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Abstract 
Projected air and ground temperatures are expected to be higher in Arctic and sub-Arctic 

latitudes and with temperatures already close to the limit where permafrost can exist, 

resistance against degradation is low. With thawing permafrost, the landscape is modified 

with depression in which thermokarst lakes emerge. In permafrost soils a considerable 

amount of soil organic carbon is stored, with the potential of altering climate even further 

if expansion and formation of new thermokarst lakes emerge, as decay releases 

greenhouse gases (C02 and CH4) to the atmosphere. Analyzing the spatial distribution and 

morphometry over time of thermokarst lakes and other water bodies, is of importance in 

accurately predict carbon budget and feedback mechanisms, as well as to assess future 

landscape layout and these features interaction. Different types of high-spatial resolution 

aerial and satellite imageries from 1963, 1975, 2003, 2010 and 2015, were used in both 

pre- and post-classification change detection analyses. Using object oriented segmentation 

in eCognition combined with manual adjustments, resulted in digitalized water bodies 

>28m2 from which direction of change and morphometric values were extracted. The 

quantity of thermokarst lakes and other water bodies was in 1963 n=92, with succeeding 

years as a trend decreased in numbers, until 2010-2015 when eleven water bodies were 

added in 2015 (n=74 to n=85). In 1963-2003, area of these water bodies decreased with 

50 651m2 (189 446-138 795m2) and continued to decrease in 2003-2015 ending at 129 

337m2. Limnicity decreased from 19.9% in 1963 to 14.6% in 2003 (-5.3%). In 2010 and 

2015 13.7-13.6%. The late increase in water bodies differs from an earlier hypothesis that 

sporadic permafrost regions experience decrease in both area and quantity of thermokarst 

lakes and water bodies. During 1963-2015, land gain has been in dominance of the ratio 

between the two competing processes of expansion and drainage. In 1963-1975, 55/45%, 

followed by 90/10% in 1975-2003. After major drainage events, land loss increased to 

62/38% in 2010-2015. Drainage and infilling rates, calculated for 15 shorelines were 

varied across both landscape and parts of shorelines, with in average 0.17/0.15/0.14m/yr. 

Except for 1963-1975 when rate of change in average was in opposite direction (-

0.09m/yr.), likely due to evident expansion of a large thermokarst lake. Using a square 

grid, distribution of water bodies was determined, with an indistinct cluster located in NE 

and central parts. Especially for water bodies <250m2, which is the dominant area class 

throughout 1963-2015 ranging from n=39-51. With a heterogeneous composition of both 

small and large thermokarst lakes, and with both expansion and drainage altering the 

landscape in Tavvavuoma, both positive and negative climate feedback mechanisms are in 

play - given that sporadic permafrost still exist.   

Keywords: thermokarst lakes, permafrost, GIS and remote sensing, change detection 

analysis, morphometry, Tavvavuoma 
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1. Introduction 
Current and projected global rise in mean annual air and ground temperatures and 

associated environmental changes have been, and are expected to be greater in Arctic and 

sub-Arctic latitudes than for non-Arctic locations (Riordan et al., 2006; Hugelius et al., 

2011; Jones et al., 2011; Séjourné et al., 2015). Thawing of permafrost in tundra and peat 

environments is an apparent indicator of warming Arctic and sub-Arctic landscapes due to 

global climate change (Jones et al., 2011; Morgenstern et al., 2011). In these regions, a 

considerable quantity of soil organic carbon (SOC) is stored in peat and mineral soils. 

These SOC-rich and permafrost affected soils have the potential to alter global mean 

temperatures even further (Hugelius et al., 2011; Sannel & Kuhry, 2011; Sannel et al., 

2015). When air and ground thermal equilibriums are altered, permafrost degrades and in 

the depressions forming, distinctive landforms such as thermokarst (thaw) lakes can 

develop (Hugelius et al., 2011; Jones et al., 2011; Morgenstern et al., 2011).  

Formation and drainage of thermokarst lakes are either positive or negative climate 

feedback mechanisms. The positive feedback mechanism occurs when greenhouse gases 

are released to the atmosphere due to decay of permafrost and mobilization of 

decomposed SOC into either carbon dioxide (CO2) or methane (CH4), depending on if the 

process occurs in either aerobic or anaerobic conditions. This process further increases 

global mean temperature and thus increases the potential for continuing permafrost 

degradation and thermokarst lake development. The negative feedback mechanism is 

caused by accumulation of organic carbon rich material in drained thermokarst lake 

basins and fen vegetation infilling on water bodies. This process results in carbon sinks, 

which reduce atmospheric greenhouse gases and consequently decrease global mean 

temperature and preventing further thawing of permafrost (Frohn et al., 2005; Hinkel et 

al., 2005; Carroll et al., 2011; 

Morgenstern et al., 2011; Sannel & Kuhry, 

2011; Sannel et al., 2015).  

The occurrence and formation of 

thermokarst lakes is one of the most 

frequent and dynamic feature in high 

circumpolar latitudes (Jones et al., 2011), 

although the direction, magnitude and 

rate of change varies among different 

landscapes and climatic regions (Sjöberg 

et al., 2013). There are four defined 

regions of permafrost - Continuous, 

discontinuous, sporadic and isolated. 

(Figure 1). The difference between the 

regions is the amount of permafrost 

affecting the soils. For the continuous 

permafrost region, 100-90% of the area 

needs to be affected. For discontinuous 

89-50%, sporadic 49-10% and for 

isolated permafrost patches less than 10% 

needs to contain permafrost (Brown et al., 

1998/2001). Tavvavuoma in northern 

Sweden, is located within the sporadic 

Figure 1. The spatial distribution of the four different 
permafrost regions in circumpolar latitudes, with 
Tavvavuoma in northern Sweden located in the 
sporadic permafrost region. Data source: (Brown et al., 
1998/2001). 
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permafrost region, but should due to its high latitude location hypothetically constitute of 

more widespread permafrost. The sporadic permafrost class is because of two reasons. 

Firstly, the north Atlantic drift, influence the otherwise high polar latitude to adopt a 

milder climate than expected for the latitude. Secondly, the protective properties inherent 

in peat plateaus’ and palsas’ conductivity, limits distribution of permafrost, to extend 

beyond the vicinity of these formations. Having a ground temperature close to 0°C further 

limits the potential to a more widespread distribution of permafrost (Sannel & Kuhry, 

2011; Sannel et al., 2015; Sjöberg et al., 2015). The close to 0°C ground temperature in 

Tavvavuoma and the proportionally highest increase in air and ground temperature 

susceptible to affected near polar latitudes first (Collins et al., 2013), limits any further 

resistance against expansion, formation and drainage of thermokarst lakes (Sannel & 

Kuhry, 2011; Sannel et al., 2015).  

A general idea is that the spatial extent of thermokarst lakes, as well as the quantity of 

lakes are considered to increase in the continuous permafrost region, while a decrease in 

area and numbers is current or imminent in regions with discontinuous, sporadic or 

isolated permafrost occurrence (Smith et al., 2005; Grosse et al., 2008; Jones et al., 2011; 

Sannel et al., 2015). This idea has however been questioned, since the actual development 

has not followed the scenario (Karlsson et al., 2014). In Tavvavuoma, both formation and 

drainage of thermokarst lakes was reported during 1963-2003 (Sannel & Kuhry, 2011). 

Remote sensing and geographical information system (GIS) have been key sources and 

methods for detection of environmental changes, there among analyzes of the 

spatiotemporal distribution of thermokarst lakes and other water bodies. Earlier studies 

on thermokarst lakes have been performed using various sources of imagery with 

variations in spatial resolution based on the scale of the studied feature. Among many 

Morgenstern et al. (2011) retrieved morphometric variables using Landsat-scenes, while 

Sjöberg et al. (2013) provided detailed morphometric information about thermokarst 

lakes in peat landscape using high-resolution imagery. Jones et al. (2011) and Sannel & 

Kuhry (2011), executed time series analyses using a combination of high-resolution 

imagery such as aerial photographs, orthophotos and IKONOS scenes. Using medium-

resolution data offer possibilities for broader regional analyses of larger water bodies. 

High-resolution data in contrast provide opportunities for studies on smaller thermokarst 

lakes, and detection of subtle spatial changes not distinguishable in imagery with lower 

spatial resolution. These small changes in thermokarst lakes, are not to be neglected as 

they are considered to be important contributors of greenhouse gases (Grosse et al., 2008; 

Sannel & Brown, 2010). Previous studies encouraged use of high-spatial resolution 

imagery in quantifications of expansion and drainage rates, as well as further investigate 

the distribution and morphometry of thermokarst lakes and other water bodies in 

changing climate scenarios.  

