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English Summary

English Summary

TheAntarctic Ice Sheettores~91% of the global ice volum&hich isequivalent to
a sealevel rise of 58.3 meter&ecent disintegration events of ice shelves and retreating
glaciers along the Antarctic Peninsula and West Antarctica indicate the curmsriablé
state of thé\ntarctic Ice SheeGlacier tongues and ice shelves create a safety band around
Antarcticawith buttressing effects on ice dischar@eirrent decreases in glacier and ice
shelf extent reducthe effectivebuttressingorcesandincreasace discharge of grounded
ice. The consequence is a higleentribution tosealevelrisefrom theAntarctic kce Sheet
So fag it is unresolvedvhich proportion ofAntarctic glacier retreat can be attributed to
climate changand which parto the natural cycle of growth and decay in the lifetime of a
glacier. The quantitative assessmenttbeé magnitude, spatiaéxtent, distributionand
dynamics of circumAntarctic glacie and ice shelf retreat is of utmastportance to
monitor Ant ar cweakeniag safety bandn remote areas like Antarcticaarth
observatiorprovides optimal properties ftarge-scale mapmg and monitoring of glacier
and ice shelvesNowadays, the variety of available satellite sensors, technical
advancemeastregardingspatial resolution and revisit timess well as open satellite data
archivescreate an ideal basis for monitoring calving front chaigsystematic review
conducted within this thesis revealed major gaps in the availability of glacier and ice shelf
front position measuremerdsspite the improved satellite data availahilltiye previously
limited availability of satellite imagery and the timmensuming manual delineation of
calving frontsdid neitherallow a circum-Antarctic assessment of glacier retraat the
assessment of intl@nnual changes in glacier front positidio adwance the understanding
of Antarctic glacier front changehis thesis presents a novel automated appréach
calving front extractiorand explores drivers of glacier retreat

A comprehensiveeview d existingmethods for glacier front extraction ascaréal
thelack of afully automatic approactor largescale monitoring of Antarctic calving fronts
usingradarimagery Similar backscatter characteristics of different ice tygeasonally
changing backscatter values, myiiar sea iceand mélangamade it challengingto
implement an automated approach with traditional image processing techmigresore
the presnt abundance of satellite data is leegtloited by integrating recent developments
in big data and artificial intelligend@l) researchd derive circurrAntarctic calving front
dynamics.n the context of this thesis, the novella s e d f r Antaretid.d rNkE SiD
(Antarctic Gacier andice Shelf Frat Time Series) was created which provides a fully
automated processing chain for calvingntrextraction from Sentinél imagery. @en
access Sentindl radar imagerys an ideal data source for monitoring current and future
changes in the Antarctic coastline with revisit times of less than six days ameagitier
imaging capabilitiesThe devdoped processing chain includiéne preprocessingf duat
polarized Sentinel imageryfor machine learning applicatior38 Sentinell scenes were
used to trairnthe dee learning architecture et for image segmentatiornrhe trained
weights of theneural networlcan beused tosegmenSentinell scensinto land ice and
ocean. Additional postprocessing enges even more accurate results byncluding
morphological filteringbefore extracting thénal coastline.A comprehensive accuwg
assessmelhias proverthe correct extraction of the coastline. On average, the autathatic
extracteccoastlinedeviaes by 2-3 pixels (93 m) frona manual delineatio his accuracy
is inrangewith deviations between maniabtelineated coastlines from differentpexts.
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English Summary

For the first time,the fully automatedframework AntarctidLINES enabledthe
extraction ofintra-annual glacier front fluctuations to assess seasonal variations in calving
front changeThereby for examplean increased calving frequency of Pine Island Glacier
and a beginning disintegration of Glenzer GlawiererevealedBesides, lte extraction of
the entire Antardt coastline for 2018 highlightethe largescale applicability ofthe
developed approackccurate results for entire Antarctiegere derivedexcept for the
Western Antarctic Peninsulhere training imagery was not sufficient and shoutd b
includedin future studies.

Furthermorethis dissertation preseras unprecedented recooélcircum-Antarctic
calving front changever the last two decades. The neexyracted coastline for 2018as
compared to previous coastline products from 2009 and IB8%.revealed thathe
Antarctic Ice Sheeshrank 2%618+1193km? in extent between 1997008 and gained an
area of 7,108+41029 km? between20092018. Glacier retreat concentrated along the
Antarctic Peninsula and West Antarctica. The only East Antarctic coastal geotarily
experiencing calving front retreat was Yk Land in 2002018. Finally, potential drivers
of circumAntarctic glacier retreatvere identified by combining data on glaciéont
changewith changes in climate variables. It was found that strengthening westerlies,
snowmelt, rising sea surface teengtures and decreasing sea ice coverced glacier
retreatover the last two decades. Relative changeseanair temperature could not be
identified asadriver for glacier retreadnd further investigations on extreme events in air
temperature are nessary to assess the effect of atmospheric forcifigotal retreat The
strengthening o#ll identified drives was closely connected to positive phases of the
Southern Annular Mode (SAMMVith increasing greenhouse gases and ozone depletion
positivephases of SAM will occur more often and force glacier retreat even further in the
future.

Within this thesisa comprehensive reviemexisting Antarctic glacier and ice shelf
front studieswas conductedreveaing major gaps in Antarctic calving fromecords
Therefore, dully automated processing chain for glacier and ice shelf front extragtien
implemented to trackircum-Antarcticcalving front fluctuation®n an intraannual basis
The largescale applicabilityvascertified by presenting twoedades of circusintarctic
calving front changdn combination with climate variabledrivers of recent glacier retreat
were identified. In the future, the presented framewdvktarctid INES will greatly
contribute to the constant monitoring of the Antar coastline under the pressure of a
changing climate.
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Kurzfassung

Kurzfassung

Derantarktische Eisschild speichert ~91 % des globalen Eisvolurkénganzliches
Abschmelzen des Eisschilde&tte global einen Meeresspiegelanstieg ¥8,3 Metern zur
Folge Der aktuelle Zerfallvon Eisschelfen und der Gletscherriickgang entlang der
Antarktischen Halbinsel und Westantarktis verdeutlicldem vulnerablen Status des
antarktischen Eisschildes. Gletscherzungen und Eissclsgltenen dieantarktische
Kistenlinie und haltedie Eisstromdrichtung Ozean zurtickEin Ruckzug der Eisschelfe
und Qetscher vermindert den Ruckhalteeffekt und fuhrt zu zunehmenden Gletscher
FlielRgeschwindigkeiten in Richtung Ozedder dadurch verursachte Massevdrlwagt
zum globalen Meeresspiegelanstiepei. Bislang ist ungeklart welcher Anteil des
antarktischerGletscherrickgargauf den Klimawandelind welcherauf dennaturlichen
KalbungszykluglerGletscheund Eisschelfeurtickzufiihren istAufgrund devermehrten
Zerfalls von Eisschelfenin den letzten Dekaderst es von grofReWichtigkeit, den
Gletscherriickgang zu quantifizieren unéssenAusmal} réaumlichen Ausdehnung,
Verteilungund Dynamikzirkumantarktisch zu erfassemm mdgliche Auswirkungen auf
den Meresspiegelanstieg friihzeitig zu erkennen

In abgelegenen Regionen wie der Antarktis bietet die Erdbeobachtung optimale
Voraussetzungefiiir das grof3flachige Kartieren und Beobachten von Gletschern und
Eisschelfen. Heutestellt die Fille anfrei-verfigbaren Satellitetaten verschiedener
Sensorenin Kombination mittechnische Neuerungen hinsichtlich der raumlichand
zeitlichen Abdeckungeine idead Basis fur das MonitoringerKalbungsfronén dar Trotz
der guten Datenverfugbarkéiitein umfissender Literaturiberblitckwelche im Rahmen
dieser Dissertation durchgefihrt wurde groRe Licken in der Verfiigbarkeit von
Gletscter- und Eisschelffrontpositionsessungen festgestellt. Die zuvor limitierte
Verfugbarkeit von Satellitendaten und die aefivdndige manuelle Ableitung der
Klstenlinie machten eine zirkumantarktische Beurteilung des Gletscherrgskgaohdie
intracannuelle Analyse von Gletscherfrontpositionen unmogli€lir ein besseres
VerstandnisantarktischeGletscherfrontveranderungeprasntiert diese Dissertation ein
neuesautomatisiertes Konzept zur Kallsironextraktion und untersutbb klimatische
Faktorenflr den beobachteten Kalbungsfrontenriickgang verantwortlich sind

Anhand des Literaturiberblicks konnte festgeste#irden, dass i® dato kein
komplett automatisiertes Verfahren fur die Gletscherfrontextraktisygrol3volumigen
Radarsatellitenbildermestand Ahnliche Ruckstreuwerte von verschiedenen Eistypen,
saisonal veranderliche RuUckstreuwerte, mehrjahriges eMes und EisMélange
erschwerten die Entwicklung eines automatisierten Ansats mit traditionellen
Bildverarbeitungsansatze®och deNeuer ungen i n den Bereicher
kunstlichen IntelligenZKI) ermdglichen esdie heutige Fille an Satellitertda fur die
Ableitung von Kalbungsfronén zu nutzen Im Rahmen diser Dissertation wurde das
neuartigeF r a me wAmtarktidc it NE S0  ( Aladieaandl deiShelf Bat Time
Series) kreiert, welches eine komplett automatisjdfiebasierteProzessierungskette fr
die Gletscherfromrextraktion von Sentin€l Daten beinhaltet. Frgerfigbare Sentinel
Daten sind ideal um derzeitige und zukinftige Veranderungen dentarktische
Kistenlinie zu beobachten, da die Orbitwiederholrate wemigesechs Tage betragt und
die Bildgebung wetterunabhangig ist. Die entwickelte Prozessierungskette beinhaltet die
Vorprozessierung, Maskierung und Zerlegung der Satellitenbilder in kleinere Kacheln. Es
wurden 38 Sentinel Szenen genutzim die Deep Leaing Architektur U-Net fur eine
Bildsegmentierung zu trainieren. Die trainierten Gewichte des Neuronalen Netzes kénnen
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genutzt werderum Sentinell Szenen idlie Klassen Ozeamd Eis zu segmentieren. Eine
zusatzliche Nachprozessierung ermdglicht noch agee Ergebnisse durch
morphologisches Filternbevor die finale Kistenliniewischen den beiden Klassen
extrahiert wird. Eine umfareiche Genauigkeitsauswertung hat ergeben, dass die
automatisch abgekeite Kustenlinie im Mittel 28 Fxel (93 m) von eine manuell
abgeleiteten Kuistenlinie alaicht Diese Genauigkeit ist im Rahmen der
durchschnittlicherAbweichungen von manu# abgeleiteten Kustenlinien verschiedener
Experten.

Erstmals ermdéglicht das Framework AntarcticLINES aigomatisierteextraktion
von intraannuellen Gletscherfrontfluktuationerum saisonale Variationen in der
Kalbungsfrontanderung zu untersuchdédadurch konnte beispielsweise eine erhéhte
Kalbungsfrequenz des PH®andGletschers festgestellt werde®ie Extraktion der
antarktisclen Kustenlinie fur 201&eigt die moégliche Anwendunder entwickelten
Methodik fur grof3raumige Gebieté&lr den Groliteil der Antarktis wurden genaue
Ergebnisse erzielt, lediglich entlang der westlichen Antarktischen Halbinsel fehlten
Trainingsdaten, welche zukunftigen Studien inkludiert werden sollten.

DarlUber hinaus prasentiert diese Dissertation dinedatobeispiellosen Datensatz
zu zirkumantarktischen Veranderungen der Kalbungsfronten Uber die letzten zwei
Jahrzehnte. Die neu extrahierte Kustdelifiir das Jahr 2018 wurde mit friheren
Kistenlinienprodukten von 2009 und 1997 verglichen. Dies hat offengelegt, dass der
Antarktische Eisschild zwischen 1997 und 2008 &iliehe von 29,6188 93km? verlor
und zwischen 2009 und 2018 eine Flache von #1089 km? dazugewann Der
Gletscherriickgang konzentrierte sich entlang der Antarktischen Halbinsel und der
Westantarktis. Der einzige ostantarktische Sektor, in dem sich simultaner
Gletscherriickgang zeigtevar Wilkes Landin den Jahrer2009 bis 2018. Im Anschluss
wurden Ursachenfur den Antarktischen Gletscherriickgang durch die Korrelation mit
Klimavariablen identifiziert. ZunehmendeWestwinde, Schneeschmelze, ansteigende
Meeresoberflachentemperaturen und zurickgehendes Medregginstigten den
Gletscherrikgang in den letzten zwei Dekaden. Relative Verdnderungen in der
durchschnittlicherLufttemperatur konnten nicht aldrsachefir den Gletscherriickgang
identifiziert werderund weiter Analysemu Extremereignissein der Lufttemperatusind
notigum Fronterdnderungen verursacht durch atmospharischen Antrieb besser verstehen
zu konnen Die Verstarkungller identifizierten Treibeist eng mit positiven Phasen des
Southern Annular Mode (SAMverbundenin AnbetrachtansteigendeKonzentrationen
von Treibhausgasen und dem Ozonrtickgang werden positive Phasen des\JAlklmft
Ofter auftretenwas in Folge deletscherriickgang noch weiter vorantreilkann

Zusammengefasstwurde im Rahmen dieser Dissertation eumfassender
Literaturtiberblickzu exstierenden Gletscheund Eisschelffrontstudien durchgefihrt,
welche groRere Liucken in Kalbungsfrontstudien aufzeigks wurde eine voH
automatisierte Prozessierungskette entwickelt, um zirkumantarktische
Kalbungsfrontpositionen intrannuell beobachteru kdnnenund die Datenliicken zu
schlieBenin Kombination mit Klimavariablen wurdereibende Krafte, die desktuellen
Gletscherrickganbegunstigenidentifiziert. In Zukunft wird das préasentierte Framework
Antarctid_.INES zur konstanten BeobachtuderAntarktischen Kistenlinieingesetztum
Veranderungem Anbetrachiinessich anderndeKlimas zu analysieren.

XVI



Resumen en Espafiol

Resumen en Espanol

La capa de hielo de la Antartida almacena el 91% del volumen de hielo mundial, lo
gue equivale a un aumento de 5.8 metros del nivel dellosiacontecimientos recientes
referentes a la desintegracion de las plataformas de hielo y el retroceso dedossgido
largo de la Peninsula Antartica y la Antartida Occidental indican la actual vulnerabilidad
de la capa de hielo Antéartica. Las lenguas de los glaciares y las plataformas de hielo proveen
una banda de seguridad alrededor de la Antartida alefedos de refuerzo en la descarga
de hielo. Sin embargo la actual disminucion de la extension de los glaciares y las
plataformas de hielo reduce los efectos de refuerzo aumentando la descarga de hielo
pulverizado contribuyendo directamente al incremeatoidel del mar. Hasta el momento
no se ha definido si el retroceso de los glaciares antarticos puede ser atribuido al cambio
climético o al ciclo natural de crecimiento y decadencia del tiempo de vida de un glaciar.
La evaluacion cuantitativa de la matmiii, la extension espacial, la distribucion y la
dinamica del retroceso de los glaciares y la plataforma de hielo de la Antartida es de suma
importancia para monitorear el debilitamiento de la banda de seguridad de la Antéartida. En
zonas remotas como lanfartida, la observacién de la Tierra proporciona propiedades
Optimas para la cartografia, la observacion de los glaciares a gran escala y las plataformas
de hielo. Actualmente, la variedad de sensores satelitales disponibles, los avances técnicos
en cuand a resolucion espacial y tiempos de revision, asi como también los archivos
abiertos de datos satelitales crean una plataforma ideal para la vigilancia de los cambios de
frente. No obstante, un examen sistematico realizado en el marco de esta tesis reveld
importantes vacios en la disponibilidad de las mediciones de la posicién del frente de los
glaciares y las plataformas de hielo. Anteriormente la disponibilidad limitada de imagenes
satelitales y la parsimoniosa delimitacion manual de los partos glactapEsmitian una
evaluacion circunnacional del retroceso de los glaciares ni la evaluacion de los cambios
intracanuales de la posicion del frente de los glaciares. Con el fin de incrementar la
comprension de los cambios de frente de los glaciares apsantista tesis presenta un
novedoso enfoque automatizado para la extraccion de los frentes de parto.

