
   

 

 

 

 

 

 

Master Thesis 

to attain the academic degree 

Master of Science (M.Sc.) in Physical Geography 

 

 

 

 

Estimating excess ground ice in Arctic  tundra landscapes by  

a statistical analysis of drained thermokarst lake basins -  

A comparison between research sites in Alaska 

 

 

Abschätzung von überschüssigem Bodeneis in arktischen Tundralandschaften  

anhand einer statistischen Analyse von Alasen -  

Ein Vergleich zwischen Untersuchungsgebieten in Alaska 

 

 

 

 

 

submitted by 

Lisa Annika Schramm 

 

 

to Prof. Dr. Michael Becht 

Institute of Geography, 

Catholic University of Eichstätt - Ingolstadt 

 

 

Potsdam, 24. September 2019



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lisa Annika Schramm,  

geboren am 13.07.1994 in Esslingen am Neckar 

Adresse: Im Holder 15, 73734 Esslingen 

Email: lisaschramm@web.de 

Matrikelnummer: 707538 

 

 

Gutachter KU:  Prof. Dr. Michael Becht  

Lehrstuhl für Physische Geographie 

Mathematisch- Geographische Fakultät der KU Eichstätt-Ingolstadt 

Ostenstraße 18, 85072 Eichstätt 

Michael.Becht@ku.de 

 

Betreuer AWI :  Dr. Moritz Langer 

Forschungsgruppe PermaRisk am Alfred- Wegener- Institut 

Telegrafenberg A43, 14473 Potsdam 

Moritz.Langer@awi.de 



 

 



I 
 

Abstract 

Excess ice is determining the sensibility of permafrost landscapes in a warming climate. As 

excess ice thaws several morphodynamical processes can occur, which can change the Arctic 

landscape significantly. Up until now, the excess ice content is only known for small areas of 

the Arctic, but not Arctic wide. Mappings that cover large areas are mostly based on 

classifications of the land surface and are therefore not very precise. The limited amount of data 

about excess ice affects the precision of the modelling of the degradation of Permafrost, because 

it affects the sensitivity of permafrost landscapes including all biogeochemical and geophysical 

processes. 

To estimate the amount of excess ice in a landscape, differences in altitude formed by 

thermoerosion processes were analyzed. Height differences are formed by melting excess ice 

in the ground, causing subsidence. It is presumed that the content of excess ice around the 

thermoerosion structures is about as thick as the subsidence of the structure itself. Some factors, 

like erosion, slope and others, must be kept in mind when interpreting the results. The research 

question of the thesis is: Is it possible to make a rough estimation of the excess ice content of 

permafrost soil in tundra landscapes by an analysis of a digital elevation model (DEM)? 

The Barrow Peninsula and the Seward Peninsula, both located in Alaska, U. S., are the two 

research sites of this work, characterized by current thermokarst lakes and former ones, which 

are nowadays Drained Thermokarst Lake Basins (DTLBs). 

For the analysis of the basin height in comparison to the surrounding area, the Arctic DEM is 

used as main data resource together with data of the DTLBs. ArcGIS and R were used to 

calculate the height of the lakes and DTLBs and to statistically analyze the results. 

Various height differences and elevation distribution patterns for the two research sites were 

found out without a significantly related distribution pattern with the age or general elevation 

of the DTLBs. 

The discussion includes the importance of the distribution pattern of the elevation data for the 

interpretation of the excess ice and which other factors must be considered in the interpretation, 

like the age of the DTLB, the landscape type and soil and permafrost properties. Problems 

occurred, e.g. regarding the comparability between the research sites because of the age classes 

and due overlapping of buffers. Furthermore, ideas of an improvement of the method are 

proposed. 

The result includes the mean difference of the buffer height minus the basins height, but several 

other factors need to be included, such as the active layer thickness, the permafrost depth and 

more. Therefore, the named difference can not be equalized to the excess ice volume. 
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Zusammenfassung 

Überschüssiges Bodeneis spiegelt die Sensibilität von Permafrostlandschaften in einem sich 

erwärmenden Klima wider. Durch das Tauen von Bodeneis werden verschiedene morpho-

dynamische Prozesse in Gang gesetzt, welche die Arktische Landschaft sehr deutlich verändern 

können. Bisher ist das Ausmaß von überschüssigem Bodeneis, excess ice, nur bekannt für 

kleinräumige Gebiete, aber nicht die gesamte Arktis. Kartierungen, welche größere Flächen 

abdecken, basieren zumeist auf Klassifizierungen der Landoberfläche und sind dadurch nicht 

sehr genau. Die limitierte Datenmenge zu excess ice ist ein Ungenauigkeitsfaktor in der 

Modellierung der Permafrost Degradierung, da es auch die gesamte Sensitivität von Perma-

frostlandschaften beeinflusst, inklusive aller biogeochemischen und biogeophysikalischen 

Prozessen. 

