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Abstract

Information regarding process—structure relationships and change in the Karakoram Himalaya is of great importance in
studying glacier hydrology, mass balance, and dynamic environmental change. Such information is not readily available.
Detailed spatio-temporal assessment requires field investigation coupled with quantitative remote sensing studies. We
conducted an investigation of the large Batura Glacier in Pakistan to determine if spectral variability can be quantified and
used to characterize glacier surfaces. Specifically, SPOT Panchromatic satellite data were evaluated for differentiating
features of glacier structure resulting from ice movement, ablation, and supraglacial fluvial action. Image semivariogram
analysis was conducted for assessing spectral variability patterns and fractal analysis was used to examine scale-dependent
variation in the data. Results indicate that spectral variability from fields of ice seracs can exhibit fractal characteristics,
although most surface features on the glacier exhibit a change in the fractal dimension over different ranges in scale. The
fractal dimension was found to be useful for differentiating between glacier surfaces such as white ice and debris-covered
ice. Characteristics of the debris-load and the scale-dependent nature of calculating the fractal dimension ultimately
determined the potential of class separability. © 1998 Elsevier Science B.V.
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1. Introduction

Glaciers affect climate change (Budd and Smith,
1981) and landform development (Harbor, 1992). In
addition, they often have a direct impact on human
settlement. This is frequently the case in the Hi-
malaya, because glacial meltwater is required for
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irrigation and hydro-electric projects. Rapid glacier
advances and retreats can lead to major slope fail-
ures. Similarly, advances can block rivers and cause
catastrophic break-out floods that transport large
quantities of sediment. Information regarding rela-
tionships of the glacier process—structure is also
critical to ongoing studies of denudation in the Hi-
malayas (Zeitler, 1985; Zeitler and Chamberlin,
1991), and to assessing the efficiency of glacier
sediment transfer. We lack a detailed understanding
of glaciers over large parts of the Himalaya (Shroder
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et al.,, 1993), because of the inaccessibility of the
terrain and government-imposed restrictions on aerial
photography.

Remote sensing provides a potential solution to
the monitoring of mountain glaciers by providing
land cover and biophysical information at frequent
intervals. Scale-dependent (spatio-temporal) informa-
tion derived from satellite remote sensing, coupled
with geomorphometric analysis and detailed field
investigations, has the potential to greatly improve
our ability to understand and monitor glacier pro-
cess—structure relationships. Before widespread as-
sessment and monitoring of glaciers becomes a real-
ity, however, we must first determine how to extract
spatial information from multispectral imagery, and
how spectral and spatial information relate to geo-
morphic features.

Numerous investigators have evaluated the use of
remotely sensed data for the study of alpine glaciers
and glacial terrain (e.g., Krimmel and Meier, 1973;
Ventura et al., 1987; Hall et al., 1990; Williams et
al., 1991; Singhroy et al., 1992; Herzfeld et al,
1993; Bayr et al,, 1994). Debris-covered glaciers,
which are characteristic of those found in the
Karakoram Himalaya, have not been thoroughly in-
vestigated by multispectral analysis (Bishop et al.,
1995). Similarly, a paucity of quantitative remote
sensing studies exist that were designed to examine
and characterize the spatial statistical structure in
satellite reflectance data as it relates to glacier phe-
monena. Studies of geomorphic processes are highly
scale-dependent (Mark and Aronson, 1984) and we
do not know the characteristic scale-dependencies
associated with glaciers in the Himalaya. Conse-
quently, we must relate electromagnetic variations
recorded by satellite sensors to physical phenomena
to study biophysical processes and monitor dynamic
environmental change (Davis et al., 1991).

This paper examines the large Batura Glacier in
Pakistan to determine if spectral variation in satellite
data can characterize supraglacial characteristics.
Specifically, the spatial statistical structure of SPOT
Panchromatic data was examined and compared with
field observations of different glacier surfaces. Our
objectives were to: (1) determine if reflectance varia-
tion from glacier surfaces exhibits fractal response;
and (2) evaluate the utility of scale-dependent varia-
tion to characterize the structural features of the

glacier caused by factors such as supraglacial lithol-
ogy, ice movement, ablation, the collapse of sub-
glacial tunnels, and supraglacial fluvial action.

2. Study area

The present study was undertaken on the Batura
Glacier, in the Karakoram Himalaya of northern
Pakistan (Fig. 1). The Batura Glacier has received
considerable attention over the last decade because
of its effects on the strategic Karakoram Highway
(KKH) between Pakistan and China. The glacier has
blocked the Hunza Valley in the past, and destroyed
roads and bridges. Chinese glaciologists (Batura
Glacier Investigation Group, BGIG, 1979, 1980) pre-
dicted that the glacier would advance in the 1980s
and retreat in the 1990s. Continued monitoring of the
character and fluctuation of this glacier is important
for assessing environmental change, for predicting
future problems with the KKH, for assessing prob-
lems with irrigation meltwater, and for noting the
effects of the glacier on village life in Batura Valley.
Furthermore, the study of the Batura Glacier drainage
basin is significant because it is the type area for
designation and definition of the three main glacia-
tions of the Pleistocene in this region, the Shanoz,
Yunz, and Hunza (Zhang and Shi, 1980; Derbyshire
et al., 1984; Shroder et al., 1993). Similarly, research
on Batura Glacier is complementary to ongoing stud-
ies of glaciers on the nearby Nanga Parbat massif
(Finsterwalder, 1937; Gardner, 1986; Gardner and
Jones, 1993). Nanga Parbat is currently the focus of
our research in modeling rapid rates of exhumation
(Shroder, 1989; Shroder et al., 1993) associated with
the rapid recent uplift of the mountain (Zeitler, 1985;
Zeitler and Chamberlin, 1991).

