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Abstract

Excess ice is determining the sensibility of permafrost landscapes in a warming climate.
excess iceghawsseveralmorphodynamicaprogesses can occur, whiclanchange theérctic
landscape significantlyJp until now, theexcess ice content is only known for small areas of
the Arctic, but not Arctic wideMappingsthat cover large areas are mostly based on
classification®f the land suace and are therefore not very precise. The limited amount of data
about excess icfects the precision difie modelling of the degradation of Permafrbstause

it affectsthe sensitivity of permafro&indscapes including all biogeochemical and ggsighl
processes.

To estimate the amount of excess ice in a landscape, differencestudeaformed by
thermoerosion processesgreanalyzedHeight differences are formed by melting excess ice
in the ground, causing subsidentteis presumed that theootent of excess ice around the
thermoerosion structures is about as thick as the srixedf the structure itseBome factors
like erosion, slope and othersustbe kept in mind when interpreting the resulise research
guestion of the thesis its it possible tanake a rougtestimaton of the excess ice content of
permatfrost soiln tundra landscapes by an analysis of a digital elevation model (DEM)?

The Barrow Peninsula and the Seward Peninddéh locatedn Alaska, U S., arethe two
researh sites of tis work, characterized bgurrentthermokarst 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 dataseurce together with data of the DTLBs. ArcGIS anav&e usedto
calculate the heightfahe lakes and DTLBs and to statistically analyze the results.

Various height differences and elevation distribution patterns for the two research sites were
found outwithout a significarly relaied distribution patterrwith theageor 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 facboist beconsideredn the interpretation

like the age of the DTLBthe 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 beffs. Furthermore, ideas of an improvement of the method are
proposé.

The result includes the mean difference oftthffer height minus théasinsheight, but several
other factors need to be included, such as the active layer thickness, the permgtincshde
more. Therefore, the named difference can not be equatizbd excess ice volume.



Zusammenfassung

Uberschussiges Bodeneipiegelt die Sensibilitat von Permafrostlandschaften in einem sich
erwarmenden Klimavider. Durch das Tauen von Bodeneigrden verschiedene morpho
dynamische Prozesse in Gagesetztwelche die Arktische Landschaft sehr deutlich veréandern
kénnen. Bisher ist das Ausmald von Uberschissigem Bodeneis, excess lwekamnt fir
kleinraumige Gebieteaber nicht die gesamte AiktKartierungen, welche grof3ere Flachen
abdecken, basten zumeist auf Klassifizierungen der Landoberflache und sind dadurch nicht
sehr genau. Die limitierte Datenmenge zu excess ice ist ein Ungenauigkeitsfaktor in der
Modellierungder Permafrost Degradigng da es auch die gesamte Sensitivitat von Perma
frostlandschaften beeinflusst, inklusive aller biogeochemischen und biogeophysikalischen
Prozessen.

Um die Menge an Uberschissigem Bodeneis zu analysrenetteein Vergleich von der Hohe

von ausgelaufean Thermokarstsee, Alasen, und der direkten Umgebung berechnet. Diese
Differenzen sind durchdas Atauen von Bodeneis und der daduroksultierenden
Bodenabsackung entstandé&s. wird dabei angenommen, dass dieekiksing der Seebecken

in etwa die HOhe deBodeneisgehalteentspricht Jedoch missen Faktorewie Erosion,
Hangneigung und weiterbei der Interpretation mit herangezogen werd¥a.Fragstellung

der Masterthesikutet Ist es moglich eine grobe Absthéng Gber den Gehalt von Bodeneis
eines Rrmafrostbodens in einer arktischen Tundralandschaft durch eine Analyse eines
Digitalen Hohenmodells zberechnef

Die Untersuchungsgebiete dieser Arbeit siredBhrrow Halbinseln und der Norden der Seward
Halbinl, welchebeide in Alaska, USAzu verorensind. Beide Gebiete sind chhteristisch
gepragtvon rezenten Thermokarstseen sowie ehemaligen, heute ausgelaufenen Thermokarst
seen, auch Alagenannt.