2. Purpose of study and scientific questions 
Analyses of the spatial distribution, temporal change and morphometric variables 

regarding formation and drainage of thermokarst lakes and other water bodies, can all 

together gain a better understanding to the connection and response of releases and 

uptakes of greenhouse gases, and as well be used for prediction models to assess the 

future landscape layout and landscape feature interaction. Building upon Sannel & Kuhry’s 

(2011) study, I added 2010 and 2015 to the time series to achieve the most recent multi 

temporal change detection and morphometric analysis in Tavvavuoma.  
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The objectives of this study were therefore to (1) identify spatial patterns of thermokarst 

lakes and other water bodies using remotely sensed high spatial resolution imagery and 

GIS, and (2) to quantify spatiotemporal changes of thermokarst lakes and other water 

bodies between 1963 and 2015 in Tavvavuoma using pre- and post-classification change 

detection techniques. (3) Link direction of change and morphometry of thermokarst lakes 

and other water bodies to their location, in order to add understanding of where and why 

spatial changes occur.  

To achieve the objectives, the following questions were set: 

 Where are thermokarst lakes and other water bodies located within the 

landscape?  

 

 In which direction, magnitude and rate of change have thermokarst lakes and 

other water bodies developed over the time span 1963 – 2015? In addition, how 

have morphometric variables changed? 

2.1 Delimitations 
The study is geographically restricted to the 1 km2 research site in Tavvavuoma in 

northern Sweden, where sporadic permafrost occurrence exists on peat soils.  

Delimitation was placed to support investigation of distribution and morphometry of 

thermokarst lakes and shallow ponds and wet open fens in non-permafrost depressions. 

The approach to detect and analyze all water bodies, except streams, is dissimilar from 

previous studies only taking thermokarst lakes into consideration. All water bodies, being 

thermokarst lakes or ground water table visible in non-permafrost depressions, affects the 

landscape composition and in the end permafrost degradation. 

Presence and development of thermokarst lakes and other water bodies from 1963-2015 

(1963, 1975, 2003, 2010 and 2015) was considered in this study. Events between these 

years were not included, although events promoting thermokarst lake appearance and/or 

disappearance could have occurred.  

Change detection can be carried out using two images representing two periods in time, 

making it a bi-temporal change detection. Having more images available over a longer 

time span (1963-2015) a multi-temporal change detection analysis can be performed. A 

multi-temporal change detection is not limited to only observe changes, but instead a 

method for detecting progress and trends (Zhou & Kurban, 2008).  The multi-temporal 

change detection used both a pre-classification technique with raster difference 

algorithms and a post-classification approach with vector shapefiles in overlay analyses. 

Methods for classifying and delineating water bodies, later to be used in vector analyses, 

are many, varied and subject of accuracy debates. Evaluation and further investigations of 

different delineation techniques was beyond the scope of this study.  

3. Theoretical background 

3.1 Permafrost, peat plateau and palsa properties 
Thermokarst landscapes can only occur in regions where air and ground temperatures 

previously have been sufficient to keep soils in a frozen state – permafrost. Permafrost is 

defined as ground that have been below 0°C for two or more consecutive years 

(Osterkamp, 2001; Huggett, 2011). Not all grounds are however permanently frozen in a 

permafrost affected region. The top soil layer is called the “active layer”, supporting 
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vegetation and interactions with the atmosphere and seasonal heat fluxes (Desonie, 2008; 

Hugget, 2011). 

Peat plateaus are common landscape features in the discontinuous and more transitional 

permafrost regions.  They are frozen peatlands located above the water table caused by 

the geomorphologic process of frost heave (Länsstyrelsen Norrbotten, 2008; Sannel & 

Kuhry, 2011). As part of a peatland constellation, the occurrence of palsas can be present. 

The landform constitutes of frost heaved peat located above the lower surrounding mire. 

Beneath the ascended peat, a centrally located core of permafrost and ice is present 

(Kujala et al., 2008). Considering thermokarst lakes in peatland landscapes, they act 

slightly different compared to thermokarst lakes in mineral soils (Kujala et al., 2008; 

Sannel & Kuhry, 2011). In contrast to thermokarst lakes in mineral soils, thermokarst 

lakes in peat soils are assumed to react less rapidly to changes in climate controlling 

factors. The differences owing to the dissimilarities in thermal properties between the two 

soil types. A dry cover of peat over the underlying permafrost affected soil, prevent 

summer temperature to reach the depth of permafrost. A wet peat however, due to its 

greater conductivity, results in a greater continuous heat loss (Kujala et al., 2008; Sannel & 

Kuhry, 2011). The survival of permafrost beneath palsa is related to their natural higher 

position in the environment and the lack of vegetation on them, with only minor dry heath 

vegetation occupying their outer limit. The surrounding wetter bog and mire vegetation 

are more prominent and accumulates a thicker snow cover than the bare palsa. This 

deeper snow cover surrounding palsa formations, is key a determinant for initiating 

thawing of underlying permafrost. In the opposite, it is because of the thinner and less 

isolating snow cover on the barer palsa formations that heat loss is greater during the cold 

winter months and induces permafrost growth (Payette et al., 2004; Sannel et al., 2015).   

3.2 Thermokarst lake dynamics and development 
Considering only dynamic and distribution of thermokarst lakes, the development has 

eight general stages. (i) A change of thermal equilibrium promotes thawing, followed by 

(ii) initial ground subsidence and creation of small thermokarst basins where (iii) melt 

water is prone to accumulate. (iv) This is followed by an ongoing accumulation of water, 

resulting in completely filled circular or more irregular shaped shallow basins. (v) If the 

accumulation of water is sufficient, a continuous thaw will undergo of the underlying 

permafrost. (vi) In combination with mechanical shoreline erosion, this results in growth 

of thermokarst lakes, (vii) and eventually becoming large enough and have a greater 

possibility to coalesce with each other and either drain partially or completely (Frohn et 

al., 2005; Jones et al., 2011; Morgenstern et al., 2011).  

The process of thermokarst lake expansion and drainage primarily occurs through lateral 

movement, although vertical conduits may promote drainage as well (Jones et al., 2011; 

Sjöberg et al., 2013). The lateral expansion and drainage is caused by either, or a 

combination, of overflow, erosional processes, slumping in margins due to continuing 

thawing of permafrost, coalescence, and water bodies reaching into a region of steeper 

gradient (Jones et al., 2011; Sjöberg et al., 2013). In which direction thermokarst lakes 

expand or decrease, is firstly governed by permafrost distribution, but also dependent on 

differences in composition and density of bank material and their inherent different 

abilities to resist mass movements. When drainage of larger thermokarst lakes occurs, 

sometimes smaller water bodies take form in depressions of the water body (Jones et al., 

2011).    
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Life length of thermokarst lakes varies. Being said that thermokarst lakes and their 

appearance and disappearance is one of the most dynamic features in Arctic and Sub-

Arctic landscapes, they can originate, expand and drain over the time of decades – some, 

depending on size and drainage possibilities, to go on to be centuries or reach millennial 

age (Bryksina & Polishchuk, 2015). The occurrence of permafrost and thermokarst lakes 

and their spatial distribution, are considered to not be in phase with current climate, but 

instead responding to much more longer-term climate change trends dating back to the 

start of 1900’s. Annual variability in temperature and precipitation are however 

determinants and may affect, depending on their magnitude, the rate and direction of 

thermokarst expansion and drainage. Annual variability also affects the total landscape 

constellation with more or less other water bodies present and with change in 

hydrological flow (Sannel et al., 2015).  

3.3 Distribution of thermokarst lakes in circumpolar latitudes 
Comparing the distribution and morphometrics among thermokarst lakes and other water 

bodies between different permafrost regions is difficult due to large variations in scale and 

in soil composition. However, general trends from each of the four permafrost regions can 

be determined. Limnicity is highly varied between different study areas and depending on 

lowland or upland locations. Much depending on the actual type of permafrost region, 5-

40% of lowland landscapes in high latitudes are considered to be affected by thermokarst 

lakes (Sjöberg et al., 2013; Hinkel et al., 2005).  

Sporadic permafrost and thermokarst lakes, occurs mainly in combination with, and is 

associated with the landscape constellation of peat plateaus and palsas, which in turn are 

associated products and governs much of the local hydrology, soil moisture content, local 

climate and ecology (Morgenstern et al., 2011; Sjöberg et al., 2015). Thawing of permafrost 

and appearance of thermokarst lakes are results of one or many interacting environmental 

and geophysical parameters such as air and ground temperatures, snow distribution and 

depth, vegetation cover and topography (Hugget, 2011; Sannel et al., 2015).  

In the study by Payette et al. (2004) located in Canada, a reduction in permafrost across 

the peatland landscape was observed during 1957-2003 resulting in the appearance of 

new thermokarst lakes as well as drainage and regrowth. 

In the discontinuous permafrost region studied by Karlsson et al. (2014), a majority of all 

thermokarst lakes were <10 ha while only a few percent were >100 ha. The landscape 

composition was also spatially heterogeneous with stable, expanding or slowly draining 

thermokarst lakes. In general, water bodies of smaller sizes, compared to larger water 

bodies in each region, are more abundant. Large water bodies however, contribute to a 

greater total coverage and higher limnicity (Morgenstern et al., 2011; Karlsson et al., 

2014).  

