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Abstract

The ability to correctly identify landform features from remotely sensed imagery is largely determined by pixel
size. This spatial scale element is a particularly important consideration for glacial geomorphological feature
identification when remote sensing data are used for mapping and palacoenvironmental reconstruction in mountain
environments. It is important to be able to clearly delineate the boundaries of glacial landforms. However, in
common with other phenomena, such features often possess indeterminate boundaries and many geomorphometric
changes occur over short distances. Thus, the use of conventional hard classification techniques may not always be
appropriate in glacial terrain mapping where investigators are concerned with individual feature identification. In
such situations the ability to examine sub-pixel scale information by using soft classifiers is potentially more useful.
This paper examines the value of sub-pixel data interpretation derived from supervised and unsupervised fuzzy
modelling techniques for the mapping and interpretation of glacial terrains for the wider purposes of glacial
reconstruction in the Pindus Mountains of Northwest Greece. This work is part of a larger study involving field-
based investigation of the glacial sediments and landforms. Emphasis has been given to the effective delineation of
features from 20 m resolution SPOT HRV imagery. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction 1990; Punkari, 1993). In the analysis of formerly
glaciated terrains, the nature of the data sets used

In recent years many glacial geomorphological in- is largely determined by the extent and scale of the
vestigations have benefited considerably from the landforms of interest, and two main approaches can
availability of airborne and satellite remote sensing be identified. First, investigations of individual cir-
data (e.g. Aber et al., 1993; Boulton and Clark, ques and glaciated valleys, for example, commonly

employ large-scale aerial photography with pixel res-

. olutions approaching a few metres (Lowe and
* Corresponding author. fax: +44-161-247-6318. Walker, 1984; Gray and Coxon, 1991). Second, stu-
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ciated terrains at both regional- and continental-
scales have utilised medium and coarse resolution
satellite imagery; Boulton and Clark (1990) used
Landsat data with 80 m pixels in their study of the
Laurentide palaeo-ice sheet. The latter approach has
been the focus of recent glacial geomorphological
remote sensing research and has allowed geomor-
phologists to consider the evolution and behaviour
of former ice sheets (Aber et al., 1993; Clark, 1993;
Clark and Knight, 1994; Punkari, 1993). Such strat-
egies are not designed to account for the complexity
within individual mountain catchments because of
the limited spatial detail provided by such imagery.
Conversely, Landsat TM data (with 30 m pixels)
are too detailed for palaeo-ice sheet investigations
over continental scales, and in these instances
spatial resolutions approaching a few kilometres
may be more appropriate (Punkari, 1982).

The study of individual palaecoglaciers and the
examination of local landform assemblages has
received much less attention in satellite remote sen-
sing investigations. It is only very recently that
researchers have begun to explore the potential for
analysing smaller scale glacial terrain characteristics
and to map individual features and suites of land-
forms from high spatial resolution satellite remote
sensing data (with pixel sizes 30 m or less) such as
provided by SPOT HRV and Landsat TM (e.g.
Klein and Isacks, 1996). Such studies have the po-
tential to yield important data on the extent and
style of glaciation in mountain environments beyond
the margins of the major Pleistocene ice sheets. The
geomorphology of these mountain environments may
include moraine complexes and other glacial land-
forms that are important for understanding the
nature of climate—landscape interactions, but are
typically limited in extent and therefore not readily
observed from coarse spatial resolution satellite sen-
sor imagery such as from the Landsat MSS. The
Mediterranean region is one such area where
detailed mapping has not been widely conducted yet
the development of valley glaciers during cold stages
is known to have exerted an important influence on
river behaviour and the archaeological record in
upland environments (cf. Woodward et al., 1995).

This paper is concerned with the detection of indi-
vidual glacial geomorphological features and suites of
landforms within the Pindus Mountains of Northwest
Greece. We explore the potential for improving glacial
landform feature characterisation and increasing the
accuracy of mapping from satellite imagery using fuzzy
image classification to identify the geomorphometric
character and spectral properties of the glacial land-
forms present at sub-pixel (< 20 m) levels. These con-
trasts can be important as they may represent age-

dependent features that indicate different phases of gla-
ciation.

