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Mapping tide-water glacier dynamics in East Greenland
using Landsat data
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ABSTRACT. Landsat multispectral scanner and thematic mapper images were
co-registered for the Kangerdlugssuaq Fjord region in East Greenland and were used
to map glacier drainage-basin areas, changes in the positions of tide-water glacier
termini and to estimate surface velocities of the larger tide-water glaciers. Statistics
were compiled to document distance and area changes to glacier termini. The
methodologies developed in this study are broadly applicable to the investigation of
tide-water glaciers in other areas. The number of images available for consecutive
years and the accuracy with which images are co-registered are key factors that
influence the degree to which regional glacier dynamics can be characterized using
remotely sensed data.

Three domains of glacier state were interpreted: net increase in terminus area in
the southern part of the study area, net loss of terminus area for glaciers in upper
Kangerdlugssuaq Fjord and a slight loss of glacier terminus area northward from
Ryberg Fjord. Local increases in the concentrations of drifting icebergs in the fjords
coincide with the observed extension of glacier termini positions. Ice-surface velocity
estimates were derived for several glaciers using automated image cross-correlation
techniques. The velocity determined for Kangerdlugssuaq Gletscher is approximately
50kma ' and that for Kong Christian IV Gletscher is 0.9kma ', The continuous
presence of icebergs and brash ice in front of these glaciers indicates sustained rates of
ice-front calving.

INTRODUCTION

quantify ice velocity and shear-stress fields (Dowdeswell
and Collin, 1990; Scambos and others, 1992; Fahnestock

Estimates of the current mass balance of the Greenland
ice sheet vary in sign and magnitude, as do the potential

contributions to the rise in sea level as a consequence of

climatic warming (Warrick and Oerlemans, 1990).
Significant glaciodynamic uncertainties are associated
with the estimated mass exchange between the Greenland
ice sheet and the ocean. Substantial work on this subject
has been conducted in West Greenland, including energy-
Braithwaite and Oleson, 1990), for-
mulation of ablation models (Braithwaite, 1980) and a

balance modeling

mass-balance study of a major outlet glacier (Bindschadler,
1984). A key parameter that is poorly constrained is the
ablation along the margin of the ice sheet, specifically the
calving rate and flux of iceherg discharge from outlet
alaciers in northern and eastern Greenland (Reeh, 1985,
1989). A systematic approach to guantifying basic
glaciologic parameters, such as glacier velocities, move-
ment of glacier termini and calving fluxes, would greatly
enhance efforts to model accurately the mass balance of the
ice sheet and its response to climatic change.

Numerous glaciological studies have used satellite
remote sensing to map snow- and ice-facies distributions
(Hall and others, 1987, 1988; Orheim and Lucchitta,
1987; Williams and others, 1991), to detect and measure
changes in the positions of glacier termini (Dowdeswell,
1986; Williams, 1987; Weidick, 1995) and spatially
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and others, 1993; Goldstein and others, 1993; Raney,
1993). This investigation used Landsat data to describe
and quantify characteristics of glacier dynamics for an
area in which field studies are logistically constrained.

OBJECTIVES

The purpose of this investigation was to develop a set of
methodologies with which to map and describe the spatial
and temporal variations of tide-water glaciers using
remotely sensed satellite data. The methodologies devel-
oped for this study were to be applicable to other types of
satellite images for the development of consistent base
lines of glaciological information for large areas. The
specific features that were mapped include: (1) glacier
drainage-basin areas; (2) tide-water glacier-terminus
positions; and (3) the derivation ice-surface velocity
estimates. A series of cloud-free Landsat multispectral
scanner (MSS) and thematic mapper (TM) images of the
Kangerdlugssuaq Fjord region in East Greenland was
acquired. The criteria for selecting the images used in this
study included preference for acquisition dates late in the
ablation season, low amounts of cloud cover and the
identification of at least one high-quality image to analyze
for each year that data were available for the study arca.
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Mass-balance data do not exist for the glaciers in this
study area. Similarly, there are no direct measurements of
the ice depths, subglacial topography, ice fluxes, calving
speeds, calving fluxes, bathymetry of the fjords near the
ice fronts or hydraulic characteristics and sediment supply
for any of these glaciers.

