
 

 

 

 

Mapping moraines and glaciers using 

multispectral imagery and ancillary elevation 

data 

An approach for Svalbard, Norwegian Arctic 

Jonathan Teuchert 

 

 

 
 

 

Master Thesis in Geosciences 



 

 

Blank page, for double side paper print.  

Remove for digital publishing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Mapping moraines and glaciers using 

multispectral imagery and ancillary elevation 

data 

An approach for Svalbard, Norwegian Arctic 

Jonathan Teuchert 

 

Master Thesis in Geosciences 

Discipline: Geomatics – Physical Geography 

Department of Geosciences 

Faculty of Mathematics and Natural Sciences 

UNIVERSITY OF OSLO 

June 1, 2007 



 

 

Mapping moraines and glaciers using 

multispectral imagery and ancillary elevation 

data 

An approach for Svalbard, Norwegian Arctic 

Jonathan Teuchert 

 

This thesis was carried out in connection with: 

 

 

 

 

 

 

 

 

 

 

 

Department of Arctic Geology   The Norwegian Polar Institute 

 

 

 

 

June 1, 2007 

 

 



 

 

© Jonathan Teuchert, 2007 

Tutors:  Andreas Kääb (University of Oslo/UiO) 

  Jon-Ove M. Hagen (University of Oslo/UiO) 

  Jack Kohler (Norwegian Polar Institute/NP) 

  Doug Benn (University Centre on Svalbard/UNIS) 

This work is published digitally through DUO – Digitale Utgivelser ved UiO 

http://www.duo.uio.no 

It is also catalogued in BIBSYS (http://www.bibsys.no/english) 

All rights reserved. No part of this publication may be reproduced or transmitted, in any form or by any means, 

without permission. 

Cover Picture: The snout of Ebbabreen in Ebbadalen/Spitsbergen. © Jonathan Teuchert, 2004 

 

 

 

 

 

 

 

Meiner Großmutter Hannelore gewidmet 

 

 

 

 

 

 



 

1 

Abstract 

This study uses multispectral Landsat satellite imagery and a high resolution Digital Elevation Model 
based on 1990/95 aerial stereoimagery (Norwegian Polar Institute) to map moraines and glacier 
terminus positions on the high Arctic archipelago of Svalbard, Norway. To accomplish the task, this 
methodological Master thesis investigates different approaches of classification and incorporation of 
ancillary elevation data. Glaciers and other ice masses are important parts of the climatic system and 
also eminent terrestrial indicators for climate change in the scale of tenths to thousands of years. In 
the context of climatic response and global sea-level rise, mass balance studies on glaciers are 
important means to quantify trends however they are laborious and only for a few glaciers worldwide 
available. The application of remote sensing may help to determine changes in volume and extent of 
glaciers with a greater spatial coverage. Furthermore, area-wide mapping of unvegetated moraines on 
Svalbard may aid to quantify past glacial dynamics, especially since the Little Ice Age (LIA). During 
this study a thematic map of vegetation- and glacier-cover dating to the period from 1999 to 2002 has 
been produced by contrast-enhancing-methods and supervised determination of class thresholds, 
covering almost the complete archipelago. ISODATA classifications of combined terrain statistics 
and primary topographic attributes are merged with multispectral data to map the extend of moraines. 
Combinations of VIS, NIR and SWIR spectral bands with elevation range and standard deviation, 
curvature and slope deliver the most promising results when joined to neighbourhood analysis. 
Datasets from principal component analysis deliver good results as well. However, since the 
morphological diversity is high, no method is superior on all moraines. Multitemporal change 
detection was tested for a small number of glaciers on Brøggerhalvøya, western Spitsbergen, where 
recent data was acquired in the field during 2006. High variation coefficients for annual retreat rates 
of 26 and 45% were discovered among datasets with different spatial resolutions. The overall trend 
was negative at all events, varying from 10 to 19 m/a horizontal retreat during the entire investigated 
period from 1983 to 2006. The fast losses of Svalbard glaciers are likely connected to climatic 
warming trends which are also obvious from direct measurements. The necessity of glacial studies 
becomes obvious as the retreat of the smaller glaciers and ice caps outside Greenland and Antarctica 
contributes to global sea level rise second only to the thermal expansion, with Svalbard being a major 
player.  

Abstrakt 

Diese Studie verwendet multispektrale Landsat Satellitenbilder und ein hochauflösendes digitales 
Geländemodel, welches auf Stereoluftbildern von 1990/95 vom Norwegischen Polarinstitut basiert, 
um Moränen sowie die Position von Gletscherfronten auf der hocharktischen Inselgruppe Svalbards 
(Norwegen) zu kartieren. Hierzu untersucht diese methodologische Masterarbeit verschiedene 
Ansätze zur Klassifikation und Integration ergänzender Geländedaten. Gletscher und andere 
Eismassen sind wichtige Bestandteile des Klimasystems und außerdem die besten Klimaindikatoren 
der festen Landoberfläche, bezogen auf Zeiträume einiger Jahrzehnte bis Jahrtausende. In dem 
Zusammenhang von Klimadynamik und weltweitem Meeresspiegelanstieg sind Massenbilanzstudien 
auf Gletschern wichtig um Trends zu quantifizieren, allerdings sind solche Untersuchungen 
aufwändig und wurden weltweit nur auf einer kleinen Zahl von Gletschern durchgeführt. Die 
Anwendung der Fernerkundung hilft Daten über Volumen- und Flächenänderungen von Gletschern 
flächendeckend zu erheben. Darüber hinaus kann die flächendeckende Kartierung vegetationsfreier 
Moränen auf Svalbard dabei helfen vergangene Gletscherfluktuationen, insbesondere seit der kleinen 
Eiszeit, zu quantifizieren. Im Rahmen dieser Studie wurde, mit Hilfe von kontrastverbessernden 
Bildbearbeitungsmethoden und manueller Grenzwertbestimmung, eine thematische Karte der 
Gletscher- und Vegetationsbedeckung aus dem Zeitraum von 1999 bis 2002 erstellt, welche einen 
Großteil Svalbards abdeckt. ISODATA-Klassifizierungen von kombinierten Geländestatistiken und 
primären Geländeattributen wurden zur Kartierung der Moränen mit multispektralen Daten 
kombiniert. Die gemeinsame Verwendung der spektralen Kanäle im sichtbaren, im nah-infraroten 
und im kurzwellig-infraroten Bereich sowie der Höhenvariabilität und -Standardabweichung, der 
Geländerundung und dem Gefälle lieferten die vielversprechendsten Ergebnisse, sofern 
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Nachbarschaftsbeziehungsanalysen integriert wurden. Datensätze aus der Hauptkomponentenanalyse 
liefern ebenfalls gute Ergebnisse, prinzipiell gilt jedoch angesichts der morphologischen Vielfalt der 
Moränen dass keine Methode in allen Bereichen überlegen ist. Multitemporale 
Änderungskartierungen wurden für eine kleine Anzahl von Gletschern auf der Brøggerhalbinsel in 
Westspitzbergen getestet, auf der 2006 auch Feldkartierungen durchgeführt wurden. Hohe 
Variationskoeffizienten von 26 bis 45% wurden für die Messungen des jährlichen Rückgangs der 
Gletscher aus verschiedenen Datensätzen mit unterschiedlichen räumlichen Auflösungen festgestellt. 
Der allgemeine Trend war in allen Fällen negativ und variierte während des gesamten untersuchten 
Zeitraumes von 1983 bis 2006 zwischen 10 und 19 Metern Rückgang pro Jahr. Die raschen Verluste 
der Gletscher Svalbards sind vermutlich auf klimatische Veränderungen zurückzuführen welche auch 
in direkten Messungen deutlich werden. Die Notwendigkeit glaziologischer Untersuchungen wird 
durch die Tatsache, dass der Rückgang kleinerer Gletscher außerhalb Grönlands und der Antarktis 
bereits jetzt den zweitgrößten Beitrag zum globalen Meeresspiegelanstieg nach der 
Wärmeausdehnung leistet, unterstrichen. Svalbards Gletscher liefern hierzu einen der Hauptbeiträge. 

Abstrakt 

Denne studien bruker multispektrale bilder fra Landsat-satelliten og en digital terrengmodell med 
høy oppløsning, hvilket er basert på stereo-flybilder fra 1990/95 av Norsk Polarinstitutt. Studiens mål 
er å kartlegge morener og brefronter på den høy-arktiske øygruppen Svalbard (Norge). For å oppnå 
dette målet, undersøker denne metodologiske Masteroppgaven forskjellige adkomster til 
klassifikasjon med integrasjon av supplerende høydeverdier. Breer og andre ismasser er viktige deler 
av det klimatiske system og de viser til klimatiske forandringer på tidsrom fra tiår til tusenår. I 
sammenheng med klimatisk reaksjon og økning av havnivået verden rundt, er glasiologiske 
undersøkelser svært viktig, siden det hjelper med å kvantifisere en slik utvikling. Men glasiologiske 
undersøkelser er ressurskrevende, og det er derfor bare blitt gjort på et lite antall breer i verden. Bruk 
av fjernmåling hjelper til å undersøke breer med en utvidet dekning. I tillegg kan en arealdekkende 
kartlegging av morener på Svalbard hjelpe til å forstå, og måle forandring av breer i fortiden, spesielt 
siden den lille istiden. En tematisk kart av vegetasjon og is-dekning som omfatter nesten hele 
øygruppen i tidsrommet fra 1999 til 2002, blitt produsert under dette studiet. Kartleggingen er utført 
med hjelp av kontrastøkende metoder og manuell determinasjon av grenseverdiene. ISODATA 
klassifikasjoner av statistiske terrengmodeller og primære terrengattributter er blitt sammenført med 
multispektral data til å kartlegge utvidelse av morener. Kombinasjonen av VIS, NIR og SWIR 
spektrale kanaler med høydevariabilitet og standardavvikelse av høyden, runding og helning leverer 
de beste resultatene når de blir etterbehandlet med naboskapsanalyser. Hovedkomponentanalysen 
viser også gode resultater, men prinsipielt er den morfologiske variabilitet innenfor morenene stor og 
det finnes ingen metode som er overlegen i alle områder. Den multitemporal endringsanalyse er blitt 
testet på et lite antall breer på Brøggerhalvøya, Vestspitsbergen. På samme området er brefrontene og 
morenene blitt kartlagt i felt i 2006. Høye variasjonskoeffisienter på 45 og 26 % ble observert i 
målinger av årlig tilbaketrekking i areal og lengde med ulik romlig oppløsning. Den generelle 
trenden var negativ i alle undersøkte tilfeller, med variasjoner i tilbaketrekking fra 10 til 19 meter per 
år i hele studieperioden fra 1983 til 2006. Det store massetapet fra Svalbards breer er utvilsomt 
relatert til klimatisk oppvarming, en trend som også vises i direkte målinger. Nødvendigheten av å 
undersøke breer blir enda mer åpenbar av at tilbaketrekkingen av små breer og iskapper utenom 
Grønland og Antarktis allerede nå utgjør det nest største bidraget, etter termisk ekspansjon, til den 
globale økningen i havnivå – og her er Svalbard en viktig aktør. 
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1. Introduction 
As increasing scientific evidence bespeaks an ongoing, and in the future without much doubt 

further rising trend of global warming (IPCC, 2007; 2001) the wide field of Climatology 

attracts increasing notice not only in science but also in policy and public. Furthermore, this 

trend of a warming climate is with extraordinary strength to be observed in Arctic regions, 

such as the climatically sensitive archipelago of Svalbard (ACIA, 2005). Not only has thus 

induced glacial melting, during the decade from 1995 to 2005, resulted in an estimated 

global-sea-level increase of 0,15 - 0,30 mm/a (ACIA, 2005), glaciers are furthermore the best 

terrestrial indicator for changes in climate (IPPC, 2007; Grassl, 1999) due to their direct 

dependency on air-temperatures, precipitation rates and wind patterns (Benn & Evans, 

1998), combined with their inertial response which will average out meteorological 

fluctuations on a short-lived, perennial scale (Jóhannessen et al., 1989). While representing 

only 4% of the total glacial volume on the earth, the contribution of smaller glaciers and ice 

caps outside Antarctica and Greenland to global-sea level rise has been disproportionately 

high (Dyurgerov & Meier, 1997). Especially Svalbard, with its extensive glacial coverage, 

has been an important player in the global release of fresh-water storage and contributing 

alone as much as some 0,01 to 0,06 mm/a, according to different sources (Hagen et al., 

2003a,b; Dowdeswell et al., 1997). Additionally, this trend has exhibited a significant 

acceleration during the past decades (Kohler et al., under review; Nuth, 2006; Dyurgerov & 

Meier, 2000). However, traditional mass-balance studies have only been carried out on as 

little as 0,5% of the glaciated area on Svalbard (Hagen et al., 2003a) and geodetic mass-

balance data has so far been just once acquired on a statistically significant number of 

glaciers (Nuth, 2006).  

But Svalbard is also well in the zone of continuous permafrost and thus exhibiting extensive 

features of dead ice and debris covered glacier-snouts which are more or less barred from 

melting (Lukas et al., 2005; Humlum et al., 2003; Lyså & Lønne, 2001). A more 

comprehensive approach to the whole complex of glaciers including their adjacent moraine-

systems may therefore contribute to a better understanding of the glacial mass balance at 

whole and their response to climate change.  

Aim of this study is thus to work out possible approaches of an area-wide mapping of glacier 

outlines and their adjacent deposits based on remotely acquired source data. Moreover it is 

desirable to accomplish this task in a simple and effective, rather than excessively 
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sophisticated manner, in order to simplify repetitive mapping for monitoring actual changes. 

The cover picture shows the piedmont-shaped moraine complex of Ebbabreen in 

Ebbadalen/Spitsbergen, a small outlet glacier from the huge complex of Lomonosovfonna. It 

exhibits the typical morphological characteristics of many moraines on Svalbard, which are 

likely to be the product of constant meltout of debris and in parts still ice-cored, and thus 

exemplifies the study objects of this work. 

This M.Sc.-Thesis has been carried out at the Department of Geosciences at University of 

Oslo (UiO), the Department of Geology at the University Centre on Svalbard (UNIS) and at 

the Norwegian Polar Institute (NP) in Tromsø. Fieldwork was conducted during summer 

2006 on Brøggerhalvøya and in the vicinity of Longyearbyen on Spitsbergen/Svalbard, 

during which the outline of 15 moraine-complexes was mapped by means of GPS tracking 

with a handheld device. Further, numerous Landsat ETM+ scenes, acquired during the years 

around the turn of the millennium, have been classified to derive an up-to-date map of the 

vegetation- and glacier-coverage over the whole of Svalbard via calculating vegetation- and 

snow/ice-indices respectively. A high resolution (20m) Digital Elevation Model (DEM) from 

the Norwegian Polar Institute based on aerial photography from 1990 and 1995, which 

covers most of southern and western Spitsbergen builds the base for a terrain classification 

trying to map moraines. Finally, the comparison of the actual field-data with aerial 

photography from 1990 and Landsat ETM+ data from 1999 to 2002 with Landsat MSS and 

TM data from 1983 and 1987 shall illustrate the trends to be observed at the glacier lobes on 

Brøggerhalvøya and explore the possibilities and restrictions of automated change detection 

on different spatial resolutions. This thesis begins with some introductory chapters which 

outline the glaciological and methodological background, as well as an overview about the 

specific regional conditions on Svalbard. A detailed description of the fieldwork and the 

available data resources follows in chapter five. In chapter six the whole mapping process is 

described in detail with methods and results, whereas chapter seven shall briefly investigate 

multitemporal change detection as a means of mapping margins fluctuation by employing 

the available data on the area of the field studies. This thesis is thus in the first place meant 

to be a methodological investigation but it is also a preparatory work for possible future 

investigations quantifying glacial terminus changes on Svalbard area wide. 
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2. Glaciological background 

2.1 Glaciers 

 
Fig. 1: Glaciers are not only fascinating and beautiful parts of a landscape. They are moreover important actors 
in the system earth and exhibit numerous complex processes and interactions with their environment. 
Fridtjofbreen – VanMijenfjorden, Svalbard. © Jonathan Teuchert, 2006 

 

The earth’s surface is presently covered by some 10% with glaciers and ice sheets (Benn & 

Evans, 1998; Paterson, 1994). These glacial bodies store more than 33 x 106 km3 of fresh 

water, equal to approximately 69 to 70 m of global sea-level (Church et al., 2001; Benn & 

Evans, 1998). Even though the ice caps and glaciers outside the huge polar ice-sheets of 

Greenland and Antarctica, which excess a number of 160.000 worldwide (Bamber & Payne, 

2004), comprise only about 4% of the global glacial volume, they may have been 

contributing to as much as 30% of the 20th century sea-level rise (Dyurgerov & Meier, 1997; 

Meier, 1984) and are furthermore believed to be second only to the thermal expansion of the 

oceans in the period from 1990 to 2100, with a contribution between 0,01 to 0,23 m 

(Braithwaite & Raper, 2002; IPCC, 2001). During the period from 1961 to 1997, the 

averaged annual volume loss of all glaciers and ice caps outside Greenland and Antarctica is 

estimated to 147 mm/a in water equivalents, totaling 3,7 x 103 km3 (Dyurgerov & Meier, 

2000). Svalbard, where this study focuses on, is among the regions with the most extensive 

glacial coverage worldwide. It is therefore one of the most important contributors to global 

sea level rise, with 0,01 to 0,06 mm/a (Hagen et al., 2003a,b; Dowdeswell et al., 1997). 

Furthermore, the global trend of melting glaciers has been subject to significant accelerations 

during the past decades (Kohler et al., under review; Nuth, 2006; Dyurgerov & Meier, 2000; 

Haeberli et al., 1999). 
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Fig. 2: Schematic illustration of the relationship between climate and glacial response  
(from: Benn & Evans, 1998, p. 8). 

 

Additionally in the context of a changing global climate, the importance of glaciers is not 

only restricted to sea-level rise but includes the fact that they are important parts of the 

climatic system itself and they are believed to be the best indicators for climate changes in 

the terrestrial system, as they provide important quantitative information about rates of 

change, acceleration tendencies and past variability relating to the surface-atmosphere 

energy-exchange (IPPC, 2007; Grassl, 1999; Haeberli et al., 1999). 

Whereas their importance as climatic agent is most obvious for the large polar ice sheets, 

and has been for the much larger ones during the Pleistocene, small glaciers are likely to be a 

better means as climate indicator due to their shorter response times and their weaker 

influence on their surrounding climatic system on a meso- and macro-scale respectively 

(Bamber & Payne, 2004; Benn & Evans, 1998). As being directly dependent on air-

temperatures, precipitation rates and wind patterns (Benn & Evans, 1998) and showing an 

inertial response that averages out meteorological fluctuations on a short-lived, perennial 

scale (Jóhannessen et al., 1989), the long-term mass-balance dynamics of glaciers enclose 

valuable information about local and global climate trends (see also figure 2). 

The ice contained in a glacial body is subject to constant substitution, enabled by internal 

(plastic deformation) and sometimes basal (sliding, bed deformation) transport processes of 

material from the accumulation area down into the ablation area of a glacier, crossing the so-

called Equilibrium Line Altitude (ELA), which marks the boundary between annual net-

accumulation and annual net-ablation (Benn & Evans, 1998; Paterson, 1994/See also figure 

3). 
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Fig. 3: Input and output to an idealized cross-section of a glacial system. Marine termination to the left, 
terrestrial termination to the right side (from: Brodzikowski & VanLoon, 1991 reprinted in Benn & Evans, 1998, 
p. 4). 
 

To quantify changes in glacier volume, their distribution in space and time and thus the 

overall dynamics of the glacier in terms of shrinking and growing, it is necessary to 

determine the mass-balance of a glacier. The total glacial mass-balance which quantifies the 

change in volume over the period of one year and can be expressed as (Hagen & Reeh, 2004, 

p. 13): 

 

[F1]     δV/δa = Ma – Mm – Mc ± Mb 

 

where V is the ice volume, a the period of one year, Ma the annual surface accumulation, Mm 

the annual surface runoff, Mc the annual loss due to calving and Mb the annual basal balance 

through bottom melting and refreezing. Mass balance can be measured in many different 

ways. The two most widespread methods are the traditional measurements on stakes and 

snow pits, where annual or seasonal losses are determined directly in the field, or geodetic 

measurements, where surface elevation changes are determined by comparing multitemporal 

series of elevation models, usually derived by means of remote sensing, such as stereo-

imagery (Nuth, 2006). The specific mass balance (b) is the sum of accumulation and ablation 

at one point on the glacier surface. It represents the sums for the course of one year (Hagen 

& Reeh, 2004). But the specific net balance does not say anything about a possible thickness 
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changes in the ice column, since horizontal ice fluxes will compensate or even overrule the 

specific mass balance at that particular place. It is therefore necessary not only to integrate 

the specific mass balances over the glacier surface but also to incorporate the ice fluxes 

(Nuth, 2006, p. 5): 

 

[F2]     δh/δt = bn + δqx/δx + δqy/δy 

 

where h is height ice-thickness, bn the specific net balance and qi represents the ice fluxes in 

x and y directions. The influence of the mass balance on the surface elevation and thus the 

terminus position finally links the glacier dynamics to the climate. 