Fur die Analyse der Seebeckenhthe und des umliegend&nd@s, wird das Arctic DEM als
hauptsachthe Datenquelle in Kombination mit Daten fir die Alasgwendet ArcGis und R

werden fiur die Datenverarbeitung, die Hohenberechnungen und die statistische Analyse der
Ergebnisse verwendeterschiedenéithendiffeaenzen und Verteilungered Hohendaten fir

beide Untersuchungsgebiete ohne einen signifikanten Zusammenhang zwischen der Verteilung
und Alter oder der generellen Hohe des DTLBs wurden herausgefunden

Die Diskussion beinhaltet die Wichtigkeit der Verteileng der Hohendaten fur die
Interpretation @wn excess ice and welche anderen Faktoren bei der Interpretation beachtet
werden mussen, wie das Alter der Becken, der Landschaftstyp und-Bogea Permafrost
eigenschaftenProbleme sind unter anderem bei dezrffeichbarkeit der Untersuchungs
gebieteauf Grund der verschiedenen Altersklassen und durch sich tberlappende Bufferbereiche
entstandenWeiterhin werden Idee flr eine Verbesserung tthode vorgeschlagen.

Das Ergebnis beinhaltet dolurchschnittliche hendifferenz der Bufferflachen minus der
Beckenflachen, wobei noch andere Faktoren einberechnet werden missen, wie die Dicke des
active layers, die Permafrostméachtigkeit und weitere. Es kann nicht die genannte
Hohendifferenz mit dem Valmen des excess ice gleichgesetzt werden.
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1. Introduction

1.1 Permafrost in thérctic

AThe cryosphere i s, however, not simply
change; changes in each component of the cryosphere have a sigmifidant

l asting I mpact on physical, bi ol ogi cal

IPCC - Climate Chang013 - The Physical Science Bagigaughan et al.
2013)

Polar Amplification describes thehenomenon of an exceedingnean surface temperature
warming of the polesverthe global average of temperatumerease The cryosphere, which
largestparts are the poles, is very sensitive to a change in cl{vMatsgghan et al. 2013lFrozen
ground as importanpart of the cryospher@d its changearenot obvious to see, like melting
of glaciers,butit is not as ubiquitous as for example the daseeon the Greenland ice sheet.
Still, Permdrost is a sensitive part in climate change @d significant part of the Arctic
environment. This is why research on Permafrost, aofl the thawing Permafrostis
indispensable for climate change discus$®rosse et al. 2011; Vaughan et al. 20TBawing

of permafrost can have a big impact on the wholesystemby changing the flora and fayna
asstated in the quotation of the IPCC repditso, an effecton the exchange of greenhouse
gasedrom permafrost groundnd other biogeochemical processes found, whichherefore
directly impacs climate changeAdditionally, by destabilizing the groundnfluences on
infrastructure can occur, with consequences for human settlements and population in permafrost
regions(Vonk/Gustafsson 2013; Hope/Schaefer 2016)

Permafrost is a tempetaie- based phenomenon, which is therefore difficult to meaSaréar,
permafrost is one of the most uncertaiit importantfactas influencing climate change
Within the permafrosthe ice content of the ground can have a huge vaugyending on
various climatological and geological factofsgm nearly no ice content to areasisting of
nearly pure icdRegmi et al. 2012)Thermokarstgullies lakes,Drained Thermokarst_ake
Basins (DTLB) retrogressive thaw slumpsd other erosional structures are an indicator
thermokarsprocesses in iceach pe@mafrost ground. These processes aadcurring structures
shav the impact on thawing of ieech permafrost groundJp tonow it is not possible to detect
ground ice and its spatial distribution by any tool of remote sendietiods for investigating
ground ice remotelypy analyzing surface structures or other indicadmesnot yesufficiently
working (Bockheim/Hinkel 2012; Regmi et al. 2012pnsidering theapid warming measad
in the terrestriafrctic with an increasefdhe mean annual air temperature by @%er decade
since 1981whichis two to theetimestheaverage global warmingherefore ammprovement
on the research afegradingoermafrostn Arctic landscapess crucial (Rowland et al. 2010;
Comiso/Hall 2014)