Um die Menge an überschüssigem Bodeneis zu analysieren, wurde ein Vergleich von der Höhe 

von ausgelaufenen Thermokarstsee, Alasen, und der direkten Umgebung berechnet. Diese 

Differenzen sind durch das Abtauen von Bodeneis und der dadurch resultierenden 

Bodenabsackung entstanden. Es wird dabei angenommen, dass die Absenkung der Seebecken 

in etwa die Höhe des Bodeneisgehaltes entspricht. Jedoch müssen Faktoren, wie Erosion, 

Hangneigung und weitere, bei der Interpretation mit herangezogen werden. Die Fragestellung 

der Masterthesis lautet: Ist es möglich eine grobe Abschätzung über den Gehalt von Bodeneis 

eines Permafrostbodens in einer arktischen Tundralandschaft durch eine Analyse eines 

Digitalen Höhenmodells zu berechnen? 

Die Untersuchungsgebiete dieser Arbeit sind die Barrow Halbinseln und der Norden der Seward 

Halbinsel, welche beide in Alaska, USA, zu verorten sind. Beide Gebiete sind charakteristisch 

geprägt von rezenten Thermokarstseen sowie ehemaligen, heute ausgelaufenen Thermokarst-

seen, auch Alase genannt. 

Für die Analyse der Seebeckenhöhe und des umliegenden Geländes, wird das Arctic DEM als 

hauptsächliche Datenquelle in Kombination mit Daten für die Alase verwendet. ArcGis und R 

werden für die Datenverarbeitung, die Höhenberechnungen und die statistische Analyse der 

Ergebnisse verwendet. Verschiedene Höhendifferenzen und Verteilungen der Höhendaten für 

beide Untersuchungsgebiete ohne einen signifikanten Zusammenhang zwischen der Verteilung 

und Alter oder der generellen Höhe des DTLBs wurden herausgefunden. 

Die Diskussion beinhaltet die Wichtigkeit der Verteilungen der Höhendaten für die 

Interpretation von excess ice and welche anderen Faktoren bei der Interpretation beachtet 

werden müssen, wie das Alter der Becken, der Landschaftstyp und Boden- sowie Permafrost-

eigenschaften. Probleme sind unter anderem bei der Vergleichbarkeit der Untersuchungs-

gebiete auf Grund der verschiedenen Altersklassen und durch sich überlappende Bufferbereiche 

entstanden. Weiterhin werden Idee für eine Verbesserung der Methode vorgeschlagen. 

Das Ergebnis beinhaltet die durchschnittliche Höhendifferenz der Bufferflächen minus der 

Beckenflächen, wobei noch andere Faktoren einberechnet werden müssen, wie die Dicke des 

active layers, die Permafrostmächtigkeit und weitere. Es kann nicht die genannte 

Höhendifferenz mit dem Volumen des excess ice gleichgesetzt werden. 
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1. Introduction 

 

1.1. Permafrost in the Arctic 

ñThe cryosphere is, however, not simply a passive indicator of climate 

change; changes in each component of the cryosphere have a significant and 

lasting impact on physical, biological and social systems.ò  

IPCC - Climate Change 2013 - The Physical Science Basis (Vaughan et al. 

2013) 

Polar Amplification describes the phenomenon of an exceeding mean surface temperature 

warming of the poles over the global average of temperature increase. The cryosphere, which 

largest parts are the poles, is very sensitive to a change in climate (Vaughan et al. 2013). Frozen 

ground, as important part of the cryosphere and its changes are not obvious to see, like melting 

of glaciers, but it is not as ubiquitous as for example the decrease on the Greenland ice sheet. 