The annual mass balance thus allows a direct quantification of volume fluctuations due to 

annual changes in precipitation and ablation. However, annual mass balances will rarely be 

exactly balanced, but in the case of a glacier being in equilibrium with the surrounding 

climate they will average to zero over the course of several years. Assuming the balance 

being positive or negative over the course of a sufficient time for the glacier to respond, i.e. 

the glaciers response time, the terminus position will alter in order to account for the change 

in the mass-budget (Benn & Evans, 1998; Paterson, 1994). Advances and retreats of a 

glacier may thus serve as a deductive tool for the reconstruction of climate, but the response 

time of the glacier will obscure the quantitative and temporal relation between a climatic 

change and the terminus position: The climatic signal inherent in the mass-balance change 

has to be transmitted down-glacier and will thus arrive at the terminus spread out in time. 

Jóhannessen et al. (1989) therefore described the terminus-position as a weighted mean of 

the past climate signals over a definite length of time past which no former climatic memory 

is preserved and refers to it as the memory (τM). To quantify the memory, i.e. response time 

of a specific glacier both equations F3 and F4 where found to be correct (Paterson, 1994; 

Jóhannessen et al., 1989): 

 

[F3]      τM ~ fl / u(l) 

 

with the factor f being approx. ½, the length of the glacier l and the terminus velocity u(l) 

and 

 

[F4]      τM ~ h / [-b(l)] 
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 Thickness [m] Terminus 
ablation [m a-1] 

Response time  
[a] 

Temperate and maritime glaciers 150 – 300 5 – 10 15 – 60 

Ice caps in arctic Canada 500 – 1000 1 – 2 250 – 1000 
Greenland Ice Sheet 3000 1 3000 
Table 1: Glacier response times estimated via equation F4 (Paterson, 1994, p. 320). 

 

with h being the average and maximum thickness of the glacier respectively and the balance 

rate at the glaciers terminus b(l). Table 1 lists a number of typical values for the response 

time of glaciers, estimated from equation F4. 

But eventually, conclusions about the climatic development can be made even further back 

in time than the glacial memory would allow, by thoroughly interpreting the remnants of 

past glacial activity, which can be preserved in a wide range of geomorphic, sedimentary and 

petrologic evidence, such as moraines, drumlins, glacial striae, tills, tillites and many other. 

By investigating these evidence in the terrestrial as well as in the marine records, it has not 

only been possible to determine the extend of global glacier-coverage during the Pleistocene 

glaciations, but even evidence for glacial activity as far back as to Precambrian times has 

been found (Stanley, 2004; Benn & Evans, 1998; Imbrie & Imbrie, 1979).  

A change in glacier terminus over time thus gives clue about a past and possibly ongoing 

imbalance of the glacier state: an advance reflects a prevalence of accumulation whereas a 

retreat indicates a dominance of ablation. However, climatic factors are not the only possible 

cause for a shifting glacial terminus: Further, disturbances of stress-equilibria will cause 

glaciers to respond with an alternation of their terminus-position. Such changes in the stress 

field can as well be internal as external. Examples for external triggers may be the removal 

of buttressing stresses, as happened on the Antarctic peninsular after the collapse of the 

Wordie Ice Shelf (Rignot et al., 2005), changes in water-level, which will influence the 

buoyancy of calving fronts (Warren et al., 2001), earthquakes and slope failures triggering 

ice-avalanches (Huggel et al., 2005; Alean, 1985) etc.  
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Fig. 4: The front of Paulabreen, terminating into Rindersbukta (Svalbard), during its last surge. Note the 
heavily crevassed surface and the thrusted sea ice in the foreground. © Jonathan Teuchert, 2005 

 

Most important example for an internal trigger is the glacial surge. Surges are cyclical 

instabilities of glaciers resulting in short periods of rapid flow, accompanied by terminus 

advance and crevassing, which interrupt significantly longer intervals of inactivity, so called 

quiescent phases (Dowdeswell et al., 1991/See also figure 4). Surges are believed to be 

rather dependent on changes in the internal stress-field of the glacier and the basal hydrology 

respectively than being influenced by climatic changes (Paterson, 1994; Post, 1969), thus 

they may complicate the determination of climatic trends from interpreting glacial terminus 

fluctuations. However, the length of the quiescent phase and thus the frequency of surges 

might be climatically controlled (Dowdeswell et al., 1995; Hagen et al., 2003a). 

Surging glaciers are generally classified according to the frequency and length of their cycles 

which are loosely termed as Svalbard type- and Alaska type-surges, reflecting rather their 

typus-locality as their real geographic distribution (Murray et al., 2003). Surging glaciers on 

Svalbard are generally exhibiting longer periods in their cycles, they have as well longer 

active phases as they have, insofar being observed, longer quiescent phases. Surge activities 

on Svalbard may last as long as 3 to 10 years, whereas 1 to 2 years are common for 

northwest North America. Quiescent phases have been observed little but to 50 to 500 years 

on Svalbard. Additionally, differencing trends can be observed in the reached flow 

velocities, as they are slower for Svalbard, and in the abruptness that terminates the active 

phase, which appears to be greater for the Alaska-type surges (Dowdeswell et al., 1991).  
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2.2 Moraines 

 

Fig. 5: Debris transport in a valley glacier system (after: Benn & Evans, 1998, p. 221). 

 

Moraines are built up by unsorted diamictic accumulations of clastic rock debris of all grain 

sizes, varying from the clay-size fraction to big boulders of several cubic metres, referred to 

as till and in some cases remnants of the glacier ice. They develop, as rock material gets 

incorporated into the glacial body, either through erosive processes on the surrounding 

slopes such as rock falls, debris- and mud-flows, avalanches etc. or by subglacial erosion. 

This material is further transported by the glacier (see figure 5). As it reaches the ablation 

area it will gradually melt out of the ice and accumulate, either as supraglacial medial 

moraine or as marginal deposit, such as side-moraines and terminal moraines (Benn & Evans, 

1998; Nichols, 1998).  

Such deposits exist in countless different shapes and develop under the direction of 

numerous processes. More generally, moraines are termed according to their position 

relative to the glacier as side-moraines, terminal-moraines and medial-moraines (Benn & 

Evans, 1998). Especially fast advances, as they occur for example under surges, may 

develop pushed moraines (Lefauconnier & Hagen, 1991) which are heavily folded and  
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Fig. 6: Two types of controlled moraines as described in Benn & Evans (1998). This process is probably 
dominant for the majority of small mountain glaciers on Svalbard that suffer under a negative mass balance. 
However, the continuous permafrost observed on the archipelago may increase the preservation potential of 
dead-ice cores (from: Benn & Evans, 1998, p. 487). 

 

usually consist of debris material only. They represent the result of a bulldozing glacier 

snout that pushes material forward as the glacier advances (Benn & Evans, 1998). Under a 

retreat, glaciers develop moraines as they melt back and uncover englacial material that 

accumulates successively. Benn & Evans (1998) refer to those moraines that develop from 

the meltback of stagnant ice as controlled moraines (see figure 6). Repetitive advances and 

retreats of a glacier can lead to complex systems of different interfering moraine types. In 

permafrost areas, the accumulation of debris may retard or even inhibit the complete 

ablation of underlying ice, leading to ice-cored moraines, as the glacier retreats and the 

debris-covered remnants become inactive and debris covered ice-margins (Lukas et al., 

2005; Krüger et al., 2002; Etzelmüller, 2000). Under certain conditions, supraglacial debris 

can cover considerable parts of a glaciers ablation area, which makes it difficult to 

determine the actual terminus position, especially by means of remote sensing (Paul et al., 
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2004). Debris covered ice-margins and ice-cored moraines are abundant features on 

Svalbard. Independent from the matter of terminology, moraines in general comprise 

valuable information about past glacial extend and dynamics and ice cored-moraines as well 

as debris covered margins may contain considerable amounts of locked up freshwater that 

remains unconsidered in standard approaches of glacier volume estimations.  

It is the opinion of the author that preservation of glacial dead ice under debris cover under 

the permafrost climate of Svalbard may possibly alter glacial contribution to sea-level rise 

by delaying or even reducing it. Several studies from other regions have been investigating 

the influence of debris coverage on ablation and found a considerable impact on the glacial 

mass balance (Anderson, 2000; Nakawo & Rana, 1999; Nakawo et al., 1999). As the debris 

coverage strongly decreases the albedo on a glacier surface, a minimum thickness is 

required to obtain a decrease in ablation instead of an increase. As soon as this critical 

thickness is reached, the effect of insulation exceeds that of an increase in the absorption of 

short-wave radiation-energy. The critical thickness varies strongly among different 

locations and is dependent on numerous factors, such as meteorological (short- and long 

wave radiation, humidity etc.) and pedological (heat capacity of the debris coverage, pore-

volume and -content etc.) variables (Anderson, 2000). In permafrost regions the critical 

thickness is likely to reflect the specific active layer thickness that is associated to the type 

of supraglacial substratum and the local climate.  

If one wishes to accurately quantify the glacial terminus fluctuations and draw the right 

conclusions in terms of their climatic response and impact it is thus necessary to regard the 

whole complex of clear-ice margin and adjacent glacial deposits, as well as to consider the 

overall dynamic setting of the glacier and it’s environment, for example whether the glacier 

is known to surge, if water-level changes have occurred in case of a calving margin or 

whether an observed debris coverage exceeds the critical thickness or not. Area-wide 

mapping of moraines accompanied by further studies may thus be a valuable puzzle-piece to 

contribute to the urgent questions of global change and sea-level rise.  
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3. Methodological background 

3.1 Remote sensing 

Principally, remote sensing can be defined as all kinds of measurements which are carried 

out without direct physical contact to the object of investigation. Thus, simple photographing 

is probably the easiest example of remote sensing in geosciences. More generally, the term 

remote sensing is used for the registration of the intensity of electromagnetic waves reflected 

by a surface. The sensors used for this registration are usually mounted on aircrafts (airborne 

remote sensing) or on satellites (spaceborne remote sensing). Each sensor responds to a 

certain spectrum of wavelengths, referred to as spectral bands. Thus, the simultaneous data-

acquisition over several bands leads to multispectral imaging. Further, it must be 

discriminated between passive and active sensors. Passive sensors record the reflected 

electromagnetic energy from natural sources (i.e. the sun or the terrestrial thermal radiation), 

whereas active sensors are providing their own source of energy. In the simplest case, flash-

light photography can be regarded as an active remote sensing technology, but the most 

common systems for active remote sensing are employing Laser- (Light Amplification by 

Stimulated Emission of Radiation)-technology or radio-wavelengths (lat.: radius = ray), such 

as the LIDAR and RADAR-systems (Light/Radio Detecting And Ranging). Further, the term 

remote sensing is only used for systems employing electromagnetic waves, propagating 

through the atmosphere and the empty space respectively. Other investigation methods 

without direct contact to the object of investigation can e.g. be based on physical waves that 

propagate through liquid or solid matter, such as single- and multibeam echosounding, 

seismic data acquisition (as active systems) and seismologic investigations (as passive 

method) or on electromagnetic waves with sufficiently high energy to penetrate solid matter 

(e.g. ground penetrating radar), however these techniques are termed as geophysical methods 

and not accounted to remote sensing (Sabins, 1986). 

The process of remote sensing results in scenes, i.e. images of one or multiple layers 

representing the spectral bands recorded by the sensor. Those scenes can be stored 

chemically as photographs, or digitally as two-dimensional array of pixels, each representing 

a certain grey value that indicates the strength of the observed backscatter. These grey values 

are recorded as binary units, commonly between 8 and 12 bits, equaling 256 to 4096 grey 

levels (Lillesand et al., 2004).  
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Fig. 7: Across track (left) and along track (right) scanner systems (modified after: Lillesand et al., 2004, pp. 
332 & 336). 

 

Digital images are usually recorded by one- or two dimensional detector-arrays of light 

sensing photodiodes. Depending on the direction of data acquisition with respect to the flight 

direction, it is discriminated between across-track or whiskbroom scanning systems, 

operating perpendicular to the flight direction, and along-track or push-broom scanner 

systems operating in flight direction (Lillesand et al., 2004/see also figure 7). 

Once acquired, the images have to be corrected before they can be interpreted. Such 

corrections are geometric and radiometric. Geometric corrections alter pixel positions, i.e. 

they account for distortions of the image that are inherent in the acquisition method, as for 

example variations resulting from non-linearities in the sweep of the sensors instantaneous 

field of view (IFOV), i.e. the moving ‘window’ through which the system ‘sees’ the energy, 

the altitude, attitude and velocity of the sensor platform, atmospheric refraction effects, relief 

displacement, earth curvature and others. Principally, they may be divided into random and 

systematic errors. Systematic errors are inherent in the system configurations, well 

understood and can be easily accounted for by mathematic expressions of the error sources. 

Random errors can only be corrected for by using well-distributed Ground Control Points 

(GCP), positions with known coordinates that appear on the image. Given a sufficient 

number of ground control points, numerous different coordinate transformation algorithms 

are available which resample all pixels within a scene automatically (Lillesand et al., 2004). 

Radiometric corrections shall correct errors in the digital number (DN), i.e. the intensity 

value of each pixel within a scene. They account for a number of different effects, influenced 

for example by scene illumination, atmospheric conditions, viewing geometry and 

instrument specific response characteristics. The questions of which radiometric corrections 
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are necessary to allow a correct image interpretation is strongly dependent on the acquisition 

system as well as on the particular application the data shall be used for (Lillesand et al., 

2004). As remote sensing experiences further commercialisation, it becomes increasingly 

common that numerous geometric and radiometric corrections are readily applied on the 

products delivered by the acquisitor. This is especially true for systematic errors that lie 

within in the specific configurations of the acquisition system. 

Starting from the corrected scenes, a nearly countless number of products and derivatives 

can be produced from remote sensing data. Stereo imagery as well as certain radar and laser 

technologies allow for the calculation of Digital Elevation Models (DEM), representing a 

three-dimensional portrayal of the area. Geomorphometry is thus the science of calculating 

and modeling parameters that depend on elevation with the aid of a DEM, Pike (2002, p. 2) 

defines it as ‘the practice of ground-surface quantification’. Digital Terrain Models (DTM) 

usually represent local derivatives from elevation, such as standard deviation of elevation, 

angle and aspect of slope, plan- and profile-curvature, flow-direction etc. (Wilson & Gallant, 

2000; Evans, 1998; Florinsky, 1998). DEMs and DTMs can be stored in different data 

formats, e.g. as regular and irregular grids and triangular networks respectively or as 

isolines (contours) etc. whereas each of them exhibits specific assets and drawbacks. 

Further literature about data storage formats and quality assessment of DTMs can be found 

in Eckert et al. (2005), Wilson & Gallant (2000), Wise (1998) and Bernhardsen (1992).  

The objective of an image classification is to categorize all pixels within an image (a scene) 

into themes or land cover classes. In order to automate the process, statistically based 

decision rules are derived from analysing the data via pattern recognition (Lillesand et al., 

2004; Swain, 1973). Usually, multispectral data (spectral pattern recognition) is employed 

for classification purposes, but principally all different kinds of remote sensing data that 

allow for adequate statistical analysis can be used. Active radar technologies have for 

example turned out to be a powerful tool for classification purposes, such as the SAR, and 

more recently the INSAR-systems (Synthetic Aperture Radar and Interferometric SAR), 

especially because of their independency towards daylight and cloud-cover (Gens & van 

Genderen, 1996; Bindschadler, 1998). Further, classification techniques based on spatial 

pattern recognition, i.e. geometric shapes, sizes and patterns are of increasing importance. 

Those techniques, employing geometric image segmentation, allow to constitute the shape 

and compactness of the segments on beforehand, so that adaptations to the characteristic 

spatial pattern of surface cover types in the investigated area become possible, e.g. patchy or 

uniform (Lillesand et al., 2004; Benz & Pottier, 2001; Franklin & Wilson, 1992). 
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Fig. 8: Remote sensing from the physical process to the end-user. The steps involved to this Master thesis lie 
within the collection of reference data, interpretation and analysis as well as the output of information products, 
in this case thematic maps (from: Lillesand et al., 2004, p. 3). 

 

The final output of both, geomorphometry and image classification, will usually be a 

thematic map. The process of image interpretation is thus located between the data 

acquisition and the final data application by the end-user. The interpreter combines the 

different sources of information to extract those data that the interest of the user is focused 

on (see figure 8). 

However, the ‘classical’ approach of multispectral image classification assumes that each 

land cover type that shall be mapped, exhibits a spectral reflection pattern which is 

sufficiently unique to allow their discrimination from all other objects within the scene, as 

the reflective patterns are integrated over several bands (Hutchinson, 1982). However, in 

praxis this assumption comes to its in limits in four general cases: 

 

- The desired classes are spectrally very similar or even identical, which becomes more 

likely as the number of classes to be determined increases. 

- The spectral signal might be obscured by atmospheric and/or topographic effects, e.g. from 

cloud cover or in overshadowed areas of high relief scenes. 

- An insufficient spatial resolution of the scene might inhibit the determination of the 

spectral behaviour of one or more classes. 

- One or more of the classes to be mapped are not entirely defined by their surface 

characteristics, i.e. their definition necessarily includes the determination of qualities which 



 

19 

are not inherent in the surface. E.g. the difference between supraglacial and periglacial debris 

is not defined on their appearance on the ground surface but on the subsurface characteristics 

(i.e. underlain by glacier ice or not) thus indicating that they cannot be discriminated by the 

reflective patterns of their surfaces alone. 

From this, one might abstract two general types of restrictions for multispectral classifications 

with regard to their manifestation in the classification process:  

 

- Restrictions a posteriori, which refer to the first three points on the list. Those restrictions 

are only to a limited extend predictable and will be recognised when examining the available 

source data or after a first classification has been done. 

- Restrictions a priori, which refer to the latter point on the list. For these, it is logically 

inherent in the task that multispectral classification alone will fail to solve it. 

In the case of restrictions a posteriori, one might apply additional spectral bands, active sensor 

images, higher spatial resolutions etc. to enhance the quality of the classification, which will 

not be successful in case of a priori restrictions. On debris covered glacier ice, for example, 

attempts for their detection by means of characteristic patterns in the thermal surface 

properties, which might be visible on thermal infrared imaging, failed, thus emphasizing the 

need for additional, non-spectral data sources (Taschner & Ranzi, 2002). 

However, in both cases, the supply of additional, non-spectral information sources, i.e. 

ancillary data, might represent a powerful tool to enhance classification results beyond the 

possibilities given by the original material alone.   

These ancillary data may as well be achieved by remote sensing technology, such as active 

sensor images or photogrammetrically derived elevation data, as it might originate from 

methods outside the remote sensing, such as direct field-measurements or geophysical 

investigation methods. Finally it may be based on historical sources, expert knowledge etc. 

Principally, all kinds of information sources which are not directly inherent in the 

multispectral source data but suitable to increase the quality of classification results can serve 

as ancillary data (Grosse et al., 2006; Janssen et al., 1990; Cibula & Nyquist, 1987; 

Hutchinson, 1982). However, definitions of the term vary according to different sources. 

Some examples are listed below: 
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- Data other than instrument data required to perform an instrument's data processing. They 

include orbit data, attitude data, time information, spacecraft engineering data, calibration 

data, data quality information, and data from other instruments.  

(http://podaac.jpl.nasa.gov/glossary/; Accessed: 05.04.2007; 13:00 h) 

 

- Data from other sources than remote sensing that can be used to aid in the classification. 

(http://fwie.fw.vt.edu/tws-gis/glossary.htm; Accessed: 05.04.2007; 13:00 h) 

 

- Underlying, subordinate, secondary or subservient data. It might, depending on the 

situation, be associated with metadata.  

(http://www.itvdictionary.com/definitions/ancillary_data_definition.html; Accessed: 

05.04.2007; 13:00 h) 

 

- Additional information needed to identify, quantify and manipulate data; for example, 

directory, navigation and calibration blocks. 

(http://www.ssec.wisc.edu/mcidas/doc/prog_man/2003/glossary.html; Accessed: 05.04.2007; 

13:00 h) 

 

Most commonly, Digital Terrain Models (DTMs) have served as ancillary data for 

classifications, but also thematic and historical maps, numerical and physical models, 

ground truth and expert knowledge have been employed frequently. As soon as the most 

appropriate source for ancillary data is determined and the data is acquired, incorporation of 

this data into the process of classification marks the next step in the process. The available 

techniques to merge spectral data with ancillary data are various, numerous techniques for 

combining continuous with nominal, categorical or likewise continuous data do exist and 

range from algebraic expressions over combined classifications to neural networks (Grosse 

et al., 2006; Kääb, 2005; Marçal et al., 2005; Jensen, 2004; Paul et al., 2004; Florinsky, 

1998; Franklin & Wilson, 1992; Janssen et al., 1990; Cibula & Nyquist, 1987; Hutchinson, 

1982). 