1.2 State of the Art oMapping Permafrost

The current knowledge on thirectly measured content ekcess ice ipermafrost ground is
mostly limited b several field data samples of a few areas. Some of them are done by sampling
and geomorphological mappinghile other data is gained by geophysical and airborne
methodgJorgenson et al. B3; Gilbert et al. 2016)Jp to the moment there iither adetailed

pant Arctic map ofexcess ice, noof thermokarsiakes or drainedhermokarstake basins
available just some mapsreatedy very largely extrapolated data from a combination @ftpo
measurementand land surfacer climate mapsSummarizing this existing data, there is no
detailed infemation on ground ice for large areas of thetic, neither gained by direct
investigationsnor by investigating landscape features originatingtoynd ice othawing of
ground icqHeginbottom 2002; Grosse et al. 2013Ye to these difficulties of data acquisition,

the generaprocesses of Arctic tundra landscapes rawest likely not fully understood yet.
Thermokarst lakes and DTLBs are ubiquitous landforms in the Arctic tundra landscape, but
their lifespan and dynamic processegd further resear¢frosse et al. 2013; Liu et al. 2014)

The maximum bthe formation ofthermokarstakes ad drained basins in th&rctic can be

dated back into the Pleistocendolocene transition and the Holocene thermal maximum.
Thermokarstakes as well as drained basins are geomorphological features of thawing excess
ice in permafrost groun@Grosse et al. 2013Buchlakes on the central part of the Seward
peninsula in the Imuruk areaeve first mentioned by David Hopkins1949. 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 grddiogkins 1949) The
thermokarstake drainageyclewas also mentioned the first time together with the formation,
growth and drainage of the lak@$opkins 1949; Grosse et al. 201Bjesentlyit is known, that
thermokarstakesare having a big influence @urface energy balances with feedbacks to the
ground thermal regime ipermafrost landscapes as well as the Jamithosphere energy
exchangdGrosse et al. 2013; Boike et al. &)1

Currently producediata 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 locaDsearample

is the Circum Arctic Map of Permafrost and Ground Ice CondstionBrown et al. (19973 a

map including the northern hemisphenmed marks points of known ground ice bodiés
updated version of this magpas published in P02 (Brown etal. 1997; Brown et al. 2002)
Further on, there is the map on APermafrost
(2008),giving an overview orthe permafrost categories, like continuous or discontinuous and
on punctualpermafrost depth, buto informationon groundice is includedJorgenson et al.
2008) While there is nanap or database for Drained Thermokarst Lake Basinsrkrsince

2017 there is a databasased on remote sensing dfmaponds and lakeis arcticpermafrost
regions by Muster et alMuster et al. 2017)



1.3. Landscapé&tructures andProcesses iPermafrostEnvironments

Permafrost is defined by the temperature of the ground (soil or rock anddadl ice ad

organic materialandthe 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 perennialkefr, buperennial frozen ground is always
considered as Permafrost. The thickness of a Permafrost layer can differ between several
centimeters to more than 1000(Keginbottom 2002; van Everdingen 2005; DobinskiP0

In figure 1 dfferentshadings of purple from light to dark show the ekt#nsolated, sporadic,
discontinuous and continuous permafrost on the northern hemisphere. Permafrost covered areas
make up to 23 million km?, from which the biggest partsin Siberia, Alaska, northern Canada

and the Tibetan plategilational Snow and Ice Data Center 2018)addition topermafrost

in the Arctic area, there is also a certain amount of alpine permafrost under specific conditions
in high alpine regions.
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Figure 1: Distribution of permafrost on the northern hemispt
(National Snow and Ice Data Center 2019)