3. Geomorphology

The 59 km length of Batura Glacier makes it one
of the eight largest glaciers in the middle to low
latitudes. The glacier flows from west to east below
the north side of the peaks of Batura Mustagh (7795
m; Fig. 2), from a maximum altitude of ~ 6200 m
of the western ice flow down into the Hunza River
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Fig. 1. Location of Batura Glacier in northern Pakistan.

valley at 2516 m. The drainage area totals ~ 690
km?, with about 320 km? ice-covered, although the
contiguous parts of Batura proper have an area of
~ 285 km?®. The glacier consists of five main ice
flows (Fig. 2) and over 20 smaller tributary glaciers.
The basin is masked with heavy ice cover on the
higher north-facing slopes and much less extensive
glaciers on the lower south-facing side. Many of the

south-facing glaciers provide only debris and melt-
water to the Batura. Ablation valley complexes of
mixed mass wasting, fluvial, and lacustrine origin
are concentrated between the south-facing slopes and
the glacier edge. Such well watered valleys and the
more gentle slopes associated with them are vital
parts of western Himalayan agricultural systems. For
more detailed information regarding climate and

Fig. 2. SPOT Panchromatic image of Batura Glacier and surrounding area. Features and locations are depicted as follows: BM = Batura
Mustagh (7795 m); I = first ice flow; 2 = second ice flow; 3 = western ice flow; 4 = northern ice flow; 5 = Yoksugoz ice flow; 6 = Shirin

Maidan; 7 = Kukhil; 8 = Fatima; 9 = Yashpirt; /0 = Yunz.



220 M.P. Bishop et al. / Geomorphology 21 (1998) 217-232

glacier characteristics, such as supraglacial lithology
and ice velocities, see Bishop et al. (1995).

3.1. Surface features of the glacier

We subdivide Batura Glacier into seven main
topographic divisions (Table 1), the first six of which
are ice features only: (A) northern ice flow, (B)
western ice flow, (C) upper Batura Glacier to the
second ice flow, (D) middle Batura Glacier from the
second to the first ice flow, (E) lower Batura Glacier
from the first ice flow to the end of the lowermost
white-ice stream, and (F) the terminus zone. These
six divisions reflect the diverse physical processes of
the glacier ice that are reflected in surface character-
istics and satellite image tone /texture combinations.

The dominant uppermost surface of the glacier is
first characterized by the rather featureless cirques
that pass downward through extending flow over ice
falls where the glacier breaks up into seracs. These
areas are commonly below the equilibrium line with
the result that thin medial moraines first appear from
beneath the firn and also pass downward into the
broken-up crevasses. The western ice flow and its
serac field pass downward as a thin white-ice stream
to a position near where the tributary Yoksugaz ice
flow joins from the north.

Seracs were not distinguished below the first and
second ice flows, even though small areas of seracs
do occur there. Instead, we followed the Chinese
example (BGIG, 1979) and utilized only the large
ogives that formed by compressive flow from the
seracs below the first and second ice flows. The
ogives pass down-ice into the reticulated ice hills of
the first and second white-ice streams which are
utilized in our analysis.

The remainder of our analysis concentrated upon
the medial moraines in the upper part of the glacier
near the first and second ice flows, and the lower
zones of debris-covered ice closer to the terminus.
The area in the southern half of the glacier down-ice
from the termination of the first white-ice stream is
characterized by the highest ablation (BGIG, 1979),
with large curvilinear ice-cliffs that are concave in
an up-glacier direction, and by rounded granodiorite
clasts which relate to the extensive meltwater there
(Bishop et al., 1995). To the immediate north of this

Table 1
Topographic divisions of Batura Glacier

A — Northern ice flow
(1) Tributary glaciers BN-I, BN-II

B — Western ice flow
(1) Tributary glacier BN-III

C - Upper Batura Glacier (to second ice flow)
(1) Tributary glacier BS-XI

(2) Tributary glacier BS-X

(4) Main upper Batura Glacier

(5) Laterally compressed medial moraines of C (4)

D — Middle Batura Glacier (second to first ice flow)

(1) Yoksugoz ice flow from north overwhelms and incorporates
c@

(2) Lighter-colored Yoksugoz debris stream in northern part
of Middle Glacier

(3) Part of C (4) debris-covered ice stream with up-ice curvilinear
dark ice-cliffs

(4) Tributary glacier BS-VIII

(5) Ice avalanche and rock fall debris supply

(6) Tributary glacier BS-VII

(7) Tributary glacier BS-VI

(8) Tributary glacier BS-V

E — Lower Batura Glacier (first ice flow to end of lowermost
white-ice stream)

(1) Tributary glacier BS-IV

(2) Tributary glacier BS-III to E1 south side debris-covered
ice stream.

(3) Tributary glacier BS-II to E1 south side debris-covered
ice stream

(4) First large white-ice flow, middle part

(5) First white-ice flow, lower part

(6) Middle medial moraine of lighter granodiorite

(7) Second white-ice stream continuation of D4 reticulated
ice hills

(8) North side debris-covered ice stream

F — Batura Glacier terminus zone

(1) South dark-toned Passu slate debris-covered ice

(2) Lighter middle-rounded granodiorite with curvilinear dark
ice-cliffs

(3) North darker-weathered granodiorite zone

(4) Stagnant terminus

G ~ Ablation valley complexes
(1) Northern system
(2) Southwestern system

Subdivisions are based upon geomorphic maps of BGIG (1979,
1980), field work, and interpretations of satellite imagery. Only
the largest of these features are visible on Fig. 2 because of its
small scale as published herein. Four nested orders of features
have been differentiated but only the first two are presented here.
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high ablation lobe occurs a low ablation lobe with
thicker and more weathered granodiorite, and fewer
and more irregular-shaped ice-cliffs.

