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Summary 

It is generally thought that glacial erosion is selective and erodes deep 

troughs, while at the same time not affecting intervening uplands. This view 

implies increased alpine relief in glaciated regions where ice carves deep valleys 

while at the same time mountain peaks and plateaus remain. A recent competing 

hypothesis (The ICE hypothesis) maintains that upland plateaus also are created 

by glacial erosion, in effect decreasing alpine relief. To test how glacial erosion 

affect first order geomorphology in mountain regions this project will use GIS tools 

to classify and characterize topography in selected glaciated mountain ranges and 

based on these characteristics will be created tool for automatic classification of 

paleic surfaces. An attempt will also be made to determine clay 

mineralogy analyzed by using X-ray diffraction (XRD) techniques from a fine 

fraction soil sample from a mountain plateau in Norway. 

Keywords: glacial- and non-glacial landscapes, paleic surface, ICE, hypsometry, ELA, 

3D mapping, spatial analyses, components, glacial buzz-saw  

Anotácia 

 Je všeobecne známe, že glaciálna erózia je selektívna a narúša hlboké 

údolia, zatiaľ čo súčasne nemá vplyv na intervenujúcu vrchovinu. Tento pohľad 

vedie k nárastu alpských reliéfov v zaľadnených regiónoch, kde ľad vyrezáva 

hlboké údolia, zatiaľ čo v rovnakom čase vrcholky hôr a náhorných plošín 

ostávajú naďalej neporušené. Nedávna hypotéza (hypotéza ICE) tvrdí, že 

náhorné plošiny sú tiež vytvorené na základe erózie spôsobenej ľadovcom v 

dôsledku znižovania alpského reliéfu. Na test, ako glaciálna erózia ovplyvňuje 

prvý rád geomorfológie v horských oblastiach bude tento projekt využívať GIS 

nástroje pre klasifikáciu a charakterizáciu topografie vo vybraných 

zaľadnených pohoriach a na základe týchto charakteristík bude vytvorený 

nástroj na automatickú klasifikáciu paleických/starých povrchov. Taktiež bude 

vykonaný ílová analýza pomocou röntgenovej difrakcie (XRD) techniky z 

jemnej frakcie vzorky pôdy z náhornej plošiny v Nórsku. 

Kľúčové slová: glaciálne a neglaciálne povrchy, paleické povrchy, ICE, hypsometria, 

ELA, mapovanie v 3D, priestorové analýzy, componenty, glacial buzz-saw 
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1 INTRODUCTION 

1.1 Motivation 

The presence of ice sheets during the Pleistocene (2.588 - 0.0117 Ma, 

Gradstein et al., 2012) have had a major influence on local climate and 

environment, and is an important factor in shaping a landscape (Bon, Luijerink 

2012). There are two competing hypothesis how alpine landscapes were formed. 

The classical theory states that glacial and fluvial processes have cut into the old 

and mature landscape and created steep valleys with relatively flat and smooth 

summit areas in between (example in Scandinavian mountains ranges) (Mitchell, 

Montgomery 2006, Hales, Roering 2009). This traditional interpretation says that 

the Caledonian Mountains had been eroded to the sea-level and subsequently 

elevated by a several uplifts into a present elevation of more than 2000m (Lidmar-

Bergström, Ollier et al. 2000).  It is generally thought that glacial erosion is 

selective and erodes deep troughs, while at the same time not affecting 

intervening uplands. This view implies increased alpine relief in glaciated regions 

where ice carves deep valleys while at the same time mountain peaks and 

plateaus remain. A recent competing hypothesis (The ICE hypothesis= isostacy-

climate-erosion (Nielsen, Gallagher et al. 2009) maintains that upland plateaus 

also are created by glacial erosion, in effect decreasing alpine relief. 

To test how glacial erosion affect first order geomorphology in mountain 

regions this thesis will focus on using GIS tools to classify and characterize 

topography in selected glaciated mountain ranges. This project will utilize global 

analyses of topography in order to show variation in maximal mountain altitude 

located in the northern hemisphere (50°-85°N) in comparison with ELA- 

Equilibrium-line altitude. The competing theory of glacial buzz-saw implies that the 

height of mountain ranges is limited by the sum of the snowline altitude of glacial 

relief above the snowline, but the amplitude of glacial relief is generally under the 

1500m according to a global topographic analysis. The “glacial buzz-saw” through 

glacial erosion rapidly erodes topography above the ELA. This doesn’t necessary 

have to be influenced by lithology or rock uplift rate (Mitchell, Montgomery 2006). 
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The goal of this project is to test whether glacial processes can shape large 

flat surfaces (glacial "buzz-saw") on a global- and local scale. From a global 

perspective the relationship between ELA and hypsometric maximum breaks down 

north of 50°. Past continental ice sheets in these areas have had ELA, essentially 

down at sea level, during glacial maxima (Ehler, Gibbard et al. 2011, Brocklehurst, 

Whipple 2004). North of 50° there are, and have been, permafrost conditions 

implying past and present glaciers with basal temperature below the pressure 

melting point, hence not eroding their substratum (Sugden, John 1976). When at 

low altitude might be basal ice highly erosive, on the other hand protective in 

surrounding high elevated plateaus by ice frozen to the bed (Richardson-Näslund 

2004). This is contrary to glaciers in temperate and tropical areas, which largely 

have basal temperatures at the pressure melting point, and thus eroding their 

substratum. Therefor is necessary to be careful in comparing activity of 

temperate/tropical glaciers with polar glaciers. 

 

1.2 Glacial- and non- glacial landscapes 

The mean periodicity of glaciation is about 155 Ma, and the periodicity of 

non-glacial and glacial times of climate has been frequent during Quarternary 

Period (the last ~2.6 Ma). The world climate system switches regularly from a 

glacial to non-glacial mode.   

In landscape forming is one of the most important to define the role of cold-

based glaciers ("dry-based glaciers"), which actually have no influence on creating 

landforms. The processes of eroding and by that shaping the landscape can occur 

only when the ice is at or close to the pressure melting point, which means that 

there is only warm-based glaciers which slide at the bedrock interface (cold-based 

glaciers don’t slide over the bedrock). There are two reasons why it is so; first of all 

there is no mechanism by which could cold ice bypass the small scale roughness 

which is actual on a rock surface. Secondly, the ice/rock bond is stronger than any 

bonds inside of the ice so there is no basal shear (Sugden, John 1976). As the ice 

moves downhill, the atmosphere warms and the usual border between ablation (a 

net loss in ice mass due to melting, evaporation...) and accumulation 
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(accumulation of snow) is called ELA (Equilibrium-Line Altitude). The subglacial 

erosion is usually the largest at ELA because there is the most rapid ice 

movement (Singh, Singh 2011, Benn, Evans 1998). If the temperature at the base 

of the glacier is below zero, the creeps slower with virtually no basal sliding and in 

comparison with warm-based glacier get thicker. The transition from cold- to warm 

based glaciers can arise at the range of the depths; the depth at which the glacier 

base starts to melt based on geothermal heat trapped bellow the isolating ice layer 

and ambient temperature This process is depending on heat flow and ambient 

temperature (Meier, Post 1969). The zone of maximum erosion varies; will 

decrease and increase based on descending and re-ascending the ELA during 

glacial cycle while result in eroded landscaped is concentrated above the lowest 

ELA (Brocklehurst, Whipple 2004). 

1.2.1 Glacial landscapes 

Glacial landscapes show systematic spatial organization and is influenced 

by climatic, topographical, glaciological and geological conditions. There are 

several different forms of classification. Some writers classify landscapes as 

a evolution of landscape through time (Davis 1900), others classify landscape 

based on various broad topographic characteristic or degree of glacial modification 

to pre-existing surfaces (Clayton 1974). For this work was chosen classification in 

terms of their morphology and their genesis (Sugden, John 1976).The first two 

categories are related to the ice sheets and ice caps and are unconstrained by 

topography while the third concern effects of glaciers constrained by topography.  

Glaciers unconstrained by topography create: 

 Landscapes with little or no signs of erosion 

The landscape is essentially fluvial with smooth slopes and the area looks 

like network of stream valleys. If the pre-existing landscape had those 

characteristics and if is untouched by glacial processes. 

 Landscapes of areal scouring 

The landscape in which is evidence of glacial erosion everywhere. (Linton 1963) 

described this landscape where dykes, faults and joints are master features from 
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which irregular depressions and lakes are formed. Glacial erosion thus exploit 

bedrock weaknesses over large expanses. 

 Landscapes of selective linear erosion 

These are landscapes where glacier erosion has been concentrated in 

depressions resulting in deeply cut through juxtaposed to unmodified plateaus and 

hillslopes. Most of authors claim that such scenery was developed beneath an ice 

sheet while the sides can be characterized by channels right up to the cliff top 

which indicates that once they were filled with ice completely.  This erosional 

concept was proven by (Goodfellow, Stroeven et al. 2008) as a way how the 

glacial shaping of Scandinavian landscape as well as the Antarctic landscape 

(Thomson, Reiners et al. 2013) was shaped. 

Glaciers constrained by topography create: 

 Alpine landscapes 

The alpine landscape is characterized by dendritic network of troughs with very 

steep slopes and theirs upper part may form arêtes and horns. The relief is usually 

asymmetric while the steepest slopes indicate the most active glaciations and 

aspect plays an important role. The steepest slopes have a tendency of facing 

north and northeast  in north temperate latitude, while in south temperate latitudes 

is orientation usually south or southeast (Evans 1972).  

