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Zusammenfassung
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Notation Full Name / Description
% Percent
< Smaller than
> Greaterthan
+ Plusminus
°C Temperature in degrees Celsius (centigrade)
AbT Abalakhskaya Terrace
ACIA Arctic climate impact assessment
ACP Arctic Coastal Plain
AF Arctic Foothills
AK Alaska
AKS Alaska KobukSelawik Lowlands
AVHRR Advanced Very HigtResolution Radiometer
AWI Alfred Wegener Institute for Polaand Marine Research
BeT Bestyakhskaya Terrace
BFAST Breaks For Additive Season and Trend Algorithm
BRT Boosted Regression Tree
C Continuous Permafrost
CAVM Circum-Arctic Vegetation Map
CH4 Methane
Cl Confidence Interval
CLC Coalescent lovzenter polygons
C-LW Change land to water
CO2 Carbon Dioxide
C-PF Continuous Permafrost
CS coastal saline water
C-WL Change water to land
CYA Central Yakutia
D Discontinuous Permafrost
Detectin [ imati [
DBEST Algorithmg Breakpoints and Estimating Segments in Trend
DEM Digital Elevation Model
D-PF Discontinuous Permafrost
DS Drained slopes
DUE Data User Element
e.g. exempli gratia (for example)
ECMWEF European Centre for MediuRange Forecast
ECV Essential Climate Variable
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ESA European Space Agency
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FC
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GFC
GHG
GINA
GLOVIS
GPS
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HC

I

Ice
ICP
IPA
IPCC
K

kmz2
KOL
L1T
LaSRC
LC
LGM
LO
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MAAT
MAP
MaT
MERIS
MLC
MODIS
MSI
NDMI
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NDVI
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NIR
NOAA
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NW
OBIA
ocCP
OLlI
O0OB

Y
PANGAEA
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Landsat Maskind\lgorithm

Global Climate Observing System

Global Forest Change

Greenhouse Gas

Geographic Information Network of Alaska
USGS Global Visualization Viewer

Global Positioning System

Hectare

High-center polygons

Isolated (permafrost)

Ice/snow

Inner Coastal Plain

International Permafrost Association
Intergovernmental Panel on Climate Change
Temperature in Kelvin

Square Kilometer

Kolyma Lowland

Levell Terrain Corrected
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Lake object

Land Use Land Cover

Mean Annual Air Temperature
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Machinelearning Classification
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Normalized Difference Water Index

Near Infrared

National Oceanic and Atmospheric Administration
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Northwest

Objectbased image analysis
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Operational Land Imager

Out-of-bag accuracy

Probability

Data Publisher for Earth & Environmental Science
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RF
RTS

SB
SD
SL
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SW
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™
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USGS
UTM
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Scenarios Network of Alaska and Arctic Planning
Satellite pour I'Observation de la Terre
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1-l ntroducti on

1. I ntroducti on

1.1  Scientific Background

1.1.1 Climate and Permafrost

The Earthés climate has been changing over t
further increé&asPeg,.t 2ionh8tjylad umest hern high | ¢
war ming about twice as strong as the entire
Arctic ampSerfrieczae i @ nBdemper 200Ads t ar e npr epes
aver ade by SmoA@ umtainl 1t0he (elnRIC®,f(S 2 énfeR EPeont ur
8.5) over |l arge parts &fgulhe northern high |

RCP2.6 RCP8.5
(a) Change in average surface temperature (1986-2005 to 2081-2100)

(b) Change in average precipitation (1986-2005 to 2081-2100)

Figate Gdlo cl i mat e c hafnogre tneondpedr atewsrud t(sa) andamrdeci pit
on (bEfRICP 2. 6)( raingdRthA&.m3)sscenari os for>ttehnet vernyd of t
compared to t h(el 9B&O®N d rcAC, N.a2tOel 3
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Arctic warming particularly affects the <cry
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ses could trigger further warming and the
e permafrost( Scahrubuan fe& e daola.c,kp e2rOnlaSf)r os't I s
servoir of eswitewmrlgpnstcomangeabout 1035N15

O('DD'QJE('D

i(ISes huur, ,etwiadespr2ealds)per mafrost thaw has
obal carbon budget. The permafrost carbon
I mat e( Lmeowdred nsc e, Sl aterad & hSwermdomat 20p2)]
present an additional challenge to reach p

O « (7]

1
(0]

goal to | imit 1cAS nasbteevredrepsrter ngl t val ues.
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Permafrost Type

Treeline

) = Ew

Figa2e Distribution ofh@enmBdé mbBrpchvwem,etFher rmioans Jr, Heg

dyn

gui
Shu
Con
aro
wi n

(un

a l

act

| et
or

Mel ni koandl?®e)} medéeWaneker, et al ., 2005)
addtihe opmr ajoected | arge scale climatic cha
amics, which have the potential to quickl

d to degradation and thawer@®neoesgahhdesdc
ckly after i ni ti a(lGrtolsasve , 0 fJom»xses s& AAIr@und
r,.T@o0 ¢l | vy, after angddob sipanhdasy aorfe .gdreovuenl ¢
seqguemnidal leyx,pand into the surrounding pe¢
and bel ow. Once the water body becomes de
ter, it decouples the ground fmrsonmltihke ¢
frozen sediments within., pEmenatinbsbo2zembet al
ortant zone for microbial denad hBobuturponet
, . 2089 mposition triggers the release of
o t he laarngoestpehrerleodi es retain summer heat
i ve anrdounnodw tyheaaw o f the underlying per ma
ally growing | akes or ponds may drain af:t
bank asvewétl bw as tali k -wetneert r abinho b c tainan
3
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di scontinuougd epen magf past s of t he famr memrndalke
aitremper at Peesnadgaisnh. t hus can build ®spmagain
| owl and regions, this process of | askeev efr @l ma
generationgés a@angadc¢ykrdregsenson & Shur, 2007; G
2013)The occurrence of ther mokacondiltaikeenss esviweg
t hat this distur badircieveimalkmat t per@bk @yhiamarcs

wi despread and highly i mportant | a nedgsi coanpse

@ Ice wedge - Water
-Talik ETree
El Permafrost table Terrain surface

Fi gda3e Schematr awi ng oefv dtlihngem oemkoasrsset, Jone)a,n d«

corresponding examples from tundr a-aregdilean
undi stur bed -bp:erlmaiftrioasit ;t her mokar st wi-wkdge
degr adact:i obne;vell opment of -dt:h eSmaadl kl a rt shtle a phoenkdasr ;¢
devel opiweg tLaliglk; ther mokar sta:l aNkeea rwiyt hu ndde espt
NESi ber-b:a wadige degr aAdaatsikaan, iSmhaNI|I t her mokar
Al aska (photoed: JLaSpgrea bdsesgno k &t sSti blea-k e ; Ra d BEt
thermokarst | akedwmehtbareni akal vegeAlads lga
Complex thermokarst | andscape with severa
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(Ol efeldt, et al ., 2016)

Land surface changes in permafrost regions ¢

to disturbances sucheraossitomer monk atr s 1rre,0 ir b nt ehsee

di sbances ( PRD) can have a di rect i nfl uenc
Therefore, they can cause further degradat:.
extd@he. most influenti al PRD include ther mok
sl umps, or fire, but al saganthbagopgpmoetr uaf
mining of miner al resources. Their i1irregul a
days to sever al year s, ma k e s tiutr bdiinfcfeisc walctr ots:

regions.

Al t hough sparsely popul ated, changes in per
commutni es i n the (Lemamafr edt arleq.iTdmd 13t a Mialrii tn
infrast¢Naelcsgame Ani si mov,, &a\VvSaiilkd boimaintoyw , o0 f2 0® &
such as dr { €k amberwsaa,t e hi tad,. , Ger0lOarc h , Lorin

Chambers, t2@@7)t i onal CGWhist st eGee | &clh estLylre |
Chambers,b200d)so the existen¢Maof nemitgthtd 2 ho

be highly endangered as a consequence of t

per mafrost in the Arctic.
Due to these many factors, per mafrost i's a
requi res nmoonridteorr itnog uinder st and the | ocal to

n the Asscthile. chaangles from permafrost thaw,

and rapid devel opment ,-s amealye piompelnita atlil oyn sh.a vTet
pewafr ost on the <c¢climate system has been re
political stakehol ders and was therefore 1ide
the Worl d Met eor o WM@)(cGAOSOTr. g2adnli Ozpaet i modnf r © s t |
defined as an ECV, to date itsce¢al emocd!| ismdtfe ci
(Schaefer, Lantuit, R o ma nRoevcseknyt, | ySc hfuiurrs,t & pVyi |
undertaken to model the eedbackhceomft per qqh €
( Koven, et al ., 2011, Sc.hnko wewmamwy nv drei ab i e g
mi ssing or are insufficiently implemented to

on per mafrost and vice versa and <current r

(Laweend&l|l ater , &. SWkeaes kngawk 6dogniclee nabgndanc
5
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di stribution, and rates of rapid | andscape
bet ween spatial scales of field i novnees tofg atth eo
main obstacles for estimating the i mpact of

To overcome t hitshiksnopi @ptgdtsiegwmmmyde dgyui aingd & f
processes that are relatedsto permafrost cha

1.1.2 Remote Sensing

Per maf r osatr er ecghiaornasct eri zed by harsh environm
expansi ve ,wha fciha dmeatkeeitsldmads efd edlds er vati ons and
f e a soirlbd eal s pian i lail mistcead eaccessible sites. Fo
regional or | arger scale | andscapkeo pbecafnsce
excell ent (nWetsh ced arlacngy, Duguay,ReQmootrses ies) @ &h &Il2 F d
t o anal yze changing | andscape informati on

wavelengths, a&@mudswittlhnsevweral |@ager periods

Ai rborne earth observatio®bdanhdauray ef avamhap

regj obst accessibility and especially obser

mited for these sources. With the | aunch
ver al gener ations o0fs csadtedlclpieeeasie r@lah e on a ye
unchlemd additi onspecttrhad 3L0ammdmwaltt idat a, ma ny
nsors and platforms Be. Wor EBROTewMOWEE e Fan
l ast 20 year s, addi ng -ab svéd wa tdarnt iaet y r@fm o tne

®© @ O

vehyglesolution (VHR) acquisitions, to high f

resol ution.

With the opening of the Land(s\Wadao dacrocchki,v ee tf oarl
and the -Hataststopergy of many space agenci ¢

remote sensing data has been growing quick

compl etel xenewi daapplicati ons, whi cnmulftocus
tempor al acquisitions, a pfpaothiidbe,t i wei ovhi t Wa
avail apWel darnt,a Masek, Cohen, ((dhkhel dand,Un&0 W30
recentl vy, remo t-ee rsieenss | anllga Hbgeeslierdi etd soeut wi t h |

dat a, such as MODI S, MERI' S or AVHRR. Wi th th

as vegetationscdlasmgle®end pathbher mg Hatmsreend De Fr |

6
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Townshend, & Sohl ber g, L280c0all;e Foh aemrddes ,etwhailch

| andscape dynamics i n per maf rnossitonr eogri ornest,r oeg
thaw sl ump growt h, are usually too small t o
coarser. Therefore, data in finer resolutio
per mafrost | andscapehedsyen aonmi cdse caandda |t ot iqgmuea nstciafl
With the growth of data archives, processi ng
as wel |l to all ow effiodi elnar gst oarnaoguenT & doef p riomn

di fferent factors ptriogmrieals tairealaypspilsi cwaittitonf i

(Hansen, et al., 2013; Pekel ,Th®o tathnaam,y sGosr eolfi
features and dynamics i n ftrhem htilgehs d ad e v auldeepsn
observable features often are small in exte
spread out over | arge regions.

Due to frequent c¢cloud cover, |l ow sun angl es

sensimmg highs hiag i @ ubliegh!l y Sctbow] | engladhwe vt ArB,R 49 t
same time the polar proximity provides a str
satellitetwdwi sfiothceotmpmaersed to tropi cal regi o
frequency partially ofOsbhées sbersochablenhgmag
a suitable alternative or addition to optica
weat her conditions or il luminati on. However,
moni toringmeserri ds nigerr @gtiher | imited, due to
in the past caused by the strong variety a
acquisition patterns and costly datadat¢taess.
for free -Llep,gopSeatiocealtoepgmicil ualtei amese pot e

data sources.

With new technicalthepptoaobesltyegmoaingigar ch
eart h obdsaetrav,atiitoni s nlowz epotsesmmpad realt ot Iraennad s i
conjunction with a sufficiently high spatial

sendsiammed analysis of changes in permafrost |
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Research Questions

to the | atest treichinrod oguesatli andsy amfc egerama

answer the foll owing research questions.