3.2. Glacier debris-load

As is typical of so many of the largely avalanche-
fed glaciers of the Himalaya, Batura Glacier carries
large amounts of debris over most of its surface.
Exceptions are the several white-ice streams that
descend from the first and second ice falls from
Batura Mustugh and the ice streams of the farthest
north and west cirques. Field measurements show
that, in general, debris thickness increases towards
the terminus and the edges of the glacier. For exam-
ple, the measured general debris thickness between
Fatima and Yashpirt was ~ 1 m at the edge of the
glacier, ~ 0.5-0.25 m above dark gray ice-cliffs
midway out on the glacier, ~ 0.25 m above white
ice-cliffs, out toward the middle of the glacier, and
< 1 cm on the exposed white ice.

4. Remote sensing and glaciers
4.1. Background

The launch of the weather satellite TIROS-1 in
1960 provided images of Earth that demonstrated
that snow-covered areas could be delineated from
space (Fritz, 1962; Singer and Popham, 1963; Tar-
ble, 1963). Since then, the launch of numerous Earth
resource satellites (e.g., Landsat and SPOT) have
provided moderate to high resolution multispectral
imagery, necessary for monitoring mountain glaciers.
Numerous glaciological studies used remotely sensed
data to determine the velocities of ice surfaces
(Krimmel and Meier, 1973; Scambos et al., 1992;
Ferrigno et al., 1993; Lucchitta et al., 1993; Lefau-
connier et al., 1994), the comparison of field- and
satellite-measured reflectance of snow and ice bodies
(Dozier, 1984; Brest and Goward, 1987; Hall et al.,
1988, 1989, 1990; Koelemeijer et al., 1993), the
mapping of ice and snow facies (Hall et al., 1987,
Dozier and Marks, 1987; Dozier, 1989; Gratton et
al., 1990; Williams et al., 1991; Parrot et al., 1993;
Brugman et al., 1996), glacier mass balance studies
(Ostrem, 1975; Kulkarni, 1992; Gratton et al., 1993;

Bayr et al., 1994), supraglacial debris mapping
(Nakawo et al., 1993; Bishop et al., 1995), and
glacier inventory and detection of climate change
(Vohra and Aggarwal, 1981; Espizua and Ben-
gochea, 1990; Hastenrath, 1993).

An important component of many studies of the
remote sensing of glaciers are field measurements
close to the date of image acquisition. The collection
of reference data usually involves detailed measure-
ments regarding the physical characteristics of the
glacier. It is problematic to associate the magnitude
of reflectance with a particular snow or ice surface
without prior knowledge of the physical character-
istics of that surface. For example, Sigurdsson (1994)
argued that Williams et al. (1991) may have misclas-
sified several facies on an Icelandic glacier because
of the absence of direct simultaneous ground obser-
vations. The boundary defined by Williams et al.
(1991) as the transient snow-line because of a sharp
contrast in spectral emissivity, may instead be related
to the presence of a highly reflective crust of porous
ice that is commonly superimposed on glacier ice
over large areas on bright days in summer.

Recent studies have also focused on radiometric
calibration of imagery to normalize the topographic
effect (Dozier, 1989; Gratton et al., 1990; Parrot et
al., 1993; Brugman et al., 1996). Digital elevation
models (DEMs) have commonly been used to calcu-
late the slope and azimuth of the reflecting surface
(Gratton et al., 1990). Dozier (1989) points out that
only poor digital elevation data are available for
most mountain locations. As a partial solution to this
problem, he estimated typical spectral signatures for
a range of snow types, atmospheric profiles, and
topographic illumination without the need for DEM
data.

4.2. Work in the Himalaya

Depending upon the topographic complexity of
the terrain, it is often possible to classify the surface
of an observed glacier into one or more distinct
zones. For example, Bayr et al. (1994) were able to
subdivide the Pasterze Glacier, Austria, into three
identifiable spectral classes that represented snow,
bare ice, and morainal material or till. Similarly,
Kulkarni (1992) used Landsat TM data to determine
the position of the transient snow-line close to the
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end of the ablation season on two Himalayan glaciers.
This enabled the determination of the accumulation
area ratio (AAR) of the glaciers, and, therefore, an
estimate of the trends in mass balance as imagery
from more 1 year was used. Certain limitations still
remain in these applications, because of factors such
as spatial resolution, cloud cover, variability in ac-
quisition dates, and interannual climatic variability.
Gratton et al. (1990) also stated that whereas multi-
spectral classification works well for spectrally
unique features, such as snow and alpine vegetation,
traditional approaches will not yield high mapping
accuracies for features that are spectrally heteroge-
neous and defined based on geomorphological crite-
ria.