STUDY AREA

The study area was the Kangerdlugssuaq Fjord region in
East Greenland and the extent was defined by Landsat
images acquired at path 229, row 12 of the Landsat
World Reference System-2 (United States Geological
Survey, 1984). The nominal-scene center is al
687 15"36” N, 31°03'36” W and covers an area approx-
imately 185km by 185km (Figs 1 and 2). The area is
divided into northern and southern domains by Kangerd-
lugssuaq Fjord, which is about 75 km long and probably
continues as an ice-filled bedrock trough for a consider-
the inland (Brooks, 1979).
Kangerdlugssuaq Gletscher is one of the largest calving
glaciers in East Greenland, with an estimated annual
discharge of about 15 km® water equivalent (Reeh, 1985;
Andrews and others, 1994). The area south of Kangerd-

able distance under ice

lugssuaq Fjord is completely glacierized to the coast, with
most of the ice-free arcas restricted to steep slopes. The
side walls of Kangerdlugssuaq Fjord and its tributaries
also The
Kangerdlugssuaq (Blosseville Kyst) is composed of

are ice-free. coastal region northeast of
Tertiary basalts that extend northward to Scoresby
Sund. Ice-free areas increase significantly inland from
the coast in this part of the study area. The outer coast is
highly glacierized because of high snowfall and low

melting as a result of prevalent fogs during the meli

69° 18'29" N

32°16'03' W
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season (Brooks, 1979). The region has widely distributed
glaciers, ranging [rom the large inland ice sheet, small ice
caps, large valley and outlet glaciers, and cirque glaciers
on the coastal mountains.

IMAGE REGISTRATION

The images were co-registered and digitally enhanced for
photo-interpretation. The 2 September 1988 TM image
(scene-id YE22901288246) was used as a reference to
which all other images were co-registered. Approximately
15-25 ground-control points were selected from this and
sach other image in a pair-wise fashion. An independent
set of points was selected and used to assess the accuracy
of the registration. The root-mean-square error (r.m.s.c.)
of verification points is a better estimator of the
registration accuracy than the rm.s.e. of the control
points used for developing the rectification model. The
maximum verification errors from all scene registrations
were 38 m in the X and 49 m in the Y directions. These
values were then used to develop error estimates in
subsequent analyses. Soft-copy digitizing was performed
to capture image interpretations directly from the images
as map overlays into a geographic information system
(Dwyer, 1993).

DELINEATION OF DRAINAGE BASINS AND ICE
FRONTS

The 2 September 1988 TM image was used to delineate
the glacier drainage-basin areas (Fig. 2), the boundaries
ol which were defined on the basis of topographic divides,
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Fig. 1. Map of glacier drainage-basin arcas delineated from the 2 September 1988 Landsat TM image. Numerical
annolation of drainage basins corresponds lo *index™ values shown in Figures 4 and 5 and listed in Appendix A.
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Fig. 2. First principal-component image computed from bands 1-4 of the 2 September 1958 Landsat TM data ( scene-id

YE22901288246, WRS-2 path 229, row 12).

topographic maps. The glacier-terminus width, defined
by the distance transverse to the flow direction and
bounded by the lateral bedrock/glacier contacts at the
terminus, was measured from this image as well. Because
the glacier-basin areas are derived from a single image,
the area summaries for glacier basins that extend outside
the scene are understated (see Appendix A).

The shoreline and glacier fronts digitized from the 2
September 1988 TM image were used as the compilation
base for mapping changes in the glacier-terminus
positions, starting with the 1978 MSS image. The
coastlines in cach image were compared with those
digitized from the 1988 'T'M image to evaluate the local
quality of image registration. If the coastlines were
congruent and the distance change in terminus positions
exceeded the registration-verification errors, then the
changes were considered valid. The process of compiling
the map of changes to glacier-terminus positions involved
overlaying the line-work file compiled from the image
acquired at time 7}, on to the image acquired at time
T, 1. New ice-front positions were digitized only where
changes in glacier-terminus positions were of distances
greater than the registration error, thereby suppressing
the detection of “false” changes. This approach also

avoided the introduction of misregistration “slivers” that
would contribute errors to the summation of areal

changes in the glacier terminus.
QUANTIFICATION OF CHANGES TO GLACIER-
TERMINUS POSITIONS

The terminus positions delineated from consecutive dates
of imagery were used to construct polygons that defined
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changes in the area of glacier-terminus extent. The
polygons were overlain on to one of the two dates of
imagery for which changes were being measured to
determine the sign of the change. Polygon areas were
computed as positive (advance) or negative (retreat) in
accordance with the direction of terminus movement.
The changes were often irregular across the ice front and
numerous polygons resulted from compositing the
terminus positions from two dates. A second procedure
was used to sum the net area change to the glacier
terminus for each glacier drainage basin:

5
A=Y P 1
1

k=1ton

where A;; is the net area change (km”) for glacier i during
time interval j and P,j; is the area of polygon k (k=1 to
n) for glacier ¢ during the time interval j.