In the study by Smith el al. (2005) performed on continuous Siberian permafrost, 

thermokarst lakes in both numbers and area increased. In Alaska, Jones et al. (2011) 

detected as Smith el al. (2005) an increase in water bodies, but in contrast decreasing area. 

For different area classes, 0.1-0.9 ha increased the most compared to the least common 

area class of 40-400 ha which in contrary had been in steady decline. Rate of expansion 

was in the water bodies studied by Jones et al. (2011), 0.34 m/yr and 0.39 m/yr, with 

maximum values of 4.25-6.01m/yr. 

Considering water bodies’ spatial appearance, shape varies between permafrost regions. 

Studies on shapes of thermokarst lakes have mainly been performed on water bodies in 
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the continuous and discontinuous permafrost region where distinct elliptical shapes are 

apparent (Côté & Burn, 2002; Morgenstern et al., 2011). In sporadic and isolated 

permafrost regions, shapes are more irregular with complex shorelines (Sannel & Kuhry, 

2011). The elliptical shapes are possible in landscapes with larger water bodies (>30m), 

where among other factors, the potential wind strength and inherent energy is sufficient 

to fetch waves (Sannel & Kuhry, 2011; Sjöberg et al., 2013; Niu et al., 2014). 

5. Study area 
The 1x1 km2 (949 203 m2) study area of Tavvavuoma is located at 68°28’N, 20°54’E 

approximately 60 km north of the town of Kiruna and 65 km east of Karesuando. The 

average elevation of the peat and palsa plateau is 550 m.a.s.l. The prominent mire, with its 

various geomorphologic formations, is located in a flat valley bottom surrounded by 

mountains of 150m in relative elevation (Sjöberg et al., 2015). In the flat valley, numerous 

water bodies populate the area (Länsstyrelsen Norrbotten, 2007), there amongst 

thermokarst lakes and the larger lake Dávvajávri acting as the eastern border of the study 

area.  

The peat plateau and the overall distribution of palsa formations within, makes it 

Sweden’s most widespread complex of palsas with some formations reaching up to six to 

seven meters in height (Länsstyrelsen Norrbotten, 2007). Peat plateau and palsa 

formations are the only landscape features capable of containing permafrost and therefore 

thermokarst lakes originated in the vicinity of these formations (Sjöberg et al., 2013). 

Thermokarst lakes are not the only water bodies populating the landscape. Shallow ponds 

and wet open fens in non-permafrost (talik) depressions are common landscape features 

(Sannel & Kuhry, 2011; Sjöberg et al., 2015; Sannel et al., 2015). 

Peat soils characterize the study area, although being thinner in northwest (NW) and a few 

other parts of the study area. These underlying mineral soils, composing of glaciofluvial 

remains and lacustrine sediments, reach the surface in spots where peat cover is thinner 

(Sannel & Kuhry, 2011; Sjöberg et al., 2015). Related to the various distributions and 

depth of soils, is the depth of permafrost, which varies across the study area. For one 

transect investigated, located in the central parts of the study area, in average ~16m thick 

permafrost was detected (Sjöberg et al., 2015). 

Temperatures governing permafrost presence and the development of thermokarst lakes, 

have dating back approximately 200 years increased with ~2°C in the sporadic permafrost 

region where Tavvavuoma is located. With this, increase in precipitation followed (Sjöberg 

et al., 2015). From Karesuando meteorological station, mean annual air temperature 

(MAAT) was 1963-1975: -2.2°C, 1975-2003 -1.8°C, 2003-2010 -1.1°C and for 2010-2012:  

-0.9°C, (Figure 2). Annual precipitation (AP) further contributing to thermokarst 

development and permafrost degradation also experienced increase. 1963-1975: 447mm 

for January – December 1975-2003: 449mm, 2003-2010: 495mm and 2010-2012: 

517mm, (Figure 3). (SMHI, 2016-05-06).  
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Vegetation governing isolation for permafrost and spatial distribution of winter 

precipitation is varied. The mountainous surroundings consist of mountain birch and the 

peat plateau and palsa locations of dryer heath and shrub vegetation. Thermokarst lakes 

and other water bodies are in shoreline margins filled with fen vegetation (Länsstyrelsen 

Norrbotten, 2007; Sannel et al., 2015). The overall diverse landscape composition and 

sensitive vegetation is protected under the international RAMSAR-convention for 

wetlands and the European Natura-2000 agreement for preservation of important flora 

and fauna for a sustainable biodiversity (Länsstyrelsen Norrbotten, 2007). 

6. Method 

6.1 Data acquisition  
High spatial resolution imagery data (0.1-1m) from various sources and of various types 

were used (Table 1). Data used in previous study from the same study area (Sannel & 

Kuhry, 2011) was collected, which in earlier stages had been acquired from the Swedish 

mapping agency, Lantmäteriet, (aerial images) and a IKONOS-distributor (satellite scene). 

From the department of geosciences, University of Oslo in Norway an orthophoto created 

using a drone was acquired. All images were from snow free summer months (July-

August), although varying in image capture dates throughout the summer.   

 Table 1. Input data used in the study were of panchromatic aerial and satellite datatypes, as well as an orthophoto. 

All imageries having different capture dates throughout the summer period in Tavvavuoma. 

 
yyyy/mm/dd Datatype Spatial resolution Source 

1963-08-31 Panchromatic aerial image 1 m Lantmäteriet 
1975-08-10 Panchromatic aerial image 1 m Lantmäteriet 
2003-07-02 PAN satellite imagery 1 m IKONOS 
2010-08-18 Panchromatic aerial image 0.6 m Lantmäteriet 
2015-08-30 RGB orthophoto 0.1 m Dept. Geosciences, Uni. of Oslo 

Figure 2. Mean Annual Air Temperature 
(MAAT) for (January - December) 1963-2012. 
Fluctuations are noticeable during the period, 
but with a slight trend towards warmer 
temperatures. Data source: SMHI, 2016-05-
06.   

Figure 3. Annual Precipitation (AP) for 
(January - December) 1963-2012. As for 
temperature, a slight trend towards more 
precipitation is occurring. Data source: SMHI, 
2016-05-06. 
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6.2 Preprocessing - georeferencing and resampling 
Data was primarily of panchromatic (PAN) properties, except the 2015 RGB orthophoto, 

which therefore was converted into a PAN image for better possibilities of comparison 

without any additional colours and spectral bands interfering in the pre-classification 

change detection. 

In order to achieve a multi-temporal change detection, data had to be georeferenced to 

each other. To avoid geometric warping and distortion, 20 evenly spaced control points 

were used in an alignment process to snap 1963, 1975, 2010 and 2015 aerial images and 

orthophotos into as perfect position as possible, in relation to the 2003 panchromatic 

IKONOS image using WGS 1984 UTM projection (Zone 34N). 

Imagery data were then extracted by a mask, representing the 1x1 km2 study area. All 

imagery data were thereafter resampled, except 2010, to 0.6m spatial resolution. Cubic 

convolution transformation scheme was selected, since it handles continuous data well 

(Heywood et al., 2011) and creates smoother edges for a semi-automated and manual 

adjustment classification (Sannel & Brown, 2010).  

6.3 Pre-classification change detection analysis 
In search of changes (1963-2015) a change vector analysis (CVA) influenced approach was 

initially taken. CVA is a method for determining the magnitude and direction of change 

between two time periods for each cell in a raster image using differences between two 

spectral bands. A manual threshold can later be applied to the magnitude image to detect 

the amount of change that have occurred (Siwe & Koch, 2008; Bruzzone, 2013). Instead of 

a manual threshold, the full spectrum of change magnitude was extracted with the later 

produced and dissolved shapefiles containing all water bodies from 1963-2015. 

Since imagery input data were panchromatic, band differences as normally would have 

been used and was required in the CVA process, could not be used, which then had to be 

made using pixel values from the flat images. The pre-classification change detection 

method acted therefore as a relative magnitude of change (low to high level of change) 

rather than a quantifiable measurement. All five imageries were inserted into the pre-

classification change detection raster algorithm, Eq. 1. The raster equation was executed in 

ESRI ArcMap’s (v 10.3) raster calculator. 

(Eq. 1)  

Change Magnitude = sqrt ((2015-2010)
2 
+ (2010-2003)

2 
+ (2003-1975)

2 
+ (1975-1963)

2
) 

6.4 Post-classification change detection analysis 
A common approach to change detection analyses is the post-classification method, where 

aerial and/or satellite images before used in change detection purposes, are classified with 

semantic and quantifiable classes (Zhou & Kurban, 2008). As a first phase identification 

and delineation of specific landforms and/or land cover/use is required. In the case of this 

study, water bodies were the only required data needed to be extracted. For landscape 

composition understanding, all water bodies were included in the study and not only 

limited to water bodies originating from thawing permafrost.  