Arctic permafrost is often found in tundra landses, a mostly treeless terrain, with a
continuous cover of vegetatiquan Everdingen 2005)n high latitudes tundra landscapes,
thermokarst is a widely spread process, which can shape big areas very characteristically. The
process hereby is the thawing of-iceh pe@matfrost or the melting of ground ice, which often
causes thaw settlement. Thermatdandscapes or terrains are characteristically shaped by

thermokarst lakes, thermokarst mounds, gullies, thaw slumps and drained thermokarst lake
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basins (DTLBs). Anothename for DTLBs is the termAlas. Not included in thermokarst
processes is the anndbhwing 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)

Althoughground icerefersto all kinds of ice in frozen groundxcessices peci f i ed as
volume of ice in the ground, which exceeds the total pore volume that the ground would have
under nat ur al (fam Bverdingen QD% Giodse e al.s201jcess ice is
exceeding the soil porosity, creating an oversaturated soil, and can build ice wedges, ice lenses
and ice veinsExcess ice is not including ice found in pores and its content is ugiadty on

a volumetric basisSoil containing excesge 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 horizontallyan Everdingen 2005; Bockheim/Hinkel 2012; Lee et al. 2014)
Permafrost grounds cdrave a very different amount of ice, depending onsthietype, the

amount of sediments, bedrock and organic material. One type-atlicpermafrost 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 amountgeofaiill 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 icerich permafrost and ground ice. The lakas vary irsize from 0.5 to < 100 km?

in their area and between less thanedento up to about 20 m in depth. Typically, lakesrf

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 calleehted lakes These are
characterized bg common orientation. In Barrow, northern Alaska, hakes are elliptial

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. Abmut 25
40 % of the Arctic lowland landscapes, AlaskdeBia 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 permafrtssgengly influenced by the
thickness of the lakee (van Evedingen 2005; Arp et al. 2012; Grosse et al. 2013)

Underneath a thermokarst lake there is usually a layer of unfrozen ground, a sdalélet

forms due to local anomalies thermal, hydrologgal, hydrogeological, or hydrochemical
conditiors. The lake and Talik can expand dueuttstable 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, thearikely a drainage can occur abmiained
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 suddeviestent.
cases ardriggeredby an icewedge eosion but aheadward stream erosion, tapping, bank
overflow, or coastal erosiaran also be possible causas well ahuman impacts, like traffic,
mining or construction work.akesdo not always drain completely, but partially, mihleads

to residualponds withinthe basins. The draining can take place subterrestrial, e.g. through an
opening in the Talik, or superficidHinkel & al. 2003; varEverdingen 2005; Hinkel et al.
2007) After a lakeis drained, the volume of the ground ice usually increases rapidly due to
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new aggradation of permafrost in the unfrozen basin sedirt@ot&kheim/Hinkel 2012)An
example of a tundra landscape with oriented thermokarst lakes and DTLBs ottrelesea
of Barrow is shown in figure 2. The two red outlined DTLBs are part of the dataset of Barrow.

Barrow

0051 2 3
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Figure 2: Aerial Picture (ESRI World Imagerypf Thermokarst lakes an®TLBs in the
research area of Barrow.

A concept of he Thermokarst L ake Drainage Cycle wasestablishedh the 1950%0 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:

- Athermokarst lake developsiice-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 tal surface hejht.

- 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 regrowtjrofind ice fomation, the

inflation of the ground to the first lake height is an uncertain assumption and therefore often
guestioned. Furthermore, this cycle is based on the thermokarst lake areas of Northern Alaska
and it is not yetprovenif this concep is applicabé to other regiongHinkel et al. 2003;
Bockheim/Hinkel 2012; Grosse et al. 2013)



1.4. Project at AlfredWegenetinstitute

The AlfredWegenetinstitute for Polar and Marine Scien¢@WI) is a Research Institute
belonging tothe German Helimoltz Association. The Permafrost Research Unit is based in
Potsdam, whereas ti#&VI headquarterarein Bremerhaven, Germany.

