Virkisjokull

14 Nordurtungnajékull 36 Svinafellsjokull

15 Austurtungnajokull 37 Skaftafellsjokull

16 Lambatungujokull 38 Morsdrjokull

17 Hoffellsjékull® 39 Orefajokull®

18 Flaajokull

19 Heinabergsjokull Name of detached glacier
2 Skalafellsjokull

21 Sultartungnajfjkulll6 40 Saudhamarstindur
22 Birnujokull 41 Grasgiljatindur!?

palsson (unpublished) used the name Klofajokull in preference to Vatnajékull, although the latter is
the accepted name today. Other place-names of outlet glaciers shown on his 1794 map of Klofajokull
were as follows:  Skeidardrjékull, Sidujékull, Skaptirjokull (entire western margin), DYngjujékull,
Braarjokull, Fljotsdalsjokull (north-eastern margin), Loénjokull (north-eastern part of south-eastern
margin), Hornafjardarjoklar (middle part of south-eastern margin), and  Breidamerkrjékull

(south-western part of south-eastern margin), and @rafajokull. Some of these place-names have survived
to the present; others have become obsolete.

2Some twentieth century maps show the name Sulujékull for the south-western part of Skeidardrjdkull.
Sulujokull has now been dropped as a place-name (personal communication from S. Rist, 1986).

3Thoroddsen (1892) applied the name Sidujokull collectively to the following three outlet glaciers in
south-western Vatnajdkull: Sioujokull, Skaftarjokull, and Tungnadrjdkull.

4 Axarjokull,
5Some twentieth century maps use the name Svinafellsjokull for the south-western part of Hoffellsjokull.
Because of confusion with an outlet glacier of the same name from the western side of Orefajokull, it

has been replaced by the name Hoffellsjokull vestri (personal communication from S. Rist, 1986).

SSultartungujokull; Eyvindstungnakollur,
TFellsjokull; Birnujokull.

8Sigbjarnarson (1971) subdivided Breioamerkurjokull into three parts: Mivabyggoajokull on the west,
Esjufjallajokull in the center, and Nordlingaledarjokull on the east. Rist (personal communication,
1986) stated that these separate parts of Breidamerkurjokull do not really exist as independent glaciers;
he prefers that they be referred to as ice "currents: Maivabyggoastraumur, Esjufjallastraumur, and
Norolingal®darstraumur.

9Orzfajékull is not a true outlet glacier. It is a separate ice cap within the southern margin of
Vatnajokull, from which 11 outlet glaciers (26—36) originate.

OHoffellsdalsjokull.

caldera (Bjérnsson 1975, Tomasson 1975) or, less frequently,
from volcanic activity (Bjérnsson and Kristmannsdéttir 1984,
Gronvold and Jéhannesson 1984). The surface manifestation
on Vatnajokull of subglacial geothermal and (or) intrusive
volcanic activity is often in the form of collapse cauldrons
(cone-shaped, concentric fault-bounded depressions) in the
ice-cap surface, of which the two collapse cauldrons north-
west of Grimsvdtn are the most prominent at present. Both
of these depressions are the source of periodic jokulhlaups
on the south-western margin of Vatnajokull, down the
valley of Skafta (Thorarinsson and Rist 1955, Bjornsson
1983).  According to Thorarinsson and others (1974), the
easternmost cauldron first appeared in 1955; according to

Bjornsson (1983), the westernmost cauldron was first noted
in 1971.
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LANDSAT

Landsat images, especially those acquired during 1973,
have proven to be the most valuable of all the Landsat
images acquired of Iceland between 1972 and 1986, in terms
of providing new information about the regional volcanic
geomorphology and tectonics of the terrane beneath
Vatnajokull (Figs 3 and 4) (Thorarinsson and others 1974).
Although the basic image initially used for the geomorphic
analysis of the surface of Vatnajokull was partially cloud-
covered and acquired at a solar elevation angle of only 7
on 31 January (1192-12084) (Fig.3) (Thorarinsson and others
1974), special digital processing of the 22 September 1973
image (1426-12070) (Fig.4) provides essentially the same
information for the entire ice cap. On the 1973 winter
image, the northern margin and some of the eastern and
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south-eastern parts of Vatnajokull are obscured by clouds;
the 1973 late summer image is cloud-free. Image maps at a
scale of 1:500000 have been published for both the winter
image (US Geological Survey 1977[a]) and the summer
image (US Geological Survey 1976) of Vatnajokull.