Hutchinson (1982) investigated different methods concerning their assets and drawbacks 

and discriminated between preclassification scene stratification, classification modification 

and postclassification class sorting, according to the position of incorporating the ancillary 

data into the workflow. The preclassification scene stratification divides the study scene into 

smaller areas or strata based on some criterion or rule, thus each stratum can be processed 
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independently. Statistically, stratification leads to an increased homogeneity in the datasets 

and can be used to divide large study areas in smaller units or to separate different areas 

with similar spectral signature. In the case of postclassification sorting, problem classes that 

contain more than one object class (i.e. surface cover type) are treated separately and sorting 

rules based on the ancillary data assign each pixel in problem classes to an appropriate 

object class. These two methods have been proved to be successful and simple, whereas the 

classification modification often appears to be laborious and of low benefit (Hutchinson, 

1982). Possible ways of classification modification are to add the ancillary data as new 

channel in the classification scheme (‘logical channel’-approach) or to modify maximum 

likelihood decision rules. Usually, prior probabilities are ignored in classifications, therefore 

including further knowledge about estimated area compositions or associations between 

object classes and ancillary data might increase the classification accuracy. Difficulties arise 

from the fact that maximum likelihood classifiers are parametric (i.e. they require statistical 

normal distribution which often is not given). Moreover, additional observations require 

new samples to describe their signature for the object classes and their association 

(covariance) with all of the other observations, thus they possibly lead to the need for re-

adjustment of class mean values in the case of an incomplete sampled range in the 

relationship between object class and ancillary data (Hutchinson, 1982). 

A promising approach of classification modification and thus the direct integration of 

ancillary data sources into the classification process include the possibilities of artificial 

intelligence and expert knowledge systems respectively. Artificial intelligence can generally 

be described as an attempt to artificially reproduce human expert decision-making 

processes. In such systems, heuristic and logic rules are extracted from expert knowledge 

and combined with mathematic algorithms throughout decision trees or neural networks. 

Further, digitised knowledge databases can be made accessible worldwide through the 

world-wide-web (www), thereby allowing users to acquire results based on expert 

knowledge with providing only simple input, requested through a user interface, 

independently. Neural networks try to simulate the thinking processes of human beings, 

which are based on interconnected neurons that collect, process and disseminate the 

incoming information. Neural networks can be trained throughout training sites, they are 

free from requirements of normal distribution and able to adaptively simulate complex and 

non-linear patterns, based on the underlying topological settings (Jensen, 2004; Mather, 

2004). However, the development of such sophisticated methods requires high 

computational effort and laborious pre-studies, such as the formulation of expert decision 
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making rules in a topologically meaningful manner. The resulting outputs have turned out to 

be not necessarily of better quality (Paul et al., 2004).  

3.2 Classification methods 

The actual multispectral classification may be based on a variety of methods and algorithms 

(Jensen, 2004; Lillesand et al., 2004), however the most general discrimination is made 

between supervised and unsupervised classification methods. Further, artificial intelligence, 

fuzzy logics, decision tree analysis and hybrid approaches are employed, be it 

complementary, linking or refining to one or both of the above mentioned approaches or for 

the integration of ancillary data (Jensen, 2004; Marther, 2004; Hutchinson, 1982).  

Any supervised classification in the widest sense requires a priori knowledge about the 

ground surface on the scene, as the analyst has to assign representative areas for each surface 

type that shall be mapped. During this first step, the training stage, spectral signatures that 

will later be used by the algorithm, describing each class have to be defined by the analyst 

throughout a representative choice of reference areas with known coverage, so called training 

sites. The selection of appropriate training sites is a non-trivial task as ideally all possible 

appearances of a single class in the multispectral space have to be accounted for, including 

variations caused by different illuminations throughout the scene and the variety of spectral 

behaviour that is inherent in the targeted class, as for example glaciers consist of blue ice, 

dirty ice, fresh-snow, firn-areas etc. and thus the land-cover class ‘glaciers’ exhibits large 

variations in its spectral appearance. Through the thresholds defined by the training sites, 

multidimensional vector fields are created, which define a numerical ‘interpolation key’ and 

adjust the algorithm, so that it suits best for the special conditions of each investigation. The 

dimensionality of those vector fields might either be similar to the number of available 

spectral bands, or smaller, if certain bands turn out to be meaningless to define the class 

(Florinsky, 1998). Sometimes the definition of appropriate spectral signatures might also be 

achieved by standards for land-cover types that can be readily incorporated in classification 

schemes, such as for example the Land-Based Classification System, developed by the 

American Planning Association (Jensen, 2004). In the following classification stage, the 

spectral signatures defined through the training sites are then used by an algorithm to assign a 

class-membership to each pixel within the scene, or in the case of spectral unmixing, i.e. 

subpixel classification, it may also be percentage memberships to several classes. If the final 

output then already meets the requirements of the classification purpose it can be imported 

into a GIS system or directly used as a thematic map, otherwise the spectral signatures have to 
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be revised by adding, deleting or changing the training sites (Jensen, 2004; Lillesand et al., 

2004; Sabins, 1986). 

In an unsupervised classification (also referred to as clustering), a priori knowledge about the 

surface features within the scene is not required prior to the classification stage, as the 

algorithm automatically groups pixels with similar spectral characteristics into unique 

clusters, according to statistically defined criteria. However, as an unsupervised classification 

results in statistically similar spectral classes rather than in meaningful information classes, a 

certain knowledge about the expected surface coverage is required as well as the analyst 

needs to assign all spectral classes their appropriate land cover type in the post classification 

progress and to recognize those pixels which have meaningless spectral clusters, as they may 

only represent mixed classes of earth surface material (Jensen, 2004). Numerous different 

classification algorithms are available for unsupervised classifications, such as e.g. the 

ISODATA algorithm which has been employed during this study. The ISODATA (Iterative 

Self Organizing DATA) is a k-means clustering algorithm, based on defined threshold values 

and rules for splitting clusters and uses the minimum spectral distance formula to form these 

clusters. It begins either with arbitrary cluster means or with a given set of predefined 

signatures. Each time the clustering repeats, the cluster means are shifted and the new means 

are used for the next iteration. This process is then repeated until a predetermined maximum 

of iterations were performed or until a predefined minimum of unchanged pixel assignments 

is observed between two iterations (Leica, 2005; Jensen, 2004). This heuristic data analysis 

technique allows the following pre-settings (Jensen, 2004):  

 

- Maximum number of clusters, i.e. classes. 

- Maximum percentage of pixels whose class values are allowed to be unchanged. When it is 

reached, the algorithm terminates. 

- Maximum number of iterations, i.e. recalculations of cluster means. 

- Minimum percentage of members in a cluster. If this threshold is under-runned, the cluster 

will be deleted and its pixels assigned to another class. 

- Maximum standard deviation (STD) of the clusters. 

- Split separation value: It determines where to split a cluster because of a too high STD. 

- Maximum allowed distance between the means of two clusters. 

 

The transformation of spectral classes to information classes requires partly laborious post 

processing to detect and replace meaningless classes and to determine the actual land cover 
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type behind each spectral class. These tasks might e.g. be achieved by providing spatial 

context (e.g. neighbourhood analysis, segmentation), spectral unmixing (sub-pixel 

classification) field observations, expert knowledge, for example via comparison to False 

Colour Composites (FCC) that enhance the visual contrast between land cover types and the 

use of empirically derived standard values for certain land-cover types (Kääb, 2005; Jensen, 

2004; Mather, 2004; Janssen et al., 1990; Cibula & Nyquist, 1987). 

Additionally to the given definitions, classification methods can be divided into hard and 

fuzzy classifiers. Hard classifiers assign each pixel with a single, unambiguous label, a course 

of action which obviously fails to adequately illustrate the appearance of many natural and 

semi-natural surfaces, where graduate transitions between different surface cover types are 

abundant. To meet this challenge, fuzzy classifiers assign each pixel with a percentage 

membership to one or several classes, thus accounting for the existence of areas with mixed 

coverage. Fuzzy classifiers can be applied in unsupervised as well as supervised 

classifications. Within this subject area belongs as well the spectral unmixing of pixels. If the 

spatial resolution of the scene is coarser than the variations in surface cover on the ground or 

if, respectively, multiple scattering over different surface cover types occurs, so called mixed 

pixels are generated. These pixels, with a spectral signature that represents the sum of 

different spectral reflection values by each surface cover type inside the area, so called end-

members and/or additional diffuse radiation from multiple scattering, can be assigned with a 

relative value as well. Just as fuzzy classifiers assign a percentage membership of one pixel to 

several classes does the spectral unmixing lead to a percentage membership of several classes 

to one pixel instead (Jensen, 2004; Mather, 2004). 

Creating multidimensional vector spaces from training sites is not only a laborious task, it 

requires also detailed knowledge about the spectral characteristics of the targeted features and 

unsupervised classification algorithms often result in meaningless classes in case the actual 

number of different surface cover types in the area exceeds the number of calculated spectral 

clusters. Therefore, they might be most adequate for classifications aiming at a high number 

of classes with possibly similar spectral qualities. In the case of only few classes with non-

ambiguous spectral attributes, it may well provide satisfying results to calculate band-rations 

and indices of only few but relevant spectral bands to enhance contrasts (Kääb, 2005; 

Lillesand et al., 2004; Hall et al., 2001; Xiao et al., 2001; Bronge & Bronge, 1999). Later, 

thresholds for relevant class boundaries can be defined manually by visual comparison with 

RGB (red/green/blue-channel)-False Colour Composites. 

The idea behind enhancing contrasts and calculating band ratios is that some surface cover  
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Fig. 9: This spectral diagram, including the atmospheric windows, typical reflection curves for some land cover 
types and the ASTER and Landsat ETM+ bands, shows that, generally speaking, surfaces typically connected 
to glaciers exhibit higher reflectivity as water for the shorter wavelengths and vice versa. Enhancing such 
contrasts by simple mathematic operations on the pixel values for the relevant bands allows simplifying 
classification for such cases (from: Kääb, 2005, p. 87). 
 

types exhibit very strong differences in their reflectance, either compared over several bands 

or to other surface types respectively (see also figure 9). Using these natural contrasts by 

enhancing them thus allows for a relatively easy manual determination of thresholds in one-

dimensional spaces of spectral-ratios and indices. During this study a number of different 

band-ratios and methods to enhance contrasts have been employed (see chapter 6.3). 

 

3.3 Geomorphometry and spatial statistics 

Geomorphometry is, as already mentioned above, ‘the practice of ground-surface 

quantification’ (Pike, 2002, p. 2). Starting from a digital representation of the altitude, 

various mathematic operations can be done, depending on the data storage format. Elevation 

can be digitally stored as discrete elevation bands (isolines) or as contour-based network, as 

regular or irregular triangular networks (TRN/TIN), regular or irregular vector-based grid 

network or, most commonly, as regular grid-mesh of pixels (Wilson & Gallant, 2000; 

Bernhardsen, 1992). A general discrimination is made between primary and secondary 
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topographic attributes. Primary topographic attributes are direct mathematical derivatives 

from the elevation, such as slope, curvature and flow-direction, whereas secondary attributes 

describe the topographic influence on physical processes, as for example a model for the 

topographic variation in solar radiation does (Wilson & Gallant, 2000; Kumar et al., 1997). 

As secondary topographic attributes are not employed during this study, emphasis shall be 

laid on the primary ones. Terrain statistics, such as the mean, range, variety or standard-

deviation of elevation can also be calculated for grids of primary topographic attributes. A 

more detailed description of terrain statistics and their interpretation is given in Evans 

(1998). However, both terrain statistics and primary topographic attributes are calculated 

with the least computational effort when regular spaced pixel-square grids are employed. 

Automatic functions, e.g. focal statistics, then operate via a moving window of x² grid cells 

(Gallant & Wilson, 2000; Evans, 1998), e.g. during this study a 5x5 pixels moving window 

was employed. The question of which size for the window is appropriate is determined by 

the roughness of the terrain and the grid resolution. In this case of moraines and an applied 

DEM grid-resolution of 20x20 m, a moving window of 5x5 cells thus represents a 10.000 

m², which seems to be appropriate to account for the topographic roughness of the study 

object. Each pixel in the new output grid then carries the result of a mathematic operation, 

calculating centered finite differences within the moving window (Gallant & Wilson, 2000). 

The slope measures the rate of change of elevation in the direction of the steepest descent 

and can be expressed as percentage in rise or as the angle of deviation from the horizontal 

line. The aspect is the orientation of the slope and is usually measured in degrees clockwise 

from north. The primary flow direction is an approximate surrogate of aspect, as it indicates 

the direction of the steepest descent (Gallant & Wilson, 2000). The flow-drop again 

expresses the ratio of the maximum elevation change and the path length between the cell 

centres and is therefore closely attached to the slope (ESRI, 2005). However, more 

sophisticated algorithms to calculate flow directions are available and widely used in 

hydrological applications, such as the DEMON Stream-tube method that allows for the 

calculation of flow dispersion as well (Gallant & Wilson, 2000). The curvature quantifies the 

convexity and concavity of the terrain surface respectively. It can be dissected into plan 

curvature, i.e. contour curvature and profile curvature, the curvature of the slope profile. 

Beside these mentioned primary topographic attributes that have been employed during this 

study, a large number of further primary and secondary attributes exist and can be useful, f.e. 

in hydrological, ecological investigations, for geomorphodynamic or glaciological modeling 

etc. Further details can for example be found in Kääb (2005), Etzelmüller & Björnsson 
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(2000), Gallant & Wilson (2000) and Kumar (1997).  

Extensive interband correlation is a frequent problem, not only for multispectral 

classifications (Lillesand et al., 2004), but generally for all classification purposes using data 

that has a high redundancy among the single layers. For some applications it is therefore 

desirable to extract spatially independent trends from datasets with a high spatial 

autocorrelation. An obvious example of data redundancy for this study would be a multiband 

raster-composite, comprising several primary topographic attributes. Since they are all 

derived from elevation, most of the variance within the study area can thus be explained with 

elevation. A principal component analysis (PC) may help to point out spatially uncorrelated 

trends within a dataset. It results in a multiband raster-composite with the same number of 

rasters in the output as in the original input. The first principal component will represent the 

greatest variance, the second shows the second most variance not described by the first, and 

so forth. In most cases, the first three to four rasters of the resulting raster-composite may 

already describe over 95% of the variance (ESRI, 2005). Generally stated, the purpose of a 

principal component analysis is to compress the information of n-data bands in ‘less than n’ 

data bands (Lillesand et al., 2004). To dive into the mathematic details of the statistic 

operations connected to a principal component analyses would outreach the scope of this 

study, however graphically illustrated, a principal component analysis can be understood as 

a rotation of the axes in the multiple feature space, with the origin of the new coordinate 

system lying on the mean of the dataset (Lillesand et al., 2004/see also figure 10). 

Each of the new axes then represents the direction of one of the principal components, 

simply speaking, a principal component analysis is thus a linear combination of original data 

values multiplied by certain coefficients, statistical quantities known as eigenvectors or 

principal components which are derived from the variance/covariance matrix of the original 

data and can be expressed as (Lillesand et al., 2004):  

 

[F5]  DNI = c11DNA + c12DNB   DNII = c21DNA + c22DNB 

 

with DNI, DNII being the digital numbers in the output coordinate system, DNA, DNB 

represents the digital numbers in the original coordinate system and c11, c12, c21, c22 standing 

for the transformation coefficients. 
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Fig. 10: A two-channel illustration of a principal component analysis. A random sample of pixels has been 
plotted according to their grey-levels originally recorded in the Bands A and B. Superimposed on the Band A- 
and B-coordinate system are now two new, rotated axes that have their origin in the mean of the data 
distribution (Lillesand et al., 2004, p. 536). 
 

3.4 Applications of remotely sensed data in glaciology 

Data from remote sensing sources has widely been employed in glaciological investigations. 

The main advantages are lying in the spatially continuous data coverage from imaging unlike 

the point samples from field investigations, as well as in the ease and inexpensiveness of 

even repeated data acquisitions in very harsh and remote areas, such as e.g. polar ice sheets 

or high mountain glaciers (Bindschadler, 1998). The most common applications of remote 

sensing in glaciology are mapping of glacier parameters (such as the outline or the position 

of the ELA) by means of multispectral and/or radar imaging, detection and monitoring of 

glacial movements throughout repeated data acquisition or radar interferometry and geodetic 

mass-balance measurements with different temporal and spatial resolutions. Extensive 

literature on movement detection and monitoring by means of interferometry can for 

example be found in Bindschadler (1998), Dowdeswell et al. (2002), Dowdeswell et al. 

(2004), Gens & van Genderen (1996), Kwock & Fahnenstock (1996), Massonet & Feigl 

(1998), Pritchard et al. (2005), Rignot et al. (2005) and Wangensteen (1999). 

Geomorphometric approaches for measuring glacial movements and long term mass balance 
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are e.g. described in Nuth (2006), Neumann (2006), Kääb (2005), Scavenius (2005), Kääb & 

Haeberli (2003), Gao & Liu (2001), Etzelmüller & Björnsson (2000), Etzelmüller & Sulebak 

(2000), Bindschadler (1998), Etzelmüller & Sollid (1997, 1996) and Etzelmüller et al. 

(1993). Mapping of snow facies, glacier outline, ELA and horizontal retreat with different 

methods have been carried out or reviewed among others by Kargel et al. (2005), Kääb 

(2005), Paul et al. (2004), Solomina et al. (2004), Gao & Liu (2001), Hall et al. (2001), 

König et al. (2001), Winther et al. (2001a,b), Xiao et al. (2001), Bronge & Bronge (1999) 

and Partington (1998). 
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4. Regional conditions on Svalbard 

Fig. 11: Bathymetric map of the Arctic, with the archipelago of Svalbard (Norway) situated on the north-
western edge of the Eurasian shelf of the Barents Sea (modified after: 
http://www.ngdc.noaa.gov/mgg/bathymetry/arctic/images/IBCAO_ver1map_letter_low.jpg; Accessed on: 
05.05.2007; 14:30 h). 

 

The about 63.000 km2 stretching high arctic archipelago of Svalbard, located between 74° to 

81° N latitude and 10° to 35° E longitude in the Barents Sea north of Norway, exhibits a 

glacial coverage of approximately 60% or 36.600 km² (Hagen et al., 1993). A large variety 

of different glacier morphologies exist on Svalbard, from small cirque and valley glaciers  

in central Spitsbergen to large ice caps in the northeast, such as Austfonna, with roughly 

8.120 km² and 1.900 km3 the largest ice cap in Eurasia (Hagen et al., 1993; Dowdeswell, 

1989). Glaciers with marine termination are grounded and the total length of the calving 

fronts on Svalbard sums up to approximately 1.000 km (Hagen et al., 2003a,b; Hagen et al., 
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1993). Generally, the coastal areas show the most widespread glacial coverage due to strong 

gradients in annual precipitation, with 400 to 600 mm along the coastal areas and down to 

200 mm in central Spitsbergen (Ingólfsson, 2007). Especially the eastern islands of the 

archipelago exhibit a rather contiguous coverage of ice-caps, reflecting the coldest 

temperatures and high moisture input from the Barents sea, as Svalbard is exposed to 

predominantly easterly winds during the accumulation season. On average, the east coast 

receives about 40% more precipitation than the west coast (Hagen et al., 2003a; Sand et al., 

2003; Winther et al., 2003). Elevation gradients of precipitation have considerable spatial 

variations, averaging to 97 mm/100 m (Sand et al., 2003). Annual precipitation is governed 

by a strong seasonality, whereas most precipitation falls as snow, with February to March 

and August to September being peak times. Also between December and January heavy 

snowfalls may occur in some years (Ingólfsson, 2007; Humlum et al., 2003; Hjelle, 1993). 

The snow accumulation on Svalbard is dominated by wind-redistribution and many of the 

smaller cirque glaciers in the arid regions of central Spitsbergen are believed to survive 

thanks to snow drift-accumulation only (Jaedicke & Gauer, 2005). The Equilibrium Line 

Altitude (ELA) ranges from 200 to 300 and up to >800 m a.s.l (Hagen et al., 1993), 

however those general numbers comprise some imprecision since superimposed ice 

formation is a frequent phenomenon on Svalbard and hinders ELA determination with 

optical sensor imagery as for those cases the ELA does not coincide with the snowline 

(Hagen et al., 2003a). In years of intense melting, the ELA may even exceed the altitude 

range of some glaciers, leading to negative mass balances over the whole glacier area, as for 

example has been observed on Austre Brøggerbreen and Bogerbreen (Neumann, 2006; 

Lefauconnier et al., 1999). 

The Mean Annual Air Temperature (MAAT) is -6°C at the west coast and slightly colder 

further inland, for example -6,7°C were measured at Longyearbyen airport during the 

climatic normal period from 1961 to 1990 (Førland & Hanssen-Bauer, 2003; Hagen et al., 

1993). Up in the mountain regions, the MAAT can go down to -15°C. The coldest period 

extends from January to March with an average of about -15°C, whereas the warmest month, 

July, exhibits about 5 to 6°C in average (Ingólfsson, 2007; Hagen et al., 1993).  