ThePermafrossectionhastwo mainfocusesOnetopicisiit he observati on and
of current periglacial processesdaenvironmental changes and their causes in order to assess
the modern state of permafrost adtdpiciséabsut f ut ur
Athe reconstruction of periglacial | andscap:
important information on the temporal variability of environmental and climatic change,
ecosystem dynamics,@n t h e c a.rLbcation wisg te foauses are mainly on Alaska

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

Within the Permafrost research unit, there is BleemaRisk junior research groupder the

leadership of Dr. MoritzLangevi t h t he f ocus on feSihaperinarasi ng e
landscape under a warming climagerisk assessment for ecosystandi nf r as tTheuct ur e
work for this thesis was domwethin this group(AWI PermaRisk 2019)

Three main research questions have been sdiyuihe PermaRisk groutm get a better
understanding of permafrost erosion and mass wasting processes

1 How will a warmirg climate affect the intensity of erosion and mass movement process
within permafrostandscapes?

1 How will erosion affect landscape characteristics, human infrastructure, and essential
ecosystem functions such as the energy, water, and nutrient balamoethaArctic?

1 Do erosion processes and the associated changes in landscape chtaradateroduce
positive and/or negative feedbacks to permafrost degradation?

Therefore the land surfacanodel CryoGrid3, initially developed by the AWH cooperation

with the University of Oslpwill be extended and improvedhe modelwill include cerin

features for snow cover and surface subsidence as well as a model to simulate the evolution of
thermokarstakes in addition to the full surface energy balance seh#ith the output of the

mode]| the risk assessment should be more precise and tivenpon of damage of
infrastructure in thérctic can be establishddster and more comprehensivelly general, a

more detailed and more precise simulation of permsafavironments in a warming climate
under different scenarios will be processEde threefocus areas of the PermaRisk group are
Deadhorse/Prudhoe Bay, Alaskzhurchill, Canadaandthe Lena Delta, SiberigAWI 2019;

AWI PermaRisk 2019)



15. Aim of the Thesis

A future improvement on the understanding @frthokarst lakes in Arctipermafrost and the
content & excess ice in tundra landscapis necessary to gain more information on the
landscape features and their spatial distribution. Therefore, the aim of the theisigastigate

and calculate exceggound ice based on remote sensing deta. knowledge is essential for

all processem the permafrost landscape, for the thermokarst lake drainage circle, and for man
made infrastructure in these areAdenefit of remote sensing based methods is et are

cost efficient by using existing data and field investigations are not pgarhicneeded 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 itoinfatEmation
on the excess ice content in Arctic tundra landscapes. The reseastibrgise

Isit possible to make a rough estimate of the excess ice content of permafrost
ground in Arctic tundra landscapes by a statistical analysis of drained
thermolarst lake basins of a digital elevation model (DEM)?

For this task @omparison 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., wag\done.
main data sourcéhe open source Arctic DEM is used.

2. Study region

Both researclareasof this study are located in Alaska in the United States of America north of
66° N. The Seward Peninsufig. 3, purple)is at the west coast at the Bering Sea, whereas the
city of Barrow and thesurroundingresearch areffig. 3, red)areon theOuter CoastalPlain
(OCP)on the nortlcoast.The map is giving a spatial overview on position of the research sites
within Alaska and the neighboring countri€anada in the east and Riasis the west, with

the Bering stit and sean 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 anBrained Thermdarst Lake Basins covelarge area 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
towads the interiorMore and also |lgyerlakes are found in the outer coastal plain (OCP) than

in the InnerCoastalPlain (ICP). About 20 % of the ACP is covered by lakes and 26 % with
drained thermokarst lake basins based on an analysis of satelli{eliaid et al. 2012)The

lakes have formed a very dynamic landscape due to the lake drainagd hgeecumulation

of soil organic carbom form of peat within the lakes makes these areas important for the high
latitude carbon cycléHinkel et al. 2012; Regnet 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