Although the low Sun angle 1973 winter image
provided the best information about the surface morphology
of Vatnajokull, the digitally enhanced, cloud-free late
summer image was more valuable for glaciological studies,
because it was fortuitously acquired at the approximate end
of the 1973 melt season. Delineation of the margin of the
ice cap, surface ice divides, and the transient snow line
(Fig.2A, B) can be easily accomplished from the image
(Fig.4). Special digital image processing of the late summer
image also permits delineation of the ice facies of the
ablation area and the slush zone and wet-snow
facies/percolation facies of the accumulation area of
Vatnajékull (Figs 2B and 5). The terminology associated
with the concept of glacier facies will be defined and dis-
cussed in a later section of this paper. Minzer and
Bodechtel (1980) also experimented with various digital
image-processing techniques on the fall and winter 1973
images of Vatnajokull to analyze the surface expression of
subglacial topography and to plot lineaments.

Digital image-enhancement methods

Fig.3 is a standard black-and-white print - of
Vatnajokull produced from a multi-spectral scanner (MSS)
band 7, 70 mm negative processed by an electron-beam
image recorder (EBIR). The Landsat 1 image was acquired
at a very low solar elevation angle on 31 January 1973.
Michael J. Abrams (Jet Propulsion Laboratory, California
Institute of Technology) prepared a series of digitally
enhanced images from computer-compatible tape (CCT) data,
including linear stretches of the optimum range of digital
numbers (DNs) of each of the four MSS bands and bi-band
ratios of several band combinations. None of these digitally
processed data, however, added any new information about
the surface morphology other than that which was already
evident on the conventionally processed MSS band 7 EBIR
image.

Low Sun angle images of snow-covered surfaces, such
as Fig.3, enable subtle morphological features to be recorded
by the sensors of the Landsat MSS system. This is the
result of differential illumination produced by slight changes
in slope orientation, especially those at right-angles to the
solar azimuth of 162°, At higher Sun angles, morphological
and spectral information is often lost on snow-covered
glaciers because of saturation of the MSS detectors (Ferrigno
and Williams 1983, Dowdeswell and Mclntyre 1986). An
analysis of the 31 January 1973 image of Vatnajokull
(Fig.3) yielded considerable information about the regional
structural, volcanic, and tectonic setting of the terrane under
the ice cap (Thorarinsson and others 1974, Williams and
Thorarinsson 1974). Fig.3 was especially useful in plotting
the probable location of surface ice divides (see Fig.2A and
B), calderas, collapse cauldrons, and north-east-trending
surface features in the western part of Vatnajokull,

Fig.4 is a digitally enhanced Landsat | MSS false-color
composite, cloud-free image (bands 4, 5, and 7) of
Vatnajékull acquired on 22 September 1973. It was custom
processed by Lincoln Perry at the EROS Data Center of the
US Geological Survey. A series of standard digital
image-processing techniques was applied to all four MSS
bands: radiometric restoration (also called destriping), edge
enhancement, synthetic line generation, sampling geometric
restoration, Earth rotation  correction, and  detector
misregistration correction (US Geological Survey, 1977[b]).
Perry also employed a triple piecewise linear-stretch
(contrast-enhancement) technique on the three groups of
brightness ranges on the Vatnajékull image which were
identified from computer-generated histograms of the DNs
of each of the three MSS bands (4, 5, and 7): highly
reflective snow, medium-reflective vegetation, and low-
reflective basalt flows, deep water, and outwash plains
(sandar). Each of these three groups of reflectance was
independently stretched linearly over a specific DN interval
to capture the full brightness range (Table IT). Each group
in each of the three bands was re-combined to create three
new digitally enhanced MSS bands. These new digital data
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TABLE II. BRIGHTNESS RANGES (RANGE OF DIGITAL
NUMBERS (DNs)) BEFORE AND AFTER ADJUSTMENT
FOR THE LINEAR CONTRAST STRETCH OF THE
THREE REFLECTANCE GROUPS ON THE 22