Still, Permafrost is a sensitive part in climate change and is a significant part of the Arctic 

environment. This is why research on Permafrost, and of the thawing Permafrost, is 

indispensable for climate change discussion (Grosse et al. 2011; Vaughan et al. 2013). Thawing 

of permafrost can have a big impact on the whole ecosystem by changing the flora and fauna, 

as stated in the quotation of the IPCC report. Also, an effect on the exchange of greenhouse 

gases from permafrost ground and other biogeochemical processes was found, which therefore 

directly impacts climate change. Additionally, by destabilizing the ground, influences on 

infrastructure can occur, with consequences for human settlements and population in permafrost 

regions (Vonk/Gustafsson 2013; Hope/Schaefer 2016). 

Permafrost is a temperature- based phenomenon, which is therefore difficult to measure. So far, 

permafrost is one of the most uncertain, but important, factors influencing climate change. 

Within the permafrost the ice content of the ground can have a huge variety, depending on 

various climatological and geological factors, from nearly no ice content to areas existing of 

nearly pure ice (Regmi et al. 2012). Thermokarst gullies, lakes, Drained Thermokarst Lake 

Basins (DTLB), retrogressive thaw slumps and other erosional structures are an indicator of 

thermokarst processes in ice-rich permafrost grounds. These processes and occurring structures 

show the impact on thawing of ice-rich permafrost ground. Up to now it is not possible to detect 

ground ice and its spatial distribution by any tool of remote sensing. Methods for investigating 

ground ice remotely by analyzing surface structures or other indicators are not yet sufficiently 

working (Bockheim/Hinkel 2012; Regmi et al. 2012). Considering the rapid warming measured 

in the terrestrial Arctic with an increase of the mean annual air temperature by 0.5° C per decade 

since 1981, which is two to three times the average global warming. Therefore an improvement 

on the research of degrading permafrost in Arctic landscapes is crucial (Rowland et al. 2010; 

Comiso/Hall 2014). 
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1.2. State of the Art of Mapping Permafrost 

The current knowledge on the directly measured content of excess ice in permafrost ground is 

mostly limited to several field data samples of a few areas. Some of them are done by sampling 

and geomorphological mapping, while other data is gained by geophysical and airborne 

methods (Jorgenson et al. 2003; Gilbert et al. 2016). Up to the moment there is neither a detailed 

pan- Arctic map of excess ice, nor of thermokarst lakes or drained thermokarst lake basins 

available, just some maps created by very largely extrapolated data from a combination of point 

measurements and land surface or climate maps. Summarizing this existing data, there is no 

detailed information on ground ice for large areas of the Arctic, neither gained by direct 

investigations, nor by investigating landscape features originating by ground ice or thawing of 

ground ice (Heginbottom 2002; Grosse et al. 2013). Due to these difficulties of data acquisition, 

the general processes of Arctic tundra landscapes are most likely not fully understood yet. 

Thermokarst lakes and DTLBs are ubiquitous landforms in the Arctic tundra landscape, but 

their lifespan and dynamic processes need further research (Grosse et al. 2013; Liu et al. 2014). 

The maximum of the formation of thermokarst lakes and drained basins in the Arctic can be 

dated back into the Pleistocene- Holocene transition and the Holocene thermal maximum. 

Thermokarst lakes as well as drained basins are geomorphological features of thawing excess 

ice in permafrost ground (Grosse et al. 2013). Such lakes on the central part of the Seward 

peninsula in the Imuruk area were first mentioned by David Hopkins in 1949. He describes the 

lakes and drained lakes discovered in his 1947/48 field work as lakes established by the 

subsidence caused by the thawing of perennially frozen ground (Hopkins 1949). The 

thermokarst lake drainage cycle was also mentioned the first time together with the formation, 

growth and drainage of the lakes (Hopkins 1949; Grosse et al. 2013). Presently it is known, that 

thermokarst lakes are having a big influence on surface energy balances with feedbacks to the 

ground thermal regime in permafrost landscapes as well as the land- atmosphere energy 

exchange (Grosse et al. 2013; Boike et al. 2015). 

Currently produced data products of permafrost include maps of global or regional focus as 

well as selective data based on cores of the ground, which are just of local scale. One example 

is the Circum Arctic Map of Permafrost and Ground Ice Conditions by Brown et al. (1997) is a 

map including the northern hemisphere and marks points of known ground ice bodies. An 

updated version of this map was published in 2002 (Brown et al. 1997; Brown et al. 2002). 