The net arca changes to each tde-water glacier
terminus were plotted as a function of time (Fig. 3).
The signs of the net area changes accurately represent the
direction of change in the terminus position relative to the
previous observation date, but the magnitudes of the
changes must be considered static approximations. These
plots were used to note episodes and magnitudes of
changes to the position of the ice fronts. Intervals with
little or no change do not necessarily imply steady-state
conditions, because only changes that exceeded the
registration error were delineated. Similarly, close
inspection of the channel morphology near the terminus
positions can identify potential topographic pinning
points that would reduce the calving flux and stabilize
the position of the ice front (Warren, 1991, 1992; Warren
and Glasser, 1992).
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Fig. 3. Bar plot showing the net planimelric area change to the terminus of Kangerdlugssuag Gletscher, The two solid
harizontal lines represent an envelape of the estimated ervor defined by the product of glacier-terminus width and maximum

verification r.m.s.e.

Another parameter used to quantify the magnitude of

change to the glacier termini was the normalized linear-
distance change:

J'l'[,'_',‘ == A;,/T‘: (2)

where M;; is the distance of movement (m) and 7} is the
terminus width of glacier i. Approximately 50 of the 75
glaciers in the study area had tde-water ice fronts that

could be mapped in all dates of imagery. The ice fronts of

tide-water glaciers north of Nansen Fjord were not
covered in the 1978 and 1980 images due to offsets in
the satellite orbital tracks. Net area changes and
normalized lincar-distance changes to each of the tide-
water ice fronts are summarized in Appendices B and C.

There were not enough Landsat images o analyze
statistically the terminus dynamics using time-series
techniques, yet advances and retreats were graphically
analyzed to provide a regional perspective of the glacier
states. Glaciers were indexed according to their relative

location from south (1) to north (75). The net number of

advances or retreats of the terminus during the observat-
ion period was summarized for each glacier (Fig. 4). The
cumulative net area change, relative to the 1978 terminus
position for cach glacier, is summarized in Figure 5. This
plot shows some marked differences from the plot in
Figure 4, although similar regional characteristics are
evident. Kangerdlugssuaq Gletscher, for example, showed
more advances than retreats, vet it shows a significant net
loss of terminus area during the observation period. The
regional trends (dotted lines) in both figures show similar
tendencies. Most of the zero-value data points in Figures
4 and 5 correspond to the land-terminating glaciers for
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which ice-front positions were not delineated and
analyzed for change.

ESTIMATION OF ICE-SURFACE VELOCITIES

Automated 1mage-to-image correlation techniques in-
crease the efficiency and precision by which digital images
can be co-registered (Guindon, 1985; Hannah, 1989;
Rignot and others, 1991). These procedures have also
been used to quantify the displacement of spatial features
in previously co-registered images for the purposes of
target tracking and motion analysis (Emery and others,
19913, In
adapted these techniques to the analysis of ice-surface
velocities (Lucchitta and Ferguson, 1986; Bindschadler
and Scambos, 1991; Scambos and others, 1992: Fahne-
stock and others, 1993; others, 1993;
Lucchitta and others, 1995). The automated image-

recent years, however, glaciologists have

Lucchitta and

correlation algorithm used in this study is based on a fast
Fourier transform version of a cross-covariance method
(Bernstein, 1983). The procedure implemented for this
study is summarized in Appendix D.

The automated correlation techniques were imple-
mented twice. The first case used the 2 September 1988
and 3 July 1989 images and the second case used the 16
July 1988 and the 2 September 1988 images. Twelve of
the larger tide-water glaciers in the study area were
selected for analysis because crevasse structures were
prominent enough to be resolved on the different dates of
imagery. The surface velocities were estimated as:

Vi = (D; x 30)K (3)
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where V; is the velocity estimated for glacier i, D; is the where E is the estimated error (ma ), R is the mean

average displacement (pixels) determined by cross-
correlation, 30 is the pixel dimension (m) and K is a
scale factor used to extrapolate the movement from the
period between image observations to an average annual
velocity. Similarly, the potential error of the velocity
estimates iIs calculated by:

E=(Rx30)K (4)
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r.m.s.e. (pixels) for the verification of image registration
and 30 is the pixel dimension (m). The surface-velocity
estimates derived from each pair of image cross-correlations
are summarized in Table 1. The edited correlation results
for Kangerdlugssuaq Gletscher are shown in Figure 6. The
vectors associated with the points indicate the relative
magnitude and direction of displacement. Points that were
ofl’ the glacier surface were eliminated, as were points that
had displacement vectors that were not aligned with the
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Table 1. Summary of ice-surface velocities and estimated ervors derived using antomated image cross-
correlation techniques of Scambos and others (1992) and Equation (3) in text

Glacier Velocity 1988 89 Number Velocity Jul-Sep Number
aof points 1968 of points
ma ' m a
Polaric South 80 11 171 128
Polaric 235 4 761 114
Hutchinson 143 8 285 106
Kangerdlugssuaq 3038 54
Nordefjord 64 6 362 5
Styrtegletscher 74 4 839 3
Courtauld 200 4 376 !
Frederiksborg 856 8 524 3
Sorgenfri 274 20 356 14
Kong Christian TV 914 99 914 237
Rosenborg 46 1 381 16
Kronberg 87 I 1117 1

Error estimates calculated using Equation (4) in text:

43.1ma’,
2216ma .

