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Abstract 
 

Investigating Sand Dune Location, Orientation and Geomorphometry Through 

GEOBIA-Based Mapping: A Case Study in Northern Sweden 

Melanie Stammler 
 

Climate change has repeatedly been framed as the defining issue of the Anthropocene and with the 

Arctic changing at unpreceded speed need is high for a profound understanding of the Northern Swedish 

landscape. Northern Swedish aeolian sand dunes have been impacted by climatic changes throughout 

time. Their location, orientation and geomorphometry can therefore be used to explore past wind 

patterns and dune activity. By systematically and spatially mapping the dunes, patterns in location can 

be illustrated, dune orientations investigated, the dunes’ geomorphometry characterised and sediment 

sources determined. Based on this knowledge, insight in landscape development along with a better 

understanding of long-term landscape (in)stability in Northern Sweden can be gained. 

    This M. Sc. thesis sets out to summarize useful concepts to understand the formation of Northern 

Swedish aeolian sand dunes and to derive its implications for understanding landscape development. 

Based thereon, it deduces the strong need to systematically and spatially analyse aeolian sand dunes in 

Northern Sweden. The use of geographic object-based image analysis (GEOBIA) allows for the 

detection of potential dune locations over a large area and provides defined and reproducible mapping 

boundaries. Polygons are created by segmenting a residual-relief separated digital elevation model 

(DEM) as well as slope and curvature data. The multi-resolution segmentation provides best results with 

a scale parameter of 15 and a homogeneity criterion of 0.1 for the shape criterion, as well as 0.5 for the 

compactness criterion. A rule-based classification with empirically derived parameters accepts on 

average 2.5 % of the segmented image objects as potential dune sites. Subsequent expert-decision 

confirms on average 25 % of the classified image objects as identified dune locations. The rule-based 

classification provides best results when targeting a smaller area as this allows for less variability within 

the dune characteristics. The investigation of expert-accepted dune locations confirms a prevalence of 

parabolic dune forms, reveals the coexistence of simple dunes with large coalesced systems, exemplifies 

variation in dune orientation and highlights that the majority of dunes are supplied by glaciofluvial 

deposits. By mapping Northern Swedish aeolian sand dunes and investigating their meaning for 

landscape development, this thesis furthermore contributes to closing the gap identified for research on 

Northern Swedish aeolian sand dunes. 
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Populärvetenskaplig sammanfattning 
 

En undersökning av rumslig förekomst, orientering och morfometri hos fossila sanddyner genom 

GEOBIA-baserad kartläggning: en fallstudie i norra Sverige 

Melanie Stammler 
 

Den första associationen till sanddyner är säkert Sahara snarare än norra Sverige. Ändå är dessa fossila 

sanddyner också mycket relevanta och intressanta att studera. De kan analyseras i samband med det 

omgivande landskapet och dess orientering. Dessa egenskaper hjälper till att identifiera mönster i 

landskapsutveckling. Detta och på grund av dynarnas relativt gamla ålder kan slutsatser om landskapets 

(in)stabilitet på geologiska tidsskalor dras. Detta är mycket användbart eftersom det kan ge insikter om 

hur klimatet såg ut under tiden som sanddynerna bildades - perioder där människor ännu inte har 

bevittnat klimatet. Kunskap som till exempel hur klimatet som rådde för länge sedan såg ut kan användas 

bland annat för att uppskatta hur landskapet kommer förändras i framtiden till följd av 

klimatförändringar. Trots dessa användbara egenskaper hos sanddynerna har lite forskning gjorts hittills.  

    Det här examensarbet försöker motverka detta kunskapsgap och kartlägger sanddyner i norra Sverige 

med hjälp av geografisk objektbaserad bildanalys (geographic object-based image analysis, GEOBIA). 

Det innebär att bildmaterial och digitala höjdmodeller frigjorda från vegetation automatiskt analyseras 

med hjälp av algoritmer. Fokus här är inte på att analysera enskilda pixlar. Snarare grupperas pixlar med 

liknande egenskaper så som lutning (slope), krökning (curvature) och spektralegenskaper. Dessa blir 

sedan grunden för analysen. Möjliga sanddyner upptäcks semi-automatiskt så att deras position och 

orientering sedan kan analyseras. Den kunskap som erhållits på detta sätt utgör grunden för vidare 

forskning. Ett annat mål är att bidra till en djupare förståelse kring landskapsutvecklingen i norra 

Sverige. Det är viktigt att komma ihåg att detta är ett område som särskilt påverkas av 

klimatförändringar. En ökad kunskap om landskapets tidigare klimatrespons kan därmed bidra till att 

förutsäga framtiden för denna region. Förutom att öka kunskapen kring sanddyner i norra Sverige hjälper 

det här mastersarbetet även till att utvidga användningen av GEOBIA inom geomorfologiska studier.  

 

Nyckelord: sanddyner, geomorphologisk kartläggning, geografisk objektbaserad bildanalys 

(geographic object-based image analysis), landskapsutveckling 
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Use of place names 

The decision to solely use Swedish place names in this study is based on readability and does not intend 

to minimize the plurality of languages that exist in Northern Sweden. The reader is referred to Ojala and 

Nordin (2019) for a critical investigation of the mapping history in Northern Sweden and its use of 

language. Despite its limitation this study highly agrees to “a possible future where map-making is 

diversified and incorporates the complexities of landscapes and relations between people[s] and nature” 

(Ojala and Nordin, 2019 : 127).  
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Introduction  

Climate change has repeatedly been framed as the defining issue of the time (IPCC, 2014). With the 

Arctic changing at unpreceded speed (Hanssen-Bauer et al., 2019; Overland et al., 2019) need is high 

for a profound understanding of Arctic climate archives to enhance the robustness of future predictions. 

As periglacial landforms, aeolian sand dunes in Northern Sweden are part of complex associations and 

coexist with other periglacial landforms such as eskers and drumlins. Schneevoigt, (2012 : 19) puts in 

general perspective that “alpine, periglacial and glacial regions display complex landform associations 

[and] from earliest deglaciation onwards, climatic and vegetative variations have influenced 

geomorphological process activity and hence landform evolution”.  

Sand dunes can be seen as clearly-bounded bedforms and therewith constitute a ‘major type of 

landform’ (Evans, 2012 : 97). Recent research on aeolian cold-climate sand dunes (e.g. Baughman et 

al., 2018; Bernhardson and Alexanderson, 2017; Koster, 1988; Matthews and Seppälä, 2014) confirms 

that aeolian landforms are sensitive indicators of environmental changes as different stages in formation 

reflect respective climate conditions (Bernhardson, 2018; Käyhkö et al., 1999; Koster, 1988). Therefore, 

investigating these dunes allows for climate variability analysis, investigation of regional differences 

and comparison with model outputs (Bernhardson, 2018; Bradley et al., 2003; Snyder, 2010). However, 

correct interpretation is challenged by the agents’ interconnectivity, non-linear system response as well 

as variable forcing over time and abrupt change introduced by thresholds (Church, 2010).  

    Despite facing above-described challenges, sedimentological, stratigraphic and dating approaches of 

cold-climate dunes in Finnish Lapland exemplify the importance of cold-climate dunes as climate 

archives (Clarke and Käyhkö, 1997; Käyhkö et al., 1999; Matthews and Seppälä, 2014; Seppälä, 1995; 

Van Vliet-Lanoe et al., 1993). In contrast, a research gap in regards to aeolian sand dune research with 

focus on the Swedish Arctic is identified as these landforms have been focused on very little. In Sweden, 

aeolian research was strong in the 1920s (e.g. Högbom, 1923, 1913; Hörner, 1927) when a school with 

focus on aeolian geomorphology formed in Uppsala (Seppälä, 2004). A pause in publications occurred 

afterwards, with few exceptions (Bergqvist, 1981; Bergqvist and Lindström, 1971; Koster, 1988; 

Seppälä, 1972). Recently, interest in investigating Swedish dunes grew (e.g. Alexanderson et al., 2016; 

Bernhardson, 2018; Bernhardson and Alexanderson, 2017), however, with focus on dunes in central and 

southern Sweden. Focusing on Northern Swedish aeolian sand dunes in this study represents two main 

opportunities – increasing the knowledge of aeolian sand dunes in Northern Sweden, and by 

investigating the location, orientation and geomorphometry of these dunes improving the understanding 

of the Northern Swedish climate and landscape development. 
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Hiller and Smith (2008 : 2266) summarize that “objective and consistent mapping of landforms from 

remotely sensed data (…) is paramount for reconstructing paleoenvironments”. To interpret Northern 

Swedish aeolian sand dunes as indicators of paleo-climate as well as key features for landscape 

development, need is to systematically and spatially analyse the predominantly parabolic dunes in 

Northern Sweden. Emphasis is laid on generating polygons as they carry information about the sand 

dunes’ location, orientation and geomorphometry – characteristics essential to understanding wind 

patterns dominating during dune formation and origins of sand supply (Pye and Tsoar, 1990).   

    Airborne light detection and ranging (LiDAR) is a remote sensing technique that allows for a 

tridimensional analysis of the Earth with no destructive landscape impact (e.g. Church, 2010). The 

technique grants spatial continuity and a high accuracy of Earth surface data permitting a very detailed 

landform analysis. Its products, e.g. digital elevation models (DEMs) enable the creation of slope, aspect 

and curvature datasets. High-resolution orthophotographs along with the products of multispectral earth 

observation satellites such as Sentinel-2 allow for an investigation of the Earth’s surface spectral 

characteristics. Surface properties and the spectral signal can be used as input to geographic object-

based image analysis (GEOBIA), a “new and evolving paradigm” (Blaschke et al., 2014b) in Geographic 

Information Science. Similarly termed segment-based image classification, its focus lies on analysing 

spatial data with respect to objects rather than pixels, an approach rendered possible by high resolution 

data with decreased pixel size (Blaschke et al., 2014b; Blaschke and Strobl, 2001)  

Understanding the underlying principles of landform formation is essential to geomorphology, the 

discipline of “geo (earth), morphos (shape), and logos (reason)” (Thorn, 1988 : 24). Drawing from  

Slaymaker (2009 : 330), the approach of this thesis can be classified as “a characterization of landforms 

and systems of landforms tradition, which (indeed) is rooted in geographical spatial science”. Despite 

the prevalence of fieldwork in geomorphology (Rhoads and Thorn, 1996; Thornbury, 1954), gaining 

insight in the corresponding concepts is as essential for a profound analysis. Clearly defined boundaries 

as well as homogeneity inside a segment that contrasts to its surrounding constitute examples where the 

theoretical basis of geomorphological mapping and GEOBIA coincide. Schneevoigt (2012 : 64) 

meaningfully summarizes that “two seemingly unrelated approaches from distinct scientific disciplines, 

namely geomorphic systems theory and segment-based image classification, show surprisingly many 

similarities.” These similarities and the unifying aspect of context analysis pave the way for successfully 

exploiting geomorphological questions - through combining spectral information and DEMs (Blaschke 

et al. 2014a) or by solely focusing on a DEM and slope and curvature datasets as proposed in this study. 

The thesis is based on the hypothesis that by systematically and spatially analysing Northern Swedish 

dunes’ location, orientation and geomorphometry based on GEOBIA-generated polygons, past wind 

directions and reasons for initial dune formation can be explored. Testing this hypothesis leads to asking: 

Can adequately mapping Northern Swedish aeolian sand dunes provide insight in landscape 

development and contribute to a better understanding of long-term landscape (in)stability in the area? 
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Research objectives 

To explore the environmental significance of sand dunes in Northern Sweden, the objective of this thesis 

is to summarise useful concepts to understand the features’ formation history, and to develop a tool to 

adequately map the landforms’ shape and orientation. This thesis is split in two parts, encompassing a 

literature review on the one hand and continuing with the process of geomorphological mapping and 

GEOBIA, data processing for visualizations, a validation component and the dune data analysis itself as 

well as in its geomorphological context on the other hand.  

    First, sand dunes are conceptionally investigated to provide base for data-driven analysis. Following 

the notion of dunes’ representing mass-stored climate archives, it is essential to start with an 

investigation of the impacting agents, to be able to estimate the information dunes carry due to their 

formation. Subsequently, the role of dunes within the sediment routing system is focused on and the 

idea of Northern Swedish aeolian sand dunes acting as source and storage is pursued. The gained 

knowledge is brought together when deriving the suitability of dunes as climate archives in a system 

science oriented approach. The conceptional elements of this study rely on a literature review and are 

primarily outlined in this thesis’ first chapters. The key questions can be summarized as a) which 

information do Northern Swedish aeolian sand dunes carry due to their history of formation?, b) which 

roles do Northern Swedish aeolian sand dunes have within the sediment routing system? And c) how 

suitable are Northern Swedish aeolian sand dunes as climate archives? 

    Due to the need of systematically and spatially investigating Northern Swedish aeolian dunes to be 

able to investigate their characteristics over a large area, the conceptional elements are followed by a 

GEOBIA-based analysis. Sand dunes in Northern Sweden are analysed with respect to their slope, 

curvature and elevation and treated on object-based scale. Their segmentation and classification is semi-

automatic and rule-based and aims at finding appropriate datasets to characterise sand dunes in Northern 

Sweden. Next to finding appropriate data, the analysis aims at finding the most suitable setup for 

mapping the landforms through the use of GEOBIA. The leading questions for this part can be 

summarized as a) how can aeolian sand dunes in Northern Sweden be characterized by a DEM and its 

derivatives such as slope, aspect and curvature; moreover their spectral characteristics? And b) is 

GEOBIA a suitable means to (semi-)automatically map Northern Swedish aeolian sand dunes? If yes, 

which segmentation and classification methods are suitable? 

    By unifying the conceptionally and method-focused findings, this thesis creates knowledge on 

patterns in dune location, potential proximity to sediment sources and insight on dune orientation. Based 

thereon, it explores the implications for understanding past wind directions and dune activity. Next to 

GEOBIA derived polygons for aeolian sand dunes in Northern Sweden, the outcome of this thesis 

project spans mosaicked DEMs and orthophotographs as well as a discussion of the conceptionally-

derived as well as method-induced challenges. Further, the last section of each chapter includes a short 

summary of the previously outlined findings.  
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Sand dunes  

Högbom (1923 : 113) stated that research on dunes is a good exercise “to inquire how far our view on 

the postglacial climatic development may be affected by such an exposition”, thereby highlighting the 

dunes asset of indicating changes in climate. Sand dunes vary in shape and size, depending on the 

strongest impact factors (e.g. wind, temperature or precipitation) during their formation. These impact 

factors themselves are strongly influenced by climatic conditions. The chapter gives an introduction to 

dune types and an overview on dune formation. It provides an explanation for the causes of plurality in 

dune type, size and structure while highlighting the importance of analysing impacting agents. The 

chapter aims at connecting morphology to conceptual theory by elaborating on the dunes’ role within 

the sediment-routing system and deriving the dunes suitability as climatic archives.   

 

Dune characteristics 

Any climate regime is suitable for dune formation (Pye and Tsoar, 1990) with dunes being located in 

various vegetation zones (Yan and Baas, 2015). As dynamic systems, they are impacted by multiple 

agents at one point and over periods of time. This multi-agent impact during dune formation leads to a 

high variety of dune types. Sand accumulates when the transport capacity of wind decreases, either 

caused by topographic obstacles, bed roughness or vegetation (Pye and Tsoar, 1990). Dune types can 

therefore be grouped to these sources of subsiding winds, see figure 1. Selected dune types are visualized 

in figure 2. 

 

 

Figure 1 Overview on dune types within simple dunes based on Pye and Tsoar (1990). Light grey boxes in the 

upper part indicate the cause of accumulation. Adjacent white boxes give insight on the dunes direction in relation 

to wind or the material. All lower, rounded boxes name dune forms. Own graphic.  
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One example for dune formation caused by topographic obstacles are lee dunes, which form in the wind 

shadow of obstructions (Ahlbrandt, 1948). Transverse dunes are caused by changes in bed roughness 

and form under unimodal wind conditions, both weak and of short duration (Seppälä, 1972). They exist 

in cold environments and are the dominant dune type in central and southern Sweden (Bernhardson, 

2018). Furthermore, parabolic dunes exist in various cold-climate areas. Distinct by their name-giving 

shape, their formation is always related to the existence of a vegetation cover (Bernhardson, 2018; 

Collinson et al., 2006; Pye and Tsoar, 1990; Seppälä, 2004).  

 

    

Figure 2 Example sketches for different dune types as outlined in figure 1. Published in Brookfield (2011) with 

reference to Ahmed Hemden. Slightly changed. 

 

Simple dunes are characterized by their distinctness as a singular form independent from neighboring 

dunes whereas compound dunes appear in groups of same type and might have coalesced or 

superimposed (McKee, 1979). Complex dunes are non-singular forms which have coalesced and / or 

superimposed between groups of different dune types (Pye and Tsoar, 1990). Dunes can be characterised 

further by their state of activity with blow-outs and exposed surfaces of sand being indicative for active 

dunes. Inactive dunes are often covered by an intact vegetation cover (Bergqvist, 1981). Albeit the terms 

‘relict’ or ‘fossil’ in the context of dunes are challenged by the potential of reactivation (Telfer and 

Hesse, 2013), it is used here to refer to degraded, currently inactive dunes. Apart from spatial-horizontal 

extent, dunes are characterized vertically based on stratigraphy and sedimentary structures (Pye and 

Tsoar, 1990; Seppälä, 2004). Main features are basal zones characterized by poor sorting, an accretion 

zone with increasing sorting with height and a crest characterized by slip face formation and avalanching 

(Bagnold, 1941; Pye and Tsoar, 1990). The level of disturbance in stratigraphy relates to the stability of 

the dune and gives, along with sedimentary structures, insight on its formation (Ahlbrandt and Andrews, 

1978; Ahlbrandt and Fryberger, 1980; Collinson and Thompson, 2013). Primary sedimentary structures 

originate from first deposition and reflect the process as well as the mode of transportation (Pye and 

Tsoar, 1990). Secondary sedimentary structures evolve from phases of instability or other disturbance 

(Pye and Tsoar, 1990) and modify primary structures (Ahlbrandt and Fryberger, 1980).  
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The process of dune genesis and formation 

The tandem between sediment supply, specifically with regards to dune size (Kotilainen, 2004; Seppälä, 

2004), and climatic controls is decisive for dune size, type and internal structure. This is the reason for 

dune characteristics being a result of a combination of impact factors (Bernhardson, 2018; Käyhkö et 

al., 1999; Koster, 1988; Wolfe, 2013). Figure 3 summarizes the complex system of selected cold-

climate dune influencing agents: Temperature, moisture, vegetation, wind, snow cover, fire, 

precipitation and groundwater. Arrows indicate processes. Determined by each dunes’ location, latitude 

is a basic factor that strongly effects the climate the dune is situated in (Seppälä, 2004). Climate controls 

dune morphology through temperature and precipitation, both being crucial for soil surface and general 

moisture. Higher moisture leads to stronger cohesion and therewith sheltering (Bisal and Hsieh, 1966; 

Bullard and Livingstone, 2002; Chepil, 1956; Pye and Tsoar, 1990). Sheltering itself leads to denser 

vegetation cover resulting in less deflation by increasing disconnectivity between wind and sediment 

(Ahlbrandt and Andrews, 1978; Seppälä, 2004; Tsoar, 2005). A breach of vegetation for example by 

fire leads to enhanced blow-out (Baughman et al., 2018; Matthews and Seppälä, 2014). Snowmelt 

contributes to moisture (Miotke, 1985) and snow cover promotes sheltering effects (Koster, 1988; 

Seppälä, 2004). 