Further on, there is the map on ñPermafrost Characteristics of Alaskaò by Jorgenson et al. 

(2008), giving an overview on the permafrost categories, like continuous or discontinuous and 

on punctual permafrost depth, but no information on ground ice is included (Jorgenson et al. 

2008). While there is no map or database for Drained Thermokarst Lake Basins known, since 

2017 there is a database based on remote sensing data for ponds and lakes in arctic permafrost 

regions by Muster et al. (Muster et al. 2017). 
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1.3. Landscape Structures and Processes in Permafrost Environments 

Permafrost is defined by the temperature of the ground (soil or rock and included ice and 

organic material) and the thermal state of the lithosphere, which has to be below or at 0°C for 

a minimum time of two continuous years. Permafrost does not have to contain water, but it can. 

Permafrost ground does not have to be perennially frozen, but perennial frozen ground is always 

considered as Permafrost. The thickness of a Permafrost layer can differ between several 

centimeters to more than 1000 m (Heginbottom 2002; van Everdingen 2005; Dobinski 2011). 

In figure 1 different shadings of purple from light to dark show the extent of isolated, sporadic, 

discontinuous and continuous permafrost on the northern hemisphere. Permafrost covered areas 

make up to 23 million km², from which the biggest parts are in Siberia, Alaska, northern Canada 

and the Tibetan plateau (National Snow and Ice Data Center 2019). In addition to permafrost 

in the Arctic area, there is also a certain amount of alpine permafrost under specific conditions 

in high alpine regions. 

 

Arctic permafrost is often found in tundra landscapes, a mostly treeless terrain, with a 

continuous cover of vegetation (van Everdingen 2005). In high latitudes tundra landscapes, 

thermokarst is a widely spread process, which can shape big areas very characteristically. The 

process hereby is the thawing of ice- rich permafrost or the melting of ground ice, which often 

causes thaw settlement. Thermokarst landscapes or terrains are characteristically shaped by 

thermokarst lakes, thermokarst mounds, gullies, thaw slumps and drained thermokarst lake 

Figure 1: Distribution of permafrost on the northern hemisphere 

(National Snow and Ice Data Center 2019) 
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basins (DTLBs). Another name for DTLBs is the term Alas. Not included in thermokarst 

processes is the annual thawing of the active layer. The thawing of ice can be caused naturally 

by a warming climate, but also a human caused disturbance of the thermal regime of the ground 

(van Everdingen 2005). 

Although ground ice refers to all kinds of ice in frozen ground, excess ice is specified as óthe 

volume of ice in the ground, which exceeds the total pore volume that the ground would have 

under natural frozen conditionsó (van Everdingen 2005; Grosse et al. 2013). Excess ice is 

exceeding the soil porosity, creating an oversaturated soil, and can build ice wedges, ice lenses 

and ice veins. Excess ice is not including ice found in pores and its content is usually given on 

a volumetric basis. Soil containing excess ice can settle, when thawing, under its own weight 

until it reaches a stable state. Ice wedges cause the ground to expand vertically, whilst ice lenses 

are spread more horizontally (van Everdingen 2005; Bockheim/Hinkel 2012; Lee et al. 2014). 

Permafrost grounds can have a very different amount of ice, depending on the soil type, the 

amount of sediments, bedrock and organic material. One type of ice-rich permafrost is the 

Siberian Yedoma, containing up to 70 % or more ice of the volume in the uppermost 30 meters. 

Not just these big amounts, but also smaller amounts of ice will cause a subsidence when 

thawing (Grosse et al. 2010). 

Thermokarst lakes usually fill basins formed by thaw settlement of the ground caused by 

melting of ice-rich permafrost and ground ice. The lakes can vary in size from 0.5 to < 100 km² 

in their area and between less than a meter to up to about 20 m in depth. Typically, lakes form 

in areas with an ice content of 30 % by volume or more. It is possible that those mostly shallow 

lakes expand toward a certain direction and form so called oriented lakes. These are 

characterized by a common orientation. In Barrow, northern Alaska, most lakes are elliptical 

with an N - W orientation, whereas in northern Siberia there are oriented triangular shaped 

lakes. On Baffin Island, Canada there are nearly perfectly round shaped lakes. About 25 to  

40 % of the Arctic lowland landscapes, Alaska, Siberia and Canada, are covered by thermokarst 

lakes. Especially in the Arctic Coastal Plain of northern Alaska (ACP) where most lakes are 

shallow, the energy balance and the stability of the permafrost gets strongly influenced by the 

thickness of the lake ice (van Everdingen 2005; Arp et al. 2012; Grosse et al. 2013). 