SEPTEMBER 1973 LANDSAT 1 IMAGE OF
VATNAJOKULL
Reflectance DN range before Adjusted DN
group contrast stretch range used for
the linear con-
trast stretch
Basalt flows, deep 0-64 32-100

water, outwash
plains (sandar)

Vegetation, sediment- 65-144 100-140
laden water, bare

glacier ice

Snow-covered glaciers, 145-255 140-255

snow-pack

were then converted to analog form (film transparency) by
a laser beam image recorder (LBIR) and composited on to
color film by projecting MSS bands 4, 5, and 7 through
vellow, red, and blue filters, respectively, thereby producing
the image shown in Fig4. From a glaciological viewpoint,
Perry’s achievement was to bring out morphological detail
on the highly reflective snow-covered surface of Vatnajokull
while still retaining detail in the low-reflectance areas of
the ice cap, such as the bare glacier ice and debris-covered
termini, and at the same time preserving the standard false-
color composite image colors. By comparison, virtually all of
the morphological information in the snow-covered areas is
lost in the EBIR-generated image. The digitally enhanced
image (Fig.d4) also very nearly recaptures the morphological
detail of the ice-cap surface shown on Fig.3, but at a solar
elevation angle of 25°, not 7°, thus indicating that this
method can be used on scenes acquired under a wide range
of solar elevations, as long as a particular MSS band is not
saturated.

Glacio-voleanic geomorphology

The morphological information shown on Fig.4 was
used to prepare Fig2A. Four well-defined, elliptically
shaped calderas can be delineated (Thorarinsson and others
1974): one at Grimsvotn, two at Kverkfjsll, and one at
Oraefajokull. The 6km x 4km outer rim and the inner
3km x 2 km perimeter of the snow- and ice-covered lake
on the caldera floor can be delineated at Grimsvétn., The
caldera is the source of periodic jékulhlaups which exit to
the east before emerging to the south under the terminus of
the Skeidararjékull outlet glacier (Thorarinsson 1953, 1974,
Rist 1955, Bjérnsson 1975, Tomasson 1975, Bjornsson and
Kristmannsdéttir  1984). Two well-defined calderas both
measuring 5km x 3 km can be identified in the Kverkfjoll
area, either or both being the likely source for jokulhlaups
flowing to the north down the valley of the Jékulsa 4
Fj6llum (Thorarinsson 1950). A linear depression in the ice-
cap surface extends 7km to the south-west from the
Hveradalur geothermal area into the westernmost caldera,
about doubling the previous known linear extent of the
geothermal area (Friedman and others 1972). The total
thermal yield from Hveradalur and a subglacial geothermal
area located approximately 2km up-glacier from the
terminus of the Kverkfjéll outlet glacier (Kverkjokull) was
estimated at 300-540 x 10%cals™® (by Friedman and others
1972) from calculations of areas of thermal activity
interpreted from aerial thermographs and photographs,
energy estimates of thermal surface drainage from these
areas, and energy estimates from temperature and volumetric
discharge measurements at the thermal stream emanating
from the terminus of Kverkjokull. The extension under the
ice cap to the south could raise this total to as much as
1 x 107 cals™?, if the thermal output is commensurate with
the areal increase. Indistinct linear features (dotted lines on
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Fig.2A) on the ice-cap surface extend another 14 km to the
south-west from the westernmost caldera towards the
Grimsvétn caldera.

