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Abstract 

 

Thermokarst lakes are one of the most common features on the moist depressions and valleys in 

Mongolian permafrost region. Although, the spatiotemporal changes of thermokarst lake 

dynamics have not been investigated in the region so far. Thermokarst lakes are defined as lakes 

that occupy generally closed depressions formed by the settlement of ground following of ice 

rich permafrost or melting of massive ice. After a thermokarst lake has formed, the lake size may 

change due to continued permafrost thaw, variations in air temperature, potential 

evapotranspiration and precipitation. The factors controlling their dynamics in decadal scale have 

been controversial and still the main research topics of permafrost regions. The aims of this study 

are (1) to provide quantitative information on the spatiotemporal changes of thermokarst lakes in 

Mongolia, (2) to categorize the extracted lake areas into four distinct size categories, (3) to 

calculate volume changes of thermokarst lakes, and (4) to address the effects of the long-term 

trends of hydro-climatic regimes and permafrost degradation on the changes of lakes. 

This study used the high spatial resolution Corona KH-4, KH-4A and KH-4B (1962-

1968), Landsat ETM+ (1999-2001), and ALOS/AVNIR-2 (2006-2007) satellite images to 

investigate changes of thermokarst lake dynamics at seven different study sites in the continuous 

and isolated permafrost zones of Mongolia. Lakes larger than 0.1 ha (1000 m
2
) were analyzed 

using remote sensing and geographical information system tools. On the other hand, this study 

used the NCEP/NCAR data for air temperature, and APHRODITE data for precipitation.    

 Between 1962 and 2007, the total number and area of lakes increased by +21% (347 to 420) 

and +7% (3680 ha to 3936 ha) in the continuous permafrost zone, respectively. These changes 
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correspond to the appearance of 85 new lakes (166 ha) during the last 45 years. In contrast, lakes 

in the isolated permafrost zone have decreased by ī42% (118 to 68) in number and ī12% (422 

ha to 371 ha) in area from 1962 to 2007. The changes in lake area and number are likely 

attributed to shifts in climate regimes and local permafrost conditions. In order, the dramatic 

increase in number of smaller lakes with sizes between 0.1-1 ha and 1-10 ha compared to larger 

lakes (10-100 ha and 100-1000 ha) in the continuous permafrost zone is likely as a result of 

permafrost degradation due to increasing temperature and evaporations. However, small lakes 

(0.1 - 1 ha) had a significant reduction in number in the isolated permafrost zone. On the other 

hand, the volume changes of thermokarst lakes are increased in the continuous permafrost zone, 

which is likely attributed to the increasing area and number of lakes in the depression. In the 

isolated permafrost zone, in contrast, that the volume changes observed only negative values.  

Since 1962, the mean annual air temperature and potential evapotranspiration are 

increased significantly in the northern continuous permafrost zone compared to the southern 

isolated permafrost zone. Due to ongoing atmospheric warming without any significant trend in 

annual precipitation, ice-rich permafrost has thawed, and the number and area of thermokarst 

lakes have accordingly developed in the continuous permafrost zone. Shrinking of thermokarst 

lakes in the isolated permafrost zone may be due to disappearing permafrost, deepening of the 

active layer, and increased water loss through surface evaporation and subsurface drainage.  

This study provides the first baseline information of thermokarst lake changes across 

Mongolia, filling the gap in sub-Arctic lake inventories at regional scales such as the southern 

fringe of Siberian permafrost region. 
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Chapter I . Introduction  

 

1.1.  Scientific background 

 

Approximately 24% of the northern land surface is located in permafrost zones (Brown et al., 

1997). Permafrost, defined as the ground that remains at or below 0°C for more than two years, 

can be differentiated by its spatial extent into continuous (90ï100%), discontinuous (50ï90%), 

sporadic (10ï50%), and isolated (0ï10%) zones (Figure 1.1), as well as by its thickness, the 

amount of ground ice present, and its temperature (van Everdingen, 1998). Recent global climate 

warming is occurring in the northern hemisphere at a much faster rate than in other parts of the 

world and therefore significantly affects permafrost regions, which has resulted in widespread 

permafrost degradation and also its disappearance in some regions (IPCC, 2013).  