Underneath a thermokarst lake there is usually a layer of unfrozen ground, a so called Talik . It 

forms due to local anomalies in thermal, hydrological, hydrogeological, or hydrochemical 

conditions. The lake and Talik can expand due to unstable permafrost conditions on the lake 

shores in its width, but also due to temperature anomalies in its depth, like a change in the active 

layer (van Everdingen 2005; Larsen/Fondahl 2016). 

The bigger thermokarst lakes become, the more likely a drainage can occur and Drained 

Thermokarst Lake Basins (DTLBs) develop. Such drainage events occur at different 

frequencies and can take place over a long period of time or in a short and sudden event. Most 

cases are triggered by an ice-wedge erosion, but a headward stream erosion, tapping, bank 

overflow, or coastal erosion can also be possible causes, as well as human impacts, like traffic, 

mining or construction work. Lakes do not always drain completely, but partially, which leads 

to residual ponds within the basins. The draining can take place subterrestrial, e.g. through an 

opening in the Talik, or superficial (Hinkel et al. 2003; van Everdingen 2005; Hinkel et al. 

2007). After a lake is drained, the volume of the ground ice usually increases rapidly due to 
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new aggradation of permafrost in the unfrozen basin sediments (Bockheim/Hinkel 2012). An 

example of a tundra landscape with oriented thermokarst lakes and DTLBs of the research area 

of Barrow is shown in figure 2. The two red outlined DTLBs are part of the dataset of Barrow. 

 

Figure 2: Aerial Picture (ESRI World Imagery) of Thermokarst lakes and DTLBs in the 

research area of Barrow. 

 

A concept of the Thermokarst Lake Drainage Cycle was established in the 1950s to describe 

the cycle of appearing and draining of the lakes as best as possible. One cycle must consist of 

two or more of the following sequences: 

- A thermokarst lake develops in ice-rich permafrost. 

- The lake grows, a drainage of the lake happens. 

- New permafrost forms in the drained basin, including the formation of new ground ice. 

- Due to increasing ice volume of the ground, the basin surface inflates to approximately 

almost the old surface height. 

- The new ground ice, like ice wedges and ice lenses, starts degrading. 

From this point the cycle repeats itself again. The age of the lake and the drainage event time 

can vary significantly. Due to the lack of proof of a rapid regrowth of ground ice formation, the 

inflation of the ground to the first lake height is an uncertain assumption and therefore often 

questioned. Furthermore, this cycle is based on the thermokarst lake areas of Northern Alaska 

and it is not yet proven if this concept is applicable to other regions (Hinkel et al. 2003; 

Bockheim/Hinkel 2012; Grosse et al. 2013). 
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1.4. Project at Alfred-Wegener-Institute 

The Alfred-Wegener-Institute for Polar and Marine Science (AWI) is a Research Institute 

belonging to the German Helmholtz Association. The Permafrost Research Unit is based in 

Potsdam, whereas the AWI headquarters are in Bremerhaven, Germany. 

The Permafrost section has two main focuses: One topic is ñthe observation and quantification 

of current periglacial processes and environmental changes and their causes in order to assess 

the modern state of permafrost and its future transformationò, whereas the second topic is about 

ñthe reconstruction of periglacial landscape dynamics of the last 200,000 years, delivering 

important information on the temporal variability of environmental and climatic change, 

ecosystem dynamics, and the carbon cycleñ. Location wise the focuses are mainly on Alaska 

and Siberia, but also Canada and Svalbard (AWI 2019). 

Within the Permafrost research unit, there is the PermaRisk junior research group under the 

leadership of Dr. Moritz Langer with the focus on ñSimulating erosion processes in a permafrost 

landscape under a warming climate - a risk assessment for ecosystems and infrastructureò. The 

work for this thesis was done within this group (AWI PermaRisk 2019). 

Three main research questions have been set up by the PermaRisk group to get a better 

understanding of permafrost erosion and mass wasting processes: 

¶ How will a warming climate affect the intensity of erosion and mass movement process 

within permafrost landscapes? 