Un examen exhaustivo de los métodos existentes para la extraccion del frente de los
glaciares determind la falta de un enfoque totalmente automaticedar de la utilizacion
de las imégenes de radar. Las caracteristicas similares de retrodispersion de los diferentes
tipos de hielo, los valores de retrodispersion cambiantes en funcién de la estacion, el hielo
marino plurianual y la combinacion de estostdaes dificultan la incorporacion de un
enfoque automatizado con las técnicas tradicionales de procesamiento de imagenes. Por
consiguiente, la actual abundancia de datos satelitales es utilizado mediante la integracion
de recientes avances en la invegtiga relacionados utilizacién de grandes base de datos
en combinacion con inteligencia artificial para derivar la dinamica del frente de parto
circunnacional de la Antartida. El enfoque desarrollado se basa en las imagenes de radar de
libre acceso Sentihd, ya que presenta una fuente de datos ideal para monitorear cambios
presentes y futuros en la costa antértica, con tiempos de revision de menos de seis dias y
capacidad de obtencion de imagenes para todo tipo de clima.

El novedoso marco de trabajo crea@intarcticLINES (Antarctic Glacier and Ice
Shelf Front Time Series) proporciona una cadena de procesamiento totalmente
automatizada elaborada con el fin de extraer las ubicaciones de los frentes de parto por
medio imagenes Sentingél La cadena de procese&nto incluye el prgprocesamiento,
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Resumen en Espafiol

enmascaramiento y mosaico de imagenes Setitideldoble polarizacion. Los mosaicos

de imagenes comprenden 38 escenas de Sehtme se utilizaron con el fin de entrenar

la arquitectura de aprendizaje profundd®Btpara conseguir la segmentacion de imagenes.

Los pesos entrenados en la red neuronal pueden ser usados para segmentar cualquier escena
de Sentinel 1 en la Antartida en el hielo terrestre y el océano. Durante el post
procesamiento, se aplica el filtrado fieddgico para finalmente extraer la frontera entre la

capa de hielo y el océano que representa la costa antartica. Una exhaustiva evaluacion de
precision demostrd la correcta extraccion de la linea costera. En promedio, los frentes
extraidos automaticamense desvian-2 pixeles (93 m) de las delineaciones manuales.

Esto se encuentrz en el rango de las desviaciones entre las lineas costeras delineadas
manualmente por diferentes expertos. Por primera vez, un marco de trabajo totalmente
automatizado AntaratLINES permite derivar las fluctuaciones intmauales del frente de

los glaciares con el fin de evaluar las variaciones estacionales en el cambio del frente de
parto. La extraccion de todo el litoral antartico referentes al afio 2018 evidencia la amplia
apicabilidad del enfoque desarrollado. Actualmente es pposible derivar resultados precisos
para toda la Antartida, con excepcion de la Peninsula Antartica occidental, donde las
imagenes de entrenamiento no fueron suficientes y deberian considerarseudliza est
futuros.

Asimismo, esta disertacion presenta un registro sin precedentes de los cambios en el
frente de parto de la circunnavegacion antértica en las ultimas dos décadas. La costa
extraida para el afio 2018 se compardé con los productos costermsesthr 2009 y 1997.

La capa de hielo antértico se redujo en extensién alrededor de 2963BRtn2 entre 1997

2008 e incremento en una superficie de 71020km2 entre 2002018. El retroceso de

los glaciares fue identificado a lo largo de la Peninsntartica y la Antartida Occidental.

El Unico sector costero de la Antartida oriental que experimentd un retroceso simultaneo
del frente de parto fue el Wilkes Land entre periodo Z8WBB. Por ultimo, se identificaron

los posibles factores que impulsal@metroceso de los glaciares de la circunnavegacion
antartica combinando los datos sobre el retroceso de los glaciares con los cambios en las
variables climéaticas. Se constaté que el fortalecimiento de las zonas occidentales, el
deshielo, el aumento desléaemperaturas de la superficie del mar y la disminucion de la
cubierta de hielo marino han venido contribuyendo al retroceso de los glaciares en los dos
tltimos decenios. Los cambios relativos en la temperatura media del aire no pudieron
identificarse cora factores que impulsen el retroceso de los glaciares. El fortalecimiento
de todos los contribuyentes identificados estaba estrechamente relacionado con las fases
positivas del Modo Anular Austral (SAM). Con respecto al aumento de los gases de efecto
invemadero y el deterioro de la capa del ozono, las fases positivas del SAM se produciran
con mayor frecuencia y obligaran a los glaciares a retroceder aiin mas en el futuro.

Para concluir, en el marco de esta tesis se realiz6 un examen exhaustivo de los
estudios existentes sobre el frente de los glaciares y las plataformas de hielo de la Antartida
gue reveld que existen importantes vacios en los estudios referentes al frente de parto de la
Antartida. Se puso en marcha un flujo de procesamiento totalaioti@atizada para la
extraccion del frente de los glaciares y las plataformas de hielo a fin de establecer un
monitoreo de las fluctuaciones estacionales del frente de parto. La aplicabilidad a gran
escala se certificd presentando dos decenios de cambilms drentes de parto de la
circunnavegaciéon antértica. En combinacién con las variables climaticas, se identificaron
los posibles factores del reciente retroceso de los glaciares. En el futuro, el marco de trabajo
presentado AtarcticLINES ayudara conbiii al monitoreo constante de la costa antéartica
amenazada bajo la presion de un clima cambiante.
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Introduction

CHAPTER 1

1 Introduction

The current state of the Antarctic Icen&et(AIS) is alarming. Mass loss of the
Antarctic Ice Sheeaccelerated rapidly over the last two decatd8IE 2018, Rignotet
al. 2019) Along the Antarctic Peninsul&7 % of glaciers retreated and 7 out of 12 ice
shelves in the area of éhAntarctic Peninsula disintegraté@ook & Vaughan 2010)
Grounding lines retreated significantly along the WAI%est Antarctic Ice Sheeéind in
parts of the Wilkes Lan@onrad et al. 2018) Ice sheet flow is acceleragjiralong the
Antarctic Peninsula and West Antarcti¢&itchard & Vaughan 2007, Rignet al.2002)
and ice shelves are thinnirfgaoloet al. 2015, Rignotet al. 2013) Ice sheet elevation
decreasednost intense in West Antarctica, thentarctic Peninsulaand Wilkes Land
(Shephercet al.2019)where ice discharge significantly increag€ardneret al.2018)

1.1 Relevance of Antarctica

For our societythe greatest relevance of Antarctica is the potenti&led&LS to raise
globalsealevels significantly. The AIS stores 91% of the global ice vol®withinbank
et al.1988)equivalent to sealevelrise of 583 metersTherefore, thédntarctic Ice Sheet
holdsthe most uncertain potential to raise glakedlevel (Vaugharet al.2013) Although
the complete melt of th@ntarctic Ice Sheeis very unlikely it will still significantly
contribute to globakealevel rise in the 2%t century with up to 1 meter depending on
emissiorscenario and uncertainties in ice sheet dyna(@ieS€onto & Pollard 2016 Most
recent measurements revealed an Antaseaevel contribution of 7.6+ 3.9 millimeters
measured between 1992 and 201 &Ham altimetry{IMBIE 2018). Calculationgased on
ice thickness and velocity datalculatech sea level contributioof 13.9% 2.0 millimeters
(19792017). The contribution is very unevenly distribut&ihgle glaciers like Pine
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Islandaccount for 13 % of(Righatetalr2@l9)and athiersparisont r i b
like the East Antarctic Ice She@AIlS) do not significantly lose mass pitesenf{IMBIE

2018) Mass loss ofthe Antarctic Ice Shees situated at the Antarctic coastline which is

fringed by innumerable glaciers and ice shelves. Ice shelves along the coastline cover an

area of 1.56x10km? (Rignot et al. 2013) The number of Antarctic glaciers is so far

unknown ad ranges roughly between 2762R a dtiali2014)and 3274Vaughanet al.

2013)glaciers
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Figurel.1: Map of Antarctica visualizing territorial claims and locations of national
research facilities(flags). Data: Territorial Boundaries: Australiamntarctic Data
Center; Research Facilitiesag of March 2017): Council of Managers of National
Antarctic Programs (COMNAP). Modified after Baumhoer et @018).

Besides the cryosphere, Antarctica offers valuable resources such as metallic and
nortmetallic mineralscoal and fossil fuel{Rose & McElroy 1987, Wright & Williams
1974) The global competition on natural resourdasnot yet reach Antarctica as their
extraction is still to costintensive and the Antarcti€reaty preservethe status quo of
territorial claims which might change with globally depletivaguralresourceg¢Naylor et
al. 2008) The Antarctic Treaty covers the Antarctic territory from 60°S to the South Pole

-2-



Introduction

(ATCM 2017)including the highest elevation of 4897 m at Vinson Ma&iithinbank
1993) 12 states signed the Antarctic treaty with 7 countii@sning land (Dodds 2010)
Currently, Antarctica holds about 112 open research facilities run by 30 different nations
(seeFigurel.l) (CONMAP 2020)

Not only the worldwide struggle fonatural resources might put pressure on
Antarctica but even more a changing climate. Especially because of intensified temperature
rise in Polar Regionsilso known as polar amplificatigriolland & Bitz 2003, Stueckeat
al. 2018) The ecosystem of th&/AIS and the Antarctic Peninsula (AP) is put under
pressure by warming temperatu(Bsdoff et al.2013) Additionally, the emerging human
impact puts even more pressure on this fragile ecosystem through illegal fishing activities,
whaling, exploitation for bioprospgog purposesand a growing tourism industry
(Swithinbank 1993, Dodds 2010, Bindeffal.2013) Changes in the Antarctic ecosystem
can have global impacts on sea level, climate, biochemical cycles, thermohaline circulation
and radiation budget which mightirthermore trigger teleconnections not yet fully
understood.
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Figure 1.2: Cumulative ice sheet mass loss and according sea level contribution from

ice sheets between 1992 and 20RAétarctic dataiMBIE (2018) Greenland dataBamber
et al. (2018) Source: Meredith et al(ln press.)

Global sealevel riseis still the strogest concern as it will affect more than half of
the most populated cities located at the c@idahsoret al.2011) In 2050, economic loss
through floods at coastal citieslidouble to US$1 trillion per year just by addiseglevel
risescenariogHallegatteet al.2013) Current globatealevel risecontribution is highest
by mountain glaciers with 0.920.39 mm/year (1962016)(Zempet al.2019) followed
by the Greenland Ice Sheet with 0.42 £ 0.0fh/ym (19922018) (IMBIE 2020) and
Antarctica 0.36 + 0.05 mm/yr (1978017)(Rignotet al. 2019) (seeFigurel.2). Already
in 2100, the mass loss of tetarctic Ice Sheetould exceedcontributions from the
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Greenland Ice Sheet and mountain glaciers and aps (depending orthe scenarid
(Bamberet al. 2019, Pfefferet al. 2008) More accurate estimations will require a better
understanding of ice dynaas of theAntarctic Ice SheeEspeciallyin consideration athe
recent acceleratioof the sea level contributioby the WAIS since 2007IMBIE 2018,
Rignotet al.2019)and the certainty that single glaciers like Pine Island or Thwate=sat
quickly with the ability to rise sea levels significantly. Pine Island and Thwaites Glacier
alone have contributed toglobalsealevel riseof 4.8 mm since 197@hich isalmost the
double amount of the contribution from the entire Antarctic Peninsula (Rignot et al., 2019).
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Figure1.3: Ice shelf features and process&DW: Circumpolar DeepWater, ABW:
Antarctic Bottom Water.

Accurate predictions osealevel riserequirethe monitoringof outlet glaciers and
ice shelves as they are responsible for Antaactice dischargéDepoorteret al. 2013,
Kusahara & Hasumi 2013 alving of icebergs and melting underneath the ice shelves
almost equally account for mass loss of Amtarctic Ice ShegtDepoorteret al.2013, Liu
et al. 2015)whereas loss through a negative surface mass balance is proportional small
(Rignot et al. 2019) Recent thinning and acceleration of outlet glaciers along West
Antarctica and the Antarctic Peninsula increased the ice dischargefotttiretic Ice Sket
within the last decade§Smith et al. 2020, IMBIE 2018, Pritchard & Vaughan 2007,
Shepherdet al. 2019) These changes are attributed to the retreat, disintegration and
thinning of ice shelves and glacier tong(@®@sambo®t al.2004, Royston & Gudmundsson
2016, De Rydet al. 2015) Ice shelves and glacier tongues create a safety band around
Antarcticabuilding buttressing effects on ice flow velocities and ice dischéfgestet al.
2016, Gagliardinet al. 2010, De Rydet al. 2015) The safety bandan weakeiif the ice
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shelf extent decr eas eFsonta tetecat starts with thevformagon f r o n |
of a crevasse originating from a strain rate surpassingi¢le stress of icéMosbeuxet

al. 2020a) For ice shelves arftbating glacier tongues, the calving position evolves where
crevasses develop into throughtting fractures (rifts). Thegee shelf rifts can propagate
further into the ice front or intersect with other rifts, resulim@ tabular iceberg calving
event(Bennet al.2007, Joughin & MacAyeal 2005)here the extent of the ice shelf and
the size of the iceber@re defined by the rift locatiofipovsky 2020, Walkeet al. 2013,
Mosbeuxet al.2020a) Further boundary conditions such as fjord geom@gtaniaet al.
2018, Alleyet al.2008)ice rises and rumpld8latsuokaet al. 2015) andbed topography
(Hughes 1981)nfluence the stability of thealving margi® (Baumhoeret al. 2021)
Additionally, rift development can beffectedby several external factors such as surface
melt, ponding, basal melt, hydrofracture, iceberg collisiod stabilizing sea ice and fast
ice. Figure 1.3 shows the crossection of an ice shelf with processes and parameters
impacting ice shelf stability and ice sheet dynamics.

A majority of glaciers along the Antarctic Peninsula retdaind ice shelves
disintegrated such dkelLarsen A, Larsen B, Wore, and Wilkinslce Shelf(Cooket al.
2016, Cook & Vaughan 2010Along West Antarcticastrong retreafespecially of Pine
Island and Thwaites Glacjeis observedRignot 2002)whereas glacier fronts along the
EAIS arestable excedor Wilkes Land(Miles et al.2016) Drivers of calving front retreat
are manifoldand still much discussed. Increasing air temperatures, warming ocean
temperatures by upwelling Circumpolar Deep Water (CDW)fdhmation of melt ponds,
hydrdracture, increased runoffand decreasing sea ice are mostly connected to
disintegration andylacier retreat but strongly vary along regions and glaqi€moket al.
2016, Coolet al. 2005, Wouteret al.2015, Scambost al.2017, Mileset al.2016)

1.2 The Need for Monitoring Antarctic Glacier and Ice Shelf Front
Changes

Up to now, many of the involved processes relevant dealevel rise and
atmospheric and oceanic circulatiare poorly understopdot to mention their interactions
and positivge.g. albedo reduction due to loss of floating aejvell anegative feedbacks
(e.g. mass gain due to increasing precipitation over the(Sl&deret al.2021, Bromwich
etal.2011, Kennicutet al.2015) This led the Scientific Committee on AnticdResearch
(SCAR) to the development of the Antarctic and Southern Ocean Science Horizon Scan.
The result of this scan was the identification of 80 questions out of 955 proposed by several
experts to manifest the future directsmf Antarctic researcfKennicuttet al.2015)

Focusing onsealevel riseand hence ice sheet stability many questions emerged
regardingiceo cean i nter act i ons -seak atmdspghérie and otéahiau e n c e
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processes on the melting of ice shelves and ice sheet margins is likewlise filli ne d 0
(Kennicuttet al. 2015, p. 8) So far, several studies investigated on the basal melt on ice
shelves and the resulting mass I(&isephercet al.2010, Paole@t al.2015, Pritcharet al.