 Cirque landscapes 

Cirque landscape are characterized by asymmetric cirques (the asymmetry 

is caused by the intensity of glacierization) while density of them influence 

appearance of the landscape. The cirques might be associated with long-term 

average palaeoclimatic conditions (Sugden, John 1976). There are two important 

components take place in characterization of cirques: altitude and orientation. Both 

of them depend of location to the landscapes; the altitude is very often influenced 

by regional uplift or subsidence during the formation (Benn, Lehmkuhl 2000, Benn, 

Evans 1998).  
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This thesis are mostly dealing with landscape of selective glacial erosion, 

where fjords, glacial valleys and cirques glaciers are cutting into upland plateaus 

that remain largely unaffected by glacial processes. 

1.2.2 Non - glacial landscapes 

All non-glacial processes, including periglacial, mass movement, lacustrine, 

aeolian, fluvial, coastal and marine belongs conditioned by preceeding or nearby 

glaciations belong to the paraglacial landform group (Church, Ryder 1972). Many 

surfaces in areas of previously glaciated landscapes show signs of glacial 

processes; however some of them might show no or little signs of glacial 

modification and this define them as relict non-glacial surfaces (Goodfellow, 

Stroeven et al. 2008). These surfaces have been developed under the ice-free 

conditions, have been covered by non-erosive glacier ice, and they are mostly 

defined as low relief with strongly defined boundaries between lower glacial and 

upland surfaces (Munroe 2006); (Anderson 2002).  

One key feature of most of the non-glacial landscapes is autochthonus 

blockfields, (landforms indicative of periglacial environments) (Boelhouwers 2008) 

which are coarse grained regolith formed by in situ weathering (Goodfellow, 

Stroeven et al. 2008). Current studies try to bring the light to the origin of 

blockfields (Goodfellow, Fredin et al. 2008, Boelhouwers 2004, Strømsøe, 

Paasche 2011). According to (Ballantyne 1998) blocks are produces by physical 

weathering (such as frost shattering) and periglacial reworking to produce 

blockfield a mantle. 

1.2.3  Paleic surfaces  

The term paleic surface or old surface was firstly used (Reusch 1901) for 

surfaces located in Norway, which denote low relief surfaces high in the 

landscape, but the first who mentioned these surfaces was (Keilau 1820) who 

wrote about Norwegians low relief uplands (‘vidde’), described as surfaces with 

small differences in altitude in relation to the horizontal distances (Gjessing 1967). 

Reusch (1901) introduced the idea of deep weathering being an important factor 

for the development of paleic surfaces. These surfaces are important to study 
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mostly because they provide insight into the formation, age and development of 

landscape across the Scandinavian mountain range (Scandes) and several other 

similar mountain ranges around the world. According (Etzelmüller, Romstad et al. 

2007) almost 40% of the total land area in southern Norway can be classified as 

Paleic surfaces.  

 

 

Figure 1.1. Low-relief elevated surfaces like this one from Unstad in Lofoten are 
frequently found in Lofoten and Vesterålen (photo by Jørund Raukleiv Strømsøe). 

 

The paleic surfaces (Figure 1.1) can be seen as landmark series of 

denudation surfaces which are found in different places from inland towards the 

coast at different altitudes of more or less planar character (Strømsøe 2013). 

However after more than a century of research are questions related to genetic 

processes and age of paleic surfaces not sorted out and processes of their 

formation are still being debated (Ballantyne 2010).  

The recent alternative ICE-hypothesis replaces the traditional tectonic 

interpretation of formation flat landscapes by isostacy being the force of uplift and 

flat surfaces were formed by repeated periods of periglacial processes knows as 

frost weathering and erosive processes which re-exposure of hilly relief.   
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1.3 Morphometrics and hypsometry 

1.3.1 Hypsometry 

Hypsometry, also called frequency distribution of elevations, is simply a 

measure of the relationship between elevation and area in a watershed, basin, or 

catchment Langbein (1947). Hypsometry describes the distribution of elevation of 

surface with respect to area of interest. Hypsometry according (Brocklehurst, 

Whipple 2004) is very often used to characterize morphology of the landscape and 

can in glaciated regions be used to compare rates of glacial erosion and tectonic 

uplift, which also means that hypsometry, can indicate the relative degree of 

glacial modification. Important products of hypsometric analyses are hypsometric 

curves. 

1.3.2 Hypsometric curve and integral 

The hypsometric curve of watershed has been used since 1950s for 

description of watershed area with elevation. The best indicator of geomorphic 

processes which in study area dominate is shape. The hypsometric curve of 

watershed was first introduced in 1947 by (Langbein) the shape of hypsometric 

curve is important indicator of dominant geomorphic processes in a watershed 

(Figure 1.2).  

 

Figure 1.2 Hypsometric curve (Keller, Pinter 1996) and the explanation of 
hypsometric curve (Sarpa, Toprakb et al. 2011). 
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The hypsometric curves are usually plotted on the X-axis and Y-axis as 

values of cumulative area and normalized value of the relief. The result is 

represented by a simple curve: convex and concave curve (Figure 1.3), while 

convex curve indicates that most of the study area is influences by diffuse hillslope 

processes such as erosion, landslide, rainsplash (Gelb, Cooley 2014). On the 

other hand concave curve indicates area with relatively low or no changing 

elevation, which also means that study area, was mostly influenced by fluvial or 

alluvial processes. The total area (A) is the sum of individual watershed areas, 

while (a) is the watershed area above the corresponding elevation (h). The ratio 

a/A always ranges from 1.0 at the lower point of the basin to 0 at the highest point 

(where h/H=1.0). This means that the hypsometric curve depends on the size of 

the watershed, or study area, from the relief and the mapping scale.  More recently 

these analyses have been used in the context of tectonic geomorphic analyses of 

uplift history (Gelb, Cooley 2014). 

 

Figure 1.3. Two typical hypsometric curves where the solid curve represents 
concave up landform with fluvial dominated watershed and the dashed curve shows a 
concave down landform associated with dispersive watershed (Cohen, Willgoose et al. 
2008). 
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1.4 Glacier data (ELA, WGI, GLIMS)  

1.4.1 ELA - Equilibrium-line altitudes and glacier mass balance 

Equilibrium-line altitudes (ELA) is a key parameter to describe glacier mass 

balance and hence glacier dynamics. ELA defines the zone where annual 

accumulation and annual ablation are equal (Figure 1.5). Or by the other words 

ablation and accumulation-related processes influence this climate-sensitive 

parameter ELA and snowline (Benn, Lehmkuhl 2000). The ELA is dependent on 

the local climate, particularly on summer air temperature and winter precipitation 

which are the most important factors for mid-latitude glaciers (Nesje 1989). 

 

Figure 1.4 Snowline is varying with latitude (Schott 2013). 

 

The ELA is controlled by latitude, altitude, aspect, temperature and 

continentality. The ELA varies with latitude, while ELA in Equatorial regions is 

higher than 5000m; in Polar Regions ELA can be at sea level. For instance in 

Himalayas ELA varies from 4500 till 6000m, while Arctic and Antarctic glaciers 

have their main melt-off at sea level (Figure 1.4). Usual definition of ELA refers to 

the altitude where bn is equal to 0, where bn is net balance at the end of the 

ablation season, what is summer (Paterson 2001). Modern eELA can be defined 

by direct mass balance measurements on the glacier.  The equilibrium line altitude 

(ELA) change as a result of climate change, the modification in the extent of 

glaciated terrain supposed to be dependent on hypsometry (Brocklehurst, Whipple 

2004). 
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Figure 1.5. Glacial budget showing accumulation, ELA and ablation (Schott 2013). 

Sources of global ELA - World Glacier Inventory 

 

The World Glacier Inventory (WGI), which last update in February 2012, 

contains information for over 130,000 glaciers (National Snow and Ice Data Center 

2014) 

 The inventory includes different glacier parameters for instance geographic 

location, area, length, orientation, elevation, and classification and for my research 

important snow elevation line (Fetterer, Ballagh et al. 2013). The WGI is based 

mostly on aerial photographs and maps with glaciers. There exists more different 

ways how to get data from WG I. Data is possible to download in complete 

database in comma separated ASCI text file, secondly is possible to choose the 

entire glacier according the name or latitude/longitude or use interface for 

Extracting Selected Regions (National Snow and Ice Data Center 2014).The 

systematic glacier monitoring started in 1894 with establishing WGI in Zurich and 

works on same basis also nowadays with aim to update it every few decades.  

Altitude of snow line of the glacier is named as SNOW_LINE_ELEV in the 

database, and is in meters about sea level and up to 4-digits.  
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1.4.2 Sources of global ELA - GLIMS Glacier database 

Glaciers are important indicators of past and future climatic changes. The 

GLIMS project (Global Land Ice Measurements from Space) is creating a unique 

glacier inventory storing critical information about extent and change of the world's 

estimated 160,000 glaciers. GLIMS is an international project made in 

collaboration with more than 60 institutions all over the world, while their goal is to 

create glacier inventory of land ice including information about glacier area, 

geometry and snow line elevation (The National Snow and Ice Data Center 2014). 

Data are obtained from the Advanced Spaceborne Thermal Emission and 

Reflection Radiometer (ASTER) and the Landsat Enhanced Thematic Mapper 

Plus (ETM+), but also with historical information derived from maps and aerial 

photographs. All results can be found in the GLIMS Glacier Database at the 

National Snow and Ice Data Center (NSIDC) in Boulder, Colorado (Figure 1.6). 