Approximately 10 and 14 km north-west of the western
margin of the floor of the caldera in Grimsvétn,
respectively, are large (2km diameter) and small (1 km
diameter) cauldrons, the result of subglacial geothermal and
(or) intrusive volcanic activity at the base of approximately
500 m of ice (Eythérsson 1951, Bjérnsson 1986[a], [b]). From
the larger cauldron a 5 km long sinuous depression extends
to the south-west; a 2 km long depression also extends to
the south-west from the smaller cauldron. The channel-like
depressions are the probable morphological expressions on
the ice-cap surface of the initial part of the sinuous sub-
glacial cavities of water courses which periodically conduct
melt water from the geothermal and (or) intrusive volcanic
activity beneath the cauldrons to the beginning of the
subaerial part of Skafta river valley at the terminus of
Skaftarjokull (Thorarinsson and Rist 1955). Rist
(Thorarinsson and Rist 1955) calculated the total volume of
water discharged from the September 1955 Skaftarhlaup at
226 x 10°m® £ 45 x 10°m3, approximately equivalent in
volume to the largest cauldron. The dotted lines on Fig.
2A show linear features on the surface of the ice cap
which are the subdued surface expression of subglacial
north-east-trending moéberg (palagonite) ridges, so strongly
expressed south-west of the Vatnajékull margin on Fig.3.
Melt water that produces jo6kulhlaups on the Skaftd
(Bjornsson  1978[a]) are constrained to flow in a
south-westerly direction because of the subglacial orientation
of the mdberg ridges (Thorarinsson and Rist 1955,
Bjoérnsson 1986[b]). Details of the subglacial morphology in
this part of Vatnajokull have been well defined by analysis
of data from radio echo-sounding surveys (Bjoérnsson
1978[b], 1986[a], [b]).

A well-defined 3km x 2km caldera can also be
delineated in the summit area of Oraefajokull. A subglacial
caldera, with dimensions similar to those at Kverkfjoll, is
concealed at Bardarbunga. Another subglacial, extinct(?)
volcano is partially exposed at Esjufjéll with an indistinct
5km x 3 km caldera visible north-east of Snaehetta. The
eastern part of Vatnajokull apparently conceals another
extinct(?) volcano at Grendill, with a possible eroded summit
caldera having dimensions similar to the one at Oraefajokull.

Glaciology

Surface morphology

On Fig.2A, the probable locations of surface ice
divides are delineated north of Grimsvétn, including one
branch towards Kverkfjoéll (Kverkfjallahryggur) and another
towards Esjufjoll. Other probable divides are mapped at
Snaehetta, transverse to Nordlingalaegd, at Breidabunga, and
another extends south-west from Grendill. Dowdeswell
(unpublished) delineated surface ice divides on the
Nordaustlandet ice caps of Svalbard from Landsat images.
No attempt was made to delineate the approximate
boundaries between outlet glaciers on the basis on the
surface ice divides, such as was done by Dowdeswell and
Drewry (1985) in Svalbard, because of the complex
character of Vatnajokull with its 38 named outlet glaciers
and its variable subglacial volcanic morphology.
Comprehensive radio echo-sounding surveys, such as those
of Bjornsson (1986[a], [b]) will be a necessary part of
“delineating the drainage-basin boundaries for each outlet
glacier. The margin of Vatnajokull, shown on Fig. 2A,
which was determined from Fig.4, was used to compile an
inventory of the 38 outlet glaciers, one intra-ice-cap ice
cap (Oraefajokull), and two detached glaciers (Table I), and
to calculate the area of the ice cap (8300 km?). As was
already established in the work on Langjdkull (Fig.l1),
Landsat is an excellent source for compiling inventories of
large ice masses, especially ice caps and outlet glaciers
(Williams 1986). The geographic place-names of the outlet
and detached glaciers of Vatnajokull are derived from maps
published by the Iceland Geodetic Survey and from maps
included in articles published in Jékull and other scientific
publications with corrections furnished by Sigurjén Rist
(personal communication 1986).
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Glacier facies

The concept of glacier facies was developed by Benson
(1959, 1961, 1962) and Miller (1962). Benson's original
concept was modified somewhat in subsequent papers
(Benson 1967, Benson and Motyka [1979]). In the discussion
of glacier facies which follows, however, the Ilatest
published work by Benson (Benson and Motyka [1979]) and
the work by Miller (1962) are used.

Benson and Motyka ([1979]) divided a glacier into an
ablation area and an accumulation area; the dividing line
between the two areas represents the equilibrium line. The
equilibrium line also represents the down-glacier boundary
of the superimposed ice zone. Up-glacier from the
equilibrium line is the smow [line. The bare glacier ice of
the ablation area and the exposed part of the superimposed
ice zone between the equilibrium line and the snow line are
collectively referred to as the ice facies. Up-glacier from
the snow line are the wet-snow facies, the percolation
facies, and the dry-snow facies, separated by the wet-snow
line and the dry-snow line, respectively. Miiller (1962)
developed a similar scheme but he subdivided the wet-snow
facies and the percolation facies of Benson into three zones
up-glacier from the annual snow line: slush zome, percolation
zone B, and percolation zone A, with a slush limit defining
the up-glacier boundary of the slush zone and percolation
zone B.