2 September 1988 3 July 1989
16 July 1988-2 September 1988

direction of ice motion. The latter conditions arise because
the algorithm searches for grey-tone correlations and
therefore changes in illumination or surface cover result
in false radiometric edge displacements,

DISCUSSION

Kangerdlugssuaq Gletscher and Kong Christian IV
Gletscher are the largest glaciers in the study area and
may he potential outlets draining the inland ice. More
accurate delineation of their drainage areas and a higher
temporal frequency of analysis of ice-surface velocities
and terminus dynamics are needed to determine calving
rates. 'The data analyzed in this study do not allow

Kilometers

0 4

Fig. 6. 16 July 1988 Landsal T M band 4 image with the
edited set of image-corvelation fuoints and displacement
vectors overlain. Note the development of a major fatigue
crack oriented transverse to the flow dirvection.

https://doi.org/10.3189/50022143000034900 Published online by Cambridge University Press

distinction between floating and grounded tide-water
glaciers. The lack of geophysical and [eld-based
measurements precludes definitive statements explaining
the mechanisms controlling changes in glacier-terminus
positions, although trough geometry and characteristics of
the subglacial environment must be important factors.

In general, the glaciers in the southern part of the
study area showed a consistent pattern of general advance
of the ice-front position and an increase in terminus area.
with the exception of Polaric Gletscher. The ice [ronts of
glaciers at the head of Kangerdlugssuaq Fjord exhibited a
net loss of terminus area relative to 1978, Glaciers
terminating along the outer coast and in the fjords
northward from Mikis Fjord showed small losses (o
terminus areas. In several cases. adjacent glacier svstems
exhibit changes that are out of phase with one another,
suggesting that glaciodynamic mechanisms unique (o
floating or grounded ice fronts and topographic controls
may be major influences on the terminus dynamics,

No ground-based measurements are available to
corroborate the estimates of glacier-surface velocities
derived from image correlations, although steady-state
1985; Andrews and
others. 1994) suggest a velocity in the ablation zone of

mass-balance calculatons (Reeh,

Kangerdlugssuaq Gletscher of ~5.0kma ' and the results
from autocorrelation of crevasse displacements (Table 1)
support this estimate. At Kangerdlugssuaq Gletscher, the
difference in crevassing and deformation between 2
September 1988 and 3 July 1989 images yielded only a
few correlation points, whereas autocorrelation of the two
1988 images vielded a larger set of consistent vectors. In
the absence of field-based validation of the ice-surface
velocity estimates derived using the image-correlation
procedures, confidence in these velocity estimates can
only be weighed in terms of the number and distribution
of correlation points and/or the repeatability of the results
using additional imagery. If reliable parameters can be
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formulated for balance-velocity models (Clarke, 1987),
then it would be possible to assess the stability of the
glacier fronts in the context of the theoretical balanced
state of the glacier systems. Furthermore, the derivation of
velocity estimates at several times during the year would
provide insight to the seasonal variations of ice velocities
with implications to the basal hydraulic system (Echel-
mevyer and Harrison, 1990).

Automated image-correlation procedures also enable
examination of the spatial variability of estimated
surface velocity across a given glacier. For example,
surface velocities at the margins of glaciers are
measurably lower than in the midstream arcas because
of friction along the glacier-channel side walls or along
the bottom where the ice is thinner. The low velocities of
tributary glaciers at the confluence with Kangerdlugs-
suaq Gletscher are attributed to the back pressure and
shearing due to the higher rate of movement and
greater mass of Kangerdlugssuaq Gletscher. Frederiks-
borg Gletscher moves faster at the midstream areas up-
glacier compared to velocities estimated [arther down
the glacier. This decrease in velocity was derived from
an arm of the glacier downstream from a bifurcation of
the glacier tongue hefore it reaches the fjord. The
midstream velocity at Sorgenfri Gletscher is lower than
those of Frederikshborg and Kong Christian [V
Gletschers but this phenomenon may be a function of
the lower mass exchange that occurs in a smaller glacier
basin.

