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ABSTRACT. Synthetic-aperture-radar (SAR) data are useful for the study of polar
regions because of their independence of cloud cover and daylight, but their analysis is com-
plicated by a lack of absolute reference in size and grey value. The geostatistical surface-
classification approach provides a solution to this problem. Parameters extracted from
variograms constitute a feature vector, which is characteristic of a surface morphological
province. The goal is the classification of larger areas using the result of a characterization
of prototype areas that are homogenecous with respect to ice-surface morphological types.
This requires (1) a feasibility study and (2) comparison with ground-truth data. Both issues
are investigated in this paper. Examples of 1995 ERS-1 and 1997 ERS-2 SAR data from
Jakobshavn Isbra serve to demonstrate that different ice-surface types can be distinguished
automatically with geostatistical surface characterization. Ice-surface microtopography/
roughness data collected during expedition MICROTOP 97 to the Jakobshavn Isbra drain-
age basin provide the ground-truth data required to investigate whether areas that appear
homogeneous on a SAR image are in fact homogeneous in ice-surface morphological prop-
erties. An analysis of contemporaneous ERS-2 SAR data using geostatistical surface char-

acterization 1s presented.

1. INTRODUCTION

Synthetic-aperture-radar (SAR) data are an important
source of information for investigations of the Greenland
and Antarctic ice sheets, because the SAR signal penetrates
the cloud cover. This is, for instance, not the case for ad-
vanced very high resolution radiometer (AVHRR) data,
which are collected mainly for weather observations and
climate studies.

Visual interpretation of SAR data is impeded by the dis-
tortion of the morphology that is typical of any side-scan radar
or sonar device. Well-known satellite-image-analysis software
developed for visual satellite imagery such as Landsat is not
applicable, because the multivariate methods require several
channels. Consequently quantitative analysis of SAR data ne-
cessitates new mathematical solutions. SAR data do not con-
tain absolute reference of grey value and scale, and depend on
on-look angle. This calls for mathematical methods that do not
depend on an absolute value but on first-order differences.

A good example of such a method is interferometry,
based on the phase difference of two consecutive images. If
all other physical parameters remain constant during the
time of collection of the two datasets, the phase difference
may be used to calculate the velocity of a glacier (Goldstein
and others, 1993). Since phase difference is only a one-di-
mensional variable, inversion to only one other variable is
possible, which necessitates the exclusion of any effect that
may cause decorrelation of the images. An alternative is to
model such effects first. If, however, the ice movement is too
complex, interferometry is no longer applicable.
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Examples are glaciers during a surge (Herzfeld, 1998)
and fast-moving ice streams, the prototype of which is Jakob-
shavn Isbre in West Greenland. An interferogram showing
lack of coherence on Jakobshavn Isbra was available on the
world-wide web (under Greenland investigations). Geosta-
tistical ice-surface characterization is applied to investigate
complex ice movement based on strain patterns rather than
on velocity changes. Related principles derived from struc-
tural geology are explained and applied to photographic
images of Jakobshavn Isbre in Mayer and Herzfeld (2000).

The method uses the variogram, the spatial-structure
function most common in geostatistics, and as such is an-
other example of a mathematical method that depends only
on first-order differences of the data (considered a realiza-
tion of a stochastic process) rather than on the data them-
selves, so absolutely referenced values are not needed in the
analysis. The geostatistical surface classification system has
been developed and applied to sea-floor data (Herzfeld and
Higginson, 1996) and to video data from ice surfaces (Herz-
feld, 1999). To establish a classification for a new data type,
there are three steps of increasing complexity: First, homo-
geneous surface classes need to be identified and character-
1ized quantitatively (characterization). Second, results from the
characterization are used to assign objects that were pre-
viously unknown to the system to an object class; here, to
relate a given ice-surface area to one of a number of ice-sur-
face classes (classification). Third, a segmentation of an entire
region may be obtained by application of the classification
procedure as a moving-window operator to a large spatial
dataset (segmentation).
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In this paper we investigate the usefulness of European
Remote-sensing Satellite (ERS) 1 and 2 SAR data for sur-
face classification.

Due to their high resolution, about 30 m and 12.5 m pixel
size, SAR data may also be considered a source of subscale
information for the study of radar-altimeter data. Subscale
variability is the amount of information that is lost in any
survey due to the limited resolution of the instrument. In
turn, video data or SAR data collected from aircraft may
provide subscale information for satellite SAR data, and
ground-truth data are needed for any kind of remote sensing
data. However, the commonly used terminology “ground
truth” does not necessarily imply a survey at higher reso-
lution, but may refer to any type of field work. Such a survey
requires special instrumentation.