 

 

   

 

Wind is an important geomorphic agent in subarctic regions (Koster, 1988; Matthews and Seppälä, 

2014; Samuelsson, 1926; Seppälä, 2004) which influences vegetation, fire risk and overall dune shape 

depending on its regime and strength (Ahlbrandt and Fryberger, 1981; Seppälä, 2004). Anthropogenic 

influence is interpreted to have had minor impact on Finnish dune sites (Bernhardson, 2018; Kotilainen, 

2004; Matthews and Seppälä, 2014). In contrast, Hörnberg et al. (1999) find evidence for intensive 

human impact especially with regard to the use of fire at their study site located 200 km south-east of 

this study’s area. Anthropogenic impact on Northern Swedish aeolian sand dunes must therefore be 

more closely investigated. Isostasy remains to be discussed as independent impact factor with a potential 

influence on vegetation zones and treeline location. 

Figure 3 Schematic visualization of 

selected agents with impact on dune 

morphology, type and stratigraphy. 

The interconnectivity of factors can 

be exemplified by a vegetation cover 

which increases the dunes’ resilience 

against fluctuations in climate but 

also changes due to climate itself. 

For sources the figure is based on, 

see text. Own Graphic. 
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Sand dunes’ role within the sediment-routing system 

Supply-control is one crucial factor for cold-climate sand dune formation, specifically with regards to 

dune size (Kotilainen, 2004; Seppälä, 2004). It needs to be differentiated between sediment supply, the 

total amount of sediment within the system and sediment availability which describes the unprotected 

sediment available for dune formation (Wolfe, 2013). Periglacial landforms such as eskers, kames and 

push moraines but also deltas and flood plains serve as sources for sand, allowing dune formation from 

the supply side as long as the fetch area is long enough and geomorphic agents such as wind or moisture 

allow for the sediment’s availability  (Seppälä, 2004). Once the threshold for formation is overcome, 

dunes can trap more sand under supporting conditions which enhances formation (Bagnold, 1941). All 

surface irregularities on the sand surface cause turbulences in the wind pattern and might subside sand 

grain transport (Seppälä, 2004). Therewith, dunes can be seen as supply-derived, depositional landforms 

which are part of the ‘aeolian sediment store [that] consists of sediment most recently moved by the 

wind’ (Bullard and Livingstone, 2002 : 10). However, sand dunes are also indicators of sand erosion 

(Reid and Dunne, 1996). Figure 4 visualizes the dynamics caused by the interplay of deposition and 

erosion which lead to cold-climate aeolian sand dunes acting as sediment storage and sediment source 

at the same time. This is precisely summarized by Evans (2012) who suggests in a conceptional sense 

that bedforms such as dunes are too mobile to be categorized as solely depositional or erosional features. 

 

 

Figure 4 Schematic visualization of cold-climate aeolian sand dune characteristics in relation to the sediment 

routing system. The figure aims to highlight the dynamics caused by the interplay of deposition and erosion. The 

examples for sediment sources are taken from Käyhkö et al. (1999). Own Graphic. 

     

    The sediment budget is a “mass balance based approach which necessarily includes a consideration 

of water, sediments, solutes and nutrients” (Slaymaker, 2003 : 71). It connects to the aforementioned as 

it is defined as “the accounting of sources, sinks and redistribution pathways of sediments in a unit 

region over unit time” (Slaymaker, 2003 : 71) – therewith conceptualizing the perception outlined in 

figure 4. The exported sediment of a ‘unit region’ is hence not only impacted by the available introduced 

or eroded sediment but also the amount which is stored within, and released from the system. Periods 

where the net sediment balance does not equal zero are seen as indicative for landform change and the 

respective time scales (Slaymaker, 2003). Their interpretation however, is challenging as e.g. 

depositions can be triggered by several changes, including sediment supply, sediment availability or 

transport capacity, or a combination of the aforementioned (Bullard, 2014). Moreover, a combination 

of aeolian and fluvial processes must be considered as very probable (Bullard and Livingstone, 2002).  
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Sand dunes as paleoclimatic archives 

Studying the climate of the Arctic is of critical importance due to today’s change rates as well as the 

feedbacks that dramatically impact global climate (e.g. Overland et al., 2019). Paleorecords are 

important extensions of human observation, help investigate climate on geological timescales (Doyle et 

al., 1994) and allow for climate variability analysis, investigation of regional differences and comparison 

with model outputs (Bernhardson, 2018; Bradley et al., 2003; Ganopolski and Calov, 2019; Snyder, 

2010). Doyle et al. (1994 : 82) stress the challenge “to find geological evidence which can be used as 

thermometers, barometers and anemometers of different geological periods”.  

Recent research on aeolian sand dunes in high latitudes (e.g. Baughman et al., 2018; Bernhardson 

and Alexanderson, 2017; Koster, 1988; Matthews and Seppälä, 2014) concludes that aeolian landforms 

are sensitive indicators of environmental changes. Form and stratigraphy analysis of such provides 

insight in paleo-climate as different stages in formation reflect respective climate conditions 

(Bernhardson, 2018; Käyhkö et al., 1999; Koster, 1988). It is argued that dunes are too dynamic to act 

as climate archives (Besler, 2000), contrasting with Collinson and Thompson (2013) who conclude that 

despite original dune bedform is not preserved, internal structures are indicative of dunes’ former 

existence. An enormous challenge is to successfully relate indicating features such as orientation and 

internal structures to forcing mechanisms. While the signature of wind is known to be prevalent as the 

dune form and its orientation, the slope of stratigraphy and the sediments grain size distribution 

(Ahlbrandt and Fryberger, 1980; Seppälä, 2004); it is also known that the energy load that forced dune 

formation is a function of multiple factors, and that grain size signal is ambiguous due to the various 

modes of transport (Seppälä, 2004). Pye and Tsoar (1990 : 200) summarize that “the morphology of 

individual parabolic and elongate parabolic dunes is governed by the strength and directional variability 

of the wind, the source and amount of sand available, and the nature of the vegetated terrain over which 

the dunes move”, thereby exemplifying multi-agent impact on cold-climate sand dune morphology. 

System sciences take an integrative view on the co-existence of processes and effecting elements 

(e.g. Church, 2010) and see landscape as “the product of a number of synergistic or competing 

processes” (Church, 2010 : 273) which occurred on different spatial and temporal scales (ibid.). This 

perception allows for a conceptional evaluation of the suitability of cold-climate aeolian sand dunes as 

climate archives. When understanding geomorphology as a system science (e.g. Chorley, 1962; Chorley 

and Kennedy, 1971; Huggett, 2007) sand dunes can be conceptualized as open-state ‘process-response 

systems’. This relates process to form which means that the systems’ outcome does not only depend on 

the interplay of morphological systems - it is also influenced by cascading systems and related by 

feedbacks and storages (Chorley and Kennedy, 1971; Elverfeldt, 2013; Thorn, 1988). Cascading 

systems are subsystems where consequent ‘boxes’ influence each other (Thorn, 1988), see figure 5. All 

factors that exert feedback are shown in dark grey boxes. The concept can be exemplified for cold-

climate sand dunes by relating relative aridity and little vegetation cover (input) to increased deflation 

due to higher exposure (process), and deflation features such as out-blows (response).  
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Figure 5 Sand Dunes conceptualized as open-state ‘process-response system’. Processes are triggered by input 

and result in an response, here the cold-climate dunes’ shape. All sub-systems characterized by cascading and / or 

feedback are shown in dark grey boxes. The offset of moisture indicates its dependence from temperature and 

precipitation.  Respective surrounding boxes impact all boxes which lie inside them. No construction of a detailed 

model (see Thorn, 1988) is intended. Own Graphic. 

 

‘Control systems’ describe above-illustrated ‘process-response systems’ with the addition that they 

are controlled by an intelligence. In summary, they describe a controlled relation of process and 

morphology (Chorley and Kennedy, 1971; Elverfeldt, 2013; Thorn, 1988). Chorley and Kennedy (1971) 

allocate the position of the controlling intelligence to humankind and explain “man’s role in intervening 

in natural spatial process-response systems” (Chorley and Kennedy, 1971 : 298). Human agency in this 

case is “conscious and deliberate” (Thorn, 1988 : 171). This is not applicable to cold-climate sand dunes 

as human impact has occurred with no conscious control on climate (compare Hörnberg et al., 1999).  

This thesis finds its interpretation between ‘process-response systems’, and ‘control systems’ that as 

described above strictly allocate the controlling agency to humankind, see figure 6. The idea of this 

thesis is to allow for hierarchical input and to convey the prevalence of climate impact (Kotilainen, 

2004) on dune morphology and stratigraphy while acknowledging that no conscious control is exerted 

from humankind. The idea is seen as a specification of a ‘process-response system’ and it can be argued 

that it takes a step towards a ‘control system’, as one or a group of input features gain superiority over 

the remaining input features, thus creating control. It might also be defined as a technique (of thought) 

rather than a visualization of thought as it “advance(s) us to a stated goal”, a definition of technique 

expressed in Thorn (1988 : 14). For this chapter, the goal is to emphasise climate impact and to derive 

a concept for paleoclimatic investigation.   
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Figure 6 Sand Dunes conceptualized in a specified Process-Response System, related to a Control System. Hereby, 

climate acts as Control Factor impacting geomorphic agents, as seen in the box. All ‘geomorphic’ agents are 

interconnected and act as an integrated multiple-variable feedback system. This means, e.g. winds foster fires etc. 

The controlled geomorphic agents trigger processes which result in respective dune forms and influence the cold-

climate dunes’ state of activity. The figure intends to provide a visualization of thought, no construction of a 

detailed model (see Thorn, 1988) is intended. Own Graphic. 

 

Climatic Geomorphology implies following linkage “climate controls process(es) and process(es) 

control form, form is therefore a product of climate” (Thorn, 1988 : 28). This approach is essential to 

the concept of morphogenetic regions (Peltier, 1950; Thornbury, 1954; rewieved in Wilson, 1997), 

which are defined as the perception of landscape as a reflection of current process and climate. Both 

approaches, system science and climate geomorphology highlight the connectivity between controlled 

or uncontrolled (hierarchical) input and response, meaning that changes at the beginning of a chain of 

(re)actions impact consecutive processes and therewith result in different response. This highlights why 

not only processes must be considered when analyzing landforms, but also impacting agents. Moreover, 

it visualizes that landforms are a product of the integrated impact of geomorphic agents over time.  

However, correct interpretation is challenged by the agents’ interconnectivity, non-linear system 

response as well as variable forcing over time and abrupt change introduced by thresholds (Church, 

2010), see figure 7. Going back to the connection between input and process in figure 6, the 

interconnectivity of impacting agents leads to the fact that processes are characterized by various 

influences challenging their predictability (Church, 2010; Schneevoigt, 2012). This variability in space 

and time that is caused by plural-causality needs to be taken into account when analysing the impact of 

process on response (Thorn, 1988). It is furthermore essential to acknowledge that influencing agents 

might have been very different from today’s dynamics. For example, wind speed which remains 

discussed for initial dune formation (Käyhkö et al., 1999; Seppälä, 1995) and vegetation cover 

(Hörnberg et al., 1999) depend on multi-agent forcing and are therewith temporally and spatially 

dynamic themselves – contributing to the high complexity of system response. 
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Figure 7 Summary of challenges when analyzing sand dunes as climate archives. Thought process as well as 

explanations are included in text. Own graphic. 

 

Moreover, it is necessary to include the possibility of non-linearity suggesting that similar input does 

not always result in the same process (Kocurek and Ewing, 2005). This is further applicable to the 

connection between process and response, meaning that one process does not always result in the same 

response. It can be, that yet another process results in that exact response. This notion of equifinality 

describes same response to non-similar development (Church, 2010; Schneevoigt, 2012; Thorn, 1988).  

Depending on the impact any agent possesses at a time, dunes change slowly and in small increments 

or very fast. First-mentioned slow change is described as gradual whereas the latter, here referring to 

very fast change, might include large magnitude events that cause significant change (Church, 2010; 

Thorn, 1988). When interpreting landform change, it is important to consider that for a change from 

state A to state B, the path from B back to A is not the same. This notion of hysteresis is extremely 

valuable when intending to decrypt pulsed input of large magnitude events. Tsoar (2005 : 54f) 

exemplifies that “when climate change occurs in the form of a decrease in wind power, vegetation will 

start covering the sand dunes in increasing amounts (…). However, when this process is reversed, an 

increase of wind power over vegetated dunes will not cause the total extinction of vegetation”. It is 

crucial to understand that sudden changes in a system might not be caused by obvious external forcing 

due to the potential of delayed system response (Church, 2010). Additionally one needs to take into 

account that landforms, in this case original dune formations have been overprinted by more recent 

processes (Schneevoigt, 2012).  

Despite the challenges, sedimentological, stratigraphic and dating approaches of cold-climate dunes 

in Finnish Lapland exemplify the importance of cold-climate dunes as climate archives. While specifics 

and timing remain debated upon the general picture indicates: commenced dune formation as a result of 

high sediment availability and little vegetation (Matthews and Seppälä, 2014), stabilization as response 

to a warmer climate after deglaciation which involved higher humidity and less sparse vegetation 

(Matthews and Seppälä, 2014), remains of roots as starting points for redeposition, and charcoal layers 

as indicators for reactivation by forest fires (Matthews and Seppälä, 2014; Seppälä, 1995). A deflation 

is also noted for 800 BP and discussed as climatically or anthropogenically triggered – highlighting the 

potential of equifinality (Clarke and Käyhkö, 1997; Käyhkö et al., 1999). Koster (1988) agrees with the 

importance of dune and cover sands for establishing a chronology of aeolian (in)activity. His research 

exemplifies their importance when investigating (Late) Weichselian deposits in north-west Europe.  
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Chapter summary  

Sand dunes are characterised by a high variability of shapes and sizes. They can be classified by  

• their dune type which reflects the reason for their deposition (e.g. in relation to vegetation), 

• their occurrence as single, compound or complex dunes, 

• their state of activity, and 

• the existence of sedimentary structures and their stratigraphy. 

 

These characteristics are dependent on  

• the impacting agents during formation which include temperature, precipitation, moisture, 

vegetation, groundwater, snow cover, wind and fire;  

• sand supply and sand availability, the latter meaning sand made available to formation through 

the action of impacting agents. 

 

Through the influence on a dune or dune fields state of activity, the impacting agents further determine 

the features’ role within the sediment system.  

     

The impacting agents themselves are strongly influenced by changes in climate. Knowing their control 

on the previously outlined dune characteristics highlights the reason for dunes acting as climate archives.  

 

Deriving knowledge on the climate from dune characteristics remains challenging due to  

• interconnectivity and hysteresis between impacting agents (multi-agent impact), 

• variability in time, space and degree of change (gradual vs. catastrophic), 

• the potential of non-linear outcome and equifinality for cause and result. 
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Study area and regional setting 

The following chapter introduces the study area and elaborates on the predominant dune morphology. 

Further, it sheds light on the area’s glacial history, climatic setting and wind characteristics - topics 

chosen due to their importance as geomorphic agents that shaped the area throughout time.  

    Northern Sweden is characterized by a more steep topography towards Norway relative to a rather 

flat landscape in the east, close to the border of Finland. The northern part of the study area is 

characterized by mountain birch trees and a proximity to unvegetated bedrock whereas the forest further 

south is characterised by a higher variability in species, see figure 8 and 9 as examples. The study area 

comprises the northernmost border of Sweden as well as the town of Gällivare as southernmost extent. 

From west to east, the study area stretches between Gällivare and the Swedish-Finnish border. 

Characterized by higher elevations and more profound slopes in the landscape, the western part contrasts 

to the eastern part which contains a large amount of lakes and is more flat in comparison. Due to the 

high number of eskers, the area that stretches south-east of Pulsujärvi is referred to as ‘sandåslandet’, 

Swedish for ‘sand ridge country’. An overview on the study area is given in figure 10. The figure 

includes point data for dune locations which is further introduced in chapter ‘Data sources and formats’ 

and is referred to as ‘dune point dataset’ in chapter ‘Thesis format and developed approach’. 

 

  

Figure 8 Photo taken within a dune complex west of the lake Kurrakajärvi at 68°16'40.6"N and 21°25'23.0"E. The 

photo, shown on the left, was taken from the main dune crest facing W. The area is characterized by mountain 

birch, open sand surfaces and blowouts. June 22nd 2020. 

Figure 9 Photo taken within a dune complex north of the town Vittangi at 67°44'32.1"N and 21°38'23.2"E. The 

photo, shown on the right, was taken from the dune crest facing NE. The area is characterized by pine trees and 

dry areas occurring in proximity to bog. June 21st 2020. 
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Figure 10 Map of the study area located 

in Northern Sweden at the borders to 

Finland and Norway.  The map shows 

published point data for sand dune 

locations along with a digital elevation 

model. Hereby, blue corresponds to 

high elevation and orange to low 

elevation. The DEM with a spatial 

resolution of 5 m is draped over a 

hillshade set with an azimuth of 180° 

and an altitude of 45°. Point locations 

have been georeferenced from 

Bergqvist (1981) and Seppälä (1972) as 

well as extracted from SGU (2014). The 

roads are included for better 

orientation. All data is projected in 

SWEREF 99 TM.  Own graphic. 
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Regional dune morphology and dune type 

Dunes reflecting the environmental conditions in which dune formation took place is the reason for 

regionality in dune morphology (Bernhardson, 2018). Dunes in Sweden have been classified into three 

regions by Bergqvist (1981), namely in northernmost Sweden, central and Northern Sweden (except 

northernmost Sweden), and Southern Sweden.  

    Dunes in northernmost Sweden are characterized by a parabolic shape (Bergqvist, 1981; Koster, 1988; 

Seppälä, 2004, 1972) which is typical for their location in an periglacial area (Ahlbrandt and Andrews, 

1978; Seppälä, 2004). The U- or V-shape is characterized by arms pointing up-wind and at the same 

time being lower than the middle part (Ahlbrandt and Andrews, 1978; Pye and Tsoar, 1990; Seppälä, 

2004). The windward sides of the dunes are more gentle and contrast with a more pronounced, fine 

material dominated lee side (Bernhardson, 2018; Pye and Tsoar, 1990; Seppälä, 1972). Knowing the 

relation between their orientation and effective wind direction, parabolic dunes can be used as indicators 

of prevalent wind directions during the dunes formation (Ahlbrandt and Fryberger, 1980; Seppälä, 

2004). A Northern Swedish example for a parabolic dune is shown in figure 11 and has been extracted 

from LiDAR point cloud published by Lantmäteriet (Lantmäteriet, 2020a). The dune is located in the 

dune field west of Karesuando, and included in this thesis at location ‘1’ in figure 37 and 42. 