A typical form of that permafrost degradation involves the formation and growth of 

thermokarst lakes (Soloviev, 1962). Thermokarst lakes are defined as lakes that occupy generally 

closed depressions formed by the settlement of ground following of ice-rich permafrost or 

melting of massive ice (van Everdingen, 1998). Such lakes have mainly formed during the 

transition from late Pleistocene to Holocene and are a sign of local permafrost degradation 

following climate warming (Rampton, 1988; Walter et al., 2007). A thick overburden of 

unconsolidated sediments, and high ground ice content (above 30% by volume), this often results 

in the formation of thermokatst lakes in areas with lowland (Jones et al., 2011; Grosse et al., 

2013). However, thermokarst lakes can also occur in perennially frozen peat lands, poorly 

consolidated and ice-rich bedrock, and in alpine permafrost, such as mountain valleys and 

plateaus (Sannel and Brown, 2010).  
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 Thermokarst lakes are one of the most dynamic and widespread features in permafrost 

regions, covering up to 50% of the total land area of the northern hemisphere (Frohn et al., 2005; 

Hikel et al., 2007). Scientific interest in the interactions between thermokarst lakes, permafrost, 

and climate has increased over the last decades. Their importance to global climate change and 

northern high latitude landscape and permafrost-stored carbon cycling has been identified 

(Zimov et al., 1997; Walter et al., 2007). Therefore quantifying changes in thermokarst lake 

dynamics is of importance for understanding potential positive feedback to climate warming. 

 Historical observations of changes in thermokarst lake dynamics in permafrost regions 

have shown different trends over the last five to six decades using remote sensing imagery 

(Figure 1.1). Several studies from areas of discontinuous to isolated permafrost zones agree in 

general reduction in area and number of thermokarst lakes (Yoshikawa and Hinzman, 2003; 

Smith et al., 2005; Riordan et al., 2006; Andresen and Lougheed, 2014) attributed to 

evapotranspiration and permafrost degradation, resulting in lateral and subsurface drainage 

(Anderson et al., 2013). However, other studies in the continuous permafrost zone are more 

ambiguous with diverse responses to the effects of climate and permafrost including the area and 

number of thermokarst lakes increases (Smith et al., 2005; Jones et al., 2011; Luo et al., 2015), 

both increases and decreased (Plug et al., 2008; Labrecque et al., 2009), small changes (Hinkel et 

al., 2007). This ambiguity can be attributed primarily to regional differences in climate (air 

temperature, evapotranspiration, water balance) and permafrost conditions (ground ice content 

and active layer thickness). Consequently, the factors controlling their dynamics in decadal scale 

have been controversial and still the main research topics of permafrost regions. 
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Figure 1.1. Permafrost distribution in the northern hemisphere (Brown et al., 1997). Map 

produced with data source (shape file) from Guido Grosse, University of Alaska Fairbanks. 

The dashed black rectangle represents the location of thermokarst lake change detection 

studies: a) Smith et al., 2005; Biskaborn et al., 2013; Karlsson et al., 2014; Manasypov et 

al., 2014, b) Morgenstern et al., 2011, c) Walter et al., 2006, d) Luo et al., 2015, Niu et al., 

2011, e) Yoshikawa and Hinzman, 2003; Riordan et al., 2006; Hinkel et al., 2007, 2012; 

Jones et al., 2011; and Andresen and Lougheed, 2014, and f) Plug et al., 2008; Marsh et al., 

2009; Labreque et al., 2009; Sannel and Brown, 2010. 
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1.2.  Permafrost and thermokarst lakes in Mongolia 

 

Mongolia is located in the southern fringe of Siberian permafrost (Figure 1.2). Permafrost, 

distribution changes according to geomorphologic and microclimatic conditions, exists in almost 

two thirds of Mongolia, predominantly distributed in the Altai, Hangai, Hovsgol, and Hentii 

mountain ranges and their surrounding areas (Jambaljav et al., 2013). The territory is 

characterized by mountain and arid-land permafrost. The permafrost divides into four altitudinal 

zones of permafrost distribution such as continuous, discontinuous, sporadic, and isolated 

(Figure 1.2-a). Permafrost of the country has temperatures close to zero degree and is expected to 

thaw drastically due to climate warming (Ishikawa et al., 2012).  The average thickness and 

mean annual temperature in the areas of permafrost are 50 -100 m and ī1 to ī2ęC in river 

valleys and depressions, and 100 - 250 m and ī1 to ī3ÁC on mountains (Jambaljav et al., 2013). 