¶ How will erosion affect landscape characteristics, human infrastructure, and essential 

ecosystem functions such as the energy, water, and nutrient balance within the Arctic? 

¶ Do erosion processes and the associated changes in landscape characteristics introduce 

positive and/or negative feedbacks to permafrost degradation? 

Therefore, the land surface model CryoGrid3, initially developed by the AWI in cooperation 

with the University of Oslo, will be extended and improved. The model will  include certain 

features for snow cover and surface subsidence as well as a model to simulate the evolution of 

thermokarst lakes in addition to the full surface energy balance scheme. With the output of the 

model, the risk assessment should be more precise and the prevention of damage of 

infrastructure in the Arctic can be established faster and more comprehensively. In general, a 

more detailed and more precise simulation of permafrost environments in a warming climate 

under different scenarios will be processed. The three focus areas of the PermaRisk group are 

Deadhorse/Prudhoe Bay, Alaska; Churchill, Canada; and the Lena Delta, Siberia (AWI 2019; 

AWI PermaRisk 2019). 
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1.5. Aim of the Thesis 

A future improvement on the understanding of thermokarst lakes in Arctic permafrost and the 

content of excess ice in tundra landscapes is necessary to gain more information on the 

landscape features and their spatial distribution. Therefore, the aim of the thesis is to investigate 

and calculate excess ground ice based on remote sensing data. The knowledge is essential for 

all processes in the permafrost landscape, for the thermokarst lake drainage circle, and for man-

made infrastructure in these areas. A benefit of remote sensing based methods is that they are 

cost efficient by using existing data and field investigations are not particularly needed once 

the methods are proofed with field data of different investigation sites. 

A new method is tested in this study by only using remote sensing data to obtain information 

on the excess ice content in Arctic tundra landscapes. The research question is:  

Is it possible to make a rough estimate of the excess ice content of permafrost 

ground in Arctic tundra landscapes by a statistical analysis of drained 

thermokarst lake basins of a digital elevation model (DEM)? 

For this task a comparison of drained thermokarst lake basins at two research sites close to the 

town of Barrow and on the northern Seward peninsula, both in Alaska, U. S., was done. As 

main data source, the open source Arctic DEM is used. 

 

 

2. Study region 

Both research areas of this study are located in Alaska in the United States of America north of 

66° N. The Seward Peninsula (fig. 3, purple) is at the west coast at the Bering Sea, whereas the 

city of Barrow and the surrounding research area (fig. 3, red) are on the Outer Coastal Plain 

(OCP) on the north coast. The map is giving a spatial overview on position of the research sites 

within Alaska and the neighboring countries, Canada in the east and Russia in the west, with 

the Bering strait and sea in between. A very distinctive difference between the two research 

sites is that in Barrow are much more water filled lakes nowadays than on the northern Seward 

Peninsula.  

Thermokarst lakes and Drained Thermokarst Lake Basins cover large areas of Alaska, but 

mostly on the Arctic Coastal Plain (ACP), the Arctic Foothills and the Seward Peninsula 

(Hinkel et al. 2012). The number of lakes and lake basins is decreasing from the coastal areas 

towards the interior. More and also larger lakes are found in the outer coastal plain (OCP) than 

in the Inner Coastal Plain (ICP). About 20 % of the ACP is covered by lakes and 26 % with 

drained thermokarst lake basins based on an analysis of satellite data (Hinkel et al. 2012). The 

lakes have formed a very dynamic landscape due to the lake drainage cycle. The accumulation 

of soil organic carbon in form of peat within the lakes makes these areas important for the high-

latitude carbon cycle (Hinkel et al. 2012; Regmi et al. 2012). 
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Figure 3: Overview map (ESRI Nat. Geographic) of the research areas in Alaska. Barrow in 

the north is marked in red, Seward in the west in purple. 