Since the rates and patterns of frontal change are
determined by the sum of calving speeds and ice
velocities, which in turn are responsive to mass flux. ice
fronts stabilized by trough geometry will exhibit stepped
responses to climatic forcing (Warren, 1992; Warren and
Glasser, 1992). The distinction between glaciodynamic
and glacioclimatic processes requires longer-term, higher
temporal frequency, observation periods than this study
was able to address.

An understanding of the seasonal variation in ice
velocity and the position of the ice front would enable an
estimate of the calving rate. Satellite- or aireraft-altimetry
data and ground-penetrating radar, comhined with the
higher temporal frequency observations cited above,
would enable determination of ice thicknesses. surface
slope and surface roughness (crevassing) of the larger
glacier systems. This information is requisite to the
development of calving models and characterizing the
flow dynamics along the length of the glacier. A question
that remains is whether mechanisms and feed-backs of the
“Jacobshavn effect” (Hughes, 1986) are active for the
larger outlet glaciers in East Greenland.

The relationship between climate, mass balance,
glaciodynamic response and frontal changes [Warren,
1991, 1992) cannot be addressed with the limited amount
of information available. Numerous factors influence the
variable response times to changes in mass input to the
glacier system (accumulation, feeder glaciers, distrib-
utaries), calving dynamics and topographic controls
(Warren, 1992; Warren and Glasser, 1992). It appears
that several of the large ice fronts are situated at stable
positions (channel narrowing, bends, bifurcations, bed-
rock shelves) where the ice velocity is balanced by the
calving rate.
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SUMMARY

Landsat MSS and TM data can be used to map and
quantify changes to glacial features of interest. Glacier
drainage-basin areas were delineated and quantified
within the geographic area covered by available images.
The positions of tide-water glacier termini were mapped
and the changes in termini surface areas were quantified.
The variations in the positions of glacier termini were
plotted and an envelope of potential error was estimated
based on the terminus width and maximum image-to-
image registration error. Geographic and temporal trends
in the changes to tide-water glacier-terminus areas
indicated three general domains of glacier state: tide-
walter glacier ice fronts in the area south of Kangerdlugs-
suaq Fjord exhibited a net advance; the termini of glaciers
at the head of Kangerdlugssuaq Fjord exhibited states of
advance but an overall loss of terminus area relative to
1978; and most glaciers along the coast and north of
Ryberg Fjord showed little change or slight loss of
terminus area relative to 1978.

The results from analysis of available Landsat images
provide some insights to the state of individual glaciers,
although a series of images with greater temporal
frequency through the summer, and for several years
duration, is required for more rigorous characterization
of the glaciodynamic behavior. Indexing of glacier
locations is a means ol analyzing the types and
magnitudes of change in glacier-terminus positions with
respect to the geographic distribution and size of glacier
basins. Additional information, such as quantification of
glacier drainage-channel morphometry and the total
arca of glacierized basins, would be useful for further
characterizing domains of glaciodynamic behavior
within the study area. The magnitude of net area or
distance change to the tide-water glacier-terminus
positions are static estimations and the accuracy with
which changes to the ice fronts are quantified can be
stated in terms of the amount of potential error
attributable to the image registration.

The glacier-surface velocities that were estimated
using automated image-correlation techniques are first-
order approximations. Confidence in these estimates grows
as the number of displacement vectors with high correlation
strength increases. The potential error of the estimated
velocities was determined using the verified rms.e. of
registration for the image pairs that were used. No field
measurements are available with which to corroborate the
velocities derived in this study, yet properly constrained
balance-velocity models may provide a basis for compar-
ison. Glaciers with the higher surface velocities correspond
to the larger drainage-basin areas where commensurately
higher rates of mass exchange would be expected. The
methodologies developed for this study are applicable to
glaciological studies in other arcas where a suflicient
number of images are available and where the logistics
for field studies are seriously constrained. The increasing
availability of satellite remotely sensed data, especially
synthetic aperture radar (SAR) data, will provide
opportunities for monitoring glacier systems on a regular
periodic basis. SAR data offer particular advantages in that
image acquisitions are not constrained by cloud cover or
solar-illumination conditions.
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APPENDIX A

Summary of selected glacier drainage-basin characteristics. Glacier names are not official Gronlands Geologiske
Undersogelse designations but rather are taken from local geographic features noted on the 1:250000 scale topographic
maps produced by the Geodetic Institute of Copenhagen. Ice-front widths are not reported for glacters that terminate on land