2012, Rignott al.2013, Furset al.2016) Glacier and ice shelves are in direct interaction

with theatmosphere and ocean and hence sensitive to changes in environmental conditions
(Vaughan & Doake 1996, Kimt al. 2001, Domacket al. 2005, Wouterset al. 2015)
Changes in glacier and ishelf extent can also be part of the natural cycle of glacier decay
and growth(Hogg & Gudmundsson@®7, De Rydtet al. 2019) Even though many
disintegration events have been mapped with remote sensing infBgaupet al. 2009,

Cook & Vaughan 2010, Doalet al. 1998)over the last decades the circémtarctic sate

of glaciers and ice shelves has not yet been mappedcoastal change analysdten do

not provide sullecadal information. Lack of information on calving front changes led to
the simplification and underrepresentation of calving in mass loss &sgink@r example,
circumAntarctic changes in ice shelf extent and ice sheet margins are estimated by
calculating the calving fluXice discharge at a steady defined calving frast)a proxy
(Depoorteret al. 2013, Rignotet al. 2013)and the buttressing effect of ice shelves were
neglected immodelling iceocean interactionéSchoof 2007) Just recently, the study by
Wouite et al(2019)revealed the strong underestimation of calving when dkirgjatesas

a proxy. This means the actual share of mass loseeethasal melt and calving might not

be equally shared as previously thought.

A continentwide study is still needed to understand the influence of iscgke
oceanic and atmospheric processes on ice sheet mass l{glamceuttet al. 2015) An
important mass loss component of ice shisatebergcalving from glacier and ice shelves
margins(Bennet al. 2007) Huge calving events might reduce the buttressing force of
floating ice in front of margins resulting in accelerating ice streams of the ice sheet. In order
to better undestand ice sheet/ice shelf interactions on a continental, sealuctuation of
theice sheetnarginmay yield valuable information on ice sheet mass loss under changing
environmental conditions. Generating a data set through mapping continatgajlacier
and ice shelf fronts at a high temporal resolution from satellite imagery would reveal
current changes in Antarctic calving front dynamics. This data set could reveal unusual
glacier retreat and ice shelf disintegration events being an importasdtiodior the health
of theAntarctic Ice Sheet

1.3 Research Focus and Objectives

In past warmer epochs, tiatarctic Ice Sheehas been the primary contributor to
sealevel riseand is seen aa major contributor for future increasing sea levels in the
conext of global warming (DeConto & Pollard, 201&s outlined above, arming
temperatures induce increased mass loss oAtitarctic Ice Sheetesulting in global
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consequences aealevel rises as well as the atmospheric and oceanic circulation is
affectad (Kennicuttet al.2015, Rignotket al.2013, Depoorteet al.2013) This highlights
theneedorst udyi ng Antarcticads mass balance an
and their interactions in order to quantify futwealevel risewhich is of high societal
relevance due to the exposure of coastal cities to flfidaissonet al. 2011, Hallegattet

al. 2013) If the AIS would meltentirely, the global sea level would rise 58.3(\aughan

et al.2013) Today, the sea level contribution of thatarctic Ice Sheas very little with

7.6 £3.9 mm (1992017) calculated from recent altimeter measurem@&his contribution

is likely to increase ithefuture (IMBIE 2018). The magnitude cdealevel riseis directly

linked to the mass balance of thetarctic Ice SheetA negdive mass balance is influenced
through two major mass loss componénssirface melt and losses through ice dynamical
discharge. For Antarcticsthe surface melt can be seenainor issue as an increase of
surface mass balance due to future increased/fall is predictedHannaet al. 2013)
Therefore, ice dynamical discharge through ice streams remains a major ablation process
mainly regulated by buttressing ice shelves, ice tiesk and bed topography at the
grounding line (Schoof, 2007). Antarctica is fringed by glaciers and ice shelves through
which ice flows into the ocean. At the coastlime mass loss happens either through basal
melt at the bottom of ice shelves or thgbuceberg calvingDepoorteret al.2013, Rignot

et al.2013) For comprehensive sea level projections of major importance to quantify
cortributions through ice dynamics, but the influenassatmospheric and oceanic
processes on ice shelf melting and calving front posittansehuge uncertainties
(Kennicuttet al. 2015) So far, several studies investigated the basal melt on ice shelves
and the resulting mass log2aoloet al. 2015, Rignotet al. 2013, Depoorteet al. 2013)
Nevertheles, the rapid disintegration of ice shelves and the fluctuations of ice sheet
margins have been studied at several regional exarf@ek & Vaughan 2010, Coakt

al. 2005, Rack & Rott 2004, Ratt al.1998, Ferrigno & Gould 198 But circumAntarctic
changes in ice shelf extent and ice sheet magganso faestimated by a proxpepoorter

et al. 2013, Rignot 2002and the buttressing effecbf ice shelvesare neglected in
modellingice-ocean interactioné&Schoof 2007)

In this context, the primary goal of this thesis is toadvance the understandingpn calving front
location changealong the Antarctic coastline and to establish a comprehensive @um-

Antarctic knowledge basewith a special focus on seasonal fluctuations of glacier and ice shelf
fronts and the identification of coastal areasvhere glacier retreat dominates

Data availability on Antarctic calving fronts is closely connected to Igatelata
availability and the timeonsuming manual delineation of froiffaumhoeret al. 2018)
Since the launch of the Sentinel Copernicus misssatellite data over the Antarctic
coastline exists yeaound and continuously. But to use this valuable satellite archive a
robust algorithm is needed to replace the touesumiig manual ice front delineation.
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Therefore, thefurther goal of this disseration is to create a transferable and fully automated
workflow for Antarctic calving front extraction which istransferable in spaceand time. This
allows the continuous monitoring ofglacier and ice shelf froxt changes with Sentinell data
and advances the understanding ¢ circum-Antarctic calving front retreat in relation to
changing environmental conditions.

Based on these two overall goals, several research questiereddressed in this
dissertation. First of all, a sound review is performed in order to abseksta availability

of glacier and ice shelf front positions along the Antarctic coastline. The already available
measurements will be used to get a cireintarctic picture of past changestimecalving

front location.

Research Question 1:

What is the relevance of Antarctic glacier and ice shelf from##ich calving and
disintegration events were observed in the past? How good is the eiotarctic data
availability of glacier and ice shelf front positions?

Thereafter, the opportunities to use satellite data for large scadealcanonitoringare
asessal. Already existing methods for front extractiarereviewed.

Research Question 2:

What is the potential of earth observation for the assessment of Antarctic calving fronts?
What are the advantages and challenges of remote seisisgd calving fronstudies?
Which methods exist taxteact calving fronts and what technical innovatiocen be
achieved by integrating big data and artificial intelligence approaches?

As no fully-automated workflow for Antarctic calving front extraction exists, a noved dee
learning approach is developtxrbe applied on Sentinéldata.

Research Question 3:

How can dense Sentingltime series support the monitoring of calving front fluctuations?
How can deep learning be used to automatically extract Antarctic glacieicanshelf
fronts? How an a novelfully-automated framework fozircum-Antarctic calving front
extractionbe implemented that is transferable in space and time?

The implemented processing workfleswised to assess changes in Antarctic calving front
dynamics. A special focusire seasonal fluctuatianof calving fronts and the circum
Antarctic pattern of calving front change over the last two decades to identify driving forces
of glacier retreat.

Research Question 4:

Which different patterns in intrannud calving front fluctuations can be observed? Which
circumAntarctic patterns of glacier and ice shelf front change occurred over the last two
decades and whaterepotential driving forces?
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In order to answer the questions above the following research objetfesmulated:

1) Conduct a comprehensive review on existing Antarctic glacier and ice shelf front
studies including a data availability study.

2) Review existing methods and develop anomated calving front extraction
algorithm for Sentinell satellite data.

3) Implement a fully automated processing chain to track seasonal calving front
fluctuations.

4) Identify current patterns in Antarctic glacier and ice shelf front changes, as well
as sesonal variationsand investigate driving forces of terminus retreat.

1.4 Structure of the Thesis

This thesis consists afevenchapters which are outlined below

CHAPTER 1: gives a brief background on tientarctic Ice Sheeaind its relevance for

our society. It also emphasizes the importance of glacier and ice shelf fronts for Antarctic
ice dynamics and explains the need for glacier and ice shelf front monitoring. Furthermore,
research questions, objectiyvasd the generatructue of this thesis are described.

CHAPTER 2: focuses on the physical properties of #hetarctic Ice SheetBesides
topography also the climatic and mgtbgical setting is explained.

CHAPTER 3: introduces principals of calving front dynamicscémpehensivereview
of existing data sets and studies related to calving front extraction is provided. Finally, the
content of all revised studies is presented in several owaesing the entire ice sheet.

CHAPTER 4: providesabackground on remote sensirigcalving fronts. Different kinds

of remote sensing data are introduced and already existing methods for glacier front
delineation are reviewed. Additionally, different methods to measure glacier gsrmin
fluctuations are introduced.

CHAPTER 5: presentshe noveldevelopedrameworkAntarctidLINES for the automatic
extraction of calving fronts. A focus on convolutional neural networks for remote sensing
data is set before explaining the developed method. The workflow for the automatic
extraction of calvindronts is presented in brief detail and the enpirecessing chain is
described. Intrannual fluctuations of selected glaciers are presentedaanatcuracy
assessment @erformed Finally, thelarge scale applicability of the developed framework

is denonstrated by extracting the Antarctic coastline for 2018.



Introducton

CHAPTER 6: focuses on the identification of potential drivers for Antarctic calving front
change. Two decades of glacier and ice shelf front fluctuations are presented in connection
to changes in ainate variables.

CHAPTER 7: shortly summarizes the entire thesis gmmésentghe conclusive findings
with respect to the resedr quetions and objectives. Furthermoopportunities for future

developments are highlighted.
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CHAPTER 2

2 Characteristics of Antarctica

Antarctica (seeFigure 2.1) is a continent of superlatives breaking records in
temperature, wind spegahd aridity(Gossaret al.2019) The Antarctic territory stretches
between 60°S and the South P@AT 2020) The continent covers an area of 14.2 million
km? (8.3 % of global landnss) which is 1.4 times larger th&urope Despite the size of
the continent, Antarctica isnly inhabited by4,400 researchers and technicians in summer
and 1,D0 in winter(CIA 2020, Vaugharet al.2013) They are housed in one of seasonal
or yearround 112 research stations run by 31 different count@&NMAP 2020) The
Antarctic Treaty was established in 1959 to create a mechanism for governing Antarctica
and maintain a status quo on the 7 territorial claims by the United Kingdom, Chile,
Argentina, France, Australia, New Zealhand Norway(Dodds 2010) Today, 54 parties
signed the Antarctic Treaty and enabled the successful implementation ohstigahients
over the last sixty year®©odds 2010, SAT 2020Without this strong governance of
Antarcticg exploitation by mining, illegal fishing, waling, territorial claimsand tourism
would exist without any regulatior{®odds 2010) The Antarctic Treaty jpves to be an
important partof Antarctica ensuring environmental protection, conservatiamd
sustainable actions on the Antarctic continent.

2.1 Physiography

TheAntarctic Ice Sheedtores-91 %(Swithinbanket al. 1988)of the global ice mass
with the poential to eise global sea levddy 58.3 meterqVaughanet al. 2013) The
Antarctic continent is covered by 13.9 riaith kn? ice (Fox & Cooper 1994df which 1.56
million km? areof floating ice shelves and glacier tongBsgnot et al. 2013) Ice-free
areas are located on the Antarctic Peninsula, in Victoria Land and in parts of Wilkes Land.
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The coastline of Antarctica has a lengt#8f49 km whereof 75 % consist of ice shelf fronts
(Rignotetal.2013)dr ai ni ng 80 % of A(Rritchardetal.t0dz) 6 s gr ound e c
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Figure 2.1: Map of Antarctica showing major ice shelves and glaciers. Climate
di agrams f or Oo6oHihg ®Beninssla,Thsey Statian Wilkes Land and the
South Pole Data: DWD (2020)

The continent is covered by kilometers of ice reachingagimumthickness of 4897 m
in Astrolabe 8bglacial Basin(seeFigure 2.2) (Fretwell et al. 2013) On average, the ice
thickness of the Antarctic basin is 2126 (fFretwell et al. 2013) The bed elevation of
Antarctica varies between the highest mountain at Vinson Massif with 4882afrigure2.2)
(Swithinbank 1993and the deepest point at Bentley Subglacial vd8v0 mbelowthe WAIS
(Fretwellet al.2013) Antarctica is divided into three maiegionsas displayed ifrigure2.1:
The Antarctic Peninsula with aegtp mountain range, many snmalitlet glaciers and the huge
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Larsen ice Belves on the eastern side. West Actiaa including Ronne and theestern Ross

Ice Shelf is characterized by a very lbying bed elevation with wide areas below sea level
(Hughes 1981, Fretwedlt al.2013) The Transantarctic Mountain Range separates the WAIS

from the largeEAIS covered by a thick layer of ice. The EAIS is characterized kallem

outlet glacierdetweenVictoria andWilkes Land whereas in the East and North ice shelves
domi nate the coastline. On the EAI'S, the Sou
American Amundsen Scott statioffCONMAP 2020) Deposits of Ant arc
resources are not well documentgulobably to avoid illegal mining activities. Potential
resources are iron, noble metals (copper, gold, silver), manganese nodules, coalRuostoil

& McElroy 1987, Wright & Williams 1974)A geological mamf Antarctica is provided by
Tingey(1991)holding information on different rock units. The Antarctic continent has deposits

of various rocks including sedimentary, volcanic and metamorphic rocks.
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Figure2.2: Topography of Antarctica. TanDEMN surface elevation model of the
Antarctic Ice Sheet (left) andntarctic bed topography (rightafter Fretwell et al.
(2013) Red areas are below sea level, blue areas above.

2.2 Climatic, Oceanic and Hydrological Setting

Antarctica is the coldest continent on edfthrneret al.2009a, Gossast al.2019)
The Antarctic Circumpolar Current (ACC) keeps Antarctica cool as it creates a boundary
between warm subtropical ocean water and theecocean close to the Antarctic continent
(seeFigure2.3). Equally important for the Antarctic climate is the Southern Annular Mode
(SAM) influencing he Antarctic climate through fluctuations in the axehigh-latitude
atmospheric pressure gradi¢hdneset al.2016)
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Figure2.3: Ocean currents around Antarctica. Lines shthe southern ocean fronts.
Mean surface speed is displayed in the backgrauhata: Malzloff et al. (2010)& ADD
(2020) ACC: Antarctic Circumpolar Current.

Positive phases of SABtrengthen and move the westerly wind belt driving the ACC
poleward. This not only affects changes in air temperature but also the distribution and
timing of precipitationJoneset al.2016, Marshall 2007)Positive phases of SAM lead to
warmer temperaturesnahe Antarctic Peninsula and cooling over iheer continent
(Marshall 2007) There is growing evidence that ozone depletion, tropical sea surface
temperature and increasing £€ncentrations strengthen positive SAM ydatsompson
et al. 2011, Raphaett al. 2016, Clemet al. 2017) The secondnajor influence of the
Antarctic climate and circulation variability is the ElI Nino/Southern Oscillation (ENSO).
Teleconnections between changes in tropical andatiidde sea surface temperatures and
the Antarctic climate exigfTurner 2004, Clenet al. 2016) For example, La Nina events
strengthen the Amundsen Sea Low (regional atmospheric circulation in the Amundsen Sea
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Embayment) which leads to warming air temperatures and a reduction in sea ice at the
Western Antarctic Peninsula amdthe Amundsen Se@Raphaelet al. 2016, Clemet al.

2016, Jonest al.2016) Recentlyit was bund that SAM strongly influences the climate

of the Antarctic Peninsula during summer and autumn whereas BEh&®nces the
climateduring austral winter and sprirf@lemet al.2016)

In generalit is very challenging to assess trends and anthropogenic influences on the
Antarctic climate as hsitu dataare rare and dateack to the 1950s at bg3turner 2004,
Joneset al.2016) In 2020, only 57 automatic weather stations exist on the entire ice sheet
(AMRC 2020)and climate reanalysis data and geological records (e.g. ice cores, isotopes)
oftentimesoffer the only opportunity to analyze the climate of the AIS in a holistic way
(Joneset al.2016, Gossaet al.2019, Steiget al.2013) Exemplary for the high variability
of the Antarctic climatet hr ee cl i mate diagrams for OO6HI g
Casey (EAIS) station are mented irFigure2.1. The Antarctic climate is divided into four
seasons: summer (Dec, Jan, Feb), autumn (Mar, Apr, May), winter JiinAug) and
spiing (Sep, Oct, Nov). In the following, stabé-the-art knowledges well as recent trends
of the Antarctic clinate and hydrology is presented.