 

 

 

Figure 11 Coalesced parabolic dunes based on LiDAR point cloud and as schematic sketch. Left: 3D mesh created 

in CloudCompare based on LiDAR point data by Lantmäteriet (2020a). Vegetation removed using the cloth 

simulation filter developed by Zhang et al. (2016). Note that z-scale is 1.5 times the x- or y- scale. The dunes are 

located NW of Karesuando. Right: Schematic translation of the parabolic form including corresponding 

vocabulary. Schematic based on Yan and Baas (2017). Own graphic.   
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Northern Swedish parabolic aeolian sand dunes are located close to sediment sources such as eskers, 

glaciofluvial deltas, outwash plains, and glacial drainage channels;  a reason for many dunes being 

located in valleys close to these sources of available sediment (Seppälä, 1972). Location on deltas is less 

prevalent than further south in Sweden (Bergqvist 1981, Bernhardson 2018). Many of the Northern 

Swedish dunes are characterized by the parabolas pointing towards east or southeast – with the 

parabolas’ arms not exceeding 2 km in length and 15 m in height (Seppälä, 1972). Moreover, deflation 

lakes have often formed in their vicinity (ibid.). According to Bergqvist (1981) and Bernhardson (2018), 

dunes in Northern Sweden show blowouts which indicate reworking wherefore Bergqvist (1981) judges 

them to be of different age.  

 

Glacial history, climate and wind characteristics 

Today’s landscape of Northern Sweden shows massive impact of previous glaciation, being 

characterized by typical landforms such as eskers and drumlins. Stroeven et al. (2016 : 108) highlight 

that “the pre-Late Weichselian glacial landscape in northern Sweden and Finland is the most important 

inherited element in the Fennoscandian glacial landscape”. Dead ice topography, eskers and drumlins 

indicate that ice must have flown towards south-east in this region. As flow-parallel features, respective 

drumlins are oriented south-east. Non-flow-parallel drumlins are interpreted as part of the relict and 

older glacial landscape of the area (Hättestrand et al., 2004). Assemblages of eskers in north-east Sweden 

lead to the position of the last remnants of ice in the Northern Swedish mountains when followed inland 

(Stroeven et al., 2016).  Deglaciation in the study area is estimated to have occurred between 10.4 and 

9.9 cal kyr BP (ibid.), see figure 12.  It still impacts the region through an isostatic rebound ∼10 mm 

yr−1 today (Milne et al., 2004). The landscape of the study area is perceived as very similar to the adjacent 

Finnish landscape described in Käyhkö et al. (1999). 

    The climate variability of Fennoscandia is strongly impacted by the North Atlantic Oscillation 

(NAO) and the associated variability of the strength of westerly winds which impact temperature and 

storminess (Folland et al., 2009; Linderholm et al., 2010; Linderholm et al., 2015). This impact results 

in warmer and wetter winters during high NAO-index winters, also called positive mode phases, and to 

the contrary if the NAO-index is low, referred to as negative mode phases (Linderholm et al., 2010). 

Both conditions are summarized in figure 13 with the positive mode in the upper part of the figure and 

the negative mode in the lower part. Summer mean temperatures, precipitation and cloudiness are 

impacted by the Summer North Atlantic Oscillation (SNAO) which despite its smaller spatial extent has 

a strong impact especially on northern Europe (Folland et al., 2009). The Atlantic Multidecadal 

Oscillation (AMO) describes sea surface temperature variability with the multidecadal pace being set 

by the thermohaline circulation  of the Atlantic Ocean (Kerr, 2000). This constitutes another factor 

which Linderholm et al. (2010) interpret as an additional long-term influencing factor of Fennoscandian 

climate. On smaller scale, the climate of Northern Sweden is strongly influenced by the Scandinavian 

mountain range. The mountains force orogenic precipitation to form west of its SW-NE running ridges 
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in Norway and contribute to a rather continental climate east of the mountain range in Sweden 

(Linderholm et al., 2010). Holocene climate variability in Northern Sweden is fairly well reconstructed 

due to the investigation of glacier fluctuations, tree-limit variations, and the analysis of pollen and lake 

sediment (Linderholm et al., 2010). Additionally, a strong tradition of tree-ring analysis contributes to 

climatic knowledge with two of the world’s longest continuous tree-ring width chronologies to be found 

in northern Fennoscandia (Linderholm et al., 2015, 2010). Temperature and precipitation in Northern 

Sweden have been closely monitored by SMHI with comparatively long-time data being available for 

locations in the study area. Today, almost 30 weather stations are active in the area north of Jokkmokk 

with data accessible through the SMHI (SMHI Data Section, n.d.). Future winter temperatures and 

precipitation averages especially for winter and spring are expected to increase in Northern Sweden 

(Eklund et al., 2015). 

 

 

 

Figure 12 Map of the deglaciation pattern and chronology for the Fennoscandian ice sheet, limited to post-younger 

dryas (YD) ice margins. Isochrons mark every hundred years with those nearby the study area labelled in black. 

Isochrons were selected from the entire reconstruction dataset published by Stroeven et al. (2016). Their simplified 

legend signature shows younger ages in dark colour and older ages in light colour. Own graphic.     



 

18 

 

                 

 

Figure 13 Modelled comparison of positive (left) and negative phases (right) of the Northern Atlantic Oscillation 

with its impact on Fennoscandian climate. Note that Northern Sweden lies within the green ‘wet’ region during 

positive phases and within the orange ‘dry’ region during negative phases. While both storminess and dryness 

have large impact on Northern Swedish sand dunes, it remains a question of further research to investigate whether 

storminess despite wetter conditions or dryness despite fewer storms has a stronger impact on dune formation and 

/ or erosion. H – Subtropical High Pressure Centre, L – Icelandic Low Pressure Centre. Slightly adapted from 

Bebianno et al. (2017), originally from http://www.ldeo.columbia.edu/res/pi/NAO/. 

 

Wind has shearing force or drag and eddies (Bagnold, 1941; Seppälä, 2004) and therefore entrains 

exposed sand grains. Movement starts depending on the sands grain size, shape and density. It occurs 

once drag and lift exerted by the wind exceed gravitation, the grains weight, and bulk sediment 

properties such as cohesion and adhesion (Pye and Tsoar, 1990; Seppälä, 2004).   

    Northern Sweden is characterised by a mean geostrophic wind speed of 8 to 9 m/s and a predominant 

north-westerly wind direction (Wern and Bärring, 2009). The data measured at Karesuando and 

Muodoslompolo weather station is investigated for dominant wind directions in relation to wind speed 

to provide insight in local wind direction in parts of the study area. Figure 14 summarizes two foci - on 

the left side, wind direction is plotted against wind speed to seek insight on potential correlation. The z-

axis is attributed to show each frequency. This part of the figure aims at providing an overview to the 

data while facing the drawback of data overlap in 3D visualization. A rose plot is presented to its right 

side. It shows wind direction by using different angles denoted at the outer circle, wind speed by the 

length of the arrows and count by the number of the arrows. This figure is used to introduce the most 

common and the strongest wind directions. It is important to clarify that the measurements represent the 

origin of wind and not the direction winds are blowing. 
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Figure 14 Wind speed and direction measurements plotted for Karesuando weather station (station number 

192830) and Muodoslompolo weather station (station number 183980). The wind direction indicates the directions 

the wind is coming from. This means that a datapoint of 180 degrees represents winds coming from south and 

blowing north. Data measured in Karesuando is plotted in the upper part of the figure whereas the data measured 

at Muodoslompolo is included at the bottom. Left: Wind directions are displayed on the x-axis along with wind 

speed on the y-axis. The number of count (z-axis) reflect on the amount of measurements taken in the 

corresponding time frame. Right: Wind roses showing wind direction (in degrees, zero corresponds to north), wind 

speed (size of arrow) and count (number of arrows). Each circle corresponds to a difference in wind speed of 5 

(m/s). The code for the wind roses is based on Raine (2020). Data published by SMHI. Own graphic. 
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Figure 15 focuses on portraying wind direction for grouped wind speed data. In this respect, winds with 

a suitable transport capacity to move sand grains (orange) are split from winds unable to move sediment 

(blue). A monthly investigation of the wind direction data for both weather stations is included in the 

appendix as A.1 and A.2. Regarding the data, a prevalence of strong westerly, south-westerly and 

southerly winds for Karesuando along with a diverse set of easterly, southerly and westerly directions 

for lower wind speeds and becomes visible. For Muodoslompolo, higher wind speeds are predominantly 

characterized by southerly and northerly winds. Further, a prevalence of easterly, south-easterly and 

southerly as well as and northerly winds for lower wind speeds is perceived. 

 

 

 

 

Figure 15 Wind direction measurements plotted for Karesuando station (left) and Muodoslompolo station (right). 

For station numbers, further information and interpretation of wind direction, see figure 14. Wind directions das 

was split in two classes based on wind speed in relation to transport capacity. Karesuando data indicates a 

prevalence of westerly and southerly winds in the class > 8 m/s. For Muodoslompolo, a prevalence of southerly and 

northerly winds is perceived. All data has been split for monthly plots and respective plots are included as figures 

A.1 and A.2. Frequencies are not normalized and therefore not comparable between the two stations as the 

measurement’s time period at Karesuando station exceeds the period at Muodoslompolo station. Data published 

by SMHI. Own graphic. 
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Chapter summary 

The study area comprises the town of Gällivare as its western-most and southern-most extent and 

therefrom stretches north to the border between Sweden and Norway and east towards the border 

between Sweden and Finland. Previously published point data for dunes in Northern Sweden was 

assembled and provides insight in a clustered appearance.  

 

The study area is characterized by 

• the impact of previous glaciations that allowed for the formation of periglacial landforms such 

as eskers, drumlins and dead ice topography, 

• a climate impacted by the NAO which forces an alternation of warmer and wetter winters with 

colder and drier winters, as well as the sheltering of the Scandinavian mountain range; 

• higher future winter temperatures and increased future precipitation for winter and spring, 

• a rather constant geostrophic wind of 8-9 m/s and 270 to 315 degrees, and 

• a diverse regional wind pattern exemplified by the stations of Karesuando and Muodoslompolo. 

Stronger winds at Karesuando station indicate a prevalence of westerly and southerly winds 

whereas the data measured at Muodoslompolo station show a southerly as well as northerly 

wind tendency. 

 

The existence of sand dunes is known for the study area. Based on literature review, they can be 

characterised by 

• their parabolic shape with arms pointing up-wind, 

• more gentle windward sides that contrast to more pronounced lee sides, 

• blowouts which indicate reworking, and 

• their existence in vicinity to eskers, glaciofluvial deltas, outwash plains and  

glacial drainage channels. 
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Material and Methods 

Maraş et al. (2010 : 477) summarize that “the basic element in the vector data is the point. Points create 

lines and set of lines creates polygon[s]”. Increased complexity is simultaneous to increased information 

content and allows polygons to carry more information than point data. To interpret Northern Swedish 

aeolian sand dunes as indicators of paleo-climate as well as key features when investigating landscape 

development, need is to systematically and spatially analyse the predominantly parabolic dunes in 

Northern Sweden. Emphasis is laid on generating polygons as they carry information about the sand 

dunes’ location, orientation and geomorphometry. Hiller and Smith (2008 : 2266) fittingly summarize 

that “objective and consistent mapping of landforms from remotely sensed data (…) is paramount for 

reconstructing paleoenvironments”. In this thesis, GEOBIA is applied to segment and classify dunes 

from a preprocessed DEM and slope and curvature datasets. GEOBIA focuses on the classification of 

objects rather than pixels (Blaschke et al., 2014b) and allows for a dune site investigation based on 

remotely sensed data, by perceiving landforms as objects. Profound knowledge on the target landforms’ 

characteristics is required for detecting landforms from remote sensing (Schneevoigt, 2012), which 

underlines the importance of the conceptional elements of this thesis.   

 

Data sources and formats 

Published data is  available as descriptions (Högbom, 1923; Seppälä, 1972), printed maps (Bergqvist, 

1981; Seppälä, 2004, 1972) and point data (SGU, 2014). Published dune locations for Norrbottens Län, 

Sweden’s northernmost county, amount to 1198, including multiples (Bergqvist, 1981; Seppälä, 2004, 

1972; SGU, 2014). This dune location data was georeferenced using ArcGIS 10.7 and published point 

data was extracted from a dataset by SGU (2014). Apart from these publications, a LiDAR-derived 

DEM has been used to analyse the surface morphology of sand dunes in Northern Sweden. The 2 m by 

2 m resolution DEM used in this study is part of the Ny Nationell Höjdmodell, is more precisely referred 

to as ‘GSD- Höjddata, grid 2+’ and is georeferenced to SWEREF 99 TM and RH 2000 (Lantmäteriet, 

2019). The DEM was resampled to a resolution of 5 m by 5 m to reduce the need of extensive 

computation power. A DEM is “an ordered array of numbers that represent the spatial distribution of 

elevations above some arbitrary datum in a landscape” (Moore et al., 1991 : 4). It represents a 

tridimensional surface (Schneevoigt, 2012) which is by definition continuous in spatial sense (Burrough 

and Frank, 1996). Therefore, it can be used to analyse elevation change through space. In contrast to a 

digital surface model (DSM), a DEM does not include elevation stemming from vegetation cover or 

infrastructure. Hillshades, slope, curvature and aspect datasets can be derived from DEMs. Slope can be 

calculated as the first derivative of the elevation (Zevenbergen and Thorne, 1987) and displays change 

in gradient meaning steepness in degrees (Bernhardson, 2018; Evans, 2012). Most prevalent are abrupt 

changes at ridges and at the base of features (Smith and Clark, 2005) which provide potential for 

geomorphologically oriented boundaries (Minár and Evans, 2008). Curvature is the second derivative 
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of elevation (Hiller and Smith, 2008) and indicates the direction of potential flow paths on terrain with 

some relief. Aspect indicates the direction in which a downhill slope is facing. The LiDAR-derived 

DEM is based on point clouds. These point clouds have been used to create a new DEM to independently 

investigate selected dune locations at very small scales (see figure 11). In addition to the LiDAR-based 

DEM, Sentinel-2 imagery was used. The images prove very suitable for giving large scale overviews. 

Sentinel-2 images with a 10 m by 10 m resolution have been downloaded from the Copernicus open 

access hub. The images were taken in June and July 2019 respectively and are free of snow and cloud-

cover. The data was atmosphere-corrected using the Sentinels Application Platform (SNAP) (European 

Space Agency, n.d.)  and ArcMap 10.6. The challenge of e.g. deflation areas being to small to be 

identified (Seppälä, 2004) was addressed by downloading orthophotos provided by the Swedish national 

mapping agency, Lantmäteriet. The 4 channel raster datasets with a spatial resolution of minimum 0.5 

m are based on aerial photography, are geometrically corrected (Lantmäteriet, 2020b) and were 

processed in ArcMap 10.7. A comparison of selected input data with focus on a selected dune site near 

Karesuando is included in figure 16. All data used is given an overview in table 1. 

 

 

 

 

 

 

 

 

  

Figure 16 Comparison of selected 

data formats used for dune 

investigation. The red box indicates a 

dune site NW of Karesuando. From 

bottom to top: 1. Sentinel-2 imagery 

(band 4-3-2 for R-G-B) downloaded 

from Copernicus open access hub, 2. 

Geometrically corrected ortho-

photographs with 0.5 m resolution 

(Lantmäteriet, 2020b), 3. A hillshade 

model based on the LiDAR-derived 

DEM with 2 m by 2 m resolution 

(Lantmäteriet, 2019), and 4. A slope 

calculation based on the LiDAR-

derived DEM. Processed in 

ArcScene. Own graphic. 
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Table 1 Data formats and sources split into the data used as input parameters for GEOBIA analysis and additional 

data. Specific information is given according to the data type. The 132 RGB-tiles cover solely a part of the study 

area. Own table.  

 

GEOBIA input parameters 

 

 Resolution Source Date 

GSD - Höjddata, grid 2+ 

(Digital Elevation Model) 

2 m 

Resampled to 5 m 

Lantmäteriet 2009 to 2018 

(4228 tiles) 

 

Orthophotographs, RGB Resolution Source Date 

(later excluded) 0.5 m Lantmäteriet 2016 

(132 tiles) 

 

Additional data 

Previous publications with geomorphological maps including aeolian dunes in Northern Sweden 

 Year Area Extent 

Seppälä 1972 NE Sweden Sporadic 

Berqvist 1981 NE Sweden Sporadic 

 

Avaiable map material 

 Source Year Area 

Jordarter 1:250 000, 

nordligaste Sverige  

SGU 

 

2014 Sweden 

 

Sentinel-2 imagery 

 Resolution Data take date Data take start time 

Mission S2B 10 m 14.6.2019 10:30:29 

 10 m 14.6.2019 10:30:29 

 10 m 27.7.2019 10:40:29 

 10 m 27.7.2019 10:40:29 
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Methodology 

Knowledge on Northern Swedish sand dunes’ context in landscape can only be gained when precisely 

knowing their location, orientation and geomorphometry. Investigating landforms that are distributed 

over a large area however, requires an extensive dataset. Therefore, interim steps need to be automatized, 

as well as steps of procedure made easily transferable. This is achieved by the thesis’ format which 

explains how the objective of this study is addressed. It follows to a short introduction of the approaches 

that inspired the format.  

 

Geomorphological mapping 

The theoretical basis of geomorphological mapping is challenged by fast-evolving geotechnologies such 

as remote sensing and geographical information systems as they require more precisely defined objects 

and layers due to their higher accuracy and resolution (Bishop et al., 2012; Church, 2010; Evans, 2012; 

Minár and Evans, 2008). Hence, the understanding of landforms must be carefully evaluated.  

    The theory of landform mapping describes four principles that relate to the morphological, genetic, 

chronological and dynamic characteristics of a feature (compare Bishop et al., 2012; Minár and Evans, 

2008). Emphasis is laid on the morphological principle which foresees “an accurate appreciation of 

morphology” (Minár and Evans, 2008 : 237) by map boundaries which follow the boundaries of a 

feature’s morphology. Boundaries need to accentuate homogeneity within the segment and contrast to 

the external (Evans, 2012; Minár and Evans, 2008). When correctly segmenting landforms, segments 

are gained which “in terms of their geometry should reflect their genesis and recent dynamics” (Minár 

and Evans, 2008 : 237). “Bounded segment(s) of a landscape” is the way Evans (2012 : 95) defines 

landforms. Sand dunes can be seen as clearly-bounded bedforms and therewith constitute a “major type 

of landform” (Evans, 2012 : 97). 

 

Geographic object-based image analysis 

With reference to Hay and Castilla (2008) all object-based image analysis is herein referred to as 

geographic object-based image analysis (GEOBIA) as the fact of geographic space being intrinsic to the 

analysis is agreed on. GEOBIA allows to meaningfully investigate context within a dataset. Software 

like eCognition Developer (Trimble Geospatial, 2020) partitions remotely sensed data in image objects 

by homogeneity oriented region-growing. Homogeneous characteristics can be shape and size, texture, 

information about the context of an object as well as spectral characteristics. This means, the software 

starts with a seed pixel and accepts neighboring pixels as part of the emerging object - as long as overall 

homogeneity within the emerging object contrasts to the heterogeneity outside the object, and does not 

exceed a set of shape and compactness parameters  (Blaschke, 2010; Blaschke et al., 2014b, 2014a; 

Schneevoigt, 2012). The technique enables the investigation of objects rather than pixels, which is 

reasonable when object sizes exceed pixel sizes (Blaschke et al., 2014b). Moreover, creating objects 

allows for morphology-oriented analysis whereas pixel-based approaches are often limited to spectral 
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indices. With respect to Earth Sciences and geomorphological target groups, the multi-resolution 

segmentation method that is available in eCognition Developer software is judged most applicable 

(Blaschke, 2010; Schneevoigt, 2012; van Niekerk, 2010). Segmentation leads to the formation of groups 

of similar properties that act as candidates for classification (Blaschke et al., 2014b; Schneevoigt, 2012). 