6.4.1 Identification and delineation of thermokarst lakes 

Manual identification and delineation of thermokarst lakes shorelines is always a 

possibility, although being time consuming and not appropriate for surveillance of large 

landscapes (Sannel & Kuhry, 2011, Sannel & Brown, 2010). More semi-automated 
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techniques, as well as manual methods, for delineating thermokarst lakes have in detail 

been investigated by Sannel & Brown (2010). According to this study the highest accuracy 

was achieved using manual delineation with additional corrections. Other studies on 

thermokarst lakes and shoreline development, such as Jones et al. (2011) used variations 

of object-oriented classification approaches. This latter method has gained popularity, 

since it not only performs classification based on pixel values, but also consolidates spatial 

contexts as e.g. location, shape, texture. In addition, the approach removes often 

undesirable noisy speckles (single pixel objects), available in abundance in high-resolution 

spatial imagery, which are difficult or unnecessary to classify. Segmentation is the solution 

as it creates areas of similar content based on user-defined desires, later used in aiding 

classification (Kressler & Steinnocher, 2005; Jones & Vaughan, 2010).  

Binary water and non-water classification was performed on the 2010 and 2015 images, 

since previous years already had been vectorized and used in the previous study by Sannel 

& Kuhry (2011). Delineation was executed using a rule-based feature extraction decision 

tree in Trimble’s eCognition developer software (v9.0), because of its pinnacle 

segmentation properties. The initial segmentation step in delineation/classification of 

water bodies was assigning a value of influence for shape and colour in the segmentation 

process (Jones et al., 2011; Frohn et al., 2005). A high value results in a greater influence 

for shape, while a low value results in the opposite. The value was set to 0.3 on a 1.0 scale. 

A value of the degree of compactness was also required and set to 0.7. The segmentation 

scale parameter was assigned to 60. Segmentation parameters are variables as they 

depend on properties of the input data used. Relying on factors used in Jones et al. (2011) 

(scale 10, shape 0.1, compactness 0.5) is not applicable, but acting as guidelines in 

perfecting segmentation for other imagery data. 

Lacking the spectral data of R and NIR, which would have been ideal for detecting water, 

pixel values of brightness (0-255) were used as substitute. A Boolean threshold range of 

>= 0 & <= 130 were applied to the 2010 and 2015 images. Unclassified water pixels were 

assigned as water where segmented areas shared >=75% of its boundary to an already 

classified water body. The final step in eCognition was to smooth the defined edges of the 

classified water bodies and export the results as shapefiles (.shp), and import these to the 

ArcMap phase.  

In the GIS-environment, shapefiles were manually adjusted where misplacement of 

shorelines was present and rivers deleted as also executed by Karlsson et al. (2014) and 

Jones et al. (2011). Original data sets were partially modified, since islands were lacking in 

the 1963, 1975 and 2003 datasets.  During manual smoothing and adjustment, a fixed 

scale (1:600) was used to avoid difference in accuracy on different parts of shorelines and 

water bodies.  

In similarity to Sannel & Kuhry (2011), 28 m2 was set as minimum mapping unit (MMU), 

since 1963, 1975 and 2003 data set was produced using this MMU. MMU-definitions have 

been applied to several previous studies with a range of various sizes of thermokarst 

lakes, from Côté & Burn’s (2002) 20 ha, Sjöberg’s et al. (2013) 30 m2 and Jones et al. 

(2011) with MMU of 0.1 ha. This action regulates any major differences in detection 

possibilities due to the higher spatial resolution of the 2015 dataset compared to all 

previous images and vector datasets.  

6.5 Extracting morphometrics and analysis of the spatial distribution 
In morphometric analyses nine different phases are to be acknowledged. Creating 

definitions, establish delimitations, perform measurements, execute calculations, plot 
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frequency distributions, map the spatial occurrence and apply interrelation and 

understanding to all metrics and maps (Evans, 2009). 

Extracting and calculating eight morphometric variables (number of water bodies, area, 

perimeter, limnicity, circularity, elongation, orientation and rate of change) from the 

delineated water bodies, were derived from each year’s corresponding table produced 

using the Zonal Geometry-tool in ESRI’s ArcMap v10.3.  (Table 2). 

Table 2. Morphometric variables derived and calculated using formulas and ArcMap extension tool.  

Morphometric 
variable 

Calculation Unit Reference 

No. of water bodies GIS attribute table n Morgenstern et al., 2011 
Area GIS attribute table m

2
 Morgenstern et al., 2011 

Perimeter GIS attribute table m
2
 Morgenstern et al., 2011 

Limnicity Area/study area % Sannel & Kuhry, 2011 
Circularity 4 x π x area/perimiter

2
 N/A Morgenstern et al., 2011 

Elongation Major axis / minor axis length N/A Morgenstern et al., 2011 
Orientation Angle from reference axis Degree Morgenstern et al., 2011 

Rate of change DSAS-tool, EPR m/yr Jones et al., 2011 
Rate of change  year1-year2 / nyears m

2
/yr  

 

Assessing location and spatial distribution of thermokarst lakes and other water bodies 

was performed using a grid of 25 cells (each grid being 200x200m, representing 1/25 or 

4% of the study area) placed over the entire study area. Inside each cell, the number of 

thermokarst lakes and other water bodies was counted and the value entered in the 

specific row for that specific cell in the attribute table of the gridded shapefile. For 

thermokarst lakes and other water bodies, independent of size, occurring in two or more 

grids only the area located inside one square grid was valid and the remaining parts of the 

thermokarst lake or other water body was valid for another unique cell in the grid.  

Centroids for both x & y-coordinates from 2015 thermokarst lakes and other water bodies 

were extracted and plotted for further assessment regarding their position in the 

landscape. For all thermokarst lakes and other water bodies smaller than 250 m2, their 

size and position in x and y (latitude and longitude) were also plotted against each other in 

a comparative analysis. The selection of water bodies within the < 250m2 range was 

motivated on the area selection as also performed by Carroll et al. (2011) and Jones et al. 

(2011).    

6.6 Direction of change – land gain and land loss calculation 
The vectorized thermokarst lakes and other water bodies were placed into a spatial area 

change computation, where land loss and/or land gain location and values were derived 

using the different years as either input feature or clip feature in an erase-function.  For 

the years 1963-1975, 1975-2003, 2003-2010, 2010-2015 and for 1963-2015, differences 

in area and fraction of change was calculated.  

6.7 Rate of change calculation 
Rate of change was calculated using two different methods as below:  

(1) Area for thermokarst lake and other water bodies was derived from the zonal 

geometry table produced and change between two years was calculated. The area change 

was then divided by the number of years in between the two, resulting in a mean annual 

rate of change (mARG) value.    

(2) A more detailed approach in calculating rate of change was executed using U.S. 

Geological Survey’s (USGS) DSAS-tool (Digital Shoreline Analysis System) v4.3 inside the 
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ESRI ArcMap-environment. DSAS-tool calculates shoreline vector data movement as rate 

of change over a user determined time series, limited to two years (Jones et al., 2011; 

Thieler et al., 2009). With the software developed as a coastal processes aiding tool, its 

main purpose was not ideal for simultaneously calculating many circular objects. Although 

it had been proven to handle confined water bodies as well by Jones et al. (2011).  

Initially tests were conducted using all thermokarst lakes and other water bodies 

delineated, however tests failed in delivering understandable results most likely due to 

large variations in area and problems in defining a single suitable length and direction of 

transects for all shorelines. Instead 15 shoreline samples of various size and position were 

extracted from the water bodies in the study area. From the x- and y coordinates derived 

from the zonal geometry computation, point centroids were created and from these, 15 

semi-random points were selected to enter the rate of change calculation. Random 

selection was performed using a Python-script inside the point-shapefile’s attribute table. 

Using command arcgis.rand and defining the number of integers (“Integer 1 92”) (92 being 

maximum points available), all points received a random integer from which number 1-15 

were selected. For possible measurements, a centroid with associated shoreline change 

was required to further be processed. If no change was present in a water body 

represented by the centroid, the next random number was selected. The shorelines of the 

water bodies selected was extracted using a bounding box as large as possible, but to the 

extent that it did not interfere with other water bodies or included complex parts of the 

shorelines that would make transects divert against each other and in wrong directions. 

Each shoreline vector data set was prepared as required by the DSAS-tool as stated in its 

user’s manual. This included (i) conversion of all polygons into line shapes. (ii) Adding the 

fields of date (dd/mm/yyyy) and uncertainty (in meters) to attribute tables. Date in this 

study assigned as the inherent capture dates of each image. The uncertainty value 

required was set to 1, although no uncertainty value had previously been computed, but 

considering a displacement of shorelines by 1 meter seemed plausible with a cell size of 

0.6 meter and the inherent problem of rectify images with geometric distortions. (iii) 

Append all shorelines of different years into a single personal geodatabase. (iv) Creating 

baselines from where transects later were drawn, by adding a 0.5-meter outer buffer from 

each water body’s shoreline. 