Index Glacier name Area  Terminus | Index Glacier name Area  Terminus
widlh width
km” km km*  km
1 Unnamed 4 0.8 39 Unnamed 3 0.0
2 Unnamed 56 14 40 Unnamed 18 1.0
3 Polaric South Gletscher 546 3.9 41 Unnamed 24 0.7
4 Polaric Gletscher >989 9.2 42 Ryberg Minor Gletscher 16 0.6
5 Kap Edvard Holm Gletscher B2 1.5 43 Ryberg Major Gletscher 101 0.3
6 Sondre Boswell Gletscher 9 0.2 44 Sorgenfri Gletscher 1244 3.4
7 Den Lave Pynt 122 0.0 45 “Area A" 367 0.0
8 Hutchinson Gletscher 164 6.1 46 Unnamed 9 0.9
9 Admiraltinden Gletscher 100 T 47 Unnamed 1 0.7
10 Hovedejen Gletscher > 448 1.5 48 Unnamed ) 0.4
11 Sondre Syenitgletscher 68 0.0 49 Unnamed ] 0.0
12 Nordre Syenitgletscher 48 0.0 50 Unnamed 9 0.4
13 Kaclveletscher 177 L2 51 Unnamed 46 1.1
11 Kangerdlugssuaq Tinde 7a 0.9 52 Unnamed 17 0.7
15 Unnamed 16 0.0 53 Unnamed 8 0.0
16 “K1 Gletscher” =50 28 54 Unnamed 16 12
17 “K2 Gletscher” =433 2.2 55 Unnamed & 0.0
18 Kangerdlugssuaq Gletscher >>205 4.6 36 Unnamed 19 Tecil
19 Nordeljord Gletscher 1073 1.6 57 Unnamed 2 0.4
20 Styrtegletscher 417 1.6 58 Unnamed 12 0.7
21 Unnamed 38 0.6 59 Unnamed 10 0.4
22 Courtauld Gletscher 328 1.8 60 Kong Christian IV Gletscher >>3106 79
23 Unnamed &1 04 61 “Area C7 488 0.0
24 Unnamed 37 0.0 62 “Area D Ik 0.0
25 “Othersidegletscher” 68 0.8 63 Kap Nansen Minor Gletscher 33 0.0
26 Sidegletscher 69 L 64 Kap Nansen Major Gletscher 88 Jl
27 Frederiksborg Gletscher 2814 2.1 65 Kap Hartz Major Gletscher 39 L
28 Sodalen Gletscher 104 0.0 66 Kap Garde Major Gletscher 35 1.0
29 Kap Hammer Gletscher 6 0.5 67 Kap Garde 1 Gletscher 22 0.0
30 Unnamed 4 0.0 68 Kap Garde 2 Gletscher 8 0.8
31 Unnamed 23 0.0 69 Kiviogs Minor Gletscher 15 (il
32 Brecciadalen Gletscher 68 0.0 70 “Area B” 250 24
33 Unnamed 11 0.0 71 Kiviogs Major Gletscher 32 0.9
34 Kap Irminger Gletscher 9 0.0 72 Kap Normann Gletscher 23 0.8
39 Unnamed 16 0.3 78 Rosenborg Gletscher > 1817 23
36 J. C. Jacobsen Gletscher 24 1.0 74 Kap Hartz Minor Gletscher 13 0.0
37 Schelderup Gletscher 42 0.0 13 Kronborg Gletscher > 622 0.0
38 Unnamed 85 0.9
592
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APPENDIX B

: 3 . . 2 3 . 3 P
Summary of the observed planimelric area change (kn” ) to lide-water glacier termini (in km")

Index 197880 198085 1985-86 1986-67 1987-88 1988-89 195990 1990-91
1 0.0000 0.0000 0.0000 -0.0032 0.0000 0.0000 0.0043 0.0432
2 —0.0002 0.0034 0.0434 0.0497 0.0054 0.0070 —0.0182 0.0657
3 0.1544 0.2810 0.2217 0.1548 0.3439 1.6274 1.7885 0.2098
4 0.7784 0.3997 0.3481 0.0179 0.4758 0.6889 1.1577 1.1348
o) 0.2062 0.3590 0.3612 0.1578 0.1178 0.0627 0.0754 0.0124
6 0.0101 0.1444 0.0291 0.0000 -0.0108 0.0000 0.0000 0.0000
7 0.0314 -0.5685 0.1222 0.2043 0.0230 0.0234 0.1532 0.0505
a 0.1819 0.3786 0.6761 0.1274 0.0027 0.0767 0.1489 0.1589
9 0.1508 0.1628 0.0532 0.2102 0.0598 0.0000 0.2809 0.0000