The thickness of the active layer in the continuous permafrost zone is 1 - 3 m, while it ranges 4 - 

7 m in the discontinuous and isolated permafrost zone (Sharkhuu, 2011). Ground ice in this 

region is characterized mainly by low and moderate ice content in unconsolidated sediments 

(Figure 1.2-b). As shown the map, however, ice-rich permafrost (ice-patches) consists in the 

valleys and depressions under lacustrine and alluvial sediments. Continuous and ice-rich 

permafrost occurs in the northern areas of Mongolia with volumetric ice contents higher than 

20% (Photo 1.1), while discontinuous, sporadic and isolated permafrost has low ice content in 

the southern areas (Brown et al., 1997). According to this environmental gradient would be 

interesting for comprehensive analysis of the factors controlling changes of thermokarst lake 

dynamics. Consequently, this study is focused on permafrost region of Mongolia. 
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Figure 1.2. a) Permafrost distribution in Mongolia at the southern fringe of Siberian 

permafrost region. b) Distribution of ice content in the region (high > 20%, medium 10 ï 

20%, and low 0 ï 10%).  

 

a) 

b) 
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Numerous thermokarst lakes exist on moist depression and river valleys within the four 

mountain ranges in Mongolia, where permafrost shows significant spatial variations in the extent 

and different ice contents. Information about thermokarst lakes in this region, at the southern 

fringe of Siberian permafrost, however, is remarkably scarce. Tserensodnom (2000) published a 

book entitled name ñLake catalog of Mongoliaò which was indicated all lakes characteristics, 

morphology, and type (e.g., glacial, flood plain, thermokarst, and others) by each provinces 

across Mongolia. Other few researchers reported only the distribution of thermokarst lakes in 

some specific areas (Tumurbaatar, 2001; Nishida and Jamsran, 2009; Sharkhuu, 2011). However, 

these studies did not show the long-term changes of thermokarst lakes dynamics, the 

spatiotemporal changes of these lakes have not been investigated in Mongolia so far. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photo 1.1. Exposure of ice-rich deposits at the Darkhad depression, in the northern 

continuous permafrost zone, Mongolia. Photo was taken by researchers of Permafrost 

Department at the Institute of Geography and Geoecology, Mongolian Academy of 

Sciences. 
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1.3.  Research objectives 
 

 

In light of the above background, this study aims i) to provide quantitative information on the 

temporal and spatial changes of thermokarst lakes at seven sites in the continuous and isolated 

permafrost zones of Mongolia, ii) to categorize the extracted lake areas into four distinct classes 

in order to better understand the lake dynamics of individual lake size categories, iii) to calculate 

volume changes of thermokarst lakes at study sites, and vi) to address the effects of the long-

term trends of hydro-climatic regimes and permafrost degradation on the areal changes of 

thermokarst lakes.  

To accomplish these objectives, remotely sensed, field survey, and the reanalysis data 

were used in an integrated manner. Remote sensing data with spatial resolution 1.8-7.5 m 

(Corona panchromatic images), 15 m (Landsat ETM; band 8 panchromatic images), and 10 m 

(ALOS/AVNIR-2 images) were employed based on specific needs and their suitability for 

achieving the desired level of details. This study used remote sensing data from the 1962 to 2007 

to investigate thermokarst lake changes at the study sites, so that thermokarst lake changes can 

be mapped over a relatively long period of time.  