Wind

The wind system over Antarctica forms due to the temperature gradient between the
equator and the South RoAir flows polewardfrom the subtropical high pressure zone at
30°S to the low pessure at 685°S and idorced bythe Coriolis ForceThis formsthe
mid-latitude westerly winds. Those strong windsttie Southern hemisphere (Stfive
the ACC clockwisearound Antarctica creatingceanupwelling (also known as the
Antarctic Divergenck(Turneret al. 2009b) Within the ACGC strongchanges in \ater
density exst which createéhe Polar and Subantarctic Front (§égure2.3). Additionally,
closer to the Antarctic coastlina belt of easterly winds (East Wimtift) exists due to
high pressure over the Antarctic continent creating the Antarctic Coastal Current (see
Figure2.3). This much narrower wind bel$ iof importance as it circulates the ice shelf
fronts leading to deep convection ahd creation oAntarctic Bottom Water (ABW). The
newly formed dense water from the continental shelf is transported by the easterlies to the
Antarctic Slope Front (ASF) mere warm CDW approaches the surface and ABW is formed
(Jacobs 1991 Hence, the Antarctic Slope Front is timindary between ABW and CDW.
Since 197%easterly winds haveot weakerdon average throughout the year as previously
thought(Hazel & Stewart 2019)Only during the seasonal cycke significant poleward
shift and strengthening of westerlies could be observed at the Antarctic coastline during
summer. This shift allows upwelling of warm CDWothe continental shelf and enhances
basal melbelowice shelvegHazel & Stewart 2019)
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Figure 2.4: Climatological Parameters of Antarctica. (a) Mean air temperature 2 m
above ground derived from ERA5 monthly means data between 19822818. (b)
Surface meltwater production between 1999 and 2009 from Trusel é2Gl3) (c) Mean
summer sea surface temperature based on ERA5 monthly means data between 1982 and
2018. (d) Mean sea ice days between 1982 and 2018-@qg) calculated based on data

from EUMETSAT OSI SAF(Lavergneet al.2019) ERA5: C3S5(2017)

Temperature

The lowest ever measured air temperature was recorded in Antarctica at Lake Vostok
with -89.2°C in July 1988Turneret al.2009a) Recen satellite measurements could prove
even lower temperatures of90°C occurring more frequently on the upper East Antarctic
ice divide with a record low 6B4°C. Between 1982 and 2Q1Be average temperature of
the Antarctic Ice Sheet wa83.03°C (basd on monthly means) wittarge regional
differences. This data was calculatesthgERADS reanalysis data based oilan grid. The
mean distribution of temperature between 1982 and 2019 is display€idure 2.4a
Temperature trends in Antarctica vary strongly between seasons andé.régmAntarctic
Peninsula is a hotspot of temperature increase. At Faraday Sthgomean annual
temperature increasdy 2.8°C between 1951 to 20Q0urneret al.2016) Since then the
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Antarctic Peninsula entered a cooling phase. During-1989, a warming of 0.32C per

decade in mean annual surface air temperature was measured for the AP whereas cooling
was apparent between 199014 with-0.47 °C per decadéTurneret al.2016) A recent

study by Bozkrt et al.(2020)found that the cooling trend only exists during summer
(approx.-0.4°C per decade) wherdasautumn a warming tend of up to 1.2°C per decade

on the Larsen C Ice Shelf exist¢gheasured between 192015). It is assumed that this
decadal cooling happened due to extreme natural internal variability and not due to global
drivers of temperature change.

°Clyr

= 2 lO.lS
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- 0.05
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- —0.05

T ¢ P 11

I —-0.15

Figure2.5: Air temperature trend between 1982 and 2019 calculated based on ERA5
hourly data on single leveldData: C3S(2017)

Cental West Antarctica also belongs to the fastest warming regions on earth with an
increase of annual temperatures by+2.2°C between 1985 and 20Hhd particular
warming during summeBromwichet al.2013) The entire WAIS warmebdy 0.1°C per
decade between 1957 to 2006 with peaks during winter and ¢fteiget al.2009) The
pressure on West Antaica is twofold. During El Nino gisodes surface melt increases
and weakens the ice shelves from above. Melt from below increases in phpssiivé
SAM years as stronger westerlies bring w&bBW to the bottom of ice shelves and glacier
tongues(Deb et al. 2018) Air temperature trends over the EA#fe less clear. Comiso
(2000)calculated a slight cooling trend over East Antarctica between 1979 and 1998. Using
longer time series and largdata set yields evidence that also temperatures over EAIS
increasedSteiget al. 2009) Especially warming was measured during spring based on
station data between 1957 and 2016. But this warming trend was still lower in magnitude
than for West Antarctica and the Penins(daneset al. 2019) Temperature trends for

-17 -



Characteristics of Antarctica

Antarctica calculated with ERA5 data between 1982 and 2019 are displdyigdra2.5.
A clear warming trend for entire Antarctica is apparent except for small parts at Adélie and
Prince Elisabeth Land.

Precipitation/Snowfall

The spatial distribution and magnitude oftarctic precipitation is mainly influenced
by the variation of the southern baroclinic annular mode, the SAM, and the two Pacific
South American teleconnection patte(Marshallet al. 2017) Betweenthe 1950s and
2006 no increase in snowfallasmeasured based on observations, ice core data and model
simulations(Monaghan 2006)A more recent study by Medley and Thon(2819)found
an increase in snoaccumulation on the Antarctice Sheet within the twentietentury
based on reanalysis and ice core data. Over the ,EBAL®ntinuous increase in snow
accumulation was detected until 1957 with a slight decreasing trend afterwards. Snow
accumulation ovethe Antarctic Peninsula accelerated during tHe @ntury. Over West
Antarcticg the accumulation gain in the western part equals out the loss over the eastern
part (Medley & Thomas 2019)Projections on future precipitation patte simulate
increases due tasing air temperatures ranging from +5 to 7.4 %(P@lermeet al. 2017,
Frieleret al. 2015, Winkelmanret al.2012)

Sea Ice Extent

Recent developments ithe Antardic sea ice extent contradigrevious trends
(Meredithet al. In press.) Betwea 1979 and 2015 significant positive trend in sea ice
cover existeqComisoet al.2017) But threeconsecutive years of record low sea ice extent
present a turning poinincluding the most upo-date sea ice measurementssigmificant
trend on total annual sea ice coegists(Ludescheet al.2019, Mereditret al. In press.)

Only regional and seasonal analyseveal significant decreases in sea ice cover along the
Antarctic Peninsula during autumn and in February foAtmeindsen and Bellingshausen
Sea(Ludescheet al.2019) Early satellite records may also point to an overall decrease in
sea ice extent since tlH®60s (Gallaheret al. 2014) Previous increases in sea ice are
attributed to internal variabilitfGagnéet al.2015)whereas sea ice decrease happened due
to ocean and atmospheric forcifideredithet al.In press., Ludeschet al.2019) Future
projections of sea ice extent are unreliable as several anthropogenicdaraihgomplex
ocean and atmosphere interactiaio mot allow such analysis with low uncertainty
(Meredith et al. In press.) Mean sea ice days measured between 1982 and 2019 are
displayed inFigure2.4.
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2.3 Recent Changes in the Antarctic Ice S heet Mass Balance

Mass balance is a good measure to assess theelondiealth of théntarctic Ice
Sheet The ice sheet gains mass by the accumulation of snow compacting over time and
transforming to iceThe icemergesinto ice streams flowing seawaratsdbuilding floating
ice tongues ahice shelves. Mass loss can either happen at the ice sheet surface through
surface melt generating runo@r mass is losat the coastline where icebergs calve and ice
shelves melt from below through basal melt. Rurothe major mass loss component for
the Greenland Ice Sheet whereas Antarctica only loses mass by calving and basal melt
(Rignotet al.2013) The Mass Blance (MB) of an ice sheet can be formulated as follows:

D6 YOO O

The Surface Mass &ance (SMB) is the net accumulation between precipitation,
sublimation and surface runoff and D the solid ice discharge to the (Repmot et al.
2013, Gardneet al. 2018)

Remote sensing offers various techniques to estimate ice sheet mass balance via
gravimetry, altimeter measurements and the hguiiput methogalso known as the budget
method (Hannaet al. 2013) Figure 2.6a shows the average rate of elevation change
between 1992 and 2017 based on altimeter measure(&d&phercet al. 2019) Clear
volume loss can be observed for the WAIS especially at Pine Island Bay and Totten Glacier
at Wilkes LandMeasurements based on the inputput method to calcateice discharge
are depicted ifrigure2.6b.

The difference between snow accumulation and ice discharge at the grounding line
demonstrates the stromge lossin West Antarcticapn the Peninsula anieh Wilkes Land
(but of slighter magnitude) between 2008 and 2015. A positive mass balance exists along
Dronning Maud LandGardneret al. 2018) Figure2.7a illustrates the share of mass loss
through calving (2007/Z1B) and basal melt (2063008). Mass loss by basal melt is mainly
located at the Bellingshausen and Amundsen Sea whereas calving dominates along East
Antarctica (Rignot et al. 2013) This pattern is also apparent in more recent published
thickness change rates of ice shelves and corresponding volume changes by Paolo et al.
(2015) (see Figure 2.7b). Strong thinning of ice shelves occuaong the Antarctic
Peninsula andn the WAIS whereas slight gains exist for East Antaedtietween 1994
and 2012.
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Figure2.6: Mass loss of the Antarctic Ice Sheet and ice shelves. (a) Elevation change
of the Antarctic Ice Sheet between 1992 and 20Bhepherdet al. 2019). (b) Ice
discharge of the Antarctic Ice Sheet and mass budget between 2008 and Gaddner

et al.2018).

The ice masdossin West Antarctica even accelerated since 209&bout 70%.
Most recently published staté-the-art publications on the mass balance of the Antarctic
Ice Sheet raised new questions. The IMBIE T¢a@18)calculated a mass gain of46
Gt per year for the EAIS (1992017) whereas Rignot et §2019)measured a mass loss

of -41.6 Gt per year (1972017) based on the mass budget method. Consistent is only the
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overall agreement théhe entire Antarctic Ice Sheet is losing mass at a rate beth@end
Gt/yr (Rignotet al.2019)and-109t56 Gt/yr(IMBIE 2018).
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CHAPTER 3

3 A Review on Antarctic Glacier and Ice Shelf
Front Dynamics *

The following chapter provides a comprehensive review on glacier and ice shelf front
dynamics. The first painhtroducesbasic information on calving front terminology and
calving processes. Further on, a short introduction into the history of glaciereasiuelf
front studies in relation to remote sensing imagery is provided. Finally, a systematic
literature review based on over 100 publications is presented. The results of the review
include the spatial and temporal availability of Antarctic glacieriemghelf front studies.
Furthermore, a compiled data set of all existiAgtarctic calving front positions
measurements presented

3.1 Background on Calving Front Dynamics

The calving front is defined as the border between ice sheet and (bieholls et
al. 2009) As ice shelves and glaciers are the floating exteasibrihe ice shegthey
belong to the ice mass on land. In contrast, sea ice and fast icey@aultiea ice fasted
to land) form from ocean water and do not belong to the ice sheet. All mentioned ice types
can have a very similar appearance in rersetesing imagery (depending on season and
sensor) andan complicatethe immediate detection of the calving frd@indschadler
1998) Additionally, the delineation of calving fronts challenging due tebergs at the
glacier front. Sometimes it is difficult to assess thiee a piece of ichasalready broke
off or is still connected to the glacier tongue.

" Parts of this chapter are based on: Baumhoer, C. A., Dietz, A. J., Dech, S., & K@21§264.8). Remote
sensing of Atarctic glacér and iceshelf front dynamics A review. Remote Sensing, 10(9), 1445.

-23-



A Review on Antarctic Glacier and Ice Shelf Front Dynamics

)

(a) Glacier terminus n (b) Coastline B5km (c) Dynamic glacier tongue  '©<" (d) Matusevich Glacier in
(2017-04-19) (2017-10-16) (2018-02-28) SAR imagery (2018-02-11)

e ORI 3 S 2t . £ SR T 2SN
(e)Icebergs and mélange (f)Icebergs near coast 30 Km lving glacier front 7.5Km (h)Matusevich Glacier
(2017-11-22) (2017-11-22) (2017-10-16) optical imagery (2018-03-25)

v e v/’/

(i)Icef ront and sea ice 20 Km (j)Glacier front and 20Km (k)Icebergs captured in — - == (0] OV&VVi‘QV}/ of ffont 1.500Km
(2018-03-30) icebergs (2018-02-25) snowcovered sea ice (2018-02-24) locations

Figure3.1: Various ice fronts in SAR (&) and optical (hk) remote sensing imagery.
Copernicus Sentinel Dat2a017/18.Modified after Baumhoer et al2018)

Sometimes, icebergs are enclosed in a mixture of slightly frozen sea ice and snow
creating ice mélage in front of a glacier aftetalving (Robel 2017) This can further
complicate glacier terminus detection. Examples of different terminus types and their
appearance in remote sensing imagery are giveryine 3.1.

When speaking about leégng fronts and their changing position various terms exists.
AFront o can be s uMissttalt2018, Bassisd1iyfargih(leountain n u s

et al. 2017) calving front(Wescheet al. 2013) or barrier(Zwally et d. 2002) Taken

together the shorter term calving front location (CFL) can be used as proposed by
Baumhoer et al2018) In contrast to the Greenland Ice Shegiciers and ice shelves of
Antarctica not always have solid defined borders. Therefotree t etranl Aclhasge o
often related to calving front chan(feerrignoet al. 1998, Williamset d. 1995)or changes

in ice shelf exten{Bindschadler 1998)

Calving fronts are of greamnportance for ice sheet dynamics for several reasons. First of
all, the calving front location is the periphery of the ice sheet and in direct contact with the
ocean. Hence, ice dies and glaciers are sensitive indicators of environmental change
(Wouterset al.2015) Second, calving is a very complex process which can either trigger
increagdice flow velocities or can be the result of chanigaaternal ice dynamicBenn

et al.2007) Last but not least, it is crucial to bear in mind that calving and retreating glacier
fronts can be part of the natural cycle of growth and decay of glécieedso the reaction
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to changing environmental conditiofidogg & Gudmundsson 2017Jo makeaccurate
predictons of Antarctic Ice Sheet dynamics and sea level contribytibissessential to
improve the understanding of iceberg calving and the driving forces behind glacier retreat
(Luckmanet al.2015, Mileset al.2017, Hillet al.2018, Liuet al.2015, DeConto & Pollard
2016, Baumhoeet al.2018)

3.2 The History of Remote Sensing for Calving Front Mapping

l nvestigating on the effects ofngbdem mat e
of keen interest but faced several challenges as suitable data was missing (Mercer, 1978;
Swithinbank, 1980). This changed whéoar the first time satellite missions acquired
imagery over Antarctica anithe first observations of iceberg calving aivé shelf front
changes on satellite imagery were made by Popham and Samuelson (1965). With the
availability of AVHRR and Landsat imagetiyefirst studies on changes of ice shelf extent
and flow velocities were published. The dynamic characteristics®fsW Ant ar ct i
coastline were discovered by Ferrigno and Gould (1987) and Wiliams et al. (1982) based
on satellite imagery. But cloud cover, few available satellites anth¢kef light during
polar night reduced the available scenes to a minimum.e&;l@mthe beginning only case
studies on some specific glaciers and ice shelves were possible. For example, Ferrigno and
Gould (1987) used Landsat and NOAA imagery for the year 1986 to study calving events
on the Filchner and Larsen Ice Shelves and Thwdikacier They assessdubw those
events changed Antarcticads coastline.