The later classified objects create base for further investigation of the gained spatial knowledge 

(Blaschke et al., 2014b). Knowledge of and experience in the targeted terrain is essential to knowledge-

based,  supervised classifications (Schneevoigt, 2012). Object-based analysed results are often judged 

to be easier to interpret, potentially due to GEOBIA mimicking human perception (Blaschke et al., 

2014b, 2014a; Lang, 2008). Another advantage is that the averaging of cell characteristics when 

segmenting decreases faulty classification (Blaschke et al., 2014b). However, it needs to be highlighted 

that while segmenting data input the distinguishability of object-candidates is scale-dependent, the 

reason why GEOBIA is mainly applied to very high resolution images (Blaschke et al., 2014b). 

    The software eCognition 9.5 (Trimble Geospatial, 2020) allows for combined use of different data 

formats when object-based analysing remotely sensed data. Input parameters to eCognition 9.5 can 

comprise spectral characteristics as well as geomorphometric input such as DEMs and their derivatives. 

The software is where much object-based work had its source (compare Blaschke, 2010) and is widely 

used (Blaschke et al., 2014a). A hierarchical set-up of processing steps and refinements is used to 

identify possible dune locations and exclude faulty finds with similar characteristics. The setup used in 

this thesis is explained in its own chapter, see ‘GEOBIA workflow’. 

 

Thesis format and developed approach 

The main components of this thesis can be summarized as literature review, geomorphological mapping, 

validation and dune data analysis. In a first step, literature is reviewed to find previously published 

data, see figure 17. This data is extracted and / or georeferenced, assembled and termed ‘dune point 

dataset’, see figure 10. The geomorphological mapping part constitutes the principle part of the study. 

It comprises the mosaicking of the DEM and the derivation of hillshades, standard curvature and planar 

slope datasets. Further, the mosaicked DEM is pre-processed to reduce the range of elevation data and 

target the indicative elevation for the dunes in the study area. The first stage of residual relief separation 

as outlined in Hiller and Smith (2008) and originally introduced by Wessel (1998) is followed. Returning 

the median height to a central point is favored to avoid strong impact of outliers as it would be likely 

the case when returning a mean value. The curvature and slope datasets as well as the pre-processed 

DEM is used as input to the GEOBIA analysis, see chapter ‘GEOBIA workflow’. Orthophotographs are 

mosaicked and after testing excluded from the GEOBIA analysis, see chapter ‘pre-study and testing of 

parameters’. The dataset derived from GEOBIA analysis consists of semi-automatically classified 

polygons and is termed ‘dune polygon dataset’. The findings are consequently validated by comparing 

them to the ‘dune point dataset’. The classification scheme implemented in eCognition Developer 9.5 

allows for a broad range of potential dune sites to be classified as dunes. This ensures accepting a broader 
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variety of dune characteristics, at the cost of overestimating the amount of potential dune sites. For 

higher accuracy, an expert decision follows to decide whether the findings represent true or false 

positives. This part of the study is termed ‘dune data analysis’ in figure 17. Manual selection is based 

on several z-factor exaggerated and non-exaggerated hillshades as well as the slope dataset. A polygon 

is judged as true dune if slope alternates from shallow to steep, is characterized by a crest and then 

alternates from steep to shallow. The resulting set of expert-accepted dunes is termed ‘dune location 

dataset’. The framework of accepting or denying classified polygons is introduced to reduce potential 

inter-coder variability and to increase the outcomes’ value (Wernette et al., 2018). As a manual approach 

is only valuable over a small area (ibid.), seventeen locations have been targeted for in-depth analysis. 

Emphasis is laid to select areas that represent the variability within the landscape of the study area. Next 

to the previously described foci of the study, a visualization and wind data analysis component 

contribute to input for data interpretation. The findings are used in addition to the ‘dune location dataset’ 

and allow for increasing depth when investigating the dune dataset, specifically when relating it to sand 

sources and when interpreting dune orientations. 

     Most of the processing steps where conducted in ArcMap 10.6 and 10.7 whereas the core analysis of 

this thesis - the GEOBIA analysis, was conducted in eCognition Developer 9.5. In figure 17, all 

processing steps conducted in ArcMap 10.6 and 10.7 are indicated by blue colour, the Sentinel-2 

processing in SNAP in green colour, the use of MATLAB r2018a in orange colour and the GEOBIA 

analysis in eCognition Developer 9.5 in red colour. In addition to the core analysis, CloudCompare 2.6.1 

was used to create figure 11 and ArcScene 10.7 to create figure 16. 
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Figure 17 Overview on the thesis format developed to address the objective of this study. Data input, processing steps and (interim) results for mapping and analysing aeolian sand 

dunes in Northern Sweden are summarized. Data in- and output is visualized in bold letters and rounded shapes whereas processing steps are contained in square-cut shapes. 

Processing steps are coloured corresponding to the software used for processing (blue: ArcGIS 10.6 and 10.7, red: Trimble eCognition Developer 9.5, green: SNAP, orange: 

MATLAB r2018a) . The first steps can be summarized as data preparation, subsequently as a GEOBIA workflow and finally as an investigation of accuracy and data analysis. A 

more detailed schematic of the GEOBIA workflow is included in figure 18. Own graphic.  
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GEOBIA workflow  

This section focuses on the segmentation and classification processes conducted to semi-automatically 

create polygons for potential dune locations in Northern Sweden. Figure 18 is included to provide an 

overview on the used processing tree and to increase transferability and transparency in data handling. 

After testing in a selected area as a pre-study, the study limits itself to using slope, curvature and a pre-

processed DEM as input to the segmentation. A reduction of processing power and no landform 

shielding due to vegetation which is often the case for optical data are the benefits to this decision.  

 

    The input is introduced to the multi-resolution 

segmentation algorithm in eCognition Developer 9.5 

with a weighing of 2:3:1, a scale parameter of 15 and 

a composition of homogeneity criterion of 0.1 for the 

shape criterion, and 0.5 for the compactness criterion. 

The weighing and scale parameter setting is derived 

experimentally. A rule-based classification was 

developed. Known point locations for aeolian sand 

dunes published in the ‘Jordarter 1:250 000, 

nordligaste Sverige’ map material (SGU, 2014) serve 

as indicators and allow to empirically derive suitable 

parameter settings. The classification workflow 

foresees to first select image objects based on their 

mean slope and mean curvature values. These 

selected image objects are merged to assure that 

dunes which have been split into several image 

objects during segmentation are reunified. 

Consequently the merged image objects are 

discriminated using shape parameters such as their 

length to width ratio, compactness, density, 

rectangular fit, roundness and shape index. The then 

exported findings are described as ‘dune polygon 

dataset’. A summarizing and exemplifying pseudo-

code is included in the appendix, see A.3.  

 

 

  

 

Figure 18 GEOBIA workflow applied to semi-

automatically map aeolian sand dunes as 

polygons. The workflow can broadly be 

separated in a segmentation, classification, 

refinement and export part as visualized by the 

boxes shown in dark grey. A pseudocode 

including the parameter values is included in the 

appendix, see A.3. Own graphic.   
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Pre-study and testing of parameters 

Need is to is thoroughly investigate the applicability of DEM derivatives and spectral indices for 

characterizing aeolian sand dunes in Northern Sweden prior to the GEOBIA analysis. This undertaking 

aims at detecting the most suitable segmentation and classification parameters for dune analysis using 

GEOBIA. Slope patterns are found to be strong indicators. In general, a pattern of steep slopes 

surrounding an area of little slope – the dune crest, is perceived. A similar pattern occurs for curvature 

values. Dunes are more convex on the crest and concave to the sides. Aspect is judged unsuitable due 

to it not differing for dune slopes and the surrounding, e.g. drumlin slopes. Figures 19, 20, and 21 

visualize the selected dune derivatives for the pre-study’s area. Dunes are moreover characterised by 

elevation, however, the unprocessed DEM does not prove suitable due to its broad range of values. The 

residual relief separation outlined in Hiller and Smith (2008) is applied to reach higher differentiation 

and to decrease the DEM’s file size. The original DEM is smoothed by a 1000 x 1000 pixel sliding 

window which returns the median height to each of the windows central point. This file is subtracted 

from the original DEM and its lowest value set to zero. Figure 22 and 23 show the dune field in identical 

symbology and highlight the importance of residual relief separation. 

 

 

 

Figure 19 Categorised slope values for a dune field near Karesuando. Dunes can be perceived as elevated features 

in vicinity of the point data. It becomes visible that the slopes characterising dunes differ from their surroundings. 

They can be perceived in orange and red representing values above 15 degrees. All data is projected in SWEREF 

99 TM . The original DEM with a resolution of 2 m by 2 m is used. Own graphic. 
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Figure 20 Curvature values for a zoomed-in area within the dune field near Karesuando. Dunes can be perceived 

as elevated features in vicinity of the point data. Note the difference between convex dune crests in green and 

concave slopes in purple – resulting in a change of purple-green-purple for dunes. All data is projected in SWEREF 

99 TM . The original DEM with a resolution of 2 m by 2 m is used. Own graphic.  

 

 

Figure 21 Aspect values for the dune field near Karesuando. Dunes can be perceived as elevated features in 

vicinity of the point data. It becomes visible that aspect values do not differ strongly between the dunes and their 

surrounding. Therefore, aspect has not been chosen as input parameter to the analysis. All data is projected in 

SWEREF 99 TM . The original DEM with a resolution of 2 m by 2 m is used. Own graphic. 
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Figure 22 Elevation characteristics of the dune field near Karesuando after processing the original DEM and 

separating the residual relief. While allowing for a higher differentiation the processed DEM must be used 

relatively and does no longer represent measured elevation. The processing relies on a 1000 x 1000 pixel sliding 

window (10 x 10 pixel sliding window for entire area). All data is projected in SWEREF 99 TM . The original 

DEM with a resolution of 2 m by 2 m is used. Own graphic. 

 

 

Figure 23 Original DEM as mosaicked based on the GSD-Höjddata 2+ by Lantmäteriet. The figure highlights the 

need to separate the residual relief in order to be able to differentiate landforms on the scale it is put focus on. All 

data is projected in SWEREF 99 TM . The original DEM with a resolution of 2 m by 2 m is used. Own graphic. 
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Next to the DEM derivatives, orthophotos were tested as input to the GEOBIA analysis. Different 

weightings of the input parameters were investigated. For the purpose of testing, the red, green and blue 

channel were assigned high weightings during segmentation. This results in image objects defined by 

vegetated areas. The outcome is demonstrated by comparing the two red segments below the white stars 

located in the upper-left area of each imagery in figure 24. Here, the red segment in the upper imagery 

represents an area of similar vegetation whereas the segment in the lower imagery follows the 

topography. Based on these findings, the preprocessed DEM, slope and curvature data are evaluated to 

represent the best input to segmentation when targeting aeolian sand dunes in Northern Sweden. 

 

 

 

 

 

 

 

  

 

Figure 24 Classification in eCognition 

with RGB input (top view) and without 

RGB input (bottom view). For the latter, 

only a pre-processed DEM as well as 

slope and curvature derived from the 

unprocessed DEM were used for 

segmenting the image. Both datasets are 

then classified with the same rule-based 

system. Dark green areas are selected as 

context and characterized by slope values 

between 4 to 8 degrees. Bright blue and 

red image objects represent areas suitable 

as potential dune based on slope and 

curvature values. Red objects are 

disqualified after using shape parameters 

such as length to width ratio, 

compactness, density, rectangular fit, 

roundness and shape index for 

classification. Bright blue image objects 

remain eligible as dune area and are 

suitable by slope, curvature and shape. 

White colour of some objects stems from 

the orthophotograph and has no meaning 

to the classification. For white stars, see 

explanation in the text. Own graphic. 
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Chapter summary 

The chapter starts with outlining used data sources and derives the applicability of GEOBIA as suitable 

means to systematically and spatially analyse the predominantly parabolic dunes in Northern Sweden.  

 

Geographic object-based image analysis (GEOBIA)  

• allows to investigate objects rather than pixels and supports context analysis, 

• generates polygon data which is essential to the dune investigation as the polygons demonstrate 

sand dunes’ location, orientation and geomorphometry, 

• partitions remotely sensed data in image objects by homogeneity oriented region growing, 

• allows for combined data use of e.g. elevation, texture and optical data, 

• can workflow-wise be split in segmentation, classification, refinement and export of data, and 

• exhibits similarities to geomorphic systems theory and geomorphological mapping with regards 

to the need of clearly defined mapping boundaries, to defining objects due to their homogeneity 

within the boundary and heterogeneity to the outside and when highlighting context for analysis. 

 

The segmentation aims at detecting forms in the input data and creating image objects based on 

• a DEM that is pre-processed to be able to focus on the aeolian sand dunes and is resampled to a 

resolution of 5 m to 5 m to reduce the need of high computing capacity, 

• slope and curvature datasets derived from the unprocessed DEM, and 

• the use of a multi-threshold segmentation with a scale parameter of 15 and a composition of a 

homogeneity criterion of 0.1 and a shape criterion of 0.5.  

• Orthophotographs or other RGB-data is not used for segmentation after pre-testing revealed 

little benefit at the high cost of the need for processing power. 

 

The classification targets image objects which share the characteristics that are implemented in the 

classification ruleset. This part of the analysis is based on 

• the image objects’ slope characteristics and eCognition-internal parameters such as density, 

compactness, rectangular fit and shape index,  

• an iterative and experimentally derived ruleset-based classification scheme, and 

• their validation based on previously published data in form of point data. 

 

This thesis’ format is split in a literature review, a geomorphological mapping part were GEOBIA is 

embedded, a visualisation and validation part and the dune data analysis where all components’ results 

are brought together to generate a dune location data set. This dataset is essential for testing the main 

hypothesis of this study.  
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Subsequently enumerated programs are used in this thesis 

• ArcMap 10.6 and 10.7 used for most processing steps and all maps,  

• eCognition Developer 9.5 used for the GEOBIA analysis, 

• SNAP used for correcting Sentinel-2 imagery, 

• MATLAB r2018a used for plotting (wind) data, 

• CloudCompare 2.6.1 used for investigating the LiDAR point cloud, see figure 11; 

• ArcScene 10.7 used to visualize the different datasets, see figure 16. 
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Results 

The results presented in this chapter are divided up into one part that focuses on the entire dataset derived 

from GEOBIA-based analysis and one part which focuses on the true dune locations based on GEOBIA-

derived analysis as well as expert decision.  

 

Analysis of the GEOBIA derived dune polygon dataset for the entire study area 

Segmenting slope and curvature datasets as previously described and consequently merging the 

emerging image objects leads to a number of 4,626,748 final image objects. These present potential 

candidates for classification. Based on slope, curvature, and shape parameters (e.g. density, 

compactness, rectangular fit and shape index) 128,726 image objects are classified as potential dune 

sites. This corresponds to 2.78 % of the dataset. In the following, the classified image objects are 

investigated with regards to their geomorphometric characteristics and location with respect to elevation. 

    Figure 25 shows the distribution of the classified objects mean slope values. The bi-modal distribution 

shows one peak at 10 degrees slope and one at 25 degrees of slope. It indicates two-fold structures in 

landscape. Figure 26 visualizes the distribution of curvature values and highlights that all classified 

image objects are characterized by curvature values close-to or at zero. The main aspect of all classified 

image objects is shown as rose plot, see figure 27. Mode values are preferred to mean values to prevent 

the mixing of true directions. Corresponding elevation values of the classified image objects are plotted 

in figure 28. Most classified dune location plot at an elevation of 360 m. All figures consist of a 

histogram in the upper part and a boxplot in the lower part. Both share the same x-axis so that the dataset 

values are constantly plotted. This allows for a comparison of the two ways of representation. 

 

 

Figure 25 This visualization 

shows the frequency distribution 

and boxplot of the GEOBIA 

classified objects’ mean slope 

values of the entire study area. 

The values visualized in red are 

classified as outliers. A bi-modal 

distribution is visible in the 

histogram whereas the boxplot 

targets solely the highest peak 

and classifies the second peak as 

outliers (red). This highlights the 

need for variety in data imaging 

techniques. Own graphic. 
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Figure 26 This visualization 

shows the frequency dis- 

tribution of the GEOBIA 

classified objects’ mean 

curvature values for the 

entire study area, along with 

a boxplot. The values 

visualized in red are 

classified as outliers. A 

zero-centered distribution is 

visible in the histogram. The 

boxplot highlights the 

almost symmetric existence 

of datapoints below and 

above zero. Own graphic. 

 

 

 

 

 

 

 

 

Figure 27 This visualization 

shows the frequency distribution 

of the GEOBIA classified objects’ 

mode aspect values along with a 

boxplot. As before, this plot 

represents data of the entire study 

area. A polar histogram is chosen 

to account for the directions the 

surfaces face. The boxplot 

highlights that while all possible 

directions are apparent, the 

features have a tendency towards 

the East. Blue and taupe areas 

correspond to a binning of 16 or 8 

respectively. Own graphic. 
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Figure 28 This visualization 

shows the frequency dis-

tribution of the GEOBIA 

classified objects’ mean 

elevation values for the entire 

study area. The values 

visualized in red are classified as 

outliers. The histogram 

highlights that the majority of 

classified image objects lies at 

an elevation of 360m, with a 

median of 400 m (see boxplot). 

Own graphic. 

 

 

Shape parameters have been used to classify the segmented image objects. The resulting datasets are 

plotted as histograms and boxplots and are included as figure 29 to 32. It can be perceived that the 

density values are almost normally distributed and that most classified image objects are characterised 

by density values of 0.5 to 2. Other shape characteristics of the classified image objects are low 

compactness values around 2, rectangular fit values between 0.6 and 0.8, and shape index values 

between 2 and 3. Main statistical characteristics are summarized in A.4.  

 

 

  

Figure 29 This visualization 

shows the frequency distribution 

of the GEOBIA classified 

objects’ density values along 

with a boxplot. The values 

visualized in red are classified as 

outliers. The histogram high-

lights that the distribution is 

almost normally distributed. The 

density values are calculated by 

‘the area of the object divided by 

the approximated average of the 

major and minor axes of the 

ellipse fitted to the object’ 

(Salehi et al., 2012). Own 

graphic. 

 



 

39 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 31 This visualization 

shows the frequency distribution 

of the GEOBIA classified objects’ 

rectangular fit values along with a 

boxplot. The values visualized in 

red are classified as outliers. The 

boxplot shows that most values 

plot in a range between 0.55 and 

0.73. Own graphic. 

Figure 32 This visualization shows 

the frequency distribution of the 

GEOBIA classified objects’ shape 

index values along with a boxplot. 