In this study, we use such geomorphological crite-
ria and spatial analysis to assess supraglacial charac-
teristics in the Karakoram Himalaya. Heavily
debris-covered surfaces are characteristic of Hi-
malayan glaciers, yet limited quantitative remote
sensing research exists in the Himalaya. This infor-
mation is important, however, for studies of glacier
mass balance, estimates of regional rates of denuda-
tion, assessment of the role of glaciers in landscape
and landform development, and understanding of ice
flux /sediment discharge characteristics today and in
the past. Nakawo et al. (1993) made one of the first
remote sensing studies of a Himalayan debris-covered
glacier in an attempt to improve estimates of the
patterns of surface ablation. With the use of multi-
spectral satellite data combined with detailed field
measurements, they were able to classify the ablation
area of Khumbu Glacier, Nepal, into snow, bare ice,
thin debris and thick debris. The differentiation of
thick from thin debris was not satisfactory, however,
as closer examination showed that changes in rock
lithology were the main features being detected, and
that correlations of lithology with variations in debris
thickness were coincidental. Bishop et al. (1995)
improved on the characterization of supraglacial de-
bris by using field measurements combined with
high resolution SPOT Panchromatic and multispec-
tral imagery to produce supraglacial debris-load esti-
mates for the Batura Glacier, Pakistan. Visual analy-
sis of panchromatic data identified unique tone /tex-
ture combinations that were associated with physical
characteristics of the glacier surface (e.g., downwast-
ing glacier surface, glacial outwash, etc.), whereas

multispectral data enabled classifications depicting
supraglacial lithology and shallow debris-load vari-
ability. Classification error was associated with the
difficulty of characterizing deep debris depths.

5. Spatial feature extraction

With the advent of new satellite-based sensor
systems, spectral analysis of glaciers has the poten-
tial to provide new insights and capabilities in detect-
ing and mapping the characteristics of glaciers. Im-
provements in spatial, spectral, and radiometric reso-
Iution will increase spectral variability in images.
This can cause difficulties in analysis, especially
when traditional statistical and per-point classifica-
tion algorithms are used. Spectral features generated
from image transformations and per-point classifica-
tion methods do not make use of all available image
information because they disregard the spatial rela-
tionships that exist among pixels (Harris, 1980; Du-
tra and Mascarenhas, 1984). Therefore, extraction
methods for spatial features must be able to represent
local textural properties, contextual, and global infor-
mation, so that spectral variability is incorporated
into the analysis.

Researchers have worked in the area of spatial
analysis for the last two decades (Sali and Wolfson,
1992). Early work focused on deriving spatial fea-
tures to characterize local textural properties (e.g.,
Haralick et al., 1973; Weszka et al., 1976; Haralick,
1979; Conners and Harlow, 1980; Irons and Pe-
tersen, 1981) and evaluating the utility of these
features for terrain and image classification (e.g.,
Shih and Schowengerdt, 1983; Dutra and Mascaren-
has, 1984; Frank, 1984). Procedures for texture anal-
ysis are based primarily on structural or statistical
methods (Haralick, 1979). The statistical approach is
most widely used in remote sensing research and
seeks to model local spectral variability as statistical
features of the gray-level distribution. Sali and Wolf-
son (1992) summarize and describe the most widely
used statistical features which include:

1. First-order statistics. Features such as the arith-
metic mean, variance, and higher-order moments
are calculated to exploit information about the
local neighborhood of a single pixel.
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2. Second-order statistics. Features that are based
upon the use of a gray-level co-occurrence ma-
trix. The features describe the relationships be-
tween neighboring pixels based upon a direction
and distance.

3. Image convolution with different masks. Spatial
filtering of images are useful for texture discrimi-
nation (Laws, 1980).

4. Fourier transform. Features that take into consid-
eration the angular direction of the texture and the
presence of directional objects in the texture.
These features are based upon the Fourier power
spectrum.

5. Multi-resolution and fractal-based features. Frac-
tal theory may be used to describe the changes in
texture with resolution. Because textures and sur-
faces may exhibit fractal behavior, the fractal
dimension may be useful.

Investigators have determined that the use of spa-
tial features can reduce misclassification and im-
prove image analysis for some applications (Rosen-
feld, 1980; Shih and Schowengerdt, 1983; Wang et
al., 1983; Sali and Wolfson, 1992). Difficulties asso-
ciated with using traditional statistical features in-
clude selection of the window size and boundary
effects (McDermid and Franklin, 1995; Ryherd and
Woodcock, 1996). In addition, these features provide
a measure of the relative total variation, but do not
provide information cn spatial patterns and irregular-
ities (Burrough, 1993). Consequently, it is difficult
to use first-order, second-order, and convolution-
based features to accurately characterize spectral and
topographic variation that may be scale-dependent.
Although investigators are continuing to develop and
test new statistical procedures and features (e.g.,
Chorowicz et al., 1989; Wang and He, 1990; Andrle,
1994), issues involving scale dependence and the
utility of geostatistics and fractals for characterizing
and modeling spatial variation are important research
problems (Davis et al., 1991).

Spatial patterns and /or textures can be described
quantitatively by the semivariance function (De Jong
and Burrough, 1995). For detailed discussions re-
garding semivariograms in remote sensing, see Cur-
ran (1988), and Woodcock et al. (1988a,b). Genera-
tion of the semivariogram is based upon the idea that
the statistical variation in the data is a function of
distance or sampling lag. Curran (1988) provides an

introduction to the semivariogram in remote sensing
and indicates that it provides information on spatial
dependence. Several investigators have utilized the
semivariogram and associated parameters for charac-
terization and classification for ecological applica-
tions (e.g., Bowers et al., 1994; Cohen et al., 1990).
In addition, the semivariogram can be used to esti-
mate the fractal dimension, although few spatial
feature extraction studies for glacier surfaces have
been conducted.