 

1.4. Outline of the thesis 

 

This thesis contains six chapters. Chapter I describes the background information of thermokarst 

lakes and their importance, previous studies on thermokarst lakes, permafrost and thermokarst 

distributions in the study regions, research objectives, and outline of the thesis itself. Chapter II 

presents the geography, climate settings of the study region, and description of each study site. 
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Chapter III  concentrates on the long-term hydro-climatic, and permafrost changes at the 

observation sites Mongolia, which follows the long-term reanalysis data and water balance 

model, and literature review on permafrost data. Chapter IV focuses on thermokarst lake 

dynamics at study sites in Mongolia from 1962 to 2007, which includes: the remote sensing 

images, the general methods for image processing and analyzing, mapping of thermokarst lakes, 

the areal changes on the categorized lake sizes, and volume changes of lakes in the continuous 

and isolated permafrost zones. In addition, the field survey include the ground control points, and 

remote sensing techniques, which has been recently used to orthorectify the high resolution 

Corona KH-4, KH-4A, and KH-4B, and ALOS/AVNIR-2 satellite data. Chapter V presented the 

general discussion on the thermokarst lake changes and lake size categorization in different 

permafrost zones, long-term climate and permafrost changes reflects on thermokarst lakes. 

Finally, Chapter VI presents the general conclusion of the study.  
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Chapter II. Physical settings of Mongolia 

 

2.1. Topography and Vegetation 

 

Mongolia is located in the central part of the Asia, and is bounded in the north by Russia and in 

the south by China. Topography of the country consists mainly of a plateau can, in general, be 

divided into the Altai, Hangai, Hovsgol, and Hentii mountains (Figure 2.1). The northwest and 

central parts are high mountain regions, while the eastern part is a vast steppe region. The 

southern part of the country is covered with semi-desert and desert area ñGobi desertò (MARCC, 

2009). The average elevation of Mongolia is 1580 m above sea level (a.s.l).  The bottoms of the 

lowest depressions are about 533 m a.s.l. while the highest of these is the Altai mountain region 

(up to 4000 m a.s.l) located in western Mongolia.  

 

 

 

 

 

 

 

 

 

 

Altai  Mountains 

Hovsgol Mountains 

Hangai Mountains Hentii Mountains 

Figure 2.1. Topography of Mongolia 

Gobi desert 
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On the other hand, the territory of Mongolia has a transition zone in its rainfall amount as 

well as in its vegetation conditions, which change from desert to grassland and forest, over a 

north-to-south distance of only several hundreds of kilometers. In general, this transition zone is 

reflected in the vegetation patterns over Mongolia. The vegetation of Mongolia is characterized 

by Siberian forest, especially in the Hangai, Hentii, and Hovsgol mountains, and also by high 

mountain steppe vegetation in the Altai mountain region (Dorjsuren, 2014.).  

 

2.2. Climate condition 

 

Mongolia has a typically continental climate. A gradual temperature and moisture change is 

reflected in the prevailing climate pattern along a latitudinal gradient (MARCC, 2009). Climate 

of the country is characterized by, cold and moist conditions in the northern territories, warm and 

dry conditions in the southern territories. Winter air temperatures often reach to -50°C in the 

northern territory, and to 4°C in the south territory. In the warmest month, air temperatures range 

between 10 and 15°C in Hovsgol, Hangai, Altai, and Hentii mountains and reach up to 20°C in 

the southern province. The air temperatures are the lowest in mid-January and range between -25 

and -30°C in the northern regions and between -15 and -20°C in the southern regions (Dagvadorj 

et al., 2009). About 85% of total precipitation falls in warm season from April to September, of 

which about 60% falls between July and August (AIACC, 2005). Total annual mean 

precipitation is 300ï400 mm in the Hangai, Hentii, and Hovsgol mountains, and it decreases to 

100ï200mm in southern Hangai and Altai mountains. Since 1940s, the precipitation over 

Mongolia has decreased at a rate of 0.1ï2.0 mm per year, while the air temperature in Mongolia 

has increased by 2.14°C (Natsagdorj and Sarantuya, 2014).  
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2.3. Description of the study sites 

 

In this study, seven sites are selected within the continuous and isolated permafrost zones of 

Mongolia (Figure 2.2-a): Darhad depression, Mungut river valley, Chuluut river valley, Khongor 

Ulun, Nalaikh depression, Galuut depression, and Erdene. These sites contain long-term 

permafrost monitoring boreholes located for our sites. Table 2.1 shows detailed information of 

basic hydro-climatology and environmental characteristics at all study sites. On the other hand, 

we collected ground control points (GCPs) at all study sites during the field work in 2009.  