A survey of surface-morphologic properties at 0.2 m x
0.I m resolution on the ice surface was carried out with an
instrument specifically designed for this purpose during ex-
pedition MICROTOP’97, for selected areas and surface
types in the Jakobshavn Isbra drainage basin. Analysis of
those data (Herzfeld and others, 2000) serves as ground
truth in the geostatistical characterization of SAR data. In
this case, surface classes are morphological provinces.

2. GEOSTATISTICAL SURFACE CHARACTER-
IZATION: MATHEMATICAL BACKGROUND IN A
NUTSHELL

As mentioned in the introduction, the variogram is a spatial-
structure function that depends only on first-order differ-
ences, or increments, of the data, considered as a realization
of a stochastic process. This property is assured by the so-
called “intrinsic hypothesis” (Matheron, 1963). Elevation is
considered a regionalized variable z(x), defined throughout
atwo-dimensional region D and characterized by a structur-
al aspect and a random variation (Matheron, 1963). Then
z(x)satisfies the intrinsic hypothesis if [z(z) — z(z + h)] is
second-order stationary. A consequence of the intrinsic hy-
pothesis is that the variogram exists under conditions where
the spectrum or the covariance functions do not exist.
Because of this property the variogram is applicable to
SAR data. The variogram is calculated as
1 ¢ 9
1(h) = 5 le(w) — 2(ai + )] (1)
i=1

where z(x;), z(xz; + h) are samples taken at locations z;,
x; + h € D, respectively, and n is the number of pairs sepa-
rated by h To detect a drift, the residual variogram is cal-
culated as

res (h) = ~(h) =5 (m(h))* (2)

where m(h) is given by
> le(@i) — 2@ + )] (3)

The variogram is well-known as the structure function
used in kriging, where a model is fitted to match the transi-
tive behaviour typical of a regionalized variable (low-vario-
gram values for short lags monotonously increasing to high-
variogram values for long lags), and finally to solve for the
kriging coefficients in the interpolation. For lags exceeding a
certain distance, the variogram “fluctuates” around a sill
value, indicative of the total variance. These fluctuations
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are the source of information in geostatistical characteriza-
tion and classification (Herzfeld, 1999) which is applied here
to study and describe ice-surface roughness. Roughness
characteristics are captured in parameters that are ex-
tracted from the experimental variogram, these parameters
constitute a feature vector. For characterization, feature vec-
tors need to be selected that describe an ice-morphological
type or ice-surface class uniquely. For classification, feature
vectors need to be selected such that each object encoun-
tered in a given area may be assigned uniquely to an ice-sur-
face class from a given set of classes. Obviously it is
necessary to first master the characterization problem
before the surface classification problem can be approached.

The following parameters are applied in the ensuing
study of SAR data. The mindist parameter is the lag of the
first minimum after the first maximum in the variogram.
The dirmin parameter is the direction in which the first
minimum occurs first. For anisotropic systems resembling a
hill-and-valley pattern, dirmin is the direction normal to
the strike of hills. An example is a crevasse field, smoothed
in its appearance in a SAR image by the remote-sensing
process. To distinguish pure hill-valley sequences from over-
printed ones and to characterize more complex morpholo-
gic structures, significance parameters are introduced:

Ymax1 — Yminl
pl = maxl = Tminl 4
|hmax1 - hminl‘ ( )
p2 _ ’Ymaxl - "Yminl (5)
“Ymax1

pl is the slope parameter and p2 the relative significance of
the first minimum, minl, after the first maximum, max1,
and h, and v, denote lag and variogram value of z, respect-
wvely (Herzfeld and Higginson, 1996). Slope parameters in-

Fig. I Part of Jakobshavn Isbre ( North Ice Stream ). Subset
of ERS-1SAR dataset E1-19930.1395.pr1 ( transposed ) from
8 May 1995. Subareas used for variogram analysis are indi-
cated: (a) in center of ice stream showing curved flowlines
(wl00.r4.p2); and ('b) in corner of subset without significant
morphologic features (w100.r4.p4).
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Ig. 2. Jakobshavn Isbre (subset of ERS-2 dataset E2-10958.2205.pr1, georeferenced using Jakobshavn 1: 250 000 map( Kort-
0g Matrikelstyrelsen, 1979). (a) MICROTOP 97 GRS survey area (area3, aread, areal of ground surveys with GRS during
expedition MICROTOP 97). (b) Index of subset locations: NI, North Ice Stream; LCL Lower Central Ice Stream; M, MICRO-
TOP 97 GRS survey area.

volve the spacing. Relative significance parameters are in-
dependent of dimensions and thus facilitate comparison
between different data sources, for example, surface rough-
ness from SAR data may be compared directly to surface
roughness from glacier-roughness-sensor (GRS) data using
p2...p5 (Herzfeld and others, 2000).
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A crucial step in the calibration of the geostatistical sur-
face-classification system for a new application or dataset is
the determination of the optimal window size: the window
needs to be large enough, such that the characteristic sur-
face features repeat several times inside the window, but also
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small enough, such that the area inside the window is homo-
geneous in ice-surface type.