However, the longest temperature records from Svalbard indicate a step-wise temperature 

increase in the early last century, probably marking the end of the Little Ice Age (LIA) in the 

region (Nordli & Kohler, 2003). Records from Longyearbyen Airport also reflect this step 

and indicate a continuous trend of warming during the following time (see also figure 12). 
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Annual mean temperatures Longyearbyen Airport
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Fig. 12: Mean annual air temperatures (MAAT) in °C at Longyearbyen Airport weather station, central 
Spitsbergen, from 1912 to 2004. The logarithmic trend curve indicates a step-wise increase early in the record, 
followed up by a steady warming trend (Data published in: Førland & Hanssen-Bauer (2003) updated from: 
www.met.no). 
 

The climate on Svalbard is thus relatively mild, given the high latitude the archipelago is 

situated on, which is the result of both the atmospheric and oceanic settings in the Barents 

Sea and the western shelf areas. The large scale air currents are dominated by low pressures 

near Iceland and higher pressures over Greenland and the Arctic Ocean, thus leading to a 

transport of lower latitude air masses towards Svalbard (Hagen et al., 1993). Situated at the 

boundary between polar and maritime air masses, Svalbard receives frequent cyclones, 

causing unstable and often stormy weather. Fogs occur frequently during summer 

(Ingólfsson, 2007; Lefauconnier et al., 1999). Even in the winter season, warm air masses 

may reach Svalbard resulting in thawing periods. Further, the Norwegian Current, a branch 

of the warm-water circulation of the Gulf Stream- and North Atlantic Current-System, 

reaches as far up north as to the Fram-Strait between Svalbard and north-east Greenland, 

creating the northernmost ice-free zones during the artic winter (Hagen et al., 1993). Due to 

average temperatures well below zero, continuous permafrost is expected to occur over the 

whole area, with known depths ranging from around 100 m in the coastal zones up to 500 m 

in mountain regions (Humlum et al., 2003; Landvik et al., 1988; Liestøl, 1977). 

Morphological features connected to permafrost environments are widespread and well 

developed, such as Pingos, patterned grounds, rock glaciers etc. (Ingólfsson, 2007). 
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Most glaciers on Svalbard are subpolar or polythermal, i.e. parts of the glaciers are at 

pressure melting point whereas other parts of the glaciers have sub-zero temperatures. Some 

glaciers are also believed to be of polar type, i.e. entirely cold. Polythermal glaciers often 

develop large icings of internal meltwater that refreezes during the winter when exiting the 

glacial body (Hagen & Liestøl, 1990). Due to being at least partly frozen to the ground and 

receiving little accumulation, the glaciers on Svalbard exhibit comparatively low flow 

velocities and are thus believed to have little bed erosion since internal plastic deformation 

of the ice is likely to be the predominant transportation mode (Hagen et al., 2003a). 

Conservation of rooted plant remnants at the bed of the cold-based Longyearbreen supports 

this assumption (Humlum et al., 2005). Typical surface velocities are measured to as little as 

2 m/a in the lower ablation areas and 10 m/a close to the ELA, but calving glaciers are 

somewhat faster, as for example Kronebreen in Kongsfjorden, the fastest measured glacier 

on Svalbard, with 2 to 4,5 m/d. For those faster glaciers with marine termination, basal 

sliding is thus important as well and base temperatures are likely to be at pressure melting 

point (Hagen et al., 2003a). Heavy crevassing characterises the surface of those fast calving 

glaciers, whereas the smaller mountain glaciers on Svalbard are virtually free of crevasses. 

In the context of the glacial dynamics on Svalbard, it is important to mention that some 

glaciers are known to be of surge-type. The fraction of surging glaciers on Svalbard is 

subject of ongoing discussion and amount, depending on the source, to 13% (Jiskoot et al., 

1998), 36% (Hamilton & Dowdeswell, 1996) or as much as 90% (Lefauconnier & Hagen, 

1991). However, dates and observations of surges are available on some more than 80 

glaciers (Lefauconnier & Hagen, 1991). Huge complexes of pushed terminal moraines and 

looped medial moraines are associated to those surge events, showing that quantity and 

quality of erosion and deposition are strongly altered during the active phase (Christoffersen 

et al., 2005; Lefauconnier & Hagen, 1991). To highlight the recent findings about the 

processes triggering and regulating surge behaviour would clearly overshoot the scope of 

this study, but it is important to bear in mind that surge advances as well as the consequent 

retreat of the glacier front are part of the surge cycle and should not be misunderstood as a 

response to climatic driving forces (Paterson, 1994; Post, 1969). It is therefore necessary to 

be aware of the possible occurrence of surge-type behavior when horizontal terminus 

fluctuations shall be interpreted in a climatic context and a preferably area wide coverage is 

thus desirable for such studies to allow for a statistical correction of errors from internally 

driven fluctuation dynamics. Figure 13 shows the locations of known surge type glaciers on 

Svalbard. 
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Fig. 13: Known surge type glaciers on Svalbard are marked in black. Non-glaciated areas are grey  
(after: Dowdeswell et al., 1991) 
 

Traditional mass-balance studies have been carried out on as little as 0,5% of the glaciers on 

Svalbard (Hagen et al., 2003a), additionally geodetic mass balance measurements were 

undertaken by some studies (Neumann, 2006; Nuth, 2006; Scavenius, 2005; Etzelmüller & 

Sollid, 1996; Etzelmüller et al, 1993). As far as being measured, the net balance of 

Svalbards glaciers has mainly been negative over the past decades (Nuth, 2006; Hagen & 

Liestøl, 1990; Etzelmüller & Sollid, 1996). Austre Brøggerbreen and Midtre Lovénbreen, 

two rather small (~5 km2) valley glaciers on Brøggerhalvøya, western Spitsbergen are 

among the glaciers with the oldest records and have been monitored since 1966 and 1968 

respectively. During the period until 1988, they exhibited almost exclusively negative mass 

balances with averages of -0,43 m/a to -0,34 m/a water equivalent (Lefauconnier et al., 

1999). Biennial records from Finsterwaldbreen, southwest Spitsbergen, are reaching even 

further back in time and average to -0,25 m/a water equivalent during the period from 1950  
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Fig. 14: Glaciers with traditional mass balance studies are indicated with squares, dots represent locations of 
shallow ice core drillings (from: Hagen et al., 2003a). 
 

to 1968. The same trend can be seen from measurements undertaken by Russian scientists on 

several other glaciers during the seventies and beginning eighties (Hagen & Liestøl, 1990). 

Figure 14 shows the locations for direct balance measurements in the field on Svalbard and 

on table 2, Hagen et al. (2003) listed a summary of available field data to that time. Geodetic 

mass balance studies on individual glaciers (Neumann, 2006; Scavenius, 2005; Etzelmüller 

& Sollid, 1996) as well as with extensive coverage (Nuth, 2006) are supporting the overall 

negative trend in mass balance. Even though Nuth (2006) finds a slight increase in the 

accumulation areas, his overall trend for an area of approximately 5.000 km2 of glaciers over 

a time span of 54 years (1936/38 to 1990) is negative as well and averages to 1,59 ± 0,1 

km3/a, indicating a loss of -0,30 m/a in water equivalents. Agreement prevails among the 

newer studies about accelerations in the negative mass balance trends which could be 

observed since the seventies (Kohler et al., under review; Nuth, 2006).  
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Glacier Area 
[km2] 

No. of 
monitored 

years 

Mean net 
balance 
[m w.e./y] 

STD 
[mm/y] 

Terminus3 

Austre Brøggerbreen 5 36 -0,45 0,33 land 
Austre Grønfjordbreen 381 6 -0,63 0,20 marine 
Bertilbreen 5 11 -0,72 0,29 land 
Bogerbreen 5 12 -0,43 0,36 land 
Daudbreen 2 6 -0,36 0,27 land 
Finsterwaldbreen 11 9 -0,51 0,59 land 
Fridtjovbreen 49 5 -0,25 0,19 marine 
Hansbreen 57 7 -0,522 0,39 marine 
Kongsvegen 105 16 0,002 0,39 marine 
Longyearbreen 4 6 -0,55 0,45 land 
Midtre Lovénbreen 6 35 -0,35 0,29 land 
Vestre Grønfjordbreen 381 4 -0,46 0,16 marine 
Vøringbreen 2 18 -0,64 0,37 land 
Table 2: Mean annual specific net balance (in m water equivalents) for Spitsbergen glaciers on which 
measurements have taken place. 1Area of Grønfjordbreen as a whole. 2Including losses through calving. 
3Marine means all or parts of the terminus are marine (after: Hagen et al., 2003, p. 149). 

 

Usually, huge moraine complexes can be observed in the vicinity of glaciers on Svalbard. 

Most of them are believed to mark the maximum extend from Little Ice Age (LIA)-advances 

or surge events. The end of the LIA on Svalbard is marked by an abrupt temperature rise of 

about 5°C during the 1920s (see also figure 12) and the glaciers have been consistently 

retreating since then insofar they have not been surging (Dowdeswell et al., 1995). Most of 

these moraines are at least partly ice cored. Further, some of the smaller valley glaciers 

exhibit debris covered ice-margins, i.e. their margins comprise a zone of supraglacial debris, 

between 0,1 and 4 m thick, which retards melting of the underlying ice (Lukas et al., 2005). 

The active layer, monitored on several CALM-sites (Circumpolar Active Layer Monitoring) 

and boreholes on Svalbard, reaches only a thickness of approximately 60 to 70 cm in the 

lowlands (Christiansen, 2007) which implies that already a rather shallow debris coverage 

may be sufficient to slow down or even inhibit melting of underlying glacier ice. However, 

mainly incision by meltwater channels and subsequent slope processes, such as debris flows 

are leading to degradation and self-reinforced melting, resulting in frequent changes of the 

morphology and a preservation potential that is limited on millennial time scales (Lukas et 

al., 2005/See also: Appendix\02-Field_data\Pictures\Larsbreen,14.07.06\img7-im9.wmv). 

Whereas pushed moraines may occur for LIA advances and surge-advances, recent 

moraines are mainly resulting from meltout of englacial debris as the glaciers retreat. The 

material in polythermal glaciers is transported along debris-rich foliation and debris-bands 

reflecting internal shear planes and is believed to originate dominantly from basal freezing 

(Lyså & Lønne, 2001; Boulton, 1970b).  
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Fig. 15: Trimlines and ice cored side-moraine shoulders on Edithbreen, Brøggerhalvøya.  
© Jonathan Teuchert, 2006 

 

The general debris-content of Svalbard glaciers seems to be rather low, Boulton (1967) 

finds dominantly less than 7 vol.-% and rarely more than 15 vol.-% on Sørbreen, western 

Spitsbergen. Similar observations were made at fluvial outcrops of basal till beneath 

Nordenskjöldbreen: Whereas the partly frozen basal till contains only 5 vol.-% of ice, less 

than 60 vol.-% of ice are rarely observed for the active ice layers above. Between both a 

transitional zone consisting of lenses of ice and debris rich bands exist (Boulton, 1970a). 

The moraines that developed during the LIA and later are predominantly vegetation-free. A 

very common sight on Svalbard are well developed trimlines and side moraines along the 

sides of glaciers, which are often running several tenths of metres above the recent glacier 

surfaces and frequently expose preserved bodies of ground- or dead-ice (see figure 15). 

Thermokarst on recently deglaciated areas and glacigenic rock glaciers are abundant 

(Humlum et al., 2003), thus supporting the assumption of dead-ice under large areas of 

debris cover adjacent to the recent outlines of clear glacier ice. However, interpretation of 

georadar-acquisitions on these areas proves to be a non-trivial task, due to a rather chaotic 

subsurface pattern of debris and ice (Kohler, personal conversation, 15.12.2005).  
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However, the recent moraines that developed under the post-LIA retreat on Svalbard may 

well be mainly addressed within the terminology of controlled moraines (Benn & Evans, 

1998), i. e. the debris enriches as it melts out of the glacier. Depending on the debris-content, 

the accumulated debris-cover will earlier or later reach a sufficient thickness to retard or 

inhibit further melting. 

Independent from the question of how to address these features terminologically, they all 

serve as evidence for past glacial extend and activity and area-wide mapping of these zones 

may be of high value, when the results are statistically interpreted in terms of climatic 

driven glacial retreat and freshwater contribution to the oceans.  
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5. Fieldwork and data resources 

5.1 Fieldwork 

Aim of the fieldwork was to map the recent outline of as many moraines as possible to 

acquire some ground truth reference concerning the actual boundary between the moraines, 

as well towards the clear ice margin as towards neighbouring and morphologically 

resembling features, such as talus cones, rock-glaciers, creeks, beach terraces etc. 

The field work was carried out during the period from 12.07.2006 until 17.08.2006 in two 

different regions of Spitsbergen, first in the area of Longyeardalen/Fardalen and 

Janssondalen, central Spitsbergen and later (31.07.2006 to 17.08.2006) on Brøggerhalvøya, 

western Spitsbergen. In total 15 moraine-complexes have been mapped of which four are in 

the Longyeardalen/Fardalen-area, two in Janssondalen and nine on Brøggerhalvøya, 

including at least 17 independent glaciers. Additionally a rock glacier on Brøggerhalvøya 

was mapped, which is connected to an area declared as glacial on the 1:100 000-scale map 

A7 ‘Kongsfjorden’ from the Norwegian Polar Institute (NP, 2004) that is based on the aerial 

photography of 1990 and 1995. This area could hardly be recognized as glacial in 2006 but 

rather as a multi-annual snow patch. However, the morphological feature probably 

representing a protalus rock-glacier was clearly distinguishable (see figure 16). 

 

  Outline [km] Area [ha] 

Dryadbreen 7,626 89,27 
Nordenskjöldtoppenbreen 6,307 69,53 
Longyearbreen 15,3 97,89 
Larsbreen 6,634 56,51 
Hallwylbreen 4,613 44,85 
Unnamed Janssondalen 2,561 27,14 
Edithbreen 9,013 131,08 
Steenbreen 5,273 63,07 
Unnamed Brøggerhalvøya 3,163 33,46 
Trongskarbreen 5,038 38,54 
Mørebreen 8,474 133,54 
Austre & Vestre Brøggerbreen 28,641 442,51 
Austre Brøggerbreen medial 6,211 26,26 
Vestre Lovénbreen 7,896 148,28 
Midtre Lovénbreen 12,814 277,29 
Austre Lovénbreen 7,176 247,28 

Sum: 136,74 1926,5 

Table 3: Outline length and area of the mapped moraines. ‘Unnamed Brøggerhalvøya’ refers to a small 
unnamed glacier situated on the southern slopes of Brøggertinden, whereas ’Unnamed Janssondalen’ is a small 
unnamed glacier on Hallwylfjellet, just west of Hallwylbreen. ’Nordenskjöldtoppenbreen’ refers to the small 
unnamed glacier on in the north-facing kar of Nordenskjödltoppen, close to Longyearbyen. 
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The total length of the mapped outlines sums up to ~136,5 km and encircles a total area of 

approx. 1.926,5 ha of moraines (without the rock-glacier). The most extensive of the mapped 

moraine-complexes is the one connected to Vestre and Austre Brøggerbreen with a total area 

of about 468,8 ha, whereas the smallest mapped moraine belongs to an unnamed glacier in 

Janssondalen with only 27,14 ha in size (see also table 3). In figure 37, the shape files of all 

mapped moraines can be seen. The original files are in: Appendix\02-Field_data\. 

Additionally to the mappings, the moraines of Bogerbreen in Endalen, the 

Gløttfjellbreen/Møysalbreen complex in Janssondalen and the Foxbreen/Fleinisen complex 

in Foxdalen, all near Longyearbyen, have been visited. However, those moraines could not 

be mapped, due to limitations in the available time and, in the case of the latter two the 

terrain proved to be too tough to encircle the moraines as they are confined through powerful 

meltwater streams running in narrow canyons. The glacier embedded in the north-facing kar 

on Nordenskjöldtoppen near Longyearbyen is officially unnamed (NP, 2003) but in this 

work it will be referred to as ‘Nordenskjöldtoppenbreen’, according to the designation used 

in Lukas et al. (2005). 

Mapping was carried out by circling the moraines and recording a track log on a handheld 

GPS-receiver, Model Garmin® GPS 60. The horizontal accuracy of the GPS measurements 

was specified by the device to a maximum of ± 5 m, however, strong variations of up to 

around ± 85 m in areas with extremely little open sky were observed, depending on the 

number and strength of received satellite signals. The used receiver model allows the 

simultaneous tracking of at maximum 12 satellites at once and updates every second 

(Garmin, 2006). Garmin® specifies the typical accuracy of its receivers to be better than ± 15 

m in 95% of the time (Garmin, 2007). Altitude measurements were not recorded during the 

fieldwork as they are known to be of little accuracy for handheld receivers without reference 

station. Log points were automatically recorded every 30 seconds. Additionally to the track 

log, waypoints were taken to mark significant morphological features such as crossings of 

active or fossil meltwater-outlets and -channels, exposed dead- or ground-ice, exposed 

bedrock and slope-processes interfering with the glacier, such as slides or mudflows (see 

also: Appendix\02 - Field_data\Points\).  
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Fig. 16: The location of the mapped rock glacier east of Mørebreen on Brøggerhalvøya. On the 1990 aerial 
photograph a multiannual snow-patch or respectively ice field can be seen, however the mapped feature does 
clearly not encircle the whole of this feature but is restricted to its easternmost parts.  
© NP, 1990; Jonathan Teuchert, 2006  

 

  
Fig. 17: The glacier terminus as a fuzzy boundary of increasing debris coverage, exhibiting numerous ablation 
dominated medial moraines. The red line indicates the track that was chosen during the mapping with the GPS. 
This example is from the western margin of Austre Brøggerbreen. © Jonathan Teuchert, 2006. 
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Fig. 18: A cliff exposure of ground ice undercut by a meltwater stream, approximately 600 m beeline from the 
actual terminus position of Mørebreen. © Jonathan Teuchert, 2006 
 

The greatest challenge was lying in the determination of the glacial terminus towards the 

moraine. In many cases, this boundary is obscured by a gradually increasing percentage in 

debris coverage and morphologically insignificant. Further, stripes of small debris-ridges 

parallel to the glacial flow line, so called ablation-dominant medial moraines (see figures 5 

& 17) extending a few tenths to hundreds of meters from the glacial terminus are abundant. 

These stripes were only mapped in case they were considerably bigger than the average of 

neighbouring stripes or extending into a proper medial moraine, i.e. directly connected to a 

source area such as nunataks etc. However, the crossings of such stripes were recorded with 

waypoints given they extended over a length of at least a couple of tenths of meters. Figure 

17 illustrates the deviation between actually mapped margin and the true appearance in the 

field on the example of the western terminus of Austre Brøggerbreen. To double check the 

actual extend of these ablation-dominated medial moraines, an additional mapping was 

carried out on the eastern half of the terminus on Austre Lovénbreen. Here, waypoints were 

collected along the outermost ice margin, which is morphologically significant for this 

glacier (see also figures 21 & 23) and then at the upper start of each ablation dominated 

medial moraine. From these measurements it can be seen that these medial moraines on 

Austre Lovénbreen on average extend about ~100 m, with >200 m for the longest and <50 m 
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for the shortest among the measured  

(see also: Appendix\02-Field_data\Points\Austre_Loven_exact_down_p and respectively 

~\Points \Austre_Loven_exact_up_p). 

Exposed ground- or dead-ice was found frequently on almost every moraine, underlining the 

influence of the permafrost-conditions on the process of glacial retreat and terminal ablation. 

This ground-ice usually crops out at steep cliff sides, where slope processes have been 

removing the overlying debris coverage, or it becomes visible in the bed of meltwater 

streams that wash away the debris coverage and incise into the underlying ice. Figure 18 

shows an impressive example of exposed ground ice in the moraine of Mørebreen, 

Brøggerhalvøya. The shown outcrop is situated approximately 600 m beeline from the actual 

glacial terminus. In Appendix\02-Field_data\Pictures\Larsbreen,14.07.06\img7-im9.wmv a 

short video footage was recorded the 14.07.2006 on two locations on the western side of the 

Larsbreen-moraine, showing active slope processes of highly saturated debris-water 

mixtures sliding off on the underlying ground ice. 

Side moraines were included to the mapping were possible, by following the uppermost 

clearly visible trimline to the point were it meets the ice surface (see figure 19). However, in 

some few cases the trimlines were hardly developed as a distinct shoulder, instead lateral 

drag on talus cones indicates to which height the underground might have been active. In 

such cases mapping of the side moraines has usually not been possible as the ground quickly 

gets too steep and unstable to walk on it.  