Last update of this database was in 16.01.2014 and this data will be used for 

calculations and analyses in this thesis. The main and crucial difference between 

WGI and GLIMS data is that GLIMS provide vector point and polygon data (with 

different structure of information), while WGI offer only vector point features (with 

complete information about glaciers). 
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1.5 Geological fieldwork and sampling 

1.5.1 Trollheimen, non-glacial structure 

Trollheimen creates a natural climate distinguish between inland and 

coastal areas, where the highest peaks were probably covered by ice in the last 

ice age. That is the reason why is this area so geologically interesting.  

Figure 1.6 Select an entire region (e.g., Europe) or subregion (e.g., Alps 
Mountains) to extract data for that area only or search according glacier name or 
coordinates. 
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Figure 1.7 Map showing location of fieldwork. 

 

The mountain range of Scandinavia and Norway started forming during the 

Caledonian orogeny 300 – 400 million years ago, when Greenland was pushed 

towards Scandinavia.  

The most common rocks are gneiss, schist and metamorphosed sandstone 

(Midtnorsknatur 2009). In the west part of Trollheimen is the landscape 

characterized mostly by steep mountains and deep and narrow river valleys, while 

in the east it is more rounded with wide valleys. In the elevation over 1400 m seem 

to be mountain weathered and cracked up into the boulders. The map showing 

location of the field work is shown in Figure 1.7 and Gjevillvasskamman, south-

central Norway the low-relief surface at high altitude is in Figure 1.8. 
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  The last ice age ended about 10 ka ago and during this time the stone, soil 

and gravel was moved by water and ice masses. Stone blocks that remain show 

that area have been ice-free longer than the rest of the area or that these area 

was never under the ice. This may mean that Gjevillvasskamman, Trollhetta and 

the highest mountains in Sunndalssida are Nunataks (mountain peak protruding 

through the glacial ice) (Holtedahl 1914). 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 Gjevillvasskamman in Trollheimen; photo by Alexandra Jarna. 
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2 METHODS 

 

2.1 Morphometrics and hypsometry 

2.1.1 Spatial data obtaining for calculation of hypsometry 

The quality of the result depends on precision of initial data. Data used for 

showing hypsometry in this thesis were downloaded from 

http://www.viewfinderpanoramas.org/ (Fig.9) with last update on 8th of December 

2012 with addition of Global 1", 3" and 15" DEM. These data are now available 

free and contain global coverage at 3 arc seconds (90m) resolution 1°x1° Digital 

Elevation Models (Figure 2.1) and they were created by Jonathan de Ferranti 

(Hormann 2012).     

 

 

Figure 2.1 Complete global Digital Elevation Models with resolution 90m on 
http://www.viewfinderpanoramas.org/. 

 

During the Space Shuttle mission in 2000 were these data collected and 

released as a global dataset of the surface geometry in resolution 90m by USGS 

and NASA. However this dataset contains significant gaps in coverage in 2002 

mostly in the areas with steep slopes, water surfaces, in the areas where has been 

data recorded one or very few times like regions near equator. These gaps have 

been fixed in 2006, especially in Himalayan areas (Hormann 2012). Jonathan de 

http://www.viewfinderpanoramas.org/
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Ferranti made available these datasets with filling most of the problematic void in 

the SRTM data sets using information from topographic maps (Ferranti 2012). 

The digital elevation model data were downloaded and displayed in ArcMap 

using geoprocessing tools in the Data management toolbox to create mosaic 

dataset. A mosaic dataset is created in a geodatabase and raster datasets can be 

added into it directly. The mosaic dataset allows storing, viewing and managing 

huge collections of raster and image data. A raster type can read all raster 

formats. The mosaic datamodel resides within a geodatabase which consists of 

catalogue that provides the source of pixels and footprints of the raster, a feature 

class that defines boundary and Image information. Mosaic dataset must be 

located inside of the File Geodatabase; after creating new file geodatabase and 

preparing new Mosaic Dataset, setting up projection are step by step added raster 

into the mosaic dataset. This process might last couple of minutes or hours 

depending on individual rasters. 

For proceeding data from latitude 50° till 80° was used 370 file with 

approximately 20 .hgt (simply stands for the word "height", meaning elevation) files 

in each file marked as M20, M21,....U46. It is binary file; it is not a format type. 

These files are in .raw format 16-bit signed integers (from − (215) to 215 − 1) where 

altitude is in meters above sea level. Bellow (Figure 2.2) is the resulted grid used 

for further calculations created as a mosaic dataset. 

 

Figure 2.2 Viefinderpanoramas data GRID from latitude 50° till 80° N. 

 

 From the mosaic dataset a grid was generated which was used for further 

calculation; however this grid was too big with a size of about 66 GB, which would 

make calculations impractical. The spatial analyse Aggregation (Aggregate 

polygons) with aggregation technique MAXIMUM (the largest value of the input 

cell) was used for creating grid which is possible to use for further calculation 

(Figure 2.3; Figure 2.4). This function combines polygons within a specific 
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distance of each other into a new polygon with different size. The advantage of 

this tool is in reduction and aggregation of polygons when input feature is too large 

to be represented in one map due to limited space size with the result of reducing 

quality. The setting cell factor 90 was found as a sufficient result which was used 

for finding global hypsometry from latitude 50° till 80°. The setting factor 90 can be 

explained as 90x90 raster cells will be placed together in order to create 1 new cell 

and figure 11 and 12 explain result aggregation in different scales. This cell will 

undertake the value of the largest value located in 90x90 raster. 

 

Figure 2.3 Original grid transformed into aggregate grid with the cell factor 90 
showed with the points pertaining to individual raster cell (Raster to polygon) displayed in 
1:3 500 000. 

 

Figure 2.4 Original grid transformed into aggregate grid with the cell factor 90 
showed with the points pertaining to individual raster cell (Raster to polygon) displayed in 
1: 800 000. 
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The same process of creating mosaic dataset was done with chosen 

mountain ranges - Denali, Alps, Ural, Himalaya and other chosen study areas - 

Iceland and Scandinavian Peninsula same as for complete raster from latitude 50° 

till 80° N.  

For studying first possible way of visualizing hypsometry by relative altitude 

and relative area were used mountain ranges of different origin, like an old suture 

zone (The Ural mountings), passive margins (Scandinavia) and active margins 

(Denali, Alps, and Atlas).  

2.1.2 Hypsometry, hypsometric curve and integral 

The main advantage of the hypsometric method is the possibility to achieve 

a geometrically precise, measurable statistical representation of relief. The 

hypsometric method combined with elevation in a landscape in relation to sea 

level. It combine features of the primary orographic lines and points (such as 

peaks, divides, and scarps), the directions and shapes of slopes, the angles of 

inclination, and absolute and relative elevations.   

There are different ways how to calculate and visualize hypsometry. The 

most common way to describe hypsometry of a region is to calculate relative area 

(0-1) to relative height or altitude (0-1) by hypsometric curve and hypsometric 

integral by convex or concave curve (Brocklehurst, Whipple 2004). A simple 

method called area hypsometry was used to create hypsometric curve (Yu, Wang 

et al. 2012). The result of the first step is a simple histogram, which is showing 

frequency of elevation bins in selected area. A watershed is calculated based on 

the DEM raster, and this is used for calculating hypsometric curve, which is 

showing normalized or relative elevation plotted against normalized cumulative 

area. The area under this curve lies in the range 0 to 1 and is called the 

hypsometric integral, with the following equation: 

   
          
          

 

where Hmax, Hmean, and Hmin are the maximum, mean and minimum 

elevations in the basin. Hypsometric integral is a dimensionless number which 

allows to different watershed to be compared (EcoDo-net Collaboration 2007). 
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Figure 2.5 Hypsometric curves for selected mountain ranges. 

 

 Figure 2.5 represents hypsometric curves for selected mountain ranges 

(Carpathian (Europe), Atlas (Africa), Ural (Asia), Denali (America) and Scandes 

(Europe)) as convex curves which explain that most of the study areas are old and 

that they were influenced by highly diffuse hillslope processes such as erosion or 

landslide (Sarpa, Toprakb et al. 2011). 

Figure 2.6 is showing hypsometric tools, which were developed by Institute 

for Geographic Information Science in San Francisco were used to calculate 

hypsometry showing relationship between relative area and height (Davis 2010) .  

This toolbox contains three tools: hypsometric curve, area gradient tools 

(derives a table of watershed area, stream gradient, and hypsometry) and max 

watershed (derives the largest watershed). The input raster elevation model is 

parameter which is involved in use of these tools and which is recalculated into the 

watershed. Output is a hypsometry raster which is saved into 100 equal 

intervals proportions of elevation and coded as PropElev (0 to 1) and PropArea  0 

to 1). 
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2.1.3 Global hypsometry 

On the other side there are other ways to calculate and visualize 

hypsometry. The way used for visualizing global hypsometry was used calculation 

of hypsometry not with relative values of altiture and area, but as a relation of area 

[%] and altitude [m] (Brocklehurst, Whipple 2004) compared for mountine ranges 

in in latitude 50°- 80° N (Ural, Greenland and Denali) Scandes, Alps and 

Himalaya. In this way hypsometry is represented by simple histogram of 

frequencies in different elevation bins. 

According to (Benn, Evans 1998) glacial landscapes are distinctly different 

from fluvial counterparts, and it is reasonable to belive that this is reflected in 

hypsometry (Brocklehurst, Whipple 2004). A couple of authors support the 

argument that glacial erosion is focused above and at the ELA, assuming that the 

landscape is eroded above the lowest ELA (MacGregor, Anderson et al. 2000). 

Based on this it could be asumed that the position of the ELA within the watershed 

would strongly influence shaping of the landscape (Brocklehurst, Whipple 2004).  