The first mosaic of entire Antarctica was procedsaskd orAVHRR imagery from
the NOAA satellites for a maith 1 km spatial resolutianlnfortunately, cloud cover,
geolocation isues and the availability oihly 40 usable scenes allowedly a rough and
inaccurate mosaic (Merson, 1989). Nevertheless, the front line positions of several glaciers
and ice shelves were pictured for the first time for entire Antarctica. To bettes asses
sheet dynamics on entire Antarctiedongterm coastal mapping project of USGS and the
Scott Polar Research Institute was started in the 1990s wasecommended by SCAR
(The Scientific Committee on Antarctic Researemd the Polar Research Board of
National Council to map coastal change of Antarcticahabasis of 24 regional maps
(Williams, et al., 1995). The first official map was published in 1991 based on NOAA and
Landsat imageryand a second modified map followed1996. Still, severe geolocation
errors were apparent with a mean root square error of 2.5 km (Williams, et al.,Q885)
of the first encompassing studies using this data was published by Ferrigno (1998) and
highlighted the very dynamic nature of Antaretié s ¢ oThis gtudyi datecteseveral
calving events and glacier front advancemwever no clear trend for retreating or
advancing frontgbetween the 70s and 9@sas detected for the studied area.
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The maps were improved over the years by addidgiadal imagery from following
Landsat missions and Radarsat imagery to complete the GGastage and Glaciological
Maps of Antarctica map series of USGSithin this projectglacier and ice shelf fronts
were mappedor each decade back to the 40s @fial imagery was available). Valuable
information on coastal change and changing front line positiesstbe last decades until
20042009 (depending on regiomjere provided by accompanying pamphlets delivered
with each map.

Direct comparison on ice sli extent changelsecamesasier with the two Radarsat
mosaics produced in the framework of the Antarctic Mapping Project (RAMP). A high
resolution coastline extracted from a Radarsat mosaic from 1997 was published by Liu and
Jezek (2004b). This milestomecreased the resolution from 1: 1 000 000 on the USGS
maps to 2a@imes higher resolution of 1: 50 0Ghd cloud cover was no issue anymore due
to the usage of SAR imagery. Still, the automatically extracted coastline had to be manually
adjusted. In 2000the same methodology was applied for a second Radarsat mosaic to
extract the coastline again and compare changes as suggested in the frame work of the
MAMM (Modified Antarctic Mapping Mission)Shortly after, a coastline on a 125m grid
was manually extraed from a mosaic of MODIS imagery for the years 2004 and 2009
(Scambos, et al., 2007). In 2007, olRBBONimagery from 1963 was processed to prolong
the time series of coastal change (Kim, et al., 2007).

The most up to date coastline is provided by tinéafctic Digital Database (ADD)
where different scientists manually update the coastline frequently by mostly optical
imagery. Hence, only partial coverage of updated data is available. All in all, the Antarctic
coastline has been studied in the past andial comparisons of ice shelf extents exist. But
due to limited remote sensing data and time consuming manual delingagienis a lack
of intracannual time series of glacier front retreat as well as ckgatarctic calving front
change products do hget exist.

3.3 Results of the Literature Review

For a systematic literature review on Antarctic glacier and ice shelf front analysis
114 relevant SCI (Science Citation Index) papers were identifibd. criterion for
publication selection was the analysis mapping of Antarctic calving fronts based on
airborne and/or satellite remote sensing data. For each sttalynation on the following
topics was extracted: used input data, applied sensors, study topic, research motivation,
studied glacial featuregpplied methodology and spatial location of the study region.
Additionally, if rates of glacier terminus retreat or advamag beementionedtheywould
have beemdded to a circurAntarctic data set on calving front location changes which is
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presentecht the end of this chapter. Prior to that, the spatial and temporal coverage of all
reviewed studies is presented.

3.3.1 Categorization of Calving Front Studies

To identify major reasons for calving front mapping and analysis all studies were
categorized regailg study topic, research motivation and author nationality. Additionally,
the number of studies analyzing glaciers, ice shelves or the entire coastline was assessed.
The results are displayed Figure 3.2. Figure 3.2a visualizes that one quarter of the
assessed studies just mapped changes in glacier and ice shelf extent. The other quarter
specifically investigated glacier retreat or ice shelf collapse.

RESEARCH MOTIVATION
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Figure3.2: Pie charts summarizing main study topics (a), research motivation (b),
studied glacial features (c) and first author nationalities identified by the systematic

review. Modified after Baumhoer et al.2018).
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The other half othestudieswvassplit into several smaller proportions assessing front
locations in combination with velocity measurements, iceberg calmjcoastal change.
Only a minor part of the studies combined grougdine movement, buttressing effects,
mass balance, basal medind elevation changes with fluctisats in CFL. The great
number of studiethatsolely investigatd single glaciers or the coastline position in one
satellite sceneompriseearly studiesAt that time,the processing of satellite and airborne
images was still expensive addta availability limitedWilliams et al. 1995, Frezzottet
al. 1998, Ferrignet al. 1998) In recent years, hower, satellite image availability, better
processing capabilitieand numeroudata set alloned much more complex study topics
such as buttressing effects, velocity changed basal me((Massomet al.2018, Goldberg
et al.2009, Robel 2017)

The research motivation of half of the assdsstadies was the understanding of ice
dynamical changes (s&égure3.2b). The authors tried to link changes in glacier and ice
shelf extent with ice sheet dynamicshetter understand calving processese @nrd
linked CFL no longer solely to ice sheet dynamics but climate change. Especially in the
earlier studiesrising air temperatures were thought to cause calving front ré@eak et
al. 2005, Mercer 1978)A smaller part othestudies assessed the glacier terminus position
regarding infrastructure or biodiversity. For example, the calving of Brunt Ice Shelf could
haveaffectedthe British research station Halléndersoret al.2014) For seven percent
of the studiesonly the technical aspect of calving front extraction from satellite imagery
was the study motivation. This included algorithm development witige recognition
techniques.

From all assessed studies, the majority (50 %) studied solely ice sh@lagsrs
were only assessed in ofifth of the studies (seEigure 3.2c). Glaciers and ice shelves
together were studied in 16 % of {gblicationsand the entire coastline in 14 %. The high
number of ice shelf studies can be explained agtiong interest irce shelf disintegration
events(Doakeet al. 1998, Brauret al. 2009) and basal melt weakening the ice shelves
tremendouslyAlbrecht & Levermann 2014, Massoet al. 2015, Schodlolet al.2016)

The last pie chart ifrigure 3.2d displays the first author nationality off all 114
reviewed paperd.he main proportions of authors were from the UKh&United States.
British studiesverenumerous due to the long history of Antarctic research by the British
Antarctic Survey. Especially Cook, Vaughamd Pritchard were significant contributors
(Cooket al.2016, Vaughan & Doake 1996, Pritchatdal.2012) Various studies from the
United States were performed within the USGS coastal change mapping project by
Ferrigno and WilliamgWilliams et al. 1995, Ferrigneet al.2004)and Scambogdm the
University of Colorado(Scamboset al. 2000) In the lde 1990s and early 20Q0ghe
Austrians with the research groopRack and Rott ircooperationwith the Argentinian
research group led by Skvarca dominated the rdséatd of calving front changé®uring
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this period, also calving front studies weregirently published by Frezzotti and Polizzi
from ltaly (Frezzotti & Polizzi 2002, Frezzotti 199'Nore recently Chinese anéerman
scientists started to publish on ice shelf and glacier extent changes.

3.3.2 Geospatial Agglomeration and Coverage of Calving Front Studies

One main intention of this review was to locate spatial gaps in the mapping and
analysis of glacier and ice sheloht change. The spatial availability of calving front
studies is displayed ifrigure 3.3. Three different maps are presented to visualize all
differentkinds of calving front and coastal change studies. The spatial agglomeration of
calving front studies is displayed in the heat mapigtire3.3a. Each glacier or ice shelf
analyzed in the reviewed studies was included in the data set once per study. The heat map
highlights a high amount of studies within a radius of 100 km in red whereas fewer available
studies are indicated in blue. Hotspotscalving front mappingvere located along the
Antarctic Peninsula, King George Island and Victoria Cd@stok & Vaughan 2010,
Fountainet al.2017,Lovell et al.2017, Cooket al. 2016, Leeet al. 2008, Rickampet al.

2011, Simdest al. 1999) The common nature of all three mentioned hotspots is the
occurrence of many smaller outlet glaci€rhis is h contrast to ice shelves whigkere
mainly dudied individually(Braunet al. 2009, Friedlet al. 2018, Frickeret al. 2002)
Outlet glaciers were often mapped étigerin orderto identify their individual calving front
movementby havingsimilar environmental conditions. Marine terminating glaciers are
very sensitive to ocean and atmospheric foreunich madehem an important and very
dynamic study feature fodimate change impact studi@Sountainet al. 2017, Lovellet

al. 2017, Cooket al.2005 Cooket al.2016, Davie®t al.2012)

Besides the spatial distribution also the spatial coverage of calving front studies
strongly variel. All of the reviewed studiesereassigned to one of the following classes:

- Local case studies focusing on ajlacier or ice shelf
- Regional studies covering CFL changes over a smaller coastal section
- CircumAntarctic studies covering the entire Antarctic coastline

Local case studies accoadfor 63% of the reviewed studies whereas regional and circum
Antarcic studieswere conducted ionly 27% and 10%f the casegespectively.
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Figure3.3: Geospatial distribution and coverage of calving front studies. (a)
Geospatial distribution, (b) number atudies per individual glacier and ice she#nd

(c) spatial coverage of coastline studiéd?: Antarctic Peninsula, EAIS: East Antarctic
Ice Sheet, WAIS: West Antarctic Ice Sheodified after Baumhoer et al2018)

Local Calving Front Studies

Spatial disparitis in glacier and ice shelf front studie®re clearly apparent (see
Figure 3.3b). Local calving front studiewere concentrated oma few glaciers and ice
shelves. Larsen B Ice Shelf leads the statistic with 27 studies. Frequent publications
(number in bracketsyereavaiable for Wilkins (12), Larsen A (12), Larsen Inlet (11) and
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Prince Gustav Ice Shelf (10). The interest in the Larsen Ice Shelf is connected to the
previous disintegration events reported for LarseltAShelfin 1995 and Larsen Re

Shelfin 2002(Glasser & Scambdz008, Royston & Gudmundsson 201Bgtailed studies

tried to assess the causes of disintegration as well as the resulting consequences through
reduced buttressin@e Rydtet al.2015, Glasser & Scambos 2008his is especially of

interest for tle future behavior of the still remaining Larsen C Ice Shelf where a major
calving event took place in 20XAogg & Gudmundsson 2017Wilkins Ice Shelfwasa

great examplef how increased satellite imagery availability enabled the frequent mapping

of a disintegration event. Since the 19908lkins experienced retreat before detaching

from Charcot Island in 2008(resulting in a partial collapgRanklet al.2017)

The two biggest ice shelves @éintarctica (Ronnd-ilchner and Rossare well
studied. Calvingvasthe major ablation process for both and break up eventse@sunlt
very large icbergs(Keys et al. 1998, Wuiteet al. 2019, Ferrigncet al. 2005) The most
studied glacier fronts of West Antarctica beledgo Pine Island and Thwaites Glacier.
Pine Island and Thwaitegereof major importance as thi@re locatedn a retrograde bed
and retreat of the grounding line can geihforce further retregDutrieux et al. 2014,
Seroussket al. 2017) Both glaciers shoed the largest mass lossder single Antarctic
glaciers,and their basins holdnoughmass to significantly contribute to glolsdalevel
rise (Rignotet al 2019) StudiesaroundPine Island Bayvereless frequent as mass loss
wasless severat those glaciers and ice shely#dBIE 2018). Well studied glacier and
ice shelf fronts in East AntarctiegereAviator (4), Mertz (6), Glaciar de Franciase, @)d
Amery Ice Shelf (4). Lite less studiedrasShackleton Ice Shelf, Shirase Band Victoria
Land. Gaps in calving front information exastat Wilkes, Dronning Maud, Enderpgnd
Queen Mary Land. Many studies for Amery Ice Shelf with regular calving cycles as well
as for the chacteristic Mertz Glacier Tongue exasit(Frickeret al.2002, Giles 2017)n
the past, the assumption of a relatively stable EAIS may have led to little research activity
on calving fronts in that regiofShephercet al. 2012) But recently a paradigm shift took
place highlighting the potential vulnerability of EAIS and asking for more detailed studies
in East AntarcticgRignotet al.2019)

Regional Calving Front Studies

Regional calving front studidsave often beeunsed to identify links between glacier
and ice shelf fluctuations and changes in the environmental boundary congfitansain
et al. 2017, MacGregoet al. 2012, Mileset al. 2016, Cooket al. 2016) Figure 3.3c
summarizes all studies covering a specific area along the coastline. The coastline of the
Antarctic Peninsulavaswell studed and covered by several analyses. Very comprehensive
studies were published by Cook et(@010, 2016, 20059ver the last years analyzing the
far reachiig calving front retreat since the 1940s regarding atmospheric and oceanic
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forcing. Most of the glaciers of the Western Antarctic Peninsula retreated déacémps
northernmost coaslue tothe cooler ocean conditionsthe Bransfield Strait WatéCook

et al.2016) Similar patternsvereobserved by Rau et §2004) Glaciers of the northern
Trinity Peninsula were morer less stable whereabe Eastern Antarctic Peninsula
(including JamesRoss Island) and the southerne®tern Antarctic Peninsula ene
dominaed by glacier retreat. Ice shelv@sng the Antarctic Peninsula dmbt show such

a uniform behavior. Some had stable or advancing fronts over the entire observation period
whereas others retreated or disintegrated compl@@elgk & Vaughan 2010)ce shelves
weresubject to forcing reaching from rising air and ocean temperatures to foehn winds and
strongsurface melt, lake drainagend pondingLeesonet al. 2017, Leesoret al. 2020,
Walker & Gardner 204, Scambogt al. 2000, Capet al.2015)

The coastline of thaNVAIS wasless well studied. Regional studies only exist from
Ferrigno et al(2004, 1998and MacGregor et a{2012)covering Pine Island Bay. Clear
trends in retreawereobserved for Pine Island and Thwaiscier The m@ttern of retreat
differentiatedbetween advance and major calving events for Pine Island Glacier and almost
continuous retreat of Thwaites Glaci@vlacGregoret al. 2012) For the remaining
coastline no strong trends in front positiashangewere observed since th£970s. The
major ice shelves Abbot, Getand Sulzberger were relatively stable with little change.
Betweernthe1970s and earl}990s aslight overall advance for Marie Byrd and Ellsworth
LandwasobservedFerrignoet al. 1998)wherea the fronts of Sulzberger and threstern
Getzlce Shelfreceded between 1972 and 19B@rrignoet al.2004)

Regional studies along East Anttica variedn space where areas around Victoria
Land, Oates Coastnd George V Coasterecovered by several studida contrast, rast
parts of Wilkes, Coatsand Enderby Lanevereonly covered by omstudy (Miles et al.
2016) Calving front changes along Victoria Land and also George V and Oatsveaed
attributed to internal ice dynamics and glacier type instead of changing boundary
conditions. Between 1955 and 20X® clear trend in calving front fluctuations along
Victoria Land was observed and changes did not correlate with sea ice and air temperature
changesThisledto the conclusion that the different glacier typesethe reason for retreat
and advancéFountainet al. 2017) This was also confirmed by Lovell et §2017)
Frezzotti et al(1997, 2002, 1998)id not observe any trend in CFL along Victoria Land.
Oates and George V Langere characterized by a cyclic behavior switching between
retreat and advance. Calgifronts of Dronning Maud Land retreated between 1963 and
1997 with most retreat happening until 1§Ktm et al.2001) The overall retreat was also
observed by Zwally «dl. (2002)between 1983 and 1986 for Dronning Maud Land.

The most compehensive study on glacier terminus changes along East Antarctica
was published by Miles et dR016) They assessed calving front change since the 1970s
in decadal time steps. This extensive study revealed that glaciers and ice shelves switched
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from retreat (1972990) toadvance (1992012) which leado the assumption of a cyclic
calving behawr of East Antarctic glaciers ancei shelves. The only exceptionsw/ilkes
Land where calving fronts retreated over the entire observation (§ktiled et al. 2016)

Circum-Antarctic Calving Front Studies

To this day, no circuri\ntarctic glacier and ice shelf front change study exists
(Baumhoetet al.2018) The only possibilityo analyze paf\ntarctic changes in CFL is to
compare different coastline products of Antarctica. The first complete coastline of
Antarctica was mapped by the US spy satellite ARGON in 1B@8 et al. 2007) This
first mosaic of satellite imagery is a great source of calving front information. Nevertheless,
consisting of almost not oveyping scenes and very limited acquisitions many aveas
cloud covered including broad sectionstloé WAIS. The Landsat era beginning in 1973
enabled the monitoring of the Antarctic coastline. Still, clneg imagery was limited.
Initiated by theUSGS and SPRI (Scoolar Research Institue), tlmastalChange and
Glaciological Maps of Antarcticgroject started in 1990. First map templates were
published in 1997 with encompassing studies revealing the very dynamic nature of
Ant ar ct i caadbce shegMedrezzotiat ad.1998, Swithinbanlkt al.1997) Today,

10 maps have been publishedluding additional satellite imagery and airborne data to
assess calving front change.