The rate of change calculation or End Point Rate (EPR) was computed between year1 and 

year2, for all years in the study (1963-1975, 1975-2003, 2003-2010 & 2010-2015). For 

example, 1963 and 1975 shoreline sample data was appended into one feature class 

within the personal geodatabase.  

Baselines created from each of the different time slice shoreline extents, were determined 

to be in onshore location. Transect parameters were set with a spacing of 1 meter and 

length of 30 meters. Determining the cast-direction of transects used the tools inherent 

automatic and auto-detecting option. In circumstances where a transect might intersect 

the shoreline in two points, the closest one to the baseline was set to be of higher 

importance. In order to detect change between two years of different shorelines, an 

intersect threshold value was set to two. The value representing the number of years and 

genuine shorelines present (Thieler et al., 2009). The unique values from EPR-

computations were exported to MS Excel, where statistics was calculated.  

6.8 Flow chart 
The unique tools used and process of the workflow starts with preprocessing of input 

imagery data and digitalization, magnitude change map, morphometrics, land gain and 
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land loss, and rate of change calculations was performed, as well as determining the 

spatial distribution (Figure 4).  

  

 
 

 
Figure 4. Input data is being pre-processed and segmentation and classification of 2010 and 2015 images are 
included in the vector analysis to determine spatial change and values of morphometric variables. From all 
vector data sets direction and rate of change is determined as well as the differences in spatial distribution. All 
tools and process names are ESRI ArcMap (v 10.3) specific. 
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7. Discussion of the method 

7.1 Preprocessing – georeferencing and resampling 
Regarding preprocessing, procedures problems arose in alignment of imagery data, due to 

inherent differences in geometric properties between aerial photos and orthogonal 

projections of the more recently captured images. If imagery data consist of orthogonal 

properties no edge distortion will be present, but due to the optical properties of a camera 

lens, objects located in the edges of an image will tilt outwards leaving only true geometry 

in nadir (Jones & Vaughan, 2010). 

Another problem with the georeferencing method in this study was that images initially 

did not share a common projection, and in case with 1963, 1975 and 2010 data neither 

had a reference system nor a projection assigned. Transformation of 2015’s current 

reference system and projection to 2003’s was not possible, which resulted in that 2015 

data had to be included in the manual co-registration process. The problem with assigning 

control points, except the geometric differences between some imagery data, is that the 

accuracy of small-scale multi-temporal change detection is reliant on perfectly placed 

control points on preferably static objects. This is a technical impossibility due to the 

nature of an ever-changing landscape, as thermokarst environments usually are. Resulting 

changes in thermokarst lakes and other water bodies’ area in either direction, especially 

small changes, are therefore potentially erroneous due to misplacement of initial imagery 

background data. 

7.2 Defining and delineating – considering scale and edges 
It is not a straightforward process in delimiting only thermokarst lakes, since not all water 

bodies in this peat plateau and palsa landscape are considered to be of thermokarst origin. 

In Sannel & Kuhry’s (2011) previously executed study in Tavvavuoma, thermokarst lakes 

were defined based on visual user interpretation, where a water body’s shoreline had to 

be sharing >75% of its border with the peat plateau and palsa. The acquired vector 

datasets (1963, 1975 and 2003) contained all water bodies, which resulted in that this 

2010-2015 follow up, had to be performed with no differentiation to the origin of water 

bodies.   

In the delineation process, precipitation preceding image capture date may have effects on 

water content in the thermokarst lakes and other water bodies. Peat plateaus and palsas 

are however situated higher than their surroundings and with sharper defined and 

steeper banks, which encapsulate water well and do not allow any sudden overflows or 

intrusions (Jones et al., 2011). Related to this are potentially erroneous delineations of 

aquatic vegetation that in 1963, 1975 and 2003 digitalization may have been classified as 

water in a thermokarst lake or other water body, but for 2010 and 2015, according to the 

object-oriented classification method used, been classified as terrestrial non-aquatic 

vegetation. 

Even if segmentation in an object-oriented classification method taking more parameters 

into account than ordinary pixel-by-pixel classification, the classification is reliant on an 

appropriate segmentation. Any inaccuracies in the segmentation step can only be adjusted 

by reversing to a manual input (Kressler & Steinnocher, 2005). Combining segmentation 

and manual adjustments to an automated classification of a single object feature (water), 

is an aid in classifying water bodies with higher accuracy and not as time consuming as 

fully manual delineation methods (Jones et al., 2011).  
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Considering edges and measurements, raster edges induce greater value than smooth 

delineations to both area and perimeter (Sannel & Brown, 2010). A semi-automated 

object-oriented approach for classification of raster images, also results in square edges - 

unless being smoothened. Raster edges would not have been a problem if all shapefiles 

used in the change detection analysis were of square properties. That was not the case, 

which resulted in that the automated process, besides eCognition’s smoothing algorithm, 

needed manual input too to achieve shorelines more usable.  

7.3 Uncertainties in rate of change calculation 
The accuracy of the calculations and reliability of the DSAS-tool is unknown. However, it 

performs well in appearance of detecting where rates should have occurred fastest 

comparing the magnitude of change map. Calculated values however, are presented in 

accuracy measurements of centimeters. This accuracy is better than what the accuracy of 

the delineated shorelines is considered to be.  

Concerns with DSAS-tool was transect lengths and their crossings of multiple shorelines, 

since transect casting was the key step which governed all calculated statistics. To solve 

the problem all transects need to be evaluated and corrected before continuing statistics 

calculation within DSAS. Adjusting the majority of all transects when using all thermokarst 

lakes and other water bodies, would have been a highly time consuming task. This issue 

was avoided by selecting 15 areas containing only two shorelines (year1 and year 2) and 

run the calculations for each area individually. This procedure adding another issue 

regarding method of selection, since it became more subjective when defining if change 

was present or not and potentially only calculating either decrease or increase in the study 

area.  

7.5 Detecting the spatial distribution  
With the study area covered in square grids, although being a simple method for detection 

of distribution pattern, potentially large thermokarst lakes and other water bodies can be 

divided and the resulting parts counted as individual smaller water bodies. Summarizing 

all water bodies from grid calculations will for this reason be of a higher value than the 

actual total number of water bodies present in the study area.  

The usage of square grids and the succeeding results are also subject to variations 

dependent on the unit area chosen. A 200x200 square will potentially include more 

objects than a smaller square (e.g 100x100 m), and in contrary less objects than a larger 

square. The occurrence of what is called the modifiable unit area problem (MAUP) will 

always be present when arbitrary borders defines the spatial distribution of otherwise 

continuous features.  This is as the name states, not incorrect, but a problem needed to be 

considered when defining a working scale suitable for the researched features (Heywood 

et al., 2011). 

When extracting and plotting centroids, no consideration will be given to the shape of the 

water body. Due to the mostly irregular shapes, calculated centroids will not always be 

located in water, but instead in the calculated center. A centroid might for this reason not 

always be truly representable as spatial location.      
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8. Results 

8.1 Spatial change of thermokarst lakes and other water bodies 
The CVA-inspired pre-classification approach to a multi-temporal change detection 

analysis, with resulting map (Figure 5), indicates both where changes have occurred and 

the relative magnitude of these changes. In areas of red and yellow, on a red-blue colour 

scale, changes of greater magnitude have occurred.  

In more bright red areas, more rapid changes have occurred and images are more 

dissimilar to other images from other years. By visual inspection, it is possible to see at 

least three major drainage occurrence events with a higher level of change. One in 

southwest (SW), one in southeast (SE) and one in central-east direction. Alongside these 

apparent changes, to spatial extent, smaller changes exist on shorelines and individual 

thermokarst lakes and other water bodies with various magnitude of change. However, 

any direction of change (drainage or formation) is not distinguishable. 

 
 
Figure 5. Relative level of change presented where changes have occurred during 1963-2015. At least three 
major events are detectable located in south and central parts of the study area.  
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From the semi-automated classification of thermokarst lakes and other water bodies with 

resulting map (Figure 6), large areas affected by drainage are possible to recognize, as well 

as the appearance and disappearance of smaller thermokarst lakes and other water bodies 

for each year.  

Irregularities in the shorelines between different years are also noticeable, as well as areas 

with either more or less activity in thermokarst lakes and other water bodies 

development. The most noticeable activity in the timespan 1963-2015 is the drainage of 

larger thermokarst lakes in central-east (E), southeast (SE) and southwest (SW) 

From visual interpretation of all shapes, it is noticeable that, in area, smaller thermokarst 

lakes and other water bodies are more circular than larger water bodies that are more 

irregular in shape - although there are larger and more circular thermokarst lakes too.  