2. Remote sensing of palaeoglacial environments

Clark (1997) has reviewed the current status of
remote sensing in palacoglaciology. Satellite remote
sensing, with its synoptic coverage and spectral capa-
bilities, has been successfully applied to a range of gla-
cial geomorphological investigations. Some of the
earliest applications took advantage of the wide areal
coverage available for reconnaissance mapping pur-
poses to complement or substitute more time-consum-
ing and expensive fieldwork activities. The increased
accessibility provided by satellite sensor imagery has
allowed the observation of many previously undocu-
mented areas, including high mountain terrains such as
the Himalayas (Bishop et al., 1995) and the High
Andes (Llorens and Leiva, 1995).

The issue of scale in remote sensing is of particular
significance to glacial geomorphological research
(Fig. 1) and Boulton and Clark (1990) have used
Landsat MSS images to identify former glacial pro-
cesses operating at different scales within the Canadian
Shield. Remote sensing applications have not been lim-
ited to the use of optical sensor systems. Over the last
five years, an increasing number of researchers have
used Synthetic Aperture Radar (SAR), utilising its ca-
pacity to detect surface texture and morphological
variation (Clark and Knight, 1994). Optical remote
sensing methods are more commonly employed in
palaeoglacial investigations because of greater image
availability, reduced cost and ease of interpretation
(Clark, 1997).

Glacial geomorphological investigations have also
benefited from multispectral remote sensing, which has
allowed the identification of glacial landforms and
deposits through the use of composite spectral signa-
tures. Further, multispectral satellite sensor data have
been used in combination with digital elevation models
(DEMs) (Clark, 1997; Butler and Walsh, 1998) and
this approach has been successful in the detection and
mapping of geomorphological landforms.

More recent developments have involved new image
processing tools — including neurofuzzy techniques —
and these have the potential to increase the accuracy
of glacial geomorphological information from existing
satellite remote sensing data. The next generation of
sensors with increased spatial and spectral resolution
(Aplin et al., 1997) will provide this field with valuable
new data sets over the next decade.
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3. Research aims and available data sets

The main aim of this research was to improve our
ability to identify palacoglacial landforms within the
Pindus Mountains at fine spatial resolutions (examin-
ing terrain characteristics at sub-pixel level <20 m)
from SPOT HRYV imagery to determine their spatial
extent. The nature of the available data sets necessi-
tated the development of novel strategies, and the use
of advanced image processing methods to alleviate the
constraints imposed by the 20 m pixel size and spectral
resolution to identify those landforms smaller than the
effective spatial resolution of the satellite sensor. To
examine the potential for determining sub-pixel change
in a glaciated mountain environment using SPOT
HRYV data, thereby maximising the image data poten-
tial, fuzzy classification methods have been used. This
approach has been taken because there is some debate
over the suitability of satellite sensor data for palaeo-
glacial mapping (because of coarse pixel size and scale
constraints), and sub-pixel scale information is often
required to characterise landforms and determine the
true complexity of the former glacial system. Thus,
this paper explores whether fuzzy classifiers can cope
with the complex terrains present within formerly gla-
ciated mountain environments and discusses whether
fuzzy output is a good representation of reality.

4. Study area

The glaciated mountain headwaters of the Voidoma-
tis River basin in Northwest Greece formed the study
area for this project. The mountains are formed in
Palaecocene-Eocene limestone and several peaks exceed
2400 m (Fig. 2A). The area is characterised by numer-
ous cirques, several large glacial troughs, and distinc-
tive moraine complexes (Bailey et al., 1990, 1997;
Lewin et al., 1991). The glaciated terrain is partly influ-
enced by geological structure, with glacial valleys clo-
sely following fault lines. Well-preserved glacial
sediments and landforms are found throughout the
area and some of these probably result from Late
Pleistocene glaciation, although a detailed field map-
ping and radiometric dating programme is still in pro-
gress (Bailey et al, 1990; Lewin et al., 1991;
Woodward et al., 1995; Boenzi and Palmentola, 1997).
The glacial sediments and landforms are mainly de-
rived from the hard limestone bedrock and include ice-
scoured bedrock surfaces and boulder strewn moraines.
Flysch bedrock is present at lower elevations beyond
the limits of glacial activity although some limited out-
crops are evident within the limestone uplands
(Fig. 2A).