3. DATA ACQUISITION AND PROCESSING

SAR data were obtained from the European Space Agency
(ESA) via the European Space Research Institute. We use
the following two images:

(1) 1995 ERS-1 SAR data: EI-19930.1395.pri, 8 May 1995
(ascending)

(2) 1997 ERS-2 SAR data: E2-10958.2205.pri1, 25 May 1997
(descending)

The SAR precision image (PRI) product type is defined
as a multi-look, ground-range, digital image generated from
raw SAR-image node data using up-to-date (at time of pro-
cessing) auxiliary parameters and corrected for antenna-
elevation gain and range-spreading loss. ERS-1.SAR.pri
has been specified for users wishing to perform applica-
tion-oriented analysis. It is intended for multi-temporal
imaging and to derive radar cross sections. Engineering cor-
rections and relative calibration are applied to compensate
for well-understood sources of system variability. Absolute
calibration parameters, if available, will be provided in the
product annotations, but this depends on external calibra-
tion activities (ESA,1992).

Corrections of return signals use ERS-1 telemetry and or-
bit parameters (MMCC restituted orbit, or ERS-1 precision
orbit, measured antenna patterns, and, if available, external
calibration). All processing parameters are derived from the
orbit data (MMCC restituted orbit or precision orbit), meas-
ured antenna patterns and ERS-1 telemetry (e.g. I/Q) chan-
nel characteristics, range and azimuth compression
functions, noise and calibration pulse powers). The result is
a digital image with annotations (amplitude in arbitrary
units, 16 bits per pixel). One image covers 100 km in ground
range (8000 pixels) and at least 102.5 km (8200 pixels) in azi-
muth. Pixel size is fixed at 12.5 m in ground range and 12.5 m
in azimuth, the spatial resolution is determined by range and
azimuth processing parameters, nominal spatial resolution
is better than 33 m for ground range and better than 30 m
for azimuth. Localization accuracy depends on the orbit
data used and knowledge of the precise time of image collec-
tion; longitude and latitude of the four corners are given. The
coordinate system is obtained using a zero-Doppler coordi-
nate system projected onto ground range, the same slant-to-
ground range projection is used for all range lines of a single
image. The image is composed from three non-overlapping
looks (the first look covers low absolute frequencies, the sec-
ond look centred at the estimated Doppler centroid, the
third look covers high absolute frequencies). The image data
are compensated for antenna-elevation-gain pattern and
range-spreading loss (cubic with distance, each range cell is
normalized with respect to 847 km slant range).

4. GEOREFERENCING AND ITS INFLUENCE ON
VARIOGRAPHY

The characterization for SAR images is introduced for sub-
sets on images of Jakobshavn Isbre, as shown in Figures 1
and 2. For a segmentation of an entire image, the absolute
georeference of the image need not be precise. Because rota-
tion of the image to match the east and north orientation
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necessitates resampling of grey values, which causes loss of
resolution even if the pixel size is unchanged as for the
GEC formatted product, we use the PRI formatted product
(ESA,1992).

For comparison with ground surveys, however, PRI-type
data need to be georeferenced as precisely as possible, in par-
ticular since the areas of our ground surveys are relatively
small (175m X 75m to 175 m x 200 m). The GEC product,
which is georeferenced, was not available at the time of our
analysis. As a cartographic base, the “Jakobshavn” 1:250 000
map sheet (Kort- og Matrikelstyrelsen, 1979) was used. The
map was scanned, transformed to Universal Transverse Mer-
cator coordinates and about 40 control points, identifiable
both in the map and the SAR image, were used for georefer-
encing with the software package ENVI. Because points on
the fast-moving ice surface cannot serve as control points, no
control points close to the camp area on the inland ice are
available. All control points are located on land and at easily
identified locations such as promontories on lake shores or at
the fjord coast. To minimize the error, all control points were
selected at about the same elevation (as shown on the topo-
graphic map). After an initial pass, the 17 best control points
were retained based on error analysis and knowledge of the
geography of the area. The resulting accuracy is one pixel (=
12.5m), the resolution of the scanned map was high enough
to maintain a pixel size of 12.5 m after georeferencing. Image
coordinates are counted from left to right (z axis) and from
top to bottom (y axis).