Thecity of Barrow(fig. 4, red dot)s located at the west sidetbE peninsul@n the norttcoast

of Alaskaon the Outer Coastal Plaimorth of the Inaru river, which flows into tlamiralty

bay. The research site is locateduth ofthe city of Barrowat 71° 1 8Nband156° 4 6V, with

a total area of abo2{700km?2. The altitude of the area rangesm -10to 23 m as.|. according

to theArctic DEM. Characteristic of the area are the elongated lakes, mostly oriented in a nearly
N-S direction, as well aa high density ofakes and drained thermokarst lake basins, which
formed in icerich silty deposits Polygonal tundra covers approximately
65 % of the aregHinkel et al. 2003)The elliptical shapeof the lakesvasdocumentedor the

first time in 1962 by Carson et glCarson/Hussey 1962A hypothesis on how the aited
lakes have formed is through a certain prevailing wind direction, but it is still not completely
proven and controversially discusgé&itosse et al. 2013)

A total of 1600km? of the Barrow region is coverdxy 592 lakes (=1L ha), which makes up
22 % of the surfaceln addition,558 Drained Thermokarstdke Basinscoverabout 50% of
the surface(Hinkel et al. 2003)Their altitude against sea level varies betwe®fi1 m and
16.66 m andheir sizebetweerD.63 and 1195 kmz2.
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Figure 4: Map of Barrowon ESRI Nat. Geographicasemap

The ground around Barrow can be described unconsolidated sedimenis the Late
Pleistocene Gubik formationvhich are very frostsusceptibleSediments in form of arine
silts can befrequentlyfoundin the areaThe soils of Barrow can be categorized iftabels,
Orthels and Histel@Bockheim et al. 1999; Bockheim/Hinkel 2Q12ontinuous penafrost is
as deep as 400 with an activdayerthickness ofibout 30 to 90 cnBy analyzing soiktores,

it was found out that pore ice and ice lensesis cover up to 50 to 7% of the volume of the
uppermost 2 m of thground around BarrowBockheim/Hinkel 2005) Additionally, ice
wedges contain anoth&0 to 20% of ice volume A total of 80 % of excess ice content in the
uppermost 10 m is mentioned by Bockheim/Hin@8112). Due to the high ice conté of the
ground the area haa high number of large and deep (2 lakes, which drain in various
frequencies. Most lakes can be characterized witalile beneath the lake bed before the
drainng occursFrom 1949 to 201,22 minimum of 7 out of 9 padtii or totali drainage events
of lakes are suspected to be causgthuman activity on the barrow peninsubn estimated
number of 50 lakes drained between 1978000(Bockheim/Hinkel 2012; Hinkel et al. 2003,
Hinkel et al. 2007)Drainedthermokarstake basins are dated back to 0 to &BP according
to Grosse et al. (2013) and 3500 BP accordirtdindel et al. (2003).

An overview on the amount of Lakes in comipan to drained lake basins is given inuiig5
(Frohn et al. 2005)Various age stages of drained basane shown ifigure 6 from young (a),
medium (b), old (c) to ancient (d).
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Figure 6: Lakes Barrow Peninsula; Barrow DTLBHinkel et al. D03)

The climate of the Barrow Peninsula can be characterized as a cold maritime climate. After
KoppenGeiger it iscategorized as daT Tundra climateWith a mean annual air temperature

of -12.0 °C, the mean temperature of July is the warmest withC}.Whereas February is the
coldest with a mean 626.6 °C. The mean annual precipitation amounts torid6 Most
precipitation, 63 %, occurs as rainween July and September. The annual snowpack average
is between 20 to 40 cm, whereas snow driftireatas very variable heighitdinkel et al. D03;
Bockheim/Hinkel 2012)
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Figure 7: Climate graph of the cityf@Barrow (Climate Data 2019a)