The values visualized in red are 

classified as outliers. Own graphic. 

Figure 30 This visualization 

shows the frequency distribution 

of the GEOBIA classified objects’ 

compactness values along with a 

boxplot. The values visualized in 

red are classified as outliers. The 

histogram highlights the skewed 

distribution. Own graphic. 



 

40 

 

Analysis of the dune location dataset after expert decision for selected areas 

Seventeen areas have been selected to be manually investigated using expert decision. Emphasis is laid 

on selecting representative examples for the entire study and for the variety of landscape compositions 

in Northern Sweden. Despite expert-accepted polygons being expert-accepted as well as classified, they 

are solely referred to as expert-accepted to decrease linguistic confusion. Figure 33 to 37 present main 

characteristics of the expert-accepted dunes that were classified using GEOBIA. 

    Very apparent are differences in fragmentation of dune polygons occurring in close proximity of dune 

fields near Vittangi. Figure 33 shows that dunes located more towards west occur fragmented and 

contrast to very profound dune shapes located 1 km further east. Apart from their fragmented 

appearance, the western dune field constitutes of a set of single dunes occurring in consecutive order. In 

contrast, the dune field characterized by continuous polygons appears as one main coalesced dune 

system with multiple parabolas overlapping next to a separate set of coalesced dunes.  

 

 

 

Figure 33 Sand dunes located north-east of Vittangi indicated by point data retrieved from SGU (2014) and by 

GEOBIA-derived polygons. All GEOBIA-derived polygons are visualized in grey - blue polygons remain after 

expert decision. Higher elevation is shown with lighter background colour. The DEM was published by 

Lantmäteriet (2019) and is draped over two hillshades (azimuth 135° and 315°, altitude 45°). The map focuses on 

portraying the derived polygons and the thereon based insight on dune shape and orientation. All data is projected 

in SWEREF 99 TM . Own graphic. 
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Furthermore, this figure highlights that dune orientation varies for dunes in close proximity. In this 

respect, the western dunes point south-east whereas the eastern dunes point south-south-east.  All dune 

fields have in common that they are located on low elevation visualized by darker blue background. 

    The area is characterised by an additional dune field approximately 8 km north of Vittangi. This dune 

complex, see figure 34, differs to the above-mentioned as it is located adjacent to a higher landmark 

visualized in lighter blue background colour. It consists of several partially coalesced ridges emanating 

from the area of higher elevation and thereby differing in width. Additionally, the dune ridges are 

encompassed by a half-circular u-shaped, coalesced ridge which constitutes the outer extent of the 

complex. Similar to the other dune fields, all of these dunes point south-east to south-south-east. Apart 

of this dune complex, single dunes are located towards the north-east. They share the same dune 

orientation while being located at similar elevation as the easternmost dunes of the complex. 

     

 

 

 

Figure 34 Sand dunes located north of Vittangi. Legend and background colour as aforementioned. False positives 

can be attributed to non-sedimentary ridges. The dunes were deposited east of a geographic obstacle and form a 

large system characterized by dunes, lakes and wetland. All data is projected in SWEREF 99 TM . Own graphic. 
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Further north, a large coalesced dune field can be localized west of the lake Kurrakkajärvi. The large 

dune complex, see figure 35, stretches more than 2 km in north to south direction. Multiple dune heads 

are coalesced with one distinct parabolic nose pointing south-east. The back area of the dune heads is 

characterized by elongated dune legs occurring parallel in south-east to north-west direction. The further 

back-area is characterized by the existence of an esker and a large channel. Pulsujoki river boarders the 

area to the north and Kenttäkoski river to the east. Oaggujohka splits the dune site in its middle whereas 

a glacial meltwater channel borders the area in the south. Similar to the esker, all channels create false 

positives. Notice, that false positives such as the river slope at the northern tip of the dune complex are 

expert-accepted as the polygons further encompass large true positives. In similarity to the dune fields 

north-east of Vittangi, the dune field west of Kurrakkajärvi is located at low elevation. This contrast to 

features of higher elevation located west and north-east. 

     

 

 

 

Figure 35 Sand dunes located west of Kurrakkajärvi. Legend and background colour as aforementioned. False 

positives can be attributed to river slopes, former river slopes, eskers and drumlins. The dunes have coalesced to 

a system stretching more than 2 km. Partially, false positives need to be expert-accepted as they encompass large 

true positives, see river slope at northern tip of the dune complex. All data is projected in SWEREF 99 TM . Own 

graphic. 
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A diverse set of dune fields is located east of the previously described locations and in relative proximity 

to the Finnish border. Located west of Meraslompolo, the dunes are visualized in figure 36.  From north 

to south, the area can be divided up in four parts each separated by channel systems (see false positives). 

The northernmost dunes, denoted as ‘1’ in figure 36 are characterised by u-shaped, coalesced parabolas 

pointing south-east. South of the river Pahtajoki, dunes of same shape and orientation can be perceived. 

These strongly contrast with a south-east pointing coalesced system that is strongly asymmetric and 

denoted with a ‘2’. Dunes south of Merasjoki but north of the meltwater channel are denoted with a ‘3’. 

These dunes follow the same pattern and orientation but are less accurately mapped. The dunes denoted 

with ‘4’ are located west of the large, coalesced system. The dunes are parabolic yet more v-shaped and 

are characterised by two rows of each two adjacent single and only partially coalesced dunes. The dunes 

at location ‘4’ contrast strongly to the dunes south of the meltwater channel which are denoted with a 

‘5’. In this case, several parabolic and u-shaped dunes occur in-line and point directly south. Dunes east 

of this complex occur in same pattern pointing south-east. However, they are more coarsely mapped.   

 

 

 

Figure 36 Sand dunes located west of Meraslompolo. Legend and background colour as aforementioned. False 

positives can mainly be attributed to river slopes and former river slopes as well as drumlins. The dunes in the 

middle part of the map are oriented towards east whereas the dunes in the bottom part are oriented towards south. 

Moreover, the latter occur fragmented. All data is projected in SWEREF 99 TM . Own graphic. 
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The dune field west of Karesuando is introduced in figures 19 to 24 as it was chosen for input 

parameter testing. Figure 37 depicts the GEOBIA-derived polygons as well as the expert-accepted 

polygons for this area. The dune field is characterised by a high density of independent single dunes 

which point east to south-east. It further comprises coalesced systems, see location ‘1’. Similar to the 

dune complex west of Kurrakkajärvi, an esker system is located in the back area of the dunes and extends 

north-east to location ‘2’. The area is further characterised by the presence of drumlins which, next to 

the river Muonioälven introduced false positives. The river moreover constitutes the border to Finland 

which is the reason for no data being available in the upper-right corner. 

    Other examples of dune fields in Northern Sweden are included in the appendix with the aim of 

reducing regional bias when presenting a selection. Those can be summarized by their coexistence of 

single and coalesced dunes (A.5 and A.6), their proximity to eskers (A.7 to A.9), and sets of weakly 

coalesced single dunes in close proximity to rivers (figure A.10 to A.15). Figure A.16 introduces dunes 

in an area where no dunes are previously mapped.   

 

 

 

Figure 37 Sand dunes located west of Karesuando. Legend and background color as aforementioned.  False 

positives can mainly be attributed to river slopes and eskers as well as drumlins. The dune field exemplifies the 

high variety of dune shapes within a comparatively small area. As the river constitutes the border between Sweden 

and Finland, no point data is available for this area. Moreover, no DEM is available further away from the border 

leading to the grey-shaded areas which represent no data. All data is projected in SWEREF 99 TM. Own graphic. 
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Comparison of expert-accepted and classified polygons next to all image objects 

All expert-accepted dune polygons have been analysed in similar fashion to the characteristics portrayed 

for all classified image objects in figures 25 to 32. While the datasets are compared in figure 38, selected 

statistical properties are listed and summarized in the appendix, see A.4. In general, differences between 

the expert-accepted and the GEOBIA classified dataset are perceived. Further, both differ when being 

compared to the entirety of image objects that were segmented at the beginning of the GEOBIA analysis.  

    Figure 38 visualizes that the expert-accepted as well as all classified image objects are characterised 

by higher slope values than the entirety of image objects. Further, they are characterized by a more 

narrow interquartile range. Additionally, the number of outliers is decreased in comparison to all image 

objects. Comparing curvature data provides inside on the wide range of possible curvature values. 

Similar to the previous case, outliers are reduced towards expert decision. Further, a concentration of 

values closely above and below zero becomes perceivable. The aspect dataset portrays a lack of north-

facing slopes for the expert-accepted polygons. An east trend is prevalent for the expert-accepted as well 

as the classified image objects which are both characterised by a modus of 90 degrees. This contrasts to 

all image objects as this datasets it characterised by a prevalence of flat areas. With regards to elevation 

data, the comparison sheds light on higher values for classified image objects in relation to all image 

objects (modus classified: 340 m, modus all: 324 m). The expert-accepted polygons contrast with most 

polygons being located at an elevation of 169 m. While the landscape allows for elevations between 2 

m and 1102 m, no classified dune is located below an elevation of 152 m and no expert-accepted dunes 

below 169 m. The lower part of figure 38 focuses on the shape characteristics that are calculated from 

the functions ‘density’, ‘compactness’, ‘rectangular fit’ and ‘shape index’ which are available in 

eCognition Developer 9.5. For the density characteristics, a reduction of the range of values is perceived 

from all image objects to the classified image objects as well as when comparing the classified image 

objects to the expert-accepted image objects. A reduction of outliers along with slight changes regarding 

the modus of the distributions is shown when plotting compactness characteristics. The rectangular fit 

characteristics are characterized by a low amount of outliers and indicate that approximately half of the 

data for the expert-accepted polygons is characterised by values between 0.5 and slightly above 0.7. 

Classified image objects show similar characteristics for a comparable amount of the dataset. In 

comparison to all image objects, the range of possible values is decreased in both cases. The shape 

index characteristics plot with a prevalence of reduced outliers and are similar to the compactness data. 

    A comparison of the classified dune polygon dataset to all image objects further reveals that on 

average, 2.5 % of all image objects are accepted as true. This means that the classification ruleset 

classifies on average 2.5 % of all image objects as potential dune site. With a minimum of 1.42 % and 

a maximum of 3.52 % this percentage rarely varies over the study area. Comparing the expert-accepted 

dune polygons to all classified dune polygons indicates that approximately one quarter of the classified 

image objects is expert-accepted on average. Values range from 3.51 % to 55.56 %. Percentages for all 

seventeen manually investigated areas are included in figure A.17.
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Figure 38 Comparison of key image object characteristics for the image objects remaining after the expert decision (n=517), for the GEOBIA classified image objects (n=128,726) 

and for all image objects that were segmented at the beginning of the analysis (n=4,498,022). Boxplots give insight on the suitability of the parameter selection. The values visualized 

in red are classified as outliers. The slope, density, compactness and shape index datasets served as input to the rule-based classification scheme. Curvature was solely used for 

segmentation. Aspect, elevation and rectangular fit datasets remain independent from the analysis. Own graphic.
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Chapter summary 

The results chapter starts with outlining the findings that stem from analysing the polygons that were 

classified as dunes by the ruleset-based classification scheme. It continues with visualizing the expert-

selected polygons which represent classified polygons that were expert-accepted as true dune locations.  

 

Analysing the classified image objects reveals 

• a reduction of image objects in relation to all image objects by 97.5 % on average (meaning the 

classification scheme accepts on average 2.5 % of all image objects as potential dune), 

• a bi-modal distribution of slope values with maxima at 10° and 25°, 

• a strong tendency of curvature values existence in close proximity to zero, 

• that the majority of slopes faces east, north-east or south-east, and 

• that no dune is located below an elevation of 152 m despite the landscape allowing for elevations 

as low as 2 m.  

 

An investigation of the classified images shape parameters (all unitless) shows 

• normally distributed density values ranging from 0.6 to 1.9, 

• a strongly skewed distribution for compactness values with a mode of 2.6, 

• that half of the rectangular fit values plot between 0.55 and 0.73, and 

• a skewed distribution for the shape index values for the classified image objects.  

 

Visualizing the expert-accepted dune polygons for selected areas exhibits 

• a strong prevalence of parabolic dunes, moreover of south-east oriented parabolas in every 

targeted case (few south-oriented exceptions near Meraslompolo and few east-oriented dunes 

in Karesuando) with differences in dune orientations possible in close proximity, 

• the coexistences of single dunes along with coalesced dune complexes, 

• differences in fragmentation of the dunes, and 

• dune locations in close proximity to eskers and other glaciofluvial sediments. 

 

The comparison of expert-accepted with classified dune polygons and all image objects indicates 

• that eskers and channels cause the majority of false positives, 

• that values for slope are characteristic for the expert-accepted as well as the classified dune 

polygons and that they strongly vary from all image objects, 

• a reduction of ranges and outliers in all cases, and  

• that the amount of image objects accepted by the classification scheme is spatially consistent 

whereas the amount of expert-accepted polygons is characterised by spatial variability.
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Discussion 

This chapter is split in two parts. The first part focuses on the application of GEOBIA and discusses the 

decisions taken during segmentation and classification. In this regard, challenges are highlighted and 

potential improvements elaborated on. The remainder of the classification-focused discussion explores 

the suitability of the classification parameters and the accuracy of the ruleset-based classification. With 

reference to figure 17, this chapter comprehends the left and center objects in the lower box. 

    For the second part of the chapter, focus in laid on investigating identified dune locations. The expert-

accepted dunes are analysed with respect to their location, orientation and geomorphometry. While 

location and orientation is discussed in the dunes geomorphological context, the section on 

geomorphometry focuses on dune slope and shape. As introduced during the chapter ‘Thesis format and 

developed approach’, orthophotographs, Sentinel-2 imagery and recent wind data is used for 

interpretation. With reference to figure 17, this chapter is focused on the ‘Investigation of sand source 

and dune orientation’. 

 

Segmentation process in eCognition Developer 9.5  

As outlined in the method chapter, segmentation is the key process when deriving polygons of a certain 

homogeneity. When partitioning the pre-processed DEM as well as the slope and curvature datasets that 

were used as input data to the GEOBIA analysis, a multi-threshold segmentation was chosen. This 

choice is largely supported for its use in a geomorphological context (Blaschke et al., 2014a; 

Schneevoigt, 2012). The scale and shape parameters which most appropriately segment sand dunes have 

been determined in an iterative process. Despite mainly based on trial and error, this approach has been 

followed in several studies (Blaschke et al., 2014a; Fitzsimmons et al., 2020; Lemenkova, 2015).  

    When setting the scale parameters, a challenge that stems from the variability of dune sizes is 

perceived. In this respect, either small features are not detected while large dunes are correctly 

segmented. On the contrary, small - for instance single dunes are detected while large system are split. 

In an inevitable compromise this study allows larger systems to be split to avoid dismissing small 

features. Complex systems are later merged, see figure 18. In published literature, this choice of 

compromise is discussed, addressed and adhered in Blaschke et al. (2014a).  

    The outcome of the segmentation algorithm further depends on the input data used. Contrasting to 

studies where elevation data is included to the process for additional information (Blaschke et al., 

2014a), this study confines itself to only using a DEM and its derivatives to segment aeolian sand dunes 

in Northern Sweden. The approach reduces computing time and processing power and is judged 

appropriate after testing segmentations with and without the input of the RGB channels of high-

resolution orthophotographs. Further, the approach is supported by the idea that “geomorphometry is 

crucial for understanding the relationship between the present shape of landforms and their 

morphogenetic processes” (Favalli and Fornaciai, 2017 : 69). Therefore, this thesis results support the 

importance of DEMs for earth surface processes which has previously been discussed in Minár and 
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Evans (2008). Focusing on geomorphometric data furthermore eliminates challenges caused by 

shadowing of landforms that occur when using optical data and that are discussed in Levin et al. (2004). 

Additionally, it allows to avoid feature shielding due to vegetation (Seppälä, 1972). However, focusing 

solely on the DEM comes at the price of neglecting the spectral information that is helpful when aiming 

at classifying e.g. water bodies to discriminate cut bank slopes that might be mistaken as dunes due to 

their slope, curvature and shape characteristics. Bernhardson (2018) describes the variable vegetation 

cover that occurs on central Swedish dunes. Despite relating to different species the non-indicativeness 

of vegetation to dunes is perceived as transferable to the sand dunes in Northern Sweden. This is 

assumed to be the reason for spectral characteristics not being indicative of dunes. Curvature is un-

illuminated and therefore free from bias (Smith and Clark, 2005). In ArcMap 10.7, curvature was 

derived using the ‘standard’ setting which allows for combining the aspects of potential flow paths 

parallel and perpendicular to the maximum slope. In hindsight, the applicability of the purely parallel-

targeting and perpendicular-targeting curvature options could have been tested to evaluate if one leads 

to higher accuracy of the dune polygons when implementing it as input for segmentation. Next to 

curvature, planar slope data is used for segmentation. In this regard, the study agrees with the importance 

of investigating slope for Swedish dunes outlined in Bernhardson (2018). 

    Stating that “we are not classifying existing books but distinguishing individual books within 

continuous text”, Minár and Evans (2008 : 237) summarizes the challenges related to conceptualizing 

landform segmentation, thereby highlighting that agents overlap both in time and space.  

 

Classification process in eCognition Developer 9.5 

As described in the chapter ‘GEOBIA workflow’, a knowledge- and rule-based classification with 

empirically derived parameters and fixed boundaries was developed to classify the segmented image 

objects. This structure relies on the hypothesis that geomorphometric characteristics such as slope and 

curvature are most suitable to identify aeolian sand dunes in Northern Sweden. It constitutes one 

example of introducing prior knowledge to the classification and highlights the importance of a priori 

terrain knowledge (Schneevoigt, 2012). 

    The parameters for the rule-based classification are empirically derived by investigating the image 

objects in vicinity of the as point data available dune locations that were mapped by SGU (2014). This 

builds upon the assumption that the point data which was released in a product with the scale of 

1:250’000 is adequate to be used as indicator for the analysis based on the high-resolution DEM. 

Moreover, deriving the parameter setting from the point data is based on the assumption that these 

selected dunes represent the range of all potential dunes in the area investigated. Therewith, the approach 

accepts to scale up potentially strongly locally influenced dune characteristics to a larger area – self 

evident a limitation of sample-picking for the rule-based classification. The fact that the classification 

approach is based on the characteristics of the dune samples leads to the rule-based classification 

determining areas with the same selected characteristics. This notion draws from the signature 

approach which “starts from empirically defined examples, with further cases subsequently identified 
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by their statistical similarity” (Minár and Evans, 2008 : 256). It is important to realize that it does not 

find true dunes specifically but returns potentially suitable areas. 

    As discussed in Minár and Evans (2008) and Wernette et al. (2018) the independence of data when 

conducting knowledge-based classifications needs to be scrutinized. It is necessary to highlight that the 

parameters which determine the classification are manually set and potentially omit a certain type of 

dune morphology. This bears the potential to perceiving such dunes as inexistent. However, these 

features were solely not targeted by the ruleset, therefore not classified and hence not returned as result.  