Absolute variogram values depend on the raster file format
of the processed image (about 60 for sun® raster files, about
1500-2000 for pgm files from a scale of 256 values). The abso-
lute value of the variogram is not important in the analysis,
and the selection of file type has technical reasons not relevant
in this study.

We tested the effects of image-enhancement and resam-
pling algorithms on variography for subset NI4 (see Fig. 2 for
location; see Fig. 3 for results). As a default in ENVI, images of
subareas are enhanced using histograms of subareas, this
means a non-linear transformation effect on the spectrum
and the variogram (Fig. 3a and b), and subareas cannot be
compared any more. A linear transformation preserves the
ratios and thus the comparability of subareas, the variogram
structures are similar (except for a different scale factor for
each transformed subset) (Fig. 3¢ and d). The following four
figure panels (Fig. 3e—h) show variograms of the georefer-
enced and resampled dataset (the 100 x 100 pixel subset used
in Fig. 3a—d, was georeferenced using the same control points
as in the entire image). From 8 directional variograms the two
that matched directions of Figure 3a—d were chosen. Resam-
pling using cubic convolution (a weighted average, Fig. 3g and
h) appears to retain features slightly better than nearest
neighbour resampling (Fig. 3e and f), so cubic convolution
was used in all following examples. Resampling hardly
changes the minima and maxima in the variogram and thus
the characterization parameters.

5. GEOSTATISTICAL SURFACE CHARACTERIZA-
TION FROM 1995 ERS-1 AND 1997 ERS-2 SAR DATA,
JAKOBSHAVN ISBRZAE NORTH ICE STREAM

The principles of geostatistical surface characterization are
demonstrated using examples from Jakobshavn Isbraz. The
subset in Figure I contains a part of “North Ice Stream”,
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Fig. 3. Test of influence of image processing on variography. lest area on North Ice Stream ( NI4), size 100 x 100 pixel, 1 pixel =
12.5m. ERS-2 dataset E2-10958.2205.pri. Directional variograms (not filtered ). Subareas selected in PRI-file: (a and b) image
enhancement using histogram-based transformation, (a) 107° across flow, (b) 17° along flow ( flow direction is southerly ); (¢ and
d) image enhancement using linear transformation, (c¢) 107° across flow, (d) 17° along flow; (e and f) georeferenced using same
control points as for georeferencing of entire image shown in Figure 2, and recalculation of grey values using nearest-neighbour aver-
aging, with image enhancement using linear transformation, (e) 112.5° across flow, (f) 22.5° along flow; (g and h) georeferenced
using same control points as for georeferencing of entire image shown in Figure 2, and recalculation of grey values using cubic convolu-
tion, with image enhancement using linear transformation, (g) 112.5° across flow, (h) 22.5° along flow.
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Fig. 4. Directional variograms from North Ice Stream. Eight directions, increasing from 0° ( direction 1, x axis; x axis is approxi-
mately north, ¢f. Fig. 2) clockwise in steps of 22.5° to 157.5° (direction 8). (a—d) calculated from 1995 ERS-1 SAR dataset El-
19930.1395.pri  (transposed; ascending orbit) in 100 x 100 pixel subareas shown in Figure I Residual variograms have been
calculated and filtered ( Butterworth filter ). For ease of display, variograms are plotted with an offset of 10 per direction. In center
of NI ( Fig. 1a), surface with curved flowlines: (a) variogram of subarea wl00.v4.p2; (b)) residual variogram of subarea wi00.r4.p2;
(¢) Fultered residual variogram of subarea w100.r4.P2. Near inside of bend of NI ( Fig. 1b ), without significant surface patterns: (d)
Siltered residual variogram of subarea wl00.r4.p4. (e) Filtered residual variogram of subarea NII (Fig. 2), same subarea as
wl00.r4.p2 in (a—c) on 1995 image, in center of NI, surface with curved flowlines; (f) filtered residual variogram of subarea NI2
(Fg. 2), north of bend in NI Both (e¢) and (f) calculated from 1997 ERS-2 SAR dataset E2-10958.2205.pr1 ( descending orbit,
georeferenced ( georeferencing with recalculation of grey values using cubic convolution ) ) in 100 X 100 pixel subareas.
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Table 1. Varogram parameters for 1995 ERS-1 SAR image, subsets NI11-95 and NI-95

Direction Lag of max. ~(h) max. Lag of min. ~(h) min. Parameter 1 Parameter 2
pixel m pixel m