The first continuous coastline of Antarctisascreated by cloud independent radar
data in the context dRAMP. A highresolution coastline was extracted from Radiars
mosaics in 1997 and 20QQiu & Jezek) Continuous coastlines from optical satellite
imagery werecreated with MODIS imagery for the years 2004, 2G0® 2014 based on
mosaics with a resolution of 125 (8camboset al. 2007) An additional coastline was
delineated from ALOS Palsar and Envisat ASAR data (2008/09) in the context of the
International Polar ¥ar (IPY). The most up to date Antarctic coastline is provided by the
Antarctic Digital Databas@ADD). Manual partly updates (based on all kinds of satellite
and airborne imagery) are regularly added. Hetime ADD coastline is a composition of
differentresolutions, authoras well aglates and not consistent in mapping standards. All
available coastline products are listed able3.1. Even thougmowadays several coastline
products existthey cannot directly be used to assess calving front ch&dgesral factors
cause inconsistency in the datech as different approaches of front extraction (manual and
semtautomatic), the subjectivity in frordelineations, different spatial resolutiosd
differences in optical and radar imagerencedeviations between the coastline products
cannot be relatesblelyto calving front change.
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Table 3.1:

Modified after Baumhoer et al(2018)

Available coastline Products for Antarctica based on remote sensing data

Product Provider Year Description Access
Most up to date product. Parts of the co
ADD Coastline ADD 2002 are frequennlgpdated by various authors. www.add.scar.org
today Fronts are delineated from different rem
sensing products.
Front fluctuations for all glaciers on the
ADD Coastal Change ADD 18432008 Antarctic Peninsula. Based on the USG: www.add.scar.org
mapping project
Mosaic of Antarctica NSIDE 2014 Coastline manually delineated from MO https://nsidc.org/date
2014 (MOA 2014) mosaic 2014 side0730#
Mosaic of Antarctica NSIDE 2009 Coastline manually delineated from MO http://nsidc.org/data/
2009 (MOA 2009) mosai@009. SIDE0593
Mosaic of Antarctica NSIDE 2004 Coastline manually delineated from MO http://nsidc.org/data/
2004 (MOA 2004) mosaic 2004. idc0280#
RAMP AMM http://research.bpcrc
(Antarctic Mapping BPCRE 1997 Coastline of RADARSASEaic 1997. su.edu/rsl/radarsat/d
Mission) a/
RAMP MAMM . . http://research.bpcrc
(Modified Antarctic  BPCRE 2000  Coastine of RADARSAT Mosale @k o\ oy rsiiradarsat/d
. . 2002a)
Mapping Mission) al
. . Coastline extracted from ALOS PALSAF .
Antarctic Boundaries h - http://nsidc.org/data/
MEaSURE V2 NSIDE 20082009 \E{lgl;/rISAT ASAR during the Internationa SIDED709
CoastalChange and I . . )
Glaciological Maps 0 USGS 18432009 Maps with different front positions mainl https://pubs.usgs.go

Antarctica

and WAIS.

map/2600/

1National Snow and Ice Data CeBted Polar Climate Research C#iterate Changtiative

3.3.3 Temporal Availability of Calving Front Measurements

The temporal availability of calving front measurementss limited by existing
observations as well as available clduek satellite and airborne acquisitidiBaumhoer
et al.2018) Variations in the absolute observation length are displayEdjure3.4. The
observation length was calculated between the first and last year of av@iRbrecords.
Longest observations span a period of 170 years for Ross Ice f8helfed by Mertz
Glacier (103 yearsand the characteristic glacier tongues of Victoria Land like Mackay
(113), Nordenskjoéld (107), Campbell (103) nNis (97) and Harbor@l07). Thee earliest
observatiosreachback to the first ship expeditions to Antarctica and are just approximate
front positions(Ross 1847) Good temporal average of Antarctic CFLs exsstor the
Antarctic Peninsula based onlairne images acquired duritige RARE (Ronne Antarctic
Research Expedition) in 1947. Tlenbest observations in Weshtarcticaexistfor Pine
Island Glacier. Especially for the ice shelves Abbot, Getz areb&uger shorter records
dominateas (besides Landsat images since the 1Pr0scloudfree images existl over

-34-



A Review on Antarctic Glacier and Ice Shelf Front Dynamics

the WAIS. East Antarcticahas a long record of glacier ande shelf front locations in
Victoria Land and parts of Oates andd@ge V Land. Also calving fronts of Brunt and
Amery Ice Shelf were mapped during ship expeditions with records over 75 years. All other
partshave beemnwvell covered since the 70s by Landsat imagery published by Miles et al.
(2016) Only gaps in theastern Dronning Maud Land and Wilkes Land exist due to limited
image availability.
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Figure 3.4: Maximum observation length in years for available calving front data.
Modified after Baumhoer et al2018)

Besdes the observation length of calving front charadso the interval of mapping is

crucial. As stated by Baumhoeret@018) @A The very dynamic natur
and iceshelf fronts requires a regular monitoring of front positions, as changes between
phag s of retreat and advance may occur wit
intervals allow to asses losigrm trends in calving front change without disturbances of
shorterterm calving cyclegMiles et al. 2016) Frequent mapping intervals are needed

when studying detailed ice dynamics or monitoring disintegration eykntsul et al.

2017, Wanget al. 2016) During the review processhe lack of annual orub-annual

calving front studies was ascertained. Especially image availabéisiconnected to the

temporal availability of calving front measurements.

3.3.4 A Compiled Dataset on Existing Calving Front Change Rates

Oneaim of this review was to collect all alable measurements on Antarctic calving
front change and compile them to one cireAntardic data set This approach faced
several challenges as measurement gapsedxidie to limited satellite imagery
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availability, measurements cover different timeiges and different methods were used to
track glacier front changes. Therefot@o time periods covered by the majority aif
reviewed studies were chog@®72/75 to 1988/95 and 2001/ to 2009/20T%he beginning

of the Landsat era was chosen as stgiaint as earlier no measurements for the East
Antarctic Ice sheet exist as already mentioned by Miles €2@L6) Start and end points

lie within a short time span as the measurenagths of different studies varidfiseveral
studies were available for the same glacier or ice dhelfmeasurements were averaged.
Figure3.5 explains in more detail how average change rates were calculated. Only area and
distance measurements had to be kept separately athidyotbe converted to the other
without information on glacier width.

Study Start End Annual Change Rate

A 1980 1990 2
B 1990 2010 4
C 1995 2000 5
D 2000 2010 3

Overall Overall
Study/ Change | |Study/ Change
Year A B |[C |D Rate Year A B |[C |D Rate

1980 1995 4.5
1981 1996 4.5
1982 1997 4.5
1983 1998 4.5
1984 1999 4.5
1985 2000 4
1986 2001 3.5
1987 2002 3.5
1988 2003 3.5
1989 2004 3.5
1990 2005 3.5
1991 2006 3.5
1992 2007 3.5
1993 2008 3.5
1994 2009 3.5
1995 2010 3.5

3.24
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Figure3.5: Example for calculating overall change rates for one glacidre above
table includes measurements of different studiesAfor different time fames. None

of the studies covethe example period between 1980 and 2010. To calculate the change
rate from 1980 to 2010 the available annual rates of different studeg®e averaged for
each yearlfluecolumn). The overall annual change rate is the average of allesaper
year (orangeline).

The compileddata setis presented irFigure 3.6. Circles are proportional to the
magnitude of measured distance changeslamdonds to area change. Blue colors indicate
advance whereas remlorsretreat. Darker colors imply higher annual change rates. Th
compileddata seincludesmore retreating glaciet®tween 1972/75 and 1988/58 andre
advancingglaciers between 2000/D and 2009/15 Besides this overall trendpcal

differences exist. Along the Antarctic Peninsula glaciers retreated at the same magnitude
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during both observation time frames. Ice shelf retreat was more pronounced 87@ise
and1980s compared to the &ttime period. The earlier strong retre@isattributed to the
strong retreat othe Prince Gustav, Larsen A, Larsen, Larsen C, Wilkins, Wordie and
George Vlice shelvesLater, onlytheLarsen B Larsen Cand Wilkinsice shelvesetreated
further. The Larsen D Ice Shelivasthe only exception at the Peninsula with a clearly
advancing front (seEigure3.6e).

Measurements for West Antarctiogere rare due to reduced scene availability.
Studies focused mostly on Pine Island Bay but available studies could not Herubed
compileddata seasthey did not pan the selected calculation time framiesring 1972/75
and 1988/95theDotson and Crosson Ice Shelf retreated whereas Abbot andic€ &tlzelf
were stableThePine IslandSlacierslightly advancedt that time It should be mentioned
tha glaciers in the Pine Island Bay are very dynafiiacGregoret al.2012)and the stable
measured front position probably moveebetween but just ended at the same position as
it stated over the time of observation.

Along Victoria Land the southernmost glaciers advanced between 1972/75 and
1988/95 whereas the ones along the northern coast slightly retreated. During the later time
period the reversed patterwas apparent. Investigations on boundary conditions and
glacier types revealdtiat those changegere ratheattributed to glacier geometry than to
a changing climatéLovell et al. 2017, Fountairet al.2017) In the 70s and 80s also the
nearby George V and Oates Land had retreating fronts that mostitglstaadvance later
on. This stands in contrast to Wilkes Land where glaciers during both observation periods
retreated. This retreatasin line with the negative mass balanardneret al. 2018)

Miles et al(2016)found out that a strong decrease in sea ice days was the most probabilistic
driver for rereat. At the EAIS, the two big ice shelves Amery and Shacklkedeanced

over the entire time period whereas smaller shelves and glagigched between retreat

and advance. Along Kemp and Enderby Land glaciers retreated in the earlieratimee f

and started to radvance between 2000/1 and 2009/15. Dronning Maud Land had more
retreating ice shelves in the 70s and 80s that startedadvesnce until 2009/15. Only a
smallamount of ice shelves likeeningradbukta and Trolltunga retreated bedw@000/01

and 2009/15.
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Figure3.6. Circum-Antarctic pattern of annual calving front change rateed colors

show retreating calving fronts, whereas blue colors show advancing glacier and ice
shelves. Colored dots indicate measurements by distance, and diamonds indicate
measurements by area. The map (a) shows advancing and retreating fronts between
1972/75 and 1988/95. Magnified views of advance and retreat are presented in (c) for
the Antarctic Peninsla and (d) for Victoria Land. Advance and retreat between 2000/01
and 2009/15 is presented in (b) with magnified views in (e) and (f) of Antarctic
Peninsula ad Victoria Land. Modified afteBaumhoer et al(2018)

3.4 Summary

This review emphasized the importance ofvicey fronts for accurate sea level
projections due to buttressing effects. Thvegre most often studied tanalyse glacier
retreat and ice shelf disintegratiovith regard to ice dynamics and climate change.
Remote sensing imageryas essential to map ananalyse glacier and ice shelf front
fluctuations For early studies in the 1970s and 1980s studies were limitechdye
availability. Calving front studies concentrdten the Antarctic Peninsula and Victoria
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Land with gaps along West Antarctic, Wilkesd Dronning Maud Land. Frequent studies

on specific ice shelves wemsostly conducted in relation to disintegration events. Taken

all reviewed studies together, every part of the Antarctic coastline was at least analyzed
once even thoughthe results coveddifferent time frames ancbuldnot be usediirectly

for a circumAntarctic calving front assessment. Maximum observation lengire
closely connected to image availability. Over the Antarctic Peningatad coverage of
airborne imaeryexistsincel947. The Antarctic coastline was first mapped completely in
1963 by ARGON imagery but frequent observations started with the Landsat era in the 70s.
Our compileddata setevealed a strong retreating trend along the Antarctic Peninsata si
the1970s. The WAISvaslacking suitable longerm studies even though the extreme mass
loss in this region would require them. Along East Antarctica glaciers and ice shelves had
an overall retreat phase between 1972/75 and 1988/95 and an advansmdpgiiageen
2000/01 and 2015. The only exceptiwasWilkes Land showing constant glacier retreat.

To concludeii st andar di-irteevdl measudemdnis df alving fronts would
revolutionize our understanding of glacier and ice shelf dynamics, cdetribumore
sophisticated ice sheet models by replacing stsgate calving front assumptions, and

all ow better identificati on of t he bounda

(Baumhoett al.2018)
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Chapter 4

4 Remote Sensing of Calving Front s*

This chapter highlights the opportunities, potentiadad challenges of earth
observation for mapping, monitoringndanalysingAntarctic glacier and ice shelf fronts.
Moreover, the characteristics and suitability of optical@yathetic Aperture Rdar SAR)
sensorarediscussednd «isting methoddor calving front extraction and frontal change
measuremerdreintroduced.

4.1 The Potential of Satellite Sensors to Monitor Calving Fronts

Spaceborne remote sensing supports the mapping of the Antarctic coastline, tracking
of coastal changand monitoringf fluctuatuatingcalving fronts for selected glaciers and
ice shelves. The greadvantage of earth observation for glacier and ice shelf front mapping
is the largescale spatial coverages well as theption for continuous monitoring. Ggite
expeditionsare be Do time and costintensive for a comparable amount ofsitu
measurements. To extract glacier and ice shelf fronts from opticdl 8AR imagery a
comprehensive knowledge of spectral and physical properties of glacial features is
required. The boundary between land and ocean has to be extracted to determine the
accurate fontal position. This may be challenging for Antarctic gisi and ice shelves
due to snowelt (Liu et al. 2006, Fahnestocst al. 1993)and changes in seasonal sea ice
coveragg Kwok et al. 1992, Bogdanoet al. 2005, Ressett al. 2015) Additionally, sea
ice and ice sheet backscatter characteristics and reflectance spectra vary throughout the
year making the classification more challeng{M¢esche & Dierking 2012, Kdnigt al.

" Parts of this chapter are based on: Baumhoer, C. A., Dietz, A. J., Dech, S., & Kuenzer, CRR008&).
sensing of Antarctic glacier and iskelf front dynamics A review. Remote Sensing, 10(9), 1445.
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2001) The alvantages and disadvantages of optical and SAR imagesgmmarized in
Table4.1.

Table4.1: Comparison of advantages and disadvantages for calving front location
(CFL) extraction in optical and SAR imageriodified after Baumhoer et al(2018).

Variable Optical SAR

High spatial accuracy

and often higher resolution Lower spatial accuracy

Accuracy

Low scene availability due to polar night High scene availability due to light independence

Data Availabilit heavy cloud cover penetration of clouds

Similar reflectance of snow and clouds fc

Penetration of clouds and thin snow cover
some wavelengths

Snow & Clouds

Different spectral bands allow separation
features.

Separation of shelf ice and fast ice some
chaknging due to snow cover.

Change of backscatter values during the year (gl
facies)
Different ice types might have similar backscatter

Ice

Wind roughening of the ocean surface.
High contrast for waterboundary
Shadow, Layover, incident angle, penetration deg

Even for neexperts fronts are easy to

Additional distinguish

4.1.1 Spectral Properties of Antarctic Surface Features and Clouds

Optical satellite imagery reveals the entire beauty of Antarctica. Ice shelf fronts and
glacier terminican be easily definedisually. The low reflectance of the ocean builds a
high contrast to bright snow and ice. Depending on age, fresh snow reflects s@0&80
of the radiation in the visible spectrum. The reflected portion decreases as the snow gets
older and grain sizes increadee to melting and refreezir{@ietz et al. 2012) Whereas
snov and glacier iceare distinguishable in the visual spectrum, the differentiation of
perennial sea ice and shelf ice can be very ambiguotiseinase of snow cover. A
classification of different features occurring in Antarctic satellite imagery is pessibl
different wavelengths are considered.