    Next to the potential omission of features, image objects that show similarities to the targeted 

characteristics can be falsely classified. The high amount of image objects classified as potential dune 

locations indeed challenges the accuracy of the dataset and speculation about classified non-suitable 

areas as potential sites arises. The false positives can be confirmed during expert-decision. It is 

hypothesized that implementing fixed boundaries in the ruleset is one of the main drivers for its limited 

applicability. Implementing fixed boundaries leads to the discrimination of features which should have 

been classified but potentially differ only decimal places from the boundary. Extending the range of 

accepted image objects however, allows for erroneous classification of features with similar 

characteristics that are then located slightly above the boundary. One quickly finds themself in a 

predicament of disqualifying true dunes or accepting erroneous finds. This challenge of setting boundary 

parameters, which Minár and Evans (2008 : 241) refer to as “arbitrary incidence”, is intensified when 

applying the rule-based classification on larger areas as diversity within the characteristics increases - 

highlighting the scale-dependency of fixed thresholds (Reuter et al., 2006). This assumption is supported 

by the fact that the classification provides adequate results when confining the area it is applied to. Due 

to the overestimated amount of classified image objects, a manual expert-based decision as in Blaschke 

et al., (2014a) is unsuitable for the entire rule-based derived dataset of aeolian sand dunes in Northern 

Sweden. Therefore, thorough analysis of the dataset is limited to representative areas.  

    Machine learning certainly represents a solution to handle the segmented image objects over large 

areas. Tzotsos and Argialas (2008) conclude that support vector machine classification is very applicable 

in the context of GEOBIA, along with suitable computational efficiency. Graf and Wegenkittl (2012) 

agree and outline an approach to implement support vector machine classification to the eCognition 

software. Fitzsimmons et al. (2020) exemplify the use of support vector machine classification on 

aeolian landforms in Central Asia and state in their appendix A on page 12 that “Various classification 

algorithms were tested; in most cases, the Support Vector Machine (SVM) was most effective, in one 

case it was the Random Forrest (RF) algorithm”. However, limited objectivity must also be 

acknowledged for machine learning  as it included expert-chosen samples and manually set parameters 

(e.g. Szuster et al., 2011).  
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Suitability of the classification parameters 

The datasets introduced in the method chapter play different roles during analysis. While the slope as 

well as the shape parameter datasets (density, compactness and shape index) served as input parameters 

to the classification scheme, curvature values have solely been used during segmentation. 

    Setting the range of accepted values for a certain parameter strongly influences the upper and lower 

boundaries of the data plotted in figure 38. For the slope dataset, the lower boundary of values is strongly 

influenced by the parameter setting which only allows values above 10 degrees to be classified. The 

upper boundary of accepted values for dune classification was set to 40. In respect of figure 38 a 

reduction of this value to 25 is seen advantageous as it covers the quartile range while excluding outliers. 

This potentially reduces false positives with a low risk of abandoning extraordinary true positives. 

Figure 38 further shows that curvature values strongly vary, both for the selected and classified image 

objects as well as all image objects. An interquartile range with values shortly above and below zero 

can be detected for the expert-accepted and classified datasets. However, the number of outliers does 

not justify using the upper and lower boundaries as parameter settings. This supports the realization that 

the curvature dataset is essential during segmentation but unfit for the rule-based classification process 

when using fixed boundaries. A classification scheme that allows for relative boundaries might represent 

a solution to including curvature datasets during classification as this enables using changes in curvature 

rather than values. Due to the set-up of the classification scheme the density data is restricted in its 

upper boundary. This reduces the interquartile range for the classified data. The classified polygons 

which additionally are expert-accepted exhibit similar characteristics and thereby highlight the 

usefulness of ‘density’ as a classification parameter. Compactness values for the classified and all 

segmented image objects are spread widely with their medians being similar (classified: 2.66, all: 2.16). 

Despite the classified image objects’ range is reduced in comparison to all image objects, compactness 

is concluded to be an unsuitable parameter for classification due to the large amount of outliers and the 

relative similarity of the classified polygons to all segmented image objects. The shape parameter 

rectangular fit has not been used during the classification process and is therefore independent from 

the analysis. It indicates lower values for classified image objects. Moreover, a more narrow range can 

be perceived. In hindsight, it is therefore concluded that the shape parameter ‘rectangular fit’ could serve 

as a promising classification parameter. This is supported by the values demonstrated by the expert 

selection.  Restricting the shape index to values below 15 in the final classification turn leads to reducing 

outliers. Shape index values had been restricted to 1.5 during the first steps of the classification scheme. 

A median exceeding the value after all steps of the classification scheme indicates a high acceptance of 

previously declined image objects during the later steps of the classification scheme. The potential of 

increasing the parameters suitability by thoroughly investigating the classification schemes set-up is 

therefore acknowledged. 

 



 

52 

 

Accuracy of the ruleset-based classification  

As outlined in the chapter ‘Comparison of expert-accepted and classified polygons next to all image 

objects’, the ruleset based classification scheme accepts on average 2.5 % of all image objects. It 

contrasts to the expert-decision were 25.2 % of all classified image objects are accepted on average by 

its little variability in space. The percentage of expert-acceptance which strongly varies in space lies 

base for future research in respect to regionality, potentially aided by machine learning as outlined in 

‘Segmentation process in eCognition Developer 9.5’.  

    As previously outlined, different roles of data during analysis must be acknowledged. Aspect and 

elevation datasets are not used during the analysis. Therefore, an investigation of these parameters 

allows for an estimation of accuracy. It is hypothesized that strong divergence between the classified 

image objects in relation to all image objects represents an indication of appropriate classification 

whereas strong similarity indicates a weak classification outcome. The contrasting prevalence of east-

facing slopes for expert-accepted as well as classified image objects and flat areas for non-classified 

image objects meaningfully corresponds to the slopes being necessary for a dune to exist as a landform. 

The contrast further indicates senseful classification. The lack of north-facing slopes for expert-accepted 

polygons in comparison to all classified polygons is discussed in the chapter ‘geomorphometry’. 

Regarding the elevation data, there is a tendency of classified image objects being located at higher 

elevations than all image objects. This finding is challenged by expert-accepted polygons being located 

at lower elevation and exemplifies another case where expert-acceptance over larger areas is perceived 

as useful to challenge the classified image objects’ robustness. Further, no expert-accepted or classified 

image object is located at the lowest elevations possible within the landscape. This finding is elaborated 

on in the chapter ‘geomorphological context’. While representing a particular similarity for the expert-

accepted and classified datasets, this finding supports a suitable classification as it creates strong contrast 

to all segmented image objects.  
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Mid-chapter summary (method focus) 

Before moving towards an interpretation of the expert-accepted dune polygons, this section aims at 

providing a summary to the method-focused part of the discussion. 

 

The following quintessence is taken from the segmentation-related discussion: 

• The multi-segmentation algorithm used in eCognition Developer 9.5 represents a suitable 

approach to partition data with the aim of segmenting aeolian sand dunes in Northern Sweden. 

• The pre-processed DEM, curvature and slope datasets constitute suitable data input to the 

segmentation and with adequate weighing allow for constructive creation of image objects. 

• The variability in dune sizes promotes a splitting of large dune complexes or the omission of 

small features and represents an unsolvable challenges that must be compromised.  

• Manually setting segmentation parameters introduces subjectivity. 

 

Following key findings characterize the classification-focused discussion: 

• Prior knowledge plays a significant role for the ruleset-based classification. 

• Using point data to derive parameters for dune characteristics relies on the assumption of 

representativity for classifying polygons. Further, it relies on the assumption that the point data 

is suitable to describe the variability in spatial context. 

• The potential of omitting features due to differences in characteristics must be acknowledged. 

• The potential of erroneously classifying image objects similar in shape must be discussed. 

• The limitations of using fixed boundaries must be elaborated on. 

• The potential of machine learning in the context of dune classifications is highlighted. 

 

The suitability of parameters can be summarized by the following bullet points: 

• Slope data creates the strongest contrast between expert-accepted and classified polygons when 

comparing them to all segmented image objects. While acknowledging the impact of the 

classification scheme, there is need to highlight the strength of this characteristic.  

• Curvature data is essential during segmentation but unfit for classification. For classification, a 

use of curvature relative to the neighboring image objects’ curvature is seen as sensible. 

• The use of compactness values as classification parameter is interpreted as unsatisfactory 

whereas the use of density and rectangular fit values indicate suitable outcome. 

 

Following idea is elaborated on in the accuracy-focused section of the chapter: 

• Polygon characteristics that have not been included during analysis indicate differences when 

compared between the expert-accepted and classified image objects in comparison to all image 

objects - stronger differences are interpreted as higher accuracy of the dataset. 
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Investigating the identified dune locations 

This part of the study focuses on relating the method-derived findings to the theory introduced at the 

beginning of this thesis. In this regard, the classified and expert-accepted dune polygons are investigated 

in their geomorphological context and in relation to their geomorphometry. 

 

Geomorphological context 

Investigating the expert-accepted dune locations confirms the prevalence of parabolic dunes as 

anticipated from literature review (Bergqvist, 1981; Koster, 1988; Seppälä, 2004, 1972). It indicates the 

coexistence of single as well as coalesced dunes and reveals differences in fragmentation of the 

polygons. Further, it confirms dune proximity to eskers and glaciofluvial deltas (Seppälä, 1972).   

    The dunefields north and north-east of Vittangi exemplify differences in fragmentation of 

polygons, in shape and in orientation within relativly close proximity. Figure 39 shows the GEOBIA-

classified and later expert-accepted dune locations in relation to the surrounding landscape. For a more 

detailed view of the dunes, compare figure 33 and 34. A fragmented appearance of the dunes in location 

‘3’, especially in comparison to the dunes at location ‘4’ is perceived. This is explained by differences 

in slope steepness and attributed to slopes that are no longer targeted when generating the polygons. 

Regarding the quaternary geology map it is interesting to investigate that the fragmented dunes are 

denoted as within glaciofluvial deposits whereas the more profound shapes are located in areas termed 

‘aeolian sand’. This difference is assumed to stem from data resolution, as the quarternary geology map 

has a resolution of 1:250’000, meaning inaccuracies are strongly possible on large scale. A general 

tendency of the dunes pointing south-east to south-south-east is recognized. Knowing that the inner side 

of a dune parabola faces the wind (Ahlbrandt and Fryberger, 1980; Seppälä, 2004), winds are 

hypothesized to have originated from north-west during the time of dune deposition, see red arrows on 

figure 39. The wind source indicates the source of sediment as due to dunes being aeolian features, wind 

must have entrained the grains and transported the sediment away from its source (Seppälä, 2004). 

Tracing back in direction of the wind source an esker becomes apparent as closest source of sediment. 

The pronounced esker ridge, in green on the map, is preserved north of the dunes but was disturbed 

further south. It becomes apparent that the dunes at location ‘1’ and ‘4’ must have originated from an 

area where the glaciofluvial deposits were disturbed by glaciofluvial channels (yellow star) whereas the 

dunes at location ‘3’ must have originated from an area that today is disturbed by a river (orange star). 

With dunes at locations ‘3’ and ‘4’ being approximately in same distance to the esker but of different 

slope steepness it is hypothesized that the dunes at location ‘3’ are older than at location ‘4’. Other 

scenarios are less sediment avaiability or less transport capacity leading to limited sediment that is 

deposited and therefore less pronounced forms as a result. These scenarios are concluded to be unlikely 

due to the proximity of the dunefields and the assumed similarity of geomorphic agents. The deviation 

in orientation of the dunes at location ‘3’ in comparison to location ‘4’ is hypothesized to stem from 

wind channeling by the  topographic obstacles that are located north-west of location ‘3’.
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Figure 39 Map of the quaternary 

geology in the surroundings of 

Vittangi including the GEOBIA-

derived and expert-accepted 

dune locations for two target 

areas (see boxes). Landforms are 

restricted to dunes for better 

overview. The mapping of the 

dunes as polygons allows for an 

estimation of their orientation, 

here indicated with red arrows. 

These allow for insight in 

sediment sources as they indicate 

the direction of sediment 

transport. The yellow and orange 

stars refer to locations described 

in the text. All other data is 

published by SGU (2014) in their 

dataset ‘Jordarter 1:250 000, 

nordligaste Sverige’. The data is 

projected in SWEREF 99 TM.  

Own graphic. 
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Anthropogenic influence is existent in the area but is perceived as spatially consistent and therefore as 

no key reason for the differences in dune shape and orientation at the two above-mentioned locations. 

If the hypothesis of different age holds true, the esker at the orange star location must have been 

disturbed prior to the rivers existence, potentially by a meltwater channel. The dunes at location ‘2’ are 

hypothezised to have originated from the adjacent glaciofluvial source. It becomes clear that the elevated 

feature detected prior represents glaciofluvial deposits. Potentially, the volumeous existence of sediment 

is attributed to the shelter-providing hill located west of location ‘2’. Further, all dunes investigated are 

covered by vegetation with little reworking perceivable. Based on the knowledge of dune formation, it 

is hypothesized that vegetation cover must have differed during the time of formation, with vegetation 

being strong enough to reduce air flow but sparse enough to allow sediment to move.  

    The proximity of dunes to eskers and glaciofluvial channels has been elaborated on in the literature 

(Käyhkö et al., 1999; Seppälä, 1972; Wolfe, 2013) with the dunes studied in Van Vliet-Lanoe et al. 

(1993) representing one example of a previously studied and esker-derived cold-climate dune. The dune 

complex west of the lake Kurrakkajärvi represents another example, see figure 40. It is oriented 

towards south-south-east and tracing back in direction of the wind, glaciofluvial sediments are identified 

as sediment source.  Similar to figure 39, the yellow and orange star correspond to locations were an 

esker was disturbed by a meltwater channel or a river respectively. Due to patchy occurrence of 

glaciofluvial sediment along Kenttäkoski river east of the dune complex and the direction of the esker 

(denoted with the green linear signature), it is hypothesised that the feature extended north-east and was 

connected with the glaciofluvial deposits denoted with a blue triangle. It is hypothesized that the missing 

section was fluvially eroded.  It is further apparent that the channel system which borders the back side 

of the dune complex is much wider than the present stream. It is hypothesized that the meltwater channel 

mapped by SGU (2014) did not fully turn at the yellow star but extended further north towards the 

orange star. Expecting winds to follow a path of least resistance it is surprising that the dune complex is 

not oriented along the valley. In contrast, it is located so that winds provoking its formation must have 

travelled around the hill west of the dune complex. In this case, the winds travelling around the 

topographic obstacle must have eroded the esker, caused sediment transport and deposited the sand – 

thereby forming the dune complex. This possibility is supported by Hesp and Smyth (2017 : 29) who 

state that “flow around a blunt or curved solid object tends to produce marginal and downwind bed 

erosion […] while porous objects and plants tend to produce leeward deposition”. Sutton and Neuman 

(2008 : 7) complement that “the early entrainment of sediments from an element’s lee may allow the 

initiation of global sediment transport to occur under wind regimes weaker than previously expected”. 

In respect to the dune field west of Kurrakajärvi, this means that the geographic obstacle’s existence has 

contributed to dune formation as it locally increased wind speeds and thereby allowed originally lower 

wind speeds to transport sediment away from the esker and consequently forming the dune field.  This 

challenges the notion of obstacles slowing down wind and forcing dune formation by decreasing the 

winds transport capacity (Pye and Tsoar, 1990; Seppälä, 2004).   
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Similar to the dunes at location ‘3’ in figure 39, the dune complex west of Kurrakkajärvi is located on 

as such denoted ‘glaciofluvial sediment’ in contrast to ‘aeolian sediment’.  However, the data resolution 

introduced challenge for interpretation remains. The dune complex is further characterised by blow-outs 

which indicate reworking (Bernhardson, 2018). Further, signs of recent erosion are perceived from 

orthophotography and reported by Bergqvist (1981). Based thereon it is hypothesized that the large dune 

complex serves as new sediment source to the smaller single dunes that are located south-east of the 

main parabolas nose. This phenomenon highlights the dunes’ role as sediment storage as well as source 

which is introduced in figure 4. This hypothesis could be ascertained by dating the dune complex as 

well as the single dunes. It is hereby hypothesized that the single dunes are of younger age. 

 

 

 

Figure 40 Map of the quaternary geology in the surroundings of Kurrakkajärvi, including the GEOBIA-derived 

and expert-accepted dune locations for the dune complex. Data selection and visualization as aforementioned. The 

yellow and orange stars as well as the blue triangle indicate locations referred to in the text. The geological map 

is published by SGU (2014) and all data is projected in SWEREF 99 TM . Own graphic.  
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Geographic obstacles are of minor impact in the flat area where dune fields are located west of 

Meraslompolo, see figure 41. In this area, the drumlinisation of till that Hättestrand et al. (2004) classify 

as part of a relict glacial landscape creates valleys leading north-west to south-east, see location ‘1’. The 

south-east oriented dunes indicate that these valleys might have acted as funnels for winds during 

formation, deflecting the winds so that they became north-westerly and potentially increasing the 

transport capacity of airflow. Such behaviour of wind deflection has been demonstrated experimentally 

for winds with an approach-angle of less than 90° to the valley (Bullard et al., 2000) as well as 

hypothesized from measurements (Wiggs et al., 2002). The notion of wind deflection supports the 

assumption of aeolian disturbance to the glaciofluvial deposit at the location marked with the yellow 

star. The meterological station in Muodoslompolo (see figure 14 and 15) is located approximately 5 km 

east of the dune fields. It operated from 1965 to 1996 and measured a prevalence of south-easterly winds 

for lower wind speeds. Wind with higher speed and therewith suitable transport capacity is 

predominantely southerly and northerly. While northerly winds are likely to be deflected by the valleys 

and have potential to force the formation of south-east oriented parabolic dunes, the southerly winds 

conflict with the dunes’s orientation. Barchyn and Hugenholtz (2012) calculated a mean of 7.79 m/s for 

sediment transport during fall–winter–spring surface conditions in a cold-climate setting. This 

calculation of a mean is based on a measurement period between November 2008 and May 2009 and 

thus cannot represent a threshold descriptive for summer conditions. Despite being similar to the data 

split value in figure 15, an underestimation of transport capacity with impact on the perceived 

predominant wind directions is attributed a possibility. The assumption is based on the strong variability 

of thresholds in space and in time (Barchyn and Hugenholtz, 2012). For clarification, the wind data that 

was measured at Muodoslompolo weather station is replotted with splitting the wind speed data at 6 m/s, 

see appendix A.18.  The figure reveals that specifically winds with speeds above 6 m/s but below 8 m/s 

present a disproportionally high percentage for northerly and north-westerly winds. This particular 

difference is predominant for the frequently snow-free and thus dune formation influential months of 

May and June, compare A.2 and A.18 - and in strong agreement with the dunes’orientation. Further, it 

reveals the need for precisely determining the threshold needed to entrain sand in the area. A challenge 

is represented by the question of applicability of today’s thresholds when interpreting dune formation, 

especially knowing that “threshold variability is important and could dramatically affect sediment 

transport estimates in cold-climate aeolian systems” (Barchyn and Hugenholtz, 2012 : 48). Awareness 

to assuming similar conditions of wind patterns and strength during the time of the dunes’ formation 

and today’s wind measurements needs to be acknowledged. Additionally, secondary and multi-agent 

caused  changes of the dunes that occurred after formation must be considered. Southerly winds have 

not contributed to dune formation in the area. Their coexistence with south-east oriented dunes could 

indicate that southerly winds primarily occur during months were the dunes are sheltered due to snow 

cover, or interpreted as exemplifying a difference between the wind patterns during dune formation and 

the time of wind measurements.  
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With two parallel esker systems running north-east to south-west sediment supply is achieved, a large 

glaciofluvial channel system further disturbed the deposits and made it available for dune formation. 