By special digital image-processing techniques, it
appears possible to spectrally delineate some aspects of
glacier facies on Landsat images of glaciers acquired during
the ablation season (in particular the ice facies, transient
snow line, slush zone, wet-snow facies/percolation facies,
and possibly the dry-snow facies, although the Ilatter
remains to be established). Fig.5 is a digitally enhanced
Landsat 1 MSS false-color composite, cloud-free image
(bands 4, 5, and 7) of Vatnajokull acquired on 22
September 1973 (processed by Michael J. Abrams from the
same CCTs used to produce Fig.4 (Soha and others 1976,
Williams and others 1977)). The image was separated into
three reflectance zones: dark (deep water), medium (land
including vegetation), and bright (snow), the three zones
being originally defined by histograms. Each of these zones
was linearly stretched in each of the four MSS bands over
the full dynamic range for each band, 0—255 DNs for MSS
bands 4, 5, and 6, 0-127 DNs for MSS band 7. Unlike Fig.
4, in which the resulting image retained normal false-color
image colors, the projection of the fully stretched MSS
bands 4, 5, and 7 through vyellow, red, and blue filters,
respectively, yielded markedly different colors (Soha and
others 1976, personal communication from Michael J.
Abrams).

Fig.5 shows the position of the transient snow line on
Vatnajokull at 12.07h GMT (local Icelandic time) on 22
September 1973. A review of all Landsat images of
Vatnajokull acquired in late August or September indicates
that the transient snow line on the 22 September 1973
image is probably at its highest altitude. The elevation of
the snow line wvaries around Vatnajokull (Fig.2B), being
higher in the north because of less precipitation (Eythérsson
1960, Bjornsson 1980[b]). On 22 September 1973, the "snow
line" generally paralleled the 1000 m contour and often
conformed to it on several outlet glaciers; on the southern
margins, the "snow line" is generally lower than 1000 m,
descending to about 700m on the terminus of
Skdlafellsjokull; on the northern margin, the snow line is
above 1000 m, reaching 1300 m or more on the north-west
slope of Bardarbunga, around Kverkfjéll, and on the north
slope of the area around Grendill.

Fig.2B, a cross-section along A—-A' on Fig2A, a
distance of 123.5km from the terminus of Sidujékull in
south-western Vatnajokull to the terminus of Bruarjékull on
the northern part of the ice cap, shows the snow line at
about 900 m on the former and about 1150 m on the latter.
The planimetric map position of the "snow line" on 22
September 1973, derived from the Landsat imagery, for the
entire ice cap is shown as a heavy dashed line on Fig.2A.
Sidujokull and Bruaarjokull are classified as surging glaciers,
and both surged in 1963—64, 0.5 km and 8.0 km, respectively
(Thorarinsson 1969). The position of the terminus of
Bruarjdkull in 1936 is shown by an arrow, approximately
6 km further south than its position on 22 September 1973.
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Also on Fig.2B, I have shown by arrows the position of the
up-glacier edge of the slush zone on Sidujskull and
Bruarjokull at 1000m and 1200 m, respectively. The
positions of these arrows on the cross-section were
determined by analysis of the color patterns on Fig.5.