10 0.0000 0.2800 0.0234 0.0000 —0.3997 0.8727 ~0.9014 0.9014

13 (0877 0.0000 0.0326 0.0000 0.0104 0.0000 0.0000 0.0548

14 0.1385 0.0369 0.1576 0.0138 0.1613 0.0245 0.0763 0.0858

18 0.9076 4.6640 0.2357 3.6972 0.3818 0.0041 5.0657 1.9903

19 0.0000 0.0000 03111 0.1324 0.0000 0.0863 0.0441 0.0866

20 0.3032 0.2579 0.0141 0.1764 -0.0387 0.2772 -(.3581 0.1605

21 0.0000 0.0384 0.0000 0.0072 —0.0261 0.2206 —0.2434 0.0181

27 0.0619 0.0000 -0.3898 -0.0135 0.0166 0.0448 0.0329 0.2593

25 0.0294 0.0373 0.9936 0.0000 0.,0000 0.0000 0.0989 -0.0452

26 0.0087 -0.0975 0.0072 0.0870 0.1158 0.0000 0.0181 0.0000

27 0.0058 1.6249 0.0091] 0.9622 0.5833 1.3754 2.0024 0.0253

35 0.0107 0.0322 0.0021 0.0195 0.0050 0.0293 0.0000 -0.0293

36 0.0000 -0.0441 0.0000 0.0583 0.0762 0.0672 0.1283 0.0494

38 0.0000 0.0000 0.0416 0.0000 0.0182 0.0329 0.1222 0.0803

40 0.2475 0.0267 0.0000 0.0382 0.0546 0.0000 0.1500 0.1003

41 0.0000 0.0582 0.0309 0.0288 ~0.0645> 0.0000 0.0000 0.0000

42 0.0000 0.0000 ~0.0451 0.0411 0.0000 0.0000 0.0000 0.0000

43 -0.0016 0.0193 0.0164 0.0483 0.0050 0.0000 0.0000 0.0000
11 0.0427 0.1355 0.0679 0.1287 —).2291 0:1518 -0:1712 0.0859

15 -0.0447 0.2526 0.0347 0.0324 —).1427 0.0000 —0.1104 0.0000

46 0.0000 0.0000 0.0000 0.0000 0.0000 0.0659 -0.0659 0.0659

47 0.0000 0.0000 0.0000 0.0000 0.0000 0.1412 0.0000 —0.1412

48 0.0000 0.0000 0.0000 0.0000 0.0000 LOS57 0.0357 DLD35

49 0.0000 0.0000 0.0000 0.0000 0.0000 0.0520 0.0520 0.0000

30 0.0533 0.0167 0.0000 0.0000 0.0322 0.0000 0.0000 0.0000

al 0.0000 0.0000 0.0731 0.0000 0.0938 0.0000 0.0859 0.1045

52 0.0000 -0.0858 0.0556 0.0000 0.0357 0.0000 0.0000 0.0000

54 0.0000 0.0000 0.0714 0.0655 0.0063 -0.0126 0.0000 0.0523

36 0.0483 -0.0827 0.0000 0.0876 0.0119 0.0000 0.0316 0.0325

57 0.0049 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

58 0.0000 0.0174 0.0071 0.0000 -0.0246 0.0000 0.0121 0.0121

59 0.0000 0.0981 0.0307 0.0000 0.0307 0.0000 0.0000 0.0000

60 0.2794 0.6287 0.8940 0.5607 0.4820 2.2995 24225 0.5053

64 0.0000 0.0000 0.0290 0.0262 0.1182 0.0000 0.0000 0.0000

65 0.0000 0.0000 0.0000 0.0000 -0.2323 0.0000 0.0000 0.0000

66 0.0000 0.0000 0.0288 0.0910 0.1210 0.0000 0.0000 0.0000

70 0.0000 0.0000 0.0690 0.2939 0.2877 0.0902 0.5038 0.1110

71 0.0000 0.0000 0.0345 0.0000 0.0361 0.0000 0.0031 0.0037

72 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

73 0.0000 0.0000 0.1527 0.3637 0.3750 0.2363 0.8410 (.5195
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Summary of normalized linear distance change to tide-water glacier termni (in m)