How can the extensive Landsat data archi

| and surface changes processes in permafr
Wh a 't i s t hrei baugadtoinalofdilsatke dynamics in p
domi nant underlying influencing factors?
How are key disturbances in permafrost |

fispatdiadtlryi buted and what are their prim

General Approach

hin this project | usedl oprntnicad ardod dv &It
cessing techniques to answer the key res
l uded the devel opment aifnshifgdrl yt haeut ormed teic
ch then were usedt dmporndle dledregdes oinn o e rsy
ighly automated processing chain allows f
h mini mal user upseaVenpiromeissiagdand an:
cessing chain dédwel ppeod rmerpegy hvpaod albmgialatg eiand
i vi dual processing steps together from i
rati ons)prtooc eisma e rienage -ssettac knigng,t omarsad
a operations-speat cal anutdainoppcr) grutibmage ana

me principle of automation waesvedadpplnfeod mta

e

r

a

re | -oHislear tstmehitedar neng cl assificaanahysantsd
the detecti of dmdkechhhrrnagtsri zatiromgr essi v

n scar s.

the support and validation of the remote

| e data during sever al field-easpedia iSd hse

(2014), northern Alaska (2015, 2016), and we

data from Dotil apofriacllodascq@umpraedynground based

8
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GPS datkee bat hymeamdg bprotil eeonmadt isanm vieryorh |l a
detailed informationgonmesppd®ieBisc met hodol ogi

1.3 ThesisStructure

The introductory chiapter mptoidioheed estabde kgyoohdg
for thiTibmasipmdy. strudtowmagpwhenrs® he cbapsests of
one@eri gi nal researpthblarshhiecde® | s wh mc ffjpmierpa@arr)at i o
submitsemntoer natrieovn eelwegle girbber dalt ai | s of the puktk
1. Bhetudhaphieret ecti on of | andscape dynamics
temporally dewnseei ¢tandasackbeésmea met hodol ogy
change processdessSiimertihaen nloeentah Del t a, whi ch i
processing and robust Uaredsata narl cytsiihsep@ felrhdea t s

ALanBasaéed Trend Analysis of Lake Dynamics ac
the devekbode@anal ysis as well as machine | ec
techniques to find | ake dyragmionns$Alians kfao uarn dAr<
The sthhapam®emicgensi ng recent permafrostc regi
to Subarcodoianarpnesecttde extent, di stributi
per mafrost rel at ed edsissitwe btamavwe ss )(U Bkssdn d rwir
dewvpled met hottabpb®em&asi wec | as iaddaivtaiidnaabll ep u
sources. This study]ocvoevre rfso uor-g € ratrPy.ed rnanir & Ehic 6 8

America and 8nbed omwidevhrahge of pealamadr ost
ecol ogicalTheosdihdipoBunddBod manand vegetation
trend maps for the ArcticprCoasntad tPHha@an dme tol o
technical as plygtshses orbed stphoervseeg edfatt wmdrmpaeodott i\
andredicted futuirmorctlheral € Ahcghsalnammot e sensin
anasis and modelling appriomchbe. appenadicx omp
AReduced arctic tundra productivity ld,nked

focusses oni mpkei ceasubhs ahdtundra producti vi

Chapotsgmt hasdlizsecsu B 8 e ods ulhtes pr esredht gt sttulde m si
broasddarenti fi c a«cdhratpdxtv.i dlehse arevtmdula p peodk foifel ds

shoul d bde iand dfruetsusree r esear ch.
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1.4 ! dzi K2NR& O2YyGNROdziA2Yy a

1.4.1 Chapter2

Nitz&Gr dosse, et 2t0ildny .of | andscape dynamics
t empor al ILya nddesnastr i teisRmesntoatcek sSensi nd 8df-2FEnvironn

I ngmar Nitze designed the study, carried out
and wrote the manuscript. Guido Grosse pr o
reweedi,apd relhe smanuscript. l ngmar Nitze and
work in the Lena Delta for ground truthing a

1.4.2 Chapter3

Ni t ze, I ., Grosse, DG, , UJdninel, BYM ¢meheypwad y , CA
(2017) . Bdsaemddsat end Anal ysis of Lake Dy nami
Regi Renmd®tean s9( 7y, 640.

I ngmar Nitze designed the fr amepwoorcke ssfi ng hia:
analysis pipeline, awaddwecttehde wintbén usd mapluypg iosf t
aut h@uisdo Erosseéed ¢uwhied afnrcaemeiworr & b hd w idsnald
commenthed manlumgmarpt Nitze and Guido Grosse
activities in the Lena Delta, on tRAél Albadlka
authors conducted f ired gli oo oka ii de do nleo coafl tlhaek es
fi &howlspeeei f isct utdgya reshicthee vi sed and comment ed f

1.4.3 Chapterd

Nitze, I ., GrM,Boeée K &Rohahorveaky pBEempétgensi ng
recent peti maf rdisdst urda@gnces across. Matcuri e t

Communati ons

Il ngmar Nitze designed threo csetsusdiymag!| gasnvds | qop ek
conducted ,t leardatnea |l tylse Gmmados ggriogiseéed ¢glthiedance
framewor k ahfhrde vhiassel dsd¢ amdilreen t madnl unsgecmrairp tNi t ze and
Grosse conducted ground truthing activities

i n Northwestern Al aska. Benj amiyn fbonegegn ¢ v i
10
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Al l ot her authors conducted fpredvdi dneodr kIl oicnalon
dat a, vakneawl epggei fi st d dyaesicthreevi sed and com

manuscript.

1.4.4 Chapter5

LaraJ.M. Nitzse, &IGcGCAGi o=, nA.rB.yTiugnidom | andf or m
vegetation productivity trend maps Naotrurtehe

Scientific Dat a.

MarlJk. ara designed the study, developedgthe ar
GI'S Analysis and model ling, amhh dwrGutied ot hGa o
devel opedcasded NDVI trend data and edited,
Guido Grosse and A. David McGuire edintded, C

provided site specific and permafrost rel ate

1.4.5 Appendix Paper 1

LamMa INi,t ze, | MaGrtoage PMGGuiirne ,r eARiddiuar d ar ct
tundra productivity |linked wit hNaltaswcdefeonrtm fanc
Reports

MarJklLardaesi gned the study, anal yzed the dat a,
wrote thel mgmasanmMd p&wri do Gr ospreo desved d p@Vian
data and edited, c omme n t Rhidl Mapm dwiarse vpii sveodt atl h e |
conceptualization of t DeviibGyigisssabt adndna m
forecasting. Al | authors reviewed the manus

writing.

11



2-Detection of | andscapge ndy mMaemitas wiirn ht e mproa

tieries stacks

2. Detection of | and#&acapecdyiirami Of

with temporally -ddemises Lathnadskhgs

Ni t Ze&€,Grlos s, G.

! AlfredWegener Institute Helmholtz Centre for Polar and Marine Research, Periglacial Research Unit,
Potsdam, Germany

2|nstitute ofEarth and Environment&cienceUniversity of Potsdanfotsdam, Germany

Published in Remote Sensing of Environment, Vol.181, 2016

Ci t a tNitze, h,:& Grosse, G. (2016petection of landscape dynamics in the Arctic Lena Delta
with temporally dense Landsat tirseries stacksRemote Sensing of Environmetl, 27-41. DOI:
10.1016/j).rse.2016.03.038

2.1  Abstract

Arctic per mafrost | andscapes are among the
gl obally, but due to their extent and r emo
unnoticed. I n order t o det ect di sturbances

processing chain for the <calculation and a

i ndicators based on the full record of avalil
met hodol ogy was appléera Dol tdaei n MO @O e dosntu s S
trend parameters (sl ope, confidence interval
Tasseled Cap Greenness, Wet ness and Bright ne

204 Landsat scenes for the odbdseThatiesulpteirng
reveal ed regional greening trends wpbhsnoth
change, particularly in the vinisngatyi alf rteiseo
various -peawafrredatt add pdoséssbances, such a
expansion and drainage, fluvi al erosi on, an
Delta region, many of which have not been n
per mafrost chaamgtel v xdii fofier sntgntifercdi pauvuamede
areas. The processed dataset, whi ch S ma d

PANGAEA, wi || be a useful resource for furth
12



2-Detection of | andscape dynamics in tahe Arc

tieries stacks

| and man atghee shi gMi tlhevel of automation and th
archive data, the workflow is scalable and t
the comparison of |l and surface changpestdn d
understand and quantify permafrost | andscape

2.2 Introduction

The Arctic has been subject t o dar sngnitfhiec a

decades, which are pr®jA€Cted terfesthieal ras
maine areas b2yl stthecleBn@ @i, r & 2ROCIPB 66 . 0) . Such sign
on geotliome catal es, sudden changes omfascliivmmat i

i mpact -wwl ntehraawb| e per mafcogséer | abddeampéds Sohwaliin
hemi sphere(Z2hadmagd Bassy, Knowl es, .IlHiecgrienabsoitntgo
air and ground temper at heods peamalfeadt t e owl ¢
deeper whripoBi&@st omactedunt for a carbon stock
of t he a(tHwuogseplhieurse, et al . ,. 2DHaw Huararfuisnsd, haefit
portions ofpbbl sweal td ctartbipeatede @ammp acicteil @m aad
i nactive frozen dd wixli dearaman nted haarehomwhi ch i
further warming. The result is a ipmpdiitciavda ofni
fo climate( @ndsseocietyal ., 201 1In; pSoHwyucm,y aet,
per madamisntat ed delictas, rlioveated at t mar iime er f
réeans, awvel mieglalby esc¢c @l ¢ anliasrc@eovad mi mgn B ynpelrd
factors for these regi onssubasried emeremaafsr ovsel |t h:

runoff patterns sedscedliimentand aneper 6gameéesy

coaspodosineBuornn & Kokel j , 20009; Ericson, V°ro°os
2006; SolomomM, 20Q5;19Wa8l;k elrerenzi, Jorgenson,
Therefore, It i's necessary to closely monit
estimate | andscape scale climate change | mp
| argendsirzeemoat eness of Arctic regions, many |
ecol ogical, and hydrol ogi cal processes remai
on | imited and |l ogistical l-ycalceeshamdgesasnidd e

het erogeneously distributed among few field
13
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southern Lena Delta, Siberia) or natur al res
Vari ous remote sensing datdl antd teohsi dwes
monitoring, and scaling rapi d di sturbances
| andscapes kmawloevdegec ogreep s . Field and high re
that have focused onobesealvaspansalofeypeemadr i

(Raynolds, , esuntface Xiktdipsslomgy Lyon, & Dest ol
Langer, Heim, &V eBoiekenan2012; Ploug,c oWsasltlasl, e&

(G¢nther, Overduin, Sandakov, Grosse, & Grig

Broadal e processesnigl oibal IAy,ctseclhrasvikeydro

climate dynamics, are generally monti t drued awi
l' i mited spatial reslSutoiwmgn eaf a25Qm 2®r0 4 ¢ o Bre:
Fenshol't & Proud, 2012; GoetWh,i et tdles,e a@ppl
captur e bsecnail sep hpeartitcer ns, a | argeapigepgomoiicams:
rather small spati al scales with high tempor

thaw slump devel opment and escapes oOobservat |

processes thus remains unnoticed in most pl a

Wi t h aisnaarge computation capacities and novel

the free availability of the entire Landsat
and consistent ohakstciad edr deantdo sasdhage dgniamu
permafrost regions. Recently, the focus of

di sturbances shifted from the analysis of si

freqguentgmpnurlali anal ysis arsdé¢migvea,hewietnht i oeerL
continuous acqui sitions. Exampl es i nclude

di sturbance and (rFecacwear yR.mo,ni @lotr h anfg, Carri r
201 2; Hansen, et al ., 201 3; Kennedy, Cohen,
Pfl ugmacher, Cohen, maé&nikKteomrnierdgy , o0f20d Rdseahbuf |
Scheinert, & Doiretorbiscehr,v a2t0ilo5n)s of s(nMaw amdveerr,

Swingley, Joly, &hRasencltdd, ez20Bh%)e predominar
tempor al traj-exd otrri &ls iofdimwlst i ( MS1 ) or t he
terrestri al per mafrost areas, robust l i near
tismer isesbehean (pPHFropvesre dR. : Ol't hof, Carandr e, l

14
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applied in different studies of | and ec hfaonrgeess
recoEergser R. H.thetewdl yt i2OBlrdd k etrh,a wr rsal suenrf
Kokel j, & laanaelllaen,d ZOMlvde)r cCcOlamigef &8 4B 3Gtsheecra t |
studies on disturbances and chatnegrepso rian pLernml:
data are availabl e, such as ther mokRBlest | al
Ludwi g, Bernier, L®vesque, & Boi ke, 2015; K e

& Scott, Haweger, these studies do not fully

full Landsat archi ve.

I n this study -wemporaahtlsilbaesdd Liaanrdds agur f ace

for the entire Lena river del t a, -doomi a@p reax i

region in Northern Si berWea,prfoori dteha oc0ba%9?2 tca
l' i near tretndeaeesdlfabdi stherde nMS | (Landsat Tassel
NDWI [ Water], NDMI [ Moisture]) and use these

|l owl and Wandscaper identify and highlight di
di dtamrces associated with the calculated spe

scal es.

2.3  Study Area and Data

2.3.1 Study Area

The Lena Delta is | ocated in northeastern S
and 74AN and (Fliy2K.et Wi tIBOAE appr oximat e ssitzhee
| argest Arctic river delt & Wah@ e on8e. oSc.htnhedi 9dPea
Grosse, & Wadneri,s 20u0I)o u nwietdh btyh & heed jLamd retv N
|l sl ands to the north and the Chekanovsky and

The delta is characteri zedr e yt hnaunmelr 5000 irslvermn
Ssi Ay e & Reimnitz, 2M0rO0p h oG roiggi ocrayl el vy,, 1t9h9%3 )d e
i nto three (dGrsitgnrctewv,err@Bx3F ;s Schwamb olrhne, Rac
first terrace, further divided into the rece

currently active part of -ntohret hdeeal sttae rann da rceoavse r

15
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southern antqosbuphwestetastbsyréface predomi we
wed-gel ygonal tundra(&odgehstmokar &St okalkes & S

The second terrace, al so referredwestasnt par
and contains mostly sandy, -compaoablkewntdr yYasc
oriented | akieosn s a nadr e d eapbruensdsg@ Mo r giemst éi s, aGec

SchirrmeiBherahi206Bydyest terrace appears i n i

delta region, and consists of rem8amhtsr méi at
et al ., 12003) chawyadrtégemrh,zadrcdhaynifcene gr ai nec
(Yedoma), which form a polygonal tundra | anc
as wel | as t her(mdcerrgpesn sotnearln  gAu.l | | esGr os s e, (

Schiirgtmer., 2011)

The geol ogi cal and hydrwelldgirceafll escutrefda cien ctohned
Within the 1st and the 3rd terrace-sovVvaewme.t o]
However, drier tundra conditions are not un
the northwesternl getdtiberegonditisemsopaévail
most typiowvelr lianmder sper sed wiRihg a@etScdmemdie st
Grosse, & Wagner, 2009)

Neasrur face permafrost soils of the Lena Del't
potentially vulnerab(2ubozyolki | i KDaetszywsatckh ,pno Gr
PfeifferbPe@péB)sedi ments, in particular in t
carbon pool and may be thaw vul n(eScahbilrer ndeuies tt

et. ,al2011)

The study area's c¢climatwda time any @ainaalal fare mplke
12.5 ACcC, measured at Samoyl o Bst &ejioretimalt|
(observatil®@®BpEerr).odfthe seasonal temperature ¢
mean temperatures of 10.1 AC in July andi 33,
with an average of about 200 mm, predomi nan
perilomd.t he study area, the permafro600mms co
t hough there i s poe eeatn atl i nfgort aperknsafumder n

channel s. The active | aydrBod&«mt hsetr arnge f2r0dl
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1998egetation cover in the Lena Delta is dom
wetl @ddlsnei der, Grosse, & Wagner, 2009)

The Lena Delta is affected by pronounced sea
| arge watershed integrating contributions f
flood during snowmelt and icea Ibryealwmerrads unett
temporary f-lgodgngrefhs|] oWwoll owed by a stroncg

and a gradual decl i ne of diFsecdhoarrogvea ,;t héftonugglh. ,t
et al., 2002)

123°E 126° E 129°E

74°N

735°N

P 1st Terrace
57 2nd Terrace

3rd Terrace |

72.5°N

60° N

50° N P

100° E 120° E 140° E

Figate Synthetic Landsat mosaic of Lena Delta indica
Mosaic based on model edt erag d readt nadnicyes idrsa.| uURGBL obf aNnhdisl t (i S W
Red). Terrace extent (terr@abegss LBe aanndd @O0 doorm eMor g e
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2.3.2 Data

The entire Landsat (LSMapmage (M hi Ea hahfhc el
MappéEFM+) and Observing Land I mager (OLI) ¢
al | Wo-Refl er e ac2z SWRS® etm | esg itrhteerlseenca i bel t a.
WR & tiles wer e selected) .f ofhwetelrdest actqud y e ¢
radiometrically awodrgeomedrisdaltley (tpegrorcaissi n
Uni ted States Geol ogical nSlerEaxgého( EEGH) aviar
i magery has a spatial resolution of 30m an
common spectral bandsaf (bl ad,waviNeh &nla salbddd/t n e ¢
SWIR1 and SWIR2) wehelasé¢éethef oemanal pgi §ands

further processing. |l mages from the first L
MSS) were not t aken into consideration at
resolution amdel owegr spectral f

D
o

(52
o

S
o

N
o

LC fraction per Terrace [%]
= 8

. -0

o

1 2 3
- ~ Terrace e -
Bl Wet sedge- and moss-dominated tundra [ Dry grass-dominated tundra |
‘ [ Moist grass- and moss-dominated tundra 3 Dry tussock tundra
3 [ Moist to dry dwarf shrub-dominated tundra [ Mainly non-vegetated areas

[ Dry moss-, sedge- and dwarf shrub-dominated tundra

Figa2e Land cover fraction per terr axcehnoeni de2@de.taraela.s .