Figure4.1 displays the reflectance properties of different cloud, saow ice types.
The separation of snow and clouds dan very difficult withn shorter wavelengths
especially regarding ice clouds. Best results can be obtained for the reflectance decline of
snow towards the shewave infraredDietz et al.2012) Sometimegsdifficulties arise for
the delineation of shelf ice and lotgym sea ice due to snow coy8cambost al.2007)
or the spectral similarity of both ice typ@slinger et al.2011) The reflectance spectra of
ice can even change within a few days dutimgspring melt season in Arctic regions
(Konig et al.2001) A huge issue of optical imagery is that during bad weather periods or
polar night no acquisitions are available. This limits data availability to summer months
and nice weather periods.
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Figure4.1: Reflectance spectra of Antarctic surface features and clouds in the visual
and nearsinfrared spectrumData: Tedesco(2014), Zeng et al.(1984), and Gao et al.
(1998). Modified after Baumhoer et al2018).

4.1.2 Backscatter Characteristics of Ice Sheets and Sea Ice

SAR satelte sensors are very valuable for Antarctic research as the active emitted
signal penetrates clouds and is independ#nsolar illumination. Yearound image
acquisition is possible allowing a constantly growing image archive. Nevertheless, radar
imageryis not as simple to interpret as optical imagery as the physical properties of the
surface influence the radar backscatter (for comparisdrigers3.1). The border between
water and shelf ice is easily distinguishable during calm weather periods in austral summer
without sea iceas long as no surface melt exifisr exampleFigure4.2a). Calm water
builds a plain surface and the emitted signal is reflected in a rectangular angle away from
the sensor. Therefore, water appears dark in the imdgery& Jezek 2004a)Wind
roughening of the sea surface leads to signal scattering and thestbetween land and
ocean diminishes as water no longppearblack but in diffuse grefMason & Davenport
1996) Frontal delinedion becomes even more challenging during the year as backscatter
intensities for different ice classes are often ambiguous during different seasons.
Backscatter values for sea ice, shelf @med the ice sheet itself vargs can be seen in
Figure4.2. The radar backscatter of ice consists of the interaction between surface and
volume scattering of the snowpack as well as the scattering at the icecmiesédf(Liu
et al. 2006) Dependig on water content through snmadt, the dielectric component
varies and backscatter characteristics change throughout thgskaestoclet al. 1993)
Figure4.2c visualizes the seasonal change of backscatter valeethe different glacier
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facies. The ice sheet can be divided into different radar glacier zones with different
backscatter intensities approximately reflecting the glacier féBieainet al. 2009) The

dry snow zone covers the greatest pathe ice sheet in high elevations where no surface
melt occurs. The radar signal penetrates deeply into the snowpack where low volume
scattering occurs due to the small grain size of fresh snow. Hence, little backscatter occurs
and the dry snow zone appeaelatively dark in the imagg (Fahnestoclet al.1993) The
percolation zone below creates a high contrast to the dry snow zone as refrozen meltwater
builds a rough surface withges and lenseslere,surfacescattering is high due tofrozen
surfacecausing high backscatter appearing very bright in the img@engington 1998)

The appearance of the wet snow zone below depends on seasonal temperature changes and
is highly fluctuating. During austral winterdry snow conditions lead to intermediate
backscatter due to frozen conditiphsit as soon as melt begins the dielectric properties
change. Low backscatter is apparent when melt water in the snow pack reduces penetration
depthof the signal(Fahnestoclet al. 1993, Rauet al. 2000) The lowestbare icezone
variesstrongly in backscatter and extent during the year. In wititedackscatter is lower

than the one of firn in the wet snow zone. The boundary between the wet snow zone and
bare icezoneis also visible in summawrhenthe wet radar snow zone appears darker due

to snowmelt and the ice brighter as surface scattering apgEatsestoclet al. 1993,

Konig et al.2001) Thischangesvith fresh snowfallWhen melt occurghe backscattesf

iceis similar to the oa of the wet snow zond. the snow is drythe backscatter depends

on the ice below. The same appliesea ice as the backscatter intensity strongly varies
depending on salinity, air content, snow cover, brine inclusarstemperatur@Kwok et

al. 1992) Sea ice has very different backscatter characteristics depending on the state of
development throughout the yeas can be seen Figure4.2. It starts with the formation

of grease ice getting more solid and forming nilas and pancak€amaiso & Steffen

2001) With increasing age of the idhe salinity decreases allowing deeper penetration of
the radar signal and enhanced volume scattering apjWwasshe & Dierkig 2012) This

can be prticularly problematic when it comes to calving front extraction as the structure
and thus the backscatter characteristics of perennial sea ice, fast and shetffteatares

very similar(Bindschadler 1998)But exactly between both ice typdise front has to be
extracted. Additionally, after calving eventse mélange develops as a mix of sea ice,
icebergsand firn making it very difficult to distinguishécalving fronfrom fast ice. Ezen

visually, the front is difficult to detecastheice gradually fractures and no clear boundary

is apparenfMoon & Joughin 2008, Konigt al.2001)

-44-



Remote Sensmof Calving Fronts

perennial sea ice

SUMMER

&1,‘ shelf ice

sea ice

perennial sea ice

WINTER

(a) (b)

Figure4.2: Exemplary appearance of radar glacier facies during austral summer
(upper part)and winter (lower part). (a) Overview of Ronne Entrance with George V
Ice Shelf. (b) Front of Stange Ice Shelf with perennial sea ice and open water in summer
and with entire sea ice cover in wintefc) Glacier radar facies nelay Ronne Entrance

in summerand winter.CopernicusSentinetl Data 2019 Summer: 201804-01; Winter:
201808-25. Modified after Baumhoer et a2018).

4.1.3 Applied Optical and SAR Sensors

Above, the advantages and disadvantages of calving front extraction from optical and
SAR imagery were explaide This section summarizes which data sources and satellite
sensors were frequently used for Antarctic calving front mapping based on 104 reviewed
publications.For calving front studiegshreemajordata sourcewere appliedoptical and
radar(airborne ad spaceborng imagery as well adntarcticmaps Thoseoften incluced
historical calving frontrecordsfrom ship expeditions and flightaenpaigns Figure 4.3
displaysthe proportions of used imag®urces for calving front studieBased on the
reviewedcalving frontstudies 50 % of all publicationsised optical imagery asdata
source.In onethird of the studiesSAR sensorsvere appliedand only onesixth used
historical maps to derive calving front information (Ségure4.3a).
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Figure4.3: Pie chart (left) of proportions of used data sources and bar plot (right) of
most frequently used sensors. Aerial imagery is an optical source of datat her 0o
includes maps and further optical sensokkodified after Baumhoer et al.(2018).
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Optical imagery might be easier to handle for-nemote sensing scientists but image
availability is always restricted by cloud cover and polar darkness. As only a limited
amount of studies uses SAR data, there seems to be great potentialrapglications
focusing on regular and continuous monitoring for calving front mapping.

All major applied sensors are listed Tmble 4.2. For the 12 most applieshtellite
missions the frequency of use is displayedkigure 4.3 (right panel) Landsatwasthe
most commonly applied satellite mission focalving front mapping folgood reasons.
Continuous timeseries since thd970s until today(Landsat8) and freely available
medium resolution optical imagery facilitdtthe access. ERS and Radargatethe most
frequentlyapplied radar satellite missions.

Table 4.2: List of most relevant optical and SAR spaberne instrument$or calving
front mapping

. . - Swath
Satellite Sensor Sensor Spatlgl Revisit Launch Status width
platform Type  Resolution Time Date [km]

Worldviews WV110 optical 0.3311.8m 1-3.7d 2014 operational 13.1
Landsa8 OLl optical 15/30m 16d 2013 operational 185
Quickbird ~ BGIS2000 optical 0552.44m % 2001  inactive 2015 1638
Landsa? ETM+ optical 15/30m 16d 1999 operational 185
Landsab ™ optical 30m 16d 1984 inactive 2011 185
Landsat ™ optical 30m 16d 1982 inactive 1993 185
Landsa8 RBV optical 40m 18d 1978 inactive 1983 185
Landsag RBV optical 80m 18d 1975 inactive 1983 185
Landsal RBV optical 80m 18d 1972 inactive 1978 185
SentineBA/B OLCI optical 300m 2d 2016/18 operational 1270
KH5 Argon Camera optical 140m - 1961/64 inactive 556
Terra/Aqua MODIS optical  250/500m 1-2d 19929 /200 operational 2330
Sentine2A/B MSI optical 1020m 5d 20175 /201 operational 290
TerraSAK TerraSAK SAR 1-18m 11d 2007 operational 100
Radarsat RadarSat SAR 8-100m 24d 1995 inactive 2003 500
ERS1/2 AMI SAR 30m 35d 1991 inactive 2000/1 100
Seasat SAR SAR 25m 17d 1978 inactive 1978 100
Sentinel A/B SARC SAR 1040m 12 2014/16 operational 250
Radarsa2 RadarSa2 SAR 3-100m 24d 2007 operational 500

ERSwasidentified as a valuabldata source as it was one of the first operational
SAR missiosin space. ERS wdaunched in the earl{990s andvas followedby ERS2
and Envisat. ie newer Envisat missi@venallowed frequent 3day mosaics of Antarctica
with a1 km spatialresolution(Caspatret al. 2007) The imagery of the Radarsat satellites
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wereoften used because of the two medium resolution 30 m satellite mosaics from 1997
and 200QLiu & Jezek 2004a)ow resolution MODIS satellite imagery with 250 or 500

m spatialresolutionwasthe second most appliegbtical sensorits low spatial resolution

is compendad by the daily revisit cyclallowing for a higher probabilityof cloud-free
imagegKuenzeret al.2014) Very interesting is the frequent use of ARGON imagery from
the US Declassified Intelligence Satellite PhotogsgaDISP). This imagery is low in
resolution and highly cloud coveredet, with the correction of geolocation errors by Kim

et al. (2007) it is a valuabledatasource dating back to 1963. More costly awudess
restricted high resolution imagefyom SPOT, TeraSARX and Worldview (category

fi o t hveeredsgdless often ashey areonly suitdble for locatscalestudies. Optical as
well as SAR data from the Sentinel misswereusedonly scarcelyhich is connected to
thar recent launcldatesin 2015 and2014 respectively An abundance of data exists but
the covered time period is stdhort. Several studies also used different data sources from
optical and radar sensars combination(e.g. Ferrigno et al(2004)) as data availability
often limited glacier and ice shelf front tracking combination ofdifferent data sources
can beused to mapfront positionsmore frequently and increase data availability
(Baumhoett al.2018)

4.2 Existing M ethods for Calving Front Extraction

This section summarizes existing methods for calving front extraction based on
reviewed calving front studiespplying traditional image processintgchniques
Commonly, glacier and ice shelf frorsiedelineated manuallyeitherfrom satellite scenes
orfromairborne imagery. This techniquasapplied in about 85 % difie reviewedalving
front studies whereas 7 % assmutomatic or semautomatic methods and 8 % dsxisting
data sed. Manual delineation was even used forabmplexUSGS coastal change project
(Williams et al. 1995)and most parts of the MODIS coastirproducty Scamboset al.

2007) Both werevery timeintensive projecdue to manual work. To speed up glacier
front delineation in times of fagfrowing satellite archives and an unprecedented
abundance of imagernautomated approaches from the field of shtioe or coastline
extractionwereappliedto the Antarctic coastlineCoastline extraction algorithms needed
modifications asadditional challenges aroder the coastline of AntarcticaSeasonal
variations in sea ice and glacier aewell as snow coverere only some of thadditional
challengesDifferent attempts have beenadeto simplify calving front extraction. For
exampleLiu et al.(2015)developed a simplistic classification approach forgekneation
and manual adjustment afterwards. Alaatomatic approaches for MOD(Seale et al.
2011)and RadarsdLiu & Jezek 2004blmagery exist. Neverthelessmanual correction
was necessary to achieve the accuracyardirelymanualdelineation. Overall, no fully
aubmatic method for glacier and ice shelf front extraction exists that achieves accuracies
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of a manual delineatiafBaumhoeet al.2018) Manual delineationsom different experts
deviate on average between 384hanget al.2019a)and92.5 m(Mohajeraniet al.2019)

In thecase of the ADD coastline product created by contribufimms several peoplehe
inaccuracy can be even high@ihe advantages and disadvantages of manual,-semi
automati¢and fully automated approaches are summarizéalie4.3.

In the following, a review bexisting semi and fully automated approaches is
presented. The key parameters of each reviewed approach are summaraad4ni.

Table 4.3: Advantages and disadvantages of different CFL mapping techniques.
Modified after Baumhoer et al2018).

Manual SemiAutomatic Automatic
Appllcable for cvery image type Less manual work Quick even fahigh
Quick for single glaciers . .
Advantages : Mappingflarge regions amount of scenes
Very accurate apiecise is possible Monitoring possible
Even dAdifficult P gp
experts
Timeconsuming Still manual pest Not always. accurate
PR . Long duration for algoritt
Subjectivity of the observer processing necessary
. o ; development
Disadvantages Expert knowledgedifficult fronts Restricted to one sens .
Only applicadiar one
necessary Expert knowledge for

sensor

Not suitable for laggale applicatior difficult fronts necessa Computational cost is hig

4.2.1 SemitAutomatic Approaches

Thefirst semiautomatic approach for Antarctic ocean features was developed by Wu
and Liu (2003) They extracted features likéhe ice edge (border between sea ice and
ocean), polar lowsas well agglacier and iceshelf fronts from a very limited amount of
Radarsat imageryu and Liu(2003)used traditional edge detection methods ingena
processing such as greyscale histograms, texture enalyd wavelet transforms. For
parameterization a lot of manual work was necessary and the detectediveoatsery
generalized and rough. A much more promising approach was developed by Lizetnd Je
(2004b, 2004a)The authors developed a method to almost automatically extract the
Antarctic coastlinerbm the Radarsat Antarctic mosaic created in 198@y developed a
complex workflow for calving front extraction with the key eleméming adaptive
thresholding. First, imageserepre-processed with a Lee filter for speckle reduction and
an anisotropic diffusion algorithm for edge enhancement. Aftesyaefions of high
variance were chosen for calculating the adaptive threshold for land and water
classification. For areas of high varianeehistogram was calculated consisting of -a bi
modal Gaussian distribution (two peaks for land and water clagsy f@l the border). The
optimal threshold for separating land and watgs calculated based on the-toiodal
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distribution. In case of no strict border between two clagkesCanny Edge Detector
supportecedge detectiarFinal postprocessing allowelole filling and the extraction of a
vector file along the coastline. This approachs already highly automated and manual
corrections were only necessdoy areas of mélange and fast ice as welloasnerging

the different parts of the coastlifleu & Jezek 2004b, Liu & Jezek 2004&)evertheless,

it was only optimized for the radiometsily correced and balanced Radarsat image
mosaic not allowing codste extraction for single sceneBesides those traditional
approachesalso simplistic approachés generate a rough potassificationexisted. This
madethe subsequennanual work less time consumifigu et al.2015, Mileset al.2017)

just madethe manual delineation as efficient as possfbka 2018) For exampleLiu et

al. (2015)used an objedbased watershed segmentation approach for a rough separation
into land and ocean of each satellite image. Afterwandsual corretion and delineation
were applied. A similar approach was presented by Miles €2@17) where a rough
separation of each scene into land and ocean was achieved bylaageeIclasfication.

This reduced the manual work as about @8%he coastline imagery was alreatdgssified
automatically. A completely different but worth mentioning approach was developed by
Lea(2018) He made delineation extremely simple and teffecient by programming the
GEEDIT tool in Google Earth Engine (GEE). The user can select a study area and the time
period for delineabn. Automatically Landsat and/or Sentinel scenes are presented for
delineation. Cloudy scenes can be skippedsaedessfullyelineated fronts can be tracked
and downloaded as shapefile.