Scale of Glacial Phenomena

Local SPOT PAN
Moraine
Cirque Glaciers complexes Aerial
Photography

J10SUdg Jo uonnjosdy enedg

Y

Fig. 1. Scale of glacial geomorphological phenomena and sensor resolution requirements Grey shaded area highlights current appli-
cations which have employed different satellite sensors in study of glacial landforms at range of scales.
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Fig. 2. (A) Simplified geology and drainage map of Voidomatis basin (modified from Woodward et al., 1995); box represents

SPOT HRYV image areal coverage used in study. (B) SPOT image of part of Pindus Mountains in NW Greece with the location of
Figs. 5-7 shown. Scene covers approximately 15 x 15 km.
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5. Why employ fuzzy image classifiers to map glaciated
terrain?

It is widely accepted that conventional ‘one pixel—
one class’ classification methods cannot account for
all landform variation present within an image
(Wang, 1990; Fisher and Pathirana, 1990). The fun-
damental problems of conventional per-pixel based
classifiers stem from the inadequacy of the pixel as
a unit of observation, and the fact that crisp classi-
fication does not account for the mixture of spectral
signatures and/or spatial variation present within the

confines of a single pixel or image cell (Fisher,
1997, Gopal and Woodcock, 1994; Maselli et al.,
1996; Wang, 1990).

In glaciated mountain terrains, landform changes
commonly occur at sub-pixel scales or less than 20-30
m in the case of SPOT HRV and Landsat TM imagery
(Fig. 1). Sub-pixel terrain variations can be important
in glacial geomorphological research where accurate
landform feature mapping forms the basis for any
palaecoenvironmental reconstruction. While fuzzy
classification and remote sensing imagery have been
used to study modern periglacial environments (Anto-

1. Data Acquisition

\ 4

2. Preliminary Image Analysis

\ 4

3. Classification of Imagery

4. Interpretation and Assessment of Classified Images

Check
1

I

5. Thematic map output and preliminary satellite-based
reconstructions

—

Check 2

Fig. 3. Flow diagram of fuzzy-based strategy used in this study.
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ninetti et al.,, 1997; Leverington and Duguay, 1997),
there has been little work on fuzzy -classification
approaches in the mapping of small scale glaciated ter-
rains associated with cirque and valley glaciation.

6. A fuzzy-based strategy

A strategy employing fuzzy classifiers is used here
(Fig. 3) and the data sets and algorithms are described
below. Unsupervised and supervised fuzzy classifi-
cation techniques have both been used to determine
their effectiveness in obtaining useful palacoglacial
data at sub-pixel scales from the SPOT HRV image.
The results of the fuzzy classifications are shown by
probability of membership and the level of mixed pix-
els present is used as an indicator of geomorphometric
variation and change in landform type (or the bound-
ary transition of glacial features). The image proces-
sing results are also compared with the Maximum
Likelihood Classifier. Two proprietary Digital Image
Processing software systems were used, PCI EASI
PACE® and IDRISI for Windows®, both of which
offer a range of soft classification algorithms.

6.1. Data sources

We have used SPOT HRYV satellite data with 20 m
pixels that were acquired during September 1986. A
combination of band 2 (0.61-0.68 pm), band 3 (0.79—
0.89 pum) and band 1 (0.50—-0.59 pm) was used in visual
analysis and image classification. Panchromatic aerial
photography (1: 30,000) was used for qualitative com-
parison and accuracy assessment. Field observations
also provided additional ground verification.