The type of computer-enhanced color image shown in
Fig.5 appears to provide a good correlation of spectral
variations on the surface of Vatnajokull, with the ice facies
of the ablation area and some of the facies of the
accumulation area of a temperate glacier., On Vatnajékull,
the colors apparently correlate as follows: ice facies (ablation
area and superimposed ice zone of the accumulation area):
light blue, bare glacier ice; orange, concentration of supra-
glacial debris (on the surface of the glacier) or englacial
material (within the glacier; for example, "dirty" ice versus
clean ice). According to Benson and Motyka ([1979]), the
ice facies includes the entire ablation area and extends into
the accumulation area as a superimposed ice zone (if one is
present), between the equilibrium line (boundary between
the ablation area and the accumulation area) and the snow
line, and also extends beneath the wet-snow facies. It is
probably not possible to differentiate between the spectral
signatures of bare glacier ice of the ablation area and the
exposed part of the superimposed ice zone of the
accumulation area, which is also bare glacier ice. On Fig.
2B all bare glacier ice is shown as ice facies. It is not
absolutely certain what the orange color represents. It may
be a concentration of dirt cones, other surficial debris, or
englacial material in the ice facies; field spectra and
observations are obviously needed to confirm or reject these
conclusions. Laboratory studies of ice suggest that small
amounts (~1% or less) or particulate matter can reduce the
reflectance at 0.55 um (Landsat MSS band 4 is 0.50—0.60 pgm)
by 50% or more (Clark 1982). Perhaps the presence of
englacial or supraglacial particulate matter is the explanation
for the orange color within some parts of the ice facies.
Accumulation area: black, slush zone; dark to light gray,
wet-snow facies/percolation facies. The black color does
apparently correspond with the slush zone. It is a relatively
narrow zone on the steeper outlet glaciers (a few kilometers
wide) but much wider on gently sloping glaciers, such as on
Bruarjokull and Dyngjujékull, where the slush zone can
extend for more than 10 km. Above the up-glacier boundary
of the slush zone (Fig.2B) is the wet-snow facies which
grades further up-glacier into the percolation facies.

It is doubtful whether a dry-snow facies of the
accumulation area exists on Vatnajokull, except perhaps at
the two highest elevations at Bardarbunga (2000 m) and
Oraefajokull (2119 m). According to Einarsson (1976),
during July, the warmest month in Iceland, only two small
areas around the two highest parts of Vatnajékull lie within
the 0°C isotherm of mean monthly temperature. Because of
the absence of permanent year-round weather stations on
Vatnajokull, the isotherms on the ice cap are calculated
from the average adiabatic lapse-rate in Iceland, 0.067
deg km™, using interior highland weather stations, such as
that at the Mgddrudalur farm about 65km north of
Bruarjokull, as the basis for extrapolation (personal
communication from Trausti Jonsson, 1986). Because of
slope orientation away from the Sun (solar azimuth of
164°), the lighter gray areas on the ice cap are probably
the result of this aspect difference in snow reflectance
rather than the snow being dry. In all likelihood, the
entire ice cap above the up-glacier edge of the slush zone
is in the wet-snow facies/percolation facies (Figs 2B and 5),
although it is probably not possible to differentiate between
the wet-snow facies and the percolation facies solely on the
basis of spectral information from the snow-covered surface.
The two facies are therefore shown together.

Ostrem (1975) showed how the specific mass balance
for several Scandinavian glaciers can be determined remotely
(on satellite images or aerial photographs) by determining
the elevation of the snow line (if it conforms to the
equilibrium line) at the end of the melt season. From more
than 20 years of mass-balance studies on Nigardsbreen,
Norway, @strem and Haakensen (in press) found a linear
relationship between the elevation of the equilibrium line at
the end of the ablation season and the specific net mass
balance of a glacier. Once the curve is established for a
glacier, remote determination of the equilibrium line will
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give the specific net mass balance for that year. An
alternative, although less precise technique is to use the
accumulation-area ratio (AAR) to infer whether a given
glacier has a positive or negative mass balance (Krimmel
and Meier 1975). On the 22 September 1973 image of
Vatnajokull (Figs 2B, 4, and 5), the estimated minimum
AAR for Vatnajokull was 0.70, if the position of the snow
line on that date was approximately the same as the
position of the equilibrium line. Most glaciologists consider
a range of 0.5-0.8 in the AAR for b = 0 to be reasonable
for temperate mountain glaciers.

SEASAT

Seasat Synthetic Aperture Radar (SAR) images of all
but the extreme western and north-eastern parts of Iceland
were acquired during late summer and early fall of 1978.
Bodechtel and others (1979) were the first to compare Seasat
SAR and Landsat MSS images of Iceland to delineate
morphologic and tectonic features. Ford and others (1980)
published a cursory analysis of a Seasat SAR image
(revolution 719; 16 August 1978) and a companion Landsat
image (2494-11503; 30 May 1976) of north-central Iceland
which included parts of the Dyngjujékull outlet glacier and
the Kverkfjoll area. Hunting Geology and Geophysics Ltd
(undated) published a 1:500000 scale Seasat SAR image
mosaic of most of Iceland, including all of its glaciers.