In geomorphometry, investigators have evaluated
the utility of fractal analysis and the use of the
fractal dimension for characterizing the statistical
response of geomorphic surfaces. Mark and Aronson
(1984) investigated seventeen topographic surfaces
and found that the majority of them exhibit scale-de-
pendent fractal dimensions (i.e., the fractal model
describes the statistical response of topography only
within specific scale ranges). Since then other inves-
tigators have evaluated the fractal nature of topogra-
phy and fractal modeling techniques (e.g., Good-
child, 1980; Goodchild and Mark, 1987; Mulla, 1988;
Andrle and Abrahams, 1989; Yokoya et al., 1989;
Polidori et al., 1991; Klinkenberg and Goodchild,
1992; Lam and Quattrochi, 1992; Bian and Walsh,
1993; Gregotski and Jensen, 1993; Jaggi et al., 1993).

In remote sensing a limited number of studies
have been conducted to evaluate the utility of frac-
tals for complex image analysis (De Jong and Bur-
rough, 1995). Similarly, studies have focused on
identifying scale dependence, determining whether
landscape /land-cover units exhibit fractal response,
and using the fractal dimension to improve classifi-
cation accuracies (e.g., De Cola, 1989; Lam, 1990;
Bian and Walsh, 1993; Olsen et al., 1993; Roach and
Fung, 1994; De Jong and Burrough, 1995). Research
indicates that topographic surfaces and spectral re-
flectance variation for land-cover units often exhibit
fractal response over certain ranges of spatial scale.
Such surfaces can be characterized by the fractal
dimension, D, which corresponds to our intuitive
perception of surface roughness. Consequently, re-
search involving the characterization of geomorphic
surfaces and the identification of scale-breaks using
satellite reflectance data should provide new insight
into operational scale and process—structure relation-
ships (Davis et al., 1991). This is especially the case
in the Himalaya, where access limitations and harsh
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working conditions often make it difficult to obtain
quantitative information for entire landscape and
glacier surfaces. This paper investigates the use of
the semivariogram and the fractal dimension to char-
acterize glacier surfaces. For additional information
on scale and fractal analysis, see Lam and Quattrochi
(1992).

6. Methodology

6.1. Data acquisition

SPOT Panchromatic satellite data with a spatial
resolution of 10 m were acquired on June 20, 1990.
Radiometric calibration was not applied to the satel-
lite imagery because differential illumination was not
visible as a result of the low topographic gradient of
the glacier surface. Furthermore, atmospheric influ-
ences were minimal because of the high altitude of
the Batura Glacier.

Exploratory fieldwork was undertaken in the sum-
mers of 1991 and 1992, and detailed field work in
May and June, 1993, when we conducted our remote
sensing field survey. While traversing the length of
Batura Glacier, we recorded global positioning satel-
lite (GPS) measurements for sample sites and static
features to establish geodetic control. Observations at
sample locations consisted of recording the depth of
glacial debris, lithology, topographic profile informa-
tion, and characteristics of the surface structure. In
addition, ground photography and high altitude steep
angle oblique photos (i.e., ~ 4500 m) were obtained.
The velocity of the Batura Glacier and ablation
information were obtained from detailed field inves-
tigations conducted by the BGIG (1979, 1980). This
information served as reference data for subsequent
digital analysis of satellite imagery.

6.2. Semivariogram analysis

Visual interpretation of the satellite imagery re-
vealed unique tone/texture combinations associated
with the glacier surface (Bishop et al., 1995). In an
attempt to characterize the structural characteristics
of the glacier surface, six surface classes on the
glacier were chosen. These classes represented the

most unique textures and patterns in the imagery that
could be visually differentiated. Structures of the
glacier surface that corresponded to these classes
included: (1) serac fields, (2) ogives, (3) reticulated
ice hills, (4) upper medial moraines, (5) debris-
covered high ablation zones, and (6) debris-covered
low ablation zones.

Semivariogram analysis of these features should
provide insight into the spatial patterns of re-
flectance. The transect method was used to calculate
semivariograms. The following equation was used:

m
S'(h) = $m ¥ (dn; = dn. )’ (1)
i=1
5 is an unbiased estimate of the average semivari-
ance y(h) (Curran, 1988), where, ‘dn’ is relative
reflectance from a single pixel, & represents the
sampling lag distance, and m is the number of
sampled pairs per lag.

The orientation of transects and different samples
from the same landscape unit can yield different
estimated semivariograms. Consequently, four tran-
sects for each feature were systematically collected
based upon image analysis and reference data col-
lected in the field. In addition, the orientation of each
transect remained constant (parallel) with respect to
general ice flow direction. In this way, structural
variations because of significant variations in ice
velocity were not sampled. Transect lengths were
carefully examined to ensure that a large sample size
was used for the calculation of the semivariance for
each sample lag distance. Each transect was 1.5 km
in length. Transects for each feature were systemati-
cally selected to represent the entire length of the
feature on the glacier. Given the distribution and
length of the surface features, our sampling approach
provided comprehensive systematic coverage for each
feature. Measured semivariograms were interpreted
to determine if semivariogram characteristics could
be used to differentiate the surface classes on the
glacier.

6.3. Fractal analysis

We used the semivariogram method to generate
an estimate of the fractal dimension D. The slope
(B) of a best-fit line of the log-transformed semi-



M.P. Bishop et al. / Geomorphology 21 (1998) 217-232 225

variance function is used and relates to the fractal
dimension as B8 =4 — 2D (Mandelbrot, 1982). The
fractal dimension estimated from the semivariance
function generated from a transect will fall in the
range 1.0 <D <2.0, where larger D values repre-
sent greater irregularity in spectral variation. A true
Brownian fractal would be linear with no changes in
B.