6.2. Unsupervised fuzzy classification

The unsupervised fuzzy clustering algorithm avail-
able with EASI-PACE® was used. This is a modifi-
cation of the optimal fuzzy -clustering method
developed by Gath and Geva (1989):

N K
T U V)= 3" uyytd?(X;. Vi): K<N (1)

=1 i=1

where U is the fuzzy K-partition of the data set and V'
a set of K prototypes. The degree of membership of X;
is given by u; and K is the number of clusters
employed in the classification procedure (Gath and
Geva, 1989).

Clusters were created from the input image using
Maximum Likelihood Estimation (MLE) methods and
for each of the clusters the membership grade is shown
by pixel intensity (EASI PACE, 1997). This algorithm

was particularly attractive to this project because it
allows the creation of fuzzy cluster composite maps
and it allows the user to create composite images of
any three of the fuzzy clusters created. These are useful
image interpretation tools and can optimise user
assessment of changes in degree of pixel membership
between different fuzzy clusters shown by changes in
image pixel intensity. The unsupervised approach was
also chosen to highlight any natural spectral groupings
within the image that could be related to subtle geo-
morphometric changes not previously noted, either in
the field or from preliminary visual interpretation of
the image.

6.3. Supervised fuzzy classification

The supervised fuzzy classification procedure was
performed using FUZCLASS, one of the soft classi-
fiers available in IDRISI for Windows® image proces-
sing software. Training data chosen for each
informational class can possess both pure and fuzzy
signatures. The classification allows different levels of
pixel membership (0.00-1.00) and this is shown by
pixel intensity:

1= cos 2u 2)

where p is the sigmoidal membership function, o is
defined as (x - point a)/(point b - point a) * pi/2.
When x > point b, u = 1 (IDRISI, 1997).

6.4. Maximum Likelihood Classification

The Maximum Likelihood Classifier (MLC) was
also used for control purposes to allow comparison
with the fuzzy classification results. This procedure
uses probability values to classify each image pixel.
Although this procedure does not provide sub-pixel in-
formation from the SPOT scene, it does emphasise
broad-scale changes in the nature of the glaciated ter-
rain. The results of the MLC were compared with
fuzzy outputs at two stages: check 1 at the interpret-
ation and verification stage, and check 2 during the-
matic map output and satellite-based reconstruction

(Fig. 3).

7. Digital image processing: image classification and
results

Visual image and air photograph analyses were used
to identify and select classes from the SPOT HRV
data to be used in the fuzzy and MLC supervised
classifications. The geology of the glaciated area is
dominated by resistant limestone with small outcrops
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Fig. 4. Histograms showing DN range for all SPOT bands (radiance value mid ranges associated with particular features are
marked approximately). Band 2 (0.61-0.68 um), band 3 (0.79-0.89 um), and band 1 (0.50-0.59 pm) are shown.

of flysch (IGME, 1970). Limited lithological variation
made it difficult to isolate spectral signatures (overlap-
ping spectral signatures were present) for the various
landforms identified from analysis of the aerial photo-
graphs and field observations. Fig. 4 shows the histo-
grams for the radiance values of each SPOT HRV

Table 1

band (annotated with markers for each of the land-
form and feature types). The raw image allowed dis-
crimination, albeit rather limited, between the glacial
depositional landforms present above about 1600 m
and below 1400 m elevation. Five terrain classes were
selected for supervised classification (Table 1). These

Thematic classes used in supervised classification procedures (fuzzy and MLC)

Category

Associated geomorphological process

Scree and bare rock surfaces

Fresher glacial landforms and deposits

Glacial landforms and deposits at lower elevations
Sparse vegetation cover

Forest cover

Subject to frost action and ice abrasion
Glacial erosion and deposition
Glacial erosion and deposition
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classes were judged to represent the major terrain
variability within the study area. For comparative pur-
poses the maximum possible number of clusters for the
unsupervised fuzzy operation was set to five to account
for the dominant landscape features. The classes com-
prised:

1. Scree and bare rock (coarse limestone screes and
glacially-scoured limestone bedrock surfaces). This
class was characterised by very high spectral re-
sponse in all three SPOT HRV bands.