Figure 2.6 Hypsometric tools developed by Institute for Geographic 

Information Science in San Francisco and used in ArcGIS. 
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To test this the agregated SRTM data, described closely in chapter 2.1.1, 

was used. The first step was to get the positional data of every single cell of the 

DEM, which means that the data had to be converted to the vector format (by 

conversion toolin ArcMap - Raster to Point) and than assign to every single point 

the geometry (Figure 2.7) in atribute table closely described in Appendix 1 and 

shown in figure 15.  

 

 

Figure 2.7 Process of calculating geometry for individual point. 

 

Data were exported to the *.txt formatand opened and processed in Matlab 

(Figure 2.8) (after aggregation with Greenland: 1 000 525 points contain elevation 

(rows); without Greenland: 869 835 points contains elevation) in order to plot them 

as a scatter plot.  
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Figure 2.8 Matlab processing and plotting of global (50-80 N) elevation data. 

 

2.2 ELA, WGI, GLIMS  

2.2.1 ELA - Equilibrium-line altitudes 

In previous works it was showed that the position of the equilibrium line 

altitude (ELA) within the watershed is a dominant variable in calculating of the 

hypsometry of a glaciated landscape (Montgomery, Balco et al. 2001, Brozovic, 

Burbank et al. 1997). However this is non-linear effect, which means that when the 

ELA falls to the critical level, the glaciers erode deep bellow the ELA which effect 

hypsometry (Brocklehurst, Whipple 2004). WGI contain different glacier 

parameters like geographic location, orientation, length, maximal and minimal 

elevation, area, length but for this project the most important parameter is snow 

line. The ELA differs from the snow line that it represents a long-term average 

altitude, while snow line oscillates year by year and on shorter timescales (Singh, 

Singh 2011). The results of calculation which are shown in chapter 3.2 correspond 

to the snowline. 

In total 7 058 values of WGI, which were used for calculating modern snow 

line and results was compared as a result of maximal, average and minimal value 

of snow line in each latitude from 50° till 80° N (Fig.40) while ELA values of 0 was 

omitted.  
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In order to construct real snow line in each possible latitude based on WGI 

dataset (-71° S till 81° N). To compare the real snowline with the hypothetical ELA 

plot from Porter (1989) was used calculating of maximal value in each latitude with 

the total of 132 890 values (including 0 values) shown in Figure 2.9. To display 

the resulting curve at each latitude was used Matlab, because Microsoft Excel can 

only show 1,048,576 rows and 16,384 columns and precede 32 000 rows as a 2D-

diagram, while Matlab had no problem to create the required plot. 

 

 

 

Figure 2.9 WGI data providing the snowline observations of 132 890 glaciers 
worldwide and beneath is figure showing snowline elevation for chosen mountain ranges 
(Pedersen, Egholm et al. 2010). 
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2.2.2 GLIMS data processing 

The purpose of using GLIMS data was comparing hypsometry of chosen 

mountain ranges (Himalaya, Denali, Scandes and Alps) which contain permanent 

glaciers. Hypsometric calculations were made on the actual landscape without 

glacier surfaces. The GLIMS data were used to cut out GLIMS data from the 

global DEM (viewfinder panorama 90 m resolution DEM described in chapter 

2.1.1), and Null values were given to the glacier areas. Figure 2.10 illustrates 

GLIMS dataset in chosen mountain ranges.    

A ModelBuilder toolbox (Arcmap) was created to automate the steps 

needed to cut out glaciated areas from the DEM. As an input in toolbox was added 

GLIMS polygon data to create raster from polygon (Polygon to Raster) with using 

input parameters of cellsize (same as input raster), cell assign (MAXIMUM_AREA) 

and extend (input raster). Second step was to Reclassify the result (as 0-999999 = 

NoData and NoData = 1). And the last step was adding the input raster into the 

calculation (area of interest) which should in the end create the resulting raster 

contains no GLIMPS glacier data. A ModelBuilder toolbox can be found in 

Appendix 2.  
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Figure 2.10 GLIMS dataset in chosen mountain ranges 

 

2.3 Geological fieldwork and sampling techniques 

The composition of blockfield regolith is debated (Goodfellow, Fredin et al. 

2008, Goodfellow, Stroeven et al. 2014),and to test whether a typical blockfield in 

central Norway contain clay minerals derived from chemical weathering, samples 

were taken from mount Gjelvilvasskammen (1348 m a sl.) in the Trollheimen 

massif (map). 

The samples were excavated from 3 different locations on the top of the hill 

using a shovel, crowbar and cement shovel as tools during 3 days in September 

2013, but only one location was suitable for excavating deep enough to obtain 

required samples for further report. The other 2 locations were not suitable, 

because of frequent bedrock which hindered us from obtaining samples from 

sufficient depth.  

Fine matrix samples were taken from a depth of approximately 0.9 m for 

analyses of grain size and (X-ray diffraction) XRD. The samples was obtained 
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from the elevation 1348 m a sl. and latitude 62°43.5 N and longitude 9° 18.5 E. 

Sample location was recorded with handheld GPS - Garmin GPS 60 and 1:50000 

Topografic map same as build-in  

GPS in camera for comparison. Care was taken during field work so that 

sufficient quantities of silt and clay was sampled suitable for XRD analysis, and the 

presence of chemically wethered grains which are possible to see on scanning 

electron microscopy in the very fine samples.  

 

2.4 Soil analyses- laboratory work (Grain size and XRD) 

Two other samples (Stokmarknes and Ramså) from deeply weathered 

bedrock (Reference TWIN report – NGU report 2013.0227) were also analysed as 

comparison to the sample from Trollheimen. 

Figure 2.11 Fieldwork on Gjelvilvasskammen; The picture shows a typical 
excavation site where samples are collected throughout the vertical profile. Photos by 
Alexandra Jarna.  
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The laboratory work was completed at the Geological Survey of Norway 

(NGU) in Trondheim. To determine grain size of dried samples was used a Coulter 

LS Particle Size analyses. A typical sieve analysis involves a nested column of 

sieves with wire mesh cloth (Figure 2.12), while representative weighed sample is 

poured into the top sieve which has the largest openings. The sample goes 

through the other sieve in the column with smaller openings. Than the weight of 

the sample of each sieve is divided by the total weight to give percentage obtained 

on each sieve. The analysis was done in the grain size range 1900 - 2 µm. 

 

 

Figure 2.12 Nested column of sieves for sieve analysis of grain size. 

 

For XRD (X-ray diffraction) analysis was used material < 2 µm size fraction 

of each of three samples. This method is used for identification of clay minerals. 

For preparing samples was firstly used ceramic tile method to produce well-

orientated clay samples with minimal segregation effect (Figure 2.13). This 

method involves filtering or dewatering of the clay suspension under suction 

trough a ceramic medium so the clay material is evenly deposited on the ceramic 

(Gibbs 1965). Last step is done in an X-ray diffractometer which emits X-rays, 

optically focus them into the sample, scan the sample with precise angular control, 

and monitor the relative intensity of the diffracted beam as a function of 2θ (the 

angle is conventionally expressed as 2θ rather than θ, since 2θ is the actual 

angular deviation from the incident beam). XRD recording, scan was performed at 
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2-69°2, and with scan speed 0.008 2/s and the step size = 0.042, Time pr. 

step = 5 s, variable divergence slit (Illumination length = 10 mm). Samples have 

been measured air dried, ethylene glycol treated and after having been heated to 

550° C for an hour by Bjørn Willemoes-Wissing at NGU. 

 

  

 

Figure 2.13 XRD analyses preparation: separating and ceramic tile method. 

 

2.5 Classification 

2.5.1 Manual classification of paleic surfaces - 3D aerial photography 

mapping 

The area around Romsdalen (Møre og Romsdal county and Lesja 

Municipality in Oppland county) located in west-central Norway, was selected for 

3D aerial photography mapping of paleic surfaces. This area is well known 

because of very alpine relief and steep rock walls 1700-1800 m high. 

Paleic surfaces were manually mapped and digitized using 3D aerial 

photography at the Geological Survey of Norway in Trondheim. The surfaces are 

easy to distinguish from landscape elements exhibiting influences of glacial-, 

slope- and fluvial processes, because paleic surfaces compare to the other 
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surrounding area all around are very smooth and roughness of these surfaces is 

very low. 

For 3D aerial photography mapping was used a stereoscopic display, which 

presents a right image to the right eye and left image to the left eye. The combined 

images give depth perception by the 3D impression. The Planar’s StereoMirror 

works on principle of a half-mirror, which is placed at the bisecting angle between 

two displays (Figure 2.15). A polarized light emitted from the bottom monitor is 

transmitted through the half-mirror, while polarized light emitted from the top 

monitor is flipped upon reflection off the half-mirror. Based on polarized glasses 

left eye allows seeing only image coming from the bottom screen and the right eye 

shows only top monitor image reflected from the half-mirror (Planar Systems 

2014).    

 

 

 

 

 

 

 

 

 

ArcMap with the extension ArcGIS Stereo Analyst (Figure 2.15; Figure 

2.16) was used for digitization in aerial photographs. Stereo visualization improves 

the interpretation of images and allows for more precise collection, which can lead 

to higher accuracy in the mapping results. ArcGIS Stereo Analyst enables stereo 

collection of feature into standard ESRI geodatabases. It facilitates 3D vision, 

together with suitable 3D screen, and thus shows aerial photo stereo pairs in true 

3D. ArcGIS digitization is performed as collection of 3D features.  

2.14 3D screen for 3D mapping. 
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Figure 2.15 Stereo Analyst toolbar in ArcMap 10.1. 