 
 
Figure 6.The visual map presents the pattern and distribution of thermokarst lakes and other water bodies 
across the study area for all years studied. Minor and major changes in thermokarst lakes and other water 
bodies are noticeable with either drainage or expansion depending on where each year’s corresponding 
shorelines are compared to previous or following year studied. 1963-red. 1975-orange, 2003-yellow, 2010-
green and 2015-blue. 
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In a more quantifiable manner, a frequency distribution diagram, (Figure 7), presents 

variation in size over the time series and the number of lakes in each area class. A 

significant majority of all water bodies are located within the 0-250 m2 class, although 

fluctuations during the time series are present. In the time slice 1963-1975, 51 

thermokarst lakes and other water bodies dropped to 40 (-11), 1975-2003 an increased 

presence (+2), 2003-2010 a decrease by three to 39, followed by an increase of eleven for 

2010-2015. For larger water bodies (8001- >16001 m2) the total value have been in 

decrease (- 1) With three present in 1963 and two in 2015 being in a steady state since 

2003. 28-250 m2 lake area class is in average five times greater in numbers than the next 

area class (251-500 m2) and in average 19 times greater than the largest area class (> =16 

001 m2).  

 
Figure 7. A majority of all thermokarst lakes and other water bodies are located in the lower area segment (28-
250m2) although fluctuations within each area class have occurred through time. Comparing 1963 and 2015, 
the number of water bodies present in <250m2 area class area almost equal (+/-1). 

 

In terms of direction of change, area and number of water bodies for each year, a decrease 

in area of thermokarst lakes and other water bodies occurred during the time series 

studied (Figure 8) - and the perimeter in a similar pattern (Figure 9). From a decrease in 

area between 1963 and 2003 (189 446 to 138 795 m2), the time span 2003-2015 has been 

more stable in development with reduced reduction rate in later years. The total number 

of water bodies follows the same pattern of decrease until reaching 2015, where a decline 

is altered into an increased occurrence (n=85, +11) for 2010-2015. From 1963 to 1975 a 

drop in number of water bodies took place (n= -13).  
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Figure 8. The total area and number of water bodies have decreased, but in 2010-2015 the number of water 
bodies increased while area remained in a declining trend. 

 
Limnicity have decreased during the time series. Starting at 19.9% (1963) and then 

constantly decreasing to 13.6% (-6.3%) in 2015 (Figure 9). The decrease in similar pattern 

to area and perimeter, with the greatest decrease in limnicity occurring in the time slice of 

1975-2003. Perimeter starting at 19 204 m, decreasing to 17 409 (-1 795 m) in 1975, and 

continuing it decrease in 2003 with -3 256 m (14 153m). Between 2003 and 2010 

perimeter decreased with -668 m (13 485), until 2015 when perimeter increased 

(+427m/13 912m). 

 
Figure 9. Limnicity have decreased as a trend. The largest drop in limnicity occurred 1975-2003, but have 
since then stagnated and remains quite stable although constantly decreasing. Perimeter linked to area and 
limnicity follow the same trend, although a slight increase is noticeable in 2015. 
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Circularity, elongation and orientation are not as obvious in spatial appearance, but have 

throughout the time series investigated been in a stable state. In average orientation for all 

years studied have been 91-81° (change of 10 degrees). Elongation have been in average 

2.2 – 1.9 (- 0.3) and circularity 0.41-0.43 (+ 0.02).  

8.1.1 Land gain and land loss 

The disappearance and/or appearance of thermokarst lakes and other water bodies 

number, area and perimeter, is related to land loss and land gain. As for previous maps, 

areas of drainage (and fen infilling) are apparent in southwest (SW), southeast (SE) and in 

central parts of the study area. Both directions of change are represented.  

The ratio between land loss and gain during all years, have been in favor for land gain 

(Figure 10). displays in a spatial context where land gain and land loss have occurred. 

From 1963-1975, land gain was 55% (22 958 m2 out of 41 430 m2). 1975-2003, 90% 

(51 314 m2), 2003-2010, 85% (9 910 m2) and for the last time slice comparison 2010-

2015, land gain was 62% (4 108 m2) of the total areal change (Figure 11 and Appendix 1). 

  
 

Figure 10. Land gain and land loss have simultaneously occurred between 1963-2015. The map only 
represents the differences between 1963 and 2015 and does not take changes that have occurred in other 
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years used in the time series analysis. Dark water bodies represent the full extent of individual thermokarst 
lakes and other water bodies throughout the time series examined.   

 
Figure 11.Land gain and land loss was 1963-1973 almost equal, but since then the ratio has been in favor of 
land gain. Since the drop in 1975-2003, land loss (more water) has steadily increased. 
 

8.2 Rate of change  
Mean annual rate of change (mARG) values have fluctuated during the time series. From 

1963-1975 with -388 m2/yr to a maximum at the 1975-2003 time span (- 1 642 m2/yr). 

Average and median rate of change have remained quite constant without any abrupt 

differences throughout the time series. Variations in rate of change calculated to be within 

a few centimeters for median measurement (0.08 m/yr) and average (0.26 m/yr), 

however the latter ranging from negative values to positive values. Maximum rate of 

change has in contrast increased for the period of 1975-2015 with 4.8 m/yr (1.0-5.8m/yr) 

(Figure 12).  
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Figure 12. In average rate of change have stayed constant, with minor fluctuations over time. Maximum and 
minimum values in opposite have experienced more change, where maximum rate of change drastically has 
increased from 2003-2015 
 

Rate of change vary with both drainage- and expansion rate of thermokarst lake and other 

water bodies area between the years 1963 and 2015. For the 15 areas selected, the rate of 

change has been in dominance of decrease in area. The maximum rate of change has been 

1.8 m/yr and minimum 0.04 m/yr. Higher rates of change are observable where water 

bodies have been subject to drainage or re-growth in areas such as south-east (SE), east 

(E) and north-east (NE) (Figure 13).  

 
 
Figure 13. The different transects presents the rate of change (EPR) between 1963 and 2015, with transects 
also illustrates the direction in which thermokarst lakes and other water bodies developed. Red transects 
referring to rates of 0.21-1.80 m/yr. Orange-0.10-0.21m/yr, yellow-0.04-0.10m/yr and green transects 0-
0.04m/yr.  
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8.3 Spatial distribution of thermokarst lakes and other water bodies 
The occurrence of thermokarst lakes and other water bodies have been spatially varied 

during the studied years. Noticeable from the plotted centroids are a slight cluster in the 

central and northeast (NE) parts of the study area (Figure 14). Besides this cluster, the 

water bodies are evenly distributed in space. 

 
Figure 14. All thermokarst lakes and other water bodies in Tavvavuoma study area are relatively evenly 
distributed, but a slight concentration of water bodies, as seen in earlier maps, seems to exist in north latitudes 
/ east longitudes (top-right corner).    

 

Only considering thermokarst lakes and other water bodies with an area < 250m2, their 

spatial distribution are plotted, representing the position of each water bodies centroid in 

latitude (y) and longitude (x) using WGS 84 UTM 34N coordinates. From this it is notable 

that most of the water bodies selected (<250 m2) are less than 100m2, clustering at 

approximately 50m2. There is a slight cluster in higher latitudes and easterly longitudes 

(Figure 15 and 16).  

 
Figure 15. Position of all centroids correlating to water bodies less than 250m2 in y-axis (latitude). A slight 
concentration in the top-left corner, indicating that smaller water bodies (approximately 50m2) mainly are 
located in northern parts of the study area.  
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Figure 16. Position of all centroids correlating to water bodies less than 250m2 in x-axis (longitude). A slight 
concentration in the top-left corner, indicating that smaller water bodies (approximately 50m2) are mainly 
located in the eastern parts of the study area. 
 

The 0.2x0.2 km gridded map (Figure 17), presents for each year in the time series the 

spatial distribution of thermokarst lakes and other water bodies within the study area, 

with a maximum of 13 water bodies in the most densely populated cells and zero water 

bodies in the least populated. A slight spatial pattern is observable with a greater 

dominance in the northeast (NE) quadrant, as well in a cell in southwest (SW). This spatial 

distribution pattern changes slightly over time.  
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   Figure 17. The spatial distribution of number of thermokarst lakes and other water bodies within the study 

area and 0.2x0.2km square grid. Brighter red grids contain up to 13 water bodies. Spatial distribution and 
number of water bodies changes through time but having the largest concentration constantly in the central 
and NNE parts of the study area.  

 



Spatial distribution- and morphometric analysis of thermokarst lakes and water bodies in Tavvavuoma 

 _____________________________________________________________________________________________  

25 
 

9. Discussion 

9.1 Developing landscapes seen in quantity and area of water bodies 
The ongoing climate changes with thawing of permafrost and thermokarst formations 

appearing and disappearing as a result, have been noted from all permafrost regions 

across circumpolar latitudes. A general idea is that thermokarst lakes are increasing in 

both area and numbers in the continuous permafrost region, and the opposite occurring in 

the other transitional permafrost regions (Smith et al., 2005). But this general idea has 

been questioned, since the actual development has been varied.  