The variability of dune orientations indicates multiple origins for sediments. The sediment for the dunes 

in location ‘1’ is hypothesized to have originated from the area denoted with a light-coloured yellow 

star. Here, winds are assumed to have eroded the glaciofluvial sediment contrasting to the area denoted 

with an orange star where a large glaciofluvial channel cut through the esker system. This is assumed to 

be the source area for the dunes denoted with ‘2’, ‘3’, and ‘4’ which emanate from the glaciofluvial 

sediment. The dark-coloured red star denotes the southern esker system which has been disturbed by the 

glaciofluvial channels and potentially contributed its sediment to the dunes denoted with a ‘5’. 

 

  

 

Figure 41 Map of the quaternary geology in the surroundings of Meraslompolo, including the GEOBIA-derived 

and expert-accepted dune locations for the dune complex. Data selection, visualization, data source and projection  

as aforementioned. The yellow, orange and red stars indicate locations referred to in the text. No data is available 

by SGU for the area in the upper right corner as the river constitutes the border to Finland. Own graphic.   
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Dunes located west of Karesuando, see figure 42, share their characteristics in respect to sediment 

supply through glaciofluvial deposits and sediment avaiablity due to esker disturbance by glaciofluvial 

channels (yellow star) with all aforementioned dune fields. The site is further characterized by 

variability in orientation with dunes facing east-east-south (denoted with ‘1’) to south-south-east 

(denoted with ‘2a’ and ‘2b’). In strong contrast to all aforementioned dune fields, some features point 

north-east (denoted with ‘3a’ and ‘3b’). Dune status for the strongly v-shaped features at location ‘3b’ 

is debatable due to the easterly left leg of the most eastern ‘dune’ in the figure certainly being part of 

the esker. Ground-truthing is needed to ascertain the characterisation. However, the feature at location 

‘3a’ can be classified as dune using the processed DEM, compare figure 22. Recent wind directions 

measured at the weather station in Karesuando (see figure 14 and 15) indicate a prevalence of westerly 

as well as southerly winds with suitable transport capacity. Westerly winds are exclusively dominant in 

May and June, whereas southerly winds dominate over westerly winds in January and November, see 

figure A.1. Splitting the data at 6 m/s strengthens this tendency and creates a predominance of westerly 

winds for May and June whereas southerly winds exceed westerly winds in every other month, see A.19. 

The dunes at location ‘1’ correspond well to the predominance of westerly winds. The forcing of the 

south-east oriented dunes at location ‘2a’ and ‘2b’ remaines unresolved while the impact of adjusting 

the threshold for sand transport can be eliminated as there are no prevalences in north-westerly winds 

for any wind speed, compare A.1 and A.19. Further, no north-east to south-west channeling of valleys 

is possible due to drumlins and drumlinised till being oriented from north-east to south-west. Hättestrand 

et al. (2004) hypothesize a formation of these drumlins during the last deglaciation age, thereby giving 

an explanation for the contrasting orientation to the drumlinised features between the Karesuando and 

the Muodoslompolo dune fields. Due to today’s wind pattern and no prominent wind channeling it is 

hypothesized that the south-easterly oriented dunes have been forced by dissimilar winds to the ones 

measured. Nevertheless, calculations of geostrophic winds indicate north-westerly winds (Wern and 

Bärring, 2009) and challenge the wind direction measurements at Karesuando station. The dune at 

location ‘3’ is possibly formed by the southerly winds that occur outside of the months that the dunes 

are sheltered by snow. This wind-focused investigation presents the need for exploring wind orientation 

and seasonality in datasets measured in other locations, an investigation on the cause for non-dominant 

north-westerly wind despite the existence of the respective dune forms and an in-depth search for the 

reasons of the large plurality of dune orientations within close proximity. Further, it highlights the 

difficulties of comparing the landforms with wind direction datasets that stem from another time scale 

as non-linear system response, multi-agent forcing and the temporal and spatial variability of e.g. 

thresholds pose challenges to interpretation. Despite all challenges, the reoccuring interpretation of dune 

orientations either varying due to topographic differences on local scale at the specific sites, or due to 

them being formed during different times under different wind regimes can be summarized.  
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Figure 42 Map of the quaternary geology in the surroundings of Karesuando, including the GEOBIA-derived and 

expert-accepted dune locations for the dune complex. Data selection and visualization as aforementioned. The 

yellow star indicates a location referred to in the text. The geological map was published by SGU (2014). Similar 

to figure 37, no data is available by SGU for the area that is part of Finland. All data is projected in SWEREF 99 

TM . Own graphic.  

 

    When analysing elevation data in the area of the dune field located west of Karesuando, see figure 22 

and 42, a correspondance of dune locations on slightly higher elevation is perceived. Specifically, the 

dune at location ‘3a’ is located at the rise of drumlinised till. This further holds true for the dune at 

location ‘2b’. It is therefore hypothesized that the drumlinised till represents surface irregularities that 

cause turbulences in the wind pattern which as a result subside sand grain transport (Pye and Tsoar, 

1990; Seppälä, 2004). If the hypothesis holds true, parabolic dunes in the study area not only form in 

relation to the air-influencing impact of vegetation but also in relation to topographic obstacles such as 

drumlinised till. In relation to elevation, this study further finds that no classified potential dune polygon 

is located below an elevation of 152 m and no expert-accepted dune below an elevation of 169 m, see 

figure 38. Nevertheless, the land surface reaches elevations of 2 m at the lowest points. On first sight, 

this finding strongly contradicts to the notion of dunes being located in valleys (Seppälä, 1972).  
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However, above-minimum values in the higher located parts of the landscape could still represent 

valleys. Therefore, a relative elevation should be investigated rather than the absolute. For further 

research, calculating a topographic position index (TPI) where positive values represent above-average 

elevation in relation to the proximate landscape and where negative values represent the contrary is 

strongly recommended (Favalli and Fornaciai, 2017). This allows for a more specific investigation of 

dunes in relation to geographic obstacles. Further, it clarifies if dunes that are not located in valleys (see 

figure A.7) represent exemptions or challenge the idea of dunes generally being located in valleys, as 

described in Seppälä (1972). It needs to be highlighted that the highest value of this study’s land surface, 

1102 m, and comparable elevations are only reached in the north-west of the study area, see figure 10. 

    Dune locations have been investigated in respect to the chronology of the landscape’s glacial history. 

It is apparent that less dunes are located in the south-west corner of the study area, see figure 10. This 

area is characterised by high variability in elevation, drumlin fields and Veiki moraines (SGU, 2014) 

and a lack of eskers and glaciofluvial landscape. It moreover corresponds to the area longest covered by 

ice (Stroeven et al., 2016), see figure 12. It is hypothesized that limited sediment supply forces a lack of 

dunes in the area. Therefore, ice sheet characteristics that influence the formation of depositional 

periglacial landforms are interpreted as influential to the existence of sand dunes in Northern Sweden. 

Further research is needed to test hypothesises about the impact of deglaciation’s temporal resolution. 

 

Geomorphometry 

The GEOBIA-derived dataset of polgons is characterized by a bimodal slope data distribution, see 

figure 25. Local maxima are 10° and 25°. A similar pattern evolves for expert-accepted dunes with 

maxima at 11° and 18°, see chapter ‘Analysis of the GEOBIA derived dune polygon dataset for the 

entire study area’. In correlation to the literature review, the lower numbers are hypothesized to represent 

gentle windward slopes whereas the higher values are interpreted as more pronounced lee sides 

(compare Seppälä, 1972). These findings are supported by Seppälä (1972) who, for Northern Swedish 

aeolian sand dunes, states values of between 4° and 16° for windward and 20° to 35° for lee sides. A 

question of parameter suitability arises when comparing the polygon’s slope data to the values stated by 

Seppälä (1972). The potential of slopes below 10° of slope specifically for windward sides is evident. 

This contrasts to the slope values targeted during analysis. It is therefore hypothesized that extemly 

shallow slopes of windward sides are excluded from the polygons. Further, the step which is 

hypothesized as divide between the windward and lee sides of the aeolian Northern Swedish sand dunes 

that were analysed is acknowledged to be very sharp and sudden, see figure 25 for reference. Further 

research is needed to clarify whether this step is caused by the dunes’ physical properties, limitations in 

the method (e.g. averaging when creating polygons), or other sources. 
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Analysing the expert-approved dune locations further indicates varying slopes within close proximity. 

In this respect, dunes with shallower slope appear fragmented as the analysis targets slopes solely above 

10°, compare figure 32. It is hypothesized that shallower dunes have been more pronounced before but 

were eroded with time. Consequently, either higher erosion rates on short time scales or a higher age are 

indicated by their presence. Schneevoigt (2012 : 128) meaningfully summarizes the high variability of 

geomorphometric characteristics in regard of the features “geographic situation, age, maturity and 

markedness” thereby drawing from Rasemann et al. (2004). Despite this cited research being focused 

on mountainous terrain its key message is strongly applicable to dunes in Northern Sweden. Interpreting 

slope steepness in relation to the dunes’ age is strongly challenged by the interconnectivity of impacting 

agents as, e.g. strong winds might have been amplified by arid conditions allowing for increased erosion. 

Consequently, erosion is hypothesized as strongly non-linear and impacted by thresholds as discussed 

on general basis in Church (2010). Based theron different slope steepness is concluded to indicate strong 

erosion if conditions were less gradual, and higher age if conditions were gradual. The analysis of the 

image objects further reveals a prevalence of east-facing slopes for expert-accepted as well as classified 

image objects, see figure 27 and A.4. It is hypothesized that this finding correlates to the lee slopes of 

the dunes as these are assumed to have been classified in their entirety - with no slopes left out due to 

the boundaries chosen during the classification process. In combination to a lack of north-facing slopes 

for the expert-accepted polygons it is further hypothesized that the predominantly south-east facing 

dunes that are located in the expert-analysed areas must be characterised by predominantly east-facing 

lee-sides on their more north-pointing legs – introducing asymmetry to the parabolas. A case of such 

non-symmetric, c-shaped parabolas are perceivable at location ‘2’ in figure 41. In this regard, Yan and 

Baas (2015 : 124) state that “cross-winds that blow oblique to the prevailing wind may lead to left- or 

right-handed asymmetry in dune morphology” and stimulate drawing the connection to the southerly 

winds recognized in the area of the Muodoslompolo weather station. Certainly, further research is 

needed to explore the signature of these winds and the analyse the asymmetry of the detected aeolian 

sand dunes in Northern Sweden. Acknowledging the concept of equifinality highlights the fact that yet 

another factor, besides the winds, could have impacted the dunes while leading to the same result 

(Church, 2010; Schneevoigt, 2012; Thorn, 1988).  
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Mid-chapter summary (dune site focus) 

This chapter summarizes the findings gathered from discussing the geomorphological context and 

geomorphometry of the identified dune locations before moving towards a discussion of uncertainties.  

 

In relation to analysing dune sites in their geomorphological context it can be summarized that 

• the predominance of southeast pointing dunes is explained by a forcing of northwesterly winds 

during formation, 

• analysing recent wind direction measurements reveals westerly and southerly winds 

characterized by a wind speed above 8 m/s for Karesuando meteorological station and southerly 

as well as northerly winds with wind speeds above 8 m/s for the station at Muodoslompolo, 

• the main sediment supply is attributed to esker systems in the area, along with sediment being 

made available through the disturbance of such esker systems by glaciofluvial channel systems, 

• dissimilar dune orientations reflect the impact of different or multi-directional wind patterns. 

Further, they highlight that sediment supply can be derived from several location, see figure 39. 

• today’s vegetation cover limits the reworking of Northern Swedish sand dunes to the occurrence 

of blow-outs. Vegetation is interpreted to have differed during formation - with vegetation being 

strong enough to reduce air flow but sparse enough to allow sediment to move.  

• the aeolian erosion of esker systems which are located directly behind a topographic obstacle is 

interpreted as possible, see figure 40. The notion of lee-located erosion behind an obstacle as 

elaborated in Hesp and Smyth (2017) and Sutton and Neuman (2008) is discussed as applicable 

to the study sites’ context. 

• despite the vast majority of dune complexes being fixed in location, the perception of inactivity 

is challenged by active blow-outs. Post-formation erosion emphasises the notion of dunes acting 

as sediment storage and as sediment source for the formation of other dunes.  

• the direction of valleys has strong impact on the dunes’ orientation, see figure 41 location ‘1’. 

A deflection of winds as outlined in Bullard et al. (2000) and Wiggs et al. (2002) is interpreted 

as applicable to the study site. 

• comparing the dune orientations to recent wind measurements is based on the assumption of 

comparability of e.g. the climatic setting as well as the applicability of thresholds calculated for 

the first entrainment and transport of sand grains. The interpretations’ complexity connects back 

to the challenges outlined in the chapter ‘sand dunes as paleoclimatic archives’ and is picked up 

in Barchyn and Hugenholtz (2012).  

• next to vegetation, drumlinised till causes turbulences in the wind pattern leading to the 

formation of sand on the windward sites of the topographic obstacle, see figure 42. 

• the dataset challenges the notion of dunes being located in valleys (Seppälä, 1972) and 

exemplifies need for further research to investigate dune locations in relation to topography. 

• For fragmented occurrence of dunes, see summary with focus on geomorphometry below. 
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In respect to their geomorphometry, it is interpreted that  

• the bimodal distribution of the classified image objects’ slope data as well as the expert-accepted 

dune location data represents windward and lee slopes, 

• a fragmented occurrence of sand dunes in Northern Sweden is interpreted as an erosion-

triggered characteristic and is therefore discussed to indicate higher age when gradual change 

is assumed and high erosion rates when catastrophic change is assumed, 

• the prevalence of east-facing slopes for the classified image objects (determined aspect data) is 

interpreted as representative for the lee sides of the, based thereon as predominantly east-

pointing perceived, parabolic dunes. Together with the lack of north-facing slopes for expert-

accepted dunes, the findings are discussed to represent asymmetry in south-east facing 

parabolas. 
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Discussion of uncertainties 

Assembling published dune location data from different sources (Bergqvist, 1981; Högbom, 1923; 

Seppälä, 1972) decreases data-inherent subjectivity in geomorphological mapping and feature 

identification (Bishop et al., 2012; Chorley and Kennedy, 1971; Minár and Evans, 2008). Chorley and 

Kennedy (1971 : 1)  meaningfully summarize that “The real world is continuous. Isolated structures are 

therefore subjective and artificial portions of reality, and the biggest initial problem is the identification 

and separation of meaningful sections of the real world”. Analysis-introduced subjectivity therefore 

needs to be additionally accounted for. This dissertation seeks to reduce human bias by segmenting and 

classifying based on using algorithms that transparently produce consistent results (Evans, 2012; Minár 

and Evans, 2008). All expert decisions were taken based on a framework to reduce potential inter-coder 

variability (Wernette et al., 2018). To increase transparency, all classified but expert-declined polygons 

are included where applicable. Nonetheless, the observer’s influence when accepting results needs to be 

acknowledged (Blaschke et al., 2014b; Minár and Evans, 2008). Furthermore, including expert decision 

in the workflow introduces the dilemma between ensuring quality and increasing subjectivity 

(Schneevoigt, 2012). Human error is yet another potential source of uncertainty which Wernette et al. 

(2018) exemplify by erroneous parameter setups.  

    Data fusion allows for a combination of independent variables which enhances variable 

independence and reduces the potential of faulty correlations driven by, e.g. technical errors. The use of 

slope values allows for an investigation of the land surface that albeit performing with similar quality to 

hillshades is not prone to azimuth biasing  (Evans, 2012; Favalli and Fornaciai, 2017; Smith and Clark, 

2005), and is independent from other DEM derivatives (Favalli and Fornaciai, 2017) . Azimuth biasing 

describes the enhancement or suppression of features depending on the angle of illumination (Smith and 

Clark, 2005). Bernhardson (2018 : 29) exemplifies that when perceiving hillshades “one researcher sees 

an aeolian dune, another one sees a moraine ridge and a third might see a fragmented esker”. This not 

only highlights the limitation of hillshades caused by azimuth biasing but also the impact each 

researcher’s background and exposure to paradigms has on their findings (Schneevoigt, 2012; Thorn, 

1988). To minimize azimuth biasing, all maps are displayed with a hillshade set at an azimuth of 315° 

overlain by a 50 % transparent hillshade set at an azimuth of 135°. Altitude remains at 45° for both 

hillshades. While using curvature datasets, their characteristic of amplifying noise is acknowledged 

(Hiller and Smith, 2008). However, the benefit of being non-illuminated and free from azimuth biasing 

is judged superior to the drawback which originates from the noise.   

    Resampling the DEM available at a resolution of 2 m by 2 m to a resolution of 5 m by 5 m with the 

aim of reducing the needed processing power comes at the price of averaging cells and smoothing the 

dataset. This impacts the polygon boundaries created in eCognition Developer 9.5 as the processing 

relies on the input datasets’ accuracies. Smoothing leads to a decrease in precision regarding the location 

of the segments’ boundaries. This disadvantage can be reduced by deriving the slope and curvature 

datasets from the 2 m by 2 m DEM and solely using the altered resolution to create the preprocessed 
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DEM. However, this results in dealing with datasets of different resolution. Further, small-scale dunes 

which cannot be adequately resolved will remain undetected. This impacts the scale parameter setup 

which allows for an adjustment of potential over- or under- segmentation (Blaschke et al., 2014a).  

 

Limitations of the study 

Fixed boundaries for slope datasets during multi-threshold segmentation do not allow to represent each 

dune due to regional and characteristic variability. A fuzzy classification would serve better as it adjusts 

to each dune location. Preferably, a change in e.g. concavity from dune slope to level ground could be 

investigated using curvature datasets. Therewith, the spatial extent of the dunes could be determined 

more precisely. Nonetheless and despite being scale-dependent, classifying dunes with strict boundaries 

still allows for an approximation of their size and insight on their orientation - therewith fulfilling the 

needs for context interpretation in this thesis. When it comes to feature characteristics, it proves 

challenging to differentiate between potential dune sites, dry oxbow lakes and other forms of ancient 

riverbed and outer bank due to their organic non-linear form, often similar slope and spectral 

characteristics. Potential is attributed to differentiate based on relative curvature, as dune forms contrast 

to riverbed in terms of their convexity. This provides an example to the limits of fixed boundaries and 

indicates that introducing the change of curvature to the classification in this thesis represents the main 

limitation with respect to achieving higher classification accuracies. 

    Further, the limitations of the classification process in relation to detecting feature characteristics 

need to be investigated to fully understand its capabilities. Restrictions to the detection and classification 

of dune sites stem from data resolution, parameter settings and proximity to disqualified image objects. 