E1-19930.1595.pri NI 1-95 (vgrs.awl00.r4.p2)
1 8.0 100.00 35.016 17.0 212.50 29.555 0.6068 0.1560
2 8.0 100.00 35.096 16.0 200.00 29.567 0.6911 0.1575
3 9.0 112.50 35104 19.0 237.50 29.540 0.5564 0.1585
4 13.0 162.50 35.301 220 275.00 30.529 0.5302 0.1352
5 28.0 350.00 35.194 51.0 637.50 30.152 0.2192 0.1433
6
7 130 162,50 34,640 200 362,50 30.903 02336 01079
8 11.0 137.50 35.006 21.0 262.50 30.574 04432 0.1266

E1-19930.1395.pri NI 1-95 (vgrs.wl00.r4.p4)
1 4.0 50.00 13.509 8.0 100.00 13.244 0.0662 0.0196
2 4.0 50.00 13.440 10.0 125.00 13.283 0.0262 0.0117
3 5.0 62.50 13.147 6.0 75.00 13.076 0.0714 0.0054
4 12.0 150.00 13.699 18.0 225.00 13.337 0.0604 0.0265
5 — — — — — — —
6 — — — — — — —
7 10.0 125.00 13.545 15.0 187.50 13.308 0.0474 0.0175
8 9.0 112.50 13772 14.0 175.00 13.230 0.1084 0.0394

Note: ~y(h) is varigram value (grey-scale square).

where it flows around a rock promontory, changing from a
southerly to westerly direction, before it joins the “South Ice
Stream”about 8 km from the calving front. This is one of the
most heavily crevassed areas, the crevasses group the seracs
in flowline-parallel curved ridges. The pattern of the flow-
lines is clearly visible in the SAR image. Using the geo-
statistical ice-surface classification system ICECLASS,
directional variograms were calculated for 100 x 100 pixel
windows moving across a larger area. Suitability of different
variogram types for derivation of characteristic parameters
is demonstrated in Figure 4a—c. Comparison of the vario-
gram (Equation (1)) with the residual variogram (Equation
(2)) shows that there is no trend in the grey values of the in-
vestigated subset, so both variogram and residual variogram
are equally suited. In Figure 4c, the residual variogram is
smoothed using a Butterworth filter, this operation prevents
an automated algorithm from catching on small wiggles in
the variogram rather than correctly determining the char-
acteristic minima and maxima. Filtering is particularly im-
portant when searching for longer-wavelength features. In
Figure 4c and d two examples of variograms from different
windows are shown to exemplify the structural differences
between two surface types. The first example (wl00.r4.p2)
is located in the center of the ice stream and contains a sec-
tion of the curved flowlines (cf. Fig. 1). The directional vario-
grams reflect (1) the anisotropy of across-flow and along-flow
variability, and (2) the regular hill-and-valley structure of
the ridges of seracs, segmented by “valleys”of large crevasses.
The across-flow spacing of ridges is 200 m (direction 2 is the
direction of closest spacing), the significance of (2) is also
captured in parameters pl and p2, given in Table 1. Both
parameters are highest for the across-flow direction and
decrease to the along-flow direction, in which the minimum
may not be distinguished. In contrast, the second example
stems from the area in the inside of the curve of flow, located
closer to the rock promontory. There are no significant fea-
tures visible in the SAR data, and in fact, from field evi-
dence, the area is crevassed but not regularly structured.
Consequently, the resulting directional variograms do not
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exhibit significant minima. This exercise demonstrates that
the two ice-surface provinces may be discriminated using
geostatistical characterization based on SAR data.

As a word of caution, it should be mentioned that the
quality of the image of a given feature depends on the look-
angle, and consequently differences between ascending
mode and descending mode are significant. The 1995 ERS-1
image (Fig. 1) stems from an ascending orbit, the flow pat-
terns are well-visible both in the image (Fig. 1) and in the
variograms (Fig. 4a—c). In contrast, the same area barely
shows flow patterns in the descending orbit 1997 image (Fig.
2, NII) or characteristic maxima—minima sequences in the
variogram (Fig. 4e). Both are much better discernable in a
subset upstream of the corner where the flow is southerly
(Fig. 2, NI2 and Fig. 4f). This example suggests that a com-
bination of an ascending-mode and a descending-mode
image may improve the classification results, but that
requires accurate georeferencing.