Even though it should be avoided to draw general conclusions about the moraines on the 

whole of Svalbard from such a small and statistically insignificant number of mapped 

moraines, it could be observed among the mapped moraines that there might be two general 

types of moraines. In the first type, the main body of the moraine is made up by a debris 

covered terminus. These moraines often have a morphologically insignificant boundary 

towards the clear ice and appear more or less as a single massive body with a high overall 

convexity. Their outer margins are usually marked by a rather continuous and steep wall 

which can be several tenths of metres high. These moraines are typically connected to very  
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Fig. 19: Clearly developed trimline and side moraine on the eastern margin of Austre Brøggerbreen. Note the 
upper limit of the side moraine on the right edge of the image, as the trimline coincides with the glacier surface. 
© Jonathan Teuchert, 2006 

 

 

Fig. 20: A very complex and chaotic pattern of debris stripes and isolated debris fields obscure the boundary 
between clear ice and the moraine on many of the smallest glaciers, as for example here on Larsbreen. © Joris 
S. Tinnemans 2004 

 

small glaciers that are most likely entirely cold based and completely situated at higher 

altitudes within confined mountain valleys. Among the mapped moraines, the ones 

belonging to Longyearbreen, Larsbreen, Hallwylbreen, the unnamed glaciers on 

Brøggerhalvøya and in Janssondalen, Steenbreen, Edithbreen, Mørebreen and Dryadbreen 

were clearly of this type. Also Bogerbreen, which has not been mapped but visited during 

this study, exhibit this first type of moraines. For those glaciers, the boundary between clear 

ice and the moraine is not only morphologically insignificant, it is also optically extremely 

obscure as numerous isolated debris patches occur, creating a large transitional zone (see 
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figure 20). Drainage of these moraines mainly occurs subsurface with outlets from the 

peripheral walls.  

The moraines of the Vestre Lovénbreen-complex are intermediate to the second type. This 

second type of moraines is much more extended and often clearly separated from the recent 

ice margin. These moraines sometimes show a very rough terrain, consisting of numerous 

small hills and/or ridges along their outer margin whereas towards the recent ice-margin the 

terrain may often be rather flat and regular. The drainage often runs through large braided 

riverbeds. In some cases however, there are hardly any distinct morphological features at all 

that would exceed the size of a few metres, as it for example is the case for Austre 

Lovénbreen and Austre Brøggerbreen. The ice-margin is morphologically quite significant 

as the whole glacier snout appears to be tongue shaped even though these glaciers tend to 

exhibit numerous ablation-dominated medial moraines which obscure the margin optically 

(see figures 5, 17 & 21). Often the tongue-shaped glacier margins are undercut by meltwater 

streams and appear to be hanging over the ground (see figure 23). This type of moraines is 

usually connected to larger glaciers that terminate in unconfined lowlands, such as Austre 

and Midtre Lovénbreen, Austre and Vestre Brøggerbreen and Trongskarbreen. Additionally, 

this type of moraines could be observed on the complexes of Gløttfjellbreen/Møysalbreen 

(see figure 22) and Foxbreen/Fleinisen, which have not been mapped but visited during this 

study. 

Independently from the question whether these observations have any statistical significance 

and whether they reflect a general pattern among the moraines on Svalbard or not, it 

becomes clear these moraines occur in a number of different, sometimes quite antagonistic 

shapes and geomorphic expressions. From steep, wall-like endmoraines over relatively flat 

and shapeless areas of exposed groundmoraine to bulky and huge debris covered glacier 

margins. It is thus to be expected that there will not be a single, unambiguous 

geomorphometric ‘signal’ that is able to describe all the moraines in their manifold. But they 

have some things in common:  
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Fig. 21: The glacier forefield of Austre Lovénbreen does not exhibit many morphological features of 
significant size but appears rather as a rough plain with large drainage systems. The morphologically 
significant ice-margin to the left is covered with frequent melt-out medial moraines. © Christian Wagner, 2006 
 

 
Fig. 22: The outer terminus of the moraine from the Gløttfjell-, Møysalbreen complex is build up by numerous 
small ridges and hills. However, the distance to the actual clear ice margin amounts to many hundreds of 
metres. There is a clear morphological distinction between these outer ridges and the actual ice margin, which 
itself is morphologically significant tongue-, or lobe-shaped. © Jonathan Teuchert, 2006 
 

 
Fig. 23: The tongue shaped glacier-margin of Fleinisen in Foxdalen appears to hang approximately a metre 
above the ground as it is undercut by meltwater streams. Note the small outcrop of ground ice (white arrow), 
indicating that the ‘glacier’ continues subsurface. © Jonathan Teuchert, 2006 
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- The moraines originating from the LIA and later are predominantly vegetation-free. 

- Those younger moraines can be expected only in the vicinity of recent glaciers which 

makes it possible to employ neighbourhood-relationships. 

- Moraines have a higher roughness than most of the surrounding morphological features, 

i.e. their amplitude (relief) is lower than for the neighbouring mountains, but their 

wavelength (grain) is shorter than for areas such as the large valley bottoms, strandflats etc. 

For further information about the morphological terms amplitude and wavelength, see Evans 

(1998). 

5.2 Data resources 

The core of this study is made up by a set of Landsat 7 ETM+ scenes and a digital elevation 

model DEM from the Norwegian Polar Institute (NP), based on 1990 and 1995 aerial stereo 

imagery. Additionally, an extract from a 1987 Landsat 4 or 5 TM scene, covering parts of 

the field study area on Brøggerhalvøya and a complete Landsat 4 MSS scene from 

21.07.1983, covering the Brøggerhalvøya as well, were available. Unfortunately, even 

through communications with the USGS EROS data centre, it was not possible to acquire the 

complete metadata-files for the older scenes any more. Also further scenes from the eighties 

that would have provided a better spatial coverage were not available for this study.  

The NP further provided a set of readily orthorectified aerial imagery from 1990, covering 

the whole area of the 2006 field mappings. However, older aerial imagery is archived at NP, 

but not in a digital data format and thus not geometrically corrected either. Due to this lack 

of access to older imagery, the actual quantification of glacier retreat rates was restricted to 

the field study areas.  

In order to carry out the necessary geometric corrections, i.e. orthorectification on the 

satellite scenes, an old DEM, combined with an old coastline shape file from the NP were 

employed as reference and source of altitude information (see also chapter 6), which both 

have a full coverage over the whole of Svalbard. These files are based on 1936/38 oblique 

and 1960/70 vertical aerial photography. The DEM was calculated using the TOPOGRID-

algorithm in ArcInfo® (for example described in Wise, 1998), using digitised isolines with 50 

m equidistance and mountaintops as input. These files are outdated and of low accuracy, but 

they provide full coverage over Svalbard, which is not given for the updated files yet and 

was thus used to orthorectify the Landsat 7 ETM+ imagery which cover up nearly the whole 

of the archipelago. 
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Scene ID 
Acquisition 

Date Path Row 
Cloud Cover 

[%] 
Sun Elevation 

[º] 
Sun Azimuth 

[º] 

7217004000219250 11.07.2002 217 4 11 33,680420 167,008713 

7208004000219350 12.07.2002 208 4 0 33,550926 167,052551 

7210004000219150 10.07.2002 210 4 9 33,812382 166,954742 

7215002000119150 10.07.2001 215 2 9 31,268696 154,492355 

7210003000219150 10.07.2002 210 3 0 32,567585 161,310822 

7223001000116750 16.06.2001 223 1 9 31,070105 145,376526 

7217003000219250 11.07.2002 217 3 6 32,436172 161,363754 

7218003009919150 10.07.1999 218 3 7 32,508751 159,753906 

7215003000219450 13.07.2002 215 3 0 32,162903 161,462174 

7222002000020650 24.07.2000 222 2 6 28,801552 154,419266 

7220003000020850 26.07.2000 220 3 2 29,621443 161,010681 

7212005000217350 22.06.2002 212 5 0 36,234825 170,738434 

7212004000217350 22.06.2002 212 4 1 34,982090 165,894424 

7208005000219350 12.07.2002 208 5 0 34,788883 171,882629 

Table 4: Selected metadata information for the fourteen Landsat 7 ETM+ scenes that were employed during 
this study (from:USGS, 2007). 
 

This set of Landsat 7 ETM+ images comprises 14 complete scenes which were all acquired 

during the period from 10.07.1999 to 13.07.2002. A selection of the most relevant metadata 

is given in table 4 (the full metadata-files are available at: USGS, 2007). The Landsat 

Program is a series of Earth-observing satellite missions jointly managed by NASA and the 

U.S. Geological Survey (USGS). Since 1972, altogether six Landsat satellites have acquired 

passive imagery all over the world (Landsat 6 never reached orbit). During this work, scenes 

from the Landsat satellite generations 4, (5) and 7 and three different sensor systems, the 

Multispectral Scanner (MSS), the Thematic Mapper (TM) and the Enhanced Thematic 

Mapper Plus (ETM+) have been used. Landsat 4 was launched on the 16th of July 1982 and 

decommissioned on the 15th of June 2001. Following a polar, sun-synchronous orbit at 705 

km altitude, it carried both the MSS and TM sensors on board. Landsat 5 has more or less 

the same specifications as Landsat 4 and was launched almost two years later on the 1st of 

March 1984. The MSS sensor on Landsat 5 has been taken out of work in the meantime, 

whereas the TM sensor is still operating. The launch of Landsat 6 then failed, and the 

youngest generation of the Landsat series, No. 7 carries the ETM+ sensor over similar 

orbital parameters as its predecessors (NASA, 2007). Whereas MSS and TM are both cross-

track sensors, operating via an oscillating mirror, the ETM+ sensor works as a fixed along-

track sensor (see also figure 7). In table 5, some of the most relevant properties of these three 

sensors are listed (NASA, 2007). 

 

 



 

49 

ETM+ TM MSS (L4-L5 / different 
specifications for L1-L3) 

Band 

No. Wavelength 
[µm] 

Resolution 
[m] 

Wavelength 
[µm] 

Resolution 
[m] 

Wavelength 
[µm] 

Resolution 
[m] 

1 0,450 – 0,515 30 0,450 – 0,520 30 0,500 – 0,600 80 
2 0,525 – 0,605 30 0,520 – 0,600 30 0,600 – 0,700 80 
3 0,630 – 0,690 30 0,630 – 0,690 30 0,700 – 0,800 80 
4 0,750 – 0,900 30 0,760 – 0,900 30 0,800 – 1,100 80 
5 1,550 – 1,750 30 1,550 – 1,750 30 
6 10,40 – 12,50 60 10,40 – 12,50 120 
7 2,090 – 2,350 30 2,080 – 2,350 30 
8 0,520 – 0,900 15  

Table 5: Spectral bandwidth 
and ground resolution for the 
sensors employed during this 
study (NASA, 2007) 

 

The second heart-piece of this investigation is the DEM from NP, based on 1990 and 1995 

aerial stereo imagery. It covers most of southern and western Spitsbergen (see figure 24) and 

is sampled as a regular grid with 20 m cell resolution. The vertical accuracy of this DEM is 

about ± 2 to 3 m (Nuth, 2006). For the computational work connected to this work three 

different software packages were available. To download tracks and waypoints from the 

GPS and export them to shape files, OZI Explorer© Version 3.95.4i by D&L Software Pty 

Ltd. was used (http://www.oziexplorer.com). Geomorphometric analyses, GIS related tasks 

and the classifications related to band rationing were carried out on ArcMapTM 9.0 by ESRI® 

(http://www.esri.com). Finally, the geometric corrections of satellite scenes and the 

ISODATA classifications had been done using ERDAS Imagine© Version 9.0 and 9.1 from 

Leica® Geosystems (http://www.gi.leica-geosystems.com). 
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Fig. 24: A hillshade map, showing the spatial extend of the coverage from the new DEM by the Norwegian 
Polar Institute, overlain by the coastline shape file from 1936/38 & 60/70. 
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6. The mapping process 

6.1 Objectives 

To accomplish the task of mapping moraines as well as their adjacent boundary to clear 

glacier ice, different approaches were tested and compared, employing the combination of 

different well-established methods in remote sensing and geomorphometry, such as band 

rationing (Hall et al., 2001; Xiao et al., 2000), unsupervised classification (ISODATA) 

(Jensen, 2004; Lillesand et al., 2004), focal statistics, primary topographic attributes 

(Gallant & Wilson, 2000; Evans, 1998) and principal component analysis (Lillesand et al., 

2004). All tested methods are hybrid approaches of unsupervised classification methods and 

supervised class aggregation with incorporation of ancillary elevation data, where ground 

truth from field investigations and False Colour Composites (FFC) of the satellite imagery 

served as reference for the classifier. However, the main idea was to establish a mask via 

multispectral classification that excludes all glaciated and vegetated areas and then to use 

this mask, accompanied by neighbourhood-relationships to the glaciated areas, to narrow 

down the possible areas of moraines. A geomorphometric classification shall separate the 

area into morphologically similar landforms. The aggregation of the geomorphometric 

classification with the exclusion of vegetated and glaciated areas and the neighbour-

relationships should then enable a supervised class aggregation highlighting the moraine-

areas. 

6.2 Data preparation 

The fourteen Landsat ETM+ scenes all had to be orthorectified. This was carried out with 

hillshade maps of the 1936/38 & 60/70, full coverage DEM from NP with a cell resolution of 

20x20 m, together with the coastline shape file as references. In order to improve the optical 

correspondence between the satellite scenes and the hillshade images, the latter were 

produced with the same illumination parameters (sun-azimuth and -elevation) as were 

present during the image acquisition (see table 4). From the satellite scenes, RGB-

composites of the channels two, three and four, with a ground cell resolution of 30 m were 

used. The model parameters were then stored and supplementary applied on the 

panchromatic channel-image with 15 m ground resolution and on the two thermal channels 

with 60 m ground resolution. 

The reference points for the orthorectification were set manually and as evenly as possible, 

distributed over pointy mountaintops or distinctive ridge junctions and at coastal features  
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Scene ID No. of GCP's x-error y-error Total-error 

7217004000219250 28 27,615 27,3546 38,8698 

7208004000219350 61 64,3995 92,0494 112,3404 

7210004000219150 52 60,1064 41,9768 73,3133 

7215002000119150 51 51,2711 60,7546 79,4975 

7210003000219150 35 53,7975 28,6351 60,9438 

7223001000116750 62 34,4338 46,2739 57,6798 

7217003000219250 94 35,801 33,6918 49,1614 

7218003009919150 94 37,4306 33,931 50,5209 

7215003000219450 27 62,4981 46,7664 78,0583 

7222002000020650 95 52,4802 41,348 66,8119 

7220003000020850 55 42,2385 37,1249 56,2348 

7212005000217350 39 28,0747 26,5776 38,6595 

7212004000217350 90 35,257 58,3307 80,3481 

7208005000219350 36 49,1329 28,9324 57,0186 

Table 6: Number of ground control points and their errors, as calculated by the rectification models, for the 
Landsat ETM+ scenes that were employed in this study. 
 

that are not likely to be subject to strong erosional alternation through time, such as pointy 

cliffs, small islands etc. The number of these ground control points (GCP) for each scene 

varies with the share of land surface within each scene, from at least 28 to maximum 95. 

Table 6 shows the detailed model parameters for each orthorectification of all the ETM+ 

images, as it can be seen, the total error in x and y direction was in the order of one to four 

pixels for all of the images. As Svalbard does not have any anthropogenic references, such as 

road junctions or buildings that would be recognisable in the given ground resolution of the 

image data and since the whole terrain is subject to strong processes of erosive and 

depositional alternation on annual scales, it is difficult to acquire high accuracies for the 

positioning of GCPs. Furthermore, the only available reference material with sufficient 

coverage was an outdated hillshade map and coastline file and since some regions on 

Svalbard provide very few unglaciated areas, the achieved GCP-errors are, if not small, still 

according to the circumstances and of sufficient accuracy for the tasks to be achieved. 

After the manual determination of the GCPs, all the images were then resampled in ERDAS 

Imagine© using the bilinear interpolation algorithm. In general, the resampling-process 

alternates the position of the pixels. As the cell in the output matrix will not directly overlay 

the pixels in the input matrix, the digital number (DN) has accordingly to be recalculated on 

the basis of the surrounding pixel values. As this operation alters the original spectral 

information it represents a possible error source for consequent classifications (Lillesand et 

al., 2004). In the case of many targeted classes or for subpixel classifications it might 

therefore be recommendable to postpone the rectification until all pixels are assigned to 

information classes, however for this study such a high level of accuracy seemed 
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unnecessary as the number of targeted classes is small, no subpixel classification should be 

made and since the geometric errors from other sources are already within the range of one 

to few pixels.   

The most common resampling algorithms are the nearest neighbour-, the employed bilinear 

interpolation and the bicubic interpolation or cubic convolution. The nearest neighbour 

approach is the simplest method and provides fast computation, however its results tend to 

show a disjointed appearance, the output image is pixelated as the output matrix may be 

spatially offset up to half a pixel. The two latter methods are more sophisticated but require 

also considerably more computation time. The employed bilinear interpolation can be 

understood as a two-dimensional equivalent to linear interpolation as it establishes the new 

DN as a distance-weighted average of the four nearest neighbours. The cubic convolution 

finally calculates the output DN from a neighbourhood of sixteen pixels (Lillesand et al., 

2004). As the visual quality difference between the latter two interpolations appears to be 

less distinct as it is towards the nearest neighbour algorithm, but notably the cubic 

convolution requires very long computation times, the bilinear interpolation was preferred 

for this study. 

Also the Landsat MSS scene had to be orthorectified, this was done with the same reference 

files and algorithms as for the ETM+ scenes, however since no metadata files were available, 

no specific hillshade map matching the illumination conditions of the satellite image could 

be created, instead the default parameters from ArcMapTM were used (315° azimuth; 45° 

elevation). For this scene 155 GCPs were set with error values of 1,46 m in the x- and 0,94 

m for the y-direction and 1,74 m for the total error.  

Finally also the TM sensor image had to be corrected geometrically. However as for this 

case not the whole scene but only an extract was available, the Landsat sensor model in 

ERDAS Imagine© could not be used, instead the image was corrected with a 5th order 

polynomial. The 26 GCPs for this operation (9,03 m x-directional error, 11,37 m y-

directional error and 14,42 m total error) where set, using a hillshade map and coastline 

shape file from the new 1990/95-generation as reference, since they extend over the whole 

coverage of the clipping. 
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6.3 The glacier, water and vegetation mask 

 
Fig. 25: The atmospheric transmission and the abbreviations of the spectral bands versus the channels recorded 
by the Landsat ETM+ and ASTER satellite sensors, plotted on a non-linear scale of wavelengths (Kääb, 2005, 
p. 86). 

 

Band ratios and normalized difference indices have been employed widely for different 

purposes. The principal idea behind them is to employ characteristic differences in the 

spectral reflectance of surface classes among several bands to enhance the contrast between 

them (Kääb, 2005). However, already the potentialisation of a single band will enhance the 

differences between the DNs of two surface classes, given they exhibit antagonistic 

reflective behaviour for the particular spectral band, further simple adding of two bands have 

also been found to be successful during this study. In the case of few targeted classes with 

relatively strong differences in their specific reflective patterns, such operations, also 

referred to as image algebra (Leica, 2005), may thus already lead to sufficient classification 

results, given the analyst has the appropriate means to define the relevant thresholds. Band 

ratios are thus describable as (Kääb, 2005): 

 

[F6]     Rij = DNi/DNj 

 

whereas normalised difference indices are calculated as follows (Schowengerdt, 1997): 

 

[F7]    NDIij = (DNi - DNj)/(DNi + DNj) 

 

with DNi and DNj being the digital numbers of the bands that are relevant for the desired 

task. The Normalised Difference Vegetation Index (NDVI) is widely used to determine 

vegetated areas and based on the fact that plants absorb radiation in the photosynthetically 

active spectral region, whereas they scatter near infrared (NIR) radiation in order to prevent 
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overheating (Gates, 1980). It is thus calculated, according to equation F7, using the visible 

red (red) band and the NIR as follows (Leica, 2005): 

 

[F8]    NDVI = (IR – VISred)/(IR + VISred) 

 

which corresponds for the Landsat 7 ETM+ sensor configurations to: 

 

[F9]   NDVIETM+ = (Band 4 – Band 3)/(Band 4 + Band 3) 

 

For ice and snow, usually the bands in the visible near infrared (VNIR) versus the short 

wave infrared (SWIR) spectra are applied, which are the channels 2,3 or 4 and 5 in the case 

of Landsat ETM+ or TM sensors (Kääb, 2005). The Normalised Difference Snow Index 

(NDSI) is thus calculated as (Hall et al., 2001; Xiao et al., 2001): 

 

[F10]   NDSIETM+ = (Band 2 – Band 5)/(Band 2 + Band 5) 

 

and the comparable Normalised Difference Snow and Ice Index (NDSII) equals for these 

sensors to (Xiao et al., 2001): 

 

[F11]   NDSIIETM+ = (Band 3 – Band 5)/(Band 3 + Band 5) 

 

Both, the NDSI as well as the NDSII, provide useful results to map snow and ice and thus 

discriminate glaciers, snowpatches and sea-ice from the surrounding types of landcover. 