An analysis of the Hunting Geology and Geophysics
Ltd mosaic does not provide any new or improved
information about the morphology of the surface of
Vatnajoékull when compared with either the January 1973 or
digitally processed September 1973 Landsat images. Whether
or not morphological features are imaged is strongly
influenced by the look-angle of the Seasat SAR with
respect to the orientation of the landform during the orbital
passes (north-west to south-east or vice versa across
Iceland). The two calderas at Kverkfjéll and the linear
extension of the Hveradalur  geothermal area are
prominently imaged. The Grimsvdtn caldera is only faintly
visible; the caldera on Oraefajokull was not even recorded
on Seasat SAR images. Medial moraines are faintly visible
as are the two collapse cauldrons and associated sinuous
depressions north-west of Grimsvétn. No surface ice divides
can be delineated; the pro-glacial lake Graenalén is difficult
to delineate, and the various facies of the ablation and
accumulation areas were not recorded. The transient snow
line is also difficult to delineate over most of the ice cap.
Rott (1984[a], [b]) briefly discussed his analysis of a 24
August 1978 Seasat SAR image of Hofsjokull (Fig.1), a
small ice cap (915 km?) which lies about 30 km north-west
of Vatnajokull. He found a low radar return from the wet-
snow facies at the higher elevations on this ice cap. Radar
back-scatter increased down-glacier until it was difficult to
discriminate between bare glacier ice and snow in the
marginal part of the wet-snow facies. If the back-scatter
intensity were identical from bare glacier ice and the slush
zone at L-band frequencies, this would explain the
difficulty in determining the position of the transient snow
line on the L-band SAR image of Vatnajékull.

Neither the Seasat SAR image mosaic of Vatnajokull
nor the individual image strips correctly portray the ice cap
geometrically; the image cannot be used to produce an
accurate planimetric map. In mountainous areas
(south-eastern part of Vatnajokull) it is difficult to delineate
the termini of the outlet glaciers. Quite the opposite is the
case with the lobate outlet glaciers of most of the rest of
Vatnajokull. The termini of these outlet glaciers, such as
Sidujékull, Dyngjujékull, and Bruarjékull, and associated
terminal moraines are clearly shown; their delineation on the
Seasat SAR image is superior to the digitally enhanced
Landsat MSS image and about equal to a Landsat 3 RBV
image (Williams 1979). The combination of improved spatial
resolution and the response of two different parts of the
electromagnetic spectrum is considered to be the key.

CONCLUSIONS

Landsat MSS images to date have proven to be the
best source of satellite-image data for studying surface
morphology and glaciological phenomena, such as glacier
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facies, on the large and complex Vatnajokull ice cap, and
in preparing a preliminary inventory of its outlet glaciers
(Fig.2A). The successful use of Landsat images to prepare
preliminary inventories of some of Iceland’s glaciers
(Williams ~ 1983[a], [b], 1986) was also used by the
Temporary Technical Secretariat for the World Glacier
Inventory as the basis for preparing new guidelines for
preliminary glacier inventories in polar areas (Scherler 1983).
It seems likely that satellite-imaging technology will be
increasingly used for some types of glaciological studies,
especially the preparation of preliminary inventories and
dynamic changes in glacier facies of large ice masses, such
as the polar ice sheets and ice caps (Swithinbank 1984,
Haeberli 1985, Hall and Martinec 1985, Williams 1985).

Future work on Vatnajékull should include analysis of
Systeme Probatoire d'Observation de la Terre (SPOT) and
Landsat Thematic Mapper (TM) images, especially the
thermal infra-red and mid-infra-red bands of the latter to
determine their applicability to glaciological studies. To
correlate better the different spectral reflectance of snow,
ice, and morainic debris on the surface of Vatnajokull to
the various facies of the ablation and accumulation areas,
snow and (or) ice observations, field spectra, and
ambient-temperature data need to be collected during
traverses of outlet glaciers of the ice cap during the
summer melt season.
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