Studying all water bodies >28m2 in Tavvavuoma during 1963-2003, the area and 

associated perimeter together with the total number of water bodies decreased as a trend 

as previously noted throughout transitional permafrost regions (Jones et al., 2011; Sannel 

& Kuhry, 2011). The 2010-2015 period, not previously studied for Tavvavuoma, 

experienced in contrast a slight shift in the presence of water bodies, since they increased 

in numbers by 11 from 74 to 85, when earlier only had been in a fluctuating, but declining 

trend (1963-1975: -13, 1975-2003: -2 and 2003-2010: -4). Even if the abundance of water 

bodies previously has been in decline, the new water bodies respective area was smaller 

in comparison to the area affected by drainage or infilling. As also noted by Morgenstern et 

al. (2011) & Jones et al. (2011) the most common size for thermokarst lakes and other 

water bodies are the smaller sizes. Although depending on permafrost region, what is 

considered a small water body vary.  In the studies by Morgenstern et al. (2011) and 

Karlsson et al. (2014) larger water bodies were outnumbered by smaller thermokarst 

lakes and other water bodies, as also seen in Tavvavuoma, where the <250m2 area class 

was five times greater than the next area class, and 19 times greater in numbers than the 

largest water body class. Considering the late increase and that larger water bodies have 

been quite stable in numbers during all years, suggests as describe from West Siberia by 

Bryksina & Polishchuk (2015) that these smaller water bodies are of younger age.  

Regarding area, the decrease in area between 1963 and 2003 was -170 651m2 and for 

2003-2015, -9 458m2. Decrease in limnicity from 1963-2003 was -5.3% and 2003-2015   -

1.0% ranging from 19.9% to 13.6%. The 5-40% limnicity range suggested to exist in 

circumpolar permafrost regions (Sjöberg et al., 2013; Hinkel et al., 2005), leaves 

Tavvavuoma in the middle of this range during earlier years and decreasing in later years 

studied. The stagnation of the earlier large decrease in area to a decrease with slower rate 

of change leaves the question of why this stagnation occurred. Studying the resulting 

maps, drainage events occurring in 1963-1975 and 1975-2003 for a few individual larger 

water bodies created significant drops, while no such event of that magnitude have 

occurred during later time slices. With larger water bodies being major contributors to the 

total coverage and limnicity as noted by Morgenstern et al. (2011), the disappearance of 

larger water bodies will decrease limnicity. With continuing drainage and infilling as the 

general scenario implies for sporadic and other transitional permafrost regions, this is 

likely the future landscape. However, if the landscape continues to be modified with new 

small water bodies as seen in 2010-2015, there is potentially a more fragmented 

landscape composition evolving, with smaller water bodies contributing to the overall 

limnicity. As the area of thermokarst lakes and other water bodies decreases, there is also 

less probability that they will coalesce and drain (Jones et al., 2011). However, the newly 

formed and small water bodies, particularly in northeast (NE) of the Tavvavuoma study 

area, can expand in the dynamic development phases of all thermokarst lakes and 

coalescence with each other and drain if not re-vegetation or vertical drainage occurs first. 

Provided that permafrost exist for further spatial development. 
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Thermokarst lakes are considered resistant to annual temperature and precipitation 

changes, but the formation of new water bodies in 2015 can (1) be a delayed response 

after a prolonged global warming and increasing temperature trend in sub-Arctic and 

Arctic environments, which permafrost and thermokarst lakes are responsive to. Studying 

the trend in temperature over the period 1963-2012, it has been a constant increase in 

temperature (MAAT -2.2°C to -0.9°C), leaving permafrost, if the trend continues in a state 

where soils cannot stay frozen. However, the formation of new thermokarst lakes and 

water bodies as seen in 2010-2015 are (2) possibly also reminiscences and bi-products of 

larger thermokarst lakes in their final developing stages of drainage and infilling. As seen 

in (Figure 6), water bodies of smaller size seems to have shorter life periods then their 

larger counterparts. This may be due to vertical drainage trough conduits as described by 

Jones et al. (2011) and Sjöberg et al. (2015). However, since any sign of coalescence was 

lacking, their origin can also likely be explained (3) as some of the water bodies did not 

have thermokarst properties, but instead were shallow ponds in non-permafrost affected 

depressions, changing with increased precipitation and ground water table.   

9.2 Direction seen in land loss/land gain and in rate of change 
Drainage and infilling have been the dominant process throughout the period (1963-

1975) when comparing land gain against land loss. From 1963-1975 land loss (more 

water) had its highest percentage of the ratio, (45%, 18 472 m2), most likely due to the 

increased area of one of the larger water bodies in southeast (SE). From 1975-2003 land 

gain had a significantly larger portion of the ratio (90%, 51 314 m2). After the drainage 

events occurring during this time slice, further increase in land loss has been the 

continued trend. In 2010-2015, land loss ratio increased to 38% from earlier 2003-2010 

ratio of 15%. However, still having land gain as the dominant process. As Sannel & Kuhry 

(2011) identified for 1963-2003 in Tavvavuoma, the ratio between expansion and 

regrowth of thermokarst lakes had been low with small overall changes. Except this slight 

shift in overall ratio, the ratio has been consistent with the general idea of decrease in area 

of thermokarst lakes in transitional permafrost regions. Besides the ratios, it is 

noteworthy that the latest land loss and land gain are 2 516 m2 and 4 108 m2 each, 

compared to the events occurring in 1963-1975 (18 472m2 and 22 958m2) and in 1975-

2003 with land gain at 51 314 m2. Land loss in recent time slices are also low in maximum 

values compared to the 1963-1975 expansion of a large thermokarst lake in southeast 

(SE) (max 8 746m2) when in 2010-2015 being 206m2. Likely reasons to the increase in 

land loss 2010-2015 due to the low area values, are emerge of new thermokarst lakes and 

other water bodies and expansion of some shorelines.  

The rate in which changes have occurred in Tavvavuoma can be contrasted to the almost 

opposite scenario in Jones et al., (2011), where expansion rate was 0.34 m/yr and 0.39 

m/yr for two different time slices studied. In Tavvavuoma the direction of change has been 

in drainage/infilling of in average 0.17/0.15/0.14m/yr, except for 1963-1975 when 

expansion of a larger thermokarst lake occurred (average -0.09m/yr). Maximum rate of 

change in the Alaskan study area was -4.25-6.01m/yr (Jones et al., 2011), compared to the 

opposite +2.2-5.8m/yr for individual water bodies in Tavvavuoma. Rate of change have 

fluctuated over time (1963-2015), but have been in more stable state during 2003-2015 

when considering average values. In contrast maximum rate of change values have 

experienced larger variations. Comparing the size of water bodies and the rate of change, 

there are variations in all sizes investigated. Larger and smaller water bodies both having 

heterogeneous rates, with drainage and expansion occurring at different rates throughout 

different parts of the shorelines. Rate of change is faster where drainage occurs compared 
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to what seems to be a potentially slower mechanism of expansion and new formation, as 

also suggested by Jones et al. (2011). Fluctuations and differences in rate of change are 

also seen in mean annual rate of change (mARG) values, with the lowest rate of change 

occurring in 2010-2015 (-248 m2/yr) and the highest rate of change from 1975-2003 with 

– 1642m2/yr. Before this in 1963-1975 rate of change was -388m2/yr.  

9.3 Spatial distribution of thermokarst lakes and other water bodies 
Water bodies of different sizes appear all over the Tavvavuoma study area, with the 

exception of where mineral soils are present and where permafrost therefore not exist. 

The spatial distribution of thermokarst lakes and other water bodies have been in a 

similar pattern throughout all years studied, with minor fluctuations in number of water 

bodies inside the arbitrary grid used to determine the distribution. The amount of water 

bodies is greater in northeast (NE) and central parts of the study area. This is particularly 

true when only detecting the centroid position of water bodies <250 m2.  

Spatial distribution of thermokarst lakes and other water bodies can also depend on the 

relationship between them. In areas of thawing permafrost in vicinity of already large 

thermokarst lakes, expansion of existing shorelines instead of formation of new smaller 

thermokarst lakes.  In areas lacking larger water bodies however, small thermokarst lakes 

have the possibility to develop independently and therefore be more abundant and 

develop into a more fragmented sub-area. The low concentration of smaller water bodies 

in southwest (SW) and higher concentration of water bodies of the same size in northeast 

(NE), can potentially illustrate one reasons for the spatial distribution if also the spatial 

distribution of permafrost is taken into consideration.  Another reason to why the quantity 

of water bodies spatially fluctuates can be as earlier discussed, due to drainage of larger 

thermokarst lakes with water reminiscent in deeper depressions of a drainage basin.  