Numerous investigators have indicated that tech-
nical problems are involved with the computation of
the fractal dimension, as changes in 8 can be pre-
sent even though the r? value (coefficient of deter-
mination) is relatively high (Lam, 1990). Some stud-
ies have relied upon visual inspection of log—log
plots to identify scale-breaks even though this may
introduce subjectivity and influence the magnitude of
D. In our analysis, we use slope segment information
and a linearity index to objectively identify scale-
breaks and, therefore, compute D for glacier sur-
faces.

Unlike a fractional Brownian function, natural
surfaces are likely to exhibit a change in fractal
dimension over different ranges of scale. Identifica-
tion of the ranges in which the fractal dimension
remains essentially constant is important, yet diffi-
cult. In a general case, given an initial set of data
points {(x;, y)li=1, - - - ,n}, we first make a trans-
formation to produce the ‘log—log’ data {(x!, y))li =
1,---,n} where x!=logx, and y; =logy, We are
interested in finding ranges [ x.;., x. . ] in which the
log—log data plot is most linear. In this application,
x; represents the lag distance A, and y, represents
the semivariance S5 (h).

Our method of determining such ranges is a vari-
ant of the procedure described by Yokoya et al.
(1989). Both methods utilize the linearity measure
developed by Otsu (1984):

2
L= 1/4#-%1 + My — /~‘“02)
( Hao — Mo2)

(2

where pg, and w,, represent the variances and u,;
the covariance of the log(x,) —log(y,) data. Note
that 0 <L <1 with L =1 only if the data are per-
fectly linear.

Let LY where k= j+2 represent the linearity
measure computed over the points in the range

Yokoya et al. (1989) is designed to find the first
point x, such that LX, >Lt-1 and LF, > L1
i.e., a local maximum of the linearity measure occurs
at x,lc.

In our analysis we found that this method worked
well in some cases, but it did not produce the desired
result in others. We, therefore, modified the proce-
dure by weakening the local maximum requirement
while incorporating restrictions on changes in slope.
Let S;=(y},, —¥))/(x},; ~x)), ie., the slope of
the line segment joining points j and j+ 1. For a
given value of x). , our modified procedure finds
the first point x} such that Lt > L+ and [S,, , —
S,|> (tol) where (tol) is a user-specified tolerance
value. In testing we set (tol) to the value 0.15. We
found that the relaxation of the local maximum
requirement while including the slope restriction pro-
vided consistently better results. Additionally we
found that the tolerance value on the slope acted as a
‘degree of generalization’ factor; smaller values for
(to) made the procedure more sensitive whereas
larger values provided a greater degree of generaliza-
tion.

All log plots were visually examined to verify the
results of an automated analysis of scale-break. The
fractal dimensions were estimated based upon this
scale-dependent analysis and the fractal dimension
evaluated for its ability to characterize the glacier
classes.

[x}, x}]. For a given value of x!. , the method of

7. Results
7.1. Interpretation of semivariograms

Examination of semivariograms indicated that
several unique patterns exist in relation to the shape
and magnitude of semivariance (Figs. 3—8). Caution
must be exercised when interpreting semivariograms,
because different samples from the same geomorphic
unit can yield different estimated variograms. Sev-

"1 The restriction k> j+2 is required since Li=L{+1=1
for all values of j.
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eral important points regarding interpretation include

(Curran, 1988; Woodcock et al., 1988a,b):

1. The shape of the variogram is related to the
variability in the size of objects.

2. The range is related to the size of objects.

3. The height of the variogram is related to the
spectral variability.

4. Semivariogram parameters may change with the
direction of the transect.

Therefore, it must be determined if changes in
semivariogram characteristics reflect significant
changes regarding the glacier surface.

Most of our measured semivariograms exhibited a
classic form, although several semivariograms did
exhibit a periodic fluctuation in semivariance at larger
sample lag distances (multifrequency form). These
semivariograms are associated with ogives and retic-
ulated ice hills. For ogives, transects were selected
based upon the relative amount of debris-load and
the definition and spacing of ogives. The semivari-
ograms exhibiting the well defined multifrequency
form represent those locations on the glacier where
the debris-load is relatively low and the ogives are
well defined (Fig. 3). The differences in spacing of
ogives are reflected in the periodicity of the semi-
variance with scale. For example, the largest distance
from ogive to ogive was associated with Transect 4.

Ogive Semivariograms
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Fig. 3. Semivariograms of ogives. Semivariograms representing
Transects 1 and 4 exhibit a multifrequency form. Periodicity of
the semivariance is associated with the distance from ogive to
ogive. An increase in the presence of debris-load masks the
periodicity and results in semivariograms exhibiting a classic form
(Transects 2 and 3).

Reticulated Ice Hill Semivariograms
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Fig. 4. Semivariograms of reticulated ice hills. Semivariograms
from samples along the edge of white-ice streams exhibit rela-
tively high semivariance and a classic form. The semivariogram
exhibiting a multifrequency form (Transect 2) represents sampling
down the center of the white-ice stream where remnant ogive ice
structure may be present. The increased presence of debris-load
decreases spectral variability.

Comparison of semivariograms (Transects 1 and 4)
indicates that an increase in the frequency of period-
icity is associated with closely spaced ogives. In
addition, an increase in the presence of debris-load
masks the periodicity (e.g., Transects 2 and 3).