2. High relief glaciated terrain and deposits on the
upper slopes, including well preserved sharp crested
moraines. These were characterised by greater mor-
phological complexity and limited vegetation cover
(Fig. 5), and similarly high spectral reflectances
(there has been minimal soil development on these
moraines).

3. Glaciated terrain at lower elevations with lower
local relief, which includes some flatter moraines
with weathered surfaces resulting in a distinctive
spectral pattern. These landforms were also charac-
terised by lower complexity and the smoother topo-
graphy of the moraines.

4. Sparsely vegetated areas and non-glaciated surfaces.

Fig. 5. Aerial photograph showing latero-terminal moraine
complex above ca. 1600 m. Photo is 1: 30,000 scale and covers
approximately 3 x 2 km, LTM — large terminal moraine;
RR — Recessional/Readvance moraines; B — Ice scoured
limestone bedrock; S — scree deposits. See Fig. 2B

5. Tree and shrub cover. This included nearly all land
below 1000 m above sea level and some of the mor-
aines which reach down to these lower altitudes.

7.1. Results

Figs. 6 and 7 show the results of the unsupervised
and supervised fuzzy classification procedures. The
unsupervised fuzzy classification identified three spec-
tral groupings out of a possible five (five clusters were
set as a maximum). The clusters identified from the
procedure closely related to first, the forest cover; sec-
ond, areas of glacial deposition and vegetation cover,
which also included the moraines on the lower slopes
and intra-moraine areas; and third, bare-rock and
scree formations as well as the sharp-crested moraines
on the upper slopes (Fig. 5).

Fig. 6A shows the fuzzy cluster image that closely
approximates the high local relief moraines on the
upper slopes and many of the scree deposits and ice
scoured bedrock surfaces. The similar high pixel inten-
sity values for these features demonstrate the common
reflectance properties of these particular landscape fea-
tures. A composite image was then created (Fig. 6B)
which allowed all the major landforms within the
upper glaciated areas to be detected. The fact that the
large arcuate terminal moraine shown in Fig. 5 and
the associated smaller moraine systems proximal to it
were clearly identifiable was of particular interest. This
can be seen in Fig. 6B by the marked changes in pixel
intensity in the upper right portion of the classified
image. Indeed, the cluster composites successfully high-
lighted landform character and the unsupervised fuzzy
classification was the only classifier that clearly ident-
ified this distinctive glaciated terrain.

The supervised fuzzy classification also produced a
clearly interpretable glacial geomorphological map.
Figs. 7A and B show the results of the attempt to clas-
sify the high local relief moraines above ca. 1600 m
(Fig. 7A) and the well vegetated low relief moraines
below ca. 1400 m (Fig. 7B). In particular, the super-
vised approach provides effective discrimination of the
lower glacial terrain (moraines) class (3); changes in
pixel membership are shown by pixel intensity. The
crests of several landforms can be defined clearly, and
their boundaries coincide with a tailing-off of pixel
membership.

In comparison, the MLC results were much less
informative (Smith et al., 1998). The two main gla-
ciated valleys can be identified but the detection of gla-
cial landforms is more difficult. In the portion of
higher elevation glaciated terrain shown in Fig. 5, it
does pick out one of the long lateral moraines,
although it does not cope well with the spatial com-
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Fig. 6. (A) Unsupervised fuzzy classification cluster 1. North is at top of figure. This cluster mainly shows high local relief moraines
on upper slopes and ice scoured bedrock surfaces, with their similar reflectance characteristics (shown by high pixel intensity
values). Image covers approximately 6 x 5 km. See Fig. 2B. (B) Unsupervised fuzzy classification composite image. This has been
created from three clusters resulting from unsupervised procedure. North is at top of figure. LTM — large terminal moraine; M —
termino-lateral moraines; SLM — sharp crested long lateral moraines above Skamnelli. Image covers approximately 6 x 5 km. See
Fig. 2B.
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Fig. 7. (A) Supervised fuzzy classification of high local relief moraines on upper slopes above 1600 m. North is at top of figure.
LTM — large terminal moraine; Ma-Mc — termino-lateral moraines; SLM — sharp crested long lateral moraines above Skam-
nelli; RR — recessional/readvance moraines; B — ice scoured limestone bedrock; S — scree deposits. Image covers approximately
6 x 5 km. See Fig. 2B. (B) Supervised fuzzy classification of well-vegetated low relief moraines below 1400 m. North is at top of
figure. LRM — low relief moraines at lower elevations. Image covers approximately 6 x 5 km. See Fig. 2B.
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plexity shown by this moraine system. As for the gla-
cial terrain on the lower slopes (below ca. 1400 m), it
only depicts a large scar in one of the latero-terminal
moraines.