However, the NDSII was found to provide a slightly better contrast between snow/ice and 

open water and was thus preferred in this study (see figure 26). 

The Normalised Difference Water Index (NDWI) can be used to map open water. As in the 

visible (VIS) spectrum, the reflectivity of water is highly variable and depending, among 

other things on its turbidity and as the reflectivity of snow, respectively ice and water are 

similar in the NIR and SWIR, the NDWI employs the combination of both the VIS and the 

NIR (Kääb, 2005). However, Jackson et al. (2004) uses another definition for the NDWI, 

which is able to determine the vegetation water content (VWC) and that is based on a 

combination of the NIR and SWIR. 
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Fig. 26: Comparison of the NDSI and the NDSII with an image of the panchromatic channel as reference, 
showing the area of Kongsfjorden and Krossfjorden, western Spitsbergen. The contrast between ice and 
sediment rich meltwater plumes is poor in both cases however it is slightly better for the NDSII. Note also the 
enhanced contrast between dirty marginal ice and the surrounding bare ground for both indices towards the 
panchromatic image. 

 

Again applied to the configurations of the ETM+ sensor, these indices would then be 

calculated as: 

 

[F12]   NDWIETM+ = (Band 4 – Band 1)/(Band 4 + Band 1) (Kääb, 2005) 

 

or 

 

[F13]  NDWI (VWC)ETM+ = (Band 4 – Band 5/7)/(Band 4 + Band 5/7)  (Jackson et al., 2004) 

 

Both indices were tested in this study and provided a satisfying discrimination between 

water and snow/ice, with F13 having a very weak contrast between open water and vegetated 

land surfaces as it detects the water content in the biomass. However, both NDIs showed a 

tendency to assign too high values to sediment-rich meltwater- and river-plumes flowing 

into the open water, causing them to be misclassified as no-water areas. For this study, a 

simple addition of the NIR and the SWIR turned out to accommodate the task in the best 

way. The author refers to it as the water index (water) and for an ETM+ image it is 

calculated as: 
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Fig. 27: Contrast differences between water and other surfaces on the panchromatic channel and three different 
image algebras. The close-up is situated at Blåfjorden on the eastcoast of Edgeøya, the glacial mass belongs to 
Stonebreen. Note the plumes of sediment loaded freshwater running into the fjord. 

 

 

Fig. 28: Comparison of the employed RGB composites on a Landsat ETM+ scene.  

 

[F14]     waterETM+ = Band 4 + Band 7 

 

This simple algebraic operation does not only result in a satisfying discrimination between 

open water and land, ice and snow, it also provides a contrast that allows to minimize the 

misclassification errors for inflowing plumes of freshwater with heavy sedimentary load into 

the fjords (see also figure 27). However, none of all the three methods could avoid a strong 

ambiguity between water and overshadowed areas.  

Especially on Svalbard, a high arctic mountainous region where high relief is accompanied 

with relatively low sun-elevation, overshadowed areas are abundant and therefore, the water 

map was not included into the preclusion mask for the final moraine classification as it 

would have deleted too many of the overshadowed moraine areas. 

The actual thresholds that define the information classes from the algebraic output rasters 

were defined manually by the analyst. In order to accomplish this task as accurate as 
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Scene ID / Index Min Threshold Max Scene ID / Index Min Threshold Max 

7217003000219250       7210004000219150       

ndvi -1 -0,025 1 ndvi -1 -0,04 1 

ndsii -1 0,68 1 ndsii -1 0,68 1 

water 0 35 408 water 0 40 490 

7212004000217350       7210003000219150       

ndvi -1 -0,07 1 ndvi -1 -0,09 0,492 

ndsii -1 0,68 1 ndsii -1 0,68 1 

water 0 29 440 water 0 36 286 

7208005000219350       7223001000116750       

ndvi -1 -0,04 1 ndvi -1 -0,09 0,44 

ndsii -1 0,6 1 ndsii -0,3 0,65 1 

water 0 29 317 water 0 36 287 

7212005000217350       7218003009919150       

ndvi -1 -0,06 1 ndvi -1 0 1 

ndsii -1 0,69 1 ndsii -1 0,72 1 

water 0 34 363 water 0 40 440 

7217004000219250       7222002000020650       

ndvi -1 -0,07 1 ndvi -1 0,19 1 

ndsii -1 0,59 1 ndsii -1 0,66 1 

water 0 40 371 water 0 40 466 

7215002000119150       7220003000020850       

ndvi -1 -0,09 0,612 ndvi -1 0,015 1 

ndsii -1 0,68 1 ndsii -1 0,62 1 

water 0 35 427 water 0 34 494 

7208004000219350       7215003000219450       

ndvi -1 -0,05 1 ndvi -1 -0,02 1 

ndsii -1 0,7 1 ndsii -1 0,64 1 

water 0 36 212 water 0 36 319 

Table 7: Range and thresholds for the employed indices from all fourteen Landsat ETM+ scenes. 

 

possible, image flickering was employed, using appropriate configurations of the original 

satellite scenes as reference, so called False Colour Composites (FCC). These are 

combinations of RGB-composites that take advantage of the differences in the spectral 

signatures of the categories that are in question. For the vegetation, a RGB composite with 

the ETM+ bands 432 (NIR) is most appropriate, whereas blue ice and snow is most easily 

distinguishable from debris and water with a combination of the bands 532 (SWIR) (Kääb, 

2005). Additionally, the channel-247 FCC was found to serve as a powerful tool to detect 

cloud coverage (see figure 28). The determined thresholds for all scenes are listed in table 7. 

As the vegetation cover on Svalbard is very sparse, low thresholds are necessary for the 

NDVI to detect all vegetated areas. In some cases the thresholds had to be set so low that a 

few pixels on the glaciated area were erroneously assigned as vegetated. This error was 

accounted for by overlaying the NDVI- with the NDSII outputs. 

After having reclassified all images, the classes were mosaicked together to create single 
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outputs for the whole of Svalbard. This was done in such a way that through overlapping 

images and the creation of Area Of Interest (AOI)-files, the cloud cover, the amount of sea 

ice and the number of snow-patches were reduced as much as possible. Additionally, the 

1936/38 & 60/70-coastline shape file from NP was used to create a 5 km buffer which was 

used to mask the water-class in order to reduce the amount of redundant data.  

As there is some interference between the glacier and water mask, namely on meltwater 

plumes and overshadowed areas, the overlay of these two maps was used to create a fourth 

class that comprises all the overlapping areas and is referred to as undefined or uncertain 

area which may thus represent either water or overshadowed ice however at large this 

overlap is connected to sediment-rich meltwater plumes running into the fjords. As no 

discrimination was made between snow and ice, the glacier mask does also include 

numerous snow-patches. In order to reduce these, the snow/ice grid was converted to 

polygon-shape files and from these, all areas too small to represent glaciated terrain were to 

be deleted. The smallest glacier size given in Hagen et al. (1993) equals to 1 km2, however 

the smallest area that is indicated as a glacier and that has an associated own moraine on the 

topographic map for Kongsfjorden (NP, 2004), is an unnamed little icefield embedded in a 

kar southeast of the 603 m a.s.l. peak of Kjærfjellet on Brøggerhalvøya. This small glacier is 

represented by a polygon of 0,036 km2 on the new glacier mask which has been derived in 

this study and since it must be taken into consideration that some of the smallest glaciers 

may have been shrinking since the data acquisition for the Glacier Atlas by Hagen et al. 

(1993), the smaller and more conservative threshold was preferred. All areas < 0,036 km2 

were thus deleted from the file, but since numerous snow-patches are seamlessly connected 

to adjacent glaciers this method can only serve as an improvement but not to completely 

exclude all snow-covered areas outside glaciers, a drawback that will introduce additional 

errors for the subsequent mapping of the moraines (see chapter 7). 

Ultimately, the four final land cover classes are now ice & snow, water & shadows, 

vegetated ground and a class of undefined areas that originate from the ambiguity between 

water/overshadowed areas and ice. When combined to a single mask file, this product 

allows extracting all areas of bare and unvegetated ground from the original satellite data 

and thus helps to confine the possible locations for moraines. Figure 29 shows the final map 

over its full coverage, (see also: Appendix\04-Classification results ratios\Final_Maps\ 

incl_water_30), combined with the 1936/38 & 60/70 coastline. As it can be seen, there have 

been some areas were no image overlap was present to avoid that clouds disturb the map. 

This is especially true for Prins-Karls-Foreland and the area just south of Bellsund.  
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Fig. 29: The final result from image algebra, manual threshold determination and subsequent decision-tree 
based data improvement, covering almost the whole area of Svalbard excluding Bjørnøya, Kvitøya, Hopen and 
the islands around Sørkappøya. The coastline is represented by the NP shape file based on 1936/38 & 60/70 
aerial surveys. 
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Fig. 30: Workflow diagram for the multispectral classification via image algebra. Inputs are encircled, white 
boxes represent processing-steps and the grey boxes contain the output thematic maps. 

 

Additionally there have been strong differences in the sea-ice and snow-cover among the 

scenes covering Nordaustlandet and Nathorst Land, which could not for the whole area be 

reduced through overlapping. Figure 30 summarizes the workflow for the multispectral 

classification via image algebra graphically. 

The single thematic layers resulting from the manual threshold determination on the image 

algebra may finally be combined in different ways. For the mask files applied on the terrain 

classification, the water mask was excluded as the frequent misclassification of 

overshadowed areas would otherwise have erroneously deleted many potential moraine 

areas. For the further process of mapping the moraines it is thus preferable to use the mask 

with only three classes. This combined mask of the three classes 1. snow/ice, 2. water-ice-

ambivalence and 3. vegetation highlights all areas of bare ground and debris on Svalbard. 

From these, the moraines will have to be extracted by means of geomorphometric analysis 

in the following steps. 

It is obvious that a pure multispectral classification would fail to discriminate within this 

class of debris and bare ground due to its spectral uniformity. Speaking in the terminology 

of chapter 3.1 the moraines thus represent an example for an a priori-case of spectral 

deficiency for discrimination. The remote mapping of debris covered glaciers has already 
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occupied a number of studies as they are widespread features in alpine regions all over the 

world, but the idea of employing thermal imaging data that might bespeak an underlying ice 

body seemed not to be blessed with success (Taschner & Ranzi, 2002), instead has the 

application of ancillary elevation data already lead to promising results for the case of 

debris covered glaciers (Paul et al., 2004). The incorporation of derivatives from surface 

elevation, such as slope angle or –curvature, might therefore allow for the mapping of 

features such as moraines by means of remote sensing also. Reliable and area-wide 

information of the spatial extend of such proglacial areas in between terminal moraines and 

debris covered glacier tongues may contribute to a better understanding about the Holocene, 

mainly post-LIA glacial dynamics and thus about changes in the regional and global climate 

systems, especially when such maps are compared with historical data and correlated with 

area wide geodetic measurements of surface elevation changes, allowing an estimation of 

long-term mass balance changes.  

6.4 ISODATA 

The unsupervised iterative clustering algorithm ISODATA (see also chapter 3.2) was used 

for the terrain classification but also tested for the multispectral data in comparison to the 

image algebra. All classifications were computed on Leica® ERDAS Imagine© 9.1 with 50 

classes and a convergence threshold of 0,950, i.e. the classification terminated as soon as 

95% of all pixels-assignments remained unchanged since the previous iteration. 

For the first iteration in an ISODATA clustering, the means of the desired number of clusters 

are arbitrarily seed. For each of the following iterations, these cluster means are recalculated 

based on the actual spectral locations of the clustered pixels instead of the initial arbitrary 

means. This process continues until a maximum number of iterations have been processed or, 

as for this case, until a threshold for the number of unchanged pixels is reached (Swain, 

1973). The initial cluster means are evenly distributed along a vector that runs through 

spectral space. Analysing each pixel one by one beginning in the upper left corner, the 

algorithm then calculates the distances between the pixels and the cluster means and assigns 

each pixel to the cluster with the closest mean. For the following iteration the means of all 

clusters are recalculated and the entire process is repeated (Leica, 1997/See also figure 31). 
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Fig. 31: Arbitrary and recalculated means during the first two passes of the ISODATA clustering algorithm 
(after: Leica, 1997; p. 229 & 230). 
 

In order to compare the results of an ISODATA clustering for the multispectral satellite data 

with the masks from the image algebra, the channels 1 to 5 and 7 of the Landsat ETM+ 

scene number 7217003000219250 from 2002, which covers the north-west of Spitsbergen 

including Brøggerhalvøya, was clustered in 50 classes and those were manually sorted with 

respect to the targeted information-classes water, snow/ice and vegetation by using the RGB-

FCCs described in chapter 6.3 as reference. For snow and ice as well as for water, the results 

of the ISODATA clustering were quite satisfying, even though not superior to the image 

algebra, but for the vegetation mapping however the ISODATA delivered poor results. In 

figure 32, the final results of the image algebra are contrasted to the reclassification of the 

ISODATA clusters. In order to illustrate the deficiencies of the ISODATA results, the 

classes snow/ice and vegetation are split into two, whereas one class represents a low 

estimate and the other one a high estimate. As it can be seen especially for the vegetation 

mapping, does neither the conservative classification exclude misclassifications of bare 

ground, nor does the extensive classification invariably include all vegetated areas. If 

compared to the image algebra output map, the problems with the vegetation cover mapping 

by the ISODATA algorithm become obvious and furthermore some difficulties in detecting 

dirty marginal ice can be observed as well. When comparing the results for the ice-masks, it 

should be kept in the back of mind that the snow/ice class of the image algebra mask was 

improved by the deletion of snow-patches smaller than 0,036 km2, a post-processing step 

that has not been carried out for the ISODATA-class aggregation which explains the patchy 

appearance of the snow/ice mask in the ISODATA-map. 

For the mapping of the moraines with the ancillary elevation data, a combined approach of 

the mask derived from multispectral image algebra and ISODATA clusterings of 

multidimensional layers of primary topographic attributes with and without previous 

principal component analysis (PC) should be employed. As a further test for the direct 
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utilization of the spectral data in the ISODATA-classification, also multiple raster stacks of 

elevation data and the relevant spectral channels from the Landsat scenes were clustered, 

namely those bands that are employed by the NDVI and NDSII and thus necessary to 

describe the surface cover types snow/ice and vegetation which are the bands three, four and 

five. All the ISODATA outputs have 50 spectral clusters with a convergence of 95 % and the 

moraine class was then manually aggregated from these clusters, using the shape files from 

the field mappings as reference ground truth. This process was repeated in an investigative 

manner on numerous different raster stacks, combining different topographic attributes, focal 

statistics, both with and without inclusion of spectral data and PC-analysis. Table 8 lists the 

exemplary ISODATA clusters that are included to the appendix (see: Appendix\05-

ISODATA\) and specifies the layers they are made of. All raster composites that only include 

derivatives from the DEM have a 20 m pixel size, as the DEM has itself, those composites 

however that include spectral data from the Landsat scenes were automatically resampled to 

the coarser 30 m cell resolution of the imagery.  

 

Appendix file-name prefix: c1 c2 c3 c4 c5 p1 p2 p3 

PC analysis no no no no no yes yes yes 

Data layer:  

ETM+ band 1  x       

ETM+ band 2  x       

ETM+ band 3 x x x  x    

ETM+ band 4 x x x  x    

ETM+ band 5 x x x  x    

ETM+ band 7  x       

elevation range  x x x x x x x x 

STD of elevation   x  x  x x  

Slope  x x x x x x x x 

Curvature x x x x x x x x 

Plan curvature  x  x   x  

Profile curvature  x  x   x  

Flow direction x x     x  

Flow drop  x     x  

Variety of flow direction     x    

Table 8: List of those raster composites of which the ISODATA cluster-files were included to the appendix 
files. 
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Fig 32: Comparison of the classification results with multispectral Landsat ETM+ data on the example of 
Brøggerhalvøya, Spitsbergen. The upper image shows the final result of image algebra and decision-tree post-
processing, the lower image shows the results from manual class aggregation of an ISODATA unsupervised 
clustering with 50 classes. The upper image contains an updated coastline whereas the lower image contains 
the coastline from 1936/38 and 19060/70. 



 

66 

Unfortunately it was not possible to systematically test all possible band combinations or 

additional geomorphometric indices, since the creation of raster composites and particularly 

also the principal component analysis require immense computation times, so that the 

investigations had to concentrate on those combinations that seemed most promising. As 

already mentioned, for the inclusion of spectral channels, focus was thus laid on the NIR and 

SWIR bands (3, 4 and 5) since those are also employed to explain the relevant classes in 

case of the purely spectral classification. Almost all of the clusters without directly 

incorporated spectral bands do have a high ambiguity between the moraine areas and parts of 

the glaciers, an effect which is later accounted for by applying the multispectral 

classification mask. However, those clusters that employ spectral data include much less 

glaciated areas to the raw moraine reclassifications, but for the vegetated areas such 

inclusions are equally high as for purely geomorphometric datasets. This might not be very 

surprising considering the fact that also the solely spectral ISODATA cluster failed to 

adequately detect vegetation. Due to this drawback, also the ISODATA clusters which 

incorporate spectral source data had to be post-processed by the multispectral classification 

mask.  

In order to reduce processing times, all areas < 1 m a.s.l. were deleted from the DEM as a 

first step hence incorporating only terrestrial areas to the computations. 

As moraines have a high roughness, i.e. many small altitude changes on a relatively short 

distance, the range and standard deviation (STD) of elevation are important. It can be easily 

seen that already these simple statistic indices discriminate the terrain surface quite well, 

hence are their pixel values usually higher on the steep talus slopes and lower on strandflats 

and the large braided river plains, thus confining much of the moraine to areas of 

intermediate values. However, deeply incised riverbeds, fossil beach terraces, rock-glaciers 

and the shoulders of plateau-areas, which are especially abundant in central Spitsbergen, fall 

into the same category of values so that further data is needed to improve the description of 

moraines. For the calculation of these values a moving window of 5x5 cells was chosen 

which corresponds to a ground area of 1 ha. This area is believed to adequately reflect the 

typical magnitude for distinct features inside moraine complexes, such as hills, walls, 

meltwater drainage channels etc. The raw elevation values, as well as terrain statistics which 

are directly reflecting absolute elevation, such as the mean or the minimum and maximum 

inside the focal window, were not employed since the moraines on Svalbard occur over a 

wide range of elevations and it is thus unlikely that it might be of much use for the 
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classification to define a typical elevation band for moraines as they are found close to sea-

level as well as up in high mountain kars. 

Additionally to the focal statistics a set of the most common primary topographic attributes 

were employed as there are the curvature and its subdivides plan-curvature and profile- 

curvature, the slope, measured in degrees and the flow direction including the flow drop, 

which is the ratio of slope over distance. As the flow drop consequently does not add new 

information that is not already inherent in the slope, it has not been involved to many 

composites. 

The direct inclusion of the flow direction, measured in degrees angular deviation from north, 

turned out to have a very negative effect on the data, as the clusters become strongly biased. 

The idea behind including the flow direction in the first place was driven by the fact that the 

rough surface of moraines may be expressed throughout highly frequent changes in the flow 

direction. In order to bypass the biasing effects of the raw flow direction but still to profit 

from the multi-directionality of flow inside moraines, the flow direction in file c1 was 

substituted by the variety of flow direction in file c5 which improved the classification 

results considerably. As the disadvantage of raw flow direction completely dominates the 

results, the merged class files from composites including flow directions are not included to 

the appendix however the raw ISODATA clusters are (see: Appendix\05-ISODATA\).  

Curvature is also a powerful tool to detect roughness as areas with a high homogeneity do 

exhibit curvature only on larger scales as areas with little homogeneity and high roughness. 

Once more for this attribute no improvement was expected from separately using one of its 

sub-assemblies, as moraine-hills and -walls are rather small compared to mountain slopes the 

profile- and plan-curvatures are expected to be equally important. 

Finally the slope, as a measure of terrain steepness, may not explain a quality specific for 

moraines, but it will help to discriminate between flat and inclined areas thus introducing 

further criteria for zoning.  

Many classifications based on a pixel-by-pixel basis manifest a ‘salt-and-pepper’ appearance, 

i.e. small areas of only a few pixels of a certain land cover class are within an area where 

another class dominates. It may thus be helpful to merge the pixels according to their context 

in order to enhance the legibility and presumably also the correctness of the classification 

(Lillesand et al., 2004; Romstad, 2001). This can for example be done by majority filters, 

which operate via a moving window of cells. In the ArcMapTM 9.0 system it may be chosen 

between windows of four and eight neighbouring cells which will respectively retain or 

smooth the corners of rectangular regions (ESRI, 2005). Such majority filters determine the 
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majority class within the moving window and assign the centre pixel to the prevailing 

information class, in case there is no majority within the window, the assignment of the 

centre pixel remains unchanged (Lillesand et al., 2004). The effect of the majority filtering 

has been tested during this study on the ISODATA cluster for the c3 raster composite (see 

table 8). Both windows, with four and eight cells, improved the classification results 

considerably but did not exhibit any significant differences among each other (see table 9 

and chapter 6.5). 