 

2.1. Barrow Peninsula 

The city of Barrow (fig. 4, red dot) is located at the west side of the peninsula on the north coast 

of Alaska on the Outer Coastal Plain north of the Inaru river, which flows into the Admiralty 

bay. The research site is located south of the city of Barrow at 71° 18ô N and 156° 46ô W, with 

a total area of about 2700 km². The altitude of the area ranges from -10 to 23 m a.s.l. according 

to the Arctic DEM. Characteristic of the area are the elongated lakes, mostly oriented in a nearly 

N-S direction, as well as a high density of lakes and drained thermokarst lake basins, which 

formed in ice-rich silty deposits. Polygonal tundra covers approximately  

65 % of the area (Hinkel et al. 2003). The elliptical shape of the lakes was documented for the 

first time in 1962 by Carson et al. (Carson/Hussey 1962). A hypothesis on how the oriented 

lakes have formed is through a certain prevailing wind direction, but it is still not completely 

proven and controversially discussed (Grosse et al. 2013). 

A total of 1600 km² of the Barrow region is covered by 592 lakes (> 1 ha), which makes up  

22 % of the surface. In addition, 558 Drained Thermokarst Lake Basins cover about 50 % of 

the surface (Hinkel et al. 2003). Their altitude against sea level varies between -3.01 m and 

16.66 m and their size between 0.63 and 11.95 km². 
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Figure 4: Map of Barrow on ESRI Nat. Geographic basemap 

The ground around Barrow can be described as unconsolidated sediments in the Late 

Pleistocene Gubik formation, which are very frost- susceptible. Sediments in form of marine 

silts can be frequently found in the area. The soils of Barrow can be categorized into Turbels, 

Orthels and Histels (Bockheim et al. 1999; Bockheim/Hinkel 2012). Continuous permafrost is 

as deep as 400 m with an active layer thickness of about 30 to 90 cm. By analyzing soil cores, 

it was found out that pore ice and ice lenses/ veins, cover up to 50 to 75 % of the volume of the 

uppermost 2 m of the ground around Barrow (Bockheim/Hinkel 2005). Additionally, ice 

wedges contain another 10 to 20 % of ice volume. A total of 80 % of excess ice content in the 

uppermost 10 m is mentioned by Bockheim/Hinkel (2012). Due to the high ice content of the 

ground, the area has a high number of large and deep (> 2 m) lakes, which drain in various 

frequencies. Most lakes can be characterized with a talik beneath the lake bed before the 

draining occurs. From 1949 to 2012, a minimum of 7 out of 9 partial ï or total ï drainage events 

of lakes are suspected to be caused by human activity on the barrow peninsula. An estimated 

number of 50 lakes drained between 1975 to 2000 (Bockheim/Hinkel 2012; Hinkel et al. 2003; 

Hinkel et al. 2007). Drained thermokarst lake basins are dated back to 0 to 5.5 kya BP according 

to Grosse et al. (2013) and 3500 BP according to Hinkel et al. (2003). 

An overview on the amount of Lakes in comparison to drained lake basins is given in figure 5 

(Frohn et al. 2005). Various age stages of drained basins are shown in figure 6 from young (a), 

medium (b), old (c) to ancient (d). 
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Figure 5: Thermokarst lakes and DTLBs Barrow Peninsula (Frohn et al. 2005) 

 

Figure 6: Lakes Barrow Peninsula; Barrow DTLBs (Hinkel et al. 2003) 

 

The climate of the Barrow Peninsula can be characterized as a cold maritime climate. After 

Köppen-Geiger it is categorized as an ET Tundra climate. With a mean annual air temperature 

of -12.0 °C, the mean temperature of July is the warmest with 4.7 °C, whereas February is the 

coldest with a mean of -26.6 °C. The mean annual precipitation amounts to 106 mm. Most 

precipitation, 63 %, occurs as rain between July and September. The annual snowpack average 

is between 20 to 40 cm, whereas snow drifting creates very variable heights (Hinkel et al. 2003; 

Bockheim/Hinkel 2012). 
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Vegetation is established in drained or partially drained basins. Vegetation communities 

succeed one another as edaphic conditions change, and surface organic material accumulates 

above lacustrine sediments. Ground heave, polygon development, and slope processes combine 

to slowly obliterate the basin, and it eventually appears as wet sedge meadow tundra 

characterized by Carex aquatilis Wahlenb., tall cottongrass (Eriophorum angustifolium var. 

triste Honckeny), white cottongrass (E. Scheuchzeri Hoppe), and Fisherôs tundra grass 

(Dupontia fisheri R. Br.). Because thaw-lake basins often develop in older basins, nested 

patterns form a palimpsest that dominates the landscape (Hinkel et al. 2003). 