Moreover, the fact that the classification scheme targets a certain type of dune form leads to missing the 

non-targeted forms. As previously outlined, resampling the DEM impacts the boundary locations’ 

precision as well as leads to not classifying features if their extent falls below the resolution. Moreover, 

features cannot be detected if their extent falls below the image object size defined by the scale factor 

or if they consist of image objects below 10° of slope. Further, there are cases where dunes blend into 

other features which are omitting the dune signal. This leads to a discrimination of the image object 

based on neighboring objects’ influence which offers potential to rejecting dunes as their characteristics 

no longer comprise the targeted, e.g. a certain degree of parabolic shape. Therefore, it must be 

acknowledged that specific types of dunes might not be detected during segmentation or classification.  

    The real power of GEOBIA probably lies in investigating larger areas to be able to extract comparable 

data for a variety of features over a broader area. Larger spatial extent however, introduces the need for 

a strong engine for processing, especially for the multi-resolution segmentation, as well as the 

challenge of a higher variability in the target features’ characteristics. All processing of this study was 

conducted on a ASUS UX550VD laptop with an Intel Core i5-7300HQ CPU processor with 8 GB RAM, 

using a 64-bit Windows 10 operating system. Therefore, the spatial extent of the study could only be 

achieved by resampling the DEM. 
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Chapter summary 

As the method-related discussion as well as the interpretation of the identified dune locations has been 

summarized prior to the end of the results chapter, the key findings are not repeated here.  

 

When analysing the created spatial data for aeolian sand dunes in Northern Sweden, sources of 

uncertainty are perceived as stemming from 

• data-inherent as well as during segmentation and interpretation introduced subjectivity, 

• the assumption that the point data used to derive the parameters for classification is 

representative for all aeolian sand dunes in the study area, 

• the application of fixed boundaries, 

• resampling the DEM and decreasing its resolution, and 

• the experimentally derived scale parameter setup for segmentation. 

 

Uncertainties are reduced by 

• using several sources of data to allow for data fusion and to increase variable independence, 

• overlaying hillshades with different azimuths to reduce azimuth biasing, 

• using a framework when manually identifying classified image objects as false positives to 

reduce the impact of and critically reflect on the researcher’s background.  

 

Not reducing all sources of uncertainty leads to the existence of limitations of this study. These can be 

summarized as: 

• ignoring true positives and accepting false positives during classification due to the application 

of fixed boundaries, 

• using total values for curvature rather than relative values which during classification leads to 

the false acceptance of e.g. channels as the data does not rely on changes throughout space, and 

• resampling the resolution of the DEM and thereby reducing precision as well as not allowing 

all features to be detected. 
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Conclusions 

This thesis starts with introducing dune characteristics and dune formation and conceptualises the cold-

climate sand dunes’ role within sediment systems as well as the dunes’ suitability as climate archives. 

It highlights the need for a systematic, spatial analysis of Northern Swedish aeolian sand dunes to 

investigate the dunes’ location, orientation and geomorphometry and to explore implications for past 

wind directions, sediment sources and dune activity. It underlines the need to combine strong 

conceptional and methodological background with in-depth method use and provides the parameter 

choice for segmenting and classifying Northern Swedish aeolian sand dunes as one example. Here, prior 

knowledge on the dunes and the landscape is essential to accurately generating polygons. This thesis 

demonstrates that the expert control which is characteristic for traditional geomorphological mapping 

and the use of innovative and machine-based approaches such as GEOBIA are non-exclusive. It is 

concluded that mixing these approaches contributes to a more elaborate outcome as the approaches are 

perceived to compliment each other. Whereas the use of algorithms allows for transferable, transparent 

and reproducible mapping boundaries and combats subjectivity in mapping, more traditional approaches 

ensure quality through expert knowledge and human decision-making. 

    The findings of this thesis provide answers to the key questions outlined at the very beginning of this 

thesis. For reference, the respective conclusions are highlighted. Based on the chapter on dune 

formation, it is concluded that due to their formation, cold-climate dunes can carry information about 

all influencing agents. Temperature, moisture, vegetation, wind, snow cover, fire, precipitation and 

groundwater impact the dunes’ type, shape, geomorphometry, state of activity, internal structure, 

location and orientation. In this regard, the thesis focuses on exploring past wind patterns by 

investigating the dunes’ geomorphometry and orientation. Which roles do sand dunes have within the 

sediment routing system? Conclusions to this key question draw from the similarly termed chapter. 

Reflecting on the notion of the sediment budget approach, the cold-climate dunes’ role is defined as 

sand storages as well as sand sources. Once stabilised, cold-climate dunes act as storages. If the 

influencing agents trigger a change in dune activity, sheltering is breached, sand availability is increased 

and sand is deflated. In this case, cold-climate aeolian sand dunes act as a source for secondary dunes 

and moreover contribute to non-linear system response. The latter constitutes one of the challenges when 

deriving cold-climate aeolian sand dunes’ suitability as climate archives. The influencing agents’ 

signature to the dunes’ characteristics outlined above is fundamental to the aeolian cold-climate sand 

dunes’ suitability as climate archives. Conceptualizing cold-climate dunes as (specified) process-

response-system highlights the effect of input on process, and the determining impact on response. 

These effects demonstrate strong suitability of Northern Swedish aeolian sand dunes as climate 

archives, with paleo-climatological interpretation being constrained by factors which introduce 

uncertainty to the paleo-climatic signal. The constraints can be summarized as the interconnectivity of 

agents, hysteresis and non-linear system response, limited knowledge on the degree of graduality of past 

change and equifinality of response.  
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To meaningfully segment and classify sand dunes in Northern Sweden, need is high to find suitable 

input data to GEOBIA. In this regard, it is an absolute necessity to know how the dunes can be 

characterized by DEM derivatives such as slope, aspect, and curvature as well as their spectral 

characteristics. Based on the method-oriented part of this study it is concluded suitable to solely use a 

DEM, slope and curvature data when segmenting datasets in an GEOBIA context with the aim of 

identifying aeolian sand dunes of parabolic shape in Northern Sweden. This is a very valuable 

outcome as it implies that respective research does not require extensive optical data, which causes high 

processing demand, as well as allows features to be possibly shielded by vegetation. Based on the 

performance of the input data, it is concluded that Northern Swedish sand dunes are most fittingly 

characterised by slope, curvature and elevation data. Aspect data did not prove suitable due to its 

indifference with other non-dune slopes. Similarly, spectral indices are concluded to be nonindicative 

of dunes due to their strong dependence on non-dune specific vegetation characteristics. After deriving 

suitable input data, a combination of traditional geomorphological mapping and GEOBIA allows to 

semi-automatically segment and classify Northern Swedish aeolian sand dunes. Analysing the classified 

polygons indicates a prevalence of slopes of 10° and 25°, demonstrates curvature values in close 

proximity to zero and implies a strong tendency to east-facing slopes. Restricting the analysis to the 

expert-accepted polygons returns a prevalence of 11° and 18° for the slope dataset. Elevation minima 

are located at 169 m for the expert-accepted polygons and 152 m for the entire polygon dataset. 

Investigating the polygon data further confirms a prevalence of parabolic dune forms, reveals the 

coexistence of simple dunes with large coalesced systems, exemplifies that dune orientations can be 

used to explore past wind directions to identify sediment sources, highlights that most dune systems in 

Northern Sweden are supplied by glaciofluvial deposits and concludes that the disturbance of esker 

systems by meltwater played a significant role for sediment avaiability and the beginning of dune 

formation. The findings highlight a strong suitability of GEOBIA to semi-automatically map aeolian 

sand dunes in Northern Sweden. Based on the results, it is concluded that the multi-resolution 

segmentation algorithm with a scale parameter of 15 and a homogeneity criterion of 0.1 for the shape 

criterion, and 0.5 for the compactness criterion provides most appropriate segmentation results. The 

rule-based classification scheme generates polygons that are expert-accepted with 25 % on average. It 

is concluded that the classification scheme provides suitable first results in an low-threshold and 

computationally non-extensive manner, while leaving room for improvement.  

    The overall hypothesis of this thesis is accepted as the results showcase that systematically and 

spatially investigating aeolian sand dunes in Northern Sweden and semi-automatically and reproducibly 

mapping these landforms allows for illustrating patterns in dune location, determining sediment sources, 

investigating dune orientation and characterising dune geomorphometry. By further providing insight 

in past wind directions and dune activity adequately mapped aeolian sand dunes provide insight in 

landscape development and contribute to a better understanding of long-term landscape (in)stability 

in Northern Sweden.  
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On the basis of the advantages stemming from summary chapters, this chapter ends with highlighting 

the main achievements, ideas for method improvement and future research options in bullet-point style. 

 

The following results were achieved during the time of the study: 

• mosaicked high resolution orthophotographs and a mosaicked DEM for the study area, 

• a semi-automatic creation of dune polygons with defined and reproducible mapping boundaries 

that is based on the same parameters for the entire area and ensures comparability, 

• the decision to investigate dunes based on geomorphometry which allows to be independent from 

vegetation cover and visual characteristics as well as challenges such as shading, 

• an approach that allows to reduce processing power by restricting analysis to a preprocessed DEM, 

slope and curvature data, 

• newly gained knowledge on dunes’ location, orientation and geomorphometry due to working with 

polygon instead of point data, and 

• indication of previously unmapped dunes. 

 

Future improvement of the method could include 

• improving the eCognition classification algorithm so that it clearly identifies the targeted form and 

allows to accept datasets without expert decision,  

• using a classification algorithm with fuzzy boundaries that eliminates the predicament of 

disqualifying true dunes or accepting erroneous finds due to their proximity to a fixed boundary 

and thereby reduces false positives, 

• using higher resolution input data to GEOBIA to allow for all features to be detected but also to 

reduce the pixel-like pattern of polygon boundaries,  

• implementing machine learning to investigate potential benefit during the classification process, 

• converting the DEM datasets to an image and enhancing it as outlined in Favalli and Fornaciai 

(2017) and evaluating its potential benefit to the accuracy of segmentation,  

• investigating relative elevation rather than the absolute by calculating a topographic position index 

(Favalli and Fornaciai, 2017) and thereby allowing to understand the location of dunes in relation 

to their surrounding topography, and 

• in depth statistical testing of input parameters and polygon output. 

 

Subsequent research could involve 

• ground penetrating radar to investigate the dunes’ stratigraphy,  

• dating to unravel the temporal relation within similar appearing dunes and between groups,  

• investigating oral and written historical sources to estimate human impact on the area, and 

• investigating wind data measured at all stations in the study areas’ proximity for tendencies in 

direction as well as seasonality.   
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Appendix 

 

Figure A.1 Wind direction data for Karesuando weather station split by transport capacity of the winds, at 8 m/s. Data published by SMHI. Own graphic. 

 

 

 

  



 

2 

 

Figure A.2 Wind direction data for Muodoslompolo weather station split by transport capacity of the winds, at 8 m/s. Data published by SMHI. Own graphic. 
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Figure A.3 Summary of the classification scheme as pseudo-code. Including it into eCognition Developer follows 

a clickable procedure. Own summary. 
 

 

Commented Pseudo-Code for selecting Sand Dunes in Northern Sweden 

Experimental rule-based classification with empirically determined parameters and 

fixed boundaries 

 

 

1. Processing Set-up 
    input: processed DEM, slope, curvature 

  

2. Multi-Segmentation with the aim of building image objects with homogeneity in 
selected input parameters 

input and weighing: processed DEM (1), slope (2), curvature (3)  

 

setting: Scale parameter – 15 

         Shape – 0.1 

         Compactness – 0.5 

  

3. Classification with the aim of selecting suitable image objects by slope values 
and selected shape characteristics; and building classes 

    if slope* in image objects >= 10 to <= 25 

        assign class 'Slope 10 to 25' 

        loop as long change occurs 

 

    if slope* in image objects > 25 to <= 40 

        assign class 'Slope > 25 to 40' 

        loop as long change occurs 

 

* Note that when selecting by slope all other input parameters used for segmentation 

are also considered as these processing steps use the created image objects and do 

not operate on pixel scale. 

         

 

    if shape index in 'Slope 10 to 25' and 'Slope > 25 to 40' < = 1.5      

        assign class 'No Dune' 

        loop as long change occurs ** 

 

    if shape index in 'Slope 10 to 25' and 'Slope > 25 to 40' > = 5      

        assign class 'No Dune' 

        loop as long change occurs ** 

 

    if density in 'Slope 10 to 25' and 'Slope > 25 to 40' < = 1.5      

        assign class 'No Dune' 

        loop as long change occurs  

 

    merge class 'Slope 10 to 25' 

 

 

 

4. Refinement part 1 with the aim of discriminating similar features that would 
produce false positives for shallower slopes 

    if area in 'Slope 10 to 25' > = 6000 pxl      

        assign class 'No Dune' 

        loop as long change occurs 

     

    if shape index in 'Slope 10 to 25' < = 1.5      

        assign class 'No Dune' 

        loop as long change occurs ** 

 

    if shape index in 'Slope 10 to 25' > = 5      

        assign class 'No Dune' 

        loop as long change occurs ** 

 

    if density in 'Slope 10 to 25' > = 20      

        assign class 'No Dune' 

        loop as long change occurs 
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    if compactness in 'Slope 10 to 25' < = 1.5     

        assign class 'No Dune' 

        loop as long change occurs 

 

** repetition of previous step as this applies to the merged class 

 

 

5. Finalization of classes 
merge class 'Slope 10 to 25' 

assign 'Slope 10 to 25' and 'Slope > 25 to 40' to class 'Potential Dune' 

merge class 'Potential Dune' 

merge class 'no Dune' 

 

 

6. Refinement part 1 with the aim of discriminating similar features in the final 
class 'Potential Dune' 

    if area in 'Potential Dune' > = 10000 pxl      

        assign class 'No Dune' 

        loop as long change occurs 

 

    if shape index in 'Potential Dune' < = 1.5      

        assign class 'No Dune' 

        loop as long change occurs 

 

    if shape area in 'Potential Dune' > = 15     

        assign class 'No Dune' 

        loop as long change occurs 

 

    if density in 'Potential Dune' > = 2      

        assign class 'No Dune' 

        loop as long change occurs 

 

    merge class 'Potential Dune' 

 

    if compactness in 'Potential Dune' < = 1.5      

        assign class 'No Dune' 

        loop as long change occurs 

    

      

7. Export 
    export class 'Potential Dune' as shapefile 

        vector data, polygon 

        include selected variables in attribute table 

     

    export object and project statistics 
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Figure A.4 Main statistical characteristics of the respective image objects. Own table. 

 

  
Modus Median Minimum Maximum Range 

Slope Expert 10.0131 13.9825 10.0131 27.1313 17.1183 

Slope Classification 10 12.8668 10 39.994 29.994 

Slope All 2.8567 2.2309 1.54E-09 89.5845 89.5845       

Curvature Expert 0 0.1667 -7.3108 9.177 16.4878 

Curvature Classified 0 0.0402 -25.1443 22.287 47.4313 

Curvature All 0 0 -3.40E+30 3.02E+03 3.4E+30       

Aspect Expert  90 180 -1 315 316 

Aspect Classification 90 135 -1 354.8056 355.8056 

Aspect All -1 -1 -1 359.6649 360.6649       

Elevation Expert 168.7627 263.7702 168.7627 350.4483 181.6856 

Elevation Classified 340 405.1066 152.2886 1.10E+03 946.7114 

Elevation All 324 370.6061 2.6938 1102 1099.306       

Density Expert 0.6029 1.2764 0.6029 1.9889 1.386 

Density Classified 0.7222 1.2416 0.2566 2.2394 1.9828 

Density All 2.2753 1.2992 0.1231 2.4018 2.2787       

Compactness Expert 3 2.6094 1.5006 10.9512 9.4506 

Compactness 
Classified 

2 2.6614 1.5001 36.3335 34.8334 

Compactness All 1 2.1698 1 49.3714 48.3714       

Rectangluar Fit 
Expert 

0 0.6485 0 0.8762 0.8762 

Rectanglular Fit 
Classified 

0 0.6367 0 0.9152 0.9152 

Rectangular Fit All 1 0.7044 0 1 1       

Shape Index Expert 1.5189 2.3754 1.5021 9.7647 8.2626 

Shape Index 
Classified 

2 2.4371 1.5006 14.117 12.6164 

Shape Index All 1 1.9524 1 73.7566 72.7566 
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Figure A.5  Dunes south-east of Esrange. A variety of dune forms is highlighted. Own graphic. 
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Figure A.6 Dunes north-west of Palojoensuu which represent a large coalesced system. Own graphic. 
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Figure A.7 Dunes south of Kuttainen which are located in close proximity to an esker. Own graphic. 
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Figure A.8 Dunes north of Pulsujärvi which are located in close proximity to an esker. Own graphic. 
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Figure A.9 Dunes south-east of Tuolpukka which are located in close proximity to an esker. Own graphic. 
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Figure A.10 Dunes south-east of Saittarova. Own graphic. 
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Figure A.11 Dunes west of Nedre Soppero with several coalesced parabolas. Own graphic. 
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Figure A.12 Dunes north-east of Huhtanen. Own graphic. 
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Figure A.13 Dunes west of Kitkiöjoki. Own graphic. 
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Figure A.14 Dunes north-west of Rikkisvuoma. Own graphic. 
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Figure A.15 Dunes north-east of Tärendö. Own graphic. 
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Figure A.16 Dunes south of Parakka which have not been previously mapped. Unfortunate is the blending of other 

features into dune shape. Own graphic. 
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Figure A.17 Calculation of classification accuracy. The classified image objects are seen in relation to all image 

objects whereas the expert-decision relates to the classified image objects. On average, 2.5% of all image objects 

are accepted as true by the rule-based classification and consequently classified as potential dune. Thereof, one 

quarter is accepted as true dune by an expert on average.  

 

  
All image 
objects 

thereof 
classified 

thereof 
classified (%) 

thereof expert-
accepted 

thereof expert-
accepted (%) 

Kuttainen 1676 47 2.80 4 8.51 

Palojoensuu 3286 72 2.19 40 55.56 

Meraslompolo 29332 732 2.50 184 25.14 

Kitkiöjoki 9041 176 1.95 59 33.52 

Tuolpukka 6675 224 3.36 26 11.61 

Huhtanen 5178 83 1.60 31 37.35 

Tärendö 7126 101 1.42 21 20.79 

Saittarova 13067 266 2.04 43 16.17 

Parakka 1621 57 3.52 2 3.51 

Vittangi N-E 8040 195 2.43 85 43.59 

Vittangi N 2269 52 2.29 22 42.31 

Esrange 8233 203 2.47 43 21.18 

Nedre Soppero 2071 35 1.69 15 42.86 

Rikkisvuoma 4085 108 2.64 11 10.19 

Karesuando 6639 200 3.01 44 22.00 

Pulsujärvi 4621 159 3.44 19 11.95 

Kurrakkajärvi 10514 326 3.10 72 22.09 
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Figure A.18 Wind direction data for Muodoslompolo weather station split by transport capacity of the winds, at 6 m/s. Data published by SMHI. Own graphic. 
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Figure A.19 Wind direction data for Karesuando weather station split by transport capacity of the winds, at 6 m/s. Data published by SMHI. Own graphic. 

 

 

 







Examensarbete vid Institutionen för geovetenskaper 
ISSN 1650-6553 