Vegetation is establishemh drained or partially drained basins. Vegetation communities
succeed one another as edaphic conditions change, and surface organic material accumulates
above lacustrine sediments. Ground hepegjgon 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 cottgnr a s s ( E. Scheuchzer.i Hoppe),
(Dupontia fisheri R. Br.) Because thaviake basins often develop in older basins, nested
patterns form a palimpsest that dominates the landgepleel et al. 2003)

2.2. Northern Seward Peninsula

The research site of the northé8eward Peninsules located in northwestern Alaska, USA
with the northernmost tip of the peninsula at Cape Espenbérga N3 3 & 3 A m&ghé W
into the Chukchi Sea in the Nortburing the Last Glacial Maximum (LGM) the whole
Peninsula was unglaciatedowadays it is a zone of continuous permafrobe peninsula is
one of the major lake districts in Alaskaith more tharv0 % of the landscapmfluencedby
thermokarst lakes or the remaining drained lake baksinan be clearly seen that thermokarst
processes are actively reworking and forming the landst@pereas the whole peninsula of
more than 6000 km? is covered agound 726 of extant dkes, the research aref this study
covers only about 780 km? of the northernmost part. The altitude of the site differatfonin
-41 m to 431 m a.s.(Jones et al. 2011; Jones et al. 20T2e bkesandDTLBs on Seward
peninsula arenostlyalmost ound and not orientetVithin the basins some pingos have formed
with heights of up to 15 m as well as small streams and thermoerosion.gdlies, there is
no knownfrequency of the lake drainage cycle for the Seward penirSuee 1950, about 60
lakes have drained, ofhich details were investigated in s{feegmi et al. 2012)
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Seward Peninsula

Figure 8: Map ofthe northern Seward PeninslBSRI Nat. Geographic)

On the Seward peninlsymostly silt and loam textures are foutogetherwith loess deposits,
which are typicafor anaeoliantransportationAlso, peat and lacustrine silt deposits are typical
for the thermokarst lake basin deposits of the region. And due to the getkm late
Pleictocene permafrost deposits the sewits are mainly very ieech, including ice lenses and
ice wedges as segregated ground Peevailing soil types includegelisols, historthels,
aquiturbels, aquorthels, fibristels, and hemistbsed onhte Bering Land Bridge National
Preservesoil ma (Jones et al. 2011; Jones et al. 2012)

(a) (b)

Figure 9: Aerial image of athermokarst lake before (a, 1978) and after drainége2003) on
the northern Seward peninsul@rosse et al. 2013)
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Theaerial pictures from 1978 (fig. 9 a) and 2003 (fig. $hdw 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 imagee right lakes completéy drainedandthe topleft 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 sudderaithageevent(Grosse et al. 2013)

Figure 10: Climate Graph of Deerin¢gClimateData 2019b)

Figure 10 shows thelimate graph of Deeringa town about 80 km southeast of the
northenmost point of the Seward Peninsulalhe climate of the Seward Peninsula can be
denominatedhs Dfc (subrctic) climate after KoppenGeiger, rather #n the categoring as

Dfb (hemiboreal)climate for Deering on the mainlanBor theperiod of 1971 to 2000, the

mean annual air temperature of the regioi®is °C with a mean annual precipitation 255 mm

of precipitation, from which ~130 mm were regisigas rain betwaeJuly 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. 2QI2)e mean annual ground temperaturd 8 &4C
according to Jones et al. (2011).

The site of the northern Seward Peninsula is classified as Bering Tundra with- tiypdra
vegetaton (Jones et al. 2011Productive grasses, likeéalamagrostis canadsis and Dupontia
fisherii, are dominant in very young drained basiesvell aghe sedg&arex aquatilisBased
ontheage ofabasins theregetation changes to less producplent communities, which can
includeCarex bigelowii, Eriophorum angustifohuand Sphagnum sp. tundra with Betula nana,
Salix sp. and prostrate ericaceous shritiserean the oldest DTLBs with the dry surfaces,
which are developed from the heaveefbrming of ground ice and the existence of ice wedge
polygon ridges, might ogilgrow abundant liche@ones et al. 2011; Regmi et al. 2012)
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