The complete files of the processing steps discussed in this chapter can be found in the 

appendix under Appendix\05-ISODATA and Appendix\07-c3 majority filter test. 

6.5 Data merging and final results 

All of the eight ISODATA clusters resulting from the raster composites in table 8 were first 

reclassified manually and subsequently masked with the vegetation and glacier mask 

described in chapter 6.3, i.e. all areas within the raw reclassification of the ISODATA 

cluster-maps that were overlapping with either vegetated or ice/snow-covered areas were 

removed. In all tested cases, these processing steps resulted in classifications including all 

kinds of terrain features which are not ice covered, unvegetated and having a high surface 

roughness, with some products having higher precision with respect to moraines than others. 

Problematic errors of ambiguous classification results usually stem from terrain features 

such as beach terraces, rock glaciers, river-canyons and slope shoulders. In order to further 

enhance the classification, the glacier mask was buffered to allow for intersection analysis. 

In this process, all features from the masked moraine classification were converted to shape 

files and investigated regarding their intersection with the glacier buffer. This method of 

neighbourhood-analysis again shows the same handicap as the size dependant snow-patch 

reduction described in chapter 6.3: As the vector based shape files embraces all continuous 

areas into one object, large misclassified regions may be merged with moraine areas directly 

neighbouring a glacier, which then results in an overestimation of the moraine area in the 

final output. On the other hand, if such continuous connections do not exist but the moraine 

classification appears rather patchy, it equally happens that areas from the moraine mask 

which are actually representing true moraines get lost during this neighbourhood analysis as 

they do not directly intersect with the glacier buffer. A crucial threshold of the results from 

this intersection analysis is thus the linear distance to the glacier which defines the buffer-

zone. The greater this distance the more of the correctly classified but also of the 

misclassified areas intersect with the final mask and vice versa. In this study, the intersection 
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buffer was set to a 100 m distance from the 1999-2002 glacier mask, however in the case of 

the classification results from the c4 raster composite, another intersection buffer with 1000 

m distance was applied as the 100 m buffer turned out to be insufficient for this 

classification and in order to exemplify the effects of different buffering distances. The flow 

chart model in figure 33 summarizes the whole processing steps that were involved to the 

mapping process of the moraines.  

As already mentioned in chapter 5.1, there is a large variety in the morphological expression 

of moraines on Svalbard. It was thus to be expected that there would not be such a thing as 

one perfect attribute describing all the moraines in their manifold. The most striking 

difference surely lies in the contrast between bulky ridges and massive steep walls on the 

one hand, as they are namely found on the moraines belonging to smaller glaciers and those 

terminating in narrow valleys, and rather extensive, flat, yet unstructured areas of exposed 

ground moraine as they are mainly connected to the larger glaciers terminating on 

unconfined low-lying plains, namely the Brøggerbreens as well as the Lovénbreens. There is 

thus a slight trend for those classifications which perform better on the first type of moraines, 

to fail on the latter and vice versa. Additionally, some classifications already excel without 

the subsequent masking and neighborhood-analysis, whereas other classifications tend to 

include almost indiscriminately numerous kinds of surface types and are completely 

dependent on the post processing in order to deliver any results worth mentioning. In order 

to asses the quality of the classification results two methods were applied. First of course a 

visual assessment of the classification results in comparison to the 2006 field-mappings and 

secondly some quantitative statistics. 

However, the numerical quality assessment does only compare the surface dimensions of the 

field-mapping files and the classification results but does not give any clue about the actual 

spatial correlations between the reference data and the mapping products. There are thus 

differences concerning which classification performs best in a visual assessment and which 

is superior according to the numerical considerations. In table 9, the quantitative results are 

listed. The values represent the percentage fractions to which the respective areas from the 

final classification are matching with the areas from the field mappings. The annotation OE 

stands for overestimated and is set if the area-value for the classification-result includes 

polygons that lie by their majority within the reference polygon but which exceed the 

reference boundaries anyway, herewith resulting in a certain overestimation of the area-

correspondence among reference-polygon and classification result. The abbreviation UE, for 

underestimation, in return indicates were polygons from the classification results were 
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Fig 33: Final flow chart illustrating the whole mapping process for the multispectral classification and the 
subsequent terrain classification. Inputs are encircled, white boxes represent processing-steps and the grey 
boxes contain the output thematic maps. 

 

excluded from the area-value as they partly match the extend of reference polygon but by 

their majority are situated externally (see also figure 34). For those moraines without further 

annotations, all polygons of the classification mask are situated inside the area defined by the 

reference shape with an error margin of a few pixels. As the moraines of the three 

Lovénbreens are situated very close to each other, the final polygons from some of the 

classifications do overlap on these moraines. Their area-values are thus combined to one 

number. For the resulting percentage fractions of the area-extend that the classification 

results share with the reference data, the mean, standard deviation (STD) and variation 

coefficient (VC) given in percent were calculated as well, thus allowing for a comparison of 

the classification results among the eight employed raster composites. The same statistical 

indices are calculated for each moraine separately in order to highlight on which moraines 

the differences among the classification masks are greatest. On the figures 35.1-3 the raw 

classification results from the ISODATA clusters are opposed to the final output maps after 

the masking and the neighborhood-analysis for the area of Brøggerhalvøya. 
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Fig 34: Graphic explanation of the annotations used in table 9. OE refers to the case where polygons are 
included to the area calculations that are mainly but not exclusively situated inside the reference shape or 
polygon, thus leading to an overestimation of the calculated area from the classification mask. UE refers to the 
case where polygons are excluded from the area calculations as they mainly, but not exclusively lie outside the 
reference polygon, thus leading to an underestimation of the calculated area from the classification mask. 
 

The reference data is shown in order to visualize the qualitative differences between the 

employed raster composites. All the data, as well the absolute values for the numerical area 

calculations as the complete classification results over the whole extent of the 1990/95 DEM 

are available in the appendix under Appendix\08-Moraines final files\ and Appendix\07-c3 

majority filter test\. 
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  c3 
c3_ 
maj4 

c3_ 
maj8 

c4_ 
100 

c4_ 
1000 c5 p1 p2 p3 Mean STD 

VC 
[%] 

Dryadbreen 1 1 1 0 5 2 41 16 71 15 25 163 

       OE OE OE    

Longyearbreen 2 6 6 2 2 7 16 21 28 10 10 96 

  UE UE          

Larsbreen 1 12 12 4 4 18 20 22 55 16 29 180 

  UE UE   OE OE  OE    

Nordenskjöld- 
toppenbreen 6 8 9 11 12 8 51 42 6 17 17 100 

       OE OE OE    

Unnamed  
Janssondalen 0 1 1 0 0 4 0 7 4 2 2 132 

             

Hallwylbreen 9 14 14 7 7 12 25 29 36 17 27 156 

        OE OE    

Austre & Vestre 
Brøggerbreen 49 50 48 17 20 27 43 43 16 35 15 42 

 OE OE OE UE UE OE OE OE UE    

Austre  
Brøggerbreen  
medial moraine 4 8 8 4 4 7 6 13 9 7 3 42 

    UE OE        

Austre, Midtre  
& Vestre Lovénbreen 54 64 63 1 48 35 30 67 35 44 26 58 

 OE OE OE  OE  OE OE OE    

Mørebreen 18 27 27 6 9 29 13 24 10 18 9 49 

  OE OE   OE UE OE UE    

Trongskarbreen 11 13 12 5 5 17 15 24 34 15 9 60 

    UE UE  UE OE 
OE/ 
UE    

Unnamed  
Brøggerhalvøya 29 37 37 3 5 34 31 1 43 24 27 112 

         OE    

Steenbreen 3 4 4 0 2 4 3 1 29 5 9 160 

         OE    

Edithbreen 19 19 19 2 4 7 42 4 27 16 13 82 

  UE  UE UE UE OE  OE    

Mean 15 19 19 4 9 15 24 22 29 

STD 18 19 19 5 12 12 16 19 19 

VC [%] 121 102 102 109 109 78 68 84 67  

Table 9: Percentage fractions of the area from the reference polygons covered by the classification results for 
six different raster composites from those described in table 8. c4 was tested with a 100 m and a 1000 m 
glacier-distance intersection and c3 was additionally tested with 4 pixel and 8 pixel majority filters. 
Abbreviations given in the table are explained in the text. 
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Fig. 35.1: Raw and post-processed classifications from the ISODATA clustering of the principal component 
analyses in comparison to the 2006 field data (red) for the Brøggerhalvøya, western Spitsbergen. 
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Fig. 35.2: Raw and post-processed classifications from the ISODATA clustering of the raster composites c4 
and c5 in comparison to the 2006 field data (red) for the Brøggerhalvøya, western Spitsbergen. As the results 
from the final c4 file after the intersection within 100 m from the glacier mask were unsatisfying, the process 
was repeated with a 1000 m intersection buffer.  
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Fig. 35.3: Raw and post-processed classifications from the ISODATA clustering of the raster composite c3 in 
comparison to the 2006 field data (red) for the Brøggerhalvøya, western Spitsbergen. The ISODATA cluster 
for the c3 composite was additionally used to test the majority filter with four and eight moving cells. 
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As it can be seen from the results in table 9, the principal component analyses are superior in 

matters of representing the spatial extend, especially on the smaller moraines which are 

usually also morphologically more significant. On the huge and rather indifferent (ground-) 

moraines, mainly on the Bøggerbreens and Midtre and Austre Lovénbreen however, they 

perform weaker.The reclassification of the cluster p3, with 29% having the highest mean in 

fraction of area, excels on many of the smaller glaciers such as Dryadbreen (71%), 

Larsbreen (55%) or the unnamed glacier on Brøggerhalvøya (43%), however the results e.g. 

on the Brøggerbreens (16%) are considerably worse as they are for clusters from simple 

raster composites without principal component analysis, such as e.g. the c3 cluster that 

covers 49% of the Brøggerbreen-moraine. However, none of the classifications exhibits 

notably high values in the quantitative comparison of the areas towards the polygons from 

the field mappings and especially the smallest glaciers are often not covered at all. But on 

the other hand, regarding the visual impression of the classifications some of the results 

appear to be quite acceptable. This is caused by the fact that the high variability of the 

surface morphology inside each of the moraines causes more or less strong salt-and-pepper 

appearances of the areas inside the moraines. The principal component composites p1 and p3 

appear to highlight steeply sloping areas like ridges and walls while they do not represent the 

plain parts of the moraines. Both of them perform quite well already as raw reclassifications 

of the ISODATA cluster. The p1 composite cluster on the opposite includes much more 

random terrain features but does also include more of the levelled areas inside the moraines. 

The c4 cluster similarly includes extensive areas which are not morainic at all, whereas the 

c5 cluster on the opposite again already satisfies as a raw dataset without postclassification 

processing. The c3 raster composite is superior considering the coverage of extensive 

moraines with low relief energy and is furthermore satisfactory in the raw cluster version as 

well, however it has serious deficiencies in detecting the smaller moraines such as for the 

ones in central Spitsbergen or the unnamed glacier on Brøggerhalvøya.  

But turning the attention towards table 8 again and trying to make a statement about the 

question which of the employed parameters may actually be important for the classification 

of moraines and terrain in general, there are four trends which can be observed already from 

this restricted data: 

 

- The results do not automatically improve as more layers are incorporated. Already slope, 

elevation range or std of elevation and curvature are sufficient for satisfactory results from a 

principal components analysis. 
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- For the simple raster composites without principal component analysis, the incorporation of 

spectral channels may enhance the quality of the raw classification results, especially on 

glaciated terrain. As however the ISODATA clustering shows difficulties for vegetation 

mapping, those areas will still be indiscriminated without subsequent masking. 

 

- The simple raster composites without principal component analysis are generally less 

discriminating towards the terrain shape and thus able to incorporate a higher variability of 

terrain characteristics into the classes. The principal component analysis on the other hand, 

while having problems to reflect the whole bandwith of possible moraine morphologies, 

excels in representing the smaller moraines and seems to actually represent more defined 

morphological attributes. 

 

- Regarding the relative variabilities in the results for each of the moraines (in the rightmost 

columns of table 9) it can be seen that the smaller moraines tend to suffer higher 

unconformity in their quantitative results. It can be seen that the variation coefficients for 

each of the moraines are lower for the spatially more extensive moraines as for the smaller 

ones. This might be expained either throughout the higher morphological variability of the 

more extensive moraines or maybe because of their sheer size, both factors making it 

stochastically more likely that the classification results will actually coincide with their areas. 

 

Finally it should not be forgotten that there is of course also a human source of variability as 

the class aggregations from the ISODATA clusters are carried out manually. Alternations in 

the selection of the clusters to be merged to classes will influence the results. Also different 

numbers of calculated clusters may alter the final classification results. The employed 

number of 50 clusters may represent a good compromise between accuracy and expenditure 

of human labour as postclassification class-sorting is a laborious task. However increasing 

the number of clusters is in any case likely to allow for better accuracies of the raw 

classification results. Finally the adaptation of different intersection buffers for the 

neighbourhood analysis towards the ice mask represents a further tool to alter and possibly 

enhance classification results. 
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7. Multitemporal image change detection 

7.1 Objectives 

In this chapter, the actual terminus retreat is quantified for a small number of glaciers 

throughout the combination of different data sources. By this, a general dynamic trend for 

alpine glaciers on Svalbard may be indicated, even though the number of investigated 

glaciers is insufficient to make any quantitative statements on possible responses to climatic 

forcing. The main idea of this chapter is thus rather to actually test the glacier masks derived 

from band-rationing as a means to quantify terminus changes than to determine climatic and 

mass-balance trends on Svalbard in general. As the ETM+ data from 1999-2002 was merged 

into one mosaic covering the whole of Svalbard, the date of the whole mask was set to 2001. 

The error emerging from this generalization is small for alpine glaciers on which the main 

focus of this study is directed, however for calculating annual terminus changes on calving 

glaciers it would be necessary to determine the year of the acquisition exactly as 

considerable changes in their margins can be observed among those images even over the 

rather short period of up to three years that separates them from each other. Such changes on 

calving margin can easily be made visible by calculating the NDI of multitemporal images 

from the same region. Figure 36 shows the NDI for the panchromatic channels of two 

Landsat ETM+ scenes over the area of Kongsfjorden and Krossfjorden on western 

Spitsbergen: 

 

[F15]   NDI1999-2002 = (DN1999 – DN2002)/(DN1999 – DN2002) 

 

with DN1999 and DN2002 being the digital numbers from the scenes of the particular years. 

Terminus changes are clearly visible and for some glaciers even quite extensive, i.e. within 

the order of some few hundreds of metres, given the short period of only three years that is 

covered. In this NDI, black areas indicate a retreat, such as visible on Blomstrandbreen, 

Kongsbreen and little also on Conwaybreen. White areas on the other hand, such as in front 

of Fjortende Julibreen, indicate advance. The changes that are visible in front of the land-

terminating D’Arodesbreen stem from annual changes of proglacial icings and are thereby 

unconnected to the glacier terminus itself. Kronebreen and Kongsvegen did not show any 

recognisable terminus changes during this period. This unsophisticated way thus allows a 

quick overview over such changes with a high spatial resolution. Unfortunately a 

panchromatic channel is not included to the TM and MSS sensors. 
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Figure 36: A NDI from panchromatic images (1999-2002), for the area of Kongsfjorden and Krossfjorden in 
western Spitsbergen. Terminus changes on calving margins are visible, retreat areas are black whereas 
advances appear white. As for the smaller alpine glaciers terminus fluctuations during this period of three years 
are small, in the case of calving margins however those changes may well be in the order of a few hundred 
metres. 
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Since the availability of useful older satellite scenes was unfortunately very restricted for this 

study, measurements were carried out only on those glaciers that had been mapped during 

the field work and in some cases even fewer, as the coverage from old data sources was little. 

However, this chapter does not aim to make a statistically significant statement about glacier 

dynamics but tries to illustrate the drawbacks and opportunities connected to the 

quantification of terminus changes from image algebra. 

In order to accomplish this, terminus positions and moraine outlines were determined with 

high accuracy by manual delineation based on NPs aerial photography from the year 1990 

with a ground resolution of 1x1 m and compared to the 2006 field data for all the 16 glaciers 

that were mapped during the field studies. This dataset that has a high resolution and thus 

may be relatively reliable shall serve as an indication for the magnitudes of change to be 

expected. To test the satellite data, the Landsat TM clipping as well as the Landsat MSS 

scene were compared to 1999-2002 Landsat ETM+ glacier mask as well as to the 2006 field 

data, thus covering the periods from 1983 and 1987 to 1999/2001 and 2006 respectively. 

7.2 Aerial photography vs. field data 

Digitalised and orthorectified aerial photography with a ground cell resolution of 1x1 m was 

readily available from the Norwegian Polar Institute (NP), covering all the moraines mapped 

during the 2006 field work. From these, the outline of the moraines was manually delineated 

after the same criteria used during the field work, i.e. including their outer margin, the 

glacial terminus position and the extension of side moraines as well as of the significant 

medial moraines. As the outer margins of the moraines have not changed discernibly, a 

simple overlay of the 1990 and the 2006 moraine shape files thus reveals the area of the 

glacial snout that was lost through ablation during this time period. Figure 37 shows the 

moraine shapes from both years in comparison, with the 1990 aerial photographs from the 

NP as background.  

The actual retreat was measured in two units, first as area-extend of the total loss of the 

glacier snout in square metres and secondly as horizontal retreat of the terminus in metres. 

As the horizontal terminus retreat strongly varies over the whole glacier tongues, it was 

determined as the average of four independent distance-measurements from the 2006 margin 

to the 1990 margin of each glacier. Additionally, all values were averaged over the number 

of glaciers and the time period in years. Table 10 summarizes the quantitative results of the 

retreat from 1990 to 2006. 
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Figure 37: Extend of the moraines which were mapped in 2006 versus 1990. Upper left: Brøggerhavøya; lower 
left: Janssondalen; right: Longyeardalen/Fardalen. Background: © Norwegian Polar Institute 1990 

Glacier [m²] [m²/a] [m] [m/a] 

Mørebreen 118061 7379 70 4 

Austre & Vestre Brøggerbreen 754674 47167   

Austre Brøggerbreen medial moraine 87880 5493   

Austre Brøggerbreen   268 17 

Vestre Brøggerbreen   174 11 

Vestre Lovénbreen 118337 7396 133 8 

Midtre Lovénbreen 378593 23662 202 13 

Austre Lovénbreen 323195 20200 239 15 

Edithbreen 117658 7354 148 9 

Steebreen 55702 3481 59 4 

Unnamed Brøggerhalvøya 37717 2357 89 6 

Trongskarbreen 99647 6228 96 6 

Nordenskjöldtoppenbreen 75702 4731 154 10 

Longyearbreen 108114 6757 56 4 

Larsbreen 112056 7004 261 16 

Dryadbreen 122990 7687 166 10 

Unnamed Janssondalen 41179 2574 132 8 

Hallwylbreen 63340 3959 204 13 

Average over all measured glaciers: 163428 10214 153 10 

Table 10: Results from the retreat measurements for the period from 1990 to 2006 on at least 16 independent 
glaciers. Note that ‘Vestre Lovénbreen’ includes all glaciers in the Vestre Lovénbreen catchment-area. The 
area-retreat in the Brøggerbreen catchment is given as two numbers, one for Austre and Vestre Brøggerbreen 
and another one for the medial moraine on Austre Brøggerbreen, whereas for the retreat in metres both glaciers 
are measured separately and changes in the extend of the medial moraine are undetermined. 
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The results indicate annual retreat rates between 4 to 15 m and 2.357 to 47.167 m², with 

overall averages of 10 m/a and 10.214 m²/a, which equals approximately one hectare. On 

average, the glaciers measured thus retreated over approximately 150 m or 163.428 m² 

(~16,3 ha) during the whole period of 16 years. There was no glacier on which an advance or 

complete stagnation could be observed. 

7.3 Landsat TM and MSS vs. ETM+ 

The first test addresses the older Landsat images, as there is an extract from a TM scene 

acquired in 1987, covering parts of the Brøggerhalvøya and a complete 1983 MSS scene 

covering the north-west of Spitsbergen including Brøggerhalvøya, in comparison to the 

Landsat ETM+ data that averages to 2001. Both images do not cover the field study sites in 

central Spitsbergen so the measurements had to be restricted to Brøggerhalvøya. 