6. COMPARISON OF VARIOGRAPHY FROM 1997
ERS-2 SAR DATA WITH CONTEMPORANEOUS
GLACIER-ROUGHNESS SURVEYS, JAKOBSHAVN
ISBRZA DRAINAGE BASIN

One objective of expedition MICROTOP 97 to the inland
ice was to collect high-resolution surface-roughness meas-
urements, that may serve as ground truth for SAR data.
The area of ground surveys is located in the Jakobshavn
Isbra drainage basin, close to, but just outside the heavily
crevassed marginal area south of the South Ice Stream
(Fig. 2). Three areas with different surface characteristics
were surveyed: (1) area3 is characterized by a complex mor-
phology of large sastrugi, overprinted by melting processes,
and with smaller structures in between; (2) arca4 is domin-
ated by large sastrugi; and (3) area) is located in a blue-ice
area, where the hill-and-valley pattern of the adjacent areas
is partly drowned in daily melting and refreezing ice. Com-
pared to other areas of the Jakobshavn Isbra drainage basin,
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Fig. 5. Durectional variograms (unfiltered) of ERS-2 SAR
dataset E2-10958.2205.pri contemporaneous to ground surveys
during MICROTOP 97. Variograms calculated for GRS sur-
vey areas area3, aread, areal; located using GPS and georefer-
encing of ERS-2 data (recalculation of grey values using cubic
convolution ). Size of areas on SAR image matched with ground
areas (cf- Fig. 2a). Eight directions as in Figure 4. For ease of
display, variograms are plotted with an offset of 800 per direc-
tion: area3, 21 X 16 = 336 pixel; aread, 23 x 15 = 345 pixel;
area 5, 20 x 11 = 220 pixel.
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all three areas have similar characteristics. Characteristic
differences in variograms calculated from GRS data facili-
tate a classification of the types in areas area3, area 4, and
area 5 (Herzfeld and others, 2000).

Location of the survey areas was determined from GPS
data of survey grid nodes (Herzfeld and others, 2000), each
of area 3, area 4, and area 5 was identified with a set of SAR
pixels (cf. Fig. 2a) in the georeferenced image. Area3 is
336 pixel, area 4 345 pixel, and area 5 220 pixel in size. Vario-
grams calculated for these areas are presented in Figure 5.
Direction 67.5° corresponds most closely to the along-track
direction of the GRS surveys (67°45" geographical direction).
For area 3 and area 4, 67.5° is also the direction of the closest
minimum (parameter dirmin) in the variogram (Fig. 5),
with spacing 5 pixel, mindist is also 5 pixel for 90° and
112.5°. This is an encouraging result, because the along-track
direction in the ground surveys was selected normal to the
strike of surface features (sastrugi and ridges, see Herzfeld
and others, 2000). The geometrical anisotropy is best
observed in Figure 5b of area 4, this is also the area where
the surface morphology is simplest. The spacing is 5 x 12.5 m
= 62.5 m, this may correspond to groups of sastrugi. For area
3, the picture is similar, albeit not as clear, matching the
observation that the surface in area 5 lies in the same general
environment, but within a blue-ice area which partly drowns
the ridge systems (Fig. 5c). Comparing Figure 5a—c it is ap-
parent that an automated analysis at this scale would put all
three areas in the same category. The analysis of GRS data
facilitates a characterization of high-resolution surface struc-
tures not otherwise attainable.

7. COMPARISON OF SURFACE CHARACTERIS-
TICS OF THREE AREAS ON JAKOBSHAVN ISBR A

Following the observation that area 3, area 4, and area 5 all
lie in the same general environment of sastrugi and melting
structures south of the margin of the ice stream, a larger area
containing all ground-survey areas may be considered
homogeneous, if compared to other types at the lower reso-
lution of the SAR images. In this section, we investigate
three areas (equal in size to the 40 x 40 pixel envelope of
the survey areas (Fig. 2)): (I) MICROTOP 97 GRS survey
arca (M2), dominated by sastrugi and melting structures:
(2) an area on North Ice Stream (NI3), dominated by flow-
line-oriented crevasse patterns: (3) an area on lower “Central
Ice Stream” (LCI2) near the calving front, dominated by ir-
regularly oriented large crevasses and seracs (Fig. 2). Vario-
grams for 8 directions are presented for each area in Figure
6, parameters are given in'Table 2. We investigate the follow-
ing criteria: total variance/sill value, isotropy, spacing of
characteristic features, regularity (of variogram) and signif-
icance parameter po. 1o investigate the optimal window size
for analysis, 100 x 100 pixel windows are studied (Fig. 7): Ml
(MICROTOP 97 GRS survey area); NI2 (North Ice
Stream); and LCI1 (Lower Central Ice Stream).