Water classes are excluded.

The i mage selection was fiJluleyr elds tt oa nadc gAIU GBU ¢
represent the peak growing season, chosen t
based trend analysis studies (ikhr ahsiegrh Rad tH .t ,u
2014; Ju & .Maxsierkuno 201 eNawserseege to 80 % in ord
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i nfl uence of confounding factors such as cl

i mages in the study area s2@0a00edl hosoméel ma:
archive reaches backthaetiileWeesm&pads THern of
tot al 204 images fulfilled the selected cri.

The spatial distabbluttygnewnhi Odat awiatahai ax hgprmeodyie

frdarhe eastern and northeastern coast al regi
are availabl e, t owar dsi btihte as obuetthtderirrg Afpavretrsa, g e
Owing to the high Il atitude the i mage acqui s
|l eading to an increased theoretical Tahcequi si
maj ority of the study area is captured by

repetition cycle of 3 to 5 days in a single
than one satellite avail abl er.|l aHo waendkr pottedn ts
acquisition frequency iIs dampened by the str

| ack -bofaradn data ar &hiwhiinge @n It dredsatme ti me t |

from recei(vdonwga rsdt,a teitonasl ., 2006)

The data availability over time has been r a
tiles over the entire nsitnudod nma2 eiars ydarcd uhq 9D
year in 20713t heSidatea 20Wai | abi lity has been r
with the | a8nc¢ch FdfgRB)aef disfatshoul der seasons i
weer i ncluded in the processing and anal ysi s,

of about 70 %.

Tab2leAIWRS2 tovers t he wietnta Mmermbher of available i mages

WRS2 P:éWRS2 R(# I m{WRS2 P:WRS2 R«# | mi
127 10 1 131 9 25
128 9 1 132 8 21
128 10 15 132 9 24
129 9 15 133 8 22
130 8 2 133 9 19
130 9 11 134 8 13
131 8 17 135 8 18
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Arorrrrr T

# of observations per month

Figa3aMumber of Landsat scenes within selarcda ochurcirng el

the observation period.

2.3.3 Methods/processing

Our processing chain from the downl oaded r av
di fferent st eprsq u pwehdi -pihm tcaasng 1 beeg and anal ysi
(Fi geéee The preprocessing included radiomet
reproj ecetlilonasasdaw a s ubssdrtiiensg. prTdceee sfsii mal it
spectr al i ndex <calcul at i-oer i &rsd ptrroecrecs sangl
follows the robust | inear trend and&lrasies @ft
a(2012) .
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I
|
USGS Filter
. | Dataset
Landsat Archive Cloud Cover | [ l
% < 80% [ Process Module ]
Acquisition Month |
Raw LS Scenes (Jul, Aug) | ’ Output ]
Sensor |
% (TM, ETM+, OLI) |
Image Stack v |
47 FMask Pre-Processing |
Stacked Scenes pEEETEER AR Er
47 V4 | Trend Calculation
Mask Layer |
Apply Mask < Cloud
Shadow | Slope <h
47 Snow | Median
Masked LS Scenes | Lower confidence
| Upper confidence
J7 I ‘%7 | each index
\ + - - .
Subset Subset + Reprojection | In‘tercept |
I each index
" .
Calculate TOA | Theil Sen Regression
|
Image Subsets ) ) = Multispectral Indices
Index Calculation |
42 - 166 datasets per subset | TCB, TCG, TCW,
62 Subsets - 30 x 30 km | NDVI, NDWI, NDMI
|

Figd4e FIl owchart of image processing chai
Preprocessing
First, all/l archived Landsat data files were
2 path/ row)al glohrei t hivha sikn \ezZrhsui o& \Wo a2d eta slkket a2 (
applied to each image with its standard set:H
snow/ice in Landsat i mages otfhan |lugedetratman
nowal id dat a: Cl ouds, Shadows, Snow/ |l ce and
the study site was subdivided into 62 subset
1000 pixels per imagse & ill &r geéss gadtei dle neax tDeerl tt
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zones (51 to 53), sever al reprocessing step
reference in conjunction with an exact spat
WGS 84 was choseactison heasnaist erspcenptrally
warrants the | east distortion over the enti
projection were clipped to the particular st
a dif featnve projection were reprojected wi

Ar c

the common pixel footprintgdalrwarggdiable ustuiblsiett
functions. Finally al/l Subsetodat wpehseer er a(dTi A e

reflectances in order to create seasonall

129°E

Number of Observations

30 60
minimum: 1, maximum: 66

WRS-2 Boundaries

73.5°N

73°N

—725°N

72°N

100° E 120° E 140° E

y

Fi gase Number of wunobstrucpedcebséengabivemstaketstupye p

and 20ldmpoapeWR®BA thhoundari es.
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Trend Calculation

For the final processing, al-di mevras il earbd le s ddaatt ¢
with one temporal, one spectral and two spat
t hecemmon optical Landsat bands GB) ReSeGeeel
mul ti spectr al i ndi ces, seu rvfi nge apr p erxtiieess ,f ¢
over each image of the data stackifkFar Thbsegel
Cap indices Brightness (TCB), (Baegnné&fsan@iylC¢
& Tong, 2014; Crist, 1985; Huaag, wayl i as Yanm
senspecific indices, such as the NofrRmdsIeed
Jr, Haas, Schel,l t he& Deoeemiahg,zetld9 D4 feGamce W

199&6nd the Normalized DiffEeWehsen M& i.S aTdheeey, | 21

were chosen to reflect a variety of surfac
moi sture or open water. The TGpiecrdifces fwe mMmal l

TOAefl ectan®e) .data (Tabl e

YOoomzO mzO mzO m 20 M z"0 M 20 21

5 000o— (2)2

0 O0Ow©O

2 )3

000 O—— (2 ) 4
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Tab22 Landsat Tasseled Cap Fact or sofaftomo sLpahnedrsea tr eTfM, e cE’

val ues.

Band Factors

Sensor Index Fs Fs Fr Fnir Fswir1 Fswire Reference

L5-TCB 0.2043 0.4158 0.5524 0.5741 0.3124 0.2303 | Crist(1985)
L5171 TCG -0.1603 -0.2819 -0.4934 0.7940 -0.0002 -0.1446
L5717 TCW 0.0315 0.2021 0.3102 0.1594 -0.6806 -0.6109

L7 -TCB 0.3561 0.3972 0.3902 0.6966 0.2286 0.1596 | Huang et al. (2002
L7717 TCG -0.3344 -0.3544 -0.4556 0.6966 -0.0242 -0.263
L7717 TCW 0.2626 0.2141 0.0926 0.0656 -0.7629 -0.5388

L81T TCB 0.3029 0.2786 0.4733 0.5599 0.508 0.1872 | Baig et al. (2014)
L8T TCG -0.2941 -0.243 -0.5424 0.7276 -0.0713 -0.1608
L81T TCW 0.1511 0.1973 0.3283 0.3407 -0.7117 -0.4559

With the final step, the |l inear trends for
using the -SrembQjsT r eldhrea 4 iSem , metoredBdd, ™haiclh, ils
i nsensi tnidve3 0t 0% aocxwtul i ers and has bezqudmoand
regression on (Eemophendess&nigEdbbher m@OOS5)t hi
has been successfulkyi applbifedas@onis@heiTCr theed
NorWehst for tempor al anal ysis of(l Frasest &kd &

al ., 2014;er0l th®X4 ;& Bracker, FraserThe®lIT hof ,
regression method is based on the calcul atic
from every point in time to each othserth®&he

master sl ope eswveeri etshe entire ti me

00I 1T PrRQQ QO E —— (2.5)

The intercept is defined as:

interceptitss meldomper (*y )medi an(t) (2. 6]

The final out put was writtemei spatgabspatsioal
footprint o f t he i nput Landsat data with
i nformation on sl ope, i ntercept scaled to vy
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interval s(lf= fTdse0cw)l.ocpeati ohnsedwepé pwiasctkaatghee

i n ptytehbbpagrammi ng | anguage. Output products

2.4 Results

The calcul ated tr-emdils nofr mah e zeas sraullad s@aeprt r ¢

tiseries trajticploe i s€ aloems mudangi ng from | oc
processes. I n the foll owing subsections, di f
wi || be presented and analyzed.

2.4.1 Regional Scale changes

Regi-soal e trends i n vpeagtetteartniso nb eacnodnemaocil setaurrl e
resulting datasets. The different MS | trend
magnitude of changEsga@ehin the study area (

Tabad3eSt atistics of trend slopes (mean and standard de
July 1 2014), overn tamea a@ntviide dstbydy ear ace.

Lena Delf It errace %t errace Fterrace
Sl ope I nte Slope lnte Slope lnte Sl ope Il nte

I nd me a st me a mea st mea mea st mea mea st me a

TcpB|0.010.0:0.29|0.010.0:0.26(0.010.0:0.30(0.010.0:0.33
Tcg|0.010.0:0.01(0.020.0:0.01(0.010.0¢-0.01/0.030.0:0.04
Tcw/0.020.0:-0.080.020.0:-0.050.020.0:0.110.030.0:-0.10
NDV|(O.030.0:0.46|/0.030.0:0.45/0.020.0:0.35|0.050.0:0.49
NDM|O.020.0«0.09|0.010.0:0.14|0.030.0:-0.00/0.040.0:0.10
NDw|©0.0:0.0:0.424-0.0:0.0:-0.37-0.0:0.0:-0.32/-0.0:«0.0:-0.145
Vegetation/greening
The terrestrial domain of the Lena Delta exh
evi demdt hi nvegetati on I ndiumsé@&s2 . ) CGFarndT AND,VI a (
decadal increase of 0.019T4abABe0iB123%l cL! atadg
NDVI has a mean decadal increase of 0.0359 K
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An -denpt h analysis reveals regional di fferenc
| ocali zed variatdison of the greening tren
The second terrace shows the small est Il ncr e

positive trendTabad3d.CGl rmndomMNitDVdst(iertheesi eshi

stronger than average greening trend, wi t h
greening apparent in both TCG and NDVI. The
within the third terrace i ndidatreesga boomo.r e horm
Apart from the di fferentiation bet ween t h
predominantly occur in the southern and east

and the adjacent mainlandoaeeasol at edpotgoetl
can be observed in the active nor tshpatns cernd
| ocated along the widest river channel s, w h

Lena Delta and unncdee rofa tshter ocnogmepra rianbfllyu ewar m w:

Th
regionaasedatoont be del2T7-28)t.e rBroatche sv e(gFeitgautrieosn

(¢

I ntercept values, which are the predicte

the higbaesbonvahe third terrace and the acti\
of the first terrace and the second terrace

are generally | ower.

Wetness/moisture

The calcul ated sl opesa g@gfenECW|lawedt NDMIg ¢ x inloli
the study area with some spawdtalnesvsardan i e . f
the eastern coast al regions, the northern ac

Peninsula.tTéed wennebhese regions <correlates

Greenness. However, at the same time the se
without the simultaneous greening. The tren
digrae e t o S 0me extent . Such di fferences ca

Peninsul anoorrt hhtehaes teearsnt del ta regi on.
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As already observed with the vegetation indi
regional patterunnsi tv,arwhienrge btyh et efrirrascte t err ace
values. These are |ikely caused by the influ
its i euep brnealkate spring. rwgtilinn thilei ssaparetinc
coaxatrelast Bbowwgthesdss values. The second and
exhibit | ower absolute intercept values in

surfaces.

Brightness/albedo

TCB exhibits a weak posiet isvteu dtyr earrde ao v eSrp atthi ea |
be observed, however as opposed to the ot hel
the different terraces for the sl ope compone
exhibits incomashagfovathieameftdbedt hird terrace

NDWI

NDWI has a strong inverse correlation with N
behavior of t he waqrteannoers sweitnnsetsesa.d Tohfe r egi o
redundgarnete ntness and therefore omitted from f
NDWI i s kept for the analysis of | ocal scale

water -watdenonnfor mati on.
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0 25 50 75 100
— kM

Fi gaée Regional overview of-sgecadal tndndes!| ¢6pEBof TRG
NDMI , NDWI ) .