Index 197880 1980-85 1985-86 1986-87 1987-88 1988-89 1989-90 1990-91
1 0.0 0.0 0.0 =37 0.0 0.0 4.9 49.4
o 0.1 24 31.0 355 514 -5.0 -13.0 46.9
3 39.3 71.5 56.4 39.4 87.5 414.4 4555 3.4
4 84.3 43.2 877 19 51.5 74.6 ~128.3 122:9
5 —1.36.4 —237.5 238.9 104.4 779 415 =499 8.2
6 9.3 560.2 LI5S0 0.0 =422 0.0 0.0 0.0
7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
8 295 61.5 109.9 20.7 0.4 124 -24.2 25.8
9 549 993 =19.% 76.5 21.8 0.0 -102.3 0.0
10 0.0 178.3 14.9 0.0 —254.6 555.8 574.1 574.1
13 29.1 0.0 25.2 0.0 8.0 0.0 0.0 42.4
14 144.3 38.5 164.3 144 168.1 25.6 79.6 89.5
18 —196.3 1008.9 50.9 799.8 82.5 09 1095.8 430.5
19 0.0 0.0 187.2 79.7 0.0 519 =26.9 52.1
20 187.9 1308 8.7 -109.3 24.0 T 271 8 98.5
21 0.0 57.8 0.0 -10.9 -39.2 332.0 ~366.3 27-3
22 34.3 0.0 —215,9 7.5 9.2 24.8 18.2 143.6
25 33.0 419 1114.5 0.0 0.0 0.0 —=[10.9 =507
26 78 -88.0 =6:5 78.5 -104.4 0.0 —16.3 0.0
27 2.6 750.6 = 453.7 -270.4 635.4 —925.0 =LY
55 35.1 -105.8 ~7.0 64.2 —16:7 96.2 0.0 -96.2
36 0.0 41.8 0.0 55.4 -712:4 63.8 =218 46.9
38 0.0 0.0 46.1 0.0 —200] 36.4 135.4 88.9
40 244.0 26.3 0.0 LT -53.8 0.0 147.9 98.9
41 0.0 -79.8 —42.4 39:4 88.5 0.0 0.0 0.0
42 0.0 0.0 —68.4 62.4 0.0 0.0 0.0 0.0
13 —4.7 =562 —4.7.9 140.9 8.9 0.0 0.0 0.0
d: 12.4 —39.4 19.7 374 66.6 45.9 —49.8 25.0
45 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
46 0.0 0.0 0.0 0.0 0.0 66.7 -66.7 66.7
47 0.0 0.0 0.0 0.0 0.0 183.8 0.0 183.8
48 0.0 0.0 0.0 0.0 0.0 73:1 79.1 79:1
49 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
50 125.2 595 0.0 0.0 =70 0.0 0.0 0.0
51 0.0 0.0 63.8 0.0 -81.9 0.0 -75.0 91.3
32 0.0 112.6 73.0 0.0 —46.9 0.0 0.0 0.0
54 0.0 0.0 -55.5 51.0 4.9 -9.8 0.0 40.7
56 —42.3 724 0.0 76.7 10.4 0.0 276 28.4
57 10.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
58 0.0 249 10.2 0.0 35.1 0.0 =73 123
59 0.0 —207.1 65.0 0.0 65.0 0.0 0.0 0.0
60 —35:1 ] =112.4 70.5 60.6 289.5 304.8 63.5
64 0.0 0.0 24.9 22:5 101.5 0.0 0.0 0.0
65 0.0 0.0 0.0 0.0 -201.6 0.0 0.0 0.0
66 0.0 0.0 26.3 83.2 -110.6 0.0 0.0 0.0
70 0.0 0.0 -28.3 120.8 -118.3 37.0 —207.1 45.6
71 0.0 0.0 36.9 0.0 -38.6 0.0 =] 40
72 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
i 0.0 0.0 64.1 1527 1574 99.2 5031 218.0
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APPENDIX D

A number of small image chips (square blocks of
contiguous pixels) were extracted from a reference image
and matching chips were sought in a larger area within a
second (search) image. The reference and search chips
were compared at every center-pixel location in the
scarch area for which the reference chip fitted entirely.
The brightness values for pixels within the chips were
compared pixel by pixel and the similarity between the
reference and search-area chips was quantified by a
measure of correlation intensity that was used to construct
a map of correlation strength. A detailed discussion of the
algorithm has been presented by Scambos and others
(1992). The search-chip size was specified to be 128 by
128 pixels, the reference chip was 64 by 64 pixels and the

Dwyer: Mapping tide-water glacier dynamics wsing Landsal dala

grid spacing for positioning the chip centers was specified
to be at 15 pixel intervals in the line and sample direction.
The grid spacing determines the number of attempted
matches so that, if the grid spacing is reduced by a factor
of 2, the number of attempted matches increases by 4. In
general, large search and reference chips tend to produce
larger strengths of correlation for a given region of the
image. Several statistical measures of the correlations
were computed for each grid point that is centered within
the reference chip. The correlation results were edited by
graphically displaying one of the images with the grid
points overlain. Points for which an acceptable correlat-
ion strength was achieved or that had small estimated X
and Y errors were used for estimating the surface velocity.
Large crevasses that exhibit translational movement yield
the best displacement vectors.
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