It was not anticipated that reticulated ice hill
semivariograms would exhibit a multifrequency form
(Fig. 4), because the spatial patterns of reflectance
appear to be significantly different from patterns
associated with ogives (e.g., Transect 2). This partic-
ular sample was located a relatively short distance
from ogives down the center of the white-ice stream.
Other samples were located along the edge of the
white-ice stream and further down the glacier. Con-
sequently, periodicity in the semivariogram suggests
that the structure down the center of reticulated ice
hills at this location is similar to that of ogives,
because reticulated ice hills evolve from ogives.
Ablation and recrystallization, fracture, and flow of
ice cause the reticulated ice patterns. More ablation
occurs near the edge of the white-ice stream and
further down the glacier, because sediments absorb
energy and change the temperature distribution. The
ice along the center of the white-ice stream may be
minimally affected and, therefore, may retain some
of the previous ogive ice structure.
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Serac Semivariograms
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Fig. 5. Semivariograms of serac fields. Spectral variability is
relatively high compared to spectral variability of debris-covered
features.

Examination of the height of the variograms indi-
cated that differences in spectral variability exist for
some of the classes. As expected, relatively large
semivariances were associated with ogives, reticu-
lated ice hills, and seracs (Fig. 5), whereas relatively
low semivariances were associated with medial
moraines (Fig. 6) and debris-covered surfaces (Figs.
7 and 8). Ogives and reticulated ice hills exhibited
the greatest spectral variability, with ‘/3'2 values >
30.0 at scales > 50 m. Seracs exhibited ,/3‘2 values
near 30.0 at scales > 100.0 m, whereas debris-

Upper Medial Moraine Semivariograms
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Fig. 6. Semivariograms of upper medial moraines. Spectral vari-
ability is very low and semivariograms exhibit a classic form.

Debris-Covered High Ablation Semivariograms

70 T T T Ll T
Transect 1 ——
60 - Transect 2 -+ i
Transect 3 -8--
Transect 4 -
50 _
8
g 40 | e
E
2
g 30f i
Ll e X X E AN
PO RO -4
10 v. % .
0 1 1 1 1 1
1] 50 100 150 200 250 300

Sampling Lag (m)

Fig. 7. Semivariograms of debris-covered high ablation zones near
the terminus. Spectral variability is relatively low, although the
magnitude of the semivariance at various scales is greater than the
semivariance associated with debris-covered low ablation zones.
This difference in magnitude results from the presence of
supraglacial fluvial action which influences spectral variability.

covered classes exhibited the lowest spectral vari-
ability with y5* values < 30.0 across all scales.
Debris-covered classes exhibit similar semivari-
ograms, although spectral variability is higher for
high ablation zones versus low ablation zones at
various scales. High ablation zones exhibit
supraglacial fluvial action and higher ice velocities
that increase glacier surface topographic variability.
Upper medial moraines do not exhibit as much topo-

Debris-Covered Low Ablation Semivariograms
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Fig. 8. Semivariograms of debris-covered low ablation zones near
the terminus. Spectral variability is relatively low and associated
with relatively low ablation and ice velocities.
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graphic variability and are lithologically similar.
Therefore, these features have the lowest ,/3'2 values
at various scales.

7.2. Fractal analysis

Results of fractal analysis indicated that re-
flectance variation from glacier surfaces did not ex-
hibit fractal behavior (i.e., self-similarity across all
scales). With the exception of one transect, the frac-
tal dimension was found to be scale-dependent (i.e.,
reflectance variation from glacier surfaces exhibited
fractal response within scale ranges). Seracs (Trans-
ect 1) did exhibit fractal response where spectral
reflectance was dominated by white ice and the
influence of supraglacial debris cover was minimal
(D = 1.67). For all other samples, scale-breaks were
consistently identified at scales from 30 to 50 m and
from 50 to 70 m. These scale-breaks are associated
with the scale of lithologic similarity and the spatial
frequency of low reflecting ice-cliffs on the surface
of the glacier. Consequently, fractal dimensions at
scales of 30 and 60 m were tabulated and examined
to determine if D values could be used to differenti-
ate glacier surfaces.

Results of fractal analysis (Table 2) show that the
magnitude of the fractal dimensions at the 30 m
scale (D,,) for glacier features are relatively similar.
Examination of mean values for each class indicates
that reflectance variation from reticulated ice hills
and seracs exhibit the greatest ‘roughness’ or irregu-
larity at this particular scale (D3 = 1.44 and 1.47,
respectively). Reflectance variations from ogives
were less irregular with a D3o value of 1.38. Re-
flectance variations from debris-covered glacier fea-
tures were very similar with Dio values near 1.30.
These results indicate that because of lithologic simi-
larity at this scale, it would be difficult to differenti-
ate debris-covered features using D,, values.

Examination of the fractal dimension at the 60 m
scale (D) indicates that irregularities in reflectance
increase with a change in scale. In almost all cases,
Dy, values are larger than D,; values. In contrast,
relatively large differences in D, values exist for
glacier features. For example, a significant difference
exists in the average magnitude of Dso for white-
ice-related features versus debris-covered low abla-
tion zones and moraines. These features exhibit

Table 2

Results of fractal analysis

Transect D.y r3 Dy, ré
Debris-covered high ablation

1 1.31 0.99 1.72 0.99
2 1.28 0.99 1.56 0.99
3 1.30 0.99 1.93 0.85
4 1.36 0.99 1.76 0.97

Debris-covered low ablation

1 1.31 0.99 1.63 0.98
2 1.44 0.99 1.55 0.99
3 1.31 0.99 1.31 0.99
4 1.30 0.99 1.48 0.99

Upper medial moraines

1 1.07 0.96 1.07 0.96
2 1.30 0.99 1.69 0.92
3 1.35 0.99 1.68 0.99
4 1.36 1.00 1.44 0.98
Ogives