BAE Decadal Trends of Multi-spectral Indices - Lena Delta

0.10

% phbd dbst hadt ;;$+ +|;; TT+

==

-0.05
-0.10
-0.15
-0.20

Slope - Decadal Change

I Lena Delta [ 1st terrace [ 2nd terrace [ 3rd terrace]

TCB TCG TCW NDVI NDMI NDWI
Multi-Spectral Index

Figare Boxplots of trend slopesdolft @aacédndnsehkdiowiede
geomorphol ogical terrace.
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Fig@8&e Regional overview shpetctemd imdécesptscafl emulttoi y
TCW, NDVI, NDMI, NDWI)

Decadal Trends of Multi-spectral Indices - Lena Delta

0.6
0.4 - ++++
_ 02 +*+ ;
@ 0.0 Lo L T
O TT=F
o -0.2
C
3
-0.6
oE 0 LenaDelta 1 1stterrace [0 2ndterrace B 3rd terrace]
TCB TCG TCW NDVI NDMI NDWI
Multi-Spectral Index
Fig2g9%e Boxplots of trend intercept of each index ove
geomorphol ogical terrace.
2.4.2 Local scale changes
With a spatial resolution of -8&r imes teixec etlrse
detection of | ocal scale features and trends

i n such features -tceomparreld,-rtdsuadd udicraornsheidgh a s u
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MODI S. I n the fwel Ihavwihadmpdsdetscteoxondi fferent ty
specific sites on 08i sag oiumdt hH e es a wtl hmenals toer nS

conducted

i ncl ude

such as erosi o

northwesterhi gzl a

per mafrost

t her mokar st

proc

n and dep

Trend slope coefficients of Landsat
Tasseled Cap Indices

RGB 3-Band Composite

R: TC Brightness (TCB)
G: TC Greenness (TCG)
B: TC Wetness (TCW)

Coordinates: UTM52N -
Grid size: 10 km -

Observation Period: 1999 - 2014

8050000

8040000
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Figate RGB
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dr ai na&2ge;Thfer mokar st
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coast ak amaeg ikwidt K bBo) e e$Su bsheetr mokar st
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region
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(

320000

uch as I

Exampl es

8160000 8170000 8180000 8190000

8150000

330000

fiFalglt @t udihes diem e s uendhe
ake

(0]

Tassebiede Clapl dmadl eXA)t ra&m

-BakEl expahseonasi Aan

| ak

ahd Gaasibalnk

i nundaf2i:omBarBier island mi gRadi BMCg Btamas £,0 mBi eman i o
GreeBsneS8| Wet ng€s .

Thermokarst lake changes
Lake drainage
Sever al exampl es of rapidly changing ther m
predominantly on the third terrace or the ac
or complete drainage was noti cedanddrei nogf tthhe
di sturbance type i s -fosatiend Ohetbastisl-mnde o0&
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sized thermokhe¢smpl akel Yycar sienmtwdatd wmi 1pgert loa
Fi gu29€%0) . Due to theatdrtahinsagei,téhwasusbhicec
water to bare exposed | ake sedFmghltlet owhpiacrht i
i's very welnl tdec umear teecd oir it g £ Rafg2lfpee The&éf ECBT
I ndex exhibits a strong positive trend, dri
britgeh soil and | ater vegetation surface. Bo

ainage event due to the growth of i1initial
and thrivimgcbhnl|l akerisent ment or Anbdisttiuo rea |lsleyr

dices (TCW, NDMI , NDWI ) trace the transit.]
strong negative trend. The drai FageTrEyenat o
more precise period cannot be determined fr
during this pebasdn &phteméehgesi noanabe det ec
variation in vpgttaetmn®normeeigeeas® conditions
as shown {ismcthencobFigde®R. sODopesdd the basi
e X

hi bit a spatially consistent pattern with

the entire Lena Delta region, mor e than
observed, causing hSgbbgfisdenkE®i ¥Ahkr thlendan
rend directmagms tamde ssitrialtarar e sctl aebalfdoylnadn ds t i

=}

—+

or regdalnhalchang2sB(sEestSelcakendrai nage eveni
parts of the Lena Delt a, predominantly in t|
|l akes by | ateral erosion.
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488000 490000 492000 488000 490000 492000

o
o
o
3
o
@

A Temporal Profile = Cross-Section Grid size: 2km

Figate RGB compos$i Tasmaped Cap | nid€BTIEWenalnd | logpredss g tT

colionrf rar ed i-RM&)g eosf (tNHNeRr mokar sit) .I aAk e Tdreaidn asd eo p(es of

thermokarst | ake with tempectal opr oa7Bia ckgauhidreeadh i oonn Jaunldy

2000. C:5 Lamgwiarted on Jul y-82&tQubkboéd. ob: Jubpdiséth 2
coordinates: UTM52N.
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1998-01 2002-01 2006-01 2010-01 2014-01

-
o

0] . o
2 8‘2 ® 05
> g o
) 8'3 S 00
2 01 2
@ -0.5
1.0 2
[} © _ X
3 £ -1.0
K 0.5 9, = TCB == NDVI Tundra
X 0.0 2 _15 —— TCG =& NDMI Disturbance
3 s — TCW  —— NDWI
< -05 - =
1998-01 2002-01 2006-01 2010-01 2014-01 0 200 400 600 800 1000 1200 1400 1600 1800
Acquisition Date Distance [m]
oTCB v TCG a TCW o NDVI v NDMI 2 NDWI
Potential disturbance period
Figatr2 Temporal pr osfeadtei oof tamrdo uwgho sdsr ai-ln)e.df t her mok a |
Tempor al profile of Tasseled Casppe(cttorpa)l ainndd incoersmaflriozne d
with -Shreitlrend | i nes. Potential timing of disturbanc

section of trendpesdtoipedi ods athr onwmghidrai nesdmpbsedokar

by |l awdr cand disturbance | ocations.
Lake expansion
Thermokarst | ake expansion, a typical proces
mechani cal er oscioonnt ad fni wo rpee elmad frfosst , was ob
the |l akes in the study area. Il n contrast to
a gradual er osi onwiotfh | aakkeer asgheo rreast, e susafal tl ggns
yeart yfparcal t hdgrJmomkasr 8t IMakest al ., 2011)

For thi s tprraoncseistsi,ont hfer om vegetated tundra su
opposite direction aof @821 A)k.ewddireari nsaeggres istiitvee
TCW and NDWI exhibit a strong( .o3,til.e253)e,nd
NDVI and TCB react wd t A4 B0 .aleth/at irvees ptercegnadv ed 1

NDMI however, do not seefm thabgeseasitndeca
close to zero. Due to the slow expansion in
type of change is subject to a |l arge number
expansion and héeree ptohetr esipddtmevev pi xel or p

change the trend slopes -maywbéie® ofmh WwWeat ewren

Additional factors such as suspended sedi men

33



2-Detection of | andscape dynamics in the Arc

tieries stacks

8044000

8042000

460000 462000
A Temporal Profile Grid size: 2km

Fi gt38GB composite map of Tassel@d@dC€Gray) taoaemokaesd s
| ake expansSiecre dmRl)cnbMapAcoordi nates: UTM52N.
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Figat#® Tempoprofile of Tasseled Cap -6pepijmrdihde ;1 ofrrmarh i
1999 to 2038Lenwittrlendhdiilnes of2)eroding | ake sh
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Fluvial dynamics

The Lena Delta is a highly activerdbhgyeasoe g

i ncluding the erosion of terrestrial areas,

Fiug €40216) , andor pthloé mgi c al changes such as
Examples of rapid fluvial enofni o ddre el f ad
main channels of the river cut into the el ey
i erei ch Yedoma permafrost deposits. This erosi
25 meters in heeghs. | Acpt ethe oax & tgeilsreo ritshl earnnd
where erosion rates of wup to 20 m pé&i gyear a
21 b . This rapid cliff retreat creates prono.l
water sensitive indicedoandndi desraagaseveil h
21 e17) . Al change magnitudes fwictamitn atnhde dter

strongly from the surrob&fndgRinfg. tundra and wat

The spatially most extensive changes take p
Downstream migration of sandbanks in shall ov
of dellet a. These changing areas are character

representing the transition from water to s

processes are similar to the abonvaeg nprteusdesntiel
TCB trends, but weaker trends in both VIs si
and have only sparse or no vegetation. The

permanently vegetated sursfeancsei ttiovi wat eorf WNiDtiVH

trends are observed in areas of emerging san
to the other indices, TCG appears to be ratt
due to little imvolvement of vegetatio
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Figare Cliff face ofrircdapipelrynadmmr é@8dit mgh-Sijgmebiot sl éAd, eas
Lena Delt a. Photo: G. Grosse
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Figatr® R®Bnpcosite maps of Tassel edT C@A@PPCW)n daenxd tLraenrdds ad |

colionrf rar ed i-R&)g eosf (rNalpR d |l y3)e.r oAd:i nTgr ecnldi fsfl o(pAes of rapi

SobSo se island and migrati ng Bs anLdabfadnskasg uwiirtehdi no nt hJeu | Lye

2000. C:-5 Lamgwiarted on July-82&8thubkbeéed. od:Jubpdsdath 2
superi mposed with dapr eloiomai mfatyesar UZMGBR.N.
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2 -02 g
5
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3 g'g 5 10 —— TCB == NDVI Water
5 _os & 15 — TCG —— NDMI Disturbance
B e & — TCW —— NDWI Tundra
1998-01 2002-01 2006-01 2010-01 2014-01 0 100 200 300 400 500 600
Acquisition Date Distance [m]

oTCB v TCG a TCW o NDVI v NDMI a NDWI

Potential disturbance period

Fi gatZTempor Blle porfo asredc tciroonsst hrough r8pidlLeférodempgocl
prfibe of Tasseled Cap (tonqu)speadt nakr mdi®® Eeldlst( tbho 6 Thhoan) |

Sen trend | ines. Potentiedadl itni mihreg bafc kdyir otuinrdh a rRd g hitn d i
sl opesnuodtpadctr al i ndi ces mplorseuwqitlyccloivfefr sanmplerdi st ur ban

Coastal Processes

The Lena Delta has an extensive anogsmonphaolda
marine flooding can be detected along some |
trend sl opiest wfe thensitive indices are a don
coastal zone, hence ibhue ctad itnlge amd gtalnys i v e oy
slightly wundul ating terrain the d$paglrel exte

The 1 ong strreitxclhanodsshoermilekel ta shore is c¢ch
eastward migration towards t8hem.c othoswe vweirt,h ayle
observed stretch of around 60 km these rates
alndeix trends indicate the transition from |
mi xed, where some places exhibit a drying tr
others being Gulgps®®Rt to fl ooding

The remaining, active parts of t he Lena De
However, various other types of coast al dy
deposi ti omn aarnodu nedr osajoor outl etssh,ortehd atkreasn g foo
or ther mal er osi on on coawarsr aonft tah ed eBtyakiolvesdk y

future.
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8170000

8182000

8168000

8180000

328000 330000 316000 318000

Grid size: 2km

Fi g2t GB commapi b Tasseled Cap (JqICEERWY rehdcesdopeal
dynamics. A: Marine inundat-di).n B:I oBar mioe ra hiosmlga red nmisg
northweste2h. sklapec¢Brdi nates: UTM52N.

25 Discussion

2.5.1 Regional scale changes

The tamahgsi s of deeirsieed amalsathe ipet enti al tc

sudden | andscape chaogenat ed tArectpecr madmas D
t emp-aarnadl spati al scal es. Gener al regi onal t |
ubi qui tous i ncrease 1in both vegetation i nd
greeni ng, which is in agreement with previo
trend in most tundra | andscapes(,Belxt&ks e€Gd Goone tc
2011, Epstein, et al ., 2012; Raynol ds, Co mi
LandsaRaymdlads, Wal ker , Verdrylfai,(E V8da&vidntghejre s t2
al . ,. 20hé&) specifically strong increase in b
coast al del t a r eagdtoinse falsoomepllaianss ionf tthhee de
to the influence of diminishiAgexregpercodsoV
Laptev Sea increased bWMamnkosndSiAaococdewshd OHON d
l i kely promoted increasing air temperatures
t o ot her Arcti(cPosbasteal &hegi o2d8&a5¥e i n NDV
enviromanenbesen | inked to the increase in bio
encroachment , caused byBhastpngesummer Cemper
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Zetterberg, 2010; Raynol ds,. Csma@&sd,osWaldkrerv,e
temperature changes may also | ead to increa
including (haweem8| Bebta Tomas,. Holl and, & D

However, l ncreasing air temperature alone do
the coast al areas of the second terrace do

t he L-amadkslddi-bdaastead | and covS®ahimcdiadkesri tdite adalir.e a(sd
most affected by greening ardomionwveatredd tbuwn dirMo

the | and cover in the | ess affectededget hwe:
and dwatWdfomismatudd tundr ao. The differences
vegetation trends in both regions seem to b
and terracéUmorehbhpl &G&€Pabrill at,. &WISiclha rtr me i i
terrace i s drointihn ad erdd yb ya nidd @ésh | o yersaeldli mehat
regularly flooded terrain,pbbe Skcondl teands
undul ating terrain that i s usually not flo
conditions need to be considered in order t
the Lena Delta, wet and moi st sisttead QU el sa s e

be more affected by tundra greening than dry
factors | ike moisture have been found to i
(El mendorf, 2®KHi29h i s in agreement with the p

The detected regional changes in wetness or
process. While summer precipitatialnanicse ainn itn
Lena (DRditkae, Wil l e, & Abnizova, Climatol ogy

polygonal tundra in the, Lema ®Rbyvervdel|ls@mat iSa
moi stur e itfrfeindwl tarteo dexpl ain with precipitat
entire region. | ncr easyiinngg scooials tnad i satrueraes iinn v
already be infllweerdesd amyd nihsuisndhigdaet ssuwbept
has been obsdeerliebdsr enziot hdorgensonl ncdcrleygsién g(
moi sture | evels of terrestrial sites farth
hydrological sraoanotb aeacnhdivei édmyer deseuprefnaicneg |
grodumrce thaw. Field data on all/l these factol

concl usi omadcanatott hies poi nt .

39



2-Detection of | andscape dynamics in the Arc

tieries stacks

Someocawi bh s vreircyh isceedi mentlksy Remi.n whlea Bayrkd vtsh
terrace in general, exbsichailte agtrdotanwadrf ¢ cvget t ii T
coll apse or thaw pond formation) may be a f
been observed inmd ¢ d\welAallcjteadcelals, Heotwaaler, 2 Mn0Ek6
resolution may not be sufficient to safely |
scales and diffuse spati al patterns. Addi ti
i nformation abouitcevitdeB@wlrmatogr mpndve the i

these trends.

Changes in soil moi sture in the Lena Delta
cycling i-af pecmafiemeit herobic versus anaerobi
| ayer d enteetrhneirn eorwgani ¢ matter is decomposed
(Kutzbach, Wagner, & Pfeiffer, 2004; M&ayg hs,

di fferent factorsst uc@eulsdenismftli wencMSI|I moec@mdret i c |

anal ysi s.