 

Figure 2.16 Stereo View toolbar in ArcMap 10.1. 

Figure 2.17 below shows the working window in ArcMap 10.1 with active 

use of Stereo Analyst and View toolbar on the right side is places 3D aerial 

photography with distinguished paleic surface by while polygon, while on the left 

side of the screen is hillshade of the study area (Romsdalen - valley located in 

district Møre og Romsdal county in SW - Norway) with active displaying of stereo 

windows by red colour and zoomed area shown in 3D aerial photography on the 

left side by green colour window.  

 

 

Figure 2.17 The 3D mapping of paleic surfaces in Romsdalen, Norway. 

2.5.2 Topographic analysis and characteristics of paleic surfaces 

In this chapter were used Spatial Analyst Tolls for describing characteristics 

of paleic surfaces. The typical values for different parameters were depicted. 
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 SLOPE  

For each cell, the Slope tool calculates the maximum rate of change in 

value from the cell to its neighbours. The maximum change in elevation over the 

distance between the cell and its eight neighbours define how steep the downhill is 

(ArcGIS Resource Center 2011). The Slope analyse is a surface spatial analyse in 

ArcGIS and as an input was used DEM 10x10m.  

The analyses of slope in Figure 2.18 shows that most of these surfaces 

have slope from 0 till 20 (30) degrees what means that paleic surfaces can be 

relatively steep surfaces. 

 

Figure 2.18 Slope values applied for paleic surfaces and in table highlighted values 
with the highest likelihood. 

 PROFILE CURVATURE 

The Curvature tool calculates the second derivative value of the input 

surface on a cell-by-cell basis (Buckley 2010).  

Profile curvature is parallel to the direction of the maximum slope. A 

negative value shown at the Figure 2.19A indicates that the surface is upwardly 

convex at that cell. A positive profile on Figure 2.19B shows that the surface is 

http://help.arcgis.com/en/arcgisdesktop/10.0/help/009z/009z000000v2000000.htm
http://help.arcgis.com/en/arcgisdesktop/10.0/help/009z/009z000000tw000000.htm
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upwardly concave at cell. A value of zero indicates that the surface is linear as on 

the Figure 2.19C Profile curvature is optional output raster in Spatial Analyse 

Curvature. The typical values for paleic surfaces (Figure 2.20) are in range -4.9 – 

6. 

 

Figure 2.19 Profile curvature value (Buckley 2010). 

 

Figure 2.20 Profile curvature values applied for paleic surfaces and in table 
highlighted values with the highest likelihood. 

 ASPECT 

Aspect identifies the downslope direction of the maximum rate of change in 

value from each cell to its neighbours. The values of each cell in the output raster 

indicate the compass direction that the surface faces at that location (Figure 2.21). 

Flat areas having no downslope direction are given a value of -1, but paleic 

surfaces are not completely flat areas and Surface analyse Aspect describe 

http://help.arcgis.com/en/arcgisdesktop/10.0/help/009z/009z000000tr000000.htm
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direction at all possible directions from 0° till 360° (ArcGIS Resource Center 2011). 

An input raster DEM 10x10 was used for calculating Aspect from sources of 

Geological Survey of Norway; same input model was used for all spatial analyses 

in this chapter.  

 

Figure 2.21 Aspect values applied for paleic surfaces and in table highlighted values 
with the highest likelihood 

 ROUGHNESS 

Topographic roughness can be defined by many different ways. The 

roughness index can be for example the standard deviation of slope, or elevation. 

The figure 30 shows typical values of roughness on paleic surfaces. The typical 

values for these surfaces are from – 0.0007 till 0.005 (Figure 2.22). 
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Figure 2.22 Roughness values applied for paleic surfaces and in table highlighted 
values with the highest likelihood. 

 

There were used 3 different possibilities of calculating (all 3 are explained in 

Appendix 1): 

1. 2D Area : 3D Area Ratio 

While 3D surface area is in theory “true” area, the data from which it is 

derived may introduces error. DEMs do not resolve all the humps in a real 

landscape and also DEMs resolution matters and can affect calculations (Jenness 

2004). The method of calculating roughness this way is shown in Figure 2.23. 
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Figure 2.23 Roughness calculation based on 2D Area: 3D Area Ratio procedure. 

 

1. Slope Variability 

Slope variability (SV = Smax – Smin) is a measure of the “relief of slope” of 

a landscape (Ruszkiczay-Rudiger, Fodor et al. 2009). Figure 2.24 illustrates 

roughness calculation by using slope variability.  

  

Figure 2.24 Roughness calculation based on slope variability. 
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2. Standard Deviation of Elevation 

Standard deviation of slope is a measure of topographic roughness 

(Ascione, Cinque et al. 2008). See Figure 2.25 for illustration of standard deviation 

of elevation calculation. 

 

Figure 2.25 Roughness calculation based on standard deviation of elevation. 

  

The procedures of these three ways of calculating roughness are described 

in Appendix 3. The third possibility by method calculating of Standard Deviation of 

Elevation was used for creating tool for automatic classification and it was created 

toolbox in ModelBuilder (Appendix 4) for easier and faster calculation of 

roughness.  

 STACK PROFILE 

It is a 3D analyst tool which is able to create a table and optional graph 

denoting the profile of line features over one or more raster, TIN, or terrain 

surfaces. The output table provides the information which is needed for generating 

the profile graph. Each line feature is drawn along its overlapping profile, for each 

paleic surface. The elevation and distance along the input are main components of 

the plot. (ArcGIS Resources 2012).  
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2.5.3 Automatic classification - ArcMap 

Paleic surfaces were mapped using 3D aerial photographs in a small area 

in west-central Norway. Careful topographic analysis was made on these surfaces 

showing that surface slope, profile curvature, surface roughness and zonal 

statistics could be used as parameters for automatic GIS classification of paleic 

surfaces. These parameters were compiled into a standalone ArcGIS toolbox for 

one-step automatic classification of relict surfaces analyses. The analyses of 

roughness showed sufficient results of distinguishing surfaces, what lead to 

decision to consider the component roughness as a key component in automatic 

classification of paleic surfaces. The toolbox was created by using executing tools 

in ModelBuilder. First of all was created new tool (Add Toolbox in ArcToolbox 

Menu) and after opening a new empty toolbox was this filled in with the tools 

parameters (Appendix 5). ModelBuilder consists of Parameters and Variables. 

The major components as the surface roughness, surface elevation and 

surface hypsography were used in many studies for regional relief classification 

(Mark 1975, Wood 1996, Etzelmüller, Romstad et al. 2007). Dikau (1989) used 

also component slope and profile curvatures (Richter 1962). These components 

have been used for creating tool for automatic classification of paleic surfaces in 

this project. (Hammond 1964) used a similar set of parameters, where one of the 

most important components was roughness (relative surface inclination. In 

nowadays classification started to be used components elevation itself, the surface 

roughness and the surface hypsography (Evans 1972, Wood 1996, Mark 1975). 

The component of elevation became important, with range >1000 m a sl., since all 

manually mapped paleic surfaces were located in altitude above 1000 m a sl.  

During the automatic classification occurred problem with little resulted 

areas following contour line (Figure 2.26). These green (10x10m) and blue 

(25x25) layers are showing result of automatic classification paleic surfaces 

compared in different resolutions. The function of aggregation with cell factor 5 

(combines polygons into a new polygon with different size) was used to solve this 

problem, which was explained in the chapter 2.1.1 and this function eliminate a 

single line paleic surfaces result. The last analyse used for creating smoother 
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boundaries of the resulted paleic surfaces was used spatial analyse Boundary 

clean.  

 

Figure 2.26 Problem of resulting rasters following contour line in automatic 
classification for 10x10 and 25x25 m. 
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3 RESULTS 

3.1 Hypsometry 

Hypsometry is a measure of land elevation in relation to sea level.  

Specifically it has been studied hypsometrical maxima, large land areas at similar 

elevation, in relation to snowline altitude or glacier equilibrium line altitude (ELA). 

According (Pedersen, Egholm et al. 2009) the presence of a hypsometric 

maximum indicates that dynamic processes (tectonic, depositional or erosional) 

concentrate surface elevation within a narrow altitude interval. So the high density 

of hypsometric maximum at low elevation reflects fluvial erosion and deposition by 

the sea level. The result showing the hypsometric maximum associated with snow 

line altitude. This snowline altitude supposed to be the base line for glacial 

erosion, which is leaving only some landscape features like horns or arêtes and is 

causing glacial erosion in fjords far below this line.  

 
 

Figure 3.1 Global distribution of hypsometric maxima as function of latitude and 
elevation (Pedersen, Egholm et al. 2009). 

 

Figure 3.1 the grey shaded area represents the total data coverage set by 

the maximum elevation at each 1° of the latitude. Global distribution of 

hypsometric maxima as function of latitude and elevation is calculated from the 

elevation difference between the cell and its eight neighbour cells; and the slope 
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distribution is then found as the mean slope for a certain elevation (Pedersen, 

Egholm et al. 2009). 

Figure 3.2 is showing hypsometry of mounting ranges shows frequency 

distribution of individual elevations bins. The highest peak of Urals is 1895 m a sl. 

high, and from the plot it is possible to read that elevation between 100 and 300 m 

a sl. has the highest frequency and in total this low elevation takes 83% of total 

100%, while the elevation higher than 1000 m a sl. has only 4% of all. Urals is also 

mountain range without permanent ice cover, or according GLIMS (2014) without 

occurrence of glaciers. The Central Ural is the lowest part of Ural with the highest 

peak about 994 m a sl. From the map of the Urals one can distinguish that the 

Polar Ural is wider than other parts of this mountain range and in this part is also 

located the highest peak: Mount Narodnaya. After applying of roughness analyses 

(viz. Appendix 3) it appears that large surface areas in central and northern Urals 

are flat and smooth. In Appendix 6. can be found result of roughness analyse 

calculated for Urals where closer view to the northern part of Urals confirm 

observation in Google Earth about flat and smooth hill tops in this area. 