The following section interprets the results and
describes how the membership probabilities were used
as a morphological indicator. All satellite-derived in-
terpretations have been compared with fieldwork ob-
servations and panchromatic aerial photography, and
the fuzzy results are in turn compared to the MLC
output.

8. Interpretation of fuzzy imagery

The fuzzy (supervised and unsupervised) and MLC
classified images have been assessed in terms of their
glacial geomorphological content. Conventional accu-
racy assessments have not been used because of the
problems associated with determining quantitative
measures of accuracy for unsupervised fuzzy classifi-
cation results. The fuzzy output has been compared
with the MLC data, examining system complexity,
landform (moraine) geomorphometry and differentiat-
ing between different glacial phases and their associ-
ated landforms. All classified images have been
examined in conjunction with aerial photographs and
field data to determine the accuracy of glacial geomor-
phological content. The results from the image classifi-
cation indicate that both supervised and unsupervised
fuzzy clustering methods can deal effectively with the
landform complexity within the study area (Figs. 6 and
7). The nature of the high relief moraines on the upper
slopes above Skamnelli was of particular interest and
the terrain variability here (sharp crested moraines in
close proximity) was represented most effectively by
the unsupervised fuzzy classification. The classification
strongly highlighted sub-pixel changes associated with
this complex topography, as shown by the large per-
centage of mixed pixels covering that portion of the
image. The glaciated terrain at lower elevations pos-
sessed less complexity as the moraine surfaces were
weathered, flatter and rounded in shape. This re-
duction in spatial complexity resulted in less fuzziness
within the resultant classified image (Fig. 6).

The supervised fuzzy classification allowed better
landform discrimination than the raw SPOT HRYV sat-
ellite data. Changes in pixel intensity closely followed
the boundaries of many of the glacial landforms
(Fig. 7). These improvements in boundary delineation
suggest that supervised fuzzy classification can be suc-
cessfully applied to glacial feature detection and identi-
fication from satellite imagery. Both types of fuzzy
classification were capable of dealing with the complex
terrain of a formerly glaciated mountain karst environ-

ment. This was not the case with the MLC output,
which, in the present case, did not provide a reliable
basis for a detailed glacial geomorphological interpret-
ation and reconstruction. The poor performance of the
conventional classifier resulted from the terrain com-
plexity and low spectral variability within much of the
study area (Smith et al., 1998)

9. Discussion of fuzzy-based strategy and its wider
implications

This paper has demonstrated the potential for using
fuzzy image classification methods for improving gla-
cial geomorphological feature detection and interpret-
ation from SPOT HRYV data. The fuzzy classifiers
provided sub-pixel scale information concerning spatial
geomorphometric changes, which are associated with
glacial landform type and age. Interestingly, it has
shown that the level of fuzziness represented within an
image of this glaciated area is related to the type and
age of landforms. The most recent moraines, which
were sharp and in close proximity to each other, were
highly fuzzy on the classified image. In contrast, the
older glaciated terrain contains moraines that were
flatter and less complex and possessed less image fuzzi-
ness.

The work presented here is still in progress and it is
expected that the interpretation of the glacial land-
forms within the study area will be refined, particularly
with further modification of the fuzzy classifiers used
here and completion of the field mapping and dating
programme. The authors are currently working with
Landsat TM data to examine whether greater spectral
resolution will improve the accuracy of terrain map-
ping and the interpretation of the glacial landforms,
and whether the spectral range of the data is more im-
portant than spatial resolution in such investigations.
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