An i-onamepari son with field based measurements

moi st elr@t ed analysis could help to validate
t hfeut ur e. OQur trend dataset could thus provi
field study sites in |l ocations that exhibit

2.5.2 Local scale changes

I n contrast t osctahlee saunsatplatiseimsggilitdineab b ser vati o
| ocal scal e | andscape di stur bdmaoevar dl lamvad y
Landscape disturbances produced highly sign

general-sca&lge oohs$ eravjaetcitoonrsi.e sT hoef ttrhe trend an

i nterpretation of disturbances. The drainage
by decreasing values i n all moi sture/ water
whereas the viegieghtne®ans s&amaédi tive indices (TC
increase, driven by the changing surface pro
ar ea, N D WI proved to be useful in the | ocal
detechanges i n water body extent.
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Each of the presented exampleshwege seghbhs
have therefore the potenti al to be used fo

guantification of ddidstrunvkeanded tian|l peadmafapest

2.5.3 Data quality

The inclusion of mul tiple generations of L a
with minor remaining 1ssues. The hisghecprfdamprc
TOA efl ectancei waaumaj oresubhtdsometric nor mal.
|l evel-ppobceseing, the sensor signal can be ex
di fferent sensors with an uncert@gMarkham BKe:
Hel der., i0Omi2l)ar studies, which are mostly ba
mention sensor (EabhbebratRi.onHor s seutd syal mi, n 02r0 1di)

bet weermotrheg Usgenn&| MaselW tB0Oa6dPur anal ysis, we

di fferences between the different sensors. I
to slight di fferences hien seadviovme t rHobdh eb drad wie
MSI ddtexigned to take these into account, i n
NDMI , NDWI ) .

The usage EOFFETUM#SL Causes some noise to the

slight stripssigractiebmacos it hecbandsat flight
pronounced with fewer observations, as the
acquisitions is stronegearp WWievarsiem Sh&€ diafpf ear
componenttesf atchtes aarr e more pronounced for sl org
di fferent magnitudes between the indices.

Mul tiple MSI were used to represent di ffere

MS | ( NDVI and TCG) gemaredlalty oex hiblitt da f$tero
The same behavior adMSIt N Mmo iaxgsatdu rieeWseexnsli & ii veed
di fferent dynamic ranges, but also their <cal
There is no ca eS| pfroerf eerietnhceer ofeget ati on or
be seen as complementary informati on. NDWI ,
moi sture sensitive i1ndex, reacts strongly toc

wat eec tdiedn, a useful property for | ocal di s
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chosen as a proxy for al bedo, exhibits a r a
wher e TCW al so i ncreases over ti me. An i n
Si munletous greening may be a factor, as the N

TCB. Theas peeweliogchi ng factors are probably not
the TCB trend probably exhibits ta oslgi cchhtanlyi
magni tudesmeddhiwemrablies inmfl uence of t hwast eerf f ec

surfaces, the TC based twiémda mave oav vyeamyesta

2.5.4 Data usage and outlook

We here providei wlkeerhdgadlsut icomplreerhce nsover tr e

Lena Delta, wh@e remajno i rneés eRawrscshi afnocusing on p
dynamics around the centrally | ocated field
place foecattBheske2 dt al ., 2013; Hubberten,
2006 )Therefore, our dataset can be a valuabl

gener alse/alaver (LULC) change classification
specific deltaic processes orWidihsti umpbarveas pt
knowl edge based on this spatial dat aset, co

mulc better targeted on specific | ocations.

With the free and open access to the Landsa
processing chain, our methodology can be eas
great opportuhiteyenb cegpange degarding thei.
|l and cover changes in a rapidly changing Arc
due to the wusage -soefrilesng nancdo nd aumsce i toinmewi t h

met hensur e t he robustness and transferabili

addi tional types of i nfor-snatti®n, medelhs afsormo.
seasonality analysis®roest beedkpechndre nac omid rde t
detailed investigation of specific | andscap:
has to be determined by the objective, wi t |

dat asets or mor e ¢ osmprlieexs amald el ysa afed ro f tt hvee gaen
dynamics or breakpoi-séesi awstimesopdtf $asnulcdd sad!| tt
Hy nd man, Newnham, o& Q@OB(ESaimat j , 2 Gl s Arr,d° E Kk I

Seaqui st Go2MP5)beyaoadnadt at,h el nltaenrdessatti ng opportun
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successful | aun€h saft eEBEAt s Sbhatimeoll | ect s co
Sent2 nkekdta coul d be inngt ecghraaitne dt oi nf utrhteh eprr oi cnecsr

density and future monitoring capabilities i

2.6 Conclusion

Th
t h

e entire wasdesséedatohcakcul ate robust tren
e
processing chain was developed to quickly ¢
e

~29, 000 km2 -kasbemdrl| Sabemi anorA hgeneric

ar as.

The stobturends ofkspdcffaltenndmaesi (Landsat Tas
NDWI) revealed sevesaht pabcesaéeesi nOmuhbt i glgeé
greening trends were detected in tshke chamniges

were observed-regiandfereher sadatcdlatra cdteravd ,t h

per mafrost of the third delta terrace, or ma
as thermokar st | ake dynaeemi cwe,r ef liudveinatli fared c
their tempor al devel opment with the presente
of 30 meters, comprartend sthoor 6t reervi sehsdrisnes,

di st urwearnec edset ectedgh Pueceéews taet dmati on and
approach can be easily applied to other st

guantify criwithilndiemordaperemafrost | andsca

2.7  Data Archive
Spati alprdeaduced sin this study have been arc

repository (http://doi.pangaea.de/ 10.1594/ P

i's given on the website.

43



2-Detection of Iliamdtslhcea pAr dtyincamiermsa Del ta witdt

tieries stacks

2.8  Acknawvledgements

Thi s reasarsapported by ERSC35Staanrdt i nge Granti
Net working Fund of the -BLBIhol TheAasuddhioatsi d
team of the Lena Delt aw&wolud de X p ekdei ttioo nt.h aFukr t
revi ewers for their valopablse aan@mnceonnttsr,i bain o

software packages.

2.9 Appendix A. Supplementary Data
Suppl ementary data associated with this ar-t
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3.1 Abstract

Lakes are a ubiquitous | andscape feature in
i mpact on carbon, energy and water fluxes an
monitoring of | ake change i n aocuhaetre $Hpagti
tempor al resolution, IS cruci al for under s
change. To dat e, | ake change studies in pe
di fferent sources, i mage @alkqus si andn | penai od

which hinders the comparison of different r e
mac hli emaer ni ng based <c¢cl| assi f iscpaetcitornalo fi nrdd Ixcwesst
data (TM, ETM+, -b®d ¢ d d datn&klet o mjnectt o anal yze
i ndividual, | ocal and regional | ake dynamics

Western Al aska, Centr al Yakuti a, Kol yma Low]
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1999 to 2014. Reagkieo naarl e apad t eemgnes orf t he Al as|
Western Alaska (12.82%), and Kolyma Lowl and
thermokar st | ake expansi on, but more domina

drainage eve@éstrdln Yaokutriastshowed a remar K:

48. 48 %, l' i kely resulting from war mer and wet
study period. Within all/l study regions, var
di fferemceer mafrost charactepliandcys. | o a
surface geology. With the gl obal availabil it
processing the input dat as geat rveeld wWer ddre moonbsuts
a transferability, scalability and consiste

per mafrost region.

3.2 Introduction

More than 25% of the | akes on EartHK Larmeel oc:
& D°1I 1|, PRO&4di stribution of | akes can prim
hi stories, the presence ofi cphe @te(IlrSamadtsho s aShde nt gh
MacDonald, L20®& ) and ponds dadb%oefcuphe mbaads
Arctic | owlGrnmnods sreegiJoomses, & Arp, GR0EB20Ml)shebr

estimate that more than half of the | akes fo
ori gin; however, many ot her (lJeokreg e@iyspens & A 07 h
Jones, efThal, , t h@1 mp k atrhsetr nioakkaerss ta nlda kneasn ar e
of northern ecosystems and have a s(tWadngeri mg
Ant hony, et al ., 2016 ; Langer, et al .Ar c2d Ic6 ;
| akes have developed in a highly dynamic e
hydrocl i matripchian d¢ Agaepognecd one s Schmut z, Ur bar
Lant z & Tur nWirt, h 2r0dpect to thermokar st | a
generations that i nclude phases of( Girorsmet,i o
Jones, & JAarpg e n2s0oIn3,; Shur , & Pull man, W2@ 06 ;a .

rapidly warming Arctic the direction and mag
dramatically due to changes in | ake hydrol
degada(tArom, Jones, Ur ban, & Gr osse, 2011, Li
Romanovsky, & Fadahgukradosen, mdbhicthprArcdg i cf rlegk &
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tempor al and spati al resol ution as wel | as
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i n
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&
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i n
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derstanding their response to climate <chan
vironment al conditions. The dynasmircvse oafs na

itical climate change indicator or essent.

til recentl vy, gl obal or continent al scal e
solution to capture the enteiriweda®d®d danfct Isa
sol(uGairorno | | & .LoNow,a, gl2®ddal) wat er body c¢ch
nds at data haWBo nbceheynt sd e veetl ople.dGo r2edlli6c k , P e&
| war d, b2kl 6i)n paarttiitcuudlearr ehgiigohn s may not b e
curacies due to snow, i ce, persistent <c¢cl ou
reover, t hese studi e sbondoys tcl hya nfgoec,u sn ootn |oavkee
e to the sheer number of | akes in the nor
I I (i Minst er , et al ., 20175; PaMlutsare,r , Dddseh m, & Al
i ke, 2a0MH3)t he considerable extent of?)the noc
hang, Barry, Knowl es, ,Hetgheaibrot bomad &r 8nm e
namics makes the monitoring of these | oca
ross the permafrostRerneogtieonseansdc mal | ewigtihn gi
tablishing calibr atceda| @b 4@ rmweatpiean sodsv earn dd ¢
ati al resolution (O30 m), is therefore a

gion | ake dynamics.

ver al | ocal and regional studies f oanws on
the permafrost domain wusing a variety of
antz & Turner, 2015; Jones B. M. et al .
, Sheng, MacDonald, & Hinzman, 2005; OIltho
Mc Gui r e, 2006 ; Roach, vGsioviai &th Ta&aVemkyl a,l
thermokarst | akes undefhel fmatdtengbafhgemst
di cate that regional | ake dynamic trends
nNti nuous per mafkreo satr eamaonter,e nrdesg iwoenrael floaund t
utral, but | ake area | oss Bhagntualkley, | akme
timately drain, predominantly caused by b
ones B. M. , et al ., 2011; . Dherees @& AT @s s 9D |
owt h and drainage arEGnose,allJdmes,t h&rArok,a
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Shur, 0M&) studies find an increase in tt
gi onal | ake area changes, whi ch may be <ce¢
l'ittingsofntargnedti gkeneemmBantM. |, alkds al . ,
eng, MacDonal d,.Lak eHiarzenga ni, n 2r0elabs)e has beer
gions in (NAmpg,h RAmees caUr ban, & Grosse, 20
15; Pl ug, Wa,l Iand &SiBlcedrhitd . 2C08) Sheng, Ma c D
05; Walter, Zimov, Chanton, Verbwl @on&r@ha
ea | oss was fog@gdones BestMamn &ddlraashikwe s2&rni)
antz & Turner, 2015; Labrecque, , Laodl la, tE
rtenremspgart of (ERIrsoapkeaavnu huddhsaikaa n @ O Biojd &rei,a et
, 2016 ; Kravt s.olvna t& eBydsitsrcoovnat,i n2@U%) per m
rmafrost cover), a decreasmosf (Eemgkebms eaCl
eng, MacDonal d, & Hi nzman, 2005, Ri ordan,
Ver byl@n &0ll8gal s c adrei,athioowe voefr ,| d kaer geer eva |
crease MapapEgeanring or shrinking | akes e
aporation and/ or the devel opment o f conne
gwoach, Gri ffith, & Verbyl a, 2013; Jepsen
shi kawa & Hi nzman, Shrinking thermokar st
scontinuous per mafr 8d3towreear , Cdwrecivla,r i Alta ok
ke change and rel ated hydrol ogi cal dynam
pends on a | arge number of factors affec
rmafrost, geol agylsctapeo grg&phy, and

st prior remote sensing studies focused on
|l ying on the cfornopnartivwm nt oo fé h@deenedrsym. sM.i ,c e
11; Karlsson, Lyon, & Destouni, 2014; Smit
I ke, etThel .ana2ykek)s typically spanned seve
rial-bornepatmagbey aempor al frequency i n su
t availableWunhi hi gbcepatiyahrsesolution i
accurately delineated]))eXedr ¢ xenve& yL sun@h @ ¢
nnel & BroMowewvdrl,0)due to the | imited ext
solution i magery, the studiesf wetpriusualiwpg
gi(Amdresen & Lougheed, 2015; Sannel & Bro
rsen, & Stothoff ,. 2Wilt3h tUH e idchhs eirevtaotra |osn,sn @t
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the potenti-ahhyabkt vanegoaotdiit@rsa difofwatFeraser, &
Tarasenka,nnd@1d)e suffikloead Vv gvercdiloteiyn doefd df aotra

and acquisition timing results in |imited coc¢
moder ate ofr |l ow spati al resolution (0250 m)
high resolution, | atrigees ,a rweiat hmotnh & od ri anvgb accakp atb
very | arge portion of small thermokarst | ake
With the increase of computation capacities

I magery aar doleicweneh i ncreasingly popular for e

| ocal to ¢Pekeal , s€Caltéam, Gorelick, & Bel war
Wul der , etThals. ,t y2o®k1l60f data stream at rel af
resolutions, with an observation period sp
observations w@sfcatbebaftemdsempltkead | and surf

| ands raepneds .anal yses based o8spectdredadly umseidc dsar
applied for | and cover change moni(tFaraisreg tRa
H. , et al ., raeéen, OBrobba&aky, KEkehp, S&béeacehnhl &
(Nitze & Gomsseen20dBldJwnmestBasashkal @16 appl
of spectgal-pivbheni xli ake changes were(Okthab] y
Fraser, & Slchhemidad mb i2Bpli5)eh ahabybsi s and its
capabilities makes Lanttaatsoar peot €nt i alhley dw:

dynami cs.

Due to the rapid nature of reported | ake and
|l ati tudes, we devel oped -baaswdr kifrleonvd tdeat an aMi
l earning classifi-tasedni HMg€) amaldytoebgteiCcdB | aAr
anal ysis of | akeridymamegsomnsn itmwoAl aklkea and

Siberia spanning JaTheotmraé gioofn s2 0cOo, vO0eOr0O dkinf f er e

(continuous and di scont iznounceuss )a lcaodaswée lalnd a$ u «

bor eal forest), all owing us to test the app
wi de range of environment al conditions with
detecting decadal s c atl eer chhalnagrecse iwh itlhee rseudruf
shdaretrrm f | uWittulmatt bes.gl obal availability of

met hodol ogy for processing tBepechpat datadid:e
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demonstrate a Itg aamsd ecabsiest sctal adke change

permafrost region.