For the TM image, it should have been possible to calculate the ndsii in the usual manner, 

employing the channels three and five, however it was not. Since this clipping was most 

likely pre-processed in several ways which were impossible to be retraced, the reason 

remains unclear. For this image, the NDSII only produced a very weak contrast between 

water and snow/ice. Alternatively, an unsupervised ISODATA classification with 50 classes 

was computed for the image as well and the clusters later manually aggregated, but also the 

ISODATA algorithm, even though in this case a little superior to the NDSII, hardly helped 

to separate water from ice. As only glaciers with terrestrial termination were to be mapped, 

the image was finally clipped with the water mask derived from the Landsat ETM+ imagery 

(see chapter 6.2) and the NDSII was then calculated for the remainder. Again, to reduce the 

amount of snowpatches, all polygons < 0,036 km² were deleted from the ice mask, as it has 

been done for the Landsat ETM+ NDSII-mask as well (see chapter 6.2). In figure 38, the 

SWIR FCC of the TM 1987 clipping is shown together with the raw NDSII, the result of the 

reclassified ISODATA cluster-file and the NDSII calculated and reclassified after masking 

out the water. In the close-up frames on figure 38 the western part of the Austre 

Brøggerbreen-margin is shown to illustrate the effects of the three classifications on the 

problematic areas of dirty marginal ice. For the ISODATA- and the raw NDSII-

reclassification, an additional second class was determined to highlight the problematic areas 

where ice and water fell into the same class. However, a stronger than usual ambivalence 

between snow/ice and overshadowed areas could not be minimized by the clipping. The 

finally used NDSII thus exhibits a strong noise in shadowy spots, additional to the errors 

introduced by snow-patches that were not removed by the size-dependent mask. 
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Figure 38: Illustration of the water-ice ambivalence for the Landsat TM 1987 clipping. The NDSII calculated 
after masking out the water (rightmost image) was finally used for further processing. 
 

The resulting NDSII-mask was then overlaid by the Landsat ETM+ 1999-2002 NDSII-

mosaic and the difference calculated. However, since snow patches and shadows lead to high 

overestimations of the spatial extend of ice and snow it was necessary to manually pick out 

those ice patches that were actually connected to glacier margins, instead of automatically 

calculating area deviations over the whole file. Similar, but even stronger problems arose for 

the MSS scene. As the MSS sensor does not acquire the necessary SWIR-band that is 

employed for the calculation of NDSII or NDSI, the square of the first band (VIS: 0,5 – 0,6 

µm) was used as a substitute. Since the VIS channels already have a high natural contrast 

between snow/ice and other surface types because of the very high albedo of snow and ice in 

this spectrum, the square of the VIS channel 1 thus further enhances this contrast and finally 

allows to automate glacier mapping after the determination of an appropriate threshold. In 

this case, the threshold was manually defined throughout visual comparison to a VIS RGB of 

the MSS scene, however a reference which is inferior to an SWIR FCC. The range of the 

resulting DNs in this algebraic image derivative extends from 0 to 65.025, as the original 

band is an 8 bit image with 255 grey values plus a no data value, and the threshold that was 

found most appropriate to describe snow and ice was at a DN of 6.000. But as it was to be 

expected, this ice mask is far from perfect as it incorporates all random snow patches and 
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shadows and the contrasts on dirty marginal ice are poor. To enhance the MSS ice-mask, all 

polygons < 0,036 km² were again deleted.  

Both, the Landsat ETM+ and TM sensors acquire the employed bands with the same spatial 

resolution of 30 m, whereas the MSS sensor has a ground cell resolution of only 80 m.  

Due to the lack of the necessary SWIR channel to calculate the NDSII and a higher number 

of mixed pixels at the glacier margins resulting from the relatively lower spatial resolution, 

the MSS ice mask does exhibit serious deficiencies. The contribution of snow patches and 

overshadowed areas to the glacier mask will increase as the extents of glacier snouts become 

less underestimated, a dilemma that stems from the weak contrast of the VIS image algebra. 

However, for calving margins the results are still useful as a clear contrast between water 

and ice could be established and the magnitude of fluctuations is well above the range of the 

uncertainties. Figure 39 shows the differences between the 1983 MSS and 1987 TM glacier 

masks towards the 1999-2002 ETM+ glacier-mask. It becomes obvious that the MSS ice 

mask overestimates the snow cover in some regions whereas in other regions dirty ice is 

underestimated. The TM mask, on the other hand, delivers better results, but for both cases it 

is important to bear in mind that the results do not allow for a completely automated 

subtraction by the ETM+ glacier mask over the whole coverage at once. The errors from 

misclassified snowpatches and shadows are too high to allow for useful results and it is 

therefore necessary to manually pick out those areas that actually represent glacial change 

and calculate the quantitative results separately for those. But even if these precautions are 

taken, further errors will arise from the fact that many snowpatches and overshadowed areas 

are seamlessly connected to the glaciers, i.e. they could only be avoided by manual 

delineation. 

The differences between 1983/1987 and 1999-2002 were thus calculated similar to chapter 

7.1, as area-retreat and as averaged distance between the two terminus positions. For 

calculating annual means the time period was averaged to 18 years (1983 to 2001) and 14 

years (1987 to 2001) respectively. The results are listed table 11 and 12: 
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Fig. 39: The differences between the ice-masks derived from the Landsat ETM+ 1999-2002 scenes, the TM 
1987 scene-clipping and the 1983 MSS scene over the same extent as the TM clipping has over 
Brøggerhalvøya, western Spitsbergen. 

 

Glacier [m
2
] [m

2
/a] [m] [m/a] 

Mørebreen 288000 16000 206 11 

Austre Brøggerbreen 492800 27378 294 16 

Vestre Lovénbreen 147200 8178 97 5 

Steenbreen 460800 25600 470 26 

Midtre Lovénbreen 291200 16178 219 12 

Austre Lovénbreen 217600 12089 135 8 

Average over all measured glaciers: 316267 17570 237 13 

Table 11: Results from the retreat measurements for the period from 1983 to 2001 on at least 6 independent 
glaciers. Note that ‘Vestre Lovénbreen’ includes all glaciers in the Vestre Lovénbreen catchment-area. Changes 
along the medial moraines on Austre and Vestre Brøggerbreen are not included. 
 

The values for 1983 to 2001 indicate annual retreat rates between 5 to 26 m and 8.178 to 

27.378 m², with overall averages of 13 m/a and 17.570 m²/a (~1,7 ha). On average, the 

glaciers measured thus retreated over approximately 237 m or 316.267 m² (~31,6 ha) during 

the whole period of 18 years. The retreat on Edithbreen, the unnamed glacier on 

Brøggerhalvøya on Trongskarbreen and on Vestre Brøggerbreen was not determined as the 

errors steming from misclassification were too high for these glaciers to be considered. Also 

for this time period, there was no glacier on which an advance or complete stagnation could 

be observed. 
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Glacier [m²] [m²/a] [m] [m/a] 

Austre Brøggerbreen 885600 63257 491 35 

Vestre Brøggerbreen 434700 31050 286 20 

Mørebreen 600300 42879 379 27 

Trongskarbreen 289800 20700 136 10 

Unnamed Brøggerhalvøya 337500 24107 239 17 

Steenbreen 91800 6557 96 7 

Vestre Lovénbreen 676800 48343 260 19 

Average over all measured glaciers: 473786 33842 269 19 

Table 12: Results from the retreat measurements for the period from 1987 to 2001 on at least 7 independent 
glaciers. Note that ‘Vestre Lovénbreen’ includes all glaciers in the Vestre Lovénbreen catchment-area. Changes 
along the medial moraines on Austre and Vestre Brøggerbreen are not included. 
 
 

The values for 1987 to 2001 indicate annual retreat rates between 7 to 35 m and 6.557 to 

63.257 m², with overall averages of 19 m/a and 33.842 m²/a (~3,4 ha). On average, the 

glaciers measured thus retreated over approximately 269 m or 473.786 m² (~47,4 ha) during 

the whole period of 14 years. Midtre and Austre Lovénbreen as well as Edithbreen are not 

included as they are not covered by the TM image clipping. 

7.4 Landsat TM and MSS vs. field data 

The glacier masks derived from the Landsat TM 1987 scene clipping and the MSS 1983 

scene which are described in chapter 7.3 were then also compared to the field data mappings 

from 2006. This was done by extracting the areas were the 1983/1987 glacier masks are 

overlapping with the 2006 moraine files. Again, area-retreat has been measured from the 

overlapping areas and horizontal terminus retreat is measured manually as the average of 

four distances. Also for this case it was necessary to manually pick out the areas that were 

incorporated into the calculations as an automated computation would have included too 

many erroneous areas. However, the overall number or erroneous pixels is strongly reduced 

for this comparison since all misclassified pixels outside the moraine areas from 2006 are 

deleted from the mask. The results are listed in table 13 and 14. The results from 1983 to 

2006 indicate annual retreat rates between 5 to 17 m and 8.904 to 29.774 m², with overall 

averages of 11 m/a and 15.193 m²/a (~1,5 ha). On average, the glaciers measured thus 

retreated over approximately 255 m or 349.440 m² (~34,9 ha) during the whole period of 23 

years.  
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Glacier [m2] [m2/a] [m] [m/a] 

Mørebreen 294400 12800 366 16 

Trongskarbreen 684800 29774 270 12 

Vestre Brøggerbreen 569600 24765 284 12 

Austre Brøggerbreen 352000 15304 255 11 

Vestre Lovénbreen 294400 12800 184 8 

Steenbreen 262400 11409 387 17 

Unnamed Brøggerhalvøya 275200 11965 334 15 

Midtre Lovénbreen 326400 14191 126 5 

Edithbreen 230400 10017 142 6 

Austre Lovénbreen 204800 8904 205 9 

Average over all measured glaciers: 349440 15193 255 11 

Table 13: Results from the retreat measurements for the period from 1983 to 2006 on at least 10 independent 
glaciers. Note that ‘Vestre Lovénbreen’ includes all glaciers in the Vestre Lovénbreen catchment-area. Changes 
along the medial moraines on Austre and Vestre Brøggerbreen are not included. 
 

The results from 1987 to 2006 indicate annual retreat rates between 5 to 25 m and 6.161 to 

39.979 m², with overall averages of 13 m/a and 23.434 m²/a (~2,3 ha). On average, the 

glaciers measured thus retreated over approximately 241 m or 445.251 m² (~44,5 ha) during 

the whole period of 19 years. Midtre and Austre Lovénbreen as well as Edithbreen are not 

included as they are not covered by the TM image clipping. 

 

Glacier [m
2
] [m

2
/a] [m] [m/a] 

Mørebreen 759600 39979 277 15 

Trongskarbreen 261000 13737 175 9 

Vestre Brøggerbreen 475200 25011 192 10 

Austre Brøggerbreen 936900 49311 479 25 

Vestre Lovénbreen 394200 20747 232 12 

Steenbreen 117060 6161 101 5 

Unnamed Brøggerhalvøya 172800 9095 232 12 

Average over all measured glaciers: 445251 23434 241 13 

Table 14: Results from the retreat measurements for the period from 1987 to 2006 on at least 7 independent 
glaciers. Note that ‘Vestre Lovénbreen’ includes all glaciers in the Vestre Lovénbreen catchment-area. Changes 
along the medial moraines on Austre and Vestre Brøggerbreen are not included. 
 

7.5 Summary and conclusions 

Generally, good results for change detection on glacier margins may be obtained with 

multitemporal imagery if the same spatial resolutions are given and the same classification 

process can be employed for all involved images. However, classification masks that do not 

discriminate between glaciers and snow patches introduce a high error for full automatic 

change detection as size and distribution of snow patches are likely to vary strongly between 

two image acquisitions. Hence minimizing the amount of snow patches, for example by 

carefully selecting images with little snow cover, manual post-processing of the 
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classification masks or spectral separation between marginal clear ice/dirty ice and snow is 

crucial. Especially snow patches in the glacier forefield, often seamlessly connected to 

glacier margins, are difficult to exclude. Differences in the spatial resolution of incorporated 

images do not inhibit satisfying results as long as the observed changes exceed the lowest 

employed spatial resolution. Further, spectral unmixing and subpixel classification may be 

useful to make the low resolution images more comparable to the product with higher 

resolution. It is absolutely desirable to use the same classification methods for all included 

images as systematic errors resulting from methodological discrepancies will then be 

minimized in the change detection. In this case, only half-automated change detection was 

possible, as manual selection of the areas to be included was necessary to minimize errors 

from misclassified shadows and snowpatches. But also the partly supervised change 

detection exhibits large errors. Compared with the high accuracy measurements from manual 

delineation on aerial photography and field measurements (see chapter 7.1) over a 

comparable time period, the quantitative results from measurements that involve the satellite 

data are up to three times higher (see table 15).  

 

 [m
2
] [m

2
/a] [m] [m/a] 

1990-2006 163428 10214 153 10 

1983-2001 (MSS) 316267 17570 237 13 

1983-2006 (MSS) 349440 15193 255 11 

1987-2001 (TM) 473786 33842 269 19 

1987-2006 (TM) 445251 23434 241 13 

STD  9057,57  3,49 

Variation coefficient [%]  45,17  26,44 

Table 15: Comparison of the average values for the retreat measurements. Standard deviation and variation 
coefficient given in percent are calculated for the annual averages. 
 

The general trend seems to be an overestimation of retreat rates by the image algebra data. 

This is especially true for the area-retreat as it is most prone to unwanted inclusion of 

shadows and snow patches; those results show a variation coefficient of more than 45 %. 

The linear retreat values are also varying quite much, but with a VC of approximately 26 %, 

they seem to be more precise as the area retreat values even though they are measured 

manually which adds uncertainties from possible human errors. 

The general trend seems to be an overestimation of retreat rates by the image algebra, as 

those results are invariably higher than the results from the manual delineation on aerial 

photography vs. the field data. This is not very surprising as snow patches and shadows that 

increase retreat estimates are the main error source for the data from automated satellite 
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image classification and not a problematic issue during the manual delineation. Further 

uncertainty may arise from the spatial resolution, which is in any case high enough to detect 

the changes but nonetheless creates a strongly unnatural and pixelated appearance in the 

glacier mask, especially in the case of the 80 m cell size of the MSS imagery but also in case 

of the TM and ETM+ data with 30 m ground resolution. As only rather small alpine glaciers 

had been included to this study it may be assumed that the errors would decrease in their 

statistical significance if datasets could be employed over larger areas, including also larger 

glaciers and calving margins with presumably higher absolute values of fluctuation. In any 

case it would be desirable to pursue these investigations with a better spatial coverage.  
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8. Conclusions and perspectives 
Glaciers are significant components of the climate system and the global hydrology as well 

as they are good terrestrial indicators for climatic changes (IPCC, 2007; Grassl, 1999; 

Haeberli et al., 1999; Benn & Evans, 1998). The recent storage of global land ice 

corresponds to approximately 70 m of global sea-level (Benn & Evans, 1998; Church et al., 

2001). Glacier studies are therefore important not only to increase our understanding of the 

climatic system but also because their presence and extent directly and indirectly affects 

ecosystems and human societies all over the world. Svalbard is a high Arctic archipelago 

situated at climatically sensitive borders of atmospheric and oceanic heat exchange. During 

the past decades the climatic trends on Svalbard have been indicating constant warming and 

the overall glacier mass-balance has been negative (Kohler et al., under review; Nuth, 2006; 

Hagen et al, 2003a,b; Dowdeswell et al., 1997). The contribution from Svalbard glaciers to 

global sea-level rise has further been disproportionally high (Hagen et al, 2003a,b; 

Dowdeswell et al., 1997). But at the same time, the availability of field data is generally 

restriced in Glaciology as direct acquistions are laborious as most glaciers are situated in 

remote and harsh environments. Remote sensing has consequently developed to a powerful 

tool in glaciological studies due to its ease and inexpensiveness, allowing area-wide and 

repetitive data acquisition even in polar and high alpine regions (Bindschadler, 1998). 

Glacier mass balance fluctuations inherit valuable informtaion about climate change when 

averaged over appropriate time periods, however they are sometimes difficult to be 

quantified. Fluctuations of the glacier terminus require a more careful interpretation in terms 

of climatic change but they are however easier to quantify, especially by means of remote 

sensing. Additionally to the actually observed changes in terminus position and mass 

balance, further information about past variations may be obtained from the spatial extend of 

moraines (Stanley, 2004; Benn & Evans, 1998; Nichols, 1998; Imbrie & Imbrie, 1979). 

Furthermore in permafrost regions such as Svalbard, moraines may be considered as 

protecting sheets that retard or inhibit melting of considerable amounts of inactive glacier ice 

(Lukas et al., 2005) thus representing an additional interim storage in the glacial water cycle.  

A well developed and powerful tool to map glaciers and vegetation is the calculation of 

image algbra on multispectral satellite data (Kääb, 2005; Hall et al., 2001; Xiao et al., 

2001). In this study mapping of glaciers and vegetation was carried out by these means with 

a nearly full coverage over the archipelago of Svalbard. The application of image algebra, 

namely band rationing, proved to be superior to unsupervised clustering with the ISODATA 
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algorithm, especially for the case of the vegetation mapping. This simple thematic map was 

subsequently employed as a mask to merge spectral and anciallary elevation data into a 

geomorphometric classification highlighting moraines. As there is a high morphological 

variability among the moraines on Svalbard, there is no such a thing as one superior set of 

inputs that enables the classifier to explain all moraines at once. It seems however possible 

to achieve satisfactory results which are at least precise enough to give an idea about the 

extend of moraines on an area-wide basis by means of semi-automated classifications. The 

geomorphometric attributes of focal standard deviation and range of elevation combined 

with the primary topographic attributes slope and curvature serve as a scaffolding for 

landscape classification, however in order to achieve useful results they need to be 

accompanied by multispectral data. Simple raster band combinations of these input layers do 

already provide a fundament for satisfactory classification results, however since there is a 

high spatial autocorrelation in this elevation based data, principal component analysis 

contributes to improved classification results, as the output becomes more confined to 

specific terrain features. In any case it does not seem to be possible to extract an 

unambiguous geomorphometric paramter that is valid exclusively for moraines, 

neighbourhood relationships to adjacent glacier thus have to be employed in order to reduce 

redundant areas of morphologically similar terrain features, namely beach terraces, rock-

glaciers, plateau shoulders and narrowly incised river canyons. The application of majority 

filters does result in better classification results but the effects are not inebriant.  

In order to carry on with this task it would be desirable to test further combinations of 

statistic parameters and attributes. As the moraines are preferably described by their surface 

roughness, standard deviation, range and variety of further indices and topographic attributes 

may result in improved classifications. Unfortunately, the computational effort connected to 

datasets with such a high spatial coverage and resolution are extremely high. The constraints 

for investigative testings of further methods were thus rather connected to limited processing 

power and available computation times then to limited ideas for promising new approaches. 

The multitemporal change detection was unfortunately hampered by restricted access to 

useful satellite data that would provide a worthwhile temporal baseline. In general it can be 

reasoned that late summer imagery with little snow patches will simplify the acquisition of 

useful results enormously. For other cases it might be worth considering to separate glacial 

margins with blue or dirty ice from regions with annual fresh snow spectrally. However such 
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discriminations may well be possible as similar distinctions are already employed for ELA 

delineations. Numerous studies exist that deal with the specific spectral reflectance patterns 

of different kinds of snow and ice (Winther et al., 2001a,b). In any case, even though 

exhibiting high variations in their absolute values, the measurements in this study do all 

reflect the overall signal of decreasing glacial coverage on Svalbard within the order of 10 to 

19 m/a. In general, remote sensing studies on Svalbard suffer under frequent cloud coverage, 

especially during the short summer season and much of the winter time is of no use for 

optical systems due to the long polar night. Consequently, the use of active, i.e. daylight-

independent and of cloud-penetrating sensor systems becomes even more desirable, such as 

for example the Cryosat satellite which is expected to launch in 2009 or as well already 

existing systems, such as the ERS radarsatellites, both projects of the European Space 

Agency (ESA/ http://www.esa.int/esaCP/index.html). 
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10. Appendix 

 

The appendix DVD comprises 3,29 Gb of data with all the relevant output files from the 
study as well as some complementary documents. 

01- Mosaic: Includes the complete moasic from the fourteen Landsat ETM+ scenes over 
the bands 1 to 5 and 7. 

02- Field_data: Includes all relevant data from the 2006 field measurements, i.e. the 
moraine shape files, the point annotation files with an explanation of the 
abbreviations and exemplifying images 

03- Moraines 1990: All the polygons from the manual delineation of moraines based on 
the 1990 aerial imagery. 

04- Classification results ratios: All resulting maps from the image algebra discussed in 
chapter 6.3. 

05- ISODATA: All the raw ISODATA cluster files with 50 classes that are diescribed in 
chapter 6.4.. 

06- Classification results isodata: Contains the results from the manual reclassifications 
of the ISODATA clusters. Files with the suffix ’mor’ show moraine classes previous 
to the masking, ’ice’ indicates the classification of ice. ’mask’ means that the 
respective file has been masked by the vegetation and glacier mask described in 
chapter 6.3. 

07- c3 majority filter test: The resulting files from the investigations of the majority 
filter carried out on the c3 composite raster band, described in chapter 6.4. 

08- Moraines final files: All the final moraine shapes described in chapter 6.5 which 
result from the manual reclassification of the ISODATA cluster, the subsequent 
masking with the spectral classes and the final intersection with the glacier buffer. 

09- 12: The change detection results, described in chapter 7. 
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