In Norway the highest peak is 2449 m a sl. and 37% of the surface has 

elevation from 0 till 100 m a sl. From 200 - 1000 m a sl. the elevation is evenly 

distributed about 10% for 200, 300, 400 and 500 m a sl. while in elevation about 

1000 m a sl. has frequency of distributed surface 19%. This can be seen in figure 

36. Norway is known for having smooth surfaces, called strandflaten (mostly with 

the relief ranging ±50 m (Gjessing 1967)) typical for the surface of Norwegian 

coast and also so called paleic surfaces, which according to (Etzelmüller, Romstad 

et al. 2007) comprise almost 40% of the total land area in southern Norway and 

form dominant landscape structure in northern Norway (Figure 3.2).  

The Himalayas represent the youngest mountain range on Earth and 

consist of mostly of uplifted sedimentary and metamorphic rock. The formation of 

the world’s largest collision refers to the geological event in the Cenozoic caused 

by collision between the Indo-Australian Plate and the Eurasian Plate (Zhang, 

Santosh et al. 2012). In comparison with other studying mountain ranges seems to 

be very special because of distribution of hypsometry is on the first sight visible 

http://en.wikipedia.org/wiki/Sedimentary
http://en.wikipedia.org/wiki/Metamorphic_rock
http://en.wikipedia.org/wiki/Indo-Australian_Plate
http://en.wikipedia.org/wiki/Eurasian_Plate
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that Himalaya has the highest density of altitude above 2000 m a sl.. In Himalaya 

are located more than 100 peaks above 7000 m a sl., what can be seen in the plot 

bellow as the value of more than 60% of total area is situated in high altitude 

above 2000 m a sl.. This plot is not showing development hypsometry from 2000 

m a sl. till 8840 m a sl., because of more accurate hypsometry is shown in chapter 

3.2.2 where are presented differences of individual hypsometries for chosen 

mountain rages containing glaciers and not. That is also the reason why most of 

the tops are under the permanent snow cover and no marks of flat or smooth 

surfaces. There are 12% of the area in altitude from 1000 till 2000 m a sl. and less 

than 10% from 0 till 100 m a sl. (Figure 3.2). Himalaya is an example of a tropical 

mountain range with extremely high ELA (4800–6000 m a sl.) m and thus also 

high hypsometric maximum. 

 

Figure 3.2 Hypsometric distribution for selected mountain ranges. 

0 

100 

200 

300 

400 

500 

1000 

2000 

8840 

area [%] 

a
lt

it
u

d
e

 [
m

] 

0 100 200 300 400 500 1000 2000 8840 

URAL 0% 22% 39% 22% 10% 4% 4% 0%   

SCANDES 0% 37% 8% 10% 11% 9% 19% 6% 0% 

HIMALYA 0% 8% 4% 3% 2% 2% 6% 12% 62% 

DENALI 0% 15% 9% 8% 7% 6% 27% 26% 3% 

ALPS 0% 31% 14% 10% 7% 5% 19% 12% 3% 

HYPSOMETRY OF THE MOUNTAIN RANGES 
LOCATED IN LATITUDE 50°- 80° N AND ALPS 

  



Bc. Alexandra Jarna: Geomorphology of glacial- and non-glacial landscapes in mountain regions; testing of 

formation processes using GIS characterization 

 

 
42 

Glaciers are strikingly abundant in Denali National Park and Preserve and 

in total over 17% of the National park’s land are permanently covered by glacial 

ice. The Alaska Range has permanent snow cover at above 2100 m a sl., which 

support the glacier flow from elevations above 6100 m down to the glacial valleys 

to the elevation of 300 m a sl. (Denali National Park and Preserve 2010). 

According to the hypsometry plot Denali seems to have evenly divided hypsometry 

from 200 to 500 m a sl. and a quarter of the surface is at an altitude above 500 till 

1000 m a sl., same as from 1000 till 2000 m, which means that half of the surface 

is located at an altitude from 500 till 2000 m a sl. and only 3 % of the total surface 

is higher than 2000 m a sl., while the highest peak Mt. McKinley is at an elevation 

of 6167 m a sl. (Figure 3.2). Denali is special mountain range also because of 

snow line altitude which, starts at sea level at some points and raise to around 500 

m a sl. The snowline altitude for the most mountain ranges at the same latitude 

starts much higher, while in Denali is equal to the Svalbard (300-600m a sl.) which 

is considered to be a polar region.  

The Alps is a mountain range situated in 8 countries of south-central 

Europe and is home of several glaciers. Plot 2 representing hypsometric 

distribution of relief shows that the 67% of the total area has the altitude up till 

1000 m a sl. The remaining nearly one third of the total study area of the Alps 

represents altitude higher than 1000 m a sl. and only 3% covered relief above 

2000 m a sl. (Figure 3.2) The snowline of The Alps is at an altitude 2700-3000m a 

sl. 

 

The plot bellow (Figure 3.3) shows hypsometry for complete surface area in 

the latitude from 50° till 85° N without Greenland ice sheet, where most of the 

surface, 66% covers relief in altitude from 1000 till 2000 m a sl., while altitude from 

100 till 1000 m a sl. covers 33% of total area. Figure 2.2 shows data used for 

calculating hypsometry except Greenland ice sheet. The data used for resulting 

plot were aggregated by cell factor 90, and procedure of aggregating was closely 

explained in chapter 2.1.1. 
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Figure 3.3 Hypsometry of the surface in the latitude from 50° till 85° N without 
Greenland as a result of aggregated original DEM 

   

The plots in Figure 3.4 and Figure 3.5 show global distribution of 

hypsometric maxima as a function of latitude and elevation. Each hypsometric 

maximum is represented by a circle. Snowline altitude is represented by red line, 

based on 132890 modern snowline observations from the World Glacier Inventory, 

calculated as a maximal bin at each 1° of the latitude where data was available. 

The first plot (Figure 3.4) shows hypsometry including the Greenland ice sheet 

(after aggregation: 1 000 525 values), while the other one (Figure 3.5) excludes 

the Greenland ice sheet (869 835 values). 
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Figure 3.4 Global hypsometry as a function of latitude and elevation including 
Greenland ice sheet. 

 

Figure 3.5 Global hypsometry as a function of latitude and elevation excluding 
Greenland ice sheet. 
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3.2 ELA, WGI, GLIMS  

3.2.1 ELA and WGI 

North of 60° there are, and have been, permafrost conditions implying past 

and present glaciers with basal temperature below the pressure melting point, 

hence not eroding their substratum 

In the plot below were plotted and compared ELA data (Fetterer, Ballagh et 

al. 2013) which preparation was described in chapter 2.1.1. The aim was to 

compare snow line in individual latitude from 50° till 85° N as a MAXIMUN, 

AVERAGE and MINIMUM function (Figure 3.6), where can be seen noticeable 

difference which functions was used to calculate the snowline curve. While the 

maximal value in 50° is 3500 m, average is 3000 m; the minimal value shows 

altitude only 2000 m. The snowline altitude represents border between 

accumulation and ablation in individual latitudes. 

 

 

 

Figure 3.6 Comparison of ELA values calculated by MAX, AVG and MIN function. 
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while into calculation of average value was not included 0 values, which would 

rapidly influence result. The WGI (National Snow and Ice Data Center 2014) mark 

NoData value as a Null (Example: Null), but in dataset in a column 

SNOW_LINE_ELEV is in 132 890 not possible to find value NULL, instead there is 

possible to find many values equal to 0, that is why I believe that data markes as 0 

values in WGI dataset means NoData values. Therefore was used as a modern 

snowline function of MAXIMUM, where 0 values will not influence result.  

 

 

 

Figure 3.7 Plot is showing snowline as a function of MAXIMUM (green line) and 
AVARAGE (blue line), empty places have value equal to 0.  

 

A modern snowline altitude is estimated from a combination of observations 

registered in the World Glacial Inventory (WGI) (National Snow and Ice Data 

Center 2014). If WGI observations of snowline altitude exist, then their maximal 

value is adopted and plotted in Figure 3.8. If no WGI observations are available or 

equal to 0, the snowline altitude is evaluated as a dashed line. 
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Figure 3.8 Hypothetical ELA according to Porter (1989) compared with real/modern 
WGI data (2012). 

 

In Figure 3.8 can be seen comparison of hypothetical ELA according Porter 

(1989) modern snowline based on WGI datasets. A hypothetical curve according 

(Porter 1989) does not show any sharp peaks and has smooth growing and then 

subsequent downward character. A modern snowline shows peaks firstly in 45°of 

south hemisphere (Andes) and then again at about 30° of northern hemisphere 

(The Himalayas) what suggest high altitude of snowline in these mountain ranges. 

Surprisingly in latitude of 60° N where Denali is located are not visible to observe 

huge differences in snowline, which is caused by the snowline measured in low 

altitudes in this mountain range. 

3.2.2 GLIMS 

Appendix 7 visually shows hypsometry of all the mountain ranges compared 

as a hypsometry of complete watersheds with watersheds excluding glaciers 

according to GLIMS glacier datasets showed in chapter 2.2.2 where Null values 

were given to the glacier areas. 