3.3  Study Sites

We <chose four diFfifge3rt)ent o st edy oeute©BMAI ned

approach in regions with different environm
| a-kbundanzene,ecand t he availability of aux
validati on. I n addition to the sdrmwiyr osnimeenst a

selected to remain within one UTM Zone.

I n Al aska, the central part of the northern
NSL) and -$dleawiobukowl ands ( AKS) regionn i n W
Si beri a, whwceamn alayzevcakuti an Lena river basir
Kol yma Lowland region in Northeastern Siber
bel ow.

\

~ A

[ |Study Sites CAVM Zones [lJA [JB [ JC [ ID [ ]E

150 160 170 180 -170 -160

Fi g8te Overview Map of eastern Siberiararnd cAlVegled awii
Map (CAVM) ZAoNed keaftenr al., 2005)
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3.3.1 Alaska North Slope (NSL)

The Al aska North Slopd &&N8hYy s8hedpnpost her nsct
of the Brooks Range and completely within tt
300 t o( WHiOMk e , et al ., 2 OFLlo2r; oJuorr gsetnusdoyn,, weet cal
kmstudy region <center eTdhiasr oruengdi oThe sihse klu&r a.cat

high density of | akes and drained thermokars
65% of the | and(Joumfeac &, Are@spedtliS5y € hHg n&kred g h
an arctic continent al climate with a mean ai

mean annual precipitati(oMOAAVAPAIE®E®ANL A)L1.5 mm at

The study site is separated into several di
(YOCP), Outer Coastal Pl ain (OCP), |l nner Coa
whi ch raacet ecrhiazed by di f f(eFeaerndguharesano,k aMann ,f ec
& Romanovs(kygBZleldhe YOCP and OCP are direc
Beaufort Sea and are characteri zreidchbymarliane t
(YOCP) or sand (OCRvy larkéesnumearad ne ds ht alelrano k a
ot her | owl and t(hernmrecsk a& sAir pf, e a2tOulrbe;s Ar p, Jone
Lenz, et. Thk. | CPOU®BNearhre asnd centr al part i s
terrain with sandy deposits of marine and e«
have shall ow marg{&der cgenids oche e®& Shewnrt,er 800 7 ; I
Sel | man, Br own, Lewel |l en, Mc Ki m, T& e MArFr yi,n 1
southern margin of our study area are <char
grnaeid ,-r iicche yedomKandepoki y,s et al ., 2013; Schi
Gr oss e, & Weandkerachow28ahehdance Tk f(ahdt icoe!
general dpyminated by | ow tundra vegetation of
as surface (Watker bodlireapart i2c0u0l5a)r al ong t he
economic devel opmemtn a&fhfeecftosr m aonfd hcyodvreorc ar b
extraction activities such as construction ¢

pump stations, hou(sRanygno ladnsd. oetth earl .f,a c2i0lli4t)i es
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FigB2e Overview Map of Alaska North Slope study site
YOCP: Younger Outer Coastal Plain; OCP: Outer Coasta
Footshi ||

3.3.2 Alaska KobukSelawik Lowlands (AKS)

The Al as-Bal &oebkkLowl ands (AKS) study site is
region of Alaska bordering the Kotzebue Soun
the Kobuk and Sekawi khei ¥#e ogtBB)el Clehyes Iset udy si
size of |3Tlhel3rsegkinon is | ocated at t he tran:
di scontinwesus {@eormgaefnrson,. Basedlon RIOO8EI i mat
Kot zebue, the region has a subarctic contine
of 27ONOMAA, (2@BONL0) .

The AKS site contains a |l arge variety of | an
pl ai ns, coast al |l owl afpdarsand QebDohgwell] | Bal
& Swanson, S@@d regi eanxc hf eatrurad r ose  wi t h a
thermokarst | akes and basi-fnrsg €anbhlie,e Rootnhaeno vas
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Jor gensolnhes20 1ll6ojwl and faeastewr ebsy asreev eermad o mp | |

partially | ocated within the study area.
The | and cover mostlTVheownwsgest st iodn wian etr h é ol
zone ranges from wetland tundra iwontbkBebecoaest
E(Wal ker, ien t@he,ri20®5)deltas and valleys, t
the studgr gersaon., et al ., 2009)
> ._-.»17“@;;;.___i____/__;:_::1 /| | BeautortSea
g\l § ¢ Non, 5 (& o 4'
ZD 5 ‘\ 2
SoNER -
e 2 i Alaska
; el _SuaySte
- r : "\ e Az Elevation a.s.|
> . AL L
‘4 selawikDelta , % N T |m
& - ’ . N 10 3050100 300 800
: \-«‘\Qcﬁﬂ%ﬁ—ﬁ i 0 16 32 48 64
X = 7 \ N R Boundary
& : L2 ) Az 3 T7"T  C-DPermafrost
162°W 160°W 158°W

Fi gB83e Overview Map -9l AWwials klao Mlodbmudks study site (AKS
geol ogi cal S U b zPoFn:e oonut ni dnaur oi uesP Fp: erDmasfcroonstti;n ub us per me

Permafrost zonation 20f0t8¢r Jorgenson et al
3.3.3 Central Yakutia (CYA)
The Central Yakutia (CYA) study site is | oca

of Yakutsk and encompg&esné¢s adanYakenaiaf bbBbpida@8
per mafrost zone with permédfvasbpaindd ® 8d sadh eg

extreme continental climate condiieDaf63. wia ke
strong seasonal air temperature differences
and eexltyrecm!| dFevd ot ®ev,s | vanova, Par kT heHi MAaRMali, ¢

l ow at 234 mm, but <can be (sWbrjieccht, teotlL satlg.e,n g

streams ke the Lena or Al dan rivers, have a
| arge valleys and alluvi al pl ai ns  brvebapkc h ar
(Yang, et al ., 2002)

Permafrostudyr darheas i sridomi satedopgldemadepges:

which are al most completely thawed bel ow t he
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and -pooe sandy( $dloodipdvaWn&bBbfg) tshe est sever al
terraces with preddmidrerpotsliy svéEmhribed di éft ené |
Nitze & Gr(esg@) ®©®a0fiberse terraces there are

and al a®védrasirasent decades, there has been
ther mokgrudtrilcdhkest al ., 2017; Fedorov, | vanoc
Bor eal forest with | arch, pi ne, and birch i

whil e grassl ands ar e Tuhbei qnueiigtscolad f wictt leidn ba |l d 3 €
during the war(mBoiukmemeretmoallt.h,s 2.0 1®g mpHarnesc nt, o

ot her study sites, this regi oni tiisescoinns itdhrea afl
agriculture, forestry, and infrastructure d
over recé¢lr adecagesal ., 2017)

Laptev East Siberian
Sea Sea

-\ Siberia~1" l

T

Sea of
Okhotsk

km
0 20 40 60 80

Elevation a.s.l
I m
80 100 150 300 450

| StudySite |
D lce-rich Terraces
B @ Selected City/Place

Fi g84e Overview Map of Central Yakutia study site (CY
the eastern banks Sofl oihleey98nd: rBeetryakhskaya Terr a
Tyungyul yuyskaja Theskayae ; TeArbrTac Ab aMa'k: Maganskaya Ter

Terrace.

3.3.4 Kolyma Lowland (KOL)

The Kolyma Lowland study site (KOL) we st an
compl etely located within the contidepué&sper

of 300 (tHKaEmIOiOn an 1981landr emecw,mphs&R)Y Thre ar ea
5 4
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region has a polar tundra climate with a MA/
(2009 to 2014).

NolZ

Wl - 2 _.';,».‘ EastSiberiah Sea

CRAY RN [ Sibetia
- Yedoma-Alas Complex - . "

G ¥

N.0Z

N.69

N.89

; o e ‘ 1

156°E 158°E 160°E 162°E
Elevation a.s.|

i m NI TN | «m

0 15 50 100 200 400 0 30 60 90 120

Fi g8%e Overview Map of Kolyma Lowland site (AKS) wit
Shmel e 2011 73 |

The region is mosstygy HfFfadifeerep8Shpmaealdévonestal
201(F) gB% e The western and soiudgghaili me graimdnhdi $ ¢
| ate Pleistocene yedoma deposits intersperse
an abundance of t her mokaAlsas | @&yl reexmd e }oaa s &
Gl ushkovaWi2l1@éa) this zone, the | ow |lying nol
thermokarst basil6®8% whi thecaveamn, 8Whereas th
south of the Kolyma riveo ] chagdedoomsad glser calyu
aboubd0%0of (t\vheer eameecava & Gl ushkova, 2016)
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West of the Kol yma -Mawieme mCGamml, e X ,hec Armp aave & |
(Spectagform®80he | andscape and exhibits a hi
Al ong its course the Kolyma river forms a wi
East Si bCnriiaths Seeaas.t er n mar gin, the upt udy 790i0t

m. The | and cover i's dominated by tundra |
(Wal ker, .etThad .s o0 WwRtOWebagdst ern part of the stud
sitead i nhtehhem na@ari ga zone.

34 Data and Methods

3.4.1 Data and Trend Analysis

I n this study, we used the entire archive of
bet ween 1999 and 2014 filtered to the peak

cover @amh [7®8%%s ™We used only Landsat data fror
have a common spati al resolution (30 m) and
Red, -IMdarar ed ( NI R) , Short wave I nfrared 1

(SWIR2Ydetnto keep data commonality for al |
anal yze i magery before 1999. Large parts of
are affected by a very sparse acquisition fr

Data were aciquued e8t dtreesn ®eol ogi cal Survey (
Processing Architecturlel | ( ESScPAANe sorwleerrd ngr der:
refl ectance data gnmdcersswidd @Eadhaw,ikt Waartydeec &, r Wo o
20135)which includes pi xel guality flag inforr
each 3S$henereprocessed scenes were downl oade
processing pipeline consi stasnkg naof os e vsenroaw/ i sct
and shapowjsectrieon ( wh e rsee tnlahcegs.datray ) wameae sturbu

subsets of 30 I 30 km and projected into eac

Afterprigptraocessi ng, robust I-S enre amr e g rreesnsdiso nb aas
(Fraser R. H., et al., 2014; Owehefc&l Eubate
each pixeleramd-spmudttrdalf fi ndi ces (MSI ) : Tasse
Tassel ed Cap Greenness (TCG) , Tassel ed Cap
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Veg
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i nt
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3.4.2

We
i nt
i nc
cl a
pro
me t

Bar

etation | ndex ( NDVI) , Nor mali zed Di ffere
ferent Mo iMd t)Tunrees el nidnedxi c(edD ar e wel | establ
n widely wused in | and ¢(BvasemeRoOtd. serd
oker, Fraser, Ol't hof , Ko klefl;j ,Ro& elrgcellil,e,\
szen, 201 2; Raynol ds & Wal ker ,Th20 1t6r; e nkde |
cul ation output consists of four trend
erval, and upper confiixdeeln cearirniteesr va4 . diTfh
or mati on, i . e. four NMaremdetas!l ¢éori efachr
cessing chain is @2@iépble in Nitze and G
ce | akesealndcharges are the main scope o
roach -beamraicthg nel assi fi ecatlicaun a¢tihd)s pat i ¢

nd information in conjunction with object

PixetBased Machind_earring Classification

first applied a supervised ML&Empaogrpalo asihg

o semantic information and separdheset he
l ude two st at ( 8V)an dabslseegl-Ba)nsdas b lwee | Wwa taesr t wo
sses, NmWé@mMmLemdt d alnan® W] cWa b3Ele . For the cl as:
cess we used aGBRanthaml. E281©64¢9dr i( Rirayr. a meti rsi
hod has been established as one (oNi ttzhee, mi
rett, & Cawkwel |, 2015; Barrett, Nitze,

20169 r remote sensing and ot her classificat

i nd
i np

eperdesntcaet icst i cal data di st r i bwitdieo nasr,r aayn dc

ut data types.

Tab3le Classification scheme with c¢class name, cl ass |

obsetwed cover or changes.

Number of
Class Name Class ID ) u Examples of Observed Land Cover or Changes
Training Samples
Stablew ater SW 148 Lakes, sea water, river
Stableland SL 270 Tundra, forest, bare ground
Lake drainage (water to bare ground, water to
Change water to land C-WL 193 9 ( . ground,
vegetation), river channel migration
Thermokarst lake expansion, riverbank erosion
Changeland to water C-Lw 84 b ' '

coastal erosion
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Training Sampling

We selected 568 training samples within and

to a variety of surface conditions, such as
types, water color and tar guentd ctlraustshe sl.o cTahtea o¢
the footprint of our study sites, all ows wus

conditions.

The ground truth selection process i s based
manual samplimggiAdAnsC-WieaIn@is®regceover only a s mi
of the study areas, veeampdreuwaltlhye sealad mtiendg amd
A purely random or gridded approach woul d

change ncd awasse st mer ef ore not applicable. As s
surface <conditions, we increased its sampl e
reasoning was applied for the choicei dd tra
range of potenti al spectr al and tempor al S i
po-dt ai naggetr &t i on. I n contrast, changes from
appearances and therefore nedthedcal smabted |

—+

rend dat a -rassomMedtli oans ihmagghes and | ocal knowl
used for determining suitableermcatdogsoahdt

| ocati ons.

Classification Method Details

Sl gpa ntercept as wel |l as the | ower and wuppe
MS | were used as inbasedealktaseslf M oadduohtel qpni
di fference between upper and | omleat ed . (Tchoenrfei

30 input variabl eTamBRe.e used in the MLC (

The RF classification model was TabZlenwdt bsi
200 deciBhionn numlkeesr of trees has been found
pur p O Bzees, Schul thessT,wo& dAssdlrea,en20 Ine)t hods wel
assessment of Ftiheste¢d @eeei ffRiIFc at noar nabdbggal it
accul ®O® )Br ei manwas20lsle)d, i wasch hpraeav assi fica

through bootsSeappdo!l davmdlosi|mg.i on was carri e
58



3-LandBsaasted Trend AnalysossoNotbahkher DyRammastr

stratified randomized sampling of the ground

kappa were usedl assiaf meariecs g@alk hey.c

Tab3d2 Used input features for the MLCn=clb5a)s swafsi ccaatlicounl :
for eaeshpeMulrtan= i6nddxa(di ng to 30 features.