7.1. MICROTOP 97 GRS survey area

Total variance has values between 1000 and 1500 in all direc-
tions. The geometrical anisotropy, with geographical direc-
tion of closest minimum 67.5° (similarly, 90°) with spacing
5 pixel = 60 m, is visible also in the variogram of this larger
area, but inhomogeneities cause a decrease of significance
(as compared to the variograms from area 3, area 4, area
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Table 2. Variogram parameters for 1997 ERS-2 SAR image, subsets M2, NI5 and LCI2

Direction Lag of max. ~(h) max. Lag of min. ~(h) min. Parameter 1 Parameter 2
pixel m pixel m
E2-10958.2205.georef M2 (vgg.w40.r1)
1 3.0 37.50 1335.880 6.1 7568 1232.030 33.9986 0.0777
2 32 39.53 1322.580 71 88.31 1293.010 7.5765 0.0224
3 14.9 186.67 1346.600 18.0 225.39 1314.020 10.5161 0.0242
4_ — — — — — — — —
5 70 88.09 1332.000 8.0 100.52 1318.190 13.8862 0.0104
6 7.1 88.31 1355.630 9.1 114.02 1305.200 24.5243 0.0372
7 10.0 124.58 1463.430 13.0 163.05 1335.010 41.7250 0.0878
8 3.2 39.53 1312.060 52 65.50 1261.570 24.2983 0.0385
2nd max. 80 9967 1386.870 130 16242 1278.190 216510 00784
E2-10958.2205.georef NI3 (vgg.w40.r])
1 5.0 62.50 3901.510 70 88.09 3846.930 26.6655 0.0140
2nd min. 12.1 151.02 3712.620 26.6737 0.0484
2 4.1 50.79 4066.370 1.0 138.02 3366.760 100.2480 0.1720
3 4.2 53.03 4051.540 111 138.37 3414.870 93.2559 0.1571
4 71 88.31 4102.240 11.0 138.02 3585.560 129.9164 0.1260
5 70 88.09 4065.200 8.0 100.52 3931.970 133.9736 0.0328
2nd min. 22.1 276.83 3415.540 43.0254 0.1598
6 52 65.50 3461.020 6.1 7597 3339.050 145.6636 0.0352
7 14.9 186.66 3653.040 171 213.59 3553.030 46.4191 0.0274
8 6.1 7597 3796.060 8.0 99.67 3739.220 29.9768 0.0150
E2-10958.2205.georef LCI2 (vgg.w40.r])
1 30 37.50 2981.900 70 88.09 2077990 223.3619 0.3031
2 52 65.50 2818.310 10.2 12743 2310.330 102.5265 0.1802
3 13.0 163.05 2758.790 14.9 186.66 2496.890 138.6374 0.0949
4 5.2 65.50 2348.230 6.1 7597 2150.950 2356032 0.0840
5 5.0 62.50 2915.190 10.0 12542 2508.400 80.8202 0.1395
2nd min 15.1 188.32 2324.130 58.7202 0.2028
6 32 39.53 2910.950 10.2 12743 2272.840 90.7382 0.2192
7 2.8 3535 2964.310 89 111.33 2293.990 110.2921 0.2261
8 32 39.53 2995.900 6.1 7597 2257.170 253.4106 0.2466

Note: ~y(h) is varigram value (grey-scale square).

5), caused by the fact that the spacing of sastrugi and melt-
ing structures varies somewhat throughout the ground-sur-
vey areas. In summary, the surface is anisotropic also at a
lower resolution. The anisotropy corresponds in direction
to that observed in the high-resolution GRS data. Although
the direction of closest minimum is still 67.5° in Figure 7a,
variograms calculated for the 100 x 100 pixel areas are less
suited for a characterization, because the 1.25 km x 1.25 km
area 1s not homogeneous in surface structure; the area of
sastrugi and melting structures is much smaller.

7.2. North Ice Stream

In variograms of the 40 x 40 pixel (=500 m X 500 m) area
NI3, the sill value is about 4000, much higher than for the
MICROTOP survey area, because crevasses have larger
topographic relief and, if illuminated properly (see section
3), cause larger differences in grey value. The anisotropy es-
tablished for 1995 ERS-1 data (section 5) and 1997 ERS-2
data from the areas NI2 and NI4 is also visible in Figure
6b, across-flow direction is 112.5°, 135° or 157.5°. Direction
135° best matches the position of the subwindow on the cur-
ving ice stream. Spacing is 11 pixel = 137.5 m, with intermedi-
ate spacing of less significance at 7 pixel = 875 m (112.5°) or
6 pixel = 75m (135°). Features of 88 m spacing were meas-
ured on aerial photographs. The large crevasse structures
on the North Ice Stream remain constant throughout the
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year (comparison of photograph, 1996-97 and SAR images,
1995, 1997) (cf. Echelmeyer and Harrison, 1990). Again, the
100 x 100 pixel area (Fig. 7b) is less suited as a basis for char-
acterization than the 40 x 40 pixel area, because the direc-
tion of curvilinear flow changes here.