In a more detailed scale, the different shapes of water bodies (circularity, elongation and 

orientation) can determine the spatial distribution. Thermokarst lakes present in 

continuous permafrost regions had often circular and elongated shapes (Côté & Burn, 

2002; Morgenstern et al., 2011). In Tavvavuoma, shapes of thermokarst lakes and other 

water bodies were mostly irregular, with circularity in average for 1963-2015 being ~0.4. 

More circular water bodies existed however (max. 0.75-0.79). These irregular shapes 

contribute to an increased perimeter and occupy a greater part of the landscape than more 

elliptical water bodies would have done. Elongation as well as orientation has, as with 

circularity not changed drastically over time. The largest decrease in elongation occurred 

in 1975-2003 (-0.2), when drainage was of the largest magnitude. Orientation these 

mostly irregular water bodies have changed from 91-81 degrees. The ten-degree change 

relates likely to the expansion of water bodies and shrinking of earlier more elongated 

water bodies and emerge of new water bodies, which also would alter orientation.  
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10. Conclusions  
 

 Thermokarst lakes have during the years 1963-2015 constantly decreased in area. 

From 1963 to 2015 the total area affected by thermokarst lakes and other water 

bodies decreased with -60 109m2. From 2003 to 2015 the area decreased with -9 

458m2. Limnicity decreased with 32% (19.9 to 13.6%) between 1963 and 2015. 

Perimeter connected to area has followed the same pattern of decrease, but have 

in 2010-2015, increased with, likely due to the increase in number of thermokarst 

lakes and other water bodies as well as shoreline expansion. 

 

 The number of water bodies was, as with area and limnicity, in a decreasing trend. 

From 2010-2015 however, the number of water bodies being thermokarst lakes or 

other water bodies was increased with eleven water bodies (n=74 to n=85). This 

was still seven fewer thermokarst lakes and other water bodies, than were present 

in 1963. 

 

 All of these changes relate to the ratio between land loss and land gain, where 

during all years, land gain has been the overall direction. The largest land loss 

occurred between 1963 and 1975, with a ratio of land loss/land gain at 45/55%. 

The largest land gain occurred between 1975 and 2003, with a ratio of 10/90%. In 

2003-2010 and 2010-2015, land gain (drainage/infilling) was smaller in 

magnitude compared to earlier years studied, but still with land gain as dominant 

process, even if the ratio for 2010-2015 was increased to 38/62%.  

 

 The rates in which these changes have occurred are spatially uneven in the 

landscape. The rate of change averages from -0.09m/yr to +0.17m/yr. In time 

slices when large drainage event affected the landscape rate of change was high as 

in 1975-2003 (-1 642 m2/yr), while in 2010-2015 when mostly new water bodies 

appeared rate of change was – 248 m2/yr. These differences in rate of change 

owing to the differences in processes of drainage and expansion.    

 

 All maps and centroid distribution graphs presented where thermokarst lakes and 

other water bodies exist and where spatial change have occurred. . A slight 

concentration of water bodies exists in the northeastern (NE) part of the study 

area. Besides this, almost all parts of Tavvavuoma are affected by thermokarst 

lakes. In northwest (NW), a thinner peat soil cover with more mineral soils limits 

the possibilities for permafrost and thermokarst lakes.  Changes have occurred on 

various scales, from large events clearly noticeable on larger water bodies, and 

small changes that have occurred on almost all parts of the shorelines. owing to 

several reasons, there amongst vegetation infilling, drainage, bank erosion and loss 

of visible ground water table in non-permafrost affected depressions  

The low resistance against any thermal equilibrium changes in the sporadic permafrost 

region leaves Tavvavuoma in a situation where a rise in temperatures further will affect 

the distribution and the shorelines of all thermokarst lakes and non-permafrost affected 

water bodies. For now, there is a heterogeneous composition of water bodies with 

different sizes, but with further development into smaller water bodies and lower 

limnicity, a fragmented homogenous landscape might emerge. With a heterogeneous 

composition of both small and large thermokarst lakes, and with both expansion and 

drainage occurring in Tavvavuoma, both positive and negative climate feedback 
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mechanisms are in play. If permafrost still exists beneath the palsas, the trend of increased 

temperature will induce further thawing, and with a continued thawing, new thermokarst 

lakes will emerge, and expand resulting in additional methane emissions. Coalescence 

with succeeding drainage of thermokarst lakes will however result in both greater release 

of SOC as carbon dioxide, as well as increased possibilities for sequestration and renewal 

of peat in the drained thaw lake basins.  

For future studies, continued surveillance of thermokarst lakes and other water bodies in 

Tavvavuoma is needed to investigate in which direction the late increase in number of 

water bodies develop. Considering the method, additional high-spatial resolution data can 

add more answers to the question of where and why thermokarst lakes and other water 

bodies affect the landscape.   
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Appendix 1 
 

Morphometric values and respective changes between 1963 and 2015. Values in parentheses are change  from previous year 

in the time series. *EPR (End Point Rate) based on 15 shoreline subsets where changes were detectable by visual 

interpretation. Values inside parentheses indicate either positive or negative change from previous year.    

 

 1963 1975 2003 2010 2015 

N      
Total 92 79 (-13) 78 (-1) 74 (-4) 85 (+11) 

Area (m
2
)      

Sum 189 446 184 784    (-4 662) 138 795    (-45 989) 130 581    (-8 214) 129 337     
(-1 244) 

Average 2 059 2 339 1 779 1 765 1 522 
Median 206 236 177 212 143 

Max 28 412 40 368 22 975 22 837 23 160 
Min 28 28 29 29 29 

Limnicity (%)      
Total 19.9 19.4 (-0.5) 14.6 (- 4.8) 13.7 (-0.9) 13.6 (-0.1) 

N lakes in area class      
- 250 m

2
 51 40    (-11) 42    (+2) 39    (-3) 50    (+11) 

251 - 500 8 7      (-1) 7      (+/-0) 10    (+3) 9      (-1) 
501 - 1 000 9 11    (+2) 9      (-2) 7      (-2) 8      (+1) 

1 001 - 2 000 8 8      (+/-0) 6      (-2) 5      (+1) 6      (+1) 
2 001 - 4 000 4 3      (-1) 4      (+1) 4      (+/-0) 3      (-1) 
4 001 - 8 000 6 3      (-3) 6      (+3) 5      (-1) 5      (+/-0) 

8 001 - 16 000 3 4      (+1) 2      (-2) 2      (+/-0) 2      (+/-0) 
16 001 - 3 3      (+/-0) 2      (-1) 2      (+/-0) 2      (+/-0) 

Direction of change 
(m

2
) 

     

Land loss  18 472 / 45 % 5 630 / 10 % 1 740 / 15 % 2 516 / 38 % 
Max  8 746 713 228 206 

Land gain  22 958 / 55 % 51 314 / 90 % 9 910 / 85 % 4 108 / 62 % 
Max  5 847 29 947 1 158 1 454 

mARG (m
2
/yr)      

Total  -388  -1 642 -1 173 -248 
Rate of change 
(m/yr)* 

     

Average  - 0.09 + 0.17 + 0.15 + 0.14 
Median  + 0.03 + 0.07 + 0.08 0.00 

Max  + 2.23 + 1.05 + 3.08 + 5.83 
Min  - 2.36 - 0.79 - 1.99 -1.32 

Perimeter (m)      
Sum 19 204 17 409   (-1 795) 14 153   (-3 256) 13 485   (-668) 13 912   

(+427) 
Average 209 220 181 182 164 
Median 85 92 72 88 68 

Max 1 960 2 434 1 144 1 180 1 178 
Min 23 23 23 23 23 

Circularity index      
Average 0.41 0.42 (+0.01) 0.46 (+0.04) 0.43 (-0.03) 0.43 (+/-0) 
Median 0.43 0.44 0.49 0.44 0.44 

Max 0.75 0.75 0.79 0.79 0.79 
Min 0.06 0.08 0.11 0.07 0.07 

Elongation index      
Average 2.20 2.18 (-0.02) 1.96 (-0.22) 2.03 (+0.07) 2.43 (+0.40) 
Median 1.91 1.76 1.73 1.73 1.73 

Max 6.12 11.83 6.32 9.79 23.05 
Min 1.08 1.06 1.00 1.00 1.00 

Orientation (degree)      
Average 91 82 (-9) 82(+/- 0) 83 (+1) 81 (-2) 
Median 88.58 77.07 84.46 74.03 75.31 
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Appendix 2 
 

 
Figure Appendix 2, Original 1963 aerial imagery (Lantmäteriet). 
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Appendix 3 
 

 
Figure Appendix 3, Original 1975 aerial imagery (Lantmäteriet). 
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Appendix 4 
 

Figure Appendix 4, Original 2003 satellite imagery (IKONOS). 
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Appendix 5 
 

 
Figure Appendix 5, Original 2010 aerial imagery (Lantmäteriet). 
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Appendix 6 
 

 
Figure Appendix 6, Original 2015 panchromatic orthophoto (Department of geosciences, university 

of Oslo). 
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