Multi -Spectral Index Trend Metric
TC Brightness Slope
TC Greenness Intercept

TC Wetness Lower ClI
NDVI Upper CI
NDWI Cl Range
NDMI

The <classification output cont ai ns-deaf ihnaerdd
c | a sTsaebs.1g (. Furthermore, a confidence | ayer f

contains the classification probability of e

The <classificatedor!| welak8.1t$W, SL, €€ Wi naCwl)

yielded a perfect separation on the ground
evaluati on mentheordnsa!l th@&B RaFs -wel d -vasoddhei amd
accuracy measures (00B, overall accuracy, C

very high separability of pure pixels or end

3.4.3 ObjectBased Image Analysis

Lake Object Creation

Based on t hiecahdroh aleswuditfs, | ak eFioghg6kect s (
Connected pixels of water and both change cl
4poicotnned pi xels, with neighborhood along pi
Each LO represents either a | ake with adjace
draining | ake; a | ake without any nclsarcdge  ;asor
completely drained or newly formed | ake.
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@ ChengeLW [ ChangeW-L () Water
~~ Zoning boundary e

Fig86e Example of workflow steps from satellite image
Sl ope study site: (a) -GBW;LdEbYissRiGBsiaz etlilon eofi mhagses g IR
Trends with R: Brightness, cG:asGriefeinende stsr eanndd dBa:t aWeat nnc

delineation; and ( d)A)s uabnddi vdiysniaom ci n(tBo) sltaakbel ez o n

During the next ditepdee@aicht «d COawasasiub (Zone
zonkei gB@ €or the static ZeneshA, fwedunaW) etrh aenals
within each object and applied a morphol ogi c
to avoid t hehelraek emi maerdgimi,xlewss zmarye orcequrres e n
changing water surface. Zone B represents th
comprised of t wlo idicflfuedreesntt hpearotust.siBle boundar
withtdeéa wifd2 pixels, where thermok-prsell akal
(<30 m)-2 Zepe eBents t heCtWham@leW r eghioah (ic$ ad
by 1 pixel to capture the trdnsainkddaoBe menege d
into a single zone B. Finally, |l ake objects

Lake Change Calculation

During the final step, we calculated the ar e
Each of t he two dediifnfear eznotnleys. wahse tsrteaabtleed Z
per manent water and its area was therefore

peri od. For Zone B wepicxheols ea ma Inyosries daypnparnoi acc h
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- o o < =+ 0o O -

"

ocation ogihnseah@akehematransition zone. Eac
| assificatipvml pe®pabiwhiitcyh (i s assumed to

ndmember/ cl ass and they weeseoltuetsitoend ifroarg eprly:
i el demeassr and observations, which were av
alues were used as a weighing factor of =eac
xampl e -pfioxrelt hter a3nsect through the trhaer gNiSnL o f
tudy site Tiad3d3mm&Es g BT ed hien west eprvra | piex eolf HWa s7
or stable water re@rimseat | nhe|lmbd e GAd fclutl me e

teady water surface within this pixel. The
hort tr dmfsetche]WBZD@WMsmbj ect to a transition
ake shorcuegh otsh eornimid gh@rps.t  ( c f .

Tab3d3ke Calcul ation example for three piaxkel.s throug|

Example S-W SL C-LW C-WL
Pixel p-Value m2 p-Value m2 p-Value m? p-Value m2
px-West 0.705 634.5 0.005 4.5 0.29 261 0 0
px-Central 0.065 58.5 0.39 351 0.51 459 0.035 315
px-East 0 0 1 900 0 0 0 0
0.77 693 1.395 1255.5 0.8 720 0.035 31.5

2~ Dynamic Zone (B)

0 p-value 1
0 800 1600
l{ [ )

FigB8rpvalue datasets fowpitxleé dalaculi datnisomfofl akeb obj ec
wat ELW(; (b) Chang&Wa;t eand o( d)aB®Bl} B>bd rap lwaa t peir x € | | ocat
hi ghlighted.
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3.4.4 Data Quality and PosProcessing

I n order to optimize the data quali-syepor |
filtering mechahalken wat exchaoadieesn,onsuch as r|
rel ated c¢hanagrees,s ushijneccet tthoe sset rong dynamics a
|l ake statistics. I n addition, waterbodies in
Al t hough the defined classes are perfectly

bumsmars or cast shadows i n mountain areas W
change classes in several i nst-mmecess ainng heed
For the automated removal of t hes et hien vvad ti edr
objects based on spati al statistics and s |

i nformati oAr ¢troof Seaham o & &nhdoxepgetaOil@n i n
from t he GI onbgael dFéottaessste nChaeas aduxi |3 paa&rBy) adat
statistics and shape pasaHkeb@yetsh ovfetr warca l gadlka

for each identified | ake. aSThay eianclpede meh & p ¢
eccentricity, and solidity, as well as spa
(el evation, slope), and binary forest change
We created a spatially striasttiifnicetdi otnr aoifn i magn ud:
valid and invalid (rivers, cast shadows, and
mac hliem@r ning classifier. The classification

| ake objects &l wesefiredowasdi hwami the analys
detected by their particular shape, wher eas
sl oped terr ai-pr odcuersisnign gt hpirso cpeadsutr e . I n a seco
obj ectas maixtpimaimue (any class) of I ess than 0
which further all owedf dalhee rpepowivtailve fl alkenao ji

3.4.5 Calculation of Lake Change Statistics

We <calculated area specificatmertrl oss)(wabern

characterize individual | ake specific change
on the individual Talkde .chmgeheremariec,s (rci.dd
calcul ated for the spatial reprEsemtaégioon o
subdivided into 3 I 3 km nopeasgeperqumirxesl awidt F
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cel | were Q@relcympliatéd. bel onging to detecte
calcul ation.

Tab3d4de Regional results of | ake analysis.
Attribute Unit NSL AKS CYA KOL
Total land area km? 31,715 31,135 56,700 73,339
Number of lake objects # 19,922 9771 13,254 38,838
Net lake area change % ND.69 N2.82 48.48 ND.51
Net lake area change ha N3849.25 N2806.63  45,288.11 N5083.14
Lake area 1999 ha 555,478.54 99,398.59 93,417.39 1,197,262.70
Lake area 2014 ha 551,629.28 96,591.97 138,705.50 1,191,179.56
Lake area gain ha 3936.53 2024.47  50,115.75 21,826.55
Lake area loss ha 7785.78  4831.10 4827.64 27,909.69
Mean lake size 1999 ha 27.88 10.17 7.05 30.83
Mean lake size 2014 ha 27.69 9.89 10.47 30.67
Median lake size 1999 ha 3.91 3.23 2.28 5.58
Median lake size 2014 ha 3.84 3.01 3.56 5.59
Max lake size 1999 ha 84,847.11 2384.02 1828.07 22,445.77
Max lake size 2014 ha 84,732.23 2427.16 5008.44 22,448.93
Lakes with strong growth # 4 16 1720 64
Lakes with strong loss # 43 394 183 205
Stable water >95% # 12,736 5547 2076 23,515
Change <1 ha, % lakes % 96.61 88.77 56.35 90.24

35 Results

3.5.1 NSL (Alaska North Slope)

Within the NSL study sitEabld2d®., 92Wr il nagk etsh ew ear be

period, the overall | ake ar ea cchhatnrgaends |fartoens 5
|l oss of 2806 ha or T1T0. 69 %. Lake growth acco
7786 ha | ake area | oss. Most | akes remained
from 1999 to 2014 withe®O6&red c¢chandeaekefs has
contrast to the majority of | akes with | itt]l
maj ority of fluctuations in both directions.

| ake dr ai nag0e0 % girnecarteears et hoarn 735 % decrease) oc

4 3, respectivel y.
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The | argest | akes are typically | ocated in t
cluster of | arge | akes can be found eign otnhe
Bet ween the | arger | akes, many smal | | akes ¢
area. The | ake area distribution is dominat e

area of 3.84 ha and a maxi mbLmkei z&d&hef o8ér &
density is very high in nearly the entire s
predominantly in the rolling hill s of t he
accounted for 17. 5% SoLf stthuedyl assnd esur face in t

Spatially, the strongest | ake dynamics were
shrinkage WweirgeB8dkcetkRrart teidc (Il arl vy, northeast o f
was a distinct cluster of | ake drainage act.
where the strongest individual | ake expansio
al so charactbey wi despread-siabeobsewvhti @dased

(Fi gt p, | ake change rates were <clearly don
|l ®al i zed flooding or drying of these very st
role for | ake water budgets on the YOCP. At
sedi ment input or drying, out weitgheOd 1ll4&2k eofgr
tot al | ake surface.

The OCP and I CP were dominated by I ake stabi
Apart from the dominating stable pattern, S
registered on theslO€Ppule. g kweEd g@fiénd t he s
call ed Pik DunRéegk anglm a Ffilgautr edsr ai ned | ake b

with exposed sand, a more dynamic pattern w;
the basiim.n,l m acedi tl ake of around 7 ha area
formation of | arge sand dunes at this site.
The AF region, which has a | ower | ake densit

predominantly growingl dla&kedr abmoma ge.l sWi tolcicras
region in the eastern margin of the study s

construction of artificial water basins wer e
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RO s S

b-1/3 0 07 14 2.1 2.8k 156°W 154°W 152°W 150°W

N | km Lake area change N
b20 1 2 3 4 - o e B W kL
B Change LW [ Change W-L -20 0 20 0 20 40 60 80

Fi g38e Reyyi ba&ke change of NSL study site: (a) gridded
Gridsize: -B) ITd&t &kim;ed bvi ew of thermokarst | ake expans
Coast al Pl ain nort h2)ofd eTteasihledtdi uva ldvd laakf,e pdbr ai nage on t
Pl ain west of Tes3h)e kdpeutka iLlaekde ;v iaenvd ofb | ake dynamics wi

formation of a new | ake.

3.5.2 AKS (Alaska KobtRelawik Lowlands)

Within the AKS study di (Teafb3d4e77 Dulrakhgs t\wer & b

period the overall | ake area changed from 9
|l oss of 2807 ha or 2. 82%. Lake reowtehs ud dceau
4831 ha | ake area | oss. The majority of | &
observation period from 1999 to 2014 with 8
|l ess than 1 ha. However, 16 padsBO&A (2kBdO60U
drainage (<175%), respectively.

The median area of | akes is 3.01 |Ia aanndd Laa km
an8el awi,k alsa kwe | | as few other | akes within
open sea anamatthiecraelfloyr ee xacultuded. Generally, t

|l ocated within or close to the Kobuk and S
Bal dwin Peninsul a, | ake sizes are generally
of Itahned surface in the AKS study site, but c:
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This region has a highly hetEBrog®eedMis hpat t
Kobuk and Selawi k river deltas, we observed
area predominantly took place in theiKkKoaohtuwk I
to the riveroés main channels with a similar
gener al | ake expansi ornegp atntser ns ewietrhailn itnide sv
affected by | ake area | oss.
& . 1 | -
a é rl iy i NS )
P “’. ..‘/'a I .--‘\ 5 _?Z\
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) QO“?’D OD%": OQDQ ,ﬂ
7 3]?"&‘:&%2% @ 4
BN ‘o, ¢f
2 zgvﬁﬁ(rlkﬂ? /“\ /‘I?f‘“j\f T
B Change LW [ Change WL b-10 18 36 54 7.2km
b-2/3 0 1 2 3 4
Fi g3%e Regional | ake change of AKS studiyssitleutiah in
Gridsize:(b-B) Tde&t «im;ed view of catastrophic Kb&2Qe dr ain
detailed view of | ake area gr owth3d)i nd etthaei Ineodr tvhieerwn oKfo b
a |l agoon on the western Baldwin Peninsu!
I n contrast to the deltas, the river valley:c
werchharacterized by highly dynamic | ake <chan
was the dominating change process, t hough |
proxi mity. Aeri al survey flights i n summer
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dynamics and hydrol ogical conneXtdlvamg .df16 h
These dynamics can be observed along the K¢

Al ong the northern Selawik val lvwegr,e manty ¢ett e

by the | ake detection algorithm.
On the Baldwin Peninsul a, | ake changes of
drainage events of different intensities and

on the westdebheshedeawetakes and were subje
northern | agoon was subject to a 38d3 eandarea
3.)1.7

3.5.3 CYA (Central Yakutia)

Within the CYA study sit@ab3ud., 2Bur ilrmk etshaevea l®
period the overal/l | ake area changed from 9:
gain of 45,288 ha or hgrgohwtyh eacccequntoenda | f o4r8 . 8
shrinkage resulted in 4828 ha | ake area | os
stable over the observation period from 199
area change of rlgees sl atkhea narle ah ai.n cTrheea slea c o mes
subject to a | arge | ake expansion, while 188
study regions, the ratio of newly formed o

compl et e acsr aihreapeppwsi te i n CYA.

The median area of |l akes grew from 2.28 ha
ose to the confluence of the Lena and Al d
5008Fih@8IBe2) . At the end of the observation
e

t h

c |

entire study area, up from 1.6% at the b

The proxi mal eastevertéBeatgakbskape dedaaTy
we l | as the southeastern corner of the study
i ncrease IiIFmgBhlklen atrleias (r e gi (olhe s yfaotrkm anr, oy 10d0r 8y)
partially filled ther mokafrisltl ebda swintsh (waaltaesr) d
year obser Aadiiomopaltl gd. t hernneonk aprosntd sa catnidv i wi
| ake FagBh@®3)(. Furthermore, numerous | arge b

the same flooding trenase eiadilngk & oartéa.s Thae
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and southern margin of the CYA study site (N
were apparently not affected by the exceptio

the region.