4.2.2 Automatic Approaches

Due to thdlifficulties mentioned in &ction4.1, not many fully automatic approaches
for calving front extraction exist. The first approach waseloped for optical and SAR
databy Sohn and Jezekl999) On a small amount of imagerthey applied edge
enhancement techniques for further adaptive thresholdiggoiRgrowing, edge detection
as well aedgefollowing were implemented tiurther improve the results. Tested on only
a small region of the Antarctic coastljrtbey faced classification errors in areas of thin
snow. Areas with difficult sea ice and mélange conditions were not {&ed & Jezek
1999) More recentlyan approach based on the Canny Edge Detector and edge tracing was
published by Krieger and Floricio¢R017) They tested their approach fawt radarscenes
(TerraSARX and Sentinell) of the Greenlandic glacier Zahcariae Isstroem with very
difficult mélange conditions. Their approaptrformedwith deviations of 159 and 246 m
compared to amanualy delineatecexpert coastlingKrieger & Floricioiu 2017)

A fully automated approach for the Landsat Mosaic of Antardqlit®lA) was
created by Klinger et a(2011) They used the initial coastline of the Radarsat mdkaic
& Jezek D04a)and applied an active contours algorithm taafitinitial already existing
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coastlire to the one of the newer LIMA&osaic. Due to intense computatboosts the

area of coastal change had to be restricted to 2 km which does not cover largempbrea
events. Additionally, the active cont@approach was never finished for entire Antarctica
as computation wa®a expensivgKlinger et al. 2011) The most promising automated

approach existenly for the east Greenlandic coastlirgeale at al(2011)processed 10
years of MODIS imagery to extract calving front time serfesnulti-temporal analysis

allowed the identification of areas with changing glacier fronts. Edge detection was applied

by the Sobel operator and a brightness gradient.

Table 4.4:

Comparison of automatic (Aland semiautomatic (SA) calving front
extraction approachesModified after Baumhoer et al2018).

A

/ Image Processing vears & I
Study Based on h Test Area Amount of Error Difficulties
S Techniques
A Data
100 x 100 Lakes and outwash
ERS1 Edge Enhancement, km plains
Sohn & Texture Features 37.5x37.5 1988 + 2.3 pixels Sensor inaccuracies
Jezek A Local Thresholding, km 1992 200pm
1999 SPOT Edge Det ect i Jakobshav 2 Scenes Thin s
Operator n Glacier In Snow
Cloud masking
EdgeDet ect i on 32glaciers .
Seale et Operator + Brightness 26802 200€2009 1.2 % of data Polar n|ght & clou_ds
A MODIS . 105,536 : Sensor inaccuracies
al. 2011 Gradient fronts Scenes points wrong Direction of scene
Removal of wrong data ~ Greenland
points via tinseries
- . 6 % of sections Initial coastline need:
Initial Coastline + had to be Sea ice to shelfice
Klinger LIMA f‘gsﬂgg?t'on with nearest 12 % of corrected boundary
etal. A . 9 I Antarctic 19992003 12.1 % false No greater change
Mosaic 3 snake models with diffel ; :
2011 coastline negative than 2 km allowed
parameters and edge fal " |
detectors 13.7 false poséi  Manual _post
1.5 pixel or 380 n processing necessar
. . End and start point
) Canny Edge Detection Mean Distance -
Krieger & TerraSAR ’ 2016+ have to be specified
Floricioiu A X Shor;est Path between Ec Zachariae 2017 between Exp_ert each glacier
) candidates Isstroem and Automatic )
2017 Sentinel 2 Scenes More diverse test
246 m+ 159 m -
areas are required
Liu & Landsat 7 _ i12x226 1 Scene One pixel Fastice, sea ice and
Jezek PreSegmer_ltatlon m (compared to w_e; snow _
20043 A Segmentation visual Fixing Errors in ArcG
RADARSA PostSegmentation 409.6x409. 1 interpretation) For optical imagery
T 6 km cene p perfect
Feature Detection Bering sea Also detects ice edge
Wu & Liu S RADARSA Waveletransform 400 xg400 2000 ) Parameterization
2003 AT Edge Detection K 1 Scene Static thresholds
I m )
Texture for Classification No error calculation
. ’ Objecbased classification .
Liuetal S Envisat Watershed Segmentation Clrcum_ 20052011 Visually correctec Manual work
2016 A ASAR g Antarctic afterwards
Manual Modifications
. Lee filter for edge
Liu & enhancement and speckle
Jezek RADAR.SA reduction . 1997 + 130 m (DEM) Wind roughened See
2004a S T Mosaics ) . Circum 2000 - -
) Segmentation with local . - Visually Correcte Sea ice
Liuetal A AMM& . Anarctica Entire : . R
adaptive threshold . Version available Orthorectification
2004b MAMM Mosaic
Canny Edge Detector
Manual editing and mergil
0, 0,
Mileset S Envisat, PixelBased Classification Coastal '\Sﬂgggzg ?nsarﬁjgﬁ)? to be aountlc))/rr?z?tifarl\;/erfappe
al. 2017 A ASAR Polygon generation Section 2002012 corrected precisely

1 Landsat Image Mosaic of Antasficaarctic Mapping Misssdvipdified Antarctic Mapping Mission.
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This technique allowed a larggcale analysis of Greenlandic glaciers but still had
some drawbacks. Cloud cover and polar night reduced image availability drastically.
Additionally, images had to be turned iglacier flow direction and classification
inaccuraces occurred over glacier ice and sea ice. The low resolution of MODIS imagery
(250500 m) made the front delineation more difficult and required glamessng more
than the coarse pixel size actually track glacier front changgealeet al.2011)

4.3 Method s to Measure Calving Front Location Change

A wide range of methodsxists to measure calving front changehangecaneither
be measurebly distance or are®oth approaches deliver accurate results but the sesult
cannot be compared directiythoutinformation on glacier widthTherefore, it is essential
to choose the right measurement technidtigure 4.4 displays available measurement
methods. The most commondaquickest approach is to measure frontal change aong
center flow line. One figd pointatthe glacier is choseinom whicha lineis drawn to the
front along the glacieflow direction(Skvarcaet al. 1999, Bevaret al.2012) Changes in
distancdrom the previously selected poite measurednd indicateglacier change. This
simplistic method delivers fast results but leaves out changesthelageral parts of the
front. Especially for glaciers changingaqually over the entire fronthe sample ling
methodis moreuseful To measure changes across the entire dtomitdth, several lines
can bedrawn along the glacier flow direction with a fixed spacindpétween. A smaller
spacing delivers more accurate results but requires more effort. For overall glaciet change
the mean or median distance changes of all sample lines can be cal¢tdatecmple,
this methodvas appliedn the USGS coastal change map templ@féiliams et al. 1995,
Ferrignoet al.2009)or in the study byFountain et al(2017)

DISTANCE AREA
Center Flow Line Sample Lines Box Method Grounding Line Coastline Intersection
4 Y A 4 Y . . - ;
X N o N
(@) (b) (©) (d) (e)

Figure4.4: Different techniqgues to measure calving front dynamics. Distabased
methods measure from one fixed point to the froa}. (Higher accuracy is reached by
using the average of several lineB)( Area (orange/blue) caonly be measured to a
reference line (orange) and the front (red). This can be a fixed bpxwhich is relative
to the grounding line or coastline of a specific yedodified after Baumhoer et al.
(2018).
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Glacier dynamics can also be assessed by measuring thgecdimaice shelf and
glacia extent. Very common is the baxethod where a rectangular box is drawn along the
glacier. Area loss or gain within the box accasifar calving front retreat or advancalso,
modified versions of the box method exist with cartsexes which can yield more accurate
results(Leaet al.2014) The box methoevasused in many studies suchaskuda et al.
(2014) Miles et al(2013) and Moon and Jough{2008) Instead of using a bounding hox
also the grounding line can be used for measuring the referencg-eeezotti & Polizzi
2002) Here, t is important to use the same grounding foreeference as the location may
have changed ovéime. Frontal changes relative to the basin area can be assess#ugoy u
the glacier basing size asference aregDavieset al. 2012) For largescale applications
the area change between two coastline delineations can be measured not accounting for
single glacier change baverallcoastal changgiu et al.2015, Kimet al.2001) A sound
review on methods for calculating calving front charsggrovided by Lea et a(2014)

4.4 Summary

This chapter highlighted the potentials of remote sensing for calving front mapping.
Optical and radar satellite sensors banused for glacier front delineation with specific
advantages and drawbacks. Optical imagery is easy to use but image availability is
restricted by polar night and cloud cover. Continuous glacier front time series can be
createl from radar data which rema complexpre-processing and a good knowledge of
the backscatter characteristics of ie.85 % of all reviewed studieghe calving front
position was manually extracted from optical or SAR imag@érs of the studies used
(semi)automatic approacheghichfaced several challenges not allowing the development
of a fully automated method for circuAntarctic glacier ad ice shelf front extraction.
Hence, a novel approach for automatizing calving front extracticegisred

To assess calving front dgmics, changes ithe calving front position have to be
measured. Area and distadgased approaches exist. Depending on study design and
glacier geometry either distance measuremenising several sample lines or area
measurementwith the box method areommorty applied Overall mastal change can be
measured by comparirige area difference betweeaoastline products.
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Chapter 5

5 A Novel Methodical Framework for
Automatic Calving Front Extraction

This chapter introduce@ntarctid INES (Antarctic Glader andlce Shelf Frat
Time Series) which is anovelmethodical framework for automatic calving front extraction.
Up today, intraannual timeseries of glacier and ice shelf front change do not exist as
calving front extraction could not be automatized nor was sufficient satellite imagery
available over théntarctic coastlingdBaumhoeret al. 2018) AntarctidLINES combines
recent developments in the artificial intelligence community with weekly acquired
Sentinefl data over the Antarctic coast to create monthly time series of calving front
fluctuationsIn the following, the implementation of deep learning approaches for coastline
applications and their applicaityl for glacier front studies are reviewelhe specifications
and availabilityof Serinel-1 dataare outlined Further on, thenethodical frarawork is
described in detail and a comprehensive accuracy assessment is pré&seaitgdcalving
front extraction results for intrannual glacier front dynamics and the extraction of the
Antarctic coastline for 2018 highlight the spatial and temporahsterability of
Antarctid_INES.

5.1 Deep Learning for Calving Front Detection

Recent developments in earth observation towards-idiasive science and
growing computational power accelerate the use of machine learning techniques to solve

" Parts ofthis chapter are based on: Baumhoer, C. A., Dietz, A. J., Kneisel, C., & Kuenzer, C. (2019).
Automated Extraction of Antarctic Glacier and Ice Shelf Fronts from Seritihelagery Using Deep
Learning.Remote Sensing1(21), 2529.
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image recognitio challengeqZhu et al. 2017) Advancements in computer vision (CV)
demonstrate that especially deep learning approaches often outperform traohiayel
processing techniquédkiu et al. 2018) Machine learning is characized by algorithms

that ae designed to learn featuresrrdabelled training datéHoeser & Kuenzer 2020)

Deep learning is part of machine learning and consists of neural networks with more than
two hidden layers. Adding hidden layers to a neural network sta&aetwork deeper and
enablsit to learn more feature representati@alSuet al.2017) For applications on visual
imagery most commonly fully comutional networks (FCN) are used. Convolutional
neural networks (CNN) convolve input features with a learned filter to minimize the input
features while extracting the maxi mum of inf
output of one hidden lay&s connected to the neurons of the next Iglyeng et al.2015)

CNNs cansolve a palette of image processing tasks such as image recognitaye i
segmentation, object detection and instance segmentation (a combination of all previous
three) (Hoeser & Kuenzer 2020¥or classification tasks in remote sensiagpecially
semantic segmentation has proven to be a successful approach. Semantic segmentation
segments the image into seal classes where for each pixel the class is defined based on
contextual and pixel informatiofbong et al. 2015, Audeberét al. 2016, Liuet al.2018)

This approach facesveral challenges when appl@dargescale remote sensing imagery
(Maggioriet al.2017) but recenly developed dep learning architectures are also suitable
for largescaleapplicationqY Li et al.2018) For examplegood results focrop type and

sea ice classificatiomom satellite imagery werachievedKussulet al.2017, Wanget al.

2016) Especially br coastline extraction applicatigrisest results were obtained byNét

based architecturéR. Li et al.2018) The UNet is one of the most popular used enceoder
decoder architecturésloeser & Kuenzer 202@hich was first introduced by Ronneberger

et al.(2015) It was initially designed for medical cell segmentation in low contrast gray
scaleimagery. The key feature of théNet is its Ulike shape builby five encoder and
decoder blocks. Within the encoder blptie imagery is down sampled by two adjacent
3x3 convolutions creating 1024 feature maps at the deepest layer. For the de¢psleppar
connections are used to transfer detailed local information from the encoder to the high
level semantic information of the decoder until the original image size is re@dbeser

& Kuenzer 2020, Ronneberget al. 2015) This approach is highly useful for glacier and

ice shelf front extraction as not only pixel informatibat alsospatial information is used

for image classification. Up to now, calving front extraction withilel-based architectures

has been pé@rmed by Mohajerani et a2019) and Zhang et al.(2019b) (both for
Greenland).

Mohajerani et al(2019) did first comparisons between common edge detection
techniges compared to CNN derived ones. They tested thBietbased approach on four
selected Greenlandic glacier fronts in Landsat imagery. The CNN derived front was
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detected with a mean deviation of 96.3 m (approx. 2 pixels) and outperformed traditional
edgedetection techniques. Drawbacks of this first small stuesethe down sampling of

the image resolution, necessary alignment of the image in glacier flow diveatid the
prediction on a threpixel wide front line. The study by Zhang et @019b)concentrated

on high resolution time series of glacier front movement of Jakobshavn Ghaeier
(Greenland). A very dense tinseries of glacier front fluctuations could be created with a
mean deviation of 104 m (17.3 pixels)mpared to manual delineations. Those results
highlight the potential of a CNidased approach for calving front detection with SAR
imagery. Stil| it should be considered that those results were obtained by training on only
one single glacier with a bunci training images (75 scenes trainiglidation versus 84

test imagesn one single glacigrin contrast to the two mentioned studies abthis thesis
targets a largscale approach for Antarctic calving front detection. The methodical
framework andappliedinput dataareexplained in the following.

5.2 Input Data

For training the neural netwark sufficient amount of data is necessary. Sentfinel
data with manudy} createl labels is used for training. The elevation information from the
TanDEMX elevation modelis used as additional support orindication of high altitude
areas. The data specificaticare explained in the following.

5.2.1 Sentinell

The ESA (European Space Agency) developed a new family of satellite missions
calledthe Sentinels. SentindlA and SentinellB area constellation of two radar imaging
satellites identical in construction. The Sentinel satellites ensure continuity as Sk@tinel
and 1D will be launched to continue the Sentihehission. Both radar imaging sensors
operate at tband with 5.4GHz and a wavelength of 5.6 @&SA 2012) SentinellA was
launched in 2014 and was complemented by Sertidgh 2016. This increased the 12
days revisit time to six days or even less in Polar Reg{&®A 2020c)seeFigureb.1).

One major application for Senel-1 is the monitoring ofhe polar enviroment(e.g.
sea icemaking it a great data source for calving front extractlEE®A 2012) Sentinell
data is available assingle look complex (SLC) and ground range detected (GRi3)
Whereas SLC data contathe phase and raw datdhe GRD files require less pre
processing steps as they are already Awdiked and projected to ground ran@ESA
2020c) For this study, GRD productsereused because of the following three reasons:
phase informatiomvasnot necessary, the data availability of GRD products is higinelr
the data volume smaller than for SLC products. The radar imaging sensor has different
acquistion modes with a higiesolution 10 m IW (interferometric wiewvath) mode and
a lower resolution EW (extra wiggvath) mode. Over the Antarctic coastlimriat
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polarizedEW images in HH and HV polarization exist whereas the IW mode only provides
singlepolarizedimagery(ESA 2012) As seveal polarizations are essential for classifying
different ice typegRessekt al.2015, Moeret al. 2013, Wesche & Dierking 20)4he 40

m EW modewasselected for training.

Additionally, better coverage over the Antarctic coastline exists for EW mode
acquisitions Figure 5.2 displays thecoverage withdifferent acquisition modegver the
Antarctic Ice Sheetlt should be noted that before May 2017 almost no -pahl
acquisitions exigtdfor Antarctica. Since mid of 2017, the acquisition plans were adapted
and EW duapol data is widely available except for parts along the Bellingshausen Sea
(seeFigurebs.1).

Figure5.1: Exemplary EW acquisition coverage within two weeks in 2015 from
SentinellA (left) and in 2019 (right). Since the launch of Sentitid a denser coverage
with dualpolarized acquisitions exists. Though, not all coastal areas are acquired
regularly every six days as planned by E&820b) Shapefiles from ESA202a).

Figure5.2: Sentinell acquisition modes over Antarctica before May 2017 (a) and
after (b). Note the shift from singlgolarized to dualpolarized imaging SM: Stripmap
mode.Modified after ESA(2020b).
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