 

2.2. Northern Seward Peninsula 

The research site of the northern Seward Peninsula is located in northwestern Alaska, USA, 

with the northernmost tip of the peninsula at Cape Espenberg at 66Á 33ô N 163Á 37ô W, merging 

into the Chukchi Sea in the North. During the Last Glacial Maximum (LGM) the whole 

Peninsula was unglaciated, nowadays it is a zone of continuous permafrost. The peninsula is 

one of the major lake districts in Alaska, with more than 70 % of the landscape influenced by 

thermokarst lakes or the remaining drained lake basins. It can be clearly seen that thermokarst 

processes are actively reworking and forming the landscape. Whereas the whole peninsula of 

more than 6000 km² is covered by around 7 % of extant lakes, the research area of this study 

covers only about 780 km² of the northernmost part. The altitude of the site differs from about 

-41 m to 431 m a.s.l. (Jones et al. 2011; Jones et al. 2012). The lakes and DTLBs on Seward 

peninsula are mostly almost round and not oriented. Within the basins some pingos have formed 

with heights of up to 15 m as well as small streams and thermoerosion gullies. So far, there is 

no known frequency of the lake drainage cycle for the Seward peninsula. Since 1950, about 60 

lakes have drained, of which details were investigated in situ (Regmi et al. 2012). 

Figure 7: Climate graph of the city of Barrow (Climate Data 2019a) 
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Figure 8: Map of the northern Seward Peninsula (ESRI Nat. Geographic) 

On the Seward peninsula, mostly silt and loam textures are found together with loess deposits, 

which are typical for an aeolian transportation. Also, peat and lacustrine silt deposits are typical 

for the thermokarst lake basin deposits of the region. And due to the yedoma- like late-

Pleictocene permafrost deposits the sediments are mainly very ice-rich, including ice lenses and 

ice wedges as segregated ground ice. Prevailing soil types include gelisols, historthels, 

aquiturbels, aquorthels, fibristels, and hemistels, based on the Bering Land Bridge National 

Preserve soil map (Jones et al. 2011; Jones et al. 2012). 

 

 

Figure 9: Aerial image of a thermokarst lake before (a, 1978) and after drainage (b, 2003) on 

the northern Seward peninsula (Grosse et al. 2013) 
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The aerial pictures from 1978 (fig. 9 a) and 2003 (fig. 9 b) show the lake drainage of a rather 

small thermokarst lake in the north of the Seward peninsula, compared by Grosse et al. (2013). 

From the first to the second image, the right lake is completely drained and the top left one also 

partially drained. The drainage event happened by the deepening of the shown channel in the 

east of the lakes towards the river. Due to the big size of the channel, it is presumed that it was 

a catastrophic and sudden drainage event (Grosse et al. 2013). 

 

Figure 10: Climate Graph of Deering (Climate Data 2019b) 

Figure 10 shows the climate graph of Deering, a town about 80 km southeast of the 

northernmost point of the Seward Peninsula. The climate of the Seward Peninsula can be 

denominated as Dfc (subarctic) climate after Köppen- Geiger, rather than the categorizing as 

Dfb (hemiboreal) climate for Deering on the mainland. For the period of 1971 to 2000, the 

mean annual air temperature of the region is -6.1 °C with a mean annual precipitation 255 mm 

of precipitation, from which ~130 mm were registered as rain between July and September. All 

climate data is recorded in Kotzebue, about 60 km northeast of the site, but with a similar coastal 

position (Jones et al. 2011; Regmi et al. 2012). The mean annual ground temperature is at -3 °C 

according to Jones et al. (2011). 

The site of the northern Seward Peninsula is classified as Bering Tundra with tundra- type 

vegetation (Jones et al. 2011). Productive grasses, like Calamagrostis canadensis and Dupontia 

fisherii, are dominant in very young drained basins as well as the sedge Carex aquatilis. Based 

on the age of a basins the vegetation changes to less productive plant communities, which can 

include Carex bigelowii, Eriophorum angustifolium and Sphagnum sp. tundra with Betula nana, 

Salix sp. and prostrate ericaceous shrubs. Whereas on the oldest DTLBs with the dry surfaces, 

which are developed from the heave of reforming of ground ice and the existence of ice wedge 

polygon ridges, might only grow abundant lichen (Jones et al. 2011; Regmi et al. 2012). 

 

  


































































































