The first is shown detailed hypsometry of Ural range, as the only one which 

in GLIMS dataset has no values, (even though the Ural contain more than 100 
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glaciers) that is why could not be compared hypsometry of this mountain range 

with and without glaciers information. 

The second shown hypsometry is for Scances (Scandinavian mountains) 

where one third of relief has altitude till 100 m a sl. and nearly 20% (Appendix 7) of 

relief are in altitude from 500 till 1000 m a sl. After comparison of data including 

and excluding glacier can be seen that GLIMS data shows glaciers above 1000 

(2000) m a sl. and also only from this altitude are noticeable differences in 

hypsometry.  

The Himalayas hypsometry shows the majority of the relief located in 

altitude above 5000 m a sl. and also from this altitude the hypsometry without 

glacier data varies. The Himalayas have visible difference in hypsometry excluding 

glacier area from 4000 m a sl. (Appendix 7). 

The Denali national park according to the data shows that minimally 8-9% 

(Appendix 7) of the complete watershed area is covered by permanent ice, 

glaciers. The ELA in Denali can be at the sea level and up till 500 (800) m a sl, 

while all the glaciers extends from the altitude above 1000 m a sl. 

The last chosen mountain range is European Alps in which hypsometry 

cannot be seen visible influence by area covered by glaciers even though that 

GLIMS data contain evident amount of glacier cover.  

 

3.3 Geological fieldwork and sampling and techniques 

The national park Trollheimen, is one of the mountainous areas in Norway 

and at present day shows the eroded remnants of the many allocthons defining 

the Caledonian orogeny. 

 The common bedrock type in Trollheimen consists in general of gneiss, 

schist and metamorphosed sandstones (Figure 3.9). A morphological 

characteristic of Gjevillvasskamben is flat surface, a feature that has been 

interpreted as palaeic surfaces. 
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The task was set out to get down to the weathered horizon above the 

bedrock to test for whether a typical blockfield in central Norway contain clay 

minerals derived from chemical weathering.  

 

 

Figure 3.9 Geological bedrock map of the fieldwork area. 

 

3.4 Soil analyses- laboratory work 

The material collected from the vertical profiles from 3 different locations 

illustrated in Figure 3.8(south, central, northern Norway) was subjected to mineral 

analysis (XRD), and grain size analysis to test for variations in chemical and 

physical weathering ( 

Figure 3.11). 

The XRD analysis revealed the presence of secondary minerals at nearly all 

sites. A primary mineral such as kaolinite was observed in locality nr.2 Ramså as a 

possible main mineral, what means that this is an old weathering soil. While in the 

other two were possible main minerals calcite, quartz, and muscovite/illite. A 
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secondary mineral kaolinite was found in sample from Trollheimen also with mixed 

layer of clay. The mixed layer of clay is saying about a less mature soil and it is 

probably derives from glacial transport of material and slight weathering during the 

Quaternary. Table with possible and probable minerals is in Appendix 8. 

 

Figure 3.10 Map of Scandinavia showing the sites investigated in southern and 
northern Norway. 

 

Stokmarknes and Ramså (both located in Lofoten) have very similar grain 

size distribution. They mostly contain little clay and silt but much of sand and 

gravel. On the other hand Trollheimen contains a mixture of equal amounts of 

clay, silt, sand and gravel. This is the signature of a glacial till, which might means 

that Trollheimen at least to some extent have been influenced by glaciers and this 

is a Quaternary glacial soil and not an old in-situ weathering soil. This might be 

influenced by not enough excavated depth or not suitable location of the sample. 
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Figure 3.11 Grain size distribution for three excavated areas in Norway. 

 

3.5 Classification 

In Vesterålen and Lofoten (northern Norway) and the Møre area (southern 

Norway), are most of elevated plateaus covered by mature weathering mantles, 

which often consist of clasts embedded in a fine-grained matrix, which are derived 

from local bedrock. Alpine peaks, fjords and cirques cross the plateaus in these 

coastal areas (Osmundsen, et al. 2010; Paasche, Strømsøe et al. 2006) (Figure 

3.12). Mature weathering mantels or openwork blockfields cover many of the top 

plateaus in the central high mountain areas of southern Norway (Strømsøe, 

Paasche 2011; Nesje 1989). The localities at Trollheimen, Dovre, Rondane, and 

Jotunheimen (south-central Norway) are defined by blocky debris, which cover a 

clast- supported matrix of fines. The weathered flat and smooth surface which is 

indicated in figure 46 is task for manual 3D aerial mapping of Romsdalen area in 

south-central Norway. 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

1 10 100 1000 10000 100000 

vo
lu

m
e 

[%
] 

Particle diameter [µm] 

GRAIN SIZE BY COULTER METHOD 

Stokmarknes 

Ramså 

Trollheimen 



Bc. Alexandra Jarna: Geomorphology of glacial- and non-glacial landscapes in mountain regions; testing of 

formation processes using GIS characterization 

 

 
52 

 

 

Figure 3.12 Along the coast of western and northern Norway, plateau surfaces 
mantled by weathered regolith are found in formerly glaciated landscapes. (Strømsøe, 
Paasche 2011). 

 

3.5.1 Manual mapping of paleic surfaces - 3D aerial photography mapping 

Romsdalen is a valley located close to the west coast in central Norway in 

the latitude of 62°N. The main elemnts of paleic surface are hills and depressions; 

surrounded by steep hillslide slopes (Gjessing 1967). In the whole area were 

manually mapped 27 paleic surfaces (Figure 3.13) whose shape and size varies. 

The largest mapped paleic surface has 1km2, while the smallest only 0.007 km2 

and the average area is 0.2 km2.  
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Figure 3.13 Mapped paleic surfaces with layers showing different depositions. 

 

3.5.2 GIS analysis and characterisation of the mapped paleic surfaces 

 SLOPE  

In the maps (Figure 3.14) it is possible to see that all the paleic surfaces are 

located in more or less low slope in the values till 30° from total 86.02° and contain 

values at the fairly constant rate. The slope profile of pealeic surfaces according to 

Gjessing (1967)can be relatively steep, usually more than 10° slope of hillside.  

The result of slope analysis is showing that all the paleic surfaces have similar 

value of slope, which means that slope can be good component in automatic 

classification of paleic surfaces in program environment - ArcMap. 
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Figure 3.14 Results of slope analyses shown for all paleic surfaces and in closer 
view for some of these surfaces. 
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 PROFILE CURVATURE 

 

Figure 3.15 Results of profile curvature analyses shown for all paleic surfaces and in 
closer view for some of these surfaces. 
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“Curvature is the second derivative of a surface, or the slope of the slope.” 

(Kimerling, Buckley 2011). In chapter 2.5.2 was explained what negative and 

positive values indicates. Paleic surfaces have profile curvature value in a range 

from -2 till 2, what means both upwardly concave and convex but in minimal 

deviation. This parameter related to the second derivative was found out in the 

work of (Etzelmüller, Romstad et al. 2007) too risky and with too many 

uncertainties but based on analyses on 10x10 DEM for the study area produced 

satisfactory results. This component was therefor used automatic classification of 

paleic surfaces and result is shown in Figure 3.15.  

 

 ASPECT 

The analyse of the aspect shown in Figure 3.16. didn’t show specific 

compass direction of the paleic surfaces, but what can be seen is that some of the 

surfaces are located to the South-southwest-west however there are many 

exception which shows the direction to the east, because of this result I dare to 

say that the analyse of the aspect is not the important component in searching for 

paleic surfaces and the curvature doesn't have to be counted as a component at 

the automatic classification.  
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Figure 3.16 Results of aspect analyses shown for all paleic surfaces and in closer 
view for some of these surfaces. 
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 ROUGHNESS 

Surface roughness is a measure of texture of the surface and quantified by 

the vertical derivations of a real surface. The result is rough surface if the 

derivations are large and vice versa. In the map is possible to see visible 

differences in roughness where for instance the roughness in the valleys seems to 

be much larger, while in the places where paleic surfaces were manually mapped 

by using 3D techniques are obviously smoother in comparison with the area 

surrounding them. At a closer look in Figure 3.17, it is clear that the result of 

roughness analyse of mapped paleic surfaces shows them as the smoothest 

surfaces. It is obvious that edges of manually mapped areas are touching the 

rougher area, following the border in-between rough and smooth surface what 

confirms the idea of smooth and flat paleic areas. This result shows that 

roughness component is a key component in creating tool for automatic mapping 

of these surfaces. 
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Figure 3.17  Results of roughness analyses shown for all paleic surfaces and in 
closer view for some of these surfaces. 
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 STACK PROFILE 

For the profile of paleic surfaces should be typical corresponding similarity 

of altitude. There were used analyses of calculating profile of individual mapped 

surfaces and results shows that most of paleic surfaces are correlated in the same 

altitude, or if they rise or fall there is no significant “zig-zag” shape of the result line 

for individual surface. Is this shown in Figure 3.18. 

 

Figure 3.18 Map showing marked profiles on individual paleic surfaces. 

 

The altitude starts with the lower surface at 1200 m and the highest 

surfaces is in altitude of 1950 m. According the plot below (Figure 3.19) also 

length of profile varies; for all surfaces was chosen the most representative and 

longest possible profile marked with red colour in different direction, since direction 

of the surfaces are not equal. 
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Figure 3.19 The plot showing results of individual paleic surfaces profiles.  