7.3. Lower Central Ice Stream

Variograms of this area fluctuate heavily between values of
2000 and 3000, with an amplitude of 500—1000, depending
on direction. A geometrical anisoptropy is present, but not
as clear as for the North Ice Stream (Fig. 6¢). Characteristic
spacing is 7 pixel = 87.5 m, with high significance (Table 2).
Directions of close minima are 45°, 67.5°, 90°, which in this
area of the glacier correspond to large extensional shear cre-
vasses, trending northwest. The geometrical anisotropy is
superimposed on subordinate features, these correspond to
the irregularity of aged crevasses and seracs close to the
calving terminus of the glacier, and to large flowline parallel
ridges which are also observed an aerial photographs and
have a spacing of approximately 450 m. The same structures
are also discernable on variograms from the 100 x 100 pixel
arca (Fig. 7¢), because a much larger area near the calving
front is homogeneous. In conclusion, the optimal size for
characterization depends on the scale of surface features
and size of homogeneous areas, but generally 40 x 40 pixel
is suitable for crevassed areas.


https://doi.org/10.3189/172756400781820787

8000

MICROTOP M2 (vgg.w40.r1)

7000 : } : : e e

6000

5000

=800)

4000

3000

Variogram (Offset:

2000

1000

0 i i i ; ; ;
Q 5 10 15 20 25 30 35
a) Lag (Pixel) (1Pixel=12.5m)

North lee Stream NI3 (vgg.w40.r1)}
10000 - - - - - -

8000

6000

4000

Variogrom (Cffset=800)

2000

B I S S S
0 5 10 15 20 25 30 35
b) Lag (Pixel) (1Pixel=12.5m)

Lower Central lce Stream LCI2 (vgg.w40.r1)
9000 - - - - -

8000

7000

6000

=800)

5000

4000

Variogram {Offset:

3000

2000

1000

0 5 10 15 20 25 30 35
) Lag (Pixel) (!Pixel=12.5m)
C

Fig. 6. Directional variograms (unfiltered) calculated for
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10958.2205.pri ( georeferenced, recalculation of grey values
using cubic convolution ) contemporaneous to MICROTOP 97
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8. SUMMARY AND CONCLUSIONS

This paper describes a first attempt to apply the geostatisti-
cal surface-characterization method to the analysis of SAR
data from ERS-1 and ERS-2. The variogram is an ideal
mathematical function to evaluate spatial data that lack ab-
solute values, because it is calculated from increments of the
data. Care needs to be taken to exploit the spatial resolution
of the data optimally. The effects of image enhancement,
common 1n satellite-image analysis tools and of grey-value
resampling after georeferencing on variogram parameters
were investigated. As a result, linear transformation in
image enhancement and cubic convolution in resampling
are now applied routinely.

Using geostatistical surface characterization, different
ice-surface types may be distinguished. Examples are: a cre-
vassed part of the ice stream where serac grouping and cre-
vasse patterns follow the flow pattern of the ice on the North
Ice Stream of Jakobshavn Isbra; a heavily, but more chaoti-
cally, crevassed area near the calving front; and a crevasse-
free area with a surface morphology of sastrugi, melting
structures and blue-ice areas. Geometrical anisotropies, flow
direction, and spacing of flowline-parallel surface features
calculated from variogram parameters matched field obser-
vations on Jakobshavn Isbre. Such features on the heavily cre-
vassed ice stream are on the order of 50-500 m. Smaller
surface structures such as melting structures and sastrugi
(meters to tens of meters), which typically dominate the mor-
phology in crevasse-free areas may also be characterized
using this approach, down to a resolution of 50 m. Glacier-
roughness-sensor data provide high-resolution ground-truth
data not otherwise attainable, that aid in the geostatistical
characterization of ice-surface provinces from SAR data.

Consequently, the characteristic parameters derived in
the characterization may be used in an automated geostatis-
tical classification of ice surfaces from SAR data, applying a
moving-window operator. For characterization of long-
wave structures from large windows (e.g. 100 x 100 pixel),
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best results are obtained if variograms are filtered prior to
extraction of parameters for feature vectors. The optimal
size of the moving window depends on the ice-surface mor-
phological type; this problem is easily managed if indivi-
dual areas need to be classified. In order to obtain a
segmentation of a larger area into ice-surface provinces, a
wedging of filters and windows of different sizes is necessary.
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