63°N

1 |
130°E 132°E
Lake area change

B Change LW [ Change W-L mkm _75- . -75ha mokm

Figgt® Regional |l ake change of CYA studyssribut{ahn gn
Gridsize:(b-B) Td&t kim;ed view of | ake ab2pn tesasofdee waige\v
very strong | ake area growth close to (bt3he dced mafill ieedn cve

of widespread | ake growth on the Tyungyuly
Lake drainage was | ess widespread than expar
clusters of | ake drainages exist. Most occul
Tyungyul yunskaya T., in particul ar within |
Syrdakh and Tyungyul yu, wher e antehr wpbgeni
management practices for agriculture in ala

detectedFI| ghk@lar.e aOn(-ptohoer Iweekset ¢ he hamk oi ver
change was not as drastic as east of the ri

and shrinkage.
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3.5.4 KOL (Kolyma Lowland)

Wi
pe
ne
I n
ob
| e
20

an

Wi
(Fi
w h

pr

Th
w a

we

e a

Wi

I n

pr
no

thin the KOL study sit €ab338. 83WBr il mgk etsh evea ke

riod, the overal/l |l ake area changed from 1
t Il oss of 6083 ha or 0.51%. Lake growth ac
27,910 ha | ake farleak dsosrse malihree dnag roed amyi no

servation period from 1999 to 2014 with 9
ss than 1 ha. In total, 64 | akes were affe
5 |l akes aoveneasubpmpltete | ake drainage. T h e

d the | argest | ake has size of 22,449 ha.

thin this study region, sever al spati al c
g81)ke. The-AYadsontao mpl ex ( YAC) is clearly st
ere | ake expansion and a southern part, W
ocesses. The Dbounrdlay yf orf mst hae set rzaingehst nleiar
ut hwest, which coincides wit+thchhgedomaddey
the sout niagdtheemobar st basins in the no

astal regnonl akergxpgansi on rates of wup to

i gGB1l). This particul ar |l ake exemplifies

pansin this region. First, thermokarst <cau
most | akes in this region. The-l gengndasdrn

ong the coast, which might be caused by se

epot part of the YAC is dominated by | ake
fueled by the partial drainage of sever
tern margin PIfg8led) st Tty sregiromc@l ar | ake
water surface. Several ot her | akes were

h . Lake expansion was |l mé&asur édditf admea hat

o O u u u o

espread water area | oss.

the YAC, south of the Kolyma river, | ake
edominantly caused by the parti al dr ai nage

towoadl specific spati al pattern and changes

69



3-LandBsaaste @ n Analysis of Lake Dynamics acro
The AIMauviineel Compl ex region west of the Kol
| ake area |l oss in nearly the entire region.
| akes are | ocated, was affecFedGllB2)a dtakenc
growth was infrequent and only measured for
The floodplain of the Kolyma river is domi n:
expansi on. Sever al individual | akes were aff
del t a, | ake drainage and expansigohn waxsc ermGr €
area | oss.
B o | 1 1 a—E
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Lake area change
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Fi g8t Regional | ake change of KOL studyssriéut{an g
ha. Gridsi thel:) 3elt a3 llemd; vi ew osft alla kree ggi roonwAodhfa sitnh et hYee do
Compl(leXx);, detailed view of IMakd ner eCao npBFEsx diera atdH ee dA lvli ulew
|l ake drainage at Bol shoy Oler | ake.
3.6  Discussion

3.6.1 Data Analysis

Wi

t hi

n

peri od,

t he

t he

KOL

study
over al | [
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net | oss of 6688 gaowt hOaStwunted for 21, 827
in 27,910 ha | ake area | oss. The majority o
observation period fromh&#a99%9akee BAtYAnwi ahne
|l ess than 1 ha. I n total, 64 | akes were affe
205 | akes were subject to near complete | ak
and the | argks22)] 442 has size o

Within this study regi on, sever al spati al C
(Fi g8z1)e. The-AYadsonao mpl ex ( YAC) iI's clearly st
where | ake expansion and a southern part, W
processes. T hhee sle o wnodhaersy noefart 'y forms a str a
sout hwest, which coincides wit+hchhgedomaddey
in the soulthi agdt heembbawrst basins in the no
coasetgalonr, very strong | ake expansion rates
(Fi gg1il) . This particul ar | ake exenipllidkes
expansion in this region. First, thermokarst
of most | akes in this region. Thel geocgonbasdrn
along the coast, which might be caused by se
The southern part of the YAC is dominated by
was fueled by the partial drainage of sever
western margin PIfg8Ie8) st dthy srearomc@l ar | ake
its water surface. Sever al ot her | akes were
each. Lake expansioa fvmaactmeas uokd!| dlbes.,a buatr
wi despread water area | oss.

I n the YAC, south of the Kolyma river, | ake

predominantly caused by the partial drdiidage
not follow a specific spatial pattern and <ch

The AIMawviineel Compl ex region west of the Kol )

|l ake area |l oss in nearly the entbseeeralgi bar
| akes are | ocated, was affecFiedGllB2)a dtakenc
growth was infrequent and esly measured for
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The floodplain of the Kolyma river is domin:
expansion. Several i ndi vidual | akéesn wéairee rafvfe
del t a, | ake drainage and expansigohn waxsc ermGr €
area | oss.

The combined MLC and OBIA classification in
transitions bet weeyeabroiZhQ)PH)Pa sLleadn desmtt e ehd d
excell ent separation of the iinput nmntadranabdas
accuracy esti mdtodrd -v@dOB)sa tcecerd fcilvaessi fi cati on
kapprea estimates of pure pixels of the def
hi ghly accurate within the spatial resolutio
Howeveas thermokarst | akes are characterized
| arge number of slowly growing | akes and a
Landsat dés spatial-preeblanbbgpsiné BOcommeas ubr uc
for the magnitude and directi onpixfelchamd e/ss.i
changes along the | ake margins based on the
The processing step from pi xeHanbgaes edk ¢cel catsss i
generally well i n most cases. Lakes embeddec
were clearly detected and separated w-ithout
zonkEBewever, more dynamic zones rwiatnhdo ultanad, c |
wetl ands, are a potenti al error source for

changing surf aesec ad @ndpietrimbanfsr,osltoclaalndscape f e
transitional natur-ewatbert wiesmha awil@ad emomnids snwen |
previous (sKardli®sore,. gLy on, & Destouni , 2014,

Wi | son, Al t mann,Th&sBr pmbeyfiicai@&®3 usual ly occurt
delta regions and river val l eys or flat dr
susceptible to | arger errors than for most ¢
study site wasffafcftectwehde rkey mamiys semal | basin
surface water conditions.

Few misclassifications were identified in re
forest tundra regions as wildfieesharrei nect
due to its strong Tshpee cutsrealo fc hgalnogbea |o vfeorr etsitmec.
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(Hansen, atnhdalDEN Szt )r o & ©Beéerpedi to2d0eélect
these regions by automatically diHooverveirng afs:
| arge regioftsaiga thaensundonaal zone are not
cover change map, ppeBéetireenovVake obbjfadtse due

reliability of boreal regions.

3.6.2 Comparison of Sites and Prior Studies

Each of the four analyzed regions shows a s
| akes. The more nor tamar IKYOLc o ahsatvael ar esgmaolnls dNe
wi t h 0.69% and 0. 51 %, respectivel y. Lake 0
di fferences, based on sever al factoomte.nt 3 uam
geographical s eyt ttiongt ee. @oastproxi mi ver s) h a
dynamics. The western Al askan site (AKS) i s
characterized by frequent dynami cs, pr edomi
regions,l-$clad &r | oma l spati al patterns can be
study site (CYA) is characterized by extrem

2014, which strongly deviates from the other

The predominantly Al allke dNomdiht iSdmop eon NiSh é
Jones(20,0aWho found noesmghrendantofl| dmdke ar ¢
1985 an@ur20cOh7va.r act eri zation of rho dthley Nsotra thl €
study site coflo®dmyp Hbobokdl tewb hhke drainage
mid 1970s to 2001/2002 on a similar sized a
ComMsiring the same criteria, we oOobsdgr2wWeld ) 2. 4
detected net | ake expeasnosliuan onf d3a.t4da% ansdi Mg 1H6
bet ween 1979 and 2002 on a smal/l sampl e of
YOCP, north ofFdeshwew&pu& dcBkehe s anzeerloa kneest t
change, but strong changes iThhebonmihs sldlimdge clta ko
drained catastrophdamdd y& iaAnrdps,l m2s0elr5a)2 81 9 ni f i c
its 80Dbhe taad etahe cl ose proximity to the sea,

our processing, as it was detected as connec

I n the Kolyma Lowland region, our <calcul ated

di screpancyalt.20,0)htoerdeettect ed a | ake area i1
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Kol yma river for a |l ongerThe met rpoenrg odi fffreorne
explained by the extentalasi@d fseund ng otfr e g dly

within the Kolyma floodplain. Their use of s
MSS to ETM+), may have also had an influenc
to the regienpahrstaulatiespsehiis not repres
stresses t he spati al vari ety of | ake c han:q
Veremeeva (20 9@uldi m e€érandaotfietm&ase in the
for a small regi onAliars tCloempWwe xt € rr Mimy B1d9no7n8a hti os
specific region, our results also indicate

drainage of ({lhaer g oRBinlds by k@iherr pl dloaandary ol
trends and | ake shrinkage trends coincided

ol d-llyawg thermokar stAllaasiCospil @xt mhe gYeda ma

I n a comparabl e Asrectttiicngc o atsada aNSU oawvdidanKOL, W
per mafrost on the NW Canadi an( 2ZTuik& Jornyda kd uk | iPg
| ake area increase of 0. 6-dfnoakatfiktamgdh tofy elap s
Within the samel 2rOeédgBiponnd Fsluwgs tetnt alal | ake are
| akes of +14% from 1978 to 1992 and 1T11%

anomal ouslgalionw 2@a&E. ar

~—+

I n the western Al askan study site (AKS), | o
di scontinuous permafrost, we oObserved a net
Roach (@@0OwWBb. measured a | ake dhearl|l cdaadygf st §
covers the area affected by widespread | ak:
resemble the spatial pattern we foundain our
and widespread | oss in the northern Sel awik
Kobuk ,DuNeecss i2W0 8ty nall .an overall decreasing |
2005 wi tehsi nor2Vdpoloadke |l d detect 14 of these | ak:
13. 4%, | argely fueled by the partial dr ai nag
near by northern Sewar d( 2Cfind inrsdu | Jal % hlea ke Jarnesa
the drainage events of few | arge | &kesh wdr e
the coast al sites showed -eadhhema sarodasl.akleo aauwer
this effeenh Hascnobet or discussed in other
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by sever al factor s, such as I ocal climatic ¢
to erosi on; or very fl at terrain, which is a
The amauendaf di sappearing |l akes in discontint
(Riordan, Verbyl a, & McGuire, h@dB6 beROvVeérn nkd
Il ncsreeda connecti vi(tJyeptsoengr oMomsdswatVWwarl voor d, Mi
Yoshi kawa & Hi nzman, Shrinking t hermokar st

di scontinuous perithafr Akas kkawram2f0©O®@9hc degr ad
di sappear ance adiosiggo ntthien uwcoownst i pneuromiasf r ost i nt e
be a good explanation for the sOtrlbeag ¢takeed

areas withhr eloattiinenh al i ty, such as the cen
Canadian Old Crow FIl at s, i n(cLlaundtez i& cTlerarseerd,
Ri or dearnby | \a, & McGuire, 2006 ; Labrecque, L a
2009)

However, for the highly continental Centr al

|l ake ar eai2fodrd tpleehb@®89i s a significant outl
dynami cs. The same wetting pat¢¢20,h6vhacs ubseeedn
Landsat snapshots and found atmho i 2@0@aseéet loifr
strongest wetting plTahret sotfr otnhgee s@YA nsctruedays es iitne
2007 afdaeerabeverecipit@Taroans einnk oF, h e22 Opledi)mo r &
particular region has been subject to very s

due to several factor s, including anthropoge
(Ul riaclh,, et017; Fedorov, |l vanovahePaekhaHpgega:i
here may be connected to a wette(BanBBewaemeece
2016l;ri@h, et al ., 2 Oaln7d; slhiijfitman,g eatgralcu,l t @€
meadows and grasslands in alas basins are i

(Crat e, eltn adddi t@ilDolnhattd ct ceondi ti ons and ant |
| ocal geol ogi cal conditions seemingly had a
t he terr aciecsh wsietdhi mecnda s showed a much more p

compari semaitmi ndearmea.

The comparison of di fferent studies as well
variability of |l ake dynamic3hwi whide vheiprboyt

scales poses a | arge cdhiaflfleernegnet fsotru dti hees caomndp
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may vary strongly even for near Hyrlmod atkieo nasr

fol

uctuations, wtherch (fc@leanhbsxfc,e eFdr asoenngay & m& s k mi

|l ohg@grm trends in studies based on (thenew dR.| )
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We
ro
| a
Lo
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fol
| a
y e
t h

w h

, et ;alKar |l 3bh, Lyon, & Destouni, 2014;
nzman, 2005; Ri ordan, Ver byl a, & McGuire,
ant on, Ver byl a, Tlke Chraemah, ar2®I0B9i  Obtt hef ng
aser, & Schmitt, 2015; cRaonachhe !l pGrtioctfanimp r eis
uctuations and produce mbneouel sabldg a&wed a
end analaydieratstamge and transl ated spectr
C, which all owed us to accurately distinglt
anging transition zones around | akéd imayr gi n
l ues, we -pe xelloiitnefdoranali i on t o detect per ma
e

gr owt h.

ing the trend <calculation helps generaliz
ables the comparisonspatiapsesabhiprg, astasési
kes up to very | arge regional scal es. The
udy sites across the permafrost zone prove
tomated podcassdsi mggmétghts its strong pot

rmafrost domain to fully characterize | ake

Conclusions

used a highly automated and hybrid approa
bust trend -laenaarlnyisnigs,c Inaascshiifniecat i on and obj
ke change dynamics for four | argeSeslitadiyk r e
wl ands) and Siberia (Central iYigk wat itaotand at
out 2008 akmtrend data analysis all owed
tes over a sip®didf)i canpertihoed o(bls%e9 9 ateirom of
uctuations d-benmtchéadrgied &.t Alpre ttbantgal , ar oun
kes | arger than 1 ha were mapped and anal
ar period from 1999 to 2014. Regi onal | ak e
e more nor tthher3lyo pAd a(sik@. 6NO%) and Kol yma L

il e the | ake area -Senl atwh ek weoswt! aMldass kwaans Ksoul
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pronounced area | oss (12.82%). Lake area 1in
I n this | atet erecdragaq, ngpaodsi M arge | akes in al
climatic wetting and warming and changes in
Despite similar regi onal net change, consi

di stinguishablernTAeathkh&ewi i Imi mocohmti nuous p

stabl e and uni form behavior wi t h wi desprea

pronounced | ake dynamics. Lakes in the Koly
change, but wekeear subpgeobhalt ozanati on of | ake
war mer west Al aska site, wi despread dr ai nage
change dynamics. Within this region, wher e
di sconthemuspati al dynamics were |l ocally wver
strongly by the | andscape surface geol ogy an
As | akes and | ake dynamics are an important

| owl ands, gsheasél fhedipnto better wunderstand

war ming Arctic and degrading permafrost Wi t

consequences. For exampl e, the improved kno
wi || abl bwtter guant i fi cradli aotne do ff [tuhxeersmodkfar s
gases methane and carbon dioxide. W th the g

the increasing avail abidattay, odn dc otnpeamaatbl dec Sit
we envision the expamgicdan cofsctaHe .anal ysis to

3.8  Supplementary Materials

Suppl ementary data are avail@gNiezeaetl theg &AN
(https:// doi.org/ 10.T1h5%4 /IPRANIGAEA. 8Hheé&53Foref el
centroids ofwidet encajeodr |laakkees area statistics

changes are also made availabl e.
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3.10 AppendixA

FigBt®Photo of exabnpd@&nNd oecahi bhef(mokarst | ake shore e
Photo taken on 14 July 2015 by I. Nit ze
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