 

 
Key topographic features of paleic surfaces: 
 

 Fairly low gradient slopes 
 

 Profile curvature shows that paleic surfaces are smooth 
 

 The paleic surfaces have weak correlation with aspect 
 

 Roughness calculations shows very strong correlation with paleic surfaces 
 

 Profile shows most of the surfaces as a flat, correlated in same altitude 
 

 

3.5.3 Automatic classification - ArcMap 

For automatic classification was created toolbox including the most crucial 

components given from the results of spatial analyses in ArcMap 10.2.1, which 

was closely describes in the chapter 2.5.3. This calculation was used for 10x10m 

(Figure 3.20) and 25x25m (Figure 3.21) DEM and compared with the results of 

manual 3D mapping of paleic surfaces in Romsdalen. 
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Figure 3.20 10x10 m DEM (result shows the highest likelihood of incidence of paleic 
surfaces as a green coloured polygons). 

 

Figure 3.21 25x25 m DEM (result shows highest likelihood of incidence of paleic 
surfaces by polygons of blue colour). 
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Apendix 5 shows complete ModelBuilder which consists of Parameters and 

Variables. The comparison of the results shows better results of automatic 

classification on DEM with resolution 10x10m. These results in both cases show a 

false positive error, which means that a results that indicates a given condition has 

been fulfilled and a positive effect has been assumed. So resulted paleic surfaces, 

based on components of manual mapping, create larger surfaces than they 

supposed to be in reality.  

So far the results are encouraging, and promise a possibility to map paleic 

surfaces on a larger scale, the idea is to make tool which can be used globally. 

Actually it works well in areas outside of central Norway. 
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4 DISCUSSION 

 

The project deals with two competing hypotheses for how an alpine 

landscape is formed. The traditional interpretation explaining the formation of 

paneplains as complete erosion to the low-surfaces at the sea-level (Lidmar-

Bergström, Ollier et al. 2000) and afterwards elevating of paneplains by uplift to 

today’s altitude.  The competing ICE hypothesis explaining this development as a 

product of periglacial processes such as weathering and erosion, while the 

topography has remained high all along (Nielsen, Gallagher et al. 2009) .  

In this context, it is important to summarize the current knowledge of the 

glacial system (Sugden, John 1976, Kleman, Stroeven et al. 2008). North of 60° 

there are, and have been, permafrost conditions implying past and present 

glaciers with basal temperature below the pressure melting point at high 

elevations, hence not eroding their substratum. Surrounding plateaus might be 

covered by cold-based ice, which can be found bellow Antarctic ice sheet, where 

warm-based eroding ice covers valleys is surrounded by areas covered by cold-

based ice (Richardson-Näslund 2004).  This is contrary to glaciers in temperate 

and tropical areas, which largely have basal temperatures at the pressure melting 

point, and thus eroding their substratum. Thus, one must be careful in comparing 

temperate/tropical glaciers with polar glaciers. 

 

4.1 Hypsometry 

The suggestion that glaciated regions have area–altitude relationships that 

might correlate with the snowline altitude was tested by generating hypsometric 

curves for the study areas (Brocklehurst, Whipple 2004, Brozovic, Burbank et al. 

1997) .  Carefully chosen mountain ranges around the world, with consideration of 

different origin, like an old suture zone (Ural Mountains), passive margin 

(Scandes), active margin (Denali) were chosen to represent hypsometry. These 

hypsometric curves indicate the amount of land surface area within defined 

altitude intervals. The differences in hypsometry are based on studies of glacial 

erosion and landforms. The goal was to find differences in individual mountain 
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ranges based on comparison of their hypsometries containing glaciers and 

hypsometries excluding glacier coverage. For this purpose GLIMS data were used 

where Null values were assigned to presently glaciated areas, contrary to the 

study of (Pedersen, Egholm et al. 2010) where present ice surface topography 

also was included in hypsometric calculations. The result shows visible changes in 

hypsometry for The Himalayas (from elevation of 5000 m a sl.) and Denali (from 

1000 m a sl.). This project utilized global analyses of topography in order to show 

variation in maximal mountain altitude located in the northern hemisphere (50°-85° 

N) in comparison with ELA- Equilibrium-line altitude, which varies with latitude. It 

was compared modern ELA with hypothetical ELA illustrated by Porter (1989). The 

most striking feature is raising ELA altitude from polar regions and nearly constant 

altitude at about 4000 – 5000 m a sl. from 30° S til 30° N substituting another, this 

time “zigzag” decreasing of modern snowline till 80° N. The ELA represents an 

important climate indicator while in general, landscape (MacGregor, Anderson et 

al. 2000), what for Denali means nearly at the sea level, while for instance 

Scandes geomorphological work is concentrated at 1200 - 2200 m a sl. The 

glaciers located in Denali are located mostly in high altitudes, what might 

eventually means according the altitude of the ELA, that these mountain ranges 

due to their high altitudes are not influenced by eroding glaciers, but conversely 

preserved by them. The mountain regions have been exposed to changing 

climates and therefore is ELA changing elevations over time. 

From an analysis of hypsometry and snow limit heights Brozovic et al. 

(1997) suggested that the height, hypsometry and slope distribution obtained by 

the Himalayas is a function of the long-term glacial equilibrium line altitude (ELA). 

They proposed that the ELA represent an upper layer of topography through only 

a negotiable amount of material transport occurs. This suggestion has been 

supported by Mitchell and Montgomery (2006) who considered glacial erosion 

sometimes callad a “glacial buzzsaw” limiting the height and by that controlling the 

height of the Cascade Range in western United States. Even though the “glacial 

buzzsaw” occurred to be the rough tool that can with high efficiency form the top of 

mountain ranges, it may not be able to produce flat-paleic surfaces (Nielsen, 

Gallagher et al. 2009).  
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(Pedersen, Egholm et al. 2009) took a global approach and analysed the 

surface area distribution of all mountain regions affected by glacial erosion 

between latitudes 60°S and 60°N. They came with hypothesis that most of the 

surface area in glaciated mountain ranges is concentrated below the modern snow 

line influenced by the “glacial buzzsaw”, however they did not find out relation 

between hypsometry above the local snowline and regional tectonic activity. Also 

they did not test this hypothesis on global scale for areas above 60°N, which are 

polar regions, whose is supposed to fit into classical landscape formation theory of 

alpine landscape.  

The Palaeic surface is the corrugated plains found today at high elevations 

and distinctly separated from the deeply incised valleys (Reusch 1901). The goal 

of this project was also find anomalies which do not fit to the concept of “buzz-

saw” and ICE hypothesis. Nice examples were found in the high latitude, mostly 

above 60° N/S, for instance Stetind in Norway (1392 m a sl.), Mt. Asgard in Baffin 

island in Canada (2015 m a sl.), Stabben (1453 m a sl.) and Ulvetanna (2930 m a 

sl.) in Antarctica, same as flat surfaces in Coronation Fiord area of Baffin Island or 

Saglek Fiord of Labrador (Torngat Mountains National Park in Canada). All these 

surfaces extend in higher altitude (above 1000 m a sl.) and hilltops have nicel 

smooth, flat character. 

 

4.2 Classification 

The process of classification consisted of 2 steps. For identification of paleic 

surfaces manual 3D mapping based on aerial photograph on stereoscopic display 

and Planar’s StereoMirror was performed. In total 27 paleic surfaces were mapped 

in Romsdalen area, west-central Norway, and these were used for further 

analyses and characterization of these specific surfaces. ArcGIS spatial tools were 

used for characteristics, while the results showed the possible key results for 

creating automatic classifier also created in ArcGIS.  

The major components as the surface roughness, surface elevation and 

surface hypsography were used in many studies for regional relief classification 
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(Mark 1975, Wood 1996, Etzelmüller, Romstad et al. 2007). Dikau (1989) applied 

also component slope and plan/profile curvatures (Richter 1962). Based on the 

manual 3D classification parameter related to the second derivative –profile 

curvature - was added. Hammond (1964) used a similar set of parameters where 

he concentrated on elevation amplitude and roughness (relative surface 

inclination), however his model is not able to describe large plains at high 

elevation, therefore cannot be used for Scandinavian topography (Etzelmüller, 

Berthling et al. 2003). The most important factors in later studies tend to be 

elevation, surface roughness and surface hypsography (Evans 1972, Wood 1996, 

Mark 1975). The component of elevation is important in this study of the 

Romsdalen area, since all manually mapped paleic surfaces were located in 

altitude above 1000 m a sl. These components have thus been used for creating 

tool for automatic classification of paleic surfaces in this project. So far the results 

are encouraging, and promise a possibility to map paleic surfaces on a larger 

scale, perhaps also globally, but more work is needed refine the tool so that it 

works in other areas outside of central Norway. 

5 SUMMARY AND CONCLUSION 

In this project was tested whether glacial processes can shape large flat 

surfaces (glacial "buzz-saw") on a global- and local scale. From a global 

perspective the relationship between ELA and hypsometric maximum breaks down 

north of 60°. Past continental ice sheets in these areas have had ELA, essentially 

down at sea level, during glacial maxima. It is thus clear that high elevation 

surfaces have not been formed by glacial erosion by these ice sheets. 

 North of 60° there are, and have been, permafrost conditions implying past 

and present glaciers with basal temperature below the pressure melting point, 

hence not eroding their substratum. This is contrary to glaciers in temperate and 

tropical areas, which largely have basal temperatures at the pressure melting 

point, and thus eroding their substratum. We must thus be careful in comparing 

temperate/tropical glaciers with polar glaciers.  
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Paleic surfaces were mapped using 3D aerial photographs in a small area 

in west-central Norway. Careful topographic analysis was made on these surfaces 

showing that surface slope, profile curvature, surface roughness and zonal 

statistics could be used as parameters for automatic GIS classification of paleic 

surfaces.  
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