The Darkhad depression is located in the northern Hovsgol mountain region, within the 

ice-rich continuous permafrost zone (Table 2.1, Figure 2.2-a, and b). It is up to 40 km wide and 

110 km long extended from north to south, is bounded by high mountains on all sides, which 

elevated up to 3300 m a.s.l (Figure 2.3-a). The depression has an extensive flat floor underlain by 

thick lacustrine sediments (Ishikawa and Jambaljav, 2015). Permafrost generally extends to 

depths of 150-200 m below ground in this depression, and the active layer ranges between 1ï3 m 

depth (Sharkhuu, 2011). The mean annual ground temperature has been recorded as -3°C within 

the area (Ishikawa et al., 2012). The surface of the permafrost experienced strong thermal 

erosion, which resulted in the formation of thermokarst lakes on the depression floor during the 

Last Glacier Maximum (Krivonogov et al., 2012). Consequently, numerous thermokarst lakes 

concentrate in the depression floor. The depression is characterized by periglacial features 

including ice-wedge polygons, thermokarst, and frost mounds (Nishida and Jamsran, 2009; 

Tserensodnom, 2000; Tumurbaatar, 2001; Sharkhuu, 2011; Ishikawa and Jambaljav, 2015). The 

networks of ice-wedge polygons are only clearly visible at altitudes between 1560 and 1570m 

a.s.l. (Krivonogov et al., 2005), near the lacustrine terraces.  
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Figure 2.2. Location of study sites in different permafrost zones: a) Darkhad 

depression, Mungut river valley, Chuluut river valley, Khongor-Ulun, Nalaikh 

depression, Galuut depression, and Erdene. b) These study sites were located in 

different ice-content ground.  
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depression, Mungut river valley, Chuluut river valley, Khongor-Ulun, Nalaikh 

depression, Galuut depression, and Erdene. b) These study sites were located in 

different ice-content grounds.  
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The Mungut river valley is situated in the continuous permafrost with medium ice 

content, which is near the Hangain mountain region (Figure 2.2-a, and b; and Table 2.1). The 

entire the river valley was filled with lacustrine sediments during the Late Pleistocene 

(Yoshikawa et al., 2013). The sediment in the area is about 120 m thick, and permafrost is about 

100 to 150 m thick, with a maximum depth of 200 m (Sharkhuu, 1969). Permafrost temperature 

at the site ranges from -1.2°C to -1.5°C, and the thickness of the active layer is 2.0ï2.8 m 

(Sharkhuu, 2011; Ishikawa et al., 2012). The river valley is covered by small thermokarst lakes, 

pingos, and hummocks, surface characteristic shows clearly on Photo 2.1-b and Figure 2.3-b.  

In the northern part of the Hangai mountain region, the Chuluut river valley is located in 

the continuous permafrost with medium ground ice content (Figure 2.2-a, and b). The valley is 

characterized by the inter-layering silt and clay sediments, permafrost thickness ranges from 15 

m to 30 m (Sharkhuu, 1969). Permafrost temperature has been recorded as -1.6°C at the study 

site (Ishikawa et al., 2012), the active layer thickness ranges between 1.6 and 3 m (Jambaljav et 

al., 2013). Thermokarst processes have greatly influenced the landscaped in this area due to 

recent climate changes (Sharkhuu, 2011). Many small thermokarst lakes, pingo, and hummock 

exist along the river valley (Photo 2.1-c). On the other hand, the site is surrounded by larch forest 

on the northern slope of the mountains and by steppe grassland on the southern slope.  

In the northwestern Altai mountain region, Khongor-Ulun is located within the high 

mountains, which elevated up to 3500 m a.s.l (Figure 2.3-d, and Photo 2.1-d). The permafrost 

temperature in this site, ranges between -2.4°C and -3.5°C, is colder than other study sites 

(Ishikawa et al., 2012). The study site in continuous permafrost is covered by several 

thermokarst lakes. These lakes probably formed as a result of permafrost degradation, which are 

connected to channel outflow (Tserensodnom, 2000).  
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Figure 2.3. Topography map of study sites in the continuous permafrost zone: a) Darkhad 

depression, b) Mungut river valley, c) Chuluut river valley, and d) Khongor-Ulun. Black 

polygons represents surface area of the identified thermokarst lakes at these sites (as of 

1962/1968).  
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