1 1.46 0.98 1.76 0.99
2 1.36 0.99 1.88 0.99
3 1.33 0.99 1.71 0.98
4 1.37 0.99 1.61 0.99

Reticulated ice hills

1 1.38 0.99 1.74 0.95
2 145 0.99 1.69 0.99
3 1.46 0.99 1.46 0.99
4 1.48 0.99 1.83 0.99
Seracs

1 1.67 0.99 1.67 0.99
2 1.49 0.99 1.65 0.99
3 1.40 0.99 1.62 0.99
4 1.34 0.99 1.86 0.82

Fractal dimensions of classes of the glacier surface at the 30 and
60 m scales. Results are based upon scale-dependent analysis of
log-transformed semivariance functions using slope segment and
linearity information.

highly irre§ular spectral variation at this scale (520
= 1.74; D, = 1.70; Dy, = 1.68), whereas moraines
and low ablation zone average values are much
lower (Dy, = 1.47; D=, =1.49). Similarly, debris-
covered high ablation zones can be differentiated
from debris-covered low ablation zones (516{0 = 1.68).
This difference in reflectance variation can be at-
tributed to supraglacial fluvial action that is associ-
ated with high ablation near the terminus.
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8. Discussion

Results of semivariogram analysis indicate that
the semivariogram can be very useful for assessing
global spectral variability for glacier surface classes.
White-ice-related features exhibited relatively high
semivariance across different scales, and the shape of
the semivariograms provided information related to
ice structure variations. Similarly, the magnitude of
semivariance for debris-covered features provided
structural information regarding the spatial variabil-
ity of low reflecting ice-cliffs. In all cases, the
semivariogram was strongly influenced by the spatial
variability of debris-load. More research is required
to determine if the semivariogram can be used to
obtain quantitative information regarding the charac-
teristics of debris-load.

Results also indicate that the fractal dimension
has the potential to be useful for studying and classi-
fying supraglacial characteristics. Scale-dependent
analysis generates fractal dimensions for scale ranges
where unique reflectance patterns may be diagnostic
of glacier surface conditions. The appearance of
strong breaks in slopes in the variograms of the
transect data indicates that reflectance variations for
most of the surfaces on the Batura Glacier do not
exhibit fractal response, although variations occur in
the degree of reflectance irregularity. These results
are similar to those found by investigators examining
the topographic variation and spectral variation of
land-cover units (Mark and Aronson, 1984; Bur-
rough, 1989, 1993; Klinkenberg and Goodchild,
1992). Conversely, the fracturing of white ice, which
creates seracs, influences reflectance such that re-
flectance variation is self-similar across scales.

Developing an automated procedure to make use
of spatial features and spatial information is not a
simple task. Numerous limitations associated with
semivariograms include (De Jong and Burrough,
1995):

1. A large amount of data is required to produce a
reliable semivariogram.

2. It is difficult to define the ‘criteria of the best
model’ for estimating semivariogram parameters.

3. Different samples yield different variograms for
similar features. This is especially the case when
the directionality of the transect is taken into
consideration.

4. Using the transect method, no central pixel exists
in which semivariogram parameters can be stored.

5. The semivariogram provides global information,
but no information on local variation.

6. Current spatial implementation options cause
boundary effects and introduce numeric artifacts
that are not associated with actual surface feature
variation.

Some of these limitations can be viewed as advan-
tageous in attempts to assess glaciers based upon
geomorphic criteria. For example, samples in this
study were oriented parallel with ice flow direction.
A perpendicular orientation would obviously result
in a very different semivariogram for that same area,
because variations in ice velocity frequently dictate
variations in the debris-load. The combination of
global information from both orientations would en-
able unique processes and patterns of the glacier
surface to be incorporated into the analysis. Perhaps
the most significant limitation associated with this
approach is that it does not enable systematic analy-
sis of imagery. Transects have to be spatially con-
fined based upon the size and shape of unique
features. Some investigators have utilized the matrix
method for calculation of the semivariogram (e.g.,
Brivo et al., 1993). Other methods also exist for
estimating the fractal dimension (Jaggi et al., 1993).
Regardless of the method used, systematic spatial
analysis of glacier surfaces will require research
focusing on spatial implementation options for the
calculation of spatial features. More research is re-
quired to investigate options for dynamic/adaptive
spatial implementation and procedures for multistage
pattern recognition that enable the integration of
spectral and spatial information for the characteriza-
tion of the glacier surface.

9, Conclusions

On the basis of geomorphic criteria, SPOT
Panchromatic satellite data were used to characterize
and differentiate classes of glacier surfaces on a
Himalayan glacier. Patterns of spectral reflectance
were examined using image semivariance and fractal
analysis. Semivariogram analysis, based upon tran-
sect data, indicated that the form and magnitude of
the semivariogram could describe ice structure and
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characteristics of the debris-load. Furthermore, frac-
tal analysis revealed that the fractal dimension has
the potential to be used to differentiate some charac-
teristics of the glacier surface. Scale-dependent anal-
ysis indicated that reflectance variation from frac-
tured white-ice (seracs) exhibits fractal response,
whereas reflectance variations from other glacier sur-
faces exhibit fractal response only within specific
scale ranges. These results indicate that spatial analy-
sis of satellite imagery has the potential to provide
detailed information about glacier surfaces in moun-
tainous regions. More research regarding spatial im-
plementation options and the utility of the fractal
dimension is underway to make progress towards
operational monitoring of Himalayan alpine glaciers,
especially around the Nanga Parbat Massif, the focus
of our present research.
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